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ABSTRACT 
 

Developmental nicotine exposure (DNE) is known to cause abnormal 

development of multiple brain regions and results in impaired control of breathing 

and altered behaviors that rely on proper coordination of the muscles of the 

tongue. The adverse effects of nicotine are presumably caused by its actions on 

nicotinic acetylcholine receptors (nAChRs), which modulate fast-synaptic 

transmission and play a prominent role during brain development. Previous work 

has shown that DNE alters nAChR function in multiple brainstem regions (Pilarski 

et al., 2012, Wollman et al, 2016). Moreover, DNE causes multiple changes to 

XIIMNs, which innervate the muscles of the tongue (Powell et al., 2016, Powell et 

al., 2015, Pilarski et al., 2011). These changes likely reflect both altered 

development as a primary outcome of the chronic presence of nicotine, as well 

as, homeostatic adjustments made in an attempt to maintain normal motoneuron 

output. With the experiments described here, we tested the hypothesis that DNE 

alters the development of fast-synaptic transmission to XIIMNs, which, along with 

intrinsic properties of these neurons, is a main determinant of motor output to the 

muscles of the tongue. Additionally, we tested the hypothesis that DNE alters the 

function of nAChRs located on multiple brainstem neurons, including those that 

modulate fast-synaptic transmission to XIIMNs. For these experiments, we used 

whole cell patch clamp recordings from XIIMNs in a transverse slice of the 

medulla, and extracellular recordings from the 4th cervical ventral root in the 

brainstem spinal cord, split bath preparation. All preparations were obtained from 

control or DNE neonatal rats in the first week of life. Overall, the results of these 
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experiments show that DNE alters fast-synaptic transmission to XIIMNs, which 

likely reflects appropriate homeostatic adjustments aimed at maintaining normal 

motor output at rest. However, these results also show that nAChR function is 

significantly altered by DNE, indicating fast-synaptic transmission may not be 

appropriately modulated in response to increased release of acetylcholine (ACh), 

the endogenous neurotransmitter for nAChRs. 
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SECTION 1:  Development of neurotransmitter systems 
 

Chemical synapses are specialized junctions by which neurons talk to one 

another through the release of neurotransmitters, forming neural networks that 

control almost every function of the body, including sensation, locomotion, 

arousal, homeostasis, motivation, learning, and memory. In an adult human, 

each of the approximately 100 billion neurons is connected to around 10,000 

others, making the brain the most complex organ in the body. Human brain 

development begins in early gestation and extends through adolescence. In the 

third week of gestation, differentiation of neural progenitor cells occurs. Starting 

on embryonic day 42, neurons are produced and migrate to different brain 

regions where they begin to form synaptic connections. By birth, the major 

structures and fiber pathways are established, however growth continues through 

childhood. During childhood and adolescence, structural and functional 

reorganization occurs through extensive pruning and mature connectivity is 

formed (Herlenius & Lagercrantz, 2001).  

The period of rapid dendritic outgrowth and branching during early 

development is an activity dependent mechanism that relies on the calcium 

waves created by giant depolarizing potentials (GDPs) (Ben-Ari, 2002). Calcium 

in neurons is regulated in many ways, including influx through calcium channels 

and release from intracellular stores, and has multiple intracellular signaling 

targets. Activation of calcium/calmodulin-dependent protein kinases (CaMKs) 

and CaMK activation of the transcription factor CREB (cAMP response element-

binding protein) mediate dendritic growth and development (Konur & Ghosh, 
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2005). Many studies have demonstrated that prior to their function in neuronal 

communication in the mature brain, both excitatory and inhibitory 

neurotransmitter systems play an important role in regulating brain growth and 

development by triggering intracellular calcium signaling cascades (Cameron et 

al., 1998; Herlenius & Lagercrantz, 2004).  In the mature brain, a balance of 

excitation and inhibition is necessary to maintain normal function, and thus the 

normal development of excitatory, inhibitory, and modulatory neurotransmitter 

systems is critically important (Turrigiano, 2012). 

1.1 GABA (gamma-Aminobutyric acid) and glycine 
 
 Activation of the ionotropic GABAA or glycine receptors by their respective 

agonists produces effects on membrane potential through opening of a chloride 

permeable pore. In the mature brain, GABAA and glycine receptor signaling is 

excitatory in early development due to high intracellular chloride concentrations 

established by the Na+ - K+ - 2Cl- co-transporter (NKCC1) that is expressed from 

mid-gestation until the first week of life in rodents (Wang & Kriegstein, 2009). The 

excitatory actions of GABA and glycine allow for depolarization of immature 

neurons prior to the emergence of glutamatergic inputs (Ben-Ari & Holmes, 2006) 

and help produce the GDPs, and subsequent intracellular calcium waves, which 

are signals for many developmental processes (Marchetti et al., 2002).  

 GABA can be detected in the embryonic rat neocortex as early as 

embryonic day 10 (E10), making it the first active neurotransmitter present in the 

immature mammalian brain (Galanopoulou, 2008). GABA can stimulate 

immature neurons before synapses are formed, and signaling through various 
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GABAA receptor subtypes has been implicated in most steps of brain 

development. In the rodent, thirteen GABAA subunit genes have been identified, 

and spatiotemporal developmental patterns of expression are thought to dictate a 

variety of neurotrophic actions, such as progenitor cell proliferation, cell 

migration, neurite extension, synaptogenesis, and the synthesis of more GABAA 

receptors (Laurie et al., 1992; Wang & Kriegstein, 2009). The excitatory drive 

provided by GABA at this time helps form the first activity-dependent synapses in 

the brain (Ben-Ari & Holmes, 2006).  

Like GABAA receptors, some functional glycine receptor subtypes are 

present as early as E14 in the rat embryonic brain (Avila et al., 2013). Although 

the impact of glycine receptor signaling during cortical development remains 

poorly understood, it is thought to parallel that of the GABA receptor in regulating 

cell migration during embryonic development (Nimmervoll et al., 2011). Glycine 

receptor signaling has been linked specifically to interneuron development and 

migration in late embryonic development and remodeling of the cytoskeleton via 

calcium dependent mechanisms (Avila et al., 2013).  

While the actions of GABA and glycine are excitatory in the developing 

brain, in the mature brain they are the major inhibitory neurotransmitters and are 

critical for maintaining a proper balance of excitation and inhibition. 

Excitatory/inhibitory imbalance is implicated in many neurodevelopmental 

disorders involving impaired motor, sensory and cognitive function (Cline, 2005). 

For example, altered development of the GABAergic and glycinergic systems is 

implicated in seizure disorders, autism, and schizophrenia (Ramamoorthi & Lin, 
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2011; Avila et al., 2013). Brief periods of excitatory/inhibitory imbalance also 

occur during normal development. For instance, postnatal day 12 to 13 (P12-13) 

is considered a critical period of respiratory development in the neonatal rat. 

During this time there is an abrupt decrease in the immunoreactivity of excitatory 

neurochemicals and an increase in the immunoreactivity of inhibitory 

neurochemicals in multiple brainstem nuclei, suggesting that inhibition dominates 

over excitation. In fact, during this time the metabolic and ventilatory response to 

hypoxia is at its weakest, a finding that may be significant in understanding the 

mechanisms of Sudden Infant Death Syndrome (SIDS), which occurs in 

seemingly healthy infants (Gao et al., 2011).  

1.2 Glutamate 
	  

The role of glutamate during brain development is controversial, but may 

play a role in neuronal growth, survival, and differentiation (McDonald & 

Johnston, 1990). A majority of synapses in the mature brain are glutamatergic 

(Hall et al., 2007). Glutamatergic transmission initially occurs exclusively through 

the NMDA-type (N-Methyl-D-aspartate) glutamate receptor, and begins to 

develop later than GABAergic and glycinergic transmission. The formation of 

glutamatergic synapses is facilitated partially by the large depolarizations 

produced by GABA and glycine, which relieves the Mg2+ block of the NMDA 

receptor, allowing for receptor signaling and strengthening of these connections. 

It is thought that the progressive increase in the density of glutamatergic 

synapses causes a reduction in the excitatory actions of GABA and glycine (Ben-

Ari et al., 1997; Ben-Ari, 2002). 
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 AMPA-type (α−amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) 

glutamate receptor subunits can be detected in the rodent brain on E15 (Lujan et 

al., 2005). As glutamatergic synapses mature, there is an increase in the ratio of 

AMPA to NMDA receptors. While at mature synapses, NMDA receptor activation 

leads to insertion of AMPA receptors at the synapse and can induce long-term 

potentiation (LTP) (Lu et al., 2001), at immature synapses, AMPA receptor 

expression is tightly regulated by NMDA receptor signaling and the major role of 

the NMDA receptor at this time is to limit AMPA receptor insertion to the 

membrane (Hall et al., 2007). During critical periods of development, previously 

‘AMPA silent’ synapses, which contain only NMDA receptors, can be either 

eliminated, or can become unsilenced and stabilized. In mouse models of some 

neurodevelopmental disorders, the number of ‘AMPA silent’ synapses can either 

be drastically increased or decreased during development (Hanse et al., 2013). 

1.3 Nicotinic cholinergic system 
Activation of nicotinic acetylcholine receptors by acetylcholine (ACh) is 

also implicated in early development as a regulator of neurite growth and 

pathfinding and in the development of rhythmic motor circuits (Greer et al., 2006; 

Dwyer et al., 2008). In the brainstem and spinal cord, glutamatergic inspiratory 

drive is absent prior to E17, however spontaneous rhythmic respiratory-related 

activity is detected as early as E13 in rodents. This activity is driven largely by 

cholinergic transmission and is thought to lay the foundation for a functional 

rhythmic neural circuit (Hanson & Landmesser, 2003).  

Importantly, nicotinic cholinergic signaling is responsible for driving the 

expression of KCC2, and the subsequent maturation of GABAergic and 
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glycinergic signaling from excitatory to inhibitory (Spitzer, 2010). This is a critical 

shift in the course of development, as GABAergic and glycinergic inhibition along 

with cholinergic excitation, begin to constrain outgrowth of neuronal processes 

(Liu et al., 2006). The early expression and high calcium permeability of the α7 

nicotinic acetylcholine receptors (nAChRs) suggests that it plays a role in activity-

dependent calcium signaling during development. The α7 nAChR has similar 

calcium permeability to the NMDA receptor but does not have the Mg2+ block. It is 

thought that activity dependent regulation of gene expression by α7 nAChRs is 

an important mediator of growth in immature neurons that have not yet 

developed sufficient excitatory synaptic connections (Dwyer et al., 2008). 

Even into adolescence, brain development is dependent on the trophic 

effects of ACh. Activation of nAChRs modulates the release of many 

neurotransmitters, including ACh, glutamate, GABA, and glycine.  Disruption of 

nicotinic cholinergic signaling has been shown to alter brain morphology and 

function, leading to behavioral abnormalities in both humans and animal models 

(Slotkin, 2004). This has been studied extensively in the context of perinatal 

exposure to nicotine, a competitive agonist of the nAChR. For instance, nicotine 

exposure in neonatal life causes immediate developmental effects, such as 

changes in cell proliferation and differentiation and altered synaptic activity. 

Nicotine exposure during this time can also impact the programming of future 

developmental events, which is why some deficits, such as with cognition and 

learning, are not apparent until childhood or adolescence (Slotkin, 1998). 

Nicotine exposure during brain development can have a wide variety of effects 
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on sensory, motor and cognitive function, which will be discussed further in a 

subsequent section.  

	  

1.4 Development of brainstem nuclei involved in critical automatic 
functions (breathing, suckling, swallowing, etc) 
	  
 The respiratory control centers of the brainstem extend from the pons to 

the lower medulla and include three main regions. The pontine respiratory group 

(PRG) is a network of neurons in the rostral dorsal lateral pons, the main purpose 

of which is to modulate medullary centers involved in rhythmogenesis (Smith et 

al., 2009). The dorsal respiratory group (DRG), located in the dorsal medial 

medulla close to the nucleus tractus solitarius (NTS), and the ventral respiratory 

group (VRG), located in the ventrolateral medulla and extending from the facial 

nucleus to the spinal medullary junction. The DRG is most involved in controlling 

the magnitude of motor output to respiratory muscles. The rostral VRG includes 

the preBotzinger complex (PBC), which is a group of pacemaker neurons that 

are necessary for generating respiratory rhythm in mammals (Smith et al., 1991). 

Other respiratory-related nuclei in the brainstem include the motoneurons 

involved in upper airway control located in the Nucleus Ambiguus (Amb), the 

dorsal motor nucleus of the vagus (DMNX), and the hypoglossal nucleus (XII), 

containing hypoglossal motoneurons (XIIMNs) that innervate the muscles of the 

tongue. The phrenic motoneurons, which control the diaphragm, are organized in 

a column of cells in the ventral horn of the spinal cord at levels cervical 3-5 (C3-

5) (Figure 1).   
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Figure 1: Respiratory centers of the brainstem 

 

	  

 

 

 

Contraction of the diaphragm and intercostal muscles, located between 

the ribs, are ultimately responsible for causing chest wall expansion and 

producing each breath. In addition to the diaphragm and intercostal muscles, 

there are multiple other accessory breathing muscles that assist with inspiration 

during times of increase ventilator demand or when the primary muscles are 

fatigued (Breslin, 1992). Accessory muscles to inspiration include the 

sternocleidomastoid, scalene muscles, and pectoral muscles. During restful 

breathing, exhalation occurs through passive recoil or the chest wall, however 

Figure 1: Dorsal view of the 
brainstem and rostral spinal 
cord showing the main 
regions involved in 
respiratory control. 
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forceful expiration is sometimes required, such as during exercise or conditions 

that reduce lung compliance. Accessory muscles to expiration include abdominal 

muscles and internal intercostal muscles. The accessory muscles to breathing 

are innervated by motoneurons that reside throughout the cervical, thoracic, and 

lumbar regions of the spinal cord. 

Although the respiratory system undergoes significant postnatal 

development, unlike other brain regions it must be advanced enough at birth to 

produce gas exchange and coordinate breathing with other behaviors such as 

suckling and swallowing. Pre-Botzinger neurons are born on E13 in rats, and 

reach their final position in the brainstem between E16 and E18. This correlates 

with the emergence of respiratory rhythm and fetal breathing movements, which 

can be detected in the rat starting at E17.  From E18 until birth, the frequency of 

respiratory bursting increases and stabilizes (Greer et al., 2006).   

 Phrenic motoneurons and other spinal motoneurons differentiate and 

proliferate in the neural tube and their axons exit the spinal cord and migrate 

toward their respective targets on E11 to 12. In higher vertebrates, motoneurons 

are generated in excess and more than 50% of them can be lost, by a process 

called motoneuron cell death, during a critical period of development. Signals 

and secreted factors from skeletal muscle play an important role in motoneuron 

outgrowth and synapse formation, which initially leads to skeletal muscle fibers 

being innervated by multiple motoneuron axons. Once skeletal muscle becomes 

innervated, the secreted factors change and signal for upregulation of anti-

apoptotic machinery in motoneurons, which enhances survival. The mature 
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innervation pattern of one motoneuron axon per muscle fiber is thought to occur 

through both retraction of axons by motoneurons, and competition between 

axons at the end plate. It is presumed that overextended motoneurons are at a 

disadvantage, and are eventually lost (Dennis et al., 1981). On E15 to 16, there 

is a 50% reduction in the phrenic motoneuron population due to apoptosis as a 

result of competitive interactions between motoneuron axons and muscle. The 

XIIMN population also undergoes about a 35% reduction due to apoptosis 

between E16 and E19 (Greer et al., 2006).  Phrenic motoneurons do not receive 

inspiratory drive before E17, but they are rhythmically active starting as early as 

E13. At this time, rhythmic activity is driven by nicotinic cholinergic input and 

glycinergic and GABAergic input, which is excitatory during development (Ren & 

Greer, 2003). It is thought that early rhythmic drive, creating fetal breathing 

movements, is key to establishing the motoneuron phenotype (Ben-Ari, 2001).  

 At E17, inspiratory drive from preBotzinger neurons to respiratory 

premotor neurons and motoneurons occurs through activation of non-NMDA type 

glutamate receptors. At this time, phrenic motoneurons, and presumably XIIMNs, 

can generate inspiratory activity and induce muscle contraction. After E18, 

motoneurons become significantly more excitable, and by birth, rhythmic firing 

frequency has doubled (Greer et al., 2006). In the first two weeks of life, 

motoneurons undergo morphological changes that simplify their dendritic tree 

and the number of synapses on these neurons increases. In general, the 

expression of glutamate receptor immunoreactivity increases in the first two 

postnatal weeks while the expression of GABA receptors decreases (Wong-Riley 
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& Liu, 2005). However, adult spinal motoneurons, and presumably brainstem 

motoneurons, receive strong inhibitory synaptic input, as approximately 70% of 

synaptic boutons on primary dendrites are GABA- or glycine-containing and 20% 

are glutamate containing; on non-primary dendrites, 55% are GABA or glycine 

containing and 40% are glutamate containing (Berger, 2011).  

 

Figure 2: Important neuronal connections in central breathing control 

 

	  

 

 

 

 

SECTION 2: Overview of synaptic transmission 
 

Amino-acid neurotransmitters are among the most abundant within the 

central nervous system. Glutamate, GABA, and glycine are utilized by neurons in 

Figure 2: Nissl stained 
transverse slice of the 
medulla showing 
connectivity between the 
preBotzinger complex and 
hypoglossal motoneurons. 
preBotzinger (orange) 
project to XIIMNs (red) via 
interneurons (green). 
XIIMNs project their axons 
out of the ventral 
brainstem, as the XII 
nerve, to innervate the 
muscles of the tongue. 
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the mammalian brain and brainstem to regulate neuron excitability. They are 

released in a calcium-dependent manner at fast chemical synapses, where they 

bind directly to receptors on the post-synaptic membrane, triggering a 

conformational change that creates an ion permeable pore. Glutamate and 

ionotropic glutamate receptors mediate excitatory fast-synaptic transmission by 

allowing influx of sodium and calcium, resulting in cell depolarization (Traynelis et 

al., 2010). GABA and glycine are arguably the most important inhibitory 

neurotransmitters in the brain and brainstem/spinal cord, respectively, and exert 

their effects by opening a chloride permeable channel, allowing for membrane 

hyperpolarization (Bowery & Smart, 2006). 

2.1 Fast-synaptic transmission 
	  
 Fast excitatory neurotransmission: Glutamate mediates virtually all 

excitatory signaling in the mammalian central nervous system through its action 

on ionotropic glutamate receptors. AMPA receptors are responsible for the 

majority of fast excitatory synaptic transmission, or moment-to-moment 

transmission, and are the primary driving force behind postsynaptic membrane 

depolarization (Lu & Roche, 2012). AMPA receptors are composed of various 

combinations of four subunits (GluR1-GluR4), which exist in multiple forms due 

to alternative splicing and RNA editing. GluR subunits form a cation permeable 

pore and whereas all AMPA receptors pass sodium, only ones lacking the GluR2 

subunit are calcium permeable (Rao & Finkbeiner, 2007). AMPA receptors in the 

mammalian brain form complexes that consist of over 30 different interacting 

components, called transmembrane AMPAR regulatory proteins (TARPs). In 
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addition to the pore-forming GluR subunits, these complexes include interacting 

proteins that influence trafficking, subcellular localization, receptor gating, and 

have strong influences on synapse development and stability (Jacobi & von 

Engelhardt, 2017).  

 Modification of AMPA receptors by a large number of protein kinases and 

phosphatases is an important regulatory mechanism that allows for tight control 

of excitatory synaptic transmission. Proteins that make up AMPA receptor 

complexes will recruit and activate multiple kinases and phosphatases. Altered 

phosphorylation status of specific sites on AMPA receptor subunits can directly 

affect the electrophysiological properties of the receptor, as well as alter 

internalization/externalization, trafficking, clustering, and synthesis of new 

receptors (Wang et al., 2005). AMPA receptors are concentrated at synaptic, 

extrasynaptic and intracellular sites on the postsynaptic neuron and can be 

inserted or removed from the synapse by lateral diffusion or endo/exocytosis 

(Fleming & England, 2010) Changes in the number of AMPA receptors at the 

synapse is responsible for changes in the strength of synaptic transmission and 

underlies long lasting, activity dependent changes in synaptic function (long term 

facilitation (LTP) and long term depression (LTD); reviewed in further detail 

below) (Malinow & Malenka, 2002).  

 Fast inhibitory neurotransmission: As mentioned in previous sections, 

during development GABA and glycine cause depolarization and act as 

excitatory neurotransmitters due to the high intracellular chloride concentrations 

created by expression of NKCC1 in immature neurons. Around the time of birth, 
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NKCC2 expression causes a shift in the chloride equilibrium potential such that 

activation of GABAA or glycine receptors causes membrane hyperpolarization, 

and inhibition. However, the depolarizing currents caused by GABA or glycine 

early in development can also inhibit action potential firing by a mechanism 

called shunt inhibition. Shunt inhibition occurs when depolarization at a 

GABAergic or glycinergic synapse decreases the effectiveness of glutamatergic 

postsynaptic currents by causing a local decrease in input resistance, thus 

reducing the amplitude of subsequent excitatory currents (Marchetti et al., 2002). 

Shunting inhibition may be a method of gain control and, since the shunting 

action of GABA or glycine is dependent on the density of glutamatergic 

synapses, it may be a way to decrease GABA/glycine excitation during 

development as the neuron matures (Ben-Ari, 2002). 

GABAA receptors are part of the Cys-loop ligand-gated ion channel 

superfamily that includes nAChRs, serotonin receptors and glycine receptors. 

The GABAA receptor is comprised of five subunits that surround a central ion 

pore, each with multiple isoforms and splice variants allowing for considerable 

structural heterogeneity. Subunit composition as well as how the subunits are 

assembled determine functional properties of the receptor, pharmacological 

profile, and subcellular organization, and it is thought that functionally distinct 

neurons express different GABAA receptor types and allow for flexibility in signal 

modulation (Fritschy & Mohler, 1995). GABAA receptors are expressed broadly 

throughout the central nervous system and play an indispensable role in normal 

brain function. The mutation or deletion of genes that code for GABAA subunits 
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result in various abnormalities including sensorimotor dysfunction, epilepsy, and 

reduced lifespan (Chua & Chebib, 2017). 

GABAA receptors participate in both phasic and tonic inhibition. Phasic 

inhibition is critical for point-to-point information transfer in the brain and occurs 

when GABAA receptors that are localized at the synapse are briefly activated by 

a high concentration of GABA that is released from the presynaptic terminal 

(Sigel & Steinmann, 2012). Tonic inhibition is a slower form of signaling, much 

like paracrine or volume transmission, which occurs through extrasynaptic 

GABAA receptors, presumably the δ−subunit containing receptors. Extrasynaptic 

GABAA receptors are highly sensitive, slowly desensitizing, and are activated for 

long periods of time by ambient GABA, or GABA spillover from the synaptic cleft 

(Mody & Pearce, 2004). The functional roles of tonic inhibition include setting the 

baseline tone of the network, dynamic regulation of neuronal output, and gain 

control of neurotransmission (Belelli et al., 2009). 

The plasticity of GABAergic synapses is particularly complex not only 

because of the structural heterogeneity of GABAA receptors, but also because of 

the clustering and trafficking mechanisms that maintain surface receptor 

expression (Luscher & Keller, 2004). GABAA receptors do not make stable 

associations with the plasma membrane. Rather, exocytosis and endocytosis of 

receptors occurs outside the synapse and receptors are exchanged by diffusing 

laterally between synaptic and extrasynaptic sites. GABAA receptors continuously 

cycle between the plasma membrane and intracellular compartments, processes 

that are tightly controlled by interactions with a variety of binding partners. The 
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rate of endocytosis versus exocytosis regulates the size of the postsynaptic pool 

of receptors and is the main determinant of the strength of synaptic inhibition 

(Vithlani et al., 2011). Activity dependent modulation of GABAergic 

neurotransmission can occur through rapid insertion or internalization of 

receptors, or post-translational modifications to receptors, and involves activation 

of kinases and phosphatases by calcium (Saliba et al., 2012). 

Glycinergic synaptic transmission works along with GABA to balance the 

excitatory glutamatergic pathways in the central nervous system and is involved 

in a wide range of motor and sensory functions. The glycine receptor, which is 

closely related to the GABAA receptor, is a member of the Cys-loop superfamily 

that it is comprised of five subunits surrounding a chloride permeable central 

pore (Du et al., 2015). Glycine receptors are expressed at high levels throughout 

the spinal cord, brainstem, and caudal brain and like GABAA receptors differential 

expression of subunits underlies diversity of receptor function. To date, four 

α subunits and one β subunit have been identified which form the adult receptor, 

which are predominantly α1β−heterodimers. However, prior to postnatal day 20 

in the rat, multiple α- subunit types can be detected, indicating more 

heterogeneity of receptor isoforms at this time (Lynch, 2004).  

Similar to at GABAergic synapses, changes in intracellular calcium levels 

and activation of protein kinases can modulate glycinergic synaptic transmission 

in a variety of ways. For instance, phosphorylation of glycine receptor subunits 

can cause conformational changes that alter receptor function, and can 

destabilize interactions with synaptic scaffold proteins altering the stability of the 



 30 

postsynaptic density and the speed of lateral diffusion (Specht et al., 2011; 

Acuna et al., 2016). Another major contribution to the modulation of glycinergic 

neurotransmission is through the action of glycine transporters. Glycine 

transporters regulate glycine concentrations at synaptic receptors and play a role 

in neurotransmitter recycling. Changes in intracellular calcium levels can 

modulate the number of glycine transporters on the cell surface, which alters the 

glycine concentrations in the synaptic cleft, having a profound effect on neuron 

excitability (Eulenburg et al., 2005).  

2.2 Modulation of fast-synaptic transmission 
	  

Nicotinic acetylcholine receptors (nAChRs), part of the Cys-loop receptor 

superfamily, are ligand-gated channels comprised of five subunits surrounding a 

cation permeable pore. In the central nervous system, five α subunits (α2−6) and 

three β subunits (β2−4) have been identified. α and β subunits combine to form 

heteromeric receptors at a ratio of 3α:2β. Homometric channels can form from 

subunits α7−9 (Dani et al., 2006).  Binding of acetylcholine or nicotine causes 

activation of nAChRs and allows for the passage of ions. Desensitization (or 

inactivation), a property common to ligand gated ion channels, occurs in the 

prolonged presence of agonist, and recovery from this state occurs only after the 

agonist is removed (Reitstetter et al., 1999). The subunit composition of nAChRs 

determines the sensitivity of the receptor to activation, the time course of 

desensitization, and the ratio of sodium to calcium permeability (Mansvelder & 

McGehee, 2002). The homomeric α7 nAChR and the heterometric α4β2 nAChR 

are the most abundant throughout the mammalian brain, although many others 
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are present. The α4β2 nAChRs are thought to have the highest affinity for 

nicotine and other nicotinic agonists, have high sodium permeability and 

relatively low calcium permeability, and undergo slow inactivation after agonist 

exposure. The α7 nAChRs have a lower affinity for nicotinic agonists, have a 

higher permeability to calcium than sodium, and are particularly sensitive to rapid 

inactivation with higher doses of agonist (McGehee & Role, 1995).  

 

Figure 3: Pre and postsynaptic locations of nAChRs 

 

 

While nAChRs participate in fast synaptic transmission (i.e at cholinergic 

synapses that contain nAChRs at the postsynaptic density) in some regions of 

the central nervous system, nicotinic cholinergic signaling mostly occurs through 

volume transmission. Volume transmission, where neurotransmitter is released 

into the extracellular space and diffuses to a distant target, acts to modulate fast-

synaptic transmission and leads to activity-dependent remodeling of neural 

Figure 3:  nAChRs (depicted as small 
triangles) decorate the soma and also 
the presynaptic terminals of GABAergic 
(GABA), glutamatergic (Glu), 
cholinergic (Ach) and glycinergic (Gly) 
neurons that make synaptic 
connections with hypoglossal 
motoneurons  (XII MNs) and 
preBotzinger neurons.  Thus, 
endogenous acetylcholine release (or 
exogenous nicotine) can alter the 
current passed by postsynaptic 
nAChRs, and modulates the 
presynaptic release of neurotransmitter 
(see text).  Also shown is a patch clamp 
electrode used for whole cell recordings 
of hypoglossal (XII) motoneurons.  
	  



 32 

circuits through intracellular signaling cascades (Dani & Bertrand, 2007). As 

shown in Figure 3, nAChRs can be located at presynaptic sites, including on the 

cell soma, dendrites, and axon end terminal, of glutamatergic, GABAergic and 

glycinergic neurons, and can facilitate the release of these neurotransmitters. 

Autoregulation is also known to occur, through facilitation of acetylcholine release 

by nAChRs on cholinergic neurons themselves (Hogg et al., 2003). Activation of 

receptors located on the soma or dendrites of presynaptic neurons cause 

depolarization and increase the probability of action potential firing, whereas 

activation of receptors located on the axon end terminal of presynaptic neurons 

tend to have high calcium conductance which increases the probability of 

vesicular release of neurotransmitters (Role & Berg, 1996; Quitadamo et al., 

2005). Postsynaptic nAChRs are able to produce diverse effects, as the 

depolarization produced by channel opening is sufficient to open voltage gated 

calcium channels and results in the activation of multiple downstream signaling 

pathways.  

The consequences of nAChR activation is dependent on their location in 

relation to specific signal transduction machinery, although the mechanisms by 

which receptors end up in a specific location are unclear. It has been suggested 

that complex protein scaffolds, similar to AMPA receptor complexes, are 

responsible for targeting and anchoring postsynaptic receptors at a specific 

location (Neff et al., 2009). Accessory proteins may also play a role in regulating 

receptor function through recruitment and activation of specific protein kinases 

and phosphatases, which have various effects such as rapid upregulation of 
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surface receptors and altering the time course of receptor desensitization. It has 

also been shown that activation of nAChRs, and the direct influx of calcium 

through the channel, can result in autoregulation of phosphorylation (Miles et al., 

1994). 

In the central nervous system, nAChR receptor desensitization is an 

important determinant of the amplitude, time course, and stability of the current 

response to activation. The mechanisms behind desensitization are currently not 

known (Picciotto et al., 2008). However, there are known determinants of 

receptor desensitization rate. As mentioned previously, receptor subunit 

composition determines the time course of both the onset, and recovery from 

desensitization. Additionally, receptor desensitization occurs much faster when 

the nAChR is in its open versus closed conformation. Therefore, factors that 

influence the probability of receptor opening, such as agonist concentration, 

temperature, and binding site mutations, can indirectly alter desensitization rate. 

On the other hand, occupancy of the binding sites is essentially irrelevant to the 

desensitization process and receptors can desensitize without first being 

activated depending on the concentration of agonist (Auerbach & Akk, 1998). To 

what extent receptor activation versus desensitization plays a role in modulation 

of synaptic transmission, synaptic plasticity, and the behavioral effects of nAChR 

agonists, such as nicotine, remains unknown. 

2.3 Synaptic plasticity 
	  
 At fast chemical synapses, it has long been observed that postsynaptic 

responses become greater or lesser depending on presynaptic activity, and that 
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previous activity, or “experience”, can result in both short and long term changes 

at the synapse (Zucker & Regehr, 2002). Because changes in the balance of 

excitation and inhibition can greatly affect brain function, it is critically important 

that central neurons are able to regulate their own excitability in relation to overall 

network activity and in the face of “destabilizing” forces, such as changes in the 

strength and number of synapses over the course of development and learning. 

The ability of neurons to do this is referred to as homeostatic plasticity and 

occurs through multiple pre and postsynaptic, calcium dependent mechanisms 

(Turrigiano, 2012).  

 Short-term plasticity involves changes to the synapse that result from prior 

activity and reversibly enhance or depress synaptic activity. Short-term plasticity 

is thought to serve as an important mechanism by which synaptic and circuit 

functions can be modified on a millisecond to minute timescale. There are 

multiple forms of synaptic enhancement, all of which have a presynaptic origin 

without postsynaptic changes. Short-term synaptic enhancement increases 

synaptic efficacy or the amplitude of postsynaptic currents and is attributed to 

increased residual presynaptic calcium that results in an increase in the number 

of vesicles of neurotransmitter released in response to an action potential. Short-

term depression of synapses can occur after repeated stimulation and often 

follows periods of increased activity. Short-term depression can be due to 

depletion of the readily releasable pool of vesicles, secreted factors from the 

presynaptic terminal or neighboring cells, or desensitization of postsynaptic 
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receptors. Elevation of presynaptic calcium can speed recovery from short-term 

depression by mobilizing synaptic vesicles from reserve pools (Zucker, 1999). 

The most extensively studied form of activity-dependent synaptic plasticity 

is Hebbian plasticity, which includes long-term potentiation (LTP) and long-term 

depression (LTD). LTP is the persistent (hours or longer) strengthening of 

synapses based on recent activity, whereas LTD is a long lasting decrease in 

synaptic strength. Both LTP and LTD involve a rise in postsynaptic calcium 

levels, with the amplitude and duration of the calcium signal being crucial to 

which synaptic modifications are made (Zucker, 1999). These phenomena have 

been extensively studied in the context of behavioral learning, but are likely 

expressed at almost every synapse in the brain (Malenka & Bear, 2004), and 

LTP has been shown to be involved in the activity-dependent formation of 

functional synapses during development (Durand & Konnerth, 1996). 

The induction of LTP involves a pairing of a presynaptic stimulation with a 

postsynaptic depolarization and, at excitatory synapses, usually occurs through 

activation of NMDA-type glutamate receptors. While AMPA receptor activation 

accounts for a majority of excitatory postsynaptic currents generated when a 

neuron is close to resting membrane potential, the NMDA receptor becomes 

active at depolarized potentials, which relieves this receptor of its magnesium 

block. When activated, NMDA receptors allow for calcium influx, which is the 

critical trigger for LTP (Herring & Nicoll, 2016). While short-term plastic changes 

at synapses are due to modifications on the presynaptic side, expression of LTP 

is mostly attributed to the calcium-induced activation of various signaling 
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pathways in the postsynaptic neuron. However, long-term enhancement and 

depression of neurotransmitter release has been observed at both excitatory and 

inhibitory synapses (Castillo, 2012). Postsynaptic effects of LTP at glutamatergic 

synapses include an increased response to glutamate release due to 

upregulation of AMPA receptors at the synapse or modifications to existing 

receptors. LTD at glutamatergic synapses is thought to be due to the reversal of 

processes underlying LTP, and results in a decrease in the response to 

glutamate (Malenka & Nicoll, 1999). 

Induction of LTP at inhibitory synapses occurs through similar 

mechanisms as at excitatory synapses and is dependent on an increase in 

intracellular calcium and the activation of a variety of intracellular signaling 

molecules. LTP at inhibitory synapses is heterosynaptic, meaning that it requires 

a non-GABA or glycine stimulus usually from nearby excitatory synapses to 

produce depolarization and trigger calcium influx through voltage gated calcium 

channels. Presynaptic forms of LTP result in a sustained increase in 

neurotransmitter release and are often triggered by retrograde messengers 

produced by the postsynaptic cell (Castillo, 2012).  

 Activation of nAChRs can play a role in induction and modulation of LTP 

and LTD due to their widespread expression in the central nervous system and 

their ability to generate complex calcium responses at both presynaptic and 

postsynaptic sites. When activated, nAChRs can cause a depolarization that is 

sufficient to activate voltage-gated calcium channels leading to the initiation of 

LTP or LTD (Dajas-Bailador & Wonnacott, 2004). In addition, some receptor 
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subtypes result in calcium influx sufficient to activate downstream signaling 

pathways directly. For instance, the homomeric α7 nAChR has similar calcium 

permeability to the NMDA receptor, but can be activated at resting potentials, 

and can activate calcium-dependent kinases directly (Chang & De Camilli, 2001). 

Nicotinic cholinergic signaling has been implicated in hippocampal mechanisms 

of learning, memory, and attention (Alkondon & Albuquerque, 2004), and nicotine 

addiction has profound and long-term effects on hippocampal synaptic activity 

(Placzek et al., 2009). Moreover, multiple studies have shown that activation of 

nAChRs can induce both LTP and LTD in multiple brain regions (Hunter et al., 

1994; Matsuyama et al., 2000; Ge & Dani, 2005).  

LTP is a positive feedback process, which makes synapses more 

excitable, therefore reducing the threshold for undergoing further LTP. For this 

reason, the changes in synapse number or strength associated with LTP are 

considered “destabilizing forces” that must be counterbalanced by homeostatic 

plasticity mechanisms that act to stabilize neuronal and circuit activity. 

Homeostatic plasticity is a negative feedback process that includes mechanisms 

that alter all of the synapses of a neuron, or on individual or groups of synapses, 

and can occur through both pre and postsynaptic changes in activity (Turrigiano, 

2012).  

Synaptic scaling is one of the most well understood forms of homeostatic 

plasticity at central synapses and includes increasing or decreasing the strength 

of the postsynaptic response without a change in the short-term dynamics of the 

synapse. Synaptic scaling can be restricted to specific synapses within a 
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dendritic branch, as opposed to the scaling up or down of all synapses received 

by a neuron. For instance, the synapses adjacent to a synapse that has just 

undergone LTP may compensate by becoming weaker. This would allow for the 

maintenance of relative differences in strength of synapses while keeping the 

overall activity in a region constant (Pozo & Goda, 2010). Little is known about 

the mechanisms behind synaptic scaling other than it involves the increase or 

decrease of surface receptors at the synapse for prolonged periods of time (12-

24 hours), thus increasing or decreasing the entire distribution of miniature 

postsynaptic currents, which are considered a measure of strength of the 

synapse. Current evidence suggests that neurons can sense changes in their 

own firing rate through calcium-dependent sensors. These sensors then regulate 

receptor trafficking and increase or decrease receptors at individual synapses 

and may activate parallel pathways that allow for more widespread changes in 

activity that can occur over different temporal and spatial scales (Turrigiano, 

2008). 

2.4 Fast synaptic transmission to hypoglossal motoneurons	  

	  	  
	   Hypoglossal motoneurons (XIIMNs) innervate the muscles of the tongue, 

which are involved in many homeostatic behaviors such as suckling, swallowing, 

breathing and speech. The balance of excitatory glutamatergic, and inhibitory 

GABAergic and glycinergic inputs are critical in controlling excitability, motor 

output, and consequent behavior. XIIMNs receive both tonic and respiratory-

related phasic excitatory and inhibitory fast-synaptic inputs, which can be 

modulated by activation of nAChRs. 
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 Glutamate: The main source of glutamatergic input to XIIMNs comes from 

reticular neurons in the lateral tegmental region. Rhythmic, respiratory-related 

drive to XIIMNs originates in a specific portion of the ventrolateral medullary 

reticular formation called the preBotzinger complex, and is transmiitted to XIIMNs 

through glutamatergic pre-motoneurons in the reticular formation (Bellingham & 

Berger, 1996). Although XIIMNs also express both NMDA and kainate-type 

glutamate receptors, inspiratory drive is dependent on glutamate acting primarily 

on AMPA receptors (Steenland et al., 2007). Activation of NMDA receptors, but 

not AMPA receptors, contributes to tonic excitatory activity in XIIMNs, but only 

during periods of high activity during wakefulness (Steenland et al., 2008). 

 GABA and glycine: Although glycine is the primary inhibitory 

neurotransmitter in the mature brainstem and spinal cord, XIIMNs receive both 

GABAergic and glycinergic input. Along with glutamatergic interneurons, the 

medullary reticular formation contains both GABAergic and glycinergic 

interneurons that project to the XII nucleus. Another major source of GABAergic 

inhibitory input is from the Nucleus of Roller, located ventrolateral to the XIIMN 

nucleus in the medulla (van Brederode et al., 2011). The XII nucleus itself is 

approximately 90% motoneurons, however a second neuron type has been 

described, which have functional characteristics of GABAergic inhibitory 

interneurons (Takasu & Hashimoto, 1988).  

Both tonic and phasic inhibition influences XIIMN activity, and acts to 

shape the magnitude and pattern of motoneuron output. GABAergic inhibition 

occurs with inspiratory-phase synaptic excitation and may play an important 
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function in gain modulation of XIIMN activity. Likewise, both GABAergic and 

glycinergic inhibition are critical for the generation of synchronous oscillatory 

activity of XIIMNs during the inspiratory phase of the respiratory cycle, which is a 

hallmark of all motor neurons with respiration-related activity (van Brederode & 

Berger, 2008). XIIMNs also are under the influence of significant GABAergic and 

glycinergic tonic inhibition. Furthermore, the location of inhibitory synapses on 

XIIMNs can act to decrease the effects of excitatory inputs through shunting 

inhibition. As mentioned previously, a majority of the synapses on primary and 

secondary dendrites are GABAergic or glycinergic, making shunting inhibition 

particularly effective in reducing the magnitude of excitatory events that originate 

at more distal locations (Berger, 2011). 

Acetylcholine: The brainstem contains several groups of cholinergic 

neurons, including the pedunculopontine nuceus and the lateral tegmental 

nucleus (both part of the brainstem reticular formation) that have widespread 

projections throughout the brain (Guela & Mesulam, 2012). Among other 

functions, the cholinergic system plays an important role in the neural control of 

breathing and the release of acetylcholine (ACh) is closely coupled to 

chemoreflex response, sleep/wake transitions, and state-dependent changes in 

XIIMN activity (Horner, 2008). Cholinergic agents, such as nicotine, act on 

respiratory neurons to stimulate breathing and causes depolarization of XIIMNs 

(Bellingham & Berger, 1996). Exposure to nicotine during development is 

associated with altered respiratory control as well as sleep related breathing 

disorders, such as obstructive apneas, which are attributed to abnormal 
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activation of the tongue by XIIMNs. The mechanism behind the behavioral 

abnormalities associated with in utero nicotine exposure are attributed to 

nicotine-induced alterations to nAChR number and function (Picciotto et al., 

2008). 

 

SECTION 3: Nicotine exposure during development 
While endogenous factors, such as the molecular events of gene 

expression, dictate neuron production and the development of the major brain 

structures and fiber pathways (Herlenius & Lagercrantz, 2001), environmental 

input is also critical for structural and functional reorganization of synaptic 

connections, and establishment of mature neural circuits.  Over the course of 

development and throughout the lifespan, experiential learning (and 

cognitive/functional decline) is mediated by changes in synaptic strength, or the 

addition or removal of synapses (Turrigiano & Nelson, 2004). These lasting 

changes to synaptic strength or connectivity, called neuroplasticity, also mediate 

recovery from brain injury and mitigate the effects of exposure to 

neuroteratogens, such as nicotine, during development. 

 

3.1 Overview 
	  

About 10 to 12% of women in the United States continue to use tobacco 

products while pregnant.  Gestational tobacco exposure results in many adverse 

neonatal outcomes that put the neonate at increased risk of morbidity and 

mortality.  Specifically, neonatal nicotine exposure increases the rish of Sudden 
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Infant Death Syndrome (SIDS), which is thought to be caused by impaired 

cardiorespiratory control (Smith & White, 2006; Heath & Picciotto, 2009). A 

higher incidence of obstructive and central apneas is the main respiratory 

phenotype in nicotine exposed human neonates, which is hypothesized to be a 

pathophysiological precursor to SIDS (Committee on & Newborn. American 

Academy of, 2003). It is widely accepted that obstructive apnea is caused by 

abnormal activation of the muscles of the tongue (Isono, 2009).  

The negative effects of nicotine exposure are mainly attributed to its action 

on nAChRs. The low nicotine concentrations experienced by smokers appear to 

have different actions on different nAChR subtypes. Although most studies 

continue to show that chronic nicotine exposure causes upregulation of nAChR 

binding sites along with functional loss, or long lasting persistent desensitization, 

in response to the chronic presence of agonist (Gentry & Lukas, 2002), other 

studies suggest that a combination of nAChR activation and desensitization plays 

a role in the behavioral consequences of chronic nicotine exposure (Picciotto et 

al., 2008). Low doses of nicotine activate the high affinity β2- subunit containing 

nAChRs, which then undergo inactivation. However, although α7 nAChRs quickly 

inactivate with high doses of agonist, they are not particularly sensitive to 

inactivation with low doses of agonist. In the mesolimbic dopaminergic system, 

which plays a fundamental role in behavior reinforcement and addiction, β2 

containing nAChRs are present both postsynaptically on dopaminergic (DA) 

neurons, and presynaptically on the inhibitory inputs to DA neurons. However, α7 

nAChRs are present on excitatory inputs to DA neurons. Because of this 
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expression pattern, the effects of the low dose of nicotine produced by smoking 

are complex. β2 activation causes a brief excitation of DA neurons, combined 

with increased inhibitory synaptic input to DA neurons, but these effects are short 

lived due to receptor desensitization. At the same time, activation of α7 nAChRs 

causes long lasting enhancement of excitatory synaptic transmission, as these 

receptors are resistant to inactivation at this concentration. The timing of 

postsynaptic excitation and facilitation of excitatory inputs increase the probability 

of inducing synaptic plasticity, such as long-term potentiation (Pidoplichko et al., 

2004). Moreover, chronic exposure to low-dose nicotine causes long-term 

desensitization of β2 containing nAChRs but not of α7 nAChRs. This shift in the 

balance of inputs to DA neurons toward too much excitation is thought to be the 

molecular change that mediates addiction behaviors (Mansvelder & McGehee, 

2002). 

Not much is known about nAChR subtype, location, or function in 

brainstem respiratory regions. Immunohistochemistry studies show that multiple 

nAChR subtypes, including both α7 and β2-containing nAChRs are expressed on 

XIIMNs and on brainstem inhibitory interneurons (Dehkordi et al., 2005; Hatori et 

al., 2006), and that DNE causes changes in expression levels of multiple 

subtypes of nAChRs throughout the pons and medulla in human fetuses (Falk et 

al., 2005). As previously discussed, improper timing of nicotinic cholinergic 

signaling during development, as occurs with prenatal nicotine exposure, can 

have complex and widespread consequences on brain structure and function. 

The sections below will highlight consequences of developmental nicotine 
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exposure on regions of the brainstem that control critical homeostatic functions, 

such as breathing, suckling, and swallowing.  

3.2 Effects of developmental nicotine exposure on brainstem regions that 
control breathing and critical homeostatic reflexes 
	  

Ventilation acts to maintain optimal oxygen and carbon dioxide levels in 

arterial blood and the ability for the respiratory centers to be modulated by input 

from chemoreceptors is critical for survival. Developmental nicotine exposure 

(DNE, reviewed in Chapter 2, Section 2), or prenatal nicotine exposure with 

continued exposure through breast milk over the first week of life, is a well-

established model for studying the effects of nicotine exposure in the laboratory 

setting and many studies using a variety of animal models have shown various 

effects of DNE on the control of breathing and chemoreflex responses (Hafstrom 

et al., 2005).  

In vivo studies using rat and mouse models show that DNE causes 

various alterations to quiet breathing, or “eupnea”, including various effects on 

breathing frequency and tidal volume, and, as in human infants exposed to 

nicotine during development, an increased frequency of apneas in the first few 

weeks of life in rodents (Robinson et al., 2002; Huang et al., 2004). Along with 

these effects on eupneic breathing, DNE has been shown to blunt respiratory, 

metabolic, and arousal responses to outside stressors. For instance, DNE blunts 

the respiratory response to hypercapnea (increased carbon dioxide) and 

combined hypoxia (low oxygen)/hypercapnea in neonatal rats through the first 

two weeks of life (Huang et al., 2010). Additionally, in rats at postnatal days 2-4 

(P2-4), DNE causes altered ventilatory and metabolic responses to heat stress 
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(Ferng & Fregosi, 2015). Findings from in vitro experiments suggest that changes 

in the properties of central chemoreceptors and other respiratory related 

brainstem neurons might be mediating some of the abnormal homeostatic 

responses seen in whole animal studies. Experiments using the en bloc 

brainstem-spinal cord preparation suggest that DNE causes disruptions in central 

chemoreception (Eugenin et al., 2008) and changes the cholinergic mechanisms 

of central chemoreception from muscarinic receptors (G-protein coupled 

acetylcholine receptors) to nAChRs (Coddou et al., 2009).  

Other experiments using the brainstem-spinal cord and rhythmic 

brainstem slice preparations (Figures 3 and 4) show that DNE alters both 

excitatory and inhibitory neurotransmission in multiple brainstem nuclei involved 

in breathing and homeostatic reflexes. In the brainstem-spinal cord preparation, 

the respiratory frequency response to bath application of nicotine is blunted by 

DNE, but the response to AMPA is exaggerated. These findings suggest that 

upregulation of AMPA receptors on rhythm generating neurons may be a 

compensation for desensitized nAChRs on glutamatergic neurons, which results 

in less release of neurotransmitter (Pilarski & Fregosi, 2009). Enhancement of 

AMPA neurotransmission to rhythm generating neurons has also been shown 

using the rhythmic brainstem slice preparation, where microinjection of AMPA 

into the region of the preBotzinger complex results in an exaggerated increase in 

burst frequency in slices from DNE animals and immunohistochemistry staining 

indicated an increase in GluR 2/3 subunits in the region of the preBotzinger 

complex. In the same study, complex changes in AMPA transmission to 
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hypoglossal motoneurons were identified, which were accompanied by a 

decrease in GluR 2/3 staining (Jaiswal et al., 2013). Similar experiments have 

also shown enhanced effects of microinjection of GABA and glycine into the 

preBotzinger complex and hypoglossal nucleus, accompanied by an increase in 

GABAA receptor staining in the region of the hypoglossal nucleus (Jaiswal et al., 

2016).  

 

Figure 4: En bloc brainstem-spinal cord preparation in the split bath 
configuration 

 

 

 

 

 

 
 
 

Figure 4: Diagram showing the brainstem-spinal cord preparation in the split-
bath configuration. A partition is placed at the spinomedullary junction, which 
allows for separate perfusion of the medullary and spinal compartments of the 
bath. Addition of drugs to the medullary compartment allows for the observation 
of effects on the respiratory pattern generator without confounding effects on 
the motoneurons (located in the spinal cord). Respiratory related rhythmic 
bursting can be recorded from the 4th cervical ventral root, which makes up part 
of the phrenic nerve innervating the diaphragm. To the right is an example of a 
typical recording obtained from the 4th cervical ventral root, with expanded 
bursts and the integrated record below. 
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Figure 5: Brainstem slice preparation, recordings from XIIMNs, XII nerve 
root, microinjections into XII nucleus 

 

 
 

 

 

Figure 5: Transverse slice of the brainstem containing the preBotzinger complex and 
hypoglossal motor nucleus. Panel A shows a whole cell patch clamp recording from a 
rhythmic XIIMN (top trace) and a recording from the hypoglossal nerve root (bottom trace). 
Panel B shows microinjection of nicotine into the region of the XII motor nucleus. 
Simultaneous whole cell patch clamp recordings and XII nerve root recordings can be made 
during microinjection of various drugs. 
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3.3 Nicotine exposure and homeostatic plasticity in hypoglossal 
motoneurons 
	  
 A large amount of work from our lab has focused on how DNE alters 

XIIMNs. The muscles of the tongue participate in critical homeostatic behaviors, 

including suckling, swallowing, and breathing, and require carefully balanced 

inputs from XIIMNs. As mentioned previously, human infants exposed to nicotine 

during development have increased obstructive apneas, which are caused by 

improper activation of the muscles of the tongue by XIIMNs (Isono, 2009). DNE 

causes increased excitability of XIIMNs (Pilarski et al., 2011), which may be due 

to decreased size of these neurons and decreased complexity of their dendritic 

tree (Powell et al., 2016). Moreover, the presence of low doses of nicotine can 

produce excess excitation that must be compensated. Other changes to the 

intrinsic properties of XIIMNs appear to occur in an attempt to compensate for 

increased excitability. For instance, alterations in surface AMPA receptor 

expression occurs with synaptic scaling, a well-known homeostatic plasticity 

mechanism.  It is hypothesized that the apparent downregulation of AMPA 

receptors on XIIMNs may be a mechanism by which these neurons attempt to 

tamp down excitability (Jaiswal et al., 2013).  Moreover, DNE increases both the 

transient and sustained whole-cell potassium currents under conditions of 

increased excitability (high potassium solution), suggesting that this is a 

homeostatic mechanism that aims to prevent “runaway excitability” during times 

where the neuron may be receiving increased excitatory synaptic input 

(Cholanian et al., 2017).  
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Increased GABAA receptor expression on XIIMNs, combined with the 

increased response of XIIMNs to GABA and glycine, could also be an adaptation 

to further reduce neuron excitability (Jaiswal et al., 2016). However, enhanced 

response to inhibitory neurotransmitter may be maladaptive and increase 

susceptibility to the respiratory-related disorders associated with DNE that 

involve reduction or cessation in breathing. Moreover, the ability of motoneurons 

to respond precisely to high frequency, variable synaptic input may play an 

important role in the production of rhythmic motor behavior (Beierholm et al., 

2001). We have found that XIIMNs have altered responses to current injection 

into the cell body, including altered spike timing precision and reliability and spike 

frequency adaptation (Powell et al., 2015), suggesting that DNE may alter the 

ability of XIIMNs to faithfully produce synchronous output to the muscles of the 

tongue that will produce normal motor behavior.   

The changes in XIIMNs from DNE animals that are outlined above 

(increased excitability, altered postsynaptic receptor expression, and altered 

response to current injection) suggest that DNE may also alter the strength of the 

excitatory and/or inhibitory fast-synaptic inputs to these neurons. Moreover, DNE 

results in chronic desensitization of nAChRs on XIIMNs (Pilarski et al., 2011).  As 

explained previously, activation of nAChRs on glutamatergic, GABAergic, or 

glycinergic neurons can modulate the release of these neurotransmitters (Hogg 

et al., 2003). If DNE also causes desensitization of nAChRs on glutamatergic, 

GABAergic or glycinergic inputs to XIIMNs, the baseline strength of these inputs 

may be altered. Desensitization of nAChRs may also alter how these inputs are 



 50 

modulated by endogenous ACh or nicotine, and could have important 

consequences in regard to tongue muscle function and XIIMN plasticity. It 

remains to be determined whether or not DNE alters the fast-synaptic inputs to 

XIIMNs, and how DNE alters the modulation of these inputs by activation of 

nAChRs.  
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Section 1: Hypothesis 
	  
 The work presented here aims to explain how developmental nicotine 

exposure (DNE) impacts 1) the cholinergic control of respiratory rhythm, 2) the 

baseline strength of fast-synaptic inputs to hypoglossal motoneurons (XIIMNs), 

and 3) how fast synaptic inputs to XIIMNs are modulated by activation of nicotinic 

acetylcholine receptors (nAChRs).  

Previous studies have revealed that DNE causes chronic desensitization 

(decreased response to agonist) of nAChRs on XIIMNs and blunts the increase 

in the respiratory motor frequency response to acute application of nicotine. This 

suggests that nAChRs on preBötzinger neurons, or excitatory neurons that could 

influence preBötzinger neuron firing rate, are also desensitized. However, the 

endogenous ligand for nAChRs is acetylcholine, which activates both nAChRs, 

(producing excitation) as well as multiple types of muscarinic acetylcholine 

receptors (mAChRs), which can produce either excitation or inhibition. How DNE 

alters the respiratory motor response to acetylcholine, and whether the 

muscarinic cholinergic system is involved, was previously not known. We 

proposed that bath application of acetylcholine to the brainstem compartment of 

the brainstem spinal cord split-bath preparation could cause an increase in 

respiratory related motor bursting recorded from the 4th cervical ventral root, and 

that this response would be blunted by DNE consistent with nAChR 

desensitization.  

Along with causing desensitization of nAChRs, it is known that DNE 

causes multiple changes in the intrinsic properties of XIIMNs. This includes 
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increased excitability of these neurons, as well as altered morphology, surface 

receptor expression, and responses to injected current. Neuronal networks use a 

variety of homeostatic mechanisms, including increasing or decreasing the 

strength of synaptic inputs in response to postsynaptic activity, to maintain 

normal output. Therefore, these findings suggest that DNE may also alter the 

strength of fast-synaptic glutamatergic, GABAergic, and glycinergic inputs to 

XIIMNs, which, along with the intrinsic properties of the motoneuron, are a main 

determinant of output.  

Microinjection of GABAA and glycine receptor agonists into the XII nucleus 

in the rhythmic brainstem slice preparation produced exaggerated inhibition of 

the amplitude of motor output recorded from the hypoglossal nerve. Moreover, 

probing for postsynaptic receptor expression using immunohistochemistry 

revealed an increase in GABAA receptor expression in the region of the XII 

nucleus, whereas there was a decrease in glutamatergic receptor expression. An 

increased postsynaptic response to inhibitory neurotransmitter may indicate a 

homeostatic mechanism in response to decreased strength of inhibitory synaptic 

input as well as increased excitability, therefore, we hypothesized that DNE 

causes a decrease in the baseline strength of inhibitory GABAergic and 

glycinergic synaptic inputs to XIIMNs. In addition to this, it is thought that an 

increase in postsynaptic inhibitory responses to GABAergic and glycinergic 

agonists, along with a decrease in the excitatory response to glutamatergic 

agonists, may also represent an attempt to mitigate the increased intrinsic XIIMN 

excitability that occurs with DNE. In line with this, we hypothesized that the 
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baseline strength of glutamatergic inputs would be decreased in XIIMNs from 

DNE animals. Finally, activation of nAChRs at presynaptic locations on 

glutamatergic, GABAergic, and glycinergic neurons acts to increase both action 

potential-mediated, and vesicular release, of these neurotransmitters. We 

propose that DNE will alter how activation of nAChRs on glutamatergic, 

GABAergic, and glycinergic neurons modulates the release of these 

neurotransmitters, consistent with nAChR desensitization.  

In summary, this study aims to address the following issues: 1) The effects 

of DNE on the respiratory motor frequency response to acetylcholine, the 

endogenous ligand for nAChRs and mAChRs, and the contribution of each 

receptor type to this response, 2) the effects of DNE on the baseline strength of 

glutamatergic, GABAergic and glycinergic fast-synaptic inputs to XIIMNs, 3) the 

effects of DNE on how fast-synaptic inputs to XIIMNs are modulated by activation 

of nAChRs.  

This chapter will provide a general overview on the methods used in our 

experiments. More detailed information on our techniques is provided in 

subsequent chapters. 

Section 2: General Discussion of Methods 
	  
Nicotine Exposure 

 These experiments were performed using a rat model of nicotine exposure 

in utero, where a mini-osmotic pump was surgically implanted in a pregnant dam 

which delivers nicotine bitartrate continuously at a rate of 6 mg/kg/day for 28 

days. Exposure in early gestation is critical, as it is thought that this is when 
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nicotine begins to have its neuroteratogenic effects (Slotkin, 1998), therefore, 

surgical implantation is performed on gestational day 5, which is when embryo 

implantation occurs in pregnant rats (Sposito, 2011). This method allows for 

exposure throughout gestation (via blood and placenta) and through the first 

week of life (via breast milk). Blood cotinine (a metabolite of nicotine) levels in 

DNE pups are approximately 60-92 ng/m (Powell et al., 2016), which 

corresponds to blood levels seen in the plasma of infants born to mothers who 

are considered “moderate” smokers (Berlin et al., 2010).  

There are many methods of in utero nicotine exposure in the literature, 

including intermittent tobacco smoke inhalation, injections, or through drinking 

water (Abbott & Winzer-Serhan, 2012). This method was chosen as it is well 

accepted and is effective in mimicking the effects of nicotine replacement 

patches (i.e constant blood levels, and no confounding effects of other 

substances found in tobacco smoke), which are prescribed to patients who want 

to quit smoking. Additionally, this method is fairly noninvasive, as it involves a 

single surgery after which the dams recover quickly, and is less stressful to the 

animal than daily injections.  

For our studies, we used two controls, the first being an unexposed dam 

who has not undergone surgery (true control), and the second being a saline-

exposed dam in which a saline filled mini-pump is implanted subcutaneously 

(sham control). No differences have been found between these two groups in the 

experiments presented here, or any previous experiments.  
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Electrophysiology 

 Two tissue preparations were used for these experiments: The brainstem 

spinal cord and the transverse brainstem slice. Using the brainstem spinal cord 

preparation, we can make extracellular recordings from the 4th cervical ventral 

root allowing for visualization of rhythmic respiratory-related motor output. We 

record from this preparation in the split bath configuration, which is achieved 

using a partition at the spinomedullary junction. This allows for perfusion of each 

chamber separately, and in our experiments, drugs were perfused into the 

medullary chamber only. The medulla contains the respiratory pattern generator, 

the preBötzinger complex, as well as multiple other neuron populations that can 

influence respiratory rhythm generation. The phrenic motoneurons, the 

population from which we are recording, receive rhythmic input from the neurons 

in the preBötziner complex (via interneurons) and are contained within the spinal 

cord. We were interested in changes in amplitude and frequency of bursting at 

baseline and during drug application. Since the amplitude of bursts did not 

change with application of any drugs used, only frequency data is reported. 

 The transverse brainstem slice preparation contains XIIMNs, whose axons 

form the XII nerve, which innervates the muscles of the tongue, and premotor 

neurons that modulate XIIMN output. For our experiments, 300-500 µM thick 

slices were taken caudal to the preBötzinger complex, and therefore were non-

rhythmic. Whole-cell patch clamp recordings were obtained from XIIMNs, which 

were voltage clamped at -75 mV so that postsynaptic currents could be 

observed. Excitatory (glutamatergic) and innibitory (GABAergic and glycinergic) 
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postsynaptic currents (EPSCs/IPSCs) represent the postsynaptic response to 

presynaptic neurotransmitter release. Spontaneous PSCs (sEPSCs/IPSCs are 

the result of both action potential mediated neurotransmitter release, as well as 

the random release of single vesicles of neurotransmitter (quantal release), 

whereas miniature PSCs (mEPSCs/IPSCs) represent quantal release only. Our 

data of interest was the amplitude and frequency of sPSCs and mPSCs, which 

gives an indication of the strength of these different inputs to XIIMNs. In addition, 

whole cell currents that occur as a result of postsynaptic receptor activation can 

be recorded using the whole cell patch clamp technique. This provides 

information about postsynaptic receptor number or function that can be useful in 

interpreting the amplitudes of mPSCs and sPSCs (which can have both 

presynaptic and postsynaptic determinants). Along with analyzing the baseline 

strength of glutamatergic, GABAergic and glycinergic inputs to XIIMNs, we 

analyzed changes in mPSC and sPSC frequency and amplitude during bath 

application of acute nicotine to see how nAChR activation modulates fast-

synaptic transmission. 

 A detailed description of these methods in the context of each study is 

provided in the following chapters. 
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CHAPTER 3 
DEVELOPMENTAL NICOTINE EXPOSURE ALTERS CHOLINERGIC 

CONTROL OF RESPIRATORY FREQUENCY IN NEONATAL RATS 

 

 

 

 

The work cited in this chapter has been published in the Journal of 

Developmental Neurobiology. As it is now copywrited material, the paper has 

been included in this dissertation as Appendix A. A summary of the work and a 

contribution summary have been included within this chapter. 
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Study summary: 
 
 The work contained in this chapter is presented as a published article in 

Appendix A. With this study, we show how DNE affects the respiratory motor 

response to acetylcholine, and the contribution of nAChRs and mAChRs to this 

response. First, using the brainstem spinal cord preparation in the split-bath 

configuration, the baseline frequency of respiratory related motor bursting was 

recorded from the 4th cervical ventral root. Interestingly, the baseline frequency of 

motor bursting was significantly faster in DNE preparations than in control. ACh 

was then bath applied to the medullary compartment for 15 minutes and changes 

in the frequency of bursting was recorded. In preparations from control animals, 

bath application caused a significant increase in the frequency of respiratory 

related motor bursting that was sustained over the time course of application. 

However, in preparations from DNE animals, there was an initial brief period of 

increased frequency, after which the frequency returned to baseline. These 

findings indicate that DNE blunts the respiratory motor response to ACh.  

 In a second set of experiments we used the same procedure, except that 

this time atropine, a mAChR antagonist, was bath applied to the medullary 

compartment for 15 minutes, followed by a mixture of atropine and ACh for an 

additional 15 minutes. Under these conditions, ACh induced changes in 

respiratory related motor bursting will be a result of agonizing nAChRs. In 

preparations from control animals, atropine plus ACh caused a large, significant 

increase in frequency. In preparations from DNE animals, atropine plus ACh did 

not produce an increase in burst frequency as it did in controls. In a final set of 
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experiments, we first bath applied curare, a nAChR antagonist to the medullary 

compartment for 15 minutes, followed by a mixture of curare and ACh for an 

additional 15 minutes. Under these conditions, changes to respiratory related 

motor bursting will be due to the action of ACh on mAChRs. In preparations from 

control animals and DNE animals, curare plus ACh failed to increase respiratory 

burst frequency. These findings suggest that nAChRs, but not mAChRs, mediate 

the respiratory related motor response to ACh. Bath application of atropine or 

curare alone caused a small slowing of burst frequency from baseline, indicating 

that both nAChRs and mAChRs (and endogenous ACh) contribute to baseline 

burst frequency. 

 Our overall findings from these experiments show that ACh applied to the 

medulla results in an increase in the frequency of respiratory motor bursting, an 

effect which is mediated by nAChR activation. This frequency response is 

blunted in preparations from DNE animals, which is consistent with DNE causing 

nAChR desensitization on neurons in the medulla that participate in the 

modulation of respiratory rhythm. Finally, mAChR activation does not appear to 

participate in the frequency response to ACh in either control or DNE 

preparations. 

 

Contribution summary:  
 

This work was completed in conjunction with the authors listed on the title 

page of the manuscript in Appendix A. As first author, all of the experiments were 

conducted by me and was responsible for analyzing the data, compiling figures, 
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and writing the manuscript. Jarl Haggerty performed a number of preliminary 

experiments with training and assistance from Dr. Jason Pilarski. Dr. Fregosi and 

Dr. Levine were instrumental in designing the experiments for this study and 

providing significant input in the writing of the manuscript. 
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CHAPTER 4 
DEVELOPMENTAL PLASTICITY OF GABAERGIC NEUROTRANSMISSION TO 

BRAINSTEM MOTONEURONS 

 

 

 

 

 

The work contained within this chapter has been submitted to the Journal of 

Physiology. As it might become copywrighted material, the paper has been 

included in this dissertation as Appendix B. A summary of the work and a 

contribution summary has been provided in this chapter. 
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Study summary: 
 
 The work contained in this chapter aimed to show how DNE alters 

GABAergic synaptic transmission to XIIMNs, and how DNE alters the modulation 

of GABAergic synaptic transmission by nAChR activation. For these 

experiments, whole cell patch clamp recordings were obtained from XIIMNs in a 

300-500 µM transverse slice of the medulla from rats aged P1-5. In the first set of 

experiments, GABAergic sIPSCs were pharmacologically isolated, and the 

baseline amplitude and frequency of these events were recorded. GABAergic 

sIPSCs reflect the postsynaptic response to both action potential mediated 

neurotransmitter release from a presynaptic neuron, as well as the random 

release of individual vesicles from the end terminal (miniature/mIPSCs), and give 

an indication of the strength of GABAergic synaptic transmission to XIIMNs. At 

baseline, GABAergic sIPSCs recorded in XIIMNs obtained from DNE animals 

were significantly less frequent, with smaller amplitudes than those recorded 

from control cells. After sIPSCs were recorded at baseline, acute nicotine was 

applied to the bath in order to assess how activation of nAChRs on GABAergic 

neurons modulates GABAergic synaptic input to XIIMNs. With bath application of 

acute nicotine, sIPSC frequency increased in control cells, and this effect was 

exaggerated in DNE cells. Bath application of nicotine also decreased sIPSC 

amplitude in control cells, whereas it increased amplitude in DNE cells.  

 In a second experiment, GABAergic mIPSCs were isolated and the 

frequency and amplitude of these events was recorded. The frequency of 

mIPSCs gives information about random vesicular release from the end terminal, 
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and while the amplitude of mIPSCs can have a more complex interpretation, it is 

usually thought to reflect postsynaptic receptor function. At baseline, the 

frequency of GABAergic mIPSCs was significantly increased in DNE cells 

compared to control, but the amplitudes of mIPSC were the same between the 

two groups. After mIPSCs were recorded at baseline, acute nicotine was bath 

applied in order to assess how activation of nAChRs affects vesicular release 

from the presynaptic axon end terminals. With acute nicotine application, there 

was no change in the frequency of mIPSCs in either group. There was also no 

change in amplitude in control cells, but there was an increase in mIPSC 

amplitude in DNE cells.  

 In a final experiment, we assessed the function of postsynaptic GABAA 

receptors by assessing the whole-cell response to bath application of two GABAA 

receptor agonists. Muscimol, which activates all GABAA receptors, produced a 

significantly greater inward current in control cells compared to DNE. There was 

no difference in the response to THIP, an extrasynaptic GABAA receptor agonist, 

in DNE cells compared to control.  

 The findings from these experiments indicate that DNE causes significant 

changes to inhibitory GABAergic synaptic transmission in XIIMNs, including a 

global decrease in GABAergic inputs at baseline. The increase in postsynaptic 

response to muscimol indicates an increase in GABAA receptors on XIIMNs due 

to DNE, which is consistent with a homeostatic mechanism attempting to 

strengthen GABAergic inputs. The exaggerated increase in frequency with bath 

application of acute nicotine indicates that DNE causes a functional upregulation 
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of nAChRs on the GABAergic neurons that make synaptic contact with XIIMNs. 

Overall, these results suggest a potential mechanism by which infants exposed 

to nicotine have altered development of behaviors that rely on coordinated 

tongue muscle activity, particularly during states of increased ACh release (i.e 

REM sleep).  

 

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

page of the manuscript in Appendix B. As first author, all of the experiments were 

conducted by me and was responsible for analyzing the data, compiling figures, 

and writing the manuscript. Dr. Fregosi and Dr. Levine were instrumental in 

designing the experiments for this study and providing significant input in the 

writing of the manuscript. 
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CHAPTER 5 
DEVELOPMENTAL PLASTICITY OF GLYCINERGIC NEUROTRANSMISSION 

TO BRAINSTEM MOTONEURONS 

 

 

 

 

 

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

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

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

provided within this chapter. 
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Study summary: 
 
 The work contained in this chapter aimed to determine how DNE alters 

glycinergic synaptic transmission to XIIMNs, and how these inputs are modified 

by activation of nAChRs. For these experiments, whole cell patch clamp 

recordings were obtained from XIIMNs in 300-500 µM thick medullary slices from 

rats aged P1-5. Glycinergic postsynaptic currents were pharmacologically 

isolated and the frequency and amplitude were compared to determine 

differences in XIIMNs obtained from control animals versus DNE animals. First, 

we recorded spontaneous glycinergic postsynaptic currents (sIPSCs), which 

reflect both action potential mediated, and random quantal release of glycine 

(miniature/mIPSCs) onto XIIMNs. At baseline, glycinergic sIPSCs had smaller 

amplitudes, but were significantly faster in DNE cells compared to control. After 

recording sIPSCs at baseline, nicotine was bath applied in order to assess how 

activation of nAChRs modulates glycinergic synaptic transmission. With bath 

application of nicotine, sIPSC frequency increased in both control cells and DNE 

cells, but this effect was exaggerated in DNE cells. Acute nicotine application 

also increased the amplitude of sIPSCs in DNE cells, whereas it caused a 

decrease in sIPSC amplitude in control cells. 

 In a second experiment, we isolated mIPSCs, which reflect the random 

release of individual vesicles of glycine from the presynaptic end terminal. At 

baseline, mIPSCs were larger in DNE cells compared to control, but the 

frequency of these events was not changed. After recording mIPSCs at baseline, 

nicotine was applied to the bath in order to assess how activation of nAChRs 
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affects the quantal release of glycine from presynaptic end terminals. Acute 

nicotine did not change the frequency of mIPSCs in either group. In control cells, 

acute nicotine caused an increase in mIPSC amplitude, but there was no change 

in amplitude in DNE cells. In a final experiment, to further assess postsynaptic 

glycine receptor function, we measure the peak amplitude of the current 

response to bath applied glycine, which activates all of the postsynaptic glycine 

receptors on XIIMNs. There was no difference in the glycine receptor mediated 

current between control and DNE. 

 These findings indicate complex changes to glycinergic synaptic 

transmission to XIIMNs due to DNE. The increase in glycinergic sIPSC amplitude 

may indicate a homeostatic mechanism attempting to compensate for drastically 

decreased GABAergic inputs to XIIMNs, although this appears to be incomplete, 

as glycinergic sIPSC amplitude is also greatly reduced in DNE cells. The 

exaggerated response to acute nicotine indicates that DNE causes a functional 

upregulation of nAChRs on glycinergic neurons that make synaptic contacts with 

XIIMNs, and indicate a potential mechanism by which DNE alters the 

development of homeostatic behaviors that rely on proper tongue muscle control, 

particularly during states of increased ACh (i.e REM sleep). 

 

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

page of the manuscript in Appendix B. As first author, all of the experiments were 

conducted by me and was responsible for analyzing the data, compiling figures, 
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and writing the manuscript. Dr. Fregosi and Dr. Levine were instrumental in 

designing the experiments for this study and providing significant input in the 

writing of the manuscript. 
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CHAPTER 6 
DEVELOPMENTAL PLASTICITY OF GLUTAMATERGIC 

NEUROTRANSMISSION TO BRAINSTEM MOTONEURONS 

 

 

 

 

 

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

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

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

provided within this chapter. 



 71 

Study summary: 
 
 The work contained in this chapter aimed to determine how DNE alters 

excitatory AMPA receptor-mediate glutamatergic synaptic transmission to 

XIIMNs, and how DNE alters the modulation of these inputs through activation of 

nAChRs with acute nicotine. For these experiments whole cell patch clamp 

recordings were obtained from XIIMNs in 300-500 µM transverse medullary slice 

from rats aged 1-4 days. Because of significant differences in both treatment 

groups between P1-2 and P3-4, we analyzed the data within these two age 

groups.  

First, AMPA receptor-mediated glutamatergic spontaneous synaptic 

currents (sEPSCs) were pharmacologically isolated and the amplitude and 

frequency of these events were recorded at baseline and after activation of 

nAChRs with bath application of acute nicotine. At P1-2 the baseline frequency of 

these events was higher, and the amplitudes larger, in DNE cells compared to 

control. Additionally, acute nicotine application enhanced glutamatergic 

transmission in both control and DNE cells at this age. By P3-4, however, 

sEPSCs were less frequent and smaller in DNE cells compared to control, and 

while acute nicotine caused an increase in glutamate release in control cells at 

this age, it caused a decrease in release in DNE cells. 

  In a second experiment, mEPSCs were pharmacologically isolated and 

the frequency and amplitudes of these events were evaluated at baseline and 

after bath application of acute nicotine to stimulate nAChRs. At P1-2, the 

baseline frequency of mIPSCs was the same in DNE cells compared to control. 
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However by P3-4, the frequency of mEPSCs had increased in DNE cells, 

whereas it decreased in control cells. There were no differences in mEPSC 

amplitude between DNE cells and control cells at either age, nor was there a 

change in mEPSC amplitude with age in either treatment group. At P1-2, bath 

application of acute nicotine enhanced the release of mEPSCs in both control 

cells and DNE cells, however, by P3-4, while acute nicotine enhanced release in 

control cells, it caused no change in mEPSC frequency or amplitude in DNE 

cells. In a final experiment, bath application of AMPA was used to assess the 

function of AMPA receptors on XIIMNs. There was no difference in the 

postsynaptic response to bath application of AMPA between control and DNE at 

either age group, nor was there a change in this response in either treatment 

group with age. 

The findings of these experiments indicate that baseline excitatory 

glutamatergic transmission to XIIMNs is altered by DNE. Additionally, DNE alters 

the development  of glutamatergic synaptic transmission over the first week of life 

and the nAChR mediated modulation of these inputs at later postnatal ages. 

These findings give potential insight into how inputs to XIIMNs are altered in 

response to developmental perturbations in an attempt to maintain normal output 

to the muscles of the tongue. Additionally, these findings, along with previous 

studies on the modulation of inhibitory inputs, clearly show that DNE may 

drastically shift the balance of inputs toward exaggerated inhibition in response to 

activation of nAChRs. Together, these findings indicate potential mechanisms by 

which DNE alters homeostatic behaviors that rely on proper control of the 
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tongue, and increases the risk of obstructive apneas particularly during states 

where ACh is released (REM sleep). 

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

page of the manuscript in Appendix B. As first author, all of the experiments were 

conducted by me and was responsible for analyzing the data, compiling figures, 

and writing the manuscript. Dr. Fregosi and Dr. Levine were instrumental in 

designing the experiments for this study and providing significant input in the 

writing of the manuscript. 
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CHAPTER 7 
DISCUSSION AND INTERPRETATION OF RESULTS 
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The studies presented here contribute to a significant body of research 

showing that DNE alters the development and function of brainstem neurons that 

are involved in the control of critical homeostatic behaviors, such as suckling, 

swallowing, and breathing. Moreover, these findings show that DNE alters how 

synaptic transmission in the brainstem is modulated by activation of nAChRs, 

adding to our understanding of the complex effects of chronic nicotine exposure 

on nAChR function, and potential mechanisms by which infants born to smoking 

mothers are at increased risk for sleep-related breathing disorders, such as 

obstructive apneas. This chapter will summarize all of the experiments within 

these studies and discuss the implications of the most critical findings. 

 

Summary of findings 

 Brainstem spinal cord experiments: With these experiments, we assessed 

how respiratory related motor output, recorded from the 4th cervical ventral root, 

is altered by bath application of ACh to the medulla, which contains neurons 

responsible for generating the respiratory rhythm. First, we studied how the burst 

frequency of motor nerves that innervate the diaphragm are altered by ACh. 

Additionally, these experiments allowed us to assess the contribution of 

endogenous ACh to baseline motor nerve bursting, and the contribution of each 

of the main ACh receptor subtypes (i.e., nAChRs and mAChRs) to the respiratory 

frequency response to ACh. There were no differences in the baseline amplitude 

of motor nerve bursts, nor was there any change in the burst amplitude in either 
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group, so this summary will focus on differences in baseline burst frequency, and 

changes in burst frequency with drug application. 

 The main finding of these experiments was that DNE blunts the respiratory 

motor response to ACh. Bath application of ACh produced a significant and 

sustained increase in burst frequency in preparations from control animals. In 

preparations from DNE animals, there was a brief initial increase in burst 

frequency that was much reduced compared to control, followed by a return to 

baseline frequency for the remainder of ACh application. Additional experiments 

in this study showed that the increase in frequency of motor nerve bursting is 

mediated mostly by the action of ACh on nAChRs, but not mAChRs, as 

application of ACh in the presence of atropine (mAChR antagonist) increased 

burst frequency but application of ACh in the presence of curare (nAChR 

antagonist) did not.  

 It is thought that chronic nicotine exposure exerts effects on brain function 

through actions on nAChRs. Previous studies have shown that bath application 

of nicotine increases respiratory motor nerve burst frequency, and that DNE 

blunts this response. However, this is the first study to show that ACh, the 

endogenous agonist of nAChRs, also produces this response and that this 

response is mediated through the action of ACh on nAChRs. These results 

suggest that DNE alters the response of nAChRs to ACh in regions of the 

brainstem that modulate breathing frequency. This is consistent with previously 

described nAChR desensitization due to DNE (Pilarski et al., 2012, Gentry et al., 
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2002). Additionally, we conclude that the contribution of mAChRs to modulation 

of respiratory rhythm is unaltered by DNE. 

XIIMN experiments: In transverse brainstem slices, using whole-cell patch 

clamp recordings, we assessed how DNE alters excitatory glutamatergic, and 

inhibitory GABA and glycinergic synaptic transmission to XIIMNs at the network 

level, by assessing spontaneous excitatory and inhibitory postsynaptic currents 

(sEPSCs/sIPSCs), and at the level of the synapse, by assessing miniature (m) 

EPSCs and IPSCs. Since the amplitude of these currents can be difficult to 

interpret, as they could indicate either a pre or postsynaptic change due to DNE, 

we also assessed the whole cell current response to bath application of AMPA, 

GABAA, and glycine receptor agonists in XIIMNs. Together, these experiments 

were used to gain an understanding of how DNE alters postsynaptic AMPA, 

GABAA, and glycine receptor function and the strength of excitatory and inhibitory 

inputs to XIIMNs, which are main determinants of XIIMN output to the muscles of 

the tongue. The balance of these inputs is also important for the production of 

coordinated tongue muscle contractions that result in appropriate behavior. A 

comprehensive assessment of changes in sPSCs, mPSCs and postsynaptic 

receptor function allows us to form conclusions about what aspects of synaptic 

transmission are being altered by DNE (i.e- pre versus postsynaptic changes). 

First, we recorded the baseline amplitude and frequency of spontaneous 

excitatory and inhibitory postsynaptic currents (sEPSCs/sIPSCs). These currents 

represent the action potential mediated release, as well as random quantal 

release of glutamate, GABA and glycine onto XIIMNs and give an indication of 
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the overall strength of excitatory versus inhibitory synaptic transmission to 

XIIMNs. From this experiment, we found that DNE caused a reduction in the 

frequency of GABAergic sIPSCs and a decrease in the amplitude of both 

GABAergic and glycinergic sIPSCs. While glycinergic sIPSC frequency was 

actually higher in cells from DNE animals, this increase was relatively small, and 

therefore we conclude that DNE results in a decrease in global inhibitory inputs 

to XIIMNs.  

 While assessing glutamatergic EPSCs, we noticed that the amplitude and 

frequency of these events change over the first week of postnatal development in 

both control cells and DNE cells. This was not observed with assessment of 

inhibitory synaptic transmission, which may be due to differences in the timing of 

the development of these neurotransmitter systems relative to birth. At P1-2, the 

sEPSC frequency was higher, and sEPSC amplitudes were larger, in DNE cells 

compared to control. With age, the frequency of sEPSCs became higher, and 

amplitudes larger, in control cells. However, in DNE cells sEPSC frequency 

became lower, and their amplitudes smaller, with age. These findings indicate 

that during normal developmental over the first postnatal week, the strength of 

glutamatergic synaptic transmission to XIIMNs increases, and this is essentially 

abolished, or reversed, by DNE.  

 We also assessed miniature postsynaptic currents (mEPSCs/mIPSCs) in 

XIIMNs, which reflect the random release of individual vesicles of 

neurotransmitter from the presynaptic end terminal. Assessment of miniature 

postsynaptic currents can provide information about release probability at the 
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end terminal, and can also provide some insight into postsynaptic receptor 

function. However, because miniature postsynaptic current amplitude can be 

difficult to interpret, we also assessed the postsynaptic response to bath 

application of receptor agonists to gain a better understanding of postsynaptic 

receptor function. While we did see DNE-mediated changes in glutamatergic, 

GABAergic and glycinergic mIPSCs, which may indicate both pre and 

postsynaptic compensatory mechanisms to changes in global transmission, the 

most striking finding from these experiments was that DNE causes an increase in 

the postsynaptic response to activation of GABAA receptors with bath application 

of muscimol. This suggests an increase in the sensitivity of XIIMNs to GABA, and 

may indicate an upregulation of GABAA receptors on XIIMNs.  

 A final portion of these experiments aimed to address how activation of 

nAChRs on glutamatergic, GABAergic, or glycinergic inputs to XIIMNs modifies 

their activity. As mentioned previously, nAChRs are found at many pre and 

postsynaptic locations. Activation of receptors located on the soma or dendrites 

of presynaptic neurons cause depolarization and increase the probability of 

action potential firing, whereas activation of receptors located on the axon end 

terminal of presynaptic neurons tend to have high calcium conductance which 

increases the probability of vesicular release of neurotransmitters (Role and 

Berg, 1996; Quitadamo et al., 2005). For these experiments, we bath applied 

nicotine and measured changes in sPSC and mPSC frequency and amplitude in 

order to gain information on how nAChR function is altered by DNE. This may 

indicate how XIIMN output is affected during states of altered ACh release, such 
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as increased vigilance and sleep-wake transitions. Interestingly, we found that 

DNE has differing effects on nAChRs on excitatory versus inhibitory inputs to 

XIIMNs. Activation of nAChRs on DNE GABAergic or glycinergic neurons caused 

an exaggerated increase in the strength of these inputs at all postnatal ages. 

However, while activation of nAChRs located on glutamatergic neurons facilitated 

glutamate release similar to control at ages P1-2, by ages P3-4 activation of 

nAChRs continued to facilitate release in control cells, but depressed release in 

DNE cells.  

Overall, these results show that, because of developmental changes in 

excitatory synaptic transmission within the first week of life, but no change in the 

strength of inhibitory synaptic transmission during this time, DNE results in 

drastic differences in the balance of inputs at P1-2 versus P3-4 (Figure 1). 

Moreover, there is a developmental switch during the first week of life that leads 

to differing effects of nAChR activation between P1-2 and P3-4. At P1-2, nAChR 

activation results in enhancement of both excitatory and inhibitory transmission to 

XIIMNs. However, by P3-4, while nAChR activation causes enhancement of 

inhibitory transmission to XIIMNs, there is a decrease in the strength of excitatory 

transmission (Figure 2). Thus, nAChR activation at this age will produce 

exaggerated inhibition of XIIMNs. In the sections below, the implications of these 

findings and important future experiments are discussed. 
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Figure 1. Baseline neurotransmission to XIIMNs: Panel A (above) Baseline transmission to 
XIIMNs at P1-2. Panel B (below) Baseline transmission to XIIMNs at P3-4. At all ages, the 
frequency of GABAergic events is reduced (indicated by a decrease in number of action 
potentials), with a concurrent increase in postsynaptic GABAA receptors (blue triangles) 
presumably as a mechanism to strengthen these connections. At all ages the frequency of 
glycinergic events is increased (indicated by an increase in the number of action potentials), 
which may be a compensation for reduced GABAergic input. At P1-2, glutamatergic event 
frequency is increased (indicated by an increase in action potentials in top panel), while at P3-4 
the frequency is reduced (indicated by a decrease in action potentials in bottom panel). There 
was no change in glycine receptor function (purple triangles) or AMPA receptor function (orange 
triangles) at any age. 
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Figure 2. Modulation of neurotransmission to XIIMNs: Panel A (above) shows how 
neurotransmission is modulated by activation of nAChRs at P1-2. Panel B (below) indicates how 
neurotransmission is modulated by nAChRs at P3-4. At all ages, nAChR activation elicits an 
exaggerated increase of both GABA (blue circles) and glycine (purple circles) release in DNE 
animals. However, at P1-2, nAChR activation results in a similar increase in glutamate release 
(orange circles) in DNE and control (top panel), whereas at P3-4 nAChR activation significantly 
blunts glutamate release in DNE (bottom panel). These findings are likely due to functional 
upregulation of nAChRs on inhibitory inputs (indicated by an increase in functional nAChRs {red 
rectangles}), but a decrease in functional nAChRs (open red squares) on glutamatergic inputs to 
XIIMNs at P3-4. 
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Implications of findings 

There is no doubt that these findings show an impact of DNE on the 

development of brainstem regions that control breathing and other homeostatic 

behaviors that involve the muscles of the tongue. The significant findings from 

these experiments most likely indicate complex interactions between a primary 

insult, namely alterations to the course of brain development due to nicotine in 

utero, and compensatory mechanisms to mitigate the effects of this primary 

insult. We can only speculate as to the extent that each of these factors is 

responsible for our significant findings. However, since nicotine exposed humans 

and animals appear to develop fairly normally, this leads us to believe that 

compensations made for the presence of chronic nicotine have been, for the 

most part, successful. However, there is a third factor influencing the outcomes 

of these experiments, which is that aside from their role in development, nAChRs 

act to modulate fast-synaptic transmission and their function is altered by DNE. 

Therefore, there is a major caveat to the above, which is that while nicotine 

exposed animals have fairly normal function at rest they exhibit abnormal 

behavior during a state change or challenge. For instance, human infants born to 

smoking mothers exhibit weak suckling (Martin et al., 1979), which requires the 

initiation of specific, rhythmic contractions of the tongue muscles. Both nicotine 

exposed human infants and animal neonates have a reduced capacity to arouse 

and increase the rate of pulmonary ventilation in response to changes in blood 

gasses (Eugenin et al., 2008). Additionally, nicotine exposure increases the 

incidence of obstructive apneas, particularly during the transition into REM sleep 
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(Sawnani et al., 2003). The common factor in all of these examples is a transition 

from the baseline state, which is associated with a change in neurochemistry 

(ACh release). We propose that these experiments indicate robust and fairly 

successful homeostatic plasticity mechanisms in response to DNE. However, 

changes to nAChR receptor function, for which compensations are not made, 

leads to the lack of an appropriate response to a challenge or state change that 

is associated with the release of ACh.   

Fast-synaptic transmission to XIIMNs. These experiments revealed 

interesting aspects of fast-synaptic transmission to XIIMNs (regardless of 

nicotine exposure) that, to our knowledge, have not previously been addressed in 

the literature. First, at baseline GABAergic and glycinergic sIPSCs are 

significantly larger and more frequent than glutamateric sEPSCs. It is known that 

inhibitory synapses on XIIMNs generally exist at proximal locations in relation to 

the cell soma compared to excitatory ones (Berger, 2011), and this finding is 

consistent with this since currents that originate more proximally on dendrites will 

appear larger at the soma (where we record). This also may indicate that XIIMNs 

are under significant inhibition at rest (also due to shunt inhibition, see below). 

Second, GABAergic and glycinergic inputs were drastically reduced with TTX 

application, indicating that the release of these neurotransmitters is highly action 

potential dependent. On the other hand, TTX had a relatively small effect on the 

size and frequency of glutamatergic events, indicating that much of the glutamate 

release onto XIIMNs occurs independently of action potential firing in the 

brainstem slice. Interestingly, the modulation of these inputs by nAChRs told a 
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similar story. Action potential mediated GABA and glycine release was 

modulated by acute nicotine challenge, whereas quantal release was not, 

indicating that nAChRs exist on the cell bodies and dendrites of these neurons, 

but may not exist on the axon end terminals. On the other hand, nAChR 

activation with an acute nicotine challenge modulated both action potential 

mediated and quantal glutamate release, indicating that nAChRs are present at 

the end terminal of glutamatergic neurons and significantly contribute to 

modulation of glutamatergic transmission to XIIMNs. An alternative explanation 

for all three of these findings is that the cell bodies of GABAergic and glycinergic 

neurons are present within the slice, whereas glutamatergic projections to 

XIIMNs may have been severed. Regardless of the above, these experiments 

give important information about the location of nAChRs on these synaptic inputs 

to XIIMNs. Specifically, the presence of nAChRs on the axon end terminals of 

glutamatergic, but not GABAergic or glycinergic neurons, is worth attention as 

this indicates significant differences in how these different inputs may be 

modulated by ACh in vivo (see below). How these factors play into the altered 

function observed with DNE is not known, however some speculations are 

addressed in the discussion below.  

Changes to baseline neurotransmission in brainstem regions that control 

critical homeostatic functions. An important question that remains unanswered is 

which of these observed changes are a primary effect of nicotine exposure, and 

which are compensations for the primary effects? The following discussion is 

based on a few assumptions about baseline function of XIIMNs and other 
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neurons in this region (Figure 1). First, we assume that DNE is associated with 

changes to the intrinsic properties of neurons in this region, which appear to 

include increased excitability, which triggers homeostatic compensations in firing 

rate or postsynaptic receptor number in response. Second, because nicotine 

exposed animals develop fairly normally, we assume that the changes in 

baseline synaptic transmission that we see here are appropriate compensations 

that maintain fairly normal motoneuron output under baseline conditions.  

There is evidence that XIIMNs from DNE animals are more excitable and 

have higher input resistance compared to control (Pilarski et al., 2011), which 

could indicate that they are smaller (smaller DNE XIIMNs represented in Figure 

1). Although not statistically significant in these studies, we saw a trend toward 

higher input resistance in DNE cells versus control in these studies. Also, DNE is 

known to trigger apoptosis (Roy et al., 1998). If glutamatergic, GABAergic and 

glycinergic neurons in this region are also smaller, or if there are fewer of them, 

this may cause a decrease in frequency of all sPSCs onto XIIMNs as a primary 

effect of altered development. While we do see this with GABAergic inputs, we 

see an increase in glycinergic inputs and an increase in glutamatergic inputs at 

P1-2 (number of action potentials next to each input in Figure 1, Panel A). Of 

course though we do not have information on the number, size, or complexity of 

the interneurons that synapse with XIIMNs, there are previous studies that give 

insight into our results. For instance, an increase in the postsynaptic response to 

muscimol, along with an increase in GABAA receptor staining in the XII motor 

nucleus (Jaiswal et al., 2015), indicate an upregulation of synaptic GABAA 
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receptors (increased number of blue triangles on DNE XIIMNs shown in Figure 

1). These changes in receptor number strongly indicate an attempt to increase 

the strength of GABAergic synaptic transmission to compensate for the reduced 

GABA input. This, along with the finding that there is an increase, and not a 

decrease in the frequency of glycinergic events, suggests that while neuron size 

and number could play a role in changes to PSC frequency, mechanisms to try to 

scale the strength of these inputs may be strongly activated in response to DNE. 

If this is true, then an increase in glycinergic sIPSC frequency may be a further 

attempt to increase inhibition to XIIMNs. 

It makes sense that increasing the strength of inhibitory synaptic 

transmission to XIIMNs may be a response to these neurons being hyper-

excitable. If this were true, then we would expect a decrease in glutamatergic 

synaptic inputs to XIIMNs. Interestingly, at least initially there is an increase in 

the frequency of sEPSCs. Additionally, glutamatergic synapses form later than 

GABAergic and glycinergic ones and clearly are changing within the first week of 

life, even in control cells. It has been proposed that nicotine exposure causes 

abnormally rapid maturation of certain brain regions (Frank et al., 2000). It is 

possible that the increased frequency of glutamatergic events seen at P1-2 may 

be due to abnormally rapid development of glutamatergic synapses, while the 

decreased frequency of these inputs seen at P3-4 (decreased number of action 

potentials next to DNE glutamatergic neurons in Figure 1, Panel B) reflect 

pruning or homeostatic scaling of these inputs to the appropriate strength due to 

an overall reduced number of neurons in the network, or due to hyper-excitable 
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XIIMNs. This developmental switch in the strength of glutamatergic synaptic 

transmission to XIIMNs over the first week of life may be the cause of the 

morphological changes in dendrite complexity seen in XIIMNs during this time 

(i.e. a more complex dendritic arbor at P-2, but less complex at P3-4), or vice 

versa (Powell et al., 2016).  

While we think these changes in fast-synaptic transmission to XIIMNs 

must result in fairly normal motoneuron output under baseline conditions, the 

changes outlined above would likely result in a period of excitatory/inhibitory 

imbalance during the first week of life, as the baseline strength of inhibitory inputs 

are stable but excitatory inputs are changing. Based on the above explanation, it 

could be that at P1-2 the balance is shifted toward too much excitation because 

of the increased frequency of glutamatergic inputs at this time. If this were true, 

increased excitability would be exacerbated until appropriate scaling of these 

synapses occurs, bringing things back to equilibrium by P3-4. While this was 

observed in XIIMNs, similar changes to glutamatergic inputs could be occurring 

in other brainstem regions. For instance, hyper-excitable preBotzinger complex 

inspiratory neurons and increased glutamatergic transmission could underlie the 

increase in baseline respiratory burst frequency observed in the BSSC 

preparation from DNE animals (Wollman et al., 2016). 

Interestingly, the abnormal behaviors associated with nicotine-exposed 

infants (i.e. increased incidence of obstructive apneas and weak sucking) 

indicate over-inhibition of XIIMNs. Considering this, it seems counterintuitive that 

XIIMNs appear to be hyperexcitable, with a shift in the balance of inputs toward 
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excitation. It may be that mechanisms used to mitigate increased excitability, 

particularly the scaling of excitatory inputs, end up overcorrecting the problem 

leading to too much inhibition by P3-4. Alternatively, shunt inhibition may play a 

significant role in how excitatory versus inhibitory inputs are balanced during the 

first week of life. It has been demonstrated that in P1-4 rats, GABA and glycine 

cause depolarization in XIIMNs due to an immature chloride gradient, however 

the actions of these neurotransmitters are still inhibitory (Marchetti et al., 2002). 

This is due to the proximal location of these inputs (on proximal dendrites) as 

compared to excitatory synapses, which are generally located more distally 

(Berger, 2011). This orientation is particularly effective at producing shunt 

inhibition, because glutamatergic events occurring at a distal location will be 

dampened by the local decrease in input resistance produced by concurrent 

activation of GABAA or glycine receptors at a proximal location. If GABAA 

receptor expression is increased due to DNE, or if the chloride gradient is such 

that GABAA and glycine receptor activation causes hyperpolarization in DNE 

animals at this age, this could increase the effects of shunt inhibition. This could 

greatly reduce the effects of glutamate release, thus over inhibiting XIIMNs if the 

strength of glutamatergic transmission is already reduced due to other factors. 

While the effects of DNE on shunt inhibition in XIIMNs has not been investigated, 

it deserves attention, as the above scenario suggests that an increase in 

glutamatergic inputs to XIIMNs may be an appropriate adjustment, whereas the 

decrease in these inputs by P3-4 may leave XIIMNs under the influence of too 

much inhibition.  



 90 

As stated previously, while there may be an imbalance of excitatory 

versus inhibitory inputs to XIIMNs at baseline, it is possible that because these 

motoneurons are normally under such strong inhibition at rest, the DNE-mediated 

changes in baseline excitatory transmission has only minimal physiological 

consequences, and that problems only occur (or are only evident) during states 

of increased excitatory drive. Therefore, we propose that this system has 

appropriately compensated for DNE in ways that maintain normal motoneuron 

output under baseline conditions. However, this system appears to be unable to 

compensate for changes in nAChR function that occur with DNE, and therefore 

the modulation of fast-synaptic transmission by nAChR activation remains 

significantly altered. This may underlie the abnormal behaviors that are 

associated with nicotine exposed humans and animals. Initiation of a 

chemoreflex response, sleep-wake state changes, and production of motor 

responses all involve changes in the neurochemical environment, and appear to 

be impaired in DNE animals. For instance, the transition into REM sleep is 

normally associated with ACh release throughout multiple brainstem regions and 

a concurrent decrease in tongue muscle tone. Our results suggest that ACh 

release may cause exaggerated inhibition to XIIMNs (and an exaggerated 

decrease in tongue muscle tone) through changes in nAChR function, and may 

be why nicotine exposed infants have a higher incidence of sleep related 

obstructive apneas.  

Changes to nAChR function and how synaptic transmission is modulated 

by nAChR activation. Studies consistently show that nAChR function is altered by 
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DNE.  Most report that DNE causes an upregulation of nAChRs, but long-term 

desensitization of these receptors, leading to a functional loss of nAChR 

mediated responses (Gentry et al., 2002). However, some studies report that 

nAChRs can be upregulated by DNE, but are resistant to long-term 

desensitization, thus resulting in an increased response to nAChR activation 

(Picciotto et al., 2007). Because we have previously shown that nAChRs are 

chronically desensitized on XIIMNs (Pilarski et al., 2012), we predicted that 

nAChR desensitization might occur in other regions of the brainstem, including 

on preBötzinger neurons and the inputs to these neurons. However, the results 

of our experiments clearly show that, at least on the fast synaptic inputs to 

XIIMNs, both activation and desensitization (or loss of function) of nAChRs will 

influence the response to ACh (Figure 2).  

An unexpected finding of these experiments is that while there is a loss of 

function of nAChRs on excitatory inputs to XIIMNs due to DNE, those on 

inhibitory inputs are functionally upregulated (increased number of nAChRs on 

GABAergic and glycinergic neurons in DNE, Figure 2). Interestingly, similar to 

baseline transmission, nAChR modulation of glutamatergic inputs changes from 

P1-2 to P3-4. While there is a relatively normal increase of glutamatergic 

transmission with nAChR activation at P1-2 in DNE cells (indicated by the same 

number of nAChRs on XIIMNs in control and DNE in Figure 2, Panel A), nAChR 

activation at P3-4 actually causes a reduced number of glutamatergic events 

(desensitized nAChRs on DNE XIIMNs in Figure 2, Panel B). These results 

clearly show that DNE causes the consequences of nAChR activation to be 
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shifted toward increased inhibition of XIIMNs, an effect that becomes further 

exacerbated with age. If similar changes in inhibitory versus excitatory inputs to 

preBötzinger neurons also occurs, this could explain the blunted respiratory 

frequency response to ACh application in the BSSC experiments. 

While the results of these experiments are clear, there are many things to 

consider when interpreting their meaning. For instance, we do not know exactly 

how or when ACh release occurs in these regions of the brainstem. It is thought 

that ACh exerts its modulatory actions via volume transmission, meaning that it is 

released from a distant sight and diffuses through the extracelluar space to its 

target receptors (Picciotto et al., 2013). However, ACh is broken down rapidly by 

acetylcholinesterase, the abundance and expression pattern of which allows tight 

control over what receptors are actually activated in response to ACh release 

(Sarter et al., 2009). It is clear that the nAChRs located postsynaptically on 

XIIMNs respond differently to DNE than do those located presynaptically on 

inhibitory inputs (which, in turn, respond differently than those on excitatory 

inputs). This indicates that there are different nAChR subtypes present, which 

likely are activated differently by the same concentration of agonist (i.e low doses 

of nicotine present in the CFS of DNE animals). However, there is no indication 

that they would ever be exposed to the same concentration of ACh in vivo. For 

instance, if glutamatergic inputs are modulated by ACh release in the region of 

the XII motor nucleus (at the location of their axon end terminals) but GABAergic 

and glycinergic inputs are modulated by ACh release near their cell bodies at a 

distal location, then these different populations of nAChRs may exposed to 
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different concentrations of ACh released from different populations of cholinergic 

neurons. While these experiments do show changes in nAChR function due to 

DNE, it is possible that compensations have been made for this in regards to 

cholinergic neuron activity and ACh release such that ACh mediated responses 

remain relatively normal in vivo. 

An additional consideration regarding the results of these experiments 

should be the ambient levels of agonist that may be present in the system in vivo 

that are not present under experimental conditions. For instance, very low (2.5 

nM) concentrations of ACh can be detected in the regions of the XII motor 

nucleus and preBötzinger complex in the brainstem slice preparation (Shao & 

Feldman, 2007). There also appears to be some endogenous ACh present in the 

BSSC as AChR antagonists alone caused mild slowing of burst frequency 

(Wollman et al., 2016). While we assume that ACh release occurs transiently and 

signaling is short lived due to the action of acetylcholinesterase, and therefore 

there are relatively low levels of endogenous ACh in the CSF, we do not know 

this for sure. It is possible that ambient ACh significantly contributes to both the 

baseline frequency of inhibitory or excitatory inputs to XIIMNs, as well as how 

nAChRs are activated by increased ACh release. On the other hand, we do know 

that the blood, and therefore the CSF, of DNE animals contain constant low 

doses of nicotine, which is not present in the aCSF used in our experiments. Low 

doses of agonist can have a wide variety of effects on multiple nAChR subtypes, 

including desensitizing nAChRs prior to activation, activation of high affinity 

nAChRs that have various inactivation rates, or having no affect at all on other 
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nAChR subtypes. Moreover, if nAChRs are recovering from inactivation or 

desensitization due to the withdrawal of nicotine, as the slices are without 

nicotine for 2-3 hours by the time of recording, then what we see in our 

experiments could be drastically different than what occurs in vivo.  

 

Future directions 

 A question that deserves investigation is whether or not there is a critical 

period during development where nicotine exerts most of its effects on the brain. 

This could be addressed by varying when exposure starts, ends, and how long 

exposure lasts, in an animal model similar to the one used here. This information 

could be useful in helping women who are addicted to nicotine successfully 

decrease the risk of the effects of exposure on their infants. For instance, it may 

not be realistic for some women to quit smoking for the entirety of their 

pregnancy, but they may be able to quit during a specific critical period of their 

pregnancy, greatly lessening the effects of nicotine on the developing fetus.  

Both the reinforcing effects of nicotine use and the adverse effects of 

nicotine withdrawal are thought to contribute to nicotine addiction and the 

maintenance of nicotine dependence (Markou and Patterson, 2001), therefore it 

is important to investigate the effects of nicotine withdrawal on XIIMN function. If 

nicotine withdrawal is mediating some of the drastic changes in how nAChRs 

modulate synaptic inputs to XIIMNs seen here, then reintroduction of low dose 

nicotine to this system may lessen these differences. This could also have major 

implications for the treatment of nicotine-exposed infants, as they may be 
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considerably more susceptible to sleep related apneas, etc. if they are in a state 

of nicotine withdrawal. This would also have implications for the postnatal 

treatment of these infants, as continued exposure may be significantly protective. 

On the other hand, it may be found that continued exposure in the postnatal 

period via breast milk and/or second hand inhalation, inhibits the ability of the 

brain to recover normal function after in utero exposure. The simplest way to test 

the effects of nicotine withdrawal in these experiments is to repeat them using 

aCSF containing a low concentration of nicotine, as is found in the blood of DNE 

animals. With nicotine aCSF, differences between control cells and DNE cells 

may be lessened or exaggerated if, for instance, factors such as recovery of 

upregulated nAChRs from desensitization, secondary to nicotine withdrawal, are 

contributing.  

Because the behavioral symptoms of nicotine withdrawal in rats 

(increased grooming, scratching, shaking) are attributed to specific nAChR 

subtypes, and are mitigated by the reintroduction of nicotine (Salas et al., 2004), 

it is important to identify the subtypes of nAChRs present on the neurons that 

synapse onto XIIMNs, and how they each respond to physiological ACh levels, 

nicotine blood levels, and nicotine withdrawal. This information could lead to 

pharmacological interventions that could decrease the risk of adverse effects of 

nicotine exposure specifically in this system. 

In addition to the above, this work raises some general questions about 

motoneuron development that deserve further investigation. For instance, it may 

be useful to investigate the role of shunt inhibition in the balance of excitatory 
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versus inhibitory inputs to XIIMNs, and how changes in motoneuron size, or 

changes in the strength of synaptic inputs are effected by shunt inhibition. Finally, 

it would be useful to understand what specific homeostatic plasticity mechanisms 

occur in XIIMNs in response to changes to the strength of excitatory and 

inhibitory synaptic transmission.  

 

Conclusion 

 In conclusion, we report that DNE causes a variety of changes in synaptic 

transmission to XIIMNs and other neuron populations in the brainstem. These 

findings include changes to the strength of baseline fast-synaptic transmission to 

XIIMNs and altered modulation of synaptic transmission in response to activation 

of multiple nAChR subtypes by an acute nicotine challenge. The latter finding is 

of particular interest as it shows that the response to ACh may produce 

exaggerated inhibition of XIIMNs, and may also contribute to the blunted 

respiratory motor response to ACh. These findings may indicate a mechanism by 

which nicotine may alter the development of critical homeostatic functions, such 

as suckling, swallowing, and breathing. 
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ABSTRACT 

Prenatal nicotine exposure with continued exposure through breast milk over the 

first week of life (developmental nicotine exposure, DNE) alters the development 

of brainstem circuits that control breathing.  Here, we test the hypothesis that 

DNE alters the respiratory motor response to endogenous and exogenous 

acetylcholine (ACh) in neonatal rats.  We used the brainstem-spinal cord 

preparation in the split-bath configuration, and applied drugs to the brainstem 

compartment while measuring the frequency and amplitude of the fourth cervical 

ventral nerve roots (C4VR), which contain the axons of phrenic motoneurons. We 

applied ACh alone; the nicotinic acetylcholine receptor (nAChR) antagonist 

curare, either alone or in the presence of ACh; and the muscarinic acetylcholine 

receptor (mAChR) antagonist atropine, either alone or in the presence of ACh. 

The main findings include: 1) atropine reduced frequency similarly in controls and 

DNE animals, while curare caused modest slowing in controls but no consistent 

change in DNE animals; 2) DNE greatly attenuated the increase in C4VR 

frequency mediated by exogenous ACh; 4) stimulation of nAChRs with ACh in 

the presence of atropine increased frequency markedly in controls, but not DNE 

animals; 5) stimulation of mAChRs with ACh in the presence of curare caused a 

modest increase in frequency, with no treatment group differences.  DNE blunts 

the response of the respiratory central pattern generator to exogenous ACh, 

consistent with reduced availability of functionally competent nAChRs; DNE did 

not alter the muscarinic control of respiratory motor output. 
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INTRODUCTION 

 A thorough understanding of the influence of nicotine exposure on 

cholinergic neurotransmission in the brain is important given the widespread 

practice of prescribing nicotine patches to pregnant smokers (Berlin et al., 2014), 

and the burgeoning use of e-cigarettes (Kralikova et al., 2013).  Although in both 

cases the intent is to curb the craving for nicotine while avoiding the other toxins 

in tobacco smoke, some evidence suggests that use of the nicotine patch in 

pregnancy does not change smoking cessation rates (Berlin et al., 2014), 

implying that this practice may in fact increase nicotine intake.  This is troubling 

inasmuch as nicotine exposure in utero alters cardiorespiratory control in infants 

and neonatal animals (Hafstrom et al., 2005).  Recent studies in animal models 

show that exposure to nicotine in utero, with continued exposure through breast 

milk over the first week of life (developmental nicotine exposure, DNE), 

desensitizes nicotinic acetylcholine receptors (nAChRs) on hypoglossal 

motoneurons (Pilarski et al., 2012) and on the presynaptic terminals of excitatory, 

inhibitory and modulatory interneurons in the brain (Wonnacott, 1997; Gentry and 

Lukas, 2002; Fregosi and Pilarski, 2008).  Thus, the effects of chronic nicotine 

exposure and the subsequent desensitization of nAChRs are widespread and 

complex.   

Acetylcholine signals through both nAChRs and mAChRs in the mammal brain, 

and it has long been recognized that both nicotinic and muscarinic receptors are 

involved in the control of breathing (Kase and Borison, 1958; Gillis et al., 1988; 

Nattie and Li, 1990; Kubin and Fenik, 2004; Shao and Feldman, 2009).  
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Importantly, it has long been known that activation of nAChRs on the presynaptic 

terminals of cholinergic neurons increases the release of ACh (Koelle, 1961; 

Wonnacott et al., 1990).  If long-term desensitization of nAChRs by chronic 

nicotine exposure reduces endogenous ACh release, the density and/or function 

of both nAChRs and muscarinic ACh receptors (mAChRs) could be altered 

(Pauly et al., 1991; Xiao et al., 2009).  

Recent studies in the mouse brainstem-spinal cord preparation show that 

augmenting endogenous ACh levels with neostigmine increased the frequency of 

respiratory motor output similarly in both control and DNE mice (Coddou et al., 

2009).  However, the response to exogenous ACh was not examined.  Obtaining 

these data is important because most of the major sources of ACh in the basal 

forebrain and pons are removed in the brainstem-spinal cord preparation.  

Accordingly, increasing ACh availability by blocking acetylcholinesterase activity 

may not raise ACh concentration enough to occupy all available cholinergic 

receptors in this model.   Here, we test the hypothesis that DNE alters the 

respiratory motor response to endogenous and exogenous ACh in young 

neonatal rats.  We used the brainstem-spinal cord preparation in the split-bath 

configuration, where drugs could be applied to the brainstem compartment 

without exposing phrenic motoneurons.  We applied ACh alone; the nicotinic 

acetylcholine receptor (nAChR) antagonist curare, either alone or in the presence 

of ACh; and the muscarinic acetylcholine receptor (mAChR) antagonist atropine, 

either alone or in the presence of ACh.  The measured output variables were the 

frequency and amplitude of the fourth cervical ventral nerve roots (C4VR), which 
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contain the phrenic motoneurons.  The main finding is that DNE markedly 

reduced the respiratory frequency response to ACh, with no significant changes 

in nerve burst amplitude.  The data suggest that this is due to a failure of ACh to 

stimulate nAChRs, as DNE did not alter muscarinic responses.  Thus, DNE 

impairs the ability of the respiratory system to respond to an increase in ACh 

release, as occurs with arousal and changes in central nervous system state. 

 

METHODS 

 Animals.  All data were obtained from experiments approved by the 

Institutional Animal Care and Use Committee at The University of Arizona. The 

data reported here were derived from neonatal rats of either sex, born via 

spontaneous vaginal delivery from Sprague–Dawley dams (Harlan Laboratories).  

We used 49 control pups and 50 DNE pups (Table 1), ranging in age from birth 

through the first 6 days of life, i.e., postnatal day zero (P0) through postnatal day 

5 (P5). Neonates were housed together with their mothers and siblings until the 

day of study. Dams had unrestricted access to food and water, and were kept in 

a quiet room controlled at a temperature of 21–23 °C, 20–30% relative humidity, 

and a 12/12-h light/dark cycle.    

 As described previously (Luo et al., 2004; Luo et al., 2007; Huang et al., 

2010), subcutaneous osmotic mini-pumps (Alzet, Cupertino, CA) were implanted 

into the pregnant dams on gestational day 5.  The pumps were loaded to 

administer either nicotine bitartrate at a dose of 6mg/kg/day or physiologic saline 

(sham control).  We have previously shown that the same dosing regimen used 
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here results in plasma cotinine levels ranging from 60-92 ng/ml in P2-P4 

neonates (Powell et al., 2015); this is similar to average cotinine levels of 88 

ng/ml found in the umbilical cord blood of newborns from mothers who smoked 

an average of 95 cigarettes per week (Berlin et al., 2010). Since gestation in the 

dams is 21 days, neonates were exposed to nicotine or saline through the 

placenta on gestational days 5-21, and via breast milk during the postnatal period 

(Matta et al., 2007). 

 In addition to the saline and nicotine exposed group, we included four 

additional pups from a mother that did not undergo any surgery or pump 

implantation (Table 1).  Since there were no differences in the frequency or 

amplitude of respiratory motor output in baseline conditions or in response to 

drugs, the data were combined into a single control group, and will be referred to 

as such throughout the rest of this manuscript.  

 Brainstem-spinal cord preparation.  Neonatal rats were anesthetized with 

hypothermia, and the brain stem and spinal cord, extending from the 

pontomedullary junction to below the fourth cervical nerve roots, was removed en 

bloc. The preparation was placed inside a recording chamber perfused with 

modified Krebs solution [(in mM) 123 NaCl, 26 NaHCO-
3, 30 glucose, 1 MgSO4, 3 

KCl, 1.25 NaH2PO4 and 1.2 CaCl], gassed with 95% O2/5% CO2, and a pH of 

7.45-7.5.  The recording chamber was partitioned in such a way that the 

brainstem was separated from the spinal cord, and perfusion of each 

compartment was controlled independently, as described previously (Fregosi et 

al., 2004; Luo et al., 2004; Luo et al., 2007; Fregosi and Pilarski, 2008). 
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 Electrophysiology.   The brainstem-spinal cord preparation produces a 

spontaneous inspiratory motor outflow in the C4VRs, representing the periodic 

bursting of phrenic motoneurons, as originally described by Suzue (Suzue, 

1984).  This motor outflow was recorded with suction electrodes to obtain an 

index of systems-level respiratory-related activity. The output was amplified (gain 

= 100,000) and band pass filtered (10 Hz–3 kHz, Grass Instruments P 511, 

Quincy, MA). Analog signals were digitized at 5 kHz using Spike II software 

(Cambridge Electronic Design, Cambridge, UK) and stored for subsequent offline 

data analysis. 

 Drugs and Protocols.  Drugs were obtained from Sigma (St. Louis, MO) or 

Tocris Bioscience (Ellisville, MO) and mixed daily from stock solutions.  Based on 

data showing that 10 and 30 µM ACh resulted in an approximately 46 and 60% 

increase in C4 ventral root frequency in the brainstem spinal cord preparation of 

the neonatal rat (Murakoshi et al., 1985), we did pilot studies using 30, 60 and 

120 µM ACh (N=3 preparations at each dose).  In all cases, ACh was applied 

only to the brainstem using the split bath approach as reported here.  On 

average, the frequency of C4VR nerve bursts increased by 55, 63 and 74 % of 

baseline at 30, 60 and 120 µM ACh, respectively.  Thus, quadrupling the dose 

resulted in only a 19% increase in frequency, suggesting that these are near 

saturating doses.  Therefore, we settled on the midpoint dose of 60 µM.  

Antagonist concentrations were determined in initial studies by determining the 

dose that reversed the frequency stimulating effects of ACh.   
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All experiments reported here were preceded by at least 30 min of 

equilibration in Krebs solution until baseline rhythm was stable.  Experiments 

then commenced with a 10-min baseline period in Krebs solution, followed by 15-

40 min of drug application.  All drugs were applied to the brainstem compartment 

only.  In all but one series of experiments we recorded the response to drug 

washout, though the time required for C4VR activity to return to baseline values 

was prolonged and varied widely.  Accordingly the focus of our analysis is the 

difference between baseline responses, and the responses recorded throughout 

the duration of drug application.  At the end of each experiment, the rostral bath 

was drained and monitored to determine if aCSF was leaking in from the caudal 

chamber; if such a leak was identified the data were discarded.    

The number of animals and drug doses used in each series of 

experiments are given in Table 1.  In the first series of experiments, 25 controls 

and 26 DNE preparations were exposed to bath applied ACh (60 µM) for 15 min, 

following a 10 min baseline period.  The second experimental protocol (in 6 

control and 6 DNE pups) included 10 min of baseline recording, bath application 

of atropine (10 µM) for 15 min to block mAChRs, and a mixture of atropine (10 µ 

M) and ACh (60 µM) for 15 min, to stimulate nAChRs. The third series of 

experiments, also in 6 control and 6 DNE pups, were the same as the second 

except here we bath applied curare (10 µ M) for 15 min to block nAChRs, 

followed by a mixture of curare (10 µ M) and ACh (60 µM), to stimulate mAChRs.  

In the last series of experiments we bath applied either atropine alone (N = 6 
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control, 6 DNE) or curare alone (N = 6 control, 6 DNE) for 40 min as a time 

control.  

Data Analysis. The C4VR ENG activity was rectified and digitally integrated with 

Spike II software (Cambridge Electronics Design) to obtain a moving time 

average of the activity within each burst (i.e., the burst amplitude), as described 

previously (Fregosi et al., 2004; Luo et al., 2004; Luo et al., 2007; Fregosi and 

Pilarski, 2008; Pilarski and Fregosi, 2009).  These processed recordings were 

then used to compute the mean C4VR burst frequency and amplitude within 

each 1-min epoch during baseline, drug application and washout periods.  The 

data were analyzed statistically with mixed-model, two-way repeated measures 

ANOVA, with treatment (saline exposed control vs. DNE) and time (baseline or 

drug application) as the main factors, and C4VR burst frequency and amplitude 

the dependent variables.  When appropriate, pairwise post-hoc comparisons 

were made using unpaired t-tests.  For the atropine and curare time control 

experiments, we also compared the average C4VR frequency and amplitude for 

each min of drug application, and compared these values to the average 

baseline data with one-way ANOVA’s, followed by paired t-tests.  In every case, 

t-scores were subjected to the Bonferroni correction to remove the bias 

associated with multiple t-tests.  Significance was assumed if P ≤ 0.05.  We 

did not observe any significant effects of drug application or DNE on the 

amplitude of C4VR bursting in any of the conditions studied. Accordingly, the 

remainder of the manuscript addresses changes in the frequency of C4VR nerve 

bursts. 
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RESULTS 

 Body weight, age and baseline values.  There were no significant 

treatment group differences for age or body mass, but the baseline frequency of 

C4VR nerve bursts was slightly but significantly higher in DNE pups compared to 

controls (Fig. 1).  Since the DNE animals tended to be slightly older and heavier 

than the control animals, we tested the hypothesis that the difference in baseline 

frequency was dependent on age or body mass.  Although the slope of the 

frequency-body mass relation in DNE pups was significantly different than zero, it 

was not different than the control slope (unpaired t-test on slopes, t=1.09, P 

=0.28, df = 68).  Similarly, although there is a trend for baseline frequency to rise 

with age and mass, the correlations were not significant in either group.  

Nevertheless, because the baseline frequency varies both within and between 

treatment groups (Fig. 1C), in the remainder of the manuscript we express 

frequency in terms of the fold change from the average baseline value.  

Statistical analysis of both absolute and normalized frequency values gave 

qualitatively identical results.  Thus, reporting normalized data is well justified and 

makes it easier to appreciate the within group and between group influences of 

drug application on C4VR frequency.   

 Response to ACh. Figure 2A shows representative C4VR recordings from 

a control (upper traces) and a DNE preparation (lower traces).  Sixty µM ACh 

increased C4VR frequency above baseline levels in the control preparation, but 

not in the DNE animal.  The average data in 25 control and 26 DNE animals is 
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shown in Fig. 2B.  ACh evoked an initial increase followed by a drop in frequency 

that remained significantly above baseline in control animals.  In DNE animals 

the initial increase in frequency was quickly followed by an abrupt return to 

baseline.  Two-way ANOVA revealed a significant treatment effect (Table 2, P = 

0.0053), and there were also significant time and interaction effects (Table 2) 

consistent with the markedly different responses in the two treatment groups.   

 Response to atropine and atropine plus ACh.   We used a second group 

of animals to examine cholinergic stimulation of nAChRs by applying atropine 

followed by a mixture of atropine and ACh (Fig. 3).   Fig. 3A shows 

representative recordings under baseline conditions, near the end of 15 min of 

atropine application, and near the end of 15-min of application of a mixture of 

atropine and ACh.   In control animals (upper traces), atropine alone caused a 

decrease in C4VR frequency, but frequency increased when ACh was applied 

together with atropine (Fig. 3A).  In DNE animals (Fig. 3A, lower traces), atropine 

alone decreased burst frequency, while ACh plus atropine failed to increase 

frequency above baseline levels.  Two-way ANOVA (Table 2) revealed a 

significant time (P<0.0001) and treatment-time interaction (P<0.0001), indicating 

that the influence of treatment depended importantly on time, and thus drug 

application.  Post hoc comparisons revealed significant reductions in frequency in 

response to atropine in both groups (Fig. 3B), whereas ACh combined with 

atropine increased frequency in control animals while the DNE preparations did 

not respond, with frequency remaining below baseline levels at the beginning of 

ACh application.  This resulted in significant treatment effects over the first 6 min 
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of atropine + ACh application (Fig. 3B).  Although the treatment effects were not 

statistically significant over the last 9-min of ACh + atropine administration (Fig. 

3B), this was the result of a time-dependent decline in the frequency response in 

the control animals. 

 Response to curare and curare plus ACh.  We used a third group of 

animals to examine changes in C4VR nerve bursts in response to cholinergic 

stimulation of mAChRs.  Representative recordings are shown in Fig. 4A, and the 

average data in Fig. 4B.  In the control animal (Fig. 4A, upper traces), curare 

alone reduced CV4R frequency, and curare plus ACh tended to increase 

frequency back to baseline levels, or slightly higher.  In contrast, neither curare 

alone nor curare + ACh altered C4VR burst frequency in the DNE animal (Fig. 

4A, lower traces).  Two-way ANOVA (Table 2) revealed a significant time 

(P<0.0001) and treatment-time interaction (P< 0.0001).  Post-hoc analyses 

showed significant, transient reductions in frequency in response to curare in 

control animals, but not in DNE preparations (Fig. 4B).  ACh in the presence of 

curare was associated with a very small increase in frequency in control animals, 

though the changes were not significant with the exception of a single time point 

just after ACh application (Fig. 4B).  In contrast, neither curare nor curare + ACh 

evoked significant changes in C4VR frequency in DNE preparations.  

Interestingly, although C4VR frequency slowed during the drug washout period, 

frequency in control preparations returned to baseline levels while DNE 

preparations showed a frank decline in C4VR frequency, that was significantly 
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below baseline levels, and also significantly lower than C4VR frequency in 

control preparations at mins 45, 48 and 50 (Fig. 4B). 

Response to prolonged application of atropine or curare.  In 24 additional 

animals (Table 1) we applied atropine alone (N= 6 control, 6 DNE) or curare 

alone (N= 6 control, 6 DNE) for 30 min, as a time control for the experiments 

summarized in Figs. 3 and 4.  As shown in Fig. 5, atropine was associated with 

modest slowing of the C4VR burst frequency in both control (Fig. 5A) and DNE 

preparations (Fig. 5B), with no treatment effect or treatment-time interaction 

(Table 2).  The atropine-mediated decline in C4VR burst frequency was transient 

in both groups, with frequency returning to baseline levels in about 15 min (see 

Methodological Considerations, in Discussion).   

 Curare evoked modest slowing of C4VR frequency in control animals (Fig. 

5C), with the slowing a bit more pronounced later in the period of drug application 

than earlier.  The influence of curare on C4VR frequency in DNE preparations 

was erratic, with no significant changes except a small, transient reduction in 

frequency 13 min after curare was applied to the brainstem. 

 

DISCUSSION 

The main finding is that DNE markedly reduced the respiratory motor 

response to ACh, which was bath-applied to the medulla of neonatal rat 

brainstem-spinal cord preparations.  Additional experiments showed that this is 

due to the failure of ACh to stimulate nAChRs in the DNE preparations, 

consistent with the hypothesis that DNE is associated with long-term, functional 



 123 

desensitization of brainstem nAChRs (Pilarski and Fregosi, 2009; Pilarski et al., 

2012).  In contrast, muscarinic control of respiratory motor output was unaltered.  

The evidence for, and significance of, these conclusions is summarized and 

discussed below. 

DNE and cholinergic activation of nAChRs.  Our conclusion that the 

marked reduction in the C4VR frequency response to ACh (Fig. 2) is due to a 

functional desensitization of nAChRs is based on the results of two experiments.  

In the first, atropine was bath applied to the medulla for 15 min to block mAChRs, 

and this was followed by application of a cocktail containing atropine and ACh 

(Fig. 3).  The idea was to selectively stimulate nAChRs, while also mimicking the 

surge in ACh from cholinergic neurons, such as occurs with arousal (Phillis, 

2005), upon the transition from sleep to wakefulness (Jones, 2005; Gall et al., 

2007), in states of vigilance (Lai and Siegel, 1988; Gall et al., 2007; Roman-Liu et 

al., 2013) and during exercise (Nakajima et al., 2003).  In control animals, 

addition of ACh in the presence of atropine caused a rapid increase in frequency 

that peaked in 6-7 min and then began a slow decline towards baseline levels, 

with a further reduction during drug washout (Fig. 3).  In contrast, ACh in the 

presence of atropine did not change frequency in the DNE preparations.  In the 

second series of experiments, we applied the nAChR antagonist curare for 30 

min to examine the temporal changes in C4VR activity in response to nAChR 

blockade (Fig. 5).  In control preparations, curare initially evoked erratic changes 

in C4VR frequency.  However, this was followed by a monotonic, time-dependent 

decline in frequency and a return to baseline levels with washout (Fig. 5C).  In 
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contrast to control preparations, C4VR frequency was not altered significantly in 

DNE preparations (Fig. 5D). 

Taken together, these data are consistent with recent work from our 

laboratory showing that DNE blunts the increase in C4VR frequency that is 

normally evoked by exogenous nicotine (Pilarski and Fregosi, 2009) consistent 

with a functional down regulation of nAChRs that is commonly observed in 

neurons chronically exposed to nicotine (Gentry and Lukas, 2002).  The 

brainstem region that was exposed to drugs in our split-bath preparation includes 

the pre-Bötzinger complex (Smith et al., 1991) and other regions implicated in the 

control of respiratory frequency, such as the para-facial respiratory group 

(Onimaru and Homma, 2003; Champagnat et al., 2011). This, however, does not 

necessarily imply desensitization of nAChRs expressed on para-facial or 

preBötzinger complex interneurons.  It is well known that activation of nicotinic 

AChRs located on the presynaptic terminals of excitatory, inhibitory and 

modulatory interneurons can increase neurotransmitter release (Wonnacott, 

1997).  It is therefore possible that the release of excitatory neurotransmitters 

was reduced in the DNE animals, secondary to desensitization of presynaptic 

nAChRs.  Previous work has shown that DNE desensitizes nAChRs on 

hypoglossal motoneurons (Pilarski et al., 2012), reduces the frequency of 

excitatory postsynaptic currents in hypoglossal motoneurons (Pilarski et al., 

2011), enhances the sensitivity of frequency generating mechanisms to both 

excitatory and inhibitory neurotransmitters (Luo et al., 2004; Luo et al., 2007; 

Pilarski and Fregosi, 2009; Jaiswal et al., 2013) and reduces the ventilatory 
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response to low pH and high CO2 (Eugenin et al., 2008; Huang et al., 2010).  The 

most parsimonious explanation for the present findings is that the failure of DNE 

preparations to increase C4VR frequency upon stimulation of nAChRs is due to a 

functional desensitization of nAChRs that mediate excitation of para-facial and 

preBotzinger complex interneurons by both postsynaptic and presynaptic 

mechanisms (Shao and Feldman, 2001; Shao and Feldman, 2009).   

DNE and cholinergic activation of mAChRs.   Although studies consistently 

show that exogenous nicotine increases the frequency of respiratory motor 

output via actions on the nAChR (reviewed in) (Fregosi and Pilarski, 2008), 

stimulation of mAChRs evokes more variable effects.  Some investigators find 

that stimulation of mAChRs decreases frequency (Zanella et al., 2007; Muere et 

al., 2013) and/or reduces the excitability of neurons in the nucleus of the solitary 

tract (Endoh, 2007) and hypoglossal motor nucleus (Bellingham and Berger, 

1996; Liu et al., 2005), while others report an increase in frequency (Bradley and 

Lucy, 1983; Monteau et al., 1990; Shao and Feldman, 2000), and an excitation of 

hypoglossal motoneurons (Ireland et al., 2012).  The reason for the discrepant 

findings is difficult to discern, as there are many factors to consider, such as 

multiple mAChR subtypes, the use of reduced vs. intact preparations, the dosage 

and precise action of the drugs utilized, species differences and the fact that 

muscarinic receptors, like nAChRs, are expressed not only postsynaptically, but 

also on the presynaptic terminals of excitatory and inhibitory interneurons (Buno 

et al., 2006; Xiao et al., 2009; Gorini et al., 2010; Ye et al., 2010), wherein 

receptor activation modulates neurotransmitter release.   
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The influence of DNE on the muscarinic control of respiratory motor output 

was also evaluated with two series of experiments.  In the first we applied curare 

for 15 min, followed by 15 min of a mixture of curare and ACh to selectively 

stimulate mAChRs (Fig. 4).  Neither control nor DNE animals responded 

significantly to ACh in the presence of curare (Fig. 4B).  In the second set of 

studies, the temporal effects of mAChR blockade were evaluated by bath 

applying atropine for 30 min while C4VR activity was recorded (Fig. 5 A & B).  

Both groups of animals responded to atropine with a decrease in frequency that 

was sustained for about 15 min.  Similar observations were made in the 

experiments where atropine was applied before the atropine-ACh cocktail (Fig. 

3).  These observations are consistent with findings in the neonatal mouse 

brainstem-spinal cord preparation (Coddou et al., 2009), and the neonatal rat 

rhythmic brainstem slice preparation (Shao and Feldman, 2000), with the effects 

in the slice preparation mediated by M3 mAChRs (Shao and Feldman, 2000).  

Importantly, the C4VR response to blocking or stimulating medullary mAChRs 

was the same in control and DNE preparations, confirming recent findings in 

nicotine-exposed mice (Coddou et al., 2009) and suggesting that DNE does not 

alter development of muscarinic synaptic transmission.  However, others have 

shown that prenatal nicotine exposure decreases M2, M3, and M4 mAChR 

mRNA in the hindbrain of fetal rats (Mao et al., 2008), and changes the 

expression of M3 mAChRs in the medulla oblongata of fetal humans (Falk et al., 

2005).  These data demonstrate marked and highly complex alterations in 

cholinergic signaling by exposure to nicotine in utero.  In the light of these 
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findings, and in acknowledgment of the diversity of mAChRs and their responses 

to ACh and DNE, this topic warrants detailed investigation in a reduced 

preparation. 

 Methodological considerations.  Though several methodological concerns 

have already been addressed, there are four issues that were not.  First, it is not 

clear where in the medulla the drugs were acting, though the only changes that 

we observed with drug application and/or DNE were on the frequency of 

respiratory-related motor output, implicating effects on central pattern generating 

mechanisms.  In the brainstem-spinal cord preparation, the preBötzinger 

complex (Smith et al., 1991; Feldman and Del Negro, 2006) and the parafacial 

respiratory group (Onimaru and Homma, 2003; Champagnat et al., 2011) are the 

most likely candidates.  Second, though our drug doses were well within the 

range used by others in this model (Murakoshi et al., 1985; Monteau et al., 1990; 

Shao and Feldman, 2005; Zanella et al., 2007), they are higher than the 

extracellular values observed in the brainstem of rats (15-30 µM) (Nordberg and 

Wahlstrom, 1977; Kakihana et al., 1984).  However, since there is no blood flow 

in this preparation drugs must diffuse through the tissue block, requiring higher 

doses to exert pharmacological effects, especially on neurons that are located far 

from the surface.  Our time control studies with atropine and curare, and the 

studies using prolonged exposure to ACh, were all characterized by rapid 

changes in C4VR frequency suggesting that drug penetration was adequate.  

Third, the atropine time control experiments (Fig. 5) showed that C4VR 

frequency returned to baseline within 15 min despite continued superfusion of the 
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drug.  Thus, in the studies where atropine was given prior to ACh (Fig. 3) it is 

possible that the effects of atropine had worn off before the ACh was delivered.  

This is unlikely, given that atropine has long been notorious for its prolonged 

effectiveness (Clark, 1926; Dascal and Landau, 1982) and its resistance to 

washout (Clark, 1926).  It is more likely that compensatory mechanisms 

overcame the atropine-induced inhibition of muscarinic signaling, or that atropine 

may have partially antagonized both α7 and α4β2 nAChRs (Zwart and 

Vijverberg, 1997), which are the dominant subtypes in the neonatal rodent 

brainstem.  Fourth, atropine alone reduced C4VR frequency in both treatment 

groups (Figs. 3 & 5), consistent with muscarinic excitation of rhythm generating 

mechanisms.  However, stimulation of mAChRs with a mixture of curare and ACh 

did not increase frequency in either treatment group.  Though we cannot explain 

this phenomenon we entertain two possibilities:  1) all functionally viable 

mAChRs are active at low, baseline levels of ACh, and increasing ACh levels 

fails to augment mAChR-mediated modulation of frequency; 2) inhibitory mAChR 

subtypes, which exist in the neonatal rodent brainstem (Gorini et al., 2010), are 

activated by high doses of ACh, but desensitize rapidly (Mubagwa et al., 1994).    

 Physiological significance. Nicotine is a highly addictive drug that is widely 

abused throughout the world, with 10-43% of women worldwide continuing to 

smoke during pregnancy (Nelson and Taylor, 2001; Al-Sahab et al., 2010). 

Despite the deleterious effects of DNE on brain development and 

cardiorespiratory control in animal models discussed above, obstetricians 

routinely prescribe nicotine patches in pregnant, nicotine-addicted mothers 
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(Coleman et al., 2012), with the intention of avoiding the other chemicals in 

tobacco smoke.  However, whether or not nicotine patches increase smoking 

cessation in pregnancy or improve birth outcomes is unclear (Coleman et al., 

2011; Coleman et al., 2012; Coleman et al., 2013). Moreover, there are no data 

on the effects of nicotine patches on cardiorespiratory control in human 

neonates.  By showing that DNE alters ACh-mediated regulation of the central 

pattern generator for breathing, the present results add additional rationale for 

conducting studies in nicotine-exposed human infants.  Specifically, DNE 

abolished the frequency response to ACh, which is mediated largely by nAChR 

stimulation.  This alteration may help to explain the greater incidence of sleep 

disordered breathing in neonates born to smoking mothers (Kahn et al., 1994; 

Calhoun et al., 2010). 
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 FIGURE LEGENDS 
 

1.  Postnatal age (Panel A), body mass (B) and baseline C4 ventral root 

nerve burst (C4VR) frequency (C) in neonatal rats from control and DNE litters.  

Although the DNE animals were on average slightly older and heavier, neither 

difference was significant.  In contrast, baseline C4VR burst frequency was 

higher in the DNE animals.  *, Difference between control and DNE animals (P = 

0.0044). 

2.  Influence of ACh on C4VR nerve bursts under baseline conditions and 

during bath application of 60 µM ACh, which was applied to the brainstem 

compartment of the split-bath chamber, as described in Methods.  Top panel.  

Representative recordings obtained under baseline conditions, and during bath 

application of 60 µM ACh in a control animal and a DNE animal.  In all sample 

recordings, the upper traces are the unprocessed nerve bursts, with the rectified 

and integrated version below (∫C4VR).  ACh increased the frequency of nerve 

bursts in the control pup, with little change in the DNE pup.  Bottom panel.  The 

frequency of C4 ventral root nerve bursts under baseline conditions and in 

response to 60 µM ACh, in control and DNE animals.  The data points represent 

the average frequency each min, expressed as the fold change from baseline 

(mean at point n / mean baseline). Ten min of baseline recording was followed by 

15 min ACh application (horizontal line).  Note that there was a significant 

difference between control and DNE animals (P=0.0053).  * Indicates differences 

from the average baseline value within each of the treatment groups.  Details of 
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the statistical analysis are given in Methods, and the results of ANOVA in Table 

2.  

3.  Top panel.  Representative recordings showing C4 ventral root nerve 

bursts (C4VR) under baseline conditions, and during bath application of 10 µM 

atropine, followed by a mixture of 10 µM atropine + 60 µM ACh to the brainstem, 

in a control pup and a DNE pup, as indicated.  Bottom panel.  Same convention 

as in the bottom panel of Fig.2, except here 10 µM atropine was applied to the 

brainstem from min 10 through min 40, while a mixture of 10 µM atropine + 60 

µM ACh was applied from min 25-40, as indicated by the horizontal lines.  The 

data points at 40-50 min represent each min of the 10 min drug washout period.  

* Indicates differences from the average baseline value within each of the 

treatment groups; τ indicates a significant treatment effect at that time point.  For 

clarity, brackets join adjacent statistically significant data.  Details of the statistical 

analysis are given in Methods, and the results of ANOVA in Table 2.  

4.  Top panel.  Representative recordings showing C4 ventral root nerve 

bursts (C4VR) under baseline conditions, and during bath application of 10 µM 

curare, followed by a mixture of 10 µM curare + 60 µM ACh to the brainstem, in a 

control pup and a DNE pup, as indicated.  Bottom panel.  Same convention as in 

the bottom panels of Figs.2 and 3, except here 10 µM curare was applied to the 

brainstem from min 10 through min 40, while a mixture of 10 µM curare + 60 µM 

ACh was applied from min 25-40, as indicated by the horizontal lines.  The data 

points at 40-50 min represent each min of the 10 min drug washout period.  * 

Indicates differences from the average baseline value within each of the 
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treatment groups; τ indicates a significant treatment effect at that time point.  For 

clarity, brackets join adjacent statistically significant data.  Details of the statistical 

analysis are given in Methods, and the results of ANOVA in Table 2.  

5.  Antagonist time control experiments.  Bath application of the mAChR 

antagonist atropine (Panels A and B) was associated with modest, transient 

slowing in both control (Panel A, filled circles) and DNE (Panel B, open squares) 

pups, with recovery complete about halfway through drug application.  The 

nAChR antagonist curare (Panels C and D) was associated with erratic 

frequency changes in both control (Panel C, filled circles) and DNE (Panel D, 

open squares) pups, though control animals showed a modest slowing over the 

final10 min of curare application.  *, Significant Bonferroni post hoc tests for 

comparisons of drug vs. baseline within a treatment group.  There were no 

between-group differences (Table 2).  
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Figure 5 
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APPENDIX B: 
DEVELOPMENTAL PLASTICITY OF GABAERGIC NEUROTRANSMISSION TO 

BRAINSTEM MOTONEURONS 
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Key points summary: 
- Critical homeostatic behaviors such as suckling, swallowing and breathing 

depend on the precise control of tongue muscle activity.  

- Perinatal nicotine exposure has multiple effects on baseline inhibitory 

GABAergic neurotransmission to XIIMNs, consistent with homeostatic 

compensations directed at maintaining normal motoneuron output. 

- DNE alters how GABAergic neurotransmission is modulated by acute 

activation of nicotinic acetylcholine receptors, which may provide insight 

into mechanisms by which nicotine exposure alters motor function under 

conditions that result in increased release of GABA, such as hypoxia, or 

endogenous acetylcholine, as occurs in the transition from NREM to REM 

sleep, or in response to exogenous nicotine 
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Abstract 
 

We tested the hypothesis that nicotine exposure in utero and after birth 

(developmental nicotine exposure, DNE) disrupts the development of GABAergic 

synaptic transmission to hypoglossal motoneurons (XIIMNs).  GABAergic 

spontaneous and miniature inhibitory postsynaptic currents (sIPSC/mIPSC) were 

recorded from XIIMNs in brainstem slices from 1-5 day old rat pups of either sex, 

under baseline conditions and following stimulation of nicotinic acetylcholine 

receptors (nAChRs) with nicotine.  Compared to control cells, DNE was 

associated with: 1) A global reduction in baseline GABAergic synaptic input to 

XIIMNs; 2) A greater chloride current in response to stimulation of postsynaptic 

GABAA receptors on XIIMNs; 3) An exaggerated increase in GABAergic 

inhibition in response to an acute nicotine challenge. The mechanism behind 

reduced GABAergic input to XIIMNs at baseline is unknown, but could reflect 

fewer GABA neurons, reduced activation of these cells, or alterations in GABA 

synthesis and release.  The increased strength of postsynaptic inhibition is likely 

a homeostatic adjustment to the decreased presynaptic input from GABAergic 

interneurons.  The exaggerated response to acute nicotine challenge likely 

reflects the well-described paradoxical increase in nAChR expression with 

chronic nicotine exposure.  The altered GABAergic synaptic transmission in 

XIIMNs from DNE animals could lead to reduced excitability of XIIMNs under 

conditions where endogenous levels of GABA or ACh rise, such as in hypoxia, 

during wake-sleep transitions, or with exposure to exogenous nicotine. 
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Introduction 

Neurotransmitter systems function as growth regulators during critical 

periods of perinatal brain development (Cameron et al., 1998; Herlenius & 

Lagercrantz, 2004). GABA receptor signaling is excitatory in early development 

due to high intracellular chloride concentrations. The excitatory actions of GABA, 

in part, produce the giant depolarizing potentials, and subsequent intracellular 

calcium waves, which are signals for neuron outgrowth and synapse formation 

(Marchetti et al., 2002). Later in development, when a sufficient number of 

synapses have formed, expression of the chloride transporter KCC2 produces 

the chloride gradient seen in mature neurons, and the effects of GABA become 

inhibitory, allowing for the formation of a more diverse and functional network 

(Ben-Ari, 2002). Importantly, nicotinic cholinergic signaling is responsible for 

driving the expression of KCC2, and the subsequent maturation of GABAergic 

signaling from excitatory to inhibitory (Spitzer, 2010).  The nicotinic cholinergic 

system is also implicated in early development as a regulator of neurite growth 

and pathfinding, and in the development of functional neural circuits (Hanson & 

Landmesser, 2003). Given the major role of the nicotinic cholinergic system in 

brain development, it is not surprising that perinatal exposure to nicotine has 

severe consequences on brain structure and function. 

            The influence of nicotine exposure on brain development is mainly 

attributed to its action on the nicotinic acetylcholine receptors (nAChRs), which 

are expressed ubiquitously throughout the brain.  In the brainstem, nAChRs are 

expressed postsynaptically on hypoglossal motoneurons (XIIMNs), where they 
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evoke direct depolarization, but are also located on glutamatergic, GABAergic, 

and glycinergic neurons, where their role is to regulate neurotransmitter release 

(Bradaia & Trouslard, 2002; Gonzalez-Islas et al., 2016; Howe et al., 2016).  

Presynaptic nAChRs can increase the probability of action potential firing, or 

increase vesicular release of neurotransmitters from the end terminal (Role & 

Berg, 1996; Quitadamo et al., 2005). Interestingly, nicotine exposed animals 

show an increase, rather than a decrease, in nAChR expression in many brain 

regions.  This paradoxical effect is thought to be due to nAChRs entering a state 

of long-term desensitization, resulting in a reduced response to endogenous ACh 

or exogenous nicotine, a phenomenon that has been termed “functional 

downregulation” (Gentry & Lukas; Wonnacott). 

 The muscles of the tongue participate in critical homeostatic behaviors, 

including suckling, swallowing, and breathing, which require carefully balanced 

inputs from XIIMNs.  In utero and postnatal exposure to nicotine (developmental 

nicotine exposure, DNE) alters the dendritic branching pattern of neurons in 

many brain regions (Roy et al., 2002; Muhammad et al., 2012), including XIIMNs 

(Powell et al., 2016). Morphological changes in XIIMNs, or similar changes in the 

interneurons in this region, could alter the density of inhibitory synaptic inputs to 

XIIMNs, the strength of these inputs, or both.  Additionally, DNE desensitizes 

nAChRs on XIIMNs (Pilarski et al., 2012).  If nAChRs on GABA neurons that 

synapse on XIIMNs also desensitize, one would predict a reduction in the 

vesicular release of GABA, leading to less inhibitory input to XIIMNs and a 

compensatory increase in GABA receptor expression.  Indeed, we recently 
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showed that XIIMNs from DNE animals had increased expression of GABAA 

receptors (Jaiswal et al., 2016), consistent with a compensatory mechanism 

aimed at mitigating reduced GABA release.  Accordingly, we have designed 

experiments to test the hypothesis that DNE alters GABAergic synaptic input to 

XIIMNs, as well as the neuron’s response to activation of postsynaptic GABA 

receptors. 

 

Materials and Methods 

 Animals. We used 72 Sprague-Dawley rat pups of either sex, ranging in 

age from postnatal day zero (P0) through postnatal day 5 (P5), which 

corresponds to gestational age 29-34 weeks in humans (Clancy et al., 2001). 

Nicotine exposed rat pups were taken from 14 separate litters, saline-exposed 

and unexposed neonates were taken from 15 separate litters. All neonates were 

born via spontaneous vaginal delivery from pregnant adult female rats purchased 

from Charles River Laboratories (Wilmington, MA). Neonates were housed with 

their mothers and siblings in the animal care facility at the University of Arizona 

under a 12:12 hour light/dark cycle (lights on 07:00 h), in a quiet room maintained 

at 22 °C and 20-30% relative humidity, and with water and food available ad 

libitum. All procedures and protocols described were approved by the University 

of Arizona Institutional Animal Care and Use Committee, and in accordance with 

National Institutes of Health guidelines. 

 Developmental nicotine exposure.  Pregnant dams were anesthetized with 

a subcutaneous injection of ketamine (25 mg/kg), xylazine (8.0 mg/kg) and 
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acepromazine (1 mg/kg) and an Alzet 1007D mini-osmotic pump (Alzet Corp., 

CA, USA) was implanted subcutaneously on gestational day 5, as previously 

described (Huang et al., 2004; Luo et al., 2004; Luo et al., 2007). A 

subcutaneous injection of buprenorphine (0.5 mg/kg) was given to control 

postoperative pain.  The 28-day pump exposes the pup via the placenta 

throughout the remainder of gestation (approximately 16 days), and via breast 

milk after birth, and these successive pre and postnatal exposures define DNE.  

The pump was loaded to deliver an average dose of 6 mg/kg/day of nicotine 

bitartrtate.  We previously showed that this dose produces plasma cotinine levels 

in the pups ranging from 60-92 ng/ml (Powell et al., 2016), which is comparable 

to that seen in the plasma of human infants born to mothers who are considered 

moderate smokers (Berlin et al., 2010). Control animals were obtained from 

pregnant dams implanted with an Alzet pump filled with saline (sham control), or 

from pregnant dams that did not undergo pump implantation (true control).  

Consistent with our previous studies, there were no systematic differences 

between sham control and true control for any of the measured variables, so the 

data from these two groups were combined.  

Medullary slice preparation. Pups of either sex were removed from their 

cages and weighed, anesthetized on ice and decerebrated at the coronal suture. 

The vertebral column and ribcage were exposed and placed in cold (4-8 °C) 

oxygenated (95% O2- 5% CO2) artificial cerebrospinal fluid (aCSF), composed of 

the following (in mM): 120 NaCl, 26 NaHCO3, 30 glucose, 1 MgSO4, 3 KCl, 1.25 

NaH2PO4, and 1.2 CaCl2 with pH adjusted to 7.4 and osmolarity to 300-325 
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mOsm. The brainstem and spinal cord was extracted and all tissue above the 

pontomedullary junction was removed. The preparation was then glued to an 

agar block, rostral surface up, and 2-3 transverse medullary slices (300-500 µM) 

containing the hypoglossal motor nucleus were cut in a vibratome (VT1000P, 

Leica) filled with ice-cold aCSF. The slices were then transferred to an 

equilibration chamber containing fresh, oxygenated, room temperature aCSF and 

allowed to recover for 1.5 hours before recording.  

Electrophysiology. Equilibrated slices were transferred to a recording 

chamber and perfused with aCSF at a rate of 1.5-2 ml/min. aCSF was 

oxygenated and maintained at 27 °C (TC-324B temperature controller, Warner 

Instrument Corporation). XIIMNs were visualized with an Olympus BX-50WI 

fixed-stage microscope (40x water-immersion objective, 0.75 N.A.) with 

differential contrast optics and a video camera (C2741-62, Hamamatsu). 

Recordings were made with glass pipettes (tip resistance 3-7 MΩ) pulled from 

thick-walled borosilicate glass capillary tubes (OD: 1.5 mm, ID: 0.75 mm). To set 

the chloride reversal potential at approximately 0 mV (actual value = -2.8 mV), 

we used a CsCl based intracellular solution containing (in mM): 130 CsCl, 5 

NaCl, 2 MgCl2, 1 CaCl, 10 HEPES, 2 ATP-Mg, 2 Sucrose, with pH adjusted to 

7.2 and osmolarity of 250-275 mOsm. Under these conditions, both excitatory 

and inhibitory post-synaptic currents are inward at a holding potential of -75 mV.  

Filled pipettes were attached to a preamplifier mounted in a micromanipulator 

(MP-225, Sutter Instrument Company). The preamplifier was connected to a 
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Multiclamp 700B amplifier, and the signals were digitized with a Digita 1440A A/D 

converter (Molecular Devices). 

The following procedures pertain to all recordings. First XIIMNs were 

identified based on their size, shape and location. Pipettes were apposed to the 

soma, and after a gigaohm seal was achieved the membrane was ruptured by 

suction. After a 5-minute equilibration period to confirm a stable recording, 

spontaneous inhibitory synaptic events (sIPSCs) were recorded before and after 

bath application of nicotine. We pharmacologically isolated GABAergic sIPSCs 

using 6-Cyano-7-nitroquinozaline-2,3-dione (CNQX), D-(-)-2-Amino-5-

phosphonopentanoic acid (AP-5), and strychnine hydrochloride to antagonize the 

AMPA type glutamate receptors, the NMDA receptors and the glycine receptors, 

respectively (Table 1).  Baseline sIPSCs were recorded for three minutes, after 

which nicotine bitartate was added to the superfusate and sIPSCs were recorded 

for an additional three minutes.  This protocol was followed by five minutes of 

washout with aCSF.  

Since sIPSCs reflect the sum of action potential mediated events as well 

as the random, quantal release of neurotransmitter from presynaptic vesicles, we 

also examined the influence of DNE on the latter by recording miniature 

postsynaptic currents (mIPSCs) both before and after an acute nicotine 

challenge.  After a stable recording was achieved, CNQX and AP-5 were 

superfused to block glutamatergic transmission, together with strychnine 

hydrochloride to block glycinergic transmission, thus isolating GABA-mediated 

events.  This cocktail was superfused for three minutes, followed by the addition 



 154 

of tetrodotoxin (TTX) for two minutes to block action potential firing.  GABAergic 

mIPSCs were recorded at baseline for three minutes, after which nicotine 

bitartrate was added to the superfusate. mIPSCs were recorded for an additional 

three minutes in the presence of nicotine, followed by a five minute washout 

period. In a subset of these cells, after TTX application and again after nicotine 

application, a square wave voltage step was introduced (-75 mV to -80 mV) and 

used to calculate input resistance (Table 2).  

To evaluate the influence of DNE on post-synaptic GABAA receptors, 

recordings were again made in the presence of CNQX, AP-5, TTX, and 

strychnine hydrochloride. We then bath applied either muscimol, to activate the 

post-synaptic GABAA receptors or gaboxadol (THIP) to activate the δ-subunit 

containing, extra-synaptic GABAA receptors. Under these conditions, activation of 

the GABAA receptors produces an inward current and the peak of this current 

was measured.  

Drugs: Drugs and concentrations used for each experiment are 

summarized in Table 1. Drugs were purchased from Sigma (St. Louis, MO, 

USA), except for nicotine bitartrate (MP Biomedicals, LLC, Solon, OH, USA) and 

TTX (R&D Chemicals, Minneapolis, MN, USA). All drugs were mixed in aCSF on 

the day of the experiment from previously mixed aliquots that were frozen and 

stored at 0-2 °C.  Antagonists were used at concentrations known to be effective 

based on our previous studies or the literature.  Nicotine was used at the highest 

dose that produced presynaptic effects without producing a significant inward 

current. This is important, as pilot studies showed that higher concentrations of 
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nicotine (1 µM, 10 µM, and 100 µM) activates postsynaptic nAChRs and evokes 

an inward current, which creates noise in the record and decreases the ability to 

discriminate sIPSCs/mIPSCs. Agonists were used at concentrations that produce 

approximately half maximal responses, based on dose response experiments 

previously performed in our lab. The drug solutions were oxygenated and 

maintained at 27 °C and perfused into the recording chamber at a rate of 1.5-2 

ml/min. 

Protocols: Data from a total of 72 cells are reported, with 36 cells from 

DNE neonates and 36 cells from control neonates. Cell numbers for each 

experiment are summarized in Table 1.  At the end of each experiment, 

measurements of resting membrane potential and input resistance were 

repeated to confirm the health of the cell and that the gigaohm seal was still 

intact.  

Data analysis and statistics:  Differences in age, weight, resting 

membrane potential, input resistance at baseline, input resistance during acute 

nicotine challenge, and peak current produced by agonists were evaluated by 

comparing the means from each group using the Student’s unpaired t-test.  

Voltage clamp data were obtained with Clampex software (Molecular Devices, 

Sunnyvale, CA), and analyzed with a MiniAnalysis Program (Synaptosoft, 

Decatur, GA, USA). For all IPSCs, the inter-event interval (IEI) and peak 

amplitude were measured during the minute before nicotine application, and 

throughout the second and third minute of nicotine application. There were no 

differences in amplitude or IEI between the second and third minutes of nicotine 
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application, so the third minute measurements were used for analysis.  Statistical 

comparisons were done as follows.  First, the IEI and amplitude of all 

sIPSCs/mIPSCs from all cells within a treatment group were used to construct a 

cumulative probability distribution using Prism (GraphPad Software, Inc., La 

Jolla, CA) (e.g., Figures 4 and 5).  We expressed the cumulative probability as 

fractions ranging from 0 to 1, such that a value of 0.5 defines the midpoint of the 

normalized IPSC amplitude or frequency distribution. In these graphs, the y-axis 

value is the fraction of events that lies at or below the corresponding x-axis value.  

To compare the IEI and amplitude distributions under baseline conditions and 

during acute nicotine application, we performed a two-sample Kolmogorov-

Smirnov (K-S) test using SPSS (IBM, Armonk, NY). To compare the magnitude 

of the frequency response to an acute nicotine challenge, we first computed the 

mean change in IEI between baseline and nicotine challenge within each 

treatment group, and then compared the size of the change in control and 

nicotine exposed cells using Cohen’s d (Cohen, 1977), which gives a 

standardized measurement of the effect size of an intervention, in this case the 

change in amplitude or IEI in response to nicotine. Cohen’s d was calculated 

manually as follows, (Cohen’s d = [Mean 2– Mean1 / SDpooled), where (SDpooled =	 

√(SD1
2 + SD2

2)/2).  Cohen’s d is generally interpreted using arbitrary cut points 

to conclude that an effect size is small (d < 0.2), medium (d < 0.5), or large (d < 

0.8) (Rosnow RL, 1989). For the post-synaptic receptor experiments, the peak of 

the inward current was measured and Student’s unpaired t-test was used to 
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compare the mean current in control and nicotine exposed cells. Results are 

expressed as the mean ± SD, and/or the percent change from baseline ± SD.  

	  
Results 

 Age and weight of the animals used, Vm and input resistance.  As shown 

in Table 2, there is no difference in age or body weight between control animals 

and DNE animals, nor were there differences in XIIMN resting membrane 

potential (Vm), input resistance at baseline, or input resistance in response to an 

acute nicotine challenge. 

Frequency and amplitude of GABAergic sIPSCs at baseline. To evaluate 

the influence of DNE on network level inhibitory synaptic inputs under baseline 

conditions, we evaluated differences in the distribution of inter-event intervals 

(IEIs) of GABAergic sIPSCs in control and DNE cells. Figures 1A and 1B are 

example recordings of GABAergic sIPSCs from one control cell and one DNE 

cell. It is clear from this example that DNE cells have a decreased baseline 

frequency of GABA sIPSCs compared to control cells.  Figure 1C shows a right 

shift in the distribution of IEIs in DNE cells compared to control, indicating that 

DNE is associated with a reduced frequency of GABAergic inhibitory input to 

XIIMNs (K-S test: P<0.0001, Figure 1C), consistent with the average data shown 

in Table 3. 

Differences in the amplitude of spontaneous events in control and DNE 

cells could be due to either presynaptic or postsynaptic mechanisms (Vautrin and 

Barker, 2003).  The representative recordings shown in Figures 1A and 1B show 

that, under baseline conditions, the amplitude of GABAergic sIPSCs is lower in 
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DNE cells than in control cells, consistent with the left shift in the amplitude 

distribution in DNE cells compared to control (K-S test: P<0.0001, Figure 1D) and 

the average data (Table 3). 

Frequency and amplitude of GABAergic miniature IPSCs (mIPSCs) at 

baseline.  To evaluate how DNE affects the frequency of the random, quantal 

release of GABA from the end terminals, we recorded GABAergic mIPSCs.  

Figures 2A and 2B are example recordings of GABAergic mIPSCs from one 

control cell and one DNE cell, showing that the frequency of these events is 

slightly, but significantly faster in DNE compared to control. Figure 2C shows a 

left shift in the distribution of IEIs from DNE cells compared to control, indicating 

that DNE increases the frequency of these events (K-S test: P<0.0001, Figure 

2C), with comparison of the mean values (Table 3) confirming the left shift in IEI 

distribution (Figure 2C). 

Changes in the amplitude of mIPSCs is usually thought to reflect changes 

in postsynaptic receptor number or function, however this effect can also have a 

presynaptic origin (Del Castillo & Katz, 1954; Vautrin & Barker, 2003). Under 

baseline conditions, there is a trend toward decreased amplitudes of GABAergic 

mIPSCs in DNE cells compared to control cells.  Although the average data show 

only a small difference between control and DNE cells (Table 3), the cumulative 

probability curve reveals that the amplitude distribution was shifted toward 

smaller events in DNE cells compared to control cells, and a K-S test on the 

distribution of amplitudes confirmed this (K-S test: P=0.012, Figure 3D). 
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Postsynaptic GABA receptors.  The results of the above experiments 

indicate complex changes in GABAergic synaptic input to XIIMNs. Whereas the 

frequency data are unambiguous, changes in the amplitude of sIPSCs and 

mIPSCs are not.  To gain a more complete understanding of the DNE-mediated 

changes in GABAergic synaptic transmission, we assessed the postsynaptic 

response to activation of GABA receptors with agonists. Whole cell voltage 

clamp recordings were obtained from XIIMNs and either 0.5 µM muscimol or 12 

µM THIP was bath applied in the presence of CNQX, AP-5, strychnine and TTX 

(Table 1).  

Figures 3A and 3B show example traces of the inward current that results 

from activation of the post synaptic GABAA receptors with bath application of 0.5 

µM muscimol. The average peak amplitude of the inward current was 

significantly greater in DNE cells (-364.4 ± 38.7 pA, n=10 cells) compared to 

control (Control -239.3 ± 30.8 pA, n=10 cells) (t-test: P=0.0209, Figure 3C). Next, 

we tested the response to bath application of THIP, which is a specific agonist of 

the δ-subunit containing extra-synaptic GABAA receptor. The inward current 

produced by bath application of THIP was not significantly different between 

control cells (n=6) and DNE cells (n=6) (Control -74 ± 1 pA, DNE -53.8 ± 8.1 pA, 

t-test: P=0.2507, Figure 3D). Taken together, the results of these experiments 

indicate that DNE alters synaptic, but not extrasynaptic GABAA receptors, and 

suggests multiple effects of DNE on GABAergic neurotransmission. 

	   The effects of acute nicotine challenge on GABAergic sIPSCs.	  Acute 

nicotine challenge stimulates nAChRs at pre and postsynaptic sites. Chronic 
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nicotine exposure desensitizes nAChRs, which could modify GABA release from 

GABAergic neurons. Accordingly, we bath applied 0.5 µM nicotine and evaluated 

changes in the frequency and amplitude of sIPSCs. The frequency of GABAergic 

sIPSCs increased with acute nicotine challenge in both control cells and DNE 

cells, but this effect was exaggerated in DNE cells.  Nicotine application 

decreased the average GABAergic IEI (an increase in frequency), as shown by a 

left shift in the distribution of IEIs in control cells (K-S test: P<0.0001, n=10, 

Figure 4A), and in DNE cells (K-S test: P=0.008, n=10, Figure 4B). Effect size 

analysis using Cohen’s d gave a value of 0.2 for control cells and 0.68 for DNE 

cells, indicating a much larger effect in DNE cells compared to control.  The 

average data shown in Table 3 confirm this, with the decrease in the IEI 

averaging 27% in control cells, and 73% in DNE cells.   

 We also examined the change in sIPSC amplitude in response to an acute 

nicotine challenge. The population of GABAergic sIPSC amplitudes decreased 

with nicotine challenge in control cells, as indicated by a left shift in the 

distribution (K-S test: P<0.0001, Figure 4C), whereas there was a slight, but 

significant increase in sIPSC amplitudes in DNE cells, as indicated by a right shift 

in the distribution (K-S test: P=0.05, Figure 4D).  Comparison of the average data 

shown in Table 3 indicate that the overall effects of nicotine challenge on sIPSC 

amplitude was quite small in both treatment groups.. 

	   The effects of acute nicotine challenge on GABAergic mIPSCs.	  To assess 

whether activation of nAChRs at the GABAergic end terminals modulates the 

rate of spontaneous single vesicle release, and to see if DNE modifies this 
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process, we added 0.5 µM nicotine to the drug cocktail described in Table 1 while 

recording mIPSCs. Nicotine application did not change the frequency of 

GABAergic mIPSCs in either control (K-S test: P=0.220, Figure 5A) or DNE cells 

(K-S test: P=0.194, Figure 5B), and see the average data in Table 3.  Acute 

nicotine challenge did not change the amplitude of GABA mIPSCs in control cells 

(K-S test: P=0.253, Figure 5C), but increased mIPSC amplitude in DNE cells, as 

shown by the significant right shift in the amplitude distribution (K-S test: 

P<0.0001, Figure 5D).  On average, nicotine increased mIPSC amplitude in DNE 

cells by about 40 % (Table 3). 

	  
Discussion 

Here we show that DNE is associated with significant alterations in 

GABAergic synaptic input to XIIMNs.  Under baseline conditions, the frequency 

and amplitude of GABAergic sIPSCs was lower in DNE cells, but the frequency 

of GABAergic mIPSCs was greater compared to control cells.  We also show that 

XIIMNs from DNE animals have an exaggerated response to activation of 

postsynaptic GABAA receptors.  In addition, acute stimulation of nAChRs with 

bath-applied nicotine was associated with a larger increase in GABAergic sIPSC 

frequency and amplitude in DNE cells compared to control cells.  Taken together, 

these observations suggest that DNE is associated with a reduction in global 

GABAergic inhibitory input to XIIMNs under baseline conditions, but a marked 

increase in synaptic inhibition in response to an acute nicotine challenge.  The 

increased postsynaptic response to GABAA receptor agonists is consistent with 

the previously observed increase in synaptic GABAA receptor expression 
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(Jaiswal et al., 2016).  In the following sections we discuss how the DNE 

mediated alterations in fast GABAergic synaptic input to developing motoneurons 

leads to plastic changes that may be detrimental to neuron function. 

Influence of DNE on baseline GABAergic neurotransmission.  Previous 

work has shown that DNE desensitizes postsynaptic nAChRs on XIIMNs (Pilarski 

et al., 2012). Based on the assumption that the nAChRs on GABAergic 

interneurons in this region also desensitize, we predicted a decrease in the basal 

release of GABA, assuming a diminished response to endogenous ACh in the 

slice.  Indeed, we did find that under baseline conditions GABAergic sIPSCs in 

DNE cells were less frequent with reduced amplitude compared to control cells.  

However, acute nicotine challenge caused an exaggerated increase in sIPSC 

frequency and amplitude, suggesting that the nAChRs on these cells either do 

not desensitize, or that there are more of them (and see below).  Thus, the 

reduced frequency of GABAergic sIPSCs under baseline conditions may be due 

to decreased excitability of existing GABA interneurons, or to a reduction in the 

total number and/or efficacy of GABAergic inhibitory synaptic connections to 

XIIMNs.  

sIPSCs are composed of both action potential-mediated and randomly 

generated spontaneous neurotransmitter release from pre-synaptic vesicles (Ji & 

Dani, 2000; Takeda et al., 2003).  To gain insight into the influence of DNE on 

the latter, we blocked action potentials with TTX and recorded miniature IPSCs 

(mIPSCs) in XIIMNs. At baseline, the frequency of GABAergic mIPSCs was 

higher in DNE cells than in control cells, and the amplitude of these events 
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tended to be smaller in the DNE cells. A reduction in sIPSC amplitude in the 

absence of an increase in mIPSC amplitude indicates that DNE causes a 

reduction in the number of quanta released in response to an action potential 

(reduced “quantal content”).  In addition, the greater postsynaptic response to 

muscimol in DNE cells, without a corresponding increase in mIPSC amplitude, 

may indicate an increase in the number of GABA receptors on XIIMNs.  This is 

consistent with previous findings showing that DNE is associated with an 

increase in the expression of GABAA receptors on XIIMNs (Jaiswal et al., 2016).  

Influence of DNE on nicotinic modulation of inhibitory synaptic 

transmission.  In control cells, acute nicotine challenge increased the frequency, 

and decreased the amplitude of GABAergic sIPSCs. Remarkably, in DNE cells, 

acute nicotine challenge caused an exaggerated increase in GABAergic sIPSC 

frequency compared to control cells, and an increase in sIPSC amplitude instead 

of a decrease, as seen in control cells. These data indicate that DNE somehow 

causes a functional upregulation of nAChRs on GABAergic inhibitory 

interneurons. This is an unexpected result, as previous work from our lab shows 

that DNE causes a functional desensitization of posysynaptic nAChRs located on 

XIIMNs (Pilarski et al., 2012). The present findings suggest that nAChRs located 

on GABAergic neurons are of a different subtype than those found 

postsynaptically on XIIMNs, and therefore, respond differently to chronic nicotine 

exposure. 

We also found a larger increase in GABA mIPSC amplitude in response to 

acute nicotine challenge in DNE compared to control cells, which may reflect at 
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least three mechanisms: 1) an upregulation of end terminal nAChRs, or a 

different population of postsynaptic nAChRs that do not desensitize; 2) increased 

calcium influx, due to increased activation of voltage-gated calcium channels or 

upregulation of calcium-permeable nAChRs, which triggers activation of signaling 

pathways at the presynaptic end terminal (Oikawa et al., 2005); 3) a calcium-

mediated recruitment of GABAA receptors to the postsynaptic density (Bogdenov 

et al., 2008). Which, if any, of these mechanisms accounts for the larger increase 

in mIPSC amplitude in cells from DNE animals is unknown. 

DNE and plasticity of inhibitory synaptic transmission.  Figure 6 represents 

a working model designed to explain how DNE leads to the complex changes in 

GABAergic synaptic transmission to XIIMNs that we have described. The smaller 

postsynaptic cell shown schematically on the right-hand side of Figure 6 is 

justified by previous studies showing a decrease in the size of XIIMNs in DNE 

animals (Powell et al., 2016). Whether GABAergic neurons are less excitable, or 

if they have more restricted projections to the hypoglossal motor nucleus is not 

known. However the present work shows that the activity of GABAergic neurons 

under baseline conditions is reduced, as indicated by the decreased number of 

action potentials next to the GABAergic neuron on the right-hand side of Fig. 6.  

Such a change in synaptic activity could result in the formation of new synapses, 

the weakening and loss of existing ones, or changes in sensitivity of the 

postsynaptic cell to neurotransmitter.  It is also possible that the reduced 

GABergic input to XIIMNs could reflect synaptic scaling, which is a form of 

homeostatic plasticity whereby presynaptic firing rate is altered based on the 
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activity of the postsynaptic neuron (Kirov et al., 1999; Turrigiano, 2012; Davis & 

Muller, 2015). Along with alterations in firing rate, retrograde signaling by the 

postsynaptic neuron can regulate calcium channel function and calcium release 

at the presynaptic end terminal, which could, in turn alter the frequency of both 

sIPSCs and mIPSCs (Ramirez & Kavalali, 2011).  

The exaggerated inhibitory input in response to acute nicotine challenge in 

DNE cells reflects a functional upregulation of presynaptic nAChRs on GABA 

neurons, resulting in increased action potential-mediated transmitter release 

(Figures 4 & 6). This could occur if low sensitivity nAChRs are upregulated by 

DNE, as these receptors would not be intensely activated by the low levels of 

nicotine present in the blood, or by the low ambient ACh levels in the medullary 

slice (d'Incamps & Ascher, 2014), consistent with the reduction in baseline GABA 

input that we observed.  However, these receptors would be intensely activated 

by high-dose nicotine application, consistent with what we observed with acute 

nicotine challenge (Figure 4).  Alternatively, it has long been known that some 

nAChR subtypes are upregulated by chronic nicotine exposure and inactivate in 

the presence of agonist, but do not undergo long-term desensitization (Kawai & 

Berg, 2001; Picciotto et al., 2008). It is important to note that, in vivo, these 

brainstem structures are constantly exposed to nicotine due to its presence in the 

CSF of DNE animals, whereas nicotine is not present in the aCSF used for 

experimentation. Moreover, owing to the time required to make brainstem slices 

and record from XIIMNs, brainstems from DNE animals are without nicotine 

exposure for 2-3 hours, which may put the cells into a state of nicotine 
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withdrawal. If the nAChRs on GABAergic neurons projecting to XIIMNs undergo 

desensitization in response to nicotine in the CSF of the animal, it is possible that 

recovery of these receptors from inactivation, secondary to nicotine withdrawal, 

could explain this response. However, the influence of chronic nicotine exposure 

followed by nicotine withdrawal on synaptic transmission has not been 

systematically studied.  

We also showed that the strength of postsynaptic inhibition mediated by 

GABAA receptors is increased in DNE animals (Figure 6), consistent with the 

previously observed increase in GABAA receptor expression on XIIMNs in DNE 

animals (Jaiswal et al., 2016).  Increased postsynaptic receptor density and/or 

function may be homeostatic, as DNE is associated with reduced baseline 

GABAergic synaptic input as well as more excitable XIIMNs, with the latter 

probably a consequence of reduced cell size (Pilarski et al., 2011; Powell et al., 

2015; Powell et al., 2016). However, we hypothesize that this plastic change is 

not homeostatic in the traditional sense because it is detrimental to normal 

function during state changes that result in increased release of GABA or ACh.  

For example, increased GABA release occurs with hypoxia (Hehre et al., 2008), 

which would cause direct synaptic inhibition of XIIMNs. Cholinergic projections 

from the basal forebrain, which participate in motor control, increase ACh release 

with the transition from NREM to REM sleep (Vazquez & Baghdoyan, 2001). In 

regions of the caudal medulla, ACh release can increase by more than 30% 

during REM sleep (Kodama et al., 1992), which may activate nAChRs on 

inhibitory interneurons, reinforcing synaptic inhibition. In summary, the present 
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findings reveal mechanisms that may explain why DNE leads to altered 

development of critical homeostatic behaviors that depend on precise control of 

tongue muscle activity, such as suckling, swallowing and breathing (Martin et al., 

1979; Kahn et al., 1994). 
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Figure and Table Legends 

 Table 1. List of drug cocktails used to isolate pre and postsynaptic 

GABA receptors and the number of cells used in each condition. The 

number of litters from which the cells were derived is also shown. 

 Table 2. Age, weight, resting membrane potential (mV) and input 

resistance (Rin) in XIIMNs from control and DNE animals.  Values are mean 

± SD. There were no differences in any of these variables between control and 

DNE cells. 

 Table 3. Number of events per group (n) and average values for IEI 

and amplitude for GABAergic sIPSCs and mIPSCs.  Values for each group 

under baseline conditions and during acute nicotine application are shown. P 

values are from Student’s t-test comparisons between control and DNE cells for 

each variable and each condition. 

 Figure 1. IEI and amplitude of GABAergic sIPSCs.  Representative 

traces of pharmacologically isolated GABA sIPSCs in XIIMNs from a control 

animal (Panel A) and a DNE animal (Panel B). Panels C and D: Cumulative 

fraction curves showing the distribution of GABA sIPSC IEIs and amplitudes from 

control (solid line) and DNE cells (dashed line). Asterisk indicates significant 

difference in distributions as indicated by K-S test. At baseline, average IEI of 

GABA sIPSCs was significantly longer in DNE cells compared to control, 

indicating a lower frequency of these events (K-S test: P<0.0001) (Panel C). At 

baseline, the average amplitude of GABAergic sIPSCs was significantly higher in 
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control cells compared to DNE cells  (K-S test: P<0.0001, Panel D). Means and n 

for each distribution are summarized in Table 3. 

 Figure 2. IEI and amplitude of GABAergic mIPSCs. Representative 

traces of pharmacologically isolated GABA mIPSCs in XIIMNs from a control 

animal (Panel A) and a DNE animal (Panel B). Panels C and D: Cumulative 

fraction curves showing the distribution of GABAergic mIPSC IEIs and 

amplitudes from control (solid line) and DNE cells (dashed line.) Asterisk 

indicates significant difference in distributions as indicated by K-S test. At 

baseline, average IEI of GABA mIPSCs was significantly shorter, indicating a 

higher frequency, in DNE cells compared to control (K-S test: P<0.0001, Panel 

C). At baseline, the mean amplitude of mIPSCs was no different between control 

cells and DNE cells (Table 3), however, higher amplitude events were smaller in 

DNE compared to control, as indicated by K-S test (K-S test: P=0.012, Panel D). 

Means and n for each distribution are summarized in Table 3. 

 Figure 3. Activation of postsynaptic GABAA receptors in control cells 

and DNE cells. Representative traces of the GABAA receptor mediated inward 

current in XIIMNs from a control animal (Panel A) and a DNE animal (Panel B). 

Activation of postsynaptic GABAA receptors with bath application of 0.5 µM 

muscimol in the presence of TTX results in a larger peak inward current in DNE 

(n=10) cells compared to control (n=10) (P=0.029, Panel C). There was no 

between group difference in the inward current produced by THIP, a specific 

agonist of the δ- subunit containing extrasynaptic GABAA receptor (n = 6 cells in 

each treatment (P=0.2507, Panel D).  
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 Figure 4. IEI and amplitude distributions of GABAergic sIPSCs in 

control and DNE cells, at baseline and during acute bath application of 

nicotine. Cumulative fraction curves showing the distribution of IEIs and 

amplitudes of GABA sIPSCs at baseline (solid line) and during bath application of 

0.5 µM nicotine (dashed line). Asterisk indicates significant difference in 

distributions as indicated by K-S test. Acute nicotine challenge caused a left shift, 

toward shorter IEIs of GABA sIPSCs in both control cells (K-S test: P<0.0001, 

Panel A) and DNE cells (K-S test: P=0.008, Panel B), and this effect was 

exaggerated in DNE cells (Cohen’s D: Control 0.2, DNE 0.68). Acute nicotine 

caused a decrease in sIPSC amplitude in control cells (K-S test: P<0.0001, 

Panel C), but a slight increase in DNE cells (K-S test: P=0.05, Panel D). Means 

and n for each distribution are summarized in Table 3. 

Figure 5. IEI and amplitude distributions of GABAergic mIPSCs in 

control and DNE cells, at baseline and during acute bath application of 

nicotine. Cumulative fraction curves showing the distribution of IEIs and 

amplitudes of GABA mIPSCs at baseline and during 0.5 µM nicotine application. 

Asterisk indicates significant difference in distributions as indicated by K-S test. 

Acute nicotine challenge did not change the distribution of IEIs of GABA mIPSCs 

in either group (K-S test: Control P=0.220, Panels A; DNE: P=0.194, Panel B). 

Acute nicotine also failed to change the amplitude distribution of mIPSCs in 

control cells (K-S test: P=0.253, Panel C), but evoked an increase in mIPSC 

amplitude in DNE cells (K-S test: P<0.0001, Panel D). Means and n for each 

distribution are summarized in Table 3. 
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 Figure 6. Overview of key findings. Previous work has shown that 

XIIMNs from DNE animals have chronically desensitized postsynaptic nAChRs 

(red squares, normally functioning nAChRs; open squares, chronically 

desensitized nAChRs). Here we show that there is an increased postsynaptic 

response to muscimol, but not to THIP, in DNE compared to control, consistent 

with upregulation of the synaptic GABAA receptor on these neurons (blue 

triangles). Our experiments also show that baseline GABAergic synaptic input to 

XIIMNs is decreased with DNE, but that activation of nAChRs with acute nicotine 

evokes an exaggerated increase in GABA inputs to DNE cells. These results 

indicate that nAChRs on GABAergic neurons in this region are not desensitized, 

and in fact may be upregulated by DNE (orange squares), and/or be of a different 

subtype that responds to high dose nicotine, but not to the low levels of ACh 

normally present in the brain. Whether or not nAChRs on GABAergic end 

terminals play a role in modulating GABAergic input to XIIMNs is unknown, as 

indicated by the question mark in the figure on the right.  
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Abstract 

We tested the hypothesis that nicotine exposure in utero and after birth 

(developmental nicotine exposure, DNE) disrupts the development of glycinergic 

synaptic transmission to hypoglossal motoneurons (XIIMNs).  Glycinergic 

spontaneous and miniature inhibitory postsynaptic currents (sIPSC/mIPSC) were 

recorded from XIIMNs in brainstem slices from 1-5 day old rat pups of either sex, 

under baseline conditions and following stimulation of nicotinic acetylcholine 

receptors (nAChRs) with nicotine.  Compared to control cells, DNE was 

associated with: 1) An increase in baseline frequency, but reduction in amplitude 

of glycinergic spontaneous inhibitory postsynaptic currents (sIPSCs); 2) An 

increase in baseline amplitude of glycinergic miniature inhibitory postsynaptic 

currents (mIPSCs); 3) An exaggerated increase in glycinergic inhibition in 

response to an acute nicotine challenge. The mechanism behind the changes to 

baseline glycinergic inputs to XIIMNs is unknown, but could reflect homeostatic 

mechanisms that aim to maintain normal motor output. The exaggerated 

response to acute nicotine challenge likely reflects the well-described increase in 

nAChR expression with chronic nicotine exposure, and may indicate a 

mechanism by which nicotine exposure results in increased frequency of 

obstructive apneas, particularly during sleep-wake transitions. 
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Introduction 

Glycine is an important mediator of fast-synaptic inhibition in the brainstem 

and spinal cord of adult mammals and participates in governing the rhythmic 

output of mammalian motor systems (Singer et al., 1998; Berger, 2000). Glycine 

release from presynaptic terminals activates a distinct postsynaptic receptor that 

gates a chloride permeable channel (Lynch, 2004). As with GABA, the action of 

glycine in mature neurons is inhibitory, however during development glycine is 

excitatory due to high intracellular chloride concentrations produced by 

expression of the immature sodium-potassium-chloride co-transporter (NKCC1). 

During late embryonic development, glycinergic synaptic activity contributes to 

the regulation of motoneuron morphology and synaptic plasticity (Fogarty et al., 

2016). Glycine receptor activation at this time produces membrane depolarization 

that results in the activation of voltage-gated calcium channels and calcium 

influx, which is thought to be important in the regulation of transcription factors 

involved in synapse development (Avila et al., 2013). Additionally, glycine 

receptor-mediated depolarization may facilitate NMDA receptor activation, which 

plays a significant role in many developmental processes, including the 

development of excitatory synaptic transmission (Singer et al., 1998; Berger, 

2000). Nicotinic cholinergic signaling also plays a key role during development 

including driving the expression of the chloride transporter found in mature 

neurons, which results in the inhibitory action of glycine (Spitzer, 2010). 

Moreover, activation of nicotinic acetylcholine receptors (nAChRs) can modulate 

glycine release, due to their presynaptic location on the dendrites, cell body, and 
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axon end terminals of glycinergic neurons (Bradaia & Trouslard, 2002; Gonzalez-

Islas et al., 2016; Howe et al., 2016). Many studies report that prenatal exposure 

to nicotine alters the morphology and normal function of neurons (Roy et al., 

2002; Blood-Siegfried & Rende, 2010; Muhammad et al., 2012), and the function 

of nAChRs in many brain regions (Picciotto et al., 2008). 

Glycinergic synaptic transmission to hypoglossal motoneurons (XIIMNs) 

plays a critical role in shaping the output to the muscles of the tongue 

(Bregestovski, 2007). Developmental nicotine exposure (prenatal nicotine 

exposure with continued exposure in the first week of life, DNE) is known to 

cause developmental changes to XIIMNs including altered morphology (Powell et 

al., 2016), altered responses to injected current (Powell et al., 2015), and alters 

GABAergic, glycinergic and glutamatergic transmission to XIIMNs (Pilarski et al., 

2011; Jaiswal et al., 2016, Wollman et al., 2016). Additionally, DNE has been 

found to cause long-term desensitization of nAChRs found postsynaptically on 

hypoglossal motoneurons (Pilarski et al., 2011), but enhance the function of 

presynaptic nAChRs on GABAergic interneurons that make synaptic contact with 

XIIMNs (Wollman et al., 2016). Here we test the hypothesis that DNE also alters 

the baseline strength of glycinergic inputs to XIIMNs and how these inputs are 

modulated by activation of nAChRs with an acute nicotine challenge. 

Materials and Methods 

            Animals. We used 43 Sprague-Dawley rat pups of either sex, ranging in 

age from postnatal day zero (P0) through postnatal day 5 (P5), which 

corresponds to gestational age 29-34 weeks in humans (Clancy et al., 2001). 
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Nicotine exposed rat pups were taken from 14 separate litters, while saline-

exposed and unexposed neonates were taken from 13 separate litters. All 

neonates were born via spontaneous vaginal delivery from pregnant adult female 

rats purchased from Charles River Laboratories (Wilmington, MA). Neonates 

were housed with their mothers and siblings in the animal care facility at the 

University of Arizona under a 12:12 hour light/dark cycle (lights on 07:00 h), in a 

quiet room maintained at 22 °C and 20-30% relative humidity, and with water and 

food available ad libitum. All procedures and protocols described were approved 

by the University of Arizona Institutional Animal Care and Use Committee, and in 

accordance with National Institutes of Health guidelines. 

            Developmental nicotine exposure.  Pregnant dams were anesthetized 

with a subcutaneous injection of ketamine (25 mg/kg), xylazine (8.0 mg/kg) 

and acepromazine (1 mg/kg) and an Alzet 1007D mini-osmotic pump 

(Alzet Corp., CA, USA) was implanted subcutaneously on gestational day 5, as 

previously described (Huang et al., 2004; Luo et al., 2004; Luo et al., 2007). The 

28-day pump exposes the pup via the placenta throughout the remainder of 

gestation (approximately 16 days), and via breast milk after birth, and these 

successive pre and postnatal exposures define DNE.  The pump was loaded to 

deliver an average dose of 6 mg/kg/day of nicotine bitartrtate, which produces 

plasma cotinine levels in the pups ranging from 60-92ng/ml (Powell et al., 2016), 

which is comparable to that seen in the plasma of human infants born to mothers 

who are considered moderate smokers (Berlin et al., 2010). Control animals were 

obtained from pregnant dams implanted with an Alzet pump filled with saline 
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(sham control), or from pregnant dams that did not undergo pump implantation 

(true control).  Consistent with our previous studies, there were no systematic 

differences between sham controls and true controls for any of the measured 

variables, so the data from these two groups was combined. 

Medullary slice preparation. As described previously (Powell et al., 2015), 

we prepared transverse medullary slices (300-500mM) containing the 

hypoglossal motor nucleus from pups of either sex.  Slices were cut in cold (4-

8 °C) oxygenated (95% O2- 5% CO2) artificial cerebrospinal fluid (aCSF), 

composed of the following (in mM): 120 NaCl, 26 NaHCO3, 30 glucose, 1 

MgSO4, 3 KCl, 1.25 NaH2PO4, and 1.2 CaCl2 with pH adjusted to 7.4 

and osmolarity to 300-325 mOsm. The slices were then transferred to an 

equilibration chamber containing fresh, oxygenated, room temperature aCSF and 

allowed to recover for 1.5 hours before recording. 

Electrophysiology. Equilibrated slices were transferred to a recording 

chamber and perfused with aCSF at a rate of 1.5-2 ml/min. aCSF was 

oxygenated and maintained at 27 °C (TC-324B temperature controller, Warner 

Instrument Corporation). XIIMNs were visualized with an Olympus BX-50WI 

fixed-stage microscope (40x water-immersion objective, 0.75 N.A.) with 

differential contrast optics and a video camera (C2741-62, Hamamatsu). 

Recordings were made with glass pipettes (tip resistance 3-7 MW) pulled from 

thick-walled borosilicate glass capillary tubes (OD: 1.5 mm, ID: 0.75 mm). To set 

the chloride reversal potential at approximately 0 mV (actual value = -2.8 mV), 

we used a CsCl based intracellular solution containing (in mM): 130 CsCl, 
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5 NaCl, 2 MgCl2, 1 CaCl, 10 HEPES, 2 ATP-Mg, 2 Sucrose, with pH adjusted to 

7.2 and osmolarity of 250-275 mOsm. Under these conditions, both excitatory 

and inhibitory post-synaptic currents are inward at a holding potential of -75 

mV.  Filled pipettes were attached to a preamplifier mounted in a 

micromanipulator (MP-225, Sutter Instrument Company). The preamplifier was 

connected to a Multiclamp 700B amplifier, and the signals were digitized with 

a Digita 1440A A/D converter (Molecular Devices). 

XIIMNs were identified based on their size (17-40 µM), shape (round to 

triangular) and location (adjacent to the fourth ventricle in the caudal medulla ). 

Pipettes were apposed to the soma, and after a gigaohm seal was achieved the 

membrane was ruptured by suction. After a 5-minute equilibration period to 

confirm a stable recording, spontaneous inhibitory synaptic events (sIPSCs) were 

recorded before and after bath application of nicotine. We pharmacologically 

isolated glycinergic sIPSCs using 6-Cyano-7-nitroquinozaline-2,3-dione (CNQX), 

D-(-)-2-Amino-5-phosphonopentanoic acid (AP-5), and bicuculline methiodide to 

antagonize the AMPA type glutamate receptors, the NMDA receptors and the 

GABA receptors, respectively (drug concentrations for all experiments are given 

in Table 1).  Baseline sIPSCs were recorded for three minutes, and this was 

followed by an acute nicotine challenge, wherein nicotine bitartate was added to 

the superfusate and sIPSCs were recorded for an additional three minutes.  This 

protocol was followed by five minutes of washout with aCSF. 

Since sIPSCs reflect the sum of action potential mediated events as well 

as the random, quantal release of neurotransmitter from presynaptic vesicles, we 
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also examined the influence of DNE on the latter by recording miniature 

postsynaptic currents (mIPSCs) both before and after an acute nicotine 

challenge.  After a stable recording was achieved, CNQX, AP-5 and 

bicuculline methiodide were bath applied for 3 minutes to isolate glycinergic 

events, followed by two minutes of superfusion with this same cocktail, but with 

the addition of tetrodotoxin (TTX) to block action potential firing and isolate 

mIPSCs.  Glycinergic mIPSCs were recorded at baseline for three minutes, after 

which nicotine bitartrate was added to the superfusate. mIPSCs were recorded 

for an additional three minutes in the presence of nicotine, followed by a five 

minute washout period. In a subset of these cells, after TTX application and 

again after nicotine application, a square wave voltage step was introduced (-75 

mV to -80 mV) and used to calculate input resistance (Table 2). In the DNE 

group, a time-dependent decrease in glycine mIPSC amplitude and frequency 

was observed with bath application of nicotine.  Because long-term depression of 

a synapse can result in a decrease in the size of the readily releasable pool of 

vesicles, we next performed an experiment to assess mIPSC run-down over 

time (Goda & Stevens, 1998).  For these experiments, we recorded mIPSCs for 

10 minutes without the addition of nicotine and measured mIPSC frequency and 

amplitude in the third minute and last minute of the recording.  

To evaluate the influence of DNE on post-synaptic glycine receptors, 

recordings were again made in the presence of CNQX, AP-5, TTX, 

and bicuculline methiodide. We then bath applied glycine, to activate the post-

synaptic glycine receptors. Under our recording conditions, activation of the 
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glycine receptors produces an inward current and the peak of this current was 

measured. 

Drugs: Drugs and concentrations used for each experiment are 

summarized in Table 1. Drugs were purchased from Sigma (St. Louis, MO, 

USA), except for nicotine bitartrate (MP Biomedicals, LLC, Solon, OH, USA) and 

TTX (R&D Chemicals, Minneapolis, MN, USA). All drugs were mixed in aCSF on 

the day of the experiment from previously mixed aliquots that were frozen and 

stored at 0-2 °C.  Antagonists were used at concentrations known to be effective 

based on our previous studies or the literature. Nicotine was used at the highest 

dose that produced presynaptic effects without producing a significant inward 

current. This is important, as pilot studies showed that higher concentrations of 

nicotine (1 mM, 10 mM, and 100 mM) activates postsynaptic nAChRs and 

evokes an inward current, which creates noise in the record and decreases the 

ability to discriminate sIPSCs/mIPSCs. Agonists were used at concentrations that 

produce approximately half maximal responses, based on dose response 

experiments previously performed in our lab. The drug solutions were 

oxygenated and maintained at 27 °C and perfused into the recording chamber at 

a rate of 1.5-2 ml/min. 

Protocols: Data from a total of 66 cells are reported, with 33 cells from 

DNE neonates and 33 cells from control neonates.  For each experiment, cell 

numbers and the number of litters from which pups were derived are summarized 

in Table 1.  At the end of each experiment, measurements of resting membrane 
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potential and input resistance were repeated to confirm the health of the cell and 

that the gigaohm seal was still intact. 

Data analysis and statistics:  Differences in age, weight, resting 

membrane potential, input resistance at baseline, input resistance during acute 

nicotine challenge, and peak current produced by agonists were evaluated by 

comparing the means from each group using the Student’s unpaired t-

test.  Voltage clamp data were obtained with Clampex software (Molecular 

Devices, Sunnyvale, CA), and analyzed with a MiniAnalysis Program 

(Synaptosoft, Decatur, GA, USA). For all IPSCs, the inter-event interval (IEI) and 

peak amplitude were measured during the minute before nicotine application, 

and throughout the second and third minute of nicotine application. There were 

no differences in amplitude or IEI between the second and third minutes of 

nicotine application, so the third minute measurements were used for analysis.   

Statistical comparisons were done as follows.  First, the IEI and amplitude 

of all sIPSCs/mIPSCs from all cells within a treatment group were used to 

construct a cumulative probability distribution using Prism (GraphPad Software, 

Inc., La Jolla, CA) (e.g., Figures 4 and 5).  We expressed the 

cumulative probability as fractions ranging from 0 to 1, such that a value of 0.5 

defines the midpoint of the normalized IPSC amplitude or frequency distribution. 

In these graphs, the y-axis value is the fraction of events that lies at or below the 

corresponding x-axis value.  To compare the IEI and amplitude distributions 

under baseline conditions and during acute nicotine challenge, we performed a 

two-sample Kolmogorov-Smirnov (K-S) test using SPSS (IBM, Armonk, NY). To 
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compare the magnitude of the frequency response to an acute nicotine 

challenge, we first computed the mean change in IEI between baseline and 

nicotine challenge within each treatment group, and then compared the size of 

the change in control and nicotine exposed cells using Cohen’s d (Cohen, 1977), 

which gives a standardized measurement of the effect size of an intervention, in 

this case the change in amplitude or IEI in response to nicotine. Cohen’s d was 

calculated manually as follows, (Cohen’s d = [Mean 2– Mean1 / SDpooled), where 

(SDpooled = √(SD1
2 + SD2

2)/2).  Cohen’s d is generally interpreted using arbitrary 

cut points to conclude that an effect size is small (d < 0.2), medium (d < 0.5), or 

large (d < 0.8) (Rosnow RL, 1989). For the post-synaptic receptor experiments, 

the peak of the inward current was measured and Student’s unpaired t-test was 

used to compare the average postsynaptic current in control and nicotine 

exposed cells. Results are expressed as the mean ± SD, and/or the percent 

change from baseline ± SD.  P < 0.05 defined the threshold for statistical 

significance. 

Results 

Age and weight of the animals used, Vm and input resistance.  As shown 

in Table 2, there is no difference in age or body weight between control animals 

and DNE animals, nor were there differences in resting membrane potential or 

input resistance at baseline, although there was a trend toward higher body 

weight and higher input resistance in DNE cells compared to control.  Similarly, 

there were no significant changes in input resistance in response to acute 

nicotine in either control (baseline: 224±15.1 Mohms, acute nicotine 199±47.7 
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Mohms; P=0.36) or DNE cells (baseline: 323±12.3 Mohms, acute nicotine: 

275±74.1 Mohms; P=0.12). 

Frequency and amplitude of glycinergic sIPSCs at baseline. To evaluate 

the influence of DNE on network level glycinergic synaptic inputs under baseline 

conditions, we evaluated differences in the distribution of inter-event intervals 

(IEIs) of glycinergic sIPSCs in control and DNE cells. Figure 1A and 1B are 

example recordings of glycinergic sIPSCs from one control cell and one DNE 

cell.  Differences in IEIs between control and DNE animals are not obvious when 

looking at Figures 1A and 1B; nonetheless, Figure 1C shows a left shift in the 

distribution of IEIs in DNE cells compared to control, indicating that DNE 

increases the frequency of GABAergic inhibitory inputs slightly but significantly 

(K-S test: P<0.0001, Figure 1C).  The group average data for all events in all 

cells is shown in Table 3.  The average data are consistent with the probability 

distribution data, in that the IEIs of sIPSCs at baseline are significantly shorter in 

the DNE cells. 

Differences in the amplitude of spontaneous events in control and DNE 

cells could be due to either presynaptic or postsynaptic mechanisms (Vautrin & 

Barker, 2003). The representative recordings shown in Figures 1A and 1B show 

that, under baseline conditions, the amplitude of glycinergic sIPSCs is lower in 

DNE cells than in control cells, consistent with the left shift in the amplitude 

distribution in DNE cells compared to control (K-S test: P<0.0001, Figure 1D) and 

with the group average data (Table 3). 
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Frequency and amplitude of glycinergic miniature IPSCs (mIPSCs) at 

baseline.  To evaluate how DNE affects the frequency of the 

random, quantal release of glycine from the end terminals, we 

recorded glycinergic mIPSCs.  Figures 2A and 2B are example recordings 

of glycinergic mIPSCs from one control cell and one DNE cell. Figure 2C shows 

that the distribution of IEIs is the same in DNE and control cells (K-S test: 

P=0.392, Figure 2C), and the average data in Table 3 also show that DNE fails to 

alter the frequency of glycinergic mIPSCs. 

Changes in the amplitude of mIPSCs is usually thought to reflect changes 

in postsynaptic receptor number or function, however this effect can also have a 

presynaptic origin (Del Castillo & Katz, 1954; Vautrin & Barker, 2003). Under 

baseline conditions, the amplitude distribution of glycinergic mIPSCs is right 

shifted, indicating increased mIPSC amplitudes, in DNE cells compared to 

control cells (K-S test: P=0.044, Figure 2D).  The average data shown in Table 3 

also document a significantly larger amplitude in the DNE cells compared to 

control.   

Postsynaptic glycine receptors.  The results of the above experiments 

indicate complex changes to glycinergic synaptic inputs to XIIMNs. To gain a 

more complete understanding of the DNE-mediated changes 

in glycinergic synaptic transmission, we assessed the postsynaptic response to 

activation of glycine receptors with agonists. To evaluate DNE-mediated 

postsynaptic effects on glycine receptor function, recordings were obtained from 

XIIMNs and 200 µM glycine was bath applied in the presence of CNQX, AP-
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5, bicuculline methiodide and TTX (Table 1).  Figure 3A shows an example trace 

of the inward current that results from activation of the postsynaptic 

glycine receptors with bath application of 200µM glycine in a control cell. The 

average peak amplitude of the glycine receptor-mediated inward current was the 

same in control (-600.9 ± 113.4 pA, n=8 cells) and DNE cells (-534.6 ± 84.61 pA, 

n=8 cells) (t-test: P=0.6468, Figure 3B). 

            The effects of acute nicotine challenge on glycinergic sIPSCs. Acute 

nicotine challenge stimulates nAChRs at pre and postsynaptic sites. Chronic 

nicotine desensitizes nAChRs, which could modify glycine release 

from glycinergic neurons. Accordingly, we bath applied 0.5 µM nicotine and 

evaluated changes in the frequency and amplitude of glycinergic sIPSCs. The 

frequency of glycinergic sIPSCs increased with acute nicotine challenge in both 

control cells and DNE cells (reduced IEI).  This is demonstrated as a left shift in 

the distribution of IEIs in response to an acute nicotine challenge in control cells 

(K-S test: P<0.0001, Figure 4A), and in DNE cells (K-S test: P<0.0001, Figure 

4B).  However, the magnitude of the change evoked by acute nicotine was 

exaggerated in the DNE cells.  Effect size analysis using Cohen’s d gave a value 

of 0.44 for control cells and 0.7 for DNE cells, indicating a much larger effect in 

DNE compared to control, consistent with the average data showing a 52% 

decline in IEI in control cells but a 114% decrease in the DNE cells (Table 4). 

            We also examined the change in sIPSC amplitude in response to an 

acute nicotine challenge. The average glycinergic sIPSC amplitude decreased 

with nicotine in control cells, as indicated by a left shift in the distribution (K-S 
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test: P<0.0001, Figure 4C), whereas there was an increase in sIPSC amplitude in 

DNE cells, as indicated by a right shift in the distribution (K-S test: P=0.040, 

Figure 4D).  On average, sIPSC amplitude declined by 25% in response to 

nicotine in control cells, but increased by 17% in the DNE cells (Table 4). 

            The effects of acute nicotine challenge on glycinergic mIPSCs. To assess 

whether activation of nAChRs at the glycinergic end terminals modulates the rate 

of spontaneous single vesicle release, and to see if DNE modifies release, we 

added 0.5 µM nicotine to the drug cocktail described in Table 1 to analyze the 

change in mIPSC frequency in response to an acute nicotine challenge. Nicotine 

application did not change the frequency of glycinergic mIPSCs in control cells 

(K-S test: P=0.757, Figure 5A). In contrast, in DNE cells nicotine evoked a 

significant increase in the average glycinergic mIPSC IEI (i.e., a decrease in 

frequency) (P<0.0001, Figure 5D).  The average increase in the IEI with acute 

nicotine was 27% (Table 4). 

 As discussed in Methods, it is known that the activation of end 

terminal nAChRs can result in an increase in vesicular release directly, due to 

calcium influx through the channel, or indirectly by causing depolarization 

sufficient to activate voltage gated calcium channels. Since a decrease in 

frequency of glycinergic mIPSCs was observed in the DNE group during acute 

nicotine application, we performed a control experiment in 5 additional DNE cells, 

where mIPSCs were recorded over a six-minute period. Average IEIs and 

amplitudes over the third minute were compared to average values over the sixth 

minute of recordings. The results of this experiment revealed that there is indeed 
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a time-dependent decrease in mean glycinergic mIPSC frequency, with no 

change in mean mIPSC amplitude (IEI: third minute (n=52), 7659 ± 2125 msec; 

sixth minute (n=40), 9054 ± 4345 mSec, P=0.045).  

Finally, we studied the influence of an acute nicotine challenge on the 

amplitude of mIPSCs. Acute nicotine challenge resulted in an increase in the 

amplitude of glycinergic mIPSCs in control cells (K-S test: P=0.036, Figure 5C), 

which showed, on average, a 30% increase in amplitude in response to the 

nicotine challenge.  In contrast, there was no significant change 

in mIPSC amplitude in DNE cells (K-S test: P=0.504, Figure 5D and Table 4). 

 

Discussion 

Here we show that DNE is associated with alterations in glycinergic 

synaptic input to XIIMNs. Under baseline conditions, glycinergic sIPSCs were 

slightly more frequent and much smaller in DNE cells compared to control.  

Additionally, although the mIPSC amplitudes were higher in DNE cells compared 

to control cells, we found no change in the current response to activation of 

postsynaptic glycine receptors.   

We also show that DNE cells had an exaggerated response to an acute 

nicotine challenge, which manifested as a significantly larger increase in 

glycinergic sIPSC frequency and amplitude in DNE cells compared to control. In 

the following sections we discuss how DNE may be mediating these alterations 

in glycinergic input to XIIMNs, and how they may alter normal function. 
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Effects of DNE on baseline glycinergic neurotransmission.  Previous work 

has shown that DNE causes a decrease in the size and complexity of XIIMNs 

(Powell et al., 2016) and decreases the frequency of both GABAergic and 

glutamatergic sIPSCs in XIIMNS (Wollman et al., 2016, (Pilarski et al., 2011). 

Based on this, we hypothesized that DNE would also cause a decrease in the 

frequency of glycinergic sIPSCs in XIIMNs. However, we found that under 

baseline conditions glycinergic sIPSCs in DNE cells were slightly, but 

significantly more frequent than in control cells, however they have markedly 

reduced amplitudes. An increased frequency of glycinergic sIPSCs at baseline 

may be due to increased rate of action potential firing or an increase in the 

number of glycinergic projections to XIIMNs, whereas a decrease in sIPSC 

amplitude, given an increase in mIPSC amplitude (see below), indicates that 

fewer vesicles of neurotransmitter are being released from glycinergic end 

terminals in response to an action potential.  

sIPSCs are composed of both action potential-mediated and randomly 

generated spontaneous neurotransmitter release from pre-synaptic vesicles (Ji & 

Dani, 2000; Takeda et al., 2003).  To gain insight into the influence of DNE on 

the latter, we blocked action potentials with TTX and recorded miniature IPSCs 

(mIPSCs) in XIIMNs. At baseline, the frequency of glycinergic mIPSCs was the 

same in DNE cells and control cells, but the amplitudes of these events were 

significantly increased in DNE cells. Since there was no change in the 

postsynaptic current response to bath applied glycine, this could indicate that 

DNE results in an increase in the amount of neurotransmitter contained within 
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each synaptic vesicle. Alternatively, this could be due to a reduced number of 

glycine receptors, but an increased single channel conductance. Changes such 

as these could occur due to altered intracellular calcium concentrations. For 

instance, phosphorylation by PKA increases single channel conductance of 

glycine receptors (Acuna et al., 2016), and PKC activation can alter the number 

of receptors at the synapse and is thought to be involved in maladaptive forms of 

synaptic plasticity (Specht et al., 2011). Interestingly, we found that mIPSC rise 

time was shorter in DNE cells (2.2±0.09 mSec) compared to control (2.5±0.08 

mSec) (P=0.0304, data not shown). This may indicate that glycinergic synapses 

on XIIMNs are located closer to the soma in DNE cells compared to control 

(Bekkers & Clements, 1999), which is consistent with recent work showing that 

XIIMNs from DNE animals have a less complex dendritic arbor (Powell et al., 

2016). 

Effects of DNE on nicotinic modulation of glycinergic synaptic transmission 

(sIPSCs and mIPSCs).  In control cells, acute nicotine challenge increased the 

frequency, and decreased the amplitude of glycinergic sIPSCs. In DNE cells, 

acute nicotine challenge caused an exaggerated increase in glycinergic sIPSC 

frequency compared to control cells, and an increase in sIPSC amplitude instead 

of a decrease, as seen in control cells. These data indicate that, as with 

GABAergic interneurons (Wollman et al., 2016), DNE causes a functional 

upregulation of nAChRs on glycinergic inhibitory interneurons, and suggest that 

they are of a different subtype than those found postsynaptically on XIIMNs that 

are known to desensitize due to DNE (Pilarski et al., 2012). 
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We found that glycinergic mIPSC frequency was not altered by acute 

nicotine in control cells. This indicates that if nAChRs are present at the axon end 

terminals of glycinergic neurons, they do not participate in increasing single 

vesicle release. In DNE cells, we found a decrease in mIPSC frequency during 

nicotine application, however this was determined to be an effect of time as 

opposed to a true effect of acute nicotine challenge. Why this occurs with 

glycinergic mIPSCs but was not observed with GABAergic mEPSCs is not 

known, but may reflect differences in plasticity responses at the end terminals if, 

for instance, different nAChR subtypes are present.  

Glycinergic mIPSC amplitude did not change in response to acute nicotine 

challenge in DNE cells, however acute nicotine caused an increase in mIPSC 

amplitude in control cells.  This difference could be due to desensitized 

postsynaptic nAChRs, which cannot trigger calcium influx and activation of 

subsequent signaling pathways. Another explanation is that glycine receptors in 

DNE cells are phosphorylated due to changes in intracellular calcium, as 

discussed above, and subsequent calcium influx through nAChRs has no further 

effect on receptor function. Nevertheless, the mechanisms that account for the 

lack of increase in mIPSC amplitude in cells from DNE animals are currently 

unknown. 

DNE and plasticity of inhibitory synaptic transmission.  Our results show 

that DNE causes complex changes in glycinergic synaptic transmission to 

XIIMNs, both at the network level and at the level of the synapse. Although the 

increased frequency of network-level glycinergic transmission was statistically 
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significant, the functional significance of this change is not clear. Neurons use a 

variety of homeostatic plasticity mechanisms to maintain normal output in the 

face of environmental perturbations. For instance, synaptic scaling is a 

mechanism by which presynaptic firing rate may be altered based on the 

response of the postsynaptic cell (Turrigiano, 2012). XIIMNs are more excitable 

than their control counterparts (Pilarski et al., 2011) and, as noted in the 

introduction, receive decreased GABAergic inhibition at rest (Wollman et al., 

2016). It is possible that the increase in the frequency of network-level glycinergic 

transmission observed here is a homeostatic mechanism aimed at restoring a 

balance between excitation and inhibition, which is critical for the production of 

normal behavior (Cline, 2005). However, if this is the case then compensation 

appears to be incomplete, as the amplitudes of these currents are still 

significantly smaller in DNE cells compared to control.  Interestingly, the changes 

in vesicular release observed at baseline in DNE cells could also reflect a 

homeostatic mechanism aimed at mitigating the reduction in spontaneous event 

amplitude, or could be the result of altered intracellular calcium signaling. For 

example, DNE has been associated with alterations in the number and 

conductance of L-type voltage gated calcium channels (Hayashida et al., 2005), 

and changes in intracellular calcium concentrations, which could be mediating 

these changes as explained above (Specht et al., 2011; Acuna et al., 2016).	  

As with GABAergic inputs to XIIMNs, acute nicotine application results in 

an exaggerated increase in glycinergic transmission in DNE cells, which 

suggests that the nAChR on glycinergic neurons may be upregulated by chronic 
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nicotine but do not undergo long-term desensitization, a phenomenon that is 

known to occur in other regions of the brain (Kawai & Berg, 2001; Picciotto et al., 

2008). It is important to note that while low dose nicotine is present in the CSF of 

DNE animals, the aCSF used in our experiments does not contain nicotine, so 

our brainstem slices are in the absence of nicotine for 2-3 hours by the time 

recordings are made. Therefore, if nAChRs on glycinergic neurons are 

upregulated, recovery from desensitization secondary to nicotine withdrawal 

could be mediating the exaggerated increase in inhibition that occurs with acute 

nicotine challenge.  

Clinical significance. Nicotine exposure in utero is associated with the 

altered development of complex homeostatic behaviors that depend on precise 

control of the muscles of the tongue. For example, infants born to smoking 

mothers have increased incidence of obstructive apneas (Kahn et al., 1994), 

which can cause marked hypoxia, sleep fragmentation, and is likely to result in 

considerable morbidity (Katz et al., 2012). Although many factors can contribute 

to obstructive apnea, insufficient drive to the muscles of the tongue during sleep 

is a major cause (Horner, 2008). Importantly, acetylcholine release, which 

mediates the transition from NREM to REM sleep, is normally associated with an 

increase in glycinergic inhibition, and decreased tone of the muscles of the 

tongue (Fung & Chase, 2015). Our data indicate that nicotine exposure could 

result in exaggerated glycinergic inhibition of XIIMNs in response to acetylcholine 

release, which would make this transition a time where nicotine exposed infants 

are particularly vulnerable to airway obstruction.	  
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Figure and Table Legends 

 Table 1. List of drug cocktails used to isolate pre and postsynaptic 

glycine receptors and the number of cells used in each condition. The 

number of litters from which the cells were derived is also shown. 

 Table 2. Age, weight, resting membrane potential (mV) and input 

resistance (Rin) in XIIMNs from control and DNE animals.  Values are mean 

± SD. There were no significant differences in any of these variables between 

control and DNE cells. 

 Table 3. Number of events analyzed in each condition (n) and 

average values for IEI and amplitude for glycinergic sIPSCs and mIPSCs at 

baseline.  Values for each group under baseline conditions are shown. P values 

are from Student’s t-test comparisons between control and DNE cells. 

 Figure 1. IEI and amplitude of glycinergic sIPSCs at baseline.  

Representative traces of pharmacologically isolated glycinergic sIPSCs in 

XIIMNs from a control animal (Panel A) and a DNE animal (Panel B), under 

baseline conditions. Panels C and D: Cumulative probability distributions for 

glycinergic sIPSC IEIs and amplitudes from control (solid line) and DNE cells 

(dashed line).  The IEI of glycinergic sIPSCs was slightly but significantly shorter 

in DNE cells compared to control, indicating a higher frequency of these events 

(K-S test: P<0.0001, asterisk) (Panel C).  The average amplitude of glycinergic 

sIPSCs was significantly higher in control cells compared to DNE cells  (K-S test: 

P<0.0001, Panel D, asterisk).  Average data for all events included in the 

distributions are summarized in Table 3. 
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 Figure 2. IEI and amplitude of glycinergic mIPSCs at baseline. 

Representative traces of pharmacologically isolated glycinergic mIPSCs in 

XIIMNs from a control animal (Panel A) and a DNE animal (Panel B), under 

baseline recording conditions. Panels C and D: Cumulative probability 

distributions for glycinergic mIPSC IEIs and amplitudes from control (solid line) 

and DNE cells (dashed line).  The IEI of glycinergic mIPSCs was not different 

between DNE cells and control cells (K-S test: P=0.392, Panel C). The mean 

amplitude of mIPSCs was significantly higher in DNE cells compared to control 

(K-S test: P=0.044, Panel D). Average data for all events included in the 

distributions are summarized in Table 3. 

 Figure 3. No influence of DNE on postsynaptic glycine receptors. 

Representative trace of the glycine receptor mediated inward current in XIIMNs 

from a control animal (Panel A), evoked by bath application of 200 µM glycine in 

the presence of TTX.  Panel B shows the postsynaptic glycine receptor-mediated 

inward current in DNE (n=8) and control cells (n=8), and it is clear that DNE had 

no impact on postsynaptic glycine receptor activation.  

Table 4. Number of events analyzed in each condition (n) and 

average values for IEI and amplitude for glycinergic sIPSCs and mIPSCs at 

baseline and during acute nicotine challenge.  Values for each group are 

shown. P values are from comparisons between values at baseline and during 

acute nicotine challenge within each treatment group, using Student’s t-test. 

 Figure 4. IEI and amplitude distributions of glycinergic sIPSCs in 

control and DNE cells, at baseline and during acute nicotine challenge. 
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Cumulative probability distributions of glycinergic sIPSC IEIs and amplitudes, 

measured under baseline conditions (solid line) and during bath application of 0.5 

µM nicotine (dashed line). Asterisk indicates significant difference in distributions 

as indicated by K-S test. Acute nicotine challenge caused a left shift, toward 

shorter IEIs of glycinergic sIPSCs in both control cells (K-S test: P<0.0001, Panel 

A) and DNE cells (K-S test: P<0.0001, Panel B), though this effect was 

exaggerated in DNE cells (Cohen’s D: Control 0.44, DNE 0.7).  Acute nicotine 

challenge evoked a decrease in sIPSC amplitude in control cells (K-S test: 

P=0.002, Panel C), but a slight increase in DNE cells (K-S test: P<0.0001, Panel 

D). Average data for all events included in the distributions are summarized in 

Table 4. 

 Figure 5. IEI and amplitude distributions of glycinergic mIPSCs in 

control and DNE cells, at baseline and during acute nicotine 

challenge.Cumulative probability distributions of glycinergic mIPSC IEIs and 

amplitudes, measured under baseline conditions (solid line) and during bath 

application of 0.5 µM nicotine (dashed line).  Acute nicotine challenge did not 

change the IEI distribution of glycinergic mIPSCs in control cells (K-S test: 

Control P=0.757, Panels A), but caused a significant increase in the distribution 

of IEIs in DNE cells (asterisk, K-S test: P<0.0001, Panel B). Acute nicotine 

challenge evoked a significant increase in the amplitude distribution of mIPSCs in 

control cells (asterisk, K-S test: P=0.036, Panel C), but there was no change in 

mIPSC amplitude in DNE cells (K-S test: P<0.504, Panel D). Average data for all 

events included in the distributions are summarized in Table 4.  
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Abstract 

 Changes in AMPA receptor-mediated glutamatergic transmission underlie 

many forms of synaptic plasticity and neuronal development.  Nicotine exposure 

in utero and after birth (developmental nicotine exposure, DNE) is associated 

with various abnormalities in hypoglossal motoneurons (XIIMNs) including 

morphological changes over the first week of life, increased excitability, and 

desensitized nicotinic acetylcholine receptors (nAChRs). Here we test the 

hypothesis that DNE alters AMPA receptor mediated glutamatergic synaptic 

transmission to XIIMNs at baseline, and during activation of nAChRs with an 

acute nicotine challenge. Glutamatergic spontaneous and miniature postsynaptic 

currents were recorded from XIIMNs in thick brainstem slices from control and 

DNE neonatal rat pups within the first week of life. Our results show that there 

are significant differences in glutamatergic synaptic transmission between control 

and DNE cells at baseline, and that the normal development of glutamatergic 

transmission that occurs between postnatal days 1-2 (P1-2) and postnatal days 

3-4 (P3-4) is altered by DNE. Additionally, while there are minor differences in 

the response to an acute nicotine challenge between control and DNE cells in the 

P1-2 age group, by P3-4 DNE pups had a significantly altered response to 

nicotinic receptor-mediated modulation of glutamatergic inputs to XIIMNs, 

consistent with nAChR desensitization. These results suggest that DNE may 

alter the balance of excitation and inhibition in XIIMNs, and increase the risk for 

obstructive apnea, particularly during states of increased acetylcholine release, 

such as the transition into REM sleep.  
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Introduction 

Hypoglossal motoneurons (XIIMNs) innervate the muscles of the tongue, 

which participate in the control of a variety of motor tasks including suckling, 

swallowing and breathing (Lowe, 1980). Coordination of tongue muscle activity 

during these complex behaviors relies on appropriate timing and strength of 

XIIMN output, which is strongly influenced by the balance of excitatory and 

inhibitory fast-synaptic inputs to these neurons (Berger, 2000). During 

development, neuronal activity results in rapid growth and synaptogenesis, and 

neurons use a number of homeostatic mechanisms to maintain 

excitatory/inhibitory balance in response to these destabilizing forces (Turrigiano 

& Nelson, 2004). Environmental factors, such as exposure to a neuroteratogen, 

can also be destabilizing influences and can have serious and long lasting effects 

on the developing brain (Cirulli, 2001). Prenatal nicotine exposure is associated 

with various abnormalities in infants, including decreased suckling strength 

(Martin et al., 1979) and increased incidence of obstructive apneas (Kahn et al., 

1994), suggesting that nicotine exposure at this time may alter the 

excitatory/inhibitory balance in XIIMNs. 

The effects of chronic nicotine on the developing brain are attributed to its 

action on nicotinic acetylcholine receptors (nAChRs), which are well known for 

their role in modulating synaptic transmission, but also regulate many early 

developmental events and can significantly contribute to synaptic plasticity (Role 

& Berg, 1996). Highly calcium permeable nAChRs are expressed early and 

widely throughout the central nervous system, where they regulate gene 
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expression, axon pathfinding, and synaptogenesis (Dwyer et al., 2008). In later 

stages of development, nAChR activation can modulate NMDA-type glutamate 

receptor activity at both pre and postsynaptic locations, contributing to plasticity 

of glutamatergic synapses (Lin et al., 2010; Yang et al., 2013). NMDA receptor 

activation, in turn, tightly controls AMPA-type receptor expression at 

glutamatergic synapses, which mediate a majority of excitatory fast-synaptic 

transmission under physiological conditions (Oshima et al., 2002).  

Previous work has shown that developmental nicotine exposure (prenatal 

exposure with continued exposure in the first week of life, DNE) is associated 

with various changes in the intrinsic properties of XIIMNs, including 

morphological changes in XIIMNs over the first week of life (Powell et al., 2016). 

Specifically, at postnatal days 1-2 (P1-2), XIIMNs from DNE animals have a 

significantly more complex dendritic arbor compared to control, but by P3-4 the 

arbor is less complex. Additionally, DNE is associated with hyperexcitable 

XIIMNs (Pilarski et al., 2011) and decreased excitatory synaptic inputs to XIIMNs 

(Pilarski et al., 2011). Interestingly, we have recently shown that DNE alters 

inhibitory synaptic input to XIIMNs, including significantly decreased GABAergic 

inputs to XIIMNs, but an increased postsynaptic response to muscimol, a GABAA 

receptor agonist (Wollman et al., 2016, Wollman et al., 2017). This latter finding 

is in line with previous data showing an increase in GABAA receptor expression in 

the region of the XII motor nucleus (Jaiswal et al., 2016), and may indicate a 

homeostatic mechanism aimed at mitigating increased excitability.  
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With this study, we aim to gain a further understanding of how DNE affects 

excitatory/inhibitory balance in XIIMNs by testing the hypothesis that DNE alters 

AMPA receptor-mediated glutamatergic synaptic transmission to these neurons. 

Furthermore, since it has long been known that DNE alters nAChR function in 

many brain regions, including causing long-term desensitization of those located 

on XIIMNs (Pilarski et al., 2011), we test the hypothesis that DNE alters how 

glutamatergic inputs to XIIMNs are modulated by nAChR activation with an acute 

nicotine challenge.  

 

Materials and Methods 

            Animals. We used 42 Sprague-Dawley rat pups of either sex, ranging in 

age from postnatal day one (P1) through postnatal day 4 (P4), which 

corresponds to gestational age 29-34 weeks in humans (Clancy et al., 2001). 

Nicotine exposed rat pups were taken from 12 separate litters, saline-exposed 

and unexposed neonates were taken from 14 separate litters. All neonates were 

born via spontaneous vaginal delivery from pregnant adult female rats purchased 

from Charles River Laboratories (Wilmington, MA). Neonates were housed with 

their mothers and siblings in the animal care facility at the University of Arizona 

under a 12:12 hour light/dark cycle (lights on 07:00 h), in a quiet room maintained 

at 22 °C and 20-30% relative humidity, and with water and food available ad 

libitum. All procedures and protocols described were approved by the University 

of Arizona Institutional Animal Care and Use Committee, and in accordance with 

National Institutes of Health guidelines. 
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            Developmental nicotine exposure.  Pregnant dams were anesthetized 

with a subcutaneous injection of ketamine (25 mg/kg), xylazine (8.0 mg/kg) 

and acepromazine (1 mg/kg) and an Alzet 1007D mini-osmotic pump 

(Alzet Corp., CA, USA) was implanted subcutaneously on gestational day 5, as 

previously described (Huang et al., 2004; Luo et al., 2004; Luo et al., 2007). A 

subcutaneous injection of buprenorphine (0.5 mg/kg) was given to control 

postoperative pain. The 28-day pump exposes the pup via the placenta 

throughout the remainder of gestation (approximately 16 days), and via breast 

milk after birth, and these successive pre and postnatal exposures define 

DNE.  The pump was loaded to deliver an average dose of 6 mg/kg/day of 

nicotine bitartrtate.  We previously showed that this dose produces plasma 

cotinine levels in the pups ranging from 60-92ng/ml (Powell et al., 2016), which is 

comparable to that seen in the plasma of human infants born to mothers who are 

considered moderate smokers (Berlin et al., 2010). Control animals were 

obtained from pregnant dams implanted with an Alzet pump filled with saline 

(sham control), or from pregnant dams that did not undergo pump implantation 

(true control).  Consistent with our previous studies, there were no systematic 

differences between sham control and true control for any of the measured 

variables, so the data from these two groups was combined. 

Medullary slice preparation. Pups of either sex were removed from their 

cages and weighed, anesthetized on ice and decerebrated at the coronal suture. 

The vertebral column and ribcage were exposed and placed in cold (4-8 °C) 

oxygenated (95% O2- 5% CO2) artificial cerebrospinal fluid (aCSF), composed of 
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the following (in mM): 120 NaCl, 26 NaHCO3, 30 glucose, 1 MgSO4, 3 KCl, 1.25 

NaH2PO4, and 1.2 CaCl2 with pH adjusted to 7.4 and osmolarity to 300-

325 mOsm. The brainstem and spinal cord was extracted and all tissue above 

the pontomedullary junction was removed. The preparation was then glued to an 

agar block, rostral surface up, and 2-3 transverse medullary slices (300-500mM) 

containing the hypoglossal motor nucleus were cut in a vibratome (VT1000P, 

Leica) filled with ice-cold aCSF. The slices were then transferred to an 

equilibration chamber containing fresh, oxygenated, room temperature aCSF and 

allowed to recover for 1.5 hours before recording. 

Electrophysiology. Equilibrated slices were transferred to a recording 

chamber and perfused with aCSF at a rate of 1.5-2 ml/min. aCSF was 

oxygenated and maintained at 27 °C (TC-324B temperature controller, Warner 

Instrument Corporation). XIIMNs were visualized with an Olympus BX-50WI 

fixed-stage microscope (40x water-immersion objective, 0.75 N.A.) with 

differential contrast optics and a video camera (C2741-62, Hamamatsu). 

Recordings were made with glass pipettes (tip resistance 3-7 MW) pulled from 

thick-walled borosilicate glass capillary tubes (OD: 1.5 mm, ID: 0.75 mm). To 

make EPSCs larger and easier to visualize, we used a CsCl based intracellular 

solution containing (in mM): 130 CsCl, 5 NaCl, 2 MgCl2, 1 CaCl, 10 HEPES, 2 

ATP-Mg, 2 Sucrose, with pH adjusted to 7.2 and osmolarity of 250-275 mOsm. 

Under these conditions, the chloride reversal potential is set at approximately 0 

mV (actual value = -2.8 mV) and therefore both excitatory and inhibitory post-

synaptic currents are inward at a holding potential of -75 mV.  Filled pipettes 
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were attached to a head stage mounted in a micromanipulator (MP-225, Sutter 

Instrument Company). The head stage was connected to a Multiclamp 700B 

amplifier, and the signals were digitized with a Digita 1440A A/D converter 

(Molecular Devices). 

The following procedures pertain to all recordings. First XIIMNs were 

identified based on their size, shape and location. Pipettes were apposed to the 

soma, and after a gigaohm seal was achieved the membrane was ruptured by 

suction. After a 5-minute equilibration period to confirm a stable recording, we 

pharmacologically isolated AMPA receptor-mediated sEPSCs using D-(-)-2-

Amino-5-phosphonopentanoic acid (AP-5), strychnine hydrochloride, 

and bicuculline methiodide to antagonize the NMDA receptors the glycine 

receptors, and the GABAA receptors, respectively (Table 1). Spontaneous 

excitatory synaptic currents (sEPSCs) were recorded for three minutes at 

baseline, and then for an additional three minutes during bath application of 

nicotine (acute nicotine challenge). This protocol was followed by five minutes of 

washout with aCSF. 

Since sEPSCs reflect the sum of action potential mediated events as well 

as the random, quantal release of neurotransmitter from presynaptic vesicles, we 

also examined the influence of DNE on the latter by recording miniature 

excitatory postsynaptic currents (mEPSCs) both before and after an acute 

nicotine challenge.  After a stable recording was achieved, AP-5 

was superfused to block NMDA receptors, together with strychnine hydrochloride 

and bicuculline methiodide to block glycinergic and GABAergic transmission, 
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thus isolating AMPA-mediated excitatory events.  This cocktail 

was superfused for three minutes, followed by the addition of tetrodotoxin (TTX) 

for two minutes to block action potential firing.  AMPA receptor-mediated 

mEPSCs were recorded at baseline for three minutes, after which 

nicotine bitartrate was added to the superfusate. mEPSCs were recorded for an 

additional three minutes in the presence of nicotine, followed by a five minute 

washout period.  

To evaluate the influence of DNE on post-synaptic AMPA receptors, 

recordings were again made in the presence of AP-5, strychnine hydrochloride, 

bicuculline methiodide, and TTX. We then bath applied AMPA, to activate the 

post-synaptic AMPA receptors. Under these conditions, activation of the 

AMPA receptors produces an inward current and the peak of this current was 

measured. 

Drugs: Drugs and concentrations used for each experiment are 

summarized in Table 1. Drugs were purchased from Sigma (St. Louis, MO, 

USA), except for nicotine bitartrate (MP Biomedicals, LLC, Solon, OH, USA) and 

TTX (R&D Chemicals, Minneapolis, MN, USA). All drugs were mixed in aCSF on 

the day of the experiment from previously mixed aliquots that were frozen and 

stored at 0-2 °C.  Antagonists were used at concentrations known to be effective 

based on our previous studies or the literature. Nicotine was used at the highest 

dose that produced presynaptic effects without producing a significant inward 

current, which we found to be 0.5 µM (Table 1).  This is important, as pilot 

studies showed that higher concentrations of nicotine (1 mM, 10 mM, and 
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100 mM) activates postsynaptic nAChRs and evokes an inward current, which 

creates noise in the record and decreases the ability to 

discriminate sEPSCs/mEPSCs. AMPA was used at a concentration that 

produced an approximately half maximal response, based on dose response 

experiments previously performed in our lab. The drug solutions were 

oxygenated and maintained at 27 °C and perfused into the recording chamber at 

a rate of 1.5-2 ml/min. 

Protocols: Data from a total of 72 cells are reported, with 36 cells from 

DNE neonates and 36 cells from control neonates. Cell numbers for each 

experiment are summarized in Table 1.  At the end of each experiment, 

measurements of resting membrane potential and input resistance were 

repeated to confirm the health of the cell and that the gigaohm seal was still 

intact. 

Data analysis and statistics:  Because of the morphological changes seen 

in neurons from DNE animals between P1-2 and P3-4 (Powell et al., 2016), we 

analyzed our data within these two age groups. Differences in age, weight, 

resting membrane potential, and peak current produced by agonists were 

evaluated between treatment groups, and between age groups within a treatment 

group, by comparing the means from each group using a two-way ANOVA with 

Tukey’s post hoc test for multiple comparisons.  Post-synaptic currents were 

recorded in voltage clamp with Clampex software (Molecular Devices, 

Sunnyvale, CA), and analyzed with MiniAnalysis software (Synaptosoft, Decatur, 

GA, USA). For all EPSCs, the inter-event interval (IEI) and peak amplitude were 
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measured during the minute before the nicotine challenge, and throughout the 

second and third minute of the challenge. For mEPSCs, rise time was measured 

during these same time points. There were no differences in these parameters 

between the second and third minutes of nicotine challenge, so the third minute 

measurements were used for analysis.  Statistical comparisons were done as 

follows.  First, the IEI and amplitude of all sEPSCs/mEPSCs from all cells within 

an age or treatment group were used to construct a cumulative probability 

distribution using Prism (GraphPad Software, Inc., La Jolla, CA) (e.g., Figures 4 

and 5).  We expressed the cumulative probability as fractions ranging from 0 to 1, 

such that a value of 0.5 defines the midpoint of the normalized EPSC amplitude 

or frequency distribution. In these graphs, the y-axis value is the fraction of 

events that lies at or below the corresponding x-axis value.   To compare the IEI 

and amplitude distributions between baseline conditions and during acute 

nicotine application, we performed a two-sample Kolmogorov-Smirnov (K-S) test 

using SPSS (IBM, Armonk, NY).  

To compare PSC IEIs and amplitudes and mEPSC rise time at baseline a 

two-way ANOVA was used to compare the means of each probability distribution 

between treatment conditions (i.e., control vs. DNE) and between age groups. 

When the ANOVA was significant, Tukey’s post-hoc test was performed to 

identify significant contrasts. For the post-synaptic receptor experiments, the 

peak of the inward current was measured and the means from each group at 

each age were compared using a two-way ANOVA.  We considered a P value 
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equal to or less than than 0.05 to be statistically significant.  Results are 

expressed as the mean ± SD, and/or the percent change from baseline ± SD. 

Results 

Age and weight of the animals used, and the Vm and input resistance of 

XIIMNs in each group.  As shown in Table 2, there is no difference in age or body 

weight between control animals and DNE animals in either age group, nor were 

there differences in resting membrane potential, or input resistance within either 

age group.  

Frequency and amplitude of glutamatergic EPSCs at baseline. To 

evaluate the influence of DNE on network level AMPA receptor-mediated 

glutamatergic synaptic inputs under baseline conditions, we evaluated 

differences in the distribution of inter-event intervals (IEIs) of sEPSCs in control 

and DNE cells. Figure 1A is an example recording of sEPSCs in a control cell 

from a P1 animal. Figure 1B shows cumulative probability curves of IEIs from 

control animals and DNE animals in each age group. At P1-2, IEIs from DNE 

cells (Figure 1B, solid red line) were significantly shorter than in control (solid 

blue line in Figure1B), indicating increased frequency of sEPSCs in DNE cells. 

This is confirmed by the average data shown in the bar graphs in Figure 1B.   

In control cells, there is a left shift in the distribution of IEIs from P1-2 to 

P3-4 (Figure 1B, compare solid and dashed blue lines), indicating that there is an 

increase the frequency of AMPA receptor-mediated glutamatergic excitatory 

inputs with age, which is also seen when comparing the average data for control 

cells at P1-2 and P3-4 (Figure 1B, bar graphs). In contrast, in DNE cells the 
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distribution of IEIs is identical at P1-2 and P3-4 (solid and dashed red lines). The 

average IEI was slightly but significantly shorter in control cells compared to DNE 

cells at P3-4 (Figure 1B, bar graphs).  

Figure 1C shows cumulative probability curves of sEPSC amplitudes from 

control animals and DNE animals in each age group. At P1-2 the amplitude 

of AMPA receptor-mediated sEPSCs was significantly right-shifted in DNE cells 

relative to control cells (compare solid red and blue lines in the left-hand panel of 

Figure 1C), consistent with larger events in DNE cells compared to control; this is 

confirmed by the average data, as shown in the bar graphs in the right-hand 

panel of Figure 1C.  In control cells, sEPSC amplitudes became significantly 

larger with age, as indicated by a right shift in the distribution (compared dashed 

and solid blue lines).  In contrast, in DNE cells, sEPSC amplitudes became 

smaller with age (Figure 1C, solid and dashed red lines), indicating a significant 

effect of DNE on the normal development of glutamatergic input to XIIMNs, 

consistent with the differences in average data (compare open bars on P1-2 with 

open bars at P3-4 in Figure 1C).   

 We also evaluated how DNE affects the frequency, amplitude and rise 

time of AMPA receptor-mediated mEPSCs, which represent the 

random, quantal release of glutamate from the end terminals. The amplitude of 

glutamatergic mEPSCs was not altered by DNE, nor did it change with age in 

either group (see Table 3). At P1-2, the frequency of mEPSCs was the same in 

control cells and DNE cells, however with age the frequency of these events 

decreased in control cells, whereas frequency increased in DNE cells (Table 3). 
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As a result, at P3-4 the average frequency of mEPSC was significantly increased 

in DNE compared to control.  There were no effects of age or DNE on mEPSC 

amplitude (Table 3). At P1-2, average rise time of mEPSCs was significantly 

slower in DNE cells (2.188±0.082, n=160) compared to control (2.078±0.07, 

n=179) (Figure 2). In DNE cells, rise time became faster with age, whereas in 

control cells rise time became slower with age. By P3-4, average rise time was 

significantly faster in DNE cells (1.902±0.058, n=244) compared to control 

(2.136±0.094, n=196) (Figure 2). 

Influence of DNE on postsynaptic AMPA receptors.   To gain a more 

complete understanding of DNE-mediated effects on AMPA receptor function, we 

obtained recordings from XIIMNs and measured the peak inward current that 

was produced by bath application of 2.5 µM AMPA in the presence of AP-

5, strychnine hydrochloride, bicuculline methiodide, and TTX (Table 1). 

Figure 3A shows an example trace of the inward current that results from 

activation of the postsynaptic AMPA receptors with bath application 

of 2.5 µM AMPA in a control cell from a P1 animal. The average peak amplitude 

of the inward current was not different between DNE cells compared to control 

cells in either age group, nor was there a significant change with age in either 

control cells or DNE cells (Figure 3B).  

            The influence of acute nicotine challenge and age on the frequency and 

amplitude of glutamatergic sEPSCs. Acute nicotine challenge 

stimulates nAChRs at pre and postsynaptic sites. Chronic nicotine desensitizes 

nAChRs, which could modify glutamate release from glutamatergic neurons that 
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synapse on XIIMNs. Accordingly, we bath applied 0.5 µM nicotine and evaluated 

changes in the frequency and amplitude of sEPSCs.  Comparison of the 

probability distributions obtained at baseline with those obtained during the acute 

nicotine challenge show that in cells studied on P1 and P2, an acute nicotine 

challenge significantly reduces the IEIs of sEPSCs in both control (Figure 4A; K-

S test: P=0.049) and DNE cells (Figure 4B; K-S test: P<0.0001), indicating an 

increase in frequency.  The average data confirmed significant nicotine-mediated 

reductions in the IEI of sEPSCs in both control and DNE cells studied on P1-2.  

We also show that, in P1-2 cells, an acute nicotine challenge caused a significant 

decrease in sEPSC amplitude in control cells, but a significant increase in the 

DNE cells (Table 4). 

 One of our most remarkable findings is that, with age, the response to 

acute nicotine challenge was markedly altered in the DNE cells, but not in the 

control cells.  An example of the response to nicotine challenge is shown in 

Figure 5.  Panel A is a recording from a P3 control cell, and it is clear that the 

frequency of sEPSCs increased in response to 0.5 µM nicotine.   In contrast, the 

nicotine challenge decreased the sEPSC frequency in a P4 cell from a DNE 

animal (Figure 5, Panel B).  The IEI probability distributions for the entire 

population of sEPSCs (Figure 4C & D) also clearly show that while nicotine 

challenge shifts the IEI distribution to the left in control cells (Figure 4C; K-S test 

P<0.0001), in the DNE cells (Figure 4D) the distribution is markedly right-shifted 

(K-S test: P<0.0001), consistent with the marked slowing of sEPSC frequency.  

This is confirmed by the average data, showing that while in P3-4 control cells, 
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the sEPSC IEI fell from 1432 ± 1261 ms (mean ± SD) to 849 ± 610 ms in control 

cells, the IEI increased in DNE cells, from 1655 ± 1242 ms to 4761 ± 4372 ms in 

the DNE cells (Table 4).  As shown in Table 4, at P3-4, acute nicotine 

significantly decreased the average amplitude of sEPSCs in both control cells (by 

roughly 28%, P<0.0001) and in DNE cells (by roughly 5%, P=0.02).  

            The influence of acute nicotine challenge and age on the frequency and 

amplitude of glutamatergic mEPSCs. To assess whether activation of nAChRs at 

the glutamatergic end terminals modulates the rate of spontaneous single vesicle 

release, and to see if this is modified by DNE, we added 0.5 µM nicotine to the 

drug cocktail described in Table 1 to analyze the change in mEPSC frequency in 

response to an acute nicotine challenge.  At P1-2, nicotine challenge caused a 

left-shift in the mEPSC IEI distribution in both control cells (K-S test: P<0.0001, 

Figure 6A), and DNE cells (K-S test: P<0.0001, Figure 6B), consistent with the 

average IEI data shown in Table 4.   

 By P3-4, nicotine challenge caused a significant increase in the frequency 

of mEPSCs in control cells (K-S test: P=0.004, Figure 6C, and see average data 

in Table 4), but there was no change in frequency in DNE cells (K-S test: 

P=0.066, Figure 6D, Table 4). Acute nicotine challenge did not alter the 

amplitude of mEPSCs in either control cells or DNE cells at either age (Table 4). 

Discussion 

With the above experiments, we addressed how DNE alters baseline, 

AMPA receptor-mediated glutamatergic synaptic transmission to XIIMNs over the 

first week of life. Secondly, we address how DNE alters glutamatergic synaptic 
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transmission during an acute nicotine challenge.  At baseline, DNE resulted in 

significant changes in glutamatergic synaptic transmission to XIIMNs. 

Additionally, in the P1-2 age group, there were subtle differences in the response 

to acute nicotine challenge between control and DNE cells. However, the most 

remarkable finding from these experiments is seen in the P3-4 age group, where 

DNE drastically alters the normal changes in glutamatergic synaptic transmission 

that occur in response to an acute nicotine challenge. In the sections below, we 

discuss possible mechanisms behind these results, and possible implications for 

normal motor function. 

Effects of DNE on baseline AMPA receptor-mediated glutamatergic 

neurotransmission. Previous work has shown that DNE causes an increase in 

the postsynaptic response to muscimol in XIIMNs (Wollman et al., 2017), 

consistent with a functional upregulation of postsynaptic GABA receptors.  We 

hypothesized that this was a homeostatic compensation for the previously 

observed increase in the excitability of nicotine exposed XIIMNs (Pilarski et al., 

2011).  However, cell excitability could also be kept in check by reducing the 

frequency and/or amplitude of excitatory synaptic input invading the cell. We 

have previously shown that the frequency of AMPA receptor-mediated 

glutamatergic sEPSCs, measured in the inter-burst interval of rhythmic XIIMNs, 

were less frequent in control cells compared to DNE cells (Pilarski et al., 2011). 

Accordingly, we hypothesized that AMPA receptor-mediated glutamatergic 

transmission to XIIMNs would be decreased in DNE cells compared to control.  

Moreover, the morphology of XIIMNs is altered by DNE, and a developmental 
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switch occurs within the first week of life such that the dendritic tree of XIIMNs 

from DNE animals is more complex than that of control at P1-2, but less complex 

by P3-4 (Powell et al., 2016). This led us to speculate that DNE may also cause 

significant changes to glutamatergic transmission to XIIMNs from DNE animals 

between ages P1-2 and P3-4, as changes in AMPA receptor expression have 

been found to be an important determinant of neuron morphology during critical 

periods of development (Chen et al., 2009).  

Surprisingly, we found that on P1-2, sEPSCs in DNE cells were larger and 

more frequent than in control cells. Considered in the light of our recent finding 

showing that inhibitory sIPSCs are less frequent and smaller in XIIMNs from DNE 

animals (Wollman et al., 2016), an increase in excitatory synaptic input appears 

to be maladaptive, as it would exacerbate hyperexcitability in these cells. 

Importantly, in this study we show that by P3-4 there is a significant 

developmental switch, whereby sEPSCs are less frequent in DNE cells 

compared to control (Figure 1C).  This finding, along with morphological 

differences between control and DNE XIIMNs in the first week of life (Powell et 

al., 2016), may indicate changes in the timing of growth and pruning of these 

neurons in response to DNE. Analysis of mEPSC rise time, which can indicate 

whether currents are originating at more proximal or more distal locations, 

supports this conclusion (Bekkers & Clements, 1999). In control cells, mEPSC 

rise time becomes slower with age, indicating that glutamatergic synapses are 

becoming more distal from the soma. However, in DNE cells, rise time becomes 
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faster with age, which could indicate the loss of more distal inputs consistent with 

increased pruning.  

Finally, we analyzed sEPSC and mEPSC amplitudes and the postsynaptic 

response to stimulation of AMPA receptors. Analysis of sEPSCs revealed that 

these events were smaller in DNE cells at P3-4 compared to control, but neither 

treatment nor age had an effect on mEPSC amplitude. Because differences in 

the amplitude of spontaneous events in control and DNE cells could be due to 

either presynaptic or postsynaptic mechanisms (Vautrin & Barker, 2003), we also 

assessed postsynaptic receptor function with bath application of AMPA. There 

was no difference in the postsynaptic response to AMPA between control and 

DNE or due to age. Overall, these findings indicate that under baseline 

conditions, DNE alters excitatory synaptic transmission at the network level or is 

associated with a decrease in the amount of glutamate released in response to 

an action potential, with no changes in postsynaptic AMPA receptor function.  

An important issue that we must address is that the present results appear 

to be in disagreement with some previous findings from our laboratory, showing 

that the frequency of sEPSCs was lower in XIIMNs from DNE animals compared 

to control.  However those studies were performed using rhythmic slices studied 

in high extracellular potassium (9 mM), and the results were not broken down by 

age (Pilarski et al., 2011).  This suggest that the markedly decreased frequency 

of sEPSCs in DNE cells on P3-4 dominated our previous data set, perhaps 

masking differences similar to those observed in XIIMNs studied on P1 and P2, 

as observed here.   Similarly, another recent study from our laboratory showed 
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that baseline frequency of glutamatergic mEPSCs recorded from XIIMNs was not 

significantly altered by DNE (Cholanian et al., 2017), though DNE cells had 

slightly but significantly higher mEPSC amplitude.   However, these studies were 

also done in rhythmic cells, with no breakdown of the data according to age.   

Accordingly, the interesting developmental effects of DNE on glutamatergic 

transmission observed here represent a significant extension of our previous 

work, and increase our understanding of the impact of DNE on baseline synaptic 

transmission in developing motoneurons. 

Effects of DNE on nicotinic modulation of AMPA receptor-mediated 

glutamatergic synaptic transmission. A fundamental property of nAChRs is their 

susceptibility to a period of desensitization following activation, though they can 

also become desensitized without prior activation in some cases (Quick & Lester, 

2002). While the equilibrium between the resting, activated, and desensitized 

states depends on the receptor subtype involved, it is clear that both nAChR 

activation and desensitization contribute to the effects of nicotine on the brain 

(Picciotto et al., 2008).  

At P1-2, there were only subtle effects of DNE on the nAChR-mediated 

modulation of glutamatergic synaptic transmission to XIIMNs. However, at P3-4, 

acute nicotine challenge caused an increase in the frequency of sEPSCs in 

control cells, but a significant decrease in EPSC frequency in DNE cells. 

Likewise, at P3-4 acute nicotine challenge resulted in an increase in mEPSC 

frequency in control cells, but no change in DNE cells. It has long been known 

that chronic nicotine exposure can change both the number and function of 
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multiple nAChR subtypes in the central nervous system (Gentry & Lukas, 2002).  

Thus, we propose that the effects of an acute nicotine challenge on the 

frequency of glutamatergic sEPSCs and mEPSCs in XIIMNs from DNE animals 

is the result of altered number and/or function of nAChRs. Specifically, we think 

that these findings are consistent with long-lasting desensitization of nAChRs on 

glutamatergic neurons that synapse on XIIMNs, as is known to occur in other 

brain regions in response to chronic nicotine exposure (Gentry & Lukas, 2002).  

Such changes in nicotinic receptors on the presynaptic terminals could alter the 

mEPSC frequency response to the presence of cholinergic agonists, as well as 

to changes in endogenous ACh or exogenous nicotine. 

Physiological significance.  We found that DNE alters glutamatergic 

synaptic transmission to XIIMNs, both at baseline and in response to an acute 

nicotine challenge.  While the physiological significance of DNE’s effects on 

baseline synaptic transmission remains to be determined, small changes in the 

balance of excitation and inhibition could alter the timing and synchrony of XIIMN 

output, and therefore, the coordination of tongue muscles during behaviors such 

as suckling, swallowing and breathing, which are critical for survival. The results 

of an acute nicotine challenge show that DNE is likely to result in a profound 

decrease in excitatory synaptic transmission to XIIMNs when nAChRs are 

activated, as with increased acetylcholine (ACh) release. During REM sleep, ACh 

release is increased in multiple brainstem regions and is accompanied by a 

concurrent decrease in tongue muscle tone (Rukhadze & Kubin, 2007; Horner, 

2008). While the neurochemical basis for the inhibition of XIIMNs is controversial, 
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it is possible that a decrease in nAChR-mediated glutamate release, combined 

with the increase in nAChR-mediated GABA release (Wollman et al., 2016), 

could shift the balance of excitation and inhibition to XIIMNs during REM sleep, 

increasing the risk of obstructive apneas at this time.  
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Figure and Table legends 

 Table 1. List of drug cocktails used to isolate AMPA receptor-

mediated glutamatergic EPSCs and postsynaptic AMPA receptors, with the 

number of cells used in each condition. The number of litters from which 

the cells were derived is also shown. 

Table 2. Age, weight, resting membrane potential (mV), and input 

resistance (Rin) of XIIMNs from control and DNE animals.  Values are mean 

± SD. There were no differences in any of these variables between control and 

DNE cells. There was also no difference in input resistance at baseline in either 

group at either age. 

Table 3. Average values for IEI and amplitude of glutamatergic 

mEPSCs at baseline. Values for control and DNE cells at each age under 

baseline conditions. Significant difference between control and DNE, and with 

age, assessed using 2-Way ANOVA. 

Figure 1. IEI and amplitude of glutamatergic sEPSCs at baseline.  

Panel A.  Representative trace of pharmacologically isolated AMPA receptor-

mediated sEPSCs in XIIMNs from a control animal at P1. Panel B. Cumulative 

probability curves showing the distribution of glutamatergic sEPSC IEIs from 

control and DNE cells in each age group. In the P1-2 age group, average IEI in 

control cells (solid blue line) was significantly longer than in DNE cells (solid red 

line). With age, average IEI in control cells decreased, whereas average IEI in 

DNE cells did not change. By P3-4, the average IEI in control cells (dashed blue 

line) was slightly but significantly shorter than in DNE cells (dashed red line). The 
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inset bar graph shows the mean values for IEI in each group at P1-2 (Control: 

n=675, DNE: n=871) and at P3-4 (Control: n=570, DNE: n=687). * Indicates 

significant difference between treatment groups, # indicates significant difference 

with age within a treatment group. Panel C shows the cumulative probability 

curves showing the amplitude distribution of glutamatergic sEPSCs from control 

and DNE cells in each age group. At P1-2, the average amplitude of 

glutamatergic sEPSCs was significantly smaller in control cells (solid blue line) 

than in DNE cells (solid red line). With age, the amplitude of sEPSCs increased 

in control cells dashed blue line), but decreased in DNE cells (dashed red line). 

As a result, at P3-4, the average sEPSC amplitude in control cells was 

significantly greater than in DNE cells. The inset bar graph shows the mean 

values for amplitude in each group at P1-2 (Control: n=676, DNE: n=872) and at 

P3-4 (Control: n=571, DNE: n=688). * Indicates significant difference between 

treatment groups, # indicates significant difference with age within a treatment 

group. 

Figure 2. Rise time of glutamatergic mEPSCs at baseline.  Bar graph 

shows the mean values for mEPSC rise time for each group at P1-2 (Control: 

n=169, DNE: n=170) and at P3-4 (Control: n=92, DNE: 187). * Indicates 

significant difference between treatment groups, # indicates significant difference 

with age within a treatment group. 

Figure 3. Activation of postsynaptic AMPA receptors in control cells 

and DNE cells.   Panel A shows a representative trace of the AMPA receptor 

mediated inward current in XIIMNs from a control animal at P1.  Panel B shows 
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the peak inward current in response to bath application of AMPA.  Data for all 

cells are shown (n=6 cells in each treatment group at each age), and the mean 

values and standard deviations are provided graphically and also numerically in 

the legend. There was no difference in the response to activation of the 

postsynaptic AMPA receptors in control versus DNE in either age group, nor 

were there any significant differences as a function of age, within a treatment 

group.   

Figure 4.  DNE alters the modulation of glutamatergic sEPSCs in 

response to an acute nicotine challenge, but only on P3-P4.  Cumulative 

probability distributions of glutamatergic sEPSC IEIs in control and DNE cells, at 

baseline and during acute nicotine challenge.  At P1-2, acute nicotine challenge 

with 0.5 µM nicotine (dashed lines) caused a left shift, toward shorter IEIs, of 

glutamatergic sEPSCs in both control and DNE cells; (Control, P=0.049, Panel 

A) and DNE cells (P<0.0001, Panel B). At P3-4, whereas acute nicotine 

challenge caused a left shift, toward shorter IEIs of glutamatergic sEPSCs control 

cells (P<0.0001, Panel C), the distribution shifted to the right, towards longer IEIs 

in the DNE cells (P=0.012, Panel D). Asterisks indicate a significant difference in 

distributions as indicated by K-S tests (see Methods). The average data and 

number of cells used in each distribution is summarized in Table 4. 

Figure 5.  At P3-4, XIIMNs from DNE cells respond differently than 

control cells in response to an acute nicotine challenge.  Representative 

traces of sEPSCs in a control cell (Panel A) and a DNE cell (Panel B) at 

baseline and in response to an acute nicotine challenge.  It is obvious from 
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these traces that acute nicotine challenge caused a significant increase in 

sEPSC frequency in control cells, but decreased frequency in DNE cells at this 

age. Average data for frequency and amplitude of sEPSCs in response to an 

acute nicotine challenge is given for all age and treatment groups is shown in 

Table 4. 

Figure 6. Cumulative probability distributions of glutamatergic 

mEPSC IEIs in control and DNE cells, at baseline and during acute nicotine 

challenge.  At P1-2, acute nicotine challenge with 0.5 µM nicotine (dashed lines) 

caused a left shift, toward shorter IEIs, of glutamatergic mEPSCs in both control 

(P<0.0001, Panel A) and DNE cells (P<0.0001, Panel B).  At P3-4, acute 

nicotine challenge caused a significant left shift of glutamatergic mEPSCs in 

control cells (P=0.004, Panel C), but there was no change in the distribution of 

IEIs in DNE cells (P=0.066, Panel D).  Asterisks indicate a significant difference 

in distributions as indicated by K-S tests (see Methods). The average data and 

number of cells used in each distribution is summarized in Table 4.  

Table 4. Average values for IEI and amplitude of glutamatergic 

sEPSCs and mEPSCs at baseline and during acute nicotine challenge. 

Values for control and DNE cells at each age under baseline conditions and 

during acute nicotine challenge. The P values are from comparisons between 

baseline and acute nicotine challenge within a treatment group, using the 

Student’s T-test. 
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Figure 2 
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