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The external intercostal (EI) muscles are primary muscles of inspiration and play 

a significant role during normal and loaded breathing. Intrinsic transient tracheal 

occlusion (ITTO) is a conscious animal model used to induce respiratory load 

compensation, which is a muscle mediated response aimed at restoring ventilatory 

homeostasis. Respiratory muscle activity is modulated by the conscious state. This 

doctoral dissertation presents results from three studies aimed to assess the 

neurophysiology of the EI muscle in a conscious rat model. Accordingly, the first aim of 

this study was to investigate the neurophysiological activity pattern of the EI muscle in 

adult conscious rats. Our primary finding was that ITTO elicits a load compensation 

response in the EI muscles that is characterized by an increase in EMG activity.  

The control of thoracic motorneurons is via direct input from the contralateral 

VRG and polysynaptic ipsilateral pathways from the DRG and VRG via cervical and 

thoracic interneurons. Cervical spinal cord injury (c-SCI) disrupts these descending 

inputs to the respiratory motorneurons. This in turn affects the normal EI muscle 

functioning and may alter their respiratory load compensation response. In our second 
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aim, we studied respiratory load compensation in the EI muscles by means of ITTO 

conditioning in conscious rats with unilateral c-SCI using a cervical hemisection (C2HS) 

model. The results of this study indicate that although bilateral EI muscle activity is 

reduced one week after c-SCI, ITTO elicits a load compensation response in these 

muscles and repeated conditioning may improve EI muscle functioning. The purpose of 

our third aim was to assess the impact of ITTO conditioning on EI muscle 

neurophysiology. We exposed ITTO conditioned, chronically injured c-SCI animals to 

hyperoxic-hypercapnia and analyzed the corresponding EI muscle EMG activity.  

Repeated acute intermittent hypoxia (AIH) exposure is known to improve the 

ventilatory status in SCI animals. In our final aim, we evaluated respiratory load 

compensation and magnitude estimation abilities of inspiratory resistive loads (IRL) in 

an individual with chronic c-SCI before and ten days after AIH treatment. AIH did not 

alter the perceptual sensitivity and induced increases in ventilatory load compensation 

ability in our study subject. 



 16 

CHAPTER 1 
INTRODUCTION 

Respiration can be divided into two phases, inspiration and expiration. Primary 

inspiratory muscles act mechanically to inflate the lung. Primary expiratory muscles 

have a deflation action on the lung. These muscles are activated in a rhythmic pattern to 

maintain the cycle of respiration and receive descending respiratory drive from 

bulbospinal (Porter, 1895) and corticospinal (Rikard-Bell et al., 1985a) pathways and 

are under behavioral control (Orem and Netick, 1986). Control of the respiratory system 

is summarized schematically in Figure 1-1. These descending inputs terminate at 

various levels in the spinal cord that innervate the inspiratory diaphragm (phrenic, C3-

C6) and external intercostal muscles (thoracic, T1-T12) as well as expiratory internal 

intercostal (thoracic, T1-T12) and abdominal (thoraco-lumbar, T6-L3) muscles (Lane, 

2011). Disease or trauma to the central nervous system can directly impact respiratory 

muscle functioning. Spinal cord injury (SCI) disrupts these descending spinal motor 

pathways and causes an impaired ventilatory function (Sandhu et al., 2009). The 

resulting respiratory deficits depend on the level of the SCI. Injury to the cervical spinal 

cord (c-SCI) is the most common type of SCI reported (Winslow and Rozovsky, 2003) 

with impairment in diaphragm (Golder et al., 2001a, Zimmer et al., 2007), intercostal 

(Dougherty et al., 2012a) and abdominal (Baydur et al., 2001) muscle activities. The 

loss of diaphragm function after c-SCI is compensated by chest wall and abdominal 

muscles (Katagiri et al., 1994). These compensatory respiratory mechanisms are 

fundamental adaptations to c-SCI. Humans with SCI are usually studied in the 

conscious state (Axen and Bergofsky, 1977, Sinderby et al., 1992, Ben-Dov et al., 2009, 

Aslan et al., 2013). However, animal models of SCI are usually studied under 
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anesthesia (Golder et al., 2001b, Fuller et al., 2008, Dougherty et al., 2012a). This 

dissertation addresses the thoracic muscle respiratory compensation in normal and c-

SCI injured conscious rats.  

Respiratory Muscles of the Chest-Wall 

The chest wall is comprised of different muscles including the internal, external 

and parasternal intercostal, pectoralis, and triangularis sterni muscles that act in a 

coordinated manner with the diaphragm during eupneic and loaded breathing to 

produce ventilation. The inspiratory intercostal muscles along with the diaphragm and 

hypoglossal muscles receive an integrated rhythmic drive from the brainstem respiratory 

central pattern generator (Rice et al., 2011). The presence of a common respiratory 

motor input of supraspinal origin to the bilateral diaphragm muscle in healthy awake 

humans (Bruce and Goldman, 1983) as well as to the thoracic intercostal motorneurons 

at different levels in the spinal cord of anesthetized cats (Kirkwood et al., 1982a, 

Kirkwood et al., 1982b) has been established. This coordination is required for eupneic 

activity (Feldman, 1986), integration of voluntary behaviors (Dobbins and Feldman, 

1994) and is important for generation of airway protective behaviors (Lasserson et al., 

2006). 

The diaphragm acts on the chest wall such that its caudal displacement has an 

inspiratory effect on the lung (De Troyer, 2012). The internal intercostal muscles are 

primarily expiratory and the external intercostal muscles are primarily inspiratory in their 

action during normal eupneic breathing in supine humans (Taylor, 1960). The 

parasternal intercostal muscles shorten during spontaneous and tracheal obstructed 

breathing and are inspiratory agonists in their action (De Troyer et al., 1988) as are the 

external intercostal muscles (De Troyer and Farkas, 1990). The triangularis sterni 
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muscle is recruited during expulsive maneuvers and also during phonation, cough and 

laughing (De Troyer et al., 1987). Coordinated activity of the parasternal intercostal and 

triangularis sterni muscles is responsible for inspiratory elevation of the rib cage in 

supine dogs (Ninane and De Troyer, 1988). However, in supine conscious human 

subjects, the triangularis sterni muscle is recruited during forced expiratory maneuvers 

along with the abdominal muscles and aids in deflation of the rib cage (De Troyer et al., 

1987). Therefore, coordinated activities of all individual, chest wall respiratory muscles 

with the diaphragm are important for normal respiratory movements. The inspiratory 

external intercostal muscles in particular contribute substantially to tidal volume 

generation (Pagliardini et al., 2012).  

Activity of External Intercostal Muscles (EI)  

The EI muscles are primarily inspiratory in their mechanical action (Taylor, 1960) 

and play an important role during normal and load compensatory breathing (Lane, 

2011). Their differential activation is required for efficient respiration (Saboisky et al., 

2007). The EI muscles have a rostral to caudal and a dorsal to ventral gradient of 

activity (De Troyer et al., 2005) and the organization of this gradient is reported to be at 

the spinal cord level (Hudson et al., 2011). This gradient is used for 1) elevation and 

outward movement of the rib cage (De Troyer et al., 1983) and 2) maintenance of a 

stable chest wall during normal breathing (Feldman, 1986). This gradient in activity and 

varied responses to load of the intercostal muscles can be attributed to the three types 

of synchronization observed at the thoracic spinal cord level (Kirkwood et al., 1982a, 

Kirkwood et al., 1982b). Two of these three types, short-term synchronization and high 

frequency oscillation, occur due to the synchronization of descending respiratory drive 

(Kirkwood et al., 1982a) whereas the third type, broad-peak synchronization, is said to 



 19 

occur due to modulation via interneuronal activity (Kirkwood et al., 1982b). However, 

segmental deafferentation of the thoracic spinal cord does not influence EI muscle 

activity gradient at that level, one level above or below the denervation (Bonaert et al., 

2012) in anesthetized rabbits. 

During normal breathing, the EI muscles have an inspiratory effect and internal 

intercostal muscles have an expiratory effect (De Troyer et al., 2005). However, this 

activity is highly coupled to lung volume. At low lung volumes, both external and internal 

intercostals act mechanically to elevate the rib cage. At high lung volumes, both these 

muscles have an expiratory mechanical advantage (De Troyer et al., 1985). Therefore, 

the EI muscles have both inspiratory and expiratory functions that are related to the 

ventilatory status. de Almeida and Kirkwood have recorded both inspiratory and 

expiratory excitatory potentials from individual thoracic motorneurons (de Almeida et al., 

2010).  

A single breath airway occlusion in anesthetized dogs has been shown to 

increase EI and levator costae muscle EMG activity (De Troyer, 1991). A study of the 

relationship between respiratory muscle strength and effective cough production shows 

that inspiratory muscle strength is important in SCI patients, which suggests that EI 

muscles may be important in generation of an effective cough (Park et al., 2010). The 

intercostal muscles are actively involved in trunk rotation movements (Whitelaw et al., 

1992) and their activity is dependent on posture during sleep (Dick et al., 1984). It is 

important to note that in their study of intercostal muscle activity in sleeping cats, Dick et 

al demonstrated an absence of a significant correlation between postural and phasic 

respiratory activity. Thus, a change in posture will result in an overall change in both 
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these activities (Dick et al., 1984). Unlike anesthetized animals, the activity of the 

intercostal muscles is influenced by sleep-wake status, is highly variable and changes 

variably during different sleep states and transitions between states (Dick et al., 1982). 

This variability in activity in unanesthetized animals may be due to modulation by 

muscle spindle, tendon organs and joint receptor afferent feedback. 

Innervation of the EI Muscles 

The EI muscles are innervated by thoracic motorneurons located in the 

ventrolateral region of the ventral horn of the cat spinal cord (Rikard-Bell et al., 1985b). 

While the cat has been used for most early studies on intercostal neuromuscular 

function, the rat has increasingly become the model of choice to study neurophysiology 

and functioning of the respiratory system in normal, disease or trauma conditions 

(Bianchi et al., 1995).Thoracic spinal motorneurons in cats and rats similarly receive 

bilateral bulbospinal projections from the dorsal (DRG) and ventral (VRG) respiratory 

groups (Larnicol et al., 1982, Feldman et al., 1985, Rikard-Bell et al., 1985b) and also 

corticospinal projections (Rikard-Bell et al., 1985a). Cross correlation studies have 

shown that the connections between the thoracic intercostal and upper cervical 

inspiratory neurons (Tian and Duffin, 1996a) and inspiratory bulbospinal neurons of the 

ventral respiratory group (VRG) (Tian and Duffin, 1996b) are via interneurons. Also 

reported, is an absence of direct monosynaptic input from the VRG (Tian and Duffin, 

1996b, a) and from the Bötzinger complex (Kanjhan et al., 1995) to the thoracic spinal 

cord motorneurons in rats. Propriospinal interneurons play a major role in inter-

segmental control of thoracic cord motorneurons (Kirkwood et al., 1988). In their earlier 

experiments, Merrill and Lipski demonstrated that monosynaptic connections between 

the medullary respiratory neurons of nucleus retro-ambigualis (NRA) and thoracic 
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motorneuron pools were extremely rare (Merrill and Lipski, 1987). However, segmental 

input from interneurons played an important role in respiratory output (Bellingham and 

Lipski, 1990). The presence of the DRG has been confirmed in the rat (de Castro et al., 

1994) and its connections with VRG neurons via axon collaterals have been reported 

(Lipski et al., 1994). However, very few direct connections between the DRG and 

thoracic spinal cord motorneurons have been reported in the rat, in contrast to the cat 

(Duffin and Lipski, 1987). Recently, de Almeida et al. have described the anatomy of the 

caudal intercostal muscle segment (de Almeida et al., 2010) and reported expiratory 

bulbospinal medullary projections to the EI motorneurons in the thoracic spinal cord of 

rats (de Almeida and Kirkwood, 2010, 2013). Innervation of the thoracic spinal cord with 

emphasis on data obtained from rats is outlined in Figure 1-2.  

Afferent Modulation of EI Muscle Activity 

EI muscle activity is modulated via afferent feedback from muscle spindle fibers 

and tendon organs, which are abundant in the EI muscles. This afferent feedback 

mechanism acts segmentally on spinal motorneurons and supraspinally on medullary 

respiratory neurons (Bolser and Remmers, 1989). Afferents from intercostal 

mechanoreceptors inhibit inspiratory phrenic activity (Remmers, 1970) and tendon 

organs are responsible for the inspiratory inhibition reflex (Bolser et al., 1987). Afferent 

information from the intercostal and abdominal muscle tendon organs inhibits caudal 

VRG expiratory neuron activity and may be responsible for the decreased descending 

expiratory drive to the abdominal muscles (Hernandez et al., 1989). Muscle spindles are 

rhythmically active during normal and artificial breathing (Critchlow and von Euler, 1963, 

Leduc and De Troyer, 2003) and their afferents terminate in the 3a region of the 

contralateral somatosensory cortex (Davenport et al., 1993). Joint receptors act to 
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increase inspiratory activity on caudal displacement of the rib, irrespective of muscle 

length (De Troyer, 1997). This feedback control from the intercostal muscles is also 

important for their coordinated activity with the diaphragm and other respiratory 

muscles. Thoracic dorsal root rhizotomies eliminate intercostal proprioceptor and 

mechanoreceptor afferent inputs thereby changing the pattern of respiratory activity in 

anesthetized vagotomized cats (Shannon, 1977).  

Propriospinal Connectivity of Thoracic Spinal Cord 

A strong inhibitory phrenic-intercostal reflex is responsible for decreased EI 

muscle activity in response to increasing phrenic nerve stimulation (Brichant and De 

Troyer, 1997, De Troyer, 1998). On the other hand, stimulation of intercostal nerves 

results in an increase in phrenic activity (Decima et al., 1969, Leduc and de Troyer, 

2002). Activity from this excitatory intercostal-phrenic reflex is influenced variably by 

administration of morphine (Millhorn et al., 1985). A polysynaptic intercostal-intercostal 

reflex, that is under inhibitory descending control, has also been reported and its action 

is to excite and facilitate mutual intercostal muscle activity (Downman and Hussain, 

1958).  

Thoracic spinal interneurons are extremely important in normal functioning of 

chest wall and abdominal muscles and may participate in these reflex pathways. These 

interneurons are extensively distributed throughout the spinal gray matter (Conta 

Steencken and Stelzner, 2010) and many interconnect with the motorneuron pool 

(Kirkwood et al., 1988). Antidromic stimulation (Kirkwood et al., 1988) and single cell 

retrograde labeling (Saywell et al., 2011) studies have shown the presence of 

contralateral interneuronal projections between segments of the thoracic cord. These 

projections may extend at least three to four segments caudal to the cell soma 
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(Kirkwood et al., 1988), implying their role in inter-segmental control. This afferent 

activity, along with afferent feedback from the diaphragm and abdominal muscles, is 

responsible for the respiratory load compensation response (Davenport et al., 1991, 

Holt et al., 2002, Davenport et al., 2010). 

As a part of this dissertation, neurophysiological characteristics of the EI muscles 

in conscious animals have been investigated. 

Respiratory Load Compensation 

Respiratory Load Compensation under Anesthesia 

Various loading paradigms have been used to study inspiratory (Zechman and 

Davenport, 1978, Martin and De Troyer, 1982) and expiratory (Koehler and Bishop, 

1979) load compensation. The primary and accessory muscles of respiration are the 

key mediators of the load compensation response (Lopata et al., 1983, Katagiri et al., 

1994). Modifications in the activities of diaphragm, intercostal, abdominal and/or upper 

airway muscles are needed for load compensation. Respiratory load compensation has 

been demonstrated in the cat anterolateral abdominal muscles (Bolser and Davenport, 

2000), dog EI muscles (De Troyer, 1991) and rat upper airway muscles (Bailey et al., 

2001). In anesthetized cats, measurement of integrated respiratory muscle activity is a 

good indicator of the central respiratory activity (Siafakas et al., 1981) and is influenced 

by temperature, pH (Trippenbach and Milic-Emili, 1977) and thoracic volume (Eldridge 

and Vaughn, 1977).  

The timing and intensity of the muscle response to a respiratory load is 

determined by a variety of feedback mechanisms. Many investigators have 

demonstrated modulation by vagal afferents (Clark and von Euler, 1972, Phillipson, 

1974, Zechman et al., 1976), muscle afferents (Lumsden, 1923b, D'Angelo et al., 1976, 
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Shannon et al., 1985) and chemoreceptors (Bailey et al., 2001, Golder et al., 2003, 

Fuller et al., 2006). The contributions of vagal and thoracic dorsal root afferents to the 

intercostal muscle load compensation reflex in anesthetized cats have been 

systematically documented (Shannon and Zechman, 1972, Shannon, 1977). Elimination 

of vagal feedback results in an inability to recruit new motor units required to elicit the 

load compensation reflex and rhizotomies eliminate thoracic dorsal root afferent 

feedback thereby causing a delay in firing of intercostal motor units when a load is 

applied (Shannon and Zechman, 1972). Both vagal and thoracic afferent feedbacks are 

required for an increase in activity of the diaphragm and intercostal muscles. (Shannon 

and Zechman, 1972). However, these studies utilized anesthetized animal preparations. 

Conscious animal load compensation is less well understood. Load compensation in 

conscious animals adds behavioral load compensation to reflex diaphragmatic 

responses reported in anesthetized animals. Also, unanesthetized load compensation 

requires more than just a reflex diaphragmatic response; hence it is important to 

understand the activity and functional characteristics of thoracic muscles during load 

compensation in conscious animals. This dissertation investigates the respiratory load 

compensation responses of the EI muscles in conscious rats. 

Intrinsic Transient Tracheal Occlusion: Model of Respiratory Load Compensation 
in Conscious Animals 

 Measurement of occlusion pressure in conscious humans is dependent on the 

neuronal discharge and the ability of respiratory muscles to shorten effectively and thus 

may give an indication of the respiratory center output (Whitelaw et al., 1975, Altose et 

al., 1976). Our lab has developed a model of intrinsic transient tracheal occlusions 

(ITTO) to investigate respiratory load compensation responses in conscious rats (Pate, 
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2010, Pate and Davenport, 2012a). In this conscious animal model of ITTO an 

occlusion increases the central respiratory drive and the output is increased activation 

of primary respiratory muscles. Responses to ITTO can be measured using chronically 

implanted EMG electrodes in the muscles of interest. Although, new techniques to 

evaluate recovery of muscle function are being investigated (Dow et al., 2009), 

electromyography (EMG) remains a classic, well-studied approach to evaluate 

improvements in neuromuscular function in normal and injured animals and human 

subjects. Meaningful comparisons of EMG data collected via longitudinal investigations 

using chronic electrode placements are possible by utilizing analyses methods that 

reduce intra- and inter-animal variability (Mantilla et al., 2011). Exposure to ITTO 

causes significant increases in diaphragmatic EMG activity (Pate and Davenport, 

2012b) and an associated increase in basal neural activation in the nucleus tractus 

solitarius (nTS) and rostral ventral respiratory group (rVRG) (Pate and Davenport, 

2012a). Significant increases in diaphragm muscle fiber diameter after ITTO 

conditioning have also been reported (Smith et al., 2012). Repeated exposure to 

tracheal occlusions has been shown to produce anxiety (Pate and Davenport, 2012a) 

and to up-regulate activity of glycinergic neurons in the nucleus tractus solitarius (Tsai 

and Davenport, 2014) and genes associated with anxiety and depression in the medial 

thalamus (Bernhardt et al., 2011a, Bernhardt et al., 2011b).  

To better understand the neural control of the EI muscles in conscious animals 

the ITTO model has been utilized in this study to elicit respiratory load compensation. 

Cervical Spinal Cord Injury (c-SCI) 

Respiratory rhythm generated in the ponto-medullary respiratory centers is 

transmitted from the brainstem to the respiratory motorneurons in the spinal cord 
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(Lumsden, 1923a). This rhythm is then transmitted to the respective muscles of 

respiration (diaphragm, intercostals, abdominals and upper airway) via spinal cord 

motorneurons. Trauma to the cervical spinal cord above the level of the phrenic (C3-C6) 

nucleus interrupts the descending bulbospinal motor drive to the respiratory spinal 

motorneurons (Porter, 1895) and results in respiratory muscle dysfunction (Laghi and 

Tobin, 2003). Further, denervation of the thoracic musculature results in paradoxical 

collapse of the chest wall during inspiratory contraction of the diaphragm. This may lead 

to differences in distribution of alveolar ventilation and change the ventilation perfusion 

dynamics (Shannon and Zechman, 1972, Shannon, 1977). The intercostal muscles 

have a rostral-to-caudal and a dorsal-to-ventral gradient of activity. This activity gradient 

and the varied responses to applied loads in the intercostal muscles can be attributed to 

the three types of synchronization observed at the thoracic spinal cord level (Kirkwood 

et al., 1982a, Kirkwood et al., 1982b).  Two of these three types, short-term 

synchronization and high frequency oscillation, occur due to the synchronization of 

descending respiratory drive whereas the third type, broad-peak synchronization, is said 

to occur due to modulation via interneuronal activity. An acute lesion to the spinal cord 

promotes the occurrence of broad peak synchronized responses thereby implying 

modulation of intercostal muscle responses via increase in inhibitory interneuronal 

activity post injury (Kirkwood et al., 1982a, Kirkwood et al., 1982b). In cats with chronic 

thoracic spinal cord lesions, a return of  this synchronized activity, which was stronger 

than in the normal condition, was observed as early as two to four days after injury 

(Kirkwood et al., 1984). Following loss of neural input due to SCI, respiratory muscles 

exhibit changes in their structural and functional characteristics (Rowley et al., 2005) 
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and corresponding changes in expression of serotonin and glutamate receptors in the 

phrenic motorneuron pool have been reported (Mantilla et al., 2012). 

Incidence of c-SCI  

About 12000 new cases of spinal cord injuries (SCI) are reported every year in 

the United States (NSCISC, 2013). Injury to any level of the spinal cord can cause 

respiratory muscle dysfunction, with injury at higher spinal levels producing deficits of 

greatest severity. More than half of the reported SCI cases are at the cervical spinal 

cord (c-SCI) level (Winslow and Rozovsky, 2003) and pulmonary complications remain 

the major cause of death in this patient population (DeVivo et al., 1999, Zimmer et al., 

2007). The life expectancy after SCI decreases with increasing age and injury severity 

(NSCISC, 2013); and these outcomes have not improved over the years (Strauss et al., 

2006, van den Berg et al., 2010).  

The most common complications in SCI patients are pneumonia and lung 

atelectasis (Jackson and Groomes, 1994). Pneumonia can arise from the inability of 

patients to clear their airways due to impaired cough function. In SCI patients, 

weakness of the chest wall and abdominal muscles may negatively affect the ability to 

produce cough (Bolser et al., 2009). Rehabilitation methods to clear the airway include 

postural drainage (Park et al., 2010), mechanical in/exsuffulation devices (CoughAssist, 

JH Emerson, Cambridge MA), spinal nerve microstimulators (Lin et al., 2008), electrical 

stimulation of the abdominal wall (Butler et al., 2011), chest percussions, bronchoscopy 

and suction catheters (Brown et al., 2006). However, these methods are less effective 

than normal cough and are often invasive in nature. Also, long-term studies of efficacy 

and safety of these devices have not been conducted.  



 28 

In animal studies, a decrease in augmented breath volume has been reported in 

chronically injured c-SCI rats (Golder et al., 2005a). Augmented breaths are important in 

restoring lung airway patency thereby preventing atelectasis (Reynolds, 1962, Vlemincx 

et al., 2013). Atelectasis is defined as the collapse of a part of a lung or the entire lung. 

This may arise due to an increase in lung elastic recoil or reduced passive chest wall 

recoil. In SCI patients both of these conditions exist; the former due to denervation of 

the diaphragm and the latter most likely due to denervation and inadequate intercostal 

and abdominal muscle function. A reduction in respiratory muscle activity due to 

weakness of chest wall muscles has been reported in patients with SCI (Estenne et al., 

1983). Expiratory muscle weakness exacerbates symptoms of respiratory dysfunction. 

SCI patients use binders for abdominal support, which in turn helps in rib cage 

expansion during inspiration. With abdominal muscle support the abdominal compliance 

decreases and pressure increases, both of which are required for efficient inspiration.  

Cervical Spinal Hemisection (C2HS)  

Due to their similarity to primates in respiratory and locomotor control pathways, 

rodents are the animal model of choice to study respiratory recovery and rehabilitation 

following experimentally induced c-SCI (Kastner and Gauthier, 2008). Various animal 

models of c-SCI including spinal cord hemisection, transection and contusion have been 

used to investigate respiratory recovery after c-SCI (Zimmer et al., 2007, Lane et al., 

2008). Cervical hemisection (C2HS) is a reliable, reproducible and widely accepted 

model among investigators studying respiration (Goshgarian, 1979, Golder et al., 

2001a, Golder et al., 2001b, Zimmer et al., 2007, Fuller et al., 2008). Although not a 

clinically relevant phenomenon, c-SCI provides an opportunity to investigate basic 

mechanisms involved in respiratory recovery after c-SCI. Researchers have mostly 
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focused on the diaphragm function as a measure of respiratory recovery in c-SCI 

animals (Fuller et al., 2006, Alilain and Silver, 2009, Dow et al., 2009). The diaphragm 

needs a stable chest wall as well as abdominal muscle tone to function efficiently. 

Some studies conducted in humans with SCI have reported changes in tidal 

volume and frequency to added mechanical loads that are similar to load compensation 

responses in uninjured humans (Axen, 1982). EMG data from tetraplegics has shown 

that intercostal muscle activity is present acutely after injury and becomes more marked 

months after injury (Silver and Lehr, 1981). However, characteristics of the EMG 

response in patients with SCI are different when compared to uninjured subjects. 

Individuals with low c-SCI have a faster rate of rise in their diaphragmatic EMG activity 

(Kelling et al., 1985). 

A variety of different interventions to rehabilitate respiratory muscle motor 

function after SCI have been reported (Alilain and Silver, 2009). Nerve and muscle 

pacing techniques have been used to overcome muscle weakness and improve 

respiratory function. Intercostal nerve pacing in anesthetized dogs (DiMarco et al., 

1989) and humans (DiMarco et al., 1994) and combined intercostal and phrenic nerve 

pacing (DiMarco et al., 2005) produce some improvements in respiratory function. 

Experimental spinal cord stimulation at the thoracic level has been shown to produce 

physiologically similar inspiratory pattern in the diaphragm (Gandevia and Kirkwood, 

2011, Dimarco and Kowalski, 2013a, b). However, long-term complications of these 

methods include increased risk of respiratory infections, non-specific stimulation, 

hyperesthesia and autonomic dysreflexia with high stimulus intensities (Brown et al., 

2006). In animal studies, training of respiratory pathways by using hypoxia (Doperalski 
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and Fuller, 2006) and hypercapnia (Fuller et al., 2003) have demonstrated increases in 

phrenic activity post C2HS.  

Respiratory plasticity seen after SCI may be due to neuroplasticity at the spinal 

cord level (Johnson and Creighton, 2005). Neuroplasticity in the respiratory system can 

also be induced by a variety of different chemical and mechanical perturbations to the 

system or spontaneously after injury to the nervous system (Mitchell and Johnson, 

2003). Endogenous neuroplasticity leads to slight recovery in ipsilateral diaphragm 

function, attributed to the spontaneous crossed phrenic phenomenon (sCPP) 

(Goshgarian, 2003, Fuller et al., 2008, Zimmer et al., 2008, Lane et al., 2009, Sandhu et 

al., 2009). However, compensation from other respiratory muscles, like the intercostals, 

makes the contribution of sCPP to respiratory recovery effectively negligible (Dougherty 

et al., 2012b). Dougherty et al have proposed a crossed-intercostal circuit that enables 

spontaneous recovery of the intercostal muscle activity ipsilateral to C2HS injury 

(Dougherty et al., 2012a). Spontaneous improvement in diaphragm function together 

with improvements in shoulder and upper arm muscles have also been reported in 

humans with c-SCI (Axen et al., 1985).  

Affective and conscious states play a critical role in determining the type of 

respiratory load compensation response generated. The resulting respiratory perception 

further modulates respiratory pattern in individuals with SCI. Current literature on the 

influence of chest wall denervation on the perception of respiratory effort is conflicting. 

In patients with low c-SCI denervation of chest wall afferents does not seem to influence 

the perception of breathlessness during arm exercise and hypercapnia (Oku et al., 

1997). In anesthetized cats, partial de-afferentation of thoracic dorsal roots does not 
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alter the activity of individual thoracic motorneurons (Kirkwood et al., 1982b), however, 

complete denervation by thoracic dorsal root rhizotomy alters the intercostal muscle 

electromyographic response to applied respiratory loads (Shannon and Zechman, 

1972). Other studies report that, thoracic afferents are involved in the perception of 

respiratory force production in normal human subjects exposed to various elastic and 

resistive loads (Axen and Haas, 1982) but these are not required for the initiation of load 

compensation in SCI humans (Axen, 1982). However, these afferents are responsible 

for driving a consistent phrenic motor output in response to added respiratory loads to 

maintain homeostatic tidal volume generation (Axen and Bergofsky, 1977). Also, rib 

cage afferents play an important role in the perceived intensity of respiratory sensation 

during sub maximal ventilatory loading. Disruption of this afferent input after SCI results 

in a blunted sensation to resistive and elastic loads (Gottfried et al., 1984). Therefore, it 

is hypothesized that the disruption of afferent feedback from the chest wall and 

abdomen due to c-SCI will greatly influence the type and pattern of respiratory muscle 

recruitment in conscious animals. 

Respiratory Chemoreception 

Hypercapnia 

The respiratory system functions to maintain a highly regulated homeostasis of 

oxygen and carbon dioxide levels in the blood and cerebral spinal fluid (Clancy and 

McVicar, 1996). During a hypercapnia challenge, this balance is disrupted by an 

elevated arterial PCO2 and decreased pH. Peripheral (Schlaefke et al., 1979) and central 

(Saint John, 1975) chemoreceptors are activated and stimulate increases in respiratory 

drive to increase minute ventilation by eliciting increased respiratory muscle activity 

(Yasuma et al., 1993). Increases in minute ventilation increase the rate of CO2 
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exhalation to restore O2 and CO2 homeostasis. The retrotrapezoid nucleus and 

serotonergic raphe nucleus are involved in regulation of the central chemoreceptor 

response to exposure to high levels of CO2 (Guyenet et al., 2012). Exposure to 

hypercapnia during development (Bavis et al., 2006) and in adulthood (Schaefer et al., 

1963) has been shown to induce transient respiratory plasticity. However, previous 

exposure to stressful stimuli, like immobilization, decreases the ventilatory response to 

hypercapnia in conscious rats (Kinkead et al., 2001a). 

Hypercapnia has long been used as a chemical challenge to evaluate respiratory 

motor responses (Arita and Bishop, 1983b, a, Oliven et al., 1985). In patients with low c-

SCI where the intercostal muscles are affected but diaphragm function is preserved, the 

response to hypercapnia exposure is dependent on the posture of the individual (Ben-

Dov et al., 2009).  

Since hypercapnia can be used to challenge the respiratory system and elicit 

increased central neural respiratory drive related muscle responses, hypercapneic 

challenge is an important tool to investigate the hypothesized benefits of ITTO 

conditioning. If ITTO conditioned animals with c-SCI have improved function of EI 

muscles then it is hypothesized that EI muscle EMG will increase bilaterally during 

hypercapneic challenge.  

Acute Intermittent Hypoxia 

Acute intermittent hypoxia (AIH) has been shown to induce respiratory plasticity 

and improve ventilation in animal models of SCI (Wilkerson et al., 2008, Wilkerson and 

Mitchell, 2009, Lovett-Barr et al., 2012) by means of respiratory long-term facilitation 

(LTF) (Vinit et al., 2009, Dale-Nagle et al., 2010). Repetitive exposure to AIH while 

sustaining an elevated level of carbon dioxide (CO2) has been shown to induce 
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ventilatory LTF in healthy conscious subjects (Harris et al., 2006, Mateika and Sandhu, 

2011) and subjects with chronic SCI (Tester et al., 2014). Thus, AIH along with elevated 

level of CO2 may improve the ventilatory status in individuals with incomplete SCI. 

Hence, it is hypothesized that AIH with increased CO2 treatment in SCI patients will 

increase respiratory load compensation. 

Effect of Conscious State on Respiration 

Voluntary Control of Respiratory Activity 

Respiration is an automatic process however voluntary modulation of breathing 

(Hlastala and Berger, 2001) and integration of behavioral responses (Orem and Netick, 

1986) regulate respiratory pattern in conscious states. Studies instructing human 

subjects to perform respiratory tasks like breath hold (Hanly et al., 1989), airflow 

targeting (Alexander-Miller and Davenport, 2010), Valsalva and Mueller maneuvers 

(Hanly et al., 1989) all require voluntary control of breathing pattern. Voluntary control of 

breathing enables the performance of these and many other daily tasks.  

Consciousness is required for modulation of respiratory activity by voluntary 

control. Therefore, it is not surprising that cortical structures are involved in the 

processing of neural information generated in response to internal and external applied 

respiratory stimuli. Apart from producing the required motor response, these brain areas 

process information from the respiratory system and also generate an affective 

response to the applied stimulus including respiratory sensations. Thus, the conscious 

state significantly influences the sensory-motor responses of an individual to internal 

and external respiratory stimuli.   
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Respiratory Sensation 

Respiratory sensation occurs when a subject consciously detects an internal or 

external respiratory stimulus that is equal to or larger than a threshold stimulus required 

to generate a cognitive response (von Leupoldt et al., 2013). Two main subcortical and 

cortical processes mediate respiratory sensations 1) discriminative processing, which is 

the ability to detect and respond to a stimulus based on its quantitative aspects and 2) 

affective processing, which are the qualitative attributes, threat and reward feelings 

associated with the applied stimulus (Davenport and Vovk, 2009). Detection of 

inspiratory resistive loads has been demonstrated in trained dogs (Davenport et al., 

1991), healthy human subjects (Zechman and Davenport, 1978, Huang et al., 2009) 

and children with life threatening asthma (Julius et al., 2002).  

Quantification of respiratory sensations is often measured using magnitude 

estimation of the applied stimulus. Magnitude estimation is a scaling technique where a 

number assigned to the perceived load is proportional to the load intensity. The reported 

magnitude estimation can then be used to calculate the respiratory perceptual 

sensitivity using Steven’s law Ψ=KΦn. The estimated magnitude Ψ is a power function 

of the load magnitude Φ, n is the power exponent (sensitivity) and K is a constant 

(Stevens, 1957). Respiratory perceptual sensitivity is unique to a stimulus modality 

(Zechman and Davenport, 1978, Davenport and Vovk, 2009, Huang et al., 2009).  

Respiratory sensation and magnitude estimation of respiratory resistive loads is 

related to the respiratory load compensation in response to the applied load (Knafelc 

and Davenport, 1999). Mechanisms underlying the perception of respiratory sensations 

are thought to be, modulated by a combination of changes in diaphragmatic pressure 

(Zechman and Davenport, 1978), mouth pressure (Whitelaw et al., 1975), feedback 
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from afferent modalities including phrenic (Davenport et al., 1985, Davenport et al., 

2010) and intercostal (Davenport et al., 1993) mechanoreceptors. Respiratory 

sensations are influenced by cortical and sub-cortical pathways (Davenport and Vovk, 

2009), neural attention resource availability (Van den Bergh et al., 1998, von Leupoldt et 

al., 2010, von Leupoldt et al., 2011) affective state and respiratory muscle strength 

(Kellerman et al., 2000, Huang et al., 2009). 

Repeated exposure to respiratory stimuli may result in respiratory learning. This 

respiratory learning is influenced by the memory of acquired psychosomatic symptoms 

but not by the physiological responses elicited by the respiratory stimulus (Van den 

Bergh et al., 1998). In healthy subjects, signals associated with neural processing of 

respiratory stimuli decrease in parallel with the reported respiratory sensations on 

repeated presentations of a single inspiratory occlusions (von Leupoldt et al., 2011). 

Due to this process of habituation, repeated respiratory sensory information seems 

redundant and of lesser importance thereby decreasing perceived respiratory sensation 

intensity (Revelette and Wiley, 1987). However, in cases where repeated respiratory 

stimuli make breathing progressively difficult, habituation does not occur and respiratory 

sensations and cognitive awareness are consequently heightened (von Leupoldt et al., 

2010).  

In individuals with respiratory deficits due to traumatic insults to the spinal cord 

accurate identification of respiratory sensations is important not only in the generation of 

appropriate respiratory load compensation responses but also to signal airway and lung 

defensive behaviors. Previous studies have reported a significantly reduced respiratory 

perceptual sensitivity in low c-SCI individuals (Gottfried et al., 1984). In addition, loss of 
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breathlessness sensation in response to induced apnea has been reported in an 

individual with high cervical transection (Roncoroni, 1972). To our knowledge, studies 

investigating the changes in respiratory sensations and respiratory load compensation 

of individuals with high cervical spinal cord injury are lacking. Thus, the studies in this 

dissertation are designed to systematically investigate thoracic respiratory muscle (EI) 

responses after c-SCI and the compensation to respiratory challenges of increased 

mechanical load (ITTO) and hypercapnia. 

In summary, the external intercostal (EI) muscles are primary muscles of 

inspiration and play a significant role during normal and loaded breathing. Intrinsic 

transient tracheal occlusion (ITTO) is a conscious animal model used to induce 

respiratory load compensation, which is a muscle mediated response for restoring 

ventilatory homeostasis. Respiratory muscle activity is modulated by the conscious 

state. The control of thoracic motorneurons is via direct input from the contralateral 

VRG, polysynaptic ipsilateral pathways from the DRG and VRG via cervical and 

thoracic interneurons. Cervical spinal cord injury (c-SCI) disrupts these descending 

inputs to the respiratory motorneurons. This in turn affects the normal EI muscle 

functioning and may alter their respiratory load compensation response.  This doctoral 

dissertation presents results from three studies aimed to assess the neurophysiology of 

the EI muscles in a conscious rat model. In addition, respiratory load compensation and 

magnitude estimation (ME) responses to inspiratory resistive loads (IRL) in an individual 

with chronic incomplete c-SCI before and ten days after AIH treatment are also 

investigated.  
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Figure 1-1. Schematic representation of the respiratory neural control. Respiratory 

rhythm generated in the brainstem is transmitted to the motorneurons of the 
phrenic and thoracic nuclei of the spinal cord, via bulbospinal and 
propriospinal pathways. These pontomedullary respiratory centers are directly 
controlled by higher brain centers via corticospinal tracts. Activity of the 
respiratory muscles results in thoracic pressure changes and lung 
movements generating ventilation. Afferent modulation of these muscles is 
via multiple afferent modalities: vagal, muscle spindles, tendon organs and 
joint receptors. Respiratory related afferents modulate respiratory neural drive 
at the brainstem and spinal cord levels. Afferent vagal modulation from the 
lung projects to the brainstem to modulate central neural output that drives 
respiratory muscle activity. Respiratory chemoreception of CO2, O2 and pH is 
via peripheral and central chemoreceptors that terminate in the brainstem and 
modulate the respiratory neural output to the respiratory muscles (Feldman, 
1986, Bianchi et al., 1995).
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Figure 1-2. Innervation of thoracic spinal cord. (A) In rats, descending drive to thoracic 

spinal cord is mainly via the contralateral VRG. Projections from the ipsilateral 
VRG, contralateral DRG and VRG terminate on upper cervical (C1-C2), 
phrenic (C3-C6) and lower cervical (C7-C8) spinal cord motorneurons. 
Propriospinal interneurons at these levels modulate thoracic motorneurons, 
generating an inter-segmental control of intercostal and abdominal muscle 
activity. There are projections between DRG, VRG and the Bötzinger 
complex. (B) Thoracic interneurons are extensively distributed in the cat 
spinal cord gray matter and interconnect with the motorneuron pool. 
Interneuron projections are found at least three segmental levels below the 
cell soma. This system also allows for integrated, complex inter-segmental 
control of respiratory muscle motorneurons (Kirkwood et al., 1988, de Castro 
et al., 1994, Lipski et al., 1994, Tian and Duffin, 1996b, a, de Almeida and 
Kirkwood, 2013). 
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CHAPTER 2 
NEUROPHYSIOLOGY OF THE EXTERNAL INTERCOSTAL MUSCLE IN 

CONSCIOUS RATS 

The thoracic intercostal muscles are primary respiratory muscles (Lane, 2011) 

with the external intercostal muscles (EI) primarily inspiratory in action during eupnea 

(Taylor, 1960, De Troyer et al., 2005). The EI muscles have a rostral-caudal and dorsal-

ventral gradient of activation (Feldman, 1986, De Troyer et al., 2005) and segmental 

reflexes do not contribute to this gradient (Bonaert et al., 2012). The inspiratory activity 

of EI muscles is inhibited by increasing lung volume (De Troyer et al., 2005) and this 

inhibition is somewhat reversed by increasing levels of arterial CO2 (Bailey et al., 2001). 

The EI muscles also play a prominent role in trunk movements (Whitelaw et al., 1992) 

and their activity is dependent on posture (Dick et al., 1982, Dick et al., 1984, Whitelaw 

et al., 1992, Hudson et al., 2011). The EI muscles act together with other muscles of the 

chest wall to produce respiratory pressure changes for breathing (Cappello and de 

Troyer, 2000). However, these observations are based on studies in anesthetized, 

reduced preparations in cats (Sears, 1964) and dogs (De Troyer et al., 1985, De Troyer 

and Ninane, 1986), sleeping cats (Dick et al., 1982, Dick et al., 1984) or, conscious 

(Whitelaw et al., 1992, Hudson et al., 2011) and sleeping (Henke et al., 1992) healthy 

humans. The function of intercostal muscles in conscious animals remains poorly 

understood. 

The rat has increasingly become the model of choice to study the functioning of 

the respiratory system with disease or trauma (Bianchi et al., 1995). Recently, de 

Almeida et al. have described the anatomy of the rat caudal intercostal muscle segment 

(de Almeida et al., 2010) and reported that expiratory bulbospinal medullary neurons 

project to the EI motorneurons in the thoracic spinal cord (de Almeida and Kirkwood, 
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2010, 2013). Results from previous studies suggest that in rats, medullary projections 

from the ipsilateral VRG, contralateral DRG and contralateral VRG terminate on upper 

cervical (C1-C2), phrenic (C3-C6) and lower cervical (C7-C8) spinal cord motorneurons 

(Tian and Duffin, 1996b, a). Interneurons at these levels can modulate thoracic 

motorneurons, establishing a major role in inter-segmental control of intercostal and 

abdominal muscle activity (Kirkwood et al., 1982a, Kirkwood et al., 1982b, Tian and 

Duffin, 1996b, Saywell et al., 2011, de Almeida and Kirkwood, 2013). Cross correlation 

studies have shown that these interneurons have connections between the upper 

cervical spinal inspiratory neurons (Tian and Duffin, 1996a), medullary inspiratory 

bulbospinal neurons of the VRG (Tian and Duffin, 1996b) and the thoracic spinal 

intercostal motorneurons. Thus, the descending drive to the rat’s thoracic spinal cord is 

an integrated complex combination of direct and indirect inputs from the VRG (Lipski et 

al., 1994, Kanjhan et al., 1995), DRG (de Castro et al., 1994), cervical spinal cord 

(Lipski et al., 1993, Tian and Duffin, 1996b, a) and cortical motor tracts (Rikard-Bell et 

al., 1985a, b, Saji and Miura, 1990).  

Intercostal muscles are modulated by afferent feedback from their muscle 

spindles (Critchlow and von Euler, 1963, Remmers, 1970, Holt et al., 2002), tendon 

organs (Bolser et al., 1987, Bolser and Remmers, 1989) and joint receptors (De Troyer, 

1997). These afferents act segmentally at the spinal cord level and on medullary 

inspiratory neurons to inhibit inspiratory activity (Bolser et al., 1987, Bolser and 

Remmers, 1989), and at the level of the cortex (Davenport et al., 1993) may modulate 

intercostal muscle activity. Reflex connections between thoracic spinal segments 

(Downman and Hussain, 1958) involving phrenic and intercostal motorneuronal systems 
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(Brichant and De Troyer, 1997, Leduc and de Troyer, 2002) have also been identified. 

Thus intercostal muscle activity is modulated via respiratory muscle afferent feedback 

on a breath-by-breath basis.  

Ventilation is the rhythmic and coordinated activity of primary and accessory 

respiratory muscles to generate minute ventilation. When internal or external 

mechanical stimuli act to perturb the system, respiratory load compensation responses 

act to restore ventilatory homeostasis (Clark and von Euler, 1972, Zechman et al., 

1976). Respiratory load compensation is a motor response mediated by the primary and 

accessory muscles of respiration (Lopata et al., 1983), and involves increases in activity 

of primary respiratory muscles (Romaniuk et al., 1992, Pate and Davenport, 2012b) 

and/or recruitment of accessory respiratory muscles (De Troyer and Farkas, 1989). The 

majority of animal load compensation studies have been performed in anesthetized 

animals, making the translation to conscious load compensation behavior (such as 

occurs in humans) difficult. Intrinsic transient tracheal occlusion (ITTO) in our lab is an 

established model to study respiratory load compensation in conscious rats. (Jaiswal et 

al., 2010, Jaiswal et al., 2011, Pate and Davenport, 2012a). The ITTO model allows 

transient, reversible and repeatable tracheal occlusion that elicits activation of the 

respiratory load compensation responses in conscious animals. ITTO is applied by 

inflating a vascular cuff implanted around the extra thoracic trachea with sufficient 

pressure to close of the lumen of the trachea. Deflating the cuff restores the tracheal 

lumen to its original state with no evidence of residual damage. Due to the short 

duration, transient nature of an ITTO stimulus minimal fluctuations in arterial blood 

gasses occur (Lewis et al., 1980). Respiratory load compensation responses have been 



 42 

reported in conscious rats for the diaphragm (Pate, 2010) but not for the EI muscles. 

The purpose of the present study is to determine the ITTO load compensation 

responses of EI muscles in conscious rats. 

Consciousness significantly influences respiratory activity and is fundamental for 

voluntary control of breathing (Hlastala and Berger, 2001) and the integration of 

behavioral respiratory responses (Orem and Netick, 1986). Several investigators have 

used surgical implantation of electromyography (EMG) electrodes under aseptic 

conditions for purposes of longitudinal data collection in sleeping (Dick et al., 1982, Dick 

et al., 1984, BuSha and Stella, 2002, Fraigne and Orem, 2011) and awake (Orem and 

Netick, 1986, Pate, 2010, Uga et al., 2010, Mantilla et al., 2011) animals. This method 

allows for chronic assessments of EMG activity and analyses of respiratory muscle 

neurophysiology over time and across different behaviors, in conscious animals 

(Mantilla et al., 2011). The EMG signal allows for the assessment of muscle properties 

and behavior (Lindstrom and Magnusson, 1977). EMG signals can be contaminated by 

noise due to interference from signals of adjacent and overlying muscles, heart rate, 

ambient electrical artifacts and movement resulting in mechanical motion artifacts 

(Sinderby et al., 1995, ATS. and ERS., 2002, Reaz et al., 2006). Appropriate filtering of 

the raw EMG signal helps eliminate these influences and integrated EMG analysis can 

provide insight on the relative amount of muscle activity generated in response to the 

experimental stimulus (Reaz et al., 2006, Mantilla et al., 2010). Integrated EMG analysis 

alone does not provide information on motor unit recruitment and frequency coding of 

individual motor units that shape the EMG signal (Seven et al., 2013). Power spectral 

density (PSD) analysis of an EMG signal can provide insight on these parameters. PSD 
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has been utilized to investigate motor unit recruitment (Seven et al., 2013), shifts in 

frequency content of an EMG signal (Mannion and Dolan, 1994, Spahija et al., 2005) 

and evaluation of muscle fatigue (Lindstrom et al., 1970, Beck et al., 1997). PSD is 

influenced by the conduction velocity of the nerve fibers innervating the muscle under 

study (Lindstrom et al., 1970, 1971) and thus may also provide insight on health and 

impact of conditioning by application of a repeated stimulus on the central nervous 

system. PSD is calculated by utilizing fast Fourier transformation (Lindstrom and 

Magnusson, 1977) of the raw EMG and results are displayed as power (volt2) vs. 

frequency (Hz) content of the EMG signal. Median and centroid frequency values of the 

EI muscles have not been previously reported. Assessment of PSD in conscious rats is 

essential for unanesthetized comparisons between animals in normal and injured states 

(Chen et al., 1996).  

The multiple sources of descending input as well as muscle afferent feedback, 

phrenic-intercostal, intercostal-intercostal and abdominal-intercostal connectivity all 

contribute to the complex neural control of the intercostal motorneuron system. Using 

integrated EMG and PSD analyses provides insight on the neurophysiology of EI 

muscles in conscious rats. We hypothesized that conscious rats exposed to ITTO will 

recruit the EI muscles with an increased EMG activation. We also hypothesized that 

repeated ITTO for ten days would potentiate the baseline EMG activity of this muscle in 

normal conscious rats. Our results demonstrate that conscious rats exposed to ITTO 

respond by recruiting the EI muscle with an increased EMG activation. This response to 

occlusion was consistent over ten days of ITTO conditioning with little or no ITTO 

conditioning effect on the baseline EMG activity of EI muscles. In addition, fifty percent 
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of conscious rats responded with an increase in ∫EI EMG immediately upon 

presentation with an ITTO. The remaining half initially decreased ∫EI EMG but 

subsequently increased ∫EI EMG as ITTO was sustained over a few breaths.  

Materials and Methods 

Animals 

The Institutional Animal Care and Use Committee at the University of Florida, 

Gainesville, reviewed and approved all procedures. A total of 24 adult male Sprague-

Dawley rats (300-450g) were studied (Harlan Laboratories, Indianapolis, IN). The 

animals were housed in a 12-hour light/ 12-hour dark cycle with free access to standard 

rat pellets and water. 

Study Design 

This study took place over a period of 16 days. The animals were surgically 

instrumented at day 0 and allowed one week of recovery from the surgical procedure 

(described below). Starting at day 7 (ITTO day 1), animals underwent 20-minute trials of 

ITTO every day for ten days, ending at day 16 (ITTO day 10). Animals in the no-ITTO 

group underwent the same procedure but did not receive any ITTO presentations. 

Surgical Protocol 

Animals (Figure 2-1) were initially anesthetized using isoflurane anesthesia (3-

5% in O2) in a whole body chamber. Depth of anesthesia was assessed by an absence 

of withdrawal to noxious toe web pinch and an absence of corneal blink reflex. 

Subcutaneous injections of Carprofen (5mg/kg body weight) and Buprenorphine (0.03 

mg/kg body weight) were administered pre-operatively for management of pain and 

discomfort. Incision sites were shaved and sterilized with betadine antiseptic solution. 

Animals were placed on a heating pad to maintain body temperature. Anesthesia was 
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maintained by isoflurane gas delivered through a nose cone. A half-inch incision was 

made on the dorsal skin surface between the scapulae. The animal was then placed in 

supine a position. A one-inch midline incision was made on the ventral surface of the 

neck. After isolating the extra-thoracic trachea a saline filled inflatable cuff (Vivo Metric, 

Fine Science Tools) was placed around the trachea and the ends of the cuff sutured 

together. The actuator tube of the cuff was externalized by routing the tube 

subcutaneously to the incision between the scapulae. Small cutaneous incisions were 

made bilaterally on the chest wall at level T5-T7. The EI muscles were visualized by 

blunt dissection. An area between the parasternal and anterior axillary lines was 

exposed and bipolar wire electrodes were sutured through the exposed EI muscles 

(Omnetics Connector Corporation, Minneapolis, MN). The ends of the EMG wires were 

also routed subcutaneously to the rats’ dorsal incision between the scapulae. The 

incision in the dorsal scapular surface was closed with sutures with the externalized 

actuator tube and connector head accessible for use during experiments. The incisions 

on the ventral surfaces were sutured. Rats were administered warm normal saline 

(0.01-0.02 ml/g body weight), Penicillin (0.1 ml/kg PenG 30,000 units/ ml) and gradually 

weaned off the isoflurane anesthesia. Animals were allowed to recover in a separate 

cage over heating pad and returned to the animal care facility once they regained full 

mobility. Postoperative analgesia was administered once every 24 hours for three days 

using Carprofen (5mg/kg body weight) and Buprenorphine (0.03 mg/kg body weight). 

Animals recovered for one week before the experimental protocols were initiated. 

Experimental Protocol 

Instrumented animals were randomly divided into two groups: ITTO group (n=16) 

and no exposure to ITTO control group (n=8). Conscious animals were placed in a 
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whole body restrainer for the entire experimental trial duration. The externalized EMG 

connector was connected to the recording apparatus. The EMG signals were amplified 

(P511 series, Grass Instruments, Quincy, MA) and band-pass filtered (30-1000 Hz). 

Analog outputs were digitized at 5 kHz (Model 1401, Cambridge Electronics Design), 

computer processed (Spike2, Cambridge Electronics Design) and stored for subsequent 

analyses. For the ITTO conditioning group, rats were placed in the restrainer and left 

undisturbed for 2 minutes of baseline recording. After 2 minutes the ITTO rats received 

3-5 seconds of tracheal occlusion (ITTO) via cuff inflation using saline pressure followed 

by 10-15 seconds of unoccluded breathing. The 3-5 second ITTO was repeated for a 

total of 20 minutes. Cuff pressure was recorded with a differential pressure transducer 

connected to the actuator tube and syringe. The cuff pressure was calibrated and 

monitored to ensure compression and occlusion of the trachea. A total of ~35-40 ITTOs 

were presented over the 20 minutes. After ITTO trials were completed, the animals 

were allowed to recover for 2 minutes post ITTO activity recordings. Control animals 

were placed in the restrainer, EMG activity recorded and no ITTOs presented 

throughout the 24 minute trial duration. At the end of the trial, the animals were removed 

from the restrainer and returned to their cage. The restrainer was cleaned with alcohol 

wipes between each trial and between each animal. This procedure was repeated every 

day for a total of ten days. Animals were euthanized after ten days of experimental trials 

by overdosing with isoflurane gas anesthesia (5% in O2).  

Data Analyses 

Integrated EMG analysis 

Raw EI EMG was FIR digital high-pass filtered (300 Hz; Spike2, Cambridge 

Electronic Design) to minimize the effect of heart rate and movement artifacts. DC 
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remove, rectification and smoothing (50ms) functions were applied to the filtered data. 

This integrated EI EMG (∫EI EMG) was used for further analyses. Data for days 1, 3, 5, 

7 and 10 were analyzed. The ∫EI EMG trace was divided into:  

 Before – 2 minutes baseline activity prior to ITTO exposure;  

 Onset – initial breath response during each ITTO presentation;  

 Phasic – all remaining breaths during each ITTO presentation;  

 2s after – 2s time period immediately after offset of each ITTO presentation;  

 Between – time period in between each ITTO presentations excluding the 2s after 
period  

 After – 2 minutes after completion of ITTO exposure.  

These phases are illustrated in Figure 2-2. 

Peak ∫EI EMG amplitude and peak-to-peak ∫EI EMG frequency values were 

obtained from Before and After and a minimum of 5-10 randomly selected ITTO 

presentations for Days 1, 3, 5, 7, and 10 for each animal. Data measures greater than 

(±) 3 standard deviations were considered as outliers and eliminated from further 

analysis (Osborne and Overbay, 2004). Peak ∫EI EMG amplitude were normalized to 

Before values on: a) Day 1, and b) within each day (1, 3, 5, 7, and 10). Based on the 

Onset response on Day 1, animals were divided into two groups, for post-hoc analysis: 

a) High-responders – those that showed an increase in percentage change ∫EI EMG 

amplitude (n=7), and b) Low-responders – those that showed a decrease in percentage 

change ∫EI EMG amplitude (n=6). Percentage changes in ∫EI EMG amplitude and group 

data for peak-to-peak ∫EI EMG frequency were analyzed for statistical significance 

(SigmaPlot 12.5, Systat Software, Inc). 
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Power spectral analysis 

The Before and After periods of the raw EI EMG trace (defined above) were used 

in a subset of animals for PSD analysis using fast Fourier transformation (FFT) in 

Spike2 (Cambridge Electronics Design). From the PSD, ƒm and ƒc were calculated. 

Median frequency, ƒm, was defined as the frequency at which sum of PSD above is 

greater than or equal to sum of PSD below (Seven et al., 2013). Centroid frequency, ƒc 

was defined as the frequency at which area under curve was half of the total area under 

the curve (Seven et al., 2013). ƒm and ƒc values were calculated for ITTO group (n=8) 

and control group (n=5) for data from Days 1 and 10.  

Statistical analysis 

Normalized percentage change in ∫EI EMG amplitude and peak-to-peak ∫EI EMG 

frequency were used for statistical analyses. One-way RMANOVA was used for within 

group analysis across Days 1, 3, 5, 7, and 10. One-way ANOVA was used to 

statistically compare data between ITTO and control groups. Multiple pair-wise 

comparison procedure using Student-Newman-Keuls method was used to identify group 

differences. PSD Day 1 and Day 10 values for ƒm and ƒc were also analyzed using one-

way RMANOVA for within group and one-way ANOVA for between group analyses. 

Data were considered significant for p≤0.05. All data are presented as Mean ± standard 

error of mean (unless noted otherwise). 

Results 

Characteristics of Applied ITTO Stimulus and Effect on Animal Weight 

Results presented here are from n=14 for the ITTO group and n=8 for the control 

group (Table 2-1 and 2-2). Two animals from ITTO group with mean amplitude values 
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greater than (±) 3 standard deviations were outliers (Osborne and Overbay, 2004) and 

eliminated from analyses.  

Pre-surgical weight (Table 2-1) of the animals was not significantly different 

between the ITTO (348.4 ± 13.0g) and control (381.4 ± 21.0g) groups. Both groups 

showed significant decreases in body weight on ITTO Day 1: ITTO (316.0 ± 13.7g, 

p≤0.05) and control (355.4 ± 19.6g, p≤0.01) when compared to pre-surgical weight. 

Animals gained weight over the post-surgical days and showed continuous increases in 

body weight: ITTO Day3, ITTO (325.8 ± 18.0g, p≤0.01) and control (359.8 ± 17.5g, 

p≤0.01); ITTO Day 5, ITTO (324.5 ± 15.3g, p≤0.01) and control (366.6 ± 16.4g, p≤0.05); 

ITTO Day 7, ITTO (333.3 ± 17.0g, p≤0.05) and control (377.4 ± 14.0g, p≤0.05); ITTO 

Day 10, ITTO (358.0 ± 11.4g) and control (384.3 ± 13.0g). By ITTO Day 10 all rats had 

regained their body weight and were not significantly different between groups (Table 2-

1).  

The mean ITTO durations (Table 2-2) were not significantly different across days: 

ITTO Day 1 (4.7 ± 0.3s), ITTO Day 3 (4.4 ± 0.2s), ITTO Day 5 (4.8 ± 0.2s), ITTO Day 7 

(4.8 ± 0.2s), ITTO Day 10 (4.9 ± 0.2s). The mean occlusion pressures during applied 

ITTO were not significantly different across days (Table 2-2). 

ITTO Mediated Respiratory Load Compensation in ∫EI EMG Muscle of Conscious 
Rats 

The responses to ITTO of experimental and control animals on Days 1, 3, 5, 7 

and 10 are presented in Figure 2-3. Before data normalized to Day 1 of ITTO trial 

presentation resulted in percentage changes in Before on Day 3 (-10.94 ± 17.26%), Day 

5 (40.18 ± 26.19%), Day 7 (39.25 ± 29.87%) and Day 10 (31.05 ± 19.89%). The 
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baseline activity of the EI muscles was increased before ITTO presentation began on 

trial Days 5, 7, and 10 compared to Day 1.  

Onset and Phasic were the two phases corresponding to responses observed 

during the application of an ITTO. ITTO animals showed a significant load 

compensation response to applied ITTO on all days. Percentage changes in Onset 

response on the time-points were: Day 1 (5.64 ± 12.92%), Day 3 (37.78 ± 54.28%), Day 

5 (58.57 ± 28.11%), Day 7 (11.07 ± 24.40%) and Day 10 (18.16 ± 17.66%). Percentage 

changes in Phasic response were: Day 1 (-3.20 ± 10.59%), Day 3 (-21.46 ± 18.85%), 

Day 5 (17.00 ± 25.15%), Day 7 (18.17 ± 21.08%) and Day 10 (13.11 ± 14.84%). The 

Onset and Phasic responses on all Days were significantly greater (p≤0.05) than the 

After response on the same day: Day 1 (-36.13 ± 9.49%), Day 3 (-49.65 ± 14.00%), Day 

5 (-31.78 ± 10.48%), Day 7 (-28.00 ± 13.30%) and Day 10 (-35.68 ± 8.59%). 

Percentage changes in 2s after response were: Day 1 (-4.56 ± 10.10%), Day 3 (-

39.69 ± 8.44%), Day 5 (12.59 ± 20.64%), Day 7 (19.38 ± 19.53%) and Day 10 (3.09 ± 

13.47%). The 2s after response on each day was significantly greater (p≤0.05) than the 

After response on the same day: Day 1 (-36.13 ± 9.49%), Day 3 (-49.65 ± 14.00%), Day 

5 (-31.78 ± 10.48%), Day 7 (-28.00 ± 13.30%) and Day 10 (-35.68 ± 8.59%). The 

percentage changes in Between response were; Day 1 (-23.24 ± 8.48%), Day 3 (-45.12 

± 9.21%), Day 5 (-8.00 ±17.83%), Day 7 (17.85 ± 23.22%) and Day 10 (-14.02 ± 

12.63%). During this phase, percentage change in ∫EI EMG amplitude was significantly 

greater (p≤0.05) than that during After on a Days 1, 7 and 10; Day 1 (-36.13 ± 9.49%), 

Day 3 (-49.65 ± 14.00%), Day 5 (-31.78 ± 10.48%), Day 7 (-28.00 ± 13.30%) and Day 

10 (-35.68 ± 8.59%).  
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Percentage changes in the After response were: Day 1 (-36.13 ±9.49%), Day 3 (-

49.65 ± 14.00%), Day 5 (-31.77 ± 10.48%), Day 7 (-28.00 ± 13.30%) and Day 10 (-

35.68 ± 8.59%). Responses during After; Day 3 (-49.65 ± 14.00%), Day 5 (-31.78 ± 

10.48%), Day 7 (-28.00 ± 13.30%) and Day 10 (-35.68 ± 8.59%) were significantly 

smaller than those during Before: Day 3 (-10.94 ± 17.26%), Day 5 (40.18 ± 26.19%), 

Day 7 (-39.25 ± 29.87%) and Day 10 (31.05 ± 19.89%), on all Days (p≤0.05).   

Figure 2-4 presents the data normalized to Before values on the same day, for 

example, ∫EI EMG amplitude for Onset response from Day 3 was normalized to ∫EI 

EMG amplitude Before values on Day 3. Percentage changes on Day 1 during Onset 

(5.64 ± 12.92%), Phasic (-3.20 ± 10.59%), 2s after (-4.56 ± 10.10%) and Between (-

23.24 ± 8.49%) were significantly greater (p≤0.05) than After (-36.13 ± 9.49%). 

Percentage changes on Day 3 during Onset (14.51 ± 20.18%), 2s after (-17.04 ± 

14.67%) and Between (-31.84 ± 6.83%) were significantly greater (p≤0.05) than After (-

42.33 ± 7.46%). Percentage changes on Day 5 during Onset (10.92 ± 19.38%), Phasic 

(-14.90 ± 10.51%) and 2s after (-17.15 ± 11.73%) were significantly greater (p≤0.05) 

than After (-50.55 ± 4.95%). Percentage changes on Day 7 during Onset (2.58 ± 

17.83%), Phasic (-11.53 ± 11.17%), 2s after (-8.01 ± 12.61%) and Between (-12.67 ± 

13.68%) were significantly greater (p≤0.05) than After (-41.59 ± 6.56%). Percentage 

changes on Day 10 during Onset (3.25 ± 9.17%), Phasic (-5.94 ± 10.64%), 2s after (-

14.99 ± 9.05%) and Between (-30.85 ± 6.94%) were significantly greater (p≤0.05) than 

After (-39.86 ± 9.09%). The After responses for the control group on: Day 1 (-21.38 ± 

10.30%), Day 3 (-29.34 ± 11.09%), Day 5 (-44.28 ± 10.23%), Day 7 (-33.46 ± 20.45%), 
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Day 10 (-20.64 ± 14.52%) and for the ITTO group were not significantly different 

between groups and across days. 

Peak-to-Peak Frequency of ∫EI EMG 

The peak-to-peak ∫EI EMG frequency during eupneic Before phase of the trial 

was not significantly different across days and between groups (Figure 2-6). During an 

ITTO trial, changes in peak-to-peak ∫EI EMG frequency were not significantly different 

on Days 1, 5 and 7. On Day 3, 2s after (168.0 ± 18.3 bursts/min) showed a significantly 

higher (p≤0.05) frequency than After (131.2 ± 16.4 bursts/min), in the ITTO group. On 

Day 10, peak-to-peak ∫EI EMG frequency was significantly decreased (p≤0.05) during 

Phasic (119.0 ± 6.9 bursts/min), 2s after (136.3 ±8.9 bursts/min), Between (122.6 ± 5.7 

bursts/min) and After (150.6 ± 17.9 bursts/min) when compared to Before (163.6 ± 7.9 

bursts/min). Peak-to-peak ∫EI EMG frequency in the control animal group remained 

stable over Days 1, 3, 5 and 7. There was a significant decrease (p≤0.05) during After 

(144.9 ± 13.6 bursts/min) compared to Before (182.1 ± 13.5 bursts/min) on Day 10 in 

the control group. 

Characteristics of ITTO Mediated ∫EI EMG Muscle Load Compensation Response 

The time required to elicit the Onset response when an ITTO was presented is 

termed the latency-to-Onset response. The number of breaths comprising the Phasic 

response during each ITTO presentation was measured. The latency-to-Onset 

response (Figure 2-5B) on Day 1 (0.5 ± 0.03s), Day 3 (0.4 ± 0.04s), Day 5 (0.6 ± 0.04s), 

Day 7 (0.5 ± 0.05s) and Day 10 (0.5 ± 0.04s) and number of phasic breaths (Figure 2-

5A) on Day 1 (6.5 ± 0.5), Day 3 (7.5 ± 0.5), Day 5 (7.1 ± 0.2), Day 7 (7.5 ± 0.4) and Day 

10 (6.4 ± 0.4) were not significantly different. Therefore, repeated presentations of ITTO 

did not alter the pattern of the EI muscle load compensation response.  
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Effect of ITTO Conditioning on Eupneic ∫EI EMG 

Figure 2-3 presents the percentage changes in ∫EI EMG across days with data 

normalized to Before values from Day 1. The Before value on Day 3 (-10.94 ± 17.26%) 

is a decreased percentage change and on Day 5 (40.18 ± 26.2%), Day 7 (39.25 ± 

29.87%) and Day 10 (31.05 ± 19.89%) are all increased percentage changes in ∫EI 

EMG. This indicates that ∫EI EMG was increased (Days 5, 7 and 10) as compared to the 

Before trial phase on Day 1. The After values on Day 1 (-36.13 ±9.49%), Day 3 (-49.65 

± 14.01%), Day 5 (-31.77 ± 10.48%), Day 7 (-28.00 ± 13.30%) and Day 10 (-35.68 ± 

8.59%) were all decreased percentage changes. Thus the After ∫EI EMG decreased on 

Days 1, 3, 5, 7, and 10 relative to the Before trial phase on Day 1. Normalized Before 

value on each day was significantly greater than After on the same day (p≤0.05). 

Control animals were not exposed to ITTO and therefore, data from 

corresponding Before and After are used for analyses. Percentage changes increased 

for control animals Before responses on Day 3 (117.96 ± 130.29%), Day 5 (1.65 ± 

9.06%), Day 7 (-11.18 ± 19.14%) and Day 10 (136.24 ± 100.55%). The percentage 

changes in the After ∫EI EMG responses decreased on Day 1 (-21.38 ± 10.30%), Day 5 

(-42.04 ± 11.50%), Day 7 (-41.60 ± 18.28%) but increased on Day 3 (32.47 ± 73.01%) 

and Day 10 (56.64 ± 103.12%). Percentage changes in the After ∫EI EMG amplitude 

response were not significantly different, compared to Before, across the study days in 

control animals.  

Variability of EI Muscle EMG Responses to ITTO in Conscious Rats 

To assess the variability in responses to ITTO observed, post-hoc analyses were 

performed (Figure 2-7). Animals were separated into High-responders (Figure 2-7A) 

and Low-responders (Figure 2-7B) based on their Onset responses on Day 1. Seven of 
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the animals were High-responders and the remaining six were Low-responders on ITTO 

Day 1. This segregation of animals into High- and Low- responder groups remained at 

~50% throughout the ten days of ITTO trials. In the High-responder group on ITTO Day 

1, the Onset response (42.85 ± 8.38%) was significantly greater (p≤0.05) than the After 

(-23.01 ± 14.60%) response. The Onset response on ITTO Day 1 for the High-

responder group (42.85 ± 8.38%) was significantly greater (p≤0.001) than the Low-

responder group (-37.77 ± 8.36%). No other significant differences were found between 

these groups and across time-points in this study.  

Power Spectral Density of ∫EI EMG Before and After Ten days of ITTO 
Conditioning 

The power spectral density analyses (PSD) of EI muscles were applied to eight 

ITTO and five Control conscious rats. The variability in the power of the signal across its 

frequency distribution is shown in Figure 2-8. This figure illustrates the variability in the 

activity of EI muscles during eupneic breathing in conscious rats. The ƒm (Figure 2-9) 

were: ITTO Day 1, Before (311.7 ± 35.2Hz) and After (319.5 ± 46.2Hz); Control Day 1, 

Before (329.4 ± 54.6Hz) and After (372.8 ± 55.8Hz); ITTO Day 10, Before (331.7 ± 

31.0Hz) and After (379.3 ± 36.2Hz); Control Day 10, Before (297.8 ± 51.9Hz) and After 

(278.3 ± 52.5Hz). The ƒc (Figure 2-9) were: ITTO Day 1, Before (321.8 ± 34.3Hz) and 

After (330.0 ± 45.5Hz), Control Day 1, Before (342.5 ± 54.0Hz) and After (382.7 ± 

54.9Hz); ITTO Day 10, Before (339.9 ± 32.8Hz) and After (374.2 ± 37.2Hz); Control Day 

10, Before (302.8 ± 47.9Hz) and After (295.6 ± 51.6Hz). There were no significant 

differences in ƒm and ƒc between groups and across days.  
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Discussion 

The results from this study demonstrate that conscious rats consistently recruit 

the EI muscles in their load compensation response to ITTO. Increased EI activity has 

been previously demonstrated as a part of the respiratory load compensation response 

in rabbits (D'Angelo et al., 2010), dogs (De Troyer et al., 1988, De Troyer and Farkas, 

1989, 1990, De Troyer, 1991, Brichant and De Troyer, 1997) and humans (Whitelaw et 

al., 1975, Altose et al., 1976, De Troyer and Estenne, 1984, Whitelaw et al., 1992). The 

present study also demonstrated the EI motor pattern of the load compensation 

responses in conscious rats. Consistent with our hypothesis, the EI muscles of 

conscious rats were repeatedly recruited in response to an increased respiratory drive 

during an applied ITTO. It is likely that the EI muscle recruitment acts to increase 

ventilator pump forces by stabilizing the thoracic wall thereby increasing the mechanical 

function of diaphragmatic contraction. The net effect of the conscious load 

compensation is to increase respiratory muscle output to attempt to maintain minute 

ventilation despite increased respiratory mechanical load. 

In the current study, presentation of an ITTO resulted in recruitment and 

increased EMG activation of the EI muscles on Days 1, 3, 5, 7, and 10. The percentage 

change in ∫EI EMG amplitude was consistently and repeatedly increased during an 

ITTO presentation, as compared to the baseline activity. Thus, repeated presentations 

of ITTO, both in a single trial and over ten days recruited the EI muscles with an 

increased ∫EI EMG amplitude activity with no evidence of habituation. The pattern of the 

responses to an individual ITTO, latency-to-Onset response and the peak-to-peak ∫EI 

EMG frequency during Phasic activity did not change across trial days. This suggests 

that repeated exposure to ITTO did not cause neuromuscular potentiation (increased 
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activity over days) or habituation (decreased activity over days). However, Smith et al 

using a similar ITTO conditioning paradigm reported over a 30% increase in intercostal 

muscle cross-sectional area (Smith et al., In press). This suggests that ten days of ITTO 

conditioning may result in increased respiratory muscle contraction force as a result of 

hypertrophy of the intercostal muscles. Thus, the neuromuscular drive to the EI muscles 

increased to compensate for the increased respiratory load but the neural drive for 

mechanical load compensation response did not need to change by Day 10 due to ITTO 

EI muscle hypertrophy.  

The activities of the EI muscles are dependent on their segmental level and lung 

volume. The EI muscles of the upper rib cage are reported to be inspiratory in action 

(Dimarco et al., 1990) at volumes encompassing the vital capacity range. On the other 

hand, EI muscles of the caudal rib cage are reported to have an expiratory action as 

lung volume increases (De Troyer et al., 1985). In the present study, the EI muscles 

between thoracic segments five and seven, a transition between cranial and caudal rib 

cage, were studied. The neurophysiological characteristics of these EI muscles in 

conscious rats during eupneic and load compensation breathing are likely different from 

anesthetized rats and intermediate between cranial and caudal EI muscles. In addition, 

no attempts were made to differentiate between inspiratory and expiratory function of 

the EI muscle activity. Future studies with corresponding diaphragm (Mantilla et al., 

2011) and abdominal (Abe et al., 1996) muscle activity correlated with respiratory 

volume changes (Walker et al., 1997) are required to determine the breath phase 

dependent functional characteristics of EI muscle load compensation in conscious rats. 
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The response to ITTO was characterized by an increase in ∫EI EMG amplitude 

with no change in the peak-to-peak ∫EI EMG frequency across days. However, after ten 

days of ITTO conditioning, the ITTO animals showed a significant reduction in peak-to-

peak ∫EI EMG frequency during all phases of the trial, when compared to Day 10 Before 

values. This was also the case for the control animals in our study. Both the ITTO and 

control animals were restrained at all times during the trial. Restraint is a form of 

immobilization, which is a stress stimulus and influences the control of respiratory 

pattern (Kinkead et al., 2001b). Therefore, one possible explanation for this result could 

be that after ten days restraint the acute restraint effects at the beginning of trial that 

caused the animals to breathe with a higher frequency habituated by Day 10. As the 

trial progressed, however, this frequency increase was not maintained and no further 

significant differences were noted.  

The primary functions of the EI muscles are to maintain mechanical stability of 

the chest wall and to aid in the upward and outward movement of the rib cage in concert 

with contraction of the diaphragm (Feldman, 1986, De Troyer et al., 2005). In the 

present study, the EI muscles were always recruited with each ITTO presentation. This 

suggests that in conscious animals the EI muscles are activated to maintain chest wall 

stability as part of the respiratory load compensation response. However, the magnitude 

of EI muscle activation was variable indicating that ∫EI EMG activity in response to ITTO 

may be dependent on the animals’ conscious and affective state, posture, phase of 

breath during which ITTO was applied and modulation via afferent feedback.  

Modulation by Conscious and Affective State 

Consciousness significantly influences respiratory activity by incorporating 

voluntary control (Hlastala and Berger, 2001) and integration of different behaviors 
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(Orem and Netick, 1986) with breathing. Thus, conscious state influences the sensory-

motor responses to internal and external respiratory stimuli. Sniffing, vocalization and 

whole body movements affected the results from this study with conscious rats.  In 

addition, ITTO is an aversive stimulus eliciting escape behavior that may account for the 

variable responses of EI muscle activity. Observations during the trials elicited these 

behaviors and the corresponding EI data could not be used for respiratory pattern 

analyses. Hence activity of EI muscles conscious animals is behaviorally unique and 

dynamically modulated when compared to anesthetized rats.  

From previous studies in our lab, it is known that ITTO conditioning increases 

stress, anxiety and associated neural changes in conscious rats (Pate and Davenport, 

2012a). Afferent processing of respiratory stimuli is modality specific (Zechman and 

Davenport, 1978) and changes in affective state modulate sensory gating and cortical 

processing of conscious respiratory sensations (Chan et al., 2012). Our lab has shown 

that ITTO conditioning in conscious rats causes anxiety and associated changes in 

gene expression in the thalamus (Bernhardt et al., 2011b). These in turn may influence 

respiratory activity pattern of the EI and other primary and accessory respiratory 

muscles. The possibility of learned responses to ITTO, however, is also likely but 

masked by the current study use of restrained versus freely moving rats. The ITTO is an 

unexpected, inescapable stimulus. In freely moving rats, ITTO has been suggested to 

elicit learned helplessness (Pate, 2010). For stimuli, such as ITTO, that result in 

progressive difficulty to breathe, habituation does not occur and respiratory awareness 

is heightened (von Leupoldt et al., 2011). The random application of an ITTO and the 

effect of repeated ITTO on conscious state may have contributed to the variability in the 
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data in conscious respiratory load compensation responses and may have differentiated 

the rats into High- and Low-responders. 

Breath Phase and Lung Volume 

Each ITTO presented was of a consistent duration and the cuff occlusion 

pressure was also maintained relatively constant within each ITTO trial and across 

days. No significant differences were observed in these parameters. However, we did 

not selectively apply the ITTO to a breath phase. The respiratory rhythm is cyclic in 

nature (von Euler, 1977) and application of a load during inspiratory or expiratory 

phases modulates the immediate and subsequent breaths differently (Clark and von 

Euler, 1972, Zechman et al., 1976). This modulation is dependent on activity of vagal 

afferents, which in turn is dependent on lung volume during respiratory loading 

(Zechman et al., 1976, Davenport et al., 1984). Future studies with corresponding 

breath phase differentiation will aid in the understanding of modulation of EI muscle 

activity by lung volume during respiratory loading in conscious rats.  

Effect of Afferent Modulation on ∫EI EMG ITTO responses 

Afferent feedback from intercostal muscle spindles (Critchlow and von Euler, 

1963, Remmers, 1970, Holt et al., 2002), tendon organs (Bolser et al., 1987, Bolser and 

Remmers, 1989) and joint receptors (De Troyer, 1997) modulates EI muscle activity. 

These afferents act segmentally (Remmers, 1970, Kirkwood, 1988) and at the level of 

the cortex (Davenport et al., 1993) to drive appropriate EI muscle activity to maintain 

ventilatory homeostasis. Modulation from reflex pathways between intercostal segments 

(Downman and Hussain, 1958) and those involving phrenic and intercostal systems 

(Brichant and De Troyer, 1997, Leduc and de Troyer, 2002) further ensure that EI 

muscle activity is modulated on a breath-by-breath basis. The results from the present 
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study do not allow the evaluation of influences from each of these afferent mechanisms 

on these conscious animals. 

Postural Influences on ∫EI EMG responses to ITTO 

EI muscles have both respiratory (Hudson et al., 2011) and postural (Whitelaw et 

al., 1992) functions. Dick et al demonstrated in cats sleeping in a curled, semi-prone 

posture that EI muscle activity on the upward side was always greater than the opposite 

downward side (Dick et al., 1984). These authors also reported that the activity of the 

inspiratory intercostal muscles variably changed from awake to non REM sleep states in 

supine restrained cats (Dick et al., 1982). This is contrary to reports in healthy 

adolescent human subjects where intercostal muscle activity increased during non REM 

sleep in supine position (Tabachnik et al., 1981).Therefore, although EI muscle activity 

is modulated by changes in posture, species differences in the pattern and type of 

modulation also exists. In the present study, the animals were restrained and in the 

prone position. The effect of this posture on baseline activity is likely present but could 

not be specifically differentiated from respiratory activity. Further, the EI muscle activity 

recorded in the present study was in conscious (non-sleeping) rats, which is also 

different from many previous conscious animal and human studies. Thus, due to the 

need for restraint and the conscious state of the animal, influences from postural 

component of EI muscle activity are likely to contribute to the present outcome 

measures.  

Effect of Body Weight on ∫EI EMG activity 

A change in body weight and associated changes in muscle fiber mass would 

affect recruitment of EI muscle and therefore the ∫EI EMG activity (Mantilla et al., 2011). 

The weight of the animals in our study was significantly decreased one week after 
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surgical instrumentation procedure. However, both groups of animals consistently 

gained weight over the study time-period and no significant differences in body weight 

were observed between groups and the body weights returned to pre-surgical levels by 

the end of our study. Therefore, although the potential effect of changed body weight 

cannot be neglected, the variability in ∫EI EMG responses observed in our data may not 

be due to loss of body weight. However, there may have been an increase in intercostal 

muscle fiber cross sectional area and related EI motor unit output in these animals, 

similar to the hypertrophy effects reported by Smith et al. (Smith et al., In press).  

A combination of the conscious state, afferent feedback modulation, restraint, 

posture and EI muscle hypertrophy potentially influenced the results of the present 

study. We propose that these factors modulate the brainstem load compensation 

response not normally observed in anesthetized animals, resulting in variability of ∫EI 

EMG activity in conscious rats. To understand the distribution of the variability in the 

observed responses we divided the ITTO animals into High- and Low-responders based 

on their Onset responses to an ITTO presentation. Approximately, 50% percent of 

conscious rats were High-responders with an increase in ∫EI EMG immediately upon 

presentation with an ITTO. Approximately 50% of conscious rats were Low-responders 

with decreased ∫EI EMG at the Onset of the ITTO but subsequently increased as ITTO 

was sustained. This pattern was observed on the Day 1 trial and persisted throughout 

the ten days of ITTO. The between animal, within species/ strain difference in Onset 

response is consistent with anxiety measures (Gomes Vde et al., 2013) with high- and 

low- anxiety rats within a strain and is usually only observed in conscious studies. The 

subgroups of High- and Low-responders may potentially result from this segregation in 
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anxiety responses and further increase the inherent variability of ∫EI EMG activity (Dick 

et al., 1982) and load compensation responses in the conscious state.  

Technical Considerations 

Activity from underlying internal intercostal muscles may contribute to the EI 

EMG recordings, especially during ITTO. We used fine wire electrodes and surgical 

techniques to minimize contact with internal intercostal muscles, but electrical activity 

from the internal intercostal muscles can be conducted to the electrodes. Placement of 

wire electrodes in the EI muscle was confirmed post-mortem and results presented in 

this study are from successful EI muscle implants only. In our initial experiments, many 

animals damaged externalized electrode wires by chewing on them. We subsequently 

used a solid connector (Omnetics Connector Corporation, Minneapolis, MN), which 

decreased the loss of electrodes due to damage caused by animal. This enabled 

successful chronic longitudinal studies using the same EMG electrodes implanted in the 

same location with no replacement of the electrodes required. It is also important to 

consider movement of electrodes over time as a possible change in recording site 

(Mantilla et al., 2011). By suturing the electrode wires in place we minimized the 

possibility of differences in recordings across days due to electrode displacement. Also, 

normalized EMG data analyses allow for statistical comparisons between animals and 

within the same animal over days. We normalized the data to two different time points: 

ITTO Day 1 (Figure 2-3) and to each day (Figure 2-4) to decrease between and within 

animal variability. Post-mortem macroscopic analysis of EI muscle surrounding 

electrode placement site confirmed the stability of electrode implant sites and an 

absence of fibrosis. 
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An important result from this study is the median and centroid frequency values 

from the PSD analyses of the EI muscle EMG activity during conscious eupneic 

breathing. Currently, there are no published reports for these parameters for EI muscles 

in conscious rats. PSD has been utilized to investigate motor unit recruitment (Seven et 

al., 2013), shifts in frequency content of an EMG signal (Mannion and Dolan, 1994, 

Spahija et al., 2005), evaluation of muscle fatigue (Lindstrom et al., 1970, Beck et al., 

1997) and the conduction velocity of nerve fibers innervating the muscle influences the 

PSD (Lindstrom et al., 1970, 1971). The results of this study show no effect of ITTO on 

the PSD ƒm and ƒc within a trial and across days. This suggests the EI motor recruitment 

remains the same during unloaded breathing and does not show plasticity with ITTO 

conditioning.  

In summary, we have determined the respiratory load compensation responses 

of the EI muscles in response to ITTO in conscious rats. Activity of the EI muscles is not 

only dependent on descending drive (Feldman, 1986, De Troyer et al., 2005) but is also 

influenced by lung volume (De Troyer et al., 1985), breath phase (Zechman et al., 

1976), afferent modulation (Shannon, 1977) and conscious state (Dick et al., 1982, 

Orem and Netick, 1986). The present investigation focused on the intercostal spaces 

located between thoracic levels five and seven. These EI muscles are intermediate 

between the cranial and caudal thoracic levels and have different load compensation 

responses in the anesthetized state. The conscious rats had a respiratory load 

compensation response characterized by increased EI muscle activity on presentation 

of ITTO. There was significant variability in the load compensation response that is 

likely due to conscious state and responder subgroups within the same strain of rats 
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used in this study. Further studies are required to understand the load compensation 

response of the EI muscles at all the different thoracic levels and their integrated, 

functional relationship with other respiratory muscles that are critical for sustaining 

ventilation during increased respiratory mechanical load. The results from the present 

study demonstrate the importance of EI muscles in eupneic breathing as well as during 

respiratory load compensation in conscious rats. 
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Figure 2-1. Schematic representation of the surgical preparation. EMG electrodes were 
implanted in the EI muscles at the T5-T7 level of the rib cage, between the 
parasternal and anterior axillary lines. The tracheal occluder was secured 
carefully around the extra-thoracic trachea.  

 
 

 
 

Figure 2-2. Occlusion pressure during phases of ITTO trial. The trace is the internal 
tracheal cuff pressure. A minimum of 200 mmHg cuff pressure is required to 
fully occlude the tracheal lumen. The phases of ITTO trial are defined on the 
pressure trace. 
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Table 2-1. Body weight of the animal groups. Body weight (grams), for both ITTO and control groups, on study Days 1, 3, 
5, 7 and 10 are mean ± standard error. The * indicates p<0.05 compared to pre-surgical weight; † indicates 
p<0.05 and †† indicates p<0.01 for body weights compared to ITTO Day 10.  

Time-point Pre surgery ITTO Day 1 ITTO Day 3 ITTO Day 5 ITTO Day 7 ITTO Day 10 

ITTO 348.4 ± 13.0 316.0±13.7 * 325.8 ±18.0 †† 324.5 ±15.3 †† 333.3 ±17.0 † 358.0 ±11.4 

Control 381.4 ± 21.0 355.4 ±19.6 * 359.8 ±17.5 †† 366.6 ±16.4 † 377.4 ±14.0 384.3 ±13.0 

 
 
 
 
 
 
 
Table 2-2. Pressure and duration of ITTO presentations. ITTO tracheal cuff pressure (mmHg) and ITTO duration 

(seconds) for the trial days are mean ± standard error. There were no significant differences across days. 

 ITTO Day 1 ITTO Day 3 ITTO Day 5 ITTO Day 7 ITTO Day 10 

Pressure 954.2 ± 11.6 949.5 ± 15.8 950.9 ± 12.4 958.2 ± 12.2 943.4 ± 29.5 

Duration 4.7 ± 0.3 4.4 ± 0.2 4.8 ± 0.2 4.8 ± 0.2 4.9 ± 0.2 
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Figure 2-3. Percent change in ∫EI EMG amplitude normalized to Day1 Before for each phase of the ITTO trial. The * 
indicates p≤0.05 significance compared to After values of the same day. No significant differences were found 
in the control group within days. 

-100

-50

0

50

100

150

200

250

300

Before Onset Phasic 2s after Between After

C
h
a
n
g
e
 ∫
E
I 
E
M
G
 a
m
p
li
tu
d
e
 (
%
)

TO Day 1 TO Day 3 TO Day 5 TO Day 7 TO Day 10 Ctrl Day 1 Ctrl Day 3 Ctrl Day 5 Ctrl Day 7 Ctrl Day 10

*

**
*

*

**

**

*
*

***

*

*

**
*

*

*

*



 

68 

 
 
Figure 2-4. Percent change in ∫EI EMG amplitude normalized to the same day Before. Each phase of the ITTO trial for the 

ITTO group and only the After phase for the control group on Days 1, 3, 5, 7 and 10, were normalized to same 
day Before. The * indicates p≤0.05 significance when compared to After of the same day. No significant 
differences were found in the control group across all days. 
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Figure 2-5. ∫EI EMG response pattern to ITTO. Panel A is the number of Phasic breaths and Panel B is the latency-to-

Onset of EI EMG response with application of an ITTO. The responses were measured on Days 1, 3, 5, 7, and 
10. There were no significant differences before, during and after ten days of ITTO conditioning.  
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Figure 2-6. Peak-to-peak ∫EI EMG frequency on Days 1, 3, 5, 7, and 10. In ITTO animals on Day 3, peak-to-peak 

frequency of ∫EI EMG during 2s after was significantly greater than After. In ITTO animals on Day 10, peak-to-
peak ∫EI EMG frequency during Phasic, 2s after, Between and After significantly decreased when compared to 
Before, in the experimental group. For control animals on Day 10, peak-to-peak ∫EI EMG frequency After was 
significantly lower than Before. * indicates significance of p≤0.05. 
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Figure 2-7. Percent change in ∫EI EMG amplitude on Days 1, 3, 5, 7 and 10 normalized to ITTO day 1 Before values. 

Panel A, High responders: animals had an increase in ∫EI EMG amplitude (%) during Onset on ITTO Day 1 and 
Panel B, Low responders: animals had a decrease in ∫EI EMG amplitude (%) during Onset on ITTO Day 1. The 
* indicates p≤0.05 for Onset compared to After on ITTO Day 1, and # indicates p≤0.001 for Onset response in 
High- vs. Low-responders on ITTO Day 1.  
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Figure 2-8. Power spectral density analysis of eupneic EI muscle EMG. ITTO and control group data on (A) Day 1 and (B) 

Day 10.  
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Figure 2-9. Frequency characteristics of power spectral data of EI muscle EMG during 
eupneic breathing. Panel A, Median frequency ƒm and Panel B centroid 
frequency ƒc. There were no significant differences in ƒm and ƒc across days 
and between time-points. 
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CHAPTER 3 
RESPIRATORY LOAD COMPENSATION OF EXTERNAL INTERCOSTAL MUSCLES 

IN CONSCIOUS RATS WITH UNILATERAL c-SCI 

Injury to the cervical spinal cord (c-SCI) produces respiratory neuroplasticity at 

the spinal cord level (Johnson and Creighton, 2005) which may be spontaneous 

(Goshgarian, 2003, Zimmer et al., 2007) or induced by a variety of different chemical 

and mechanical perturbations to the system (Mitchell and Johnson, 2003). Spontaneous 

improvement in diaphragm function together with improvements in shoulder and upper 

arm muscles have been reported in humans with c-SCI (Axen et al., 1985). Endogenous 

neuroplasticity leads to slight recovery in ipsilateral diaphragm function in the rat, and 

has been attributed to the spontaneous crossed phrenic phenomenon (sCPP). 

(Goshgarian, 2003, Fuller et al., 2008, Zimmer et al., 2008, Lane et al., 2009, Sandhu et 

al., 2009). However, compensation from other respiratory muscles, such as the 

intercostal muscles, makes the contribution of sCPP to respiratory recovery effectively 

negligible (Dougherty et al., 2012b). Dougherty et al have proposed a crossed-

intercostal circuit that enables spontaneous recovery of the intercostal muscle activity 

ipsilateral to c-SCI (Dougherty et al., 2012a).  

Investigators studying the anatomy (de Almeida et al., 2010) and 

neurophysiology (de Almeida et al., 2010, de Almeida and Kirkwood, 2010, 2013) of the 

intercostal motor system in the rat and intercostal muscle afferent control in other 

species (Remmers, 1970, Shannon, 1977, Kirkwood et al., 1982b, Kirkwood et al., 

1984) have demonstrated the basis for a crossed-intercostal neuronal circuit. The 

descending respiratory drive to the rat thoracic spinal cord is complex with many levels 

of neural control. Anatomical connectivity of the rat rostral ventral respiratory group 

(VRG) is similar to that of the cat showing dense reciprocal connections with the Kölliker 
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Fuse nucleus, medial and lateral parabrachial nucleus and prominent projections from 

the nucleus tractus solitarius (NTS) (Ellenberger and Feldman, 1990). The presence of 

the dorsal respiratory group (DRG) has been confirmed in the rat (de Castro et al., 

1994) and its connections between VRG neurons via axon collaterals have been 

reported (Lipski et al., 1994). However, in contrast to the cat, very few direct 

connections between the DRG and the thoracic spinal cord have been reported (Duffin 

and Lipski, 1987). Labeled projections to the thoracic spinal cord from the VRG (Lipski 

et al., 1994), upper cervical inspiratory neurons (Lipski et al., 1993) and phrenic 

motorneurons (Lipski et al., 1994) have been previously identified. However, there is an 

absence of direct monosynaptic connections from the VRG (Tian and Duffin, 1996b), 

upper cervical inspiratory neurons (Tian and Duffin, 1996a) and Bötzinger complex 

(Kanjhan et al., 1995) to the thoracic spinal cord motorneurons based on cross-

correlation studies in rats.  

Results from several studies in rats suggest that projections from the ipsilateral 

VRG, contralateral DRG and contralateral VRG terminate in upper cervical (C1-C2), 

phrenic (C3-C6) and lower cervical (C7-C8) spinal cord motorneurons (Tian and Duffin, 

1996b, a). Interneurons at these levels then modulate thoracic motorneurons, playing a 

major role in inter-segmental control of intercostal and abdominal muscle activity 

(Kirkwood et al., 1982a, Kirkwood et al., 1982b, Tian and Duffin, 1996b, Saywell et al., 

2011, de Almeida and Kirkwood, 2013). Cross correlation studies have shown the 

connections between the upper cervical inspiratory neurons (Tian and Duffin, 1996a), 

inspiratory bulbospinal neurons of the VRG (Tian and Duffin, 1996b) and the intercostal 

motorneurons are via interneurons. Therefore, these interneuronal connections between 
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the phrenic and thoracic motorneuron pools relay both descending medullary drive and 

spinal reflex pathways. Interneuron connections are thought to cross above the first 

thoracic segment and play an important role in the activation and modulation of 

diaphragm and thoracic muscle activity (Dimarco and Kowalski, 2013a, b, Kowalski et 

al., 2013). Thus, the descending respiratory drive to the thoracic spinal cord is an 

integrated complex combination of direct and indirect inputs from the VRG (Lipski et al., 

1994, Kanjhan et al., 1995, de Almeida and Kirkwood, 2013), DRG (de Castro et al., 

1994), cervical spinal cord (Lipski et al., 1993, Tian and Duffin, 1996b, a) and cortical 

motor tracts (Rikard-Bell et al., 1985a, b, Saji and Miura, 1990). This interconnectivity is 

the basis for coordinated and rhythmic drive from the central respiratory pattern 

generator to the intercostal muscles along with the diaphragm and hypoglossal muscles 

in rats (Rice et al., 2011) and is functionally similar to activation of bilateral diaphragm 

muscle in healthy awake humans (Bruce and Goldman, 1983) and between the thoracic 

intercostal motorneurons at different spinal levels of anesthetized cats (Kirkwood et al., 

1982a, Kirkwood et al., 1982b).  

Injury to the cervical spinal cord will impair intercostal muscle functioning by 

disrupting these rhythmic and synchronized inputs (Dougherty et al., 2012a). However, 

results from anesthetized preparations are similar to respiratory activity in the sleep 

state (Pagliardini et al., 2012) where intercostal muscle contribution to breathing is 

considerably reduced (Stradling et al., 1985). It is well known that conscious and 

affective states not only influence respiratory motor activity but also are required for the 

postural function and integration of voluntary behaviors associated with respiratory 

activity (Orem and Netick, 1986, Hlastala and Berger, 2001). EI muscle activity has 



 

 77 

been studied in sleeping cats (Dick et al., 1982, Dick et al., 1984, Fraigne and Orem, 

2011) but conscious cat and rat studies are lacking, especially after c-SCI.  

The external intercostal (EI) muscles are primary inspiratory muscles (Taylor, 

1960) active during eupnea (Hudson et al., 2011, Jaiswal et al., 2012), respond to 

respiratory loads (Jaiswal and Davenport, 2012) and also have postural functions (De 

Troyer et al., 2005). EI muscles display a gradient of activity (Feldman, 1986) that is 

thought to be organized at the spinal cord level (Hudson et al., 2011). These muscles 

are modulated by afferent feedback from their muscle spindles (Critchlow and von 

Euler, 1963, Remmers, 1970, Holt et al., 2002), tendon organs (Bolser et al., 1987, 

Bolser and Remmers, 1989) and joint receptors (De Troyer, 1997). Afferent feedback 

activities act segmentally at the spinal cord level and on medullary respiratory neurons 

to modulate respiratory central neural activity (Bolser et al., 1987, Bolser and Remmers, 

1989). At the level of the cortex (Davenport et al., 1993) these intercostal muscle 

afferents may modulate behavioral control of intercostal muscle activity. Reflex 

pathways between intercostal thoracic spinal segments (Downman and Hussain, 1958) 

and phrenic and intercostal systems (Brichant and De Troyer, 1997, Leduc and de 

Troyer, 2002) have also been identified. Thus intercostal muscle activity is modulated 

via afferent feedback on a breath-by-breath basis. This modulation may be especially 

important after c-SCI, where respiratory muscle function is greatly compromised (Fuller 

et al., 2008, Dougherty et al., 2012a), to maintain breath-by-breath respiratory 

homeostasis by shaping the respiratory pattern required for co-ordination of intercostal, 

diaphragm and abdominal muscle activities.  
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In the present study, we have utilized cervical hemisection (C2HS) as an animal 

model of unilateral c-SCI (Golder et al., 2003, Fuller et al., 2008, Sandhu et al., 2009, 

Dougherty et al., 2012a) and respiratory load compensation elicited by intrinsic transient 

tracheal occlusion (ITTO) to determine the role of EI muscles in respiratory motor 

control of conscious rats (Jaiswal and Davenport, 2012, Jaiswal et al., 2012, Jaiswal et 

al., 2013). In the present study, we hypothesized that unilateral c-SCI will decrease 

bilateral EI EMG amplitude activity during eupneic breathing and ITTO respiratory load 

compensation activities in conscious rats. Additionally, we investigated the effect of ten 

days of ITTO conditioning on EI muscles pattern in conscious rats with unilateral c-SCI. 

The ITTO was hypothesized to promote neuroplasticity in the EI muscles after ten days 

of ITTO conditioning and increase the respiratory load compensation response. C2HS 

animals not exposed to ITTO were used to control for spontaneous neuroplasticity of 

the intercostal motor system in the conscious rats.  

Materials and Methods 

Animals  

The Institutional Animal Care and Use Committee at the University of Florida, 

Gainesville, FL, reviewed and approved all procedures. A total of 21 adult male 

Sprague-Dawley rats (300-350g) were used (Harlan Laboratories, Indianapolis, IN). The 

animals were housed in a 12-hour light/ 12-hour dark cycle with free access to standard 

rat pellets and water. 

Study Design 

This study was conducted over a total period of 23 days. The animals were 

surgically instrumented with EMG wire electrodes and tracheal occluder under aseptic 

conditions (as described below) on Day -7. They were allowed one week of recovery 
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from this surgery. On Day -1, animals were randomized into ITTO (n=10) and no ITTO 

groups (n=11) and pre-injury group data were collected.  

On Day 0, animals were randomized into C2HS (n=13) and Sham (n=8). Animals 

in the C2HS group received a complete left C2 hemisection and Sham animals were 

subjected to a laminectomy at the C2 level as described below. Animals were further 

randomized into four groups: C2HS+ITTO (n=8), C2HS+no ITTO (n=5), Sham+ITTO 

(n=4) and Sham+no ITTO (n=4). Animals were allowed one week of recovery from 

spinal cord injury surgery. 

Starting at day 7 (ITTO day 1), C2HS+ITTO and Sham+ITTO animals underwent 

20-minute trials of ITTO every day for ten days, ending at day 16 (ITTO day 10). 

C2HS+no ITTO and Sham+no ITTO animals underwent the same procedure but did not 

receive any ITTO presentations. 

Surgical Instrumentation  

The surgical instrumentation method for EMG and tracheal cuff implantation are 

described in Chapter 2. Briefly, surgical instrumentation consisted of implantation of 

tracheal occluder cuff around the extra-thoracic trachea and bilateral EI muscle EMG 

wire electrodes implanted at level T5-T7 (Figure 2-1). Animals (n=21) were anesthetized 

using isoflurane anesthesia (3-5% in O2) in a whole body chamber. Subcutaneous 

injections of Carprofen (5mg/kg body weight) and Buprenorphine (0.03 mg/kg body 

weight) were administered pre-operatively for management of initial pain and 

discomfort. Anesthesia was maintained by isoflurane gas through a nose cone. A one-

inch midline incision was made on the ventral surface of the neck. After isolating the 

extra-thoracic trachea a saline filled inflatable cuff (Vivo Metric, Fine Science Tools) was 

inserted and the ends were sutured together, around the trachea. Small incisions were 
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made bilaterally on the chest wall at level T5-T7. The EI muscles were visualized by 

blunt dissection of the superficial pectoral and scalene muscles. An area between the 

parasternal and anterior axillary lines was exposed and bipolar wire electrodes were 

sutured through the exposed EI muscles (Omnetics Connector Corporation, 

Minneapolis, MN). The actuator tube of the cuff and implanted wires were routed 

subcutaneously to the dorsal surface between the scapulae. All incisions were sutured 

and rats were administered warm normal saline (0.01-0.02 ml/g body weight), Penicillin 

(0.1 ml/kg PenG 30,000 units/ ml) and gradually weaned off the isoflurane anesthesia. 

Postoperative analgesia was administered every 24 hours for three days using 

Carprofen (5mg/kg body weight) and Buprenorphine (0.03 mg/kg body weight). Animals 

were allowed to recover for one week before undergoing C2HS/ Sham surgery, as 

described below. 

Cervical Hemisection Surgery (C2HS) 

One week after the tracheal cuff and EMG electrode instrumentation procedure, 

animals were randomized into C2HS (n=13) or Sham (n=8) group. C2HS surgical 

procedures are consistent with prior reports from Fuller et al (Fuller et al., 2008, Sandhu 

et al., 2009, Dougherty et al., 2012a). Animals were anesthetized using Ketamine (120 

mg/kg, intra peritoneal, FortDodge Animal Health, IA, USA) and Xylazine (10 mg/kg, 

sub cutaneous) and prepared for surgery. A satisfactory anesthetic level was verified by 

absence of corneal blink and withdrawal to noxious toe pinch. Ophthalmic ointment was 

applied to prevent corneal drying. The incision sites, head & neck, were shaved and 

sterilized using alternating alcohol and betadine wipes (3x). The animal was placed on a 

heating pad and covered with sterile drape and body temperature was maintained at 

37.5oC. A longitudinal incision measuring approximately 1.5 inches was made in the 
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dorsal neck midline with a scalpel blade starting just rostral to the base of the skull. The 

overlying muscles were separated by blunt dissection. A left laminectomy was 

performed at the C2 vertebral level, removing the entire rostral-caudal extent of the 

vertebra. The dura was cut (~2mm) on left dorsal side using a tapered No. 11 scalpel 

blade. The spinal lesion was initiated using a micro-scalpel to cut into the spinal cord 

roughly mincing the tissue. Gentle aspiration was used to make a hemisection cavity 

(~1mm). For animals undergoing Sham surgery no lesions of the spinal cord were made 

after cutting the dura. The area above the cut dura was covered with dura-film. The 

separated overlying muscles were sutured using absorbable suture (PDS 4-0) and the 

skin closed using wound clips. Animals were given subcutaneous injections of Lactated 

Ringers (5 ml) to prevent dehydration and yohimbine (1.2 mg/kg) to reverse the action 

of Xylazine. Also, Carprofen (5mg/kg) and Buprenorphine (0.03 mg/kg) were 

administered to provide analgesic support both post-operatively and as post-surgical 

care for a total of 3 days. Post-surgical care included administration of the analgesic 

support, Penicillin (PenG 30,000 units/ml; 0.1 ml/kg dose), lactated Ringers solution (5 

ml/day, subcutaneously) and oral Nutri-cal supplements (1-3 ml, Webster Veterinary, 

MA, USA), as needed, until animals returned to normal eating and drinking behavior. 

Animals recovered for one week before any experimental protocols were initiated. 

Data Collection 

Data were collected as per experimental protocol on Day -1, i.e. one day prior to 

undergoing C2HS/Sham surgery. Animals were randomized into ITTO (n=10) and no 

ITTO (n=11) groups for this pre-injury data-point. 

On day 7, one week after recovery from C2HS/ Sham surgery, animals were 

randomized into C2HS+ITTO (n=8), C2HS+no ITTO (n=5), Sham+ITTO (n=4) and 
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Sham+no ITTO (n=4). Experimental protocol (described below) was followed every day 

from Day 7 (ITTO Day 1) to Day 16 (ITTO Day 10). 

Experimental Protocol 

Instrumented animals were randomly divided into four groups. Conscious 

animals were placed in a whole body restrainer. The externalized EMG connector was 

connected to the recording apparatus. The signal was amplified (P511 series, Grass 

Instruments) and band-pass filtered (30-1000 Hz). Analog outputs were digitized at 5 

kHz (Model 1401, Cambridge Electronics Design), computer processed (Spike2, 

Cambridge Electronics Design) and stored for subsequent analyses. For the ITTO 

conditioning group, rats were placed in the restrainer and left undisturbed for 2 minutes 

of baseline recording. After two minutes, the rats received 3-5 seconds of ITTO via cuff 

inflation followed by 10-15 seconds of unoccluded breaths, ITTOs were repeated for a 

total of 20 minutes. The cuff pressure was calibrated to ensure complete compression 

of the implanted occluder cuff and therefore, complete occlusion of the trachea. A total 

of about 35-40 ITTOs were presented over 20 minutes. The animals were subsequently 

allowed to recover for another 2 minutes to obtain post ITTO recordings. Control 

animals were placed in the restrainer; EMG activity recorded and no ITTOs were 

presented throughout the 24-minute trial duration. At the end of the trials animals were 

removed from the restrainer and returned to their cage. The restrainer was cleaned with 

alcohol wipes between animals and trials. This procedure was repeated every day for a 

total of ten days.  

Cervical Spinal Cord Histology 

After ten days of ITTO trials, the animals were subjected to 8% CO2 challenge 

(data presented in Chapter 4). Animals were euthanized, by overdosing with isoflurane 
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gas anesthesia (5% in O2), and intra-cardiac perfusion using 4% paraformaldehyde to 

fix brain and spinal cord tissue, which was then stored at 4oC. The fixed spinal cord 

tissue was used for histological verification of the C2HS. Tissue sections were mounted 

on glass slides (Fisher Scientific, Pittsburgh, PA, USA), stained with Cresyl violet and 

evaluated by light microscopy. The complete absence of white and gray matter in the 

ipsilateral C2 spinal cord indicated an anatomically complete C2HS (Golder et al., 

2001b, Fuller et al., 2006).  

Data Analyses 

Integrated EMG analysis 

Data from pre-injury, ITTO Day 1 and Day 10 time-points were analyzed. Two 

animals were euthanized as they reached pre-set end point weight loss criteria on ITTO 

Day 1. Therefore, for ITTO Day 10 data were unavailable for analyses from one animal 

each in C2HS+ITTO and C2HS+no ITTO groups. Raw EI EMG was FIR digital high-

pass filter (300 Hz; Spike2, Cambridge Electronic Design) to minimize influence of heart 

rate and movement artifacts. DC remove, rectification and smoothing (50ms) functions 

were applied to the filtered data. This integrated EI EMG (∫EI EMG) was used for further 

analyses. The ∫EI EMG trace was divided into:  

 Before – 2 minutes of baseline activity prior to ITTO exposure;  

 ITTO – response during entire duration of each ITTO presentation;  

 Recovery – time period immediately after each and between two consecutive ITTO 
presentations;  

 After – 2 minutes of baseline activity after completion of ITTO exposures. 

From each animal, peak ∫EI EMG amplitude and peak-to-peak ∫EI EMG 

frequency were obtained for Before and After as well as a minimum of 5-10 randomly 
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selected ITTO presentations. Peak ∫EI EMG amplitude data were normalized to Before 

values and percentage change in ∫EI EMG amplitude was calculated.  

Statistical analysis 

Peak-to-peak frequency of ∫EI EMG (bursts/min) and normalized percentage 

changes in ∫EI EMG amplitude (%Before) and were analyzed for statistical significance 

(SigmaPlot 12.5, Systat Software, Inc). Ipsilateral and contralateral sides were analyzed 

separately to determine effect of ITTO conditioning after c-SCI in conscious rats. One-

way RMANOVA was used for within group analysis for pre-injury, ITTO Days 1 and 10. 

One-way ANOVA was used to statistically compare ITTO and control groups on a given 

day. Multiple pair-wise comparison procedure using Student-Newman-Keuls method 

was used to identify group differences. Data were considered significant for p≤0.05. All 

data are presented as mean ± standard error of mean. 

Results 

Histological Verification of Complete C2HS 

Transverse sections (40 µm) of fixed spinal cord tissue stained with Cresyl violet 

and evaluated by light microscopy demonstrated complete absence of white and gray 

matter on the left side indicating a complete C2HS (Figure 3-7). Completeness of C2HS 

was confirmed for all animals and they were included in data reported below. 

Animal Weight and Characteristics of Applied ITTO 

Body weights of all groups in this study are listed in Table 3-1. On the surgical 

instrumentation time point Sham+no ITTO group had significantly lower body weight 

compared to other all treatment groups. All animals regardless of experimental group 

lost significant weight post-surgical instrumentation at the C2HS/Sham surgery time 

point, Sham+no ITTO was the group with lowest mean body weight compared to other 
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treatment groups. All treatment groups, lost additional weight after C2HS/Sham surgery, 

Sham+no ITTO group showed a slight increase in mean body weight (Table 3-1). 

Animals in all treatment groups gained weight between ITTO Days 1 and 10.  

The ITTO duration is listed in Table 3-2. Occlusion cuff pressure of the applied 

ITTOs is listed in Table 3-3. No significant differences were found in these parameters 

within and between groups at pre-injury, ITTO Day 1 and Day 10 time points.  

Pre injury Characteristics of the ∫EI EMG Responses to ITTO in Conscious Rats 

Numbers of animals used and phases used for data normalization are described 

in Table 3-4. Responses to ITTO at the pre-injury time point are presented in Figure 3-1. 

Significant increases in bilateral percentage change in ∫EI EMG amplitude were 

observed during ITTO (left 54.14±17.13%; right 52.38±31.79%) and on left side during 

Recovery (left 8.47±13.42%; right -0.23±12.09%) compared to After (left -

29.55±11.03%, p≤0.05; right -15.03±23.98 %) in the ITTO group.  

Peak-to-peak ∫EI EMG frequency in the ITTO group decreased significantly 

during After (100.6±4.9 bursts/min) compared to Before (153.3±15.1 bursts/min, 

p≤0.001) and Recovery (135.0±12.6 bursts/min, p≤0.05). Peak-to-peak ∫EI EMG 

frequency in the ITTO group decreased significantly during ITTO (117.4±7.4 bursts/min) 

compared to Before (153.3±15.1 bursts/min, p≤0.05). The After response in the ITTO 

group (100.6±4.9 bursts/min) was significantly lower than the After response in the no 

ITTO group (149.8±12.6 bursts/min, p≤0.01). No statistical differences were found in the 

control group percentage change in peak ∫EI EMG amplitude and peak-to-peak ∫EI EMG 

frequency within group. 
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Eupneic ∫EI EMG Muscle Activity in Conscious Rats After Unilateral c-SCI  

Numbers of animals used for analyses and data normalization to pre-injury time-

point are described in Table 3-5. To determine the effect of unilateral c-SCI on ∫EI EMG 

activity during eupnea, data from percentage changes in ∫EI EMG amplitude and peak-

to-peak frequency of ∫EI EMG from all C2HS (n=13) and Sham (n=8) animals on ITTO 

Day 1 were pooled, and normalized to pre-injury Before values. On ITTO Day 10, 

C2HS+ITTO (n=7), C2HS+no ITTO (n=4), Sham+ITTO (n=4) and Sham+no ITTO (n=4) 

were used for comparisons. Data from two animals was not available as they were 

euthanized when they reached study end point criteria. In the C2HS group, percentage 

change in ∫EI EMG amplitude values during eupnea decreased bilaterally on ITTO Day 

1. Percentage change ∫EI EMG amplitude was significantly lower on the ipsilateral side 

(-51.54±11.06%, p≤0.05) but did not reach significance on the contralateral side (-

39.41±14.06 %) when compared to pre-injury (ipsilateral -17.65±7.96% and 

contralateral -12.35±13.52%), within C2HS group (Figures 3-2 and 3-3). Percentage 

change ∫EI EMG amplitude was significantly decreased in C2HS+ITTO (-53.56±14.97%, 

p≤0.01) compared to Sham+ITTO (140.17±67.24%) on ITTO Day 10. No other 

statistical differences were found. 

 Ipsilateral peak-to-peak ∫EI EMG frequency during eupnea was not statistically 

different across study time points, within either C2HS or Sham groups. Contralateral 

peak-to-peak ∫EI EMG frequency during eupnea was not statistically different across 

study time points, within either C2HS or Sham groups. Contralateral peak-to-peak ∫EI 

EMG frequency during eupnea on ITTO Day 10 in the C2HS+ITTO (183.7±16.0 

bursts/min, p≤0.05) was significantly greater than Sham+ITTO (120.7±18.7 bursts/min) 

group. Therefore, the ∫EI EMG amplitude activity of bilateral EI muscles and their 



 

 87 

contribution to eupnea is significantly decreased in conscious rats one week after 

unilateral c-SCI.  

Respiratory Load Compensation of the EI Muscles in Conscious Rats One Week 
After c-SCI 

Table 3-6 describes the numbers of animals in each group and the phases of 

ITTO trial used for data normalization. Figure 3-5 presents the responses of conscious 

rats to ITTO one week after unilateral c-SCI. Although we observed a bilateral decrease 

in ∫EI EMG peak amplitude one week after unilateral c-SCI, these muscles were 

recruited in response to applied ITTO with increased activation. However, no significant 

differences were observed in ITTO responses between and within groups on the 

ipsilateral side. 

Ipsilateral peak-to-peak ∫EI EMG frequency in the C2HS+ITTO group during 

ITTO (117.8±7.9 bursts/min, p≤0.01) and After (123.5±9.0 bursts/min, p≤0.05) was 

significantly decreased compared to Before (172.3±15.2 bursts/ min) within group. 

Ipsilateral peak-to-peak ∫EI EMG frequency during Recovery (148.0±11.6 bursts/min) in 

the C2HS+ITTO group was significantly higher than in the Sham ITTO group 

(102.6±11.6 bursts/min, p≤0.05).  

On the contralateral side, ITTO response (85.52±51.52%) in the C2HS+ITTO 

group was significantly greater than Recovery (3.97±16.98%, p≤0.05) and After (-

29.87±14.40%, p≤0.05) within group. Recovery response (3.97±16.98%) in the 

C2HS+ITTO group was significantly greater than After (-29.87±14.40%, p≤0.05) within 

group.  
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Contralateral peak-to-peak ∫EI EMG frequency in the C2HS+ITTO group during 

ITTO, Recovery (143.2±7.424 bursts/min) and After (133.0±6.9 bursts/min) were 

significantly decreased compared to Before (191.2±15.7 bursts/min, p≤0.01). 

Effect of ITTO Conditioning on the Respiratory Load Compensation Responses of 
EI Muscles in Conscious Rats After c-SCI 

Table 3-6 describes the numbers of animals in each group and the phases of 

ITTO trial used for data normalization. Effect of ITTO conditioning on ∫EI EMG peak 

amplitude and peak-to-peak ∫EI EMG frequency are presented in Figure 3-6. Ipsilateral 

ITTO response (18.79±16.97%) in the C2HS+ITTO group was significantly greater than 

Recovery (-7.28±10.76%, p≤0.05) and After (-13.12±10.93%, p≤0.01) within group. 

ITTO response (-32.38±6.84%) in the Sham+ITTO group was significantly greater than 

Recovery (-50.07±4.60%, p≤0.05) and After (-55.44±9.47%, p≤0.05) within group. After 

response in the C2HS+ITTO (-13.12±10.93%), C2HS+no ITTO (-29.78±13.37%) and 

Sham+ITTO (-55.45±9.47%) groups was significantly decreased compared to Sham+no 

ITTO (50.32±20.83%, p≤0.001) group.  

Ipsilateral Peak-to-peak ipsilateral ∫EI EMG frequency in the C2HS+ITTO group 

during ITTO (105.5±9.3 bursts/min) was significantly decreased compared to Before 

(147.0±23.4 bursts/min, p≤0.05) within group.  

Contralateral ITTO response (40.42±29.29%) in the C2HS+ITTO group was 

significantly greater than After (-22.10±13.49%, p≤0.05) within group. No other 

statistical differences were found.  

 Contralateral peak-to-peak ∫EI EMG frequencies in the C2HS+ITTO group 

during ITTO (116.2±13.4 bursts/min, p≤0.01), Recovery (154.0±13.6 bursts/min, p≤0.05) 

and After (138.1±10.6 bursts/min, p≤0.01) were significantly decreased compared to 
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Before (183.7±16.0 bursts/min) within group. Also, in the C2HS+ITTO group during 

ITTO (116.2±13.4 bursts/min) contralateral peak-to-peak ∫EI EMG frequencies were 

significantly decreased than Recovery (154.0±13.6 bursts/min, p≤0.05). 

Discussion 

Effect of Unilateral c-SCI on Eupneic EI EMG Activity in Conscious Rats 

The results of this study demonstrate the ∫EI EMG amplitude activity of bilateral 

EI muscles and their contribution to eupnea is significantly decreased one week after 

unilateral c-SCI. The EI muscles are innervated by the thoracic spinal cord which 

receives an integrated complex combination of direct and indirect inputs from the VRG 

(Lipski et al., 1994, Kanjhan et al., 1995, de Almeida and Kirkwood, 2013), DRG (de 

Castro et al., 1994), cervical spinal cord (Lipski et al., 1993, Tian and Duffin, 1996b, a) 

and cortical motor tracts (Rikard-Bell et al., 1985a, b, Saji and Miura, 1990). Injury to the 

spinal cord above the thoracic level, such as in c-SCI disrupts this descending drive.  

Previous studies have reported a loss of intercostal muscle eupneic activity and 

its recovery to non-injured levels two weeks after c-SCI in anesthetized rats (Dougherty 

et al., 2012a). Our results demonstrate the activity of EI muscles during eupnea and 

respiratory load compensation one week after c-SCI in conscious rats. Therefore, these 

results indicate that EI muscles are active during eupnea as early as one week after c-

SCI in the conscious state (Pagliardini et al., 2012). No significant differences were 

found in peak-to-peak ∫EI EMG frequency within each group on the time-points 

analyzed. However, C2HS+ITTO group had a significantly higher contralateral peak-to-

peak ∫EI EMG frequency than Sham+ITTO on ITTO Day 10.  
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∫EI EMG Responses to ITTO in Conscious Rats with Unilateral c-SCI 

One week after unilateral c-SCI the bilateral EI muscles are recruited in response 

to an ITTO with significant increases in peak amplitude activity on the contralateral side. 

The descending respiratory drive to the thoracic spinal cord is from various cortical 

structures (Rikard-Bell et al., 1985a), medullary respiratory neurons (Tian and Duffin, 

1996b), and from upper cervical inspiratory neurons (Tian and Duffin, 1996a). C2HS 

disrupts this descending drive and results in a significant decrease of ipsilateral EI EMG 

amplitude both during eupnea and respiratory loading, as observed in the present study. 

The exact path of the direct descending inputs from cortex and medullary respiratory 

groups, including the level at which they cross, is not known. However, from our results 

it can be speculated that these descending inputs cross below the C2 level and may be 

the drive responsible for presence of ipsilateral EI muscle activity observed after c-SCI. 

Application of ITTO may mediate increases in the level of this descending drive thereby 

causing bilateral increases in EI EMG activity, which was significantly greater on the 

contralateral side one week after c-SCI. 

Breath-by-breath modulation of EI muscle activity is via EI muscle afferents and 

co-ordination between phrenic (Decima et al., 1969), intercostal (Kirkwood et al., 1984) 

and abdominal (Saywell et al., 2011) motorneuron pools. Feedback from the muscle 

spindles (Shannon and Zechman, 1972, Shannon, 1977), tendon organs (Bolser et al., 

1987) and joint receptors (De Troyer, 1997) contribute to control of EI muscle EMG 

activity. Afferents from the intercostal muscles also terminate in the sensory-motor 

cortex (Davenport et al., 1993) and may mediate increases in descending respiratory 

drive to the intercostal muscles. The activation of at least one, and more likely a 
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combination of these afferent populations likely contributes to eliciting EI muscle 

respiratory load compensation in the c-SCI injured rats.  

A major proportion of the respiratory drive to the thoracic spinal cord is via 

descending projections from ipsilateral VRG, contralateral DRG and contralateral VRG 

that terminate in the upper cervical (C1-C2), phrenic (C3-C6) and lower cervical (C7-C8) 

spinal cord motorneurons (Tian and Duffin, 1996b, a). This descending respiratory drive 

responsible for activity of EI muscles is modulated by segmental interneuronal 

connections between the phrenic and intercostal motorneuron pools (Kirkwood et al., 

1982a, Kirkwood et al., 1982b, Tian and Duffin, 1996a, Saywell et al., 2011, de Almeida 

and Kirkwood, 2013). C2HS interrupts this ipsilateral descending input to the phrenic 

and lower cervical motorneurons and in turn decreases the proportion of respiratory 

drive to the ipsilateral intercostal motorneurons. These interneuronal interconnections 

are thought to travel in the lateral funiculi just above the first thoracic spinal segment 

and are responsible for EMG activation of diaphragm muscle in C1 transected 

anesthetized animals in response to high frequency stimulation of the thoracic spinal 

cord (Dimarco and Kowalski, 2013a, b, Kowalski et al., 2013). In the present study, 

ITTO in conscious rats resulted in bilaterally increased ∫EI EMG amplitude activity, 

significant on the contralateral side one week after c-SCI. Application of ITTO 

repeatedly, such as during ITTO conditioning in conscious rats may drive mutual 

activation of intercostal and diaphragm muscles via this phrenic-intercostal 

interconnectivity and may therefore induce neuroplastic changes in thoracic spinal cord 

in c-SCI rats.  
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Effect of ITTO Conditioning on EI EMG Responses to ITTO in Conscious Rats with 
c-SCI 

Ten days of ITTO conditioning resulted in similar pattern of activation between 

ipsilateral and contralateral side of EI muscles in the C2HS+ITTO group. On the other 

hand, the ITTO Day 10 peak ∫EI EMG amplitude in the C2HS+no ITTO group 

represents the influence of endogenous plasticity in the thoracic spinal cord and natural 

recovery of EI muscles at approximately two weeks after c-SCI. In this group, ipsilateral 

∫EI EMG peak amplitude remained significantly decreased and some improvements 

were observed in the contralateral ∫EI EMG peak amplitude. Therefore, ITTO 

conditioning may induce neuroplastic changes in thoracic spinal cord of c-SCI injured 

rats by activation of load related sensory-motor pathways (Davenport et al., 1985, 

Davenport et al., 1993, Davenport et al., 2010) and via existing anatomical 

interconnectivity between phrenic, lower cervical spinal cord and intercostal 

motorneurons (Tian and Duffin, 1996b, a, Dimarco and Kowalski, 2013a, b). Peak-to-

peak ∫EI EMG frequency was significantly decreased compared to baseline values, 

within a group. ITTO conditioning significantly decreases the peak-to-peak ∫EI EMG 

frequency in normal conscious rats (Chapter 2) which is similar to or results in c-SCI 

animals see in this study. Therefore, we suggest that after c-SCI, conscious rats 

respond to ITTO and ITTO conditioning primarily characterized by modulation of the 

amplitude of ∫EI EMG activity during ITTO mechanical loading.  

Influences on Observed EI EMG Responses 

Age matched animals were found to lose a significant amount of weight due to 

multiple surgical procedures and nature of the study. ITTO in conscious rats increases 

their stress and anxiety states (Bernhardt et al., 2011b, Pate and Davenport, 2012a) 
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that may have contributed to weight loss in ITTO conditioned animal groups. However, 

meaningful comparisons can be made between the two C2HS and two Sham groups 

separately, on ITTO Days 1 and 10, because they were not significantly different in size 

at these time points (Mantilla et al., 2011). However, the body weight of animals in the 

C2HS groups was lower than those in the Sham groups which may be due to atrophy of 

muscle mass and may have affected their EMG responses. In addition, genetic 

variability among rats used in this study (Chapter 2) may have influenced responses 

and outcomes between treatment groups (Golder et al., 2005b). Therefore, our results 

should be interpreted with caution. 

In summary, our results indicate that c-SCI alters the activity of the EI muscles. A 

bilateral decrease, with significant ipsilateral decreases in peak ∫EI EMG amplitude were 

found during eupnea one week after c-SCI. Additionally, we have investigated the 

respiratory load compensation of EI muscles after c-SCI and the effect of ten days of 

ITTO conditioning on these responses. We conclude that ITTO is an effective animal 

model to elicit and investigate respiratory load compensation in EI muscles of conscious 

animals with unilateral c-SCI.
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Table 3-1. Body weights of animals across study time periods. Body weight (grams), for 
all treatment groups; C2HS+ITTO(●), C2HS+no ITTO (○), Sham+ITTO (▲) 
and Sham+ no ITTO (Δ) study time-points; surgical instrumentation (a), 
C2HS/ Sham surgery (b), ITTO Day 1 (c) and ITTO day 10 (d). Symbols 
denote significance; within animal group a1/b1/c1 p≤0.05 and, and a2/ b2/ c2, 
p≤0.01 between animal groups ●/○/▲ p≤0.05 and ●●/○○ p≤0.01.  

 Surgical 
Instrumentation 
(a) 

C2HS/ Sham 
Surgery  
(b) 

ITTO Day 1  
 
(c) 

ITTO Day 10  
 
(d) 

C2HS+ITTO 
(●) 

336.5±4.8 321.0±4.6 
a1 

266.8±6.2 
a2 

310.1±8.1 
a2c2 

C2HS+no ITTO 
(○) 

345.6±10.8 300.0±8.7 
a1 

253.0±11.2 
a2b2 

310.8±8.7 
a1c2 

Sham+ITTO 
(▲) 

334.5±6.9 315.0±7.6 
a2 

310.3±6.0 
●●○○ a2 

359.3±7.4 
●●○ a2b2c2 

Sham+no ITTO 
(Δ) 

309.3±6.6 
●○▲ 

278.5±11.4 
 ●▲ a2 

294.3±9.2 
●○ 

338.5±12.0 
a2b2c2 
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Table 3-2. ITTO Duration. Mean duration of the tracheal cuff inflation on ITTO Days 1 & 
10 

 Pre Injury ITTO Day 1 ITTO Day 10 

C2HS + ITTO (sec) 5.6±0.1 5.5± 0.2 5.2± 0.1 

Sham + ITTO (sec) 5.5±0.3 5.6± 0.1 5.2± 0.1 

 
 
 
 
 
 
 
Table 3-3. Occlusion pressure during ITTO. Mean occlusion pressure, during tracheal 

cuff inflation on ITTO Days 1 & 10 

 Pre Injury ITTO Day 1 ITTO Day 10 

C2HS + ITTO 
(mmHg) 

936.0±0.8 934.0± 1.7 934.1±0.6 

Sham + ITTO 
(mmHg) 

935.3±0.6 933.4±1.3 934.4±1.2 

 
 
 
 
 
 
 

Table 3-4. Phases used for normalization of Pre-Injury percentage change in ∫EI EMG 

data. Numbers of animals in each group are listed in parenthesis. 

 ITTO Group (n=10) no ITTO Group (n=11) 

 Left Side Right Side Left Side Right Side 

ITTO L-ITTO/L-
Before 

R-ITTO/R-
Before 

N/A N/A 

Recovery L-Recovery/L-
Before 

R-Recovery/R-
Before 

N/A N/A 

After L-After/L-
Before 

R-After/R-
Before 

L-After/L-
Before 

R-After/R-
Before 
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Figure 3-1. Pre-injury ∫EI EMG responses to ITTO. Pre injury (A) percentage change in 

∫EI EMG amplitude, and (B) peak-to-peak ∫EI EMG frequency. (A) Significant 
increases in bilateral percentage change in ∫EI EMG amplitude were 
observed during ITTO and on left side during Recovery compared to After 
(*p≤0.05). (B) Peak-to-peak ∫EI EMG frequency decreased significantly during 
After phase compared to Before (***p≤0.001) and Recovery (#p≤0.05) as well 
as during ITTO compared to Before (*p≤0.05), in the ITTO group. After 
response in the ITTO group was significantly lower than After response in the 
no ITTO group (▲▲p≤0.01). 
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Figure 3-2. Effect of unilateral c-SCI on the eupneic EMG activity of bilateral EI muscles, 

in conscious rats on ITTO Day 1. From top to bottom, occlusion pressure 
(Occl P), integrated (∫) and raw L-EI EMG and ∫ and raw R-EI EMG. 

  

Occl P

∫L EI EMG
0.001V

L EI EMG
0.02V

∫R EI EMG
0.01V

R EI EMG
0.2V

1 sec
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Table 3-5. Data normalization for percentage change in eupneic ∫EI EMG amplitude. 

Phases used for normalization are described below; data were normalized to 
Pre-Injury Before values within side and within group. Numbers of animals in 
each group are listed in parenthesis. 

 Pre Injury ITTO Day 1 ITTO group Day 
10 

no-ITTO group 
Day 10 

C2HS Pre-Injury 
After/Pre-Injury 
Before (n=13) 

ITTO Day 1 
Before/ Pre-
Injury Before 
(n=13) 

ITTO Day 10 
Before/ Pre-Injury 
Before (n=7) 

ITTO Day 10 
Before/ Pre-
Injury Before 
(n=4) 

Sham Pre-Injury 
After/Pre-Injury 
Before (n=8) 

ITTO Day 1 
Before/ Pre-
Injury Before 
(n=8) 

ITTO Day 10 
Before/ Pre-Injury 
Before (n=4) 

ITTO Day 10 
Before/ Pre-
Injury Before 
(n=4) 
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Figure 3-3. Effect of unilateral c-SCI on eupneic peak ∫EI EMG amplitude and peak-to-
peak ∫EI EMG frequency in conscious rats. Percent change in ∫EI EMG 
activity on the (A) ipsilateral, (B) contralateral sides for pre injury, ITTO Days 
1 and 10. (A) A significant decrease in ipsilateral ∫EI EMG amplitude during 
eupnea on ITTO Day 1 (*p≤0.05) compared to Pre injury within the C2HS 
group was observed. On ITTO Day 10, eupneic activity in C2HS+ITTO group 
is significantly decreased compared to Sham+ITTO (▲▲p≤0.01). No other 
significant differences were observed in (A) and (B). (C) Ipsilateral peak-to-
peak ∫EI EMG frequency during eupnea was not statistically different across 
study time points, within either C2HS or Sham groups. (D) Contralateral peak-
to-peak ∫EI EMG frequency during eupnea was not statistically different 
across study time points, within either C2HS or Sham groups. Contralateral 
peak-to-peak ∫EI EMG frequency during eupnea on ITTO Day 10 in the 
C2HS+ITTO (▲p≤0.05) was significantly greater than Sham+ITTO group. 
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Figure 3-4. Representative ITTO responses in a conscious rat one week after unilateral 

c-SCI/Sham surgery. ITTO responses in (A) Sham+ITTO and (B) 
C2HS+ITTO groups on ITTO Day 1. For each panel from top to bottom 
occlusion pressure (Occl P), abdominal motion trace (Mvmt), integrated (∫) 
and raw L-EI EMG and ∫ and raw R-EI EMG from (A) Sham and (B) C2HS 
injured conscious rats.  

1 sec

R-EI 
0.5v

∫ R-EI 
0.05v
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∫ L-EI 
0.05v
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1 sec
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∫ R-EI 
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Table 3-6. Data normalization for ITTO mediated percentage change in ∫EI EMG 

amplitude on Days 1 and 10. Phases used for normalization are described 
below; data were normalized to Before values within group, within side and 
within Day (1 and 10). Numbers of animals in each group on ITTO Days 1 
and 10 are listed in parenthesis. 

 ITTO Recovery After 

C2HS+ITTO  
(Day 1 n=8, Day 10 n=7) 

ITTO/Before Recovery/Before After/Before 

C2HS+no ITTO  
(Day 1 n=5, Day 10 n=4) 

ITTO/Before Recovery/Before After/Before 

Sham+ITTO 
(Days 1 and 10 n=4) 

ITTO/Before Recovery/Before After/Before 

Sham+no ITTO 
(Days 1 and 10 n=4) 

ITTO/Before Recovery/Before After/Before 
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Figure 3-5. Respiratory load compensation of EI muscles in conscious rats with c-SCI 
on ITTO Day 1. Percentage change in peak ∫EI EMG amplitude activity on the 
(A) ipsilateral, (B) contralateral sides. Peak-to-peak frequency of ∫EI EMG on 
the (C) ipsilateral and (D) contralateral sides in conscious rats with c-SCI.on 
ITTO Day 1. (A) No significant differences were observed in ITTO responses 
between and within groups. (B) ITTO response in the C2HS+ITTO group was 
significantly greater than Recovery (*p≤0.05) and After (*p≤0.05) within group. 
Recovery response in the C2HS+ITTO group was significantly greater than 
After (#p≤0.05) within group. (C) Peak-to-peak ipsilateral ∫EI EMG frequency 
in the C2HS+ITTO group during ITTO (**p≤0.01) and After (*p≤0.05) was 
significantly decreased compared to Before within group. Peak-to-peak 
ipsilateral ∫EI EMG frequency during Recovery in the C2HS+ITTO group 
(▲p≤0.05) was significantly higher than in the Sham ITTO group. (D) Peak-to-
peak contralateral ∫EI EMG frequency in the C2HS+ITTO group during ITTO, 
Recovery and After were significantly decreased compared to Before 
(**p≤0.01).
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Figure 3-6. Respiratory load compensation of EI muscles in conscious rats with c-SCI 
on ITTO Day 10. Percentage change in peak ∫EI EMG amplitude activity on 
the (A) ipsilateral, (B) contralateral sides. Peak-to-peak ∫EI EMG frequency on 
the (C) ipsilateral and (D) contralateral sides in conscious rats with c-SCI after 
ten days of ITTO conditioning. (A) ITTO response in the C2HS+ITTO group 
was significantly greater than Recovery (*p≤0.05) and After (**p≤0.01) within 
group. ITTO response in the Sham+ITTO group was significantly greater than 
Recovery and After (*p≤0.05) within group. After response in the C2HS+ITTO, 
C2HS+no ITTO and Sham+ITTO groups was significantly decreased 
(ΔΔΔp≤0.001) compared to Sham+noITTO group. (B) ITTO response in the 
C2HS+ITTO group was significantly greater than After (*p≤0.05) within group. 
No other statistical differences were found. (C) Peak-to-peak ipsilateral ∫EI 
EMG frequency in the C2HS+ITTO group during ITTO was significantly 
decreased compared to Before (*p≤0.05) within group. (D) Peak-to-peak 
contralateral ∫EI EMG frequencies in the C2HS+ITTO group during ITTO 
(**p≤0.01), Recovery (*p≤0.05) and After (**p≤0.01) were significantly 
decreased compared to Before within group. Peak-to-peak contralateral ∫EI 
EMG frequencies in the C2HS+ITTO group during ITTO were significantly 
decreased than Recovery (#p≤0.05).
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Figure 3-7. Representative histological section of a complete hemisection (C2HS). 

Transverse section (40µm cryostat) of the cervical spinal cord at the C2 level 
stained with cresyl violet. A complete hemisection was defined as an absence 
of any spinal cord tissue on the left injured side, the contralateral side 
remained intact; CC, central canal; DH, dorsal horn; VH, ventral horn; LF, 
lateral funiculus; VF, ventral funiculus. 
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CHAPTER 4 
IMPACT OF INTRINSIC TRANSIENT TRACHEAL OCCLUSION CONDITIONING ON 

THE ACTIVITY OF EXTERNAL INTERCOSTAL MUSCLE DURING EUPNEA AND 
HYPERCAPNIA IN CONSCIOUS RATS WITH UNILATERAL c-SCI 

Repeated respiratory loading has been used as a respiratory strength-training 

paradigm in humans and is mechanistically similar to locomotor strength training. 

Respiratory muscle strengthening can be either expiratory or inspiratory phase specific 

and is targeted based on patient symptoms such as, patients with effort related dyspnea 

would benefit from inspiratory muscle strength training. On the other hand, expiratory 

muscle strength training may improve expiratory muscle function and related behaviors 

such as cough (Sapienza and Wheeler, 2006). Investigators have successfully used 

repeated inspiratory muscle strength training to wean mechanically ventilated medically 

complex patients (Martin et al., 2002, Smith et al., 2014). Improvements in cough were 

reported in sarcopenia patients after repeated expiratory muscle strength training (Kim 

et al., 2009) and variable effects were observed in a preliminary study with cervical/ 

thoracic spinal cord injured individuals (Fitsimones et al., 2004). 

Intrinsic transient tracheal occlusion (ITTO) is a conscious animal model for 

respiratory muscle strength training. Repeated ITTO conditioning of conscious rats has 

been shown to induce muscle hypertrophy in the diaphragm (Smith et al., 2012) and 

parasternal intercostal muscles (Smith et al., in press). Ten days of repeated ITTO 

conditioning has also been shown to improve diaphragm function (Pate, 2010) in 

conscious rats. Studies as a part of this dissertation provide evidence that repeated 

ITTO presentations elicit respiratory load compensation in the external intercostal (EI) 

muscles of conscious, normal rats (Chapter 2) and rats with unilateral c-SCI (Chapter 

3). However, it is important to note that, due to the high respiratory frequency of 
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conscious rats, ITTO in conscious rats cannot be targeted to a specific respiratory 

phase. Accordingly, the purpose of this study was to determine the effects of ten days of 

ITTO conditioning on the EI muscle functioning during a hypercapnia challenge.  

Hypercapnia has been used as a chemical challenge to evaluate functional 

respiratory responses (Arita and Bishop, 1983b, a, Oliven et al., 1985, Gautier et al., 

1986, Pokorski et al., 2005). A hypercapneic challenge disrupts the homeostasis of 

oxygen (O2) and carbon dioxide (CO2) levels that the respiratory system works to 

maintain during normal breathing (Clancy and McVicar, 1996). Peripheral (Schlaefke et 

al., 1979) and central (Saint John, 1975) chemoreceptors are activated by increased 

CO2 which in turn stimulate increases in respiratory drive thereby eliciting respiratory 

muscle responses (Yasuma et al., 1993). Increases in minute ventilation should 

increase VCO2, thereby eliminating excess CO2 levels re-establishing O2 and CO2 

homeostasis. However, previous exposure to stressful stimuli, like immobilization, 

decreases the ventilatory response to hypercapnia in conscious rats (Kinkead et al., 

2001a). 

The intercostal motor system is highly plastic (Dougherty et al., 2012a) and the 

long-term facilitation of its respiratory activity after carotid sinus nerve stimulation has 

also been demonstrated (Fregosi and Mitchell, 1994). Thus, by exposing conscious rats 

with unilateral c-SCI to a hypercapneic challenge, we hypothesize that the ITTO 

conditioned group will exhibit greater neuroplastic changes in the bilateral EI muscle 

functioning compared to the non-conditioned groups. We analyzed peak-to-peak ∫EI 

EMG frequency, peak  ∫EI EMG amplitude activity (Terada and Mitchell, 2011) and 

motor effort (Fraigne and Orem, 2011) of the EI muscles to determine the effect of ten 
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days of ITTO conditioning on the hypercapnia induced increased respiratory motor 

drive.  

Materials and Methods 

Animals 

Data presented here are from animals also used in Chapter 3. A total of 18 male 

Sprague Dawley rats (300-350g) were used as follows, C2HS+ITTO (n=7), C2HS+no 

ITTO (n=4), Sham+ITTO (n=3) and Sham+no ITTO (n=4). Data from one animal in the 

Sham+ITTO group could not be recorded due to loss of electrodes. 

Study Design 

ITTO conditioned conscious rats were subjected to a 5-minute hypercapneic (7% 

CO2) challenge, four hours after completion of their final ITTO trial.  

Hypercapnia Challenge 

The experimental set-up for the hyperoxic-hypercapneic challenge is presented 

in Figure 4-1. Conscious rats were placed in a plexi-glass chamber and allowed to 

breathe room air. The rats were allowed to accommodate to the chamber (typically 5-7 

minutes) before the recording was initiated. After collecting 5 minutes of baseline 

eupnea, a mixture of 8% CO2 and balance O2 was slowly bled in to the chamber. The 

outflow from the chamber was sampled, allowing continuous monitoring of the level of 

CO2. (Datex 223 CO2 monitor, Puritan Bennett Corporation). The measured chamber 

CO2 equilibrium time was about 25-30 seconds from when the gas mixture was first 

introduced. The CO2 increase was a smooth transition rather than a sudden step 

change. After the concentration of CO2 in the chamber stabilized, the animals breathed 

this hyperoxic-hypercapneic gas mixture for 5 minutes. After 5 minutes, the CO2 and O2 

gas valves were turned off, room air was bled into the chamber and the lid of the 
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chamber was opened to allow rapid dissipation of the hyperoxic-hypercapneic gases. 

Animals continued to breathe room air for an additional 5 minutes, after which the 

recording was terminated. The total trial time was about 20 minutes per animal. 

Data Analyses 

Raw EI EMG was FIR digital high-pass filtered (300 Hz; Spike2, Cambridge 

Electronic Design) to minimize influence of heart rate and movement artifacts. DC 

remove, rectification and smoothing (50ms) functions were applied to the filtered data. 

This integrated EI EMG (∫EI EMG) was used for further analyses. ∫EI EMG data from 

one minute of eupneic activity (referred to as Baseline) after ITTO conditioning trial on 

Day 10 (After phase, refer to Chapter 3) and one minute of EI muscle activity during 

stable hyperoxic-hypercapneic challenge (referred to as Hypercapnia) were analyzed. 

Values for peak ∫EI EMG amplitude, peak-to-peak ∫EI EMG frequency, time to peak (Ti), 

time between peak of one and onset of next EMG burst (Te) and total burst time 

(Ttot=Ti+Te) were obtained from this analysis. The values for duty cycle (Ti/Ttot) and EI 

effort (Peak amplitude/Ti) were calculated. Values for peak ∫EI EMG amplitude, peak-to-

peak ∫EI EMG frequency and EI effort were averaged for each animal. Changes in peak 

∫EI EMG amplitude, peak-to-peak ∫EI EMG frequency and EI effort were calculated by 

normalizing to the corresponding Baseline values (%Baseline) for each animal. These 

were then averaged to obtain group data.  

Statistical Analyses 

Statistical comparisons were made between treatment groups (C2HS+ITTO, 

C2HS+no ITTO, Sham+ITTO and Sham+no ITTO) using one-way ANOVA with Student-

Neuman-Keul’s test for multiple comparisons (SigmaPlot version 12.5, Systat Software 

Inc.). Changes from Baseline in respiratory variables (peak ∫EI EMG amplitude, peak-to-
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peak ∫EI EMG frequency and EI motor effort) were compared between treatment groups 

for ipsilateral and contralateral sides separately, by one-way ANOVA and Student-

Neuman-Keul’s test for multiple comparisons. Ti, Te, Ttot and duty cycle values during 

Baseline and Hypercapnia were compared, between treatment groups using one-way 

ANOVA and within group using one way RMANOVA with Student-Neuman-Keul’s test 

for multiple comparisons. Differences indicated as statistically significant were p≤0.05. 

All values are expressed as means ± standard error of mean.  

Results 

Body Weight and CO2 Levels 

Both the C2HS groups were significantly lower in body weight as compared to 

Sham+ITTO group, no other differences were found; C2HS+ITTO 310.1 ± 8.1 g, 

p≤0.001, C2HS+no ITTO 310.8 ± 9.7 g, p≤0.05, Sham+ITTO 352.3 ± 7.4 g and 

Sham+no ITTO 338.5 ± 12.0 g. 

There were no significant differences between treatment groups in %CO2 that the 

animals received: C2HS+ITTO 8.4±0.1%, C2HS+ no ITTO 8.6±0.2%, Sham+ITTO 

8.6±0.3% and Sham+no ITTO 8.6±0.2%. 

Effect of ITTO Conditioning on the ∫EI EMG Responses During Hypercapnia 

Representative data traces from all treatment groups during Baseline and 

Hypercapnia are presented in Figure 4-7. ∫EI EMG amplitude expressed as aribtrary 

units (a.u.) for both ipsilateral and contralateral sides are presented in Figure 4-2. No 

significant differences in ∫EI EMG were found within and between groups on the 

ipsilateral side during Baseline or Hypercapnia. Contralateral ∫EI EMG was significantly 

higher during; Baseline in the C2HS+ITTO (0.11±-0.01 a.u.) group compared to 
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Baseline values of C2HS+no ITTO (0.03±0.02 a.u., p≤0.01) and Sham+noITTO 

(0.04±0.02 a.u., p≤0.05). Similarly contralateral EI EMG was higher during Hypercapnia 

in the C2HS+ITTO (0.12±-0.03 a.u.) group compared to Hypercapnia values of 

C2HS+noITTO (0.03±0.01 a.u., p≤0.05), Sham+noITTO (0.01±0.002 a.u., p≤0.05) and 

Sham+ITTO (0.04±0.02, p≤0.05). Thus, contralateral EI EMG was significantly greater 

in the ITTO conditioned rats with c-SCI compared to all other groups. EI motor effort 

was calculated using peak ∫EI EMG amplitude and time to peak (Ti) and is presented for 

both ipsilateral and ocntralateral sides in Figure 4-3. No significant differences in EI 

motor effort were found within and between groups on the ipsilateral side during 

Baseline or Hypercapnia. Contralateral EI motor effort was significantly higher during; 

Baseline in the C2HS+ITTO group (0.48±-0.06 mV/sec.) compared to Baseline values 

of C2HS+no ITTO (0.18±0.07 mV/sec, p≤0.05), Sham+ITTO (0.11±0.08 mV/sec, 

p≤0.05) and Sham+noITTO (0.23±0.13 mV/sec., p≤0.05). Contralateral EI motor effort 

was higher during Hypercapnia in the C2HS+ITTO group (0.49±-0.11 mV/sec) 

compared to Hypercapnia values of Sham+noITTO group (0.08±0.02 a.u., p≤0.05). 

Peak-to-peak frequency was obtained from analysis of the ∫EI EMG. Peak-to-

peak ∫EI EMG frequency (Figure 4-4) for the C2HS+ITTO group (90.2±11.6 bursts/min) 

during Hypercapnia was significantly lower than, within group Baseline (119.0±7.2 

bursts/min, p≤0.001), C2HS+noITTO group during Hypercapnia (143.4±12.3 bursts/min, 

p≤0.05) and Sham+no ITTO group during Hypercapnia (154.7±4.9 bursts/min, p≤0.001). 

Peak-to-peak frequency in Sham+ no ITTO group (154.7±5.0 bursts/min) during 

Hypercapnia was significantly greater than during Baseline within group (108.7±2.8 
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bursts/min, p≤0.05). No differences were found with Sham+ITTO group (Baseline 

100.8±5.8 bursts/min and Hypercapnia 127.0±19.1 bursts/min).  

Effect of ITTO Conditioning on Changes in Amplitude and Peak-to-Peak 
Frequency of ∫EI EMG Responses During Hypercapnia 

 Ipsilateral and contralateral changes in peak ∫EI EMG amplitude (Figure 4-5 A 

and B), EI effort (Figure 4-5 C and D) were not significantly different during Hypercapnia 

between the treatment groups.  

Peak-to-peak ∫EI EMG frequency (Figure 4-5 E) in the C2HS+ITTO (-

25.28±6.66%) was significantly decreased compared to C2HS+noITTO (10.14±21.32%, 

p≤0.05), Sham+ITTO (24.47±12.46%, p≤0.05) and Sham+no ITTO (42.73±7.17%, 

p≤0.001).  

Effect of ITTO Conditioning on the Breath Time of ∫EI EMG Responses During 
Hypercapnia 

Group data for Ti, Te, Ttot and Duty cycle are presented in Figure 4-6. Ti was 

significantly decreased in the Sham+no ITTO group during Hypercapnia (0.15±0.01 sec, 

p≤0.05) compared to Baseline (0.22±0.02 sec). Ti decreased during Hypercapnia for 

groups; C2HS+noITTO (0.18±0.01 sec) as compared to Baseline (0.22±0.03 sec, 

p=0.16) but statistical significance were not reached, Sham+ITTO (0.19±0.02 sec) 

decreased compared to Baseline (0.27±0.02 sec, p=0.06), but statistical significance 

were not reached. 

Te was significantly decreased in the Sham+no ITTO group during Hypercapnia 

(0.25±0.01 sec, p≤0.05) as compared to Baseline (0.41±0.05 sec). Te in the 

C2HS+ITTO group was significantly greater during Hypercapnia (0.49±0.07 sec, 

p≤0.01) when compared to Baseline (0.31±0.02 sec). Te in the C2HS+ITTO (0.49±0.07 

sec) group was significantly greater than C2HS+noITTO (0.26±0.03 sec, p≤0.05) and 
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Sham+no ITTO (0.25±0.01, p≤0.05) during Hypercapnia. Ttot was significantly greater 

during Hypercapnia in the C2HS+ITTO group (0.75±0.10 sec) when compared to 

C2HS+noITTO (0.44±0.04 sec, p≤0.05) and Sham+no ITTO (0.39±0.01 sec, p≤0.05). 

Ttot was significantly less in the Sham+no ITTO group (0.39±0.01 sec) compared to 

within group Baseline (0.63±0.03 sec, p≤0.01).  

The duty cycle of the EI muscle in the C2HS+ITTO group was significantly 

decreased during Hypercapnia (0.34±0.02 a.u.) compared to Baseline (0.44±0.03 a.u., 

p≤0.05). For the other groups duty cycle was not significantly different, C2HS+noITTO 

(Baseline 0.47±0.01 a.u. and Hypercapnia 0.41±0.02 a.u., p=0.09), Sham+ITTO 

(Baseline 0.44±0.01 a.u. and Hypercapnia 0.38±0.05 a.u., p=0.4), Sham+no ITTO 

(Baseline 0.37±0.04 a.u. and Hypercapnia 0.38±0.02 a.u., p=0.72) between Baseline 

and Hypercapnia conditions.  

Discussion 

The results of this study demonstrate that ITTO conditioned conscious rats with 

unilateral c-SCI have frequency modulation of their EI muscle responses without 

significant changes in the amplitude responses during a hyperoxic-hypercapnia 

challenge. Responses to a hyperoxic-hypercapnia challenge in this study predominantly 

reflect the stimulation from hypercapnia mediated central chemoreceptor activity in the 

conscious state, which is counteracted by hyperoxia mediated decrease in peripheral 

chemoreceptor activity (Gautier et al., 1986). The presence of background hyperoxia in 

a hypercapneic challenge significantly blunts frequency responses in urethane 

anesthetized mice and this is attributed to suppression of carotid body functioning by O2 

and is not influenced by the CO2 content of the inhaled gas mixture (Pokorski et al., 

2005). Studies in conscious cats report that ventilatory responses to hyperoxic-
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hypercapnia are inconsistent, with occasional decreases in respiratory frequency and 

increases in tidal volume, but not significantly different than their responses to 

normoxic-hypercapnia (Gautier et al., 1986). The Sham+no ITTO group in our study 

reflects the intact conscious rats’ response to a hyperoxic-hypercapnia challenge. No 

significant differences were found in the raw EI EMG amplitude (Figure 4-2) in this 

group. However, Ti, Te and Ttot were significantly decreased and consequently the 

peak-to-peak frequency of EI EMG was significantly increased in this group (Figures 4-4 

and 4-6). On the other hand, ITTO conditioning in the C2HS animals did not change Ti 

and Ttot but significantly increased Te, decreased the duty cycle and decreased the 

peak-to-peak ∫EI EMG frequency (Figures 4-4 & 4-6). These changes in peak-to-peak 

∫EI EMG frequency were significantly different between C2HS+ITTO and other 

treatment groups (Figure 4-5). Responses from the C2HS+no ITTO group reflect the 

endogenous plasticity that occurs in the intercostal motor system (Dougherty et al., 

2012a). Therefore, left to recover without any intervention, the EI muscles of conscious 

rats with unilateral c-SCI respond to Hypercapnia similar to rats in the Sham+ITTO and 

Sham+no ITTO groups. Dougherty et al found that intercostal muscle EMG recovers to 

non-injured values two weeks after c-SCI (Dougherty et al., 2012a). Our results are 

similar to the above finding and are evident from the activity of the EI muscles in the 

C2HS+no ITTO group.  

Repeated ITTO in conscious rats is known to induce stress and anxiety 

responses (Bernhardt et al., 2011a, Bernhardt et al., 2011b). Previous exposure to 

stress stimuli is known to blunt the hypercapneic response in conscious rats (Kinkead et 

al., 2001a). Differences in body weight may also influence the EI EMG values observed 
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in this study. Animals with higher body weight have more muscle mass and therefore 

capable of higher EMG responses (Mantilla et al., 2011). Also genetic variability among 

rats (Chapter 2) may have influenced responses and outcomes between treatment 

groups (Golder et al., 2005b). Therefore, our results should be interpreted with caution. 

Although a bilateral decrease in ∫EI EMG amplitude was observed in animals with 

unilateral c-SCI, the contralateral ∫EI EMG amplitude was always slightly greater than 

ipsilateral ∫EI EMG during eupnea and in response to ITTO (see Chapter 3). Values of 

∫EI EMG expressed as arbitrary units as seen in Figure 4-2 show similar effects on 

eupneic and hypercapneic EI EMG and supports this previous finding. Therefore, we 

suggest that ITTO conditioning induces neuroplastic changes in the thoracic spinal cord 

of conscious rats with unilateral c-SCI. However these changes are predominantly 

directed toward improvements in contralateral EI EMG function. Intercostal motor 

activity is modulated via interneuronal connections between the phrenic and thoracic 

and within different levels of thoracic motorneuron pools (Kirkwood et al., 1988, de 

Almeida and Kirkwood, 2013). This anatomical connectivity has been recently attributed 

with the physiological activation of diaphragm activity during high frequency stimulation 

of the thoracic spinal cord in C1 transected anesthetized rats (Kowalski et al., 2013). 

Therefore, it is likely that increases in contralateral EI EMG activity may drive respiratory 

recovery of ipsilateral diaphragm and/or bilateral intercostal muscles at other thoracic 

levels, through the existing phrenic-intercostal and intercostal-intercostal pathways. 

Furthermore, changes in activity of one muscle group such as EI may not be a reliable 

predictor of the effects of ITTO conditioning on the functioning of the respiratory system 
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as a whole. Further studies are required to ascertain whether ITTO conditioning in rats 

with c-SCI is clinically beneficial. 

In conclusion, we have demonstrated that, ten days on ITTO conditioning alters 

eupneic and hypercapneic responses of EI EMG in conscious rats with unilateral c-SCI. 

The observed changes in ∫EI EMG suggest that the improvements in EI muscle function 

are predominantly directed towards the contralateral side. These rats respond primarily 

by decreasing the peak-to-peak ∫EI EMG frequency during Hypercapnia as compared to 

Baseline and other treatment groups during Hypercapnia.  



 

 119 

 
 
Figure 4-1. Schematic of the experimental set-up for hyperoxic-hypercapnia challenge. 

Animals were exposed to 8% CO2 balance O2 challenge for 5 minutes and EI 
muscle EMG was recorded. Eupneic EI muscle activities were also recorded 
before and after exposure to hypercapneic challenge. Total trial time was 
about 20 minutes per animal.
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Figure 4-2. ∫EI EMG responses during Baseline and Hypercapnia. ∫EI EMG amplitude expressed as arbitrary units (a.u.) 

for (A) Ipsilateral and (B) Contralateral EI. No significant differences were found within and between groups on 
the ipsilateral side either during Baseline or Hypercapnia. Contralateral ∫EI EMG was significantly greater during 
Baseline in the C2HS+ITTO group compared to Baseline values of C2HS+noITTO (††p≤0.01) and 
Sham+noITTO (#p≤0.05). Similarly contralateral ∫EI EMG was significantly higher during Hypercapnia in the 
C2HS+ITTO group compared to Hypercapnia values of C2HS+noITTO (†p≤0.05), Sham+noITTO (#p≤0.05) and 
Sham+ITTO (^p≤0.05). 
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Figure 4-3. EI motor effort responses during Baseline and Hypercapnia. EI motor effort was calculated using peak ∫EI 
EMG amplitude and time to peak (Ti) values and is expressed as mV/sec for (A) Ipsilateral and (B) Contralateral 
EI. No significant differences were found within and between groups on the ipsilateral side either during 
Baseline or Hypercapnia. Contralateral EI motor effort was significantly greater during Baseline in the 
C2HS+ITTO group compared to Baseline values of C2HS+noITTO (†p≤0.05), Sham+ITTO (^p≤0.05) and 
Sham+noITTO (#p≤0.05). contralateral EI motor effort was significantly higher during Hypercapnia in the 
C2HS+ITTO group compared to Hypercapnia values of Sham+noITTO (#p≤0.05). 
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Figure 4-4. Effect of ITTO conditioning on the peak-to-peak ∫EI EMG frequency during 

Baseline and Hypercapnia. Peak-to-peak ∫EI EMG frequencies during 
Baseline were not significantly different. Peak-to-peak ∫EI EMG frequency for 
the C2HS+ITTO (●) group during Hypercapnia was significantly lower within 
group Baseline (***p≤0.001), C2HS+no ITTO group (○) during Hypercapnia 
(†p≤0.05) and Sham+no ITTO (Δ) group during Hypercapnia (###p≤0.001). 
Peak-to-peak ∫EI EMG frequency in Sham+ no ITTO group during 
Hypercapnia was significantly greater than during Baseline, within group 
(**p≤0.05). No differences were noted in Sham+ITTO group (▲). 
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Figure 4-5. Effect of ITTO conditioning on the ∫EI EMG hypercapneic response in 

conscious rats with c-SCI. Panels A and B show change in amplitude 
(%Baseline) of the ∫EI EMG (A) Ipsilateral and (B) Contralateral. Panels C 
and D present the change in EI motor effort (%Baseline) during Hypercapnia 
(C) Ipsilateral, (D) Contralateral. No significant differences were found. Panel 
E presents the change in peak-to-peak ∫EI EMG frequency. C2HS+ITTO 
group was significantly lower in peak-to-peak ∫EI EMG frequency response 
compared to C2HS+noITTO (†p≤0.05), Sham+ITTO (^p≤0.05) and Sham+no 
ITTO (###p≤0.001).  
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Figure 4-6. Effect of ITTO conditioning on breath times for the hypercapneic response of 

conscious rats with c-SCI. (A) Ti, (B) Te, (C) Ttot and (D) Duty cycle arbitrary 
units (a.u.) of ∫EI EMG activity during Baseline and Hypercapnia. Ti and Te in 
the Sham+no ITTO group were significantly decreased during Hypercapnia 
(*p≤0.05) compared to Baseline. Te in the C2HS+ITTO group was 
significantly greater during Hypercapnia when compared to Baseline 
(**p≤0.01), C2HS+noITTO (†p≤0.05) and Sham+no ITTO (#p≤0.05). Ttot was 
significantly greater during Hypercapnia in the C2HS+ITTO group compared 
to C2HS+noITTO (†p≤0.05) and Sham+no ITTO (#p≤0.05). Ttot was 
significantly decreased in the Sham+no ITTO group as compared to Baseline 
(**p≤0.01). The C2HS+ITTO group had significantly reduced duty cycle during 
Hypercapnia compared to Baseline (*p≤0.05).
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Figure 4-7. Representative EI EMG data traces from all treatment groups. For each panel, the top trace is ∫R-EI EMG, the 

second trace is R-EI EMG (a.u.), the third trace is ∫L-EI EMG and the fourth trace is L-EI EMG (a.u.) for (A) 
Baseline and (B) Hypercapnia. 
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CHAPTER 5 
EFFECT OF ACUTE INTERMITTENT HYPOXIA TREATMENT ON VENTILATORY 

LOAD COMPENSATION AND MAGNITUDE ESTIMATION OF INSPIRATORY 
RESISTIVE LOADS IN AN INDIVIDUAL WITH CHRONIC INCOMPLETE c-SCI – CASE 

STUDY 

An estimated 12000 new cases of spinal cord injury (SCI) arise every year in the 

United States (NSCISC, 2013) and respiratory dysfunction is the leading cause of 

mortality in this patient population (Winslow and Rozovsky, 2003, Brown et al., 2006). A 

disruption of the neural efferent output to respiratory muscles due to SCI results in a 

reduced motor function which in turn alters the injured individual’s ability to breathe and 

compensate to increased respiratory loads (Axen, 1982, Kelling et al., 1985). Also, 

depending on level and severity of injury, SCI interrupts the ascending afferent input 

from thoracic and accessory respiratory muscles. This afferent feedback plays a key 

role in the modulation of breathing (von Euler, 1973). Therefore, rehabilitation after SCI 

necessitates restoration of the respiratory motor function as well as ensuring that the 

respiratory perceptual sensitivity of the injured individual does not hinder their capability 

to respond to mechanical and/or chemical challenges to breathing.  

Magnitude estimation (ME) is a technique used to cognitively scale the size of a 

given stimulus by assigning a proportional number to the perceived magnitude. The 

respiratory perceptual sensitivity follows Steven’s law: Ψ=KΦn. The estimated 

magnitude Ψ is a power function of the load magnitude, Φ, n is the power exponent and 

K is a constant (Stevens, 1957). The slope of the log-log plot of the reported magnitude 

estimation and mouth pressure generated in response to an inspiratory resistive load 

(IRL) corresponds to ‘n’, which is the perceptual sensitivity for the given stimulus. A 

short-term exposure to a respiratory load of high magnitude has been shown to reduce 

the magnitude estimation of IRL in healthy human subjects, and may act by reducing 
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the sense of effort needed to breathe against the applied load (Revelette and Wiley, 

1987). Manning et al have shown that healthy humans exposed to high and low levels 

of CO2 (Manning et al., 1994) and changes in inspiratory flow rate (Manning et al., 

1995) do not show any changes in the magnitude estimation of tidal volume . However, 

in quadriplegics presented with IRL the magnitude estimation of respiratory force is 

diminished (Gottfried et al., 1984), but that of inspired volume is unchanged (DiMarco et 

al., 1982).  

Acute intermittent hypoxia (AIH) has been shown to induce respiratory plasticity 

and improve ventilation in animal models of SCI (Wilkerson et al., 2008, Wilkerson and 

Mitchell, 2009, Terada and Mitchell, 2011, Lovett-Barr et al., 2012) by means of 

respiratory long-term facilitation (LTF) (Vinit et al., 2009, Dale-Nagle et al., 2010). 

Repetitive exposure to AIH while sustaining an elevated level of carbon dioxide (CO2) 

was shown to induce ventilatory LTF in healthy conscious subjects (Harris et al., 2006, 

Mateika and Sandhu, 2011), and subjects with chronic spinal cord injury (Tester et al., 

2014). Thus, AIH along with elevated level of CO2 may improve the ventilatory status in 

individuals with incomplete SCI. We hypothesized that ten days of AIH with elevated 

CO2 would improve ventilatory load compensation and increase the respiratory 

perceptual sensitivity to IRL, in an individual with chronic incomplete c-SCI. 

The present study was performed on an individual with chronic, incomplete, 

cervical SCI. The procedure for ME of IRL has been previously used to demonstrate 

improvements after inspiratory muscle strength training (Kellerman et al., 2000), assess 

gender differences (Alexander-Miller and Davenport, 2010), investigate the impact of 

emotional state (Kellerman et al., 2000, Alexander-Miller and Davenport, 2010, Tsai et 
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al., 2013) on the respiratory perceptual sensitivity in normal subjects and in children with 

life-threatening asthma (Kifle et al., 1997, Julius et al., 2002).  

Materials and methods  

All institutional and governmental regulations concerning the ethical use of 

human volunteers in research using University of Florida and Brain Rehabilitation 

Research Center, Veterans Affairs Medical Center (VAMC), Gainesville, FL were 

followed during this study. The University of Florida Institutional Review Board reviewed 

and approved the study. 

Case History  

The study participant was a 55-year-old female with an AIS impairment score of 

D (Kirshblum et al., 2002) with a C4 chronic (4 years & 8 months), incomplete SCI. The 

injury was classified as Brown Sequard (Maynard et al., 1997) and was without 

tracheostomy or assisted ventilation. Upper motorneuron signs were present. A study 

physician and a therapist confirmed the absence of heart and lung complications after 

obtaining medical authorization from the subject. The subject participated in all of the 

study testing (listed below) at four time-points; when naïve to any testing (Baseline), 

after two days of elevated CO2 exposure (Post Sham), after exposure to AIH and 

elevated CO2 (AIH treatment) on days one (AIH Day 1) and ten (AIH Day 10). Lung and 

respiratory muscle function testing was carried out after the IRL procedure. No prior 

history of smoking was reported.  

Pulmonary and Respiratory Muscle Function 

A digital spirometer (Futuremed, Granada Hills, CA) and a respiratory pressure 

meter (Micro Direct, Inc, Lewiston, ME) were used to assess pulmonary and respiratory 

muscle function. The subject was given directions for task performance. The digital 
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spirometery, inspiratory and expiratory pressure measurements were conducted three 

times each. Average and standard deviation values for the outcomes were calculated.  

Acute Intermittent Hypoxia Treatment (AIH)  

Protocols for sham and AIH were delivered via a non-rebreathing system and a 

facemask during wakefulness. The subject maintained a supine position throughout trial 

durations. Partial pressures of carbon dioxide (PETCO2) and oxygen (PETO2) were 

sampled from a port in the facemask and adjusted in real time (models 17515 and 

17518, respectively, VacuMed, Ventura, CA). Heart rate was continuously monitored 

using an electrocardiogram (model 17032, VacuMed, Ventura, CA) and O2 saturation 

was continuously monitored via pulse oximetry (Biox 3740, Ohmeda, Boulder, CO).  

The subject was blinded to 2 sham sessions for 2 days before the 10 days of 

treatment with AIH. During each of these sessions the subject breathed room air for 10 

min to establish eupneic baseline values. Supplemental CO2 was added to the inspirate 

and PETCO2 was elevated 3.8 ± 0.09 to 4.3 ± 0.19 mmHg above baseline and 

maintained for the remainder of the treatment session. After the 10 min period with 

elevated CO2 levels, eight 2-min episodes of 8% O2/ balance N2 were administered 

while maintaining PETO2 at ≥ 50 mmHg using 100% supplemental O2. On days when 

subject underwent sham sessions, room air was used instead of 8%O2/ balance N2.  

Every hypoxic/sham episode was terminated abruptly by administering one 

breath of 100% O2 to rapidly normalize PETO2. This was followed by a 2 min recovery 

period where the subject breathed room air. After the eighth hypoxic/sham session the 

subject was monitored for an additional 30 min end recovery period. The subject 

tolerated all the treatment and sham sessions with no signs of distress. 
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Inspiratory Resistive Load (IRL)  

The experimental set-up is illustrated in Figure 5-1. The IRL manifold was placed 

at the end of the experimental set-up and was attached to the inspiratory side of the 

non-rebreathing valve via a reinforced flexible plastic tube (~30cm long). The manifold 

was placed away from the view of the participant so she was not aware what load was 

presented. Four different grades of IRL (5, 15, 30 and 50cmH2O/L/sec) and a no load 

were applied five times each, in a randomized block design. The subject and the 

investigator recording the subject reported magnitude estimation were blinded to the 

sequence of IRL being applied. 

Magnitude Estimation Procedure  

The subject reclined comfortably on a flat bench, with her back supported. With 

nose-clips on, she was asked to breathe through a mouthpiece, which was attached to 

the non-rebreathing valve. Four different grades of IRL (5, 15, 30 and 50cmH2O/L/sec) 

and a no load were applied five times each (seven times each during baseline), in a 

randomized block design. During baseline the first two blocks of IRL were presented to 

familiarize the subject to the respiratory load sensation, testing device and protocol. The 

data from these presentations were not used for analysis. A light cued the subject that 

her next inspiratory effort may (randomized graded IRL) or may not (no load) have an 

IRL. When the light cue was turned off, the subject was asked to rate her perceived 

magnitude of breathing effort for the light-cued breath. A modified Borg scale (Borg, 

1982) ranging from 0 (nothing) to 10 (very, very severe) was used to record the 

subject’s perceived difficulty to breathe. The subject indicated by hand gesture the 

magnitude estimation (ME) rating for the IRL. One of the investigators recorded these 

ME values after repeating the subject’s rating aloud to ensure that it was communicated 
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properly. The subject was unaware of the magnitude of IRL presented and not allowed 

to see any of the previous ratings. Each IRL was presented for a single inspiration only. 

Mouth pressure (P) was measured from a port in the center of the non-rebreathing valve 

and airflow (AF) was measured with a pneumotachograph (Vernier Software & 

Technology) attached to the inspiratory port of the non-rebreathing valve. The data were 

recorded with a portable signal processor and transferred to a computer and stored for 

subsequent data analysis.  

Data Analysis  

The data collection software (Vernier Software & Technology) generated 

numerical P (mbar), AF (L/sec) and time (sec) data corresponding with the recorded 

respiratory pattern. The experimenter marked each single presentations of IRL, during 

the recording session. P mbar were multiplied by a correction factor (1.019744) and 

converted to P cmH2O values, used for all further P analyses. P (cmH2O) and AF 

(L/sec) values and log transformed P and ME values were used for further statistical 

analysis. Mean slopes for P vs. Resistance, AF vs. Resistance and Log ME vs. Log P 

were calculated. All data were analyzed by RMANOVA and Holm-Sidak test for multiple 

comparisons (SigmaPlot 12.5). Data are provided as mean ± standard error of mean. 

(unless noted otherwise) and significance was set for p≤0.05. 

Results 

Pulmonary and Respiratory Muscle Function 

Table 5-1 summarizes subject data from pulmonary function tests and Table 5-2 

summarizes subject data from maximal inspiratory (MIP) and expiratory (MEP) pressure 

tests. Values for percent-predicted forced vital capacity (FVC) increased significantly 

(p≤0.05, Table 5-1) on Post Sham (74.66 ± 3.05%), AIH Days 1 (76.33 ± 0.58%) and 10 
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(80.00 ± 2.00%) when compared to baseline (67.33 ± 4.04%). Forced expiratory volume 

in one second (FEV1) also increased significantly (p≤0.05, Table 5-1) on Post Sham 

(63.66 ± 2.51%), AIH Days 1 (60.00 ± 2.00%) and 10 (67.00 ± 2.65%) when compared 

to baseline (46.33 ± 12.66%). These results indicate an improvement in pulmonary 

function after treatment with AIH and elevated CO2. The MIP and MEP were not 

significantly different from baseline values (Table 5-2). This treatment paradigm did not 

alter respiratory muscle pressure generating capacity in the study subject. 

Respiratory Load Compensation  

The results for P and AF in response to IRL indicate increased respiratory load 

compensation in the study subject after ten days of AIH with elevated CO2 treatment. At 

the lower load levels (0-15 cmH2O/L/sec) the P results were not significantly different 

on AIH Day 1 (p=0.06 at 0cmH2O/L/sec) and Post Sham (p=0.19 at 5cmH2O/L/sec) 

compared to Baseline values. The subject generated a significantly higher P at the 

30cmH2O/L/sec load on AIH Day 1 (-8.28 ± 0.36 cmH2O, p≤0.01, Figure 5-2A) 

compared to Baseline (-5.61 ± 0.36 cmH2O). At the highest load of 50cmH2O/L/sec the 

P values were not significantly different when compared to Baseline, AIH Day 1(p=0.15) 

and AIH Day 10 (p=0.11). The mean slopes for the pressure vs. resistance plot 

demonstrated a gradual decrease. The mean slope for AIH Day 10 (-0.17 ± 0.02 a.u.) 

was significantly lower (p≤0.01, Figure 5-2B) when compared to mean slope at Baseline 

(-0.12 ± 0.02 a.u.). Post Sham (p=0.075) and AIH Day 1 (p=0.09) were not statistically 

significant. 

The subject produced a significantly larger (p≤0.05, Figure 5-3A) AF in response 

to a 15cmH2O/L/sec IRL on Post Sham (0.28±0.01 L/sec) and AIH Day 1 (0.31±0.03 

L/sec); a 30cmH2O/L/sec IRL on Post Sham (0.28±0.02 L/sec) and AIH Day 1 
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(0.31±0.02 L/sec) and a 50cmH2O/L/sec IRL on Post Sham (0.25±0.003 L/sec), AIH 

Day 1(0.25±0.02 L/sec) and AIH Day 10 (0.27±0.02 L/sec). The results for AF were not 

significantly different at, 0 and 5cmH2O/L/sec IRL on any of the time-points studied and 

at 15cmH2O/L/sec on AIH Day 10 (p=0.06). The mean slope for the AF vs. resistance 

was significantly greater on AIH Day 10 (-0.0004±0.0015, p≤0.05, Figure 5-3B) 

compared to Baseline (-0.003±0.0012). No significant difference was found for mean 

slope on Post Sham (p=0.06) and AIH Day 1 (p=0.65) compared to Baseline. 

Magnitude Estimation 

The ME for each IRL were log-transformed (Log ME) and plotted against log-

transformed values of P generated against each load (Log P). The Log ME at 

50cmH2O/L/sec load on AIH Day 1 (0.64±0.02 a.u., p≤0.05, Figure 5-4A) was 

significantly lower than Baseline (0.71±0.3 a.u.). The mean slopes of Log ME vs. Log P 

(Figure 5-4B) were not significantly different between all conditions in this study.  

Discussion 

The key result from this study is an improvement in ventilatory load 

compensation and pulmonary function after ten days of treatment with AIH and elevated 

levels of CO2, in an individual with chronic, incomplete cervical SCI. However, this 

paradigm did not demonstrate an AIH effect on the ME of IRL and therefore the 

perceptual sensitivity to IRL, in the study subject.  

Exposure to AIH with elevated levels of CO2 has been shown to induce 

ventilatory LTF in animal models of SCI (Vinit et al., 2009, Dale-Nagle et al., 2010) 

healthy awake humans (Harris et al., 2006, Mateika and Sandhu, 2011) and humans 

with chronic SCI (Tester et al., 2014). Based on our results, a decrease in mean slope 

for P vs. resistance plot and a corresponding increase in mean slope for AF vs. 
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resistance, on AIH Day 10 demonstrate that the subject in our study improved her ability 

to ventilatory compensation for an increased respiratory load. Also, pulmonary function 

tests showed a significant and consistent improvement in %FVC and %FEV1 after AIH 

treatment. During baseline testing the first two blocks of IRL were presented to 

familiarize the subject to the testing device and protocol. The data from these 

presentations were not used for analysis in this report. However, one cannot rule out the 

possibility that the reported improvements in P and AF may be due to the combined 

influence of AIH treatment and a learning effect of repeated exposure to the IRL 

protocol. No improvements in respiratory muscle pressure generating capacity were 

observed. Values for MIP and MEP were not significantly different on any of the time-

points measured in our study. This suggests that the increased pulmonary function, AF 

and P, are not due to increased respiratory pump function and may be due to increased 

central respiratory drive. 

Posture significantly affects the ventilatory response to added loads in both 

normal and SCI individuals (Loveridge et al., 1992). Supine posture has been shown to 

have a mechanical advantage over upright sitting in tetraplegics (Ben-Dov et al., 2009). 

The subject in our study was supine during all AIH treatment trials and reclined 

comfortably with her back supported and legs straight on a flat bench. It is likely that the 

P and AF responses to lower intensities of IRL (0, 5cmH2O/L/sec) were influenced by 

posture. However, consistent increases in AF at the higher intensities of IRL (30, 

50cmH2O/L/sec) with the same posture suggest the increased ventilatory load 

compensation response was not the result of the respiratory mechanical effects due to 

posture.  



 

 135 

The baseline perceptual sensitivity of our study subject was slightly lower but 

comparable to that of healthy conscious adults, previously reported by our lab (Tsai et 

al., 2013). Previous studies with quadriplegics have reported a much greater reduction 

in the value of the respiratory load sensitivity exponent (Gottfried et al., 1984). The 

perceptual sensitivity is dependent on the respiratory drive, breathing pattern and 

respiratory muscle fatigue (Gandevia et al., 1981). In our case, spinal injury severity 

also plays a key role in determining the perceptual sensitivity to IRL. The subject in our 

study has a chronic and less severe form cervical SCI that may have partly preserved 

the afferent and efferent pathways from the thoracic muscle receptors that modulate 

respiratory effort responses (von Euler, 1973, Gottfried et al., 1984). The presentation of 

a single breath IRL does not cause any respiratory muscle fatigue (von Leupoldt et al., 

2011). In addition, diaphragm muscle fatigue does not influence the respiratory effort 

perceptual sensitivity of normal subjects (Bradley et al., 1986). Thus, the perceptual 

response of this SCI patient is likely the result of spared neuromuscular function and not 

respiratory muscle fatigue. 

In patients with sleep apnea, the ventilatory response to AIH and the resulting 

LTF is dependent on time of day when the subject was exposed to AIH treatment (Gerst 

et al., 2011). However, repeated exposure to AIH with elevated CO2 levels has been 

shown to augment the hypoxic ventilatory response, irrespective of time of day (Gerst et 

al., 2011). To our knowledge there is no study determining the optimal time of day for 

conducting the ME of IRL protocol. However, we controlled for this effect and 

maintained a consistent time of the day when the patient underwent respiratory testing 

and AIH. 
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In summary, we conclude that chronic exposure to AIH with elevated CO2 levels 

improved respiratory load compensation without altering respiratory muscle function in 

an individual with chronic incomplete c-SCI. The ventilatory load compensation 

response to added IRL increased but the perceptual sensitivity to IRL was not affected 

after AIH treatment. Further studies are required to determine the applicability of AIH 

treatment as a rehabilitative intervention for SCI individuals.  

Study Limitations. A learning effect, due to repeated exposure to the IRL 

protocol, may have significantly influenced the results of our study. However, we also 

see improvements in %FVC and %FEV1 values, which suggest that the study paradigm 

may have a beneficial effect on the subject's pulmonary function and associated lung 

mechanics. Also, the subject reported no changes in perceptual sensitivity. This would 

suggest that our study paradigm might affect the discriminative but not affective 

processing of IRL (Davenport and Vovk, 2009). Thus, even if the subject learned to 

differentiate between loads (vs Baseline) and generate greater negative pressure in the 

ventilatory load compensation response, the affective response to each load remained 

the same over the treatment time. This is consistent with findings from a previous study 

demonstrating that respiratory learning is not influenced by the elicited physiological 

responses (Van den Bergh et al., 1998). Improvements in pulmonary function tests and 

ventilatory load compensation response suggest that this paradigm may be a potentially 

beneficial rehabilitation intervention for individuals with chronic incomplete c-SCI. 

However, further studies are warranted to determine the clinical applicability of AIH 

treatment. 
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Figure 5-1. Experimental set-up for ME of IRL. 
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Table 5-1. Summary of results for pulmonary function test. Values for percent predicted forced vital capacity (FVC) and 
forced expiratory volume in 1 second (FEV1), * indicates p≤0.05 when compared to baseline. 

Pulmonary Function Test Baseline Post Sham AIH Day 1 AIH Day 10 

Forced Vital capacity (FVC%) 67.33 ± 4.04 74.66 ± 3.05 ** 76.33 ± 0.58 ** 80.00 ± 2.00 *** 

Forced Expiratory Volume (FEV%) 46.33 ± 12.66 63.66 ± 2.51 * 60.00 ± 2.00 * 67.00 ± 2.65 * 

 

 

Table 5-2. Summary of results for respiratory muscle pressure generating capacity test. No significant differences were 
observed after AIH treatment in maximal inspiratory (MIP) and expiratory (MEP) pressure values. 

Respiratory Muscle Pressure Generating Capacity Baseline Post Sham AIH Day 1 AIH Day 10 

Maximal Inspiratory Pressure (MIP, cmH2O) 56.00 ± 3.61 57.33 ± 1.53 57.00 ± 6.56 59.33 ± 3.21 

Maximal Expiratory Pressure (MEP, cmH2O) 63.00 ± 8.88 65.66 ± 3.05 73.00 ± 3.46 75.00 ± 4.00 
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Figure 5-2. Ventilatory load compensation after AIH treatment: Pressure. (A) Pressure 
(cmH2O) vs. Resistance (cmH2O/L/sec) for Baseline, Post Sham, AIH Day 1 
and AIH Day 10. The subject generated significantly greater negative 
pressure on AIH Day 1 (**p≤0.01) when presented with the 30cmH2O/L/sec 
IRL; (B) Mean slope of Pressure vs. Resistance. Mean slope of this plot on 
AIH Day 10 was significantly less than Baseline (**p≤0.01). 
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Figure 5-3. Ventilatory load compensation after AIH treatment: Airflow. (A) Airflow 
(L/sec) vs. Resistance (cmH2O/L/sec) for Baseline, Post Sham, AIH Day 1 
and AIH Day 10. The subject generated significantly greater airflows when 
presented with the following loads; 15cm H2O/L/sec on AIH Day 1 (*p≤0.05), 
AIH Day 10 (*p≤0.05); 30cmH2O/L/sec on Post Sham (*p≤0.05), AIH Day 10 
(*p≤0.05) and 50cm H2O/L/sec on Post Sham, AIH Day 1 & 10 (*p≤0.05) (B) 
Mean slope of Airflow vs. Resistance. Mean slope of this plot on AIH Day 10 
was significantly greater than Baseline (*p≤0.05). 
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Figure 5-4. Magnitude estimation of IRL after AIH treatment. (A) Log-log plot for 
magnitude estimation (ME) vs. pressure. Log ME was significantly greater 
than Baseline on AIH Day 1 when subject was presented with the 
50cmH2O/L/sec load (*p≤0.05). (B) Mean slope of the log-log plot of ME vs. 
pressure. No significant differences were found in the perceptual sensitivity to 
IRL in this subject, after AIH treatment.  
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CHAPTER 6 
SUMMARIES AND CONCLUSIONS 

Study #1 Summary 

The purpose of this study (Chapter 2) was to determine the load compensation 

response of the external intercostal (EI) muscles in normal conscious rats. We used the 

model of intrinsic transient tracheal occlusions (ITTO) to elicit respiratory load 

compensation in the EI muscles in chronically instrumented conscious rats. It was 

hypothesized that conscious rats exposed to ITTO would recruit the EI muscles with an 

increased EMG activation. The results from this study demonstrate that conscious rats 

consistently recruit their EI muscles, with an increased EMG amplitude activation, in 

their respiratory load compensation response to ITTO. This response to ITTO was 

maintained over the ten days of ITTO conditioning with no potentiation or habituation. 

Previous reports from our lab have demonstrated respiratory muscle hypertrophy 

in intercostal (Smith et al., In press) and diaphragm (Smith et al., 2012) muscles, as a 

result of repeated respiratory load compensation via ITTO. Accordingly, we 

hypothesized that ten days of ITTO conditioning would potentiate the baseline EMG 

activity of EI muscles in normal conscious rats. However, contrary to our hypothesis, no 

potentiation of baseline EI EMG activity was found after ten days of ITTO conditioning.  

The activity of EI muscles is inherently variable due to the modulatory effects of 

conscious and affective states, posture, EI muscle afferents and vagal feedback exerted 

on a breath-by-breath basis. In this study, 50% of conscious rats responded with an 

increase in ∫EI EMG immediately (Onset) on presentation with an ITTO, and these were 

termed as High-responders. The remaining animals decreased ∫EI EMG immediately 

(Onset) but subsequently increased (Phasic) ∫EI EMG during sustained application of an 
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ITTO, and were termed as Low-responders. This segregation of animal groups into 

High- and Low-responders observed on the first day of ITTO trials persisted throughout 

our study time period of ten days.  

Additionally, this is the first study to describe the frequency content of the EI 

EMG data in conscious rats. Power spectral density analyses of eupneic EI EMG data 

revealed its median and centroid frequency distribution, which did not change after ten 

days of ITTO conditioning. 

Study #2 Summary 

Cervical hemisection (C2HS) is an animal model of unilateral c-SCI (Moreno et 

al., 1992). C2HS disrupts the descending respiratory drive to the EI muscles ipsilateral 

to injury thereby impairing normal EI muscle activity. Our results (Chapter 3) indicate 

that one week after c-SCI, ∫EI EMG amplitude activity is present but significantly 

decreased only on the side ipsilateral to injury, in conscious rats. ∫EI EMG amplitude 

activity is also decreased on the side contralateral to injury but is not significantly 

different than the pre-injury values. 

Also, the purpose of this study (Chapter 3) was to determine the respiratory load 

compensation to ITTO, of the EI muscles in conscious rats with cervical spinal cord 

injury (c-SCI). We hypothesized that ten days ITTO conditioning would result in 

increases in bilateral ∫EI EMG amplitude activity in conscious rats with c-SCI.   

ITTO effectively elicited respiratory load compensation responses after c-SCI and 

this response was characterized by a significant increase in normalized ∫EI EMG 

amplitude activity during applied ITTO as compared to that during After phase of trial. 

ITTO responses were robust on the contralateral side, in the C2HS+ITTO group, on 

ITTO Day 1, one week after unilateral c-SCI. However, by Day 10, ITTO responses 
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showed a balanced co-activation of both ipsilateral and contralateral sides in the 

C2HS+ITTO group.  

Ten days of ITTO conditioning elicited respiratory load compensation responses 

similar to those observed during ITTO Day 1. ∫EI EMG amplitude activity was 

significantly greater during ITTO compared to Recovery and After phases in the 

C2HS+ITTO and Sham+ITTO groups. We conclude that, ITTO is an effective conscious 

animal stimulus to elicit respiratory load compensation of the EI muscles in rats with 

unilateral c-SCI. Repeated ITTO may have beneficial effects on EI muscle functioning in 

conscious rats with unilateral c-SCI. 

Study #3 Summary 

The final animal study (Chapter 4) was conducted to determine the impact of 

ITTO conditioning on the hyperoxic-hypercapnia (Hypercapnia) response in c-SCI 

injured conscious rats. We hypothesized that unilateral c-SCI injured conscious rats with 

ITTO conditioning would demonstrate a greater bilateral ∫EI EMG amplitude activity 

during Hypercapnia than those without ITTO conditioning. However, the results of this 

study demonstrate that the ipsilateral ∫EI EMG values for C2HS+ITTO group during 

Hypercapnia were not significantly different compared to Baseline. Also, changes in ∫EI 

EMG amplitude were not significantly different between the treatment groups. We also 

found that, contralateral ∫EI EMG was significantly greater in the C2HS+ITTO group 

compared to all the other treatment groups. 

Our results show that conscious rats with unilateral c-SCI after ten days of ITTO 

conditioning exhibit frequency modulation of their EI muscle responses without 

significant changes in the amplitude responses during a Hypercapnia challenge. These 

rats respond primarily by decreasing the peak-to-peak ∫EI EMG frequency during 



 

 148 

Hypercapnia as compared to Baseline and other treatment groups during Hypercapnia. 

On the other hand, Sham animals respond by increasing their peak-to-peak ∫EI EMG 

frequency. We suggest that ten days of ITTO conditioning drives neuroplastic changes 

in the EI muscle, directed predominantly towards the contralateral side. The functional 

benefits of this finding are not entirely clear at this time.  

Study #4 Summary 

Our primary goals for study #4 (Chapter 5) were to test the hypotheses that ten 

days of AIH with elevated CO2 would increase ventilatory load compensation ability and 

increase the respiratory perceptual sensitivity to inspiratory resistive loads (IRL), in a 

human subject with chronic incomplete c-SCI.  

Changes in mouth pressure (P) and airflow (AF) generated against the applied 

IRLs indicated respiratory load compensation response and those in the forced vital 

capacity (%FVC) and forced expiratory volume (%FEV) reflected the status of the 

subject’s pulmonary function. The study subject showed a progressive improvement in 

respiratory load compensation and pulmonary function after ten days of treatment with 

AIH and elevated levels of CO2. Post AIH treatment FVC increased by 19.4% and FEV 

by 44.61%. To evaluate changes in the perceptual sensitivity a modified Borg scale was 

utilized to rate the difficulty to breathe against applied IRLs. Our results indicate that this 

AIH paradigm did not have a significant effect on the magnitude estimation (ME) of IRL 

in the study subject.  

Thus, we conclude that chronic exposure to AIH with elevated CO2 levels 

improved pulmonary function without altering respiratory muscle pressure generating 

capacity in the study subject. Also, the ventilatory load compensation response to 

added IRL improved but the perceptual sensitivity to IRL was not affected by AIH 
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treatment. Consistent improvements in pulmonary function tests and ventilatory load 

compensation response suggest that this paradigm may be a potentially beneficial 

rehabilitation intervention for individuals with chronic incomplete spinal cord injury. 

Further studies are needed to determine the clinical applicability of AIH treatment as a 

rehabilitative intervention for individuals with chronic c-SCI.  

Discussion 

EI Muscle Respiratory Neurophysiology in Intact Conscious Rats 

The EI muscles are primary inspiratory muscles (Lane, 2011). The present study 

provides new information on the eupneic activity and ITTO mediated respiratory load 

compensation responses of EI muscles in conscious rats. Consistent with our 

hypothesis, the EI muscles of conscious rats were repeatedly recruited in response to 

an increased respiratory drive elicited during ITTO (Figures 2-3, 2-4). Presentation of an 

ITTO resulted in recruitment and increased EMG activation of the EI muscles on Days 

1, 3, 5, 7, and 10. The percentage change in the activity of the EI muscle was 

consistently and repeatedly increased during an ITTO presentation, as compared to the 

baseline activity. Thus, repeated presentations of ITTO, both in a single trial and over 

ten days, successfully recruited the EI muscles with an increased ∫EI EMG amplitude 

activity. The pattern of responses to an individual ITTO including latency-to-Onset 

response and the frequency of Phasic EI muscle activity during an ITTO did not change 

across trial days (Figure 2-5). ITTO conditioning had no effect on EI muscle peak-to-

peak ∫EI EMG frequency on Days 1, 3, 5 and 7, in most phases of the trial. On ITTO day 

10 however, peak-to-peak frequency decreased during ITTO trial both in the 

experimental and control groups (Figure 2-6). 
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The primary functions of the EI muscles are to maintain mechanical stability of 

the chest wall and to aid in the upward and outward movement of the rib cage in concert 

with diaphragmatic contraction (Feldman, 1986, De Troyer et al., 2005). In our study, 

the EI muscles were always recruited on ITTO presentation. This suggests that in 

conscious animals, EI muscles are activated to maintain chest wall stability as part of 

the respiratory load compensation response. However, the magnitude of EI muscle 

activation was variable indicating that ∫EI EMG activity in response to ITTO may be 

dependent on the animals’ conscious and affective state, posture, phase of breath 

during which ITTO was applied and influenced by modulation via EI muscle afferents 

and vagal feedback.  

To better understand the distribution of the variability in the observed responses 

we divided the animals into High- and Low- responding groups based on their Onset 

responses to an ITTO presentation (Figure 2-7). 50% percent of conscious rats 

responded with an increase in ∫EI EMG immediately on presentation with an ITTO, and 

were termed as High-responders. The remaining animals, Low-responders, decreased 

∫EI EMG immediately but subsequently increased ∫EI EMG as ITTO was sustained for 

multiple breaths. This pattern observed on the first day of trial persisted throughout our 

study time period of ten days. These High- and Low-responding groups of animals 

further demonstrate the inherent variability of ∫EI EMG activity in conscious animals 

(Dick et al., 1982). Repeated exposure to ITTO, a stressful respiratory stimulus, has 

been shown to generate anxiety in conscious rats (Pate and Davenport, 2012a). The 

between animal, within species/ strain difference in Onset response is consistent with 

anxiety measures (Gomes Vde et al., 2013) of high- and low- anxiety rats within a strain 
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usually only observed in conscious studies. The subgroups of High- and Low-

responders may potentially result from this segregation in anxiety responses. 

We also analyzed the power spectral density (PSD) of the EI EMG during 

eupneic breathing for ITTO days 1 and 10. No significant differences were found in the 

median (ƒm) and centroid (ƒc) frequencies after ITTO conditioning in the EI EMG during 

eupnea (Figure 2-9). This suggests that the EI muscle motor recruitment does not show 

plasticity with ITTO conditioning and thus, remains unchanged during unloaded 

breathing. The variability in the power of the signal across its frequency distribution is 

shown in Figure 2-8. This figure reflects the variability seen in the activity of intercostal 

muscles during eupneic breathing in conscious rats. Currently, there are no published 

reports describing similar data in conscious rats. PSD has been utilized to investigate 

motor unit recruitment (Seven et al., 2013), shifts in frequency content of an EMG signal 

(Mannion and Dolan, 1994, Spahija et al., 2005) and evaluation of muscle fatigue 

(Lindstrom et al., 1970, Beck et al., 1997). The conduction velocity of the nerve fibers 

innervating the muscle influence PSD (Lindstrom et al., 1970, 1971) and future 

comparisons in diseased or injured animals can provide valuable insight on the health of 

the central nervous system, and resulting effects on the EI muscle PSD.  

EI Muscle Respiratory Load Compensation in Conscious Rats After Unilateral c-
SCI 

The EI muscles are innervated by the thoracic spinal cord which receives an 

integrated complex combination of direct and indirect inputs from the VRG (Lipski et al., 

1994, Kanjhan et al., 1995, de Almeida and Kirkwood, 2013), DRG (de Castro et al., 

1994), cervical spinal cord (Lipski et al., 1993, Tian and Duffin, 1996b, a) and cortical 

motor tracts (Rikard-Bell et al., 1985a, b, Saji and Miura, 1990). Injury to the spinal cord 
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above the thoracic level, such as in c-SCI disrupts this descending drive. The results of 

this study demonstrate that ∫EI EMG amplitude activity of bilateral EI muscles and their 

contribution to eupnea is significantly decreased one week after unilateral c-SCI. 

Previous studies have reported a loss of intercostal muscle eupneic activity and its 

recovery to non-injured levels two weeks after c-SCI in anesthetized rats (Dougherty et 

al., 2012a). Our results demonstrate that activity in EI muscles during eupnea and 

respiratory load compensation is present one week after c-SCI in conscious rats, earlier 

that that observed in anesthetized animals (Dougherty et al., 2012a). In the present 

study, application of ITTO in conscious rats resulted in bilaterally increased ∫EI EMG 

amplitude activity, significant on the contralateral side one week after c-SCI.  

Additionally, ten days of ITTO conditioning resulted in a similar pattern of 

activation between ipsilateral and contralateral side of EI muscles in the C2HS+ITTO 

group. On the other hand, the ITTO Day 10 peak ∫EI EMG amplitude in the C2HS+no 

ITTO group represents the influence of endogenous plasticity in the thoracic spinal cord 

and natural recovery of EI muscles at approximately two weeks after c-SCI. In this 

group, ipsilateral peak ∫EI EMG amplitude remained significantly decreased and some 

improvements were observed in the contralateral peak ∫EI EMG amplitude. Therefore, 

ITTO conditioning may induce neuroplastic changes in the thoracic spinal cord of c-SCI 

injured rats by activation of load related sensory-motor pathways (Davenport et al., 

1985, Davenport et al., 1993, Davenport et al., 2010) and via existing anatomical 

interconnectivity between phrenic, lower cervical spinal cord and intercostal 

motorneurons (Tian and Duffin, 1996b, a, Dimarco and Kowalski, 2013a, b). Peak-to-

peak ∫EI EMG frequency was significantly decreased compared to baseline values, 
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within a group. ITTO conditioning significantly decreases the peak-to-peak ∫EI EMG 

frequency in normal conscious rats (Chapter 2) which is similar to our results in c-SCI 

animals. Therefore, we suggest that after c-SCI, conscious rats respond to ITTO and 

ITTO conditioning primarily by modulation of the ∫EI EMG amplitude activity during ITTO 

mechanical loading. The contribution of EI muscles to respiratory activity is greater in 

the conscious state (Pagliardini et al., 2012) and the results of this study support with 

this finding.  

Application of ITTO repeatedly, such as during ITTO conditioning in conscious 

rats may drive mutual activation of intercostal and diaphragm muscles via phrenic-

intercostal interconnectivity and may therefore induce neuroplastic changes in thoracic 

spinal cord in c-SCI rats. To test this hypothesis, we determined the effect of ITTO 

conditioning on the EI muscle activity during a Hypercapnia challenge. ITTO conditioned 

conscious rats with unilateral c-SCI exhibit frequency modulation of their EI muscle 

responses without significant changes in the amplitude responses during a Hypercapnia 

challenge. In the present study, these responses predominantly reflect the stimulating 

component of central chemoreceptor activity in the conscious state, which is 

counteracted by hyperoxia effects on peripheral chemoreceptors (Gautier et al., 1986). 

The presence of background hyperoxia in a hypercapneic challenge significantly blunts 

frequency responses in urethane anesthetized mice and is attributed to suppression of 

carotid body functioning by O2 and is not influenced by the CO2 content of the inhaled 

gas mixture (Pokorski et al., 2005). Investigations in  conscious cats report that 

ventilatory responses to Hypercapnia are inconsistent, with occasional decreases in 

respiratory frequency and increases in tidal volume, but not significantly different than 
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their responses to normoxic-hypercapnia (Gautier et al., 1986). The Sham+no ITTO 

group in our study reflects the intact conscious rat response to a Hypercapnia 

challenge. No significant differences were found in the ∫EI EMG amplitude (Figure 4-2) 

in this group. However, Ti, Te and Ttot were significantly decreased and consequently 

the peak-to-peak ∫EI EMG frequency was significantly increased in this group (Figures 

4-4 and 4-6). On the other hand, ITTO conditioning in the C2HS animals did not change 

Ti and Ttot but significantly increased Te, decreased the duty cycle and decreased the 

peak-to-peak ∫EI EMG frequency (Figures 4-4 and 4-6). These changes in frequency 

were significantly different between C2HS+ITTO and other treatment groups (Figure 4-

5). Responses from the C2HS+no ITTO group reflect the endogenous plasticity that 

occurs in the intercostal motor system after unilateral c-SCI (Dougherty et al., 2012a). 

Therefore, left to recover without any intervention, the EI muscles of conscious rats with 

unilateral c-SCI respond to Hypercapnia similar to rats in the Sham+ITTO and Sham+no 

ITTO groups. Dougherty et al found that intercostal muscle EMG recovers to non-

injured values two weeks after c-SCI (Dougherty et al., 2012a). Our results are similar to 

the above finding and are evident from the activity of the EI muscles in the C2HS+no 

ITTO group.  

Although a bilateral decrease in peak ∫EI EMG amplitude was observed in 

animals with unilateral c-SCI, the contralateral peak ∫EI EMG amplitude was always 

slightly greater than ipsilateral peak ∫EI EMG during eupnea and in response to ITTO 

(Chapter 3). Values of ∫EI EMG expressed as arbitrary units as seen in Figure 4-2 and 

calculated EI motor effort in Figure 4-3 illustrate similar effects on eupneic and 

hypercapneic EI EMG and lend support to this previous finding. Therefore, we suggest 
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that ITTO conditioning induces neuroplastic changes in the thoracic spinal cord of 

conscious rats with unilateral c-SCI. However, these changes are predominantly 

directed toward improvements in contralateral EI EMG function.  

Intercostal motor activity is heavily modulated via interneuronal connections 

between the phrenic and thoracic spinal cord levels and within different levels of the 

thoracic motorneuron pools (Kirkwood et al., 1988, de Almeida and Kirkwood, 2013). 

This anatomical connectivity has been attributed with the physiological activation of 

diaphragm activity during high frequency stimulation of the thoracic spinal cord in C1 

transected anesthetized rats (Kowalski et al., 2013). Therefore, it is likely that increases 

in contralateral peak ∫EI EMG amplitude activity observed in this study may drive 

respiratory recovery of ipsilateral diaphragm and/or bilateral intercostal muscles at other 

thoracic levels through the existing phrenic-intercostal and intercostal-intercostal 

circuitry. Furthermore, changes in activity of one muscle group such as EI may not be a 

reliable predictor of the effects of ITTO conditioning on the functioning of the respiratory 

motor system as a whole. Therefore, ITTO conditioned conscious rats with unilateral c-

SCI respond to Hypercapnia primarily by decreasing the peak-to-peak ∫EI EMG 

frequency compared to Baseline, within group and across groups during Hypercapnia.  

In conclusion, we have demonstrated that, ten days on ITTO conditioning alters 

eupneic and hypercapneic ∫EI EMG responses in conscious rats with unilateral c-SCI. 

Future studies to investigate the underlying mechanisms of ITTO conditioning and its 

influence of other respiratory muscles are necessary. 
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Respiratory Load Compensation and Magnitude Estimation in an Individual with 
Chronic Incomplete c-SCI  

Exposure to acute intermittent hypoxia (AIH) with elevated levels of CO2 has 

been shown to induce ventilatory LTF in both animal models (Vinit et al., 2009, Dale-

Nagle et al., 2010) and awake humans (Harris et al., 2006, Mateika and Sandhu, 2011, 

Tester et al., 2014). Based on our results, a decrease in mean slope for P vs. resistance 

plot (Figure 5-2) and a corresponding increase in mean slope for AF vs. resistance 

(Figure 5-3), on AIH Day 10 demonstrates that the subject in our study improved her 

ability to load compensate. Also, pulmonary function tests showed a significant and 

consistent improvement in %FVC (19.4%) and %FEV1 (44.61%) after AIH treatment 

(Table 5-1). However, no improvements in maximal inspiratory (MIP) and expiratory 

(MEP) pressures were noted (Table 5-2). Values for MIP and MEP were not significantly 

different on any of the time-points measured in our study. The possibility that the 

reported improvements in P and AF may be due to the combined influence of AIH 

treatment and a learning effect of repeated exposure to the IRL protocol cannot be ruled 

out. However, we also see improvements in FVC and FEV1 values, which suggest that 

the study paradigm may have a beneficial effect on the subject's ventilatory functioning. 

The subject reported no changes in perceptual sensitivity (Figure 5-4). The 

baseline perceptual sensitivity of our study subject was slightly lower but comparable to 

that of healthy conscious adults from previous reports from our lab (Tsai et al., 2013). 

Previous reports on quadriplegics have reported a much greater reduction in the value 

of the power exponent (Gottfried et al., 1984). The perceptual sensitivity is greatly 

dependent on the respiratory drive, breathing pattern and respiratory muscle fatigue 

(Gandevia et al., 1981). In the study subject, injury severity also plays a key role in 
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determining the perceptual sensitivity to IRL. The subject in our study has a chronic and 

less severe form of SCI that may have partly preserved the afferent and efferent 

pathways from the thoracic muscle receptors that are required to modulate respiratory 

responses (von Euler, 1973, Gottfried et al., 1984). This would indicate that our study 

paradigm might affect the discriminative but not affective processing of IRL (Davenport 

and Vovk, 2009). Thus, even if the subject learned to differentiate between loads better 

than Baseline and generate higher airflows and greater negative pressure in response 

to the loads, the perceptual response to each load remained the same over the 

treatment time. This is consistent with findings from a previous study demonstrating that 

respiratory learning is not influenced by the physiological responses it elicits (Van den 

Bergh et al., 1998).  

In summary, we conclude that chronic exposure to AIH with elevated CO2 levels 

improved pulmonary function without altering respiratory muscle pressure generating 

capacity in the study subject. Also, ventilatory load compensation in response to added 

IRL improved and the perceptual sensitivity to IRL was not affected by ten days of AIH 

treatment. Consistent improvements in pulmonary function tests and ventilatory load 

compensation responses suggest that this paradigm may be a potentially beneficial 

rehabilitation intervention for individuals with chronic incomplete c-SCI. However, further 

studies are needed to determine the clinical applicability of AIH treatment in individuals 

with chronic SCI. 

Mechanism of Action of ITTO Mediated EI Muscle Responses after c-SCI 

The research presented in this dissertation determined the physiological activity 

of EI muscles in normal conscious animals and the mechanism of action of ITTO 

mediated EI responses in conscious rats without (Chapter 2) and with unilateral c-SCI 
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(Chapter 3 and Figure 6-1). Respiratory rhythm generated in the brainstem is 

transmitted to the motorneurons of the phrenic and thoracic spinal cord, via bulbospinal 

and propriospinal pathways. These centers are also under direct control from higher 

brain centers via the corticospinal tracts. Propriospinal connections from the phrenic 

motorneuron pool modulate thoracic motorneuron activity. The phrenic and thoracic 

motorneuron pools innervate the diaphragm and EI muscles, respectively. Activity of the 

EI muscles provides mechanical stability to the chest wall and aids in chest-wall 

movements. Thus the activity of EI and diaphragm muscles together results in lung 

movement and thereby ventilation.  

Application of an ITTO temporarily restricts this lung movement thereby driving 

increases in the central respiratory drive. Afferent modulation of the EI muscles is via 

muscle spindles, tendon organs and joint receptors, which act at spinal cord, brainstem 

and cortical levels. Afferent vagal feedback from the lung also modulates respiratory 

muscle activity. Respiratory chemoreception is by careful regulation of CO2, O2 and pH 

via peripheral and central chemoreceptors that terminate in the brainstem and cortex, 

and drive adjustments to the respiratory neural output. The collective integrated input of 

these afferent mechanisms at the segmental, brainstem and cortical levels is 

responsible for increases in central respiratory drive on application of ITTO, which in-

turn, increases respiratory muscle output as evidenced by increases in ∫EI EMG 

amplitude activity. 

Injury to the cervical spinal cord at the C2 level (C2HS) disrupts the descending 

input to the phrenic and thoracic motorneuron pools. Therefore unilateral c-SCI results 

in a reduction of input from the central respiratory drive to the phrenic and thoracic 
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respiratory motorneuron pools. This results in a decrease of EI muscle activity during 

baseline and respiratory load compensation. However, the level at which these 

corticospinal, bulbospinal and propriospinal descending inputs cross the midline is 

unknown. From our results, it can be speculated that the level of this crossing is below 

the C2 spinal cord level. This explains the presence of bilateral EI EMG activity, 

significantly reduced on the ipsilateral side and also the recruitment of bilateral EI EMG 

with significant increases on the contralateral side, one week after unilateral c-SCI.  

Application of ITTO repeatedly, such as during ITTO conditioning in conscious 

rats may strengthen the descending pathways carrying central respiratory drive activity 

and facilitate mutual activation of intercostal and diaphragm muscles via the phrenic-

intercostal interconnectivity thereby inducing neuroplastic changes in thoracic spinal 

cord in conscious rats after c-SCI.  

Significance 

The EI muscles are primary inspiratory muscles (Lane, 2011) and most of what is 

known about their activity is from studies in anesthetized animal studies (DiMarco et al., 

1989, Romaniuk et al., 1992, De Troyer et al., 2005, Dimarco and Kowalski, 2013a, b). 

Anesthesia abolishes the cortical motor and affective modulation of respiratory activity 

(Kirkwood et al., 1982b) and depresses EI muscle respiratory activity (Pagliardini et al., 

2012). Rats have long been preferred as animal models to study functioning of the 

respiratory system after disease or trauma (Bianchi et al., 1995, Kastner and Gauthier, 

2008) and little is known about EI respiratory muscle function in conscious rats. The 

research presented in this dissertation provides new information on the eupneic activity 

and respiratory load compensation responses of the EI muscles in conscious rats 

(Figure 6-1). By utilizing intrinsic transient tracheal occlusions (ITTO) to elicit respiratory 
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load compensation the studies in this dissertation have demonstrated EI muscle 

responses in normal rats in the conscious state (Chapter 2).  

Injury to any level of the spinal cord can cause respiratory muscle dysfunction, 

with damage to higher levels producing deficits of greatest severity. About fifty percent 

of reported SCI cases are at the cervical spinal cord level (Winslow and Rozovsky, 

2003) and pulmonary complications remain the major cause of death in this patient 

population (DeVivo et al., 1999, Zimmer et al., 2007). The life expectancy after SCI 

decreases with increasing age and injury severity (NSCISC, 2013); and these outcomes 

have not improved over the years (Strauss et al., 2006, van den Berg et al., 2010). The 

most common complications in SCI patients are pneumonia and lung atelectasis 

(Jackson and Groomes, 1994). Pneumonia can arise from the inability of patients to 

clear their airways with cough. Atelectasis is defined as the collapse of a part or entire 

lung. This may arise due to an increase in lung elastic recoil or reduced passive chest 

wall recoil. In SCI patients both of these conditions exist the former due to denervation 

of the diaphragm and the latter most likely due to denervation and inadequate 

intercostal and abdominal muscle function. In animal studies, a decrease in augmented 

breath volume has been reported in chronically injured SCI rats (Golder et al., 2005a). 

This dissertation describes the effects of unilateral c-SCI (Figure 6-1) on the EI EMG 

responses during eupnea and ITTO mediated respiratory load compensation of 

conscious rats (Chapter 3). Also, we have determined the impact of ten days of ITTO 

conditioning on EI muscle neurophysiological function in conscious rats with unilateral c-

SCI (Chapter 4). 
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A disruption of the efferent input to respiratory muscles due to SCI results in 

reduced motor function which in turn alters the injured individual’s ability to load 

compensate (Axen, 1982, Kelling et al., 1985). Also, depending on level and severity of 

injury, SCI interrupts the ascending afferent input from respiratory and accessory 

respiratory muscles. This afferent feedback plays a key role in the modulation of 

breathing (von Euler, 1973). Respiratory sensations and respiratory system functioning 

are highly influenced by each other (Davenport and Vovk, 2009, von Leupoldt et al., 

2010). Therefore, rehabilitation after SCI necessitates restoration of the respiratory 

motor function as well as ensuring that the respiratory perceptual sensitivity of the 

injured individual does not hinder their capability to respond to mechanical and/ or 

chemical challenges. Our research has shed light on the respiratory load compensation 

abilities and perceptual sensitivity to graded inspiratory resistive loads in an individual 

with chronic incomplete c-SCI. Improvements in these responses were observed after 

ten days of AIH treatment.  

Thus, experiments performed as a part of this dissertation have provided 

information on the functioning of EI muscles in normal and unilateral c-SCI conscious 

rats (Figure 6-1). The applicability of ITTO as a respiratory muscle-strengthening 

paradigm after unilateral c-SCI is discussed. Further research is needed before clinical 

applicability of this model can be established. Finally, we have described the importance 

of evaluating respiratory perceptual responses in individuals with c-SCI and the 

influence of AIH treatment is discussed (Chapter 5). 

Future Directions 

The progression of studies to determine the interactions between the respiratory 

pump muscles (diaphragm and intercostals) with the abdominal (external oblique and 
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rectus abdominus) muscles is essential. Cross correlation analyses of their EMG 

activities during eupnea and respiratory loading may provide valuable information on 

their activation patterns and help detail compensatory mechanisms in conscious rats. 

Additionally, between animal variability arising from the influence of high- and low-

anxiety groups observed in conscious animals and its impact on the variability of EI 

muscle responses needs to be further investigated. 

To establish the clinical applicability of ITTO for use after unilateral c-SCI, further 

studies that determine respiratory volume changes corresponding to respiratory muscle 

EMG activities are required. Also, the impacts of ITTO conditioning on diaphragm and 

abdominal muscle neurophysiology are needed for further application of ITTO in 

conscious rats with c-SCI. 
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Figure 6-1. Mechanism of action of ITTO mediated EI muscle responses in conscious 
rats after unilateral c-SCI 
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