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Abstract

The inspiratory phase of the breathing cycle is thought to be generated 

by a network of neurons within a region of the ventrolateral medulla called 

the preBotzinger complex (preBotC). Synaptic transmission mediated by the 

neurotransmitter glutamate acting via a-amino*3-hydroxy-5-methyl*4- 

isoxazolepropionate (AMPA) receptors is critical for the normal functioning of 

the preBotC network and its rhythmogenic activity. Ampakines are synthetic 

molecules designed to readily cross the blood-brain barrier and allosterically 

bind to AMPA receptors (AMPARs) to modulate certain kinetics of their 

channel such as slowing channel closing or decreasing de sensitization and/or 

deactivation rates. This may prolong current flow through AMPARs and 

enhance endogenous glutamatergic synaptic transmission. Previous studies 

have demonstrated that the two broad classes of ampakines (high- and low- 

impact) alleviate opioid-induced respiratory depression in rodents in  vivo and 

in  vitro. This thesis aimed to investigate the cellular mechanisms underlying 

these actions.

I determined that the mu-opioid receptor agonist [D-Ala2, N-MePhe4, 

Glyol]-enkephalin (DAMGO) differentially affected synaptic inputs within 

the preBotC. AMPA-mediated ionic currents in single preBotC neurons were 

potently enhanced by the high-impact ampakines CX614 and CX546 and this 

clearly amplified the recruitment of endogenous inspiratorydrive 

conductances to promote respiratory rhythmogenesis. In addition to the 

preBotC effects, it was determined tha t DAMGO may significantly suppress



respiratory frequency by acting through raphe nucleus obscurus (RNO) 

neurons. Electrophysiological data showed that DAMGO decreased the 

excitability of RNO neurons. Immunohistochemical data demonstrated that 

mu-opioid receptors are uniquely expressed among excitatory RNO neurons. 

Finally, the mode of action of the low-impact ampakine CX717 (which 

alleviates severe opioid-induced respiratory depression) was examined. 

Surprisingly, CX717 showed little to no augmenting action of AMPA 

mediated conductances on preBotC neurons. However, it markedly increased 

N-methyl D aspartic acid (NMDA)-mediated responses that were decreased 

by glycine, and a high expression of the subunit NR3A was found within the 

preBotC. This led to my hypothesis that CX717 is acting as an allosteric 

modulator on the glycine binding NMDA receptor subtype NR3, known to 

negatively influence conventional NMDA receptor conductance. These data 

provide a foundation for further exploring a completely novel model of CX717 

action and the previously unexplored role of NR3 function in central 

respiratory control.
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CHAPTER 1 INTRODUCTION



1.1 OVERVIEW

The complex and highly organized respiratory system has evolved 

remarkably since the first living organisms where oxygenation was largely 

fulfilled via passive diffusion. In mammals, it has developed into a respiratory 

system composed of interconnected peripheral components ensuring coordinated 

breathing movements controlled by central respiratory networks that sense and 

generate breathing signals. Breathing is a vital biological function that 

commences in utero and persists until death, thus any significant disturbance in 

respiratory drive or function can become life-threatening. Loss or impairment of 

respiratory functions can be caused by a variety of conditions. These include 

stroke; lung diseases such as pulmonary fibrosis, chronic obstructive pulmonary 

disease, asthma, or cystic fibrosis; diaphragm abnormalities such as congenital 

diaphragm hernia; genetic diseases such as Prader-Willi and Rett Syndromes; 

sleep-related respiratory diseases such as central and obstructive sleep apnea. 

Respiratory dysfunctions that result from failure of appropriate central respiratory 

drive are relevant to this thesis work.

Reduced central drive, referred to as respiratory depression, can result from 

both disease and administration of drugs that include anaesthetic and analgesic 

agents. For example, commonly used opioid analgesics such as morphine and 

fentanyl can have dramatic depressing effects on central respiratory drive that is a 

major undesirable side effect. In recent years, efforts have been made to develop 

agents that are either capable of more specifically targeting pain pathways or that 

are capable of counteracting the depression of the central respiratory drive 

induced by analgesics without affecting their pain reducing properties. This 

dissertation pertains to the latter, with a systematic study of ampakines, which are 

positive allosteric modulators of amino-3-hydroxy-5-methyl-4- 

isoxazolepropionate (AMPA) receptors and have shown promise as emerging 

therapeutics to counter central respiratory depression without removal of opioid 

analgesics effects.
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1.2 OBJECTIVES

In this dissertation, opioid-induced central respiratory depression and 

integrative physiological properties of ampakines were investigated using in vitro 

newborn rodent models, with the objective of understanding the cellular 

mechanisms underlying the modulation of breathing by opioids and ampakines. 

Experimental approaches used include motor output recordings in acute rhythmic 

medullary slice preparations combined with immunohistochemistry and whole

cell patch-clamp electrophysiological analysis of respiratory related neurons of 

the preBotC and the raphe nucleus obscurus. Three main questions were 

addressed:

1. What are the cellular mechanisms underlying p-opioid agonist-induced 

respiratory depression, and where are p-opioid receptors expressed in the 

inspiratory network?

2. How do ampakines and opioids modulate synaptic transmission within 

the preBotC?

3. Which receptor proteins are targeted by the different types of ampakines 

in preBotC neurons, how do ampakines modulate those receptors, and to what 

extent can each unique modulation result in an increase of inspiratory 

rhythmogenesis?

The results of this study should increase our current knowledge on the 

underlying neurotransmitters and synaptic mechanisms implicated in the 

regulation of preBotzinger complex (preBotC) rhythmogenesis and the neural 

control of breathing, as well as providing at least a partial mechanistic 

understanding of ampakine function. Ultimately, the exploration of ampakine 

function on preBotC neurons and their effects on specific conductances could 

provide the basis for synthesizing clinically relevant compounds capable of 

specifically counteract respiratory depression. This first chapter introduces the 

field of central respiratory control by providing an overview of the literature 

pertaining to the physiology, anatomy and pharmacology of breathing 

rhythmogenesis. The techniques used for the experimental research are described
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in the second chapter, followed by chapters 3, 4 and 5 that describe the main body 

of data. The last chapter is dedicated to a general discussion of the results and 

delineates future directions.

1.3 ANATOMY OF NEURAL CONTROL OF BREATHING: 
RESPIRATORY RHYTHM GENERATORS AND  
IMPORTANT NUCLEI

1.3.1 A BRIEF HISTORICAL PERSPECTIVE

The mammalian brainstem contains multiple nuclei of neuronal assemblies 

dedicated to lower and basic functions o f life, and it conveys neuronal activity 

necessary for maintaining what has been referred to as ‘a vegetative state of life’. 

One of the earliest reports suggesting that respiratory activity was generated in the 

brainstem dates back to 1812, when Le Gallois described the “medulla spinalis” 

as being important for respiratory and cardiac activities (Le Gallois, 1812). The 

French physiologist Pierre Flourens described a “noeud vital” in the brainstem as 

being the source of respiratory rhythmogenesis (Flourens, 1842; Flourens, 1851). 

From 1876, when the Cruelty to Animals Act legalized animal experimentation in 

the United Kingdom, animal research was permitted and this gave rise to a new 

era of scientific research. Different types of models and techniques (in vivo, in 

vitro) emerged and helped researchers understand the anatomical and 

physiological basis of central respiratory control. In the 1880’s, pioneering work 

by Sydney Ringer demonstrated the importance of potassium, calcium and sodium 

ions in the solution perfusing a frog heart in order to produce long-lasting heart 

beating (Ringer, 1883; reviewed in Miller, 2004) and defined the physiological 

basis of saline solution used to study normal cell function in vitro. 

Electrophysiological work by Lumsden (1923a, b, c) and Stella (1938) involving 

brain transections and lesioning techniques in vagotomized animals laid out the 

fundamental organization of the central respiratory network. Two parts of the
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brainstem were found to be important for central control of breathing: the pons 

and the medulla oblongata (Lumsden 1923 a, b, c; Stella, 1938).

Extracellular and intracellular single-cell recording techniques combined with 

histological approaches helped identify and characterize a multitude of 

respiratory-related neurons within the brainstem (Merrill, 1970; Richter and 

Heyde, 1974; Lipski and Merrill, 1980; Lipski, 1981; reviewed in Kalia, 1981; 

Onimaru and Homma, 1987). Respiratory-related neurons are typically classified 

according to their firing pattern, the timing o f their discharge and changes of their 

membrane potential in respect to the respiratory cycle. Respiratory-related 

neurons fall into two basic classes: inspiratory and expiratory neurons, although 

each class can be divided into several subtypes (Ezure et al., 1988; Ezure, 1990; 

Smith et al., 1990; Schwarzacher et al., 1995). These neurons project to cranial 

and spinal respiratory motoneurons responsible for controlling the contraction of 

respiratory muscles located in the upper airways, ribcage, diaphragm and 

abdomen.

Several studies demonstrated that respiratory neurons located close to the 

ventral surface of the medulla are organized in a columnar fashion (ventral 

respiratory column, VRC; Merrill, 1970; Bianchi et al., 1973; Bianchi, 1974; 

reviewed in Mitchell and Berger, 1977). It was later found that the VRC 

comprises a subcomponent that constitutes an essential network for respiratory 

rhythmogenesis (Smith et al., 1989; Smith et al., 1991; Onimaru and Homma, 

2003). In addition, the VRC has the ability to integrate a variety of afferent inputs 

originating from different brain regions (including the brainstem itself) to produce 

a breathing pattern that must be sustainable throughout life and capable of 

adapting to various challenges (e.g. exercise activity) (reviewed in Feldman et al.,

2003). Specifically, central chemoreceptors [e.g. retrotrapezoid neurons (Mulkey 

et al., 2004); raphe nuclei neurons (reviewed in Richerson, 2004)] and peripheral 

chemoreceptors [aortic and carotid bodies via the nucleus tractus solitarius (Nattie 

and Li, 2002)] project to VRC respiratory neurons providing sensory feedback in 

order to adjust respiration to meet changes in pH, carbon dioxide and oxygen 

blood concentrations (reviewed in Feldman et al., 2003). The VRC includes, in a

5



rostro-caudal order, the retrotrapezoid nucleus/parafacial respiratory group 

(RTN/pFRG), the Botzinger complex (BotC) and the preBotzinger complex 

(preBotC), which all contain many respiratory propriobulbar neurons (Ellenberger 

and Feldman, 1990; Schreihofer et al., 1999; Guyenet et al., 2002; Tan et al., 

2010; reviewed in Wong-Riley and Liu, 2005 and in Alheid and McCrimmon, 

2008). The location of these nuclei within the mammalian brainstem is shown in 

Figure 1.1 which displays their distribution in parasagittal and longitudinal 

perspectives within the rat brainstem.

1.3.2 THE PREBOTZINGER COMPLEX: A INSPIRATORY RHYTHM 
GENERATOR LOCATED IN THE VENTRAL RESPIRATORY COLUMN 
OF THE MEDULLA

1.3.2.1 Identification of the preBotzinger complex locus and function

The preBotC is located ventral to the semi-compact division of the nucleus 

ambiguus (NAsc) and rostral to the anterior tip of the lateral reticular formation 

(Smith et al., 1991; Gray et al., 1999; Wong-Riley and Liu, 2005). It was initially 

described in a seminal study published in Science (Smith et al., 1991). That 

particular study involved serial transections of the brainstem in order to isolate a 

restricted area of the medulla, necessary and sufficient to generate inspiratory 

rhythm in vitro. Within that area, a kernel of voltage-dependent rhythmogenic 

inspiratory neurons was identified as being functionally essential for generating 

inspiratory activity. The “nceud vital” of Flourens was found: the preBotC was 

defined as a respiratory control generator and was named after its location within 

the medulla, which is in close vicinity to the previously characterized Botzinger 

complex (note that it should have been termed the post-Botzinger complex based 

on correct anatomical terminology). The study triggered a surge of interest and 

progress towards understanding central respiratory control.

Subsequent studies explored potential molecular markers capable of 

distinguishing the preBotC within the VRC. The preBotC is highly 

immunoreactive for the neurokinin-1 receptor (NK1R) that binds substance P
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(Gray et al., 1999) (see Fig. 1.2). NK1R expressing preBotC neurons are 

excitatory glutamatergic cells (Wang et al., 2001; Guyenet et al., 2002) that 

include predominantly small propriomedullary cells and, in the caudal region of 

the preBotC, larger cells with spinal projections (Guyenet et al., 2002; Stometta et 

al., 2003). In addition, studies demonstrated that the inception of respiratory 

activity measured by either in vivo fetal breathing movements (Kobayashi et al., 

2001), or in vitro respiratory-related motor activity (Greer et al., 1992; Di 

Pasquale et al., 1996; Pagliardini et al., 2003) coincided with the inception of 

NK1R expression in the rat preBotC (Pagliardini et al., 2003) at embryonic age 

(E) 17, approximately 5 days before birth.

Fluorescent tagging of substance P (Pagliardini et al., 2005), combined 

with epifluorescence imaging and electrophysiological techniques was used to 

visualize in vitro neurons that have internalized their substance P receptors for 

examination of their morphological and electrophysiological characteristics 

(Pagliardini et al., 2005; Hayes et al., 2007; Montandon et al., 2011). NK1R 

positive (NK1R+) neurons include neurons with and without respiratory-related 

activity. NK1R+ inspiratory neurons vary in size as indicated by capacitance 

measurements (range of ~45pF to ~85pF; Hayes and Del Negro, 2007]. 

Importantly, some NK1R+ preBotC neurons have the electrophysiological 

characteristics of early-inspiratory cells (Guyenet and Wang, 2001; Pagliardini et 

al., 2005; Hayes and Del Negro, 2007). Analysis of whole-cell recordings of 

preBotC neurons led to a classification of inspiratory preBotC neurons (Rekling et 

al., 1996a). Some inspiratory neurons (type I or early-inspiratory cells) display 

depolarizing ramps with onsets before the hypoglossal nerves discharge, have 

rhythmogenic bursting-like behaviour and can be depolarized by thyrotropin- 

releasing hormone (TRH) (Rekling et al., 1996b). Other inspiratory neurons (type 

II) are insensitive to TRH and do not display any rhythmogenic property (Rekling 

et al., 1996a, 1996b). Both types I and II preBotC neurons are sensitive to 

substance P (Gray et al., 1999). A subset of small fusiform NK1R+ preBotC 

neurons contains p-opioid receptors and whole-cell recordings in presence of 

tetrodotoxin (TTX) demonstrated the presence of functional p-opioid receptors
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only on type I neurons (Gray et al., 1999). In a subsequent study, substance P 

tagged inspiratory preBotC neurons were shown to be sensitive to p-opioid 

agonist (Montandon et al., 2011).

In vivo studies in adult rats have shown that killing a subset of NK1R 

positive neurons within the preBotC using substance P conjugated to the toxin 

saporin (SP-SAP) led to marked disturbances of breathing (Gray et al., 2001). As 

the preBotC dysfunction progresses after bilateral injection of SP-SAP, breathing 

pattern is initially disrupted during rapid eye movement (REM) sleep, then also 

during non-REM sleep and eventually during wakefulness (McKay et al., 2005). 

On the other hand, genetic deletion of NK1R does not alter spontaneous 

respiratory activity in vitro nor breathing in vivo (De Felipe et al; 1998; Ptak et al., 

2000b). Collectively these data indicated that the activation of NK1R itself is not 

necessary for respiration, but NK1R+ preBotC neurons are critical to maintain a 

stable rhythmogenic drive.

In the adult rat, a subpopulation of NK1R+ preBotC neurons also expresses 

the neuropeptide somatostatin (STT) (Stometta et al., 2003). Retrograde labeling 

and tracing studies showed that STT-positive preBotC neurons are propriobulbar 

neurons (Stometta et al., 2003, Tan et al., 2010), and in situ hybridization studies 

showed that most of them contain vesicular glutamate transporter 2 mRNA while 

only few contain glutamic acid decarboxylase (GAD-67) mRNA or the opioid 

precursor preproenkephalin mRNA (Stometta et al., 2003), suggesting that most 

STT-positive neurons are excitatory. Development of allatostatin-coupled adeno- 

associated viruses driven by the somatostatin promoter enabled acute silencing of 

STT-expressing preBotC neurons, which led to severe suppression of respiratory 

activity and lack of respiratory movements (Tan et al., 2008).

Overall these results demonstrated that NK1R (see Fig. 1.2) and 

somatostatin expression are valuable markers to identify critical preBotC neurons. 

More recently, those markers were also used to provide the first anatomical 

identification of the preBotC in humans (Lavezzi and Matturri, 2008; 

Schwarzacher et al., 2011).
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1.3.2.2 Theories and concepts on respiratory rhythmogenesis

The dynamic neuronal organization of the preBotC and the underlying 

mechanisms necessary to generate spontaneous respiratory rhythmicity within the 

preBotC are still not fully understood. One of the first approaches used toward 

understanding preBotC rhythmogenesis was to identify intrinsic physiological 

properties in respiratory preBotC neurons. Electrophysiological whole-cell patch- 

clamp techniques permitted the identification of several pacemaker-type currents 

and synaptic neurotransmitter conductances. Initially, two models were proposed: 

the “synaptic network model” proposed that recurrent inhibitory synaptic 

transmission is essential for respiratory rhythmogenesis (Bradley et al., 1975; 

Feldman and Cowan, 1975; Richter, 1982), while the “pacemaker model” 

proposed that neurons with pacemaker properties generate rhythmicity (Smith et 

al., 1991; Johnson et al., 1994; Koshiya and Smith, 1999).

In the first model, synaptic inhibitory interactions were believed to 

account for the mutually exclusive respiratory patterns of inspiratory and 

expiratory cells, as well as for the generation of the ramp-like inspiratory phase 

observed in vivo (reviewed in Richter, 1982). Classical glycine and y- 

aminobutyric acid type A (GABAa) receptor agonists modulate respiratory 

rhythm (Brockhaus and Ballanyi, 1998; Ren and Greer, 2006), depending on 

chloride (O ') co-transporter expression (Ren and Greer, 2006). However, in vitro 

studies demonstrating that block of GABAergic and glycinergic Cf-mediated 

inhibition does not abolish respiratory rhythm (Feldman and Smith., 1989; 

Onimaru et al., 1990) favoured the pacemaker hypothesis. Several pacemaker- 

type currents were then proposed as being critical for rhythmogenesis.

In the mouse model, a subpopulation of preBotC respiratory neurons have 

a cationic conductance activated by hyperpolarization which produces a 

depolarizing inward current known as the hyperpolarized-activated current (Ih; 

Thoby-Brisson et al., 2000). Ih is known to participate in automaticity properties 

of cardiac pacemaker cells (DiFrancesco, 1993; reviewed in Pape, 1996). 

However, although pharmacological blockers of Ih can modulate respiratory 

rhythm in vitro, none of the Ih blockers affect respiratory neuron membrane
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potential (Thoby-Brisson et al., 2000), which suggests that the contribution of Ih is 

not necessary to produce persistent bursting behaviour in theses neurons. 

Computational simulation studies (Butera et al., 1999) have proposed that fast 

activation of the persistent sodium current (Inop) could contribute to burst- 

generating pacemaker properties in preB5tC neurons. The IwaP is a voltage- 

dependent inward sodium (Na+) current that is activated approximately 10 mV 

negative to the classic transient Na+ current and was first described in cerebellar 

Purkinje cells as being capable of evoking prolonged plateau potentials (Llinas 

and Sugimori, 1980). I N ap  displays a characteristic voltage slope inward

rectification that is blocked by tetrodotoxin (TTX) and may be carried by a subset 

of non-inactivating Na+ channels (reviewed in Crill, 1996). Another current that 

contributes to plateau potentials, a common feature shared with the Inbp in the 

ability to generate bursts, is the calcium-induced non-specific cationic current 

( I c a n )  (Rekling and Feldman, 1997a). I c a n  is an inward current that has poor 

selectivity for specific cations but excludes anions and is triggered by cytoplasmic 

calcium (Ca2+) (reviewed in Partridge and Swandulla, 1988). Calcium-activated 

non-specific (CAN) channels are non-inactivating channels that can be further 

activated by either their own Ca2+ influx or Ca2+ influx derived from I c a n -  

dependent and independent depolarizations (Tatsumi and Katayama, 1994;

Partridge and Valenzuela, 1999). In rat and mouse models, whole-cell recording 

studies have demonstrated the presence of both the iNaP (Thoby-Brisson and 

Ramirez, 2001; Del Negro et al., 2002; Del Negro et al., 2005) and the I c a n  (Del 

Negro et al., 2005) in preBotC respiratory neurons. Importantly, Iw aP  and I c a n  

blockade leads to silencing of the respiratory network (Pena et al., 2004; Del

Negro et al., 2002; Del Negro et al., 2005). However, some of the

pharmacological blockers used in those experiments, namely riluzole (RIL) and 

flufenamic acid (FFA), lack specificity. RIL and FFA have been found to lower 

neuronal excitability via inhibitory effects on voltage-gated sodium channels (Yau 

et al., 2010) and glutamatergic receptors (Doble, 1996; Wang et al., 2004; 

Lamanauskas and Nistri, 2008). Therefore, the loss of respiratory rhythmicity 

induced by RIL and FFA might have been due to an overall decrease of neuronal
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excitability in the network. Moreover, specific injection of RIL in presence of 

FFA into the midline raphe obscurus nucleus can completely block respiratory 

drive activity in vitro (Pace et al., 2007a), indicating that those drugs can suppress 

respiratory rhythm via an indirect action outside the preBotC.

Finally, the NACLN protein that conducts a TTX and cesium (Cs+) - 

resistant voltage-independent leak sodium current that contributes to the classical 

background Na+ conductance (Hodgkin and Katz, 1949) has been recently 

identified by Lu and colleagues (Lu et al., 2007). Because genetic deletion of 

NACLN is fatal in the neonatal period due to abnormal breathing, it was proposed 

to be essential for respiratory rhythmogenesis (Lu et al., 2007). The NALCN 

channel is described as a four domain non-selective channel, constitutively active, 

expressed in mammalian neurons and responsible for setting resting membrane 

potential. Interestingly, the expression of NALCN with the conserved cytosolic 

UNC79 and UNC80 proteins (types of unc (uncoordinated) proteins, components 

of the synaptic active zone) enables the cell to sense changes in extracellular 

calcium ([Ca2+]e), where an increase in [Ca2+]e inhibits I n a l c n  but a reduction in 

[Ca2+]e increases I n a l c n  ( L u  et al., 2010). This effect may play a role in 

determining the sensitivity of [Ca2+]e on neuronal excitability and may explain, at 

least in part, why a small raise in [Ca ]e can inhibit spontaneous respiratory 

activity and vice versa (Ruangkittisakul et al., 2007; Panateiscu et al., 2009; 

reviewed in Ruangkittisakul et al, 2011).

Excitatory synaptic modulation through glutamatergic AMPA receptors 

has been shown to play a very important role in respiratory rhythmogenesis since 

pharmacological blockade of those receptors slows and eventually eliminates 

respiratory rhythm (Greer et al., 1991; Smith et al., 1991; Funk et al., 1993; 

Thoby-Brisson et al., 2000; Pace et al., 2008). Further, mutant mice lacking the 

vesicular glutamate transporter 2 gene die of respiratory failure (Wallen- 

Mackenzie et al., 2006). Subsequently, the idea that neurons with intrinsic 

pacemaker properties could be synchronized by excitatory AMPA receptor- 

mediated interactions emerged. Using the competitive blocker of AMPA receptors 

6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX), Koshiya and Smith tested this
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pacemaker-network hypothesis in rat medullary slice by demonstrating that, in 

some inspiratory preBotC neurons, rhythmic calcium transients and voltage- 

dependent oscillatory bursts persist and are desynchronized in the absence of 

inspiratory network motor output (Koshiya and Smith, 1999). In the same study, 

the authors showed that the frequency of isolated pacemaker intrinsic inspiratory 

bursts depends on the level of excitation and can be regulated by extracellular 

potassium concentration (Koshiya and Smith, 1999). In the mouse model, two 

types of CNQX-resistant pacemaker neurons have been described: one being 

cadmium (Cd2+) and FFA-sensitive, the other being Cd2+-insensitive with Na+- 

dependent bursting properties (Thoby-Brisson and Ramirez, 2001; Pena et al.,

2004), respectively similar to I c a n  and I n e p  of preBotC neurons characterized in 

the rat model (Del Negro et al., 2005).

Although several studies had identified and confirmed the importance of 

AMPA receptors for preBotC inspiratory rhythmogenesis, the signal transduction 

pathways involved had not been fully described. Two-photon imaging 

experiments and patch-clamp studies of inspiratory drive potentials on inspiratory 

preBotC neurons showed that conductances mediated by AMPA and glutamate 

metabotropic receptors activation can cooperatively trigger the release of 

intracellular calcium ([Ca2+]0 via inositol 1,4,5-trisphosphate ( I P 3 )  signalling 

pathway, which in turn evokes somatic transient receptor potential (TRP) 

channels and I c a n  conductance (Pace et al., 2007; Mironov, 2008; Pace and Del 

Negro., 2008). Those experiments suggested an “emergent network properties 

model” for respiratory rhythmogenesis, where a synaptically-activated network 

(gated by glutamatergic receptors) can increase bursting conductance (such as 

I c a n )  by inducing an increase in [Ca2+]j. Subsequent to those studies, 

mathematical modelling studies underlined the possibility for the burst-generating 

I c a n  conductance and Na+ accumulation to evoke different outward currents 

which can cause burst termination (Rubin et al., 2009). This series of experiments 

fed the more recent theory of the “group-pacemaker model” which is a hybrid of 

the pacemaker model and the synaptic network model (Del Negro et al., 2010).
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In summary, whether the preBotC circuitry function arises from intrinsic 

properties of individual neurons or from their synaptic connections remains an 

unresolved question, although the latest theory postulates that both are important 

(reviewed in Feldman and Del Negro., 2006 and Del Negro and Hayes, 2008).

1.3.2.3 The Dbxl mouse model

In an attempt to characterize preBotC respiratory neurons, a 

developmental approach has been adopted towards understanding what controls 

the acquisition of the cellular identity of respiratory preBotC neurons and how 

they develop into a dynamic, complex and highly organized network that 

produces inspiratory rhythmic drive. Genetic techniques in mouse models not 

only allow the tracing of neural progenitors (present at very early embryonic 

stages and crucial for the proper development of the CNS) to study their origin 

and migration to their final location, but also allow for the deletion of progenitors 

in order to determine their functional role. Progenitors expressing the 

homeodomain transcription factor Dbxl have been characterized as determinant 

for spinal commissural intemeurons that coordinate locomotion (Pierani et al., 

2001; Lanuza et al., 2004). Recently, a subset of Dbxl-expressing progenitors in 

the hindbrain was found to migrate to the preBotC. Importantly, perinatal Dbxl 

mutant mice do not generate rhythmic breathing movements, and preBotC Dbxl- 

expressing neurons have the electrophysiological characteristics of inspiratory 

neurons (Bouvier et al., 2010; Gray et al., 2010). Although several models with 

respiratory phenotypes (Phox2b mutants, Mathl mutation, Egr2 mutation) have 

been developed for studying the origin of brainstem respiratory neurons (Dubreuil 

et al., 2008, Onimaru et al., 2008; Rose et al., 2009; Thoby-Brisson et al., 2009), 

the Dbxl model is so far the only model related directly to the origin of preBotC 

neurons in rodents (Bouvier et al., 2010; Gray et al., 2010).
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1.3.2.4 In vitro rodent models

An important advancement in the field of respiratory control was the 

development of two in vitro experimental models: the medullary slice and the 

brainstem-spinal cord preparation. In 1984, Suzue developed an elegant in vitro 

experimental approach to study the neural control of breathing (Suzue, 1984). By 

isolating the brainstem and spinal cord of newborn rodents in vitro, and artificially 

perfusing this preparation with a modified Ringer’s solution, it was possible to 

record spontaneously generated neural rhythmic activity that correlated with 

respiratory movements of the attached diaphragm and ribcage. Suzue 

demonstrated that it was also possible to modulate this respiratory rhythmic 

activity by including pharmacological agents to the perfusate (Suzue, 1984). The 

brainstem-spinal cord preparation (Fig. 1.3A), which is commonly used for 

studying respiratory neurobiology studies, provided the experimental grounds for 

subsequent studies by multiple laboratories leading to fundamental advances in 

our understanding of respiratory control. Since then respiratory neurobiology has 

been studied in a range of vertebrates including cats, goats, turtles, frogs and 

monkeys, but the rodent models remain the most used models for studying basic 

mechanisms of breathing.

In vitro isolation of the inspiratory generator (preBotC) led to the 

development of the rhythmic medullary slice preparation (Fig.l.3B). The 

advantage of this preparation is that it allows for experimental manipulations to 

study the role of pharmacological agents or external factors on inspiratory drive in 

conjunction with direct access to visualizing single-cells (intemeurons, 

motoneurons or glial cells) for targeted whole-cell patch recordings. Although the 

slice preparation presents the advantage of recording cells embedded in their 

natural mileu, it should be noted that neurons located on the surface of the 

preparation (those most typically recorded) will have lost portions of their 

dendritic projections. This in vitro model, typically bathed in an artificial 

cerebrospinal fluid with an elevated potassium concentration, produces a very 

robust and long lasting endogenous Active inspiratory rhythmic activity that can 

be recorded directly from the preBotC area or through its motor output at the level
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of the hypoglossal nerves (Fig 1.3B). Structure-function studies of the preBotC 

included systematic studies of “calibrated” newborn rodent medullary slices 

(Ruangkittisakul et al., 2006; Ruangkittisakul et al., 2008). The latter study 

involved a serial restriction of excitatory inputs to further refine the functional 

boundaries necessary for obtaining a viable inspiratory rhythmic activity. The 

authors concluded that a transverse medullary slice as thin as 175pm was 

sufficient to generate inspiratory rhythmic activity.

Both in vitro models have additional caveats to consider. They are only 

viable in fetal and early postnatal periods (up to postnatal day P22 for mouse 

models slices (Ramirez et al., 1997; 1998), and P5 for rat models). This is due in 

part to the fact that diffusion of glucose and oxygen to the interstitial space 

between cells becomes more difficult as neuronal density augments with age. 

Another caveat is that the inspiratory bursts pattern generated in both in vitro 

models (rapid inspiratory onset, and rapid post-inspiratory decline) is clearly 

different from the one observed in vivo (augmenting inspiratory bursts followed 

by a slow post-inspiratory decline) (Bianchi et al., 1995). This difference is 

mainly attributed to the reduction of excitatory afferent inputs and the cooler 

ambient temperature used in in vitro preparations. Plus, differences in PO2 and pH 

between in vivo and in vitro models have been reported (Okada et al., 1993; 

Mulkey et al., 2001; Dean et al., 2004). This can have implications on neuronal 

firing properties and synaptic activity (Brockhaus et al., 1993; Garcia et al., 2010; 

Hill et al., 2011). Despite those limitations, in vitro models remain a mainstay to 

address and manipulate central respiratory circuitry.

1.3.3 ADDITIONAL IMPORTANT NUCLEI OF THE ROSTRAL VRC

1.3.3.1 Expiratory related nuclei

The Botzinger Complex (BotC, Fig.l.2A) is located rostral to the preBotC 

and ventral to the compact division of the NA and contains glycinergic expiratory 

neurons (Tian et al., 1998; Tian et al., 1999; Schreihofer et al., 1999). Expiratory 

BotC neurons have been identified in both juvenile and adult animals, where some
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behave as pre-inspiratory cells in extremely hypoxic conditions (Fortuna et al., 

2008). BotC also contains some cranial motoneurons and is believed to be an 

important source of synaptic inhibition for the nucleus of the tractus solitarius 

(Merrill et al., 1983; Fedorko and Merrill, 1984), other VRC inspiratory neurons 

(Fedorko and Merrill, 1984) and spinal cord phrenic motoneurons (Merrill and 

Fedorko, 1984).

The Retrotrapezoid Nucleus (RTN) is an assembly of neurons located 

ventral to the Vlln and appears to be a major site for central chemoreception 

(Mulkey et al., 2004). The RTN contains glutamatergic neurons that specifically 

express the transcription factor Phox2b. Although not indispensable for 

maintaining breathing and blood CO2 homeostasis (Rammanantsoa et al., 2011), 

Phox2B expressing neurons in the RTN have an important role in regulation of 

breathing (Abbott et al., 2011), central chemosensory control (Marina et al., 

2010), and have excitatory glutamatergic projections to the preBotC (Weston et 

al., 2004; Bochorishvili et al., 2012). Beside Phox2b-expressing neurons, glial 

cells in the RTN were also found to contribute to chemoreception in this region 

(Gourine et al., 2010).

The parafacial respiratory group (pFRG; Figs. 1.1 and 1.2A) is also 

located ventral to the Vlln and was functionally characterized as an area 

containing many neurons with rhythmogenic properties that spontaneously 

depolarize prior to the onset of inspiratory activity (referred to as pre-inspiratory 

cells by Onimaru and Homma, 1987). Initially hypothesized as an alternative site 

for respiratory rhythmogenesis (Onimaru et al., 1995; Onimaru and Homma, 

2003), this view has been challenged by the findings that pFRG activity correlates 

with expiratory related motoneurons and muscle activity (Janczewski et al., 2002; 

Mellen et al., 2003). Thus, the pFRG may function as a generator of expiratory 

rhythmic activity and be coupled with preBotC inspiratory rhythm generator in 

order to regulate respiration in both juvenile and adult rats (Janczewski and 

Feldman, 2006). However, although RTN/pFRG expiratory neurons may be 

active in some conditions (Pagliardini et al., 2011), spontaneously active pre- 

inspiratory neurons remain to be identified in adult rats (Fortuna et al., 2008).
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Although questions regarding how the pFRG and the preBotC interact and 

synchronize in the whole animal requires further investigation (Thoby-Brisson et 

al., 2012), in vitro transections of the en bloc preparation between the two nuclei 

have demonstrated that the two respiratory generators can oscillate independently 

(Janczewski et al., 2006; Onimaru et al., 2006; Thoby-Brisson., 2009). In 

addition, their respective developmental onsets do not coincide with each other 

(Pagliardini et al., 2003; Onimaru and Homma, 2005; Thoby-Brisson et al., 2009), 

and the development of one does not seem to be essential for the development of 

the other (Thoby-Brisson et al., 2009; reviewed in Fortin and Thoby-Brisson, 

2009 and Champagnat et al., 2011). Thus, there is a general consensus for 

considering the pFRG and the preBotC as two distinct central respiratory 

rhythmogenic entities.

1.3.3.2 Modulatory and putative chemosensitive sites

The dorsolateral side of the medullary slice contains the rostral part of the 

nucleus tractus solitarius (NTS). The NTS is part of the dorsal respiratory group 

(DRG) of neurons that are not essential for respiratory rhythmogenesis but 

capable of modulating respiratory rhythm (reviewed in Alheid and McCrimmon, 

2008). The NTS is a relay for many primary afferents with cardiorespiratory 

function (Lopes and Palmer, 1976) and other visceral sensory receptors such as 

pulmonary stretch receptors (Berger and Dick, 1987; Bonham et al., 1993; 

reviewed in Kubin et al., 2006). Some NTS neurons fire action potentials in phase 

with inspiratory related motor output (Champagnat et al., 1983) and their activity 

has been associated with feedback information processing (reviewed in Bianchi et 

al., 1995, Feldman et al., 2003 and Kubin et al., 2006) along with relaying 

information arising from the carotid bodies involved in peripheral chemoreception 

(reviewed in Nattie, 1999).

Raphe nuclei are the main source of endogenous serotonin (5- 

hydroxytryptamine, 5HT) in the brain. Raphe nuclei are typically divided into: 

rostral (or superior) and caudal (or inferior) raphe nuclei groups. The rostral group 

of raphe nuclei is located in the mesencephalon and rostral pons, which is outside
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the scope of the thesis work and thus will not be reviewed here. The caudal group 

of raphe nuclei (MR; Fig. 1.1 and 1.4) is an assembly of neurons clustered around 

the midline and extend from the caudal pons to the caudal portion of the medulla 

oblongata. The MR includes the raphe magnus nucleus, raphe obscurus nucleus 

and the raphe pallidus nucleus.

MR nuclei are part of the pain descending pathway (involved in opioid 

induced analgesia) via their spinal projections to pain sensing regions (Mayer and 

Price, 1976; reviewed in Basbaum and Fields, 1984). Although MR neurons have 

been shown to express abundant p-opioid receptors (Ding et al., 1996), raphe 

nuclei physiology appears to be very complex because they contain cells that can 

be inhibited (Deakin et al., 1977; Fields and Anderson, 1978; Duggan and North, 

1983; Chiang and Pan, 1985) and/or excited (Basbaum et al., 1976; Anderson, 

Basbaum and Fields, 1977) by opioids. These neurons are classified as ON and 

OFF cells of the raphe (reviewed in Mason, 2001). MR nuclei are thought to 

influence respiratory activity because they project extensively to respiratory- 

related nuclei, including the NTS (reviewed in Thor and Helke, 1987), phrenic 

and hypoglossal motoneurons (Holtman et al, 1984; Henry and Manaker, 1998) 

and the preBotC (Ptak et al., 2009). Hypoplasia and under development of MR 

have been associated with sudden unexplained death syndrome (SIDS) and 

sudden intrauterine death (SIUD) in humans (Lavezzi et al., 2009).

MR 5HT neurons are postulated to be intrinsically chemosensitive in vitro 

(reviewed in Corcoran et al., 2009) based on the fact that they increase their firing 

rate in response to increasing CO2 (Richerson, 1995) even after synaptic isolation 

in rat and mouse brains slices (Bradley et al., 2002), and they can respond to pH 

changes in culture (Wang et al., 1998). The “state-dependent central 

chemoreception” hypothesis postulates that, while RTN chemoreceptors would be 

relatively important during wakefulness, the implication of chemosensitive raphe 

neurons would be more prominent in sleep state (Nattie and Li, 2001; Nattie 

2001; Buchanan and Richerson, 2010).
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1.3.3.3 Pattern forming respiratory motoneurons pools

Neurons in the nucleus ambiguus (NA) contribute to glossopharyngeal, 

vagal and accessory innervation (Bieger and Hopkins, 1987) and have direct 

projections to hypoglossal inspiratory motor nucleus (Rekling and Feldman, 

1997b). The NA is also a critical site for cardiorespiratory efferents due to its 

large number of preganglionic cardiac vagal neurons (Gunn et al., 1968; Stuesse, 

1982; reviewed in Salo et al., 2006).

Rostral hypoglossal nerves are used to record inspiratory related activity in 

the medullary slice preparation. Hypoglossal motoneurons (XII MNs) are located 

on either side of the midline, ventral to the fourth ventricle, and represent a 

heterogeneous population of motoneurons comprised of non-respiratory and 

respiratory-related cells. In rats, respiratory XII MNs of the dorsal subdivision of 

the XII nucleus innervate styloglossus and hyoglossus retrusor tongue muscles, 

important for upper airways patency and coordination of upper airway muscles 

with respiratory movements. XII MNs located in the ventral division of the 

hypoglossal nucleus innervate the genioglossus muscles, major tongue protruders 

and upper airways dilators (McClung and Goldberg, 1999; McClung and 

Goldberg, 2000). Synaptic tracing experiments helped to locate XII inputs. XII 

MNs receive inputs from preMNs localized dorsal to the NA (Peever et al., 2002; 

Dobbins and Feldman., 1995) and also from dorsolateral respiratory group 

preMNs (Ezure and Tanaka, 2006). More recently, calcium imaging experiments 

in medullary slice preparations confirmed that inspiratory XII MNs received 

inputs from a cluster of ipsilateral inspiratory preMNs that have their soma 

located just dorsal to the NAsc and the lateral paragigantocellular reticular 

nucleus (Koizumi et al., 2008).
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1.4 PHARMACOLOGY OF NEURAL CONTROL OF
BREATHING: KEY NEUROMODULATORS OF CENTRAL 
RESPIRATORY DRIVE

1.4.1 PEPTIDES

1.4.1.1 Opioids and respiratory depression

Opioid receptors and function

Opioids have been used for centuries to treat pain and remain the principal 

pharmacological agents used for acute and chronic pain management today. 

Opioids exert their analgesic effect by targeting membrane receptors located on 

neurons that are sensitive to noxious stimuli and lowering their excitation 

threshold and/or inhibiting their neurotransmission (reviewed in Hill, 1994; 

Yaksh, 1997). The receptors for opioids have been classified into three subtypes: 

mu (p), kappa ( k )  and delta ( 5 )  opioid receptors (reviewed in Knapp et al., 1995). 

This nomenclature is based on pharmacological studies that demonstrated the 

selective binding of morphine to p-opioid receptors (MOR) and Aetocyclazocine 

to KT-opioid receptors (KOR) (Lord et al., 1977), while 8-opioid receptors (DOR) 

were first characterized in vas deferens mouse tissue (Lord et al., 1977; reviewed 

in Pasternak, 1993). Opioid receptors can also bind endogenous ligands that 

include endorphins (Waterfield et al., 1977), enkephalins (Hughes et al., 1975) 

and dynorphins (Chavkin et al., 1982), which preferentially bind MOR, 

DOR/MOR and KOR respectively and have all been reported to participate in 

endogenous pain relief mechanisms (reviewed in Jacob and Ramabadran, 1981; 

Yatsh, 1997). However the ubiquitous distribution of opioid receptors in and 

outside the central nervous system (Atweh and Kuhar, 1977; Tempel and Zukin, 

1987; Giolli et al., 1990; Mansour et al., 1994; Arvidsson et al., 1995; Ding et al., 

1996; Bagnol et al., 1997; Stein and Lang, 2009) also suggested a broader action 

for opioids and helped clarify the basis for the side effects associated with the
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administration of opioid drugs, including respiratory depression (Duthie and 

Nimmo, 1987; De Schepper et al., 2004; reviewed in Benyamin et al, 2008). 

Opioid receptors are part of the large family of G-protein-coupled receptors, 

characterized by a seven trans-membrane domain structure, an extracellular N- 

terminal region, and an intracellular C-terminal region (reviewed in Knapp et al., 

1995; Fig. 1.5). Their exact atomic structure is only starting to be determined 

(Manglik et al., 2012; Wu et al., 2012) and has revealed the association of p- 

opioid receptors in linked pairs (as seen in Fig. 1.5; Manglik et al., 2012). Opioid 

receptor activation produces predominantly inhibitory responses mediated by an 

increase in postsynaptic K+ channel conductances and/or a decrease in presynaptic 

voltage-gated Ca2+ channels via the activation of G proteins (reviewed in Grudt 

and Williams, 1995). After its activation, the opioid receptor phosphorylates and 

couples with arrestins to be internalized (reviewed in Ferguson, 2001).

Genetic manipulations including MOR knockout mouse models and Gj- 

proteins antisense oligonucleotides have suggested that opioids exert their 

analgesic effects primarily through the MOR/Gia.protein signalling (Raffa et al., 

1994; Matthes et al., 1997). Cloning analysis of the MOR gene have led to the 

identification of an increasing number of mRNA splice variants, promoters and 

RNA transcripts in the human, rat and mouse species (Thompson et al., 1993; 

Wang et al., 1993; Pan et al., 1999; Pan et al., 2000; Pan et al., 2001; Pasternak, 

2004; Pan et al., 2005; Xu et al., 2011). This indicates that MOR can be expressed 

in many different forms that may be coupled to distinct G-proteins and therefore 

act distinctively on their host cells. Thus, binding of any opioid ligand onto its 

receptor can induce diverse intracellular cascades and physiological responses 

(Ling et al., 1985; Zhang and Pasternak, 1981; Borgland et al., 2003).

Opioids and neural control of breathing

Opioid receptor expression has been reported in the medulla (Atweh and 

Kuhar, 1977), in structures associated with cardiorespiratory function such as the 

nucleus ambiguus (Imaten et al., 2003), the NTS (Aicher et al., 2000), and the 

preBotC (Gray et al., 1999). Some neurons located in the brainstem produce and
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secrete endogeneous enkephalins (Elde et al., 1976; Simantov et al., 1977; 

Stometta et al., 2001; Guyenet et al., 2002), including bulbospinal cells of the 

ventrolateral medulla (Guyenet et al., 2002; Stometta et al., 2003) that can be 

strongly barosensitive (Stometta et al., 2001). Enkephalins can inhibit pontine and 

medullary respiratory neurons activity in vivo by decreasing the efficacy of 

glutamate synaptic neurotransmission (Denavit-Saubie et al., 1978; Morin-Surun 

et al., 1984a).

Respiratory activity in neonatal and adult animals in vivo is markedly 

perturbed by opioids, specifically by 8 - and p-opioid receptor agonists (Ward and 

Holaday, 1983; Morin-Surun et al., 1984b; Lalley, 2003; reviewed in Pattinson, 

2008). Systemic delivery of opioids depresses respiratory frequency and tidal 

volume in in vivo adult rats (Morin-Surun et al., 1984b; Pazos and Florez, 1984; 

Manzke et al., 2003) and those effects are thought to be mediated by functional 

DOR and MOR found on respiratory neurons (Morin-Surun et al., 1984a). 

Bilateral microinjections of a MOR agonist into the adult rat preBotC induces 

severe respiratory depression in freely moving rats, and can cause apnea in 

anaesthetized rats (Montandon et al., 2011).

Experiments in in vitro preparations of neonatal rodents determined that 

the decrease of respiratory rhythm was caused by MOR activation (Greer et al., 

1995; Ballanyi et al., 1997; Takita et al., 1997; Ballanyi et al., 2009). Whole-cell 

recordings of respiratory neurons in medullary slice and en bloc preparation have 

shown that the membrane potential of some inspiratory neurons are 

hyperpolarized by the MOR agonist D-Ala2, NMe-Phe4, Gly-ol5-enkephalin 

(DAMGO), with a decreased input resistance and a reversal potential between -85 

and -70 mV [close to the equilibrium potential of potassium (Nemst Ek— 90 

mV)], consistent with a direct postsynaptic increase in K+ conductance (Gray et 

al., 1999; Takeda et al., 2003). Specifically NKlR-expressing inspiratory preBotC 

neurons are particularly sensitive to MOR agonists (Gray et al., 1999; Montandon 

et al., 2011). Interestingly, not all respiratory neurons respond to opioids. Indeed, 

pre-inspiratory pFRG neurons and expiratory neurons appear to be resistant to p- 

opioid receptors agonists (Takeda et al., 2001; Janczewski et al., 2002; Mellen et
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al., 2003; Onimaru et al., 2006), even at embryonic stages (Fortin and Thoby- 

Brisson, 2009). The selective inhibition of preBotC neurons by DAMGO was 

shown to produce a “quantal slowing” of inspiratory burst frequency (in reference 

to missing inspiratory bursts rather than mere decrease in frequency; Mellen et al., 

2003), suggesting that DAMGO could uncouple the two respiratory oscillators 

(pFRG and preBotC). Quantal slowing has also been reproduced in vivo by the p- 

opioid agonist fentanyl, in juvenile vagotomized and anesthetized rats 

(Janczewski and Feldman, 2006). Other investigators propose that preBotC 

neurons do not express p-opioid receptors postsynaptically and that the 

respiratory depression is due solely to presynaptic effects of MOR activation 

(Krause et al., 2009; Ballanyi et al., 2010). One goal of the present thesis research 

is to determine whether MOR agonists have a pre- or post-synaptic effect on 

preBotC respiratory neuron and to confirm MOR expression in the preBotC.

The widely used p-opioid receptor antagonist naloxone can antagonize the 

inhibition of respiratory rhythm induced by opioids both in vivo and in vitro. But 

it has limitations to its therapeutic use since it antagonizes both respiratory 

depression and analgesic effect and its duration of action is relatively short 

(McGillard and Takemori, 1978).

1.4.1.2 Substance P and somatostatin role in respiratory control

Substance P (SP) has a very potent excitatory effect on the respiratory 

network (Suzue, 1984), including the preBotC and inspiratory-related 

motoneurons such as phrenic motoneurons (Gray et al., 1999; Ptak et al., 2000a; 

Pagliardini et al., 2005). Endogenous SP is believed to be released by raphe 

nuclei, the NTS and the parapyramidal region (Holtman and Speck., 1994; Ptak et 

al., 2009). When SP is perfused with the bathing medium in in vitro preparations, 

it induces a large increase in inspiratory burst frequency, a slow depolarization of 

membrane potential in preBotC respiratory neurons (Pagliardini et al., 2005) and a 

voltage-insensitive inward current with increase in input resistance (Hayes and 

Del Negro, 2007). SP binds to three types of G-protein coupled receptors namely 

neurokinin (NK) 1, NK2 and NK3 receptors. Although NK1 receptors (NK1R)
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are known to be essential for SP effect on respiratory network (Monteau et al., 

1996; Ptak et al., 2000b), recent work has shown that NK1R non-expressing 

neurons could also undergo large membrane depolarization upon SP bath 

application (Hayes and Del Negro, 2007). As discussed in that study, this suggests 

that SP-evoked electrical and neuronal changes in NK1R expressing neurons can 

diffuse to surrounding NK1R non-expressing cells, probably via gap junctions.

The mechanisms underlying SP potent excitatory effects on respiratory rhythm 

have also been investigated in medullary slice preparations. In XII MNs, SP was 

found to inhibit the two-pore domain TWIK-related acid sensitive potassium 

channel (TASK) (Talley et al., 2000; Adachi et al., 2010). Two-pore domain 

channels conduct background K+ currents that help maintain the membrane 

potential to negative resting values and counterbalance depolarization (Duprat et 

al., 1997; reviewed in Enyedi and Cziijak., 2010). By inhibiting TASK channels 

and therefore regulating the cellular excitability, SP can promote depolarization of 

XII MNs. In addition to the suppression of K+ leak current, SP can modulate the 

Na+ leak current I n a l c n  ( L u  et al., 2009), discussed earlier on this Chapter. SP 

modulates I n a l c n  via a G-protein-independent mechanism and requires the 

expression of UNC79 and UNC80 proteins to exert this effect (Lu et al., 2009). 

Interestingly, SP has been reported to increase Na+ leak conductance in preBotC 

neurons (Pena and Ramirez, 2004; Ptak et al., 2009). Finally, a study on the 

excitatory effect of SP on preBotC neurons demonstrated that SP can activate 

transient receptor protein canonical (TRPC) channels, leading to enhanced I c a n  

conductance (Ben-Mabrouk and Tryba, 2010). The effect is likely mediated by 

TRPC3 and TRPC7 channels expressed in the VRC (Ben-Mabrouk and Tryba, 

2010).

In contrast to SP, somatostatin (STT) has an inhibitory effect on 

respiratory rhythm (Suzue et al., 1984; Chen et al., 1990; Chen et al., 1991). 

Although exogenous bath application of STT has been shown to induce ''quantal 

slowing’ of respiratory drive frequency in rodent brainstem-spinal cord 

preparation at extremely low concentrations (1.10 '13 to 1.1 O'12 mol.L’1) (Gray et 

al., 2010), endogenous release of STT in the preBotC has only been reported in

24



rabbit (Pantaleo et al., 2011). Endogenous STT has been suggested in the rat NTS 

(Kalia et al., 1984), where STT was shown to decrease neuronal excitability and 

increase the muscarinic non-inactivating potassium current ( I m )  (Jacquin et al., 

1988). Specific silencing of STT-producing cells in the preBotC can induce 

persistent apnea in adult awake rats (Tan et al., 2008) and STT/NKlR/STR2a 

expressing preBotC neurons are derived from Dbxl expressing neurons (Gray et 

al., 2010). Somatostatin receptors are G-protein-coupled receptors of which five 

types have been cloned (SSTR1-5) (reviewed in Patel, 1999). Despite the 

common belief that STT receptors desensitize quickly (due to their very high 

sensitivity to agonists) their exact mechanism of action upon STT binding is still 

unclear. The mechanism that transduces the inhibition of preBotC neurons by 

STT remains to be established.

1.4.2 GLUTAMATERGIC IONOTROPIC RECEPTORS

1.4.2.1 AMPA receptors

AMPA receptors structure and gating properties

AMPA receptors mediate fast excitatory synaptic transmission in the 

central nervous system. Native AMPA receptors are tetrameric membrane 

proteins composed of two dimers (reviewed in Gouaux, 2004). Each dimer can 

have a homomeric (same subunits) or heteromeric (two distinct subunits) 

structure, and is capable of binding one agonist molecule. So far, four different 

subunits have been cloned, commonly named GluRl, GluR2, GluR3 and GluR4 

(Hollman and Heineman, 1994; Sobolevsky et al., 2009), also known as GluAl-4 

under the latest nomenclature revised by the International Union of Basic and 

Clinical Pharmacology committee (IUPHAR; Collingridge et al., 2009). Each 

subunit can have their mRNA alternatively spliced to give either a “flip” or “flop” 

isoform (Sommer et al., 1990). Under physiological conditions AMPA receptors 

are ion channels that are permeable to sodium, calcium and potassium ions. More 

specifically, AMPA receptors containing GluR2 subunits display linear current-

25



voltage (I/V) plot and low calcium permeability. AMPA receptors lacking the 

GluR2 subunit are however highly permeable to calcium and display an inwardly 

rectifying I/V plot (Keller et al., 1993; Wollmuth and Sakmann 1998; Figs.l.6A 

and B).

One important characteristic of the AMPA receptors is their high affinity 

for the neurotransmitter glutamate and their capacity to display a very fast 

deactivation (channel closure upon removal of agonist molecule) and 

desensitization (channel closure upon continuous exposure to the agonist) (Jonas 

and Spruston., 1994; Raman and Trussell, 1995). Structure-function studies have 

demonstrated that desensitization is mediated by movements between the receptor 

dimers (Du et al., 2005; Sun et al., 2002; Gonzalez et al., 2010).

Positive allosteric modulators of AMPA receptors are molecules that bind 

to specific sites of AMPA receptors (distinct from the agonist binding site) and, 

upon binding of the agonist, modulate desensitization and/or deactivation rate of 

the receptor with differential subunit affinity. Because AMPA receptor subunits 

are differently distributed throughout the brain, allosteric modulators of AMPA 

receptors have distinct regional effects. Aniracetam was one of the first allosteric 

modulators characterized (Ito et al., 1990). Ampakines family of compounds is 

derivative of aniracetam and is classified in two main groups: high-impact and 

low-impact ampakines (reviewed in Lynch and Gall, 2006).

“High-impact” ampakines (e.g. CX546, CX614) were the first group 

developed by Cortex Pharmaceuticals (Irvine, CA) and have common binding site 

with the benzothiadiazide cyclothiazide (Arai et al., 2000; reviewed in Traynelis 

et al., 2010; see Fig. 6A), which is a very well characterized AMPA receptor 

modulator that slows the desensitization of AMPA receptors (Arai et al., 2000). 

Some high-impact ampakines also have the interesting property of activating the 

expression of additional genes, such as brain neurotrophic factor gene (BDNF; 

Lauterbom et al., 2000; Ogier et al., 2007; Simmons et al., 2009; Lauterbom et 

al., 2009). Electrophysiological studies have shown that the high-impact 

ampakine CX546 binds to non-desensitized AMPA receptors and decreases their 

desensitization rate by increasing the agonist affinity (Nagarajan et al., 2001).
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Aniracetam and CX614 however slow the receptor deactivation rate by stabilizing 

the receptor dimer in its closed conformation (Jin et al., 2005; see Fig. 1.7 for 

mechanism details).

“Low-impact” ampakines have been developed more recently and have 

distinct binding sites, different from one another (CX717, CXI763, CXI739 and 

others). Although their exact chemical structures have not yet been released by 

Cortex Pharmaceuticals Inc., it is known that low-impact ampakines do not share 

common binding sites with cyclothiazide, and that they were designed to be less 

potent and thus safer than their counterparts. The exact mechanism of action of 

those newer compounds remains to be determined through molecular and 

pharmacological analysis.

Pharmacology of AMPA receptors and application in respiratory control

AMPA synaptic transmission is a key component in respiratory control 

(Greer et al., 1991; Funk et al., 1993). Bath and local applications of the AMPA 

receptor antagonist 6-Cyano-7-nitroquinoxaline-2, 3-dione (CNQX) in the 

preBotC region of in vitro rat preparations reversibly abolish respiratory rhythm 

(Greer et al., 1991; Funk et al., 1993), suggesting the presence of endogenous 

release of glutamate in this region of the VRC and the importance of AMPA 

receptors activation for respiratory rhythm generation. RT-PCR analysis of 

preBotC neurons has shown that GluR2 subunits are present in preBotC neurons 

(Paarman et al., 2000) and whole-cell recordings of inspiratory preBotC neurons 

confirmed that functional AMPA receptors were mainly Ca impermeable (Pace 

et al., 2007b; Pace and Del Negro, 2008).

Deactivation and desensitization of AMPA receptors (see Fig. 1.7) are two 

characteristics that allow for a very precise, quick and efficient glutamatergic 

synaptic transmission which can readily tune synaptic plasticity within a neuronal 

network. Because allosteric modulators of AMPA receptors have the ability to 

modulate those very same characteristics (deactivation and/or desensitization), 

they have been considered as potential therapeutic drugs to increase excitatory 

efficacy within the respiratory neuronal network. Cyclothiazide was shown to 

increase inspiratory network motor output and inspiratory-related currents on XII
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MNs (Funk et al., 1995). Unlike cyclothiazide, ampakines readily cross the blood 

brain barrier, which gives them their potential therapeutic significance. The high- 

impact ampakine CX546 is able to counteract respiratory depression induced by 

opioids in vitro, and was also shown to reverse respiratory depression in in vivo 

(Ren et al., 2007). A study on Rett-syndrome model showed that CX546 could 

significantly improve respiratory function by inducing expression of endogenous 

BDNF levels (Ogier et al., 2007). Also, the low-impact ampakine CX717 was 

shown to protect against breathing depression induced by opioids in rodents (Ren 

et al., 2009) and humans (Oertel et al., 2010).

1.4.2.2 NMD A receptors

NMDA receptors structure and gating properties

N-Methyl-D-aspartic acid (NMDA) receptors are hetero-tetrameric 

membrane proteins that mediate synaptic plasticity in the central nervous system 

(reviewed in Collingridge and Singer, 1990; Malenka and Nicoll, 1993). Unlike 

AMPA receptors, NMDA receptors are activated by both glycine and glutamate 

which implies 2 different agonist recognition sites on the same receptor (Johnson 

and Ascher, 1987; Benveniste and Mayer, 1991). To date, three subunits have 

been cloned: the glycine-binding NR1 subunit, the glutamate binding NR2 subunit 

and the glycine-binding NR3 subunit (also known as GluNl-3, under IUPHAR 

nomenclature; Collindridge et al., 2009). Each subunit has the same structure: an 

amino terminus composed of a large extracellular amino-terminal domain and a 

ligand-binding domain (S1-S2), a transmembrane region (Ml, M3 and M4) with a 

re-entrant membrane loop (M2), and a cytoplasmic carboxyl terminus. The 

transmembrane region is considered as the functional hallmark of the receptor as 

it determines the ion channel formation as well as the receptor subunit assembly 

(crucial for protein expression at the membrane) (Furukawa et al., 2005). NMDA 

receptors are commonly known as hetero-tetramers composed of the assembly of 

two dimers; each dimer containing one NR1 subunit together with NR1, NR2 or 

NR3 subunit. The NR1 subunit must be present in one dimer before assembly
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with another dimer can occur; its presence is therefore a prerequisite for the 

receptor to be translated into a functional protein (Moriyoshi et al., 1991; Meguro 

et al., 1992; Ishii et al., 1993; Perez-Otano et al., 2001; Schuler et al., 2008). 

NMDA receptors may also be expressed as triheterodimers (Chazot et al., 1994; 

Hatton and Paoletti, 2005), and although there has been much emphasis on NR2 

subunits-containing triheterodimers (Chazot and Stephenson, 1997; Brickley et 

al., 2003) NR3-containing triheterodimners have recently been reported in native 

neurons (Pilli and Kumar, 2012).

Because conventional NMDA receptors require the release of Mg2+ block 

via depolarization or clearance of extracellular Mg2+ and bind both glycine and 

glutamate neurotransmitter (Verdoom et al.,1987; Kleckner and Dingledine, 

1988), NMDA receptors are considered as activity-dependent molecular 

“coincidence detectors” (Edwards et al., 1998; see Fig. 1.6C). They transduce
^  I

environmental chemical signals (glutamate, glycine and [Mg ]e) into an ionic 

current highly permeable for calcium that is triggered by the activation of the 

ionic channel (reviewed in MacDonald and Nowak, 1990; Sakurada et al., 1993; 

Edwards et al., 1998). The NR1 and NR3 subunits may also form a functional 

excitatory receptor that binds glycine but is not sensitive to NMDA or glutamate 

(Ciabarra et al., 1995; Das et al; 1998; Chatterton et al., 2002; Matsuda et al., 

2002; Pifla-Crespo et al., 2010), and whose function do not depend on [Mg2+]e and 

membrane potential (Chatterton et al., 2002; Sasaki et al., 2002). Functional 

NR1/NR3 receptors have been found in primary mammalian cultured cells but 

questions remain as to how are they expressed in native cells. Interestingly the co

expression of a NR2 subunit with NR1 and NR3 not only obliterate any sensitivity 

to glycine alone, but the presence of NR3 negatively influences the conventional 

NR1/NR2 receptor response to NMDA or glutamate (Das et al., 1998; Chatterton 

et al., 2002).

Pharmacology of NMDA receptors and its application in respiratory control

Single-cell RT-PCR analysis of newborn rat respiratory preBotC neurons 

revealed a very heterogenous distribution of NMDA receptor subunits: NMDA
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receptors of preBotC neurons are composed of all three NMDA subunits: NR1, 

NR2 and NR3 (Paarman et al., 2005). That particular study, despite the lack of 

physiological analysis, indicated a heterogenuous expression of NMDA receptors 

composition in respiratory preBotC neurons, with the particularity that all 

preBotC respiratory neurons tested contained the NR3A subunit subtype 

(Paarman et al., 2005). Furthermore, immunohistochemical studies of respiratory 

nuclei in the VRC in postnatal rats demonstrated dynamic changes in NMDA 

receptor subunit expression level throughout the development, (Liu and Wong- 

Riley, 2010b). In particular, the subunit NR2D expression level dramatically 

declines with age, as opposed to the subunit NR3B expression level which 

increases during postnatal development (Liu and Wong-Riley, 2010b). NMDA 

receptors were found to be capable of mediating respiratory drive in the preBotC 

even in the absence of AMPA receptors function (Morgado-Valle and Feldman, 

2010). However, unlike the AMPA receptor antagonist CNQX, in vitro bath 

application of the NMDA receptor blocker APV only attenuates inspiratory drive 

potentials of preBotC neurons, without affecting XII burst frequency (Pace et al., 

2007b). NMDAR1 mutant mice were used to evaluate the contribution of NMDA 

receptors functions into central inspiratory drive using in vitro neonatal 

preparations (Funk et al., 1997). It was suggested that NMDA receptors were 

dispensable for the development of spontaneous inspiratory drive generation even 

if exogenous NMDA could strongly increase respiratory rhythm (Greer et al., 

1991; Funk etal., 1993).

1.4.2.3 Kainate receptors

Kainate receptors represent the third class of glutamatergic ionotropic 

receptors. GluR5-GluR7 and KA1-2 subunits have been cloned (also known as 

GluKl-5, under IUPHAR nomenclature; Collindridge et al., 2009). While AMPA 

and NMDA receptors have been extensively characterized, much less is known 

about kainate receptors despite their evident role in modulating synaptic 

transmission and plasticity in the brain (Wisden and Seeburg, 1993; Cossart et al.,
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1998; Bortolotto et al., 1999; Sallert et al., 2007). Also, we know that kainate 

receptors are expressed in respiratory nulei of the ventrolateral medulla (Robinson 

and Ellenberger, 1997; Garcia Del Cano et al., 1999; Paarman et al., 2000) but the 

involvement of kainate receptors in respiratory control has been poorly 

investigated (Ireland et al., 2008).

1.4.3 SEROTONIN MODULATION OF RESPIRATORY DRIVE

Endogenous release of serotonin (5HT) was originally described as a 

blood-borne “serum” factor that affected blood vessel “tonus” (reviewed in Jacobs 

and Azmitia, 1992). 5HT neurons of the brainstem project to several nuclei of the 

VRC (Al-Zubaidy et al., 1996; Onimaru et al., 1998; Pena and Ramirez, 2002; 

Manzke et al., 2003; Ptak et al., 2009). However, depending on the receptor 

subtype on which it binds to, 5HT can have inhibitory or excitatory effects on its 

target. In fact, while 5HTla agonists can cause respiratory depression (via the 

decrease of cyclic AMP), 5HT4a and 5HT2 a, b and c receptor agonists increase 

respiratory rhythm (via an increase of cAMP or phospholipase C signalling, 

respectively) (Manzke et al, 2003; reviewed in Richter et al., 2003).

In addition to a modulatory effect of 5HT on respiratory neurons, several studies 

suggest that 5HT may also be important for the proper development of respiratory 

control centers (Hodges et al., 2009) and central chemoreflexes (Ray et al., 2011). 

Some mouse pups lacking 5HT neurons have severe apnea (Hodges et al., 2009), 

and specific silencing of 5HT neurons in the brainstem of mice severely disrupts 

chemosensitive and thermoregulatory reflexes (Ray et al., 2011). Also, 

endogenous release of 5HT by raphe neurons terminals onto preBotC neurons was 

proposed to be part of a feedback excitatory loop between the raphe and the 

preBotC in rat medullary slice preparation (Ptak et al., 2009). 5HT has been 

shown to increase pacemaker related conductances such as NALCN-Iike current 

(Ptak et al., 2009) or persistent and transient Na+ currents (Pena and Ramirez, 

2002) in respiratory preBotC neurons. It was proposed from in vitro experiments 

that 5HT acting through 5HT2 receptors is critical for the generation of fictive
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eupnea (Pena and Ramirez, 2002) and gasping (Tryba et al., 2006). However, 

experiments using an in situ preparation and the application of specific 

pharmacological serotonin receptor antagonists demonstrated that 5HTi and 5 HT2 

receptors are not essential for eupnea or gasping (Toppin et al., 2007). In addition, 

experiments using genetically engineered mice that lack the majority of 5-HT 

producing neurons generated eupneic breathing and gasping (Hodges et al., 2008; 

St-John et al., 2009).

Recently, developmental studies in rat demonstrated that 5HT receptors 

subunits 5HTi and 5 HT2 undergo a significant and abrupt decrease in expression 

level in all major respiratory nuclei of the VRC with postnatal development (Liu 

and Wong-Riley, 2010a), suggesting that the influence of serotoninergic 

transmission has on respiratory control is developmentally regulated. That study 

emphasized the important modulatory and trophic role of serotonin during 

development, which has been reported in other parts of the brain (reviewed in 

Lauder, 1990; Jacobs and Azmitia, 1992; Whitaker-Azmitia et al., 1996; Hodges 

and Richerson, 2008).
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Figure 1.1 Schematic representations of respiratory related regions in the rodent 
brainstem.
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Figure 1.1 Schematic representations of respiratory related regions in the rodent 
brainstem.

The boundaries delineating the different compartments reflect functional nuclei or areas 
defined to date. (A) Schematic longitudinal representation of brain stem nuclei that are 
associated with respiratory control. Amb, nucleus ambiguus; BotC, Botzinger complex; 
DRG, dorsal respiratory group; KF, Kolliker-Fuse nucleus; NTS, nucleus tractus 
solitarius; RM, raphe magnus; PBC, preBotzinger complex; PBL, lateral parabrachial 
nucleus; PBM, medial parabrachial nucleus; pFRG, parafacial respiratory group; RM, 
raphe magnus; ROb, raphe obscurus; RPa, raphe pallidus; RVLM, rostroventrolateral 
medulla; VRG, ventral respiratory group; XII, hypoglossal nucleus. For landmark 
reference: C4, cervical 4 level; nVII, facial nucleus. (B) Schematic parasagittal 
representation of brain stem respiratory nuclei. LRt, lateral reticular nucleus; RTN, 
retrotrapezoid nucleus. For landmark reference: CN, cuneate nucleus; MoV, motor 
nucleus of trigeminal nerve; nVe, vestibular nuclei; SO, superior olivary nucleus. (C)-(E) 
Schematic representation of coronal sections of the rat brain stem at pontine (C), rostral 
medullary (D), and caudal medullary (E) levels. DMNX, dorsal motor nucleus of the 
vagus nerve; 10, inferior olivary nucleus; IOma, medial accessory olivary nucleus. For 
landmark reference: RF, retrofacial nucleus; scp, superior cerebellar peduncle; SPV, 
spinal nucleus of trigeminal nerve.

Fiure 1 from Wong-Riley and Liu (2005) Resp. Physiol. Neurobiol. 149(1-3): 83-98.

34



rV R G

/
I R t

Figure 1.2 NK1 receptors in the rostral VRC of the mouse.

Pseudocolored sagittal section through the rhombencephalon o f the adult mouse with 
immunolabeled NK1 receptors (cyan). Note the dense labeling at the level o f the preBotC 
and also at the ventral and caudal portions of the facial nucleus. Areas such as the 
superior olive (SO) and lateral reticular nucleus (LRt) are essentially unstained for NK.1 
receptors. Few areas of the VRC (i.e. BotC or rVRG) can be considered devoid o f NK1 
receptors. Following immunolabeling with diaminobenzidine as the chromogen, the 
section was subsequently counterstained with ethidium bromide (red) as a fluorescent 
Nissl stain. Grayscale images of the NK1 receptors were inverted with respect to black 
and white and copied to the green and blue channels o f an RGB image. A grayscale 
image of the Nissl staining was copied to the red channel o f the same image to produce 
the final composite image.

A d ap ted  from  F ig u re  4  o f  A lh e id  and  M cC rim m o n  (2 0 0 9 ) Respir. Physiol. Neurobiol. 16 4 ( I -2 ):3 —
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Figure 1.3 Schema of the rat brainstem spinal cord and medullary slice.

A. Picture o f  a brainstem  spinal cord preparation on its ventral side on the right, 
and its corresponding schema (on the left) which highlights important respiratory nuclei 
present in its preparation: the pFRG (blue), the BotC (Grey) and the preBotC (pink). The 
dashed line indicates the rostral and caudal edges o f the medullary slice B. Picture of a 
transverse medullary slice preparation is shown on the right. The schema on the left 
highlights the preBotC (pink), the semi-compact division o f the nucleus ambiguus 
(NAsc) the XII nuclei and rostral XII nerves (arrows) present in this preparation.

R ep ro d u ced  an d  ad ap ted  from  R u an g k ittisak u l e t al. (2 0 0 7 ) Journal o f Physiology 5 8 4  (P t 2 ):4 8 9 - 
508.
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(C)

Figure 1.4 Caudal medullary raphe nuclei and their 5HT neuronal cell bodies.

Figure 3 from Baker et al. (2009) Respir Physiol Neurobiol. 165(2-3): 175-84.
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Figure 1.4 Caudal m edullary raphe nuclei and their 5HT neuronal cell bodies.

Diagram of representative coronal sections through the caudal raphe nuclear region 
showing the distribution o f  neurons stained for tryptophanhydroxylase (TPH) 
immunoreactivity in a male rat. Each dot represents one TPH immunoreactive neuron. 
Borders o f the caudal raphe nucleiwere defined according to the Rat Brain Atlas, 5th 
Edition (Paxinos and Watson, 2005). (A) Bregma -10 mm; (B) Bregma -11 mm; (C) 
Bregma -12 mm; (D) Bregma -13 mm; (E) Bregma -14 mm. The triangular area indicates 
the boundaries of the parapyramidal region as used in the present study. Amb, nucleus 
ambiguus; AP, area postrema; CC, central canal; DMSp5, dorsomedial spinal trigeminal 
nucleus; GiA, gigantocellular reticular nucleus pars alpha; GiV, gigantocellular reticular 
nucleus pars ventralis; IO, inferior olivary nuclei; IRt, intermediate reticular nucleus; LC, 
locus coeruleus, MdD, medullary reticular nucleus dorsal division; MdV, medullary 
reticular nucleus ventral division; Ro, nucleus o f  Rdller; Sol, nucleus of the solitary tract; 
SubC, subcoeruleus nucleus; LPGi, paragigantocellular reticular nucleus; PCRt, 
parvicellular reticular nucleus; 12N, hypoglossal nucleus; py, pyramidal tract; 4V, fourth 
ventricle; RMg, nucleus raphe magnus; RPa, nucleus raphe pallidus; Rob, nucleus raphe 
obscurus; ppa, parapyramidal region.

Figure 3 from Baker et al. (2009) Respir Physiol Neurobiol. 165(2-3): 175-84.
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Figure 1.5 Overall view of the p-opioid receptor structure.

A. Views from within the membrane plane (left), extracellular side (right top) and 
intracellular side (right bottom) show the typical seven-pass transmembrane GPCR 
architecture of the p-opioid receptor. The ligand, b-FNA, a semisynthetic opioid 
antagonist derived from morphine, shown in shown in green spheres. B. The p-opioid 
receptor crystallized as intimately associated pairs, with two different interfaces. Black 
arrows show the transmembrane (TM) domains (TM5-TM6; TM1-TMH2-H8 and TM- 
TM6 respectively, from left to right). The interface defined by TM5-TM6 is more 
extensive than the one defined by TM1-TM2-H8.

F ig u re  1 a n d  4 ad ap ted  from  M an g lik  e t al (2 0 1 2 ) Nature M ar 21 ; 4 8 5 (7 3 9 8 ) :3 2 1 -6 .
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Figure 1.6 Overall structure and classical function of the glutamate ionotropic 
AMPA and NMDA receptors.
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Figure 1.6 Overall structure and function of the glutamate ionotropic AMPA 
anNMDA receptors.

A. Schematic structure of a glutamate receptors and binding sites for various agonists, 
antagonists and modulators. ATD: amino terminal domain; LBD: ligand binding domain; 
TMD: trans-membrane domain. [Figure 9 from Traynelis et al. Pharmacol.Rev. 
62(3):405-96]. B. Peak IV relation for whole-cell glutamate-activated currents recorded 
in a HEK293 cell expressing GluRl (Q) bathed either in CsCl or CaCl2. The IV shows a 
strong double rectification due to a voltage-dependent block of Ca2+ permeable AMPAR 
channels by intracellular polyamines. The glutamate-mediate currents in CsCl solution 
(empty squares) cross the voltage axis near -4 mV. When Ca2+ replaces Cs+ (black 
squares) the IV relation remains strongly doubly rectifying with the reversal potential 
shifted leftward, consistent with Ca2+ being more permeant than monovalent alkali 
cations [Figure 6 from Wollmuth and Sakmann (1998) J.Gen.Physiol. 112(5):623-36]. C. 
The ionic current produced by 100 pM NMD A in an oocyte injected with NMDAR 
mRNA was plotted as a function of voltage in the absence (black circles) and presence 
(empty circles) of ImM Mg2+The perfusion solution also contained 3pM glycine. 
[FigurelB from Verdoom et al. (1987) Science 238(4830):! 114-6].
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Figure 1.7 Ampakine actions on excised patches and hippocampal slices.

A. The probabilistic movement o f a receptor subunit from its transmitter-bound, channel 
open state to the unbound, channel-closed state occurs with a mean time constant (blue 
arrow). Binding of an ampakine to a strategic site at the hinge o f the extracellular 
domains increases the time constant (orange arrow), and thereby delays the closing o f the 
channel. The traces below the schematic are from experiments using excised patches or 
hippocampal slices. In the patches, a one-millisecond pulse o f glutamate (short red bar) 
caused a sharp inward flux o f current that decayed back to baseline following washout; 
the rate of decay is a measure of receptor deactivation. Addition o f an ampakine (orange 
asterisk) prolonged the duration of the current (i.e. increased the time constant of 
deactivation). An ampakine that acts predominately on deactivation increased the 
amplitude of synaptic responses in the hippocampus (right-hand traces) but had little 
effect on their duration. B. Binding of the transmitter can also disturb the dimerization o f 
AMPA receptor subunits. Most ampakines, by binding within the dimer interface, 
increase the time constant for this effect (orange arrow), as can be seen in the traces from 
an excised patch experiment. In this study, a 500 ms pulse of glutamate (long red bar) 
produced an inward current that returned to a near baseline level despite the continued 
presence of the transmitter; this is desensitization. Addition of the ampakine caused the



receptors to continue passing current throughout the duration o f the glutamate pulse. The 
synaptic effects of an ampakine that slows both deactivation and desensitization are 
illustrated in the right-hand traces, from an experiment using hippocampal slices. Note 
that the drug increases both the amplitude and duration o f the postsynaptic response.

F igu re  1 fro m  L ynch  a n d  G all (2 0 0 6 ) Trends in Neurosciences 2 9 (1 0 ) :5 5 4 -6 2
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2.1 MATERIAL AND METHODS FOR
ELECTROPHYSIOLOGICAL RECORDINGS

2.1.1 BRAINSTEM SPINAL CORD PREPARATION

All experimental procedures were approved by the Faculty of Medicine and 

Dentistry Animal Welfare Committee of the University of Alberta. Brainstem 

spinal cord preparations were isolated in cold, saturated artificial cerebrospinal 

fluid (aCSF) [containing in mM: 128 NaCl, 3 KC1, 1.5 CaCl2; 1 MgCl2; 0.5 

NaH2P0 4 ; 23.5 NaHCCh, 30 D-Glucose] maintained and equilibrated with 

carbogen (95% 0 2; 5% C 02) at pH = 7.4. This aCSF solution was used for 

dissection and perfusion vehicle for all the experiments. Newborn Sprague- 

Dawley (SD) rats P0 to P5 were anaesthetized via inhalation of isoflurane, 

decerebrated and the neuraxis isolated. The preparation extended rostrally from 

the level of the caudal pons to approximately the 7th cervical segment caudally. 

The preparation was pinned down on a Sylgard resin for removal of the dura and 

pia mater.

2.1.2 MEDULLARY SLICE PREPARATION

The medullary slice preparation was the main electrophysiological model 

used in this thesis work. All rhythmic medullary slices were obtained from 

brainstem spinal cord preparations isolated from neonatal rodents (P0-P5). 

Medullary slices contained the preBotzinger complex (preBotC), the semi

compact division of the nucleus ambiguus (NAsc), the raphe nucleus obscurus 

(RNO), inferior olive (IO), part of the nucleus raphe pallidus, part of the NTS, and 

rostral part of the XII motor nucleus. Robust rhythmic inspiratory-related motor 

activity could be recorded from rostral XII nerve rootlets for several hours. 

Medullary slices were prepared as follows. An isolated brainstem spinal cord was 

pinned down on its dorsal side to a wax chuck. Fine pins were used to hold the 

brainstem spinal cord in place. The whole chuck was then transferred and securely
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fixed to a slicing chamber. The brainstem spinal cord was quickly immersed in 

cold and carbogenated aCSF. Using a vibratome (Leica, VT1000S, Germany), 

transverse sequential 100 to 300 pm slices were cut from the rostral to caudal 

direction and anatomical landmarks of each slice were assessed with a dissecting 

microscope (Leica, WILD M3C, Germany). Sections were discarded until the 

appearance of a developed inferior olive (10) (see newborn rat brainstem atlas in 

Ruangkittisakul et al., 2006). At this point the final rhythmic slice was cut with a 

thickness of 700 pm. The rhythmic medullary slice preparation extended from the 

preBotC on its rostral margin, to a point just caudal to the obex at its caudal end. 

The rhythmic slice was placed into a glass-bottom recording chamber containing 

pre-warmed [26 to 27 degrees Celsius (°C)] aCSF and mounted on a fixed stage 

upright Zeiss Axioskop FS Plus microscope (Zeiss, Germany; Fig. 2.1). Nylon 

threads stretched and glued onto a flattened platinum horseshoe shaped device 

were used to hold the slice in place in the recording chamber. The carbogenated 

aCSF circulated at a flow rate of 5 mL/min via a peristaltic minipulse pump 

(Minipuls 3, Gilson Inc.) and its potassium concentration was raised to 9 mM to 

enhance long lasting inspiratory activity. Rhythmic inspiratory-related activity 

was monitored by suction of a XII nerve rootlet into an extracellular glass suction 

electrode connected to a pre-amplifier (Life Electronics Ltd QT 5c) and 

extracellular amplifier (Power-One, Bauart Gepruft, D.C. Power supplies). 

Signals were amplified (X2000), band pass filtered (High pass filter: 0.1 Hz - Low 

pass filter: 3Hz), rectified, integrated, and captured using a Digidata 1322 A/D 

board (sampling rate of 2-10 kHz, Axon instruments). A fifteen to twenty minute 

stabilizing period was allowed before starting recording sessions.

2.1.3 WHOLE-CELL PATCH-CLAMP RECORDING TECHNIQUE

Visualized, whole-cell patch-clamp recordings were performed using 

infrared-differential interference contrast optics (IR-DIC). Targeted preBotC 

neurons were localized ventral to the NAsc. RNO neurons localized on the edges 

of either side of the midline and just dorsal to the IO were targeted. Intracellular
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pipettes were pulled with a vertical puller (PC-10, Narishige, Japan) and had 

resistances of 3-7 mega-ohms when filled with internal solution. The same 

internal solution was used for all whole-cell recordings and contained (in mM): 

140 KC1, 1 MgCl2, 0.3 Na3GTP, 10 HEPES, 10 EGTA, 2 CaCl2 and 2 MgATP 

(pH adjusted at 7.25 with KOH, osmolarity adjusted to 290-310 mOsm). In some 

experiments, neurobiotin at 0.2% (Vector Laboratories, Burlington, ON) was 

added to the internal solution immediately prior to the experiment. The patch- 

clamp pipette was positioned close to the targeted cell under positive pressure (10 

to 40 psi) until the appearance of a small meniscus around the patch electrode. 

Tight seals 1 to 10 giga-Ohms were established in voltage-clamp by very brief 

suction of the membrane. Once a seal was formed it was ruptured by gentle and 

brief suction. Both voltage- and current-clamp recordings were made using a NPI 

amplifier (NPI Electronics Gmbh, Germany). Data were filtered (1.3 KHz current 

filter; 13 KHz potential filter) prior to being acquired using a computer interface 

(Digidata 1322A) and pClamp 9.2 and 10 software (Molecular Device, 

Sunnyvale, CA). Switch to the current-clamp configuration was made to identify 

the impaled cell type based on firing pattern. Typically, inspiratory related 

neurons that fired action potential bursts in phase with XII nerve motor discharge 

were selected (Figs.2.2 and 2.3).

Neurons were routinely held in voltage-clamp at -60 mV (-47 mV online for 

liquid junction potential compensation) except when examining changes in 

membrane potential. Voltage-clamp recordings were corrected offline for the 

calculated 13.5 mV liquid junction potential. Recordings of neuronal properties 

were made immediately after obtaining whole-cell configuration. Cell input 

resistance (R n ) , membrane capacitance (C m ) and membrane time constant (tau) 

were calculated from small negative voltage responses to hyperpolarizing current 

steps in current-clamp mode and from current responses to small discontinuous 

depolarizing voltage steps in voltage-clamp mode. Stability of discharge activity, 

the holding current and access resistance over a period of at least 5 minutes was a 

prerequisite prior to the initiation of any experimental manipulation. Recordings 

of Rn and tau, including an assessment of access resistance, were made prior to
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drug application (control), during drug perfusion (lasting approximately 10 to 20 

minutes), and at 10 or 20 minutes during the washout period. A slow, positive- 

going voltage-ramp protocol (18 mV/s, starting at -135 mV to -  55 mV) was used 

to assess changes to the steady-state membrane current-voltage (I-V) relationship.

2.1.4 DRUG APPLICATION

The following drugs were used: [D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin 

(DAMGO), tetrodotoxin (TTX), alpha-amino-3-hydroxy-5-methyl-4-isoxazo 

lepropionicacid (AMPA), ampakinel-(l,4-benzodioxan-6-ylcarbonyl) piperidine 

(CX546), 2,3-Dioxo-6-nitro-l,2,3,4 tetrahydrobenzo[f]quinoxaline-7-sulfonamide 

(NBQX), N-Methyl-D-aspartic acid (NMDA), L-glutamic acid and glycine were 

all purchased from Sigma (St Louis, MO). 6-Cyano-7-nitroquinoxaline-2, 3-dione 

(CNQX) and cyclothiazide were purchased from Tocris Biosciences (Bristol, 

United Kingdom). Forskolin, NKH 477 (the water soluble form of forskolin), 

naloxone and the specific p-opoid receptor antagonist Cys-Tyr-D-Trp-Om-Thr- 

Pen-Thr-NH2 (CTOP) were all purchased from Ascent Scientific (Princeton, NJ). 

All other ampakine compounds (CX614, CX717, CXI763, CX1942 and CX1739) 

were provided by Cortex Pharmaceuticals Inc (Dr. Mark Varney, CEO, Irvine 

CA). Stock solutions of ampakines and forskolin were made in DMSO to a final 

concentration of < 0.02% (bath application) or < 0.4% (local application) and 

frozen in aliquots. DMSO alone at these concentrations has been previously found 

to be without effect on baseline inspiratory behavior. Stock solutions of all other 

drugs were made in standard aCSF and frozen in aliquots. The final concentration 

of potassium in the drug solutions was matched to that of the perfusing aCSF 

solution.

Drugs were either applied to the bathing media or locally applied by 

micro injection with triple-barrel pipettes (tip diameter ~5-8 pm per barrel O.D.) 

pulled from borosilicate glass capillaries (World Precision Instruments, Sarasota, 

FL). For local microinjections, drug pipettes were placed into position under 

microscope visualization so that the tip was just above the surface of the tissue or
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between 100 and 200 pm from the recorded neuron for puff applications to 

individual neurons. Drug microinjections (~10 psi) were controlled via a pico- 

spritzer (Dagan Corporation, Minneapolis, USA) triggered by a pulse generator 

(Master8, A.M.P.I., Jerusalem, Israel). Local injection within the RNO was 

established by first verifying the region around the midline for the site that gave 

the maximum inspiratory burst frequency increase in response to a local 

application of AMPA (Al-Zubaidy et al., 1996; Ptak et al., 2009). Knowing that 

the concentration of drug decreases exponentially with distance from the pipette 

tip when performing local application (Nicholson, 1985), the concentration used 

in local application experiments was 10-fold the concentration that would be used 

for bath application to produce similar effects (Liu et al., 1990).

2.1.5 DATA ACQUISITION, PROTOCOLS AND STATISTICAL 
ANALYSIS

2.1.5.1 Respiratory event analysis

Clampex.10 and Axoscope.10 were the two data acquisition modules of 

pClamplO used to monitor and record all electrophysiological data. Clampfit.10 

was the analysis module of pClamplO used to process and analyze all 

electrophysiological data offline.

The effect of locally-applied drugs on inspiratory activity was assessed by 

applying a threshold search through Clampfit.10 and measuring parameters in 

recorded XII nerve integrated traces. Mean values of XII burst parameters 

(frequency, amplitude, area and duration) were calculated pre and post-drug 

application for a period of 2 minutes for each experimental condition. For delayed 

effects, burst parameters were calculated during the observed effect of the drug. 

Recovery values were calculated at least 10 minutes after the end of drug 

application, over a 2 minutes period

When drugs were applied to the bathing solution, the bathing volume was 

decreased from 300 mL to 50 mL and the control XII nerve bursting values were 

assessed in that volume, prior to drug application. Also for bath application
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experiments, a larger time window of 4 to 5 minutes was used to estimate the XII 

nerve burst discharge characteristics or inspiratory input current/depolarization 

events for each experimental condition.

The effect of drugs on inspiratory synaptic currents in raphe and preBotC 

neurons was examined by performing a template search through Clampfit.10. The 

average amplitude, frequency and area of inspiratory synaptic currents were 

collected on a 2 minute time frame of drug exposure (for local applications) or 5 

minute time frame (for bath applications). Data were compared with those 

obtained for the same time period prior to drug application.

After all electrophysiological data were analyzed with Clampfit 10 and 

results were exported to Microsoft Excel 2010, SigmaPlot.il and/or GraphPad 

Prism.5 for statistical analysis and data plotting. Values were normalized against 

paired control and expressed as mean ± standard error of the mean (s.e.m.). For 

statistical analysis comparing two data groups, statistical significance was tested 

using paired Student’s t test and was accepted at p values < 0.05. For statistical 

analysis involving one variable evaluated in more than two groups, an analysis of 

variance (one-way ANOVA followed by a Tukey’s post-test, unless otherwise 

stated) was performed and significance was accepted when p values < 0.05. Note 

that, when using normalized data, a normality test (Kolmogorov-Smimov test) 

was used before the ANOVA.

2.1.5.2 Agonist-induced currents

Using Clampfit.10 analyzer, the agonist-evoked current features (peak 

amplitude, rise time, rise slope) were automatically detected. The amplitude was 

determined by subtracting the baseline current averaged over a 5 to 10 sec control 

period immediately preceding agonist application, from the peak of the agonist- 

induced current. Data reported were relative to the average value during the 

control period that immediately preceded drug application. The rise time 

represents the time required for the current to reach from 10 to 90 % of the peak, 

and the rise slope represents a measurement of the velocity of the ionic current 

during that time frame. Additional current characteristics (decay time, decay time
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constant, area and duration) were determined by taking into account the end of the 

agonist-induced current. Specifically, the end of the agonist-induced current was 

automatically set as being the first value after the peak, equal or above the average 

current value of the control period. For current area and duration both beginning 

and end of each current were taken into account. The decay time represents the 

time required for the current to reach from 90 to 10 % o f the peak during the 

decay phase and the decay time constant was determined by fitting the decay 

portion of the current with a monoexponential curve.

2.1.5.3 Spontaneous postsynaptic current analysis

Analyses of synaptic events (see Derkach, 2003) were performed 

automatically using a template search (Clampfit) and the reliability of the 

detection criteria confirmed via visual inspection. To examine interburst synaptic 

modulation by the ampakine CX614, spontaneous postsynaptic currents were 

recorded at resting membrane potential (resulting in inward PSCs) were analyzed. 

In cases when presynaptic activity was strong, miniature synaptic currents could 

be recorded in presence of 0.5 pM TTX for gap-free periods of 20 min, under 

control and one or more experimental conditions, using either Clampex.9.2 or 

Axoscope.9.2 (Axon Instruments).

Cumulative probability plots were generated in some cases to evaluate the 

effect of various drugs on the amplitude, decay time constant and inter-event 

interval distribution of sPSCs. Individual amplitude, decay time constant or inter

event intervals of increasing size were ranked. Rank values were plotted against 

corresponding amplitude, decay time constant or inter-event interval. For data 

populations that were identically distributed, a Kolmogorov-Smimov test was 

used to compare each distribution of amplitude, decay time constants or inter

event intervals. When data sets were not normally distributed the non-parametric 

Wilcoxon matched pairs test was used to assess differences between two groups 

of data sets. For group data graphs relative data were reported as mean ± s.e.m. 

Differences between means were assessed on relative data using Student’s t test.
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Differences between means were considered significant when at least p < 0.05 

(Graphpad Prism 5.2).

2.1.5.4 Input resistance and capacitance measurements

Drug-induced changes in Rn were calculated based on current responses to 

voltage ramps (from -90 to -40 mV) when cells were recorded under voltage- 

clamp configuration and inverted voltage responses to hyperpolarizing current 

steps (-50 pA; 180 ms) when cells were recorded under current-clamp 

configuration. The protocols were applied on the same cell before, during, and 

after application of a drug to assess drug-induced Rn changes. Rn was estimated 

from the inverse slope of the linear portion of the current-voltage (I/V) 

relationship (in voltage-clamp), or from dividing the resulting potential difference 

by the current pulse amplitude (in current-clamp).

Cell capacitance (C m ) was determined from analysis of the transient 

capacitative current evoked from a 10 ms hyperpolarizing step of 20 mV, using 

the formula Cm - 1  (1/RS + 1/RP), where Rs is the estimated series resistance of the 

recording pipette, Rp is the cell membrane resistance and x the exponential decay 

time constant of the current (Gentet et al., 2000). Rs could be measured by placing 

the pipette filled with internal solution in the bathing medium and analyzing the 

transient capacitative current evoked from a 10 ms hyperpolarizing step of 20 mV. 

Rs and Rp were calculated as Rs = Vstep/ Ipeak and Rp = Vstep/Iss -  Rs, where Vstep is 

the amplitude of the voltage step, Ipeak is the peak amplitude of the current 

transient and Iss is the steady-state current following the step.

2.1.5.5 Protocols

General conductance protocol

In some instances, under voltage-clamp configuration, ionic currents of the 

cell being recorded were assessed by applying a voltage step protocol that ranged 

from -120 mV up to +100 mV, with 10 mV increments and a fixed pulse width of 

100 ms duration. The protocol was used before and during drug treatment.
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Steady-state currents evoked by the voltage steps were then plotted offline as 

current-voltage relationship in order to evaluate the effect of the drug on particular 

ionic currents.

Ih current protocol

To study Ih, a family of hyperpolarizing voltage steps was applied from a 

holding potential o f -55 mV (-65 to -125 mV in 10 mV increments; the initial 

step lasted 1800 ms, and each subsequent step was successively shortened by a 

100 ms increment to prevent damage to the patched cell). The magnitude of Ih at a 

given potential step was determined as the difference between the initial peak 

negative current amplitude and the final steady-state current amplitude for each 

step.

Action potential and voltage threshold analysis

Action potentials (APs) were evoked by applying a series of depolarizing 

currents steps of varying intensities to a recorded neuron. More specifically, 

action potential and voltage threshold analysis were evaluated by evoking APs 

with 500 ms depolarizing current steps of varying intensities; AP frequency was 

determined using Clampfit. The relationship between AP frequency and intensity 

of injected current (f-I curve) was characterized for individual neurons. 

Instantaneous and steady-state AP firing frequencies were measured from the 

interval between the first and second AP, and the interval between the last two 

APs elicited during the prolonged depolarizing step, respectively.
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2.2 METHODOLOGY FOR IMMUNOHISTOCHEMISTRY
AND IMMUNOCYTOCHEMISTRY

2.2.1 IMMUNOHISTOCHEMISTRY OF TRANSVERSE MEDULLARY 
SLICES

2.2.1.1 Tissue preparation and paraffin sections

Brainstem spinal cord preparations were isolated from neonatal SD rats (P0- 

P4) and the rostral boundaries were cut with a scalpel under a dissecting 

microscope (Leica model # WILD M3C). In some cases, freshly isolated 

brainstem spinal cord preparations were incubated for 30 minutes in p-opioid 

agonist (DAMGO, 1 pM) at 37°C to allow internalization of p-opioid receptors. 

The brainstem-spinal cord preparations were then fixed in 4% paraformaldehyde 

in 0.1 mM phosphate buffer for a minimum of 24 hours at 4°C. The fixed 

brainstem was then dehydrated in a graded series of ethanol incubations (from 

50% to 100% ethanol) and cleared with xylene. The tissue was embedded in 

melted paraffin wax overnight in an appropriate oven (Precision Science Co., 

model #16). Tissue blocks were sectioned to obtain serial transverse slices (4 to 8 

pm thick) using a rotary microtome (Lipshaw MFG Co. model # 45, Detroit 

Michigan). Tissue slices were extended on warm water (Fisher Scientific Co., 

TISSUEMAT water bath) and mounted on poly-L-lysine coated glass slides. In 

some experiments, sections were mounted on pairs of slides so that two thin 

sections mounted on one slide were always followed by two thin sections on the 

paired slide. This procedure was mainly used when performing DAB staining to 

ensure that the protein of interest was expressed within the preBotC characterized 

by higher level of NK1R labeling. Sections were baked overnight, dewaxed with 

xylene, and rehydrated through a graded series of ethanol washes and rinsed in 

phosphate buffered saline solution (PBS).
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2.2.1.2 Immunolabeling

All sections were pre-incubated for 30 min to 1 hour with 3% donkey serum 

(DS) in PBS with Triton X-100 (0.3%) and incubated for 24 hours at room 

temperature with the appropriate primary antibody (See Table 3.1). All primary 

antibodies were diluted in PBS with 3% DS and 0.3% Triton X-100. The sections 

were then washed with PBS and left for 60-90 min with a mixture of fluorophore- 

conjugated secondary antibodies diluted in PBS and 0.1% bovine serum albumin 

(BSA) or 3% DS. Secondary antibodies were generally used at a 1:200 ratio. In 

some cases a combination of biotinylated secondary antibody followed by an 

incubation with streptavidin 488 (Molecular Probes, Eugene, OR) was used. After 

incubation with the secondary antibody, sections were washed with PBS and 

coverslipped with fluorosave mounting medium (Calbiochem, San Diego, CA). In 

cases where two primary antibodies were from the same species [as for example 

with the rabbit anti-mu-opioid receptor la  (MORIA) and the rabbit anti-NKIR], 

the tyramide signal amplification kit Plus fluorescein was used (PerkinElmer, 

Boston, MA) and the protocol was followed according to the manufacturer’s 

instructions.

2.2.1.3 Image acquisition

Confocal images were obtained with a laser-scanning confocal microscope 

(Zeiss; model LSM 150). Alexa Fluor 488, Cy3, and Cy5 were excited at 488, 

543, and 633 nm emission wavelengths respectively, and collected using 505 nm, 

560 nm and 630 nm filters respectively. Images were acquired and processed with 

Zeiss Zen Light Edition 2009 system software and presented as single optical 

sections. Acquired images were exported in JPEG or Bitmap format and image 

brightness and contrasts were adjusted in Adobe Photoshop or Image J Software.

DAB-immunostained sections were analyzed with a Leica microscope 

(model # DM5500B) and images captured with a digital microscope camera 

(model HAMAMATSU CI0600-ORCAR2) connected to a computer running 

Quorum Analysis Metamorph software (Molecular Devices, Sunnycale, CA).
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Acquired images were exported in TIFF format; brightness and contrast were also 

adjusted in Image J and/or Adobe Photoshop Software before publication.

In some experiments, neurobitotin-filled neurons were reconstructed. Slices 

were fixed and rinsed as described above, then pretreated for 30 min with 0.3% 

H20 2 in PBS with 0.3% Triton X-100 (PBS-T). Slices were left in PBS-T for 1 

hour and rinsed 3 times for 5 min with PBS. Slices were then incubated overnight 

at 4°C in an avidin-biotinylated horseradish peroxidase avidin D reagent (Vector 

Laboratories). Slices were then rinsed with PBS, and reacted with 

diaminobenzidine (DAB) (DAB kit, Vector Laboratories). Slices were 

dehydrated, cleared with xylene, mounted in slides, coverslipped, and coated with 

Permount (Fisher Scientific). Labeled cell bodies were visualized with light 

microscopy.

For verification of recording sites, fluorescent beads were added to the drug 

solution used for local application. After recording, slices were placed in 

phosphate-buffered 4% paraformaldehyde at 4°C for at least 24 hours. The slice 

was then immersed in agar and sectioned (50 pm) with a vibratome. After wet 

mounting the slices on glass slides cytoarchitectonic identification of injection 

sites was done either directly or after counterstaining with cresyl violet.

2.2.2 IMMUNOCYTOCHEMISTRY OF HEK293 CELLS

After transfection, cells were washed with Dulbecco PBS (D-PBS) 3 times, 

then 4% paraformaldehyde was applied for 15 minutes before being washed again 

2 times with PBS and stored at 4°C. To permeabilize the cells and block non

specific protein-protein interactions, cells were left for one hour in 10% DS or left 

for 30 minutes in 5% BSA. Primary and secondary antibodies were used 

according to Table 2.1.
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2.3 MATERIAL AND METHODS FOR PROTEIN
EXPRESSION IN HEK293 CELLS

2.3.1 HEK293 CELL CULTURE

Human embryonic kidney cell lines (HEK 293 and HEK293T) were kindly 

provided by Dr Warren Gallin (University of Alberta). Cells were grown in 25 

cm2 flasks (BD Falcon # 353108, Beford, MA) with Dulbecco’s minimal essential 

medium (DMEM # 11995065, Invitrogen, Carlsbad, CA) supplemented with 10% 

fetal bovine serum (GIBCO #16000036, Carlsbad, CA), 1% penicillin (100 

units/mL) and streptomycin (100 pg/mL) (Invitrogen #15140122, Carlsbad, CA), 

incubated at 37°C and 5% CO2 incubation. As soon as they reached 80-90% 

confluency (typically biweekly), cells were carefully washed with Dulbecco’s 

phosphate buffered saline solution (D-PBS; Hyclone, Logan, UT) and lifted from 

the dish after 2 to 5 min incubation with 300 pL TrypLE Express (Invitrogen, 

Carlsbad, CA). 2 mL of culture medium was used to quench TrypLE activity. 

Cells were resuspended as a single cell suspension by gentle pipetting in order to 

break up cell clumps. 150 pL of suspension was used for seeding. Culture media 

was exchanged every 2 days. Cell culture was typically discarded after 19 

passages.

One day before plating the cells for transfection, 15 mm circular and 

sterilized poly-L/D-lysine coated glass coverslips (Biokeystone # GG-15-PLL or 

# GG-15-PDL, El Monte, CA) were placed onto 60 mm culture dish. Laminin 

(Sigma # L 2020) was thawed slowly on ice and diluted in Hank’s balanced salt 

solution (HBSS) at 10 pg/mL. 100 pL drop of diluted laminin was put on the 

centre of the coverslips and left overnight (or at least 5 hours) in a culture 

incubator at 37°C. The laminin solution was then suctioned and the coverslips 

were washed with D-PBS (Hyclone, Logan, UT) before being flooded with 

culture medium and used to plate the cells. 400 pL out of 2 mL suspension was 

used for seeding before transfection on the following day. In some cases, cells
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were plated after transfection and incubated for 5 hours at 37°C to allow single 

cell attachment to the coverslips for electrophysiological recordings.

2.3.2 HEK293 CELL TRANSFECTION WITH RECOMBINANT 
RECEPTORS

The rat NMDA receptor subunit cDNAs N R l-la, NR3A and NR3B were 

used in the study. The N R l-la subunit {Rattus Norvegicus, Genbank accession 

number U08261) was subcloned in a pcDNAl. 1/Amp vector and this plasmid was 

kindly provided by Dr. Shigetada Nakanishi (Osaka Bioscience Institute, Japan). 

The NR3A subunit and NR3B (Rattus Norvegicus, Genbank accession number 

L34938 or U29873, and AF440691 or AF396649 respectively) were each 

subcloned in a pcDNA3.1(+) vector and were both provided by Dr. Stuart Lipton 

(Burnham Institute, San Diego, CA; see NR3A and NR3B plasmid map in annex 

1 and annex 2). A blanked EGFP plasmid was used (pEGFP-C2 GeneBak number 

U57606) to evaluate the transfection efficiency. Plasmids were released with Tris- 

EDTA Buffer for 6 hours at room temperature and DNA concentration was 

evaluated using spectrophotometry. cDNAs were cloned via transformation using 

chemical heat shock method of 5-alpha competent E.Coli bacterial host (New 

England BioLabs). The transformation was made following the New England 

BioLabs protocol instructions (NEB 5-alpha competent E.coli C2987H). 

Transformation efficiency of this method ranges between 1 and 3 X 109 

transformants/pg of DNA when optimized. Ampicillin (100 pg/mL) was used to 

select successful DNA plasmid transformants and the QIAGEN Plasmid Midi Kit 

or the Endo-ffee Plasmid Maxi Kit (Qiagen) was used for DNA purification.

NR1, NR3A and NR3B plasmids were mixed with the reporter gene EGFP 

plasmid. We used 2 to 6 pg total per culture dish at a (1:2:2):5 or (1:1:1): 10 ratio 

and transfected into HEK293 cells following manufacturer’s instructions using 

Lipofectamine 2000, Lipofectamine LTX Plus Reagent (Invitrogen, Carlsbad, 

CA) or X-Treme GENE 9 DNA Transfection Reagent (Roche Applied Sciences).
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OPTIMEM I was used as a transfection medium (Invitrogen # 11058021. 

Carlsbad, CA).

After transfection, the medium was removed by gentle aspiration; cells were 

carefully washed with D-PBS three times and flooded with warmed culture 

medium containing glutaMAX (Invitrogen, Carlsbad, CA) rather than glutamine, 

no sodium pyruvate and no antibiotics. Cells were incubated for at least 24 hours 

at 28 or 37 °C and 5% CO2 to allow single cell accumulation of the desired 

NR1/NR3 ion channels. Cells were recorded 1 to 6 days after transfection.

2.3.3 ELECTROPHYSIOLOGY OF TRANSFECTED HEK293 CELLS

Culture dishes containing transfected cells were taken out of the incubator 

and the culture medium was replaced by the sterilized HBSS bathing solution. 

Coverslips were placed in the recording chamber and it was quickly flooded with 

circulating sterilized HBSS solution at 2 mL/min, oxygenated with 100% oxygen.

As described for work with slices, drug pipettes were prepared prior to 

electrophysiological recording. Drugs used were glycine (Sigma, CAT), CX717 

(Cortex Pharmaceutical), glutamate (Sigma) and D-Serine (Sigma). All drugs 

were prepared in sterilized HBSS, except for CX717 that was diluted in DMSO.

HBSS contained (in mM): 146 NaCl, 2.5 KC1, 2 CaCl2, 1 MgCl2, 20 D- 

Glucose, 10 HEPES (pH = 7.4 adjusted with NaOH; 310 Osm) or 153 NaCl, 5.4 

KC1, 1.8 CaCl2, 10 D-Glucose, 5 HEPES (pH = 7.4 adjusted with NaOH; 310 

Osm). Intracellular solution contained: 140 CsCl, 4 NaCl, 0.5 CaCl2, 5 EGTA, 10 

HEPES, 0.5 NaGTP, 2 MgATP (pH = 7.33 adjusted with CsOH; 315 Osm) or 117 

CsGluconate, 9 NaCl, 10 EGTA, 10 HEPES, 2 MgCl2 (pH = 7.2; 315 Osm).
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Figure 2.1 Photograph of the electrophysiological chamber used for 
recording Inspiratory activity from a medullary slice preparation.
The slice is held on a chamber, immersed in a circulating flow in and out 
with an artificial cerebrospinal solution, and fixed on a stage. This set up 
allows concomitant single-cell visualized intracellular recording, focal 
injection of specific drugs and extracellular recording from XII nerves.
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Figure 2.2 Schematic diagram of a rhythmically-active medullary slice 
preparation used for recordings of preBdtC neurons and hypoglossal nerve 
activity.
PreBotC (light grey circles) inspiratory neuron display spontaneous depolarizing 
discharges in current-clamp recording and spontaneous rhythmic input currents in 
voltage-clamp recording. This spontaneous cellular activity of the preBotC 
inspiratory neuron is synchronized throughout the network and correlates with 
inspiratory motor output. Hypoglossal (XII) nerve activity is recorded as a 
reference for inspiratory motor output. Drugs can be added to the bath or locally 
pressure injected via a triple-barrel drug pipette that can contain up to three 
different drugs. The pressure injector is controlled by a stimulator. All 
characteristics of the microinjections (duration, intervals, etc.) can be controlled by 
the stimulator.
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Figure 2.3 Schematic diagram of the medullary slice preparation and the 
recording of a respiratory neuron of the RNO.
The in vitro medullary slice preparation which generates spontaneous rhythm 
recorded from XII nerve rootlets also contains respiratory-related neurons 
located close to the midline, within the RNO (raphe nucleus obscurus). Drugs 
are added directly to the bath or injected with a drug pipette locally into the 
RNO or the preBotzinger complex (preBotC) to examine drive transmission to 
hypoglossal motoneurons (XII) and rhythmogenesis. Very thin transverse slices 
of the medulla can also be used for immunohistochemistry studies. The right 
picture shows serotoninergic neurons of the RNO.
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ANTIBODY
NAME

Type H ost Dilution CAT# M anufacturer

Opioid Receptor - 
Mu (MOR) 

antibody IgG

polyclonal
(antigen:384-398) Rabbit 1:2700 24216 Immunostar

Opioid Receptor - 
Mu (MORI A) 

antibody

(AS 308-409) with 
sequence 

LENLEAET APLP 
(COOH-terminus) 
conjugated to KLH

Rabbit 1:8000 OR-600 Biotrend
Chemicals

Anti-Serotonin 
(5HT) IgG polyclonal Goat 1:4000 20079 Immunostar

Anti-Choline 
Acetyltransferase( 

ChAT) Affinity 
Purified

polyclonal Goat 1:600 AB144P-
200UL Chemicon

Anti-GAD67 
Purified IgG2a

monoclonal (clone 
1G10.2) Mouse E700 MAB5406 Chemicon

Anti-Substance P monoclonal (clone 
NCI) Rat 1:500 MAB356 Chemicon

Anti-Neuronal 
nuclei (NeuN) 
Purified IgG 1

monoclonal (clone 
A60) Mouse 1:500 MAB377 Millipore

Anti-beta 
Galactosidase 
(f)Gal) Affinity 
Purified IgY

polyclonal Chicken 1:2000 AB9361 Abeam

Anti-Neurokinin 
Receptor 1 
(NK1R)

polyclonal Rabbit 1:2500 AB5060 Chemicon

Anti-NMDAR 
receptor subunit 1 

Purified IgG2a

monoclonal ( clone 
54.1; amino acids 

660-811 of rat 
NR1)

Mouse 1:200 556308 BD Pharmingen

Anti-NR3A 
Purified IgG

polyclonal (amino 
acids 1098-1113 

(sequence 
SRKTELEE Y QKT 

NRTC) of rat 
NR3A)

Rabbit

1:500
(HEK293)

i:750
(tissue)

07-
356(CH) Chemicon

Anti-NR3B 
Purified IgG

polyclonal (amino 
acids 916-930 (C- 
RRVRRAWERE 
RRVR) of mouse 

NR3B)

Rabbit

1:500
(HEK293)

1:750
(tissue)

07-
351(CH) Chemicon

Table 2.1 List of primary antibodies used in immunohistochemistry studies
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CHAPTER 3

MODULATION OF RESPIRATORY NEURAL ACTIVITY 

BY OPIOIDS AND HIGH-IMPACT AM PAKINES

My contribution to this study consisted in the planning, execution and analyses of 

electrophysiological recordings and anatomical studies. Dr. Wei Zhang provided 

significant assistance with immunohistochemical procedures.
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3.1 ABSTRACT

The cellular mechanisms underlying opioid-induced respiratory depression 

and subsequent alleviation by ampakines are poorly understood. In this study, the 

interaction of high-impact ampakines and opioids within the preBotC at the 

single-cell and network levels was analyzed.

Local injections of the opioid receptor agonist DAMGO within the preBotC 

significantly depressed inspiratory rhythm and this was reversed by local 

injections of the p-opioid receptor (MOR) antagonist naloxone. 

Immunohistochemical studies demonstrated the expression of the MOR subtype 

la within the preBotC and the colocalization of MOR-la and neurokinin-1 

receptor expression in the preBotC. Whole-cell patch-clamp analysis identified 

preBotC neurons responsive to DAMGO, which significantly decreased synaptic 

excitatory inputs in some preBotC neurons while affecting intrinsic membrane 

properties in others. The ampakine CX614 significantly increased amplitude, area 

and duration of AMPA-mediated current in all respiratory preBotC neurons 

tested. This modulation was independent of extracellular calcium. CX614 also 

induced an increase in inspiratory current amplitude and spontaneous event 

frequency in baseline conditions, as well as in presence of DAMGO. Another 

high-impact ampakine (CX546) also increased inspiratory drive in baseline 

conditions, and increased inspiratory rhythm under conditions of weak 

endogenous inspiratory drive.

Those results provide the first evidence that ampakines increase AMPA- 

mediated ionic load in respiratory preBotC neurons. The potentiation of AMPA- 

mediated conductance by high-impact ampakines underlies the enhancement of 

endogenous glutamatergic synaptic transmission necessary to counteract central 

respiratory depression induced by opioid or low extracellular concentration of 

potassium.
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3.2 INTRODUCTION

Opioid analgesics are effective pharmacological agents used to treat acute, 

postoperative and chronic pain (reviewed in Swarm et al., 2001). However, 

activation of opioid receptors can also lead to suppression of respiratory drive 

(reviewed in Keats, 1985 and Shook et al., 1990; Greer et al., 1995; Gray et al., 

1999). Thus, there is a clinical need for drug treatment capable of counteracting 

the depression of central respiratory drive without removing the analgesic effects 

of opioids. Acute effects of opioids on breathing have recently been studied in 

vivo showing that the preBotzinger complex (preBotC), a kernel of neurons that 

centrally generates rhythmic inspiratory drive (Smith et al., 1991), is a main target 

of p-opioid agonist for inducing respiratory depression (Montandon et al., 2011). 

Previous work has described the physiological effects of p-opioid receptor 

agonists on medullary respiratory neurons (Gray et al., 1999; Takeda et al., 2001; 

Mellen et al., 2003; Lorier et al., 2008; Ballanyi et al., 2009), but the mechanisms 

underlying the decrease in inspiratory rhythm are still incompletely understood.

Neuronal synaptic transmission within the preBotC relies primarily on the 

activity of fast conducting glutamatergic AMPA receptors channels (Greer et al., 

1991; Funk et al., 1993, Pace et al., 2008). The synthetic compounds ampakines 

are potent enhancers of AMPA receptors conductance that allosterically bind to 

native or recombinant AMPA receptors and slow their deactivation and 

desensitization rates (Nagarajan et al., 2001; Arai et al., 2002). This positive 

allosteric modulation of AMPA receptor current can shape endogenous 

glutamatergic synaptic responses (reviewed in Lynch and Gall, 2006; Black, 

2005; Arai et al., 2002; Aria et al., 2000), and enhances glutamatergic 

neurotransmission in a number of neural systems, such as the hippocampus and 

the cerebellum (Arai et al., 2004; Xia et al., 2005a, 2005b; Montgomery et al., 

2009). By combining in vitro, in situ and in vitro rat models, Ren et al. (2006) 

demonstrated that the ampakine l-(l,4-benzodioxan-6-ylcarbonyl) piperidine 

(CX546; member of the high-impact ampakine drug family) alleviates opioid- 

induced respiratory depression. Further, an in vitro study has shown the efficacy
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of yet another high-impact ampakine (pyrrolidino-l,3-oxazinobenzo-l,4-dioxan- 

10-one; CX614) in potentiating AMPA and glutamate-mediated currents of 

inspiratory hypoglossal (XII) motoneurons and slowing excitatory postsynaptic 

current decay kinetics resulting in an increase in their synaptic drive (Lorier et al., 

2010).

The goal was two-fold in this study. First, the objective was to extend 

previous work by investigating how opioids affect synaptic transmission within 

the heterogeneous population of preBotC neurons and how this may impact the 

inspiratory rhythm. The second goal was to determine whether or not high-impact 

ampakines counter opioid-induced respiratory depression by modulating 

excitatory synaptic transmission within the preBotC. In vitro medullary slice 

preparations isolated from neonatal rats were used to examine the effects of 

opioid and ampakines at the network and cellular levels. The analysis was 

restricted to the high-impact ampakines CX614 and CX546 because they increase 

respiratory activity (Ren et al., 2006; Lorier et al., 2010) and their mechanisms of 

action on AMPA receptor conductance have been studied in different brain 

regions and primary cell models (Nagarajan et al., 2001; Jin et al., 2005; Xia et 

al., 2005). Complimentary data were obtained using cyclothiazide, an allosteric 

modulator of AMPA receptors that decreases desensitization of AMPA receptors 

(Partin et al., 1993; Partin et al., 1994; Aria et al., 2004).
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3.3 RESULTS

IN  VITRO MU-OPIOID RECEPTOR ACTIVATION IN THE PREBOTC

The first stage of the study was to examine the synaptic modulation of 

opioids on respiratory neural activity in vitro. The specific p-opioid receptor 

agonist [D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin (DAMGO) was used as a 

pharmacological tool to assess the functional expression of p-opioid receptors in 

preBotC and to understand the synaptic mechanisms involved in the suppression 

of rhythmic inspiratory drive.

3.3.1 DAMGO MODULATES INSPIRATORY MOTOR OUTPUT IN  
VITRO

In 6 out of 25 medullary slice preparations, bath application of DAMGO 

resulted in a complete block of inspiratory activity within 10 minutes of exposure 

to DAMGO. On the remaining 19 medullary slice preparations, bath application 

of DAMGO (400 nM) induced a marked decrease in XII nerve burst frequency to 

0.48 ± 0.06 fold of control (n = 19; p < 0.001; paired t test). DAMGO also 

induced a significant decrease in XII burst duration to 0.83 ± 0.04 of control (p < 

0.001). No significant effect was found on amplitude (1.01 ± 0.79 of control; p = 

0.96) or area (0.90 ± 0.96 of control; p = 0.62) of XII bursts. Inspiratory activity 

slowly reversed to control upon 30 minutes of wash out.

To examine whether these responses were mediated by p-opioid receptor 

activation within the preBotC, two sets o f experiments were performed: local 

microinjections of DAMGO (4 pM; 120 s steady duration; n = 7) into the 

preBotC, and local applications of the mu-opioid antagonist naloxone (10 pM; 60 

to 120 s steady duration) into the preBotC during DAMGO delivery (either 

locally to the preBotC or bath applied; n = 5).

To appreciate the extent of the effect of local application of DAMGO, 

relative mean values of XII burst interevent intervals were plotted against event 

occurrence (Figure 3.1 A), and show an instant and pronounced increase in XII
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burst period (inter-event interval). More specifically , one-way analysis of 

variance (ANOVA) on normalized values of XII discharge parameters shows that 

DAMGO locally applied to the preBotC significantly decreased XII burst instant 

frequency to 0.65 ± 0.05 of control (p < 0.001) which rapidly recovered to 0.96 ± 

0.07 of control (p < 0.01; n = 7). DAMGO also significantly decreased XII burst 

duration to 0.70 ± 0.04 (p < 0.001) which recovered to 0.94 ± 0.04 of control (p < 

0.001; n = 7). No significant effect of DAMGO was found on the amplitude (0.96 

± 0.07 of control; n = 7; p = 0.80) nor area (0.81 ± 0.08 of control; n = 7; p = 

0.43) of XII bursts.

Local administration of the p-opioid antagonist naloxone strongly 

attenuated DAMGO-mediated effects on XII bursts (n = 5; one-way ANOVA; see 

group data graph in Fig. 3.IB). More specifically, XII burst frequency was 

significantly reversed by naloxone from 0.55 ±0.11 of control (in DAMGO) to 

0.94 ± 0.09 of control (in DAMGO + naloxone; p = 0.02 < 0.05; n = 5), but XII 

burst duration was increased from 0.85 ± 0.04 of control (in DAMGO) to 0.99 ± 

0.06 of control (in DAMGO + naloxone) without reaching statistical significance 

(P > 0 .05). These responses slowly recovered after 5 minutes following the end of 

DAMGO application. Note that the amplitude and area of XII bursts (not affected 

by DAMGO) were not significantly afftected by naloxone.

Together those results demonstrated that in vitro p-opioid receptor 

activation within the preBotC of neonatal rats modulates motor output and 

markedly decreases inspiratory frequency, consistent with previous studies (Greer 

et al., 1996; Gray et al., 1999; Lorier et al., 2009).

3.3.2 MU-OPIOID RECEPTOR EXPRESSION IN THE 
VENTROLATERAL MEDULLA

A specific p-opioid receptor subunit is expressed in the preBotC of neonatal 

rats.

There have been difficulties replicating the immunohistochemical 

demonstration of p-opioid receptor expression in the preBotC of neonatal rat to
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confirm the adult data reported by Gray and colleagues (Gray et al., 1999). 

However, after evaluating several p-opioid receptor antibodies under a variety of 

experimental conditions, it was determined that the use of a rabbit polyclonal 

antiserum raised against a synthetic peptide corresponding to amino acids 308- 

409 of the c-terminus of human and rat p-opioid receptor la (MORIa; Kemp et 

al., 1996) provided consistent results and improved immunohistochemical 

detection of MORI expressing cells in the rat preBotC. Diaminobenzidine 

staining of 4 to 7 pm thick serial transverse sections through neonatal (P0-P4) rat 

medulla revealed the expression of MOR la  in the preBotC (Fig. 3.2). More 

specifically MOR la was expressed on neuronal membranes and fibre 

arborisations within the preBotC (n = 5). Figures 3.2 A and B illustrate the high 

concentration of MOR la positive (MORla+) cells in the NA region and a more 

diffused distribution of MORIa+ cells in the preBotC area, which is consistent 

with data obtained by Gray et al. (1999).

Triple labeling shows that NK1R and MORla are co-expressed in the 

preBotC.

In the rat ventrolateral medulla, preBotC neurons express neurokinin-1 

receptors (NK1R; Gray et al., 2001; Pagliardini et al., 2003), and choline acetyl 

transferase (ChAT) is commonly used as a reference marker for the compact and 

semi-compact division of the nucleus ambiguus (NA; Pagliardini et al., 2003). 

Therefore, the expression pattern of MORla was investigated using triple 

fluorescent labeling for ChAT, NK1R and MORla (n = 4; see example in figure 

3.3). Confocal imaging demonstrated that MORla is strongly expressed in the 

compact division of the nucleus ambiguus (NAc), with strong colocalization with 

ChAT but no MORla labeling in the BotC area. However, at the level of the 

semi-compact division of the NA (NAsc), ChAT immonolabeling rarely co

localized with MORla labeling (see Figs. 3.3E, F and G). In the preBotC, a few 

scattered ChAT+/NKlR' neurons of the external formation of the NA were 

positive for MORla. Importantly, more intense punctated MORla labeling was 

detected in a subset of NKlR+/ChAT cells of the preBotC, although the level of
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MORla expression in the preBotC appeared significantly lower than in the NAc. 

Figure 3.3H illustrates MORla and NK1R immuno-colocalization pattern at 

higher magnification. A 40X oil lens magnification was used to acquire confocal 

images that allow better discrimination of the pattern of MORla pattern of 

expression, at the cellular level (Fig. 33B). The images showed an intense labeling 

for MORla on the neuronal processes and membranes as well as what appeared to 

be the axon hillock. In the preBotC area, part of the NK1R+ cells population was 

not immunoreactive for MORla, but all MORla and NK1R labeling was 

colocalized.

3.3.3 WHOLE-CELL PATCH-CLAMP ANALYSIS OF DAMGO- 
MEDIATED MODULATION OF RESPIRATORY NEURONS AND 
SYNAPTIC DRIVE

Effects of DAMGO on membrane properties of respiratory preBotC 

neurons.

Whole-cell recordings in current- and voltage-clamp configuration were 

performed in order to examine DAMGO-induced changes of intrinsic and firing 

properties of respiratory preBotC neurons. None of the 11 expiratory neurons 

tested responded significantly to DAMGO, although 1 out of 5 expiratory neurons 

recorded in current-clamp mode displayed a a decrease in spiking frequency 

when exposed to DAMGO.

12 out of 46 (approximatively 26%) inspiratory neurons recorded responded 

to DAMGO with a decrease in Rn accompanied by either a hyperpolarization of 

their membrane potential in current-clamp configuration and/or a small but 

observable outward current in voltage-clamp configuration. Figures 3.4A 

illustrates the current-clamp response to bath application of DAMGO of an 

inspiratory preBotC neuron that responded with a hyperpolarization of its 

membrane potential. The average membrane hyperpolarization induced by local 

application of DAMGO was 10 ± 2 mV (n = 4) for recordings made in current- 

clamp and the average outward current was 42 ± 11 pA (n = 8) in voltage-clamp. 

R n  changes before and during DAMGO application were assessed in current-
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clamp by examining potential responses evoked by 50 pA current steps, or in 

voltage-clamp by calculating the slope of the current-voltage (I/V) relationship. 

DAMGO application induced a decrease in Rn to 0.76 ±0.1 of control values, 

from 253 ± 24 MQ to 192 ± 21 MQ (n = 9). I/V curve delivery on voltage- 

clamped neurons showed an inward rectification of the current response and that 

the intercept of the current-voltage relationships recorded in control and in 

presence of DAMGO ranged between -65 mV and -80 mV, which is close to the 

calculated Nemst equilibrium potential for potassium ions of -70.98 mV for the 

experimental conditions (see bottom of Fig. 3.5A). Thus these data suggested that 

the change in Rn produced by DAMGO was associated with an increase in K+ ion 

conductance.

Current and voltage-clamp recordings showed that 34 out of 46 (74%) 

inspiratory preBotC neurons did not respond to DAMGO (illustrated in Figs. 3.4C 

and D) and did not undergo any significant change in Rn or I/V responses (see 

Fig. 3.5 B).

Effects of DAMGO on inspiratory currents of preB5tC neurons.

To evaluate the effect of DAMGO on synaptic transmission of the 

inspiratory drive within the preBotC, inspiratory currents in preBotC inspiratory 

cells were analyzed and compared in control and in the presence of bath-applied 

DAMGO using whole-cell recordings in voltage-clamp configuration.

Results were separated into two groups. A first group included inspiratory 

cells that displayed a decrease in Rn and/or decrease in holding potential 

(associated with an outward current) upon exposure to DAMGO. Those cells were 

categorized as opioid-sensitive cells. The second group included inspiratory cells 

that did not respond to bath application of DAMGO with a hyperpolarization of 

their membrane potential (current-clamp) or an outward current (voltage-clamp) 

and were categorized as opioid-insensitive cells. Although we realized over the 

course of this study that this second category of cells could display significant 

changes in terms of synaptic inputs when exposed to DAMGO, “opioid-
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insensitive cells” will refer to cells that did not undergo any significant changes in 

postsynaptic membrane properties upon DAMGO exposure.

Amplitude, area and duration of the inspiratory currents were examined and 

compared between control and DAMGO bath application (normalized data shown 

in figure 3.5). Other parameters were also included in the analysis, as follows. The 

rise slope (usually expressed in pA/ms) is a measurement of the velocity of 

propagation of the ionic current on the rising phase of the event and the rise time 

represents the time required to travel from 10 to 90 % of the amplitude of the 

event at the rising phase of the event. Conversely the decay time respresents the 

time required to travel from 90 to 10 % of the amplitude of the event at the decay 

phase of the event.

In opioid-sensitive cells, DAMGO (400 nM) produced no significant effect 

on the amplitude of inspiratory currents (from -133 ± 10 pA in control to -110 ± 

22 pA in DAMGO, p -  0.17 > 0.05; n = 6; paired t test), nor on their duration 

(513 ± 113 ms in control to 547 ± 155 ms in DAMGO, p = 0.69 > 0.05; n = 6; 

paired t test). The area of inspiratory currents was significantly reduced by 

DAMGO to 0.64 ± 0.21 of control (p = 0.04 < 0.05; n = 6). The group data 

histogram is shown in Fig. 3.5A. The size of s.e.m. values clearly indicates a large 

variability in the results that may be caused by the changes in Rn induced by 

DAMGO. Note that there was no significant decrease in the rise time and decay 

time of input currents with DAMGO but the rise slope was significantly decreased 

by DAMGO from 1.0 ± 0.2 to 0.60 ± 0.2 of control (p = 0.006 < 0.01; n = 6; 

paired t test). Overall these results indicate that DAMGO does not significantly 

alter the amplitude and duration of inspiratory currents in this category of cells. 

The fact that the area and rise slope of inspiratory currents were significantly 

reduced by DAMGO suggests that DAMGO may be affecting the shape of the 

inspiratory envelope.

Conversely, in opioid-insensitive neurons, DAMGO application caused a 

significant alteration of most inspiratory current parameters (n = 8; paired t test). 

More specifically DAMGO produced a significant decrease in the amplitude 

(from -142 ± 10 pA in control to -115 ± 9 pA in DAMGO; p < 0.001) and
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duration (from 616 ± 72 ms in control to 498 ± 78 ms in DAMGO) of inspiratory 

currents. Also, the inspiratory charge transfer (area) was significantly decreased 

by DAMGO to 0.60 ± 0.10 of control values (presented in mean ± s.e.m. of 

normalized values; p = 0.007 < 0.01). The group data histogram is shown in Fig. 

3.5B. Overall these results indicate that in cells referred to as opioid-insensitive 

neurons, DAMGO significantly diminishes the inspiratory envelope. The fact that 

the amplitude, duration and area of inspiratory currents are all reduced by 

DAMGO suggests that DAMGO may not affect the shape of the inspiratory 

envelope itself, but rather have an overall decreasing effect on inspiratory 

currents.

Analysis of interburst synaptic event activity on respiratory preBotC 

neurons.

The integration of synaptic signals underlying the inspiratory 

rhythmogenesis within the preBotC is hypothesized to primarily rely on excitatory 

synaptic release activity mediated by glutamatergic receptors (among other 

excitatory receptors) present at the postsynaptic membrane of respiratory neurons 

(Ge and Feldman, 1998; Del Negro et al., 2002; Shao et al., 2003; Pace et al., 

2007; Pace et al., 2008; Del Negro et al., 2010). A comparison of the frequency 

and size (amplitude and area) of inward sPSCs before and after bath application of 

DAMGO represents a comprehensive approach for measuring the degree and 

weight of tonically active excitatory inputs to respiratory preBotC neurons that 

occur in the presence of DAMGO. To examine the effect of DAMGO on tonic 

excitatory synaptic activity in each group of inspiratory preBotC neurons, 

interburst synaptic events at the somatic level were quantified by analyzing 

inward sPSCs recorded in voltage-clamp at resting membrane potential. Although 

experimental conditions (holding potential of -58 mV) yield a positive (outward) 

driving force for inhibitory synaptic current, inhibitory synaptic conductance 

cannot be excluded from the analysis of inward events because of the absence of 

chloride-mediated channels blockers (bicuculline and strychnine) in the bathing 

medium. It must also be noted that in the foregoing sections reporting tonic
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synaptic events analysis, experiments were performed without tetrodotoxin 

(TTX). Therefore it is important to understand that the present analyses will not 

allow us to distinguish between an indirect action of DAMGO on spike-dependent 

synaptic neurotransmission springing from upstream excitatory neurons and a 

direct action of DAMGO on calcium-independent vesicular release at presynaptic 

terminals.

Figure 3.6 illustrates the results of a paired t test analysis on sPSC 

parameters obtained for each group from preBotC cells recorded under control 

conditions versus bath application of DAMGO. Amplitude, frequency, area and 

duration of sPSCs were examined. For cumulative probability analysis, the 

interevent interval was taken into account. The interevent interval was 

automatically measured as the time between the start of one synaptic event and 

the start of the subsequent synaptic event.

In opioid-sensitive cells (Fig. 3.6A), DAMGO did not significantly affect 

sPSC frequency (from 1.0 ± 0.9 in control to 0.9 ±0.1 in DAMGO; paired t test; 

p > 0.05; n = 5) but significantly decreased sPSCs amplitude (from -52 ±12 pA in 

control to -36 ± 9 pA in DAMGO; paired t test; p = 0.045 < 0.05; n = 5). A 

Kolmogorov-Smimov test on the cumulative probability distribution of the 

interevent intervals shows no significant difference between the distribution in 

control (n = 952) versus in the presence of DAMGO (n = 727; p > 0.05). 

Although the decrease in sPSCs amplitude induced by DAMGO may suggest a 

postsynaptic effect of DAMGO, we cannot deny the fact that it may also reflect an 

artifactual decrease of amplitude due to an overall decrease of neurotransmission 

release from presynaptic neurons.

In contrast, in opioid-insensitive cells, sPSC amplitude was not significantly 

changed by DAMGO (-57 ± 10 pA in control, and -48 ± 12 pA in DAMGO; p = 

0.13 > 0.05 in paired t test; n = 7) while the frequency of sPSCs was significantly 

decreased by DAMGO (from 1 ± 0.12 in control to 0.56 ± 0.16 in DAMGO; 

paired t test; n = 7; see Fig. 3.6B). A Kolmogorov-Smimov test on the cumulative 

probability distribution of the interevent intervals showed a significant difference 

between the distribution in control (n = 1550) and in the presence of DAMGO (n
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= 466; p < 0.05). This effect indicated that the rate of excitatory neurotransmitter 

release to opioid-insensitive cells was diminished by DAMGO and may suggest a 

presynaptic effect of DAMGO in these cells. However, while it is reasonable to 

link the deceleration of spontaneous release of neurotransmitters from presynaptic 

terminals with a decrease in intracellular calcium ([C a2+]i), no inference can be 

made on the location of the opioid-receptors mediating this effect (presynaptic 

terminals versus postsynaptic sites of presynaptic neurons). In addition, a direct 

action of G-protein coupled opioid receptors on quantal release may be occurring. 

Ideally, an analysis of miniature excitatory currents (mEPSC) in presence of 

bicuculline and strychnine would have been performed in order to unmask this 

particular effect of DAMGO. However, due to typically high background noise 

levels, it was not possible to detect sufficient amount of synaptic events in the 

presence of TTX (especially during DAMGO bath treatment) for convincing 

mEPSC analysis.

AMPAKINE MODULATION OF INSPIRATORY NETWORK

The second stage of the study was to apply a high-impact ampakine that 

partially reversed the respiratory depression induced by opioids in vitro and 

examine its potentiating effects on single respiratory preBotC neurons.

3.3.4 CX614 MODULATES INSPIRATORY MOTOR OUTPUT

CX614 alleviates inspiratory drive depression caused by DAMGO.

First the ability o f the ampakine CX614 to modulate the medullary 

inspiratory network was examined by recording XII nerve activity in rhythmic 

medullary slices. XII burst frequency that was decreased by DAMGO from 13 ± 3 

bursts/min to 7.3 ±3.4 bursts/min was significantly increased by the addition of 

CX614 at 20 pM to 10 ± 3 bursts/min (repeated measures ANOVA, Tukey’s 

multiple test comparison; p < 0.05; n = 7; see Fig. 3.7). CX614 (20 pM) 

modulated the amplitude, duration and area of XII bursts but these effects were 

not significant (p > 0.05; see group data histogram in Fig. 3.7) Note that the 15
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min wash out period (used in figure 3.7) was not enough for recovery and that a 

minimum of 45 minutes of wash-out was required for values to return to control 

levels (n = 2 / 7).

CX614 acts within the preBotC to alleviate opioid-induced respiratory 

depression.

To verify that the observed increase of inspiratory frequency was due to a 

direct effect of CX614 onto the inspiratory rhythmogenic centre, local 

applications of CX614 (200 pM) into the preBotC were performed during 

DAMGO-induced respiratory depression. As illustrated in Figure 3.8, local 

applications of CX614 (200 pM) in the preBotC significantly alleviated the 

DAMGO-induced suppression of inspiratory rhythm (ANOVA with Tukey’s 

multiple test comparison; p < 0.05; population data shown in Fig. 3.8).

3.3.5 CX614 POTENTIATES AMPA RECEPTOR CONDUCTANCE ON 
RESPIRATORY PREBOTC NEURONS.

CX614 increases Inward currents induced by the exogenous application of 

AMPA in preB5tC neurons.

To assess AMPA receptor channel modulation by CX614 on respiratory 

neurons AMPA puffs (100 pM; 300-400 ms duration) were delivered onto 

respiratory preBotC neurons clamped at -58 mV. After obtention of a paired 

recording with XII outputs to verify inspiratory behaviour of the recorded cell, 

TTX (0.5 pM) was applied to the bath and AMPA puffs were delivered (repeated 

at least 3 times to ensure consistency and steady AMPA-evoked inward currents; 

see Fig. 3.9A). At least 2 minutes passed between each AMPA puff to allow for 

recovery from desensitization. Each experiment involved one steady whole-cell 

recording (up to 90 minutes) of a single preBotC neuron per slice. In both 

expiratory and inspiratory preBotC cells, exogenous application of AMPA evoked 

a large inward current, confirming the presence of functional AMPA receptors on
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respiratory preBotC neurons (Figs. 3.9A, B and C). Note the data shown in Fig. 

3.9A shows data for 1/4 cells for which DAMGO was bath applied after CX614.

Overall, Student’s analysis on normalized mean values of AMPA-induced 

currents produced in 9 preBotC cells (including 7 inspiratory cells and 2 

expiratory cells) showed that CX614 caused a significant increase in the 

amplitude (2.2 ± 0.3 fold of control; p < 0.01); area (3.9 ± 0.6 fold; p < 0.001); 

rise slope (2.8 ± 0.6 fold; p < 0.01); decay time (3.1 ± 0.7 fold; p < 0.05); 

duration (2.3 ± 0.3 fold; p < 0.05). No significant change was found in the decay 

slope (1.4 ± 0.2 fold; p > 0.05) or rise time (1.3 ± 0.2 fold; p > 0.05; n = 9).

Note that it was not possible to differentiate the CX614 potentiation of 

AMPA-mediated currents between opioid-sensitive versus -insensitive cells due 

to the low number of opioid-sensitive cells (n = 2).

CX614 increases the AMPA component of the preBotC inspiratory drive.

Pharmacological studies of preBotC inspiratory neurons had previously 

shown that, while synaptic excitation through postsynaptic glutamatergic 

receptors has only a small direct contribution to the inspiratory drive itself, it may 

significantly contribute to the inspiratory drive indirectly via its capacity to evoke 

the recruitement of endogenuous conductances activated by intracellular calcium 

(Pace et al., 2007; Pace et al., 2008). In particular, the endogenous calcium- 

activated non-selective cationic current I c a n  has been proposed to be an important 

carrier of the inspiratory conductance capable of promoting rhythmic bursting 

behaviours in preBotC neurons (Pace and Del Negro, 2008; Rubin et al. 2009, 

Dunmyre et al., 2011). Thus, since the neuronal inspiratory envelope represents an 

amplified signal reflecting a heterogenous combination of various synaptic 

excitations and second messenger pathways (Pace et al., 2007; Mironov et al., 

2008), it is impossible to discriminate the portion of potential directly linked to 

AMPA receptors activation. As a mean to examine how the ampakine CX614 

modulates the AMPA component of the inspiratory drive, AMPA-evoked (100 

pM; 100-200 ms duration) depolarizations were generated in preBotC inspiratory 

neurons in the absence of synaptic inputs or calcium related conductance. The
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exogenously triggered depolarization was adjusted (by changing the duration of 

the AMPA puffs and/or the distance between the drug pipette and the recorded 

cell) so that its amplitude could repeatedly and consistently match the amplitude 

of the endogenous spontaneous inspiratory depolarization (see Fig. 3.10A). The 

cell was then synaptically isolated with TTX (0.5 pM) and calibrated AMPA 

puffs were delivered. Subsequently, calcium-activated conductanceswere blocked 

by bath application of cadmium ([Cd ]e; 200 pM) and AMPA puffs were 

delivered after sufficient exposure to [Cd ]e (at least 10 minutes). AMPA-evoked 

depolarizations were significantly decreased by [Cd2+]e (n = 3; illustrated in Fig. 

3.10B), which confirmed that calcium is a major conducting ion mediating 

AMPA-evoked depolarizations on inspiratory preBotC neurons (Pace et al.,

2007). Because of the presence of the AMPA receptor subunit GluR2, AMPA 

receptors on respiratory preBotC neurons are thought to have very low calcium 

permeability (Paarmann et al., 2000; Pace et al., 2007; Pace and Del Negro,

2008). Therefore the electric potential difference (ddp) that had been subtracted
*y,

by Cd had most certainly been activated endogenously (ddp may have been 

triggered by I c a n ; (Pace and Del Negro, 2008) or by voltage-gated calcium 

channels) and the AMPA-evoked depolarizations that remained in presence of
A 1

[Cd ]e more likely reflected the full (yet originally masked) AMPA receptor 

depolarization. Addition of CX614 (20 pM) to the bathing medium significantly 

potentiated the residual AMPA-evoked depolarization (n = 3; see Fig. 3.10 for 

example). Those results indicate that in inspiratory neurons, the potentiation in 

AMPA conductance induced by CX614 had the ability of evoking a substantial 

depolarization independently of calcium ions.
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3.3.6 SYNAPTIC ANALYSIS OF CX614 EFFECT ON PREBOTC 
NEURONS

CX614 modulation of respiratory preBotC neuron activity.

The first step was to evaluate the effect of CX614 on its own. Voltage- 

clamp recordings of respiratory preBotC neurons were performed and 

spontaneous synaptic events examined under bath application of CX614 (20 pM).

The effects of CX614 on inspiratory synaptic currents of preBotC neurons 

were examined (see in Fig. 3.11 A). CX614 induced a progressive and reversible 

increase in the size of inspiratory currents, while the frequency of inspiratory 

currents reached a significant increase only after 10 minutes of CX614 exposure. 

Statistical analysis on inspiratory current parameters showed that CX614 

significantly and reversibly increases the amplitude of inspiratory currents (2.8 ± 

0.7 fold of control values in CX614, reversed to 1.0 ± 0.1 fold of control values 

during wash out, p = 0.04 < 0.05, one way ANOVA, Dunnett’s multiple 

comparison test; n = 5). This increase correlated with the increase in the area of 

the inspiratory currents (2.9 ± 0.7 fold of control values in CX614 and 1.1 ± 0.2 

fold of control values during wash out, p = 0.04 < 0.05). However, although the 

steady state frequency of inspiratory currents was statistically increased after 10 

minutes of CX614 exposure, it only reached 1.4 ± 0.1 fold of control values in 

CX614 and 1.2 ± 0.0 fold of control values during wash out (p = 0.03 < 0.05; n = 

5). The group data histogram can be seen in Fig. 3.11. Collectively those data 

indicate that the high impact ampakine CX614 increase both the size of the 

inspiratory currents as well as the frequency. However it can be noted that the 

increase in inspiratory-related charge transfer in preBQtC evoked by CX614 is not 

proportional to the increase in frequency produced by CX614.

In a second stage, the effects of CX614 on interburst inward sPSCs of 

preBotC neurons were examined. These results include expiratory and inspiratory 

preBotC neurons because both types of cells have functional AMPA receptors that 

are modulated by CX614 and they were both seen to undergo large increases in 

sPSCs during CX614 exposure. Since single-channel recordings from excised- 

patches and reconstructive lipid bilayers have previously demonstrated that
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ampakines can block desensitization, slow deactivation of glutamate responses 

and increase kinetics of AMPA receptor channels (Arai et al., 2000; Nagarajan et 

al., 2001; Suppiramaniam et al., 2001; Arai et al., 2002), we hypothesized that the 

ampakine CX614 would increase the kinetics of synaptic currents in preBotC 

neurons, similarly to its effects in other neuronal systems (Arai et al., 2004; Lorier 

et al., 2010). An analysis of the decay time constant (decay tau) of the whole-cell 

synaptic events was therefore added since it evaluates how effectively each event 

decays from peak to baseline level and provides a measurement of the kinetic 

exponential component of the decay phase of the events. Decay time constants 

were evaluated by fitting the decay phase of each individual sPSC with an 

exponential curve.

One-way ANOVA followed by Tukey’s multiple comparison test analysis 

of sPSC parameters showed no significant effect of CX614 on sPSC frequency 

(2.0 ± 0.5 fold of control values in CX614) nor on sPSC amplitude (-39 ± 0.0 pA 

in control, to -48 ± 0.0 pA in CX614, and -39 ± 0.0 pA in wash out (p > 0.05; n = 

5). However, sPSC decay tau was significantly increased by CX614 (1.6 ± 0.3 of 

control; one-way ANOVA, Tukey’s multiple comparison test; p < 0.05; n = 5). 

Comparing the entire distribution of sPSC events between control and CX614 

confirmed that CX614 did not have any significant effect on amplitude 

(Kolmogorov-Smimov two sample test, p > 0.05; n = 2984; 5 cells; Fig. 5.1 IE 

lower panel), but a significant difference between sPSCs inter-event interval 

distributions was found (Kolmogorov-Smimov two sample test, p < 0.001; n = 

3088; 5 cells; see Fig. 5.1 IE upper panel). This clearly indicates that in preBotC 

respiratory neurons the number of action potential dependent excitatory synaptic 

events is increased in presence of CX614. The Kolmogorov-Smimov test on the 

cumulative distribution of sPSCs decay tau showed no significant difference 

between the decay tau of sPSCs recorded in control and that of recorded in the 

presence of CX614 (n = 2865; p > 0.05). A Wilcoxon post-test on sPSC decay 

taus also showed no significant difference (p = 0.0625 > 0.05). These data 

suggested that decay kinetics of AMPA receptors of preBotC respiratory neurons 

were not affected by CX614 in baseline experimental conditions.
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CX614 modulation of respiratory preBotC neuron activity following 

DAMGO-mediated respiratory depression.

The efficacy of CX614 to modulate spontaneous synaptic events after 

inspiratory drive depression was examined on preBotC cells already exposed to 

DAMGO.

First, the effects of CX614 on inspiratory currents of opioid-insensitive cells 

were examined (see in Fig. 3.12A.). While CX614 significantly increased the 

frequency of inspiratory currents from 8.9 ± 1.65 inspiratory currents (events)/min 

in control to 3.1 ± 1.1 events/min in DAMGO and 6.0 ± 1 . 2  events/min in 

DAMGO + CX614 (one-way ANOVA; p < 0.001), CX614 also increased the 

charge transfer (area) of inspiratory current to 2.1 ± 0.5 fold of inspiratory current 

recorded in DAMGO (one-way ANOVA; p < 0.05). With the addition of CX614 

the amplitude increased to 1.3 ± 0.1 fold of that was measured in presence of 

DAMGO (130 ± 32 pA in control, 104 ± 21 pA in DAMGO and 140 ± 33 pA in 

DAMGO + CX614) but this effect was not significant (one-way ANOVA; p > 

0.05; n = 5; see summary histogram in Fig. 3.12C).

The low number of inspiratory cells categorized as opioid-sensitive 

inspiratory cells (n = 3) unables yet a firm conclusion on the effect of CX614 on 

those cells, but mean values of inspiratory current parameters showed no 

significant effect of CX614 on amplitude nor the area of inspiratory current (p > 

0.05; one-way ANOVA; n = 3).

Second, the effects of CX614 on interburst sPSCs of preBotC neurons (3 

expiratory and 7 inspiratory cells) were examined. Note that this set of 

experiments only includes cells categorized as opioid-insensitive cells and 

expiratory cells.

CX614 significantly increased sPSC frequency to 2.4 ± 0.5 of DAMGO (p < 

0.05; one-way ANOVA). Averaged sPSC amplitude was increased from -69 ± 22 

pA in DAMGO to -98 ± 32 pA with addition of CX614 (1.6 ± 0.2 fold increase 

compared to DAMGO; n = 10). While paired t test between sPSCs amplitude in 

DAMGO and in DAMGO + CX614 showed a significant difference (p = 0.047 <
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0.05), one-way ANOVA (comparing data in control/ DAMGO/ DAMGO + 

CX614/ wash out) showed no significant difference between those two groups (p 

> 005); see Fig. 3.12C right panel). The entire distributions of sPSC amplitudes 

and interevent intervals were then compared between DAMGO and DAMGO + 

CX614 using a Kolmogorov-Smimov test. As illustrated in Fig. 3.12E, the 

difference between the two distributions of interevent interval was statisticaly 

significant (p < 0.05) and the difference between the two distributions of sPSC 

amplitude was higly significant (p < 0.01). We interpreted the increase in 

amplitude induced by CX614 as further evidence that AMP A receptors can 

mediate tonic spontaneous synaptic events on preBotC neurons (Shao et al., 

2003). Interestingly, since the increase in sPSC amplitude did not occur with 

CX614 alone, these data also suggest that the efficiency of CX614 to affect tonic 

synaptic activity is increased in presence of DAMGO.

CX614 did not significantly increase sPSC decay tau (3.0 ± 0.9 fold of decay 

tau values obtained in DAMGO; p < 0.05; one-way ANOVA). The Kolmogorov- 

Smimov test on the cumulative distribution of sPSCs decay tau showed no 

significant difference between the decay tau of sPSCs recorded in DAMGO and 

that of recorded in the presence of DAMGO + CX614 (7 cells; n = 2522; p > 

0.99). This result was quite surprising because CX614 is known to increase 

postsynaptic AMPA receptor single channel decay kinetics (Arai et al., 2000) 

more likely reflected in AMPA receptor-mediated sEPSCs decay kinetics. When 

examining each single voltage-clamp recording, a very heterogeneous distribution 

of sPSC decay time constants was noticed: fast and slower inward synaptic 

currents were observed. Because glutamate-mediated EPSC have much faster 

decay time constant than other receptor-mediated EPSC, we hypothesized that 

CX614 would affect EPSC with faster decay time constants. To test this 

hypothesis in a simpler manner we sought to select cells that display more than 

70% of their sPSCs with a decay time contant < 8 ms in baseline conditions. 8 ms 

was chosen as a cut off decay time constant because it demarcates most fast decay 

time constant values found for glutamate and AMPA-mediated EPSCs in 

previous studies (Tian et al; Angulo et al., 1999). 3/7 cells met this criteria and
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these cells were selected for further analysis. Student’s t test on decay taus of 

sPSC recorded in DAMGO versus DAMGO + CX614 showed a highly significant 

difference (from 5.66 ± 0.44 ms in DAMGO to 14.12 ± 1.31 ms in DAMGO + 

CX614; p < 0.0001; unpaired t test). The cumulative distributions of decay taus in 

DAMGO versus DAMGO + CX614 showed two distinct curves but no significant 

difference was found with the Kolmogorov Smirnov test (p = 0.37), and the 

Wilcon post matched pairs test on the raw mean values revealed no significant 

difference either (p = 0.125 > 0.05). Because of the low number of cells, the 

possibility for CX614 to affect the decay tau of rapid spontaneous events in 

different cells cannot be ruled out, although the present data suggests that it does 

not.

Together the results obtained on opioid-insensitive cells suggest that the 

increase in synaptic excitatory efficacy produced by CX614 is much stronger in 

presence of DAMGO than in baseline conditions. During DAMGO exposure, 

CX614 increases the amplitude and the frequency of sPSCs.

3.3.7 OTHER ALLOSTERIC MODULATORS OF AMPA RECEPTORS

CX546 modulates preBotC inspiratory drive.

As mentioned in the introduction, CX546 has been shown to share similar 

binding properties with CX614, notably to decrease the deactivation rate of 

AMPA receptors. Whole-cell recording of inspiratory preBotC neurons in voltage 

and current-clamp were performed and the effect of bath applied CX546 was 

tested in normal conditions and with weak endogenous drive conditions (by 

lowering extracellular concentration of potassium). As shown in Figure 3.13, 

similar to CX614, CX546 increased inspiratory current amplitude, area and 

duration in baseline conditions. In addition, CX546 significantly increased the 

frequency and amplitude of inspiratory currents on inspiratory neurons in 3 mM 

[K+]e as seen in Figure 3.14. Note that the potentiation of AMPA-mediated 

conductance by CX546 evokes larger and longer inspiratory bursts that display 

action potentials spiking block quickly after the upstroke of the burst. This spiking

114



block is typical of the development of I c a n  (Pace et al., 2007; Pace et al., 2008). 

The results therefore suggest that signalling cascades synaptically activated by 

AMPA-receptors may recruit latent postsynaptic currents such as I c a n - However, 

although the frequency was increased in the inspiratory cell shown on Fig. 3.13, 

CX546 did not increase the frequency of inspiratory bursts in all medullary slice 

preparations tested. Moreover, increases in inspiratory current amplitude and area 

in preBotC neurons were not always proportional to the increase in frequency 

induced by CX546 application.

Cyclothiazide alleviates DAMGO-mediated respiratory depression in vitro.

Cyclothiazide is one of the best studied enhancers of AMPA receptor 

conductance. In contrast to CX546, the binding of cyclothiazide to the AMPA 

receptor has been found to be independent of agonist binding (Kessler et al., 1996; 

Stem-Bach et al., 1998). Further, it preferentially decreases the rate of 

desensitization of AMPA receptors over their rate of deactivation (Nagarajan et 

al., 2000), and has a higher affinity for flip splice variants of AMPA receptor 

subunits. Cyclothiazide has already been tested in in vitro medullary slice 

preparation where it was shown to increase XII bursts frequency and inspiratory 

currents of inspiratory XII MNs (Funk et al., 1995). First the efficacy of 

cyclothiazide to counter DAMGO-induced respiratory depression in vitro was 

studied. Cyclothiazide significantly alleviated DAMGO-induced respiratory 

depression in medullary slice preparations (see Fig. 3.15). The effect of bath 

application of cyclothiazide (100 pM) on inspiratory cells was also tested (n = 2). 

Although cyclothiazide increased the frequency of rhythmic bursts in standard 

conditions (Funk et al., 1995), somewhat surprisingly, unlike the modulation of 

XII MNs inspiratory current increase induced by cyclothiazide, no significant 

effect on the amplitude of inspiratory currents of preBotC neurons in baseline 

conditions. Those results are preliminary and there is need to study a larger pool 

of rhythmogenic preBotC neurons. More detailed analysis on all parameters of 

inspiratory currents should facilitate the understanding the cellular mechanisms 

involved in inspiratory frequency increase produced by cyclothiazide in vitro.
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3.4 DISCUSSION

3.4.1 DIFFERENTIAL DISRUPTION OF SYNAPTIC TRANSMISSION 
AMONG RESPIRATORY PREBOTC NEURONS BY OPIOIDS

This study describes how the p-opioid agonist DAMGO differentially 

affects synapses between preBotC respiratory neurons, how p-opioid receptors are 

distributed within the preBotC and how ampakines modulate synaptic activity 

within the preBotC in order to increase inspiratory frequency.

The first significant result of this study comes from voltage-clamp 

recordings of respiratory preBotC neurons. Expiratory neurons did not show any 

response to DAMGO, in agreement with a previous study (Takeda et al., 2001). 

Inspiratory neurons on the other hand, responded differentially to DAMGO.

26% of recorded inspiratory neurons displayed an outward current 

accompanied by a decrease in Rn upon DAMGO exposure and were categorized 

as opioid-sensitive neurons. This is in line with previous work that has 

demonstrated the existence of neurons responding similarly to opioids (Gray et 

al., 1999; Takeda et al., 2001), but in constrast to another study that claims no 

postsynaptic effect of opioid on preBotC neurons (Ballanyi et al., 2010). Two 

factors may contribute to the discrepancy between our results and Ballanyi et al.’s 

data. First, our data indicate that not all inspiratory cells happen to respond 

postsynatically to DAMGO, but only a restrictive portion of preBotC neurons is 

sensitive to opioid postsynatically. In addition, the possibility for some preBotC 

cells to respond presynatically to opioid is not excluded. In fact, the dichotomous 

nature of opioid signalling within the preBotC might represent an essential 

component of the inspiratory drive depression induced by opioids. Second, our 

data showed that the postsynaptic effect of opioid may be underlied by a discrete 

inward rectifying potassium conductance which is known to be exacerbated by 

higher extracellular concentration of potassium ([K]0) (Hibino et al., 2010). The 

difference in [K+]0 used in different experimental settings may therefore very well 

influence the postsynaptic current size and its detection.
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Another interesting point revealed by the data is that neurons in this 

category of cells (opioid-sensitive) do not necessarily have the amplitude of their 

inspiratory currents decreased by DAMGO. If this result truly reflected the effect 

of DAMGO, inspiratory bursts may be less dependent of synaptic transmission 

and may prominently rely on self-generated conductances such as persistent 

sodium current and Ican that have both been reported present in preBotC neurons 

(Thoby-Brisson and Ramirez, 2001; Del Negro et al., 2002; Pena et al., 2004; Del 

Negro et al., 2005). This scenario would not be incompatible with previous 

reports showing that preBotC neurons responding to p-opioid agonists were 

characterized as type I neurons (Gray et al., 1999; Takeda et al., 2001), which are 

neurons with early-inspiratory burst pattern that may hold some pacemaker 

properties (Rekling et al., 1996). This would thus suggest that the outward 

potassium conductance and the consequent membrane hyperpolarization resulting 

from p-opioid receptor activation increases the driving force for ions that are 

either carried by background channels (e.g. sodium-leak channels; Lu et al., 2007) 

or by channels involved in the inspiratory drive per se (e.g. calcium-activated 

non-specific channels (CAN); Del Negro et al., 2005; Pace et al., 2007). However, 

this interpretation is inconsistent with the fact that both background and 

inspiratory currents cited have been proposed to promote an increase in 

rhythmicity as opposed to the decrease in rhythmicity observed with opioid. On 

the other hand the interburst presynaptic event analysis showed that sPSC 

amplitude decreased significantly with DAMGO in opioid-sensitive neurons, 

suggesting a functional postsynaptic effect of p-opioid receptors activation. The 

question arises as to whether or not the discrepancy between how opioids impact 

interburst sPSC amplitude versus inspiratory current amplitude has a functional 

significance. First, sPSCs may be mainly excitatory and driven by glutamate 

receptors, as indicated by opioid-insensitive cell sPSC analysis (amplitude 

significantly increased by CX614) and also proposed by others (Paarmann et al., 

2005). In contrast, inspiratory currents are believed to be mainly carried by Ican 

(Thoby-Brisson and Ramirez, 2001; Pena et al., 2004), where AMPA and other 

receptors contribute to its development (Pace et al., 2008). Direct AMPA receptor
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conductance is only partially present in inspiratory currents, evaluated to be 

approximately only -10% of the total conductance (Pace et al., 2007; Pace et al., 

2008). Therefore it is possible that DAMGO decreases inspiratory current 

amplitude in those neurons (strong tendency of the data) but statistical 

significance can only be reached with a larger pool of data. Second, one must be 

cognisant of the fact that the voltage-clamp recording measurements could have 

suffered from voltage attenuation errors due to poor space-clamp conditions. 

Because of the discontinuous single-electrode voltage-clamp mode used it is 

unlikely that errors in measurements of synaptic currents would have been 

introduced by series resistance. Rather, substantial distortion of synaptic currents 

may have occurred with synapses located on dendrites (Spruston et al., 1993). 

Dendritic Ca2+ transients are hypothesized to contribute to somatic inspiratory 

conductances in preBotC neurons (Morgado-Valle et al., 2008) and synaptic 

recruitment of I c a n  for the inspiratory bursts is believed to take place in the 

dendrites (Pace et al., 2007; Mironov, 2008; Del Negro et al., 2011). Therefore the 

possibility of unclamped remote synaptic events and consequent occlusion of 

DAMGO effects at postsynaptic dendritic sites in those neurons cannot be 

excluded. Third, Rn measurements indicated that DAMGO induces a net decrease 

in Rn in those neurons. Therefore compensation for the decrease in RN should 

unmask a decrease in the inspiratory currents proportional to the decrease in Rn.

In opioid-insensitive cells, the finding that DAMGO induces a significant 

decrease in sPSC frequency but not amplitude suggests a presynaptic effect of 

DAMGO. Although the exact mechanism of this presynaptic effect remains to be 

determined, previous reports have demonstrated that p-opioid receptors are 

negatively coupled to voltage-gated calcium channels in a variety of neuron types 

(Rhim and Miller, 1994; Wilding et al., 1995; Connor et al., 1999; Heinke et al., 

2011). If DAMGO also decreases the frequency of TTX resistant mPSCs, opioid 

receptor activation may also regulate vesicle release machinery at presynaptic 

terminal sites (Heinke et al., 2011). This would be consistent with the 

immunohistochemical data showing punctate expression of p-opioid receptors on 

somata and processes of preBotC neurons. It is therefore possible that p-opioid
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receptors exert their inhibitory action on inspiratory rhythm by suppressing 

vesicle release and/or presynaptic calcium channel influx in presynaptic terminals 

of local neurons (opioid-sensitive cells, expiratory neurons or even non- 

respiratory neurons) or terminals of external inputs (such as raphe obscurus 

neurons). Also in this category of cells, DAMGO induced a significant decrease 

of inspiratory current amplitude without significant change in Rn. The observed 

decrease in the size of inspiratory currents can first be interpreted as a 

consequence of a decrease in synaptic neurotransmission within the inspiratory 

network, similarly to the effect of DAMGO observed in inspiratory XII MNs 

(Lorier et al., 2010). Nervertherless, the possibility of postsynaptic effects of 

DAMGO on endogeneously activated conductances (such as I c a n )  cannot be 

disregarded. In fact, it has been suggested that opioid may inhibit intracellular 

levels of cyclic adenosine monophosphate (cAMP) in medullary respiratory 

neurons (Ballanyi et al., 1997; Manzke et al., 2003). The dynamic interaction 

between intracellular calcium and cAMP may directly or indirectly modulate 

inspiratory currents in preBotC neurons (Shao et al., 2003; Pace et al., 2007,

2008). The results presented in this study suggest that DAMGO decreases 

network-mediated synaptic drive in opioid-insensitive cells, but do not exclude a 

possible postsynaptic action of DAMGO

With respect to the immunohistochemical data, previous work had shown 

that the most commonly expressed p-opioid receptor splice variants in the rat 

CNS were MORI and MORI A (Takida et al., 1997; Colman and Miller, 2001; 

Oldfield et al., 2008). Therefore the MORI a subunit was studied and found to be 

expressed in the preBotC and in the NAc. MOR expression within the NAc had 

been defined in early pharmacological studies as having a major role in the 

cardiovascular actions of opioids (Hassen et al., 1984). Importantly, many of the 

MORla+ cells in the preBotC were also NK1R positive, which is consistent with 

previous studies (Gray et al., 1999; Montadon et al., 2011). The data also show 

that the opioid receptor subtype MOR la  is largely expressed on processes and 

cellular membrane, consistent with the physiological data indicating both pre- and 

post-synaptic effects of p-opioid agonist on preBotC neurons.
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3.4.2 CELLULAR MECHANISMS UNDERLYING THE INCREASE OF 
INSPIRATORY RHYTHM BY AMPAKINES

The in vitro medullary slice model allowed us to study the effect of high- 

impact ampakines on central inspiratory activity. Both ampakines CX614 and 

CX546 are very effective in alleviating DAMGO-induced respiratory drive 

depression in vitro, even when opioid completely abolishes rhythmic activity. 

Those results emphasize the important role of excitatory synaptic transmission for 

preBotC rhythmogenesis. Because ampakines are not agonists, but allosteric 

modulators, these data also imply that an endogenous glutamatergic release 

persists in presence of respiratory drive depression and can be modulated by 

ampakines. High-impact ampakines have the ability to boost respiratory network 

activity in low or inhibited physiological conditions (opioid-induced respiratory 

depression and 3 mM [K+] extracellular conditions). CX546 has been shown to 

potentiate respiratory drive in presence of opioids (Ren et al., 2006). Here, it was 

demonstrated that CX546 can also potentiate weak endogenous respiratory drive.

Ampakines can also increase neuronal inspiratory drive in baseline 

physiological conditions at high enough concentrations. Both inspiratory current 

amplitudes and sPSC frequency on all inspiratory preBotC neurons recorded were 

increased by CX614, suggesting pre- and post-synaptic effects of CX614. Despite 

the lack of miniature postsynaptic event (mPSCs) analysis to complement the 

sPSC data, the results also leave the possibility of endogenously active AMPA 

receptors being present at presynaptic terminals. This represents a major contra

indication for these specific high-impact ampakines to be considered as suitable 

therapeutic drugs against drug-induced respiratory depression because of the 

underlying potential for an undesirable hyperventilation.

Voltage-clamp recordings showed that CX614 can potentiate up to 3-fold 

the AMPA-mediated charge transfer in preBotC respiratory neurons and 

potentiate spontaneously active inspiratory currents, which confirms the 

contribution of AMPA receptors conductance in preBotC inspiratory currents 

(Pace et al., 2007; Pace et al., 2008), but contrasts with whole-cell recordings of
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respiratory hypoglossal motoneurons that have shown no presynaptic effect of 

CX614 (Lorier et al., 2010).

Current-clamp recordings of preBotC neurons have shown that CX546 and 

CX614 can also potentiate inspiratory bursts. Pharmacological isolation of the 

AMPA component of neuronal discharge after blocking synaptic transmission
i

with TTX and calcium-related conductance with Cd unmasked the potency of 

high-impact ampakines: the AMPA-mediated depolarization augmentation 

directly evoked by CX614 is much larger than the potentiation of the spontaneous 

inspiratory depolarization induced by CX614 alone. This suggests that ionic 

AMPA receptor current is only part of the current contributing to the inspiratory 

drive potential. Further, other endogenous conductance(s) may also act to dampen 

ampakines’ direct increase of bursting depolarization.

3.4.3 AMPA RECEPTOR CONDUCTANCE AND PREBOTC RHYTHM

The data demonstrated that high-impact ampakines are capable of 

enhancing synaptic transmission within the preBotC and increasing the magnitude 

of single-cell synaptic currents sufficiently to convert sub-threshold activity 

(caused by DAMGO or low [K+]e) into a robust and long-lasting oscillatory 

activity that propagates throughout the entire neuronal network. More specifically, 

the frequency of interburst spontaneous events was primarily increased by 

ampakines which progressively enhanced postsynaptic inspiratory currents, 

suggesting that the repeated and persistent presynaptic stimulations induced by 

ampakine may increase synaptic efficacy and strengthen active synapses until 

producing a network-wide burst of action potentials. This is in line with the 

“Hebb’s concept” which considers integration of synaptic inputs and increase in 

firing rate among electrically connected neurons as determinant neuronal coding 

schemes that can elicit synaptic coupling, enhance synaptic efficacy and improve 

network wiring (Brown et al., 1990).

Nevertheless, it is important to note that the increase in inspiratory 

conductance induced by ampakines did not result in a proportional increase in
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motor output frequency. For example, CX614 increased the amplitude and area of 

the inspiratory current (2-fold the size of control) at the single-cell level but only 

increased the frequency to ~ 40% of control in baseline conditions. Also, even 

when ampakine effectively accelerated inspiratory bursts subsequent to DAMGO- 

induced respiratory depression, the amplitude and area of inspiratory currents 

reached values well above control values but yet the frequency stayed below 

control values. Thus it seems that the charge transfer increase resulting from the 

potentiation of inspiratory current area and amplitude by ampakine does not 

necessarily lead to a commensurate increase in rhythm frequency. Those results 

were quite surprising and rather unpredictable because the inspiratory current has 

been shown to rely on specific endogenous conductances (mainly calcium- 

activated types of conductances; Del Negro et al., 2005; Pace et al., 2007; Pace et 

al., 2008) that are hypothesized to generate rhythmicity (Rubin et al., 2009; 

Dunmyre et al., 2011). Further, current-clamp data (e.g. Fig. 3.13 and Fig. 3.14) 

showed that ampakines (CX546 in particular) are capable of triggering 

mechanisms that can generate very large and long plateau potentials, accompanied 

by action potential block, two distinct characteristics that strongly support an 

increase of burst-like generating conductances (such as I c a n ) -

Thus, this study suggests that, within the preBotC, the change in amplitude 

of postsynaptic responses may be necessary for promoting inspiratory bursts and 

for the maintenance of a recurrent and synchronized rhythmic inspiratory activity, 

but may not be sufficient to affect burst regeneration and the inspiratory rhythm 

phase itself.

Future work will be directed toward elucidating the effect of ampakines on 

pacemaker neurons of the preBotC. Inspiratory neurons with autonomous bursting 

behaviour that persists in the absence of glutamatergic transmission have been 

reported (Koshiya and Smith, 1999; Pena et al., 2004; Thoby-Brisson and 

Ramirez, 2001). In these cells, inspiratory bursts do not rely on synaptic 

transmission, but rather on intrinsic endogenous properties. Therefore it will be 

interesting to examine how the increase in synaptic transmission gated by AMPA 

receptors may affect intrinsic bursting behaviour.
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Figure 3.1 Local activation of mu-opioid receptors within the preBdtzinger complex 
(preBotC) in in vitro medullary slice preparation of neonatal rat depresses 
inspiratory rhythm.

A. Integrated traces of XII nerve bursts in active medullary slice showing a depression of 
inspiratory burst frequency induced by local application of the mu-opioid agonist 
DAMGO (4 pM; 120 sec duration; n = 7) which can be attenuated by naloxone (4 pM; 30 
sec delay and 120 sec duration). The group data graph below shows the instant and 
pronounced increase in interevent interval induced by local application of DAMGO into 
the preBotC. B. Integrated traces of XII nerve bursts in active medullary slice showing a 
depression of inspiratory burst frequency induced by bath application of the mu-opioid 
agonist DAMGO (400 nM). The depressing effect of DAMGO can be attenuated by local 
application of naloxone in the preBotC (10 pM; n = 5). The group data graph shows 
relative values of XII bursting discharge characteristics during DAMGO application and 
during naloxone locally applied to the preBotC during DAMGO application (* = p < 0.05 
significant different from control; # = p < 0.05 significant different from DAMGO; one 
way ANOVA; n = 5). Average of 5 XII burst integrated traces is used on the right to 
show XII nerve discharge characteristics that are described in the histogram.
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Figure 3.2 Mu-opioid receptor la is expressed in the preBStC of new born rat.
Photomicrographs of a transverse section of the medulla show that, ventral to the nucleus 
ambiguus (NA), some cells and fibres in the preBotzinger complex region are strongly 
immunoreactive for mu-opioid receptor la (MORla). MORla immunostaining was 
performed with diaminobenzidine reaction. A. MORla positive cells are also present in 
the Inferior Olive (IO). The dashed square represents the approximate area of the 
preBotC. MORla is mostly immunoreactive in fibres and somatic membranes (X10). B. 
The image shows the preBotC area at higher magnification (X20). The hypothesis is that 
the subpopulation of intemeurons expressing MORla in the preBotC is responsible for 
the respiratory depression induced by mu-opioid agonist microinjection within the 
preBotC (n = 5).
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Figure 3.3 Expression of MORla, NK1R, and ChAT in a transverse section of the 
medulla in neonatal rat.

A. MORla (in red) is expressed in cells located in the compact formation of the NA and 
in the preBotC area. C. Neurokinin receptors 1 (NK1R, in green) is expressed in the NA 
and preBotC. E. The semi-compact formation of the NA is assessed by the expression of 
choline acetyltransferase (ChAT, in blue) in motoneurons of the NA. G. Overlay of 
MORla, NK1R and ChAT labeling. In the preBotC, MORla colocalizes with NK1R in a 
subpopulation of NK1R+ cells and with ChAT in few motoneurons of the external 
formation of the nucleus ambiguus. However in the NA area, note the absence of MORla 
labeling in the semi-compact formation of the NA (seen at higher magnification in F). 
Scale bar for A, C, E and G is 50 pm. B, D, H. High magnification (X40) images within 
the preBotC are shown in B (MORla), D (NK1R) and H (overlay) where the 
colocalization pattern is seen in yellow. MORla colocalizes with NK1R in a 
subpopulation of NK1R+ cells on neuronal processes and cell membranes. F. High 
magnification (X40) image within the NA showing the co existence of both compact 
(red) and semi-compact (blue) divisions in this picture. Scale bar for B, D, H is 20 pm 
and 25 pm for F. n = 4.
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Figure 3.4 DAMGO differentially affects respiratory neurons of preBotC in in vitro 
medullary slice preparation of neonatal rats.
A, C. The upper traces show whole-cell current-clamp recordings of inspiratory preBotC 
neuron under bath application of DAMGO (400 nM). The bottom traces are suction 
electrode recordings of XII nerve activity concomitant to the intracellular recording 
showing a decrease of inspiratory drive frequency induced by DAMGO. Asterisks on the 
bottom of figure A and C mark the bursts highlighted in figure B and D. B, D. Membrane 
potential and inspiratory drive potential with corresponding XII nerve bursts integrated 
trace are compared just before and during DAMGO bath application effect. The blue arrow 
points out the membrane potential hyperpolarization induced by DAMGO.
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Figure 3.5 Differential effects of DAMGO on inspiratory currents of preBotC 
neurons.

Upper trace is a representative trace of an inspiratory input current obtained from a 
voltage-clamp recording of an inspiratory preBotC neuron in basic physiological 
conditions. A, B. First traces are representative traces of the average of 10 postsynaptic 
events before (left: control) and during (right: DAMGO) bath application of DAMGO, in 
an inspiratory cell categorized as “opioid-sensitive” cell (A) and in a inspiratory cell 
categorized as a “opioid-insensitive” cell (B). Each group data histogram is shown below 
its corresponding representative trace. Group data graphs show normalized values of area, 
amplitude and duration analyzed in inspiratory input currents recorded during DAMGO 
bath application (white for opioid-sensitive cell group or stripes for opioid-insensitive cell 
group). Note that in A, group data show statistic difference only for the area (p > 0.05), 
whereas in B statistical significance is reached for all 3 parameters. * represents p value < 
0.05 for mean values obtained in DAMGO compared to mean values obtained in control 
in a paired Student’s t test. Below, whole-cell I/V relationships obtained before (control 
trace in black) and during bath application of DAMGO (grey trace) in an inspiratory 
preBotC opioid sensitive cell (A) or opioid-insensitive cell (B).
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Figure 3.6 Differential effect of DAMGO on interburst synaptic events in 
inspiratory neurons of the preBdtC.

Example of interburst sPSCs recorded in inspiratory preBotC neurons in voltage-clamp 
configuration. Figure A shows group data of sPSCs recorded in “opioid-sensitive” cells 
and figure B shows group data of sPSCs recorded in “opioid-insensitive” cells. Group 
data graphs show relative values of different parameters of the sPSCs recorded during 
DAMGO bath application (black for opioid-sensitive cells group or stripes for opioid- 
insensitive cells group). * represent a p value < 0.05 for a Student’s t test. Graphs below 
represent cumulative distribution plots of the sPSCs interevent interval recorded in 
opioid-sensitive cells (left) and opioid insensitive cells (right). Note how sPSC interevent 
interval distribution skews toward larger interevent interval in opioid insensitive cells. 
Statistical comparison of the two distribution was done with Kolmogorov-Smimov two 
sample test (p = 0.0013 < 0.01 significance).
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Figure 3.7 Bath application of CX614 alleviates DAMGO-induced inspiratory drive 
frequency depression in in vitro rat medullary slice preparation.
A. Integrated traces of XII nerve bursts in active medullary slice showing a depression of 
inspiratory burst frequency induced by bath application of DAMGO (400 nM) and 
subsequent increase in frequency and amplitude of inspiratory drive. B. The group data 
graph show relative values of XII bursting discharge characteristics in 4 conditions: 
control; DAMGO (400 nM); DAMGO (400 nM) + CX614 (20 pM); wash out (* = p < 
0.05 significant different from control; # = p < 0.05 significant different from DAMGO, 
repeated-measures ANOVA).
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Figure 3.8 Local application of CX614 into the preBotC alleviates opioid- 
induced inspiratory rhythm depression.
The upper trace shows integrated XII nerve bursts recorded from a medullary slice 
preparation in presence of bath-applied DAMGO and subsequent CX614 local 
application into the preBotC. The group data below shows normalized values of XII 
burst parameters under different experimental conditions. * = p values < 0.05 
significantly different from control; # = p values < 0.05 significantly different from 
DAMGO.
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Figure 3.9 AMPA-mediated current load is increased by CX614 in respiratory 
preBdtC neurons.
A. Voltage-clamp recording of an inspiratory neurons of the preBotC in presence of TTX 
showing that currents evoked by local application of AMPA (400 ms) are increased in the 
presence of CX614 (bath); those currents are not affected by subsequent bath application 
of DAMGO. B. Currents evoked by AMPA puff (400 ms; 100 pM) in control (black) and 
in the presence of bath- applied CX614, 20 pM (grey) C. Histogram summary of group 
data (n = 9 (CX614); n = 4 (DAMGO)) showing relative current amplitude and area. (* = 
p values significantly different from control).
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Figure 3.10 CX614 increases the AMPA component of preBotC inspiratory drive 
potentials independently of external calcium.
A. Voltage-clamp recording of an inspiratory neuron of the preBotC in control and in 
presence of TTX showing depolarization evoked by local application of AMPA (100 pM; 
200 ms duration). AMPA-evoked depolarization amplitude was matched to that of 
spontaneous inspiratory depolarizing potentials. B. AMPA-evoked depolarizations are 
first decreased by extracellular Cd2+ and subsequently increased by CX614 (bath). 
Histogram summary of repeated AMPA depolarization amplitudes obtained in different 
conditions (B) are shown on the right.
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Figure 3.11 CX614 alone augments excitatory currents on respiratory preB5tC 
neurons and increasing inspiratory frequency.

A. Representative trace of a whole-cell recording of an inspiratory neuron of the preBotC 
in voltage-clamp configuration showing the increase in inspiratory input currents induced 
by bath application of CX614. B. Representative trace of a voltage-clamp recording of an 
expiratory neuron of the preBotC under bath application of CX614 (20 pM). Note that 
while the expiratory-related outward currents are not affected by CX614, the excitatory 
postsynaptic current amplitude and frequency are largely increased by CX614. C. Group 
data showing inspiratory input current parameters modulated by CX614. * = different 
from control, p < 0.05; one-way ANOVA and Tukey’s post test. D. Group data showing 
tonic spontaneous postsynaptic current parameters modulated by CX614. * = different 
from control, p < 0.05; one-way ANOVA and Tukey’s post test. E. Cumulative 
distribution plots of the sPSCs interevent interval (upper) and amplitude (lower) recorded 
in respiratory cells (Kolmogorov-Smimov two sample test (p < 0.05 significance)).
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Figure 3.12 CX614 effect on preBdtC neuronal postsynaptic activity subsequent to 
DAMGO-induced suppression of inspiratory drive.

A. Voltage-clamp recording of a preBotC inspiratory neuron showing suppression of 
inspiratory input current by DAMGO and the subsequent reversal after CX614 
application. The 'P on each figure shows current-voltage responses for input resistance 
measurements. B. Representative trace of a voltage-clamp recording of an expiratory 
neuron of the preBotC under bath application of DAMGO and subsequent addition of 
CX614 to the bathing medium. Note the large increase in the size of sPSCs induced by 
CX614. C. Histogram of group relative data showing the increase in inspiratory current 
frequency and area induced by CX614 (n = 5; only opioid-insensitive cells were taken for 
this graph. * = p values < 0.05 significant different from control; # = p values < 0.05 
significant different from DAMGO. D. Histogram of group relative data showing sPSC 
frequency and amplitude induced by CX614 (n = 10; # = p values < 0.05 significant 
different from DAMGO). E. Cumulative distribution plots of the sPSC interevent interval 
(upper) and amplitude (lower) recorded in respiratory cells. Note how sPSC amplitude 
distribution skews towards larger amplitude with addition of CX614 in the bathing 
medium (Kolmogorov-Smimov test; p < 0.05).
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Figure 3.13 Allosteric modulation of AMPA receptors by the high impact ampakine 
CX546 increases inspiratory envelope of preBotC neurons in basic physiological 
conditions.
A. Voltage-clamp (upper trace) and current-clamp (lower trace) recording of inspiratory 
neurons of the preBotC showing inspiratory drive depolarizations and input currents 
increased by the high impact ampakine CX546 in baseline physiological conditions. The 
asterisks indicate the inspiratory bursts reproduced at higher magnification in figure B.
B. At the same membrane potential, CX546 enhanced inspiratory-coupled depolarization 
(from 7.6 mV in control to 26 mV in CX546) accompanied by superimposed high 
frequency spikes. Black arrows indicate the period of rapid spiking during the depolarizing 
upstroke followed by a phase of spike attenuation. This spiking block is transient and the 
cell resumes tonic spiking with larger amplitude until burst termination
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Figure 3.14 Ampakine CX546 increases inspiratory currents in weak endogenous 
inspiratory drive.

A. Current-clamp recording of an early-type of inspiratory preBotC cell in which 
inspiratory drive depolarizations and paired inspiratory network activity completely
suppressed by low extracellular concentration of potassium (3 mM [K ]e). Both can
largely be increased by adding CX546 to the bathing medium. Note that CX546 increases 
ectopic bursting behavior at the cellular level before inducing phase-locked bursts 
synchronized with network rhythmic activity assessed by XII burst activity pattern. The 
asterisks indicate the exact inspiratory bursts reproduced at higher magnification in B. 
The grey bars denote the onset of the paired XII nerve burst. Both bursts were recorded at
the exact same membrane potential (-60 mV). CX546 elicits a rapid ramp-like

+

depolarizations in 3mM [K ]e. C. Voltage-clamp recording of an inspiratory preBotC
+

neuron shows that the inspiratory current is increased by CX546 in 3 mM [K ]e. Note that 
the inspiratory currents (C) and inspiratory drive depolarizing bursts (A) have their 
amplitude and duration increased by CX546, which results in an increase in charge 
transfer in inspiratory cells. D. Group data graphs showing the degree of potentiation
induced by CX546 at the cellular level (left and middle panel), as well as the network

+

level (right panel) in 3 mM [K ]
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Figure 3.15 Cyclothiazide reverses DAMGO-induced inspiratory drive 
depression in in vitro medullary slice of neonatal rat.
The upper trace is a representative example of the XII bursts nerve recording during 
DAMGO (400 nM) and subsequent bath application of cyclothiazide (100 pM). The 
lower histogram is a group data graph representing relative values of XII nerve 
characteristics under the different experimental conditions (n = 4). Note the significant 
increase in XII burst frequency produced by cyclothiazide (# = p <0.05 compared to 
DAMGO; ## = p < 0.01 compared to DAMGO; ** = p < 0.01 compared to 
CONTROL; one-way ANOVA with Tukey's post test).
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CHAPTER 4

OPIOID-MEDIATED RESPIRATORY DEPRESSION  

VIA ACTIONS IN THE RAPHE NUCLEUS

My contribution to this study consisted in the planning, execution and analyses of 
electrophysiological recordings as well as the planning and analyses of the anatomical 
results. Immunohistochemical study reported in this chapter was performed by Dr. Wei 
Zhang.
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4.1 ABSTRACT

Respiratory depression is a serious adverse effect associated with opioid 

pain treatment but the mechanisms mediating breathing vulnerability to opioid are 

still poorly understood. Medullary raphe nuclei are known to contain p-opioid 

receptors (MOR) that are targeted by endogenous opioids to relieve pain. Data 

from recent in vitro studies have suggested the existence of inherently active 

excitatory connections between the raphe nucleus and the preBotzinger complex 

(preBotC; Al-Zubaidy et al., 1996; Ptak et al., 2009). It remains unknown to what 

extent opioid, either endogenously or exogenously delivered to the raphe, can 

affect inspiratory drive generated by the preBotC. To investigate this issue, in 

vitro rhythmically active medullary slice preparations containing the RNO, the 

preBotC and hypoglossal nerve roots to record inspiratory drive motor activity 

were used. Local injections of the p-opioid agonist DAMGO in the RNO induced 

a significant decrease in inspiratory frequency to 0.61 ± 0.04 of control. 

Immunohistochemical data revealed that a high density of serotonin and substance 

P positive neurons express MOR in the most ventral part of the RNO, which is 

also the most sensitive area for the DAMGO-induced inspiratory depression. 

More striking was the presence of MOR on almost all substance P positive RNO 

neurons. Whole-cell patch-clamp recordings showed functional MOR and AMPA 

receptors on RNO neurons that receive direct inputs from and project to the 

preBotC; it was shown that DAMGO decreases excitability in respiratory-related 

RNO neurons. Further, increasing AMPA receptor conductance within the RNO 

using the ampakine CX614 significantly alleviated DAMGO-induced inspiratory 

depression. In conclusion, independent MOR activation within the RNO can 

induce a significant inspiratory drive depression in vitro. Cellular mechanisms 

underlying this effect can include inhibition of excitatory 5HT+/SP+ neuron 

excitability, which may result in impairments of synaptic strength in the “RNO- 

preBotC loop”. Since the action of serotonin release is known to play a major role 

during sleep state, the higher risk of sleep apnea detected with the use of opioid 

might be associated with activation of opioid receptors within RNO.
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4.2 INTRODUCTION

Opioid treatment for pain can result in severe, and on occasion, fatal 

respiratory depression. The opioid receptors are present in several important 

respiratory nuclei including the preBotzinger complex (preBotC), the compact 

nucleus ambiguus and the nucleus tractus solitarius (Hassen et al., 1982; Hassen 

et al., 1984; Ding et al., 1996; Gray et al., 1999). The causes of respiratory 

depression induced by opioids are believed to be multifactorial and may combine 

inhibition of respiratory chemoreflexes (Zhang et al., 2009a; 2009b), decrease in 

airways patency (Lorier et al., 2009), inhibition of cortical inputs to brainstem 

respiratory centres (Pattinson et al., 2009) and depression of inspiratory rhythm 

generating network (Manzke et al., 2003; Montandon et al., 2011). The group of 

medullary raphe nuclei is a potential opioid target since it contains neurons 

associated with chemosensitive properties and chemoreflexes (Wang et al., 1998; 

Bradley et al., 2002; reviewed in Hodges and Richerson, 2010; DePuy et al., 

2010), neurons that project to respiratory motoneurons (Manaker and Tischler, 

1993; Lalley et al. 1997; Ptak et al., 2009; Depuy et al., 2010; reviewed in Barker 

et al., 2009), as well as neurons that act endogenously via projections to the 

preBotC (Ptak et al., 2009; Kobayashi et al., 2010; DePuy et al., 2010). Raphe 

nuclei are classically known to be part of the pain descending signalling pathway 

and contain p-opioid receptors (MOR) that are targeted by endogenous opioids to 

relieve pain. Abundant expression of MOR in medullary raphe nuclei has been 

repeatedly confirmed (Ding et al., 1996; Zhang et al., 2009a) and while some 

raphe neurons are inhibited, others are stimulated by opioids (Anderson et al., 

1977; Chiang and Pan, 1985; Heinricher et al., 1994). Nevertheless, the exact 

distribution of functional opioid receptors among the very diverse population of 

medullary raphe remains unknown. To this end, because MOR of medullary raphe 

neurons are involved in the pain descending pathway towards spinal cord pain 

centres (reviewed in Milan, 2002), recent retrograde labeling and 

electrophysiological experiments appropriately described opioid receptor 

distribution among raphe neurons that project to the spinal cord (Marinelli et al.,
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2002; Pedersen et al., 2011). Yet medullary raphe neurons that project to 

respiratory centres have not been systematically studied.

The hypothesis that opioids may induce respiratory depression via the raphe 

is not novel. Microinjections of p-opioid agonists in the raphe magnus induces a 

decrease of breathing and cardiac rate (Heilman et al., 2009; Phillips et al., 2012) 

and attenuates hypoxic ventilator responses (Zhang et al., 2009) in rodents 

through unknown mechanisms. On the other hand, studies in cats have suggested 

that raphe magnus stimulation could induce respiratory inhibition via gamma- 

aminobutyric acid (GABA) signalling (Lalley et al., 1986; Song and Aoki, 2001; 

Cao et al., 2006a, b).

The raphe nuclei are the main source of serotonin (5HT) in the brain but 

depending on the type of receptor it binds to, 5HT may exert an inhibitory or 

excitatory effect on its targets. Hence, it has been proposed that stimulation of 

raphe neurons belonging to the raphe nucleus obscurus (RNO) could abolish 

phrenic nerve activity via Botzinger complex expiratory neurons (Yu et al., 2011) 

through inhibitory 5HTi receptors (Lalley et al., 1997; Manzke et al., 2009). Other 

studies have shown that RNO stimulation facilitates inspiratory drive via 

excitatory connections with the preBdtC (Al-Zubaidy and Greer, 1995; Ptak et al., 

2009); 5HT and substance P released from RNO neurons have been proposed to 

mediate these excitatory effects (Al-Zubaidy and Greer, 1995; Ptak et al., 2009). 

Further, respiratory neurons have been identified within the RNO and were found 

to receive direct projections from the preBotC (Ptak et al., 2009), which led to the 

hypothesis of an endogenous recurrent excitatory pathway that could be referred 

to as the “RNO-preBotC loop”.

Here, we hypothesized that activation of MOR located in the RNO can 

affect inspiratory drive in vitro, independently of MOR located within the rhythm 

generation centre. The present study was designed to i) extend preliminary work 

by examining the modulation of the endogenous excitatory loop between the RNO 

and the preBotC ii) determine mechanisms by which opioids can decrease 

inspiratory activity, and iii) examine the effects of opioids on individual 

respiratory neurons in the RNO.
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4.3 RESULTS

4.3.1 MU-OPIOID RECEPTOR ACTIVATION IN THE RAPHE 
NUCLEUS OBSCURUS CAN DEPRESS INSPIRATORY DRIVE IN  VITRO

Independent action ofp-opioid receptors agonist in the RNO induces a 

delayed inspiratory drive depression in vitro.

To explore the possible action of MOR of the RNO on inspiratory drive, a 

reduced in vitro brainstem slice model isolated from neonatal rats ranging from 

postnatal day zero (PO) to P6 was used. The acute rhythmically active slice 

preparation contains the RNO, the spontaneously active preBotC, and hypoglossal 

(XII) nerve roots for recording online inspiratory drive activity. The specific p- 

opioid receptor agonist [D-Ala (2), N-MePhe (4), Gly-ol]-enkephalin (DAMGO) 

was locally applied to the RNO in medullary slice preparations and inspiratory 

XII nerves discharges were recorded. An analysis of variance (ANOVA) on 

relative mean values of XII burst parameters shows that DAMGO induced a 

significant decrease in XII burst frequency to 0.61 ± 0.04 of control values (p < 

0.01, n = 7; see Fig. 4.1), which corresponds to a decrease of 39.5%. No 

significant effect of DAMGO on XII burst amplitude was found (see Figs. 4.1.A 

and C). The inhibitory effect of DAMGO on inspiratory frequency was only 

observed when DAMGO was applied to the same sensitive area that induced a 

significant increase of the inspiratory drive after a 5 sec microinjection of AMPA 

(100 pM): 2.2 ± 0.3 (p < 0.05, n = 7) of control values (see Figs. 4.1B, C and D). 

Further, the RNO area most sensitive to local applications of AMPA and 

DAMGO was specifically confined within the ventral side of the RNO. The 

diagram in figure 4.IB illustrates XII burst interevent interval against event 

occurrence and eases the comparison between data obtained before, during and 

after local injections of DAMGO into the ventral RNO versus dorsal RNO. As a 

negative control, artificial cerebrospinal fluid solution was microinjected locally 

at the same site of drug injections and no significant change in any of the XII 

nerve burst characteristics (frequency, amplitude, area, duration) was found. In
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some experiments, a solution containing fluorescent beads was included in the 

microinjection pipette to monitor the relative spread of injected solution. The 

onset of the inspiratory frequency increase evoked by AMPA microinjections in 

the RNO started within 5 sec after the beginning of the injection. In contrast, the 

decrease in inspiratory drive frequency following DAMGO microinjection was 

significantly delayed (see Fig. 4.IB). This delay could vary, spanning from 20 to 

240 sec after the end of the microinjection. In the same rhythmic slice 

preparations, local applications of DAMGO within the preBotC were also 

performed and induced a large decrease in XII burst frequency (0.60 ± 0.09 of 

control values; n = 7). However, the decrease in inspiratory burst frequency 

occurred simultaneously with DAMGO microinjections (see Fig. 4 .1.A).

To ensure that the inspiratory frequency decrease was evoked by action of 

DAMGO at the site of injection and not after a diffusion of DAMGO to the 

preBotC, control experiments were performed by injecting DAMGO at an 

equivalent distance of RNO to preBotC. This control site was located dorso 

laterally from the preBotC of the medullary slice preparation, and no XII motor 

output changes were found during and after local injection DAMGO into the 

control site (120 s; 1 pM). This result confirmed that the inspiratory drive 

frequency depression was due to the action of DAMGO within the RNO high 

sensitive area.

DAMGO-induced inspiratory depression is specifically due to p-opioid 

receptors activation.

To verify the contribution of p-opioid receptor activation to the observed 

inspiratory depression, the opioid receptor antagonist naloxone was administrated. 

Local applications of DAMGO into the RNO ventral area in presence of bath 

applied naloxone (1 pM) were performed. XII burst frequency depression by 

DAMGO was significantly attenuated by naloxone (n = 5; p < 0.05; see Fig. 

4.1C), although XII burst irregularity remained after the DAMGO injection., Bath 

application of naloxone (1 pM) did not significantly change the baseline XII burst 

frequency and amplitude, suggesting no alteration in serotonin release at the
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preBotC. Moreover, an alternative selective p-opioid receptor antagonist Cys-Tyr- 

D-Trp-Om-Thr-Pen-Thr-NH2 (CTOP) was administrated in a second set of 

experiments and the results were similar to those obtained with naloxone. 

Concurrent microinjection of DAMGO and CTOP in the ventral side of the RNO 

significantly occluded the DAMGO effect on inspiratory rhythmic motor output 

recorded from XII nerve rootlets (0.68 ± 0.10 of control frequency after DAMGO 

local application, and 0.94 ± 0.08 of control frequency after CTOP + DAMGO 

local application; n = 4; p < 0.05; repeated measures ANOVA), consistent with 

DAMGO specific activation of MOR within the RNO.

4.3.2 DISTRIBUTION OF MU-OPIOID RECEPTORS AMONG 
EXCITATORY AND INHIBITORY RNO NEURONS

RNO distribution of p-opioid receptors amongst 5HT versus GABAergic 

neurons in the ventral RNO.

Immunohistochemical studies were performed on 4 to 8 pm thin transverse 

sections of the medulla in order to assess the distribution of p-opioid receptor 

(MOR) among RNO neurons. The more ventral side of the RNO was the focus 

because it was the most sensitive area of the RNO for eliciting inspiratory 

frequency decrease with DAMGO. Based on previous immunohistochemical and 

electrophysiological work, both GABA (gamma-aminobutyric acid) and 5HT 

(serotonin) are established molecular markers of medullary raphe nuclei 

(Marinelli et al., 2002; Cao et al., 2006b). To identify inhibitory GABAergic 

neurons, the antibody against the GABA-synthesizing enzyme (GAD) was used 

(see Chapter 2 section 2.2.1 for details on the methodology). Figure 4.2 shows 

representative confocal images of sections triple labeled for MOR, 5HT and GAD 

within the ventral RNO. This region of the RNO contained a high number of 5HT 

positive (5HT+) neurons, and less GAD positive (GAD+) neurons. Unlike previous 

immunohistochemical reports from human tissue (Broadbelt et al., 2009), there 

was no colocalization of 5HT and GAD, suggesting that 5HT+ and GAD+ neurons 

are two distinct neuronal populations in the neonatal rat ventral RNO.
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Immunolabeling for MORs was apparent. Based on visual inspection of both 

population of neurons (5HT+ and GAD+ cells), a higher density of MOR+/GAD+ 

cells was observed at a more dorsal level of the RNO, and a higher density of 

MOR+/5HT+ cells was present in the most ventral side of the RNO.

SP+ neurons represent a subpopulation of 5HT+ neurons in the ventral RNO.

Because some RNO neurons express the neuropeptide substance P (SP; 

Holtman and Speck, 1994; Ptak et al., 2009), the distribution of SP+ cells in the 

medullary raphe region was assessed. To evaluate the level of the medulla relative 

to the preBotC, immunolabeling of neurokinin 1 receptors (NK1R), a partial 

surrogate marker for preBotC neuron (Gray et al., 1999; Guyenet et al., 2002; 

Pagliardini et al., 2003) was examined in medullary transverse slices between the 

compact formation of the nucleus ambiguus and the semi-compact division of the 

nucleus ambiguus. Transverse sections of the medulla were serially collected and 

immunoreacted with SP, 5HT and NK1R (n = 3). Figure 4.3 shows a selection of 

confocal images taken at different levels of the medulla acquired at an interval of 

50 ± 10 pm from each other, and illustrates the strong correlation between the 

level of SP+ expression within the RNO and NK1R expression in the ventrolateral 

medulla. Visual inspection of series of medullary sections rostral to caudal to the 

preBotC depicted a high density of NK1R positive cells in the preBotC that 

correlates with a high density of SP+ cells in the RNO. Those data are consistent 

with RNO SP+ neurons being a source of endogenous SP to preBotC neurons. A 

significant portion of neurons in the ventral part RNO were SP+/5HT+ (see Fig. 

4.3). Further, SP+ neurons likely represent a subset of 5HT+ neurons because there 

was no detection of any SP+ neuron without 5HT expression when examining 

transverse slices double stained for 5HT and SP.

Distribution of p-opioid receptors amongst 5HT versus SP neurons in the 

ventral RNO.

Because SP+ RNO neuronal population appeared to correlate with the 

preBotC, the expression of MOR among SP+RNO cells was examined. Figure 4.4
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illustrates the triple labeling MOR/SP/5HT (n = 4). ~89% of SP+ cells within the 

RNO co-expressed MOR. MOR was also expressed in few 5HT"/SP' neurons but 

~76% of MOR+ neurons were SP+. Therefore it is hypothesized that the 

physiological effect of local injections of DAMGO in the RNO was a 

consequence of a combined inhibition of 5HT and SP endogenous release by 

RNO neurons to the preBotC.

4.3.3 DAMGO MODULATES RESPIRATORY RNO NEURONS

RNO respiratory neuronal passive properties.

Previous studies have suggested that RNO neurons may exhibit some 

endogenuous bursting conductances influence inspiratory drive (Pace et al, 2008; 

Milescu et al., 2010). This hypothesis was verified by examining intrinsic and 

spontaneous electrical properties of respiratory-related RNO neurons. As shown 

in Figure 4.5, respiratory RNO neurons have excitatory input currents and bursts 

of action potentials that are cyclic, occurring in a phase locked manner and 

synchronized with XII nerve output activity, consistent with previous finding 

(Ptak et al., 2009). Cell capacitance measurements showed an average of 68 ± 6 

pF (n = 19). In 6 out of 11 respiratory RNO neurons tested, the current response to 

a voltage ramp elicited a large inward rectification, which was abolished by bath 

application of tetrodotoxin (TTX; 0.5 pM), typical of a persistent sodium current 

(INaP; see Fig. 4.5D for illustration of the subtracted leak NaP conductance). 

However, respiratory neurons that were depolarized with injection of DC current 

did not burst, but rather fired tonically (Fig. 4.5B). A potassium outward 

rectification and a hyperpolarizing inward current (Ih) current (see Fig. 4.5E) were 

observed on 1 out of 5 respiratory RNO cells tested.

Effect of DAMGO on intrinsic properties of respiratory RNO cells.

It was observed during voltage-clamp recordings that non-inactivating 

outward currents present in respiratory RNO neurons could be increased by local 

application DAMGO (data not shown because no quantitative analysis could be
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made). However, potassium conductance assessed in voltage-clamp by a series of 

voltage-steps of 10 mV incrementing amplitude up to 150 mV showed varying 

responses among respiratory RNO neurons. Some neurons displayed a delayed 

outward rectifying potassium conductance (which may or may not be an artifact 

of the patch-clamp recording), while other cells displayed a non-inactivating 

potassium conductance of variable amplitude. This variability in current responses 

made it difficult to determine potassium conductance modulation by DAMGO. 

This would have required using specific potassium channel blockers and/or 

outside-out patch-clamp recordings that allow for a better clamp.

Current-clamp recordings of respiratory RNO cells showed that bath 

application of DAMGO induced a loss of action potential firing and a 

hyperpolarization of the membrane potential (4.9 ± 0.7 mV ; n = 3; see figure 

4.6A). Voltage responses to current injections of -100 to +150 pA in 50 pA 

increments were examined to evaluate action potential firing rates and changes in 

voltage threshold in the presence of DAMGO. The voltage threshold was defined 

as the first point of the upstroke of the first action potential (rising rate exceeding 

50 mV/ms; Anderson et al., 1987). Responses to negative current injections were 

analyzed to determine changes in Rn between control and DAMGO conditions. 

Responses to suprathreshold current stimulations were analyzed to compare 

voltage threshold and firing (instantaneous and steady state firing frequency) in 

control versus in DAMGO. As shown in figure 4.6, in presence of bath applied 

DAMGO (400 nM), responsive RNO neurons had a depolarized voltage 

threshold. At comparable repetitive voltage threshold, a RNO neuron displayed 

lower firing frequencies in presence of DAMGO than in control conditions (see 

example in figure 4.6C). The lowered Rn (decreased to 0.66 ± 0.16 of control; 

from 364 ± 84 MQ to 239 ± 58 MO) and increased voltage threshold (-34 ± 3 mV 

in control versus -29 ± 3 mV; n = 3) induced by DAMGO in respiratory RNO 

neurons indicate that DAMGO induces a decrease in excitability in respiratory 

RNO neurons. This effect could partially be reversed by the addition of naloxone 

to the bathing medium (1 pM; see Fig. 4.6C left graph). Examination of 

instantaneous (first two action potential frequency) and steady-state (last action
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potential frequency) firing rates in the different experimental conditions also 

showed that maximum firing rate was reached at lower injected current in 

presence of DAMGO compared to control or DAMGO + naloxone conditions. 

Furthermore, DAMGO limited the range of steady-state spiking responses that 

RNO sensitive neurons could generate, with a loss of steady state spiking at +150 

pA current injection (Fig. 4.6B lower plot). This effect could be reversed by the 

addition of naloxone in the bath.

DAMGO elicits an outward current in RNO cells.

Whole-cell recordings of respiratory-related RNO neurons showed that 6 

out of 8 respiratory RNO neurons recorded in voltage-clamp were sensitive to 

local application of DAMGO. As illustrated in Figures 4.7A and B, voltage-clamp 

recordings of respiratory RNO neurons showed that local application of DAMGO 

induces an outward current of 44 ± 13 pA (n = 6). A net outward current of 33 ± 7 

pA (n = 4) was also recorded in the presence of tetrodotoxin (0.5 pM TTX; see 

figure 4.7B) when DAMGO was briefly (4 pM; 10 s) applied to the recorded cell, 

indicating a postsynaptic effect of DAMGO. DAMGO was also tested on 

randomly patched RNO cells that were non-respiratory related. Note that those 

experiments were not confirmed in TTX. 12 out of 25 non-respiratory RNO cells 

displayed a response to DAMGO either by an outward current in voltage-clamp 

configuration or small hyperpolarization in current-clamp configuration. The 

remainder of the non-respiratory cells showed no response or a depolarization 

upon DAMGO application. In total, when combining results from current and 

voltage-clamp configuration recordings, 11 out of 19 respiratory RNO cells 

responded to DAMGO, with a decrease of Rn of 35% with DAMGO, a synaptic 

current of 44 ± 13 pA, or a hyperpolarization of 4.9 ± 0.7 mV.

Characterization of RNO neuron response to DAMGO.

In an attempt to characterize neuronal types (presumably 5HT, SP or GAD 

positive cells) that were sensitive to opioids, neurobiotin (0.2%) was included in 

the intracellular solution. The difficulty in this set of experiments was to target
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respiratory RNO neurons from the first single-cell recording attempt and perform 

local applications of DAMGO before fixing the slice in paraformaldehyde. Three 

inspiratory RNO neurons in 3 different slice preparations were recorded. 

Immunohistochemistry showed no single-neuron labeled with neurobiotin. Rather 

a cluster of several interconnected cells was labeled with avidin D (see figure 4.5F 

for example). This may indicate that recorded respiratory raphe neurons were 

electrically coupled with surrounding neurons. Therefore, we could not be certain 

that the recorded respiratory cells displaying an outward current upon DAMGO 

were excitatory (5HT+ and/or SP+) or inhibitory (GABA+) neurons due to the 

potential of gap junction-mediated effects.

4.3.4 AMPAKINE MODULATION OF RNO RESPIRATORY NEURONS 
AND NETWORK

Ampakine CX614 modulates AMPA-mediated currents on respiratory RNO 

neurons.

Whole cell recordings of respiratory RNO neurons in voltage-clamp 

configuration were performed. TTX (0.5 pM) was added to the bath after 

identification of the patched neuron as a respiratory RNO cell. The ampakine 

CX614 was used to test the functionality of AMPA receptors on repiratory RNO 

neurons and their sensitivity to the drug. As illustrated in figure 4.8 the results 

show a significant increase in AMPA-evoked current size by bath application of 

CX614 (20 pM). Specifically, AMPA-induced current amplitude was increased to

2.4 ± 0.4 of control values (p < 0.05; n = 4) and AMPA-induced current duration 

was increased to 1.86 ± 0.22 (p < 0.05; n = 4). These results demonstrate the 

presence of functional AMPA receptors on respiratory RNO neurons and indicate 

that AMPA receptors on these neurons are sensitive to the high-impact ampakine 

CX614.
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Local application of ampakines into the RNO elevates inspiratory drive 

frequency in presence of DAMGO.

The fact that local application of AMPA into the raphe obscurus increases 

inspiratory frequency (Al-Zubaidy et al., 1996) supports the hypothesis that 

endogenous synaptic glutamatergic release within the RNO could influence 

endogenous excitation of the preBotC. XII nerve recordings of active medullary 

slice preparations were performed and the high-impact ampakine CX614 (200 

pM) was applied locally within the RNO. The local injections were specifically 

made where AMPA could produce a marked increase in inspiratory motor output 

frequency, in the ventral side of the RNO. Statistical analysis of XII bursts 

showed that, while AMPA induced a large increase in burst frequency (one-way 

ANOVA, p < 0.001), no significant increase of inspiratory XII burst frequency or 

amplitude (one-way ANOVA, p > 0.05; see Fig. 4.9). The effect of endogenous 

glutamate release was assessed using the competitive blocker of AMPA receptors. 

Local application of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 200 pM) into 

the raphe did not have an effect on inspiratory drive (amplitude nor frequency), 

whereas the same application into the preBotC induced a large decrease in 

frequency of inspiratory activity recording from the XII nerves, similar to 

previous report (Funk et al., 1993). Although this does not rule out the possibility 

of an endogenous release of glutamate into the RNO, the results suggest that 

endogenous glutamatergic release within the RNO may not play any role on the 

inspiratory network in the specific in vitro conditions used. These data raised the 

possible interpretation that AMPA receptors are expressed on both inhibitory 

(GABAergic) neurons and excitatory (5HT) RNO neurons, and that their effects 

are cancelled.

To test whether ampakine action within the RNO could reduce DAMGO- 

induced inspiratory drive depression the experiment was repeated in the presence 

of bath applied DAMGO. As shown in Figure 4.9B, local applications of CX614 

in presence of DAMGO induced no change in XII burst amplitude. However, 

CX614 produced a significant increase in frequency when applied to the RNO 

(3.6 ± 0.4 burst/min in DAMGO versus 6.6 ± 0.7 bursts/min during CX614
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injection)( n = 7; p < 0.05). In the same preparations CX614 also produced a 

significant increase in burst frequency when it was applied to the preBotC (3.5 ± 

0.1 bursts/min during DAMGO bath application versus 8.4 ± 1.0 bursts/min 

during CX614 injection). The amplitude was not increased by CX614. Although 

the potentiation of inspiratory burst frequency by CX614 seemed stronger than the 

one induced by CX614 injected in the preBotC (frequency (CX 614 m p b q  was not 

different from control frequency, whereas frequency ( c x 6 i 4  in r n o > was), there was 

no significant difference between frequency ( c x 6 i 4  in r n o ) and frequency < c x 6 i4  in p b c > 

(p > 0.05).
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4.4 DISCUSSION

The main finding of this study was that p-opioid receptor activation within 

the raphe nucleus obscurus (RNO) results in a significant depression of 

inspiratory rhythm in vitro. This strengthens the case for the RNO being an 

important site contributing to opiate-induced respiratory depression. The 

immunohistochemical data demonstrates that p-opioid receptors are expressed on 

processes and somatic membranes of RNO neurons. Importantly, a majority of p- 

opioid receptor positive (MOR+) neurons of the RNO are excitatory neurons that 

co-express 5HT and substance P. MOR+ neurons are located in the ventral part of 

the RNO, which is the RNO most sensitive site to DAMGO injection.

Whole-cell recordings demonstrated that respiratory RNO neurons 

receiving inputs from the preBotC contain functional p-opioid receptors, which 

may underlie the observed respiratory depression by DAMGO. Mechanistically, 

activation of MOR on respiratory RNO neurons induces a post-synaptic outward 

current, a decrease in Rn and a decrease in excitability.

4.4.1 MODULATION OF THE RNO-PREBOTC LOOP BY MU-OPIOID 
RECEPTORS

The electrophysiological evidence provided in the present work 

demonstrate that DAMGO- and AMPA- receptor mediated regulations of 

inspiratory drive by the raphe are restricted primarily to the ventral part of the 

RNO. Those data are consistent with previous studies showing that while 

stimulation of the raphe magnus and dorsal part of the RNO inhibit inspiratory 

motor output activity, stimulation of raphe pallidus and ventral part of the RNO 

facilitate it (Lalley et al., 1986; Song and Aoki, 2001; Cao et al., 2006a, b). 

Therefore, collectively the data support the idea that within the heterogeneous 

neuronal population of the RNO, a functional compartmentalization may exist 

between the dorsal and the ventral region.
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Immunohistochemical staining of MOR showed a predominance of 

somatic expression of MOR within 5HT+/SP+ raphe neurons located at the same 

transverse plane of the medulla as the preBotC. The data support the presence of 

MOR on peptidergic neurons which has also been reported in previous studies 

(Hokfelt et al., 1977). Previous work by Ptak and collaborators demonstrated that 

5HT2A/C, 5HT4A and NK1R antagonists significantly suppress the frequency and 

amplitude increases of inspiratory XII bursts induced by stimulation of the raphe 

obscurus; both in the in vitro medullary slice and in situ preparations (Ptak et al., 

2009). Collectively those findings emphasize the important modulatory role of SP 

and 5HT on inspiratory drive and strongly support the idea that opioids may 

inhibit 5HT and SP release from the RNO neurons that project to the preBotC. 

Similarly, opioids suppress SP release from primary sensory terminals to spinal 

nociceptors (Beaudry et al., 2011; Brodin et al., 1983; Jessell and Iversen, 1977; 

Kondo et al., 2005). If the decrease in SP and 5HT release is the primary cause of 

the indirect inspiratory drive depression by DAMGO, then these data also support 

the idea that SP and 5HT release may counter or at least offset the inhibitory 

effect of DAMGO. This is consistent with a previous study showing that opioid- 

induced respiratory depression was alleviated by 5HT in rodent models (Manzke 

et al., 2003).

Electrophysiological recordings of XII nerve activity demonstrated that the 

specific decrease in inspiratory motor output frequency induced by local 

injections of DAMGO in the RNO was delayed. In contrast, no delayed response 

was observed when applying AMPA to the same injection sites. One 

interpretation could be that, while AMPA can induce a direct release of excitatory 

neurotransmitters to the preBotC, DAMGO might affect presynaptic excitatory 

neurotransmitter released within the RNO. In fact, although part of the RNO 

neuronal projections have been reported to reach XII motor pool (Manaker and 

Trischler, 1993; Peever et al., 2001; Ptak et al., 2009), the DAMGO injections 

performed in the experiments did not yield any significant effect on XII burst 

amplitude. It is noteworthy that there has been no report of feedback projections 

from XII motoneurons to the RNO, whereas there are for axonal projections from
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preBotC to the RNO (Zagon, 1993; Ptak et al., 2009). Thus, inhibition of 

feedback excitatory synapses from the preBotC to the RNO (Li and Bayliss; 

1998) may represent an additional mechanism of opioid action. Analysis of 

miniature excitatory postsynaptic event through voltage-clamp recordings of 

respiratory RNO neurons in presence of TTX would help address this question.

One alternative explanation regarding the observed delay in DAMGO- 

induced response would be the presence of a “multiple synapse loop”. In fact, in 

some experiments, neurobiotin was added to the internal solution for post-hoc 

verification of localization of patched cell and multiple stained cell bodies (data 

not shown) within the RNO were observed. Although those experiments did not 

serve the purpose of this study, they do suggest that RNO neurons might be 

electrically interconnected. The RNO-preBotC loop might involve multiple 

synapses within the RNO before projecting to the preBotC, and presumably 

opioid sensitive cells of the RNO may not project directly to the preBotC.

4.4.2 POTENTIAL POSTSYNAPTIC EFFECTS OF DAMGO ON 
RESPIRATORY RAPHE NEURONS UNDERLYING RESPIRATORY 
DEPRESSION

Evidence was provided that opioids can depress inspiratory rhythm through 

the RNO in vitro and has demonstrated functional p-opioid receptors on 

respiratory neurons of the RNO. Two postsynaptic mechanisms are here proposed 

to be involved in respiratory depression induced by p-opioid receptors activation 

of raphe neurons.

The first mechanism involves activation of G-protein coupled inward 

potassium (GIRK) channels induced by Gi/o protein coupled to the p-opioid 

receptor. The data show that DAMGO induces a post-synaptic outward current in 

respiratory RNO neurons. This leads to a hyperpolarization of respiratory-related 

neurons of the raphe which may in turn decrease the release of neurotransmitters 

at the preBotC.

The second proposed mechanism of DAMGO action involves the activation 

of a second messenger signalling cascade that would be triggered by the
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activation of p-opioid receptors and would directly modulate excitatory receptors 

mediating the inspiratory drive. It was noted that excitatory respiratory inputs on 

respiratory raphe neurons were smaller during the DAMGO-induced outward 

current, but could not examine this effect in detail because of small amplitude of 

respiratory input currents in control conditions. Thus, respiratory input currents 

might be depressed by opioid through an inhibition of intracellular cascade 

signalling following activation of p-opioid receptors (such as adenylate cyclase 

activation).

This hypothesis was tested in a separate set of experiments examining the 

effect of forskolin local microinjections to AMPA-mediated currents in voltage- 

clamp recordings of respiratory neurons in presence of TTX. Brief local injections 

of forskolin (10 s) led to an increase in the amplitude of AMPA-mediated 

currents, but brief applications of DAMGO (1 pM) into respiratory RNO cells in 

voltage-clamp mode caused a decrease in AMPA-mediated current amplitude. 

Interpretation of the data were difficult because of the substantial decrease of Rn 

induced by DAMGO, and the fact that continuous Rn measurements during 

AMPA local applications were lacking. Non-K+ channel effects, such as changes 

in phosphorylation of ligand-gated receptor/channel complexes have already been 

reported in the literature (Martin et al., 1997), but longer exposure with the opioid 

agonist was used. An in vivo study using high doses of short acting p-opioid 

agonist exposure has recently shown an inhibitory effect of opioid on 

phosphorylation states of AMPA receptors in spinal C-fiber synapses (Drdla- 

Schutting et al., 2012). Replacing local applications of DAMGO with similar 

strategic pharmacological agents in order to further analyze AMPA-mediated 

responses in RNO neurons might help demonstrate these additional effects.

An Ih current was present in a few RNO cells (but only one respiratory cell). 

A study examining ganglionic neurons has shown that Ih activation depended on 

forskolin-induced adenylyl cyclase activation and that opioids could reverse the 

effect of forskolin on Ih (Ingram and Williams, 1994). Also in rats, opioids were 

also shown to modulate Ih on hippocampal neurons (Svoboda and Lupica, 1998) 

and raphe magnus neurons through kappa-opioid receptors (Pan, 2003). It would
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be interesting to examine whether or not p-opioid receptor activation can 

modulate Ih current on RNO neurons and if this potential effect would play a role 

in the inhibition of inspiratory drive induced by opioids within the RNO.

4.4.3 SUMMARY

Collectively, these data provide evidence for additional cellular mechanisms 

underlying opioid-induced respiratory depression. It was demonstrated that 

opioids may indirectly depress inspiratory rhythm via the ventral RNO in vitro. 

Specifically, immunohistochemical and electrophysiological data can be 

interpreted as demonstrating an opioid-induced inhibition via the “RNO-preBotC 

loop” resulting in a decrease of SP and 5HT excitatory synaptic drive to the 

preBotC.
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Figure 4.1 Local injection of the mu-opioid agonist DAMGO in the most ventral 
part of the RNO decreases inspiratory motor output rhythm in in vitro neonatal rat 
medullary slice.

A. Representative traces of integrated recordings from XII nerve rootlets during local 
application of DAMGO into the preBotC, followed by an injection of AMPA (100 pM) 
in the RNO and DAMGO (1 pM) in the RNO, in the same experimental slice. B. 
Interevent interval means (mean +/- s.e.m) are plotted against XII burst occurrence. Two 
data groups are presented in this graph: XII burst interevent intervals obtained for local 
application of DAMGO injected in the more dorsal sides of the RNO (open circles; n = 
6), and interevent intervals obtained for local applications of DAMGO injected in the 
most ventral side of the RNO (black filled dots; n = 7). Note the effect of DAMGO peaks 
after the termination of the injection. C. Histogram of group relative data (n = 7) showing 
a significant increase of XII nerve burst instant frequency in response to AMPA and a 
significant decrease of XII burst frequency induced by DAMGO local injections within 
the RNO (** p < 0.001 compared to control, *** p < 0.0001; # p < 0.05 compared to 
DAMGO; # # p < 0.001 compared to DAMGO; one-way ANOVA with Tukey’s post test 
comparison on raw values). Note that in presence of naloxone (1 pM) in the bathing 
medium, the effect of local injections of DAMGO in the ventral RNO is significantly 
reduced. D. Schema of the middle part of a slice preparation seen from its rostral side 
indicating drug-stimulation sites (in red). RNO area of high sensitivity to AMPA and 
DAMGO is located in the most ventral part of the RNO (shown in red filled dot). 
Injections made at more dorsal levels of the RNO showed little to no response to either 
AMPA or DAMGO (red open circles).
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Figure 4.2 Mu-opioid receptors (MOR)-expressing neurons of the RNO highly co- 
localize with serotonin (5HT)-expressing neurons in the RNO of P2 rat transverse 
medullary slice.
The RNO contains 5HT (A), GAD (B) and MOR (C) expressing cells. The ventral part of 
the RNO shows a high density of neurons co-expressing 5HT and MOR (arrowheads), 
seen on the lower left picture. The ventral part of the RNO also shows some neurons co
expressing GAD and MOR (F). D. Note that for this picture 5HT is shown in red in 
order to appreciate colocalization between 5HT and MOR. Scale = 50 pm. Note that in 
figure F, 5HT labeling is shown in red to have a better appreciation of 5HT/MOR 
colocalization (n = 3).
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Figure 4.3 Transverse sections of the medulla of P2 rat immunostained for 5HT, 
substance P (SP) and NK1R at different rostral (upper end) to caudal (lower end) 
levels.

A, E, I, M: Overlay of triple labeling of 5HT (red), SP (green) and NK1R (blue) in the 
ventral RNO. Note the high density of colocalization between 5HT and SP particularly in 
figures I and M showing the appearance of a subpopulation of 5HT+ RNO neurons that 
also expresses SP. Figures C, G, K, O show SP positive neurons within the RNO. A-C, 
E-G, I-K, M-O: The number of 5HT+/SP+ RNO neurons increases in sections with a 
higher density of NK1R labeling; corresponding to the level of the preBotzinger Complex 
(preBotC). 5HT+ RNO neurons are distributed along the midline. In figure D the NK1R 
labeling depicts the compact formation of the NA (white), while in the ventrolateral 
region NK1R labeling of figure H, L, P defines the Botzinger Complex (B6tC) and the 
preBotC. Note that RNO neurons do not contain NK1R. Figures D, H, L, P show rostral 
to caudal NK1R labeling within the ventrolateral medulla and provide for an anatomical 
demarcation of the preBotC. Each picture was taken in the same slice corresponding to 
the RNO picture on the left. * are blood vessels artifacts. Scale bar is 50 pm. n = 3.
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Figure 4.4 A subpopulation of serotoninergic neurons in the ventral RNO expresses 
both SP and MOR.
Transverse sections of the ventral medulla immunostained for serotonin (5HT; A), 
substance P (SP; B) and p-opioid receptor (MOR; C). D. Note that for this picture 5HT is 
shown in green in order to appreciate colocalization between 5HT and SP. E. Overlay of 
triple labeling 5HT/SP/MOR. 5HT+/SP+ neurons (D) are almost all positive for MOR (F). * 
= blood vessels. Scale = 50 pm.
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Figure 4.5 Characteristics of respiratory neurons of the RNO in medullary slice 
preparation.

Voltage-clamp (A) and current-clamp (B) recording of a respiratory neuron of the raphe. 
C. Photomicrograph of the patch pipette impaled on a respiratory RNO neuron, located 
on the ventral part of the RNO, just dorsal to the inferior olive (10) and very close to the 
midline. D. The trace shows a current elicited by voltage ramp command (see framed 
protocol on the top left of the graph) from a holding potential corresponding to resting 
membrane potential under regular in vitro conditions. Note the presence of a rectifying 
inward conductance. Bath application of tetrodotoxin (TTX 0.5 pM) was used to detect 
TTX-sensitive persistent sodium conductance ( INap) shown in grey. E. Hyperpolarization- 
activated inward current (Ih) isolated by hyperpolarizing steps (bottom framed protocol) 
delivery. F. Post-hoc anatomical photomicrograph obtained after electrophysiological 
recording of a respiratory neuron of the RNO filled with neurobiotin. Note multiple 
neurobiotin-filled neurons (coupled with avidin D and reacted with diaminobenzidine) 
after one single intracellular recording.
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Figure 4.6 DAMGO decreases excitability of respiratory-related RNO neurons.

A. Whole-cell current-clamp recording of a respiratory related RNO neuron in control, 
DAMGO bath application (400 nM) and with added naloxone (1 mM) to bathing 
medium. B. The respiratory RNO neuron was kept at their resting membrane potential 
and depolarizing steps were evoked by brief current steps (see respective current steps on 
the bottom of the figure). The traces show depolarizations elicited by current steps under 
control conditions (upper) in presence of DAMGO (lower). Vmax corresponds to the 
maximum voltage threshold reached by that particular neuron in control. Note the voltage 
threshold widening in presence of DAMGO. On the left, graphs show action potential 
(AP) firing frequency plotted against time during the sustained depolarizing current 
injection based on data shown on the right. Note the alteration of instantaneous 
suprathreshold excitability produced by DAMGO. In the presence of DAMGO the cell is 
loosing capability to produced steady-state action potentials during high (+150 pA current 
injection) sustained depolarization. C. First graph (left) shows lower firing frequencies 
obtained in the same neuron during sustained depolarizing step at comparable voltage 
threshold in control (black) versus DAMGO (grey). Graph on the right shows 
subthreshold membrane polarizations plotted as a function of the injected currents. Note 
the decrease in the curve slope associated with the Rn change induced by DAMGO, and 
its partial reversal by naloxone. The * indicates when the firing threshold had been 
attained (black for control; grey for DAMGO; circle for DAMGO + NALOXONE). Note 
the increase in voltage threshold induced by DAMGO which is subsequently attenuated 
by naloxone. The voltage responses to negative current steps are shown in the middle 
panel.
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Figure 4.7 Postsynaptic effect of DAMGO on RNO neurons.
A. Representative trace of a voltage-clamp recording of a RNO respiratory neuron and its 
current response to a local application of DAMGO (1 pM; 10 s; n = 6 ). Mu-opioid 
receptor activation by DAMGO leads to a reversing outward current. Note the decrease in 
respiratory input current amplitude upon DAMGO suggesting an additional inhibitory 
effect of DAMGO on excitatory postsynaptic events. B. Representative trace of a voltage- 
clamp recording of a respiratory neuron in presence of TTX (0.5 pM). DAMGO-induced 
outward current is reproduced in TTX (n = 4). Hyperpolarizing voltage steps were given at 
the same time. The IP on each figure shows current-voltage responses for input resistance 
measurements. C. Summary histograms of the outward current amplitude obtained from 
respiratory RNO neurons with and without the presence of TTX in the bathing medium. 
The histogram on the right shows a summary of total number of recorded RNO cells (R = 
respiratory; NR = non-respiratory) that responded to DAMGO either by an outward 
current in voltage-clamp recording, or a membrane hyperpolarization in current-clamp.
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Figure 4.8 Respiratory raph£ neurons contain functional AMPA receptors which 
conductance can be modulated by the high-impact ampakine CX614.
A. Whole-cell recording in voltage-clamp configuration in presence of TTX (0.5 pM) 
shows the presence of functional AMPA receptors in respiratory neuron of the RNO. 
Repeated AMPA puffs (black arrows) were given to the same neuron. The AMPA- 
mediated currents were increased by bath application of CX614 (20 pM). The effect of 
CX614 on AMPA-mediated currents starts only 5 min after CX614 exposure and is 
greater after 10 min exposure. B. AMPA-mediated current responses in control (black) 
and in presence of CX614 (grey) are superposed. C. Group data graph shows AMPA- 
induced current parameters that were significantly increased in respiratory neurons of 
the RNO (n = 4). *4* are transients resulting from delivery of TV ramp for input 
resistance measurements.* = significantly difference from control.
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Figure 4.9 Independent action of the ampakine CX614 within the RNO sensitive 
area can increase inspiratory drive frequency in presence of DAMGO.

Integrated traces of XII nerve motor output recorded in a medullary slice preparation are 
shown in different conditions. A. Local application of CX614 into the RNO does not 
affect respiratory drive. Bath application of DAMGO induces a decrease in respiratory 
frequency. Lower trace shows XII nerve activity during bath application of DAMGO. 
Local application of CX614 into the RNO (left trace) is compared to local application of 
CX614 into preBotC. B. Group data showing that CX614 locally applied to the RNO 
does not change respiratory motor output instant frequency, nor amplitude in baseline 
conditions (one-way ANOVA; * = significantly different from control (p < 0.05); ns = 
non significant with p > 0.05; n = 5). C. Group data showing the increase in respiratory 
motor output instant frequency when CX614 is locally applied to the ventral side of the 
raphe obscurus (RNO) versus preBotC (PBC) ( 0  = 7 ) . *  = significantly different from 
control (one-way ANOVA; p < 0.05 * * = p < 0  .0 1 ); # = significantly different from 
DAMGO (one-way ANOVA; p < 0.05). Note that there was no significant difference 
between frequency recorded in CX614 (RNO injection) and frequency recorded in 
CX614 (preBotC injection; p > 0.05).
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CHAPTER 5

CELLULAR MECHANISMS UNDERLYING THE ALLEVIATION OF 

RESPIRATORY DEPRESSION BY LOW IMPACT AM PAKINES

My contribution to this study consisted in the planning, execution and analyses of 

electrophysiological recordings and anatomical results. I initiated and provided the rationale for 

the transfection project in collaboration with Lipton group. I performed the transformation and 

transfection experiments with the assistance of Dr. Wei Zhang in collaboration with the Persad 

Lab. Immunohistochemical and immunocytochemical experiments were performed by Dr. Wei 

Zhang.
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5.1 ABSTRACT

The ampakine CX717 belongs to the low-impact ampakine family of 

compounds and increases synaptic transmission in diverse brain regions. In 

particular, CX717 is very efficient at alleviating opioid-induced respiratory 

depression and apneas in rodents as well as in humans. Although several lines of 

evidence have suggested that CX717 may act centrally by increasing inspiratory 

drive, the exact cellular mechanisms underlying its mode of action are still 

unknown. In order to test CX717 in vitro and define its potential targets, we 

studied spontaneously generate inspiratory activity in neonatal rat medullary slice 

preparations containing the preBotC.

While having no effect on its own, CX717 either bath applied or locally 

applied to the preBotC significantly reversed opioid-induced respiratory 

depression, mimicking in vivo data. Whole-cell recordings of inspiratory preBotC 

neurons showed that CX717 regulation of inspiratory currents and postsynaptic 

events was absent or minimal in baseline conditions. However, when inspiratory 

activity was depressed by DAMGO, CX717 significantly increased inspiratory 

synaptic current amplitude and area. Analysis of postsynaptic AMPA-induced 

currents in the presence of tetrodotoxin showed no significant regulation of 

AMPA -mediated current parameters by CX717 with the exception of an increase 

in charge transfer. Interestingly, CX717 potentiated NMDA-evoked 

depolarizations previously decreased by glycine. Immunohistochemical data 

revealed that the specific NMDA receptor subunit that initiates excitatory 

glycinergic currents is expressed in the preBotC and colocalizes in part with 

neurokinin-1 positive neurons. Glycinergic NMDA receptor expression 

experimental model combined with whole-cell patch-clamp measurements can be 

used to determine the exact physiological substrate underlying CX717 action. 

Collectively, those results provide the foundation for testing a new mechanism of 

inspiratory frequency potentiation induced by the ampakine CX717.
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5.2 INTRODUCTION

CX717 is one of the first low-impact ampakines developed for clinical use. 

CX717 received particular interest because it showed efficacy as a potential 

cognitive enhancer in studies using rodent and primate models (Porrino et al., 

2005; Wesenstein et al., 2007; Boyle et al., 2011; Zheng et al., 2011). After 

showing the efficacy of the high-impact ampakine CX546 in counteracting 

opioid-induced respiratory depression (Ren et al., 2006), Ren and colleagues 

extended their systematic study on young and adult rats using CX717. They 

demonstrated that CX717 counteracted severe opiate-induced respiratory 

depression without suppressing analgesia when delivered pre-, concomitant with, 

or post-opioid administration (Ren et al., 2009). This led to a collaborative clinical 

study demonstrating that CX717 could prevent opioid-induced respiratory 

depression without affecting analgesia in humans (Oertel et al., 2010), 

establishing proof of concept for considering CX717 as a safe and selective 

alleviator of respiratory depression.

It has been reported that CX717 may act postsynaptically on AMPA and 

glutamate mediated currents in respiratory XII motoneurons of neonatal rodent 

slices (Lorier et al., 2010) and in isolated hippocampal synaptosomes of adult 

rodents (Parameshwaran et al., 2006; Kariharan et al., 2008). However, insights 

derived from experimental work describing the exact cellular mechanisms 

involved in the CX717-induced increase of inspiratory rhythm per se are still 

lacking. Ultimately, the identification of cellular mechanisms underlying 

ampakine potentiation will help further develop relevant pharmacological 

interventions to alleviate respiratory depression and apneas. We hypothesized that 

the effect of CX717 on inspiratory rhythm was due to its direct action on the 

inspiratory rhythm generator, the preBotzinger complex (preBotC; Smith et al., 

1991) and therefore focused the analysis of CX717 mechanisms of action on the 

preBotC, with the objectives of i) determining where CX717 acts, ii) identifying 

what type of receptor(s) it binds to in order to exert its effect, iii) understanding 

how it modulates inspiratory drive.
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The ampakines CXI 763 and CXI 739 belong to the third generation of low- 

impact ampakines, which are more potent and safer than previous ampakine 

compounds. CXI739 has been recently protected under US Patent and is currently 

in Phase II clinical development. Therefore, CX1763 and CX1739 were included 

in the experiments to verify their efficacy in counteracting opioid-induced 

respiratory depression in vitro. CXI942 is the ester pro-drug of CXI763 and was 

designed by Cortex Pharmaceuticals as an ampakine with increased water 

solubility (for intravenous administration). Whether CXI942 can increase central 

inspiratory drive after it has crossed the blood brain barrier was tested by 

assessing its effect in vitro in the active medullary slice preparation and compared 

it with its pharmacological active form CXI763.
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5.3 RESULTS

5.3.1 LOW-IMPACT AMPAKINES ALLEVIATE DAMGO-INDUCED 
RESPIRATORY DEPRESSION IN VITRO

Low-impact ampakines counter respiratory depression in vitro.

The effects of bath application of several low-impact ampakines (CX717; 

CXI763, CXI942; CXI739) subsequent to a sustained respiratory depression 

induced by bath application of the p-opioid agonist D-Ala (2), N-MePhe (4), Gly- 

ol]-enkephalin (DAMGO; 400 nM) were examined using PO-4 medullary slice 

preparations. Figures 5.1 A, 5.13 A and 5.16A show representative examples of the 

effect of bath applications of CX717, CXI763 and CXI739 on the XII rhythmic 

inspiratory activity. Population data generated from medullary slice preparations 

are shown in Figure 5.13B for CX1763 and Figure 5.16B for CX1739. For 

CX717, XII burst frequency relative values were plotted against time in order to 

evaluate the time course of CX717-induced potentiation of inspiratory rhythm, 

compared to the time course of respiratory depression induced by DAMGO alone 

(see Fig. 5. IB). The increase in inspiratory frequency induced by the introduction 

of CX717 in the bathing medium occurred within minutes of CX717 exposure and 

led to an enhancement of frequency reaching up to 0.85 ± 0.35 of control (n = 8 ) 

after 15 minutes of CX717 exposure. Conversely, the decrease in inspiratory 

frequency induced by DAMGO alone reached 0.35 ± 0.03 of control after 30 

minutes of DAMGO exposure (n = 6 ). The CX717 effect diminished within a 

minute of wash out with inspiratory frequency slowly recovering to control within 

approximately 30 minutes. A minimum of 50 pM CX717 was required to induce a 

sustained increase in inspiratory frequency, while newer low-impact ampakines 

only required 25 pM (CXI763) or 40 pM (CXI739). More specific to CX717, the 

net increase of inspiratory frequency could vary markedly depending on the 

degree of DAMGO-induced respiratory depression. Interestingly, CX717-induced 

net increase of inspiratory activity was more potent (and therefore required a
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lesser dose) when DAMGO-induced respiratory depression was more pronounced 

(leading to a complete silencing of inspiratory activity).

CX717 acts in the preB6tC to counter respiratory depression in vitro.

Figure 5.2 shows a representative example of the effect of local application 

of CX717, as well as the population data generated from recordings of 5 

medullary slice preparations (Fig. 5.2B). For this set of experiments, DAMGO 

was first included in the bathing medium at 400 nM to induce a sustained 

respiratory rhythm depression. CX717 (1 mM) was then directly applied to the 

preBotC via steady pressure injection for 120 sec (see section 1 of Chapter 2 for 

details in methodology). Local applications of artificial cerebrospinal fluid (aCSF) 

were performed before or after the local application of each ampakine and did not 

induce a significant change in inspiratory burst frequency. A minimum period of 

10 minutes passed between local applications in order to allow recovery. As seen 

in Figure 5.2B, CX717 microinjections within the preBotC area induced a 

significant increase in XII motor output frequency compared to DAMGO (p < 

0.05), although the frequency at 0.61 ± 0.12 of control stayed significantly below 

control values (p < 0.05; n = 5).

5.3.2 MODULATION OF RESPIRATORY NEURAL CIRCUITRY BY 
CX717 IN BASELINE CONDITIONS

Effect of CX717 bath application on respiratory motor output activity.

The effect of CX717 on baseline endogenous respiratory rhythmic activity 

was examined in vitro. Analysis of XII nerve discharge obtained from 10 

rhythmic medullary slice preparations in 9 mM [K+]e showed no significant 

change in frequency nor amplitude of the bursts when adding CX717 to the 

bathing medium (n = 10; see relative values histogram in Fig. 5.3A; one-way 

ANOVA and Tukey’s post test comparison on raw values). For a complete 

examination of CX717 in vitro, the brainstem spinal cord model was included in 

this set of experiments due to the fact that the preparation contains more
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excitatory inputs that could possibly be targeted by CX717, and it displays a 

robust respiratory activity in low extracellular potassium concentration (3 mM 

[K+]e). Similarly to results obtained with medullary slice preparations, the 

statistical analysis of respiratory nerve output (Cl and C4) obtained from 7 

brainstem spinal cord preparations showed no significant change in frequency nor 

amplitude (n = 7; one-way ANOVA; p > 0.05; see Fig. 5.3B). Note that CX717 

was used at a high concentration (200 pM).

Collectively, these results demonstrated that CX717 does not have any 

significant effect on respiratory frequency or amplitude under baseline conditions 

in vitro.

Whole-cell patch-clamp analysis of respiratory preBdtC neuron activity in 

presence of CX717.

Next, it was determined whether CX717 could modulate single cell 

conductance in standard conditions, independently of the fact that CX717 did not 

appear to have any effect on the frequency of the preBotC oscillatory outputs. 

Figure 5.4A shows a representative example of a voltage-clamp recording of an 

inspiratory preBotC neuron with bath application of increasing doses of CX717 

(50 pM to 100 pM). Population data obtained from 4 inspiratory preBotC cells 

showed no significant effect on amplitude, area or duration of inspiratory input 

currents (Fig. 5.4B). Further, Rn measurements did not show any significant 

effect of CX717.

To verify the possibility of an action on tonic synaptic activity and/or 

transmitter release process, the effect of CX717 on interburst sPSCs was 

analyzed. Note that because those experiments were done in the absence of any 

inhibitory receptor blockers (such as bicuculline and strychnine) and without 

tetrodotoxin in the bathing medium, it cannot be determined whether inward 

synaptic events included in this set of data were excitatory, nor that they reflect 

calcium-independent neurotransmission release. Statiscal analysis on the mean 

values of sPSC parameters of 4 inspiratory preBotC neurons showed no 

significant difference between control and CX717 for none of the parameters
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(amplitude, area, frequency, decay time constant; one-way ANOVA; p > 0.05; n = 

4). As illustrated by cumulative distribution plots in Figure 5.4C, D and E, CX717 

did not have any significant effect on interevent interval of sPSCs (Kolmogorov- 

Smimov two sample test, p = 0.43 > 0.05; n = 5926) or decay time constant of 

sPSCs (Kolmogorov-Smimov two sample test, p > 0.99; n = 6415), but the 

cumulative sPSC amplitude distributions were significantly different 

(Kolmogorov-Smimov two sample test, p < 0.0001; n = 6451). Wilcoxon post-test 

on sPSC amplitude and interevent interval means showed no significant difference 

between control (- 47 ± 5 pA amplitude; 308 ± 78 ms inter-event interval; 16 ± 1 

ms decay time constant) and CX717 (- 47 ± 8  pA amplitude (p = 1 > 0.05); 229 ± 

61 ms inter-event interval (p = 0.155 > 0.05); 15 ± 1 ms decay time constant (p = 

0.125 > 0.05); n = 4). These data suggest that CX717 does not significantly 

modulate tonic synaptic activity on inspiratory preBotC neurons on its own.

We also observed that 4 out of 6  expiratory neurons of the preBotC 

responded to CX717 with an increase in interburst inward synaptic currents. As 

illustrated by cumulative distribution plots in Figure 5.5, CX717 had a significant 

effect on interevent interval of sPSCs (Kolmogorov-Smimov two sample test, p = 

0.036 < 0.05; n = 1341; 3/4 cells) and the amplitude of sPSCs (Kolmogorov- 

Smimov two sample test, p = 0.0005 < 0.05; n = 1132; 3/4 cells), but the sPSC 

decay time constant distributions were not significantly different (Kolmogorov- 

Smimov two sample test, p = 0.14 > 0.05; n = 1315). Note that no significant 

effect of CX717was found on expiratory current (outward inhibitory) frequency 

(n = 6 ). Wilcoxon post-test on sPSC amplitude and decay time constant means 

showed no significant difference between control (- 11 ± 3 pA amplitude; 16 ± 5 

ms decay time constant) and CX717 (- 13 ± 3 pA amplitude (p > 0.05); decay 

time constant 20 ± 4 ms (p > 0.05; n = 3/4 cells). However the interevent interval 

mean was significant decreased by bath addition of CX717 (1539 ± 115 ms 

interevent interval in control versus 974 ± 29 ms inter-event interval in presence 

of CX717; p < 0.05). These data suggest that CX717 alone may modulate tonic 

synaptic activity in preBotC neurons other than inspiratory neurons, although not 

all expiratory neurons were found to respond similarly.
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5.3.3 SINGLE-CELL ANALYSES OF CX717 MODULATION OF 
PREBOTC NEURON ACTIVITY FOLLOWING DAMGO-INDUCED 
RESPIRATORY DEPRESSION

Analysis of inspiratory currents in respiratory preBotC neurons under bath 

application of CX717 following DAMGO-induced respiratory depression.

The effect of bath-applied CX717 on inspiratory input current parameters 

following DAMGO-induced frequency depression was examined. Figure 5.6 

shows representative examples of voltage-clamp recording traces obtained from 

two inspiratory preBotC neurons after bath application of DAMGO (400 nM) and 

subsequent bath addition of CX717 (100 pM). Note that these data include cells 

that responded to DAMGO with a slow outward current (2/6 cells), as well as 

cells “insensitive” to DAMGO (4/6 cells). Repeated-measures ANOVA (followed 

by Tukey’s post test and using raw data) on inspiratory current parameters 

showed that in the presence of DAMGO, bath application of CX717 significantly 

increases frequency and amplitude of inspiratory currents but that the area of 

inspiratory currents was not significantly increased. More specifically, as 

illustrated in Figure 5.6C, the amplitude attained an average of 0.64 ± 0.07 of 

control in DAMGO versus 0.92 ± 0.13 of control in DAMGO + CX717 (n = 6 ; p 

< 0.05) and the frequency attained an average of 0.21 ± 0.08 of control in 

DAMGO versus 0.62 ± 0.09 of control in DAMGO + CX717 (n = 6 ; p < 0.05). 

The area attained an average of 0.44 ±0.14 (DAMGO) and 0.83 ± 0.18 (DAMGO 

+ CX717) of control values (p > 0.05). Those data include cells for which 

DAMGO suppressed the inspiratory currents to zero. Interestingly, it was 

observed that the increase in amplitude of inspiratory currents produced by the 

addition of CX717 tended to be greater when DAMGO completely abolished 

rhythmic activity (as illustrated in Fig. 5.6 A) compared to when DAMGO 

partially decreased activity (as seen in Fig. 5.6B). The low number of cells 

recorded with a complete loss of activity during DAMGO prevented a meaningful 

statistical analysis. But a paired t test between DAMGO and DAMGO + CX717 

data for which DAMGO values were measurable (DAMGO partially decreased 

inspiratory activity) showed a significant increase in the amplitude and frequency

200



of inspiratory currents (amplitude increased from 141 ± 34 pA in DAMGO to 176 

± 25 pA in DAMGO + CX717; p = 0.035 < 0.05; frequency increased from 2.9 ± 

0.7 inspiratory currents (events)/min in DAMGO to 4.87 ± 0.94 events/min in 

DAMGO + CX717; p < 0.001; n = 4). Again no significant effect of CX717 was 

found for the area of inspiratory currents (p = 0.07 < 0.05; n = 4). Those results 

are consistent with a potentiation of the inspiratory amplitude and frequency by 

CX717 when inspiratory preBotC neurons are pre-exposed to DAMGO. However, 

because the area of inspiratory currents was not significantly increased by CX717 

(as opposed to data obtained in Chapter 3 on high impact ampakine CX614 which 

significantly increased the area but not the amplitude of inspiratory currents), 

those data suggest that CX717 potentiation may involve mechanisms that differ 

from the mechanisms underlying CX614 potentiation.

Analysis of interburst synaptic activity of inspiratory preBotC neurons 

during CX717 reversal of DAMGO-induced respiratory depression.

To test the possibility of a CX717 action on tonic synaptic activity in 

presence of DAMGO, one-way ANOVA on the mean amplitude and mean 

frequency of sPSCs on 5/7 inspiratory preBotC neurons recorded in voltage- 

clamp in different experimental conditions was performed (control; DAMGO; 

DAMGO + CX717; washout; see Fig. 5.6D). No significant effect was found on 

any of the parameters (p > 0.05). Comparing the entire distribution of sPSC 

amplitude and interevent interval using a Kolmogorov-Smimov test showed no 

significance between DAMGO and DAMGO + CX717 (p = 0.99 > 0.05 for inter

event interval and p -  0.32 > 0.05 for amplitude, see Fig. 5.6E). Post-test analysis 

with a Wilcoxon paired test on mean of raw amplitude and interevent interval 

showed no significant difference between DAMGO and DAMGO + CX717 (n = 

5; p > 0.05; see Fig. 5.6E). Those results suggest that tonic synaptic activity did 

not contribute to CX717-induced potentiation of inspiratory rhythm in inspiratory 

preBotC neurons. Note that once again, those experiments were done in the 

absence of TTX, bicuculline or strychnine. Therefore action-potential independent 

mechanisms were not assessed in this set of experiments.
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CX717 effects on AMPA-mediated currents.

AMPA receptor conductance plays a major role in rhythmic synaptic 

transmission in the preBotC (Funk et al., 1993; Funk et al., 1995; Shao et al., 

2003) and mediates part of the inspiratory drive to inspiratory preBotC neurons 

(Pace et al., 2007; Pace and Del Negro, 2008). Because CX717 has been reported 

to modulate some characteristics of AMPA receptor conductance kinetics in 

previous studies (Parameshwaran et al., 2006; Kariharan et al., 2008; Lorier et al., 

2010), we examined how CX717 modulates AMPA receptor conductance in 

preBotC neurons.Voltage-clamp recordings of respiratory preBotC neurons held 

at -58 mV in the presence of TTX (0.5 pM) were performed and focal puffs of 

AMPA (100 pM; 400 ms duration puffs) delivered close to the cell to induce 

systematic AMPA-mediated current responses, and the effects of bath application 

of CX717 (100 pM) on postsynaptic AMPA-induced currents obtained from 7 

respiratory preBotC neurons were examined. Figure 5.6 A shows a representative 

trace of AMPA-induced currents on a respiratory preBotC neuron in control and 

in presence of CX717. The group data (n = 7) analysis on means of AMPA- 

mediated current parameters showed no significant alteration in any of the 

parameters of the AMPA-mediated currents (duration (cx7 i7) = 1.2 ± 0.2 of 

control; amplitude (control) = -326 ± 39 pA versus amplitude (cx7 i7) = -351 ± 48 pA; 

rise slope (control) = -179 ± 46 pA/s versus rise slope (CX717) = -150 ± 47 pA/s; decay 

slope (control) = 30 ± 9 pA/s versus decay slope (CX717) = 31 ± 11 pA/s; paired t test; 

p < 0.05), except for the area, which showed a significant increase to 1.2 ± 0.1 of 

control values with a p = 0.0011 < 0.01 (paired t test; see histogram in Fig. 5.7B). 

Those results suggest that CX717 may have an effect on AMPA receptor 

conductance in respiratory preBotC neurons, but that this effect remains minimal 

on the whole-cell scale of synaptic current induced by AMPA puffs. Outside-out 

patch-clamp recordings of preBotC neurons might determine with better precision 

a potential CX717 regulation of AMPA receptors conductance.
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5.3.4 MODULATION OF NMDA RECEPTOR CONDUCTANCE BY 
CX717

Block of NMDA receptors interferes with the CX717 reversal of opioid- 

induced respiratory depression.

NMDA receptors have been shown to drive inspiratory activity in 3 mM 

[K+] in medullary slice preparations independent of AMPA receptors (Morgado- 

Valle and Feldman, 2007). Therefore, effects of CX717 were examined using 

similar strategies. First, CX717 in 3 mM [K+] was examined. XII nerve activity in 

medullary slice preparation was completely suppressed when the extracellular 

concentration of potassium of the bathing solution was lowered from 9 mM to 3 

mM. Subsequent bath application of CX717 (100 pM) re-established inspiratory 

activity frequency and amplitude in 3/5 medullary slice preparations. Then, XII 

nerve recordings were made in medullary slice preparations bathed with an aCSF 

solution containing 9 mM [K ] but no [Mg ] and with increasing concentration of 

the AMPA receptor specific antagonist 2,3-dihydroxy-6-nitro-7- 

sulphamoylbenzo(F)quin-oxaline (NBQX; 2-50 pM) in the bath prior to adding 

CX717. Surprisingly, despite the presence of NBQX, CX717 (100 pM) produced 

a substantial increase of XII nerve amplitude (0.20 ± 0.04 of control in NBQX to 

0.44 ± 0.12 of control in NBQX + CX717) and frequency (10 ± 2 bursts/min in 

control, 8.3 ± 1.0 bursts/min in NBQX; 11 ± 1 bursts/min in NBQX + CX717; n = 

3). However, NBQX at 50 pM bathing concentration eventually led to a complete 

loss of inspiratory activity and the potentiation on inspiratory activity by CX717 

was only transient in 2 out of 3 preparations.

Thus the strategy of examining the CX717 alleviation of DAMGO-induced 

respiratory depression in the presence of bath-application of the non-competitive 

NMDA antagonist dizocilpine (MK801; 20 to 50 pM) was applied. Figure 5.8 

illustrates the results obtained from 7 medullary slice preparations.

MK801 bath applied at 100 pM had a minimal effect on XII nerve activity 

on its own. More specifically, one-way ANOVA on XII burst parameters (in 

control/ MK801/ wash out) showed that MK801 (100 pM) bath application had
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no effect on amplitude, area, duration or frequency of the bursts (n = 7). Paired t 

test analysis between control and MK801 XII bursts parameters showed a 

significant decrease in area and amplitude of XII nerve (area (m k s o i ) -  0.66 ±0.1 

of control; amplitude (mksod = 0.75 ± 0.05 of control; p < 0.05; n = 7), but MK801 

had no effect on the frequency nor duration of the XII bursts (frequency (mksoi) = 

0.86 ± 0.07; duration (mksoij = 0.88 ± 0.08 of control; p > 0.05; n = 7). Those 

results are consistent with previous reports (Funk et al., 1993; Morgado-Valle and 

Feldman, 2007), which showed that blocking NMDA receptors has little to no 

effect on baseline inspiratory drive in vitro.

The group data histogram shown in Figure 5.8B illustrates how CX717 

potentiates inspiratory activity when MK801 is used to block NMDA receptors (n 

= 7/9 slices tested). CX717 significantly reversed inspiratory frequency without 

affecting duration, amplitude or area of XII bursts. The fact that it was difficult to 

obtain robust activity after wash-out when using the cocktail MK801 + DAMGO 

indicated that the combinatorial action of DAMGO and MK801 may have had 

non-specific effects on XII nerve inspiratory activity. Importantly, the bath- 

applied cocktail of DAMGO (400 nM) + MK801 (50 pM) led to a complete 

suppression of inspiratory activity in 2 out of 9 preparations and subsequent 

application of CX717 (100 pM) failed to increase inspiratory activity at all in 

those 2 cases, indicating that MK801 may interfere with CX717 ability to reverse 

severe respiratory depression.

Effect of CX717 on NMDA-elicited depolarizations in preBotC neurons.

The effect of CX717 on NMDA-induced depolarizing potentials in preBotC 

neurons was examined. Current-clamp recordings of preBotC neurons were 

performed in conjunction with application of NMDA-puffs (100 to 200 ms 

duration; 500 pM) to induce depolarizing potentials. CX717 alone induced no 

change in NMDA-induced responses. However, in 4 out of 9 neurons tested, bath 

application of glycine (20 to 40 pM) prior to bath application of CX717 (100 pM) 

significantly decreased the amplitude of NMDA responses (see example in Fig. 

5.9B). In these conditions, the addition of CX717 to the bathing medium
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significantly increased the amplitude of NMDA-elicited depolarizing potentials, 

specifically at hyperpolarized basal membrane potential (Vm < -50 mV). Figure 

5.9D illustrates NMDA-evoked depolarization amplitudes obtained from a 

current-clamp recording of a single preBotC neuron, plotted against different 

holding potentials and obtained in different experimental conditions (control, 

glycine, and glycine + CX717). Conversely, in the remaining 5/9 cells whose 

NMDA responses amplitude were not diminished by glycine, the addition of 

CX717 did not produce any change in NMDA responses (see NMDA responses 

plot Fig. 5.9C). Figure 5.9C illustrates the NMDA-elicited depolarization 

amplitudes obtained at different holding potential in a cell that did not respond to 

CX717. In one experiment, voltage-clamp of an inspiratory preBotC neuron was 

used to examine NMDA-evoked currents. At hyperpolarized holding potentials 

and in presence of glycine (40 pM), CX717 (100 pM) significantly increased 

NMDA-induced currents. Note that those experiments were done in the absence
^  I

of TTX, no change in [Mg ]e was made and 2 out of 9 cells tested were 

inspiratory neurons (the remainder of the cells were non-respiratory neurons). 

Further, it is interesting to note that, while CX717 does not change inspiratory 

activity in baseline conditions, analysis of XII nerve activity exposed to glycine 

and CX717 showed a significant increase in inspiratory frequency by CX717 to 

2.0 ± 0.5 compared to glycine values (n = 6 ; p -  0.02 < 0.05; one-way ANOVA 

with Tukey’s post test on raw data; see relative data graph in Fig. 5.8A).

Conventional NMDA receptors require the release of Mg2+ (via 

depolarization) to function. To date, the only NMDA receptor subtype identified 

as being independent of the holding potential and insensitive to Mg2+ block is the 

NMDA receptor subunit NR3 (Sasaki et al., 2002). This NMDA subunit forms a 

functional receptor when dimerized with the subunit NR1 (Chatterton et al., 

2002). The NR1/NR3 functional receptor binds glycine and/or D-serine and elicits 

a depolarizing current at resting membrane potentials (Pina-Crespo et al., 2010). 

Thus local puffs of glycine (500 pM; 400 ms) and D-serine (500 pM; 300 to 1000 

ms) were applied directly on respiratory preBotC neurons. No responses were 

obtained with D-serine applications and only strychnine (20 pM)-sensitive
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hyperpolarizing responses were observed with glycine. This confirmed the 

presence of strychnine-sensitive glycine receptors on preBotC neurons and more 

importantly indicated that, if NR1/NR3 is indeed present, it must not be expressed 

under a homo-tetramerized form but rather be assembled or co-expressed with 

NR2 subunit(s) which prevents it from responding to glycine (Chatterton et al., 

2002). This is consistent with a previous study that showed a very heterogeneous 

composition of NMDA subunit mRNA present in respiratory preBotC neurons 

(Paarmann et al., 2005).

NR3A is expressed in the preB6tC.

Single-cell reverse transcription polymerase chain reaction study has 

demonstrated the expression of NR3 A subunit gene in respiratory neurons of the 

preBotC (Paarman et al., 2005). NR3A subunit protein expressed in the 

ventrolateral medulla was examined. Diaminobenzidine staining of NR3A showed 

a high density of NR3A-expressing cells in the preBotC region (n = 4), as 

illustrated in Figure 5.10. More specifically, intense NR3A expression within the 

preBotC appears on somata and neurites of fusiform cells. NR3A+ neurons are 

small and their neurites are orientated in the dorsoventral axis similarly to NK1R 

labeling pattern (Pagliardini et al., 2003). NR3A staining was also intense in the 

inferior olive. Triple labeling of transverse medulla sections with acetylcholine 

esterase (ChAT), neurokinin-1 receptor (NK1R; a well-established marker of the 

preBotC region) and NR3A confirmed that NR3A is expressed in the preBotC 

region (n = 3). As seen in Figure 5.11, NR3A+ cells highly colocalize with NK1R+ 

cells within the preBotC. NR3A was also expressed in other medullary structures. 

For example NR3A is present in XII motoneurons and premotoneurons and more 

rostrally, NR3A+ staining could be observed in the compact formation of the 

nucleus ambiguous as well as in the facial nucleus. NR3A staining of the CA1 

region of the hippocampus served as a positive control (Ciabarra et al., 1995; see 

Figs. 5.10C and D). These date support the hypothesis that the subpopulation of 

neurons expressing NR3A in the preBotC represents a functional core of
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distinctive neurons important for the modulation of inspiratory drive in the 

developing and young rodent.

CX717 effects on recombinant glycinergic NMDA receptor currents.

The expression of recombinant protein(s) in primary mammalian cells is a 

common technique used to evaluate the effect of a particular modulator on 

specific receptor subtypes. Since preBotC neurons possess a very heterogonous 

population of NMDA receptors subtypes, HEK293 cells were used to specifically 

express the glycinergic NMDA excitatory receptors that have proven functionality 

when both NMDA receptor 1 (NR1) and NMDA receptors 3 (NR3) subtypes are 

co-expressed (Smothers and Woodward, 2007; 2009). We performed

immunocytochemical studies of HEK293 cells transfected with each 

NR1/NR3A/NR3B subunit cDNA to verify the expression of each protein (NR1, 

NR3A and NR3B). Confocal images obtained from transfected cells expressing 

NR1 and NR3A are shown in figure 5.12. Electrophysiological study assessing 

the functionality of NR1/NR3A/NR3B receptors via whole-cell voltage-clamp 

recordings of successfully transfected HEK293 cells showed repeated inward 

currents in response to glycine puffs (300 to 500 pM; 100 to 300 ms duration) of 

variable amplitude but no response to glutamate puffs (50pM to 100 pM; 100 ms 

duration; Vm = -58 mV; n = 31). While local application of CX717 (1 mM; 10 to 

60 s duration) prior to or during glycine puffs did not change glycine-induced 

currents, data from one transfected cell showed a net decrease in the duration of 

the glycine-induced currents during bath application of CX717 (100 pM; n = 1). 

However this effect seemed to be mainly imparted by a large outward current 

elicited by glycine puffs. Because those results could not be observed using a 

CsCl base internal solution, the outward conductance might be carried by 

potassium ions. Further experiments using bath application of CX717 need to be 

conducted in order to i) repeat and evaluate CX717 effect on glycine-evoked 

current kinetics using K-Gluconate base intracellular solution ii) determine the 

physiological conditions required for the effect to take place, iii) ensure that the 

effect is directly due to CX717 and not due to CX717 diluent (DMSO).
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5.3.5 IN  VITRO ANALYSES OF THE ALLEVIATION OF OPIOID- 
INDUCED RESPIRATORY DEPRESSION BY OTHER LOW-IMPACT 
AMPAKINES

Comparison between CX1942 and CX1763.

Other low-impact ampakines in vitro, including CXI763, were examined 

(see Fig. 5.13). CX1763 is more potent than CX717 since it counters respiratory 

depression in vitro with at least 2 fold less concentration (25 to 50 pM instead of 

50 to 100 pM for CX717). The low-impact ampakine CXI942, which is the pro

drug of the ampakine CXI763, was also tested. CXI942 has been designed to 

have increased water solubility for clinical application purposes. The first step 

was to determine whether or not CXI942 could counter respiratory depression 

after it has crossed the blood brain barrier. Spontaneous rhythmic inspiratory 

activity from XII nerves was recorded from medullary slice preparations and the 

effects of CXI942 in counteracting DAMGO-induced respiratory depression 

examined. Figure 5.14A illustrates one experiment where XII motor output 

frequency was increased by bath application of CXI942 at 25 pM, and further 

increased at 50 pM following DAMGO-induced rhythmic depression. Population 

analysis showed that XII burst frequency was significantly increased from 0.28 ± 

0.04 of control in DAMGO to 0.64 ± 0.06 of control in DAMGO + CXI942 (50 

pM), which stays however significantly lower than control. To compare CXI942 

with its active form CXI763, average relative values of XII burst frequency were 

plotted against time (Fig. 5.15). The slope of potentiation induced by CX1763 was 

higher than the one induced by CXI942. Overall the inspiratory rhythm 

enhancement induced by CXI942 was delayed compared to the one induced by 

CXI763. Because of this delay, respiratory depression induced by opioid was 

more pronounced and lasted longer when using CXI942.

Modulation of in vitro inspiratory rhythmic activity by the ampakine 

CX1739.

CXI739 is the most recent low-impact ampakine to be tested in clinical 

trials. As illustrated in Figure 5.16, the population data showed a significant
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increase in XII discharge instant frequency by CX1739 (Fig. 5.16B). Whole-cell 

voltage-clamp recordings of preBotC neurons were performed in conjunction with 

local application of AMPA to evaluate the modulation of CXI739. As seen in 

group data histogram of Figure 5.16C (n = 5), CX1739 significantly increased the 

area of AMPA-mediated currents to 1.185 ± 0.04 of control values (paired t test 

on raw values; p = 0.0054 < 0.01). The decay time of AMPA-mediated currents 

was also increased to 1.185 ± 0.25 of control values although statistical 

significance was not reached (p = 0.24 > 0.05). None of the other parameters of 

AMPA-mediated currents showed any significant difference compared to control 

mean values. Further recordings and analysis of the CXI739 potentiation of 

respiratory neuron activity and preBotC synaptic transmission are needed to 

confirm those data. Alternatively, it would be interesting to know if CXI 739 can 

also affect other type of glutamatergic currents, such as kainate or NMDA 

receptor conductance.
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5.4 DISCUSSION

The main finding of the present study is the potential for an unexpected 

action of the low ampakine CX717 on NMDA conductance of preBotC neurons. 

On the basis of the electrophysiological results, it is proposed that the CX717 

potentiation of NMDA conductance may be the underlying mechanism by which 

it alleviates opioid-induced respiratory depression.

5.4.1 LOW-IMPACT AMPAKINES AND AMPA RECEPTORS

In contrast to the initial expectations, the data suggest that CX717 has little 

to no effect on AMPA receptor conductance in respiratory preBotC neurons, at 

least under whole-cell recording conditions. Those results are in contrast to the 

results obtained by Lorier et al., 2010 from XII motoneurons (MNs). That study 

examined CX717 reversal of opioid-induced XII MNs activity depression. CX717 

was shown to have a significant effect on AMPA-mediated current area and 

duration. This disparity of results might be explained by the fact that glutamate 

receptor subunit expression may be different between XII MNs and preBotC 

neurons (Ireland et al., 2008). It is possible that CX717 differentially affects 

AMPA receptors subunits and may specifically target AMPA subunits that are 

expressed in XII MNs but absent in preBotC neurons. The second possible 

explanation is that, as it has been proposed before (Morgado-Valle and Feldman, 

2007), the ratio of AMPA/NMDA receptors might be higher in XII MNs than in 

the preBotC. If this is the case, the macroscopic whole-cell modulation of AMPA 

receptors kinetics by CX717 might be more prominent and thus measurable in XII 

MNs than in preBotC neurons. Although CX717 has been employed in numerous 

models as a potential therapeutic tool (Porrino et al., 2005; Wesenstein et al., 

2007; Ren et al., 2009; Boyle et al., 2011; Zheng et al., 2011), it should be noted 

that there have been very few efforts to consolidate knowledge on its putative 

functional interaction and modulation of AMPA receptor subunit kinetics. 

Recombinant expression of AMPA receptor subunits in appropriate models and
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evaluation of the effect of CX717 on different AMPA subtype conductance are 

clearly lacking to fully address and understand this issue.

Previous work also examined the mechanisms of CX717 potentiation of 

synaptic transmission in other brain regions and CX717 effect was analyzed using 

calcium wave measurements in rat hippocampal slices (Hampson et al., 2009). 

Interestingly, NMDA-mediated calcium release was found to be significantly 

increased by CX717. The authors concluded that there was an indirect effect from 

AMPA receptor modulation to NMDA receptor regulation (Hampson et al.,

2009). Because NR3 subunits are also expressed in the rat hippocampus (Ciabarra 

et al., 1995), an alternative interpretation of their results could be considered, in 

accordance with a resulting significant increase of NMDA conductance by 

CX717.

A noteworthy observation is that NR3A and AMPA receptors do share 

some genetic and physiological similarities. NR3A shares approximately 23% of 

sequence homology with AMPA receptor genes, while sharing 27% identity with 

NMDA receptor genes (Ciabarra et al., 1995). Also, both AMPA and NR3A 

conductance have very fast kinetics and have intracellular binding partners that 

participate to their trafficking to the cellular membrane (Dingledine et al., 1999; 

Perez-Otano et al., 2006). Further, 6-cyano-7-nitroquinoxaline-2, 3-dione 

(CNQX) is a pharmacological blocker common to the two receptor types (Honore 

et al., 1988; Yao and Mayer, 2006; Pina-Crespo et al., 2010). All of these 

similarities lend the possibility of any given allosteric ligand (such as CX717) 

designed to bind one receptor type (e.g. AMPA receptor), to interact with the 

other (presumably NR3 subunit).

5.4.2 CX717 AND NMDA RECEPTOR CONDUCTANCE

Our study indicated that CX717 strongly potentiates NMDA-elicited 

responses in preBotC neurons, specifically at hyperpolarized membrane 

potentials. This increase is thought to reflect an enhancement of NMDA 

conductance due to an allosteric negative modulation of NR3 receptor subunit by
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CX717. First, it must be realized that those experiments were not done in the 

presence of TTX; and secondly, there has not yet been a demonstration that 

CX717 indeed increases NMDA-mediated currents in respiratory preBotC 

neurons. Therefore further whole-cell recordings in voltage-clamp mode are 

needed in order to clarify the postsynaptic effect of CX717. Conventional NMDA 

receptors do not conduct current at hyperpolarized potentials because of their 

inherent ion channel block by Mg . For those reasons, the NR3 NMDA receptor 

subunit is a strong candidate for the potential CX717 modulation target and 

glycinergic NMDA receptors may be key neurotransmitters capable of regulating 

inspiratory drive (most probably via intracellular calcium regulation). In addition, 

data from the immunohistochemical study showed that NR3A is strongly 

expressed in the preBotC region and confirmed the exact position of NR3A 

expression in the preBotC by showing its partial colocalization with NK1R 

labeling, which is consistent with RT-PCR measurements of NMDAR subunits in 

respiratory neurons of the preBotC that demonstrated that preBotC neurons 

contain the NR3A gene (Paarmann et al., 2005). Immunohistochemical studies to 

determine how NR3A expression relates with other important markers such as 

somatostatin, somatostatin receptor 2a and Dbxl in the murine model (Gray et al.,

2 0 1 0 ) are currently being pursued.

The NR3A subunit is the most recently cloned NMDA subunit (Sucher et 

al., 1995; Ciabarra et al., 1995) and its physiological significance has only started 

to emerge (Pina-Crespo et al., 2010). Pharmacological studies have shown that 

NR1/NR3A functional receptors are sensitive to glycine, but not NMDA 

(Chatterton et al., 2002). More striking is the dominant-negative influence of 

NR3A on NMDA receptors: co-expression of NR3A in Xenopus oocytes 

expressing NR1/NR2 functional NMDA receptors leads to a decrease in NMDA- 

induced conductance (Das et al., 1998). The depolarizing responses to NMDA 

obtained from current-clamp recordings of preBotC neurons could be decreased 

by glycine (presumably targeting NR1/NR3 subunits) and subsequently be 

restored closer to control values by CX717 at membrane potentials between -50 

and -65 mV. However, it was noticed that at more hyperpolarized membrane

212



potentials the amplitude of the depolarizing NMDA responses went beyond 

control values with CX717, which might indicate a very complex interaction 

between NR3 and other NMDA receptor subunit(s) at hyperpolarized potentials.

Because of the heterogeneity of NMDA subunits expression within preBotC 

neurons (Paarman et al., 2005; Liu and Wong-Riley., 2010), it was difficult to 

directly test CX717 on glycinergic-mediated excitatory NMDA receptors. Thus, 

mammalian model of human embryonic kidney cells (HEK293) that functionally 

express recombinant NR1/NR3 proteins was used. cDNA plasmids of NR1, 

NR3A and NR3B were used that yield sufficient measurable currents induced by 

glycine (Smothers and Woodward, 2007). HEK293 cells were successfully 

transfected with NR1/NR3 subunits and repeatable glycinergic currents obtained. 

However the modulation of the currents by CX717 was not successfully 

characterized. A first potential problem was with the electrophysiological set up 

that is optimized for single-cell recordings in brain slice preparations but not ideal 

for the recordings of dissociated cells. More importantly, the fast exchange drug 

application set-up usually used for those types of experiments might be 

determinant in obtaining fast desensitizing glycinergic currents (Chatterton et al., 

2002; Smoothers and Woodward, 2007; Pina-Crespo et al., 2010). Second, the 

NR1 cDNA used was the subunit N R l-la, which is the NR1 subunit that yields 

less current when expressed with NR3A (Smothers and Woodward, 2009). 

Therefore it might be beneficial to use the subunit NR 1-4 instead of N R l-la  in 

order to obtain larger glycine-induced currents which may help discriminate the 

potential effect of CX717. Two additional effects of CX717 were noticed during 

the voltage-clamp experiments of HEK293 transfected cells. CX717 bath 

application often induced a slow and sustained outward current. Moreover, 

glycine puffs induced substantial outward currents just after the inward current 

induced by NR1/NR3 activation. Although classical glycinergic receptors have 

been found to be endogenously expressed in HEK293 cells, it seems unlikely that 

CX717 would be acting through those receptors. Rather, the observed outward 

currents might be the results of an off-target human-ether-a-go-go (hERG) 

channel activity, quite similar to ofF-targets side effects already reported in
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allosteric modulators of NMDA receptors (Kawai et al., 2007; Mosley et al., 

2009).

5.4.3 A STATE-DEPENDENT POTENTIATION OF INSPIRATORY 
RHYTHM GENERATION BY CX717

It was demonstrated that CX717 reversed opioid-induced respiratory 

depression in vitro by means of the acute medullary slice preparation. Local 

applications of CX717 into the preBotC demonstrated that CX717 is acting in the 

preBotC region to exert its potentiation effect on inspiratory frequency. 

Interestingly, CX717 does not change baseline inspiratory activity. Rather, its 

action seems to be specifically prominent when inspiratory frequency is strongly 

suppressed by opioids conditions. Single-cell analysis of CX717 modulation 

showed that CXI 17 does not affect inspiratory drive on rhythmogenic inspiratory 

cells in baseline conditions. In contrast, inspiratory drive currents were 

significantly increased by CX717 after DAMGO exposure. Moreover CX717 

could also in some cases increase weak endogenous inspiratory drive induced by 

low extracellular potassium concentration. Together those data indicate that 

CX717 is particularly sensitive to low level of activity which strongly suggests a 

type of “state-dependent potentiation” for CX717.

5.4.4 BEHIND THE SCENES: THE PRESENCE OR THE INDUCTION OF 
A GLYCINERGIC SIGNAL?

Another point that deserves further elaboration is the activation of NR3A 

itself. According to the data, CX717 counteracts the action of glycine by inducing 

an increase in NMDA receptors conductance. If CX717 negatively modulates 

NR3A it implies that NR3A must already be active for CX717 potentiation to 

occur. How is opioid promoting NR1/NR3A delivery on neuronal membrane? 

NR1/NR3A functional receptors are known to be very fast desensitizing receptors 

and to be internalized at rest (Perez-Otano et al., 2006). One of the interesting 

features of this receptor is that its endocytosis has been shown to be activity-
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dependent and it undergoes less endocytosis when synaptic activity is at its lowest 

(Perez-Otano et al., 2006). Thus, DAMGO-induced respiratory rhythm depression 

may condition NR3A to be more active. This also supports the data because 

CX717 did not change inspiratory activity at rest, when the putative candidate for 

CX717 target (NR3A receptor) would mostly be internalized.

Further, the electrophysiological data from examining NMDA-elicited 

responses on preBotC neurons showed that CX717 potentiation depended on the 

presence of glycine. In fact, the more pronounced inhibition of NMDA-elicited 

responses obtained by bath-applied glycine, the higher potentiation induced by 

CX717. Thus, glycine seems to be a very important component of CX717 

activation, suggesting that in the reversal of DAMGO-induced depression by 

CX717, endogenous glycine must play a critical role in allowing activation of 

glycinergic NMDA receptors. Because glycinergic neurons do not colocalize with 

NK1R positive cells in the preBotC (Morgado-Valle et al., 2010) but NK1R and 

p-opioid receptors do (data in Chapter 1 of this thesis; Montandon et al., 2010) 

there are reasons to propose that DAMGO does not affect glycine release 

(Montandon et al., 2011), but this is clearly a matter that deserves further 

investigation.
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Figure 5.1 Bath application of CX717 alleviates DAMGO-induced depression of 
inspiratory frequency in in vitro medullary slice preparation.

A. Integrated trace of recording from XII nerve rootlets during bath application of CX717 
and DAMGO. B. Group data graph shows relative values of XII burst frequency against 
time. DAMGO (400 nM) was given to the bath at 0 minutes. In one data group, DAMGO 
is left in the bath for 90 minutes (n = 6 ). Open circles show average instant XII nerve 
frequency with DAMGO treatment only. The other data group shows frequency 
responses to addition of CX717 (100 pM) to the bath from 12 minutes and to wash out 
with bathing solution from 30 minutes (n = 8 ; filled circles). * = significant difference 
between the two data groups (DAMGO versus DAMGO + CX717), impaired t test with p 
< 0.05. The alleviation of DAMGO depression by CX717 is associated with a significant 
increase of inspiratory drive frequency that can reach up 84.68 ± 3.52 percent (relative 
mean ± s.e.m.) of control (grey dotted line). C. Data group graphs showing amplitude, 
area and duration of XII bursts do not change with the addition of CX717 (100 mM) to 
the bath (one-way ANOVA; p > 0.05; n = 7). Each filled circle represents the mean value 
obtained in each preparation. The overall mean for each data group is presented in mean 
+/- s.e.m.
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Figure 5.2 Local application of CX717 into preBotC counters respiratory drive 
inhibition induced by DAMGO.
A. Integrated trace of hypoglossal motor output recorded during DAMGO bath 
application and subsequent local application of the ampakine CX717 (1 mM) into the 
preBotC. B Group data showing the effect of DAMGO and CX717 on different 
characteristics of respiratory motor output. CX717 locally applied to the preBotC 
significantly increases XII burst frequency (* = significantly different from control ; # = 
significantly different from DAMGO; p < 0.05, n = 5).
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Figure 5.3 Bath application of CX717 does not change baseline inspiratory activity 
in in  vitro neonatal rat models.

A. Effect of CX717 bath application in medullary slice preparations. Integrated trace of a 
XII nerve recording showing typical responses to increasing bath concentrations of 
CX717. Group data obtained from medullary slice preparations (n = 10) showing that 
CX717 does not have any significant effect on frequency or amplitude of XII nerve 
activity (one-way ANOVA; p > 0.05). B. Effect of CX717 bath applications in brainstem 
spinal cord preparations. Integrated Cl nerve recording representative of a typical 
response to high concentration of CX717 (200 pM) bath applied in brainstem spinal cord 
preparation. Group data obtained for brainstem spinal cord preparations (n = 7) showing 
that CX717 does not significantly affect frequency or amplitude of Cl/4 activity (one
way ANOVA; p > 0.05).
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Figure 5.4 CX717 alone does not change synaptic input current size nor decay 
kinetics on inspiratory preBdtC neurons.

A. Effect of CX717 bath application in medullary slice preparation. The upper trace 
shows a voltage-clamp recording of an inspiratory neuron of the preBotC at resting 
membrane potential, upon bath application of increasing concentrations of CX717: 
CX717 does not affect inspiratory drive in control conditions; the lower trace represents 
the concomitant recording of the XII nerve output. B. Group data (n = 4) showing 
postsynaptic inspiratory drive current parameters in different experimental conditions. 
There was no significant difference between groups. Cumulative distribution plots of the 
sPSC amplitude (C) interevent interval (D) and decay time constant (E) recorded in 
inspiratory cells (Kolmogorov-Smimov two sample test; significance at p < 0.05). Group 
data graph of spontaneous synaptic event amplitude and interevent interval means are 
shown on the right of the cumulative distribution, and shown below the cumulative 
distribution for the decay time constant. No significant difference between control and 
CX717 was found for any of the 3 parameters of sPSCs (Wilcoxon matched-pairs test; p 
> 0.05; * = p < 0.05).

222



toto
CO

a o

Cumulative probability
Cumulative probability

3

83WQ>3
?CO

O

—k 

8

ro
8

cnS 2-

0> 00 oNO
N)

3
CD
CD
<
CD
3

Decay time constant (ms)

8 8

Interevent interval (ms)

Od

Cumulative probability

01.

O
©u>O-

OiJ

Amplitude (pA)

>

100 pA

Control 
CX717 

(100 
jiM

) 
W

ashout



Previous Page

Figure 5.5 CX717 alone can change excitatory synaptic input currents on expiratory 
preBotC neurons.

A. Effect of CX717 bath application on inward synaptic events. The trace shows a 
voltage-clamp recording of an expiratory neuron of the preBotC at resting membrane 
potential, upon bath application of CX717 (100 pM). Note that no significant effect of 
CX717 was found on expiratory current frequency (n = 6), but a significant effect of 
CX717 on inward synaptic event (interburst sPSC) frequency was found in 3 out of 6 
expiratory cells. Cumulative distribution plots of the spontaneous postsynaptic currents 
(sPSCs) amplitude (B) interevent interval (C) and decay time constant (D) were analyzed 
for the 3 responsive expiratory cells (Kolmogorov-Smimov two sample test; significance 
at p < 0.05). Group data graph of sPSC mean amplitude, interevent interval and decay 
time constant are shown on the right of the cumulative distribution. No significant 
difference was found between control and CX717 for the decay time constant or the 
amplitude of sPSCs (B, D, Wilcoxon matched pairs test (p > 0.05)). However the 
interevent interval distributions were significantly different between control and CX717 
(C; Kolmogorov-Smimov two sample test showed significance (p < 0.05; left panel) and 
Wilcoxon matched pairs test (p < 0.05; right histogram)).
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Figure 5.6 Ampakine CX717 augments inspiratory currents suppressed by DAMGO 
on preBdtC neurons.

A. Voltage-clamp recording of an inspiratory neuron of the preBotC showing a complete 
suppression of inspiratory drive upon bath application of DAMGO followed by 
subsequent partial reversal of frequency and complete reversal of amplitude of inspiratory 
currents by bath application of CX717. B. Voltage-clamp recording of an inspiratory 
preBotC neuron at resting membrane potential showing a partial suppression of 
inspiratory drive upon bath application of DAMGO and subsequent increase of 
inspiratory rhythm by CX717. On both figures the lower trace represents the paired 
recording of XII nerve activity. C. Group data graph (n = 7) showing significant decrease 
in amplitude and area of inspiratory currents by DAMGO and their significant reversal 
induced by subsequent bath application of CX717. D. Summary bar graph of mean ratio 
for the spontaneous postsynaptic current (sPSCs) amplitude and instant frequency (* = 
significantly different from control; # = significantly different from DAMGO; n = 5; one
way ANOVA). E. Cumulative distribution plots of the sPSCs amplitude (upper) and 
interevent interval (lower) recorded in inspiratory cells, in presence of DAMGO, and 
subsequent application of CX717. Statistical analysis of sPSCs shows that CX717 do not 
significantly affect presynaptic activity in inspiratory preBotC neurons after DAMGO- 
induced respiratory depression.
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Figure 5.7 CX717 action on AMPA-mediated currents on respiratory preBdtC 
neurons.
A. Whole-cell voltage-clamp recording of a respiratory neuron of the preBotC is shown in 
control conditions. Repeated AMPA-induced current responses are then shown in presence 
of TTX (0.5 pM bath) and in presence of CX717 (200 pM) in the bathing solution B. 
Superposition of a recorded trace of AMPA-induced current in presence of TTX (0.5 pM 
bath; black) with a recorded trace of AMPA-induced current in presence of CX717 (100 
pM to 200 pM) in the bathing solution (grey). Scale bars are 10 s and 100 pA for B. The 
histogram on the right shows group data (n = 7) of relative values for AMPA-mediated 
currents parameters. * = significantly different from control; p < 0.01; Student’s t test.
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Figure 5.8 Effect of CX717 on respiratory activity after DAMGO-induced 
respiratory depression and in presence of the NMDA receptor blocker MK801.
A. Representative integrated recordings from XII nerve rootlets during bath 
application of CX717 following bath application of a cocktail of DAMGO (400 nM) 
and MK801 (50 pM). B. Group data histogram (n = 7) showing that, in the presence of 
the NMDA receptors blocker MK801, CX717 does not significantly alleviate 
respiratory drive frequency decrease induced by DAMGO (one-way ANOVA on raw 
values;» = significantly different from control;» p < 0.05; * • p < 0.01, # p < 0.05; # #
p<0.01).
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Figure 5.9 NMDA-mediated depolarizing responses are increased by CX717 
following glycine exposure in some preBotC neurons.
A. Group data histogram showing mean ratios (relative to control) of XII nerve frequency 
obtained from 6 medullary slice preparations. In presence of glycine (20 pM bath 
application) bath application of CX717 (100 pM) significantly increases respiratory drive 
frequency. (* = significantly different from glycine; p < 0.05; one-way ANOVA). B. 
Whole-cell current-clamp recording of a preBotC neuron. The figure represents a 
superposition of depolarizing responses to a NMDA puff (500 pM; 100 ms duration) 
obtained at -70 mV holding membrane potential in 3 different conditions: control 
condition (black trace), in the presence o f glycine (20 pM bath; grey trace); and in the 
presence o f combined glycine (50 pM bath) + CX717 (100 pM bath) in red. C, D. 
NMDA-induced potential differences obtained from 2 different single-cell recordings are 
plotted against the holding potential for the 3 experimental conditions. There was a 
depolarizing shift in NMDA-evoked responses when CX717 was added to the bath 
following glycine bath application (C). This shift did not occur when NMDA responses 
were not significantly diminished by glycine (D).
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Figure 5.10 NR3A receptor is expressed in the ventrolateral medulla of 
newborn rats.
A, B. Figure A shows a bright field picture of a transverse section of the ventrolateral 
medulla. The white box highlights, ventral to the nucleus ambiguous, a cluster of 
cells and fibers that are strongly immunoreactive for NR3A in the preBotC region. 
NR3A+ cells are also present in the Inferior Olive. The dashed square in figure A 
demarcates the approximate preBotC region enlarged at higher magnification (X20) 
on figure B for a better distinction of the NR3A expression pattern. NR3A positive 
cells are small sized fusiform neurons. Notice the dendritic NR3A staining orientated 
in dorsoventral axis reminiscent of the NK1R labeling. C, D. Microphotographs of 
NR3A immunoreactivity within the hippocampal formation of P3 rat. Dense NR3A 
labeling can be seen in pyramidal layer of the cornu ammonis (CA1).
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Figure 5.11 Colocalization of NR3A and NK1R is prominent in the preBotC of 
perinatal rat.

A-D. Immunoreactivity for ChAT (A), NK1R (B, E, H) and NR3A (C, F, I) is shown in 
5 pm thin transverse sections of the medulla at the level of the semi-compact division of 
the NA. The preBotC contains a high density of neurons co-expressing NK.1R and NR3A 
(filled arrowheads; G). D and G are overlay images. Note the absence of neuronal co
expression between ChAT and NR3A. D-F. High magnification X40 oil lens images 
show NK1R staining that does not colocalize with NR3A. G-I. NK1R labeling (neurites 
and cellular membrane; H), NR3A labeling (cell bodies; I) and the overlay 
ChAT/NKlR/NR3A. G. Double-labeled cells appear yellow. Scale bars are 50 pm for A 
- D; and 20 pm for E - 1. * pinpoint blood vessels.
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Figure 5.12 HEK293T cells transfected with NR1/NR3A display excitatory 
inward currents in response to glycine puff.
A. HEK293 cells were transfected with NR1 and NR3A cDNAs . Confocal images 
o f successfully transfected cells that express both NR1 and NR3A were taken 18 
hours after transfection. Scale = 10 pm. B. IR-DIC picture of a typical single healthy 
transfected HEK293 cell that was chosen for whole-cell recording (48 hours after 
transfection). Scale = 15 pm C. Whole-cell recording in voltage-clamp configuration 
on a successfully transfected HEK293 cell with NR1/NR3A plasmids can show an 
inward current under puff o f glycine. Scale bar vertical = 20 pA; scale bar horizontal 
= 2 sec.

233



DAMGO CX1763 (25|iM) 5 min

B
O o:

ui O
to O 0.6

< UJ •*> iu d
* 3HIcr:

LU 0.4

n = 6

INSTANT
FREQUENCY

120 s

n = 6 czt DAMGO
CX1763 (25 |iM) 

■n+ CX1763 (50 nM) 
cza WASHOUT

AMPLITUDE

Figure 5.13 CX1763 can alleviate DAMGO-induced suppression of 
respiratory frequency.
A. Integrated recordings from XII nerve rootlets during bath application of 
CXI763 following DAMGO bath application. B. Histograms of group relative 
data (n = 6) graph showing the alleviation of DAMGO depression frequency by 
CXI763 (one-way ANOVA on raw values; * = significant difference from 
control, • p < 0.05; ♦ • p < 0.01; # = significant difference from DAMGO).
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Figure 5.14 CX1942 can alleviate DAMGO-induced suppression of respiratory 
frequency.
A. Representative example of an integrated recordings from XII nerve rootlets during 
bath application of CXI942 following DAMGO bath application. B. Histograms of 
group relative data (n = 10) showing the alleviation of DAMGO-induced decrease in 
frequency by CX1942. Note that the XII burst amplitude stays significantly impaired 
even in presence of CXI942 at 50 pM (one-way ANOVA on raw values; * = 
significantly different from control; • p < 0.05; *» p < 0.01, # p < 0.05; # # p < 0.01).
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Figure 5.15 Comparison between CX1942 and CX1763 counteractions of 
DAMGO-induced inhibition of respiratory rate in vitro.
This graph shows relative values of XII bursts frequency plotted against time during 
the course of an in vitro experiment. DAMGO bath application (400 nM) effect starts 
very quickly; for each group the ampakine is added at 25 pM to the DAMGO 
application after 10 minutes of DAMGO exposure. 20 minutes after, the ampakine 
concentration was increased to 50 pM. Wash out with normal bath aCSF starts at 45 
minutes. Note that the ampakine CXI763 quickly blocks the depressing effect of 
DAMGO and reverse respiratory bursts frequency up to values close to those 
obtained in control. CXI 942 reversal of respiratory depression is delayed compared 
to its active form CXI763.

236



ME
AN

 
+ 

S.
E.

M

DAMGO (400 nM)
CX1739 (40 nM)

120 s

B
O ct:I-
z
oo
oh-
LD
>

§
LUCt

1.5n

■ i  CONTROL 
CZ) DAMGO 
■■ CX1739 
e a  w ash  out

AMPLITUDE FREQUENCY AREA DURATION

C
AMPA

AMPA AMPA

237

343672



Previous Page

Figure 5.16 CX1739 can alleviate DAMGO-induced suppression of inspiratory 
frequency.

A. Integrated recordings from XII nerve rootlets during bath application of CXI739 
following DAMGO bath application. B. Group data graph (n = 6) shows the histogram of 
group relative data showing the alleviation of DAMGO depression by CXI739 (one-way 
ANOVA; * = significant difference from control, # = significant difference from 
DAMGO). C. Whole-cell recording of an inspiratory cell of the preBotC in presence of 
TTX (0.5 pM). AMPA-mediated currents were compared in control (black) and in 
presence of CXI739 (40 pM) in the bathing medium. CXI 739 significantly increased the 
area of AMPA-meditated currents of recorded cells. Scale bars are 10 s and 100 pA for B. 
The histogram on the right shows group data (n = 5) of relative values for AMPA- 
mediated currents parameters. (* = significantly different from control (p < 0.05; 
Student’s t test)).
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CHAPTER 6 REVIEW AND DISCUSSION



The experimental work reported in this thesis was designed to further our 

understanding of opioids and ampakines modulation o f respiratory neuronal 

activity. The first data chapter (Chapter 3) of my thesis had two main goals. First, 

I verified the existence of p-opioid receptors within the preBotC and determined 

the synaptic action of opioids on respiratory neurons of the preBotC. Second, I 

determined how and where positive allosteric modulators of AMPA receptors 

modulate synaptic activity within the inspiratory network. The second project 

(Chapter 4) aimed to define the expression and function of p-opioid receptors on 

the raphe nucleus obscurus that may contribute to breathing depression associated 

with opioid administration. The third project (Chapter 5) initially aimed to 

determine the synaptic actions of low-impact ampakines on respiratory neurons of 

the preBotC, with a focus on CX717. The study subsequently expanded into an 

examination of the “not-so-well-known” glycinergic NMDA receptor subtypes 

that may account for the potentiation of respiratory rhythm by CX717, and 

provides the foundation for examining a previously unexamined receptor in the 

context of respiratory rhythmogenesis.

6.1 MU-OPIOID RECEPTORS OF THE RAT PREBOTC

Previous studies have examined the potential role o f the preBotC in opioid- 

induced respiratory depression (Morin-Surun et al., 1984; Morin-Surun et al., 

2001; Greer et al., 1995) but questions remained about opioid mechanisms of 

action. The study undertaken by Gray et al., 1999 was the first study 

demonstrating the presence of p-opioid receptors (MOR) in preBotC neurons by 

means of ixnmunohistochemical and electrophysiological analyses. This was 

followed by an important study demonstrating a strong respiratory depression 

after microinjection of a p-opioid agonist specifically into neurokinin-1 receptor 

(NKlR)-expressing preBotC nuclei of anaesthetized adult rats (Montandon et al., 

2011). Both studies led to two fundamental conclusions: p-opioid receptors and 

NK1 receptors are co-expressed in the same cells and p-opioid agonists 

hyperpolarize inspiratory neurons of the preBotC. However, there remains some

244



controversy as there have been reports stating that preBotC neurons do not 

express MOR (Ballanyi et al., 2010). In this thesis the data demonstrated that i) p- 

opioid receptors 1A (MORla) are expressed within the preBotC, ii) there is some 

colocalization between MORla and NK1R in the preBotC and the nucleus 

ambiguus (NA) compact division, and iii) some preBotC neurons have functional 

postsynaptic MOR, and others undergo a significant decrease in the frequency of 

the spontaneous tonic synaptic events when exposed to DAMGO.

Local injections of DAMGO within the preBotC in medullary slice in vitro 

were performed and MOR activation in the preBotC not only induced a decrease 

in inspiratory frequency but also caused some changes in the bursting pattern (e.g. 

decrease of inspiratory burst duration). Importantly, naloxone microinjections 

within the preBotC could block the respiratory depression induced by DAMGO. 

These results suggest that opioid action on the central inspiratory pattern 

generator affects both rhythm frequency and strength of the inspiratory drive.

In the immunohistochemical study, motoneurons of the semi-compact 

division of the NA (characterized by high immunoreactivity for ChAT) were 

rarely positive for MORla, while neurons of the compact division of the NA were 

highly immunoreactive. The semi-compact division of the NA contains mainly 

pharyngeal motoneurons whose axons travel through the glossopharyngeal nerve 

and the pharyngeal ramus of the vagal nerve. The compact division of the NA 

(NAc) contains mainly densely aggregated vagal motoneurons (Bieger and 

Hopkins, 1987) comprised of cardiac or pulmonary projecting neurons with 

inspiratory electrophysiological pattern (McAllen and Spyer, 1978). At the 

transversal plane of the preBotC, MORla+ NAc neurons did not stain for ChAT 

which seems to corroborate with some atypical catecholaminergic vagal neurons 

that also failed to stain for tyrosine hydroxylase (Blessing et al., 1985). Our data 

therefore reinforce the heterogeneity in the neuronal organization of the NA and 

support the subdivision of the NA into functionally distinct compact and semi

compact compartments that both coexist in the medullary transversal plan of the 

preBotC.
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More directly related to opioid action on inspiratory drive, the 

immunohistochemical study also indicated that MORla is strongly expressed in 

the axon hillock, neurites, and somatic membrane of preBotC neurons, suggesting 

that MOR are located in key postsynaptic sites. Whole-cell recordings of 

respiratory preBotC neurons demonstrated a heterogeneous synaptic response and 

sensitivity to the p-opioid agonist DAMGO. MOR activation by DAMGO 

resulted in a decrease in Rn and elicited an outward current in a subpopulation of 

inspiratory cells, yet no significant effect on inspiratory current amplitude was 

seen. In other inspiratory cells, no postsynaptic effect of DAMGO was observed 

but there was a decrease in interburst spontaneuous activity, similar to the 

response of XII motoneurons to DAMGO (Lorier et al., 2010). In contrast, 

expiratory neurons of the preBotC did not respond to DAMGO, and MORla 

immunohistochemistry through the ventrolateral medulla showed no labeling of 

MORla in the Botzinger complex (B5tC), except in few scattered motoneurons of 

the external formation of the NA. Those results correlate with previous in vitro 

studies that have demonstrated that expiratory neurons were resistant to p-opioid 

agonists (Takeda et al., 2001; Mellen et al., 2003), and immunolabeling study that 

also showed an absence of MOR labeling in the BotC (Gray et al., 1999).

Finally, hetero-oligodimerization between MOR and non-MOR has been 

reported (Pfeiffer et al., 2002, 2003). Of particular interest, the p-opioid receptor 1 

(MORI) has been shown to specifically associate with the substance P receptor 

subtype neurokinin-1 receptor (NK1R) (Pfeiffer et al., 2003) or with the 

somatostatin receptor subtype STT2A (Pfeiffer et al., 2002). Those two G-protein 

coupled receptors are expressed in putative rhythmogenic neuronal population of 

the preBotC (as reviewed in Chapter 1). Although the coexistence of MOR, 

NK1R and/or SSTR2A has already been shown in some preBotC neurons (Gray 

et al., 1999; Gray et al., 2010), the possible native oligodimerization between two 

or more of these receptors within the preBotC remains undetermined. Pfeiffer and 

colleagues have demonstrated that the dimerization of MOR1/NK1R and 

MOR1/SST2A resulted in modulation of the phosphorylation, internalization and 

desensitization processes of either dimer where, for instance, the internalization of
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one dimer would entrain the internalization of the other (Pfeiffer et al., 2002,

2003). The idea that a putative heterodimerization between MOR and NK1R in 

preBotC cells could result in the alteration of spontaneously generated or evoked 

respiratory signals within the preBotC is intriguing. The analysis of MOR/NK1R 

preBotC double-immunolabeling with macroscopic confocal images did not 

provide the resolution necessary to answer that question, but it does support the 

idea of oligodimerization between MOR and NK1R in preBotC neurons. As seen 

in Figures 3.3B, D and H in Chapter 3, MOR1A and NK1R are intimately 

expressed in the same cellular compartments. The prospect of such interactions 

(i.e. MOR1/NK1R) within a subpopulation of critical preBotC neurons and their 

possible physiological outcome on neural control of breathing merits future 

investigation. For this purpose, the use o f non-internalizing versus internalizing p- 

opioid-agonists (such as herkinorin and DAMGO respectively; Xu et al., 2007) 

combined with the use of fluorochrome compounds conjugated with MOR agonist 

could facilitate that research.

6.2 RAPHE OBSCURUS INFLUENCE ON RESPIRATORY 
NETWORK ACTIVITY

The use of reduced preparations such as the neonatal rat medullary slice 

preparation is well-suited for measuring single-cell electrophysiological activity 

and pharmacological analysis. However, the fact that in vitro preparations are 

only viable in neonates and are isolated from their normal environment and 

synaptic connectivity raises limitations to data interpretation. The fact that the 

activation of MOR within the raphe may be limited to in vitro conditions and/or 

early developmental stages cannot be excluded. For instance, tryptophan 

hydroxylase and serotonin transporter expression in rat raphe nuclei and neuropile 

of preBotC declines significantly from P12 onward (Liu and Wong-Riley, 2010). 

Therefore the raphe/preBotC excitatory loop studied in Chapter 4 might be more 

relevant to younger aged animals.
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The contribution of serotoninergic raphe obscurus (RNO) neurons to 

respiratory drive clearly appears to depend on the experimental setting. While 

methysergide maleate, a 5HT[/2 antagonist, can produce severe respiratory drive 

depression when applied to preBotC in rat medullary slice preparation (Ptak et al., 

2009), it does not change baseline breathing of anaesthetized adult mice (Depuy et 

al., 2010). The effects of exogenously applied substance P on inspiratory drive has 

been shown both in vitro (Pagliardini et al., 2005; Ptak et al., 2009) and in vivo 

(Gray et al., 1999), although no data has been derived from blocking NK1R 

within the preBotC. The histological data indicates that SP+ RNO neuronal somata 

are specifically positioned at the same transverse plane as the preBotC which is 

consistent with SP+ RNO neurons being important providers of endogenous SP to 

the preBotC. In addition, data showed that MOR is expressed on somatic 

membranes of most SP+ RNO neurons. Thus, if MOR-induced inhibition was to 

occur on RNO neurons, a decrease in 5HT and SP excitatory input to the preBotC 

would likely follow. It is proposed that the observed delayed respiratory drive 

depression was a consequence of a decrease in endogenous 5HT and SP release 

within the preBotC.

An increasing number of genetic mouse models are associated with altered 

5HT expression. Gata 2 (Craven et al., 2004), Gata3 (Van Doominck et al., 1999), 

Mashl (Pattyn et al., 2004), Lmxlb (Ding et al., 2003) and Petl (Hendricks et al., 

1999) transcription factors have all been shown to play a role in 5HT neuron 

identity. These genetic models have provided insights to the transcriptional 

control mechanisms underlying the development and maturation of neuronal 

circuits, including respiratory networks (Hodges et al., 2009). The data provided 

in Chapter 4 showed that SP+ neurons of the raphe are also crucial for the raphe / 

preBotC excitatory loop, and are part o f 5HT* neuronal population. It would be 

interesting to know if SP+ neurons can still develop in 5HT-related genetic mouse 

models and influence respiratory networks activity in vivo and in vitro.

The role of chemosensitive neurons within the raphe obscurus and their 

potential modulation by MOR was not part of the study. There is still some 

controversy surrounding the notion of putative chemoreceptors with medullary
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raphe nuclei. Based on the fact that isolated medullary raphe neurons have 

intrinsic chemoreception properties in culture (Wang et al., 2001; Bouyer et al., 

2004), Hodges and Richerson (2010) argue that those neurons are chemoreceptive 

to surrounding arterial PCO2 in the whole animal (Bradley et al., 2002; Hodges 

and Richerson, 2010). This view is in contrast to data from a recent study by 

Depuy and colleagues who demonstrated that serotoninergic medullary raphe 

neurons were not responding to PCO2 in mice (Depuy et al., 2010). Accumulating 

evidence supports the idea that in vivo, chemoreceptive properties o f yet another 

population of putative central chemoreceptors (RTN neurons; Mulkey et al.,

2004) depend on discrete communication with their surrounding vascular and pH- 

sensing glia cells in addition to neuronal sensing (Gourine et al., 2010; Guyenet et 

al., 2010). As discussed by Depuy and colleagues (Depuy et al., 2010), if that is 

true for all classes of central chemoreceptors such as raphe neurons, then culture 

models devoid of vascular and glia cells should not be capable of responding to 

chemoreception challenges the same way that they respond in vivo. Further, 

central serotoninergic neurons have recently been shown to mediate arousal 

responses to hypercapnia (Buchanan and Richerson, 2010) and MOR activation in 

serotoninergic neurons might lead to a decrease in hypercapnia response (Zhang 

et al., 2009). The “state-dependent central chemoreception” theory states that 

chemoreceptive sites vary in effectiveness depending on the state of arousal (sleep 

state versus wakefulness; reviewed in Nattie, 2001). Overall, future work may be 

directed towards determining whether or not respiratoiy RNO neurons display 

chemosensitive properties, as well as analyzing a potential regulation of those 

chemosensitive features by opioids in relation to arousal state.

Finally, central serotoninergic nuclei have recently been proposed to be 

essential sites for thermoregulation (Ray et al., 2011), although it is not known if 

respiratory-related 5HT neurons are thermo sensors. If raphe 5HT neurons 

actually interact with the inspiratory network as they do in vitro, thermo sensory 

5HT neurons could have a role in integrating sensory inputs onto neuronal 

networks that control inspiratory activity. The clinical relevance of 

thermoregulatory role of medullary 5HT neurons could come into play in
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particular cases such as stroke or brain injury management that can use a 

combination of opioids anesthetics and hypothermia during surgery (Statler et al., 

2003).

6 .3  ALLOSTERIC MODULATORS OF AMPA RECEPTORS 
MODIFY RESPIRATORY NEURON FUNCTION

Whole-cell data in Chapter 3 have suggested a certain difference in 

sensitivity of the respiratory preBotC neurons to allosteric regulation of AMPA 

receptor desensitization and deactivation rates induced by the high-impact 

ampakines versus cyclothiazide. Biochemistry studies examining the molecular 

mechanisms underlying the binding affinity between cyclothiazide, CX614 and 

their respective targets, show that while cyclothiazide is more sensitive to Ser750 

(flip) alternative splicing of AMPA receptors over the Asn-750 (flop) variant 

(Partin et al., 1995), CX614 has a higher binding affinity with the flop variant 

(Arai et al., 2000). This may account for the higher sensitivity of respiratory 

preBotC neurons to CX614 and suggests that those neurons may have a high 

flop/flip AMPA receptors splice variants ratio.

One of the most intringing aspects o f glutamate receptor function is with 

regards to the regulatory domains of their carboxyl termini that have emerged as 

critical endogenous modulators of synaptic transmission. Those regulatory 

domains, like glutamate allosteric modulators, also influence electrophysiological 

properties of the glutamatergic receptors. Regulatory domains are targets of many 

intracellular cytoskeletal (example actin), signaling (such as kinases) and 

regulatory proteins (PDZ domains). Recently, transmembrane AMPA receptor 

regulatory proteins (TARPs) (Chen et al, 2000; Tomita et al., 2003; Priel et al., 

2005; reviewed in Nicoll et al., 2006), comichons proteins (CNIH; Schenk et al. 

2009) and cystine-knot AMPA receptor modulating protein 44 (CKAMP44; von 

Engelhardt et al., 2010) have been identified as auxiliary proteins that fine tune 

the electrophysiological properties of glutamate-gated ion channels by slowing 

(TARPs and CNIH) or accelerating (CKAMP44) deactivation and desensitization
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kinetics. Those proteins change the pharmacological properties of AMPA 

receptors (Tomita et al., 2006; Zhang et al., 2006; Kato et al., 2010; Gill et al., 

2011). In particular, the ampakine CX546 was found to exert different degrees of 

modulation of AMPA receptor kinetics within different brain regions, depending 

in part on native TARP expression (Montgomery et al., 2009). Similarly, CX614 

modulation of AMPA-mediated kinetics in respiratory raphe neurons differs from 

that in respiratory preBotC neurons. CX614 increased primarily the duration and 

eventually the amplitude of AMPA-mediated currents in raphe neurons, while all 

parameters of AMPA-mediated currents in preBotC neurons were rapidly 

increased by CX614. The existence o f auxiliary AMPA proteins in respiratory 

neurons of the preBotC and the raphe has not been yet studied, but their presence 

might also account for the differences in sensitivity among diverse allosteric 

modulators of glutamatergic receptors.

While CX614 had a high efficacy for potentiating glutamatergic synaptic 

transmission and counteracting respiratory rhythmic drive depression induced by 

opioid (either through its direct action on preBotC rhythmogenic neurons or via 

an indirect action within the RNO) its action on AMPA receptor conductance 

does not seem to significantly affect baseline inspiratory rhythm. Those results 

were not expected for two reasons. First, local injection of AMPA in the RNO 

readily stimulates inspiratory activity. Second, 5HT and substance P (which are 

the main neurotransmitters released from the RNO), are both capable of 

depolarizing respiratory preBotC neurons (Ptak et al., 2009) and increasing 

inspiratory rhythm (Pagliardini et al., 2005) under baseline conditions. Therefore 

the data emphasize that the key aspect of ampakine modulation of excitatoiy 

neurotransmission remains the availability of endogenous release of glutamate 

itself. This would not necessarily mean that glutamate release becomes more 

available in the presence of opioids relative to baseline conditions, but the 

enhancement of AMPA receptor binding affinity induced by CX614 (CX614 

preferentially modulates deactivation rate of AMPA receptor conductance; Jin et 

al., 2004) might be sufficient to promote the necessary increase of spiking 

discharge probability needed to trigger cellular excitation, depolarization of the
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membrane potential and downstream excitatory signalling cascades. This could 

suggest that the deactivation rate of AMPA receptors may play a lesser role in 

normal physiological conditions, possibly because of saturating concentrations of 

glutamate in the synaptic cleft. In contrast, in the presence of persistent glutamate 

release (baseline conditions), one may speculate that the desensitization rate of 

AMPA receptors play a more important role. This is supported by the fact that 

cyclothiazide, a positive allosteric modulator of AMPA receptors that 

preferentially decreases their desensitization rate (Partin et al., 1993; Partin et al., 

1994; Aria et al., 2004), increases respiratory activity in normal physiological 

conditions (Funk et al., 1995).

6 .4  THE PARTICULAR CASE OF CX717. A WINDOW TO A NM DA  
RECEPTOR-DRIVEN RESPIRATORY RHYTHM GENERATION 
HYPOTHESIS

a) THE CX717 HYPOTHESIS

In contrast to expectations, the electrophysiological study of ampakine 

CX717 action suggests that it does not significantly increase AMPA-mediated 

current kinetics in preBotC neurons. Rather, CX717 may affect NMDA receptor 

conductance through a mechanism that has yet to be determined. NMDA 

receptors are known to be “coincidence detectors” that depend on depolarization 

and the binding of glycine and glutamate. Interestingly, the data suggest that 

CX717 potentiates NMDA-evoked responses in preBotC neurons only at 

hyperpolarized membrane potentials (below -50 mV) and in the presence of 

glycine. This result directed the investigation towards the glycine-binding NR3 

subunit of NMDA receptors (more specifically NR3A) which is the only NMDA 

receptor subtype known to function independently to magnesium extracellular 

concentration and membrane potential. Thus the hypothesis that CX717 acts 

through NR3A subunits, by allosterically modulating NR1/NR3A dimer kinetics 

and consequently increasing NMDA receptor conductance, was put forward.
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Because CX717 is an allosteric modulator, it cannot act alone, which means 

that NR3A must already be activated endogenously by its ligand glycine. There 

are two reasons to believe that endogenous glycine release is not affected by p- 

opioid agonist. First, as demonstrated in Chapter 3, MOR in the preBotC is 

expressed on NK1R positive cells (also demonstrated by Gray et al., 1999 and 

Montandon et al., 2011). Second, most glycinergic preBotC neurons (including 

pacemaker neurons) do not express NK1R (Wang et al., 2001; Morgado-Valle et 

al., 2010). Therefore glycinergic preBotC neurons are more likely not to contain 

MOR. On the other hand, Liu et al (2002) demonstrated the presence of 

glycinergic presynaptic boutons on the membrane of NK1R positive neurons of 

the preBotC, which implies that MOR+/NKlR+ preBotC neurons do receive 

glycinergic inputs. There are two possible targets for the release of glycine from 

those synaptic boutons to MOR+/NKlR+ preBQtC neuronal postsynaptic 

membranes: the classic glycinergic receptors GlyRs and the glycinergic NMDA 

receptors subtype NR1/NR3A. Because the reversal potential for chloride ions 

(main conducting ions of GlyRs) is very depolarized in the medullary slice 

maintained in elevated extracellular potassium (Ren et al., 2006) and postsynaptic 

MOR activation can lead to a hyperpolarization of the membrane potential, the 

electrical gradient of both types of glycinergic receptors (GlyRs and NR1/NR3 

receptors) should allow both receptors to yield a net ion current that flows inward 

upon channel activation. Note that under more physiological conditions such as in 

brainstem spinal cord preparations or in vivo, the reversal potential chloride is 

normal and thus GlyRs net ionic flux should not be inward. Nevertheless, it 

appears that in medullary slice preparations, chloride reversed conductances 

through GlyRs may lead to sufficient membrane depolarization to activate 

voltage-gated Na /Ca channels and induce excitatory actions (Turecek and 

Trussel, 2001). In fact, glutamate has recently been found to allosterically 

potentiate GlyRs (Liu et al., 2010). This hypothesis was tested by looking at the 

effect of CX717 after DAMGO-induced respiratory depression in presence of the 

GlyRs antagonist strychnine, and CX717 continued to induce a significant 

potentiation of inspiratory rhythm under those conditions (data not shown). This
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does not rule out the possibility that CX717 may act on classical GlyRs, but it 

does suggest that GlyRs are not directly involved in the increase of inspiratory 

activity by CX717.

One important aspect regarding native NMDA receptors is the interesting 

interplay that exists between NR1/NR3 and NR1/NR2 dimers: glycine and 

glutamate binding show negative cooperativity which gives rise to a glycine- 

dependent form of receptor desensitization (Das et al., 1998; Chatterton et al., 

2002). In other words, the more active is the NR1/NR3 dimer, the less active the 

NR1/NR2 dimer will be. Coming back to the situation where MOR+/NKlR+ 

preBotC neurons, presumably containing NR1/NR2/NR3 receptors, have their 

membrane potential hyperpolarized by p-opioids, glycine binding to the 

NR1/NR3 dimer would therefore decrease NMDA receptor conductance. This 

concept raises the possibility that part of respiratory depression induced by 

opioids might also be related to an indirect facilitation of NR1/NR3 action on 

preBotC neurons, and that opioids may have an indirect or direct action on 

NR1/NR3 glycinergic receptors. It was noted that, in some preBotC neurons, 

NMDA-evoked depolarizing responses were substantially decreased by bath 

application of glycine. In fact, those preBotC neurons are the ones that responded 

the most prominently to subsequent bath application of CX717. In those neurons 

CX717 significantly increased NMDA-evoked responses suggesting that CX717 

would affect NR3 subunit in a rather unique way: hypothetically by accelerating 

deactivation and/or desensitization rate of the NR1/NR3 channel, allowing the 

NR1/NR2 dimer counterpart to yield more current and produce a larger NMDA- 

evoked depolarization. This is unexpected because ampakines are known to slow 

deactivation and desensitization rates. Whether the same potentiation of NMDA- 

evoked responses by CX717 can also occur in presence of DAMGO remains to be 

determined, but the data suggest that endogenous release of glycine would be a 

key factor for the hypothesized CX717 allosteric negative modulation to be 

effective.
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b) NMDA RECEPTORS AND RESPIRATORY RHYTHMOGENESIS

The fact that CX717 may increase respiratory drive in the presence of 

AMPA antagonist NBQX (although transiently) and increase NMDA-mediated 

responses, suggest that respiratory activity under CX717 could be driven by 

NMDA independently of AMPA receptors. Further, because the potentiation of 

respiratory activity by CX717 did not occur in baseline conditions, but was 

limited to specific conditions (either low extracellular concentration of potassium, 

presence of glycine or depression of respiratory rhythm by opioids), CX717 

action may dependent on the network activity. Therefore a tempting interpretation 

of the data proposes a form of plasticity within the preBotC where electrical 

activity necessary for synaptic transmission within the preBotC can respecify 

glutamate neurotransmitter expression, switching from a type of AMPA receptor 

regulation at rest, to a NMDA-regulated type o f regulation in weak respiratory 

drive conditions. This concept relates to the idea of “activity-dependent 

respecification” where neuronal membrane protein expression changes as a 

function of electrical activity (reviewed in Spritzer et al., 2012). Morgado-Valle 

and colleagues (2010) had suggested the possibility of NMDA receptors driving 

respiratory activity independently of AMPA receptors and the data support their 

findings. A hypothetic dynamic neuromodulation and neurotransmission within 

the preBotC might be a relevant concept to consider in the future.

One of the most important characteristics of NR3 containing NMDA 

receptors is their lack of Ca2+ permeability. Ca2+ is a critical second messenger 

that triggers a number of different intracellular signalling cascades believed to be 

crucial for rhythmogenesis within the preBotC (Pace et al., 2007; Rubin et al., 

2010; Dunmyre et al., 2011). It is therefore evident that NR3 dominant-negative 

modulation may also play a role in the rhythmogenesis itself, by modulating Ca2+ 

signalling according to levels of excitations. The exact mode of action of NR3 

within the preBotC is unclear and will require further research. NK1R appears to 

be a relatively reliable marker of preBotC neurons (Gray et al., 1999; Guyenet et 

al., 2002; Pagliardini et al. 2003). In Chapter 5 it was demonstrated that the 

neurotransmitter receptor NR3A was highly expressed in the preBotC region.
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Previous single-cell RT-PCR study has shown that preBotC respiratory neurons 

may possess the NR3A gene (Paarmann et al., 2005). The whole-cell recording 

data suggest that NR3A are functional in preBotC neurons (respiratory and non- 

respiratory cells). Further research is required in order to determine the proportion 

of NR3A+ cells in the preBotC and their electrophysiological behaviour, but the 

NR3A subunit holds the potential o f becoming a complementary marker of 

important modulatory neurons in the preBotC.

Apart from the hypothesis that CX717 may directly interact with NR3A 

subunits to modulate NMDA receptors conductance, the possibility that NR3A of 

preBotC neurons may also work as a conditional detector, and that CX717 may 

directly interact with conventional NMDA receptors cannot be ruled out. In fact 

CX717 has already been shown to potentiate intracellular calcium concentration 

waves in hippocampal synapses, an effect blocked by NMDA and non-NMDA 

receptors blockers (Hampson et al., 2009). Because NR3A functions 

independently of the membrane potential, NR3A may confer to its co-expressing 

dimers the ability to be active at hyperpolarized potentials. In the experiments, 

NMDA-evoked responses were not increased at membrane potential over -50mV, 

which would imply that NR3A contributes to a lesser extent to NMDAR 

conductance at depolarized potentials relative to hyperpolarized potentials.

6.5 FUTURE DIRECTIONS

The use of low-impact ampakines to counter respiratory depression has 

clinical promise. Further studies at the molecular level should help to determine 

the NMDA receptors binding site(s) for allosteric modulators (and more 

particularly CX717), using crystallography techniques and recombinant receptors 

expression of NMDA receptors in appropriate mammalian cell models.

The exact mechanism by which modulators bind and regulate the 

glutamatergic receptor ion channel itself is beginning to unfold (Furukawa et al., 

2005; Sobolevsky et al., 2009). Furukawa and colleagues demonstrated that 

aniracetam, a molecule from which ampakines are structurally derived, binds to a
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particular site called site II in AMPA receptor homomeric GluR2, which has 

equivalence in the NR1/NR2 heterodimer: the site Y535 (Furukawa et al., 2005; 

see Fig. 6.2.). The authors hypothesized that the residue 535 modulates the 

deactivation in NMDA receptors. This leads to the proposal that the Y535 site (or 

its homolog in the NR1/NR3A heterodimer) can be a candidate for the potential 

binding site of CX717.

Further electrophysiological examination of the effect of CX717 on 

NR1/NR3 recombinant proteins should confirm whether or not CX717 modulates 

NR3 subunit directly. Eventually, CX717 may modulate the conventional NMDA 

receptors, and NR3 subunit may act as a conditional protein, allowing CX717 to 

potentiate NMDA-conductance at hyperpolarized potentials. In any case, an 

understanding of the role o f NR3 in the preBotC function deserves investigation, 

from transcription factor profile, neurotransmitter phenotype, as well as aspects of 

NR3 positive neurons axonal projections and migratory pattern.

From a translational standpoint, because NR3A is expressed only in very 

specific areas of the brain (Ciabarra et al., 1995), therapeutic tools that target NR3 

would provide functional and anatomical specificity. To this end, other low- 

impact ampakines should be tested in order to assess their potential regulation of 

NR3 subunits. Alternatively, new modulators specifically targeting NR3 subunits 

would be worth developing.

Selective inactivation of the NR3 subunit genes with knockout or 

conditional knockout mice may help us identify respiratory abnormalities linked 

to NR3 subunits deficiency. A NR3A mutant mouse model has been generated 

that helped elucidate some important aspects of NR3A function (Das et al., 1998; 

Pina-Crespo et al., 2010). The Greer laboratory received breeding pairs in June, 

2012 and the colony is being established. A combination of in vivo and in vitro 

experimental strategies will be used to analyze behavioural and physiological 

phenotypes of mutants and should help us elucidate the potential implication of 

NR3A in CX717 modulation of respiratory activity, as well as more generally, be 

used to probe other pharmacological agents and understand the role of the NR3 

subunits in the respiratory rhythmogenesis development and function. Moreover,
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despite the detection of NR3A in the preBotC shown by the immunohistochemical 

data, the ontogeny of NR3A subunit within the preBotC remains uncertain. It has 

been suggested that the expression of NR3A may be limited to neonatal or 

juvenile stages of development (Wong et al., 2002). The developmental profile of 

this subunit using immunohistochemistry will be examined. Interestingly the 

expression of the NR3B subunit has been found to be weak in embryonic/neonatal 

stages and up regulated in juvenile extending to adult stages in several brain 

regions including the preBotC (Matsuda et al., 2002; Fukaya et al., 2005; Liu and 

Wong-Riley, 2010b). The apparent mutual exclusive changes in the 

developmental expression of both NR3 subunits may underlie a switch between 

NR3A and NR3B.
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6.6  CONCLUDING REMARKS

In summary, this thesis has addressed important clinically-related 

modulatory aspects of respiratory rhythm generation, with an emphasis on 

preBotC synaptic transmission. Further data supporting the presence of pre- and 

postsynaptic functional p-opioid receptors on preBotC neurons were obtained and 

provided a better understanding of the diversity of synaptic responses involved in 

p-opioid-induced respiratory rhythm depression. Opioids can impact breathing 

rate through a direct inhibitory action on preBotC neurons or indirectly via raphe 

neurons. The in vitro analysis of cellular mechanisms underlying ampakine 

stimulation of inspiratory rhythm led to a better understanding on how ampakines 

alleviate opioid-induced respiratory depression and which neurotransmitters 

contribute to the generation the preBotC synaptic drive. AMPA receptor mediated 

conductance is clearly an important drive o f rhythmogenesis within the preBotC 

and ampakines may promote further enhancement of central respiratory function 

via surrounding medullary structures (such as the raphe) which provide 

endogenous synaptic inputs to rhythmogenic preBotC neurons. The discovery of a 

potential novel receptor target for the ampakine CX717 led us to a much more 

extensive study analyzing CX717 pharmacological profile on specific 

recombinant proteins and the expression pattern of a NMDA receptor subtype in 

the medullary slice. The NR3 subtype of NMDA receptor might have an 

important role in driving preBotC synaptic activity under specific conditions.
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AMPARMOR

AMPARNK1RMOR

AMPAKINEOPIOID

Figure 6.1 Putative “two arms” system o f neuromodulation of the inspiratory drive 
by opioids and ampakines.

The generator of inspiratory drive (preBotzinger Complex; preBotC), may be inhibited 
directly by opioids via their direct action on mu-opioid receptors (MOR) present in the 
preBotC, or indirectly via an inhibition of tonic excitatory inputs (serotoninergic; 5HT 
and substance P; SP) coming from the raphe nucleus obscurus (RNO). Ampakine may 
increase inspiratory drive via AMPA receptors (AMPAR) present on the postsynaptic 
membrane of preBotC neurons, or indirectly promoting excitatoryneurotranmitter release 
via AMPAR present in the RNO.
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NR2A

Loopl
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F igure 6.2 A candidate binding site for a low-impact ampakine.

Superposition of NR1-NR2A S1S2 and the GluR2 SlS2-aniracetam complex. Overlay 
of the GluR2 S1S2 dimer bound to glutamate and aniracetam (Ani, pink) onto the NR1- 
NR2A S1S2 dimer (green and blue).

[Fig 5 from Hiroyasu Furukawa, Satinder K Singh, Romina Mancusso and Eric Gouaux. Subunit 
arrangement and function in NMDA receptors. Nature. Vol 438|10 November 2005],
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Annex 1. Schematic representation of the NR3A/pcDNA3.1 plasmid map.

The Rattus Norvegicus NR3A subunit was cloned into a pcDNA3.1 vector for expression of 
NR3B in HEK293 cells. Note the ampicillin resistance gene and the neomycin resistance 
gene for selection of the vector in bacteria. The human cytomegalovirus (CMV) early 
promoter allowed for efficient transient expression o f the subclone genes. Note the presence 
of the bovine growth hormone (BGH) signal to ensure efficient termination of transcription. 
Open reading frames are indicated as ORF. This plasmid was designed, constructed and 
provided by Dr. Stuart A. Lipton and Dr. Dongxian Zhang, Burnham Institute San Diego, 
CA.
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Annex 2. Schematic representation of the NR3B/pcDNA3.1 plasmid map.

The Rattus Norvegicus NR3B subunit was cloned into a pcDNA3.1 vector for expression of 
NR3B in HEK293 cells. Note the ampicillin resistance gene and the neomycin resistance 
gene for selection of the vector in bacteria. The human cytomegalovirus (CMV) early 
promoter allowed for efficient transient expression of the subclone genes. Note the presence 
of the bovine growth hormone (BGH) signal to ensure efficient termination of transcription. 
Open reading frames are indicated as ORF. This plasmid was also designed, constructed and 
provided by Dr. Stuart A. Lipton and Dr. Dongxian Zhang, Burnham Institute San Diego, 
CA.
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