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Abstract
The mechanisms by which the brain generates the respiratory rhythm are not understood. The architecture of the brainstem respiratory central pattern generator
(CPG) is a matter of debate. Controversies persist on the roles played by "pacemaker" neurons, i.e. endogenously rhythmic neurons, and "network elements", i.e.
neuronal circuitry whose rhythm emerges as aconsequence of the synaptic connections within the network, in respiratory rhythmogenesis. The debate has matured to
apoint where hybrid proposals, incorporating both pacemaker and network properties, are now being put forth.

Recent studies have proposed that abilateral pair of coupled oscillators forms
the basis of the CPG in both frogs and rats. This thesis investigates the hypothesis that the respiratory bursts in the frog are heterogenous, with elements of the
burst being produced by different oscillators. To test the hypothesis, the putative
frog oscillators, namely the lung and buccal oscillators, were probed with interventions which preferentially suppressed either the lung or buccal rhythm. Suppression
of one the rhythms is taken as evidence of the suppression of the eponymous oscillator.

Iused areduced chloride sup erfusate to preferentially disrupt the buccal rhythm
and oscillator. This disruption also suppressed the first phase of the biphasic lung

xvii

xviii

burst. Ithen demonstrated that the

-opioid agonist DAMGO preferentially sup-

presses the lung rhythm and oscillator.

The opioid, in addition to slowing both

oscillators, reduces the probability of lung bursts to occur. By alternately suppressing and driving the lung oscillator, Iprovide evidence that the buccal oscillator is
setting the pace in the system.

Ijointly apply both interventions to the in vitro preparation and partially uncouple
the buccal and lung rhythms. Specifically, in areduced Cl - + DAMGO superfusate,
the buccal rhythm is no longer coupled to the lung rhythm but the lung rhythm remains coupled to the buccal rhythm. Irepeat these results using hypocapnia in the
place of DAMGO to suggest that the suppression of the lung oscillator is important
in the manifestation of this phenomenon.

From these studies Iconclude that two distinct oscillators exist in the frog brainstem. From the Cl - reduction effects, Iargue that the biphasic lung burst in the frog
is generated by both oscillators, with the buccal oscillator generating the first phase
of the heterogenous lung burst and the lung oscillator generating the second phase.
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Introduction

For life to evolve from water to land required only lungs and legs, and the former was
alot harder to evolve than the latter.

Some wag
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Chapter 1

Introduction

To fulfil their metabolic demands, air-breathing vertebrates must constantly draw in
a fresh supply of oxygen (0 2)and emit the waste product carbon dioxide (CO2)Air-breathing, which accomplishes this task, is avital rhythmic behaviour that requires robust neural networks to respond to the organism's ever changing metabolic
demands. The vertebrate brainstem has been identified as the location of the kernel
of these neural networks (Tenney, 1979). A powerful approach to investigate the neural networks is to isolate the brainstem and study the in vitro system (Richter and
Spyer, 2001). However, in vitro preparations derived from endothermic species, are
generally hypoxic (Okada et al., 1993), and fail to recapitulate the rhythm seen in
the intact animal (St. John, 1998). Preparations derived from ectothermic species,
on the other hand, are well oxygenated (Wilson et al., 1999), and produce "intact"
rhythms which closely resemble the signal from the intact animal.

Over the past decade, Remmers and co-workers have systematically characterized
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3

preparations derived from Ranid frogs (Remmers et al., 2001, review article). Starting with the decerebrate preparation (Kogo et al., 1994; Kogo and Remmers, 1994),
and then developing an in vitro isolated brainstem preparation (McLean et al., 1995;
Torgerson et al., 1998), these investigators laid down the groundwork for future researchers by validating apreparation which does not possess many of the drawbacks
which limit the use of the mammalian preparations. The in vitro frog brainstem,
in addition to being well oxygenated and producing arobust "intact" rhythm, these
preparations are easy to prepare.

1.1

Experimental Models of Respiratory Rhythmogenesis in Vertebrates

The control of breathing, and in particular air-breathing, has been studied in numerous species using many approaches. Within the vertebrates, the majority of the
work has focussed on mammals, but comparative studies have been made on many
other species including gar fish (Wilson et al., 2002), lungfish (McMahon, 1969; Pack
et al., 1992), salamanders (Brainerd and Bramble, 1993; Simons et al., 2000), frogs
(Gans et al., 1969; West and Jones, 1975; Boutilier et al., 1979; Sakakibara, 1984b;
Sakakibara, 1984a; Milsom et al., 1999; Burggren, 1984; Branco et al., 1993; Kogo
et al., 1994; Kogo and Remmers, 1994; Perry et al., 1995; McLean et al., 1995; Liao
et al., 1996; Galante et al., 1996; Kimura et al., 1997; Kinkead et al., 1997; Torgerson et al., 1998; Reid et al., 2000; Hedrick et al., 2001; Wilson et al., 2002; Broch
et al., 2002; Harris et al., 2002; Vasilakos et al., 2005), and turtles (Gaunt and Gans,
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1967; Takeda et al., 1986; Johnson et al., 1998; Druzisky and Brainerd, 2001; Wilkerson et al., 2003). Study of these "lower" vertebrates helps elucidate the evolution
of air breathing, which in turn sheds light on the control of breathing in mammals.
In addition, these lower vertebrates are all exothermic, allowing the experiments to
be performed at room temperature. This greatly facilitates in vitro preparations, a
characteristic that will be exploited within this thesis.

1.2
1.2.1

Breathing in the Frog
Ontogeny of Anuran Air Breathing

Characteristic of Amphibia, frogs reproduce in water, with newly hatched larvae beginning life in an aquatic environment (Duellman and Trueb, 1986). The larvae are
sufficiently small, and thin-skinned that all of their gas exchange demands are met
by diffusion (Burggren and West, 1982). Within ashort time span, these animals
develop gills, upon which they depend for gas exchange. As the larval tadpoles approach metamorphoses, they develop lungs and begin to take breathes of air.

While the tadpoles must develop functional lungs to exhibit air breathing, it appears that the neural mechanisms generating this air breathing appeared earlier in
development. Blockade of y-aminobutyric acid (GABA)-B receptors in the in vitro
tadpole brainstem preparation results in the precocious production of lung bursts in
pre-metamorphic animals of including those who had not yet developed functional
lungs, but no change in frequency in post-metamorphic brainstems (Straus et al.,
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2000a).

Air breathing for the larval animal typically follows the cycle where the lung is full
while the tadpole is submersed, air is exhaled from the lung as the tadpole approaches
the surface to breathe, air is drawn into the buccal cavity as the animal breaks the
surface, and air is pumped from the mouth into the lungs as the animal once more
submerges (West and Burggren, 1983).

Post-metamorphic frogs display two ventilatory patterns, buccal ventilation and
lung ventilation.

Buccal ventilation, a remnant of gill ventilation in the tadpole

(Winmill and Hedrick, 2003), involves the alternating compression and dilation of
the buccal cavity (Fig.

2).

This behavior, also termed buccal oscillations in the

literature (Gans et al., 1969; Brainerd, 1999), cycles gas between the environment
and oropharyn.x, asite believed to be of little importance to gas exchange in the
post-metamorphic animal (Burggren and West, 1982; Boutilier et al., 1986). While
a significant amount of gas exchange, particularly carbon dioxide elimination, occurs through the skin, oxygen uptake is achieved primarily though the lungs in the
post-metamorphic anuran (Burggren, 1984). In lung ventilation, also termed buccal
pumping (Brainerd, 1999), air is inhaled in atwo-step process: (i) apre- inspiratory
(buccal dilation) phase, when activation of the sternohyoid branch of the hypoglossal
nerve (Hsh) causes aspiration of ambient air into the oropharynx; followed by (ii)
an inspiratory (lung inflation) phase (Kogo et al., 1994; Kogo and Remmers, 1994),
when activation of the main branch of the hypoglossal nerve (Hm) compresses the
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oropharynx, pumping gas into the lungs (figure 1.1, an animated version of this figure
can be found in Appendix B) (Gans, 1970b; Sakakibara, 1984a).

Like the pre-metamorphic tadpole, the frog normally has an inflated lung. Unlike
the tadpole, the frog is capable of making successive lung breaths. The frog takes
advantage of this capability to inflate its lungs with a series of consecutive lung
breaths, which has been called alung inflation cycle (West and Jones, 1975). In the
period between these lung inflation cycles, the frog keeps the lung inflated. The lung
inflation strategy increases the efficiency of respiration in these animals, by decreasing
the amount of rebreathing (Brainerd, 1999). This pattern of breathing has also been
termed episodic. Lung ventilation often occurs in episodes (Kinkead and Milsom,
1994).

1.2.2

Developmental Stages Studied

Studies of the anuran respiratory rhythm have appeared using awide range of developmental studies. The stages used include:
Metamorphic tadpoles (stages 12-20, (Taylor and Kollros, 1946)) are water-bound
and still dependent upon gill ventilation. These animals are entering the cusp
of metamorphosis where hindlimbs are becoming prominent, forelimbs begin to
develop (appearing externally at the end of the stage) and gills begin to recede.
These animals have functional lungs, and regularly interrupt their gill ventilation to surface and take breaths of air. These lung breaths are always isolated,
and the animal resubmerges after each breath.
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Figure 1.1: Neuronal and mechanical phases of ventilation in frogs. A. Buccal
ventilation (left) and lung ventilation (right). Both modes involve abuccal dilation
phase (Bd) where the nares are open and the glottis is closed, in which activation
of upper airway dilator muscles draws ambient air into the oropharynx. During the
buccal constriction phase (Be) of buccal ventilation (left), the nares remain open
and the glottis remains closed while upper airway muscles constrict the oropharynx,
expelling air from the cavity. During lung ventilation, lung inflation (L; right) is
the inspiratory phase where the nares close and the glottis opens (highlighted in
red) while upper airway muscles constrict, pumping air from the oropharynx into the
lungs. This two step process can be repeated, inflating the lungs progressively (West
and Jones, 1975). Expiration (lung deflation) occurs immediately before the next set
of lung inflations. An animated version of this figure appears in the supplemental
material. Figure adapted from (Gans et al., 1969). B. Integrated efferent neural
bursts in cranial nerve five (CN V) and the hypoglossal nerve (H, composed of both
Hsh and Hm) produced by the isolated frog brainstem preparation. The traces were
triggered by the rising phase of alung burst recorded in CN V whenever the three
consecutive buccal constriction events were followed by three consecutive lung bursts
(18 traces superimposed with average in red). Buccal ventilation (white field) typically comprises of reciprocal bursts in H and CN V indicating buccal dilation (Bd)
and constriction (Be), respectively. Lung ventilation (blue field) consists of small
preinspiratory bursts (Hsh discharge) corresponding to the first stroke of the buccal
pump i.e., Bd, followed by large bursts in both nerves corresponding to inspiratory
events, namely lung inflation (L) (Gdovin et al., 1998). Note that Bd events are
present during both ventilatory modes (arrows).
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Post-metamorphic tadpoles (stages 21-25, (Taylor and Koliros, 1946)) have passed
the cusp of the metamorphosis and are losing their last tadpole characteristics
(a very short tail, which is being reabsorbed). These animals, have lost their
gills, and rely on their lungs to meet their 02 demands (the remnants of the
tail likely still aids in CO 2 removal). Post-metamorphic tadpoles exhibit lung
episodes, where successive lung breaths cluster to form alung inflation cycle.

Juvenile frogs (post stage 25, (Taylor and Kollros, 1946)) are animals who have exited metamorphosis, but have yet to add any substantial mass and do not have
any remnants of atail. The animals studied have been juvenile frogs between
2days and 2months. They exhibit lung episodes, and their in vitro brainstem
preparations generally exhibit abuccal rhythm.

Adult frogs (
, 120 g) have lived for more than one season. Their lung efforts are
again clustered into lung episodes. In vitro preparations derived from this stage
of animal exhibit a robust lung rhythm, but rarely have a consistent buccal
rhythm (personal observation). As such, there have been no published studies of
the buccal rhythm in the in vitro adult Rana catesbeiana brainstem preparation.

In this classification, there is some overlap in mechanism of breathing between
late-metamorphic tadpoles and post-metamorphic tadpoles. Moreover, intact postmetamorphic tadpoles, juvenile frogs and adult frogs breathe in analogous manners.
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The isolated brainstems of post-metamorphic tadpoles and juvenile frogs produce
analogous rhythms.

While it is possible to physically differentiate between these

three stages of frog, it appears animals from the post-metamorphic stage age and
upwards breathe using the same mechanisms.

1.3

Rhythm Generation

There are two general mechanisms for rhythm production: some networks are driven
by pacemaker neurons and some rhythms emerge as aconsequence of synaptic connections among neurons that are not intrinsically rhythmic (figure 1.2).

In apacemaker driven network (figure 1.2, top panels), aneuron or agroup of neurons have intrinsic membrane properties generating afundamental oscillation. These
neurons act as acore oscillator, driving neurons that are not themselves bursting,
in to arhythmic motor pattern (Marder and Bucher, 2001). The pyloric rhythm of
the crustacean stomatogastric nervous system is pacemaker driven, with the network
connections and intrinsic membrane properties of the follower neurons in the pyloric
ganglion influencing the rhythm's frequency and network's phasic activity (Marder
and Calabrese, 1996).

Figure 1.2 (bottom panels) illustrates the simplest network mechanisms producing an emergent rhythm, often termed the "half-centre" model. In this network two
non-rhythmic neurons reciprocally inhibit each other. When coupled they produce
alternating patterns of activity. The respiratory circuitry of Lymnaea .stagnalis, a

10

Pacemaker Ifollower
Coupled

© 11 111 11 11111 11
Reciprocal inhibition
Uncoupled

Coupled

11111 1111111

1111111 11111,11
Figure 1.2: Rhythms can be generated by endogenous bursters, or can be
an emergent property of synaptic coupling between non-bursting neurons.
In pacemaker driven networks apacemaker neuron or neurons (red) can synaptically
drive an antagonist (green) to fire in alternation. The simplest example of anetwork
oscillator is one formed between two neurons that fire non-rhythmically in isolation,
but fire in alternating bursts as aconsequence of reciprocal inhibition (modified from
Marder and Bucher, 2001).
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freshwater pulmonate mollusc, with astrong hypoxic ventilatory response (Lukowiak
et al., 1996), can be reconstructed in vitro as two half-centres with no obvious pacemaker properties (Syed et al., 1991).

The gastric mill rhythm of the lobster is another example of an emergent rhythm,
although more complex in its generation. Within the gastric ganglion, aset of five
motoneurons and asingle interneuron with synaptic inhibitory and electrically excitatory connections generates the rhythm, although none of the constituent neurons are
endogenously rhythmic (Marder and Calabrese, 1996). The crustacean gastric and
pyloric ganglia are interconnected, and the neurons of each ganglion, under specific
conditions, are capable of reconfiguring to produce new pattern generating networks
(Meyrand et al., 1991).

1.4

Mammalian Respiratory Rhythm Generation

The mechanisms responsible for generating the respiratory rhythm in the mammal is
atopic of much debate. Experiments from the 1920's indicate that as the brainstem
is sectioned progressively from rostral to caudal, marked changes occur in the pattern of ventilation (Lumsden, 1923b; Lumsden, 1923a; stats for Figure 6.4 detailing
how the B-B interval increases signficantly in reduced Cl and then partially recovers
during washout. Add naloxone to regression data in Tables 6.3 & 6.4, 1923). Transections rostral to the pons have no effect on autonomic ventilation, while transections
caudal to the pneumotaxic center (located in the rostral pons) leads to apneusis in
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the vagotomized animal. Complete removal of the pons results gasping, arespiratory
pattern characterized by synchronous onset of inspiratory motor output, a rapidonset, decrementing phrenic profile (as compared to aramp in eupnea), and ashift
in high frequency oscillations, considered by some to be a "signature" of the respiratory central pattern generator (CPG) (Cohen, 1973; Tomori et al., 1995). Finally,
transections below the medulla result in the cessation of all respiratory movements.
Thus, eupneic ventilation is generated by the brainstem but sub-divisions of the pons
and medulla generate apneusis and gasping.

As for the mechanism to actually generate the respiratory rhythm, two camps have
developed. One popular hypothesis is based on apacemaker model for rhythmogenesis
utilizing the conditional oscillator properties of the pre-Bötzinger complex (pre-Bot).
JC Smith and his co-workers (Smith et al., 1990; Smith et al., 1991) developed an
en bloc(isolated brainstem-spinal cord) neonatal rat preparation which exhibit fictive respiration. By serially transecting from the caudal, and then rostral end, these
investigators identified aregion of the brainstem, the pre-BU

,

necessary for respi-

ratory rhythmogenesis. In vitro transverse medullary slice neonatal rat preparation
containing the pre-BU generated an analogous rhythm suggesting that the pre-136t
was sufficient to drive respiration. Intrinsically rhythmic neurons were identified in
the pre-BU leading these investigators to the pacemaker model (Smith et al., 1991;
Koshiya and Smith, 1999). Consistent with this model, these investigators showed
that superfusion of the brainstem with chloride-free media or with bath application of
GABAnergic and glycinergic inhibitors picrotoxin, benzylpenicillin, bicuculline and
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strychnine were insufficient to significantly alter the frequency of spontaneous rhythmogenesis (Smith and Feldman, 1986). As chloride-mediated post-synaptic inhibition
(cmPSI) requires activation of chloride conductance, this result indicates that cmPSI
is not essential for respiratory rhythm generation in the neonatal rat in vitro. This is
consistent with apacemaker mechanism for the respiratory CPG, as most rhythmic
networks utilize cmPSI at some level.

The importance of the pre-BU in respiratory rhythm generation in the intact
animal has been supported by a study which selectively lesioned the complex in
anesthetized decerebrate cats eliminated eupnea (Ramirez et al., 1998b). In intact
rats, the pre-BU was targetted with substance-P molecules bound to the neurotoxin
saporin. Substance-P receptors are highly specific to the pre-Böt

,

allowing for the an

saporin-induced selective lesioning of the pre-Böt in vivo. Animals treated this way
developed abnormal respiratory rhythms after 5days, suggesting the importance of
the pre-Böt in eupnea (Gray et al., 2001).

A second camp maintains that aneural network comprises the respiratory neural
CPG. Rather than asingle group of neurons pacing the entire network, this theory
states that the eupneic respiratory rhythm is an emergent property of several distinct
types of neurons interconnected through excitatory and importantly inhibitory neural
synapses. Evidence supporting this hypothesis is derived from numerous experiments
investigating the role of chloride-mediated inhibition in generating the respiratory
rhythm. Addition of GABA or glycine to the perfusate of the in situ, artificially
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perfused brainstem preparation of the adult rat significantly slowed the respiratory
rhythm, while their antagonists, bicuculline and picrotoxin for GABA-A, and strychnine for glycine, initially sped up the rhythm before leading to erratic activity at
higher doses.

Most interestingly, perfusion with a chloride-free solution abolished

the respiratory rhythm (Hayashi and Lipski, 1992). Similarly, injection of strychnine
and bicuculline into the pre-Böt in anesthetized cats led to failure of the respiratory
rhythm (Pierrefiche et al., 1998).

Three explanations have been proposed for the apparent discrepancy between the
results of Smith et al., and of Hayashi and Lipsld. One possibility is that the preparations utilized by Smith and co-workers do not exhibit eupneic respiration, but instead
is gasping. Gasping may be elicited in apreparation by either exposure to hypoxia,
selective ablation of neurons throughout the brainstem, or removal of the caudal pons
from the medulla (St. John, 1996). The neonatal rat preparation exhibits arapidonset, decrementing neural discharge in the 04 motoneuron discharge (Smith et al.,
1990; Suzue, 1984) and is hypoxic with the P02 failing to zero between 450 and 600
pm from the surface (Brockhaus et al., 1993; Okada et al., 1993), while the transverse
slice preparation is obviously missing the pons. Thus, the rhythm observed in these
preparations may in fact be generated by adifferent CPG producing gasping. Presumably, this CPG is not dependent upon cmPSI, whereas the eupneic CPG requires
chloride-mediated inhibition for rhythmogenesis.

A second possible explanation is that the adult CPG requires cmPSI to generate
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eupnea, while the neonatal CPG does not. Paton and Richter (1995a) noted developmental changes in the respiratory rhythm of the mouse, with neonates exhibiting
short, rapid onset and offset bursts in phrenic nerve activity, while adults manifested
alonger discharge which included both ramp and post-inspiratory components. In a
second study (1995b), these two investigators noted adevelopmental change in the
role of chloride-mediated inhibitory synaptic mechanisms in respiratory rhythm generation of spontaneously breathing, anesthetized mice. In particular, they found that
high doses of strychnine (25 s
aM) applied topically to the ventral brainstem of neonatal mice (1-8 days old) did not alter the breathing pattern, whereas in the mature
mouse, low doses of strychnine (0.2

-

2iiM) abolished regular rhythmic discharge in

the phrenic nerve. Topical applications of bicuculline produces dose-dependent increases in inspiratory time, amplitude and cycle length of phrenic nerve discharge in
neonatal mice whereas both cycle length and duration of inspiratory activity were reduced in mature animals. The authors concluded that the roles of GABA and glycine
in respiratory rhythmogenesis change considerably during development. Smith and
co-workers (1990), while noting that the in vitro neonatal rat preparation had arapidonset decrementing phrenic profile, also observed that vagotomization of 3-day old
rat pups led to asimilar phrenic discharge in vivo. Bilateral vagotomy in older pups
(7-10 days) did not alter the phrenic profile from the normal ramp shape.

Against the notion that the rhythmogenic mechanisms of the neonate differ fundamentally from those of the adult, neonatal rats have been shown to exhibit both
eupnea and gasping (Wang et al., 1996). In both anesthetized and decerebrate rat
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pups, careful examination of the phrenic discharge indicated that peak levels of activity in both vagus intact and vagotomized animals was during the latter half of
inspiration.

Many of the animals exhibited anoxia-induced gasping, and in these

cases, peak phrenic activity occurred in the first half of the respiratory cycle. The
incontestable fact is that the isolated neonatal rat brainstem is severely hypoxic and
exhibits arespiratory motor pattern characteristic of gasping whereas the intact, euoxic neonate does not. Hypoxia has been shown to block cmPSI in respiratory neurons
(Ramirez et al., 1998a). The hypoxic nature of the isolated neonatal rat brainstem
may have blockaded cmPSI, which would account for the unaltered rhythm in the
presence of strychnine, bicuculline, and chloride-free media.

A third possibility is that respiratory rhythmogenesis occurs independently of
cmPSI, but expression of this rhythm is C1-dependent. Cessation of rhythm caused
by removal of cmPSI does not imply that aneural network is necessary for rhythmogenesis.

Rather, cmPSI may be responsible for transmission of the rhythm to

motoneurons, or the rhythm may still be generated by aset of pacemaker neurons,
but blockade of the cmPSI may interfere with some tonic inhibitory drive onto the
pacemaker neurons which normally kept their membrane potential in the range necessary for spontaneous activity.

Models incorporating both pacemaker and network components have been proposed (Funk and Feldman, 1995).

In these models a core group of synchronized

neurons with endogenous pacemaker properties provides the basic rhythm. Synaptic
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interactions, including inhibitory connections, contribute to inspiratory phase termination, and hence modulate oscillator frequency. These elements however are not
essential for rhythm generation, but are necessary for the normal expression of the
rhythm.

An advanced version of the hybrid pacemaker-network model incorporating arudimentary pacemaker network containing the pre-Bot embedded within alarger network
of inhibitory and excitatory interneurons has been proposed (Smith et al., 2000). The
entire network is modulated by tonic inhibitory and excitatory connections, and produces apre-Böt -driven pacemaker rhythm in the normal range of parameters. Like
the simpler hybrid pacemaker-network models (Funk and Feldman, 1995), as well as
the lobster pyloric ganglion rhythm (Marder and Calabrese, 1996), the excitatory and
inhibitory interneurons play an important role in sculpting the output and ultimately
determining the CPG's rhythm. Unlike the earlier proposals, this model can also
produce network-generated rhythms. Under certain conditions, when the pacemaker
neurons are quiescent (either hyperpolarized or depolarized such that they are no
longer rhythmic), the inhibitory interactions can produce astable oscillation (Smith
et al., 2000).

In parallel to the work elucidating the role of the pre-Böt in respiratory rhythmogenesis (and often preceding that work), H. Onimaru, A. Arata and I. Homma
have investigated the preinspiratory (prel) area. This area, rostral, medial and superficial to the pre-136t

,

has been shown to be endogenously rhythmic, and has been
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proposed to pace respiration (Onimaru and Homma, 1987; Onimaru et al., 1990;
Onimaru et al., 1995; Onimaru et al., 1996). In particular, these investigators have
shown that activity in the prel area precedes activity in the pre-136t

,

suggesting that

the prel area is in fact the driver (Onimaru and Homma, 2003).

The neurons of the prel and pre-136t have been shown to be differentially sensitive
to oploids (Takeda et al., 2001), with inspiratory neurons of the pre-136t suppressed
by, and preinspiratory neurons of the prel refractory to, opioids. Exploiting this fea-.
ture, Mellen et al., functionally uncoupled the two oscillators (Mellen et al., 2003).
These authors proposed that neurons of the pre-136t and prel each comprise their own
oscillator (see figure 1.3). During eupnea the two oscillators are normally coupled,
and together pace the respiratory rhythm. However, this coupling differs from the
coupling involved in emergent network rhythms. In the traditional network models,
the connections are inhibitory (see figure 1.2). In the Mellen proposition, the two
oscillators have excitatory connections.

1.5

Blockade of Chloride-Mediated Post-Synaptic
Inhibition

Strychnine, aglycine receptor antagonist, and bicuculline, aGABA-A receptor antagonist, are typically used to block cmPSI in both frog and mammalian preparations
(Smith and Feldman, 1986; Galante et al., 1996; Pierrefiche et al., 1998; Broch et al.,
2002). However, these antagonists are largely irreversible, and often cause nonspecific
effects, including seizure (Richter and Spyer, 2001). Investigators utilizing superfused
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Figure 1.3: A dual oscillator model for respiratory rhythm generation. Top:
In the transverse slice, rhythm is determined by opioid-sensitive rhythmogenic preBöt networks only (orange), which drive premotor neurons (gray pre-MN). -opioid
agonists hyperpolarize pre-136t rhythmogenic neurons, decreasing their excitability
and gradually slowing the rhythm. Middle: In the en bloc preparation, endogenously
rhythmic pre-Böt (orange) and prel networks (magenta) interact. Bottom: jt-opioid
agonists suppress the autorhythmicity and lower the excitability of pre-136t networks
(orange) but do not affect opioid-insensitive autorhythmic prel networks (magenta).
Respiratory rhythm persists but with skipped beats because ongoing phasic excitatory
drive from opioid-insensitive prel networks sometimes fails to cause the depressed preBöt neurons to fire as apopulation, i.e. transmission failure. Modified from Mellen
et al., 2003.
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preparations, amphibian and mammalian, have replaced Cl - in the superfusate with
nonpermeable anions such as gluconate or isotheonate (Smith and Feldman, 1986;
Galante et al., 1996; Broch et al., 2002). This technique has also been employed in an
artificially perfused mammalian preparation (Hayashi and Lipski, 1992). Complete
Cl - replacement, while clearly blocking cmPSI, has other side effects, including elicitation of seizure as other C1-dependent processes are also affected. However this
treatment is largely reversible.

Partial Cl - replacement with nonpermeable anions allows C1-dependent processes to continue while interfering with cmPSI. Shao and Feldman (1997) utilized
areduced Cl - superfusate (50% Cl) (Shao and Feldman, 1997) with a neonatal
rat slice preparation. These authors voltage clamped neurons receiving spontaneous
inhibitory post-synaptic potentials which allowed them to calculate current-voltage
curves for these potentials. Superfusion with reduced chloride solution led to arightward shift in the curves, as well as adecrease in the slope (figure 1.4). This is as
expected, as the reduction in Cl - concentration in the superfusate will result in aless
negative Cl - reversal potential (Ec1 -).

1.5.1

Cl - reversal in the brainstem of Rana catesbeiana

E01 -in brainstem neurons of Rana catesbeiana (American bullfrog) is unknown.
This is of particular concern because the reversal potential of Cl - in vertebrates
changes during development such that early in life

Ea1_

is less negative than the
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Figure 1.4: C1 reduction disrupts cmPSI A: endogenous inspiratory-phase
inhibitory postsynaptic currents (IPSCs) of an expiratory neuron voltage clamped at
different potentials. Bars under each trace: concurrent inspiratory bursts in XIIn.
B: current-voltage curves of IPSCs with standard and reducedCl - (70 mM) bathing
solution. Cl - was substituted by equimolar isotheonate. Each data point is the mean
of 3peak IPSCs at the same voltage. Solid lines: regression lines. The medullary
slice preparation containing the pre-BU was derived from aneonatal rat in the PO-P3
age group. Reproduced from (Shao and Feldman, 1997) with permission of authors
and publishers.
.
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neuronal resting membrane potential. The opening of Cl - channels depolarizes these
neuron and only later in development, when Ec1- becomes more negative than the
resting membrane potential, that the opening Cl - channels become inhibitory.

In frogs, this change in the Cl - reversal likely occurs in the embryonic stage
while the developing animal is still within its egg. In Xenopus opening of spinal cord
Cl - channels in inhibitory from time of hatching of larval tadpoles (Lambert et al.,
2004). Estimates of Ec1- in rhythmic interneurons range from -63 mV (Rohrbough
and Spitzer, 1996), to -71 mV (Soffe, 1987), to -80 mV (Roberts and Tunstall, 1990).
In each of these studies, the measured resting potential of the recorded neurons was
slightly more positive than the reported Ec1-

.

Thus GABA and glycine both cause

spinal cord neurons to hyperpolarize.

Perrins and Soffe performed the comparative study of Xenopus embryonic spinal
cord interneurons to the same interneurons in Rana (grass frog), Bufo (European
toad) and Triturus (a salamander) (Perrins and Soffe, 1996). These authors found
comparable responses in spinal cord neurons of all four species to strychnine, including
the abolishment of inhibition. This work implies that B01 -of spinal cord interneurons
in all larval stages of Rana catesbeiana, as well as the adult, is more negative than
the resting membrane potential.

As for respiratory neurons in Rana catesbeiana, intracellular recordings hae been
published using the in vitro brainstem preparations derived from both metamorphic
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tadpoles (Liao et al., 1996) and adult frogs (Kogo and Remmers, 1994). In both
studies, intracellular negative current Cl - injections have been shown to attenuate
or reverse endogenous hyperpolarizations. In the metamorphic tadpole respiratory
neurons, the authors estimated E01 -at approximately -65 mV. The reported resting
membrane potentials of these neurons was -45 to -60 mV.

From these studies, it is clear that GABAnerigic and glycinergic inputs to respiratory motor neurons evoke chloride-mediated hyperpolarizations. A reduction in Ec1-,
such as one caused by apartial-chloride replacement, would attenuate or reverse these
hyperpolarizations.

1.6
1.6.1

Elements of the Frog Respiratory CPG
The Wilson Model

We have proposed that separate oscillators drive lung and buccal ventilation in frogs
(Wilson et al., 2002, figure 1.5). Computational studies have shown that apair of
oscillators with this configuration can produce episodic patterns analogous to frog
respiration (Bose et al., 2004). These putative oscillators are spatially separated, respond differently to GABA-A agonists and antagonists (Galante et al., 1996; Broch
et al., 2002), GABA-B agonists and antagonists (Straus et al., 2000b; Straus et al.,
2000a), and nitric oxide (Hedrick and Morales, 1999; Harris et al., 2002), and only
the putative lung oscillator is responsive to hypercapnia in the adult (Remmers et al.,
2001).
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1.7

Rationale and Hypotheses

The Wilson paired coupled oscillator model provides auseful framework for exploring
the mechanisms generating the buccal and lung rhythms in the frog (Wilson et al.,
2002). The mechanisms of each oscillator's rhythm generation, as well as the nature
of the coupling between the oscillators contribute the eventual rhythm. However, the
evidence supporting the paired coupled oscillator model is not conclusive. In particular, the possibility of asingle large oscillator which spans both locations and produces
both rhythms has not been ruled out. Experiments which transected the brainstem
between the two putative oscillators suggested that each oscillator alone could produce the analogous rhythm (Wilson et al., 2002), but these rhythms were marginal,
raising the concern that the trauma of transection may have led to other normally
quiescent areas becoming rhythmogenic, and generating the observed ihythm.

In addition, the Wilson model does not specify the coupling on an event-by-event
basis. Rather, the hypothesized connections between the two putative oscillators may
be phasically or tonically active.

Iexplored the validity of the Wilson model in generating the lung and buccal
rhythms in the in vitro brainstem preparation with two distinct interventions: areduction of the chloride concentration in the superfusate to interfere with cmPSI, and
the bath application of opioids to selectively suppress one or the other oscillators. I
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Figure 1.5: Wilson two coupled oscillator model for frog ventilation. The
model consists of abilaterally symmetric circuit consisting of lung and buccal oscillators. The buccal oscillator is proposed to be active continuously and to physically
inhibits the lung oscillator (line with filled circle). The lung oscillator is proposed to,
when active, excites the buccal oscillator (line with bar). These oscillators are speculated to produce the ventilatory motor pattern as follows: during buccal ventilation,
lung oscillator interneurons remain subthreshold but receive phasic inhibition from
the buccal oscillator. An unknown set of events or mechanisms (either intrinsic to
the two oscillators or involving areas in the rostral brainstem; (Kinkead and Milsom,
1997)) raise the lung oscillator interneurons above threshold for generating aburst
of action potentials. Once initiated, the lung oscillator drives the buccal oscillator,
increasing the bursting frequency of the buccal oscillator. Phasic inhibition from the
buccal oscillator back to the lung oscillator assists and accelerates subsequent depolarization of the lung oscillator interneurons by activating channels involved in post
inhibitory rebound. This recurrent excitation between the buccal and lung oscillators
continues for several cycles, maintaining the high frequency of lung bursts that occur
during lung inflation cycles. Through synaptic fatigue, inhibition or loss of tonic excitation the lung oscillator interneurons stop firing bursts, ending the lung episode.
Residual excitation of the buccal oscillator then fades rapidly and the endogenous
frequency of the buccal rhythm is restored (modified from Wilson et al., 2002).

26

complement the opioids applications with the use of hypercapnia and hypocapnia, to
increase or decrease lung activity.

In Chapter 3, Icarefully analyze the in vitro frog brainstem output to provide a
baseline for my further work. The analysis improves upon earlier approaches characterizing the shape of the events, and the timing between events and new levels of
precision. For this chapter, Ispecifically hypothesize:
1. Average neural discharge of the in vitro brainstem is analogous to the decerebrate
frog.
2. Average neural discharge, particularly in SN II, is biphasic, with the first phase
being preinspiratory.
3. The buccal rhythm is synchronized to the lung rhythm by this preinspiratory
discharge.
4. Lung bursts and buccal bursts are timed such that lung burst periods tend to
multiples of the buccal burst interval and buccal bursts periods tend to multiples
of the lung burst interval.

In Chapter 4, Iemploy the Cl - reduction intervention with the in vitro frog
preparation to investigate the Cl - dependence of the lung and buccal rhythms. Given
the newly defined baseline, Iaim to definitely determine whether these rhythms are
dependent on cmPSI. Ispecifically hypothesize:
1. The eupneic buccal rhythm is Cl- -dependent.
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2. The lung rhythm is Cl - -independent.
3. Elements of the lung burst are dependent on cmPSI.

In Chapter 5, Ionce more utilize the in vitro frog preparation, and employ the

-

opioid receptor agonist [D-Ala2,N-Me-Phe4,Gly5-ol]-Enkephalin acetate (DAMGO)
to determine the differential sensitivity to opioids of the buccal and lung rhythms.
Using an approach analogous to Mellen et al. (2002), Ithen exploit this differential
sensitivity to explore the architecture of the frog's respiratory CPG. Ispecifically
hypothesize:
1. The lung rhythm and presumably oscillator is preferentially sensitive to opioids.
Z. The buccal rhythm and presumably oscillator sets the underlying respiratory
rhythm with the lung rhythm and putative oscillator conditionally engaging.
3. The frog respiratory CPG is homologous to the rat respiratory CPG.

In Chapter 6, again utilizing the in vitro frog preparation, Iattempt to uncouple
the two putative oscillators. To do this Ireduce the Cl - concentration while the
preparation is exposed to opioids. To examine the necessity of opioids for this effect
Irepeated the Cl - reduction protocol with preparations exposed to hypocapnia. I
specifically hypothesize:
1. The timing between buccal and lung events becomes variable during Cl - reduction.
2. The timing between lung and buccal events remains relatively constant during
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Cl - reduction.
3. The lung and buccal rhythms originate from separate oscillators in the frog's
respiratory CPG.
4. The buccal oscillator's connection to the lung oscillator is C1-dependent.

In Chapter 7, Iexplore the role of Cl - in respiratory rhythmogenesis in the mammal. Utilizing the artificially perfused rat preparation, Ionce more employ the C1
reduction intervention. My specific hypotheses are:
1. Like in the frog, the Cl - reduction intervention in the artificially perfused rat is
an effective tool to interfere with cmPSI.
2. The eupneic lung rhythm is C1-dependent.
3. Gasping is C1-independent.
The four sets of studies in the frog preparation together contribute towards addressing the fundamental hypothesis of the thesis. Namely, Ihypothesize that the
eupneic lung burst is heterogenous in origin. Two distinct oscillators, the buccal and
lung oscillators, generate distinct components of the lung burst. These components
are coupled together to form achimeric lung burst. Throughout the thesis evidence
will be provided supporting or refuting this hypothesis. When it is all synthesized,
this hypothesis will hopefully be addressed.

Chapter 2
Common Methods and Procedures

2.1

In Vitro Frog Preparation

2.1.1

Animals

Care of Rana catesbeianaand experimental protocols were approved by the Animal
Research Committees of the University of Calgary. All frogs and tadpoles were acquired from commercial suppliers (Charles D Sullivan, Nashville, TN, USA; Rana
Ranch Bullfrog Farm, Twin Falls, ID, USA; and Island Bullfrogs, Nanaimo, BC,
Canada).

2.1.2

Preparation

Distinct motor bursts corresponding to lung and buccal ventilation were recorded
from cranial and spinal nerves of the bullfrog en bloc brainstem preparation, as illustrated in figure 2.1 (Torgerson et al., 1998; Wilson et al., 2002; Vasilakos et al., 2005).
29
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The em bloc brainstem was prepared as follows. Each animal was anesthetized in icecold pond water containing tricane methane sulfonate (1:10 000) until unresponsive
to toe and/or tail pinch. The cranium was opened and the animal decerebrated. The
dura and choroid plexus were removed and the brainstem superfused with oxygenated
artificial cerebrospinal fluid (aCSF (mM): NaCl, 104; KCl, 4; MgCl2,1.4; CaCl2,2.4;
D-glucose, 10; NaHCO 3,25; pH

r.-9).

This concentration of ions approximates the

levels seen in cerebrospinal fluid of the intact frog (Just et al., 1977; Torgerson et al.,
1998). The cranial and spinal nerves were cut and the brainstem was isolated with
two transections, one just caudal to CN III and other caudal to SN II. The isolated
brainstem was then transferred to the recording chamber where it was suspended in a
mesh net and superfused from all sides with aCSF equilibrated with 2% CO 2,balance
02 yielding abath pH of r..,7.9.

Motor patterns corresponding to buccal/gill and lung ventilation were recorded
from the roots of ON's V, VII, X and SN II using extracellular glass suction electrodes (see figure 2.1). Extracellular signals were amplified (x10 000) and filtered
(100 Hz-1 kHz) using high gain, differential AC amplifiers (model 1700, A-M Systems
Inc., Everett, WA, USA). The signals were further amplified (x100-1000; Universal Amplifiers; Gould Instrument Systems, Valley View, Ohio, USA), and fed to a
moving averager (time constant: 50 ms; SagaTech, Calgary, Alberta, Canada). The
integrated signal was then digitized at 250 Hz (Datapac 2000, Run Technologies Co,
Laguna Hills, CA, USA) and archived on CD-R's.
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1M

50S

Figure 2.1: Representative in vitro frog brainstem with integrated recordings from cranial (CN) and spinal (SN) nerves obtained with extracellular
suction electrodes. Stylized electrode appear as two black bars connecting each
nerve root to the corresponding label and recording. The recordings are shown two
time scales, with the longer scale in the centre. Two distinct motor patterns are apparent, large and small amplitude bursts corresponding to lung and buccal ventilation
bursts, respectively. Lung bursts tend to occur in episodes (as shown) but can also
occur individually. Figure modified from (Wilson et al., 2002).
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The moving average of the discharge is areliable measure of intensity of neural
efferent activity, i.e. afunction of the frequency of action potentials and the size of
the action potentials. Action potential size is directly proportional to axon diameter,
and muscle strength.

2.1.3

pH Control

The aCSF was equilibrated with gas in atonometer upstream of the recording chamber. The pH was monitored in the tonometer with apH electrode. The concentration
of the gas was set with aset of valves just upstream of the tonometer. The pH was
altered by changing the CO 2 fraction in the gas.

2.2

Cl - Reduction

The superfusate chloride concentration was reduced by partially replacing the Cl
with gluconate. Previous work in the frog utilized complete replacement (Galante
et al., 1996; Broch et al., 2002), while Shao and Feldman (1997) utilized areduced
Cl — superfusate (50% Cl —

)(Shao

and Feldman, 1997) with a neonatal rat slice

preparation. These authors voltage clamped neurons receiving spontaneous inhibitory
post-synaptic potentials which allowed them to calculate current-voltage curves for
these potentials. Superfusion with reduced chloride solution led to arightward shift
in the curves, as well as adecrease in the slope (see figure 1.4 in section 1.5).
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Reduced Cl - superfusate

Four levels of Cl - reduction were utilized: 87%, 75%,

62% and 50% of baseline. The Cl - was replaced with the non-permeable anion gluconate (Glu). For each condition, astock C1-free solution ((mM): NaGlu gluconate,
104; KGlu, 4; MgGlu2,1.4; CaGlu2,3.2; D-glucose, 10; NaHCO 3,25; pH

7.5) was

titrated with the aCSF to obtain the desired Cl - concentration. As gluconate acts
as acalcium chelator, 3.2 mM of CaGlu2 was added to the C1-free solution. This
concentration has previously been reported to yield the same concentration of ionized
calcium as in the baseline aCSF (Galante et al., 1996).

2.3

Analysis of Frog Data

The data was analyzed in the S-PLUS 4.0 environment (Insightful Corporation, Seattle, WA, USA). The ANOVA's were run on Sigma-Stat 2.0 (Aspire Software International, Leesburg, VA, USA).

2.3.1

Identification of Lung and Buccal events

Custom written automated routines were developed to identify lung and buccal events
during "off line" analysis of the neurograms. In all cases, the selection and classification of all events was confirmed visually.
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Lung bursts

A two-threshold detection system was employed, which detected a

lung burst whenever the integrated nerve discharge crossed both thresholds in apositive direction within aset time interval (typically 0.5 s). The time of crossing of
the lower threshold was taken as the lung burst time. The two-threshold detection
routine allowed the use of alow first threshold, without detecting spurious buccal
events. A low threshold was important because the most invariant part of the lung
burst typically was the initial rise phase of amonophasic burst, normally in ON X.
Lung burst times were normally determined from ON X, which at baseline, and during
most interventions, exhibited monophasic and consistent lung bursts. In addition to
being monophasic and relatively invariant, discharges in ON X by definition are lung
bursts, as activity in this nerve indicates glottal movement, anecessary component
of lung ventilation. However, in some conditions the signal-to-noise ratio of the lung
bursts in ON X was poor. In these situations, an alternate nerve, ON V, was used to
determine lung burst times.

Buccal bursts

A two-threshold peak detection algorithm identified events whose

peaks were above the first threshold and whose troughs were below the second threshold. The identified events were then grouped, identifying the events with maximal
peaks within aspecified neighborhood (typically 0.5 son either side). Events within
aspecified interval (typically 0.5 s) of alung burst were removed. The peaks of the
remaining events accurately identify the peaks of the buccal bursts.

35

Buccal burst times

As the buccal burst shape was variable, identification of the

burst times from the onset, threshold crossing, or time of peak of the buccal event was
unreliable. A more reliable estimate was obtained by first smoothing the integrated
voltage with aGaussian kernel of 0.5 swidth and then determining the peak times.

2.3.2

Intervals and Rates

Two distinct sets of intervals were calculated from the lung burst and buccal burst
times. The first set, the lung burst and buccal burst intervals, were calculated from
the time between consecutive bursts of either just the lung burst or the buccal burst
times respectively. The second set, the lung-lung, lung-buccal, buccal-buccal, and
buccal-lung, intervals were calculated from the merged set of burst times, such that
no interval was interrupted by aburst of either type. Thus, the lung-lung intervals
were calculated from the burst times of consecutive lung events without any intervening events, and the lung-buccal intervals were taken from the intervals where alung
event was followed by abuccal event, without any intervening events. The buccalbuccal and buccal-lung intervals were calculated in the analogous fashion substituting
buccal for lung and vice versa. Figure 2.2 provides an illustration of these intervals.

For each event type, two different rates were calculated. The occurrence rate of
an event was calculated as the total number of events that occurred over the specified
period of time. The specific frequency of an event was calculated from the reciprocal of the average period between consecutive, uninterrupted event. Thus, the lung
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Figure 2.2: Examples of intervals are marked on a integrated whole nerve
root recording of SN II diplaying both a buccal and lung rhythm. The red
bars at the bottom of the plot delineate lung episodes and the blue bars delineate
the buccal episodes. When the number of bursts per episode can be determined, the
value is provided on the plot. Burst times are indicated with downward dashed arrows
respectively. Lung burst times (red arrows) were determined from threshold crossings and buccal burst times (blue arrows) were determined from time of peaks (see
section 2.3.1). Representative intervals between events are delineated with doublearrowed green lines. Two sets of intervals were calculated. One set, comprising of
lung-buccal (L-B), buccal-buccal (B-B), buccal-lung (B-L), and lung-lung (L-L) intervals was calculated from the time between successive bursts, without regards to
the nature of the burst. A lung-lung interval occurred whenever alung was followed
by another lung burst, while alung-buccal interval occurred whenever alung burst
was followed by abuccal burst. The buccal-buccal and buccal-lung intervals occur
in the same fashion. In the figure, all intervals of this type are short in duration.
A second set of intervals, comprising of lung burst intervals (labeled as such in the
figure) are calculated from the periods between bursts of asingle type. Lung burst
intervals encompass the lung-lung intervals and include all intervals where the lung
burst if followed by aseries of buccal bursts before another lung burst appears. Note
that the lung burst interval in the figure spans a buccal episode, while the buccal
burst interval spans alung episode. 10 sof data collected from an in vitro juvenile
frog brainstem preparation appear in the figure.

37

occurrence rate is equal to the reciprocal of the mean lung burst interval, while the
lung specific frequency is equal to the reciprocal of the mean lung-lung interval.

2.3.3

Event Trigger Averages

Event trigger averages of the whole nerve root recordings were generated with custom
written routines. As discharge in CN X indicates glottal opening, the sine qua non
of lung ventilation in anura, the rising phase of CN X was used to trigger events.
Multiple lung bursts, aligned to the onset of CN X, are plotted on the averages to
indicate the underlying distribution. These bursts are then averaged, with the resultant average plotted in red.

2.3.4

Probability Distributions

Probability distributions of the lung burst periods provide aconvenient way to visualize the range of periods exhibited by the preparations. Histograms of lung burst
periods were generated using abin size of 0.1 sand then smoothed with a Gaussian kernel whose width was 5% of the histograms range. This process improves the
histograms estimate of the lung burst periods true underlying probability density
function (Selvin, 1998). In some figures, only the smoothed histogram is presented.
The peaks of the probability distribution denote the periods which occur most often,
and are also termed modes (Minnotte et al., 1998).
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Determination of the Primary Period
Using the smoothed histogram, the first peak was located, and the first trough on
either side of the peak were identified. All burst periods that lay between these two
troughs were identified, and their mean was calculated. This mean is designated the
primary period, and is an estimate of the mean period between uninterrupted lung
bursts (i.e. the mean lung-lung interval), which in turn is an estimate of the underlying fundamental period of the rhythm.

In several trials, no consecutive lung bursts occurred for one of the rhythms. In
these conditions, the primary period was set to NA.

Determination of the Secondary Periods
The remaining peaks of the smoothed histogram were identified by an automated
routine detecting local maxima and their locations were taken to determine the secondary periods. However, the number of peaks and their location are dependent on
the width of the Gaussian kernel used to smooth the histogram, with increases in
kernel width decreasing the number of individual peaks (Minnotte et al., 1998).

Modified Regression Analysis
For each condition, the lung burst intervals appeared to be correlated to the primary
buccal period of that condition. The relationship can be described mathematically
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as:

LLi = LL0 + ni xBB0
where:
LL
LL0
BB0
ni

-

-

(2.1)

lung burst interval,
primary lung burst interval,
primary buccal burst interval,
number of buccal bursts between
lung bursts of LL.

To assess the validity of equation 2.1 in accounting for each condition's lung burst
intervals amodified regression analysis was employed where the lung burst intervals
were predicted by a derived number of intervening buccal bursts. The number of
intervening buccal bursts were defined as the lung burst intervals divided by the
primary buccal interval rounded to the nearest integer. Using the derived number of
buccal bursts, the lung burst intervals were compared to the intervals predicted by
equation 2.1. As in aregression analysis, Icalculated the residual differences between
the predicted and actual values, and then the residual deviance as the sum of squares
of these values. The null deviance of the actual values was calculated in asimilar
manner substituting the mean of the actual values in place of the predicted values.
Finally, the R2 was calculated using the relationship:

R2

-

1

residual deviance
null deviance

(2.2)

In this context, R2 measures the miount of variation in the lung burst intervals
which equation 2.1 can account for (Selvin, 1998).
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For some conditions, the prediction from equation 2.1 is actually worse than the
null condition, which results in anegative R. In these cases, the resultant R2 is set
to zero.

Normalization of the Histogram
To facilitate comparisons between preparations and conditions, each conditions lung
burst periods were normalized by that trials mean consecutive buccal burst period
(TB).

The primary peaks of the histograms (when present) were aligned, and the

area under each histogram was normalized to 1.

2.3.5

Shape Analysis

Custom-written routines were developed to objectively parameterize the lung burst
discharge. Representative results are illustrated in figure 2.3. The routines operated
on the event trigger averages of the lung bursts (black line, figure 2.3). For each
average, the analysis would automatically find the onset and termination of the lung
burst (blue V, figure 2.3). The peak of the burst would be found and then the center
of mass of the average inspiratory activity (i.e. the central peak) was identified (blue
X, figure 2.3). The center of mass robustly identified the center of the discharge in
the face of asymmetric lung burst averages whereas the peak tended to drift from the
center (consider ON V in figure 2.3; the peak of the average discharge is to the left
of the center).
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The start and end of the inspiratory phase were identified where the slope of the
average activity reaches 1/4 and 4 respectively. A Gaussian shaped curve was fit
to the average inspiratory activity such that the apex of the Gaussian curve corresponded with the center of mass, and the square of the difference between the curve
and the average burst over the start:end range of the burst was minimized. The fitted
curves are plotted in red in figure 2.3.

From the fit of the curve to the average burst activity five parameters were extracted. The first three parameters characterize the activity during the inspiratory
phase of the burst while the last two characterize activity in the remaining phases of
the burst.

The amplitude of the inspiratory phase's activity (i.e. the burst amplitude) was
taken from height of the fitted Gaussian curve (i.e. the amplitude of the center of
mass), the time of peak for each fit was calculated as the distance in seconds the
center of mass was from the trigger. The width duration of the inspiratory phase was
taken from the width of the fitted curve.

A measure of preinspiratory activity, which Idefine as preinspiratory area mear
sured the area between the average burst activity and the fitted curve between the
onset and the center of mass of the burst (blue shading, figure 2.3, results printed
in blue). For this calculation, area below the fit and above the average discharge is
subtracted from the total. The postinspiratory area is calculated in an analogous
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fashion over the center of mass to the burst termination interval (green shading and
text, figure 2.3).

For the above calculations, the amplitude of each nerve's average burst activity
was normalized to that nerve's average activity during the initial 100% Cl

condition.
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Figure 2.3: Least-squares Gaussian fit to representative data at baseline. The
average discharge of CNs V, VII, X and SN II are plotted as lines, with the Gaussian
curve fits plotted in red. Blue X: the center of mass of the inspiratory activity; blue
V: onset and termination of the burst activity; blue shading: preinspiratory activity;
green shading: postinspiratory activity.
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2.4

Statistical Analysis

Unless otherwise specified, data are presented as means ± s.e.m. Differences between
means were evaluated using apaired ttest, aone-way analysis of variance (ANOVA),
or a one-way ANOVA with repeated measures (RM) as appropriate.

Drug treat-

ment was the single factor used in all ANOVA and if the differences between groups
reached significance (p < 0.05), post-hoc multiple comparisons were performed using
the Student-Newman-Keuls (SNK) method. The dose response effect (if any) was
evaluated by calculating the least-squares regression line through the dose response
data. Regression line slopes that differed significantly from zero (p < 0.05, F-test on
accounted variance) are taken as evidence for asignificant dose response relationship.

Chapter 3
Continuing Characterization of the
in vitro Frog Brainstem
Preparation

3.1

Introduction

The neuromotor output of the respiratory rhythm generator of the frog has been
studied numerous times, with Sakakibara (1994,1994a) publishing perhaps the best
characterization of the rhythm in the intact frog. Subsequently, the decerebrate frog
preparation was well characterized by (Kogo et al., 1994; Kogo and Remmers, 1994),
and was shown to produce an analogous rhythm to the intact frog. This work substantially demonstrated that the decerebrate frog's respiratory rhythm was not altered
significantly from the intact animal.
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The in vitro frog preparation, which has been utilized since the early 1990's (Pack
et al., 1992) to study respiration, was not validated until the late 1990's, when careful
studies demonstrated that the bursts in the whole nerve root recordings correlated
with buccal and lung ventilation (Torgerson et al., 1998; Gdovin et al., 1998).

However, the respiratory output from the in vitro frog preparation has not been
systematically compared to the output of the intact animal, or even the decerebrate
preparation. The concern remains that the isolated brainstem preparation's rhythm
may in some way be aberrant.

Using amore powerful set of analyses, Iwill characterize the baseline output of
the in vitro preparation. Iwill compare these results, with work from the decerebrate
preparation, further validating the technique. Iwill also set abaseline for comparison
in the subsequent chapters.

3.2

Methods and Procedures

3.2.1

Preparation

Animals
The care of the animals and their suppliers appears in section 2.1.1.
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Surgical Procedure
The animals were prepared as in section 2.1.2

Protocol
Each preparation was given 2-3 hto recover from surgery in aCSF at apH
which point the CO 2 was raised to lower the pH to 7.73

-

r'.'

8.0, at

7.90 (with one preparation

starting at apH of 7.58 and asecond preparation starting at pH 7.98). Once the
pH and rhythm stabilized (typically 30 mm), the recording commenced. A 30 mm
baseline period in the 100% Cl

3.2.2

aCSF was recorded.

Methods of Analysis

Offline analysis of the data included detection of lung and buccal events, event trigger
averages, probability distributions of lung burst and buccal burst intervals, and correlation of each trial's lung burst intervals to the primary buccal period. The methods
for these analysis appear in section 2.3. For some analyses, the post-metamorphic
and the juvenile frog preparations generated similar results. In some of these cases,
as noted in the text, the data from only one developmental stage is presented.
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3.3
3.3.1

Results
Baseline Output

Neural recordings from ONs V, VII & X and SN II consistently captured the respiratory output of the in vitro brainstem. Two rhythms are evident in the output
(figure 3.1): the low frequency, high amplitude rhythm is the lung rhythm; and the
high frequency, low amplitude rhythm is the buccal rhythm.

The lung burst rhythm was present in all four nerves in all preparations at baseline condition. These lung bursts clustered into episodes in 5/8 juvenile frog and
7/8 post-metamorphic tadpole preparations. In the other four preparations, multiple
buccal bursts separated the isolated lung bursts. The episodes in these preparations
contained on average 3.4 ± 0.9 lung bursts in the juvenile frog preparations and 6.3
± 1.8 lung bursts in the post-metamorphic tadpole preparations. The mean number
of lung bursts per cluster is not significantly different between juvenile frog and postmetamorphic tadpole preparations (two sample t-test; t= -1.24; df =10).

The buccal rhythm was present in 15/16 preparations at baseline. The buccal
rhythm, when visible, did not consistently appear in any one particular nerve. A
measurable buccal rhythm was exhibited in CN V in 8/8 juvenile and 5/8 postmetamorphic preparations; CN VII in 7/8 juvenile and 6/8 post-metamorphic preparations; CN X 0/8 juvenile and 1/8 post-metamorphic preparations; and in SN II in
5/8 juvenile and 1/8 post-metamorphic preparations.
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Figure 3.1: Representative data from the in vitro post-metamorphic tadpole
brainstem preparation. 30 second recordings of the integrated neural discharges
of CNs V, VII & X and SN II are plotted in order from the top. Two distinct rhythms
are apparent in the discharge. The intermittent, large amplitude bursts, synchronous
in all four nerves, are lung bursts (Torgerson et al., 1998); while the small amplitude,
more regular rhythm consists of buccal bursts. The lung bursts are clustered into two
groups, known as lung episodes. The buccal bursts, unlike the lung bursts do not
consistently appear in all nerves. In this example, adistinct buccal burst rhythm is
evident in ON V with aless distinct rhythm appearing in SN II and an intermittent
rhythm in ON VII.

49

Considerable variability in the integrated discharge is apparent between successive
lung and buccal bursts. However, lung bursts tend towards acharacteristic discharge
pattern, while buccal bursts are more variable in amplitude and shape. Superposition of multiple lung bursts aligned to the onset of ON X demonstrate the underlying
pattern (figure 3.2). While the amount of variability differed between nerves, the
underlying lung burst pattern could be clearly and routinely identified. This allowed
unequivocal identification of lung bursts during the experiments. The buccal burst
rhythm was apparent in 3/4 nerves, but with considerable variability between and
with nerves.

The respiratory neural pattern generated by the amphibian in vitro brainstem
preparation recapitulates most of the features seen in the amphibian decerebrate
brainsteni preparation (figure 3.3). As in the decerebrate preparation, the buccal
rhythm in the isolated brainstem consisted of alternating bursts in CN V and SN II.
Activity in SN II during lung bursts was biphasic, with the first wave, the preinspiratory wave, appearing before the onset of the discharge in ON X. The discharge in ON
V was also comprised of two phases, with asmall amount of preinspiratory activity
occurring immediately before the discharge in ON X. The monophasic burst in CN X
coincided with the second phase of the bursts in ON V and SN II. As ON X innervates
glottal dilators, and opening of the glottis is sine qua non of lung ventilation in the
frog, activity in ON X marks the inspiratory phase.
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Figure 3.2: Event trigger averages of representative data. Five second recordings of CNs V,VII, X and SN II of 21 lung bursts are aligned at the onset of CN
X (vertical green bar) and superimposed. The average discharge for each nerve is
plotted in red. The buccal constriction phases, delineated by activity in CN V, are
marked with grey bars. Only the first lung burst of each lung episode was included
in the analysis, but all lung bursts in afive minute period were included. The data
was from the same preparation and condition as in figure 3.1.
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Figure 3.3: The neural cycles for buccal and lung ventilation in the fictively
breathing decerebrate bullfrog. The lung burst can be demarcated into four
intervals a, b, c, and d from the neurograms recorded in the mandibular branch of
CNV, the trigeminal, (Vmd); the laryngeal branch of CN X, the vagus, (Xe); and
the main and sternohyoid branches of the hypoglossal nerve, which arises from SN II.
The resulting mechnica1 phases are indicated as L (lung ventilation) and N (non-lung
ventilation). L is divided into expiration (E) and inspiration (I). Similarly, buccal
ventilation is separated into buccal constriction (Bc) and buccal dilation (Bd) phases.
The neural lung burst is of longer duration than the mechanical lung ventilation. The
first interval of the neural lung burst (a) is termed the pre-lung phase (preL). The
second and third intervals of the neural lung burst (b and c) correspond with B and I.
The fourth neural lung burst interval (d) is the post-lung phase (postE). The activity
in Xt during the preL phase is associated with the buccal rhythm; i.e., the lung burst
in Xt is biphasic with the first phase peaking during Iand the second phase peaking
during postE. Modified from Kogo et al., 1994.
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• SN II displayed abiphasic burst discharge during the lung burst in all 16 preparations. The preinspiratory wave of activity, which preceded discharge in CN X, was
smaller than the inspiratory wave of activity during isolated lung bursts or during
the first lung burst of alung episode in all preparations. The amplitude of the preinspiratory wave of the lung burst increased during the second burst of alung episode
in 8of 12 preparation's exhibiting lung episodes.

3.3.2

Pattern of Buccal and Lung Bursts

The number of lung bursts, the number of lung bursts per episode and the number
of buccal bursts between episodes varies from preparation to preparation. Typical
examples, taken from baseline recordings of two different preparations appear in figure 3.4.

This pattern of lung and buccal bursts was further explored by examining the lung
burst and buccal burst intervals. These intervals were calculated for all conditions,
and probability distributions of the lung burst and the buccal burst intervals were
constructed.

Representative results calculated from the two trials in the previous

figure appear in figure 3.5.

At baseline, the modes of the lung burst intervals appear to be separated by the
primary buccal burst interval and the modes of the buccal burst intervals appear to
be separated by the primary lung burst interval. Consider the modes, and the differences between modes, at 100% and 87% chloride (table 3.1).
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Figure 3.4: Cl - Two examples of typical lung and buccal patterns in the
isolated brainstem preparation at baseline conditions (100% C1). Preparation A was
derived from apost-metamorphic tadpole while preparation B came from ajuvenile
frog. The buccal rhythm, while of low amplitude in preparation A, was present in
both examples.
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Figure 3.5: Probability distributions of lung burst (top) and buccal burst
(bottom) intervals from the conditions displayed in figure 3.4. The smoothed version of each histogram is added as ablack curve. The peaks of the smoothed histograms are marked with red ticks, and their position, in seconds, are labeled. The
total number of bursts (lung or buccal) that occurred in each condition appears in
the top right corner of each histogram.
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Preparation A
Lung
Buccal
Mode (s) Duff (s) Mode (s) Duff (s)
1.0
1.3
2.4
1.4
2.3
1.0
3.7
1.3
3.3
1.0
5.0
1.3
4.8
1.5
6.3
1.3
7.5
1.2
8.5
1.0
8.6
3.8
9.1
0.6
9.5
0.9
10.5
1.4
.

Preparation B
Lung
Buccal
Mode (s) Duff (s) Mode (s) Duff (s)
0.9
1.1
2.1
1.2
2.0
0.9
3.2
1.1
2.9
0.9
4.3
1.1
4.1
1.2
5.4
1.1
1.2
6.6
7.7
1.1
8.8
1.1
10.2
1.4
9.1
5.0

Table 3.1: Modes of the lung burst and buccal burst interval probability
distributions generated in figure 3.5, as well as the differences between successive
modes. The primary modes are in bold font.

The underlying structure for the lung burst intervals appears to be such that each
lung burst interval is equal to the primary lung burst interval plus an integer number
of primary buccal burst intervals.

LL=LLo+nxBBo
where:
LL
LL0
BR0
n

-

-

-

-

(3.1)

i' lung burst interval,
primary lung burst interval,
primary buccal burst interval,
number of buccal bursts between
lung bursts of LL.

To explore whether this relationship was true for all preparations, amodified regression analysis was employed where lung burst intervals of each baseline condition
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were fit with predicted intervals from the above relationship. The analysis was repeated for each condition on the buccal burst intervals. A graphical representation
of the analysis of the representative data from figure 3.5 appears in figure 3.6.

The adherence of each condition's lung burst and buccal burst intervals to the proposed relationship was examined using the methods outlined in section 2.3.4. These
results were tabulated for the lung burst intervals during baseline for both developmental stages (Tables 3.2).

condition
Juvenile Frogs
Post-metamorphic tadpole

LLi = LLO + ni x BB0
intercept (s) slope (s
mean
std.
mean
1.13
1.01

0.13
0.12

.

bursts -')
std.

1.48
1.70

0.49
0.72

R2
mean slid.

n

0.10
0.12

7
8

0.95
0.94

Table 3.2: Summary data of the modified regression analysis on the baseline
lung burst intervals from the juvenile frog and post-metamorphic tadpole
preparations. The mean and standard deviation (std) of estimated intercept, slope
and corrected squared multiple correlation coefficient (R2)of the fit to the nonconsecutive lung burst intervals. The number of preparations reporting finite ft2 for each
condition appear in the last column (n). The ft2 values were corrected by setting
negative values to zero.

3.4
3.4.1

Discussion
Observations on the Buccal and Lung Rhythms

The preparations we studied produced arobust lung rhythm. This is consistent with
earlier work using this preparation (Torgerson et al., 1998).
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Figure 3.6: Modified regression analysis of lung burst top and buccal burst
bottom intervals from preparation A in figure 3.4). For the lung burst intervals (top
panel), the lung burst intervals are plotted against the predicted number of buccal
bursts between the lung bursts. The regression line is calculated using equation 3.1:
the primary lung burst interval is taken as the intercept of the regression line, while
the primary buccal burst interval is taken as the slope. The slope is multiplied by
whole numbers only, resulting in the number of buccal bursts being on the abscissa.
Lung burst intervals are plotted on the ordinate axis. The intercept (primary lung
burst interval) and slope (primary buccal burst interval) are printed in the top left
corner, along with the sum of squared error for the regression (SSe) and the sum of
squares for the data set (SSt). The squared multiple correlation coefficient (R2)is
also printed. Buccal burst intervals were analyzed in an analogous fashion, switching
buccal for lung and vice versa where appropriate. See section 2.3.4 for methods.
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At baseline, the lung burst events clustered into episodes in 5/8 juvenile frog
preparations and 7/8 post-metamorphic tadpole preparations. The clustering of lung
events into episodes in intact frogs is awell-known phenomenon, which is referred to
as an inflation cycle, (Gans, 1970b; Kinkead and Milsom, 1994; Brainerd and Bramble, 1993) and causes the stepwise inflation of the lung (West and Jones, 1975). This
phenomenon has been studied in the isolated brainstem, where numerous substances
have been shown to modulate the episode (Hedrick and Morales, 1999; Straus et al.,
2000b; Straus et al., 2000a; Harris et al., 2002).

The buccal rhythm,on the other hand, was not as robust. While 15/16

repa-

rations exhibited buccal rhythm at baseline, this rhythm was never present in all
four nerves. The more ephemeral nature of the buccal rhythm generated by the in
vitro frog brainstem preparation has being noted several times previously (Torgerson
et al., 1998; Harris et al., 2002) and may stem from the removal of peripheral inputs.
The transient nature of this rhythm has interfered with its analysis. To increase our
confidence in the buccal burst events analyzed, we synchronized multiple events and
considered the averaged discharge.
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3.4.2

Event Trigger Averages of Buccal and Lung Bursts

The event trigger averages are an effective tool to analyze the shape and coupling
of the lung and buccal bursts.

By triggering off the rising phase of 'CN X, aver-

aged activity of multiple bursts were conveniently generated. This provides areliable
way to evaluate the shape and variability of buccal and lung events. In the case of
isolated. lung burst events, the averaged discharge demonstrated the buccal activity
before and after the lung burst. In preparations exhibiting lung episodes, the triggering events were restricted to the first lung burst of alung episode. The resultant
averaged discharge included the buccal burst rhythm preceding the episode, as well
as the subsequent bursts to the initial lung burst of the episode (as in figure 3.2).

In vitro versus decerebrate preparations
The shape of the respiratory discharge generated by the in vitro brainstem essentially
recapitulates that of the well characterized decerebrate preparation (in figure 3.3).
This is in sharp contrast to preparations derived from •mammals where the in vitro
preparations have a significantly steeper phrenic neural discharge than the in situ
preparations (Suzue, 1984; Richter and Spyer, 2001). The in vitro frog preparation
generates lung bursts with activities in the same phase of the respiratory cycle as the
decerebrate preparation, with similar rise and fall times for bursts.

There are some differences in CN X's activity between the two preparations. In
the decerebrate prparation, CN X exhibits a biphasic burst, with the first phase
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dilating and the second phase constricting the glottis (Kogo et al., 1994). The respiratory discharge in ON X in the isolated brainstem is normally monophasic. As the
occasional preparation does generate abiphasic discharge in ON X, we presume that
both the glottal adductors and abductors are active in the isolated brainstem, but
their activity is synchronous. Laryngeal and pulmonary feedback have been shown to
elicit and modulate glottal closure (Kogo et al., 1997). The lack of this feedback in the
isolated preparation may account for the observed differences from the decerebrate
preparation.
Synchronous discharge may also account for the changes in timing seen in ON X's
discharge. In the decerebrate preparation, the lung-related activity in ON X begins
before the first phase of the lung-related in SN II reaches its peak. This activity
also begins before the onset of activity in ON V. In the decerebrate preparation, the
second phase of ON X persists after all other bursts have terminated (interval d, figure 3.3). In the isolated brainstem, the onset of activity in ON X is coincident with
the onsets of the second phase of acthity in both ON V and SN II. The cessation of
activity in ON X is again coincident with the cessation of the second phase of activity
in both ON V and SN II. This is consistent with the onset of the glottal abductors
being delayed to begin at the start of inspiration (subphase I, figure 3.3) while the
activity in the glottal adductors begins earlier such that the peak and the offset of
the activity are synchronous with those measurements ON V and SN II. Thus, the
two phases of ON X would be nearly synchronous.
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3.4.3

Coordination of Buccal and Lung Rhythms

The buccal activity before the triggering lung event (figure 3.2) confirms that the in
vitro brainstem preparation, like the decerebrate preparation, produces the reciprocalactivity in the buccal dilator and constrictors. The buccal rhythm in ON V activates
buccal constrictors while the buccal rhythm in SN II activates dilators; note that the
two rhythms are out of phase. The buccal rhythm in ON V is interrupted by the lung
burst, with the onset of preinspiratory activity occurring halfway through the buccal
cycle. The buccal rhythm in SN II however, is synchronized with the onset of lung
burst, such that the preinspiratory activity of the lung burst may arise from the buccal rhythm. This may help explain the paradoxical dilation of the oropharynx during
expiration in the frog (Gans et al., 1969); the dilation stems from the synchronization
of the buccal rhythm to the lung rhythm.

Preinspiratory discharge in SN II
The event trigger averages generated from the first lung burst of alung episode reveals
that the first phase of SN II's discharge was significantly larger in amplitude during
the second burst in 8/12 preparations with lung episodes. The first phase of SN II's
discharge activates the buccal dilators (Kogo et al., 1994; Kimura et al., 1997). Thus,
it appears that the frog brainstem has acentrally mediated mechanism to increase
the amplitude of this phase as alung episode progresses. This mechanism may facilitate the continued inflation the lung to higher pressures as the lung volume increases
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progressively during the episode. It may also facilitate deflation of the lung, which occurs immediately before the first lung burst of the episode, by minimizing rebreathing.

The mechanism by which the frog's respiratory central pattern generator produces
this centrally programmed dynamic response in SN II is also uncertain. While this.
amplitude can be modulated in amyriad of ways, the phenomenon may be the result
of the continued strengthening of some modulator throughout alung burst episode.
Equivalently, the increase in the first phase's amplitude may simply be aresult of the
lung burst oscillator increasing in strength through the episode.

In the intact animal, this mechanism would act in concert with peripheral feedback
mechanisms, such as pulmonary stretch receptors, to finely control lung volume and
modulate episode duration (Kinkead and Milsom, 1997; Kogo et al., 1997).

Chapter 4
Involvement of Chloride-Mediated
Post-Synaptic Inhibition in the
Buccal and Lung Rhythms

4.1

Introduction

Very little work has investigated the role of chloride-mediated post-synaptic inhibitiOn (cmPSI) in the control of breathing in lower vertebrates (non-amniotes). The
in vitro lamprey brainstem preparation produces arespiratory rhythm refractory to
blockade of cmPSI by strychnine-picrotoxin (Rovainen, 1983).

Kimura et al. investigated glycine's role in coordinating the alternating behavi
orin the hypoglossal nerve (H) during lung ventilation (1997). Utilizing an in situ
preparation of Rana pipiens, these investigators isolated the main and sternohyoid
branches to the hypoglossal nerve

(Hm

and

11sh

respectively; the hypoglossal nerve

arises from SN II) and the laryngeal branch of the vagus nerve (Xe). The pattern of
respiratory discharge in the hypoglossal and recurrent laryngeal nerves was analogous
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to the activity measured in the intact (Sakakibara, 1984a) and decerebrate preparations (Kogo et al., 1994). Hm and

11 ,h,

which innervate buccal levators and depressors

respectively, are reciprocally active, generating the characteristic biphasic burst in
the hypoglossal nerve. X, innervating both the glottal dilators and constrictors, was
also biphasically active, with the early component reaching its peak between the two
peaks in the hypoglossal nerve, and the late component active coincident with the
second phase

(Hm)

in the hypoglossal nerve.

When superfused with strychnine, the respiratory output of the in situ preparation was reorganized, with all three nerve branches exhibiting asynchronized rapidonset decrementing firing pattern. The transformation bears astriking resemblance
to gasping (St. John, 1998, see also figure 7.1), which is also enhanced by glycinergic
blockade (St. John and Leiter, 2002).

Galante, and co-workers approached the issue in frogs, employing an in vitro
brainstem preparation derived from metamorphic tadpoles. Utilizing thebath application of strychnine and/or bicuculline, or aCl-free superfusate (Cl - replaced by the
non-permeable anion gluconate), to block cmPSI (Galante et al., 1996). Bicuculline
application, at low doses, increased both the lung and gill burst frequency. Higher
doses led td non-specific effects. Strychnine application, at low doses, decreased or
abolished gill burst amplitude and frequency. At these doses, ahigher amplitude, low
frequency rhythm persisted, but with adifferent amplitude, burst duration and burst
shape than the baseline lung rhythm, leaving the authors uncertain about its nature.
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Higher concentrations of strychnine led to non-speific activity. Non-specific activity
did not occur when the strychnine and bicuculline were jointly applied. Under these
conditions, the gill rhythm was not apparent, but ahigher amplitude, low frequency
rhythm persisted.

This rhythm had an increased amplitude, frequency and burst

duration with respect to the baseline lung rhythm, but asimilar burst shape, leading the authors to conclude that this, rhythm was the lung rhythm. In the C1-free
superfusate, the gill rhythm was once again abolished, while ahigh amplitude, low
frequency rhythm persisted. This rhythm, which the authors identified as the lung
rhythm, had asignificantly higher burst amplitude and duration (by afactor of 10)
than the baseline lung rhythm.

The authors concluded that cmPSI was likely essential for the gneration of the
neural bursts associated with gill ventilation, but not for the generation of the bursts
associated with lung ventilation. The authors suggested that cmPSI played arole in
shaping of the normal lung burst. However, these conclusions may not be warranted.
In demonstrating that Cl - removal abolished the gill rhythm, Galante et al. only
demonstrated that the expression of the gill rhythm is dependent on cmPSI. The expression may fail for many reasons, including transmission failure, where the output is
blocked downstream of the rhythm generator; and state change, where higher centers
change their tonic input to the

rh?thm

generator (Rekling and Feldman, 1998). The

rhythm may even fail due to the failure of the many pumps dependent upon Cl - ions
to function (Deitmer, 2002), an effect independent of cmPSI.
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While Galante et al. demonstrated that arhythm persists during the blockade of
cmPSI

,

their conclusion that this rhythm is the lung rhythm is not compelling. The

authors noted that strychnine led to arhythm that was clearly different from the lung
rhythm based on burst shape, amplitude and duration. The authors then note that
the joint application of strychnine and bicuculliiie, or C1-free superfusate, increase
the burst amplitude and duration (dramatically in some cases), but do not provide
much information on shape. The figures of representative data are poor in general,
but do show that the bursts are more asymmetric than the baseline lung bursts. As
such, the rhythm these authors are recording during the blockade of cmPSI has not
cohclusively been shown to be the lung rhythm; the rhythm instead may arise from
another process which has been disinhibited, i.e. the removal of inhibiion may have
released aseizure-like rhythm, which could be misidentified as respiratory activity.

Broch and coworkers expanded these results by comparing in vitro brainstem
preparations derived from metamorphic tadpoles to those derived from juvenile frogs
during the blockade of cmPSI (Broch et al., 2002). In their hands, joint application
of strychnine and bicuculline abolished the gill rhythm in the metamorphic tadpole.
This intervention, in both metamorphic tadpoles and adult frogs, evoked ahigh amplitude, low frequency rhythm whose burst amplitude and particularly duration are
greater than the baseline lung rhythm. The burst shape during the intervention is
rapid-onset decrementing (right triangle in shape) while the baseline lung burst shape
is augmenting. The authors called this rhythm the lung rhythm. A possible developmental difference to this intervention was evident: in metamorphic tadpoles, the
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frequency of lung bursts increased significantly in strychnine-bicuculline; while in the
adult frogs, the frequency of the presumed lung bursts decreased.

These investigators found similar with Cl-free superfusate: the gill rhythm was
abolished in the tadpoles, and the high amplitude, low frequency rhythm persisted in
both groups (]3roch et al., 2002). Once more, the authors called this rhythm the lung
rhythm. The burst shape in C1-free superfusate was decrementing, and the duration
was significantly longer than that of the baseline lung rhythm (by afactor of 10 in the
adult frog case). Two developmental differences were also apparent. First, the highamplitude rhythm stopped in 2/7 adult frog preparations with C1-free superfusate,
aresponse not seen in the tadpole. Second, in the adult frog, the burst frequency of
this rhythm decreased significantly (8 fold); while in the tadpole, the burst frequency
did not change.

One possible explanation for these developmental differences arises from the
edeveloping chick spinal cord (O'Donovan et al., 1998; Chub and O'Donovan, 1998). The
embryonic cord produces spontaneous rhythmic episodic activity. These episodes persist in the blockade of cmPSI, as an excitatory neural network spontaneously bursts.
With development, this excitatory neural network is lost, while an inhibitory neural network becomes integral to rhythm generation. A comparable scenario may be
occurring in frog respiratory rhythmogenesis, where the metamorphic tadpole's lung
rhythm may be produced by an excitatory neural network independent of Cl - ,while
the adult frog's lung rhythm would be generated by anetwork utilizing émPSI.
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Thus the effects of disruption of cmPSI are uncertain.

The rhythm is altered

in some fashion, but the degree of alteration of the rhythm, and whether the lung
rhythm persists is obscured by the change in frequency, timing and amplitude of
the spontaneous bursts. A systematic examination of the system is in order. First,
utilization of graded levels of chloride reduction might avoid the elicitation of the
large bursts seen in the C1-free superfusate. Second, employment of modern signal
analysis and statistics will hopefully clearly demonstrate the dependance of the lung
rhythm of cmPSI.

Ihypothesize that the buccal rhythm is dependent upon cmPSI

,

and will fall as

the Cl - level is reduced. The lung rhythm, however, will persist in reduced Cl - ,
as Ihypothesize that its rhy-thmogenesis is not dependent upon cmPSI

.

However, I

predict that the lung bursts which persist in reduced Cl - are different from the lung
bursts at 100% Cl - .This stems from my hypothesis that elements of the eupneic
lung burst generator are Cl-dependent. These hypotheses will be tested using a
graded chloride reduction in the superfusate and then analyzing the frequency, shape
and pattern of the resultant discharges.
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4.2

Methods and Procedures

4.2.1

Preparation

Animals
Experiments were performed on juvenile Rama catesbeiana just emerging from metamorphosis (3.6

-

8.2 g) and Rana catesbeiana post-metamorphic tadpoles just com-

pleting metamorphosis (4.0

-

6.7 g, stages 23-24, (Taylor and Koliros, 1946)). The

care of the animals and their suppliers appears in section 2.1.1.

Surgical procedure
The animals were prepared as in section 2.1.2

Protocol
Each preparation was given 2-3 hto recover from surgery in aCSF at apH --'8.0, at
which point the CO 2 was raised to lower the pH to 7.73

-

7.90 (with one preparation

starting at apH of 7.58 and a second preparation starting at pH 7.98). Once the
pH and rhythm stabilized (typically 30 mm), the recording commenced. A 30 mm
baseline period in the 100% Cl - aCSF was recorded, followed by aCl - reduction to
one of the four reduction levels. The preparation was held at this chloride level for
30 mm, at which point it was returned to the 100% Cl - aCSF. The preparation was
then superfused in aCSF for 30 mm, before being superfused in asecond Cl- reduced
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solution 30 mm. This was repeated twice more so that the preparation was exposed
to each reduced chloride level once.

Reduced Cl - superfusate

Four levels of Cl - reduction were utilized: 87%, 75%,

62% and 50% of baseline. The Cl - was replaced with the non-permeable anion gluconate (Glu). For each condition, astock C1-free solution ((mM): NaGlu gluconate,
104; KGlu, 4; MgGlu2,1.4; CaGlu2,3.2; D-glucose, 10; NaHCO 3,25; pH

rs.7.5)

was

titrated with the aCSF to obtain the desired Cl - concentration.

Study design

A Latin Squares design was used to determine the presentation or-

der of the four chloride reduction levels. The preparations were randomly assigned
a presentation order, while maintaining a balanced design. This design allows for
the subsequent grouping of the results at each chloride reduction level with any time
effects being equally distributed amongst the four levels (Mendenhall et al., 1990) .
.

4.2.2

Methods of Analysis

Offline analysis of the data included detection of lung and buccal events, event trigger
averages, probability distributions of lung burst and buccal burst intervals, and correlation of each trial's lung burst intervals to the primary buccal period. The methods
for these analysis appear in section 2.3. For some analyses, the post-metamorphic
and the juvenile frog preparations generated similar results. In some of these cases,
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as noted in the text, the data from only one developmental stage is presented.

4.3
4.3.1

Results
Baseline Output

Neural recordings from CNs V, VII & X and SN II consistently captured the respiratory output of the in vitro brainstem. A representative example appears in figure 4.1.

For further characterization of the baseline rhythm, see Chapter 3.

4.3.2

General Effects of Chloride Reduction on the Buccal
and Lung Rhythms

Reduction of the chloride concentration in the sup erfused brainstem preparation
progressively altered the respiratory output. Figure 4.2 illustrates the changes seen.

Both the lung and buccal rhythm are clearly identifiable during the transition
between the 100% Cl - and the reduced Cl - condition. This confirms that the high
amplitude, low frequency rhythm during the reduced chloride condition is the lung
rhythm and the low amplitude, high frequency rhythm is the buccal rhythm.

The amplitude of the lung bursts decreased with chloride reduction (figure 4.2,
middle panel). At 87% Cl - ,6/8 juvenile frog preparations showed adecrease in lung
burst amplitude; at 75% Cl - ,7/8 juvenile frog preparations had adecrease in lung
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Figure 4.1: Representative lung and buccal rhythms generated by the in
vitro post-metamorphic tadpole brainstem preparation. 30 second recordings
of the integrated neural discharges of CNs V, VII & X and SN II are plotted in order
from the top. Two distinct rhythms are apparent in the discharge. The intermittent,
large amplitude bursts, synchronous in all four nerves, are lung bursts (Torgerson
et al., 1998); while the small amplitude, more regular rhythm consists of buccal
bursts. The lung bursts are clustered into two groups, known as lung episodes. The
buccal bursts, unlike the lung bursts do not consistently appear in all nerves. In
this example, adistinct buccal burst rhythm is evident in CN V with aless distinct
rhythm appearing in SN II and an intermittent rhythm in CN VII. Please see the
methods for details regarding the recording.
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Figure 4.2: Lung and buccal rhythms during Cl - reduction. The respiratory
neural output of a brainstem during the initial (100% Cl - )baseline, during the
first chloride reduction intervention (75% Cl - ), and during the recovery from this
intervention at 100% Cl -.
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burst amplitude; at 62% Cl - ,7/8 preparations exhibited a decrease in lung burst
amplitude; and at 50% Cl - ,6/7 preparations had adecrease in lung burst amplitude
(one juvenile frog brainstem preparation produced zero lung bursts at this level of
Cl - reduction). All comparisons to baseline.

The overall oc
currence rate of lung bursts increased with chloride reduction (in figure 4.2, consider the number of lung bursts that occur in each panel). The number of
lung bursts occurring during the last five minutes of each chloride reduction condition
increased compared to the lung burst occurrence during the five minutes immediately
preceding the chloride reduction (at 100% CI - ): in 6/8 juvenile frog preparations
at 87% Cl - (mean occurrence rate 216% of previous baseline); in 8/8 juvenile frog
preparations at 75% Cl - (mean occurrence rate 271% of previous baseline); in 6/8
juvenile frog preparation at 62% Cl - (mean occurrence rate 226% of previous baseline); and in 7/7 juvenile frog preparations at 50% Cl - (mean occurrence rate 293%
of previous baseline).

• The clustering of lung bursts into episodes was reduced with the reduction of Cl - .
In figure 4.2. The protocol yielded 20 instances of episodic lung bursts at 100% C1
condition. The subsequent Cl - reduction transformed the episodic lung burst rhythm
to arhythm: of isolated lung bursts, with each lung burst followed by abuccal burst
(evident in CN V) in one trial; where the lung and buccal bursts roughly alternated
in three trials (e.g. figure 4.3, top preparation); anearly continuous rhythm where
long trains of lung bursts aperiodically interrupted with buccal bursts in one trial
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(e.g. figure 4.3, bottom preparation); and acontinuous lung rhythm where the per
i
od between lung bursts is sufficiently small to preclude any buccal bursts in 15 trials.

Only 5/8 juvenile frog preparations produced an episodic lung burst rhythm at
baseline. Of these five preparations, the lung rhythms at 87% Cl - were transformed
into continuous rhythms in two preparations, into variable rhythms in two preparations, and into isolated lung bursts in oiie preparation.

At 75% Cl - ,thre prepa-

rations produced continuous lung rhythms, one exhibited anearly continuous lung
rhythm, and one generated amixed lung + buccal rhythm: At 62% and at 50% Cl - ,
all five preparations produced acontinuous lung rhythm.

As can be seen in figure 4.2 and 4.3, reduction in chloride alters the buccal rhythm.
In the juvenile frog preparations, Cl - reduction decreased the amplitude and increased the variability of the buccal rhythm: in 2/4 preparation exhibiting abuccal
rhythm at 87% CL, 2/3 preparations with abuccal rhythm at 75% CL, 2/2 preparations with abuccal rhythm at 62% Cl - weakened the buccal rhythm in 2/2 juvenile
frog preparations, the buccal bursts decreased in amplitude and timing between events
became more variable. 50% Cl - caused the buccal rhythm of 1/2 juvenile frog preparations to fall.

Chloride reduction also altered the shape of the lung bursts. This is particularly
noticeable in SN II which has acharacteristic biphasic discharge with the first peak
before the onset of CN X and the second peak after the onset (see figure 3.2). The
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Figure 4.3: Representative range of changes in baseline episodic activity
during Cl - reduction. The respiratory neural output from two juvenile frog brainstem preparation illustrating alternate modifications of clustering during Cl - reduction. The output from each brainstem are aligned in the horizontal axis, with the
100% Cl - conditions on the left, and the 87% C1 conditions on the right.
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event trigger histogram from the same preparation as in figure 3.2 at 87% Cl - appears in figure 4.4.

In this preparation, Cl - reduction suppressed the first wave of the biphasic burst
in SN II, i.e. the preinspiratory activity. CN V was also transformed losing its small,
preinspiratory activity. Across the animals tested 3/8 preparations had amonophasic
SN II lung burst at 87% Cl - ;5/8 preparations had amonophasic discharge at 75%
Cl - ;7/8 preparations had amonophasic discharge at 62% Cl - ,and 6/7 exhibiting a
lung rhythm had amonophasic SN II lung burst at 50% Cl - .

4.3.3

Rhythm Analysis

In the pot-metamorphic tadpole preparations Cl - reduction significantly increases
the overall occurrence rate of lung bursts (i.e. the total number of lung bursts in the 5
minute recording period) while decreasing the specific lung burst rate calculated from
the inter-lung burst interval when no intervening buccal bursts are present (figure 4.5).

The number of lung episodes decreases dramatically and significantly in reduced
chloride. The number of lung bursts per episode changes significantly at one level at
least, but the post-hoc comparisons failed to resolve which level.

Analysis of the buccal burst rates reveal asimilar trend (figure 4.6). However,
none of the trends in the buccal burst data is significant.
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Lung Activity in 87% Chloride
21 Bursts
Integrated
Voltage
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Figure 4.4: Event trigger average during the 87% Cl - reduction. Five second
recordings of CNs V,VII, X and SN II of 21 lung bursts are aligned at the onset of
CN X (vertical green bar) and superimposed. The average discharge for each nerve
is plotted in red. The 21 bursts were selected at random from the lung bursts that
occurred in the five minute recording period. The data comes the same preparation
as in Figures 3.2 and 4.1.
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Figure 4.5: Box-plots of lung burst rates. The dark box represents the middle
half of the data at each chloride level, while the white band marks the location of
the median. One standard deviation is displayed by the whiskers of the box, while
the mean of the data is labeled with an X. Outliers are displayed as straight lines.
Lung burst occurrence rates were calculated from the total number of lung bursts that
occurred in the recording period while the specific lung burst rates were calculated
from the periods between consecutive lung bursts. The median was used in calculating
each trial's lung bursts per episode. Two-way ANOVAs and Friedman rank sum tests
were run on each group of data. Significant results are indicated by ** and FF
respectively. Significant results of post hoc tests are noted by the character 'c' paired
with adigit appearing in one of the reduced chloride columns. This indicates that
the column's condition is significantly different from the digit's 100% Cl- condition.
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Figure 4.6: Box-plots of buccal burst rates from the same preparations. See the
caption of figure 4.5 for an explanation of the symbols.
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The lung and buccal rates in preparations derived from juvenile frogs behave in
asimilar fashion to the post-metamorphic tadpoles when the Cl - is reduced. The
lung rates (shown in figure 4.7) juvenile frogs change in an analogous fashion to
post-metamorphic tadpoles, although the magnitude of the changes are smaller. The
buccal rates (not shown) of the juvenile frogs behaved in asimilar fashion in response
to reductions in Ci - as the post-metamorphic tadpoles.

4.3.4

Pattern of Buccal and Lung Bursts

The pattern of lung and buccal bursts was disrupted with Cl - reduction. This disruption manifested itself in several different ways. In many preparations, areduction
in Cl - to any of the four levels used resulted in acontinuous, or near continuous,
lung rhythm. This occurred in at least one preparation at all levels of Cl - reduction. In some preparations, such as in figure 4.2, Cl - reduction transformed the lung
episodes into apattern of alternating lung and buccal bursts. In other preparations
(figure 4.8), the reduction in the Cl - concentration led to subtle changes in the pattern of lung and buccal bursts.

This pattern of lung and buccal bursts was further explored by examining the lung
burst and buccal burst intervals. These intervals were calculated for all conditions,
and probability distributions of the lung burst and the buccal burst intervals were
constructed. Representative results at 100% and 87% Cl - appear in figure 4.9.
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Figure 4.7: Box-plots of lung burst rates from juvenile frog preparations.
See the caption of figure 4.5 for an explanation of the symbols.
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Figure 4.8: Typical example of the respiratory neural output of abrainstem
during the initial (100% Cl - )baseline (left) and the first Cl - reduction
intervention (87% Cl - ,right). The buccal rhythm, while of low amplitude, is
present in both conditions.
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Figure 4.9: Probability distributions of lung burst (top) and buccal burst
(bottom) intervals before and after the Cl - reduction. from the conditions
displayed in figure 4.8. The smoothed version of each histogram is added as ablack
curve. The peaks of the smoothed histograms are marked with red ticks, and their
position, in seconds, are labeled. The total number of bursts (lung or buccal) that
occurred in each condition appears in the top right corner of each histogram.
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At 100% Cl - ,the modes of the lung burst intervals appear to be separated by
the primary buccal burst interval and the modes of the buccal burst intervals appear
to be separated by the primary lung burst interval (table 4.1).

100% C1
Lung
Buccal
Mode (s) Duff (s) Mode (s) Duff (s)
1.0
1.3
2.4
1.4
2.3
1.0
3.7
1.3
3.3
1.0
5.0
4.8
1.3
1.5
6.3
1.3
7.5
1.2
8.5
1.0
8.6
3.8
9.1
0.6
9.5
0.9
10.5
1.4

87% C1
Lung
Buccal
Mode (s) Duff (s) Mode (s) Duff (s)
2.0
1.7
3.9
1.9
2.1
3.8
5.1
1.2
4.8
1.0
0.4
5.5
5.4
0.6
6.1
5.9
0.5
0.6
6.7
0.6
6.3
0.4
7.3
0.6
1.4
7.7
8.4
0.7
9.1
0.7
9.7
0.6
10.7
1.0

Table 4.1: Modes of the lung burst and buccal burst interval probability
distributions generated in figure 4.9, as well as the differences between successive
modes. The primary modes are in bold font.

The underlying structure for the lung burst intervals appears to be such that each
lung burst interval is equal to the primary lung burst interval plus an integer number
of primary buccal burst intervals. Following the methods described in section 2.3.4,
we have:

LLj = LL0 + ni x BB0
where:
LLj
LL0
BB0
n

th
-

-

-

(4.1)

lung burst interval,

primary lung burst interval,
primary buccal burst interval,
number of buccal bursts between
lung bursts of LL.

86

The modified regression analysis was employed where lung burst intervals of each
condition were fit with predicted intervals from the above relationship. The analysis
was repeated for each condition on the buccal burst intervals. A graphical representation of the analysis of the representative data from figure 4.9 appears in figure 4.10.

The R2 values were used to estimate the adherence of each condition's lung
burst and buccal burst intervals to the proposed relationship. They were tabulated
by condition level for both lung and buccal burst intervals by animal stage (Tables 4.2, 4.3, 4.4 and 4.5).

2 d Baseline
Yd Baseline
4th Baseline
5th Baseline

3.80

3.80

2.35
'3.60
1.13
1.30
1.36
1.34
1.34

0.78
3.38
0.13
0.20
0.42
0.26
0.36

4.91
3.14
1.48
1.76
1.54
1.95
2.24

3.29
2.02
0.49
0.40
0.30
0.30
0.88

C)

1.77

0
0.47
0.95
0.98
0.96
0.86
0.91

0
0.46
0.10
0.02
0.06
0.35
0.19

01

C)

1.77

n

000000

50% Cl 62% 01
75% Cl 87% Cl 1st Baseline

R2
mean std.

C)

condition

LLi= LL o + ni x BB0
intercept (s) slope (s • bursts -')
mean
std.
mean
std.

Table 4.2: Summary of modified regression analysis on lung burst intervals
from juvenile frog preparations. The mean and standard deviation (std) of
estimated intercept, slope and corrected squared multiple correlation coefficient (R2)
of the fit to the 'nonconsecutive lung burst intervals. The number of preparations
reporting finite R2 for each condition appear in the last column (n). The R2 values
were corrected by setting negative values to zero.

87

100% Chloride

87% Chloride

Intercept =1.02s, slope 1.31s
We =1.51, SSt =116.08
Rsquared = 0.987

2

4

Intercept = 2.02s, slope = 1.75s
SSe = 5.46, SSt = 36.99
Rsquared =0.852

6

2

Buccal Bursts

Intercept = 1.31s, slope
SSe =3.14, SSt = 69.3
Rsquared =0.955

4

Buccal Bursts

1.02s

Intercept =1.75s, slope =2.02s
SSe = 81, SSt =306.65
Rsquared = 0.973
0
03
(0

C'4

C"

0

0

0

2

4

Lung Bursts

6

0

2

4

6

Lung Bursts

Figure 4.10: Modified regression analysis of lung burst top and buccal burst
bottom interva1sat 100% right and 87% left 01 (same conditions as figure 4.8).
For the lung burst intervals (top panel), the lung burst intervals are plotted against
the predicted number of buccal bursts between the lung bursts. The regression line is
calculated using equation 3.1: the primary lung burst interval is taken as the intercept
of the regression line, while the primary buccal burst interval is taken as the slope.
The slope is multiplied by whole numbers only, resulting in the number of buccal
bursts being on the abscissa. Lung burst intervals are plotted on the ordinate axis.
The intercept (primary lung burst interval) and slope (primary buccal burst interval)
are printed in the top left corner, along with the sum of squared error for the regression
(SSe) and the sum of squares for the data set (SSt). The squared multiple correlation
coefficient (R2)is also printed. Buccal burst intervals were analyzed in an analogous
fashion, switching buccal for lung and vice versa where appropriate. See section 2.3.4
for methods.
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condition
50% Cl 62% Cl 75% Cl 87% Cl 1st Baseline.
2nd Baseline
3rd Baseline
411
511

Baseline
Baseline

LLj = LL 0 + ni x BB0
intercept (s) slope (s • bursts -')
mean
std.
mean
std.
3.85
2.38
2.26
2.86
1.01
1.05
0.98
1.13
2.24

1.38
2.38
0.59
0.60
0.12
0.17
0.11
0.42
3.54

0.89
2.00
2.90
2.01
1.70
1.72
1.62
1.73
1.73

0.52
2.00
0.60
0.74
0.72
0.51
0.27
0.46
0.66

R2
mean std.
0.13
0
0.33
0.66
0.94
0.97
0.95
0.82
0.79

0.18
0
0.58
0.45
0.12
0.03
0.06
0.34
0.36

n
2
1
3
4
8
8
7
8
8

Table 4.3: Summary of modified regression analysis on lung burst intervals from
post-metamorphic tadpole preparations. See table 4.2 for more details.
Cl - reduction disrupts the buccal-lung relationship
At baseline, regression lines derived from the primary lung and buccal burst intervals
accounts for apredominance of the variance in lung burst and buccal burst intervals.
Cl - reduction decreased the variance accounted for by the modified regression line
(p <0.01; Wilcoxon signed rank test; n=10).

4.3.5

Lung Burst Shape

As illustrated in figure 4.4, the reduction of chloride in the perfusate resulted in profound changes in the shape of the lung burst discharge.

To quantify the changes

in shape, astandard curve was fit to the averaged discharge in each nerve at each
condition (see Methods section 2.3.5). From the fit, five parameters were extracted:
inspiratory burst amplitude, inspiratory phase width, burst peak time, preinspiratory
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condition
50% C1
62% Cl 75% Cl 87% C1
1st Baseline
2nd Baseline
3rd Baseline
4th Baseline
5th Baseline

BBi = BBO + ni x LL0
intercept (s) slope (s • bursts -')
mean
std.
mean
std.
3.80

3.80

1.77

1.77

4.91
3.14
1.48
1.76
1.54
1.95
2.24

3.29
2.02
0.49
0.40
0.30
0.30
0.88

2.35
3.60
1.13
1.30,
1.36
1.34
1.34

0.78
3.38
0.13
0.20
0.42
0.26
0.36

R2
mean std.

0.98
0.97
0.92
0.92
0.95
0.98
0.97

0.02
0.06
0.08
0.14
0.05
0.01
0.04

n
0
0
4
5
7
8
8
8
6

Table 4.4: Summary of modified regression analysis on buccal burst intervals
from juvenile frog preparations. Format as in table 4.2, excepting the reversal
of buccal and lung.

condition
50% C1
62% Cl
75% Cl 87% Cl
18t Baseline
211 Baseline
3rd Baseline
4th Baseline
511

Baseline

BB = BBO + ni x EL 0
intercept (s) slope (s • bursts')
mean
std.
mean
std.
0.89
2.00
2.90
2.01
1.70
1.72
1.62
1.73
1.73

0.52
2.00
0.60
0.74
0.72
0.51
0.27
0.46
0.66

3.85
2.38
2.26
2.86
1.01
1.05
0.98
1.13
2.24

1.38
2.38
0.59
0.60
0.12
0.17
0.11
0.42
3.54

R2
mean std.
0.26
0
0.78
0.56
0.98
0.98
0.98
0.84
0.81

'

0.37
0
0.20
0.47
0.02
0.03
0.03
0.34
0.34

n
2
1
3
4
8
8
7
8
8

Table 4.5: Summary of modified regression analysis on buccal burst intervals
from post-metamorphic tadpole preparations. See table 4.4 for more details.
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area and postinspiratory area.

The preinspiratory area also varied significantly with chloride concentration. In
both juvenile frogs and post-metamorphic tadpoles the preinspiratory areas of SN
II and ON V decreased significantly with reduced chloride (figure 4.11).

In post-

metamorphic tadpoles, the preinspiratory area of ON VII decreased significantly, but
in juvenile frogs changes in this nerve were not significant. These preinspiratory motor outflows would normally dilate the buccal cavity in the intact frog indicating that
this first phase of eupneic anuran breathing in C1-dependent.

The postinspiratory area at all levels was consistently smaller than the preinspiratory area, indicating that the Gaussian curve approximates the roll off of the
discharge (figure 4.12).

During the baseline conditions, peak times of both the post-metamorphic tadpoles
and the juvenile frogs have adistinct pattern with the peak time order of ON V < ON
VII

<

ON X < SN II (figure 4.13). Mild Cl - reduction increased the time to peak in

all four nerves and led to more simultaneous peak times. Further reductions in C1
had erratic effects.

The duration of the inspiratory phase of the lung burst in ON V progressively
decreased with the Cl - reduction. The widths in the other three nerves increased
with Cl - reductions of 87% and 75% ,before decreasing at lower Cl- concentrations

91

Preinspiratory Area
Tadpoles
o
o
o

Area (arb. units)

o

CNV
CNVII
CNX
SNII

0

—

—0

C.)

C.)

fl-

0
U)

U)

Preinspiratory Area
Juv. Frogs
o
o
o

w
U)

CNV
CNV1I
CNX
SNII

0
U)

0
('4

Area (arb. units)

o

0

0
1

1

—0
a,
>

C-)
0
U,

C-)
C'1
CD

U)
I-

NU)

8
a,
Cr

a,

0
a

('1

U)

Figure 4.11: Preinspiratory area during Cl - reduction. Mean area between
the discharge and the fit that occurs before the center of mass of the fit for the
post-metamorphic tadpole (top) and juvenile frog (bottom) preparations during the
different Cl - reduction treatments, baseline, and the four recovery periods following
the Cl - reductions. The error-bars are one standard-error in length.
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Figure 4.12: Postinspiratory area during Cl - reduction. Mean area between
the discharge and the fit that occurs after the center of mass of the fit for the postmetamorphic tadpole (top) and juvenile frog (bottom) preparations during the different Cl - reduction treatments, baseline, and the four recovery periods. The error-bars
are one standard-error in length.
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(top) and juvenile frog (bottom) preparations during the different treatments. The
time of peak is calculated in reference to the threshold crossing in CN X. The errorbars are one standard-error in length.
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(figure 4.14).

Reducing the superfusate's Cl - concentration caused aroughly proportional reduction in burst amplitude in all nerves. During each recovery from reduced chloride,
burst amplitude increased, although not consistently, in all nerves.

4.4
4.4.1

Discussion
Lung and Buccal Bursts in Reduced C1

The major findings of this work are fivefold. First, reduction in the Cl - concentration
in the superfusate of the in vitro frog brainstem preparation preferentially disrupted
the buccal rhythm. This disruption is manifested by adecrease in amplitude and an
increase in variability of the buccal bursts, and aslowing of both the occurrence rate
and specific frequency of the buccal rhythm. This result is consistent the earlier findings of Galante et al. (1996) and Broch et al. (2002) that exhibition of the gill/buccal
rhythm is dependent on C1-dependent mechanisms while the lung rhythm is generated by C1-independent mechanisms (i.e. pacemaker). This work extends the earlier
results by examining the buccal and lung rhythms in post-metamorphic and juvenile
animals.

Reductions in chloride led to asystematic decrease in the burst amplitude in both
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groups of animals. This is in contrast to previous reports utilizing C1-free superfusate that showed, in metamorphic tadpoles, asignificant increase in burst amplitude
and in adult frogs, no change in burst amplitude (Galante et al., 1996; Broch et al.,
2002).

The Cl - reduction led to small systematic changes in burst duration (i.e. inspiratory phase width; figure 4.14). This too is in contrast to earlier reports which found
significant increases in burst duration when Cl-free superfusate was applied.

These differences may arise from the different degrees of Cl - reduction, with the
previous work replacing 92% or more of the Cl - .The partial reduction of Cl - has
been used in other in vitro experiments to interfere in cmESI (Shao and Feldman,
1997), see also methods section 2.2. The complete replacement of Cl - in the superfusate could negatively affect Cl - -dependent transport pumps (Deitmer, 2002). Loss
of these other C1-mediated mechanisms may result in aberrant behaviour and could
account for the differences between the studies.

Another important difference between my work and the previous studies is that I
used preparations derived from post-metamorphic tadpoles and juvenile frogs while
the previous work used preparations derived from metamorphic tadpoles and adult
frogs (see section 1.2.2 for adescription of these stages). The metamorphic tadpoles
have not yet developed the adult ventilatory rhythms and may not be comparable,
while the adult frogs have considerably larger brainstems, which would change the
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oxygenation of the superfused preparation. A hypoxic brainstem could disrupt many
processes, including cmPSI, necessary for respiratory rhythmogenesis (Ramirez et al.,
1998a), and would account for the absence of the buccal rhythm and an aberrant lung
rhythm.

4.4.2

Lung and Buccal Rhythm in Reduced C1

Both post-metamorphic tadpoles and juvenile frogs in reduced Cl - significantly increased the occurrence rate of lung bursts while significantly decreasing the specific lung rate (i.e.

the period between consecutive lung bursts increased) (Fig-

ures 4.7 and 4.5. The nonpermeable anion isotheonate has been shown to increase
the respiratory response to an acid challenge in rats (Davidson et al., 1993). The
gluconate in the superfusate used in this study may account for the observed increase
in the lung burst occurrence rate. The cause of the decrease in the specific lung rate
is uncertain. It may stem from adisinhibition of excitatory inputs to the respiratory
CPG, from disruption of 01-mediated mechanisms necessary to generate the rhythm
and/or from tertiary effects of Cl - replacement.

4.4.3 'Pattern .of Lung and Buccal Bursts in Reduced C1
Examination of the distribution of lung burst and buccal burst intervals provides
insight into the underlying pattern of these two events. The modes (peaks) of the
probability distributions of the intervals indicate the probable time between events.
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The same modes also indicate the likely episode size of the complimentary event.
Thus apattern of lung and buccal bursts where the number of bursts per episode is
variable will produce amultimodal distribution (such as figure 4.9). Consider the distribution of lung burst intervals at 100% chloride. The rightmost mode comprises the
lung-lung intervals uninterrupted by any buccal bursts. The second mode comprises
the lung burst intervals interrupted by asingle buccal burst. The third comprises the
lung burst intervals interrupted by two buccal bursts, and so forth.

The probability distributions of the lung burst and buccal burst intervals at biseline were routinely multimodal, indicating a regular rhythm with episodes which
varied in size. Cl - reduction altered this pattern simultaneously increasing the variability in time between successive bursts while reducing episode lengths (right side,
figure 4.9). The probability distributions in the reduced Cl - conditions have broader
modes indicative of increased variability in the time between successive bursts. At
the same time, Cl - reduction decreases the number of modes indicating that the size
of the episodes have shortened to 1or 2events, aresult noted earlier in section 4.3.3.

• The modified regression analysis provides another method to examine the pattern
of lung and buccal bursts.

The relationship described in equation 4.1 was deter-

mined empirically from the probability distributions and accounts for the variance in
the baseline intervals remarkably well. During the Cl - reduction, the R2 decreased.
Given the drop in n for this analysis (right column, Tables 4.2, 4.3, 4.4 and 4.5),
data from both development stages were pooled, and the decrease in R2 in reduced
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Cl - was found to be significant. Thus, the relationship described in equation 4.1
was weaker during the Cl - reduction, indicative of increased variability between the
events.

4.4.4

Burst Shape in Reduced Cl -

A small but statistically significant effect of Cl - reduction is the transformation of the
biphasic lung burst SN II to amonophasic lung burst (figure 4.4). Reduction in the
Cl - concentration suppressed the preinspiratory activity in SN II (figure 4.11). The
mechanism by which the preinspiratory activity is suppressed is uncertain although
it most likely involves the disruption of cmPSI

.

Galante and co-workers (1996) saw

asimilar phenomenon, with the onset of lung bursts becoming much steeper when
bath applying astrychnine + bicuculline cocktail to brainstem preparations derived
from metamorphic tadpoles.

While recording from the main and sternohyoid branches of SN II, Khñura et al.
(1997) applied strychnine to the brainstem in asemi-intact' preparation. During this
application, the preinspiratory activity in SN II, which is found on the sternohyoid
branch, temporally shifted to discharge concurrently, with the main branch during
the inspiratory phase. This finding supports the possibility that Cl - reduction does
not suppress the preinspiratory activity but instead retards its onset to coincide with
the inspiratory phase. Of course, the effects could be occurring at the motoneuron
level, seeing as glycinergic neurotransmission is predominantly found in the spinal
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cord (Bonham, 1995).

4.4.5

Reduced Cl - and cmPSI

Ipresume that most of the Cl - reduction effects seen in this study are caued by the
disruption of cmPSI. As discussed in Methods section 2.2, the levels of Cl - reduction used in thee studies will interfere with cmPSI. My results generally agree with
earlier studies utilizing the GABAnergic and glycinergic antagonists bicuculline and
strychnine (Galante et al., 1996; Broch et al., 2002). In particlar, all three studies
agree that the buccal rhythm is dependant upon cmPSI, whereas the lung rhythm is
not.

Iextended these earlier studies by closely examining the shape of the lung burst.
The earlier studies commented on atransition from an augmenting discharge to a
rapid-onset pattern with the blockade of cmPSI (Galante et al., 1996; Broch et al.,
2002). Ifound asimilar change with my Cl

reduction protocol, with asignificant

decrease in the preinspiratory area during treatment. The similarity of my findings
to the previous studies, and to Kimura et al., (1997) study suggests that the Cl - reduction effect occurs by disrupting cmPSI. Pilot work Icompleted, examining burst
shape in the presence of strychnine and/or bicuculline, generated similar results, further supporting the interference of cmPSI as the mechanism by which Cl - reduction
affects the respiratory rhythm generator.
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4.4.6

Developmental Stages Studied

The experiments will be performed on two developmental stages: post-metamorphic
tadpoles and juvenile frogs. Both of these groups have lost their gills, are obligatory
lung breathers, and have similar mechanics and patterns of lung ventilation; i.e. both
stages breath like the adult frog. The tadpoles have just emerged from the water and
are in their first days of breathing like an adult frog, while the juvenile frogs have
breathed in this pattern for several weeks. In mammals, particularly rats, the mechanisms generating the respiratory rhythm are thought to change in the first few days
of life (Richter, 2003). A similar change could occur for tadpoles just exiting metamorphosis. Because of this concern, the post-metanorphic tadpoles were analyzed
as aseparate group from the juvenile frogs. Few differences were found at baseline
(Chapter 3) and during the chloride reduction protocol (this chapter). One difference
was that the post-metamorphic tadpole lung bursts included preinspiratory activity
in CN VII which' decreased significantly during the Cl — reduction while the juvenile
frog's CN VII preinspiratory activity did not change significantly with Cl — concentration. Whether this difference has any physiological significance is unknown, but
simple maturational alterations in the innervation of the buccal floor could account
for the modification. These results suggest that there are few maturational changes
in the respiratory CPG between these two developmental stages.
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4.4.7

Summary

The reduction of the superfusate Cl — concentration led to aseries of changes in the
respiratory output of the in vitro frog brainstem preparation. Four of the effects are
intriguing as they may be related. These effects are the suppression of the buccal
rhythm, the suppression of the preinspiratory activity of the lung burst, disruption
of the buccal and lung burst pattern, and the loss of lung episodes.

The loss of episodic activity clearly disrupts the buccal and lung burst pattern,
but so does the suppression of the buccal rhythm. As this rhythm decreases in amplitude, it becomes more variable, which could explain the increase in variability between
widely spaced lung bursts and the broadening of the modes in the interval distribution.

The loss of the preinspiratory activity of the lung bursts in reduced Cl — may account for the loss of the lung episodes as well. The mechanisms by which successive
lung bursts cluster into an episode are poorly understood; GABA-B agonists and
antagonists (Straus et al., 2000a; Straus et al., 2000b), and nitric oxide (Hedrick and
Morales, 1999; Harris et al., 2002) have been shown to modulate episodic behaviour.
However, disrupting the lung burst by suppressing the preinspiratory activity may
impair the system's ability to cluster successive lung bursts together.

While Ihave not ruled out the possibility that all of the observed effects are caused
by transmission failure, i.e. the respiratory oscillators continue to generate arhythm,
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but this rhythm is blocked from reaching the motoneurons, the effects observed include changes of rhythm, pattern, shape and amplitude. Such abroad spectrum of
transformations is consistent with effects altering rhythm generator, rather than the
transmission of the rhythm.

Finally, the mechanism by which Cl - reduction suppresses the preinspiratory
activity of the lung burst is uncertain, but it is intriguing that the preinspiratory
component of lung burst and the buccal rhythm are both C1-dependent.

Chapter 5
Differential Opioid Sensitivity of
the Frog Coupled Oscillators

5.1

Introduction

Mellen et al., have proposed that coupled oscillators play afundamental role in the
mammalian respiratory rhythm generation (see section 1.4 and figure 1.3 in the Introduction). The evidence supporting this conjecture includes the differential sensitivity
to opioids of two rhythrnogenic areas in the mammal (Takeda et al., 2001; Mellen
et al., 2003), and arespiratory response to opioid application that involves "dropped
beats".

Given the probable existence of two distinct but coupled oscillators in the frog
respiratory circuitry (Wilson et al., 2002), John Remmers proposed that the response
of these putative oscillators to opioids may be homologous to what seen in the mammal (personal communication).

The effect of opioids on the respiratory rhythm of the frog is an open question. To
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the best of my knowledge, no work has been published addressing this issue. However, acolleague, and former post-doctoral fellow in the Respiratory Research Group,
did have some unpublished data on this question. Icomplemented his previous work
with the set of studies presented within this chapter. The combined data have been
published (Vasilakos et al., 2005).

The in vitro frog brainstem preparation was used to characterize the effects of
opioids on the respiratory rhythm. In addition, by modulating the respiratory drive
in the presence of opioids, the organization of the putative oscillators was examined.

We have proposed that while the putative buccal oscillator acts independently
during buccal ventilation (figure 1.1, white field); the two oscillators appear to act
in tandem to produce abi-phasic lung burst, with the buccal oscillator active during
the preinspiratory phase and the lung oscillator active during the inspiratory phase
(figure 1.1, blue field) (Kogo et al., 1994; Kogo and Remmers, 1994; Kimura et al.,
1997; Wilson et al., 2002; Vasilakos et al., 2005).
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5.2

Methods and Procedures

5.2.1

Preparation

Animals
Experiments were performed on Rana catesbeiana frogs just emerging from metamorphosis (4

-

11 g, post stage 25, (Taylor and Koliros, 1946)) and Rana catesbeiana

tadpoles entering the climax of metamorphosis (8

-

14 g, stages 11-17, (Taylor and

Koliros, 1946)). Iwill refer to the former as juvenile frogs and to the latter as metamorphic tadpoles. The care of the animals and their suppliers appears in secti6n 2.1.1.

Preparation
Preparation of the animals, and recording of the respiratory rhythm proceeded as
described in section 2.1.2.

Protocol
Dose response experiments

Responses to different doses of opioids were assessed

by running 13 preparations through aprotocol of 30 min baseline, 30 min bath application of the I
L opioid receptor agonist [D-Ala2,
N-Me-Phe4,01y5-ol]-Enkephalin
-

acetate [DAMGO] (10, 32 or 100 nM) followed by 30 min bath application of the
opioid receptor antagonist naloxone (0.1-1 iiM). 13 preparations were necessary to
demonstrate a dose response effect. The frequency of buccal and lung bursts were
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measured during the last 5min of each period.

The response of metamorphic tadpole brainstems to opioids was assessed using
the same protocol with the following differences: there were only six tadpole preparations, DAMGO concentrations utilized were 1, 3.2 or 32 nM, and the naloxone
concentrations utilized were 32 or 100 nM. Preliminary studies indicated that the
metamorphic tadpole's lung rhythm was more sensitive to opioids and lower concentrations of DAMGO were subsequently used.

Occurrence pattern of lung bursts experiments

The effect of opioids on the

temporal patterning of lung bursts was studied in six preparations. Tinder eucapnic
conditions (superfusate

Pc02

10-20 torr; pH 7.7-8.05), normal, episodic ventilatory

motor patterns were recorded for 45 minutes. The

Pco2

of the superfusate was then

changed to 32-64 torr (hypercapnia; pH 7.2-7.5) to elicit amore continuous pattern of
lung bursts and thereby better reveal any opioid-induced changes in the lung rhythm.
After 45 minutes, DAMGO (32, 50 or 100 nM) was added to the hypercapnic superfusate. After afurther 45 minutes, the superfusate was exchanged, replacing DAMGO
with naloxone (100 nM). This experiment was ended after another 45 minutes. Lung
and buccal burst times were determined for the last 15 minutes of each period. This
longer duration was used to increase the number of events for each condition. The
subsequent pattern analysis was more accurate because of this increased number.
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5.2.2

Methods of Analysis

The collected data was analyzed using the techniques outlined in section 2.3. The
techniques included identification of lung and buccal events and intervals section 2.3.1,
consideration of both occurrence rates and specific frequencies section 2.3.2, construction of lung burst interval probability distributions section 2.3.4.

Statistics
Data is presented as means ± s.e.m. Differences between means were evaluated using
apaired ttest, aone-way analysis of variance (ANOVA), or aone-way ANOVA with
repeated measures (RM) as appropriate. Drug treatment was the single factor used in
all ANOVA and if the differences between groups reached significance (p < 0.05), posthoc multiple comparisons were performed using the Student-Newman-Keuls (SNK)
method. The dose response effect (if any) was evaluated by calculating the leastsquares regression line through the dose response data. Regression line slopes that
differed significantly from zero (p < 0.05, F-test on accounted variance) are taken as
evidence for asignificant dose response relationship.

5.3

Results

Figure 5.1 displays typical results from the experiments.
-

Bath application of the

opioid agonist, DAMGO (middle panel), suppressed lung events, and altered the
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pattern of lung and buccal bursts, effects that were reversed by naloxone (bottom
panel).

I
I
,
0
0

ci

J
lOs

Figure 5.1: Representative recording of opioid application's effect on the
lung and buccal rhythms from ajuvenile frog preparation in eucapnia. Three 40
srecordings of CN V of abrainstem during baseline (top), bath application of 32 nM
DAMGO (middle) and bath application of 100 nM naloxone (bottom).

5.3.1

Occurrence Rates

Across the group of animals (n=13), DAMGO, suppressed overall lung burst occurrence rate in adose-dependent fashion (reversed by naloxone) (figure 5.2; p<O.05,
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F-test on accounted variance of regression line), but had no significant effect on buccal
burst occurrence rates (the apparent trend in the rates is not significant). Similarly,
in en bloc metamorphic tadpole brainstems, DAMGO (1-32 nM) decreased the occurrence rate of lung bursts to 36.7 ± 11.1% of baseline (n=6,

p<O.05,

t-test) with no

significant change in buccal burst occurrence rate (figure 5.3). During the recovery
in naloxone (32 or 100 nM), the occurrence rate of lung bursts increased to 247%
± 109% of baseline, with no significant change in the buccal burst occurrence rate.
The overall occurrence rate of all ventilatory events (i.e., buccal + lung) in en bloc
preparations was significantly reduced by opioids in both juvenile frogs (55.2 ± 9.2%
of baseline, n=13, p<0.001, t-test) and metamorphic tadpoles (59.3 ± 12.8% of baseline, n=6, p<O.05, t-test).

'5.4

Specific Frequencies

While the buccal and lung occurrence rates were differentially sensitive to opioid application, DAMGO suppressed both the lung and the buccal specific frequencies (i.e.,
the frequency of successive events) in adose dependent fashion (figure 5.4). During
the DAMGO-induced suppression of the respiratory rhythm, buccal bursts replace
lung bursts (figure 5.5).
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Figure 5.2: Opioid effect on frog ventilation occurrence rates. Effect of bath
applied p opioid agonist, DAMGO (10, 32 or 100 nM; 30 min application, last 5
-

min analyzed), and antagonist, naloxone (0.1-1 j.tM; 30 min application, last 5 mm
analyzed), on buccal (top) and lung (bottom) burst occurrence rates in the isolated
brainstem of juvenile frog (o; n=13). Dashed lines: least-squares regression; *: slope
of regression significantly different from zero. Note that DAMGO concentration correlated with lung, but not buccal, burst occurrence rate. Mean of pooled naloxone
data (x) plotted with standard error. Neither set of naloxone data is significantly
different from baseline indicating the DAMGO effects are reversed.
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Gill Events

Percent of Baseline

Lung Events
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Figure 5.3: Opioid effect on metamorphic tadpole ventilation occurrence
rates. Effect of bath applied it opioid agonist, DAMGO (1, 3.2 or 32 nM; 30 mm
application, last 5min analyzed, data from all concentrations combined), and antagonist, naloxone (32 or 100 nM; 30 min application, last 5min analyzed, data from
all concentrations combined), on buccal (right) and lung (bottom) burst occurrence
rates in the isolated brainstem of metamorphic tadpole (n=6). Red *: occurrence
rate significantly different from baseline; red >: occurrence rate significantly different
from DAMGO.
-
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Figure 5.4: Opiold effect on frog ventilation specific frequencies. Effect of
bath applied p opioid agonist, DAMGO (10, 32 or 100 nM; 30 min application,
last 5min analyzed), and antagonist, naloxone (0.1-1 pM; 30 min application, last
5min analyzed), on buccal (top) and lung (bottom) burst frequencies in the isolated
brainstem of juvenile frog (o; n=13). Dashed lines: least-squares regression; *: slope
of regression significantly different from zero. Note that DAMGO concentration correlated with both lung, and buccal, burst frequency.
-
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Figure 5.5: Buccal bursts replace lung bursts during opioid application.
Identification and calculation of buccal burst occurrence rate and specific frequency
of data presented in figure 5.1. The number of buccal bursts in DAMGO and in
naloxone changes by less than 8% of the baseline rate, while the specific frequency
of displayed buccal bursts in DAMGO decreases by 39%. While the specific buccal
frequency slows in DAMGO, buccal bursts occur in the place of suppressed lung
bursts.
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5.4.1

Clustering of Lung Bursts into Episodes

Ifurther examined the in vitro data by exploring whether DAMGO, and its reversal
with naloxone, affected the clustering of lung bursts into episodes.

In both juve-

nile frog and metamorphic tadpole brainstems, the number of lung episodes and the
number of lung bursts per episode varied significantly with treatment (lung episodes:
juvenile frog,

p<O.05,

metamorphic tadpole, p<O.001; lung bursts per episode: juve-

nile frog, p<O.00l, metamorphic tadpole, p<O.05; one-way ANOVA with RM).

DAMGO significantly decreased the number of lung episodes in both developmental stages and decreased the number of lung bursts per episode in juvenile frogs
(figure 5.6, p<O.05, SNK). Naloxone, in addition to reversing the DAMGO effects,
led to asignificant increase in the number of lung episodes compared to baseline in,
metamorphic tadpoles, and asignificant increase in the number of lung bursts per
episode compared to baseline in juvenile frogs (figure 5.6, p<O.05, SNK). This may
be consistent with endogenous opioids playing arole in determining episode length
in the tadpole.

5.4.2

Pattern and Timing of Events

Graphical Analysis
Utilizing the en bloc juvenile frog brainstem preparation, we examined the effect of
opioids on the temporal distribution of lung bursts at increased levels of drive when
the respiratory pattern is dominated by lung events. During eucapnia, the isolated

117

B

A0
CM

0
0

c'1

Episodes

Lung bursts
per episode

• Juvenile Frog

—

Episodes

El

Lung bursts
per episode

Metamorphic Tadpole

Figure 5.6: DAMGO and naloxone affect the clustering of lung bursts into
episodes. A. The number of lung episodes (left) and the number of lung bursts per
episode (right) produced by juvenile frog (solid) and metamorphic tadpole (open)
brainstems in DAMGO is plotted as apercentage of baseline (dashed line). Opioids
significantly decreased the number of episodes produced by the brainstems as well
as the number of lung bursts per episode in the juvenile frog preparations. Note the
metamorphic tadpole brainstems at baseline generated lung episodes consisting of a
single lung burst. The juvenile frog brainstems for comparison produced an average
of 2.4 lung bursts per episode at baseline. B. The same parameters as in A during the
recovery in naloxone plotted as apercent of baseline. There was ageneral trend for
increases in the lung bursts per episode and the number of lung episodes during the
recovery in naloxone. Note, the number of lung bursts per episode in metamorphic
tadpoles varied significantly by drug treatment (p<O.05; one-way ANOVA with RM)
but the post-hoc analysis failed to identify asignificantly different treatment group;
however, the power of the post-hoc analysis was low (alpha=0.05: 0.397). Data
shows mean values by group ± s.e.m; red *: p<zO.05, SNK, difference from baseline.
Preparations were from the dose response experiments, and all preparations were
eucapnic.
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brainstem produced amixture of buccal and lung bursts (figure 5.7a, left). The histogram of the lung burst intervals of this intermittent rhythm consisted of alarge
primary peak stemming from the consecutive lung bursts (i.e. lung-lung intervals);
with secondary peaks, arising from non-consecutive lung bursts, distributed at integer multiples of the underlying buccal burst interval (figure 5.7a, right). Increasing
drive with hypercapnia resulted in amore regular lung rhythm. Lung burst intervals
were still distributed at integer multiples of the buccal burst interval, with peaks more
tightly clustered around the primary peak indicating shorter periods between episodes
(figure 5.7b). DAMGO slowed the lung rhythm, with the disappearance of consecutive lung bursts in 4/6 preparations as, evidenced by the lack of primary peaks, and
pronounced increases in the period between episodes in 5/6 preparations corresponding with the rightward shift in the secondary peaks of the histogram (figure 5.7c).
There was an increase in variability and abroadening of the peaks indicating that the
buccal and lung rhythms were becoming uncoupled. However, the secondary peaks
continue to be aligned indicating that the period between lung burst (and specifically
the period between episodes) remains distributed at integer multiples of the buccal
burst period (figure 5.7c). Naloxone reversed the opioid-induced slowing, although
this reversal was not complete (figure 5.7d).

Analytkal Analysis
Analytically, we can examine how well the data adheres to the underlying structure
noted in section 2.3.4. From equation 2.1:
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Figure 5.7: In vitro juvenile frog lung burst timing correlates with underlying buccal rhythm. A. Eucapnic (P c02 10-20 torr) representative data (integrated
nerve recording of CN V; preparation a in all panels) on the left, and histograms
of lung burst periods normalized to the buccal burst period (TB; mean consecutive
buccal burst period per trial) of six preparations (a-f; right) on the right. At this
level of drive, the lung rhythm is intermittent. In 5/6 preparations, the distribution of
lung burst periods (i.e. lung burst intervals) is multimodal with the secondary peaks,
which tabulate the periods between lung episodes, aligned at integer multiples of TB.
B. Hypercapnia (P c02 32-64 torr) produces amore regular lung rhythm. Therefore
the distribution of lung burst periods is more tightly clustered around the primary
peak. In 5/6 preparations secondary peaks are present, occurring at integer multiples of TB. C. DAMGO (32, 50 or 100 nM) slows the lung rhythm with abroader
distribution of lung burst periods clustered at integer multiples of TB .D. Naloxone
(100 nM) reverses the opioid-induced slowing, the lung rhythm remains intermittent
in 5/6 preparations, and the lung burst period clusters at integer multiples of the
buccal rhythm in 4/5 of these preparations. These results indicate that timing of
non-successive lung burst events is determined by the buccal oscillator. Histograms
were smoothed before plotting (Gaussian filter).
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LLi = LL 0 + ni x BB0
where:
LL
LL0
BB0
Tii

-

-

-

(5.1)

lung burst interval,
primary lung burst interval,
primary buccal burst interval,
number of buccal bursts between
lung bursts of LL.

Following the procedure of section 2.3.4, Ihave analyzed the data used to create figure 5.7.

The results appear in table 5.1.

The high R2 values in table 5.1

indicate that the lung burst intervals adhere tightly to the relationship specified in
equation 5.1.

condition
Baseline
Hypercapnia
Hypercapnia + DAMGO
Hypercapnia + Naloxone

= LL o + ni x BBo
intercept (s) slope (s bursts -')
mean
std.
mean
std.
1.69
1.19
6.48
1.23

1.59
0.20
5.00
0.10

1.28
1.35
1.91
1.62

0.11
0.18
0.08
0.22

R2
mean std.
0.99
0.95
0.98
0.91

0.01
0.03
0.02
0.11

n
6
6
6
6

Table 5.1: Summary of modified regression analysis on lung burst intervals
from juvenile frog preparations. The mean and standard deviation (std) of
estimated intercept, slope and corrected squared multiple correlation coefficient (R2)
of the fit to the nonconsecutive lung burst intervals. The number of preparations
reporting finite R2 for each condition appear in the last column (n). The R2 values
were corrected by setting negative values to zero.

The buccal burst intervals do not adhere as tightly to equation 5.1 as do the lung
burst intervals (R2 values in table 5.1 are lower). However, there were several conditions where the lung rhythm consisted entirely of isolated bursts. In these conditions,
an accurate estimate of the underlying lung period was not possible, contributing to
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condition
Baseline
Hypercapnia
Hypercapnia + DAMGO
Hypercapnia + Naloxone

BBi = BBO + ni x EL0
intercept (s) slope (s bursts -')
mean
std.
mean
std.
1.28
1.35
1.91
1.62

0.22
0.18
0.08
0.22

1.68
1.19
6.48
1.23

1.59
0.20
5.00
0.10

R2
mean std.
0.64
0.84
0.30
0.81

0.50
0.28
0.46
0.32

n
6
6
6
6

Table 5.2: Summary of modified regression analysis on buccal burst intervals
from juvenile frog preparations. See table 5.1 for more details.
the poor fit of equation 5.1.

5.5

Discussion

5.5.1

Event Rates

The M opioid DAMGO suppressed the respiratory rhythms of the in vitro juvenile
-

frog and metamorphic tadpole brainstem preparation. The lung and buccal burst
occurrence rates were differentially sensitive to DAMGO, with the number of lung
bursts being significantly decreased in the presence of the opioid and buccal bursts
appeared in place of lung bursts. This is in contrast to the specific frequencies of
the lung and buccal rhythms, both of which were suppressed. The suppression of the
lung bursts by the DAMGO results in buccal bursts replacing the lung events.

Differential sensitivity of the buccal and lung rhythms to opioids was also seen in
unanesthetized, intact Rana pipiens (Vasilakos et al., 2005). The occurrence rate of
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lung events decreased significantly after injections with the

-opioid receptor agonist

morphine, while the occurrence rate of all ventilatory events (i.e. lung + buccal)
remained constant (figure 5.8). This differs from what was seen during the in vitro
studies (section 5.3.1), where the total number of ventilatory events decreased with
DAMGO. Equivalently, while the occurrence rate of buccal bursts remained constant
in the in vitro frog brainstem exposed to DAMGO, the occurrence rate of buccal
events increased in the intact frog after the morphine injection. This difference likely
arises from the specific frequency of the buccal events being refractory to opioids in
the intact animal. Whether this difference arises from the additional peripheral feedback in the intact animal, or from systematic alteration of the in vitro preparation,
is an open question.

During the DAMGO-induced suppression of the lung rhythm, buccal bursts replaced lung bursts. This replacement should lead to an increase in the number of
buccal bursts, and may explain why the buccal burst occurrence rate is (relatively)
insensitive to DAMGO while the buccal burst specific frequency is sensitive.

The putative buccal and lung oscillators have been proposed to generate the buccal and lung rhythms respectively (Wilson et al., 2002). The differential sensitivity
to opioids of the buccal and lung rhythms implies a differential sensitivity in the
oscillators. The buccal oscillator is relatively insensitive to opioids, while the lung
oscillator is suppressed by opioids. Specifically, while both oscillators are slowed by
opioids, the lung oscillator is suppressed such that for agiven number of ventilatory
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Figure 5.8: Opioid effect on frog ventilation specific frequencies. Video monitored lung (triangles) and total ventilatory event (i.e., buccal + lung; circles) frequencies in intact unanesthetized frogs (Rana pipiens). Animals were injected either with
morphine (n=11; filled symbols) or saline (n=7; unfilled symbols; data collected immediately before morphine protocol). After 60 min the opioid antagonist, naloxone,
was administered to animals receiving morphine (5-10 mg/kg, intralymphatically).
The frequency of lung event decreased significantly after morphine. The frequency
of all ventilatory events did not differ significantly, indicating that buccal events replaced lung events. Figure modified from Vasilakos et al., (2005) with permission of
authors and publisher.
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events, fewer lung bursts are produced (figures 5.5 and 5.8).

In the rat, apair of respiratory coupled oscillators have been shown to have differential opiold sensitivity. Using the in vitro neonatal rat preparation, Takeda and
coworkers (2001) showed that medullary inspiratory neurons (candidate members
of the pre-Bötzinger complex (pre-136t) oscillator) were suppressed by opioids while
medullary preinspiratory neurons (candidate members of the prel oscillator) were refractory to the same opioids. Mellen and, colleagues (2003) e
xpanded this work by
showing that opioids suppressed pre-J3öt neurons while slowing the lung rhythm.

5.5.2

Clustering of Lung Bursts into Episodes

The opioid treatment affected the clustering of lung bursts into episodes in amanner
congruent to the treatment's affect on the lung burst occurrence rate (figure 5.6A). In
the juvenile frog, when the lung occurrence rate decreased significantly in DAMGO,
both the number of lung bursts per episode, and the number of lung episodes decreased significantly.

The metamorphic tadpole, however, only produced isolated

lung bursts. The DAMGO-induced significant decrease in the lung occurrence rate
was contemporaneous with an identical decrease in the number of lung episodes.

The recovery in naloxone resulted in significant increases from baseline in these
parameters (figure 5.6B), suggesting that opioids may play arole in modulating lung
episodes, perhaps in asimilar fashion as other identified episode modulators (Hedrick
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and Morales, 1999; Straus et al., 2000b; Straus et al., 2000a; Harris et al., 2002).
However, naloxone has been used ,to facilitate the generation of locomotor rhythm in
spinal cats (Pearson et al., 1992). In newborn rabbits, naloxone-induced facilitation
of the respiratory rhythm likely is mediated by disinhibition arising from the blockade
of endogenous opiold (Haziñski et al., 1981). In spinal cats, naloxone is thought to
have, in addition to the blockade of endogenous opioid activity, direct rhythmogenic
action on the locomotor circuitry (Schomburg and Steffens, 1995). Similarly, the enhanced episodic behavior seen in the frog and tadpole brainstems exposed to naloxone
may result from amore general mechanism of rhythm excitation.

5.5.3

DAMGO's Mechanism of Action

DAMGO is ahighly specific /L-opioid receptor agonist. In mammals, activation of
the mu-opioid receptor leads to the hyperpolarization of the membrane by activation of receptor-operated

K+

currents and suppression of voltage-gated

Ca2+

currents

(Goodman and Gilman, 1996). Voltage-clamp studies of rhythmogenic pre-136t neurons indicate that DAMGO application increases K

conductance and hyperpolar-

izes the membrane potential (Gray et al., 1999; Takeda et al., 2001). These effects
presumably suppress the neurons responsiveness to excitatory synaptic inputs and
endogenous rhythmogenic activity. Similar studies of rhythmogenic prel neurons fail
to reveal any significant changes during the DAMGO application, indicating that the
prel neurcns do not possess t-opioid receptors.
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DAMGO's mechanism of action and effect in the frog brainstem is not known.
-opioid receptors, homologous to those found in the mammal, have been identified
in the frog brain (Brooks et al., 1994). The effect of activating these receptors is not
known. Given the similarity in the responses to DAMGO in the frog and rat and the
homology of the

.-opioid receptors between the species, activation of these receptors

in the frog brainstem likely leads to the hyperpolarization of the membrane through
augmentation of

5.5.4

K+

currents.

Inferences on the Nature of the Coupling

At baseline, the lung burst intervals tended to fall on multiples of the underlying
buccal rhythm (i.e. the primary lung period) (figure 5.7A; see also section 3.3.2).
This relationship held during the hypercapnic-induced increase in the lung burst occurrence rate (figure 5.7B), and 'during the opioid-induced slowing of the lung burst
occurrence rate (figure 5.7C). Given that the probable effect of the opioids is the uppression of the lung oscillator, the observed responses to the treatment allow some
inferences to be made on the nature of the coupling of the two oscillators.

• Iassume that the Wilson coupled oscillator model (section 1.6.1) captures the
essential neuronal architecture of the system, and Iuse this architecture as the
basis for the model.

• As the underlying buccal rhythm times the lung bursts, Iinfer that the buccal
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oscillator provides the baseline rhythm. Of course, the buccal and lung oscillators are coupled, and the two can modulate each other's rhythm. Yet the
underlying timing of the events is tightly correlated to the buccal rhythm.

• Equivalently, Iinfer that the buccal oscillator actively participates in each respiratory event (buccal or lung). Barring superseding activity from another location, the buccal oscillator's rhythm generates abuccal burst in the motor output.

• Given that the lung burst occurrence rate is modulated by inputs such as hypercapnia and DAMGO, Iinfer that the lung oscillator is aconditional oscillator,
that modulates its firing rate according to the state of the system.

• When the lung oscillator is active, its output supersedes the buccal oscillator's
output. Iinfer that both oscillators must have projections to acommon set of
motoneurons.

A diagram of the inferred model appears in figure ??.

5.5.5

Proposed Homology of Frog and Rat Respiratory CPGs

Mellen et al.

(2003) have proposed a similar, paired coupled oscillator model for

respiratory rhythmogenesis in the rat with the opioid-insensitive prel oscillator setting the underlying rhythm and the opioid-sensitive pre-Bot oscillator generating the
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Figure 5.9: Inferred coupled oscillator model of the frog respiratory rhythm
generators. A. The lung and buccal oscillators, represented as circular arrows with
lung positioned above buccal, each generate endogenous rhythms, indicated by the
associated ticker tapes. The two oscillators have reciprocal connections, allowing
for the coordination of the rhythms. Both oscillators project to cranial and spinal
motoneurons pools (MN). Coincident activity in both oscillators produces lung bursts.
B. Hypercapnia is postulated to enhance lung oscillator excitability, resulting in an
increase in its rhythm. The resultant output is dominated by lung bursts. C. jt
opioid is postulated to have two effects. First, the clock speed for both the buccal and
lung oscillators is depressed in DAMGO; note the specific frequency of the events on
the ticker tapes has increased. Second, the lung oscillator is suppressed resulting in
adecrease in the occurrence rate of lung events. The resultant output is dominated
by buccal bursts.
-
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respiratory bursts. Building on the work of Takeda et al. (2001)

,

Mellen et al. took

intracellular recordings of prel and pre-Böt neurons during opiold application and
showed prel neurons maintained their rhythm in opioids, but that this rhythm was
translated to the respiratory nerves only when the pre-BU oscillator became active
as well.

The coupled oscillators are analogous in the frog and rat models, with the opioidinsensitive oscillator setting the underlying rhythm and the opiôid-sensitive oscillator
generating the bursts generating lung inflation in time with the underlying rhythm.
However, in the frog, both oscillators have neuromotor outflows, while in the rat only
the pre-Böt oscillator has an output to the motoneurons. The default rhythm in the
frog, the buccal rhythm, is observable in the cranial nerve roots, whereas the default
rhythm in the rat, the prel rhythm, does not have 'a motor output and requires intracellular recordings to be observed. The observable nature of the underlying frqg
rhythm has allowed inferences without intracellular recordings.

While the similarity between the two models is provocative, the proposed comparisons may not be warranted.
The lung rhythm in the frog brainstem persists during blockade of chloridemediated post-synaptic inhibition with a strychnine-bicuculline cocktail (Galante
et al., 1996; Broch et al., 2002).

Thus, like the rat's putative pre-B& oscillator

(Smith et al., 1991), the frog's putative lung oscillator appears to use pacemaker
properties to generate its rhythm. Another possibility is that the frog lung oscillator
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generates its rhythm with excitatory network similar to what is seen in the embryonic chick brainstem (O'Donovan et al., 1998; Chub and O'Donovan, 1998). Given
that microinjections of GABA can shut down the lung oscillator (Wilson et al., 2002),
while excitatory networks remain rhythmic when lesioned (Ho and O'Donovan, 1993),
it seems unlikely that the frog lung oscillator is an excitatory netowrk. The prel neurons in the in vitro neonatal rat brainstem preparation also remain rhythmogenic in
the presence of these blockers (Onimaru et al., 1990), suggesting that the putative
prel oscillator also utilizes pacemaker properties for rhythm generation. This contrasts with the gill rhythm of the in vitro metamorphic tadpole preparatiop, which is
blocked by strychnine and bicuculline (Galante et al., 1996; Broch et al., 2002). The
gill rhythm's chloride dependence suggests that the putative buccal oscillator utilizes
inhibitory synaptic interactions for rhythm generation (St. John, 1998).

This difference between the putative buccal oscillator and the putative prel oscillator is inconsistent with the proposed homology, comparisons between the in vitro
metamorphic tadpole and the in vitro neonatal rat are complicated by developmental
and species-specific preparation differences. For instance, the sensitivity of the lung
rhythm to strychnine and bicuculline, and to extracellular potassium concentration,
changes with metamorphosis (Broch et al., 2002; Winmill and Hedrick, 2003). Thus,
comparing the rhythm of ametamorphic tadpole to a neonate may not be appropriate. In terms of important preparation differences, the brainstem of the frog (an
ectotherm) has alower metabolic rate, as well as smaller dimensions, and is therefore
better oxygenated (Brockhaus et al., 1993; Wilson et al., 1999). Further, the frog
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preparation, deriving from an ectotherm, produces astable rhythm at room temperature (which is close to normothermia) (Peever et al., 1999; Morales and Hedrick,
2002). The rat preparation, is run at hypothermic temperatures (r-'31°C). If run at
normothermic temperatures, the rat preparation quickly fails. Conceivably these factors may influence the contribution of different cellular and synaptic mechanisms to
rhythm generation (O'Donovan et al., 1998), though this remains amatter of contention (Duffin, 2003; Richter, 2003).

5.5.6

Further Speculations on Homology

Anecdotal evidence suggests that humans may also possess homologous respiratory
circuitry that behaves in a similar fashion when exposed to opioids. Goodman et
al.

while studying the effect of opioids on the breathing of 16 anaesthetized pa-

tients, noted that 3patients had periods when the distribution of expiratory times
was bimodal (Goodman et al., 1989).

Program patients receiving a daily dose of

methadone have been shown have ahigher prevalence of central sleep apnea (Teichtahl et al., 2001). In figure 5.10, polysomnograph recordings of amethadone-treated
patient observed at the sleep lab at Foothills Hospital exhibited periodic breathing
with short apnea durations throughout the night are presented.

The mechanisms generating the periodic breathing in this patient are unclear The
oxygen saturation of the blood remained high throughout the night, suggesting that
blood gasses are not involved. The duration of the apneas

-'
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Figure 5.10: Opioid-induced apneas in a sleeping human. Representative
five minute interval of four polysomnograph recordings for a sleeping patient on
methadone program. The bottom two signals are recorded from Respi-9ace bands
around the abdomen (bottom) and chest. Upwards deflections in the Respi-'frace
correlate with inspiratory efforts. The third from the bottom trace, labeled nasal
flow is ameasure of the patient's nasal flow. Downwards deflections are inspiratory.
The top trace is ablood oximetry recording measuring the oxygen saturation of the
blood; normal oxygen saturation at the altitude studied here is
94 mmHG.
''
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respiratory feedback loops that may cause instabilities. Rather, the apneas resemble
"dropped beats" where each beat is abreath. Given that the patient is being treated
with an opioid, one might speculate on an opioid-sensitive mechanism within the human respiratory CPG.

Combined, these three observations demonstrate that humans can display opioidinduced periodic breathing. Whether this rhythm is generated by apair of coupled
oscillators with differential sensitivity to opioids is aspeculation that has yet to be
supported.

Chapter 6
Partial Uncoupling of the Buccal
and Lung Bursts

6.1

Introduction

The frog, in nature, must coordinate its two ventilatory behaviors to maintain respiration. Peripheral receptors, including pulmonary stretch receptors (Kinkead and
Mi]som, 1997) and vagal and laryngeal feedback (Kogo et al., 1997), modulate the
lung rhythm and shape the motor output, contributing to this coordination. The two
rhythms, however, are coordinated centrally, with distinct phases of neural activity
coinciding with each rhythm (Kogo and Remmers, 1994; Liao et al., 1996).

The mechanisms by which the lung and buccal rhythms are coordinated are not
known. Injection of the non-NMDA glutamate agonist AMPA into the region of the
lung oscillator has been shown to accelerate the buccal rhythm, while injections into
the region of the buccal oscillator suppresses lung bursts (Wilson et al., 2002). This
result, like those from the pulmonary stretch receptor experiments, fail to differentiate
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between tonic effects on one or more oscillators and phasic effects. In both sets of experiments, the observed effects could be the result of achange in the occurrence rate
of one of the rhythms rather than in achange in how the two rhythms are coordinated.

6.1.1

An Interesting Exception

One of the preparations that participated in the Cl - reduction protocol of Chapter 4
produced lung and buccal rhythms that appeared to become uncoupled during the
Cl - reduction. During exposure to 50% chloride superfusate, the buccal rhythm,
while attenuated in amplitude, was still unequivocally identifiable. At this time, buccal events were no longer tightly linked to the lung rhythm (figure 6.1).

To examine whether the coupling between the buccal and lung rhythms had become variable, event trigger averages of lung events were calculated and appear in
figure 6.2. These figures estimate the average buccal events before and/or after each
triggering lung event.

While the Cl - reduction clearly disrupts the buccal rhythm, attenuating its amplitude and increasing its variability, the reduction appears to influence the temporal
coordination of the buccal and lung events. Prior to the lung bursts, little coherent
buccal activity appears in ON VII, with some possible synchrony in ON V. After the
lung burst, there is acoherent buccal rhythm in CN VII which increases in amplitude
with time, this rhythm is synchronous with periodic activity in CN V. This rhythm
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Figure 6.1: Evidence of partial uncoupling of the buccal rhythm in reduced
Cl - .40 sintegrated voltage recordings from CNs V and VII during 100% Cl - baseline
(top clear field) and the subsequent reduced chloride (50%) condition (bottom blue
field). The scale of the Y axes are identical in the top and bottom boxes. Arrows
identify the last buccal burst in CN VII before each lung burst. Note how the timing
of this buccal burst relative to the lung burst is variable in 50% chloride.
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Figure 6.2: Evidence of uncoupling of the buccal and lung rhythms generated by
ain vitro post-metamorphic tadpole brainstem is displayed as event trigger averages
of the first (left) and last lung bursts of the lung episodes at 100% (top clear field)
and 50% (bottom blue field) Cl -.The horizontal green lines are the trigger points of
each average, with data segments chosen such that asecond lung events did not occur
for at least 5before (or after) the trigger. Each panel contains the average activity
in CN's V and VII calculated from 30 lung burst segments, with the mean voltage
plotted in red. At 100% Cl, episodic lung activity required that the average buccal
activity before and after the episodes be calculated separately. At 50% Cl - ,all lung
bursts were isolated; thus the buccal activity before and after the lung events were
calculated in with asingle event trigger average.
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is apparent in both avisible increase in activity (black lines) and in the mean voltage
of the nerves (red lines).

While the lack of coherent buccal activity before the lung bursts is consistent with
the loss of coupling between the two rhythms, the persistence of periodic activity after
the lung bursts suggests that some coupling remains. Thus, in addition to suppressing
the buccal rhythm, the Cl - reduction appears to partially uncouple the buccal and
lung rhythms in this preparation, interfering with the ability of the buccal rhythm to
coordinate the lung events but still allowing the lung rhythm to time the succeeding
buccal events.

Further examples of this behaviour were sought in the data collected during the
chloride reduction experiments (Chapter 4).

Of the 16 preparations studied, this

behaviour was exhibited only once. However, partial uncoupling may have been obscured in the other 15 preparations by an increase in the lung occurrence rate. As
noted in section 4,3.3, Cl

reduction increased the lung occurrence rate significantly

(Davidson et al., 1993). This increase was sufficient to produce acontinuous lung
rhythm at all Cl - reduction conditions in 6of the remaining 15 preparations. Of
the 9preparations whose lung rhythms were not continuous during the treatments,
two failed to generate measurable buccal bursts, and four produced anearly continuous lung rhythm, with only occasional isolated buccal events. The three remaining
preparations each had asingle trial where the lung rhythm was sufficiently slow that
trains of buccal bursts were evident. Out of atotal of 60 Cl - reduction conditions
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in these 15 preparations, repeated buccal events occurred 3times. Uncoupling of the
lung and buccal rhythms was not apparent in these 3trials.

While the partial uncoupling of the buccal and lung rhythm may be aproduct
of aderanged preparation, it may also plausibly occur because of the disruption of
cmPSI associated with the Cl - reduction. It may have been observed in only asingle
preparation because the Cl - reduction treatment accelerated the lung rhythm in the
remaining preparations, limiting the opportunities for the buccal rhythm to run freely.
For the uncoupling to be observed, the buccal rhythm has to run independently of
the lung rhythm for asufficient time such that when the lung burst occurs, it is out
of phase of the buccal rhythm. Ipropose that if the lung rhythm is slowed during the
Cl - reduction, the partial uncoupling will be evident.

To explore this proposition, Irepeated the earlier Cl - reduction protocols on juvenile frog brainstems, while slowing the lung rhythm with one of two methods. In
the first set of experiments, the lung rhythm was slowed by addition of the DAMGO.
In a second set of experiments, hypocapnia was used to slow the lung rhythm. I
hypothesize that the Cl - reduction will cause apartial uncoupling of the buccal and
lung rhythms. If the lung rhythm slows sufficiently to allow trains of buccal events,
Ihypothesize that this uncoupling will be evident as an increase in variability in the
timing of the lung burst terminating the buccal train. Ifurther hypothesize that
the there will not be an increase in the variability of the timing of the buccal burst
terminating atrain of lung events (i.e. alung episode).
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6.2

Methods and Procedures

6.2.1

Preparation

Animals
Experiments were performed on juvenile Rana catesbeiana just emerging from metamorphosis (4.2

-

13.2 g; 11 of 13 animals < 6.8 g). The care of the animals and their

suppliers appears in section 2.1.1.

Preparation
Animals were prepared as in section 2.1.2.

Protocol
Each preparation was given 2-3 h to recover from surgery in aCSF at aph
at which point the 00 2 was raised to lower the ph to 7.60
trials and 7.80

-

-

8.0,

7.90 for the DAMGO

8.00 for the hypocapnia trials. Once the ph and rhythm stabilized

(typically 30 mm), the recording commenced with a 30 min baseline period in the
100% Cl - aCSF. Data was recorded from 18 preparations.
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The presentation order of the subsequent treatments was varied from preparation to preparation along some general guidelines. Cl - reduction and interventions
to slow the lung rhythm were generally alternated until the uncoupling effect was
seen. The preparations were then returned to 100% Cl with or without awashout
of the DAMGO or hypocapnia. If the rhythm returned to baseline, the protocol was
repeated.

Cl - reduction
The Cl - reduced superfusate was prepared as in section 2.2. Three levels of C1
reduction were used: 90%, 80% and 70%.

DAMGO application to slow the lung rhythm; n=9
DAMGO has been widely used to challenge the respiratory rhythm of in vitro preparations (Greer et al., 1995; Takeda et al., 2001; Mellen et al., 2003) and has been
shown to preferentially slow the lung rhythm in isolated frog brainstems (Vasilakos
et al., 2005), Chapter 5). DAMGO was added (in aserial fashion) to slow the lung
rhythm to allow trains of buccal events. To determine the necessary concentration,
an initial dose (10 nM or 30 nM) was added to the preparation. After 30 minutes, the
lung rhythm was assessed visually, examining whether the L-L intervals were greater
than 5s. If not, the DAMGO concentration was increased and the procedure was
repeated (10 nM

=

20nM

40 nM; 30 nM

=*

70 nM

=

100 nM).
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In three preparations that had been jointly treated with the reduced Cl - superfusate and DAM GO, 100 nM of the potent opioid antagonist naloxone was substituted
for the opioid.

Hypocapnia to slow the lung rhythm; n=4
Hypercapnia is apowerful stimulus for the in vitro frog lung rhythm, while hypocapnia normally leads to apnea. In preparations that received ahypocapnic challenge,
the 00 2 was lowered such that the pH rose by

r'J

0.3 units. In one preparation, the

challenge was increased such that the pH rose by

0.6 units. In absolute numbers,

the pH during the challenges was in the range of 8.0
3.3

-

10.5 mmHg; 0.5%

6.2.2

-

-

8.5 (Faa2 in the range of

1.7% CO2)-

Methods of Analysis

Offline analysis of the data included detection of lung and buccal events, event trigger
averages, probability distributions of lung burst and buccal burst intervals, and correlation of each trial's lung burst intervals to the primary buccal period. The methods
for these analysis appear in section 2.3.
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6.2.3

Statistics

Komolgorov-Smirnov goodness of fit (KS) test
This test was used to compare the distribution of two data sets with the null hypothesis that the true underlying distributions were equal (Division, 1997). The test
statistic in this comparison is the greatest absolute difference between the empirical
distributions of the two samples (where the empirical distribution estimates the true
cumulative distribution function). The median of each data set was subtracted before the empirical distributions were calculated. This transform "centers" the two
distribution. The test statistic then measures differences between the tails of the
distributions.

Interquarti1e range (IQ range)
This statistic is a robust measure of a data set's variability (Selvin, 1998).

This

statistic was used to examine changes in variability of different event intervals in
response to the intervention. IQ ranges of consecutive lung burst intervals, consecutive
buccal bursts intervals, buccal-lung intervals and lung-buccal intervals were calculated
during the baseline and the treatment for each preparation.

To account for the

possibility that variability in the intervals arises from underlying rhythm slowing
down, resealed versions of the buccal-lung and lung-buccal IQ ranges were derived
as well. These parameters were resealed by dividing the calculated buccal-lung or
lung-buccal interval IQ range for each condition by the IQ range calculated for the
buccal-buccal intervals during the condition. To facilitate astatistical comparison
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with a parametric test, each parameter was log transformed. As the distribution
of IQ ranges are bounded by zero, alogarithmic transform provides anatural way
to increase the normality of the data (Brant, 2004). Paired t-tests were run on the
transformed data testing the null hypothesis that the IQ ranges did not vary with
treatment.

6.3
6.3.1

Results
Cl - Reduction during Lung Rhythm Suppression

As discussed in chapter 4, reducing the Cl - in the superfused frog brainstem preparation progressively altered the respiratory output, altering the shape of both the
lung and buccal bursts. While the reductions were smaller in general than the levels
used in chapter 4, the buccal rhythm irreversibly failed in 5/18 preparation with the
Cl - reduction. These preparations were discarded, while the remaining 13 continued
through the procedures described in section 6.2.1.

The inclusion of DAMGO or hypocapnia during the Cl - reduction slowed the
lung rhythm such that the 13 preparations exhibited trains of buccal events. The
buccal rhythm irreversibly failed in 5of these preparations sometime after the initial
Cl - reduction. The data from these preparations remained in the analysis.

During the joint treatment with reduced Cl - and DAMGO, the buccal bursts,
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while more variable, were clearly identifiable (figure 6.3; blue field).
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Figure 6.3: Representative traces during joint application of reduced C1
and DAMGO to the in vitro juvenile frog brainstem recorded from CN V and SN
II. The open field displays data during the baseline (100% Cl - )and the blue field
contains data during superfusion with 90% Cl - + 30 nM DAMGO. The terminal
buccal bursts of each train of buccal events are identified with arrows; during the
treatment the timing of these buccal bursts, with respect to the subsequent lung
busts is variable. Time on the x-axis is with respect to the recording onset.

The displayed results were typical of this study, where avisual inspection of the
lung and buccal rhythm during the joint treatment with reduced Cl - siiperfusate
and DAMGO can identify variability in the buccal-lung intervals. The terminal buccal bursts of each train of buccal events fluctuates, while the first buccal event of
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each new train appears to be more stable. Event trigger averages of isolated lung
bursts provide aconvenient was to graphically assess this question. A representative
analysis using this method appears in figure 6.4. During the baseline the average
buccal activity before and after the triggering lung events were approximately equal.
With the co-application of reduced Cl - superfusate and DAMGO, the buccal activity
slows, decreases in amplitude and becomes more variable. The increase in variability
is greater in the buccal burst preceding the lung event than the buccal burst which
follows. By the 30th-40th minute of treatment, the average buccal activity before the
lung burst is negligible while the activity after the lung, while decreased in amplitude
and broader, remains distinct, and the period between buccal bursts has doubled.
During washout (20-30 mm), the amplitude of both the pre-lung (i.e. the burst immediately before the lung burst) and post-lung (i.e.

the event immediately after

the lung burst) buccal bursts reverses completely while the coherence of both buccal
bursts only partially recovers. Similarly, the buccal frequency only partially recovers
with the buccal-buccal intervals remaining longer than during baseline. Together, the
increase in buccal burst coherence and the partial recovery in buccal-buccal intervals
increases the amplitude of both the pre- and post-lung buccal activity, but shifts the
buccal bursts away from their positions at baseline.

Similar results were also seen when hypocapnia was used to slow the lung rhythm,
with visually evident variability in the buccal-lung intervals (figure 6.5), and decreased
pre-lung buccal activity in the event-trigger averages (figure 6.6).
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Figure 6.4: Event trigger averages of isolated lung bursts in CN V during
a C1 reduction protocol. Six 10-mm epochs of data were analyzed. The first
five epochs are contiguous, beginning with the last 10 mm of the baseline period, and
followed by the first, second, third and fourth 10-mm of the treatment (90% C1 + 32
nM DAMGO; blue field). A 30 mm washout period commenced after the 5th epoch,
and the last 10 mill of this washout compose the sixth epoch. The average activity of
each epoch is plotted in red. The the number of lung bursts in each average is printed
to the right of each average. The vertical green line is the trigger for the averages;
each sweep was triggered off of CN X (not shown).
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Figure 6.6: Event trigger averages of results from a preparation exposed to
reduced Cl - + hypocapnia, The data appears in figure 6.5. Four second recordings
of CN V and SN II of 25 lung bursts at the start (left) or end (right) of alung burst
episode aligned at the onset of CN X (vertical green bar) and superimposed. The
average discharge for each nerve is plotted in red. Baseline data appears at the top, the
treatment condition appears in the blue field in the middle, and the washout appears
at the bottom. During baseline and washout, lung episodes contained multiple lung
bursts, necessitating the calculation of two separate averages; one before, and one
after the episodes. The // in the figure denote that these averages were calculated
separately. During the treatment, all lung bursts were isolated, allowing the average
activity before and after the lung bursts to be calculated simultaneously. The 25
bursts were selected at random from all the lung bursts that occurred in the five
minute recording period.
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The buccal activity preceding alung appears to become more variable from the
perspective of the lung burst. To quantify this phenomenon, Iexamined the buccallung and lung-buccal intervals during the different conditions. Once more utilizing
the preparation from figure 6.4, the buccal-lung and lung-buccal intervals changed
during superfusion with the reduced Cl - + DAMGO solution (figure 6.7).

In this one preparation, the median buccal-lung interval and lung-buccal interval
increased during the Cl - reduction + DAMGO intervention (table 6.1), an effect that
was reversed during the washout. Of particular interest, the buccal-lung distribution
became much broader during the intervention, an effect not seen in the lung-buccal
interval distribution. During the washout, both the buccal-lung intervals and the
lung-buccal intervals were more variable than at baseline, but not as variable as the
buccal-lung intervals during the intervention.

baseline
90%Cl + 32nM DAMGO
washout

buccal-lung interval
median
IQ range
0.12
0.83
1.26
0.66
0.98
0.22

lung-buccal interval
median
IQ range
1.10
0.12
1.76
0.14
1.32
0.22

Table 6.1: Summary statistics (median and interquartile range (IQ range))
of the buccal-lung and lung-buccal interval distributions in figure 6.7.

6.3.2

Komolgorov.-Smirnov Goodness of Fit Tests

Using the Komolgorov-Smirnov Goodness-of-Fit test as described in section 6.2.3,
the distributions in figure 6.7 were statistically compared. Compared to baseline,
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Figure 6.7: Representative probability distributions of the buccal-lung and
lung-buccal intervals during the joint application protocol. Baseline (100%
Cl, top), superfusion with 90% C1 + 30 nM DAMGO (blue field), and during
the washout (bottom) from the preparation displayed in 6.3. For each histogram,
the total number of counts is labeled, the count fractions are plotted in each bin,
and the estimated density is superimposed as ablack line. For each condition, the
distribution of buccal-lung intervals was compared to the lung-buccal intervals with
aKS test; pairs significantly different from one another (p < 0.0001) are labeled with
c'i and <i in red. The buccal-lung intervals during the treatment and washout
conditions were compared to baseline, as were the lung-buccal intervals, with KS
tests. Conditions labeled with red ** were significantly different (p < 0.0001)from
baseline. The buccal-lung intervals are the intervals between the last buccal burst of
abuccal episode and the first lung burst of next lung episode (where both lung and
buccal episodes can be of unitary length). Similarly, the lung-buccal intervals are the
intervals between the last lung burst of the lung episode and the first buccal burst
subsequent buccal episode.
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the buccal-lung interval distribution at 90% Cl - + 30 nM DAMGO was significantly
different(KS

=

0.33, p < 0.0001), whereas the buccal-lung interval distribution at

washout was not. The distribution of lung-buccal intervals did not change statistically with the treatment. When comparing the buccal-lung interval distribution to
the lung-buccal interval distribution for each condition, the only significant difference
appeared during treatment with 90% Cl - +30 nM DAMGO (KS

=

0.33, p< 0.0001).

This analysis was repeated on the intervals generated by all preparations during
the baseline and the treatment condition. The results from this analysis for the 13
preparations appear in table 6.2.

The KS tests failed to generate consistent results when run on all the data. During
the treatment condition, the KS tests indicated that the buccal-lung and lung-buccal
intervals had significantly different distributions (12/13 preparations had significantly
different distributions during the treatment while only 3/13 preparations were significantly different at baseline). However, neither the buccal-lung nor lung-buccal interval
distributions at treatment were consistently different from the distributions at baseline (a maximum of 6/13 preparations had significantly different distributions during
the treatment).
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-

Buccal-Lung vs. Lung-Buccal
baseline
treatment
KS
stat signif
KS stat signif
0.4286
HS
0.1053
us
0.2083
HS
0.4310
HS
0.5000
us
0.2941
HS
0.2778
us
0.2993
115
0.2255
HS
0.2778
ns
0.1034
ns
0.4167
S
0.2087
S
0.3819
HS
0.4000
S
0.4000
ns
0.3463
HS
0.1005
us
0.2787
S
0.3333
us
0.1707
us
0.3701
HS
0.1111
xis
0.2889
HS
0.4000
us
0.4205
HS
--

-

Baseline vs Treatment
buccal-lung
lung-buccal
KS stat signif KS stat signif
0.2920
S
0.4386
HS
0.4828
HS
0.3167
115
0.4128
us
0.3273
us
0.3152
us
0.2451
us
0.2157
us
0.3023
us
0.4167
S
0.1692
ns
0.4444
HS
0.2567
115
0.3667
ns
0.4000
ns
0.3340
HS
0.0884
ns
0.3115
us
0.3662
us
0.2293
us
0.2552
us
0.2963
S
0.1704
us
0.3545
ns
0.3333
us
--

DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
DAMGO
Hypocapuia
Hypocapuia
Hypocapuia
Hypocapnia

Table 6.2: KS test results from all preparation. Comparisons of the distribution
of buccal-lung intervals to lung-buccal intervals are on the left of the table while
comparisons of the interval distributions at baseline versus treatment appears on the
right. The KS test statistic (KS stat) from each comparison is printed, along with
letters indicating whether the result is not significant (ns), significant (S, p < 0.05),
or highly significant (HS, p < 0.005). The method used to slow the lung rhythm
during each treatment (DAMGO (D)or hypocapnia (H)) appears to the right of the
table.
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6.3.3

Interquarti1e Ranges

While the KS test provides an effective way to compare the distributions event intervals in asingle preparation, the analysis does not lend itself well to agroup analysis.
Instead, the IQ ranges of the distribution of each interval were calculated and analyzed (see Section 6.2.3 for methods). The results from the preparations treated with
DAMGO appear in figure 6.8. This analysis found that the IQ range of the buccallung intervals and the resealed buccal-lung intervals increased significantly with the
reduced Cl - + DAMGO treatment. Analysis of the preparations treated with low
Cl - + hypocapnia yielded similar results, finding significant increases in the IQ of
the buccal-lung and the resealed buccal-lung intervals (figure 6.9).

The power of the paired t-tests run on the lung-buccal, rescaled lung-buccal,
buccal-buccal and lung-lung intervals were all below 0.8 (in the range of 0.05-0.43).

6.3.4

Disruption of Buccal and Lung Burst Pattern

Recalling the analysis of section 3.3.2, the pattern of lung and buccal bursts can be
analyzed. The distribution of lung burst intervals at baseline is altered with the C1
reduction. Data from arepresentative preparation appears in figure 6.10.

At baseline, the intervals between the lung and buccal bursts produced by the
representative preparation were narrowly distributed amongst several modes. The
Cl - reduction + DAMGO intervention disrupted this pattern; the intervals between
lung and buccal bursts were no longer preferentially distributed at specific periods.
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Figure 6.8: Interval variability at baseline and during treatment with reduced Cl - + DAMGO. Log-transformed lung-lung, buccal-buccal, lung-buccal,
buccal-lung, and resealed lung-buccal and buccal-lung intervals are plotted with open
circles in abefore-after format (see section 6.2.3 for details on rescale). Each preparation's value during baseline and treatment are connected, and the group means by
condition are plotted as solid green circles. For ease of presentation, each parameter pair was translated such that the baseline value was equal to zero. Paired t-test
indicated asignificant difference between the baseline and treatment buccal-lung intervals (t=3.367, df=8, p=O.O1,red *) and ahighly significant difference in the resealed
buccal-lung intervals (t=4.899, df=8, p=O.001,red **). In 5/9 preparations, the lung
rhythm during the treatment contained only isolated lung events; thus consecutive
lung-lung interval measurements were obtained in only 4preparations.
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Figure 6.9: Interval variability at baseline and during treatment with reduced Cl - + hypocapnia. Log-transformed event intervals are plotted with open
circles in a before-after format; see figure 6.8 for further detail. Paired t-tests of
baseline versus treatment intervals indicated significant differences in the buccal-lung
intervals (t=4.66, df=3, p=O.Ol9,*) and the rescaled buccal-lung intervals (t=3.534,
df=3, p=O.039,*). During the treatment condition, the lung rhythm of 3/4 preparations was comprised of isolated bursts; only one pair of lung-lung measurements
appear in the figure.

157

Lung Burst
Intervals

Buccal Burst
Intervals

count fraction

Baseline
315
counts

0

0
0

I

rlj
0

d

0

90%

cr +30 nM

DAMGO
65

count fraction

65
counts

counts
0

a
0

9.

S

$

0

5

10
LL (s)

15

0

4

0

4

8

12

BB (s)

Figure 6.10: Probability distributions of lung burst (left) and buccal burst
(right) intervals at baseline (top) and during exposure to reduced C1 +
DAMGO (blue field). The smoothed version of each histogram is added as ablack
curve. The peaks of the smoothed histograms are marked with red ticks, and their
position, in seconds, are labeled. The total number of bursts (lung or buccal) that
occurred in each condition appears in the top right corner of each histogram.
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The Cl - reduction + hypocapnia intervention produced an analogous disruption in
the pattern of lung and buccal burst intervals.

To examine whether the relationship between the timing of buccal and lung bursts
was disrupted by the reduced Cl - + DAMGO or hypocapnia intervention, the modified regression analysis outlined in section 3.3.2 was employed. The interval between
successive lung bursts tends to fall on multiples of the primary buccal burst interval, that is the mean time between successive, uninterrupted buccal bursts. From
equation 3.1 we have:

LLi

=

LL o + ni xBB0
where:
LLj
LL 0
BB0
ni

(6.1)

i1h lung burst interval,
primary lung burst interval,
primary buccal burst interval,
number of buccal bursts between
lung bursts of LL.

Using the methods described in section 2.3.4, the data from preparations receiving DAMGO, and the those exposed to hypocapnia were analyzed separately. The
summary of results from the fit of the lung burst intervals by the primary intervals
appears in table 6.3 and the summary of results from the fit of the buccal burst intervals by the primary intervals appears in table 6.4.

During the baseline conditions, the R2 values in table 6.3 ranged from 0.95 to 1.00,
indicating that the lung burst intervals adhere tightly to the relationship specified in
equation 5.1. During the low Cl - + DAMGO treatment, the R2 values decreased to
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condition
DAMGO Baseline
DAMGO Treatment
Hypocapnia Baseline
Hypocapnia Treatment

LLi = LL O + ni x BB0
intercept (s) slope (s bursts -')
mean
std.
mean
std.
1.12
0.18
0.25
1.17
5.18
3.11
3.22
2.08
1.05
0.25
1.32
0.21
2.69
3.91
2.04
0.97
-

R2
mean std.
1.00
0.00
0.51
0.48
0.99
0.01
0.40
0.45

n
9
9
4
4

Table 6.3: Summary of modified regression analysis on lung burst intervals
from juvenile frog preparation during the low Cl - + DAMGO or hypocapnia intervention. The mean and standard deviation (std) of estimated intercept,
slope and corrected squared multiple correlation coefficient (R2)of the fit to the nonconsecutive lung burst intervals. The number of preparations reporting finite R2 for
each condition appear in the last column (n). The R2 values were corrected by setting negative values to zero. **: treatment R2 values are significantly different from
paired baseline values (p < 0.01; Wilcoxon signed rank test; n = 9)_
amean of 0.41, asignificantly drop from the values at baseline. The reduced Cl - +
hypocapnia treatment decreased in R2 values to amean of 0.33. This decrease was
not significant. Due to the small sample size (n=4), the power of the Wilcoxon signed
rank tests was low.

condition
DAMGO Baseline
DAMGO Treatment
Hypocapnia Baseline
Hypocapnia Treatment

BBi = BBO + ni x LL 0
intercept (s) slope (s bursts')
mean
std.
mean
std.
0.25
1.12
0.18
1.17
3.22
2.08
5.18
3.11
0.25
1.31
0.21
1.04
2.69
0.97
3.91
2.04

R2
mean std.
0.07
0.95
0.32
0.41
0.97
0.03
0.25
0.50

9
9
4
4

Table 6.4: Summary of modified regression analysis on buccal burst intervals
from juvenile frog preparation during low Cl - + DAMGO or hypocapnia
intervention. *: treatment R2 values are significantly different from paired baseline
values (p < 0.05; Wilcoxon signed rank test; n = 9).See table 6.3 for more details.

However, during both treatments, the estimates of the slopes and intercepts of the
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regressions, i.e. the primary lung and primary buccal intervals, were significantly more
variable than at baseline (F test on variances; DAMGO: df1,
2 = 8,8, hypocapnia: df1,
2
=

3,3; DAMGO: p < 0.001; hypocapnia: p < 0.05) (note the increases in standard

deviations of the means). The increase in variability in the estimates of the interlung
and interbuccal intervals as the joint treatments disrupted both rhythms.

6.4

Discussion

Using the in vitro frog brainstem preparation, this study demonstrated the partial
uncoupling of the buccal and lung rhythms. In asingle preparation treated with low
Cl - ,aloss of correlation between the last buccal buccal of abuccal episode and the
first lung burst of the next lung episode was demonstrated. In the same preparation,
at the same time, the last lung burst of alung episode remained correlated with the
first buccal burst of the next buccal episode. Thus, the buccal-to-lung connection
was suppressed allowing the two rhythms to go out of phase, but the lung-to-buccal
connection continued to function, resetting the buccal rhythm with each lung burst.

The Cl - reduction data (chapter 4) was re-examined for partial uncoupling, but
only the single preparation (out of 16) behaved in this fashion. However, of the 16
preparations, this preparation was the only one to exhibit long buccal episodes during
the Cl - reduction treatments. Given that even during the partial uncoupling, the
buccal and lung rhythms are synchronized with each lung burst, the buccal rhythm
must run independently for aperiod of time before becoming noticeably out of phase
with the lung rhythm. Thus, evidence of the partial uncoupling will only be seen

161

if the buccal episodes are of sufficient length. Given this proposition, Itreated nine
brainstem preparations with ajoint application of Cl - and DAMGO. Ithen explored
DAMGO's role in the uncoupling by treating four brainstem preparations with ajoint
application of Cl - and hypocapnia.

Both treatments repeatedly and visibly partially uncoupled the buccal and lung
rhythms. The partial uncoupling was confirmed with event trigger averages of the
first and last lung bursts of alung episode. In these averages, the buccal burst activity following the last lung burst of the lung episode remained sharply defined during
the Cl - + DAMGO or hypocapnia treatments. The buccal burst activity preceding
the first lung burst of the lung episode became "incoherent" during the treatment, as
evidenced by the flattening of the average buccal burst activity. The "incoherence"
of the preceding buccal burst activity was caused by the increase in variability in the
buccal-lung intervals during the treatments.

To quantify these changes in the buccal-lung intervals a used three approaches:
KS, IQ ranges, modified regression analysis.

6.4.1

Choice of Analysis

The buccal-lung interval became more variable in the reduced Cl

superfusate jointly

applied with either DAMGO or hypocapnia. This variability was visible in the nerve
root traces, and was readily demonstrated with event trigger averages of isolated
lung bursts. The variability of the pre-lung and post-lung buccal activity in these
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averages is an indicator of the coordination between the buccal and subsequent lung
events, and between lung and subsequent buccal events. In the preparation whose
data appears in figure 6.4, the pre-lung buccal activity in the event trigger averages
of successive periods during the reduced Cl - + DAMGO treatment progressively
increased in variability whereas the post-lung activity remained, for the most part,
relatively constant. This result suggests that the reduced Cl - + DAMGO treatment
(as well as the reduced Cl - + hypocapnia treatment) progressively and preferentially
interferes with coordination of buccal to subsequent lung events in this preparation.
Similar increases in the variability of pre-lung buccal activity during treatment was
seen in 12/13 preparations studied.

To quantify this increase in variability, the inter-event intervals were analyzed.
This approach produces four groups of intervals, buccal-lung, lung-lung, lung-buccal,
and buccal-buccal, allowing the partitioning of variability into one or more intervals.

While convenient, the analysis of events intervals discards possibly relevant information about the buccal bursts and their coordination to the lung rhythm. The C1
reduction + DAMGO or hypocapnia intervention affects the pre-lung buccal activity
in three distinct ways: amplitude, shape and timing. The analysis of intervals considers only the timing of the buccal events.

For asingle preparation, the distribution of intervals reveals the increase in vanability in buccal-lung intervals during the Cl - reduction + DAMGO or hypocapnia

163

treatment (figure 6.7). The distributions were compared using KS tests (Division,
1997). With this test, astrict interpretation of asignificant p-value is that the two
distributions are not equal, without any knowledge of how the two distributions are
unequal. However, by choosing one of the distributions to be relatively narrow and
symmetrical, the KS test effectively examines whether the other distribution is broad
and/or skewed (as in figure 6.7).

When the KS tests were run on all the data, the results were inconsistent, with
significant differences being consistently identified in buccal-lung versus lung-buccal
comparisons, but not in treatment versus baseline comparisons. These inconsistencies
likely stemmed from low sample sizes during the baseline conditions. The baseline
rhythm in several preparations consisted of lung episodes with long interepisode periods. This pattern of lung and buccal bursts yields relatively few (n < 15) buccal-lung
and lung-buccal intervals. The significance of the KS test statistic is dependent on
the sample sizes of both distributions (Division, 1997). Given this dependance on the
sample sizes, the KS test statistics for each preparation can not be compared to other
preparations.

Subsequently, anew parameter estimating each distribution's variability was calculated; namely IQ range.

The regression analysis was used to provide confirmation of the loss of coupling
with the treatments. However, during the treatments, the estimates of the slope and
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intercept of the regressions were significantly variable than during baseline. The slope
and intercept estimates increased in variance because the underlying buccal and lung
rhythms began to fail, producing abnormally long estimates of the primary interlung
and interbuccal intervals. Given inaccurate estimates of the slope and intercept in
the regressions, the R2 values would normally decrease. Thus, the interpretation that
the decrease in R2 values of the regressions in section 6.3.4 correlates with aloss of
coupling between the buccal and lung rhythms might not be valid.

6.4.2

Implications of Results

The statistical increase in the IQ range of the buccal-lung intervals coupled with the
observed variability in pre-lung buccal activity (as seen in figure 6.4), points to the
disruption of the coordination of buccal bursts with subsequent lung events. This
is in contrast with the continued coordination of lung bursts with subsequent buccal
events evidenced by no significant changes in the IQ range of lung-buccal intervals and
the relative stability of post-lung buccal activity in the event trigger averages. Stated
differently, these results implies that the Cl - reduction + DAMGO or hypocapnia
treatment interferes the buccal rhythm's timing of lung events, but spares the lung
rhythm's mechanism to time buccal events. In effect, this intervention only partially
uncouples the lung and buccal rhythms.
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DAMGO versus hypocapnia
In the 13 preparations utilized in this experiment, there was no observed difference
between preparations treated with reduced Cl - + DAMGO and those treated with
reduced Cl - + hypocapnia. This suggests that areduction in the lung rhythm drive
is necessary to reliably partially uncouple the lung and buccal rhythms. Whether this
is afunction of the lung rhythm slowing sufficiently to reveal the uncoupling or the
activation or inactivation of some other mechanism is an open question.

However, evidence of uncoupling was observed in a single preparation treated
with low Cl - (section 6.1.1) only, indicating that DAMGO and hypocapnia are not
necessary to elicit the effect, i.e. DAMGO and hypocapnia only facilitate the uncoupling. On the other hand, hypocapnia has been used in mammals to uncouple the
hypoglossal and phrenic nerve activity. In rats, the respiratory-related rhythmic motor activities of the hypoglossal and phrenic nerves are linked temporally. St. John
et al., utilizing the artificially perfused rat preparation, uncoupled the hypoglossal
and phrenic discharges when intervening with hypocapnia or hypothermia (St. John
et al., 2004).

Washout
The reduced Cl - effect was not entirely reversible. During the washout conditions,
variability in both the pre-lung and post-lung buccal activity consistently decreased,
but this variability did not always return to baseline (compare baseline to washout
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in figure 6.4).

This suggests that the reduced Cl - + DAMGO or hypocapnia treatment alters
the brainstem respiratory rhythm generator such that upon return to normal superfusate, the respiratory output is still altered.

6.4.3

Implications for CPG architecture

This set of results yields several implications for the architecture of the frog respirar
tory CPG. The demonstration of partial uncoupling of the buccal and lung rhythms
indicate that the buccal rhythm is coupled to the lung rhythm through a Cl -

-

dependent mechanism. The uncoupling of this connection is, at aminimum, facilitated by DAMGO or hypocapnia. The coupling of the lung rhythm to the buccal
appears to be independent of C1-mediated mechanisms (at least at this level of C1
reduction). This coupling appears to be also independent of DAMGO and hypocapnia.

6.4.4

Interrelation of Intervals

The analysis of the pattern of lung and buccal bursts in section 3.3.2, suggested that
the timing of non-consecutive lung bursts (i.e. lung bursts interrupted by one or more
buccal bursts) was equal to the primary lung burst interval plus n primary buccal
burst intervals, where nis the number of buccal events that appear between the lung
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bursts. From equation 2.3.4 we have:

LLi = LL0 + ni x BB0
where:
LL
LL0
BB0
ni

-

-

-

-

ill

(6.2)

lung-lung interval,

primary lung-lung interval,
primary buccal-buccal interval,
number of buccal bursts between
lung bursts of LL.

This relationship predicts the actual interburst intervals accurately at baseline
conditions. This is remarkable as equation 6.2 does not take into account the buccallung and lung-buccal intervals. The correct relationship for the interlung intervals
is:

LLj

(LL

o

LB + BL
LB + BL + (n

-

where:
BL
LB
LL1
LL0
BB0
n

1) x BB0

-

-

-

-

if ni=0
if ni= 1
if n> 1

(6.3)

buccal-lung interval,
lung-buccal interval,
ill lung-lung interval,
primary lung-lung interval,
primary buccal-buccal interval,
number of buccal bursts between
lung bursts of LL.

Cl - reduction was shown to disrupt the baseline buccal and lung pattern (Section 4.3.4).

Given the relationship between the buccal and lung intervals (equa-

tion 6.3) and given that Cl - reduction preferentially increases the variability in the
buccal-lung intervals, the disruption in the baseline pattern of buccal and lung events
may arise from the increase in buccal-lung variability.

Chloride reduction in the
artificially perfused rat

In this chapter, Iattempted to use the Cl - reduction intervention in the artificially perfused rat preparation. The experiments were performed in collaboration
with Walter M. St. John at the Dartmouth Medical School, Lebanon, New Hampshire.
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Chapter 7
Chloride Reduction in the
Artificially Perfused Rat

7.1

Introduction

The basis for the study arose from Hayashi and Lipski's study of rats artificially
perfused with 8mmol Cl - solution (Hayashi and Lipski, 1992)). In their work, the
respiratory rhythm failed in 17 out of 20 animals suggesting that eupneic rhythmogenesis is dependent upon chloride-mediated post-synaptic inhibition (cmPSI

).

In

contrast, Feldman and coworkers, utilizing the en bloc brainstem-spinal cord of the
neonatal rat, showed that the respiratory rhythm exhibited by this prep was not
altered by Cl

reduction and/or blockade of cmPSI (for areview see Rekling and

Feldman, 1998). These authors argue the results of Hayashi and Lipski, at best indicate that Cl

is necessary for the transmission of the respiratory rhythm, but not

its genesis. On the other hand, the lung bursts generated by the en bloc brainstemspinal cord preparation is gasp-like in character, i.e. has arapid-onset decrementing
bursts, and the preparation is hypoxic with an anoxic core (Okada et al., 1993).
The rhythm generated by the en bloc preparation may in fact be gasping (St. John,
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1996). However, the rapid onset shape of the lung bursts may arise from the loss of
vagal feedback (Smith et al., 1990), and the respiratory rhythm generator neurons
are superficial and may not be hypoxic (Brockhaus et al., 1993). The mechanisms
generating eupnea and gasping are still asubject of controversy. In this study, we
hypothesize that the respiratory rhythmogenesis of eupnea in the artificially perfused
rat is dependent upon cmPSI while the rhythmogenesis of gasping is not.

7.2

Methods

Fifteen juvenile rats (80g

-

170g) were used. The procedures largely replicate those

described previously (Paton, 1996a,b, 1997; Paton et al., 1999; St,-John & Paton;
2000, St. Jacques & St.-John, 2000). Rats are anesthetized with halothane (4.0%
induction, 0.5-1.0% maintenance, in oxygen) and decerebrated at aprecollicular level.
The brain rostral to the colliculi is removed by aspiration. The trachea is cannulated
and the animal is artificially ventilated.

The animals are ventilated and the body is covered with crushed ice. At arectal
temperature of 26°C, the skin and muscles of the ventral abdomen and most of the
ventral chest wall are removed. The abdominal contents are also removed. The right
phrenic nerve is sectioned at the level of the diaphragm and dissected rostrally. The
descending aorta is freed from underlying tissue and ligated caudally. A catheter is
inserted into the aorta (double lumen, size 3.5 or 4.0 French), advanced rostrally and
tied in place. The portion of the body caudal to the diaphragm is then removed.
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Artificial ventilation is eliminated.

Perfusion is then commenced at apressure of approximately 20 mm Hg. This
pressure is measured from one lumen of the catheter. Perfusion pressure is gradually
increased by increments of approximately 10 mm Hg every 5minutes until phrenic
activity returns with a'ramp-like pattern'. This activity is monitored by abipolar
electrode, amplified, filtered (0.6 Hz

-

0.6 KHz), integrated (50 ms time constant)

and recorded. Gallamine triethiodide (20 mg/ml) is added to the perfusate in increments of 1ml/L of perfusate until spontaneous respiratory movements cease; 5-8
ml are usually required. The temperature of the perfusate, as it enters the aorta, is
maintained at 30-31°C.

The perfusate is held in areservoir immersed in awaterbath. While in the reservoir, the perfusate is equilibrated with 95% 02-5% 002. From the reservoir, the
perfusate passes through aroller pump, afilter (Millipore 45 urn), two 'bubble traps'
and then the cannula in the aorta. Perfusate leaks from the numerous sectioned vessels and collects in areservoir surrounding the animal. The first approximately 50 ml
of perfusate is discarded to eliminate blood; the rest is recirculated.

The perfusate is drawn from one of two reservoirs, the first containing 100% chloride solution and the second containing areduced chloride solution. The 100% chloride perfusate contains the following in distilled water: KH2PO4 (1.25 mM), 1(01
(5.0 mM), NaHCO3 (25 mM), NaCl (125 mM), CaCl2 (2.5 mM), dextrose (10 mM),
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Ficoll 70 (0.1875 mM). The chloride-free perfusate substitutes 5.0 mM K-gluconate
for the KC1, 125 mM Na-gluconate for the NaCl and 3.33 mM Ca-digluconate for the
CaCl2. The concentration of Ca was elevated as gluconate acts as acalcium chelator
(Galante, 1996). Reduced chloride perfusates with chloride concentrations ranging
from 50-90% of the 100% chloride perfusate were formed by adding chloride-free perfusate to the 100% chloride perfusate. The pH of the 100% Cl perfusate equilibrated
with 95% 02-5% CO2 measured at 31°C is 7.48 while the pH of 50% Cl perfusate
equilibrated with the same gas is 7.50. We compared the spontaneous eupnea and
the ischemia-induced gasping of 15 rats artificially perfused with normochloric and
reduced chloride perfusates. The chloride in the perfusate was reduced to 50-90% of
the 100% Cl - concentration (in 11/15 animals the chloride was reduced 75% of baseline), which we note is amuch more moderate reduction than that used by Hayashi
and Lipski (who reduced the chloride by 94%). Our protocol was to first elicit gasping with an ischemic challenge in 100% chloride, and then reduce the chloride in the
perfusate. After allowing the rhythm to either stabilize (for at least 10 minutes) or
fail, we then applied asecond ischemia and note whether gasping occurs. After the ischemia, the preparation was returned to 100% chloride. Four preparations proceeded
to another protocol and are not considered further. Of the remaining 11 preparations,
seven recovered arhythm. In these seven preparations the protocol was repeated a
second time. Ischemia-induced gasping was once more elicited in 100% chloride. The
perfusate was then replaced with areduced-chloride perfusate. An ischemia was once
more induced to elicit gasping. The experiment was then ended.
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7.3

Results

Representative data for asingle preparation appears in figure 7.1.

In general the reduction of chloride in the perfusate increased the inter-animal
variability of the respiratory rhythm. Based on the behaviour of the rhythm during
the first chloride reduction, the preparations were divided into three groups. The first
group possessed apersistent respiratory rhythm. The 4/15 preparations in this group
produced arespiratory rhythm that was regular in reduced chloride and persisted until
we applied the ischemic challenge. The second group possessed arespiratory rhythm
which failed. The 6/15 preparations in this group became apneic (i.e. the respiratory
rhythm ceased), and remained apneic for at least 30 seconds before we applied the
ischemic challenge. The third group displayed afailing rhythm. The 5/15 preparations in this group produced arespiratory rhythm that appeared to be failing (i.e. the
preparation appeared to have become apneic) but we applied the ischemic challenge
immediately after the last lung burst before confirming the rhythm had stopped (i.e.
within 30 seconds of the last lung burst, see figure 7.1, panel B for an example). If
we assume that the respiratory rhythm has indeed failed in these preparations, then
the initial chloride reduction results in the failure of the respiratory rhythm in 11/15
preparations.

During the ischemic challenge, all four preparations whose rhythm persisted gasped,
2/5 preparations whose rhythm was failing gasped, and 3/6 preparations whose
rhythm failed gasped. These results are summarized in contingency table 7.1.
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Figure 7.1: Representative recordings of arat's phrenic discharge during the
four ischemic challenges. Each panel displays 300 sof data around the ischemic
challenge. In each panel, the blue line represents the integrated phrenic nerve activity
while the green line represents the perfusion pressure (both signals in arbitrary units).
The period of ischemia is represented by the drop in perfusion pressure. Panel A
displays data from the initial 100% chloride condition; panel B displays data from
the first chloride reduction (note the rhythm fails just before the ischemic challenge);
panel C displays data from the second 100% chloride condition; panel D displays
data from the second chloride reduction.
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First Chloride Reduction
Rhythm Persists Rhythm Fails
Gasping
No Gasping

4
0

Total

4/15

5
6

Total
9/15
6/15

Table 7.1: 2 x 2 contingency table for the first chloride reduction tabulating
the number of preparations which gasped during the first chloride reduction against
the number of preparations whose respiratory rhythm persisted during this same
chloride reduction.
Utilizing aproportions test based on the X 2 statistic, the probability of apreparation exhibiting arhythm during the first chloride reduction is significantly less than 1
(the probability of the preparation exhibiting arhythm in 100% chloride) (p < 0.001,
=

14.4, df

=

1). The probability of apreparation exhibiting gasping during the

first reduction in chloride is also significantly less than the probability at 100% chloride (p

=

0.0225, X 2 = 5.2,df

=

1). The probability of the preparation exhibiting

arhythm during the first reduction of chloride is not significantly different from the
probability of apreparation exhibiting gasping during the same chloride condition (p
0.145, X 2 = 2.17, df

=

1) (the McNemar X 2 test for symmetry yields asimilar

non-significant result for the same data). The probability of apreparation which has
arhythm during the first chloride reduction to gasp is not significantly different from
the probability of apreparation who rhythm fails to gasp (p

=

0.19, X 2 = 1.72, df

=

1).

During the second reduction in chloride all the preparations remained rhythmic
and all preparations gasped in response to ischemia. The results appear in table 7.2.
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No proportions tests were run for this contingency table.

We further considered the seven preparations which took part in both protocols.
Only 2/7 preparations exhibited arhythm during the first chloride reduction while
4/7 preparations gasped in response to ischemia during the first chloride reduction.
Once more 7/7 preparations were rhythmic during the second chloride reduction and
7/7 preparations gasped during the second chloride reduction. These results appear
in tables 2, 3& 4.

Second Chloride Reduction
Rhythm Persists Rhythm Fails
Gasping
No Gasping

7
0

0
0

Total

7/7

0/7

Total
7/7
0/7

Table 7.2: 2 x 2 contingency table for the second chloride reduction tabulating the number of preparations which gasped during the second chloride reduction
against the number of preparations whose respiratory rhythm persisted during this
same chloride reduction.
We have quantified the respiratory pattern during each condition for each preparation by measuring the burst duration (Ti), the time between bursts (Te) and the
burst amplitude. Rom the Ti's and Te's we have also calculated the instantaneous
respiratory rate (breaths/minute) for each burst. We also measured the time to peak
value for each burst, and presented this data as apercentage of Ti. For each condition, we have estimated the respiratory rhythm's parameters by taking the mean
value of the last five bursts before the ischemic challenge. We have estimated the
parameters for gasping by taking the mean value of the first five bursts once gasping
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has clearly been established. For Ti, Te, respiratory rate and burst amplitude, the
values have been normalized to % of the initial 100% chloride condition.

Several studies have compared eupnea and gasping in the perfused rat. We have
extended these results by examining the changes in eupnea and gasping during the
first and second chloride reductions. We considered all preparations that exhibit a
rhythm within 30 seconds of the ischemia during both the 100% chloride condition
and within 30 seconds of the ischemia during the reduced chloride condition. Similarly
we considered all preparations which gasped during both the 100% chloride condition
and the reduced chloride condition. During the first protocol 9/15 preparations exhibited arhythm within 30 seconds of the ischemia in reduced chloride (4/15 persist
and 5/15 are failing in reduced chloride), while 8/15 preparations exhibit agasping
rhythm (more than one gasp) in reduced chloride. During the second protocol 7/7
preparations are rhythmic during both 100% and reduced chloride and while all 7
preparations gasped during low chloride only 5/7 preparations were challenged with
ischemia at 100% chloride. For each protocol, the results at 100% chloride are compared to the reduced chloride results for all common preparations. These comparison
appear in Figures 7.2 (first chloride reduction), 7.3 (second chloride reduction) and
7.4 (time-to-peak).

During the first reduction in chloride there is ageneral trend for the amplitude of
both eupnea and gasping to decrease and for the respiratory rate of both eupnea and
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Figure 7.2: Before-after comparisons of ventilatory parameters during the
first chloride reduction. Comparisons of the mean parameter for the last five
breaths or first five gasps at 100% chloride versus reduced chloride for the first chloride
reduction. The results for the last five hyperoxic breaths appear in the panels on the
left while the first five gasps appear in the panels on the right. In each panel the 100%
chloride condition appears on the left while the reduced chloride condition appears on
the right. Trials for which the rhythm persists throughout the chloride reduction are
denoted with an open circle; trials for which the rhythm was failing during the chloride
reduction are denoted by an open triangle trials in which the rhythm stopped during
the chloride reduction are denoted by across; while the group mean for each trial is
denoted as afilled green circle (see text for more details). The top row displays the
normalized amplitude, the second row displays the normalized respiratory rate, the
third row displays the normalized inspiratory time (Ti) and the fourth row displays
the normalized time between bursts (Te). Student t-test paired comparison statistics
were calculated for each comparison, with significant differences being highlighted by
ared asterisk (*)
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Figure 7.3: Before-after comparisons during the second Cl - reduction. Comparisons of the mean parameter for the last five breaths or first five gasps at 100%
chloride versus reduced chloride for the second chloride reduction. See the caption to
figure 7.2.
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Figure 7.4: Time-to-peak before and after Cl - reduction for respiratory rhythm
in hyperoxia (left box) and gasping (right box). Results from the first chloride reduction appear in the clear field and results from the second reduction appear in the blue
field. Comparisons of the mean parameter for the last five breaths or first five gasps
at 100% chloride versus reduced chloride for the second chloride reduction. See the
caption to figure 7.2 for detail.
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gasping to increase. During the first chloride reduction the Te of gasping decreases significantly from the initial 100% chloride condition(t=2.74, p=0.029, df=7). No other
differences are significant. During the second chloride reduction, the hyperoxic burst
amplitude decreases significantly with chloride reduction (t=2.45,

p=O.05, df=6), the

hyperoxic respiratory rate increases significantly (t=-2.57, p=O.04f2, df=6), and the
hyperoxic burst duration (Ti) decreases significantly (t=3.34, p:=0.016, df=6). Neither the hyperoxic Te, nor any of the gasping parameters change significantly during
the second chloride reduction.

The time-to-peak, apossible measure of eupnea (St. John, 1998), was not altered
in aconsistent manner by either chloride reduction.

Figure 7.5 compares the amplitude and frequency of the first and second 100%
chloride conditions (in the preparations that recovered arhythm after the first chloride
reduction and ischemic challenge). While there is ageneral trend for both the amplitude and the respiratory rate of eupnea and gasping to increase during the second
100% clloride condition, only the respiratory rate of gasping increases significantly
(t=-4.707, p=O.009, df=4) and the Te of gasping decreases significantly (t=5.033,
p=O.0073, df=4).

To examine the time course evolution of parameters during the first chloride reduction we analyzed the burst amplitudes and respiratory rate of each preparation's
respiratory rhythm during the last 120 seconds of each condition. For this analysis we
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Figure 7.5: Comparison of the mean of the last five breaths of the hyperoxic rhythm during the first 100% chloride and the second 100% chloride
condition. For details see the caption of figure 2.
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divided the preparations into two subgroups: the first subgroup was restricted to all
preparations whose rhythm failed during the chloride reduction (11/15 preparations)
and the second subgroup was composed of those preparations whose rhythm did not
fail (4/15 preparations). To examine the time course evolution of parameters during the first chloride reduction we analyzed the burst amplitudes and respiratory rate
of each preparation's respiratory rhythm during the last 120 seconds of each condition.

For the first group, each trial was aligned such that the hyperoxic rhythm failed
at the same time (at the last respiratory burst in the 6preparations which failed or
at the ischemia in the 5preparations which were failing), while in the second group
the trials were aligned at the ischemia. The amplitude and instantaneous respiratory
rate for the last 120 seconds of each condition was then measured. These values were
normalized such that 100% represents the mean amplitude or respiratory rate for the
entire first 100% chloride condition. The last 120 seconds of each trial was then broken
into 430-second segments. The mean burst amplitude and instantaneous frequency
of respiration was then calculated from the cycles in each segment to generate one set
of values per condition per preparation. The singleanimal values are then averaged
across all preparations to generate apopulation mean ± s.e.m. for each time segment.

The second subgroup was restricted to the preparations who did not fail (and thus
contains the 4preparations who do not appear in the previous subgroup). Figure 7.8
displays the mean burst amplitude (top panel) and respiratory rate (bottom panel) of
the 4preparations who do not fail during the first chloride reduction during the last
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Figure 7.6: Burst amplitude and respiratory rate of all preparations over
the period when the rhythms fail. The mean burst amplitude (top panel) and
respiratory rate (bottom panel) during the last four segments (120 seconds) of hyperoxic rhythm in the first 100% chloride condition (black a's) and the first reduced
chloride condition (green b's) appear in the figure. The number of values used to
calculate each segment mean (the n) is displayed along the abscissa below each mean.
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four segments (120 seconds) of hyperoxic rhythm during the first 100% chloride (black
a's) and the first reduced chloride condition (green b's). Once more, the number of
values used to calculate each segment mean (the n) is displayed along the abscissa
below each mean.

For the subgroup in which the rhythm fails, the rhythm clearly fails by adrop in
amplitude figure 7.7. Moreover, in these 11 preparations, the respiratory rate during
the initial chloride reduction is not significantly different than the respiratory rate
during the initial 100% chloride condition. When the preparations who do not fail
in reduced chloride are considered (figure 7.8), one notes that the burst amplitude
during the reduced chloride condition is not significantly different than the amplitude
during the 100% chloride condition. On the other hand, the respiratory rate during
the chloride reduction for this subgroup is higher than during the 100% condition.

Unfortunately this approach does not readily lend itself to statistical analysis.
Each panel contains variability that may be explained by three factors: time, preparation, and treatment, with the variability along time being correlated. A proper
statistical analysis would require either athree-way ANOVA or atwo-way MANOVA.
Our nmay be low for either approach. A possible workaround would be to examine
asingle comparison for each panel with apaired t-test (or equivalent nonparametric
analysis), such as comparing the results of the last segment for each panel.
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Figure 7.7: Burst amplitude and respiratory rate from the preparations
which fail over the period in which they fail. Top panel displays the mean
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7.4

Discussion

The primary conclusion of this study is the confirmation of Hayashi and Lipski's result
that an initial reduction in chloride in an artificially perfused rat leads to the blockade
of eupnea. We extend the results of Hayashi and Lipski by noting that the initial
chloride reduction blocks gasping in asegment of the population studied (6/15) such
that some preparations completely fail to exhibit the rhythm. This difference is not
significant We comment that 4/15 preparations still exhibited arhythm during the
first chloride reduction while 8/15 preparations still exhibited gasping. This suggests
adifferent sensitivity to chloride reduction for these two rhythms, but the difference
is not significant.

During the first reduction in chloride the preparations were significantly less likely
to gasp in response to ischemia than under control conditions. Moreover, we note that
the probability of apreparation to gasp during the first reduction in chloride is not
significantly different from the probability of the same preparation to exhibit aeupneic rhythm. We generate this result despite noting that in 5preparations whose
rhythm fails in reduced chloride, gasping is still elicited by an ischemic challenge. We
fail to support our hypothesis of adifferential sensitivity of eupnea and gasping to
reduced chloride in this preparation.

Preparations which recovered from the ischemia during the initial chloride reduction displayed amore robust rhythm during asecond chloride reduction, with all
seven preparations remaining rhythmic in reduced chloride and all seven preparations
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gasping. The probability of apreparation remaining rhythmic in reduced chloride is
significantly higher during the second exposure than during the first.

The qualitative analysis of the last five breaths in each condition reveals few significant results. When comparing the amplitude, respiratory rate, Ti and Te of the last
five breaths of the first 100% chloride to the first reduced chloride (utilizing preparations which exhibited as respiratory rhythm within 30 seconds of the ischemia) fails
to reveal any significant changes during the first chloride reduction. Similarly the
first reduction in chloride results in asignificant decrease in the gasping Te but does
not result in asignificant change in the other three parameteis.

During the second reduction in chloride all preparations remained rhythmic. The
second reduction in chloride resulted in asignificant drop in burst amplitude, asignificant decrease in Ti and asignificant increase in the respiratory rate of the hyperoxic
rhythm. Our analysis failed to reveal any significant changes in the gasping rhythm
during the second reduction in chloride.

Of the seven preparations that we perfused with low chloride only two preparations remained rhythmic during the first chloride reduction but all seven remained
rhythmic during the second reduction. Similarly, only 4/7 preparations gasped in
response to ischemia during the first chloride reduction while all seven gasped in response to ischemia during the second chloride reduction. Our analysis failed to reveal
this difference as significant. While we are uncertain of the cause of the change in
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The amplitude and respiratory rate of both the hyperoxic respiratory rhythm and
gasping during the second 100% chloride condition are higher than the first 100%
chloride condition. Unfortunately, our analysis of the last five respiratory cycles of
each condition fails to demonstrate a significant increase during the second 100%
chloride condition except in the case of the gasping rate. Nevertheless it does appear that the preparations which recover from the first chloride reduction do have a
stronger rhythm, which may account for the decrease in rhythm failure during the
second chloride reduction.

The segmental approach of analyzing the data reveals two interesting trends. First,
in the preparations whose rhythms fail in reduced chloride we note adrop in burst
amplitude preceding rhythm failure but no decrease in respiratory rate. This is consistent with the rhythm failing due to some form of transmission failure as compared to
ablock of rhythmogenesis. Importantly though, transmission failure does not imply
that rhythmogenesis continues. Rather, the failure of the rhythm to be expressed,
removes the possibility to observe the rhythm generator and no conclusion can be
drawn.

Second, when examining the four preparations whose rhythms persist during the
first chloride reduction we note that the amplitude of the bursts in these preparations
does not decrease, but instead we see in increase in the respiratory rate (possibly
not significant). This is the reverse of what was seen in the preps whose rhythms
fail. The implication may be that the preparations who persist in reduced chloride,
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fail. The implication may be that the preparations who persist in reduced chloride,
respond to the chloride reduction with an increase in respiratory rate (for unknown
reasons). If the rate does not increase, the rhythm then fails, through adecrease in
amplitude. While intriguing, Iam uncertain of the physiological mechanisms that
would increase the frequency of the respiratory rhythm in some preparations, but the
respiratory rate in others.

Feldman and Smith reported that in the en bloc neonatal rat brainstem preparation, complete replacement of Cl - in the superfusate results in significant increases
in the burst amplitude and duration, measured at the 04 root, but no effect on
burst frequency (Feldman and Smith, 1989). Onimaru et al., (1990), in the en bloc
preparation, found that a40% reduction in the Cl

concentration of the superfusate

resulted in asignificant decrease in the burst duration of inspiratory neurons, with
little effect on frequency. When using C1-free solutions, these investigators found
excessive tonic activity.

My results, while inconclusive in many regards, did find a significant increase
in the respiratory frequency and asignificant decrease in the burst duration during
the second chloride reduction. The decrease in burst duration is consistent with the
findings of Onimaru et al., (1990), while differing from Feldman and Smith's finding.
However, Feldman and Smith used acomplete Cl - replacement intervention, while
Onimaru et al, employed asmaller partial Cl - reduction, similar to the levels used
in our study. This may account for the differences in reported burst durations.
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The respiratory frequency in our increased significantly during the partial C1
reduction, while both earlier investigators found no frequency effect. The artificially
perfused rat, however, is considerably less reduced than the en bloc preparations,
including the presence of intact peripheral chemoreceptors (R.J.A. Wilson, personal
communication). The Cl - reduction's effect on respiratory frequency may be mediated through one of these mechanisms.

7.5

Conclusions from the Cl - reduction experiments

1. We confirm the results of Hayashi and Lipski, that areduction of chloride in
the artificially perfused rat interrupts eupnea (the rhythm fails or is failing in
11/15 preparations during the initial Cl reduction, (cu-square test: p < 0.001)).
We extend this result by noting the interruption occurs with amodest chloride
reduction (10-50% reduction in Cl, with a25% Cl reduction used in 11/15 preps,
compared to a94% reduction by Hayashi and Lipski).

2. Initial chloride reduction reduces the probability for apreparation to gasp in
response to ischemia is reduced (9/15 preps gasp; chi-square test: p = 0.023).
We also note that the failure of the hyperoxic rhythm in preparations in reduced
chloride does not always cause afailure in gasping in these same preparations
(i.e. probability to gasp given failure of eupnea> 0; chi-square test: p < 0.001).
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apnea (one-way ANOVA, p < 0.001) while the frequency of the phrenic bursts
before the apnea does not change significantly (one-way ANOVA, p = 0.70).

4. A history effect appears; the preparations behave significantly different during
the second chloride reduction. Of the seven preparations who were exposed to
asecond chloride reduction, all seven preparations remained rhythmic in hyperoxia, which is significantly different from the first chloride reduction (chi-square
test: p= 0.026). Of the five preparations who were exposed to ischemia, all five
gasped.

5. During the second chloride reduction we note that the amplitude of the phrenic
bursts (comparison of the mean amplitude of the last five cycles of the second 100% Cl condition to the last five cycles of the second reduced Cl condition)
decreases significantly (p

=

0.05) while the frequency of the phrenic bursts (mea-

sured in the same fashion) increases significantly (p

=

0.03).

Discussion

Then the Lord God took some soil from the ground and formed aman out of it. He
breathed life giving breath into his nostrils and the man began to live.

Genesis 2:7
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Chapter 8

Discussion

8.1

Major Findings

Five major findings derive from this work. First, the buccal and lung events generated
by the in vitro frog brainstem preparation are tightly coordinated (Chapter 3). At
baseline conditions, the lung and buccal rhythms are synchronized at the first phase of
the biphasic lung burst. This coordination is characteristic of the respiratory CPG's
output.
Second, reduction in the Cl - concentration in the superfusate of the in vitro frog
brainstem preparation preferentially disrupts the buccal rhythm (Chapter 4). This
result is consistent with the earlier findings of Galante et al. (1996) and Broch et
al. (2002) that exhibition of the gill/buccal rhythm is dependent on C1-dependent
mechanisms while the lung rhythm is generated by C1-independent mechanisms (i.e.
pacemaker). The present work extends the earlier results by examining the buccal
and lung rhythms in post-metamorphic animals.
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Third, Cl - reduction transforms the biphasic lung burst in SN II to amonophasic
burst (Chapter 4). This transformation is associated with the loss of the preinspiratory activity in SN II.

Fourth, bath applied DAMGO preferentially suppresses the lung rhythm (Chapter 5). Suppression of the lung rhythm, while altering the time between lung bursts,
does not change the coupling between the lung and buccal bursts. The lung burst
intervals are well predicted by multiples of the primary buccal burst interval.

Fifth, Cl - reduction co-applied with DAMGO or hypocapnia disrupts the normally tight temporal correlation between buccal events and subsequent lung events
(Chapter 6). Disruption of the coupling was evidenced by increased variability in the
pre-lung burst buccal activity, including the buccal-lung interval. The variability in
the post-lung burst buccal activity did not change with the treatment. These findings
are consistent with mechanisms coupling the buccal bursts to the lung bursts being
01-dependent while the mechanisms coupling the lung bursts to the buccal bursts
being (relatively) C1-independent.

These findings, when interpreted in context of the Wilson model, provide the first
compelling evidence of the existence of separate oscillators, new insight into respiratory rhythmogenesis in the frog, and indications of ahomologous respiratory CPG
amongst air-breathing vertebrate.
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8.2
8.2.1

Inferences regarding the Frog Respiratory CPG
Putative Coupled Oscillators

Wilson et al., (2002) proposed that distinct oscillators generate the buccal and lung
rhythm in the frog, and that these separate oscillators are coupled by synaptic interconnections. While this proposition awaits corroboration with intracellular recordings, it provides auseful framework to interpret data presented herein. The opioid
experiments indicated that the buccal and lung rhythms were differentially sensitivity
to DAMGO (Chapter 5). In the context of the coupled oscillator model, this suggests
that the oscillators are differentially sensitive to opioids, afinding that may relate to
similar observations in mammals (section 8.3).

The opioid-induced suppression of the lung oscillator sheds light on the putative
coupled oscillators. During the partial suppression of the lung oscillator, the timing
between lung bursts remained correlated to the primary buccal burst interval (see
figure 5.7 and analysis in section 5.4.2). Stimulation or suppression of the lung oscillator changes the occurrence rate of the lung events, without changing the underlying
buccal rhythm. This implies that the buccal rhythm is the underlying rhythm to
the system, with lung bursts occurring in temporal lock-step with this rhythm. The
buccal oscillator appears to be the clock of the system, with the lung oscillator operating conditionally, but always in time with the buccal rhythm. Even if the buccal
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oscillator is the principle zeitgeber, the lung oscillator influences the buccal rhythm.
For instance, activation of the lung oscillator invariably resets the buccal oscillator.
A diagram of the proposed model appears in figure ??.

8.2.2

Insights into the Coupling of the Oscillators

While the buccal oscillator appears to set the timing of the frog's respiratory circuitry,
the buccal and lung oscillators appear to be reciprocally coupled. In particular, the
buccal-to-lung and lung-to-buccal transitions are tightly correlated suggesting acoupling that is modulated on abeat-by-beat time scale.

Insights into the nature of the coupling between the lung and buccal oscillators
arose from the joint application of the reduced Cl — superfusate with DAMGO or
hypocapnia (Chapter 6). This treatment partially uncoupled the buccal and lung
rhythms; lung bursts were only weakly correlated with the anticedent buccal burst,
but they continued to by tightly coupled with the subsequent buccal bursts. Quantitatively, the variability of the buccal-lung intervals increased significantly while the
lung-buccal intervals remaining constant (section 6.3.3).

This partial uncoupling of the lung and buccal rhythms strongly implies the existence of two distinct oscillators generating these rhythms. The previous experiments
used to probe the putative coupled oscillators stimulated or suppressed one of the
rhythms. While informative in the coupled oscillator paradigm, these experiments
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fail to rule out the alternate model of asingle oscillator generating both the buccal
and lung bursts. The partial uncoupling of the buccal and lung rhythms, specifically
the uncoupling of the buccal to subsequent lung bursts, excludes the single oscillator
possibility as the mechanisms generating and/or timing the lung bursts must be independent of those generating the buccal bursts. The partial uncoupling, specifically
the maintained coupling of the lung to subsequent buccal events, indicates that the
lung bursts actively time the subsequent buccal bursts. Moreover, this connection is
C1-independent (at the Cl - reduction levels used herein).

Conversely, the mechanisms connecting the buccal to subsequent lung bursts must
involve C1-dependent mechanisms. While it is tempting to propose that cmPSI
connects the buccal oscillator to the lung oscillator, plausible alternatives (i.e. an
upstream oscillator synchronizing both the buccal and lung oscillators) can not be
excluded.

8.2.3

Insights into the Coupling of the Buccal to the Lung

Figure 8.1 displays arepresentative example of the respiratory neuromotor output
during the transition from the buccal to the lung rhythm. The buccal rhythm is
comprised of reciprocal bursts of motor activity dilating and constricting the buccal
cavity (Kimura et al., 1997, see also section 1.2). Each lung burst of the lung rhythm
is comprised of two phases, the first dilating the buccal cavity and the second sharply
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constricting. The rhythm of buccal cavity oscillations is maintained during the transition between the buccal and lung rhythms.

The preinspiratory phase of the lung burst in SN II coincides with the continuing
buccal burst rhythm, i.e. the preinspiratory phase begins precisely where the buccal
bursts would be postulated to occur (examine timing of Bd events in figure 8.1). The
activity during this phase, however, is augmented and extended, with the peak occurring sometime later than the predicted peak in the buccal burst (B in figure 8.1). The
onset of the augmentation (checkered line, figure 8.1) can be estimated by the increase
in SN II activity above levels normally seen in buccal bursts as well as the presence
of asmall dip in the average SN II activity. The onset roughly corresponds to the
predicted buccal burst time, consistent with the initial discharge being abuccal burst.

Kogo and co-workers (Kogo et al., 1994; Kogo and Remmers, 1994), suggested a
similar neural pattern during the buccal-to-lung burst transition in the decerebrate
frog. (Figures 3.3). In SN II, the onset of the lung burst appears in the identical
temporal position as the buccal rhythm (in lieu of the buccal dilatory bursts). During the initial interval, the lung burst, which is augmented from the dilatory buccal
burst, increases the depression of the buccal floor (Kogo et al., 1994). The discharge
in SN II is further augmented, signifying active expansion of the oropharynx (Kogo
et al., 1994), before giving way to the second phase of the lung burst. Kogo et al.,
label these two initial intervals of the lung burst as the pre-lung and expiratory periods (preL and E in figure 3.3). These intervals correspond with the initial and
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Figure 8.1: Reciprocal neuromotor output during transition from buccal
bursts to lungs bursts. Five second event trigger averages of the buccal burst
rhythm preceding the lung burst for CN V and SN II. 20 lung bursts were aligned
at the onset of CN X (vertical green bar, nerve is not shown) and superimposed.
The average discharge for each nerve is plotted in red. Only the first lung burst of
alung episode was included in the analysis, but all lung episodes in the five minute
recording period were included. The buccal bursts in CN V correlates with buccal
constriction (Be)while the buccal bursts in SN II correlates with buccal dilation (Bd).
The lung bursts in both nerves are biphasic, although the preinspiratory activity in
CN V is small. This preinspiratory activity correlates with buccal dilation (B), while
the large inspiratory activity (L) correlates with an augmented buccal constriction
which inflates the lungs. The second lung burst of the lung episode is evident, but
not analyzed. Buccal burst times in SN II were numerically identified from the local
maxima of the averaged discharge and labeled with vertical magenta lines. The
intervals between the identified burst times are displayed. Note that the buccal
rhythm in SN II becomes augmented to produce the preinspiratory activity of the
biphasic lung burst. The onset of this augmentation is estimated (see text) and
marked with the checkered black and magenta line.
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augmented buccal dilatory intervals in the in vitro preparation (Bd and B in figure 8.1). The close correspondence of the neural output of the in vitro brainstem to
the decerebrate preparation was noted in Chapter 3. However, the lung burst of the
decerebrate preparation comprises of four phases, while only two phases were identified in the in vitro lung burst. The identification of two distinct intervals in the first
phase of the in vitro lung burst partially accounts for this discrepancy, with the in
vitro lung burst having three distinct identifiable intervals.

8.2.4

The Frog Lung Burst Is Heterogenous

Given the tight coupling of 1he buccal and lung rhythms, and the synchronization of
these rhythms at the start of the preinspiratory phase of the lung burst, Ipropose
that the eupneic lung burst has heterogenous origins, the lung burst is a chimera
formed from the output of both the buccal and lung oscillators. In this scenario, the
preinspiratory portion of the lung burst is generated by the buccal oscillator while
the inspiratory portion is generated by the lung oscillator.

The coupling of the buccal oscillator to the lung oscillator involves aC1-mediated
mechanism. Given the time scale over which the coupling must occur, the most likely
mechanism is cmPSI

.

The lung oscillator is reciprocally coupled to the buccal os-

cillator, however with afast C1-independent mechanism. Thus, the lung burst is a
chimera, composed of sequential activity produced first by the buccal oscillator followed by aburst from the lung oscillator.

-
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8.2.5

Postulated Kernel of Frog Respiratory CPG

Building on the basic architecture of the Wilson model (section 1.6.1), Ihave proposed anew model of the frog's respiratory CPG (figure 8.2).

The lung oscillator is pacemaker driven, opioid-sensitive and responsive to CO2/H + .
The buccal oscillator is network driven, not sensitive to opioids and is not driven by
CO 2/H.

The model's default behaviour is that the buccal oscillator is continuously active
providing the underlying rhythm. The buccal and lung oscillators remain coupled,
with the lung oscillator quiescent and the buccal oscillator inhibiting the lung oscillator with each cycle.

At some point, and for some unknown reason, the lung oscillator becomes active. The most likely mechanism for this activation will involve some form of postinhibitory rebound. This will account for the tight coupling between the buccal and
lung rhythms.

The lung oscillator connects to the buccal oscillator with aprobable excitatory
mechanism (Wilson et al., 2002). Lung oscillator activity will feed back onto the buccal oscillator, exciting it in some fashion. A possible example of this phenomenon can
be observed in preparations generating isolated lung bursts. After each lung burst,
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Figure 8.2: Proposed model of frog respiratory CPG. Based on the coupled oscillators of the Wilson model, the putative lung burst and buccal oscillators enclosed
within magenta boxes. The lung oscillator contains apopulation of endogenously active lung neurons labeled £, while the buccal oscillator contains at least two distinct
neuronal populations (Bd and B)generating buccal dilation and buccal constriction
events respectively. The two buccal populations are presented as ahalf-center model
to emphasize their reciprocal activity and their dependance upon cmPSI to express a
rhythm. The buccal and lung oscillators are coupled providing the temporal correlation between the rhythms. Biphasic lung bursts are generated when the preinspiratory
activity in the Bd neurons elicits the complimentary inspiratory activity in

£neurons.

The reciprocal activity from the £neurons could then depolarize the Bd neurons and
generate another biphasic lung burst. The two neuronal populations can generate an
episodic lung rhythm and are enclosed with the dashed green box to indicate their
functionality as an oscillator. During alung burst,B's behaviour is unknown. Higher
centers that influence the pattern of lung and buccal bursts are depicted as well.
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the rhythm is reset and the following buccal burst is augmented (for example, see
figure 6.6). This behaviour is consistent with the proposed model.

An increase in the strength of the lung-to-buccal excitatory connection could elicit
an episode of lung bursts. The Bd neuronal population could become active, which
in turn could lead the lung neuronal population to once more become active. The
Bd and L neuronal populations thus ntermittently couple to form the eupneic lung
'-

i

oscillator. This intermittent behaviour is depicted in figure 8.2 by using adashed box
to enclose the oscillator's elements.

This formulation for the eupneic lung and episode generators is consistent with
the experimental data presented in Chapter 4. Cl — reduction suppresses the preinspiratory activity of the lung bursts and the episodic behaviour of the lung bursts. C1
reduction in the model would disrupt the buccal oscillator slowing the activity of the
Bd neurons as well as attenuate the Bd-to-lung connection which is C1-mediated.
Without the regular inhibitory inputs from the buccal oscillator, the

Ecould become

spontaneously active and generate monophasic lung bursts. The lung bursts can not
cluster into episodes, as that would require the input of the Bd neurons.

However, this model fails to capture one aspect of the system in reduced Cl — .The
model predicts that buccal bursts following isolated lung bursts would be augmented.
In reduced Cl — ,the reverse is observed, with the suppression of the post-lung buccal
events.
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8.2.6

Supporting evidence

Several pieces of evidence support this proposal. First, the structure in lung and
buccal intervals appears to be dependent on cmPSI. Cl - reduction in the postmetamorphic tadpole and juvenile frog brainstem preparations disrupted the underlying structure of lung and buccal intervals encapsulated by equation 2.3.4, namely:

LLi = LL 0 + ni x BB0
where:.
LL1
LL0
SB0
ni

-

-

(8.1)

i1h lung burst interval,
primary lung burst interval,
primary buccal burst interval,
number of buccal bursts between
lung bursts of LL.

At baseline, equation 8.1 explains most of the variation in lung burst intervals
suggesting that the primary buccal burst interval times the output. With the C1
reduction (section 4.3.4), the variance explained by equation 8.1 decreased significantly, indicating that the lung burst intervals were no longer tightly correlated with
the primary buccal burst interval.

Second, preinspiratory lung burst activity appears to be dependent upon cmPSI.
The reduction in Cl - concomitantly transformed the biphasic discharge in SN II
to a monophasic discharge.

Specifically, the preinspiratory activity decreased sig-

nificantly (figure 4.11; see Figures 4.2, 4.3,

6.3 and 6.5 for typical examples and

Figures 4.4, 6.4 and 6.6 event trigger averages of lung bursts).
Third, the preinspiratory phase appears to be dependent upon cmPSI (section 4.3.5),
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with the preinspiratory area decreasing significantly in reduced Cl - .Cl - reduction
also disrupted the buccal rhythm (section 4.3.2), decreasing the amplitude of the buccal bursts or suppressing the rhythm completely.

The disruption of the underlying structure of lung and buccal intervals in reduced
Cl - supports the inference that the buccal oscillator couples to the lung oscillator
through aC1-dependent mechanism. Suppression of the preinspiratory lung burst
.
activity

in SN II indicates that the first phase of the biphasic lung burst also is C1-

dependent. Suppression of the buccal rhythm indicates that the expression of the
rhythm, if not the generation of the rhythm, is also C1-dependent.

The mechanisms by which the buccal oscillator generates its rhythm are unknown.
Sensitivity of the rhythm to Cl - reduction, and to blockade of cmPSI with astrychnine + bicuculline cocktail suggest the mechanisms involve cmPSI

.

This mechanism

could account for the observed results with Cl - reduction. This in turn would imply
that the buccal oscillator generates the first phase in the biphasic lung burst.

Fourth, Cl - reduction in DAMGO or hypocapnia results in the partial uncoupling
of the buccal and lung rhythms. This uncoupling is perhaps the strongest evidence
that has come to light that distinct oscillators generate the buccal and lung rhythms.

In addition to disrupting the buccal burst's ability to couple with subsequent lung
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bursts, the joint application of reduced Cl - superfusate and DAMGO or hypocapnia abolishes the first phase of the lung bursts (See Figures 6.3 and 6.5 for typical
example.s and Figures 6.4 and 6.6 for event trigger averages of lung bursts). The
concomitant loss of the preinspiratory lung activity with the uncoupling of the buccal oscillator from the lung oscillator implies that the lung oscillator alone does not
generate both phases of the lung bñrst. The return of the biphasic discharge with the
recoupling of the lung and buccal oscillators supports the conjecture that the buccal
oscillator produces the first phase of the lung burst. However, this data does not rule
out the possibility of athird C1-dependent mechanism separate from the lung and
buccal oscillatorè may somehow be generating the first phase of the lung activity.

8.3

On the Phylogeny of the Frog Respiratory CPG

The evolution of air breathing required both the invention of agas exchange rgan, i.e. the lungs, and the development of mechanisms to ventilate this organ with
fresh air (Perry et al., 2001). Within vertebrates, air breathing has evolved numerous
times in the bony fish (Kardong, 2002). Members of the sub-group Actinopterygii,
the ray-finned fish, have numerous nonhomologous methods of air breathing. The
respiratory mechanism of the tetrapods, along with dipnoi (lungfish) are homologous,
as they all derive from an ancient member of the sub-group Sarcopterygii, the lobefinned fish, which first evolved an air breathing mechanism (figure 8.3).
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Phylogeny of the Lung
Air-filled organs (AO) are well documented for all non-teleostean groups of ray-finned
fish (Romer, 1972) suggesting that "lungs" may have originated in agroup basal to
both fish and tetrapods (Perry, 1989).

In most ray-finned fish, the swimbladder,

unpaired and arising dorsally from the posterior pharynx, is the AO; in lungfish,
tetrapods, and Polypteriformes (a ray-finned fish), lungs, paired and derived ventrally from the pharynx, are found (Perry et al., 2001). The homology of lungs is
established to at least the lungfish, and possibly to aprimitive actinopterygian. The
frog and mammalian lungs are homologous.

Phylogeny of Inflation Mechanism
The buccal force pump in lower vertebrates (figure 8.3, blue field) inflates the lungs
in atwo step process, first dilating the buccal cavity to acquire ambient air into the
oropharynx and then, in the inspiratory phase, compressing the cavity to pump the
air into the lungs (McMahon, 1969; Gang, 1970; Sakakibara, 1984; Brainerd et al.,
1993). Evolutionary modification of the buccal force pump improved its efficiency
but inspiratory volumes remained constrained by buccal cavity size (McMahon, 1969;
Gans, 1970; Brainerd et al., 1993).

The aspiration pump, which evolved with the amniotes (figure 8.3, magenta field),
was amajor advance over the force pump, as it allowed complete inflation of the lung
in asingle step (Gans, 1970; Brainerd et al., 1993). Aspiration utilized newly evolved
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Figure 8.3: Mechanics of lung ventilation across lunged vertebrates. Utilization of the buccal force pump to inflate the lungs in two-steps is common to
all air-breathing anamniotes with actinopterygii expiring in two steps subsequent
to inspiration (four-stroke; green field), while amphibia and dipnoi incorporate the
expiratory phase into the first step of lung inflation immediately before inspiration
(two-stroke; blue field) (Cans, 1970; Brainerd et al., 1993; Farmer, 1999; Perry et
al., 2001). Amphibia further refine lung inflation by drawing ambient air in through
nares allowing the mouth to remain closed (stippled area). Aspiration (magenta field)
exists only in amniotes. A- Ancestral amphibian defined as the last common ancestor
of modern amphibia and amniotes; S Stem-amniote defined as the first amniote ancestor to possess an aspiration pump. We do not preclude the possibility of aspiration
evolving in an amphibian which later evolved into an amniote. The phylogeny of the
lung and the mechanisms of buccal ventilation in the basal bony fish is uncertain and
left uncolored (Farmer, 1999; Perry et al., 2001). We assume that lung homology is
restricted to the sarcopterygii and refer to this group as lunged vertebrates (Brainerd
et al., 1993; Farmer, 1999; Perry et al., 2001). Exceptions and alternate cladograms
have been proposed (Brainerd and Bramble, 1993; Laurin, 2002; Ruta et al., 2003).
-
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costal muscles and new motor patterns to generate negative pressure and suck air
into the lungs. This innovation may have been accompanied by the evolution of novel
rhythmogenic neural circuitry to control the new respiratory motor act, or the stemamniotes (figure 8.3, S) may have conserved the respiratory neural architecture of
their amphibian ancestor (figure 8.3, A). Insight into respiratory evolution at this
junction can be obtained by studying the nearest extant relative of the ancestral amphibian and the stem-amniote. The neural respiratory controllers of Ranid frogs and
rats have been studied extensively and thus provide abasis for the relevant comparisons.

While the innovation and subsequent improvement of the aspiration pump made
the buccal pump dispensable for ventilating the lungs, clearly there was apoint of
transition where the evolving aspiration pump was not yet sufficient to meet the anintal's ventilatory needs. The buccal pump would have necessarily been involved in
lung ventil
ation, in some coordinated fashion with aspiration. The gular pump may
be aremnant of this situation. The gular pump, present in numerous reptile species
(Owerkowicz et al., 2000), ventilates the oropharynx with an open mouth. In some
animals, the gular pump supplements the aspiration pump during exercise.

The Frog is not a Red Herring!
Given that the buccal pump uses positive pressure while aspiration uses negative pressure, Carl Gans, aprominent comparative physiologist, argued that the mechanisms
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controlling respiration in the modern frog are not relevant to the understanding of
amniotes (Cans, 1970a). Labelling these amphibia a "red herring", Cans argued that
the mechanisms controlling aspiration evolved de novo when the amniotes, or their
immediate ancestors, first ventured onto land some 350 million years ago (Cox, 1967;
Cans, 1970a; Kardong, 2002). In other words, he proposed that the stem-amniote
(S, figure 8.3) evolved novel respiratory neural circuitry unrelated to the amphibian
neural architecture. In this scenario, the respiratory CPG of modern mammals would
not be related to the circuitry of the frog.

In Chapter 5 Idemonstrated that the frog, like the rat, has a pair of coupled
oscillators which control respiration. Moreover, in the frog, like the rat, Ishowed
that oscillator generating the lung bursts was sensitive to opioids. In both species,
the opioid-insensitive oscillator continues unabated, and appears to set the rhythm
of the CPG. From this evidence, the hypothesized architectures of the frog and rat
respiratory CPG are analogous (compare top and bottom panels in figure 8.4).

Temporal discharge pattern and motor output. Although the putative frog and rat
coupled oscillators control disparate mechanical acts, they generate analogous motor
output patterns with respect to the inspiratory phase (figure 8.5). Pre-inspiratory
activity in both frogs and rats includes activation of oropharyngeal muscles (Kogo
et al., 1994; Kimura et al., 1997; Peever et al., 2001; Saito et al., 2002). This efferent
hypoglossal nerve discharge correlates with depolarization of putative prel oscillator bulbar neurons (buccal neurons in frog; prel neurons in rat) (Kogo et al., 1994;
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Figure 8.4: Frog (top) and Rat (bottom)inferred coupled oscillator models
for respiratory rhythm generation. Top: hypothesized configuration of the frog's
putative buccal and lung oscillators (magenta and orange circular arrows respectively)
is displayed with each oscillator's rhythm indicated by the associated ticker tape.
Note both the lung and buccal oscillators have motor neuron outputs. See figure??
for further details. Bottom: hypothesized configuration of the rat's putative prel and
pre-Böt oscillators (magenta and orange circular arrows respectively) is displayed with
each oscillator's rhythm indicated by the associated ticker tape. Note only the preBöt has an output to the motor neuron pools (MN). Figure is modified from (Mellen
et al., 2003); sec figure 1.3 for further details. The prel oscillator is rotated down 900
and the MN pool is rotated down 45° to facilitate comparison with the Frog.
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Takeda et al., 2001). During inspiration, these neurons are inhibited while putative I
oscillator neurons (lung neurons in frog; pre-136t Ineurons in rat) (Kogo et al., 1994;
Takeda et al., 2001) depolarize. Associated with this depolarization, the motoneurons
driving muscles that move gas into the lungs discharge (Hm jfl frog; Phrenic in rat)
(Kimura et al., 1997; Peever et al., 2001). These parallels are evident despite the fact
that frogs use abuccal pump whereas rats use aspiration to ventilate their lungs.

Given these analogies in the hypothesized architecture of the frog and rat respiratory CPG's, and given that the frog and rat, while members of different classes, are
phylogenetically close (compare positions of frog and mammal in figure 8.3), Ihave
proposed that the CPG of these two species are homologous (Vasilakos et al., 2005).
In particular, Ipropose that the buccal and prel oscillators are homologous, as are
the lung and pre-BU oscillators. While homology can not be proven, the evidence
prese
nted supports that study of the frog respiratory CPG is relevant for the understanding of mammalian control of breathing. In other words, the frog is not ared
herring.

8.4

Comparison to Mammalian Models of Respiratory Rhythmogenesis

8.4.1

Motor output of oscillators

A variation of the differentially opioid-sensitive coupled oscillator architecture has
been proposed to be the foundation of the mammalian CPG (Mellen et al., 2003).
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Figure 8.5: Hypothesized neuronal homology of respiratory rhythm generators in the Frog top and Rat bottom. Recordings from two respiratory neurons
and two respiratory nerves from frog (upper panel) and rat (lower panel) demonstrating analogous neural correlates of oropharyngeal dilation (preinspiratory phase) and
lung inflation (inspiratory phase). Each pair of traces were recorded from asingle
anima' and all data aligned with respect to the inspiratory phase (blue box) (Kogo
and Remmers, 1994; Kimura et al., 1997; Takeda et al., 2001; Peever et al., 2001).
The membrane potential (MP) is recorded from neurons putatively belonging to the
postulated respiratory oscillators (frog: buccal & lung; rat: prel & pre-136t). In each
panel, one of the respiratory nerves activates buccal dilators (frog: H3,,; rat: H) while
the other innervates the main respiratory pump muscle (frog: Hm; rat: C4, one of
the roots of the phrenic nerve) responsible for lung inflation.
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The frog and rat models have analogous oscillator rhythms and opioid sensitivities
(section 5.5.5), but the mammalian model generates only asingle output, the inspiratory bursts. This discrepancy may highlight an important difference between the
models. In the frog, buccal oscillator activity is associated with distinct motor acts
(buccal dilation and constriction) separate from those correlated with lung oscillator
activity (lung inflation, see section 1.2). In the rat, both prel and pre-136t oscillatory
activity are associated with the inspiratory bursts. Although the prel oscillator is active immediately before and after inspiration, and some reports suggest that during a
normal inspiration, activity in the hypoglossal nerve precedes activity in the phrenic
nerve (Peever et al., 2001; Saito et al., 2002; St. John et al., 2004), correlation of the
prel oscillator to specific motor activity is not clear.

However, another opioid-insensitive oscillator has been proposed to exist in the rat
(Janczewski et al., 2002). In both artificially ventilated and in vitro preparations, an
expiratory rhythm independent of the inspiratory rhythm has been evoked with opioid
application. The putative expiratory oscillator has an analogous temporal sequence
of discharge to the buccal oscillator with both systems producing similar rhythms.
While the location of the putative expiratory oscillator has not been identified, the
expiratory neurons and prel neurons have similar properties.
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8.4.2

Anatomical location of oscillators

In frog and the rat, the relative position of the coupled oscillators along the rostralcaudal axis is reversed (figure 8.6). In the rat, the putative prel and pre-136t oscillators are both in the vicinity of the CN VII motor nuclei, at the level of the roots of
CN's IX, X & XI, with the prel oscillator extending rostral of the pre-136t oscillator
(Szekely and Matesz, 1993; Rekling and Feldman, 1998; Onimaru and Homma, 2003).
The frog's putative lung oscillator is rostral of the CN IX-X-XI root complex, while
the identified location of the putative buccal oscillator is considerably more caudal
(Szekely and Matesz, 1993; Wilson et al., 2002). Our hypothesis does not explicitly
account for this reversal. However, we note that with evolution, the rat hypoglossal
nerve nuclei have moved rostrally along the dorsal surface of the brainstem and the
rat hypoglossal nerve roots have moved rostraily along the ventral surface (figure 8.6,
labeled in red) (Szekely and Matesz, 1993; Nieuwenhuys et al., 1998). With regards
to these two landmarks (hypoglossal nerve nuclei and hypoglossal nerve roots), the
position of the putative prel oscillator in the rat and the putative buccal oscillator
in the frog are similar . We also note that while the frog's putative lung oscillator
appears just caudal of the primary motor nucleus of the facial nerve, the rat's putative pre-136t oscillator is located considerably more caudal of the homologous rat
motor nucleus (the accessory nucleus of the facial nerve). But this distance may be
accounted for by the appearance of the main nucleus of the facial nerve in the rat, a
structures which evolve with mammals and does not appear in the frog (Szekely and
Matesz, 1993). Finally, the locations of the putative buccal and lung oscillators in the
frog were identified with microinjections of neurotransmitter agonists and confirmed
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with aset of experiments that physically separated the two oscillators with asingle
transection at the level of ON IX (Wilson et al., 2002). In the rat on the other hand,
member neurons of the putative prel and pre-136t oscillator have been identified by
intracellular recordings (Rekling and Feldman, 1998; Ballanyi et al., 1999) and the
putative oscillators' activity have been recorded with optical methods (Onimaru and
Homma, 2003). Locating the frog lung and buccal oscillators with asimilar spatial
resolution as in the rat may help explain the apparent reversal in rostro-caudal orientation.

8.4.3

Rhythm generation of oscillators

Rhythm generation mechanisms.

The lung rhythm in the frog brainstem persists

during blockade of chloride-mediated post-synaptic inhibition using a(Galante et al.,
1996; Broch et al., 2002).

Thus, like the rat's putative pre-B& oscillator (Smith

et al., 1991), the frog's putative lung oscillator appears to use pacemaker properties
to generate its rhythm. However, the prel neurons in the in vitro neonatal rat brainstem preparation also remain rhythmogenic in the presence of these blockers (Onimaru et al., 1990), suggesting that the putative prel oscillator also utilizes pacemaker
properties for rhythm generation. This contrasts with the gill rhythm of the in vitro
metamorphic tadpole preparation, which is blocked by strychnine and bicuculline
(Galante et al., 1996; ]3roch et al., 2002). The gill rhythm's chloride dependence
suggests that the putative buccal oscillator utilizes inhibitory synaptic interactions
for rhythm generation (St. John, 1998).
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While this difference between the putative buccal oscillator and the putative prel
oscillator is inconsistent with the proposed homology, comparisons between the in
vitro metamorphic tadpole and the in vitro neonatal rat are complicated by developmental and species-specific preparation differences. For instance, the sensitivity of
the lung rhythm to strychnine and bicuculline, and to extracellular potassium concentration, changes with metamorphosis (Broch et al., 2002; Winmill and Hedrick,
2003). Thus, comparing the rhythm of ametamorphic tadpole to aneonate may not
be appropriate. In terms of important preparation differences, the brainstem of the
frog (an ectotherm) has alower metabolic rate, as well as smaller dimensions, and
is therefore better oxygenated (Brockhaus et al., 1993; Okada et al., 1993; Torgerson
et al., 1997; Wilson et al., 1999). Further, unlike the rat preparation, the frog preparation produces astable rhythm at normothermic temperatures (Peever et al., 1999;
Morales and Hedrick, 2002). Conceivably these factors may influence the contribution of different cellular and synaptic mechanism to rhythm generation (O'Donovan
et al., 1998), though this remains amatter of contention (DuflIn, 2003; Richter, 2003).
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Figure 8.6: Dorsal view of the topography of cranial nerve nuclei and putative oscillator locations in frog (left) and rat (right). The relative size of
the frog brainstem is greatly exaggerated to aid comparison with the rat brainstem.
Roman numerals represent the respective cranial nerve roots and nuclei, H represents
the hypoglossal nerve. OT, optic tectum; CER, cerebellum; CS and CI, superior and
inferior colliculi. Note that the different nuclear columns are identified by different
patterns. The nuclei of the external eye muscles are horizontally hatched;
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Figure 8.6 continued: the accessory abducens nuclei are checkered; the branchiomotor columns are stippled (the accessory trigeminal nucleus (Va) and accessory
facial nucleus (Vila) in the rat are part of this group); the accessory nerve nuclei
are cross-hatched; the parasympathetic nuclei are empty (including the dorsal motor
nucleus of the vagus nerve (dmX); the hypoglossal nerve nuclei are vertically hatched
and stippled; and the main branch of the trigeminal and the facial nuclei (present only
in the rat brain and denoted as Vm and VIIm respectively) are vertically hatched.
The approximate location of the pre-inspiratory oscillator (buccal in frog; prel in rat)
is marked in red while the inspiratory oscillator location (lung in frog; pre-B& in rat)
is marked in green on each brainstem. Locations of oscillator neurons were taken from
published sources. Frog oscillator locations were determined with microinjections and
thus drawn without borders (Wilson et al., 2002). Locations of the rat oscillator neurons were taken from several sources, with the estimate from each sources drawn as a
separate shaded area (Shao and Feldman, 1997; Rekling and Feldman, 1998; Ballanyi
et al., 1999; McCrimmon et al., 2000; Onimaru and Homma, 2003). Landmarks were
colored to emphasize possible explanations for the variance in oscillator topology between the two brainstems. Specifically, H nerve roots and nuclei were shaded red to
highlight the relative invariance of the pre-inspiratory oscillator to these structures
in both brainstems; ON VII nuclei in the branchiomotor column were shaded green
to present an invariant point of reference for the inspiratory oscillator in both brainstems; and the ON Vilin nucleus in the rat brainstem was shaded magenta to identify
astructure which may have displaced the pre-B& oscillator caudally from ON Vila
nucleus, The brainstems, including cranial nerve and hypoglossal nuclei locations,
were drawn according to Szekely & Matesz (1993) with additional information from
(Senn, 1972; McLean et al., 1995; Paxinos and Watson, 1998; Swanson, 1998).

8.4.4

CO 2 sensitivity of oscillators

The frog's putative lung oscillator (Torgerson et al., 1997), like the rat's putative
pre-Böt oscillator (Solomon, 2003), are apparently 00 2 sensitive. Frel neurons, however, have also been reported to be 002 sensitive (Onimaru et al., 1989). However,
while the pre-metamorphic tadpole's gill rhythm is 00 2 sensitive, the putative buccal
oscillator becomes 00 2 insensitive with metamorphosis (Torgerson et al., 2001).

8.4.5

Uncoupling of oscillators

The results in rat have not clearly demonstrated that two distinct oscillators are actually involved in respiratory rhythmogenesis. In the Mellen model (slice preparation
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in figure 1.3), the pre-Böt oscillator is autorhythmic and can drive respiration in the
absence of the prel oscillator (Mellen et al., 2003). When both the pre-Böt and the
prel are present, as in the en bloc preparation, the prel oscillator paces the rhythm
and the pre-Böt follows (Onimaru and Homma, 2003; Mellen et al., 2003). While the
proponents of the model attest to the pre-Böt being an independent oscillator (Mellen
et al., 2003), it is not clear that the pre-Böt actually contributes to the rhythm, or if
it is CO 2 sensitive. Rather, it may be that the pre-Böt

,

like aventricular myocardial

cell, is endogenously rhythmogenic, but follows the rhythm of afaster pacemaker.
However, when the pre-Böt discharges in response to the prel oscillator, its activity
is correlated with the inhibition of prel neurons, leading to the characteristic biphasic discharge (Takeda et al., 2001; Mellen et al,, 2003). If the pre-Böt oscillator is
suppressed with opioids, the discharges in the prel oscillator becomes monophasic.

The evidence of distinct oscillators in the frog is much stronger. In Chapter 6, I
partially uncoupled the lung and buccal rhythms, strongly suggesting that there are in
fact two distinct oscillators, each spontaneously rhythmic, generating these rhythms.
This result is the first (best?) demonstration of two the putative respiratory oscillators
being independently active in one preparation.

8.5

Timing of Events

This worked has shed light on the poorly understood mechanisms by which the lung
and buccal events are timed. Under normal conditions, non-consecutive lung bursts
are timed by the number of intervening buccal bursts (section 3.3.2). The general
equation for the relationship (from equation 4.1) is:
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LLj = LL0 + ni xBB0
where:
LL
LL 0
BB0
ni

-

-

-

-

(8.2)

lung-lung interval,
primary lung-lung interval,
primary buccal-buccal interval,
number of buccal bursts between
lung bursts of LL.

Under normal conditions, the observed lung burst intervals are tightly correlated
to the values predicted by equation 8.2 (section 3.3.2, see also sections 6.3.4 and 5.4.2).
The buccal burst intervals were also highly correlated with the values predicted by the
corresponding buccal version of equation 8.2. However, several observations suggest
that the primary buccal burst interval is the fundamental period in the system.

First, the lung burst interval fits tended to have higher R2 values than the corresponding buccal burst interval fits. Pooling all the data, the fits to the lung burst
intervals had significantly higher R2 values than the fits to the buccal burst intervals
(Wilcoxon signed-rank test, p<O.Ol).

Second, during the reduced chloride protocols (Chapter 4), the lung burst (and
buccal burst) intervals were not as tightly correlated to the values predicted by equation 8.2. Cl - reduction led to asignificant decrease in the amount of variance predicted by the modified regression lines (section 4.3.4). Cl

reduction, amongst other

effects, disrupts the buccal rhythm, an effect consistent with the buccal rhythm timing the lung bursts under normal conditions. However, in this set of experiments, the
Cl - reduction often caused an increase in the lung occurrence rate, which may have
obscured other effects.

Third, when the lung rhythm was driven with hypercapnia and then suppressed
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with DAMGO, the lung burst intervals continued to be predicted by equation 8.2
(section 5.4.2). The prediction of the buccal burst intervals, on the other hand, varied with the treatments, and the associated R2 values were significantly lower than
those for the lung burst intervals. The lung rhythm's pace thus does not greatly affect
the underlying mechanisms determining timing.

Fourth, this set of experiments highlights asalient feature of this bimodal system.
When the lung rhythm is suppressed, buccal bursts continue to appear in the place of
the missing lung bursts. When the lung occurrence rate is increased (such as by exposure to hypercapnia), the new lung bursts appear in the place of the buccal bursts.
Close examination of the coordination of this buccal-to-lung transition suggests that
the lung burst incorporates abuccal burst into its event (see figure 8.1).

Fifth, co-application of the reduced Cl - superfusate and DAMGO or hypocapnia disrupted the multim.odal pattern of lung and buccal burst intervals. The lung
burst intervals during the intervention were no longer predicted by equation 8.2, with
the Rsqaured of the fits decreasing significantly. Unlike the earlier Cl - reduction
experiments, the buccal rhythm generally remained robust throughout the trials; the
loss of correlation between the buccal rhythm and the lung burst intervals is not
caused by failure of the buccal rhythm. However, the intervention does interfere with
the ability of the buccal bursts to coordinate with subsequent lung bursts (Chapter 6).

From these observations it is clear that the lung burst intervals are correlated
to the underlying buccal burst rhythm. Interventions that disrupt the buccal burst
rhythm, such as Cl - reduction, reduce the correlation, while treatments that disrupt
the lung burst rhythm, such as opioids, do not greatly affect the relationship.
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8.6

Conclusions, Limitations and Future Directions

The fundamental hypothesis of the thesis was the frog's respiratory bursts, i.e. the
eupneic lung bursts, were heterogenous in origin, with the preinspiratory component
being generated by the buccal oscillator and the inspiratory component being generated by the lung oscillator. In four results chapters, Ipresent data which supports,
and at times critically tests this hypothesis. In the final results chapter, Iexplore
the homology between the frog and rat respiratory CPG's by repeating some of the
experiments while using an artificially perfused rat preparation. A summary of the
results from each of the chapters follows.

8.6.1

Chapter 3: Baseline Buccal and Lung Rhythms

The fundamental hypothesis of the thesis was proposed, in part, in Chapter 3.
This hypothesis stated that the first phase of alung burst initiates with abuccal
burst. When alung event occurs, this buccal burst is augmented to generate the
large buccal dilation characteristic of the lung burst's first phase (see figure 8.2). The
typical output of the isolated frog brainstem supports this hypothesis (see figure 8.1),
with the lung events beginning at the expected place of the buccal events, and augmentation of the first phase occurring at the time predicted from the interbuccal
interval. Thus each lung burst begins with abuccal burst, and the two rhythms are
synchronized with this burst.

In later chapters, evidence was adduced supporting this hypothesis. Interventions
which suppress the buccal rhythm (namely Cl — reduction, see Chapter 4) also interfere with the timing between buccal and lung events. Interventions which suppress
the lung rhythm, on the other hand, do not disrupt the timing between buccal and
lung events (i.e. opioids, see Chapter 5). In parallel to these findings, Chapter 6
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presented evidence indicating that when the timing between buccal and lung events
was disrupted, the first phase of the lung events was lost.

Combined, this evidence strongly supports the hypothesis that the lung burst begins with abuccal burst. However, this hypothesis has not been critically tested. In
particular, the possibility of athird, C1-dependent, as of yet unidentified process
generating the first phase of the lung burst has not been ruled out.

To address this issue, cellular studies could be completed. Simultaneous recordings of neurons from the putative lung and buccal oscillators, in addition to the nerve
root recordings. These recordings could confirm whether the buccal oscillator is indeed active during the first phase of the lung event.

8.6.2

Chapter 4: Role of cmPSI in Buccal and Lung Rhythms

Utilizing apartial Cl - reduction protocol in the isolated frog brainstem, the buccal
rhythm's dependance upon Cl - was demonstrated. The same studies also indicated
that the lung rhythm is C1-independent. The lung bursts, however, change in shape
during the Cl - reduction, as well as in pilot experiments in the presence of astrychnine + bicuculline cocktail, demonstrating that the lung bursts ahave component
dependent upon cmPSI.

While the work confirms earlier findings (Galante et al., 1996; Broch et al., 2002),
that the expression of the buccal rhythm is dependent upon Cl - ,the work falls short
of determining C1 's site of action in this rhythm. The results do not discern between
an intervention-induced failure of rhythm generation and ablockade of the rhythm's
transmission (a possibility highlighted in Chapter 7).
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The persistence of the lung rhythm during the blockade of cmPSI is concluded
from the maintenance of alarge-amplitude low-frequency rhythm through each experiment (Torgerson et al., 1998). As noted above, there is asignificant shape change
in the lung burst; but for each intervention, the large-amplitude rhythm is continuous
through the transition. However, this evidence is not conclusive; during the blockade
of cmPSI another rhythm may have appeared and superceded the lung rhythm.

These issues could be investigated with cellular studies during the Cl - reduction
intervention. Recordings of buccal oscillator neurons would indicate whether the buccal rhythm shuts down, or its transmission to the niotoneurons is blocked during the
Cl - reduction. This would help determine whether the buccal rhythm is generated
by C1-dependent mechanisms, as hypothesized, as the Cl - reduction would help discern hyperpolarizing inputs from depolarizing pulses (with hyperpolarizing potentials
being attenuated or reversed in reduced Cl -). These studies could be complemented
by cellular studies of individual buccal oscillator neurons where intracellular injection
of Cl - or current would cause similar changes in hyperpolarizing inputs.

Similar recordings could also determine whether the lung oscillator continues to
be active during the transformed lung bursts.

Bath application of nipecotic acid (which stimulates the release of GABA (Honmou et al., 1995)) could confirm the role of GABA in the expression of the buccal
rhythm. If the nipecotic acid reverses the effects of the Cl - reduction, it would support the role of GABA in generating and/or transmitting the buccal rhythm.

Microinjection studies could provide aclearer understanding of the site of action
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of cmPSI. Microinjecting bicuculline or strychnine into the putative buccal oscillator
would reveal whether GABA or glycine are active at that site. Combined with earlier
cellular recordings, this information could help determine whether GABA or glycine
are involved in rhythmogenesis. Microinjections of these same blockers into the putative lung oscillator could elucidate whether the buccal oscillator synapses to the
lung oscillator through cmPSI. These studies would be challenging: firstly because
the neuronal circuitry is bilaterally symmetric, and secondly because it might prove
difficult to find the exact site where GABA is released.

8.6.3

Chapter 5: Differential Opioid Sensitivity of Buccal
and Lung Rhythms

The thesis demonstrated that the in vitro anuran lung rhythm (and presumably
the lung oscillator) is preferentially sensitive to opioids. Iargue that buccal oscillator
sets the underlying respiratory rhythm. Noting that both the frog and rat respiratory CPG's involve apair of coupled oscillators with differential opioid sensitive, I
conclude that the frog and rat respiratory CPG's may be homologous.

While clearly the number of lung events decreases in opioids to alarger degree
than the number buccal events, the specific frequencies of each event decrease in a
proportionate manner. From the perspective of clock speeds of the oscillators, the
buccal and the lung are equally sensitive to opioids. The occurrence rate of the lung
oscillator, is disproportionately decreased by the opioids.

The proposal that the buccal oscillator sets the underlying rhythm is parsimonious. However other formulations are possible. Limiting to the coupled oscillator
architecture, the lung oscillator could be setting the underlying rhythm, or both oscillators together could set the pace.
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While the analogies between the frog and rat respiratory CPG's are intriguing, the
basal ancestor from which both CPG's are proposed to have evolved became extinct
over 300 million years ago (Kardong, 2002). Some differences between the systems
are apparent. First, in the frog the buccal and lung rhythms can be uncoupled while
in the rat the pre-Böt and prel are always synchronized. Second, expression of the
buccal rhythm is C1-dependent, while prel rhythm persists in the blockade of cmPSI
(Onimaru et al., 1990). This difference could conceivably arise from the differences
in oxygenation between the two preparations (Brockhaus et al., 1993; Okada et al.,
1993; Wilson et al., 1999; Torgerson et al., 1997). The difference may also indicate
fundamentally different neuronal architecture between the two species.

Several studies could be employed to shed light on these issues. Bath application of opiolds to transected brainstems could confirm differential sensitivity in the
oscillators. Intracellular studies in both the intact and the transected brainstem can
confirm the site and mechanism of opioid action.

While recording the neural output, microinjecting GABA to functionally ablate
the lung oscillator could show whether this oscillator contributes to the underlying
rhythm. Similarly, functionally ablating the buccal oscillator should confirm the buccal oscillator's role in setting the rhythm.

Simultaneously recording from neurons of the buccal and lung oscillator would
provide further evidence supporting the model. In particular, these recordings could
determine whether either oscillator is continuously rhythmic, anecessary condition
to set the underlying rhythm. Of course the correct neurons must be impaled. Alternatively, extracellular recordings could be employed to measure oscillator activity.
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Cellular studies as well as extracellular recordings of the intact and transected
brainstem could elucidate amore complete structure of the buccal oscillator. Continued studies in reduced Cl - may identify C1-independent elements of this oscillators.
These elements would naturally be homologous to the rat's prel oscillator.

8.6.4

Chapter 6:

Partial Uncoupling of Buccal and Lung

Rhythms
In Chapter 6, reducing the Cl

concentration while partially suppressing the lung

rhythm led to the partial uncoupling of the lung and buccal rhythms. This result
is perhaps the strongest evidence of the existence of two coupled oscillators in all
air-breathing vertebrate models.

From this result, Ialso conclude that the buccal-to-lung connection is C1-dependent.

The most parsimonious model explaining partial uncoupling is atwo oscillator system. However, other models are possible, including athree oscillator system, where
the third, unidentified oscillator is upstream and times both the buccal and lung oscillators. While the buccal-to-lung connection appears to be dependent upon Cl - ,
the site and mechanism of action are not known.

Cellular recordings of buccal and lung oscillator neurons could generate acharacteristic set of properties for each oscillator. For lung oscillator neurons, the brainstem
could be exposed to low Cl - ,or TTX, each of which would shut down the buccal
oscillator. The brainstem could be transected, and the candidate oscillator neurons
could once again be analyzed. This would help confirm that the same site in the
intact and transected brainstem are rhythmic.
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A similar procedure could be repeated for buccal oscillator neurons, where the
lung oscillator is functionally ablated with iontophoresied GABA and then compared
to candidate buccal oscillator neurons in the transected brainstem.

A more ambitious set of experiments could be attempted utilizing dynamic clamps
(Prinz et al., 2004). Utilizing the transected brainstem, candidate lung oscillator neurons could be patch-clamped. The dynamic clamp would then attempt to emulate the
typical buccal oscillator inputs onto this neuron. If correct, this neuron will behave
identically to lung oscillator neuron in the intact brainstem. This would confirm our
hypothesized connection between the buccal and lung oscillators.

Perhaps more attainable, microlesioning experiments could be attempted. In such
experiments, the brainstem could be hemitransected, and then, in the intact side, microlesions couldbe placed between the putative lung and buccal oscillators. These
lesions should eventually cut the connections between the lung and buccal oscillators.
It would be intriguing if partial uncoupling could elicited before completely uncoupling the two oscillators.

The nature of the connections between the lung and buccal could be examined
in several ways. First, C1

reduction, followed by nipecotic acid would confirm the

involvement of GABA. Second, microinjections of bicuculline and strychnine could
find sites of action for GABA and glycine.
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8.7

Summary

By differentially suppressing each of the oscillators; and then analyzing the shape of
the lung burst, and the pattern and timing of the buccal and lung bursts, inferences
were made about the frog respiratory CPG. These inferences help support the general
hypothesis that two distinct oscillators contribute to the eupneic frog lung burst.

The partial uncoupling of the lung and buccal rhythms provides strong evidence
that these rhythms are in fact generated by two distinct oscillators.

The C1-dependence of both the buccal rhythm and the first phase, the preinspiratory phase, of the lung rhythm is consistent with the proposal that both of these
bursts are generated by the same mechanism. Careful analysis of the timing of the
buccal events reveals that the buccal rhythm synchronizes with the lung rhythm at
the start of alung burst. The start of the lung burst is indistinguishable from the
start of abuccal burst is also consistent of the same mechanisms generating both
bursts.

Suppression of the buccal rhythm (by replacing Cl — for instance) leads to the
uncoupling of the buccal and lung bursts. Suppression of the lung rhythm (with opioids for instance) on the other hand, does not affect the coupling, with the buccal
rhythm continuing to provide the rhythm (i.e. to act at the zeitgeber which paces
rhythm). These observations suggest that the buccal and lung oscillators are configured in amanner where the buccal oscillator actively contributes to each ventilatory
event while the lung oscillator acts as a conditional oscillator, turning on only to
generate lung bursts. This configuration is consistent with the proposition that the
frog oscillator generates the preinspiratory burst as the frog oscillator must be active
before the lung oscillator to time the lung oscillator.
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The pair of coupled oscillators model of respiratory rhythmogenesis in the frog is
similar to amodel proposed for the rat. By carefully analyzing the frog's neural output during pulmonary ventilation demonstrated neuromotor analogies between the
two species. Ialso demonstrated that the respiratory rhythm of the frog has similar
opioid sensitivity to the rat. From this, Iproposed that the frog and rat respiratory
CPG's are homologous.

While homology is difficult to prove, the experiments within this thesis shed light
on the neural genesis of the frog's lung burst. In addition to strongly indicating that
two distinct oscillators exist in the frog, the thesis suggests that the frog oscillator is
coupled to the lung oscillator through the first phase of the lung burst. Indeed the
thesis proposes that this first is generated by the buccal oscillator.
The frog respiratory CPG has been modeled as apair of coupled oscillators, namely
the buccal and the lung (Wilson et al., 2002). Within this work, Ihave demonstrated
that the buccal oscillator is differentially sensitive to reductions in the Cl - concentration and blockade in cmPSI, and the lung oscillator is differentially sensitive to
opioids. Exploiting these differential sensitivities, Ipresented evidence on the 01dependence of the preinspiratory phase of the lung burst, the conditional nature of
the lung oscillator, and the partial uncoupling of the two oscillators. From this Ihave
postulated the nature of the coupling between the oscillators and proposed amore
advanced model to account for the bimodal rhythm.

Appendix A
Appendix
Material

-

Previously Published

Most of the material presented in Chapter 5has been accepted for publication in
the Journal of Neurobiology (K. Vasilakos, R.J. Wilson, N. Kimura and J.E. Remmers.
Ancient gill and lung oscillators may generate the respiratory rhythm of frogs and rats.
Journal of Neurobiology

,

in press.)

The manuscript contained data collected by both myself and Dr.Kimura. Icollected all data that appears in the results section of Chapter 5. In the discussion, I
compare data Icollected to the data collected by Dr. Kimura.

234

Appendix B
Appendix

-

Animation

The CD included with this thesis contains two media files. The first, aQuicktime file, is entitled Breathing_Frog.mov, while the second, aFlash object, is called
BreathingFrog.swf. The first file can be viewed with aQuicktime player, while the
second file, the Flash object, can be viewed by opening the object with aweb browser.
The contents of the two files are essentially identical; both formats are provided for
redundancy.

The files contain an animated version of figure 1.1: Neuronal and mechanical
phases of ventilation in frogs.. Looping animated cartoon of three cycles of buccal ventilation, four cycles of lung inflation and afourth cycle of buccal ventilation
(10 sof data in total). Note that there are eight buccal dilation events per loop
(four associated with buccal ventilation and four associated with lung ventilation).
Representative cranial nerve five (ON V) and hypoglossal nerve (H) activity from in
vitro brainstem. The phases of each ventilatory cycle are noted with lung inflations
and deflation emphasized with red text. Nares closure and glottal openings are highlighted in red. Animated images adapted from (Gans et al., 1969).
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