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ABSTRACT
Like many lower vertebrates, bullfrogs breathe episodically; i.e. breathing occurs in bouts
that are interrupted by periods of apnea. This breathing pattern contrasts with the continuous
alternation between inspiration and expiration usually seen in mammals. Little is known about
the mechanisms underlying episodic breathing; hence, the objective of this thesis was to
investigate respiratory control in the bullfrog to determine what causes the onset/termination of
the episodes of breathing. A variety of preparations, ranging from the “ta

(whole) animal

to the in vitro brainstem-spinal cord preparation were used. This reductionist approach made
it possible to assess the contribution of the different components of the respiratory control system
towards pattern formation.
The initial studies focused on the role of afferent feedback from different groups of
peripheral receptors. In these experiments, receptor input was either eliminated by denervation
or manipulated artificially. The results have shown that each receptor group influences pattern
differently, either by affecting the number of breaths in an episode, or the duration of the apneic
(non-ventilatory) period. However, none of the receptor groups investigated were responsible
for clustering the breaths into episodes. These results were subsequently confirmed by recording
the respiratory-related motor output from an in vitro brainstem-spinal cord preparation, which
produced a “fictive” breathing pattern that was episodic, and virtually identical to that of intact
frogs. Because this preparation is essentially devoid of afferent feedback (except for central
chemoreceptors) and descending inputs but still can produce breathing episodes, it was concluded
that the episodic breathing pattern of the bullfrog is an intrinsic property of the central nervous
system, and can occur without peripheral feedback.
The final study assessed the role of the nucleus isthmi in breathing pattern formation.
This nucleus is located between the midbrain roof and the base of the cerebellum. Bilateral
11

microinjections of the neurotoxin kainic acid in the nucleus isthmi area significantly reduced the
breathing frequency, and the breathing pattern consisted mainly of evenly-spaced single breaths.
This suggests that the nucleus isthmi provides the tonic drive to breathe, which is a key element
in the production of breathing episodes of more than one breath.

It is concluded that the

mechanisms accounting for the onset/termination of breathing episodes may reflect a property
of the neuronal circuitry responsible for respiratory rhythmogenesis, and/or burst pattern
formation rather than an interaction between afferent inputs and the central nervous system.
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CHAPTER 1:
GENERAL INTRODUCTION
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1. Structure-function relationship of gas exchange in amphibians.
The emergence of life on land was a pivotal step in the radiation of vertebrates. It is
believed that the aquatic ancestor of air-breathing vertebrates lived in waters where important
daily fluctuations in CO
2 levels, temperature and oxygen availability occurred. Most likely,
hypoxia was the external condition that compelled fish to resort to “air gulping” to supplement
branchial oxygen uptake (M
) in order to satisfy their metabolic needs (Randall et al. 1981).
02
The development of an air receptacle that efficiently exploited the new “02 rich” milieu was
undoubtedly an adaptive asset that facilitated survival in such an environment.
During the devoman, crossopterygian fish gave rise to labyrinthodonts, the primitive
amphibians (Norris, 1985). Members of the class Amphibia are characterized by a life cycle that
begins in water, where they use their gills and skin as gas exchange structures, and concludes
with an adult form that can potentially live on land, and usually breathes using lungs.

The

changes that occur during the development of amphibians with respect to the control of breathing
are similar to the changes that are believed to have occurred during the evolutionary transition
from water to land (Burggren, 1991).
In amphibians, terrestrial life is limited, at least in part, by the dependence on the aquatic
milieu where vital functions, such as reproduction, must be performed, and the fact that the skin
of frogs and salamanders cannot sustain desiccation for a prolonged period of time. Hence,
these animals must remain in a moist environment. Aquatic urodeles, such as newts and
salamanders, show a wide range of aquatic dependence. The degree of lung development, and
their ability to perform aerial gas exchange, varies from the lungless plethodontid salamanders,
through simple saclike structures in Cryptobranchus and Necturus, to the well-developed
unicameral lungs of Amphiuma and Xenopus (For review, see Burggren, 1989). Cryptobranchus
rely chiefly on skin and/or external gills to perform gas exchange adequately, even though their
Page 2

lungs are functional. In adult toads, on the other hand, the skin is rather impermeable and thus
a poor gas exchanger. Consequently, toads rely mostly on their lungs for breathing. Certain
species of adult frogs and salamanders are situated half-way in the continuum of aquatic
dependence.

Oxygen uptake in these animals is primarily performed by the lungs since the

skin’s contribution, alone, is insufficient (30% at rest at 20-25°C: Gottlieb and Jackson, 1976;
Burggren and West, 1982; Burggren, 1984). In salamanders, CO
2 elimination typically occurs
primarily via the skin, whether they are in water or in air. All animals that utilize both air and
water for gas exchange are referred to as bimodal breathers.
The physical and chemical properties of water and air are considerably different with
respect to CO
2 and 02 capacitance and diffusion (Dejours, 1988).

Hence, the convection

requirements and the concomitant energy output necessary to fulfil M
02 and CO
2 excretion
) will vary significantly depending on whether air or water is breathed. For bimodal
2
(MCO
breathers to survive in environments where hypoxic, hypercapnic or even hyperoxic conditions
commonly occur, one would logically predict that natural selection would favor the development
of control mechanisms that efficiently coordinate gas exchange at different sites. The apparent
complexity and finesse of this control mechanism has aroused the interest of respiratory
physiologists for many years, because understanding respiratory control in “primitive” air
breathers could yield valuable insight into the basic principles underlying respiratory control in
all vertebrates.
With these thoughts in mind, the present chapter will review the literature and summarize
our current knowledge on the control of breathing in vertebrates with a strong focus on
amphibians.
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2. “Resting” breathing pattern in amphibians.
2.1. Ontogeny of breathing pattern.
In anurans, breathing goes through important developmental changes.

Initially, the

aquatic breathing of the anuran larva (tadpole), is quite similar to that of water breathing fishes.
It consists of a unidirectional flow of water over the internal gills activated by a buccal pump
which functions in a continuous and rhythmic fashion (Burggren, 1984). The resting frequency
of buccal pumping for gill ventilation

(fG)

as well as air breathing frequency

(fL)

are highly

related to developmental stage (Burggren and Doyle, 1986). Immediately after hatching (Stage
I)’, when the gills are still external extensions of the body, f
0 is very high

(P—

110 cyclesmin’).

When the gills become enclosed internally within paired branchial chambers (Stage IV-VII), f
0
falls sharply to about 50 cyclesmin’. This level of

G

characterizes older larval stages and

persists as buccal oscillations even in the adult bullfrog (Burggren and Doyle, 1986).

Air

breathing under resting normoxic conditions is a rare occurrence up to Stage X, even though
lungs have developed by at least Stage III. Even in Stages XVI-XXIV, an air breath occurs only
about once every 15-20 mm at 20°C. After metamorphosis to the adult,
ranging from 1-3 breathsmin’ (Burggren and Doyle, 1986).

L

increases greatly,

Burggren (1991) reports that

bullfrog larvae start to display an “adult” breathing pattern at stages XX-XXIV. This means that
the larval pattern of infrequent single lung ventilations becomes a pattern more frequent breaths
grouped into episodes.

The developmental stages are described according to the method of Taylor and Kollros
(1946).
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2.2. “Resting” breathing pattern in adult amphibians.
Figure 1.1. illustrates the normal breathing patterns of the bullfrog. When at rest, the
pattern can consist of single breaths separated by a non-ventilatory period of variable duration,
which can be influenced by external variables such as the presence of predators (Maclntyre,
1975) or a mate (Halliday and Sweatman, 1976). The behavioral component of the apnea, or
the non-ventilatory period, accounts for the inherently high degree of variability of this
component of the breathing pattern. This variability is consistently observed in spite of attempts
to minimize external stimuli during experiments. Sometimes, the single breaths are clustered to
produce breathing episodes, also separated by periods of apnea.

At increased levels of

respiratory drive, the buccal pump is activated in a “ramp-like” fashion such that the lung
volume following each breath within an episode gets progressively larger.

This type of

breathing episode has been referred to as a lung inflation cycle (Maclntyre and Toews, 1976;
Vitalis and Shelton, 1990; West and Jones, 1975) (see following section). A notable feature of
most semi-aquatic and terrestrial anurans is the use of their “buccal pump” to ventilate the buccal
cavity between episodes of aerial breathing, even in their adult stage. These buccal ventilations
or “oscillations”, which consist of a simple tidal pattern of flow at low rates through the nostrils,
are absent in the aquatic anuran Xenopus laevis (Brett and Shelton, 1979). Their purpose is not
known, but they are believed to help flush the buccal cavity of the residual gas from the previous
expiration, or help in olfaction.
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Figure 1. 1: Recordings of buccal pressure and lung pressure illustrating different breathing
patterns observed in the adult bullfrog.
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3. Breathing mechanics.
th
th
“The physiologists of the end of the 17
and of the 18
centuries did not
fail to observe that there was an essential difference in the mode of respiration of
the frog and of the mammals... The first detailed account of the mode of
respiration of the frog was however given by Townson in 1794: his account far
excels in minuteness of description those of any of his predecessors, and is
substantially correct in all points... He pointed out that all the throat movements
were not alike, but that some of them differed in character from the rest, and
were alone accompanied with closure of the external nares and contraction of the
flank muscles. He also described and figured the muscles of the throat, and first
shewed that if the mouth of a frog was kept open it could not send air into its
lungs...”

H. Newell Martin, 1878.

Lung ventilation in air breathing fishes and amphibians is, in most cases, performed by
a pulse pump. This convective process arose in primitive air-breathers, and is believed to be
derived from the normal teleostean respiratory movements, or the cough, which were employed
to fill with air various extensively vascularized cavities, such as the mouth, gut or blind sacs
from the gut walls which function as primordial lungs (Ballintijn, 1987). The basic principle
of the pulse pump is that air is first taken into the buccal cavity and subsequently transferred into
the lung (or primitive gas exchange organ) by a rapid and forceful elevation of the floor of the
buccal cavity with the mouth and nares closed.
In pulse pumping, the volume of gas that is moved during a single pulse is a function of
the pressure gradient between the lungs or the air sac and the buccal cavity, and the volumetric
changes that the buccal cavity can accommodate. This places a limitation on the ratio of tidal
volume to lung volume (Gans, 1970). When convective requirements become elevated, frogs
circumvent the limitations imposed on tidal volume by the small volume of their buccal cavity
by engaging in lung inflation cycles during which the pressure and volume of the lung increase
by increments.
Page 8

As illustrated in Fig. 1.2, a breathing cycle begins by activation of the buccal depressor
muscles which decreases buccal pressure below ambient pressure, and air is aspired into the
buccal cavity via the nostrils. The laryngeal dilator muscles then contract to open the glottis;
this allows outflow of pulmonary gas which is retained at pressures above ambient pressure, and
which exits by the nostrils.

Because of the airflow resistance imposed by the nostrils, this

process will give rise to an increase in buccal pressure. It should be mentioned that there has
been much debate over the air flow pattern during this particular step of the breathing cycle,
since it would affect the degree of admixing of inspired gas with the gas expelled from the
lungs. Gans (1969) proposed the “jet-stream” hypothesis, which stated that the inspired fresh
air is confined to the ventral and posterior region of the buccal cavity, and that the gas expired
from the lungs flows in a uniform stream in the dorsal portion of the mouth. This air flow
pattern would help minimize admixing of the inspired gas, and thus, improve the efficiency of
the pulse pump. This hypothesis has recently been challenged by the work of Vitalis and Shelton

(1 990). Based on simultaneous measurements of pulmonary pressure, buccal pressure and air
flow at the nostrils in Rana plpiens, these workers reported that during inflation, the nostrils
closed simultaneously with glottal opening and almost no gas was expired during this phase.
This caused a complete mixing of buccal contents and pulmonary gas and this mixture was
pumped back into the lungs. From these results, they concluded that coherent air flow from
glottis to nostrils, as required by the “jet stream” hypothesis, was not likely to occur.
When the lungs deflate, pulmonary pressure usually remains above ambient since lung
inflation begins before deflation is complete.

The lung inflation begins with closure of the

nostrils (a process which may or may not be active) and a brisk contraction of the buccal
levators which pushes the gas in the buccal cavity, through the glottis and into the lungs. This
process causes a sharp simultaneous rise in buccal and lung pressures which peak when the
Page 9

glottis closes to “trap” the bolus of gas inside the lungs (there is contention as to whether or not
glottal closing is an active process).

Lung pressure remains elevated, and buccal pressure

decreases rapidly to ambient when the nostrils reopen. What follows typically is a series of the
tidal elevations and depressions of the floor of the buccal cavity with the nares opened and the
glottis closed, which are called buccal oscillations. These small-amplitude, low pressure buccal
movements, which are likely to be remnants of gill ventilation from the pre-metamorphic tadpole
stages (Taylor, 1989), help flush the buccal cavity from the previous expiration, and minimize
admixing of gas during the next air breath (De Jongh and Gans, 1969; De Marneffe-Foulon,
1962; Gans, 1970; Vitalis and Shelton, 1990; West and Jones, 1975).
During lung inflation cycles, the lungs are inflated by a series of lung ventilation
movements of increasing peak pressure. This type of breathing episode usually occurs when the
animals are disturbed, stressed, or when respiratory drive is high. To produce these pulmonary
pressure crescendos, the outflow of gas from the lungs is minimized by shortening the time
available for deflation; the nares close and the floor of the mouth is elevated soon after the
opening of the glottis. It has been reported that, in some instances, buccal levators are activated
before the glottis is opened (West and Jones, 1975). This increases buccal pressure rapidly, so
that when the glottis opens, pulmonary and buccal pressure equalize rapidly and reverse the
direction of airflow at the glottis immediately, minimizing outflow of pulmonary gas. Thus, the
entire tidal volume is added to the gas already present in the lungs, inflating the lungs to a larger
volume. Several such events may occur in succession. Typically, this sequence is followed by
a period of apnea of variable duration. The following breath or two deflate the lungs to a lower
pressure before the cycle begins again.
The breathing mechanics of the pulse pump make it difficult to define tidal volume. In
mammals, expiration follows inspiration, and the volume expired is usually roughly equal to the
Page 10

inspired volume. In bullfrogs, however, as we’ve just seen, this may not the case, since the
volume of gas pumped into the lungs may be more or less than the volume expired from the
lungs, and both these volumes may differ from the volumes inspired or expired through the
flares. Furthermore, the definition of tidal volume can be further complicated depending on
whether one is considering a single breath or a lung inflation cycle. In a lung inflation cycle,
the tidal volume could be considered to be the total amount of gas inspired in the bout of
ventilation; i.e. the sum of the volumes pushed into the lungs with each buccal movement.
Alternately, each buccal movement involved in lung ventilation could be considered as a breath.
Most authors use the latter approach.
Unlike air-breathing fish, which must open their mouth to aspirate ambient air into their
buccal cavity at the onset of the breathing cycle, frogs aspirate air via their nostrils.

Even

though this modification imposes a slight resistance to gas flow, it eliminates the energy
expenditure associated with “biting at the air” seen in air-breathing fish (Gans, 1970). In terms
of oxidative cost, the pulse pump of frogs is one of the least expensive strategies seen amongst
vertebrates; the oxidative cost per liter of gas ventilated in frogs is quite low. However, when
the differences in metabolic rate and minute ventilation are taken into account, the relative cost
of ventilation as a fraction of the total 02 consumption of the animal is an order of magnitude
greater in the frog than in mammals (Milsom, 1989)
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Figure 1 .2: Diagram summarizing the sequence of mechanical events observed in the breathing
cycle in Rana catesbeiana (adapted from De Jongh and Gans, 1969). The time marker
in the figure was estimated from the EMG traces reported in that paper.
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4. The relationship between gill (or buccal) and lung ventilation.
In tadpoles (Stages XVII-XIX) and Dipnoi lungfish, the rate and amplitude of
branchial/buccal pumping is low immediately after an air breath. They then gradually increase
until the next air breath is taken (Johansen and Lenfant, 1968; West and Burggren, 1983). West
and Burggren (1983) demonstrated that the decrease in rate and amplitude of buccal oscillation
following an air breath was not only due to a decrease of the 0
-related respiratory drive, but
2
also to a direct effect of lung inflation mediated by pulmonary mechanoreceptors (West and
Burggren, 1983). These authors (West and Burggren, 1983; Burggren, 1984) suggested that this
“reflex” prevented loss of 02 at the gills after an air breath; such a reflex would be extremely
advantageous under hypoxic conditions. Pack et al. (1990) did not believe, however, that the
interpretation of West and Burggren (1983) suited the results they obtained in African lungfish.
Instead, they claimed that the decrease in gill ventilation following an air breath was centrally
mediated, reflecting the existence of two distinct rhythm generators related to gill and pulmonary
ventilation respectively (Pack et at. 1990; Fishman et at. 1989). Their argument was based on
observations that 1) slowing of gill ventilation occurred even when lung inflation with each
attempted lung breath was experimentally prevented and, 2) unlike tadpoles, the inflation of
lungs between breaths did not reduce the frequency of gill movement.

Furthermore, they

claimed that since hyperoxia caused a complete cessation of pulmonary ventilation (Jesse et at.,
1967), the rhythm generator for pulmonary ventilation was inoperative unless it received afferent
stimuli related to hypoxia (Fishman et at. 1989).
Fishman and co-workers (1989) were not the first, however, to postulate the existence
of two separate loci for the control of buccal and pulmonary ventilation. Indeed, De Marneffe
Foulon (1962) claimed that Rana sp. had two distinct respiratory centres which, under normal
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conditions, perfectly coordinated buccal and pulmonary activity to produce efficient breathing.
Under certain experimental conditions, the action of these centres could be dissociated. For
instance, 1) intravenous injection of 0.5 ml of alkaline Ringer (pH

=

8.1) provoked a dose

dependant increase in buccal oscillation frequency and a concomitant decrease in lung ventilation
frequency. Conversely, intravenous injection of 0.5 ml of acidic Ringer (pH

=

5.6) resulted

in a significant decrease in the number of buccal oscillations per minute, while lung ventilation
frequency was augmented.

Similar observations were reported after injection of acidic or

alkaline saline into the CSF, and after pouring the same solutions directly onto the fourth
ventricle. 2) De Marneffe-Foulon also noticed that although the frequency of buccal oscillation
and lung ventilation are both affected by temperature variations, the augmentation (or decrease)
of buccal oscillation frequency was not parallel to that of lung ventilation, suggesting a different

Q
1
0

for each variable.
Recent investigations on the relationship between gill and lung ventilation performed on

reduced tadpole preparations have produced new data relevant to this topic.

Addition of -y

aminobutyric acid (GABA) to the superfusate (5 mM) of a brainstem-spinal cord preparation of
the tadpole eliminated fictive gill movements without having much effect on fictive lung breaths
(Walker et at., 1990). In the same preparation, removal of chloride ions from the superfusate
abolished the bursts corresponding to gill ventilation while the bursts for lung ventilation
persisted (Galante et al., 1992). Furthermore, blockade of small conductance Ca
2 activated K
channels with apamine increased

the amplitude of gill-related activity, and prolonged the

duration of the lung bursts (Liao et a!., 1994). The sum of these anecdotal results obtained from
the tadpole preparation shows that both types of breathing events can be modulated differently
in tadpoles, and thus supports the hypothesis that both types of breathing events share the same
muscles, but are driven by different mechanisms (Pack et at., 1992).
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5. Control of breathing pattern.
“My own observations were on summer frogs... they exhibit very
markedly a periodic respiration of the Cheyne-Stokes type... It seems well to
class together under the general title periodic respiration all forms of group
respiration and to reserve the term Cheyne-Stokes phenomenon specially for that
form distinguished by the gradual character of rise and fall of activity, that
Cheyne and Stokes were the earliest to comment upon.”
Sherrington, 1891.

Cheyne-Stokes breathing is a pathological condition in which repeated cycles of irregular
breathing begin with shallow breaths that increase in depth and rapidity, then decrease and cease
altogether for 15 to 20 seconds (Tortora, 1992).

The distinction between Cheyne-Stokes

breathing and periodic breathing was made over 100 years ago; yet the term “Cheyne-Stokes
breathing” has often been used in recent literature to described the breathing pattern of lower
vertebrates or mammals experiencing natural depression of metabolism.

Although this is

somewhat understandable, owing to similarities in the periodic nature of the two patterns, it is
a serious misnomer because episodic breathing is a physiological phenomenon, rather than a
pathological condition.
To this day, the mechanisms underlying this intriguing breathing pattern are still poorly
understood.

Although our knowledge on this topic is still somewhat limited, there are no

reasons to believe that the fundamental components of the respiratory control system of episodic
breathers are drastically different from those of animals that breathe continuously. Most of the
current information on the topic arises from studies of respiratory reflexes, observing the
ventilatory responses triggered by exposing animals to a variety of ventilatory stimuli.
Therefore, I reviewed that literature briefly before describing what is known about the different
components of the respiratory control system of amphibians.
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5.1. Ventilatorv responses to hypoxia.
An interesting characteristic of the hypoxic ventilatory response of amphibians is its
significant modification during development.

Indeed, the increase in body mass and overall

metabolic demand during development requires the progressive development of more effective
respiratory structures (gills, lungs) in these developing larvae. These gas exchange structures
continue their development while the larva is entirely exposed to an external milieu that is
potentially limiting to respiration (Burggren, 1984).
Respiratory reflexes to hypoxia are functional during larval development in ranid frogs
and salamanders (Feder, 1983; West and Burggren, 1983; Burggren and Pinder, 1991). The

G

response to hypoxia and hyperoxia varies greatly as a function of development (Burggren and
Doyle, 1986). Researchers have reported 3 different types of response. First, Stage I larvae
displayed an increase in buccal pumping rates in response to decreases in 02 availability (Pw
02
ranging from 60 to 90 Torr) within one day of hatching, although at this stage, the external gills
were not actively ventilated by buccal movements. More severe hypoxia (Pw
0
however, depressed

G

30 Tort),

below resting levels, while hyperoxia (Pw
02 > 500 Tort) caused an

almost total suppression of gill ventilation. Second, in older larvae (Stage IV-XIV),

G

increased

progressively as Pw
02 declined; hyperoxia was reported to have no significant effect in these
intermediate larval groups. Third, in larvae of Stage XVI and older,

G

was no longer affected

by ambient P
.
0
2
On the other hand, there appear to be only two types of lung frequency responses to
hypoxia. In Stages VI or younger,

L

is completely insensitive to depression of environmental

.
0
P
2 Hypoxic exposure in Stage IX and older, however, consistently stimulates an increase in
L

(Burggren and Doyle, 1986).

Thus, the effector component of the respiratory reflexes
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modulating ventilatory frequency in response to aquatic hypoxia was transferred from the gills
to the lungs with relatively little overlap.
It is known that the number of lung ventilations per unit time in Bufo marinus, Bufo
paracnemis and Rana catesbeiana is mediated mostly by a decrease in the duration of breathholding intervals (Boutilier and Toews, 1977; Kruhøffer et at. 1987; West and Burggren, 1982;
Jones and Chu, 1988). In addition, it was demonstrated recently that hypoxia (Fl
02 ranging
between 5 and 40%) increased the number of breaths per breathing bout, but had relatively little
effect on the duration of the non-ventilatory period (TNVP) in lightly anaesthetized unidirectionally
ventilated (UDV) Bufo marinus during intracranial perfusion with hypocapnic alkaline mock CSF
(Smatresk and Smits, 1991). There are few studies that have reported tidal volume values under
hypoxic conditions, but the data indicate that, in Xenopus laevis, hypoxia does cause tidal
volume to increase (Jones and Chu, 1988).

Based on the effects of manipulating arterial P
02

and 02 content (Ca
) independently on the ventilatory response to hypoxia, it would appear
02
that the reduction in Pa
, rather than 02 carrying capacity, is the stimulus driving this reflex
02
in amphibians.

5.2. Ventilatory responses to hypercapma.
A wide variety of semi-terrestrial anurans hyperventilate in response to hypercapnia (Bufo
marinus: Branco et at., 1992; Maclntyre and Toews, 1976; Boutilier et at., 1979; Smatresk and

Smits, 1991; Typhlonectes compressicauda: Toews and Maclntyre, 1978; Rana catesbeiana: De
Marneffe-Foulon, 1962; Sakakibara, 1978; Jackson and Braun, 1979; Infantino; 1989; Xenopus
laevis: Shelton and Boutilier, 1982; Ci’yptobranchus atleganiensis: Boutilier and Toews, 1981).
The emergence of this “reflex” is part of the development of the animal since bullfrog larvae
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(stages I-X) are almost insensitive to changes in

until a late-stage in development (XVI

XIX) (Infantino, 1989).
In Cryptobranchus, the hyperventilatory response to hypercapnia is mediated by an
increase in lung ventilation and rocking motions, which are though to facilitate convection at the
water-skin interface, as well as aquatic buccal pumping (Boutilier and Toews, 1981).

In

unidirectionally ventilated anaesthetized Bufo marinus, the hyperventilatory response to
hypercapma was mediated by an increase in the number of breaths per breathing bout (Smatresk
and Smits, 1991). In addition to these temporal modifications of breathing pattern, hypercapnia
also affected the way in which gas exchange was performed. For instance, the C0
-induced
2
pulmonary hyperventilation in Bufo marinus was achieved by high pressure inflation-deflation
cycles (Maclntyre and Toews, 1976; Boutilier, 1988), which are believed to facilitate lung
perfusion and thus, gas transfer (Maclntyre and Toews, 1976).

Given that large swings in

buccal pressure were required to produce this type of breathing episode, it was not surprising
that hypercapnia also caused an increase in tidal volume (Branco et al., 1992).
Although peripheral 02 chemoreceptors have been shown to increase their discharge rate
when they are facing an increase in C0
/H, the findings of recent studies suggest that their
2
contribution to the hypercapnic ventilatory response is secondary to the one produced by central
chemoreceptors. It has been estimated that these latter receptors contribute about 80% of the
total hypercapnic respiratory drive in Bufo paracnemis (Branco et al., 1992).
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5.3 Feedback systems
5.3.1 Oxygen receptors
Numerous studies have attempted to elucidate the location as well as the role of
peripheral chemoreceptors in the hyperventilatory response to hypoxia in amphibians. Although
chemoreceptive elements have been identified, the precise role of specific peripheral 02
chemoreceptor groups in the regulation of breathing is still poorly understood (Boutilier, 1988).
The carotid labyrinth has long been a prime target in the study of 02 chemodetection in
amphibians. These receptors are situated at the bifurcation of the internal and external carotid
arteries, and are innervated by a branch of the glossopharyngeal nerve which projects its afferent
fibres to the solitary tract in the brainstem (Stuess et al., 1984).

These receptors are

functionally similar to the mammalian carotid bodies, as they also respond to hypercapnia and
their discharge can be modulated by sympathetic stimulation (Ishii and Ishii, 1970; Ishii et at.,
1985; van Vliet and West, 1992). In addition, recent studies have shown that the receptors are
sensitive to the partial pressure, not the content, of 02 (West and van Vliet, 1992); a finding
consistent with the results of whole animal study of the stimulus modality of the hypoxic
ventilatory response in toads (Wang et al. ,1994).
Carotid labyrinth denervation caused a significant reduction of resting ventilatory activity
in comparison to sham-denervated animals, but it had no significant effect on the ventilatory
response to hypoxia in Xenopus laevis or Bufo marinus (Evans and Shelton, 1984; West et at.
1987; Jones and Chu, 1988).

These findings indicate that the carotid labyrinth influences

respiratory drive but is not essential for the control of ventilation during hypoxia in anurans.
Given that hypoxia is a poor ventilatory stimulant in frogs, it is not surprising that the current
consensus of recent studies performed on whole conscious animals tends to minimize the
importance initially accorded to the carotid labyrinth in the regulation of ventilation.
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The existence of other 0
-chemosensitive structures was subsequently established in the
2
aortic trunk of the toads Bufo vulgaris and Bufo marinus (Ishii et al. 1985; van Vliet and West,
1986; 1987). Furthermore, it appears that the pulmocutaneous arteries of anurans may also be
the site of an intra-arterial chemoreceptive zone. It was observed that injection of NaCN into
the pulmocutaneous arches of anaesthetized Rana catesbeiana and conscious Bufo marinus
stimulated ventilation (Lillo, 1980; van Vliet and West, 1986). In the absence of recordings
from pulmocutanous chemoreceptors, however, the role of the pulmocutaneous artery as a
chemoreceptive site in amphibians is conjecture (West and van Vliet, 1992).

The relative

contribution of the latter two chemoreceptive sites to the hypoxic ventilatory response in
amphibians is yet to be investigated.

5.3.2 CO
/H receptors
2
Like mammals, C0
/H + levels of anuran amphibians are monitored in the blood and the
2
cerebrospinal fluid (CSF). As it was mentioned in the previous section, increases in arterial
levels of CO
/H will increase discharge rate from the carotid labyrinth. Smatresk and Smits
2
(1991) have shown that, in anesthetized toads, stimulation of these receptors alone can elicit a
hypercapnic ventilatory response. These workers have also demonstrated that, as for most
vertebrates (other than fish) investigated thus far, toads also have central chemoreceptors located
on the ventral surface of the medulla which respond to acidic/hypercapnic challenges. These
results have since been repeated in unanesthetized animals (Branco et aL, 1992), and confirm
the early findings of De Marneffe-Foulon (1962) who also reported an increase in pulmonary
ventilation when the brain of Rana was bathed in acidic saline.
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Although pure chemoreceptors sensitive to CO
2 have not been identified in the lungs of
frogs, the discharge of stretch receptors is sufficiently modulated by CO
2 to have noticeable
effects on the breathing pattern. This topic is discussed in the following section.

5.3.3 Pulmonary stretch receptors
Pulmonary stretch receptors, also known as mechanoreceptors, constitute another
important feedback contributing to the control of breathing in amphibians.

There are three

different types of pulmonary mechanoreceptors in amphibians which respond to 1) the degree
of lung inflation, 2) the rate at which lung volume changes or 3) both stimuli (Milsom and
Jones, 1977; Jones and Milsom, 1982). The mechanoreceptors of amphibians report to the CNS
via afferent fibres in the pulmonary vagii (Milsom and Jones, 1977; Jones and Milsom, 1982),
which project to the solitary tract in the brainstem (Stuess et at., 1984). The receptors are
mostly slowly adapting and their firing rates decrease when the intrapulmonary CO
2
concentration is increased (Milsom and Jones, 1977; Kuhlmann and Fedde, 1979).
Pulmonary afferent fibres play a key role in the termination of lung inflation in the adult
and inhibition of buccal oscillation in the pre-metamorphic tadpoles (see section 2.1).

The

evidence is that pulmonary deafferentation by vagotomy in Xenopus results in an increase in the
number of inspirations in a ventilatory period, and overinflation of the lungs (Evans and Shelton,
1984).

Consequently, reduction of lung volume and the concomitant depressant effect of

progressive elevation of alveolar CO
2 on receptor firing, are important stimuli to the
termination of a dive (Toews, 1971; Boutilier, 1989).
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5.4. Central components.
5.4.1. Central rhythm generators.
For many years, physiologists have been intrigued by the neural mechanisms that
generate the continuous alternation of inspiration and expiration. In a series of papers on the
regulation of respiration, Lumsden (1923) reported on the results of progressive brainstem
transections in cats, he concluded that

“The theory generally held is that the automatic respiratory centre is in the
lower part of the bulb, and that the regulation of impulses sent out by it, is
determined by impulses passing to it.”

Since then, his original findings have been confirmed by similar brainstem transection
experiments in fish (Shelton, 1959; 1961) and frogs (Oka, 1958a,b), which have helped establish
that the basic rhythm generator for breathing is situated in the caudal portion of the brainstem.
More recently, the site of rhythmogenesis has been localized in mammals to the pre-Botzinger
complex (Smith et al., 1991b) which is situated in the reticular formation of the medulla at the
level of the hypoglossal nuclei. The mechanisms underlying respiratory rhythmogenesis are still
unresolved in any species.

Recordings from isolated brainstem-spinal cord preparations in

lamprey (Rovainen, 1985), bullfrog (McLean, 1992) and turtle (Douse and Mitchell, 1990) have
shown rhythmic respiratory related discharges in spinal and cranial motoneurones.

Because

these preparations can produce a respiratory rhythm in the absence of afferent feedback (with
the possible exception of input from central CO
2 chemoreceptors, when present) it would appear
that a CRG is also present in these vertebrates. At the same time, since it is possible to reduce
breathing frequency to virtually zero by artificially meeting the convective requirements of an
animal (e.g. external membrane lung, unidirectional gill or lung ventilation; for review, see
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Milsom, 1990a), it would appear that in order to function, the CRG requires some external
stimulus to trigger respiratory events.
Two models have been proposed to try to explain respiratory rhythmogenesis in
mammals.

One proposes that the central rhythm generator (CRG) consists of burster or

pacemaker neurones, which show spontaneous rhythmic oscillations in membrane potential in
the absence of synaptic inputs or alternatively require a tonic excitatory input before they exhibit
rhythmic oscillatory activity. The second one postulates that respiratory rhythm is produced by
neural networks that exhibit oscillatory behaviour due to synaptic interactions.
Bianchi and co-workers (1995) have recently reviewed the literature on the central control
of breathing in mammals.

Because breathing results from the sequential activation of many

populations of neurones to produce a three-phase motor act (see below) in which each process
is conditioned by the previous one and initiates the next, they have suggested that the network
model is perhaps a better model to describe how respiratory rhythm is produced. An alternate
view would be that the coordination of the groups of respiratory neurones would be performed
by an entity separate from the CRG.

This entity would be responsible for processing the

relevant sensory signals, and ensuring precise spatial and temporal patterns of muscle activation
during each breath so that the respiratory system meets the demands of the organism. It is to
facilitate an understanding of the relationship between respiratory rhythm and pattern that the
concept of a central pattern generator (CPG) has emerged (Feldman et at., 1990; Milsom, 1991).
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5.4.2 Central pattern generators
In vertebrates that display rhythmic breathing, pattern is defined solely in terms of the
) and expiration (TE) and the rate of air flow. Combinations of these
1
time spent in inspiration (T
variables produce the more familiar components of breathing, namely, tidal volume (flow/T
),
1
breathing frequency (60/Tl+TE) and minute ventilation.

From neurophysiological data, the

mammalian ventilatory cycle has been divided into three distinct phases in which each phase
reflects a “state” of the oscillating network, rather than a particular configuration of the motor
output. In other words, a cycle phase in this context means a recurring episode when one or
more group of neurones in the network discharge a characteristic pattern of action potentials
(Richter, 1982; Richter et al., 1986).
inspiration and expiration.

These phases have been defined as inspiration, post

Note that the post-inspiratory phase is a period of inspiratory

braking, which is also referred to as the first stage of expiration (Kogo and Remmers, 1994).
Pattern is more complex in arrhythmic breathers where the components of breathing
frequency also include an apneic or non-ventilatory period of a variable duration (T,) and the
number of breaths per episode.

Kogo and Remmers (1994) have recently discussed the

similarity of the respiratory phases between amphibians and mammals.

Their intra- and

extracellular recordings of respiratory neurones in bullfrogs, provide solid evidence to argue that
lower vertebrates also have a three phase respiratory cycle. According to their analysis, the first
phase is expiration, and it occurs when the glottis is first opened.

This is then followed by

inspiration which is produced by the brisk activation of the buccal levators to push air back into
the lungs. The last phase is a period of breath holding, during which neurones other than those
involved in the production of the two other phases were shown to be active.

This phase

corresponds to the post-inspiratory phase described previously for mammals. They conclude
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their discussion by stating that this analysis is consistent with that of Pack and co-workers who
suggested that lungfish, which also use a buccal force pump, have a post-inspiratory phase.
In mammals, the pons co-operates with the pulmonary vagus in switching between
respiratory phases and setting the volume threshold for inspiration termination (St-John, 1977).
Bilateral vagotomy results in an augmentation of T
, which results in larger tidal volumes and
1
slower breathing. In anaesthetized or decerebrate cats, pontine lesions alone have little effect
on the respiratory pattern as long as the phasic vagal input is present. Subsequent vagotomy,
however, produces a grossly altered inspiratory pattern.

This abnormal breathing pattern,

termed apneusis, consists of long bursts of tonic inspiratory activity. These findings suggest a
convergent role of the pons and vagal inputs in the production of normal phase transition, and
their interaction appears to be an important component of pattern generation (Feldman, 1986;
Milsom, 1991).
Experiments performed on reptiles demonstrate that mild anaesthesia and brainstem
section at the level of the rostral rhombencephalon (metencephalon) abolish breathing episodes,
i.e. these animals now breath in an uninterrupted fashion (Naifeh et a!. 1971a, b). Vagotomy
also affects the breathing pattern by reducing the number of breaths per episode in crocodilians
(Naifeh et al. 1971a, b). It is interesting to note, however, that vagotomy has no effect on the
breathing pattern if its performed after episodic breathing has been abolished by a caudal
midbrain transection (Naifeh et al. 197 la).
Fish possess a group of neurones with phase switching properties situated in the dorsal
tegmentum at the level of the caudal midbrain. This group of respiratory rhythmic neurones
(termed type-A neurones) appears to play a key role in the control of episodic breathing.
Indeed, type-A neurones fire just before the onset of a breathing bout during intermittent
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respiration. Furthermore, stimulation of this area during a ventilatory pause brings forward the
onset of the next breathing bout (JUch and Ballintijn, 1983).
Taken together, these data suggest that, functionally, a group of cells in the caudal
midbrain act together with vagal afferent input to pattern the output of a CRG and produce the
breathing pattern. It should be mentioned, however, that since central pattern generators are
simply functional concepts for which there are no anatomical correlates, it is possible that the
same cells that compose the CRG are involved in pattern formation.

6. Rationale
The thesis was designed to test the hypothesis:
“EPISODIC BREATHING IS PRODUCED BY CENTRAL INTEGRATION OF AFFERENT INPUTS.”

The relationship between gas exchange and breathing has been the focus of many studies
on respiratory control in intermittent breathers, and it has been suggested that the depletion of
/H + are directly responsible for the onset of breathing
2
02 stores and/or accumulation of C0
episodes, and restoration of 02 stores and/or elimination of C0
/H are responsible for the
2
termination of breathing episodes (Shelton and Croghan, 1988). In this scenario, the animal is
simply breathing “on demand”, and the contribution of central control is minimal, whereas the
input from arterial chemoreceptors is pivotal.

To this end, chapter 2 examines the role of

arterial chemoreceptors in the production of breathing episodes by contrasting the breathing
pattern of bullfrogs in which the oscillations of arterial blood gases have been artificially
eliminated to that of intact animals.
The study presented in chapter 3 investigates the role of olfactory and vagal afferent
inputs in the control of episodic breathing. Both groups of inputs have been shown to affect
ventilatory output in other species, however, the effect of removing their respective inputs on
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breathing pattern has never been investigated in bullfrogs. In this chapter, the breathing pattern
of animals in which the olfactory or vagal afferent inputs were surgically eliminated is compared
to that of intact bullfrogs.
To investigate the role of pulmonary stretch receptors feedback in respiratory control
specifically, a decerebrate, paralyzed and unidirectionally ventilated bullfrog preparation was
used in chapter 3 to manipulate PSR feedback directly and relatively independent of other vagal
afferent inputs. This “in situ” preparation also made it possible to open both the chemo- and
pulmonary stretch receptor feedback loops to assess how the interaction between these inputs
modulates breathing pattern.
In chapter 5, the contribution of peripheral feedback is further assessed by recording the
basic respiratory-related motor output that the central nervous system can produce in the absence
of peripheral feedback.

This was done using an isolated brainstem-spinal cord preparation.

Because the results of this chapter indicated that episodic breathing was an intrinsic property of
the central respiratory network, the subsequent study (chapter 6) focused on the role of the
nucleus isthmi in the control of breathing pattern. This nucleus was chosen because previous
workers have reported important changes in breathing pattern following brainstem transections
in this area (see section 5.4.2). This chapter evaluates the effects of bilateral lesions of the
nucleus isthmi on the “fictive” breathing pattern produced by the in situ preparation.

The

importance of this nucleus in the integration of afferent inputs is also evaluated comparing the
effects of changing PSR and chemoreceptor feedback in animals with and without their nucleus
isthmi intact.
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CHAPTER 2:
THE ROLE OF CHEMORECEPTORS IN THE CONTROL OF EPISODIC BREATHING
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INTRODUCTION
Intermittent breathing patterns are common in lower vertebrates, such as reptiles and
amphibians, and contrast with the continuous breathing patterns of birds and mammals by their
apparent lack of constancy and intrinsic rhythm. Many researchers have ascribed the genesis
of breathing episodes in amphibians and reptiles to the inherent oscillations of blood 02 and/or
pH levels associated with intennittent breathing rather than to the action of a “mammalianC0
/
2
type” central control mechanism. In this model, lung ventilations are turned on when a certain
2 or Paco
Pao
2 threshold is reached and breathing is then stopped when the blood gas values have
been brought back within a certain range (Boutilier, 1988; Shelton and Croghan, 1988; West et
at. 1989). The observation that artificial ventilation sufficient to meet respiratory convection
requirements suppresses ventilation in turtles (Kinney and White, 1977) and toads (West et al.
1987; Smatresk and Smits, 1991) supports this concept.
Recent studies suggest, however, that episodic breathing does not always reflect the
phasic nature of afferent chemoreceptor inputs. Indeed, unidirectionally ventilated toads (West
et at. 1987; Smatresk and Smits, 1991) and alligators (Douse and Mitchell, 1992b) still display
episodic breathing, although this experimental procedure has been assumed to maintain blood
gases constant and thus produce only tonic chemoreceptor input.

Because amphibians and

reptiles have intracardiac shunts, however, and some appear to regulate 02 uptake from lung
stores during periods of breath holding (Shelton, 1985; Burggren, 1988; West et al. 1992), it
is not at all clear that blood gases do remain constant in these animals on unidirectional
ventilation (UDV). Thus, it is possible that breathing under such conditions is still due to blood
gas fluctuations, resulting not from intermittent ventilation, but, from intermittent episodes of
,
2
blood shunting. The first objective of the present study, therefore, was to monitor arterial P0
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2 and pH continuously with an arterial extracorporeal loop in unidirectionally ventilated
Pco
bullfrogs to determine whether intermittent breathing in animals on UDV could still be related
to arterial blood gas fluctuations. Given that fluctuations in blood gas composition were virtually
eliminated by UDV in these animals, the second part of the present study analyzed the effects
of phasic vs tonic chemoreceptor input on the components of the breathing pattern. Although
several studies have previously analyzed the effects of UDV on ventilation in anurans, none have
specifically addressed the question of the role of phasic chemoreceptor feedback in the control
of breathing pattern by comparing the breathing patterns of animals with and without phasic
chemoreceptor feedback around the same mean levels of blood gases and acid-base status. The
third part of this study analyzed, in detail, the effects of changing tonic chemoreceptor input
alone on breathing pattern; particularly on the changes in absolute and instantaneous frequencies
of buccal oscillations and lung ventilation.

These latter changes have not been documented

previously but could potentially offer much insight into the mechanisms underlying the genesis
of episodic breathing.
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MATERIALS AND METHODS
Adult bullfrogs (Rana catesbeiana) of either sex weighing between 277g and 489g (mean
mass

=

367 ± 28g), were obtained from a commercial supplier. The animals were maintained

indoors in fiberglass sinks continuously supplied with city of Vancouver tap water. The holding
temperature was 20-22°C. Frogs were exposed to a 12L: 12D photoperiod and fed live locusts
at least once a week. The animals were not fed for the two days before surgery was performed.

Surgical procedures
Bullfrogs

were anaesthetized by

immersion in a

1gl’

solution of tricaine

methanesulfonate (Syndel) buffered to pH 7.0 with NaHCO
. To record buccal pressure, a piece
3
of polyethylene catheter (PE 50) was inserted into the frog’s buccal cavity via the tympanic
membrane according to the method of Jones (1970). Polyvinyl cannulae (Bolab BB3 15-B) were
inserted into both lungs at the apex via small incisions in the body wall of the flanks to permit
unidirectional ventilation (UDV) of the lungs. The pulmonary end of each catheter was heatflared, secured in place with a purse-string suture and the body wall and skin then sutured
separately.
In three animals, the coeliac artery was cannulated occlusively in both directions (i.e.
upstream and downstream) with polyvinyl cannulae (upstream: Bolab BB3 17-V/8 or BB3 17-V/4,
depending on artery size; downstream: Bolab BB3 17-V/4) pre-treated with a 5% TDMAC
heparin coating solution (Polysciences, Inc.).

The upstream cannula was positioned at the

trifurcation of the coeliac artery with the two systemic arteries. The body wall and the skin
were then sutured independently and both cannulae secured to the skin with sutures. All animals
were allowed to recover from surgery for at least 24h before the onset of experiments.
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Experimental procedures
The system utilized for the continuous measurement of breathing and blood gases is
illustrated in Fig. 2. 1. Following recovery, frogs were transposed to an experimental chamber
consisting of a 1.6 1 opaque plastic jar filled with
22°C).

900 ml of water at ambient temperature (20-

An airline was positioned at the bottom to permit bubbling with either air or a gas

mixture (see below). The top compartment of the chamber was ventilated with the same gas.
The animals were acclimated to the experimental chamber for at least 2h before the onset of the
experiment.
Unidirectional ventilation of the frogs’ lungs commenced one hour before the beginning
of the experiment at a rate of 50 mlmirr’, regulated by a flowmeter. Prior to delivery to the
lungs, the inflowing gas was humidified by bubbling through an erlenmeyer flask half filled with
water. The lung outflow cannula was connected to a second erlenmeyer flask half filled with
water and connected to an aspiration line. The suction rate was regulated, by a valve, to match

air inflow. Continuous flow of air through the lungs, at normal lung volume, was ensured by
visual comparison of the bubbling rates of the two flasks and by monitoring lung pressure. The
latter was achieved by installing a T-piece, connected to a pressure transducer, in the inflow
cannula. The buccal cannula was then filled with water and connected to a second pressure
transducer.

Evperimental protocol
1. The effects of unidirectional ventilation on arterial blood gases
This series of experiments was designed to determine whether oscillations in blood gases
and pH still occurred in animals on UDV. It compared the amplitudes of the respiratory related
oscillations of blood gas variables and pH associated with spontaneous breathing in UDV (N

=

Page 33

3) and non-UDV frogs (N

=

3). Once the calibration of the blood P0
2 and pH electrodes
, Pco
2

was completed (see below), the two arterial catheters were mounted in series with the electrodes.
Blood flow through the arterial extracorporeal loop was set at 1 mlmin’ with a Gilson peristaltic
pump. Occasional blood samples and measurement of hematocrit revealed no sign of hemolysis
or anaemia. The non-UDV group consisted of frogs that had their lung cannulae occluded so that
they were responsible for their own air convection.

Arterial blood gas levels and pH were

continuously recorded from non-UDV animals breathing air and UDV animals breathing all the
various gas mixtures described below. Due, in small part, to the technical difficulty of keeping
blood flowing through the extracorporeal loop for the length of these experiments and, in large
part, to the consistency of the results, only three animals were used in this portion of the study.

2. The effects of unidirectional ventilation on breathing pattern
This series of experiments was designed to examine the effects of tonic vs phasic
chemoreceptor input on the resting breathing pattern. It compared the breathing patterns of
bullfrogs unidirectionally ventilated with a 2% CO
2 gas mixture (N
animals breathing air (N

=

=

6) to those of non-UDV

6). The latter group consisted of frogs that had their lung cannulae

occluded so that they were responsible for their own air convection. Because of the constant lung
convection, the UDV frogs were administered a 2% CO
2 gas mixture to produce arterial blood
respiratory status comparable to that of resting frogs which were not artificially ventilated (West
et al. 1987; present study).

The gas mixture was delivered to the water, the air space above

the water and to the lungs of the frogs on UDV so that breathing activity could not alter lung
gas composition. UDV frogs were ventilated with the 2% CO
2 in air mixture and non-UDV
frogs were breathing air while their lung catheters were occluded for at least one hour before
breathing pattern was recorded.
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3. The effects of changing levels of tonic chemoreceptor input on ventilation
In these experiments, bullfrogs (N

=

6) were unidirectionally ventilated with the

following gas mixtures: air (control); 2, 4, and 6% CO
2 in air (hypercapnic series); 15, 10 and
2 (hypoxic series); 50% 02 in N
5%, 02 in N
2 (hyperoxia); and 50% 02 + 6% CO
2 balance N
2
(hyperoxic hypercapnia). The frogs were exposed to each gas mixture for at least one hour
before breathing pattern was recorded. At the end of the one hour period on each gas, air was
substituted for the experimental gas mixture in the chamber and UDV line.

Recording of

respiratory variables and blood gases began at least 10 mm before the 1 hour exposure to the
experimental gas mixture, and was continued through the first 30 mm of the recovery period.
A recovery period of at least two hours was then imposed before the frog was exposed to the
next gas mixture.

Measurement of blood gases and respiratory variables confirmed that this

period was sufficient to re-establish “resting” conditions for all variables before exposure to the
next gas mixture.

Gases were presented to the animals in random order.

Frogs were not

subjected to more than 3 treatments in any one day.

Analytical procedures
Arterial P0
, Pc0
2
2 and pH were measured with miniature 02, CO
2 and pH combination
electrodes (Microelectrodes, Inc.) in conjunction with a Radiometer PHM-73 pH/blood gas
monitor.

2 and Pco
P0
2 electrodes were calibrated by pumping water equilibrated with pre

analyzed gas mixtures (Medigas) at 1 mlmiir’ past the electrodes, while the pH electrode was
calibrated by pumping precision buffers (Radiometer) through the electrode at the same rate.
The calibration procedures were done at room temperature before the beginning of each
experimental run. In order to have an accurate match between the breathing recordings and
corresponding values of blood respiratory variables, the time delay of the extracorporeal loop
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was estimated. This was done by measuring the electrode’s response time after the introduction
2 in the UDV line of breathing frogs. The delays were 10, 50 and 80 seconds
of 10% CO
2 in N
respectively for the

02,

2 electrodes. The mean blood gas and pH values for animals
pH and CO

on UDV with different gas mixtures were obtained by averaging the levels of these variables
over the period during which breathing was analyzed. These were roughly constant. Because
of the large amplitude of the oscillations in blood gases in the non-UDV animals, however,
, Paco
2
Pao
2 and pHa readings were taken frequently and then pooled to produce a mean value.
2
The gas mixtures administered to the animals were obtained by mixing air with 02, N
or CO
2 with flow meters.

The gas mixture fed to the experimental chamber was sampled

continuously from the inflowing airline and monitored using a Beckman OM- 11 oxygen analyzer
2 analyzer calibrated with commercially purchased, analyzed gas mixtures. Tidal
and LB-2 CO
volume (VT) was not quantified directly; instead, the time integral of buccal pressure was
measured (Sakakibara, 1984b; West et al., 1987). Although there is no doubt that integrated
buccal pressure is not a perfect reflection of tidal volume, there is a relatively tight correlation
(although not necessarily a linear correlation) between peak buccal pressure and tidal volume
(Wang, 1994).

Consequently, multiplying the time integral of buccal pressure changes

associated with lung ventilation (VT index) by lung ventilation frequency

(fL)

yielded an index

,
2
of minute ventilation (V), reported here in arbitrary units. Blood respiratory variables (Pa0
2 and pHa), lung pressure, buccal pressure and the time integral of buccal pressure were
Pac0
displayed on a six-channel chart recorder (Gould).
It should be noted that episodes are designated on a somewhat subjective basis. Thus,
the number of breaths within an episode was obtained by counting the number of large amplitude
buccal movements which occurred in succession with no pause longer than the length of two
ventilations between them.

Breathing frequency was quantified by analyzing the number of
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respiratory events per unit time (termed the absolute frequency; fL,) as well as by calculating
the inverse of the period between each two successive breaths in an episode with no pause
between them and multiplying by 60 (termed the instantaneous frequency; fL
). Only
1
used in the calculation of minute ventilation.

fLabs

was

The frequency of the small amplitude buccal

movements (fB), known as buccal oscillations, was quantified the same way (i.e. fBabs and fB
).
1
The large difference in amplitude of the buccal movements associated with buccal oscillations
and lung ventilations made these events very distinct (see Fig. 1.1, 2.6).

Data analysis
Values for breathing and blood respiratory variables were obtained by analyzing a 5
minute segment of data recording with a digitizing tablet (Jandel Scientific). In experiments in
which ventilation rate was low (e.g., normoxia and hyperoxia), analysis of a longer segment was
necessary to obtain representative values for some variables.
All data are presented as means ± 1 standard error of the mean (S.E.M.). The results
were statistically analyzed using analysis of variance followed by Fisher’s LSD multiple
comparison test.

Comparisons involving only two means (e.g., Table 2.1) were done by

unpaired t-test. Unless otherwise stated, 5% was taken as the fiducial limit of significance.
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RESULTS

1. The effects of unidirectional ventilation on arterial blood gas oscillations
The top three traces (pHa, Paco
2 and Pao
2 respectively) of the left panel of Fig. 2.2
typify the fluctuations in blood respiratory variables observed during breathing episodes in
spontaneously ventilating frogs. These traces show the pronounced effect of lung inflation on
gas exchange, as pHa and Pao
2 increased while Paco
2 decreased immediately after a lung
inflation cycle. It is noteworthy that buccal movements did not affect blood respiratory variables
and single lung ventilations had very little effect.

The amplitudes of the respiratory related

oscillations in Paco
2 and pHa associated with breathing episodes were virtually abolished in
frogs on UDV (Fig. 2.2 right panel, Table 2.1).

Although some small Pao
2 oscillations

persisted during UDV, they occurred randomly and were not correlated with the onset and
2 oscillation was greatest in
termination of breathing episodes. The mean amplitude of the Pao
animals on UDV with air or 50% 02. In animals on UDV with air it was 1.5 ± 0.08 Torr,
significantly less than that observed in spontaneously breathing animals (3.8 ± 0.5 Torr; Table
2.1). In animals on UDV with 5% 02, the 02 oscillations were abolished.

2. The effects of unidirectional ventilation on breathing pattern
Because of the increased pulmonary convection during UDV compared to spontaneous
2 was added to the UDV gas mixture that arterial blood
ventilation, it was only when 2% CO
gases and pH comparable to those of the spontaneously ventilating (non-UDV) frogs were
observed (Table 2.1). This also produced comparable breathing patterns (Fig. 2.2, Table 2.2).
The similarity was not only in terms of magnitude, but also in the temporal distribution of
breathing events. Both groups had similar levels of fLabs,

number of breaths per episode,

mean VT index and V index. Finally, both groups had similar values of

fBabs

and fB
, (Table
1
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2.2). In short, there were no significant differences between the mean levels of blood gases and
pH and ventilatory variables between the two groups.

3. The effects of changing levels of tonic chemoreceptor input on ventilation
3.1. Carbon dioxide/nH
The addition of CO
2 to the UDV gas mixture stimulated ventilation (Fig. 2.3). The mean
values of Pao
2 after 60 mm of UDV were not different regardless of whether the animals were
breathing 0%, 2%, 4% or 6% CO
2 in air.

Furthermore, statistical analysis revealed no

difference between mean values of ‘7 index for the 6% CO
2 and 6% CO
2 + 50%

02

groups even

though Pao
2 was significantly higher in the hyperoxic hypercapnic group (Table 2.3). Thus the
increase in the ‘J index was directly proportional to the increase in PacO
. Increases in the V
2
index were due to increases in both

fLabs

and the VT index (Fig. 2.3). The increase in

5
fL,

was

due to an augmentation of the number of breaths per episode and a reduction in the length of
the pause between episodes; the

,
5
fL

remained constant (Fig. 2.3).

At the higher levels of

inspired CO
2 (4% and 6% C0
), 1 frog out of 6 breathed continuously. UDV with C0
2
-rich
2
gas mixtures resulted in a progressive decrease in the number of buccal oscillations per unit time
(Fig. 2.4A) primarily due to a reduction in the non-ventilatory pauses during which buccal
oscillations occur.

The fB
, also showed a progressive decrease with elevation of PaCO
5
2

although this variable was difficult to quantify in animals breathing 6% CO
2 as buccal
oscillations were virtually absent in this group (Fig. 2.4A).
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Figure 2. 1: Schematic representation of the experimental system utilized for continuous
measurement of breathing and blood gases.
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Figure 2.2: Continuous traces of blood respiratory variables and breathing patterns (depicted
by changes in buccal and lung pressures) of a frog unidirectionally ventilated with 2%
2 in air (right panel) and spontaneously ventilating air with no intervention (left
CO
panel).
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Figure 2.3: The effects of manipulating arterial Pco
2 on A) minute ventilation index, B)
instantaneous (open circles) and absolute (closed circles) breathing frequency, C) number
of breaths per breathing episode and D) tidal volume index. Mean values significantly
different from the air (UDV) group (PaCO
2 = 5.2 ± 0.8 Torr) are either indicated by
*
(p < 0.05) or + (p < 0.10). In B, + indicates fL
1 is significantly different from
the corresponding fLabs (p < 0.05) and the numbers in parentheses indicate the number
values used to determine that mean (only one animal still showed any ventilation
of
on room air).
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Figure 2.4: Instantaneous (open symbols) and absolute (closed symbols) buccal oscillation
. Mean values significantly
2
2 or B) P0
frequency as a function of A) arterial Pco
0.8
Ton; Pa0
=
5.2
2
2 = 87 ± 21 Ton)
different from the air (UDV) group (PacO
±
*
is significantly
are either indicated by (p < 0.05) or + (p < 0.10). + indicates
different from the corresponding fBabs (p < 0.05) and the numbers in parentheses indicate
the number of fB
1 values used to determine that mean.
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2 on A) minute ventilation index, B)
Figure 2.5: The effects of manipulating arterial P0
instantaneous (open circles) and absolute (closed circles) breathing frequency, C) number
of breaths per breathing episode and D) tidal volume index. Mean values significantly
2 = 87 ± 21 Torr) are either indicated by * (p
different from the air (UDV) group (Pao
< 0.05) or + (p < 0.10). In B, + indicates
is significantly different from the
corresponding fLabs (p < 0.05) and the numbers in parentheses indicate the number of
15 values used to determine that mean.
fL
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Figure 2.6: Buccal pressure recordings of adult bullfrogs illustrating the effects of different
ventilatory stimulants on the instantaneous breathing (fL) and buccal oscillation
frequencies (fB).
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3.2. Oxygen
Under normoxic conditions, breathing was practically abolished in 4 animals out of 6 on
UDV.

In these animals, only sporadic single breaths were observed.

This pattern was

comparable to that of frogs unidirectionally ventilated with a 50% 02 in N
2 gas mixture;
hyperoxia did not suppress breathing further (Table 2.3).

The mean Pao
2 values of frogs

artificially ventilated with air were not different from those of non-UDV animals. The blood
acid-base changed during UDV with air, however, as PacO
2 was reduced in comparison to the
non-UDV group although the concomitant increase in pHa was not significant (Table 2.3).
Hypoxemia provoked a modest hyperventilation in bullfrogs (Fig. 2.5).

This was

primarily due to an increase in the VT index as artificial ventilation of the lungs with hypoxic
gas mixtures did not significantly affect

fLabs

nor

It did, however, alter breathing pattern

once Pao
2 went below 20 Torr; there was a significant augmentation in the number of breaths
per episode associated with a decrease in the pause between episodes.

This increase in the

number of breaths per episode was much less than the augmentation seen in frogs breathing 4%
(p < 0.05) and 6% CO
2 did not affect fBabs significantly (Fig. 2.4B),
2 (p < 0.10). Altering Pao
and only once Pao
2 reached 15 Torr was a reduction in

observed (Fig. 2.4B).
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Table 2.1: The effect of unidirectional ventilation on the amplitude of arterial blood gas
fluctuations in spontaneously breathing bullfrogs.
Values are means ± SE. *
Significantly different from the corresponding non-UDV value (unpaired t-test; p <
0.05). The number of parentheses indicates the total number of breathing cycles
quantified.
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Non-UDV
(breathing ambient air)

UDV
(ventilated with 2% C0
)
2

mean value

oscillation
amplitude

mean value

oscillation
amplitude

2 (Torr)
Paco

11 ± 2.7
(N = 3)

0.31 ± 0.06
(n = 11)

17.2 ± 0.9
(N = 3)

0.0 ± 0.0*
(n = 11)

pHa

7.90 ±
0.04
(N = 3)

0.02 ±
0.003
(n = 11)

7.73 ± 0.04
(N = 3)

0.001 ±
0.001*
(n = 11)

2 (Torr)
Pao

50 ± 9.2
(N = 3)

3.8 ± 0.5
(n = 11)

61 ± 5.8
(N = 3)

1.5 ± 0.08*
(n = 11)
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Table 2.2: The effect of unidirectional ventilation on selected ventilatory variables in
spontaneously breathing bullfrogs. Values are means ± SE. * Significantly different
from the corresponding non-UDV value (unpaired t-test; p < 0.05).
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Non-UDV
(breathing ambient air)
(N=3)

UDV
(ventilated with 2% C0
)
2
(N==3)

Minute
Ventilation
(arb units)

89 ± 25

98 ± 36

Absolute
breathing
frequency (min’)

6 ± 1.1

9 ± 3.6

Instantaneous
breathing
frequency (min’)

39 ± 8.0

43 ± 5.3

Tidal volume
index (arb units)

16 ± 3.6

9 ± 2.1

Breaths per
episode

2.8 ± 0.8

2.3 ± 0.6

Absolute buccal
oscillation
frequency (miii’)

29 ± 8.7

27 ± 1.6

Instantaneous
buccal oscillation
frequency (miii’)

60 ± 3.5

50 ± 4.9
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Table 2.3: The effects of unidirectional ventilation of the lungs with different gas mixtures on
ventilatory variables and selected blood respiratory variables. Values are means ± SE.
*
Significantly different from the corresponding Air (UDV) value (p < 0.05); +
significantly different from the corresponding Air (No UDV) value (p < 0.05). +
significantly different from the corresponding Air (No UDV) value (p < 0.10). N =
6 for respiratory variables, 3 for arterial blood gases and pH and 1 for breaths per
episode with UDV with 50% 02 (the other animals did not breathe while on this gas
mixture).
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00

5.2 ± 0.8+
87 ± 21

0.1 ± 0.1
3 ± 2.6+
1.2
10.± 6.7

8.1 ± 0.1
6 ± 1.1
226 ±
31 *+

6 ± 1.1
16 ± 3.6*
2.8 ± 0.8*
29 ± 8.7

7.90 ± 0.04
11 ± 2.7
50 ± 9

Absolute breathing
frequency (min
)
1

Tidal volume index
(arb units)

Breaths per episode

Absolute buccal
oscillation frequency
(miii’)

plla

2 (Ton)
Paco

2 (Torr)
Pao

0—1—

8.0 ± 0.1

25 ± 9.5

1 ±

4 ± 4.1+

0.3 ± 0.2

5 ± 5+

2 ± 1+

89 ± 25

Minute
ventilation
(arb units)

.

Air
(UDV)

50% 02
(UDV)

AIR
(no UDV)

42 ± 3.2*+
83 ± 13

15 ± 8*

7.45 ±
0.03*+

2 ± 2.2

134 ± 28+

36 ± 1.3*+

7.47 ±
0.01-J—

4 ± 3.2

5 ± 0.7—f—

13 ± 2.2*

18 ± 3•3*
5.6 ± 0.7*+

21 ± 2.6*+

251 ± 38*+

50% 02 +
2
6%C0
(UDV)

23 ± 7.6*+

317 ± 48*+

2
6% Co
(UDV)

4.0 ± 0.5+

8.2 ± 0.2

15 ± 3.8

4.1 ± 0.8*

17 ± 2.1*

4.2 ± 0.8

66 ± 6+

5% 02
(UDV)

DISCUSSION

1. The effects of unidirectional ventilation on arterial blood gas oscillations
Many recent studies have used UDV as a technique to manipulate arterial blood gases
in amphibians (West et al. 1987; Smatresk and Smits, 1991) and reptiles (Douse and Mitchell,
1992).

These workers assumed that this technique maintained arterial blood gases and pH

constant in spontaneously breathing animals. The present study confirms the efficiency of UDV
for manipulating gas exchange and controlling arterial blood gases even in an intermittent
breather.

UDV completely eliminated the oscillations in Paco
2 and pHa associated with

ventilation with any gas mixture. Admittedly, some small residual oscillations in Pao
2 remained
during UDV with normoxic or hyperoxic gas mixtures but not with hypoxic (5 %

02)

gas

mixtures. These oscillations in Pao
2 did not correlate with the breathing episodes which is not
surprising given that lung gas content did not change as a result of the lung ventilations. Given
the large partial pressure gradient for 02 between lung gas and arterial blood during UDV with
normoxic or hyperoxic gases, the small oscillations which remained could well reflect small
changes in right to left or left to right blood shunting. Such changes in shunting pattern are
usually associated with periods of ventilation (West and Burggren, 1984). It is still possible that
this was the case in the present study but that due to circulation delays and patterns of blood
mixing, all correlation between the ventilatory events and the oscillations are lost.

2. The effects of unidirectional ventilation on breathing pattern
The present results demonstrate that removing phasic chemoreceptor input while retaining
the same mean level of chemoreceptor input, does not alter the breathing pattern of frogs. The
lack of any significant differences between the breathing patterns of animals with and without
phasic arterial chemoreceptor feedback would suggest that such feedback plays very little role
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in the control of the breathing pattern. This conclusion assumes that the small oscillations seen
in Pao
2 during UDV with normoxic or hyperoxic gases do not play a role in initiating or
terminating breathing.

Since large changes in Pao
2 alone had relatively little effect on

respiratory drive (Fig. 2.5), it is difficult to imagine that the small oscillations in Pao
2 seen in
animals on UDV, or even the larger respiratory related oscillations seen during spontaneous
ventilation, for that matter, affect ventilation.

This is supported by the lack of correlation

between the small oscillations and ventilatory activity in frogs unidirectionally ventilated with
.
2
2% CO

Also, similar oscillations remained during UDV with room air or 50% 02 yet

breathing was virtually eliminated in most animals.

Finally, the oscillations in 02 were

practically eliminated in animals during UDV with hypoxic gas mixtures at which time breathing
episodes were significantly increased.

It remains possible that oscillations in P0
2 and/or

/pH still occur at the local tissue level of the various chemoreceptors involved in regulating
2
Pco
ventilation but given the apparent constancy of the arterial blood supplying these sites during
UDV, this does not seem likely.
This conclusion is not consistent with the hypothesis that breathing episodes are dictated
solely by oscillations of blood gases and pH (Shelton and Croghan, 1988). According to this
hypothesis, one would predict that UDV with 2% CO
2 would result in continuous breathing;
despite ventilation, Paco
2 would never fall sufficiently to turn the episodes off. This was never
observed; the breathing pattern of the frogs on UDV with 2% CO
2 remained episodic. This
finding suggests that, like turtles, the basic output of the central respiratory rhythm generator
of the frog is episodic, even under conditions during which all sensory feedback appears tonic
(Douse and Mitchell, 1990b). West et al. (1987) also raised this possibility but despite data
identical to ours, concluded that it was still “attractive to think” that the periodicity of
intermittent lung ventilation in undisturbed animals depended on blood gas changes during
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periods of apnea and lung ventilation. It is possible that larger changes in blood gases which
occur during periods of submergence play a role in regulating breathing pattern but we must
conclude that the smaller oscillations seen in animals resting with free access to air do not appear
to do so.

3. The effects of changing levels of tonic chemoreceptor input on ventilation
The effects on the breathing pattern of Rana catesbeiana of changing tome levels of
chemoreceptor input by UDV with hypoxic and hypercapnic gases were comparable to those
reported for Bufo marinus (West et al. 1987; Smatresk and Smits, 1991). UDV with normoxic,
normocapnic or hyperoxic, normocapnic gas would eliminate spontaneous ventilation in most
animals suggesting that chemoreceptor input of a certain level was required to initiate ventilation.
Both decreases in Pao
2 and increases in Paco
2 (with concomitant decreases in pH) would serve
this role although hypercapma was a much more potent stimulus than hypoxia. Increases in
breathing frequency were due entirely to decreases in the non-ventilatory periods; the
instantaneous breathing frequency remained constant at all levels of respiratory drive. There was
a notable change in breathing pattern as respiratory drive increased.

At lower levels of

respiratory drive the pattern consisted of many single breaths and a few small episodes. As
respiratory drive increased, more of the breaths occurred in episodes until, at high levels of
respiratory drive, almost all breaths occurred as part of lung inflation cycles. Thus, although
the chemoreceptor input was tonic at each level of drive, breathing was episodic. The buccal
pressure amplitude and time integral of buccal pressure were both augmented with increases in
respiratory drive stemming from both hypoxia and hypercapnia. These increases were due in
part to a genuine increase in the pressure amplitude associated with individual breaths, whether
taken singly or as part of a lung inflation cycle, and in part due to the fact that more and more
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of the breaths were part of lung inflation cycles. Because of the increase in lung volume and
lung pressure during a lung inflation cycle, the buccal pressure swings associated with each
successive breath in a lung inflation cycle must increase whether VT increases or not.

The

modest response to hypoxia was primarily due to the small increase in breathing frequency which
reflects the fact that neither the number of breaths per episode of breathing nor the length of the
pause between breaths or breathing episodes changed much until Pao
2 approaches the critical P0
2
(30-37 Torr for Bufo marinus; POrtner et at. 1991). This suggests that intracellular acidosis may
be required to produce an increase in the number of breaths per episode of breathing. Overall
the data suggest that tonic chemoreceptor input not only plays a role in determining the total
level of minute ventilation but also plays a role in determining breathing pattern.

Thus the

conversion from single breaths to episodes of breathing and finally to lung inflation cycles will
all occur with an adequate rise in tonic afferent input; these changes in pattern do not require
changes in phasic afferent modulation.

These results are also very similar to those obtained

from animals breathing spontaneously without the intervention of UDV (Maclntyre and Toews,
1976; Boutilier and Toews, 1977; West and Burggren, 1982; Kruhøffer et at. 1987; Boutilier,
1988; Branco et al. 1992). Indeed, comparison with literature values support the conclusion that
phasic chemoreceptor input plays little role in the control of breathing pattern.

4. The significance of instantaneous buccal oscillation and lung ventilation frequencies
Because respiratory events occur intermittently in the bullfrog, the concept of a central
pattern generator for breathing in these animals has not received much thought. But, although
no intrinsic rhythm is obvious in overall breathing events, there is an intrinsic rhythm to buccal
oscillations as well as to the breaths occurring in a breathing episode (fL
).
1

It has been

suggested that buccal oscillations may be homologous to gill ventilations in fish and their rhythm
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may reflect vestiges of the central rhythm generator for gill ventilation (Smatresk, 1990). Buccal
oscillations and lung ventilations are produced by the same muscles. The primary difference
between these two events is the force of the contraction and the positions of the glottis and
nares. Lung ventilations are associated with more forceful contractions with the glottis open and
nares closed; buccal oscillations are associated with less forceful contractions with the nares open
and the glottis closed. It appears that in resting animals, buccal oscillations occur continuously
during periods of apnea and that lung ventilations normally occur at a time when another buccal
oscillation would have been initiated (Figs. 1.1 and 2.6). Regardless of the level of respiratory
drive and

fLabs,

the

Increasing respiratory drive simply appears to result in this rhythm being expressed

there appears to be an intrinsic rhythm to lung inflation events as revealed by

a greater percentage of the time.
These observations suggest at least two possible scenarios. The first is that there is a
single rhythm generator whose output is integrated with inputs from higher centers and
peripheral feedback (mechano- and chemoreceptors) at two distinct pattern generators. At low
levels of respiratory drive, only output from the pattern generator driving buccal oscillations is
produced but as respiratory drive increases, output is generated from the pattern generator
driving lung inflation which leads to the increase in the force of buccal contraction and the
switch in the state of the nares and glottis. The other possibility is that there are two distinct
rhythm generators which are entrained under most circumstances with expression of the lung
rhythm being conditional upon a higher level of central and/or peripheral receptor input.
One set of data from the present study does argue for the latter case. Hypercapnia had
no effect on

fLjflSL

(Fig. 2.3) but did reduce both the occurrence of buccal oscillations and their

instantaneous frequency when they did occur (Figs. 2.4 and 2.6). This might suggest that there
are separate rhythms for lung inflation and buccal oscillation which can be uncoupled. Given
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the magnitude of the changes and the small number of observations of both fL
, and fB
1
1 at low
levels of Paco
2 and of fB
, however, this conclusion should be treated
2
18 at high levels of Paco
with caution. Most animals did not breath when PaC0
2 was low and buccal oscillations were
almost eliminated in all animals when Paco
2 was high. The disappearance of buccal oscillations
and the concomitant augmentation of lung inflation under hypercapnic and/or acidemic conditions
have been reported in many previous studies (De Marneffe-Foulon, 1962; Maclntyre and Toews,
1976; Smith et al. 1991a).
That resting

and

were slightly different (Figs. 2.3, 2.4, 2.5 and 2.6) might also

argue favourably for two separate rhythm generators. It is also possible that the slower fL
,
1
simply reflects the longer interval required to pump a larger volume of air during a lung
ventilation as opposed to a buccal oscillation and that during this time the intrinsic rhythm is
modified by pulmonary feedback.
Extracellular recording from in vitro brain stem spinal cord preparations from Rana
catesbeiana tadpoles and adults have been obtained recently which reveal that it is possible to
manipulate the two types of buccal activities independently with pharmacological agents (Walker

et al., 1990; Smith et al. 199 la; McLean, 1992). The data, however, only argue that there are
separate pattern generators and sheds no light on the question of central rhythm generation.
Whatever the case, the observation that breathing is completely suppressed when
convective requirements are met by UDV (West et al. 1987; Smatresk and Smits, 1991; present
study) indicates that lung ventilation is conditional upon a minimal stimulatory input (West et
al., 1987; Smatresk and Smits, 1991; Smatresk, 1990; Milsom, 1990). The fact that breathing
will still occur in episodes as respiratory drive increases even though the chemoreceptor input
is tonic raises questions as to what turns breathing episodes on or off.

Clearly the tonic

chemoreceptor input influences the length of the non-ventilatory period as well as the number
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of breaths in a breathing episode but not through a simple system of “on” and “off” thresholds.
The constancy of the

observed once ventilation is initiated suggests there is a conditional,

central rhythm generator involved. Our data does not allow us to determine whether buccal
oscillations and lung inflations are generated by a single, or distinct, central rhythm generator(s).
Finally, the fact that lung ventilations always occur at a time when a buccal oscillation would
otherwise have occurred suggests that if there are separate rhythm generators, they are entrained
to a large degree.

Page 65

CHAPTER 3:
THE ROLE OF C0
-SENSITIVE OLFACTORY AND PULMONARY RECEPTORS IN
2
THE CONTROL OF BREATHING PATTERN
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INTRODUCTION
Much research has focused on the role of arterial and/
or central chemoreceptors in the
control of episodic breathing in lower vertebrates (Douse
and Mitchell, 1992a, b; Smatresk and
Smits, 1991; West et a!., 1987; chapter 2). Recent studies
on anuran amphibians have shown
that some minimal level of chemoreceptor drive is required
for the expression of any respiratory
rhythm (Smatresk and Smits, 1991; chapter 2). Furtherm
ore, they have demonstrated that
although exposure to increasing levels of hypoxia or hype
rcapnia promotes a more continuous
breathing pattern by increasing the number of breaths in
each breathing episode and reducing
the duration of the non-ventilatory period between episod
es, phasic changes in chemoreceptor
afferent input are not required for the onset and cessation
of breathing episodes in these animals
(Smatresk and Smits, 1991: West et al., 1987; chapter 2).
The work reported in the present study focuses on the potential
contribution of two other
receptor groups to the genesis of episodic breathing. The
first group consists of the olfactory
receptors situated in the nasal mucosa. These chemorec
eptors have afferent projections in the
trigeminal and olfactory nerves (Sakakibara, 1978).

In bullfrogs, it is known that tonic

stimulation of these receptors with CO
2 depresses ventilation transiently (Coates and Ballam,
1990; Sakakibara, 1978). This contrasts with the overall
stimulatory effect of hypercapnia on
ventilation (for review, see Milsom, 1990a; Shelton et al.,
1986) and implies that the increase
in episodic breathing (increases in the number of brea
ths in each episode, the incidence of
episodes and the overall breathing frequency) during hypercarb
ia is a product of a depressant
input from upper airway receptors interacting with a stimulatory
input from arterial and central
chemoreceptors. In lizards, transection of the olfactory pedunc
les results in a more continuous
breathing pattern during acute hypercarbia (Coates et
al., 1990), suggesting that the interaction
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between olfactory and chemoreceptor inputs may play a role in initiating/terminating breathing
episodes.
Pulmonary receptors are the second group of C0
-sensitive airway receptors examined
2
in this paper. The only receptors known to be CO
2 sensitive which arise from the lungs of
anuran amphibians are the pulmonary stretch receptors (PSR).

The mechanoreceptors of

amphibians report to the CNS via afferent fibres in the vagi (Kuhlmann and Fedde, 1979;
Milsom and Jones, 1977). These receptors are mostly slowly adapting and their firing rates
decrease when the intrapulmonary CO
2 concentration is increased (Kuhlmann and Fedde, 1979;
Milsom and Jones, 1977). Lung inflation inhibits (and deflation stimulates) breathing in all
species of adult amphibians studied so far (for review see Milsom, 1 990b; Shelton and Boutilier,
1982; Shelton et al., 1986). Furthermore, lung deflation increases the number of breaths in the
ongoing or subsequent breathing episode (for review, see Shelton and Boutilier, 1982). The
consensus that emerges from these findings is that in amphibians, the initiationltermination of
breathing episodes could be modified by the C0
-modulated feedback from mechanoreceptors
2
in the lungs.
In light of this, the present study examined the contribution of these two groups of
receptors to the initiation/termination of breathing episodes by comparing the episodic breathing
pattern of intact bullfrogs to that of frogs in which the olfactory or pulmonary receptor afferent
input was surgically eliminated. The comparisons were made under normo- and hypercarbic
conditions.
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MATERIALS AND METHODS
The experiments were performed on 33 adult bullfrogs (Rana catesbeiana) of either sex
weighing between 120 and 289g (mean mass

=

209 ± 5g). The animals were obtained from

a commercial supplier and maintained according to the protocol described in chapter 2.

Surgical procedures.
Bullfrogs were anaesthetized by immersion in a ig

N solution of tricaine methane

sulfonate (Syndel) buffered to pH 7.0 with NaHCO
. To record buccal pressure, a piece of
3
polyethylene catheter (PE 50) was inserted into the buccal cavity via the tympanic membrane
according to the method of Jones (1970). This study involved six groups of frogs. The control
group (N

=

6) underwent no further surgical procedures; the frogs were returned to their tank

for recovery. For the olfactory denervated group (N

=

6), a small hole was drilled with a

Dremel tool in the anterior part of the skull, above the olfactory lobes. Fine bone shears were
used to open the skull, and the dura above the olfactory nerves was removed with fine forceps.
Both olfactory nerves were then lifted and sectioned with small scissors. The cranial opening
was repaired with bone wax (Ethicon, W-3 1) before the skin was sutured. The same surgical
procedure was repeated on the sham olfactory denervated group (N

=

6) except that the

olfactory nerves were left intact. In the pulmonary vagotomy group (N

=

6), a 2-cm incision

was made behind each scapula. The underlying musculature was also cut to expose the rostral
ends of the lungs. The pulmonary branch of the vagus nerve was then identified on both sides
and sectioned with small scissors. Muscular and dermal tissue layers were sutured separately.
For the sham vagotomy group (N

=

6), the surgical procedure was identical to the one just

described except that the vagi were not sectioned. A sixth group of frogs (N

=

3) was used to

quantify the changes which occurred in airway CO
2 profiles and arterial blood gases throughout
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the experimental protocol. In this group, a second polyethylene catheter (PE 20; length
cm) was inserted into the buccal cavity.

=

15

This catheter was positioned close to the glottis.

Although the measurements obtained with this catheter will not correspond to the CO
2 levels at
the receptor sites, they will reflect the nature and magnitude of CO
2 changes in the buccal cavity
and serve as a rough indication of the magnitude and direction of changes in CO
2 concentration
which occurred in the airways (choanae and bronchi) during these experiments. The femoral
artery was also cannulated occiusively with a polyethylene catheter (PE 50) in this group. This
catheter was used for arterial blood sampling.

Each bullfrog was allowed to recover from

surgery for at least 48h.

Experimental procedures.
Frogs were transferred from the recovery tank to a 1.6 1 opaque plastic jar filled with
approximately 900 ml of water at ambient temperature (20-22°C).

The buccal cannula, for

buccal pressure measurements, was filled with water and connected to a pressure transducer
(Narco Scientific).

In the sixth group of animals the second buccal cannula, for CO
2

measurements, was connected to a CO
2 analyzer (Beckman LB-2). A gas line was positioned
at the bottom of the chamber and the water was bubbled with either air, 4.5 % CO
2 in air or 6%
2 in air. The top compartment of the chamber was ventilated with the same gas as the one
CO
bubbled into the water.

The total flow rate of gas to the experimental chamber was

approximately 11 per minute. Direct measurements of CO
2 levels showed that, at this flow rate,
following a step change in the CO
2 level of gas supplied to the chamber, the gas phase of the
chamber turned over in 60 seconds and the gas composition of the water phase equilibrated with
the new gas mixture in roughly 5 minutes. The animals acclimated to the experimental chamber
for at least 2h before the onset of the experiment.
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Experimental protocol.
1. The breathing pattern of intact bullfrogs under normo- and hypercarbic conditions.
In this series of experiments the breathing pattern of intact bullfrogs was quantified first
at rest, when the frogs were breathing air. Breathing was then assessed after lh of exposure to
6% CO
2 in air and again after air was substituted for the 6% CO
2 in air mixture.

2. The role of olfactory receptors in the control of episodic breathing.
This series of experiments assessed the contribution of upper airway (olfactory) receptors
to the shaping of breathing pattern in bullfrogs. It compared the breathing pattern of olfactory
denervated frogs to that of sham operated and control frogs.

Comparisons of ventilatory

variables were made for each of the different gas regimes described in the previous section.

3. The role of pulmonary receptors in the control of episodic breathing.
This series of experiments assessed the contribution of pulmonary receptors to the
production of breathing pattern in bullfrogs. It compared the breathing pattern of vagotomized
frogs to that of sham operated and control frogs. Comparisons of ventilatory variables were
made for each of the different gas regimes described in section 1.

4. Kinetics of changes in airway and arterial blood CO levels.
Because a paradoxical increase in breathing was observed immediately following the
switch from hypercarbic to normocarbic conditions (see Results), an additional series of
experiments was performed to quantify CO
2 levels in the buccal cavity and arterial blood in an
attempt to identify a possible underlying mechanism. Breathing, arterial blood gases and buccal
cavity CO
2 levels were assessed when the frogs were breathing air, after 30 mm of exposure to
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4.5% CO
2 and throughout the first 30 mm

after air was substituted for the hypercarbic gas

mixture. The restricted availability of commercial gas mixtures at the time the experiments were
performed explains the use of 4.5 % CO
2 in air in this series. To assess changes in respiratory
drive throughout the experiment, blood samples (450 jd each) were taken for measurements of
arterial blood gases. The samples were taken at rest, after 30 mm of hypercarbia and after 0.5,
1.0, 1.5, 2.0, 15.0 and 30.0 miii of recovery. The blood was reinjected into the animal after
each measurement.

In this series, experiments were performed twice on each animal.

A

recovery period of at least 2h was allowed between each run.

Analytical procedures.
The tidal volume index, breathing frequency, minute ventilation index, instantaneous
frequencies (lung and buccal oscillation) and breathing pattern were quantified according to the
methods and criteria reported in chapter 2. Recording of respiratory variables began at least 10
mm before the 60 mm exposure to the experimental gas mixture, and was continued through the
first 30 mm of the recovery period.
In the three animals in which buccal cavity CO
2 profiles and arterial blood gases were
quantified, arterial blood gases were measured at room temperature immediately after sampling
with Radiometer PCO
2 (E 5046-0) and pH (G297/G2) electrodes in conjunction
2 (E 5036-0), Po
with a Radiometer PHM-73 pH/blood gas monitor. The PCO
2 electrode was calibrated with
humidified gases provided by a Radiometer GMA2 precision gas pump, the

electrode with

air saturated water and deoxygenated water (5 mM sodium bisulfate) and the pH electrode with
Radiometer precision buffer solutions. The CO
2 level in the buccal cavity was measured with
a Beckman LB-2 CO
2 analyzer calibrated with room air and a pre-analyzed gas mixture. The
sampling rate of the analyzer was 40 ml. min’ and the time constant of the system was 1.1 sec.
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This time constant was long relative to the time during which gas was expelled from the
bullfrog’s lungs (0.4 see). Consequently, although the end expired CO
2 values measured in this
study were accurate, end inspired CO
2 values were overestimated when the non-ventilatory pause
between breaths was shorter than the response time of the CO
2 analyzing system used here. This
was most evident when the frogs were breathing rapidly, such as during the post-hypercarbic
period. The magnitude of the error was not large since the occurrence of non-ventilatory pauses
during the post-hypercarbic period, which allowed the end inspired values to achieve their real
values, produced only small drops in the values measured (Fig. 3.5).

Data analysis.
Values for breathing variables under normocarbic and hypercarbic conditions were
obtained by analyzing a 5 mm

segment of data recording with a digitizing tablet (Jandel

Scientific). The segments quantified were taken immediately before hypercarbia and after 1 h
of exposure to 6% CO
2 in air. The post hypercarbia data is the mean data for the first 2 mm
segment of data recorded immediately at the onset of the post-hypercarbic period (recovery).
All data are presented as means ± 1 standard error of the mean (S. E. M.). The results were
statistically analyzed using an analysis of variance followed by a Fisher’s LSD multiple
comparison test.
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Figure 3.1: A buccal pressure recording illustrating the breathing pattern of (A) intact, (B)
olfactory denervated and (C) vagotomized bullfrogs while breathing air (left panel) and
after lh of breathing a 6% CO
2 in air gas mixture (right panel). The arrow indicates the
onset of recovery by reintroducing air into the experimental chamber. Note the small
buccal oscillations during air breathing between the larger buccal pressure changes
associated with lung ventilation.
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RESULTS
1. The breathing pattern of intact bulifrogs under normo- and hypercarbic conditions.
Figure 3. 1A illustrates the breathing pattern of an intact bullfrog breathing air, after 60
mm of exposure to 6% C0
, and upon return to breathing room air. While initially breathing
2
air, breaths occurred mostly in doublets or single breaths. Small amplitude buccal oscillations
occurred during the non-ventilatory pause between breathing episodes. Pre-hypercarbic values
of fL
1 and

were not different (66 ± 5.6 min
1 and 68 ± 6.3 min’, respectively). After

60 mm of exposure to 6% C0
, buccal oscillations had virtually disappeared;
2

,
1
fB

values could

only be calculated in two animals. The mean values recorded were significantly greater than
the corresponding two fL
1 values at this time. Absolute breathing frequency
74% (Fig. 3. 2A) despite a 47% reduction in

(fLabs)

increased

(Fig. 3. 3A), because the number of breaths

per episode increased (Fig. 3. 2B). The VindeX increased by 121 % of the normocarbic value (Fig.
3.2D) due to increases in both

fLthS

and the

VTlndex

(160% increase; Fig. 3.2C).

The transition from 6% CO
2 to air caused a further increase in the

fLabs

(300% greater

than values recorded during norinocarbia, 130% greater than values recorded during
hypercarbia; Fig. 3.2A).

The post-hypercarbic level of

5
fL

was 41% greater than the

hypercarbic one, but was still 26% lower than the normocarbic value (Fig. 3.3A).

Since

breathing was continuous (i.e. without any non-ventilatory pause) in most frogs during the post
hypercarbic period, no value is reported for breaths per episode in the control animals at this
time (Fig. 3. 2B). The Vindex was 255% greater than values recorded during normocarbia (61 %
greater than values recorded during hypercarbia; Fig. 3. 2D) due to increases in
the

VTlndex

fLab,

alone, as

returned to normocarbic levels (Fig. 3.2C).
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Figure 3.2: The effects of changing CO
2 levels on A) absolute breathing frequency, B) the
number of breaths per episode of breathing, C) the tidal volume index and D) the
ventilation index. Values were obtained from control (N = 6), vagotomized (N = 6)
and olfactory denervated (N = 6) frogs. A value significantly different from the
corresponding control value is indicated by * (p < 0.05) or ** (p < 0.10). A value
significantly different from the corresponding normocarbic value is indicated by + (r
< 0.05) or + (p < 0.10). A value significantly different from the corresponding
hypercarbic value is indicated by + (p < 0.05) or + + (p < 0.10). Note that for some
values of breaths per episode the number of measurements was not equal to 6 because
the animals were breathing continuously during the post hypercapmc period. In those
cases, the N value is indicates in parentheses. This was the case for all animals in the
control group, for which no values of breaths per episodes were obtained.
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2. The role of ofactoiy receptors in the control of episodic breathing.

The breathing patterns of control frogs are compared with those of sham operated animals
in Table 3.1.

Comparisons were performed on data collected during each of the three

experimental regimes described previously. Statistical analysis failed to reveal any significant
difference between the sham and control groups for any of the breathing variables measured for
all treatments. Therefore, the results obtained from the olfactory denervated frogs can be
assumed to reflect the effect of removing afferent input from the olfactory receptors.

As

illustrated by the physiograph recording in Fig. 3. 1B, the effect of the denervation procedure
on the normocarbic breathing pattern was very subtle. The mean values of

and fB
, of the
1

olfactory denervated group were lower than those of the control group (Fig. 3.3). The mean
values of

fLabs, ‘Index VTlndex,

and number of breaths per episode in the control and olfactory

denervated groups, however, were not statistically different while initially breathing air (Fig.
3.2).
Exposure to hypercarbia for 60 mm

provoked a 565 % increase in

fLabs

which was

significantly larger than the increase seen in control frogs (Fig. 3. 2A). Notice that, contrary to
the control group,
(Fig. 3.3A).

did not change during hypercarbia in the olfactory denervated group

There was a 645% increase in the VIndex which, in absolute terms, was not

significantly different from that seen in control animals (Fig. 3. 2D). Since the

VTjfldex

change significantly (Fig. 3. 2C), this hyperventilation was produced by increases in

did not

fL

alone.

This was in part due to an increase in the number of breaths per episode recorded in this group
which was greater than that seen in the control group (Fig. 3. 2B).
Unlike the control animals, the olfactory denervated frogs did not display a further

increase in ventilation during the post-hypercarbic period (Fig. 3.1 B). Breathing immediately
began to decrease towards control levels at the onset of recovery (Fig. 3. 1B, 2).
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Figure 3.3: The effects of changing CO
2 levels on A) the instantaneous breathing frequency,
and B) the instantaneous buccal oscillation frequency. See Fig. 3.2
legend for more
details.

Page 80

Control
•

Pulmonary vagus sectioned

• Olfactory nerve sectioned

Instantaneous breathing
frequency (min’)

A

Instantaneous buccal oscillation
frequency (min’)

80

B

80

6o

óOr
*

+t
4O

20

20

0
Normocarbia

o
Hypercarbia

Post
Normocarbia
Hypercarbia

Hypercarbia

Post
Hypercarbia

Page 81

3. The role of pulmonary receptors in the control of episodic breathing.
The effects of the surgical procedure for exposing the pulmonary branches of the vagi
on breathing pattern was assessed for this series of experiments. The breathing pattern variables
measured under the three experimental regimes in the sham operated animals were similar to
those of the control group (Table 3.1). These data demonstrate that the breathing pattern of
vagotomized frogs was not affected by other aspects of the surgical procedure. Figure 3.1 C
illustrates the breathing pattern of a bullfrog after bilateral section of the pulmonary branch of
the vagus nerve. The striking feature of this recording is the magnitude of the breaths. The
buccal pump functioned more forcefully in these frogs than in any other group. Interestingly,
removing afferent vagal feedback did not prevent the amplitude of the breaths from becoming
progressively larger during a breathing episode. In vagotomized frogs, the amplitude of two
types of buccal movements, i.e. lung inflation and buccal oscillation, had a greater amplitude
and lung inflations occurred more frequently than in intact frogs. Data analysis confirmed that,
while breathing air, the fLabs, VTjndex and

Index

of the vagotomized group were greater than the

corresponding values measured in the control frogs (Fig. 3.2).

No other components of

breathing pattern were affected by the bilateral vagotomy while breathing air.
Bilateral vagotomy did not affect the changes in fL
5 seen during hypercarbia in the
control group (38% decrease, Fig. 3.3A).

Vagotomy also had no significant effect on

under normo- or hypercarbic conditions (Fig. 3.3B).

Hypercarbia reduced fLabs by 52% but

simultaneously increased the VTIfldex by 78% (Figs. 3. 2A and 3. 2C respectively). These changes
in the VTIfldex and fLabs counteracted each other and, thus, unlike the control and olfactory
denervated frogs, the vagotomized animals did not increase their Vifidex on exposure to 6% CO
2
(Fig. 3. 2D).

The number of breaths per episode of breathing in vagotomized frogs was
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increased significantly during hypercarbia (Fig. 3. 2B), and the reduction in breathing frequency
was due to longer non-ventilatory periods.
The immediate transition back to breathing air did not affect the breathing pattern of this
group.

This differs substantially from the response described for control frogs but was not

surprising given that the
and

Index
1

VIndex

had not increased with hypercarbia. Thus, the

fLabs, ttinst, VTIndex

did not change significantly during the immediate post-hypercarbic period in

vagotomized frogs (Figs. 3.2 and 3.3).

None of the vagotomized frogs began to breath

continuously at the transition and the number of breaths per episode returned directly to
normocarbic levels (Fig. 3. 2B).

4. Kinetics of changes in airway and arterial blood CO
2 levels.
Figure 3 .4A shows that under normocarbic conditions each lung breath (indicated by the
larger increase in buccal pressure) was associated with a rise in CO
2 in the buccal cavity.
Hypercarbia initially reversed the direction of the CO
2 oscillations associated with each lung
ventilation so that expiration now caused a reduction of buccal cavity CO
. while inspiration
2
augmented buccal cavity CO
2 (Fig. 3 .4B). This trend lasted on average 15 mm; after which
breathing no longer affected the CO
2 level in the buccal cavity (Fig. 3. 4C).
Figure 3.5 illustrates the recovery profile of selected variables for the first 2 mm of the
post-hypercarbic period. As the top panel illustrates, the milder hypercarbic stimulus used in
this series was equally capable of inducing the abrupt increase in breathing frequency observed
in frogs exposed to 6% CO
2 on return to breathing air. At the onset of the post-hypercarbic
period, buccal cavity CO
2 levels began to oscillate with each breath, decreasing during
inspiration and increasing during expiration. It took 60 sec for the gas phase of the chamber to
return to pre-hypercarbic levels (Fig. 3.5) while roughly 5 mm were necessary for water PCO
2
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2 measurements for the chamber and the buccal
) to return to normal levels. The CO
2
(PwCO
cavity could not be taken simultaneously and had to be obtained from separate runs.

This

explains why the CO
2 levels illustrated for the buccal cavity and chamber in Fig. 3.5 do not
correlate perfectly during the irispiratory phase. After 30 mm of exposure to 4.5% CO
. frogs
2
were acidotic; pHa and PaCO
2 were significantly different from their respective normocarbic
values (Table 2). Arterial pH and PaCO
2 returned to normocarbic levels within 1.5 mm (Fig.
3.5, Table 3.2). Arterial Po
2 remained unchanged throughout the entire experiment (Table 3.2).
Even though the

in inspired air, the water in the chamber, as well as in arterial blood, had

all returned to pre-experimental levels within 5 mm, it took up to 30 mm for breathing to return
to pre-experimental levels and pattern.
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Figure 3.4: This figure illustrates the relationship between breathing activity (shown here by
changes in buccal pressure) and the resulting changes in CO
2 levels in the buccal cavity
(measured inside the buccal cavity near the glottis) during normocarbia (top two traces),
after 5 mm (middle two traces) and 30 mm (lower two traces) of exposure to a 4.5 %
2 in air gas mixture.
CO
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Figure 3.5: A recording of the changes in breathing (buccal pressure; top panel), and the
changes in co in the buccal cavity (airways), the gas phase of the chamber (chamber),
the water phase f the chamber (water), and in arterial blood (blood) that occurred at the
transition from hyper- to normocarbia. * indicates a value of Pa
0 significantly
different (p < 0.05) from the pre-experimental (normocarbic) value whicl? are shown in
Table 3.2. The buccal pressure, water and buccal cavity
recordings were obtained
simultaneously, while the chamber
recording was
2 taken from a separate
experimental run. Arterial
values ar the means of 3 animals ± 1 SEM.
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Table 3.1: The effects of sham surgery on the breathing pattern of bullfrogs breathing
different gases. Post-hypercarbia refers to the period immediately following the return
to breathing air.
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12

± 3.4

66
± 6.1

1.5
± 0.2

Absolute breathing
frequency (mm’)

Instantaneous breathing
frequency (miii’)

Breaths per episode

68
± 7.1

9
± 1.9

Tidal volume index
(arb units)

Instantaneous buccal oscillation
frequency (mm’)

141
± 60

Ventilaijon index (arb units)

Air

43
± 5.6

8 +
± 2.5

35 +
± 4.6

N
=

49
1

41
± 22.3
N=2

49 + +
± 3.4

48 + +
± 3.7

=J=

± 4.6

21

11 +
± 1.9

501 + +
± 65

Post
Hypercarbia

15+
± 1.7

312 +
± 79

Hypercarbia

CONTROL

67
± 4.7

5
± 3.7

66
± 6.3

9
± 2.5

8
± 1.6

82
± 33

Air

45
± 4.3

16 +
± 5.7

38 +
± 2.0

28 +
± 2.2

II +
± 1.0

314 +
± 37

Hypercarbia

+ ++
± 59

48
± 1.1

17 +
± 7.4
N=4

47 +
± 1.0

40 + +
± 3.2

10+
± 0.8

405

Post
Hypercarbia

SHAM OLFACTORY NERVE
SECTION

4.2

58
±

1.1
±
0.1

59
±
3.9

6

14
±
1.6

84
± 25

Air

+

41
± 7.3

7 +
± 2.3

36 +
± 1.9

± 4.4

19

16
± 3.4

251 ==
± 54

Hypercarbia

+ ++
± 2.4

44
±4.6

17
± 7.8
N=3

46

41 + +
± 4.4

16
± 3.5

598 + +
± 108

Post
Hypercarbia

SHAM VAGUS NERVE
SECTION

Table 3.2: Recovery profile of selected blood gas variables of bullfrogs after exposure to 4.5%
2 for 30 mm. Values are expressed as means ± standard error. * indicates a value
CO
significantly different from the corresponding air value at p < 0.05. N = 3, n = 6.
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CD

7.97 ± 0.03
7.97 ±
0.06
10.9 ± 0.8
79±5.5

7.89 ±
0.06
12 ± 0.5
83±5.1

7.92 ±
0.06
15 ± 2.8*
86±8.1

7.85 ±
0.06
14 ± 1.7*
90±1.8

7.54 ±
0.02*
28 ± 1.1*
99±6.9

7.96 ±
0.03

9 ± 2.6

94±6.3

plla

PaCO
2
(Torr)

Pa0
2
(Torr)

74±3.2

10.9 ± 0.4

30.0
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2.0

1.0
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0
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(mm)
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2
4.5% CO
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DISCUSSION
The major focus of the present study was to examine the role of olfactory and pulmonary
-sensitive receptors in the initiationltermination of breathing episodes. Recent studies on
2
C0
anuran amphibians demonstrated that some minimal level of chemoreceptor drive was required
for the expression of any respiratory rhythm (Smatresk and Smits, 1991; chapter 2). However,
they also demonstrated that phasic changes in chemoreceptor afferent input were not required
for the onset and cessation of breathing episodes in these animals (Smatresk and Smits, 1991,
West et al., 1987; chapter 2). This raised the question “what turns breathing episodes on and
off?”.

The present study confirms earlier studies showing that input from CO
-sensitive
2

olfactory and pulmonary airway receptors affect the incidence and length of breathing episodes,
but leads to the conclusion that neither of these inputs is responsible for turning breathing on or
off per se either.

1. The role of ofactoiy receptors in the control of episodic breathing.

The breathing pattern and the response to hypercarbia of the control frogs were similar
to those obtained in other studies (Jones and Chu, 1988, Maclntyre and Toews, 1976; Smatresk
and Smits, 1991; West et al., 1987; chapter 2). What has not been reported in other studies on
anuran amphibians is the increase in breathing frequency seen when the CO
2 was removed from
the inhaled gas mixture. This increase was extremely large in the present study; equal to that
of the initial response to hypercarbia. What was most surprising is that it occurred at a time
when the respiratory drive would be expected to be decreasing and ventilation would be expected
to fall. This increase was similar to increases which have been reported in several species of
lizard and snake (Glass and Johansen, 1976; Nielsen, 1961).
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There were no significant effects of removing olfactory receptor input on breathing
pattern and overall ventilatory output in normocarbic frogs. In olfactory denervated animals,
however, the peak ventilatory response was observed during the hypercarbic period; there was
no further increase in ventilation at the immediate transition from breathing 6% CO
2 to breathing
air. Furthermore, the ventilatory output and breathing pattern of the olfactory denervated frogs
recorded during hypercarbia were not significantly different from those of control animals during
the post-hypercarbic period.

These observations suggest that, as in lizards, stimulation of

olfactory receptors by high tonic airway CO
2 levels restricts the increase in breaths per episode
and fLabs during hypercarbia in intact animals (Ballam and Coates, 1989; Coates et a!., 1990) and
that removal of this inhibition in intact animals at the transition from hypercarbic to normocarbic
conditions somehow accounts for the post-hypercarbic hyperpnea.
It is possible that the vomeronasal nerves were also sectioned by the olfactory transection,
so that some of the effects observed after the denervation could have been due to cutting the
vomeronasal nerves.

However, because the vomeronasal organ detects compounds that are

usually high-molecular-weight, nonvolatile and contain proteins, whereas the olfactory stimuli
are primarily volatile, low-molecular-weight compounds (Coates and Ballam, 1989), it is very
unlikely that the vomeronasal organ was involved in the changes in breathing pattern produced
by tonic CO
2 levels in the upper airway.
The absence of any increase in the VTTfldex during hypercarbia is another interesting
peculiarity of the olfactory denervated group. It suggests that stimulation of olfactory receptors
by elevated levels of CO
2 mediates, at least partially, the increase in the 5
VTJfld
X
. Thus the VTIfldex

returned to normocarbic levels during the post-hypercarbic period in the control group despite
the post-hypercarbic hyperpnea.
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Although it is clear that olfactory receptors are responsible for the production of the-post
hypercarbic hyperpnea illustrated here, it is also clear that modulation of the action of these
receptors is not responsible for the production of intermittent lung ventilation. The fact that
breathing was never continuous in olfactory denervated frogs during hypercarbia indicates that,
although olfactory receptor afferent input affects breathing pattern significantly, it is not the
reason that breathing remains episodic during hypercarbic exposure.

2. The role ofpulmonary receptors in the control of intermittent breathing.
Most investigations report that vagotomy in air breathing vertebrates produces a reduction
in breathing frequency and an increase in VT stemming from a prolonged respiratory effort. Of
note is the fact that this is quite different from the effect of reducing lung volume which is
generally an increase in breathing frequency (for reviews, see Milsom, 1990b; Shelton et al.,
1986). The literature documenting the effects of vagotomy on the breathing pattern of
amphibians, however, is rather scarce. In Xenopus laevis, vagotomy had no effect on VT but
augmented

fLai,s

(Evans and Shelton, 1984) while in the present study on Rana catesbeiana,

vagotomy produced a significantly greater

VTIfldex

and

fLabs.

It would appear, therefore, that

unlike the situation in most other air breathing vertebrates, vagotomy in frogs does mimic the
effects of reducing lung volume.
It is not clear why an increase was seen in the VTIfldex in Rana catesbeiana but not
Xenopus laevis, following vagotomy. The elevated

VTlndex

in Rana was not due to prolonged

inspiration since the mean value of fL
1 was unaffected by vagotomy suggesting that it was due
to a more powerful use of the buccal pump.

In the present study, vagotomy also increased

buccal oscillation amplitude, indicating that the inverse relationship that exists between
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pulmonary stretch receptor discharge and buccal pumping amplitude for gill ventilation in
tadpoles (West and Burggren, 1983) is maintained in adult frogs.
There was one other difference between the effects of vagotomy on breathing in Xenopus
and Rana; in Xenopus, vagotomy augmented

fLabs

by increasing the number of breaths per

episode (Evans and Shelton, 1984) while in Rana, vagotomy augmented

fLthS

by decreasing the

non-ventilatory pause; the number of breaths in each breathing episode was not affected by the
bilateral vagotomy. The reasons for this difference are also not clear.
Exposing the vagotomized frogs to hypercarbia led to further increases in the
decrease in

fLabs,

and, consequently, no change in the

Vj,ex.

Despite the decrease in

VTjfldex,

,
5
fL

a

there

was a significant increase in the number of breaths in each breathing episode, but not as large
an increase as that seen in control and sham animals.

This would suggest that during

hypercarbia, pulmonary vagal input contributes to the increase in fLabs by both reducing the non
ventilatory pause and further increasing the number of breaths per episode.
observation here is that pulmonary vagal feedback appears to inhibit
by prolonging the non-ventilatory period, but stimulates

fLabs

fLabs

The intriguing

during normocarbia,

under hypercarbic conditions, by

shortening the-non-ventilatory period and augmenting the number of breaths per episode.
The effect of vagotomy on the number of breaths in each breathing episode in
hypercarbic frogs is similar to fmdings reported for other episodically breathing species (Naifeh

et al. 1971a, b; for review, see Milsom, 1990b; Shelton et al., 1986). In reptiles, vagotomy
transforms the breathing pattern from one of episodes with many breaths to one of evenly spaced
single breaths or small episodes with two or three breaths (Naifeh et al., 197 la, b; Vitalis and
Milsom, 1986). The latter is the pattern normally observed in normocapnic bullfrogs and this
was unaffected by vagotomy. Thus, although the afferent signal from the pulmonary receptors
in Rana catesbeiana exerts an inhibitory effect on the respiratory control centres that govern air
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flow rates, and influences the duration of both the ventilatory and non-ventilatory periods, the
data from the present study does not support the proposition that vagal feedback directly causes
initiation/termination of breathing episodes per Se.

This conclusion is consistent with the fact

that the respiratory related motor output of in vitro preparations of turtle brainstem-spinal cord
consists of small episodes of fictive breathing that occur in the absence of any peripheral
feedback (Douse and Mitchell, 1990). This suggests that episodic breathing is an endogenous
property of the central nervous system. Unfortunately, very little is known about the neural
mechanisms underlying the spatio-temporal distribution of the breaths in episodic breathers. It
is conceivable that, as suggested by Jackson (1978), that the fundamental output unit of the
respiratory controller is the episode, rather than the breath.

3. Kinetics of changes in airway and arterial blood CO
2 levels.
As already pointed out, our observations suggested that stimulation of olfactory receptors
2 levels restricted the increase in breaths per episode and
by high airway CO

fLabs

during

hypercarbia in intact animals and that removal of this inhibition at the transition from
hypercarbic to normocarbic conditions somehow accounted for the post-hypercarbic hyperpnea.
To try to elucidate how this may have occurred we monitored buccal cavity and arterial blood
levels of CO
2 throughout the experimental protocol in three animals. We noted in the Methods
section, that the system used to quantify CO
2 levels in the airways was not perfect. Because the
airflow patterns and breathing mechanics of the bullfrog are very complex, the magnitude of the
2 levels in the proximity of the CO
changes in CO
2 sensitive receptors investigated here will
undoubtedly have been somewhat different from those we obtained from our sampling site near
the glottis. Our results do, however, indicate the rough magnitude and direction of changes in
2 levels in the airways during the different phases of the experimental protocol. The results
CO
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indicate that CO
2 levels in the airways 1) change (oscillate)
with the different phases of the
respiratory cycle when frogs are breathing room
air (normocarbia), 2) were constant during
hypercarbia, 3) began to oscillate again immediat
ely when a normocarbic gas mixture was
substituted for the hypercarbic gas mixture and
4) fell faster than 2
PaCO during the post
hypercarbic phase. They also indicate that
PwCO in the chamber decreased slowly during the
2
post-hypercarbic phase, more slowly even than
PaCO indicating that CO
2
2 could not have been
lost from the body across the skin to the water durin
g these experiments.
These findings lead to at least two possible conc
lusions vis-à-vis the role of olfactory
receptors in producing the post-hypercarbic hype
rpnea. One is that the olfactory receptors
responding to increased airway CO
2 levels partially inhibited the full increase in
which
would otherwise have been associated with the rise
in 2
Paco alone. In this scenario, the post
hypercarbic hyperpnea stemmed from the fact that
this inhibition was removed faster than the
stimulation of the arterial and central chemorec
eptors during the recovery period. This is
consistent with the observation in lizards that
increasing levels of tonic stimulation of the
olfactory receptors lead to increasing levels of
inhibition of the ventilatory response to
hypercarbia. There is also evidence from more recen
t work on lizards that suggested that while
tonic stimulation of olfactory receptors with eleva
ted levels of CO
2 inhibited breathing, phasic
stimulation of the olfactory receptors did not affec
t breathing frequency (Ballam and Coates,
1989), regardless of which specific phase of the respi
ratory cycle the peak of the CO
2 oscillation
occurred (Coates et a!., 1990). Thus, an alter
native conclusion is that the post-hypercarbic
hyperpnea occurred simply because stimulation
of the olfactory receptors became phasically
modulated rather than tonically modulated. Thes
e possibilities are not mutually exclusive and
both may have contributed to the post-hyp
ercarbic hyperpnea as well as other less obvious
mechanisms.
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The measures of buccal cavity and arterial blood CO
2 levels obtained in the present study
give rise to another interesting point. On the transition from hypercarbia to normocarbia, CO
2
levels had returned to normocarbic values in the gas phase of the chamber in 1 mm, in arterial
blood in 1.5 mm and in the water phase of the chamber in 5 miii. Despite this rapid return to
normocarbia, breathing remained significantly elevated above normocarbic levels for up to 30
mm. While it is possible that this reflects a longer term disturbance of central acid-base state
in these animals, it is also possible that this represents a form of long term facilitation of
breathing arising from the hypercarbic stimulation (Eldridge and Milthorn, 1986).

4. The significance of buccal oscillation and lung ventilation frequencies.
Although respiratory events occur intermittently in bullfrogs, there is an intrinsic rhythm
to buccal oscillations as well as breaths occurring in a breathing episode.

In the previous

chapter, it was observed that these intrinsic rhythms were the same, both during normoxic
normocarbia (air) and under conditions of increased respiratory drive. This led to the suggestion
of two possible scenarios. The first was that there is a single rhythm generator whose input is
integrated with other inputs at two distinct pattern generators.

At low levels of respiratory

drive, only output from the pattern generator driving buccal oscillation is produced.

As

respiratory drive increases, the rhythm is more often expressed as output from the pattern
generator driving lung inflation.

The other possibility is that there are two distinct rhythm

generators which are entrained under most circumstances with expression of lung rhythm being
conditional upon a higher level of central and/or peripheral receptor input. Although the current
study can not resolve this issue further, it is important to note that

and fB were virtually

identical under normocarbic conditions and changed in similar ways under all three regimes in
the control, olfactory denervated and pulmonary denervated groups.

If the assumption that
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instantaneous frequencies are reliable indicators of the endogenous respiratory rhythm in
intermittent breathers is valid, then the data indicate a number of interesting things.

They

indicate that instantaneous frequency decreases during hypercarbia even though absolute
frequencies increase (at least for lung ventilation) in control animals. This indicates that each
breath takes longer, which might be associated with the increased tidal volume index, but the
period between breathing episodes is greatly shortened, more than making up for the prolonged

breaths. It also indicates that the olfactory receptors, but not the pulmonary receptors, exert a
stimulating action on respiratory rhythm in normocarbia and an inhibitory action on respiratory
rhythm during hypercarbia.

5. Physiological significance.
It has been suggested that reflex inhibition of respiration by high tonic airway CO
2 in
reptiles is a defense mechanism provided by olfactory receptors which is advantageous to
amphibians and reptiles (Coates and Ballam, 1990). It can restrict futile breathing activity under
hypercarbic conditions, when CO
2 excretion is compromised.

Whatever the physiological

significance of the reflex, the present study demonstrates that a similar reflex is present in an
anuran amphibian and further reinforces the observation that hypercarbia does not equal
hypercapnia in studies on the control of breathing in lower vertebrates.
It has now been shown that although arterial chemoreceptor, olfactory receptor and
pulmonary receptor feedback all shape breathing pattern, none of these inputs is solely
responsible for turning episodic breathing on or off. This conclusion is consistent with the fact
that the respiratory related motor output of in vitro preparations of turtle and frog brainstem
spinal cord consists of small episodes of fictive breathing that occur in the absence of any
peripheral feedback (Evans and Shelton, 1984; Maclntyre and Toews, 1976).

This clearly
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suggests that episodic breathing is an endogenous property of
the central nervous system. From
this, it can be concluded that the breathing pattern observed
during normocarbia either reflects
the basic rhythm generated by the central nervous system or
that there are redundant systems
which somehow control the onset/termination of breathing episod
es.
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CHAPTER 4:
AN OPEN-LOOP ASSESSMENT OF THE ROLE OF VAGAL AFFERENT INPUT TO
THE CONTROL OF EPISODIC BREATHING.
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INTRODUCTION
In the previous chapter, the role of vagal afferent feedback in the control of episodic
breathing was assessed by sectioning the pulmonary branch of the vagus nerve. Although this
procedure lead to an increase in the amplitude and frequency of resting ventilation, indicating
that pulmonary stretch receptor (PSR) feedback modulates breathing pattern, the data also
indicates that it is not responsible for the onset/termination of the breathing episodes. Vagotomy
also abolished the increase in breathing frequency that anuran amphibians usually exhibit during
hypercarbia (chapters 2 and 3; Branco et al. 1992; Smatresk and Smits, 1991; West et al., 1987),
suggesting that pulmonary vagal input is necessary for the production of normal respiratory
chemoreflexes.
Because vagal afferent traffic is very complex, however, it was impossible to determine
whether the ventilatory changes observed post-vagotomy actually reflected the absence of PSR
feedback specifically, or the removal of some other sensory feedback. A survey of the literature
reveals the importance, as well as the complexity of vagal feedback in respiratory control. It
also reveals that the data obtained from studies employing vagotomy must be interpreted
carefully.

For instance, elimination of all vagal feedback by vagotomy mimics the classic

Hering-Breuer reflex in most vertebrates; that is a reduction in breathing frequency, an increase
in inspiratory duration, and hence tidal volume, and a shortening of expiration. These changes
contrast with the effects of reducing PSR input by deflating the lungs which increases breathing
frequency without affecting inspiratory duration or tidal volume; i.e. it decreases the expiratory
duration (Bartoli et al., 1973a, b; see review by Milsom, 1990b). Lung deflation removes both
tonic and phasic input arising from PSR. Studies on the timing of respiratory events have shown
that tonic PSR input primarily controls respiratory frequency through an effect on expiratory
duration (TE) (Bartoli et al., 1973a, b), but fails to modulate inspiratory duration (TI); whereas
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studies in which PSR feedback changed phasically with each breathing cycle showed an inverse
relationship between TI and VT (Clark and von Euler, 1972; Cross et al., 1980; Feldman and
Gautier, 1976).
The sum of this work argues that the nature of the PSR feedback (i.e. phasic vs tonic
vagal feedback) must be considered in a proper investigation of its role in respiratory control.
Furthermore, although deflation of the lungs reduces, but does not eliminate all, PSR and other
vagal inputs, the breathing pattern observed upon lung deflation differs markedly from the
breathing pattern observed post-vagotomy.

With this in mind, the present study further

investigated the role of vagal afferent feedback in the control of breathing pattern using a
decerebrate, paralysed, unidirectionally ventilated frog preparation similar to the one developed
by Kogo and co-workers (1994). This approach made it possible to manipulate lung pressure,
and PSR feedback, directly and relatively independent of other vagal afferent inputs that affect
breathing. It compared the fictive breathing pattern of bullfrogs exposed to phasic and tonic
changes in lung volume and compared the effects of vagotomy to that of deflating the lungs.
This preparation provides great control over respiratory drive, so that it was also possible to
open the chemoreceptor feedback loop. Since chemoreceptor and pulmonary vagal afferents are
known to interact to modulate ventilatory control in mammals (see review by Mitchell et a!.,
1990) these experiments were performed under different levels of respiratory drive so that it was
also possible to determine whether PSR and chemoreceptor afferent inputs interact to modulate
the breathing pattern in bullfrogs.
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MATERIALS AND METHODS
The experiments were performed on 13 adult bullfrogs of either sex weighing between
269 and 393g (mean weight 309 ± 10.6g). The animals were fed and maintained according to
the protocol described in chapter 2.

Animal preparation.
The reduced frog preparation used in this study was similar to the one developed by
Kogo et at. (1994). The frogs were anesthetized by immersion in a mixture of cold water and
crushed ice bubbled with 02 for at least an hour or until the toe pinch reflex was abolished
(Stehouwer, 1987). The animal was then moved to the surgery table, and a small hole was made
on the dorsal surface of the skull with a dental drill, thus exposing the telencephalon. Fine bone
shears were used to enlarge the hole caudally until the optic tectum was reached. The brain was
transected between the optic tectum and the rostral forebrain with a blunt spatula and the entire
forebrain was aspirated with a suction device. The decerebration procedure took usually less
than 5 mm. Bleeding was controlled by cautery, absorbable haemostat, and by filling the cranial
cavity with cotton pellets. The frogs were then paralysed by a pancuronium bromide injection
in the dorsal lymph sacs (Pavulon, 0.50mg100g’, 2mgm1’).
The left femoral artery was cannulated occlusively with polyethylene tubing (PE 50) to
monitor blood pressure. Both lungs were then cannulated for unidirectional ventilation (UDV)
according to the method described in chapter 2. The frog was then moved on to its back and
the skin covering the mandible was cut and retracted. The mandibular branch of one trigeminal
nerve was located and isolated. A piece of 5-0 silk was placed around the nerve before it was
cut distally.

The glottis was sealed with two wound clips to prevent gas leaking from the

artificially ventilated lungs. The tympanic membranes were cut on both sides before the animal
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was placed on its stomach and its head was positioned (dorsal surface facing upward) in a
stereotaxic holder.

The vagus nerve was located on one side from a dorsal approach.

An

incision was made above the scapula, the muscles were cut and the scapula retracted to isolate
the laryngeal branch of the vagus nerve. A piece of 5-0 silk was placed around the nerve before
it was cut. A custom made water bath bubbled with gas was positioned under the animal, and
wet towelling was draped over the frog with both ends in the bath acting as a wick to keep the
frog’s skin moist.
In one group of frogs (N = 7), the vagus nerves were located bilaterally at the cervical
level and isolated by placing a loose suture around each nerve for subsequent vagotomy. The
nerves were kept moist by placing a small cotton pellet soaked with Ringer solution next to each
nerve before closing the skin openings.
Efferent nerve activity to the respiratory muscles was recorded from the transected
mandibular branch of the trigeminal (Vm) nerve and the laryngeal branch of the vagus nerve
(Xl) (Sakakibara, 1 984a; Kogo et al. 1994). The mandibular branch of the trigeminal nerve
innervates the elevator muscles of the buccal cavity, whereas the laryngeal branch of the vagus
nerve innervates the opening and closing muscles of the glottis. As described in chapter 1, frogs
do not use an aspiration pump but instead use a buccal force pump to ventilate their lungs. This
pump produces two different events. Small pumping motions produced with a closed glottis
tidally ventilate only the buccal cavity (buccal oscillations). Larger pumping motions produced
with an opened glottis ventilate the lungs (lung ventilations). By recording from both Vm and
Xl, fictive buccal oscillations could be discriminated from fictive lung ventilations.

Small

amplitude activity in Vm without activity in Xl is interpreted to represent attempts at expulsion
of air from the buccal cavity (buccal elevation) to the atmosphere. Activity in Vm with activity
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in Xl is interpreted to represent attempts at pumping air from the buccal cavity through an open
glottis into the lungs (lung inflation).

&perimental procedures.
Once the surgery was completed, the frogs were unidirectionally ventilated with air at
a rate of 250 mlmin’ and 75 mlmin’ in series I and II, respectively, regulated by a flow meter.
The high flow rate in series I was selected to ensure rapid refilling of the lungs after they were
deflated in the phasic feedback experiments (see below). Prior to delivery to the lungs, the
inflowing gas was humidified by bubbling through an Erlenmeyer flask half filled with water.
The lung pressure was monitored by installing a T-piece, connected to a pressure transducer,
in the inflow cannula. The isolated branches of the trigeminal and vagus nerves were each
positioned on bipolar platinum hook electrodes and covered with a 1:1 mixture of vaseline and
mineral oil. Electrical nerve activity recorded from the bipolar electrodes was amplified [filter
settings: 200 Hz (high pass) and 10 kHz (low pass)], full wave rectified and integrated (Gould)
in 67-ms intervals. The raw and integrated nerve signals were viewed on an oscilloscope and
stored on a polygraph recorder and on a computer disk with a data acquisition system (AC
Codas). The sampling rate of the analog-to-digital conversion was 2500 Hz. The animal was
allowed to recover from cold anaesthesia for at least 30 mm before the onset of experiments.
Henderson and Burtsaert physiological saline (in mM: 118 NaC1, 2.5 CaC1
, 4.7 KC1, 1.1
2
, 1.2 MgSO
3
PO 24 NaHCO
2
KH
,
4
, 4.5 glucose) or adrenaline (0.05 mgml’ in physiological
4
saline) was injected into the arterial cannula when mean arterial blood pressure dropped below
0.
2
25cm of H
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Experimental protocol.:
Series I: The effects of yhasic vs tonic PSR feedback.
This series of experiments was performed on 6 bullfrogs, and compared the effects of
phasic vagal volume-related feedback on “fictive breathing pattern”, as indicated by the
electroneurograms (ENG), to that of a tonic level of lung pressure equal to the peak of the
phasic pressure swing. The phasic changes in vagal feedback were produced by deflating and
inflating the lungs with each attempted breath (fictive). The changes in lung pressure were
produced by connecting the UDV outflow catheter to a solenoid valve triggered by a peak
detector. The resting lung pressure was set to equal 4 cm of H
0 by submerging the UDV
2
outflow catheter to the appropriate level in a water colunm to control the outflow resistance.
When the integrated vagus nerve discharge rose 4.5 tVs above its baseline, indicating increased
activity to the muscles opening the glottis, the solenoid valve opened, and suction was applied
to the UDV outflow to rapidly deflate the lungs.

The solenoid valve was deactivated when

integrated Xl discharge fell below the threshold value, and the lungs reinflated to 4 cm of H
0.
2
Typically, the lung pressure at the end of the deflation was 2 cm of H
0. The fictive breathing
2
pattern recorded was then compared to that recorded previously for frogs in which lung pressure
was maintained constant at 5 cm 2
H
0
. To determine whether the pattern of vagal feedback
affected the frog’s responsiveness to hypercarbia, the animals were exposed to three levels of
hypercarbia which were set by changing the composition of the gas mixture in the UDV line.
These mixtures were air, 1.7 ± 0.1% CO
2 in air and 3.3 ± 0.2% CO
2 in air. They were
administered randomly, and a 25 mm equilibration period was allowed between each run with
a new mixture. Once a level of respiratory drive was established, the animals were exposed to
the different patterns of vagal feedback.

Page 108

Series II: The effects of changing the level of tonic PSR feedback.
This series of experiments assessed the effects of changes in tonic PSR feedback under
different levels of respiratory drive. The experiments involved two groups of bullfrogs; in the
hypoxic group (N

=

7), the animals were UDV with a hypoxic gas mixtures (6.0 ± 0.3% 02

in air), while in the second group (N

=

6), the animals were UDV with gas mixture containing

three different levels of CO
2 (air, 1.7 ± 0.1%, and 3.3 ± 0.2% CO
2 in air). The gas mixtures
were administered at random, and according to the protocol described in the previous series.
Once respiratory drive was established, PSR feedback was set at different levels by immersing
the UDV outflow catheter in a water cylinder to change the outflow resistance of the UDV line,
and thus, increase or decrease lung pressure accordingly. Pulmonary pressure was set to either
0, 2 or 5 cm of H
0 at random.
2

Series III: Comparison between vagotomy and tonic vagal feedback.
This series of experiments was performed on 7 frogs to determine if vagotomy and tonic
lung deflation (PL = 0 cm 1120) had similar effects on the fictive pattern of breathing. Bullfrogs
were exposed to a moderate respiratory drive (1.7 ± 0.04% C0
) and the fictive breathing
2
pattern was recorded at the different levels of tonic lung pressure described previously before
and after the vagus nerve was cut bilaterally at the cervical level. The fact that changing lung
pressure after the bilateral vagotomy had no effect on any of the variables confirmed that the
vagotomy was successful at removing mechano-receptor feedback.

Analytical procedures.

The gas mixtures administered to the animals were produced by mixing air with CO
2 or
2 with flow meters.
N

The gas mixture fed to the UDV line and water bath was sampled
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continuously from the outfiowing gas line and monitored with
a Beckman LB-2 CO
2 analyzer
and OM-1 1 oxygen analyzer calibrated with gas mixtures produc
ed by a Radiometer GMA2
precision gas supplier. Both pressure transducers were calibra
ted against a static water column.
Because paralysed frogs could not spontaneously generate air flow
to their lungs, many
respiratory variables could not be measured directly. Thus,
the duration of the breathing cycle
(TT0T) and inspiratory duration (Ti) were estimated by measu
ring burst duration from the Xl
and Vm, respectively. These assessments are based on the fact
that a) pulmonary ventilation in
frogs can only occur while the glottis is opened and b) lung
inflation (inspiratory phase) is
produced by rapid elevation of the floor of the buccal cavity when
the glottis is opened (West
and Jones, 1975; Sakakibara, 1984a), as previously demonstrated
by others (Kogo et at., 1994).
For similar reasons, tidal volume could not be measured directl
y. Instead, the peak of
the full wave rectified and integrated trigeminal ENG was
used as an index of tidal volume.
Sakakibara (1984a) has correlated the pattern of respiratory
nerve activity with the changes in
buccal and lung pressure that occur during the breathing
cycle in the bullfrog.

His study

demonstrated that the compound trigeminal ENG recorded just
proximal to the site of the nerve
branching off to the respiratory muscles (the recording site
of the present study) had activity
corresponding to simultaneous elevation of buccal and lung pressu
res. This author subsequently
demonstrated that, in the glottis occluded frog, the integrated
peak trigeminal activity was
linearly related with peak buccal pressure (Sakakibara, 1984b),
validating the use of peak
trigeminal nerve activity as an index of total inspiratory activity.
This measure compares with
the use of peak integrated phrenic nerve activity as a correlate
of tidal volume in mammals
(Eldridge, 1971; 1975).

Consequently, multiplying the peak integrated trigeminal activity

(VTindex) by breathing frequency (fL) yielded an index of total ventila
tion

(inciex)

reported here

in arbitrary units.
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Breathing episodes are designated on a subjective basis. The criteria and methods used
to quantify the number of breaths within an episode, breathing frequencies (absolute and
instantaneous) and instantaneous buccal oscillation frequency were described in chapter 2. Note
that when breathing was continuous, no values were obtained for breaths per episode or episodes
per minute. Recordings of respiratory variables were obtained only when the fictive breathing
pattern was stable; this usually occurred within the first 1 minute following a static change in
lung pressure.

Data analysis.
Values for fictive breathing variables were obtained by analyzing 2-mm of data. All data
are presented as means ± SE. The results were statistically analyzed using a two-way analysis
of variance followed by a Student-Newman-Keuls test (P <0.05).
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Figure 4.1: Recordings of integrated trigeminal nerve activity ( V) illustrating the changes in
the fictive breathing pattern associated with increasing lung pressure from 0 to 2 cm H
0
2
(bottom trace) at each of four levels of respiratory drive, indicated to the right hand side.
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RESULTS
The fictive breathing pattern recorded from the decerebrate,

paralysed and

unidirectionally ventilated frog preparation was very similar to the one recorded from intact
bullfrogs (see chapters 1, 2 and 3). The pattern of activity was episodic, and the number of
fictive breaths in each bout of activity varied according to the level of respiratory drive, as it
is described below (Fig. 4.1). In some preparations, smaller amplitude bursts of activity were
recorded from the trigeminal nerve between larger amplitude bursts of activity (Fig. 4.1). These
occurred very rhythmically, and comparable activity could rarely be recorded from the vagus
nerve. These small rhythmic bursts appear to represent the small-amplitude buccal oscillations
described previously for intact frogs (see chapters 2 and 3).

1: The effects of phasic vs tonic vagal feedback.
Figure 4.2 compares the fictive breathing pattern of a bullfrog with phasic vagal feedback
(top panel) to the pattern recorded when PL was maintained constant at a level comparable to
the peak phasic pressure (bottom panel; tonic vagal feedback). The onset of a fictive breath
triggered a sharp decrease in PL from 4 to 2 cm 1120. Once the suction valve was shut at the
end of the vagal discharge, PL returned to its initial level before the onset of the next breath.
For both patterns of vagal feedback, increasing hypercarbic respiratory drive stimulated
breathing (p < 0.001)

(‘index;

Fig. 4.3A), owing mainly to increases in fLabs (p < 0.001) (Fig.

4.3B) since the VTjfldex was not affected by hypercarbia (p

0.837) (Fig. 4.3C). Hypercarbia

caused substantial changes in breathing pattern which accounted for the increase in

fLabs

Increasing the F
2 of the UDV prolonged the duration of each fictive bout of breathing since
each of them contained more breaths (p < 0.001) (Fig. 4. 3D).

Increasing hypercarbic

respiratory drive also increased the number of episodes per minute (p < 0.001), thus shortening
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the duration of the non-ventilatory pause (Fig. 4.3E). At the highest level of

however,

breathing became continuous. For both, phasic and tonic vagal feedback, there was an inverse
relationship between F
2 and trigeminal and vagal burst duration (p

=

0.009 and p

=

0.042,

respectively), such that hypercarbia shortened the duration of each fictive breath (Fig. 4.4).
Since hypercarbia shortened trigeminal and vagal burst durations equally, the relative timing of
the inspiration and expiration was unaltered by hypercarbia (p

=

0.263). From the ENG

recordings (Fig. 4.2) and the summarized data (Fig. 4.3), it is clear that phasic and tonic vagal
feedback had identical effects on the fictive breathing pattern in this preparation, as there were
no significant differences between either group (phasic vs tonic vagal feedback) for any of the
breathing pattern variables measured (Figs. 4.3, 4.4 and 4.5). The rest of the data presentation
will therefore focus on the effects tonic lung inflation on breathing pattern.

2. The effects of changing tonic vagal feedback on breathing pattern.
The ENG recording shown in Fig. 4.1 illustrates the changes in the fictive breathing
pattern that were typically observed when pulmonary pressure (PL) was tonically increased from
0 (left hand side) to 2 cm H
2
0 cm H
0 (right hand side) under different levels of respiratory
2
drive.

Overall, raising PL stimulated breathing (p < 0.001)

increases in

fLabs

Fig. 4. 5A), owing to

(p < 0.001) (Fig. 4.5B); raising PL decreased the VTjfldex (p < 0.001) (Fig.

4.5C). The increase in

fLabs

observed upon static lung inflation was due a greater number of

breathing episodes per minute (p
Vindex,

(‘‘index;

=

0.033) (Fig. 4.5E). The effects of PL on

fLabs,

and thus

were directly proportional to the respiratory drive (p < 0.001). This explains why the

effects of increasing lung pressure on

Index, fLabs,

breaths per episode and episodes per minute

had no significant on animals on UDV with air or hypoxia (P > 0.05 for all) (Fig. 4.6). The
number of breaths in a breathing episode was not significantly affected by tonic changes in PL
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(p

=

0.383) (Fig. 4.5D). At the higher levels of hypercarbia, increasing PL made the frogs

breathe continuously (1.7% CO
2 in air in 11 frogs, 3.3% CO
2 in air in all 13 frogs), so that the
breathing pattern consisted of a single continuous episode (Fig. 4.1, 4.5D and E). A two-way
ANOVA confirmed that hypercarbic respiratory drive and PL did interact to modulate the
number of episodes per minute (p

=

0.002), fL and

‘ex

(p < 0.001 for both) (fig. 4.5).

Figure 4.7A shows that the effects of changing PL on breathing described previously
were reversible. In this particular recording, the frog was unidirectionally ventilated with a
3.3% CO
2 in air gas mixture, and reducing PL from 2 to 0 cm H
0 changed the fictive breathing
2
pattern from continuous to evenly-spaced single breaths; fictive breathing frequency was
significantly reduced (p < 0.001).

As predicted from the previous description of the

relationship between static PL and burst amplitude (Fig 4.5C; 4.6C), decreasing tonic PSR
feedback augmented the burst amplitude of both, trigeminal and vagal ENG. The effects of
reducing PL were, however, more pronounced in the trigeminal than in the vagal ENG (Fig.
4. 3B).
The two fictive breaths presented in the lower panel of Fig 4. 7B demonstrate that vagal
afferent feedback is also an important modulator of the timing of the fictive breaths.
changes in timing are caused by shortening trigeminal burst duration only (p
changing vagal feedback had no effect on vagal burst duration (p

=

=

The

0.023), since

0.099) (Fig. 4.8).

As

depicted in Fig. 4. 7B, when lung pressure was greater than 0 cm H
O, in a typical fictive breath
2
the vagal discharge increased first, while the trigeminal ENG remained at baseline levels.
Trigeminal activity then increased some time later so that, for a significant portion of the cycle,
both nerves fired simultaneously. The fictive breath ended when both nerves became silent at
roughly the same time. In non-paralysed frogs, these events would correspond to glottal opening
to allow lung deflation, followed by activation of the buccal levators to reinflate the lungs by
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reversing the direction of gas flow at the opened glottis. Reduction of vagal feedback (Fig.
4. 6B) prolonged the duration of trigeminal activity, to the point that the increase in discharge
began at the same time, and in some cases before, any increase in vagal activity was recorded.
As predicted from the inverse relationship between the TI/TT0T ratio and PL (p

=

0.001; data

not shown), in intact frogs, this effect of reducing vagal afferent traffic would translate into a
reduction or complete elimination of the expiratory phase and a concomitant prolongation of the
inspiratory phase as the animal attempted to reestablish a normal lung volume.
Both vagal and trigeminal burst durations were shortened by increasing F
2 (p
and p

=

0.042, respectively), but were prolonged by reducing 0
F
2 (p

=

0.006 and p

=

=

0.009
0.002,

respectively) (Figs. 4 .4B; 4.8). The relative changes in burst duration (TI/TT0T) that favour
lung inflation with decreasing PL (lung deflation with increasing PL) were not significantly
affected by changes in respiratory drive (p

=

0.077).

Neither changes in respiratory drive nor PL had a significant effect on either buccal or
lung instantaneous frequencies (Fig. 4.9).

Page 117

Figure 4.2: A comparison between the effects of phasic (panel A) and tonic
(panel B) vagal
afferent feedback on the fictive breathing pattern of bullfrogs unidirectional
ly ventilated
with a 1.7% CO
2 in air gas mixture.
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Figure 4.3: A comparison of the effects of phasic (4-2-4 cm H
0; open symbols) and tonic (5
2
cm H
0; closed symbols) vagal feedback on A) ventilatory index (‘Index), B) absolute
2
breathing frequency (fLabs), C) peak integrated trigeminal nerve activity (VTIfldSX), D)
breaths per episode and E) episodes per minute at different levels of hypercarbic
respiratory drive.
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Figure 4.5: The effects of tonic changes in lung pressure on A) ventilatory index (Vindex), B)
absolute breathing frequency (fL), C) peak integrated trigeminal nerve activity (VTIfldex),
D) breaths per episode and E) episodes per minute. Each curve represent a different
level of hypercarbic respiratory drive (• air; D 1.7% C0
; • 3.3% CO).
2
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2
0. Panel B is an enlargement of two fictive
2
breaths from panel A to illustrate the effects of changing lung pressure on the timing and
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of panel B were obtained at a lung pressure of 2 cm H
0 while the bursts on the right
2
hand side were recorded at a lung pressure of 0 cm H
0. These recordings were
2
obtained from a bullfrog unidirectionally ventilated with a 3.3% CO
2 in air gas mixture.
Dotted lines indicate 1) the start of the vagal burst, 2) the start of the trigeminal burst
and 3) the approximate termination of both vagal and trigeminal bursts.
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3. Comparison between vagotomy and tonic Vagal feedback.
The data obtained in this series of experiments showed that in frogs on UDV with 1.7%
2 in air, increasing PL prior to vagotomy stimulated fictive ventilation (p < 0.001) (Fig.
CO
4.10). Although the absolute values for

index, fLabs,

peak trigeminal activity, trigeminal and

vagal burst duration obtained for this series were not identical those reported in series I
(compare Figs. 4.10 and 4.11 with Figs 4.5 and 4.8), the trends were identical. That is, static
increases in vagal afferent feedback increased
increase in the

index

fLabs

but reduced VT jndex causing an overall

(p < 0.001 for all) (Fig. 4.10), while it also reduced trigeminal burst

duration without affecting vagal burst duration (p < 0.00 1 and p

=

0.092, respectively) (Fig.

4.11).
For unknown reasons, the frogs in this series of experiments were more sensitive to the
hypercarbic stimulus than in series I. In the present series of experiments, raising PL above 0
cm H
O transformed the breathing pattern from episodic to continuous (Fig. 4.10) in frogs On
2
UDV with 1.7% CO
2 in air. In the previous series, however, this transformation was observed
at 3.3% CO
2 in air (Fig. 4.5).
The summarized data presented in Figs. 4.10 and 4.11 show that, in vagotomized
bullfrogs, changing PL did not have any effect on breathing pattern (p > 0.05 for all). These
0 and bilateral vagotomy, at any lung pressure, had
2
figures also show that a PL of 0 cm H
similar effects on the fictive breathing pattern on all of the breathing pattern variables that were
quantified (p > 0.05 for all). That is, vagotomy had the same effect as deflation to 0 pressure.
Fig. 4.11 demonstrates that elimination of PSR feedback had no significant effect on the
vagal burst duration, but prolonged the duration of the trigeminal bursts, such that in
vagotomized frogs, vagal duration was always shorter than trigeminal duration. In spontaneously
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breathing frogs, vagotomy would result in substantial prolongation of the inspiratory phase,
which is represented by the stippled area of Fig. 4.1 lB.
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Figure 4.10: The effects of changing lung pressure on A) ventilatory index (Index), B) absolute
breathing frequency (fLabs), C) peak integrated trigeminal nerve activity (VTJfldSX), D)
breaths per episode and E) episodes per minute in vagotomized bullfrogs (open symbols),
and bullfrogs with both vagi intact (closed symbols). All frogs were unidirectionally
ventilated with a 1.7% CO
2 in air gas mixture.
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DISCUSSION
1. Critique of methods:
The “reduced

amphibian preparation used in the present study made it possible to

investigate the ventilatory reflexes elicited by changing respiratory drive independent of changes
in pulmonary pressure, and vice versa, because both feedback ioops could be opened
independently. Before considering the data, however, it is useful to compare the breathing
pattern obtained with this preparation with that produced by intact frogs. Table 4.1 compares
the breathing pattern and ventilatory responses that were observed in intact frogs on UDV,
capable to spontaneously of producing changes in lung pressure (chapter 2) to those observed
in the present study from decerebrate, paralysed frogs also on UDV, but with lung pressure set
at 2 cm 1120. The reduced effect of the different stimuli on

VTIfldex

and the overall reduction in

fB
,
1
, were the only notable differences between the two preparations. In the preparation used
in the present chapter, afferent input from upper airway (olfactory) receptors was also
eliminated. In the previous chapter, this input was shown to modulate breathing pattern by
exerting a depressant effect on ventilation when tonically elevated by CO
. Olfactory denervated
2
frogs on the other hand showed a much larger increase in

fLabs

but no increase in VTjfldex when

exposed to hypercarbia, and had a significantly lower fB
1 than intact frogs. It is not surprising,
therefore, to observe these same differences in the in situ preparation compared to intact animals
since this reduced preparation was devoid of olfactory afferent input also.
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Table 4.1: A comparison of the breathing pattern variables between intact and decerebrate,
paralysed bullfrogs. In intact bullfrogs, lung pressure oscillated spontaneously with each
breath, whereas in the case of the paralysed frogs, lung pressure was set at 2 cm H
0.
2
The variables were measured at different levels of respiratory drive which was set by
changing the composition of the gas mixture used to unidirectionally ventilate the
animals. Note that because two different indicators were used as the VTjfldex for each
preparation (integrated buccal pressure in the intact frogs, and peak integrated trigeminal
activity in the paralysed frogs), the absolute values cannot be compared directly and are
not reported. Given that VTindex is used in the calculation of the jndex, these absolute
values are not reported either. For these two variables, the values are expressed as a %
change from the 2% CO
2 value. This level of respiratory drive was chosen as a point
of reference because frogs on UDV with this gas mixture have blood gases close to the
ones measured in spontaneously ventilating frogs not on UDV (chapter 2). * indicates
a statistically significant difference (two-way ANOVA, p < 0.05) between the two
preparations for that specific breathing pattern variable after allowing for the effects of
differences in CO
.
2
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Figure 4.12: Recordings of integrated vagal activity (top trace; X) and trigeminal activity
(bottom trace; V) that illustrate a fictive lung inflation cycle (type II episode) in which
the motor output driving each fictive breath within an episode gets progressively larger.
This particular recording was obtained from a vagotomized bullfrog unidirectionally
ventilated with a 1.7% CO
2 in air gas mixture.
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In chapter 2, two different types of breathing episodes were commonly observed in intact
bullfrogs. Each type of episode was characterized by its breath amplitude and PL profile. For
the first type of episode (type I episode), the breath amplitude was relatively constant, and the
onset of each breath was associated with a sharp decrease in lung pressure, which was restored
at the end of each breath. Thus, the PL profile of a type I episode revealed a rapid succession
of relatively uniform PL oscillations, each of which was caused by deflation/inflation of the
lungs with each breath.

Since type I episodes were most frequently observed in the present

study, it was this type of PL profile that was reproduced in the phasic feedback experiments.
This contrasts with lung inflation cycles (type II episode) in which the buccal pump was
activated in a “ramp-like” fashion so that each breath within an episode produced a progressively
larger increase in PL. Thus, the first breath in a type 11 episode was associated with a large
reduction in PL, which was restored partially at the end of the breath as in a type I episode.
With each subsequent breath, however, PL fell less at the start of the breath and was elevated
more by the breath. In intact bullfrogs, type II episodes were usually observed when respiratory
drive was high. Although this type of episode was rarely observed in the present study, the
ENG recording shown in Fig. 4.12 demonstrates that the in situ preparation could produce
fictive lung inflation cycles. Given that this recording was obtained from a vagotomized animal,
it would appear that the progressive increase of the bursting amplitude from one breath to the
next could be an endogenous property of the CNS.
Finally, unlike vagotomy which removes afferent feedback from a variety of different
receptors, it is assumed that changing PL in the present study altered only PSR feedback.
Recording of impulses from pulmonary receptors conducted by the vagus nerve has led to the
conclusion that the only lung receptors in the frog responding to lung inflation are stretch
receptors (Carleson and Luckhardt, 1920; Kuhlmann and Fedde, 1979; Milsom and Jones, 1977;
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Taglietti and Casella, 1966).

Thus, the subsequent discussion will address the role of PSR

feedback in the control of episodic breathing.

2. The effects ofphasic vs tonic PSR feedback.
2.1. The role of phasic PSR feedback.
By comparing results obtained under conditions where only static changes in PSR
feedback were imposed on the respiratory system to those obtained where the “natural”
oscillations normally associated with the breathing cycle also occur, it is possible to assess the
effects of the pattern of the feedback signal on the breath by breath regulation of ventilation.
In the present study, phasic changes in PSR feedback had no significant effect on trigeminal
burst duration (TI) or any other variable that was measured. This contrasts with the results of
studies performed on mammals in which phasic changes in PSR feedback during the breathing
cycle were shown to be responsible for the decreases in TI associated with increases in VT
(Clark and von Euler, 1972; Cross et al., 1980; Feldman and Gautier, 1976).
Studies that have investigated the dynamic component of PSR reflexes have shown that
changes in PSR feedback during the first 30% of the breathing cycle do not influence TI (Cross

et at., 1980; for review, see Milsom, 1990b). The fact that lung inflation is rapid and, hence,
changes in PSR feedback occurred early in the inflation cycle in bullfrogs may explain why
phasic PSR feedback had no additional effect on fictive breathing than tonic PSR feedback did.
It is possible that manipulating the timing at which PSR feedback began to change during the
breathing cycle could have modulated breathing pattern differently; but the main goal of this
series of experiments was to compare the effects of tonic feedback to a phasic signal similar to
the one produced by spontaneously breathing bullfrogs. For this reason, the effect of changing
PSR feedback during different parts of the breathing cycle was not tested. Based on the data
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obtained in this series of experiments, it must be concluded that if phasic feedback plays a role
in the control of breathing in bullfrogs, its contribution is likely to be limited.

2.2. The role of tonic PSR feedback.
2.2.1. Effects on breathing frequency.
The present study has shown that increasing PSR feedback caused an increase in
owing mainly to a shortening of the duration of the non-ventilatory pause.
hypercarbic respiratory drive also stimulated

,
5
fL,

fLabs,

Increasing

but by increasing both the number of breaths

per episode and the number of episodes per minute. The results have also shown a significant
interaction between PSR and chemoreceptor feedback, so that it is now possible to conclude that
PSR feedback exerts a permissive effect on (or disinhibits) chemoreceptor afferent input which
results in an increase in breathing frequency.
Kogo et al. (1994) also reported increases in fL,, upon lung inflation in bullfrogs. These
authors, however, observed this phenomenon in only 25% of the bullfrogs investigated. The
present study has shown that the slope of the relationship between PL and

fLabs

was directly

proportional to respiratory drive; it was very low in animals on UDV with air. It is possible,
therefore, that Kogo and co-workers (1994) only saw an increase in fL
5 on lung inflation in a
few animals because they performed the lung inflation test only on frogs ventilated with air.
There are few other studies that have addressed the role of PSR feedback on the control
of breathing pattern in ectotherms. One of the challenge of such studies is to distinguish the
reflex effects of pulmonary mechanoreceptor input from those associated with other respiratory
related events. In turtles, chronic changes in resting lung volume (and thus, PSR feedback) have
been shown to change breathing pattern under resting conditions but, unlike the present study,
they had no significant effect on breathing frequency (Milsom and Chan, 1986). One major
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difference between that study and the experiments presented in this chapter was that the time
between the change in lung volume the onset of data recording was much longer in the turtle
study (24 to 48h). It is conceivable, therefore, that habituation or adaptation of PSR discharge
affected the responses observed in the turtles. In both turtles and frogs, slowly adapting stretch
receptors constitute the majority of the stretch receptor population, and are the main class of
receptors involved in respiratory control (for review, see Milsom, 1990b).

Following an

increase in PL, slowly adapting receptors undergo a brief period of adaptation over roughly 3
mm

in turtles (McLean et al., 1989) and 30 sec in frogs (Kuhlmann and Fedde, 1979). In

turtles, however, the adaptation is not complete and SAR discharge remains elevated indefinitely
(McLean et al., 1989). Although a similar study on the effects of prolonged lung inflation on
pulmonary stretch receptor discharge has not been performed in frogs, the fact that PSR
discharge is still elevated after a prolonged increase in lung volume in turtles indicates that the
different responses observed after chronic inflation in turtles and acute lung inflation in frogs
can not be related to PSR adaptation.

Habituation at the level of the CNS still remains a

possible explanation for the discrepancies between the two studies.

2.2.2. Effects on breathing pattern.
Analysis of the breathing pattern recorded in the present study showed that the increase
of

fLabs

upon lung inflation was due to an increase in the number of breathing episodes per

minute (or shortening of the non-ventilatory pause); the average number of breaths in each
episode remained constant.

The number of breaths in each episode was determined by

respiratory drive. The stimulating effect of hypercarbia on the number of breaths per episode
was very clear, and consistent with other reports on episodic breathers (for review, see Milsom,
1991).
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This positive relationship between the level of PSR feedback and the number of breathing
episodes per minute was valid only at lower levels of CO
2 (air and 1.7% CO
2 in air) since in
the frogs on UDV with 3.3% CO
2 in air, increasing PL above 0 cm H
0 immediately
2
transformed the breathing pattern from episodic to continuous breathing. It appears that the level
of respiratory drive at which changes in PSR feedback produced this dramatic transformation
of the breathing pattern was close to 1.7% C0
, since in the third series of experiments, the
2
transformation occurred at 1.7% CO
.
2

This transformation of the breathing pattern from

episodic to continuous breathing always occurred eventually, if PSR feedback was present.
Continuous breathing was never observed in vagotomized bullfrogs, even at high levels of
respiratory drive (6% CO
2 in air; chapter 3). Unlike hypercarbia, hypoxia had no significant
effect on

fL,,

or on any component of the breathing pattern that was measured. This result was

not too surprising, however, since the relative weakness of hypoxia as a ventilatory stimulant
in frogs (chapter 2) and toads (Wang et al., 1994) has been documented previously.
In turtles, chronic increases in lung volume reduced the number of episodes of breathing
per minute but also increased the number of breaths in each episode; the net result being no net
change in minute ventilation. These effects of changing PSR afferent input on breathing pattern
were eliminated by increasing respiratory drive (Milsom and Chan, 1986).

In the African

lungfish (Protopterus annectens) the role of lung volume, and thus PSR feedback, was studied
using a reduced preparation similar to that of the present study (Pack et al., 1990). The results
showed that, much like the turtle (Milsom and Chan, 1986), increasing intra-pulmonary pressure
prolonged the interval between lung breaths under normoxic condition. In lungfish, however,
the effect of lung inflation on inter-breath interval was still maintained under conditions of
increasing hypoxic respiratory drive.

The question arises then as to why increasing vagal

feedback in frogs shortened, rather than prolonged the duration of the non-ventilatory
pause (or
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increased rather than decreased the number of episodes per minute)?

Although there were

significant differences in experimental protocol between the other studies
and the present work,
none suggest a plausible explanation for the observed differences.
The changes in breathing pattern produced by manipulating PSR and chemo
receptor
afferent inputs were always accompanied by a change in fLab,. This suggests,
therefore, that the
mechanisms responsible for the clustering of the breaths and the onset/termina
tion of breathing
episodes are related to (or could not be dissociated from) the “total” respiratory
drive, which is
influenced by PSR and chemoreceptor afferent inputs.

2.2.3. Effects on timing of the fictive breathing cycle.
The effects of tonic increases in PSR feedback on the timing of the breathing
cycle was
another component of breathing pattern that was investigated. The scope of
the analysis was
somewhat limited since it was based on measurement of the durations of the trigem
inal and vagal
ENG bursts, which are estimations of TI and TT0T, respectively. Based on
the EMG records
from muscles involved in lung ventilation and the breathing mechanics model
subsequently
proposed by De Jongh and Gans (1969) for Rana catesbeiana of a similar
size range,
representative TB, TI and TT0T values in intact, freely moving bullfrogs breathi
ng air would be
0.21 sec, 0.41 and 0.62 sec, .
2
respec
tively From these data, the values of the different phases
of the breathing cycle obtained from trigeminal and vagal burst duration in the
present study
appear accurate. These values made it possible to determine how chemo- and mecha
noreceptor
afferent inputs affected the relative duration of the expiratory and inspiratory phases
of the
breathing cycle in bullfrogs.
These values were obtained by digitizing the different EMG and buccal
pressure traces
since no values were reported in this paper.
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Tonic afferent feedback from PSR’s had a significant effect on the timing of the breathing
cycle in bullfrogs. Vagal feedback shortened trigeminal burst duration, without any significant
effect on vagal burst duration.

In spontaneously breathing bullfrogs, such changes in burst

duration would shorten inspiration and prolong expiration without any change in the total
duration of the breathing cycle; the net result would be a reduction in tidal volume. These
reflexive changes in the timing of the bursts correspond to the expiratory-excitatory and the
inspiratory-inhibitory reflexes that are well characterized in mammals (for review, see Milsom,
1990b).
The data also demonstrated that hypoxia and hypercarbia affect the timing of the bursts
differently. Hypoxia had no effect on TI, but prolonged TT0T (thus, increasing TE), while
hypercarbia shortened both TI and TT0T (and also TE). Hypoxia and hypercarbia also have
different effects on the timing of the phases of the respiratory cycle in mammals (for review,
see Mitchell et al., 1990). The specific effects of each stimulus on the timing of the breaths
was, however, quite different from what has been reported for mammals. In mammals, hypoxia
shortens TI and TE, and hypercarbia only shortens TE. The reasons why such differences exist
between bullfrogs and mammals are unknown. In amphibians as well as in mammals, hypoxia
is detected by peripheral chemoreceptors, whereas increases in IH
02 are detected primarily
P
by central chemoreceptors.

This would suggest, therefore, that central and peripheral

chemoreceptor afferent inputs have different projections and/or are integrated differently in the
two groups.
From these findings, it can be concluded that in bullfrogs, tonic PSR feedback is essential
for proper and efficient coordination of the buccal pump and the glottal valve, so that the animal
can control tidal volume, and thus lung volume, on a breath by breath basis.

Changing

Page 151

chemoreceptor feedback affects the duration of trigeminal and vagal bursts differently,
suggesting that each motoneuron pooi is controlled independently.

3. Comparison between vagotomy and reducing tonic PSR feedback.
Because the afferent information carried by the vagus nerve is not restricted solely to
mechanoreceptors, it was quite conceivable that breathing pattern would be affected differently
by vagotomy than by reducing or eliminating mechanoreceptor feedback. However, when the
breathing pattern of vagotomized frogs at any lung volume or pressure and non-vagotomized
frogs at PL

=

0 cm 1120 were compared, it became clear that mechanoreceptor feedback was

the main afferent modulator of breathing carried by the vagus nerve; there were no significant
differences between the breathing pattern of vagotomized and non-vagotomized bullfrogs. The
data does, however, suggest that there was some residual tonic discharge from the
mechanoreceptors when PL

=

0 cm 1120, and that vagotomy removed this residual tone.

4. Interaction between PSR feedback and respiratoly drive.
A two-way ANOVA confirmed that respiratory drive and PL interact in a positive
fashion to modulate fL and

jndex

(p < 0.001). Interestingly, in mammals, mechanoreceptor

inputs attenuate, rather than potentiate, ventilatory chemoreflexes (Cherniack et at., 1973;
Kelsen et a!., 1977; Mitchell et at., 1980; 1982; Mitchell and Vidruk, 1987; Woldring, 1965).
Until the neural pathways associated with PSR and central and peripheral chemoreceptor inputs
are well described in amphibians, it is difficult to speculate on the mechanisms that allow PSR
feedback to facilitate (or disinhibit) chemoreceptor input. Such interaction is likely to occur at
the level of the central nervous system (CNS), and based upon analysis of the different domains
of receptor interactions proposed by Mitchell and co-workers (1990), this type of interaction
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would be a modulatory neural interaction.

The interaction between PSR feedback and

respiratory drive could be significant during submergence, where deflation of the lungs would
minimize the effects of increasing respiratory drive and perhaps prolong the duration of
submergence.

5. Significance of buccal oscillation and lung ventilation frequencies.
The instantaneous buccal oscillation and lung ventilation frequencies have been suggested
to be reliable indicators of endogenous respiratory rhythm in intermittent breathers (chapters 2
and 3). The data obtained in the present study showed that instantaneous buccal oscillation and
lung ventilation frequencies were not significantly different, and that they were not modulated
by chemoreceptor or PSR feedback. The fact that both events are produced by the same muscles
leads to the supposition that they should somehow be related. Previous discussions on the topic
(see chapters 2 and 3) indicate that both types of buccal movements could be driven by a single
rhythm generator, or, that they could be driven by two separate rhythm generators that were
highly entrained. The present data does not resolve this issue.

6. Physiological significance.
From the data presented in this chapter, it becomes increasingly evident that many basic
respiratory control mechanisms are shared by amphibians and mammals.

For instance, all

vertebrate groups investigated so far have a Hering-Breuer reflex which controls breathing on
a breath by breath basis by modulating the timing of the ventilatory muscles. On a longer time
scale, an interaction between chemo- and mechanoreceptors modulates breathing pattern and
ventilatory reflexes. It is obvious, however, that many details of these mechanisms are different
for each group which reflect nuances that adapt the controller to the needs of the anina1 (e.g.
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continuous vs episodic breathing pattern; aspiration vs buccal force pump). Finally, it is also
clear that while changes in PSR and chemoreceptor feedback, and their interaction, do have
profound effects on the length of the interval between breathing episodes as well as the number
of breaths in each breathing episode, as long as respiratory drive is sufficiently high to stimulate
breathing, breathing occurs episodically.
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CHAPTER 5:
INTRINSIC BRAINSTEM GENERATION OF BREATHING PATTERN
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INTRODUCTION
In vitro brainstem-spinal cord preparations from neonatal rats (Issa and Remmers, 1992;
Okada et al., 1993a, b; Smith and Feldman, 1987; Suzue, 1984) and lower vertebrates (turtle:
Douse and Mitchell, 1990; bullfrogs: McLean, 1992; Walker et at. ,1990; carp: Adrian and
Buytendijk, 1931; lamprey: Rovainen, 1985) have been used to study the neurophysiology of
breathing. The recordings of respiratory related motor output reported in those studies have
shown that the distinctive features of the breathing patterns of endotherms and ectotherms are
sometimes preserved in vitro, despite the fact that these preparations are essentially devoid of
any afferent feedback and descending neural influences. For instance, the “breathing” patterns
of the neonatal rat in vitro and in vivo are continuous and rhythmic (Okada et al., 1993a, b;
Smith and Feldman, 1987; Suzue, 1984), whereas that of turtle is mostly episodic and often
appears arrhythmic (Douse and Mitchell, 1990).

Thus, although differences clearly exist

between the fictive breathing pattern of in vitro preparations and intact animals, in vitro
preparations appear to be an excellent experimental model to investigate certain components of
the neural substrate of breathing patterns.
The Doctoral dissertation of McLean (1992) established the brainstem-spinal cord
preparation from adult frogs as a valid experimental model for neurophysiological investigations
of respiratory control. Briefly, she has shown that 1) rhythmic motor activity can be recorded
from specific nerve branches that innervate the respiratory musculature, and that the isolated
brainstem of frogs demonstrates the expected central chemoreceptor induced burst frequency
response to changes in superfusate [W] (McLean, 1992). Unfortunately, her research did not
address the nature of the breathing pattern produced by this preparation, although the data did
indicate that the respiratory-related motor output produced by this preparations consisted mainly
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of evenly spaced single “breaths”. Besides McLean’s work, descriptions of the breathing pattern
produced by amphibian in vitro preparations consist of a few anecdotal reports of data obtained
from tadpole preparations (Walker et a!., 1990; Galante et al., 1992; Liao et a!., 1994) which
also show a pattern of infrequent, evenly-spaced single breaths.
The first objective of this chapter, therefore, was to determine the nature of the basic
respiratory-related motor output produced by this preparation (i.e. is it episodic?); and secondly,
to determine if the respiratory-related motor output, or fictive breathing pattern, could be
modulated by 1) stimulation of the central chemoreceptors (produced by changing the pH/P
02
of the superfusate), 2) fictive vagal feedback (produced by stimulation of the pulmonary branch
of the vagus nerve) and 3) whether an interaction between chemoreceptor and vagal feedback,
similar to the one demonstrated in the previous chapter, also existed in this preparation. The
data obtained from this work could substantiate the conclusion that emerged from the previous
three chapters; that while the onset/termination of breathing episodes is modulated by afferent
feedback, episodic patterns are an intrinsic property of the central respiratory network.
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MATERIALS AND METHODS
The study was performed on 11 adult bullfrogs (Rana catesbeiana) of either sex weighing
between 153 and 262 g (mean weight

=

192 ± 10.3 g, SEM). The animals were obtained and

maintained according to the methods described in chapter 2.

Surgical procedures.
The animals were cooled to 0°C in oxygenated water for at least lh before making a
small opening in the skull with a dental drill. The brain was then transected between the optic
tectum and the rostral forebrain. Following this, the frogs were paralysed by an injection of
pancuronium bromide (Pavulon; 2mgml’, 0.2 mglOOg’) into the dorsal lymph sacs.

The

pulmonary branch of the right vagus nerve was located at the rostral end of the lungs and
dissected back to its origin at the vagal ganglion, close to the cranium. A larger opening of the
cranium was made with bone shears to allow dissection of the cranial nerves. Throughout the
procedure, the brain was irrigated with ice cold (0 5°C) mock CSF equilibrated with a 2% CO
2
-

balance 02 gas mixture. The mock CSF consisted of (in mM): NaC1, 75; KC1, 4.5; CaC1
, 2.5;
2
, 1.0; ,
2
MgCl
4
P
2
NaH
O 1.0; NaHCO
, 40 and glucose, 7.5. The NaHCO
3
3 concentration was
chosen because preliminary experiments indicated that the preparation was more stable when
perfused with a mock CSF containing a high 3
[HCO
]. Okada and co-workers have suggested
that high 3
[HCO
] may facilitate CO
2 diffusion out of the tissue and, thus maintain tissue pH at
the depth of the respiratory-related neurons at a more physiological level (Okada et al., 1993).
Thus, the “control” pH of the mock CSF (8.0) was slightly above the normal pH range

(— 7.9)

for CSF in frogs at 22°C. The brainstem was transected caudal to the hypoglossal (XII) nerve
and transferred to a small petri dish coated with Sylgard (Dow Corning) where it was
immobilized with insect pins; the arachnoid and pia membranes were removed. The brain was
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then moved to the recording chamber where it was pinned ventral side up. The left cranial
rootlets of nerves V and X were fitted in suction electrodes while the pulmonary branch of the
right vagus was positioned on a bipolar silver hook electrode and covered with a 1:1 mixture
of vaseline and mineral oil. The recording chamber was then perfused with mock CSF bubbled
with a 2% CO
2 in 02 gas mixture (pH 8.0) at a rate of

—

5ml/min.

A diagram of the

experimental system is illustrated in Fig. 5.1. Experiments were conducted at room temperature
(22°C).

Experimental procedures.
The fictive breathing recorded shortly after the dissection was often rapid and unsteady.
The preparation was therefore allowed to stabilize for at least lh before experiments began.
Preliminary experiments demonstrated that most preparations were stable for at least 8 hours.
Fifteen percent of the preparations did not remain stable for the entire duration of the experiment
as judged by a significant deviation from the fictive breathing pattern initially produced at pH
8.0; these data were not included in the data set. Electrical nerve activity recorded from the
suction electrodes was amplified (filter settings: 50 Hz (high pass) and 10 kHz (low pass)), full
wave rectified and integrated (Gould) in 67 ms intervals. The raw and integrated nerve signals
were viewed on an oscilloscope and stored on a polygraph recorder and on computer disk with
a data acquisition system (Codas). The sampling rate of the AID conversion was 2500 Hz.
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Figure 5.1: Schematic representation of the experimental system utilized for the amphibian in
vitro brainstem-spinal cord preparation.
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Experimental protocol.
The experiments consisted of recording extracellular nerve activity from cranial nerves
V and X at 3 different pH levels (pH

=

7.7, 8.0 and 8.3) with and without stimulation of the

pulmonary branch of the vagus nerve. As mentioned earlier, pH 8.0 was chosen to approximate
normal CSF pH in frogs at 22°C and pH 7.7 and 8.3 were chosen to represent an acidotic and
ailcalotic stimulus respectively. The pH was determined by changing the CO
2 composition of
a gas mixture bubbling through the mock CSF (Fo
2
CO

=

=

0.045, 0.020 and 0.013; calculated

32.5 ± 1 Torr, 17.1 ± 0.2 Ton and 9.3 ± 0.3 Ton respectively). The pH of the

mock CSF was measured with a pH meter (Corning) with its electrode positioned in the
perfusate reservoir. The CO
2 composition of the gas mixture delivered to the perfusate was
monitored continuously using a CO
2 analyzer (Beckman LB-2). To ensure that there were no
residual effects between each test, two experimental groups were used; each of which received
the acidotic or alkalotic test in a different order. For group 1 (N

=

6), the order was: control

(8.0), acidotic (7.7), control, alkalotie (8.3), control. For group 2 (N

=

5) the order was:

control, alkalotic, control, acidotic, control. A 15 mm equilibration period was allowed between
each pH change.

Since statistical analysis failed to demonstrate any difference between the

groups, the data for each pH and vagal stimulation condition were pooled. Each test began with
a recording of the ‘resting” activity of the preparation under control conditions (pH
5 mm. This was followed by a

s mm

=

8.0) for

period of phasic stimulation of the pulmonary branch of

the right vagus. The stimulus (20 Hz, 0.2 ms) was delivered each time a burst of respiratory
related discharge (fictive breath) occurred in the contralateral vagus. The stimulation frequency
was based on literature values previously reported for resting pulmonary stretch receptor
discharge in frogs at room temperature (Kuhlmann and Fedde, 1979; Milsom and Jones, 1980;
Taglietti and Casella, 1966; 1968).

Before the onset of the experiment, the lowest voltage
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capable of affecting bursting frequency was determined (typically, this was 2 Volts) and the
stimulus intensity was set just above this level. To ensure the synchrony between the fictive
breaths and vagal feedback, the stimulator (Grass S88) was triggered by a peak detector that was
activated when integrated trigeminal nerve discharge rose 4.5 V sec above its baseline, and de
activated when it fell below this value. The bout of phasic stimulation was followed by a 5 mm
recovery period. This procedure was then repeated at the next pH for the specific protocol.

Data analysis
Values for fictive breathing frequency were obtained by analyzing 5 mm segments of
data. Any increase in integrated nerve discharge 4.5 jV . see above baseline was considered to
be a fictive lung ventilation, while the smaller discharges were considered to be buccal
oscillations. The breathing pattern variables

(fLthS, VTifldex, Index,

per minute, trigeminal and vagal burst durations,

fL

and

)
1
fB

breaths per episodes, episodes
were quantified the same way

as in chapters 2, 3 and 4. All data are presented as means ± 1 standard error of the mean
(S.E.M.), and are plotted with mock CSF

rather than pH as the independent variable to

facilitate comparison with the data reported in the previous chapters.

The results were

statistically analyzed using a two-way analysis of variance followed by a Student-Newman-Keuls
test (p

<

0.05).
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Figure 5.2: Comparison between the breathing pattern recorded from an intact bullfrog
breathing air (top panel) and motor output recorded from an in vitro brainstem-spinal
cord preparation (other panels). The middle pair of recordings were obtained from the
trigeminal nerve; the first trace is the raw signal while the one immediately below is the
same signal after full wave rectification and integration. The bottom pair of recordings
are the raw and full wave rectified/integrated signals simultaneously obtained from the
vagus nerve.
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RESULTS
1. “Fictive breathing pattern” of the bul
frog in vitro brainstem-spinal cord pre
paration.
The recordings presented in Fig. 5.2 com
pare the breathing pattern of an intact bul
lfrog
to the pattern recorded from an in vitro pre
paration perfused with mock CSF at pH
7.7 without
vagal stimulation. The buccal pressure reco
rding from the whole animal shows that
breathing
occurred mostly in doublets or as evenly
spaced single breaths. Small amplitude
buccal
oscillations occurred during the non-ventil
atory pause between episodes. A similar
pattern of
fictive lung ventilation was also seen in the
motor output recorded from the cranial ner
ve rootlets
V and X in most in vitro preparations.
Furthermore, in some preparations, bur
sts of smaller
amplitude were recorded from the trigemi
nal nerve rootlet between bursts of larger
amplitude.
These occurred in a very rhythmic fashion
and comparable activity could rarely be reco
rded in
the vagal nerve rootlet of any preparatio
n (Fig. 5.2). These small rhythmic bursts rese
mble the
small amplitude buccal oscillations describ
ed in intact frogs which involve activation
of cranial
nerve V to the buccal pump muscles, but not
cranial nerve X to the glottis (De MarneffeFoulon,
1962; chapters 2 and 3).
It should be noted that although breathi
ng patterns were obtained from the in vitro
preparation which were similar to those
of intact animals, the overall level of mo
tor output
produced by the in vitro preparation was red
uced. The comparison shown in Fig. 5.2 is
between
an intact animal breathing air and an in vitro
preparation with no vagal feedback but wit
h an
acidic pH.
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Figure 5.3: Panel A shows neurograms of fictive breaths recorded simultaneously from the
vagal (top trace) and trigeminal (bottom trace) cranial nerve rootlets in the brainstem
spinal cord preparation. Panel B shows that adding vagal feedback did not affect the
duration or the relative timing of the bursts.
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Figure 5.4: The effects of changing mock CSFIP
0 on the trigeminal (panel A) and vagal
(panel B) burst duration with and without vaga feedback.
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Figure 5.3 illustrates ENG recordings obtained from the trigeminal and vagal nerve
rootlets simultaneously. Typically, activity in the trigeminal nerve rootlet preceded that of the
vagus, and ended at the same time or slightly after the vagal burst. The net result was that the
duration of the trigeminal burst was always longer than that of the vagus. The durations of the
bursts recorded from the trigeminal and vagal nerve rootlets were constant; neither changes in
mock CSF

nor addition of vagal feedback affected the duration of the fictive breaths (Fig.

5.4).

2. Respiratory reflexes in vitro.
Figure 5.5 illustrates trigeminal nerve activity recorded at different values of mock CSF
pH with and without phasic stimulation of the pulmonary branch of one vagus nerve. This
figure was obtained from a preparation that responded particularly well to vagal stimulation.
This response was much larger than that obtained on average (Fig. 5. 6B) and is shown to
indicate the range of responsiveness which can be obtained with this preparation. In the absence
of vagal stimulation, changing mock CSF pH had a very modest, yet significant (p < 0.05),
effect on fictive breathing frequency (Fig. 5.5; Fig 5. 6B, closed circles). The addition of vagal
feedback had a significant effect on the relationship between bursting frequency and pH,
indicating that the responsiveness of the preparation to changes in pH/CO
2 was increased (p <
0.001) (Fig. 5.5; Fig. 5.6B, open circles). Neither changes in mock CSF pH/PC0
2 nor vagal
stimulation affected VTifldex

,

(p = 0.167 and p = 0.994, respectively) (Fig. 5.6C), thus, the

changes in Vlndex were caused solely by the frequency response (Fig. 5. 6B).
Breathing remained episodic at all levels of chemoreceptor stimulation with or without
vagal feedback. Without vagal feedback, the average breathing episode rarely had more than
one breath, even at the highest level of chemoreceptor stimulation. The effect of increasing
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superfusate

on breathing pattern was significantly augmented by the addition of vagal

feedback such that, at the highest

level, the average breathing episode now consisted of

3 or 4 fictive breaths (Fig 5.6D) (p < 0.001). In addition, the number of breathing episodes

per minute was also related to the
by the addition of vagal feedback (p

of the superfusate, but was not significantly affected
=

0.292) (Fig. 5.6 E). Figure 5.7 shows the summarized

data for both instantaneous buccal and lung frequencies. Overall,
<0.05) than

was significantly less (p

and neither were significantly affected by chemoreceptor or vagus nerve

stimulation (p < 0.05).
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Figure 5.5: The effect of changing mock CSF pH/P
02 on respiratory related activity recorded
from cranial nerve rootlet V of the bullfrog before and during phasic stimulation of the
pulmonary branch of the contralateral vagus nerve. This experiment was performed at
20°C. Each trace is the full wave rectified, integrated signal. The dark lines under the
integrated signal indicate the times during which stimuli were delivered. This figure
illustrates one of the most vigorous responses obtained with vagal stimulation.
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DISCUSSION
1. Critique of method.
Because in vitro brainstem-spinal cord preparations are not perfused naturally, the
delivery of 02 and removal of metabolic end products are limited since they rely on diffusion
alone.

This potential degradation of the internal milieu in the vicinity of the respiratory

neurones must be prevented; otherwise, the preparation would become unstable, and the
respiratory-related motor output would reflect a pathological condition that would yield spurious
information. To circumvent these problems, researchers interested specifically in mammalian
respiratory control have used the brainstem-spinal cord of neonatal rats. Its small size reduces
the surface to volume ratio, and minimizes the diffusion distance between the respiratory
neurones and the superfusate. In addition, the metabolism of the preparation is reduced by
maintaining it at 27°C (Smith and Feldman, 1987; Suzue, 1984).

These precautions help

maintain the quality of the microenvironment of the respiratory neurones (Brockhaus et al.,
1993; Okada et a!., 1993a, b), and have produced a reliable experimental model which has
contributed to the production of significant advances to our understanding of respiratory
rhythmogenesis (Smith and Feldman, 1987; Smith et a!., 1991b; Suzue, 1984). The fact that
the experiments are performed on an immature system at subphysiological temperatures,
however, may limit the applicability of the information derived from this preparation to the
intact, behaving animal.
These latter criticisms which have been levelled at the mammalian preparation are not
relevant to the in vitro preparation from ectothermic animals. Many authors have outlined the
advantages of these preparations over the mammalian model (See reviews by Berger, 1990;
Mitchell, 1993).

Briefly, the brains of most ectothermic animals are relatively small, their
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metabolic rate is usually lower than that of mammalian tissue at the same temperature, they can
function normally over a wide range of temperatures, and they can tolerate hypoxia. For these
reasons, it is possible to perform in vitro studies on adult brains of lower vertebrates at
physiologically relevant temperatures.

Moreover, a comparative approach to the study of

neurophysiology of breathing can help broaden the scope of our understanding of respiratory
control in vertebrates and is preferable to becoming overly focused on a single experimental
model.
One must always be careful when interpreting the data obtained from a reduced system
such as the one described in this chapter, since removing elements of the respiratory control
system may cause complex transfonnations rather than simple reductions (Feldman et al., 1990;
Mitchell, 1992). As discussed below, some of the respiratory reflexes affecting burst pattern
formation were not observed in the present study. Nonetheless, the sum of the data presented
in this report confirms the conclusion of McLean (1992), which stated that the in vitro brainstem
spinal cord preparation from the bullfrog is a useful experimental tool for studying the
neurophysiology of respiratory control. The data also strongly suggest that the differences that
exist between the motor output recorded from this experimental model and that of the intact
bullfrog reflect reductional, rather than transformational changes.

2. “Fictive breathing pattern” of the bullfrog in vitro brainstem-spinal cord preparation.
The recordings presented in Fig 5.2 have shown that it is possible to record a rhythmic
motor output from the in vitro brainstem-spinal cord preparation which appears virtually identical
to the breathing pattern of intact bullfrogs. As it was described in intact frogs (De Jongh and
Gans, 1969; West and Jones, 1975; for review, see chapter 1), two types of bursting activity
were recorded from the trigeminal cranial nerve rootlet; bursts of small amplitude, which
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represent the buccal oscillations, and the larger bursts which represent lung inflation in the intact
frog. Most often, bursts of large amplitude which represented activation of the glottis, were
recorded in the vagus; small-amplitude bursts were rarely recorded from this nerve rootlet.
Although the duration of the bursts recorded in vitro were shorter than those recorded in situ,
the discharge profile and timing of the bursts recorded from the vagal and trigeminal nerve
rootlets were very similar to those reported for the in situ frog preparation (chapter 4) after
bilateral vagotomy; i.e. the trigeminal burst was longer than the vagal burst.

This is not

surprising given that the in vitro preparation was vagotomized. The fictive breathing frequency
of the preparation under “control” conditions (pH 8.0, no stimulation) was slower than that of
intact frogs post-vagotomy breathing air (chapter 3), but was similar to the frequency recorded
in situ after bilateral vagotomy (Chapter 4). Because removal of olfactory receptor input had
no significant effect on breathing pattern and overall ventilatory output in normocarbic frogs
(chapter 3), these differences which were present in both the in situ and in vitro preparations
may reflect the effects of decerebration.
In the context of the present investigation, the important finding from this in vitro study
is that the spatio-temporal distribution of the breaths was episodic, much like that of the intact
animals, despite the fact that this preparation was devoid of afferent feedback.

3. Respiratoiy reflexes in vitro.
3.1. The effects of central chemoreceptor stimulation.
The relationship between the number of breaths in a breathing episode and hypercapnic
respiratory drive is well established in intermittent breathers with intact PSR feedback (frogs:
chapters 2, 3, and 4; turtles: Milsom and Chan, 1986; hibernating ground squirrels: McArthur
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and Milsom, 1991a, b; For reviews, see Milsom, 1990a; 1991). The data indicate that those
reflexive change in breathing pattern were also present in vitro, but were more noticeable in the
presence of vagal feedback (discussed below). This may explain the notable absence of distinct
breathing episodes in the work of McLean (1992) using a similar preparation to the one used in
the present study. Based on the description of the surgical procedures, it would appear that the
neural elements present in McLean’s preparations (1992) were the same as those described in
this chapter.

In the former study, however, the brainstem-spinal cord preparation was

superfused with a solution that contained no CO
2 (hepes buffer aerated with 100% 02). It is
very likely, therefore, that absence of breathing episodes of more than a single breath in
McLean’s (1992) preparation reflected the lack of central chemoreceptor stimulation and possibly
the lack of phasic vagal feedback.
It is noteworthy that, in neonatal rat preparations, substitution of hepes buffered saline
(equilibrated with a 100% 02 gas mixture) with bicarbonate buffered solution (equilibrated with
a 95% 02, 5% CO
2 gas mixture) has been reported to transiently induce episodic breathing 50%
of the time (Brockhaus et at., 1993).

Since episodic breathing has also been reported in

mammalian species, such as the golden mantled ground squirrel (Milsom, 1991) and the northern
elephant seal (Castellini et at., 1994), under conditions of reduced metabolism (hibernation and
sleep, respectively),

and in dogs in which the hypercapnic respiratory drive was reduced

artificially (Bartoli et al. 1974), it is conceivable that the transient observation of episodic
breathing in the neonatal rat at 27°C was not an artefact, but perhaps a reflection of the “true
’
t
motor output of this preparation. The demonstration that mammalian in vitro brainstem-spinal
cord preparations can reliably produce a fictive breathing pattern which are episodic would bring
strong support to the argument that respiratory control is a system highly conserved in
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vertebrates. Unfortunately, until this question is addressed specifically, this attractive idea will
remain speculative.
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Figure 5.8: The effect of tonic vagal stimulation on the fictive breathing pattern. In this
recording, the top trace is full-wave rectified and integrated signal recorded from the
trigeminal nerve rootlet. The dark line under the integrated signal indicate the time at
which the stimulus was delivered.

Page 184

00
L1

CD

N

pH 7.7, tonic vagal stimulation
(2.0 V, 20 Hz, 0.2 ms)

30 sec

3.2. The effects of vagal stimulation.
Although vagal feedback produced dramatic changes to the breathing pattern and CO
2
sensitivity of the in vitro preparation, the pattern of the vagal stimulus was important since only
phasic stimulation caused changes in breathing pattern. Tonic stimulation resulted in random
discharge or, as depicted by the ENG recording shown in Fig. 5.8, reversibly silenced the motor
output.

These results differed from those obtained with the in situ preparation, which

demonstrated that phasic and tonic PSR feedback had identical effects on fictive breathing. The
reasons underlying this discrepancy are unknown, but may indicate that the stimulus parameters
did not perfectly mimic PSR feedback. A second possibility is that vagal stimulation elicited
more reflex effects than those arising from PSR, and that this was particularly true with tonic
stimulation. The effects of tonic lung inflation on respiratory-related motor output have been
studied in an isolated brainstem-lung preparation of the newborn rat (Murakoshi and Otsuka,
1985). That investigation of mammalian respiratory reflexes in vitro revealed that inflation of
an isolated lung resulted in a transient inhibition of respiratory-related activity which was
believed to correspond to the Hering-Breuer inflation reflex. These results were consistent with
the effects of lung inflation reported in mammals, and suggest that tonic stimulation of the PSR,
rather than the pulmonary branch of the vagus might have produced a more predictable results
in the present study. These suggestions would also explain the fact that the addition of vagal
feedback in vitro did not modulate the amplitude or duration of the trigeminal burst as it did in
chapter 4. However, changes in mock CSF

also failed to reduce trigeminal and vagal

burst durations in vitro, as reported in the in situ preparation in the previous chapter. Clearly,
the CO
2 stimulus was being perceived by central chemoreceptors in vitro, but the effects of the
stimulus, just like the vagal stimulus, were primarily confined to the respiratory rhythm, and had
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little effect on burst pattern formation. Again, the reasons underlying this shortcoming of the
preparation are unknown, but may reflect the absence of either some descending influence of
peripheral input.

Even though the in vitro preparation used in the present study is a good

experimental model to investigate respiratory rhythm (frequency), it cannot currently be used
reliably to study the mechanisms underlying burst pattern formation.
Although it is clear that vagal feedback affects breathing frequency and breathing pattern
in bullfrogs, the different responses observed with each preparation make it is difficult to
determine precisely which of the two main components of the pattern it modulates.

For

instance, “fictive vagal feedback was shown to affect only the number of breaths per episode
in vitro (present study), whereas in situ, lung inflation influenced only the number of episode
per minute (chapter 4), while both components of breathing pattern were affected by bilateral
vagotomy in intact frogs (chapter 3). Although some discrepancy is not surprising given the
high variability inherent in the quantification of breathing pattern, the important differences
between the different experimental approaches may also contribute to these discrepancies.

3.3. Interaction between central chemoreceptor input and vagal feedback.
Notwithstanding the intricate differences associated with the changes in breathing pattern
upon vagal stimulation in the different experimental systems, the results have demonstrated that
vagal feedback exerts a facilitating (or disinhibiting) effect on the chemoreceptor input in vitro;
the responsiveness of the preparation to the same changes in

increased nearly threefold

with the addition of vagal feedback. The data obtained from the in situ experiments (chapter 4)
led to the suggestion that this modulatory interaction occurred at the level of the central nervous
system. Since these results were corroborated in vitro, it is now clear that this interaction does
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occur at the level of the CNS. Until the neural pathways associated with PSR, central and
peripheral chemoreceptor inputs are well described in amphibians, it is difficult to speculate
further on the mechanisms that allow vagal feedback to facilitate (or disinhibit) chemoreceptor
input. This effect of vagal input on CO
2 sensitivity in bullfrogs differs from the attenuation that
PSR feedback exerts on ventilatory chemoreflexes in mammals (for review, see Mitchell et a!.,
1990).

These differences have been discussed in detail in the previous chapter, and the

argument can be summarized here by reiterating that the facilitation of the hypercarbic
ventilatory chemoreflex by vagal feedback is, perhaps, specific to episodic breathers.

4. Significance of buccal oscillation and lung ventilation frequencies.

The data obtained in the present study showed significant differences between buccal and
lung instantaneous frequencies. Since instantaneous frequencies have been used as indicators of
intrinsic respiratory rhythms (see discussion of chapter 2) the data reported here support the
hypothesis that two separate rhythm generators drive each type of event independently.
Regardless of the case, because

fL

and fL
1 were little affected by vagal feedback or central

chemoreceptor stimulation, it seems that these central rhythms were relatively constant.

5. Physiological significance.

The present investigation confirmed that the onset/termination of breathing episodes is
not dictated solely by afferent feedback because intermittent breathing was observed in a
preparation that was almost completely devoid of afferent feedback. It is now clear that episodic
breathing is an endogenous property of the central nervous system. This conclusion supports
the hypothesis proposed by Jackson (1978), that in intermittent breathers, the episode is the
fundamental output unit of the respiratory control system rather than the individual breath within
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the episode. This then raises the question: “How is this control system organized to produce
this type of motor output?”
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CHAPTER 6:
IS THE NUCLEUS ISTHMI RESPONSIBLE FOR THE ONSET/TERMINATION OF
BREATHING EPISODES?
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INTRODUCTION
The preceding chapters in this thesis have led to the conclusion that the production of
episodic breathing is an endogenous property of the respiratory controller at the level of the
central nervous system. The role of the central nervous system in the control of respiration has
intrigued researchers for many years, and a significant portion of work on this topic has
consisted of studies employing progressive brain transections in the rostral-caudal axis designed
to find the “noeud vital”, the centre responsible for providing the continuous drive to breathe.
Of particular interest to the present research are a few studies performed on lower vertebrates
which also documented the changes in breathing pattern associated with the transections, as they
constitute the empirical basis of the investigations in the present chapter on the central neural
substrate for episodic breathing. These studies by Oka (1958a, b) and Naifeh and co-workers
(197 la, b) showed in bullfrogs and caiman, respectively, that transection of the brainstem
between the optic lobes and the cerebellum eliminated breathing episodes such that the breathing
pattern appeared to consist of evenly spaced single breaths. These findings suggest that the
grouping of breaths into episodes is under the influence of a site independent of that responsible
for producing the respiratory rhythm; i.e. there is a site responsible for turning the breathing
episodes on and off.
From their descriptions, the area in which transections elicited these intriguing changes
in breathing pattern in bullfrogs appeared to correspond to the nucleus isthmi (NI), a nucleus
located between the midbrain roof and the base of the cerebellum (Fig. 6.1). This nucleus is one
of the most conspicuous structures of the anuran brain, and although it has been suggested that
the NI may be a special sensory relay centre, its functional significance is entirely obscure
(Nieuwenhuys and Opdam, 1976; Opdam et a!, 1976). Interestingly, this nucleus goes through
substantial cellular arrangement and differentiation during metamorphosis (Senn, 1972); a period
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which is also associated with the onset of episodic breathing in the bullfrog. Together, this
circumstantial evidence leads to the hypothesis that the NI plays a role in the control of episodic
breathing in bullfrogs.
The objectives of this study were to 1) determine if functional elimination of the NI
affects breathing pattern, and if so, 2) how this affects the other respiratory control mechanisms
and reflexes that have been described in the previous chapters. This study was performed on
the in situ preparation that was used in chapter 4, because the fictive breathing pattern and
respiratory reflexes produced by this preparation were very similar to those of intact bullfrogs.
The study compared the breathing pattern and ventilatory responses of bullfrogs before (intact)
and after bilateral lesions of the NI produced by microinjection of the local anesthetic lidocaine,
and the neurotoxin kaimc acid (KA) into this area.
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Figure 6.1: Lateral view of the midbrain, medulla oblongata and part of the spinal cord of Rana
temporaria. Topographic reconstruction of the cranial nerves and nuclei. Cer.
cerebellum; coil, post = colliculus posterior; VIII do. = dorsal V1IIth nucleus; VIII ye.
= ventral VIlith nucleus; VIII a. = nucleus vestibularis anterior; CN = cerebeliar
nucleus; se. = sensory; mo. = motor; N. spin. = spinal nerves. The arrow indicate
the location of the nucleus isthmi (isth) (Adapted from Senn, 1972).
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MATERIALS AND METHODS
Experiments were performed on 17 adult bullfrogs (Rana catesbeiana) of either sex
weighing between 165 and 469g (mean mass

=

295 ± 20g), obtained from a commercial

supplier. The animals were maintained according to the protocol described in chapter 2.

Surgical procedures.
The frogs were decerebrated, paralysed and unidirectionally ventilated (UDV) according
to the protocol described in chapter 4. In these present experiments, however, the UDV flow
rate was set at 70 mlmin’, the craniotomy reached more caudally to expose the rostral portion
of the choroid plexus, and the dura covering the area between the cerebellum and the optic
tectum was removed to facilitate the penetration of the microinjection pipette.

Small cotton

pellets soaked with physiological saline were then placed over the area to prevent desiccation.

Experimental procedures.
The basic procedures for nerve recording, data acquisition and blood pressure monitoring
were identical those described in chapter 4.
Microinjections of kainic acid (KA, 4.7mM in saline), lidocaine hydrochloride (1 % in
NaCI), saline (0.7% NaC1) and fast green FCF (10% solution in saline) into the area of the NI
were made with multibarrell pipettes built from microfilament capillary glass (A-M Systems,
Inc.). Each barrel had an inner diameter of 0.6 mm and an outer diameter of 1.2 mm. The
glass was pulled with a Narashige pipette puller and broken back until the total tip diameter
measured roughly 40 xm. Each barrel was 2/3 filled with its respective solution so that each
meniscus was approximately the same height. A piece of polyethylene tubing (PE 10, Clay
Adams) was placed inside each barrel of the pipette, and then secured with 5-minute epoxy
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resin. A 27 gauge needle was inserted in each piece of PE tubing before being connected to the
pressure ejection system (Picospritzer II, General valve corp.).
The injection volumes were calculated from the following equation:
Volume

=

height• ir radius

2

where the changes in meniscus height were measured with the reticule of a dissection microscope
during the injections.

Experimental protocol.
Series I: The “fictive” breathing pattern of bullfrogs under conditions of normo- and hynercarbic
respiratory drive at different tonic levels of lung pressure.
This series of experiments was designed to measure the changes in total “fictive”
ventilation and breathing pattern associated with hypercarbia and tonic changes in lung pressure
in animals with their NI intact (control group). Although this is the same protocol as that used
in chapter 4, by comparing the changes in breathing pattern and the overall responses to
hypercarbia with data in chapter 4, it was possible to determine whether the procedures
associated with the more invasive craniotomy had a significant effect on ventilatory output.
Breathing was assessed in frogs unidirectionally ventilated with three gas mixtures: 1 %, 2% and
3.5 % CO
2 in air. For each CO
2 level, fictive breathing was monitored at three different tonic
levels of lung pressure: 0, 2, and 5 cm 2
H
0
. The details of the experimental protocol were
given in chapter 4.
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Series II: The effects of bilateral lesions of the nucleus isthmi on breathing pattern and
ventilatory reflexes.
This series of experiments compared the breathing pattern and reflexive changes in
ventilatory output observed after changes in PSR feedback and chemoreceptor drive of frogs
after bilateral lesions of the NI to that of intact animals (control group; series I).

The

micropipette was positioned from a dorsal approach into the region of the NI. This region lies

1.5

-

2.0 mm below the level of the cerebellum and 0.8 mm from the midline at the level of the

junction between the optic tectum and the cerebellum. Each experiment began with 175 nl sham
injection of physiological saline (0.7% NaC1) using a series of 1 to 5 rapid pressure injections
(80 PSI, 400-800 ms duration) until the meniscus moved the appropriate distance. This volume
of KA was shown in preliminary experiments to consistently produce the changes in breathing
pattern that will be described below. The sham microinjection was followed approximately 5
mm later by an injection of a similar volume of KA; this glutamate analogue has been shown
previously to selectively lesion neuronal cell bodies while sparing axons of passage (Coyle et al.,
1978; Denavit-Saubié et al., 1980).

The injection of KA in this area initially provoked an

increase in bursting frequency and amplitude from both nerves, as well as the level of tonic
discharge mainly in the vagus nerve. This transient period of increased activity was followed
by a period of quiescence that ranged between 15 mm to 1 h (Fig. 6.2). Once fictive breathing
reappeared, the breathing pattern became stable in, on average, 25 mm.

At this point, the

experimental protocol described in the previous series was repeated. The pipette was then moved
to the contralateral side and the same volume of vehicle or KA was microinjected into the
equivalent site on that side of the brain and the experimental protocol followed once again.
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Figure 6.2: An ENG recording illustrating the short term effects of kainic acid injection on the
bursting pattern recorded from the vagal (X) and trigeminal (V) nerves.

Page 198

‘0

(t

V

x
a

11,11

i vi,
...-

—-—-—-

vmwww..y

1.

ililit ia

II’

•

•‘‘.

111111

Ii1
,‘,

1lLA

VVWW. 1

]L1

PT

.

“_

i

U.L1lTh

.

‘I

‘!

I

IIThIJ,,IJII.II

I

..L1ihLliIInd ill

.IY!lT!rThf Jirrtiri. .

FJ

1

Kainic acid
(175 nI, 4.7mM)

T

..

10

I

sec

I

In four animals, a similar volume of lidocaine hydrochloride was microinjected into this
region following the sham microinjection to demonstrate the effects of ‘progressive’ and
reversible lesion of the NI. Kainic acid was then injected into this site after the effects of the
lidocaine were completely dissipated (—30 mm). In all experiments, after each KA injection,
an equal volume of fast green was injected for subsequent localization of the injection site.

Series III: the effects of vagotomy after bilateral lesions of the nucleus isthmi.
Because it is well established that the interaction between vagal and CNS inputs plays a
large role in ventilatory pattern formation in mammals (for review, see Milsom, 1991), this
series of experiments compared the breathing patterns of 4 frogs in which the NI had been
severed before and after the vagus nerves were cut bilaterally at the cervical level.

Since

bilateral microinjections of KA significantly reduced breathing (see results section below), the
comparison could only be made at the highest level of CO
2 used in this experimental protocol.

Analytical procedures.
The procedures for administering and measuring gas mixtures, and for quantifying
trigeminal and vagal burst duration and all other fictive breathing pattern variables have been
described in the previous chapter.
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Brain tissue histology.
At the end of the experiment, the brain was removed from the bullfrog, and fixed
overnight in a cold 4% paraformaldehyde solution in phosphate buffer neutralized to pH

=

7.9.

The tissue was then transferred to a 30% sucrose, 0.1% sodium azide solution for 24 h before
sectioning (50 m) on a cryostat at -23°C. The sections were then stained either with cresyl
violet or eosine-hematoxylin according to standard procedures, and examined for fast green
staining to determine the sites of the micropipette placements. Histological data was obtained
from 6 bullfrogs.

Data analysis.
Values for fictive breathing variables were obtained by analyzing a 2-mm segment of
data. All data are presented as means ± SE. The results were statistically analyzed using a
two-way analysis of variance followed by a Student-Newman-Keuls test (p < 0.05).
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RESULTS
The fictive breathing pattern recorded in control bullfrogs and in bullfrogs after
microinjection of saline into the NI was similar to that reported in chapter 4.

Briefly, this

breathing pattern was episodic, and the number of breaths in each fictive episode varied
according to the respiratory drive, while the incidence of the episodes was directly proportional
to the level of PSR feedback. In some preparations, fictive buccal oscillations were recorded
from the trigeminal nerve between the fictive episodes of lung ventilation (Fig. 6.3A).

1: The ‘fictive” breathing pattern of bulifrogs under conditions of normo-. and hypercarbic
respiratory drive at different tonic levels of PSR feedback.
Because the changes in fictive breathing pattern observed after changing PSR and
chemoreceptor afferent feedback were very similar to those described in chapter 4, the
description of these observations will be concise, and simply outline the major effects observed
along with the similarities/differences between both studies.

1.1. The effects of increasing hypercarbic respiratory drive
In sham microinjected bullfrogs, the effects of changing hypercarbic respiratory drive
were the same as those reported in chapter 4. Thus, increasing the FO
2 of the UDV gas
mixture stimulated fictive breathing (p < 0.001) (Fig. 6.4). The increase in ventilatory motor
output was mediated by an increase in breathing frequency alone (p = 0.021), since the VTjfldeX
did not change significantly with the increase in respiratory drive (p = 0.87). The increase in
breathing frequency observed under hypercarbic conditions was caused only by an increase in
the number of breaths in each bout of fictive ventilatory activity (p < 0.033), since the number
of episodes of breathing per minute was unchanged (p = 0.187). The latter result differed from
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the response obtained in chapter 4, where increasing hypercarbic respiratory drive shortened the
duration of the non-ventilatory period and increased the number of breathing episodes per
minute. This difference is only relative, however, since there was a trend for the number of
episodes per minute to increase in animals with PL

=

0 cm H
0 in this study and episodes fused
2

and breathing became continuous as FCO
2 increased in animals with PL

=

2 or 5 cm H
0.
2

Increasing hypercarbic respiratory drive had no effect on trigeminal or vagal burst
duration (p

=

0.397 and p= 0.593, respectively) (Fig. 6.6), or fL
1 (p

shown), but reduced

(p

=

=

0.05) (data not

0.009) (Fig. 6.8). These results differ from the data reported

in chapter 4 which showed that FCO
2 shortened both, thgeminal and vagal burst duration and
also reduced

1.2. The effects of tonic changes in PSR feedback.
Tonic increases in PL stimulated fictive breathing. For each level of respiratory drive,
increasing PL increased breathing frequency, reduced the peak integrated trigeminal burst activity
(VTifldex)

and the net result was an increase in the

respectively).

Vlndex

(p

<

0.001 for all) (Fig. 6.7A,B and C,

The increase in fictive breathing frequency produced by increasing PL was

mediated by a change in breathing pattern. In bullfrogs on UDV with 2% and 3.5% CO
2 in air,
increasing PL above 0 cm H
0 transformed the breathing pattern from episodic to continuous
2
in most animals.

In bullfrogs that did not breath continuously, however, increasing PL

augmented the number of breathing episodes per minute (p
number of breaths in a breathing episode (P
effects of PL on

fLabs

=

=

0.003), but had no effect on the

0.187) (Fig. 6.7E and D, respectively). The

were directly proportional to the magnitude of the hypercarbic respiratory

drive, as there was a significant interaction (p

=

0.036) between both variables.
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Figure 6.3: A comparison of the effects of bilateral microinjections of saline (panel A),
lidocaine hydrochloride (panel B) and kainic acid (panel C) into the NI on the fictive
breathing pattern of decerebrate, paralysed, unidirectionally ventilated bullfrogs, as
shown by a recording of integrated trigeminal nerve activity ( V).
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Tonic increases in PL had no significant effect on the duration of the vagal bursts (p

=

0.191). This means that when PL was equal to 0 cm H
0, the trigeminal burst began at the
2
same time or before the onset of the vagal burst, and both nerves became silent at approximately
the same time. With increases in PL, however, trigeminal burst duration was shortened (p <
0.001) such that the fraction of the gas exchange cycle during which gas would be expelled from
the lungs was prolonged and the lung inflation phase was shortened as in chapter 4 (Figs 6.5,
6.6 A and C). Changes in PL had no effect on either

(data not shown) or

(Fig. 6.8).

2. The effects of bilateral lesions of the nucleus isthmi on breathing pattern and ventilatoiy
reflexes.
Three types of ventilatory responses were observed after bilateral injection of KA into
the area of the NI; in none of the cases, however, was a change in blood pressure associated
with the microinjection of KA.

In 6 animals, the bilateral injection had very little or no

significant effect on the breathing output. The anatomical location of the fast green markers in
one of these cases is shown by the open circles in Fig. 6.9, which represents a cross section
—

4mm rostral to the obex. In this particular frog, only one of the markers was located in the

NI, whereas the other was situated —200 m below the NI. In 2 experiments, the respiratoryrelated motor output remained silent 1.5 h after the KA injections. Histology was done on the
brain of one of these animals, and it was found that the markers were located —50 tm above
the NI. None of these 8 experiments were considered “successful” and they were not included
in the data analysis.
In 53% of the trials (9 bullfrogs), both fast green markers were located inside or in the
immediate vicinity (< 40 tim) of the NI bilaterally (filled circles, Fig. 6.9). These “successful’
injections caused the important changes in breathing pattern which are shown in Fig. 6.3C. The
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ENG recordings shown in Fig. 6. 3B demonstrate that bilateral NI lesions caused by lidocaine
provoked important changes in breathing pattern and an overall reduction in the rate of fictive
breathing (Fig. 6. 3B and C; 6.4, 6.7).

In saline microinjected frogs, the fictive breathing

pattern was either episodic or continuous as described previously, depending on the level of
respiratory drive. After lidocaine injection, however, the breathing pattern consisted mainly of
evenly-spaced single breaths, and there were fewer fictive lung breaths per minute.
buccal oscillations were often observed during the non-ventilatory period.

Fictive

The effects of

lidocaine usually lasted for approximately 20 miii, after which breathing began to accelerate, and
each episode of fictive breathing had progressively more breaths.
As illustrated by Fig. 6. 3B, bilateral KA injections had similar effects to those just
described for lidocaine injections. An important distinction, however, was that the effects of
KA were not reversible, and after the initial cycle of stimulation/inhibition, breathing was stable
for the entire duration of the experiment. As indicated by the trigeminal and vagal bursting
pattern, bilateral lesion of the NI prolonged the duration of the ventilatory cycle (p = 0.004),
but had no significant effect on the relative duration of the inspiratory phase (p = 0.217) (Fig.
6.5, 6.6B and D).
When comparing the fictive breathing recorded from bullfrogs before and after NI
lesions, the most striking difference was the overall reduction in ventilatory output (p < 0.001)
(Figs. 6.3, 6.4A, 6.7A). The latter was mediated only by a reduction in fLabs (p < 0.001), since
bilateral injection of KA had no effect on the VTjfldex (p = 0.073) (Fig. 6.4C). When comparing
the breathing pattern data of both groups, the reduced fL
, after bilateral NI lesions was caused
21
by a reduced number of fictive breaths per episode (longer non-ventilatory pause; p < 0.001)
and less episodes of breathing per minute (p < 0.001). These data reflect the evenly-spaced
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single breath pattern of fictive ventilation typically observed after bilateral NI lesions, and
explains why there were not sufficient data to quantify fL
1 in this group.
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Figure 6.5: Simultaneous ENG recordings from the vagal (top trace) and trigeminal (bottom
trace) nerves which illustrate and contrast the bursting activity of a “fictive breath”
typically recorded before (panel A) and after bilateral KA microinjections (panel B).
These recordings were obtained from a single bullfrog on UDV with 3.5% CO
2 in air
at PL = 5 cm H
0. Dotted lines indicate 1) the start of the vagal burst, 2) the start of
2
the trigeminal burst and 3) the approximate termination of both vagal and trigeminal
bursts. This particular case also illustrates the reduced definition of the vagal burst after
NI lesions.
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Figure 6.6: The effects of changing lung pressure on the duration of the vagal (open circles)
and trigeminal (closed circles) burst duration at two levels of hypercarbic respiratory
drive in bullfrogs with (panels A and C) and without their nucleus isthmi intact (panels
B and D). Note that when vagal burst duration equals or is less than trigeminal burst
duration (stippled area), no lung deflation would occur in spontaneously breathing
bullfrogs. Conversely, the greater the extent to which vagal burst duration exceeds
trigeminal burst duration, the more time spent in expiration (hatched area).
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Figure 6.9: Drawing of a cross section of the bullfrog brain 4mm rostra! of the obex showing
sites in the nucleus isthmi (NI) area where bilateral microinjections of kainic acid were
performed. In four bullfrogs, the injections induced important changes in breathing
pattern (closed symbols). In two other cases, however, kainic acid microinjections either
had no effect (open circles) or completely eliminated bursting activity (open triangles).
NI: nucleus isthmi; vm: ventriculus mesencephali.
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2.1. The effects of hypercarbic respiratory drive after bilateral NI lesions.
Fictive breathing was not recorded in 63 % (5 out of 8) of the bullfrogs on UDV with a
1 % CO
2 in air gas mixture at any level of PL following bilateral NI lesions, whereas all intact
frogs produced respiratory related motor output under these conditions. Fictive breathing was
recorded in all bullfrogs on UDV with 3.5% CO
2 in air after bilateral NI lesions. However, the
ventilatory index was still much lower (p < 0.001) than that of intact bullfrogs (Fig. 6.4A).
The lack of fictive breathing at lower CO
2 levels reflects the overall reduction in responsiveness
to chemostimulation that was observed in KA microinjected bullfrogs.
Increasing hypercarbic respiratory drive following KA microinjection had no significant
effect on the breathing pattern except at PL

=

5 cm H
O and FCO
2

=

0.035, since the number

of breaths per episode and the number of episodes per minute remained unchanged at all other
combinations of PL and FCO (i’

=

0.269 and p

=

0.098, respectively) (Fig. 6.4D and E).

Table 6.1 reports the number of breaths in a breathing episode that were observed after bilateral
NI lesions in bullfrogs on UDV with 3.5 % CO
2 in air at PL

=

5 cm H
0. These data show
2

that, in two animals (E and I), no breathing was recorded under these experimental conditions,
while in bullfrogs F and G, breathing episodes could still occur after the bilateral NI lesions; the
number of breaths in each episode was a function of FCO
. All other bullfrogs took single
2
breaths or, on average, pairs of breaths under these conditions. The breathing pattern that was
recorded for animal G is shown in Fig. 6.10. This recording also demonstrates that, in this
case, bilateral vagotomy reduced the breathing frequency and the number of breaths in an
episode to one. It is noteworthy that the amplitude of buccal oscillations was high immediately
after a lung breath, and progressively decayed before the onset of the next one.
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Changing the FCO
2 of the UDV gas mixture also had no effect on the vagal and
trigeminal burst durations (p

=

0.532 and p

=

0.326, respectively) (Fig. 6.6B and D). This

procedure did, however, significantly reduce the fB
1 (p

=

0.009) (Fig. 6.8).

2.2. The effects of changes in PSR feedback after bilateral NI lesions.
An important feature of the fictive breathing recorded after bilateral NI lesions was that
tonic increases in PL no longer had any significant effect on
0.472), the number of breath per episode (p
breathing (p

=

fLabs

(p

=

0.054),

Vlndex

(P

=

0.242) or the incidence of fictive episodes of

0.559). It should be mentioned, however, that in 4 bullfrogs on UDV with 3.5%

2 in air, increasing PSR feedback increased the average number of breaths in a breathing
CO
episode above 1. The
feedback (p

=

VTjfldex

was the only variable consistently affected by changes in PSR

0.046) (Fig. 6.7C).

Changes in tonic levels of PSR feedback could still affect the timing of the fictive breaths
in KA microinjected bullfrogs, since progressive increases in PL shortened trigeminal burst
duration (p

=

0.002) but, contrary to bullfrogs with their NI intact, it also prolonged the

duration of the vagal bursts (p

=

0.002). This means that at higher PL’s, frogs without their

NI would have a greater proportion of their breathing cycle devoted to expiration, and
conversely, a shorter inspiratory phase than frogs with their NI intact. It is noteworthy that, in
some instances, the vagal bursts were not well defined after NI lesions. In these cases, it was
difficult to accurately determine the onset and termination of a burst (Fig. 6.5). Increasing PL
had no effect on

fBIL

(p

=

0.235).
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3. The effects of bilateral vagotomy after bilateral lesions of the nucleus isthmi.
The results of this experiment indicate that the effects of complete elimination of vagal
feedback on breathing pattern were not different than those observed upon lung deflation. For
all fictive breathing variables recorded, the data for vagotomized bullfrogs were never
significantly different from the values recorded at PL

=

0 (Fig 6.11).
2
0 cm H
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Table 6.1: Individual values for the number of fictive breaths in a breathing episode that were
recorded after NI lesions from bullfrogs on UDV with 3.5% CO
2 in air at PL = 5 cm
0.
2
H
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Bullfrog #

Average number of
breaths per episode

A

2

B

1

C

1.1

D

1

E
F

18

G

11

H

2

I

-

Note that no breathing was recorded for bullfrogs E and I.
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Figure 6.10: Simultaneous ENG recordings of full wave-rectified, integrated vagal (S X) and
trigeminal ( 5 V) nerve activity obtained from bullfrog ‘G” illustrating the occurrence of
breathing episodes after bilateral lesions of the NI. These recordings were obtained at
three levels of respiratory drive: 1 % CO
2 in air (Panel A), 2% CO
2 in air (Panel B) and
shows
the
effects
of
bilateral
vagotomy in this
3.5% CO
2 in air (Panel C). Panel D
particular animal when on UDV with 3.5 % CO
2 in air (Panel D). Note the decay pattern
of the small-amplitude buccal oscillations between each fictive breath post-vagotomy.
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Figure 6.11: A comparison of the relationship between tonic changes in lung pressure and A)
ventilatory index, B) absolute breathing frequency, C) peak integrated trigeminal nerve
activity, D) breaths per episode and E) episodes per minute before (closed symbols) and
after (open symbols) bilateral vagotomy in bullfrogs without their nucleus isthmi. In this
study, the bullfrogs were on UDV with 3.5% CO
2 in air.
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DISCUSSION
1. Critique of methods
Discrepancies between the data obtained for bullfrogs with their NI intact in the present
chapter and data obtained from animals in chapter 4 were all related to the effects of hypercarbic
respiratory drive (see section 1.1.) on breathing pattern. Overall, the sham injected frogs in
series I of the present study behaved and responded to changes in PL and/or respiratory drive
in a fashion that closely resembled the responses described in chapter 4.

However, at low

levels, the effects of hypercarbia in the present study did not always elicit changes in breathing
pattern that were statistically significant while they did in the experiments in chapter 4. At the
higher levels of respiratory drive, breathing was often continuous in the present study, and thus,
it was not possible to obtain values for the number of breaths per episode or episodes per minute
from many animals to compare with the data in chapter 4. Hence, the difference seems to be
less sensitivity at low levels of hypercarbia, but more sensitivity at high levels of hypercarbia
in the present study.
As described by Larsell (1923) and Senn (1972), the NI has a particular pattern of
organization.

The cells are not equally distributed within the nuclear field, but are densely

arranged at the periphery of the nucleus. The centre of the NI contains but a few scattered cells;
it consists mainly of fibers.

Larsell (1923), therefore, divided the nucleus into a “cortex”

(peripherally) and a “medulla” (internally). Given the large size of this structure (radius

200

tm) and its arrangement, a relatively large volume of KA or lidocaine had to be injected in
order to reach a significant portion of the cell bodies situated at the periphery. This particular
arrangement of the NI made it difficult to focus the effects of the pharmacological agents, and
may explain why, in some cases, microinjections of similar volumes in the same area did not
always affect the respiratory-related motor output. Injection volumes could not be too large,
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however, since in preliminary experiments, bilateral injections of KA caudal to the NI sometimes
resulted in loss of ENG activity from the trigeminal nerve, while vagal activity remained
unaffected; suggesting that the KA was diffusing to the trigeminal motor nucleus. Estimation
of diffusive spread of the volumes of KA injected here are well within prediction based on
Nicholson’s model (1985) for diffusion in brain tissue.

Briefly, this model predicts that

following a 10 nI injection, the concentration at 200 .tm from the injection site will be

—

35%

of the initial value after 10 secs and 5% of that value after 2 to 3 mm. The use of a larger
volume, such as the one used in the present study, means that more cells will be reached more
quickly, and thus produce a faster response. Based on this argument, it will be assumed that
the effects of KA microinjection on breathing pattern that were observed reflect bilateral lesions
to the NI.

2. Effects of bilateral lesions of the nucleus isthmi.
Following bilateral microinjections of lidocaine into the NI, fictive breathing frequency
was immediately reduced and the breathing pattern consisted of evenly-spaced single breaths for
a period of roughly 20 mm, without affecting the

VTlndex.

Lidocaine is a local anesthetic which

affects both axons of passage and cell bodies. The fact that bilateral microinjections of kainic
acid, a potent glutamate analogue which only affects cell bodies, also resulted in a severe
reduction in fictive breathing frequency, and, for the most part, changed the breathing pattern
to one of evenly-spaced single breaths, indicates that these changes in ventilatory output were
the result of bilateral lesions to the NI, rather than disruption or impairment of neuronal
pathways in this brainstem area. These effects of bilateral lesions to the NI are similar to the
effects of vagotomy or lung deflation, and/or reduction of respiratory drive reported previously
(chapters 3 and 4, present study). They are also similar to the results of Naifeh et al. (197 la,
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b) which have shown that, in alligators and caimans, both mild anesthesia (chloroform or
pentobarbital) and brainstem section could convert the episodic breathing pattern normally seen
in these animals into a single breath pattern.

In their study, the typical breathing episodes

disappeared early during the induction into anesthesia while brainstem transection also reduced
the number of breaths in each breathing episode to a single breath.

2.1. Effects on hypercarbic resnonse.
One of the most striking feature of the breathing pattern following lesions to the NI was
the reduced responsiveness of the preparation to the hypercarbic stimuli.

This reduction in

sensitivity was roughly proportional to the overall reduction in total ventilation. This leads to
the conclusion that the frog NI is an endogenous source of glutamate that maintains eucapnic
motor output and allows full expression of the CO
2 response.
This reduction of eucapnic ventilation and CO
2 chemosensitivity is similar to the effect
of retrotrapezoid nucleus (RTN) lesions in cats (Nattie and Li, 1990; Nattie et at., 1991). The
RTN is a region of the rostral ventrolateral medulla which may represent the most rostral
extension of the column of respiratory neurons in the ventral medulla in mammals (Nattie and
Li, 1995). In these studies, however, unilateral lesions alone were effective and they affected
only the phreriic amplitude response, and had no effect on the fictive breathing frequency. Since
the ventilatory response of cats to hypercarbia was predominantly mediated by an increase in
tidal volume, however, with breathing frequency remaining relatively constant under these
circumstances, the net effect was a large reduction in sensitivity to hypercarbia (Schlaefke et at.,
1979). Based on their data, these workers concluded that the role of the retrotrapezoid area was
in the regulation of tidal volume rather than breathing frequency. They also concluded that this
area in mammals facilitated eucapnic ventilation and allowed full expression of CO
2
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chemosensitivity.

Although the RTN of mammals and the NI of frogs are not homologous

structures, the analogous effects of lesions in these areas is striking.

2.2. Effects on lung pressure response.
The effect of increasing PSR feedback on fictive breathing frequency was greatly
reduced; hence, the shortening of the non-ventilatory pause usually provoked by increasing PSR
feedback did not occur.

This was somewhat predictable given that PSR feedback and

chemoreceptor input were shown previously to interact to modulate

fLabs

and breathing pattern

(chapters 4 and 5), and that the most important effect of the kainate lesions in the present study
was the reduced responsiveness of the frogs to C0
/W. Thus, the only effect of changing PL
2
on breathing frequency occurred at the highest PL (5 cm H
0) and the highest level of
2
chemoreceptor drive (FCO
2
changes in

VTIndex

=

0.035).

Bilateral NI lesions had no significant effect on the

elicited by PSR feedback, thus indicating that this reflex does not require NI

input, and that the role of the NI is limited to integrating inputs pertaining to respiratory rhythm
rather than bursting pattern.

3. Significance of buccal oscillation and lung ventilation frequencies.
The present data has shown that the NI plays a role in chemoreceptor reflexes modulating
lung breathing frequency. The fact that fB
2
1 remained the same and was still affected by CO
after NI lesions suggests that the role of the NI in chemodetection is restricted to lung
ventilation, and that mechanisms modulating the frequency of lung ventilations and breathing
had no

frequency are distinct.

Since, in the preceding chapter, changing mock CSF

significant effect on

in vitro, it is possible that this type of buccal movement is modulated

fB

exclusively by peripheral chemoreceptor input.
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4. Physiological signficance. the role of the nucleus isthmi.
The breathing pattern observed after NI lesions was very similar to that of
premetamorphic tadpoles, which consists of single air breaths interspersed with gill ventilations,
which are thought to be the precursors of buccal oscillations. As for obligate air-breathing
premetamorphic tadpoles (Taylor-Kollors stage XVI-XIX), increasing CO
2 caused an increase
in the frequency of air breaths, without any episodes, and reduced the buccal oscillation
frequency (Infantino; 1989).

The similarity of the breathing pattern of tadpoles and adult

bullfrogs post NI lesions is consistent with the correlation between the onset of episodic
breathing in bullfrogs and the developmental changes in the NI (Senn, 1972) that occur at
metamorphosis, and suggests that the emergence of CO
2 chemosensitivity near metamorphosis
is an important factor in the production of breathing episodes.
The transformation of the breathing pattern from episodic to evenly spaced single breaths
was always associated with a reduction in breathing frequency rather than a change in the
temporal distribution of breaths.

This raises the possibility that the NI is responsible for

producing clusters of breaths or episodes or that the NI simply provides a tonic input and that
episodes only occur when respiratory drive is high. Since breathing episodes were still observed
the two animals following microinjections of KA in the area of the NI (Table 6.1; Fig. 6.11),
it would appear that the NI only provides tonic respiratory drive, and in its absence, the levels
of hypercarbia and PSR feedback utilized to stimulate breathing in this study were not sufficient
to produce episodes except in two frogs at the maximum level of stimulation (F
2
PL

=

=

0.035;

5 cm H
0). Thus, the NI does not appear to be directly responsible for turning breathing
2

episodes on and off.
In mammals, it has been shown that either vagotomy or lesions to the pontine respiratory
group (PRG) slow breathing frequency and increase tidal volume, and that bilateral vagotomy
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after PRG lesions produces apneusis or very slow deep breaths, depending on the level of the
lesion (Feldman and Gautier, 1976). These results suggest that both vagal feedback and the
PRG provide a tonic input to eupneic breathing, and therefore, play an important role in pattern
formation. Bilateral lesions to the NI in bullfrogs had a similar effect on breathing frequency
to PRG lesions in mammals, and in some cases, subsequent vagotomy slowed breathing further.
Although apneusis was not observed in this frog preparation; i.e. there were no prolonged
inspiratory efforts, there is an interesting parallel between the influence of the NI and the PRG
on breathing pattern.
In summary, the present data demonstrate that bilateral lesions to the NI cause a
reduction in respiration and in the sensitivity to hypercapnia and changes in PL, roughly
proportional to the overall reduction in total ventilation. These findings lead to the conclusion
that, in the bullfrog, the NI is an endogenous source of glutamate that maintains eucapnic motor
output and allows full expression of the CO
2 response.
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CHAPTER 7:
GENERAL CONCLUSION
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Given that the data, and the methods used to obtain it, have already been discussed in
detail in each of the previous chapters, I will conclude by discussing the data in the broader
context of concepts pertaining to the control of breathing, with a strong bias towards pattern
formation.

This will be an amalgamation of the knowledge that I have gathered from my

laboratory work, data reported by other workers, and “intuitive inference”. Owing to the lack
of neuroanatomical and neurophysiological data on respiratory control in amphibians, this
discussion will be primarily conceptual. Nonetheless, I hope it will help generate new ideas and
research directions.

1. The role of peripheral feedback in the control of breathing in bulifrogs.
As it has been pointed out throughout the thesis, although feedback from peripheral
receptors did contribute to the shaping of the breathing pattern, none of the receptor groups
investigated could account for either respiratory rhythmogenesis or the clustering of the breaths
into distinct episodes. This was firmly established in chapter 5 where it was shown that the
respiratory-related motor output produced by an in vitro brainstem-spinal cord preparation was
episodic, despite the fact that this preparation was essentially devoid of peripheral feedback. It
should be stated that in all studies, increasing respiratory drive increased the probability of
breathing occurring. Hence, one could argue that the drive to breathe turns breathing on; this
is undeniably true.

Because a tonic respiratory drive still produces episodes of breathing,

however, we still have no explanation for what turns breathing off, and consequently, what is
responsible for producing this pattern of breathing.

This indicates that the mechanisms

underlying episodic breathing are an intrinsic property of the central respiratory control system.
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2. Central rhythm generation in bullfrogs.
Current models of respiratory control in lower vertebrates have put emphasis on the
relationship/interaction between buccal oscillations and lung ventilations. The buccal oscillations
in adults are believed to be residual manifestations of gill ventilations in pre-metamorphic
tadpoles. Because both types of events share at least one muscle group (buccal levators), it has
always been assumed that they must also share control mechanisms. An understanding of the
relationship between these two types of buccal movement may offer insight into the pivotal steps
in the evolution of air breathing (Smatresk, 1990). The first question that arises in this regard
is whether buccal oscillations and lung ventilations are driven by one or two rhythm generators?
Both types of events are produced in a very rhythmic fashion, and instantaneous
frequency measurements have been presented in the different chapters as indicators of the
intrinsic rhythms underlying buccal oscillations and lung ventilation. In chapter 2 and 3, it was
shown that in “resting” animals, buccal oscillations occur continuously during the non-ventilatory
periods, and that lung ventilations normally occur at a time when another buccal oscillation
would have been initiated. Since increasing respiratory drive increased

fLabs

without affecting

it would appear as though the stimuli simply “facilitated” the expression of the underlying
rhythm.

Under most experimental conditions, both instantaneous frequencies were similar,

suggesting that either the two types of events were produced by a single CR0, or that they were
closely entrained. For instance, under normoxic normocapnic conditions, both instantaneous
frequencies were similar, whether the animals were intact (chapters 2 and 3) or decerebrated
(chapters 6 and 7), with or without intact vagi (chapter 3), with or without olfactory receptor
feedback (chapter 3), whether PSR feedback was tonic or phasic (chapter 4), and whether tonic
PSR feedback was high or low (chapter 4). Making bullfrogs hypoxic also had little effect on
the

and

values, which were very similar (chapter 2).

There were circumstances,
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however, which dissociated the rhythms of the two breathing events. In some studies,
marginally slower than

,
1
fB

was

(e.g. in vitro preparation; chapter 5); however, in all preparations

hypercarbia consistently suppressed buccal oscillations without having much effect on
could be measured under hypercarbic conditions, however, the mean values were

When

typically less than the normocarbic values, while

fLIflSL

little affected.

This data suggests,

therefore, that under some circumstances, the two rhythms are different and can be modulated
differently.
Finally, it has recently been shown that in tadpoles, gill ventilation appears to be driven
by a network oscillator while lung movements appear to depend on a system involving some
form of pacemaker cells or inhibitory interactions that are not dependent on chloride ions (Pack
et al., 1992). This data further supports the idea that the two events are generated by different
mechanisms which are often entrained, and are not produced by a single CRG.

3. Central pattern generation in bulfrogs.
In many instances, the data reported in the thesis has shown that if the convective
requirements of the bullfrog are met artificially, breathing is absent.

Consequently, it was

argued that if a CRG was part of the respiratory control system of the bullfrog, it’s activity was
conditional upon a minimum tonic level of respiratory drive (chapter 2). Once that minimum
level of drive is provided to the control system, breathing occurs, and the output may or may
not occur in episodes, even in the absence of peripheral feedback (chapter 5). The fact that the
fictive breathing pattern produced by the in vitro brainstem-spinal cord preparation was virtually
identical to that of intact bullfrogs certainly questions the need for a central pattern generator
in our modelling of respiratory control in the bullfrog.

It is important at this juncture to

reiterate the distinction between the concepts of respiratory rhythm and pattern. The effects of
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hypercarbia on the fictive breathing pattern recorded in situ (chapter 4) will help make this
point.
At high levels of hypercarbia, bullfrogs breathe continuously, and the motor output of
the preparation occurs in a very “rhythmic” fashion. When the hypercarbic respiratory drive
and/or the level of PSR feedback was reduced, breathing became episodic.

Even then, the

period between each fictive breath within an episode was fairly constant, as were the smallamplitude fictive buccal oscillations produced between the episodes. There is more to breathing
pattern than respiratory rhythm, however. For instance, increasing PSR feedback reduced the
amplitude of the fictive breaths, prolonged the duration of the expiratory phase and shortened
the inspiratory phase without affecting the duration of the entire cycle (TT0T). Increasing PSR
feedback also reduced the duration of the non-ventilatory period. Conversely, increasing FCO
2
shortened the total duration of the breathing cycle (TT0T) without affecting the relative duration
of the expiratory and inspiratory phases, and increased the number of fictive breaths in each
episode.

Under different circumstances, there are many different components of the motor

output that can be changed relatively independently from the respiratory rhythm.

These

components of the motor output also constitute part of the breathing pattern. In spontaneously
breathing bullfrogs, processing of all afferent inputs pertaining to breathing is an essential step
towards the production of a pattern of motor output that meets the metabolic demands. This is
the basis for the concept of having a central pattern generator as a “functional” entity, distinct
from the respiratory rhythm generator, in the respiratory control system.
Tadpoles primarily modulate gill ventilation to accommodate the demands imposed on
the respiratory system, while in adult bullfrogs, both buccal oscillations and lung ventilations
occur, but are modulated differently by hypercapnia.

These observations have raised the

question of whether these independent changes are the product of separate central pattern
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generators.

The results of the experiments reported in chapter 6 have shown that, in adult

bullfrogs, bilateral kainic acid lesions in the area of the NI had profound effects on CO
2
sensitivity, and consequently, the breathing frequency was significantly reduced. After lesions
in the NI area, the breathing pattern consisted mainly of evenly-spaced single breaths. This
suggested that input from the nucleus isthmi provided a tonic level of respiratory drive, and
influenced the integration of afferent inputs affecting ventilation. These lesions, however, had
no effect on the occurrence and the intrinsic frequency of the buccal oscillations, nor on the
inhibitory effects of CO
2 on

This indicates, therefore, that the signal from chemoreceptors

is processed differently for both types of events, and that input from the NI does not modulate
the reflexive reduction of fB
. Because
2
1 induced by CO

was not altered when central

chemoreceptors alone were stimulated by increases in CO (see in vitro data, chapter 5), it
would appear that the inhibitory input to the buccal oscillation network is provided by peripheral
chemoreceptors which respond to increases in arterial levels of CO
02
/H and/or decreases in Pa
2
(Van Vliet and West, 1992). The absence of this inhibitory input may explain why fB
1 was
much larger than

in the in vitro preparation (chapter 5). This inhibition of the buccal

oscillation network would also explain the gating” between the two types of events which
occurs when the level of drive becomes elevated.
Buccal pumping in tadpoles and buccal oscillations in adults appear to be produced by
the reciprocal inhibition of two antagonistic muscle groups: the buccal levators and depressors.
In the case of their inhibition by hypercarbia, it is conceivable that the afferent chemoreceptor
signal impinges exclusively at the level of the premotor or motoneurone pool, where as
integration of hypercarbic stimuli appears to occur higher in the brainstem for lung breathing
in the adults. Based on the defmition of a CPG that was put forward originally, the fact that
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both buccal oscillations and lung ventilations can be modulated differently by different afferent
inputs, suggests that there are two CPGs as well as two CRGs.

4. What turns breathing on and off?
The data gathered throughout this thesis have eliminated numerous mechanisms which
have been postulated over the years to produce breathing episodes.

The results have also

indicated that the answer to this question more than likely lies in understanding some of the basic
neurophysiological properties of the central respiratory neurones.

That breathing occurs

intermittently, even when all afferent inputs are tonic, suggests that the membrane potentials of
certain groups of respiratory-related neurones must oscillate. Tonic inputs, from the NI perhaps
as well as peripheral receptors, could raise the membrane potentials of these respiratory neurones
allowing an intrinsic rhythm to be expressed until these cells became quiescent or refractory.
The cause(s) of this latter phenomenon underlie the termination of a breathing episode. To be
consistent with the empirical findings, increasing different tonic drives must also be capable of
altering the period of “repetitive bursting”, and reducing the duration of the refractory period
of the respiratory neurones between episodes differently. This would correlate with differences
in the alternation between breathing episodes and non-ventilatory pauses which occur in the face
of different tonic, elevated respiratory drives.
This type of neuronal behaviour can be produced in a number of ways, but the recent
findings of Liao et al. (1994) suggest that this process may be related to afterhyperpolarization
-activated K channels. Their study has shown that adding apamine
2
currents produced by Ca
(a pharmacological agent which specifically blocks

these K channels) to the solution

superfusing the tadpole brainstem-spinal cord preparation does not disrupt the rhythmic
behaviour of the fictive gill ventilation or the lung ventilation. What is interesting, however,
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is that application of this drug prolongs the duration of the lung bursts. Since this research
group does not distinguish between breathing episodes of one or many breaths but considers all
breathing episodes as a single lung event (Filmyer, personal communication), it is possible that
their results indicate an increase in the number of breaths per episode. If this is the case, and
if this occurred at a constant respiratory drive, it could very well be that increasing
recruitment/derecruitment of these channels on key respiratory neurones is responsible for the
genesis of breathing episodes.
Lower vertebrates, such as the bullfrog, have often been considered as being simpler or
more “primitive” in terms of their respiratory control system. The data obtained throughout the
thesis strongly suggests that, more often than not, the respiratory control system is highly
conserved amongst vertebrates. For instance, basic ventilatory reflexes, such as chemoresponses
and the Hering-Breuer inspiratory-inhibiting reflex are present in the frog as well as in
mammals.

Even at the level of the central control mechanisms, there appears to be a high

degree of similarity with respect to the anatomical projection of afferent nerve inputs amongst
vertebrates, and this final discussion has outlined the arguments supporting the existence of a
CRG and a CPG in bullfrogs much like those described for mammals.

The differences in

breathing mechanics are the most obvious distinction between amphibian and mammalian
breathing.

It is clear that the emergence of the diaphragm and the aspiration pump were

important steps in the evolution of air breathing, but the data thus far do not indicate that this
process required major reorganization at the level of the control system, given that the breathing
cycle of the bullfrog also appears to consist of three distinct phases. At first glance, the fact that
many lower vertebrates breathe episodically may be interpreted as a reflection of important
differences in their respiratory control system, given the almost dogmatic notion that mammals
breathe continuously, and that any other type of breathing pattern is either pathological or an
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experimental artefact.

However, there is growing evidence suggesting that many groups of

mammals can produce episodic breathing if the respiratory drive is reduced sufficiently. This
may occur naturally during hibernation or euthermic sleep or, as it has been documented in some
cases, when the chemical drive to breathe is reduced artificially (Bartoli et at., 1974). This
further supports the notion that the respiratory control system is highly conserved amongst
vertebrates, and a better understanding of the mechanisms that dictate the production of
breathing episodes in all vertebrate classes will help elucidate this question.

Page 244

BIBLIOGRAPHY

Page 245

Adrian, E.D. and F.J.J. Buytendijk. (1931). Potential changes in the isolated brain stem of the
goldfish. J. Physiol. London. 71:121-135.
Ballam, G.O. and E.L. Coates. (1989).Effect of upper airway CO
2 pattern on ventilatory
frequency in tegu lizards. Am. J. Physiol. 26(1): R156-R161.
Ballintijn, C. M. (1987). Evolution of central nervous control of ventilation in vertebrates. In:
The neurobiology of the cardiorespiratory system. Edited by E.W. Taylor. Manchester
University Press. pp.1-27.
Bartoli, A., E. Bystrzycka, A. Guz, S.K. Jam, M.I.M. Noble and D. Trenchard. (1973).
Studies of the pulmonary vagal control of central respiratory rhythm in the absence of breathing
movements. J. Physiol. London. 230: 449-465.
Bartoli, A., B.A. Cross, A. Guz, S.K. Jam, M.I.M. Noble and D.W. Trenchard. (1973). A
vagal reflex modifying ventilation activated by CO
2 in the lungs. J. Physiol. London. 234:
93P-94P.
Bartoli, A., B.A. Cross, A. Guz, S.K. Jam, M.I.M. Noble and D.W. Trenchard. (1974).The
effect of carbon dioxide in the airways and alveoli on ventilation; A vagal reflex studied in the
dog. J. Physiol. London. 240: 91-109.
Berger, A.J. (1990). Recent advances in respiratory neurobiology using in vitro methods. Am.
J. Physiol. 259: L24-L29.
Bianchi, A.L., M. Denavit-Saubié and 3. Champagnat. (1995). Central control of breathing in
mammals: Neuronal circuitry, membrane properties, and neurotransmitters. Physiological
Reviews. 75(1): 1-45.
Boutilier, R.G. (1988). Control of arrhythmic breathing in bimodal breathers: Amphibia. Can.
J. Zool. 66: 6-19.
Boutilier, R.G. (1989). Diving Physiology: Amphibians. In: Comparative Pulmonary
Physiology: Current concepts. Edited by S.C. Wood. Marcel Dekker Inc. New York. PP 677692.
Boutilier, R.G., D.J. Randall, G. Shelton and D.P. Toews. (1979). Acid-base relationships in
. J. Exp. Biol. 82:
2
the blood of the toad, Bufo marinus I. The effects of environmental CO
331-344.
Boutilier, R.G. and D.P. Toews. (1977). The effect of progressive hypoxia on respiration in the
toad Bufo marinus. J. Exp. Biol. 68: 99-107.
Boutilier, R. G. and D P. Toews. (1981). Respiratory, circulatory and acid-base adjustments to
hypercapriia in a strictly aquatic and predominantly skin-breathing urodele, Cryptobranchus
alleganiensis. Respir. Physiol. 46(2): 177-192.
.

Page 246

Branco, L.G.S., M.L. Glass and A. Hoffmann. (1992). Central chemoreceptor drive to
breathing in unanesthetized toads, Bufo paracnemis. Respir. Physiol. 87: 195-204.
Branco, L.G.S., M.L. Glass, T. Wang and A. Hoffmann. (1993). Temperature and central
chemoreceptor drive to ventilation in toad (Bufo paracnemis). Respir. Physiol. 93(3): 337-346.
Brett, S.S. and G. Shelton. (1979). Ventilatory mechanisms of the amphibian, Xenopus laevis;
the role of the buccal force pump. J. Exp. Biol. 80: 25 1-269.
Brockhaus, J., K. Ballanyi, J.C. Smith and D.W. Richter. (1993). Microenvironment of
respiratory neurons in the in vitro brainstem-spinal cord of neonatal rats. J. Physiol. London.
462: 421-445.
Burggren, W. W. (1984). Transition of respiratory processes during amphibian metamorphosis:
from egg to adult. In: Respiration and Metabolism of Embryonic Vertebrates; edited by R.S.
Seymour. Dordrecht: Dr. W Junk Publishers, pp.31-53.
.

Burggren, W. W. (1988). Cardiovascular responses to diving and their relation to lung and
blood oxygen stores in vertebrates. Can. J. Zool. 66: 20-28.
Burggren, W.W. (1989). Lung structure and function. In: Comparative Pulmonary Physiology:
Current Concepts, edited by S.C. Wood and C. Lenfant. New-Yrok: Dekicer. 39:153-192.
Burggren, W. W. and M. Doyle. (1986). Ontogeny of regulation of gill and lung ventilation in
the bullfrog, Rana catesbeiana. Respir. Physiol. 66(3): 279-291.
Burggren, W.W. and A.W. Pinder. (1991). Ontogeny of Cardiovascular and Respiratory
Physiology in Lower Vertebrates. Ann. Rev. Physiol. 53: 107-135.
Burggren, W.W. and N.H. West. (1982). Changing respiratory importance of gills, lungs and
skin during metamorphosis in the bullfrog Rana catesbeiana. Respir. Physiol. 47(2): 15 1-164.
Carison, A.J. and A.B. Luckhardt. (1920). Studies on the visceral sensory nervous system I.
Lung automatism and lung reflexes in the frog (R. pipiens and R. catesbiana). Am. J. Physiol.
54: 55-95.
Castellini, M.A., W.K. Milsom, R.J. Berger, D.P. Costa, D.R. Jones, M. Castellini, L.D. Rea,
S. Bharma and M.B. Harris. (1994). Patterns of respiration and heart rate during wakefulness
and sleep in elephant seal pups. Am. J. Physiol. 266: R863-R869.
Cherniack, N.S., N.N. Stanley, P.G. Tuteur, M.D. Altose and A.P. Fishman. (1973). Effects
of lung volume changes on respiratory drive during hypoxia and hypercapnia. J. Appi. Physiol.
35(5): 635-641.
Clark, F.J. and C. Von Euler. (1972). On the regulation of depth and rate of breathing. J.
Physiol. London 222: 267-295.
Page 247

Coates, E.L. and G.O. Ballam. (1989). Breathing and upper airway C02 in reptiles: role of the
nasal and vomeronasal systems. Am. J. Physiol. 25: R91-R97.
Coates, E.L. and G.O. Ballam. (1990). Olfactory receptor response to C02 in bullfrogs. Am.
J. Physiol. 27(5): R1207-R1212.
Coates, E.L., R.A. Furilla, GO. Ballam and D. Bartlett Jr. (1990). A decrease in nasal CO
2
stimulates breathing in tegu lizards. Respir. Physiol. 86: 65-75.
Coyle, J.T., M.E. Molliver and M.J. Kuhar. (1978). In situ injection of kaimc acid: a new
method for selectively lesioning neuronal cell bodies while sparing axons of passage. J. Comp.
Neurol. 180: 301-324.
Cross, B.A., P.W. Jones and A. Guz. (1980). The role of vagal afferent information during
inspiration in determining phrenic motoneurone output. Respir. Physiol. 39(2): 149-167.
De Jongh, H.J. and C. Gans. (1969). On the mechanism of respiration in the bullfrog, Rana
catesbeiana: a reassessment. J. Morph. 127: 259-290.
Dejours, P. (1988). Respiration in water and air: Adaptations Regulation Evolution. Elsevier,
New York. 179p.
De Marneffe-Foulon, C. (1962). Contribution a l’étude du mécanisme et du contrôle des
mouvements respiratoires chez Rana. Ann. Soc. Roy. Zoo!. Belgique 92(1): 81-132.
Denavit-Saubié, M., D. Riche, J. Champagnat and J.C. Velluti. (1980). Functional and
morphological consequences of kainic acid microinjections into a pontine respiratory area of the
cat. Neuroscience. 5: 1609-1620.
Douse, M.A. and G.S. Mitchell. (1990). Episodic respiratory related discharge in turtle cranial
motoneurons: in vivo and in vitro studies. Brain Res. 536: 297-300.
Douse, M.A. and G.S. Mitchell. (1992a). Effects of vagotomy on ventilatory responses to CO
2
in alligators. Respir. Physiol. 87: 63-76.
Douse, M.A. and G.S. Mitchell. (1992b). Episodic breathing in alligators: role of sensory
feedback. Respir. Physiol. 87: 77-90.
Eldridge, F.L. (1971). Relationship between phrenic nerve activity and ventilation. J. Appi.
Physiol. 221: 535-543.
Eldridge, F .L. (1975). Relationship between respiratory nerve and muscle activity and muscle
force output. J. App!. Physiol. 39: 567-573.

Page 248

Eldridge, F.L. and D.E. Milihorn (1986). Oscillation, gating and memory in the respiratory
control system. In: Handbook of Physiology. Respiration, edited by A.P. Fishman, N.S.
Cherniack and J.G. Widdicombe. Bethesda, MD: Am. Physiol. Soc., 1986, sect. 3, vol. I,
chapt. 3, .
114
93
p.
Evans, B.K. and G. Shelton. (1984). Ventilation inXenopus laevis after lung or carotid labyrinth
denervation. Proc. IUBS: Comp. Physiol. Biochem. 1: A 75.
Feder, M.E. (1983). Responses to acute aquatic hypoxia in larvae of the frog Rana berlandieri.
J. Exp. Biol. 104: 79-95.
Feldman, J.L. 1986. Neurophysiology of respiration in mammals. In: Handbook of physiology,
Sect. 1. The nervous System. Vol. 4. Edited by Bloom, F.E. American Physiological Society,
Bethesda, MD pp. 463-524.
Feldman, J.L. and H. Gautier. (1976). Interaction of pulmonary afferents and pneumotaxic
center in control of respiratory pattern in cats. J. Neurophysiol. 39: 31-44.
Feldman, J.L., J.C. Smith, H.H. Ellenberger, C.A. Connelly, G. Liu, J.J. Greer, A.D. Lindsay
and M.R. Otto. (1990).Neurogenesis of respiratory rhythm and pattern: emerging concepts. Am.
J. Physiol. 28: R879-R886.
Galante, R.J., A.I. Pack and A.P. Fishman. (1989). Control of lung breath duration in the
African lungfish. Faseb J. 3(3): A856.
Galante, R.J., E. Smith, L. Kubin and A.I. Pack. (1992). Developmental changes in respiratory
neural ouput in larval form of Rana catesbeiana. Soc. Neurosci. Abstract. 58.13.
Gans, C. (1970). Strategy and sequence in the evolution of the external gas exchangers of
ectothermal vertebrates. Forma Functio 3: 6 1-104.
Glass, M.L. and K. Johansen. (1976). Control of breathing inAcrochordusjavanicus, an aquatic
snake. Physiol. Zool. 49: 328-340.
Gottlieb, G. and D.C. Jackson. (1976). Importance of pulmonary ventilation in respiratory
control in the bullfrog. Am. J. Physiol. 230: 608-613.
Grippi, M.A., A.I. Pack, R.O. Davies and A.P. Fishman. (1985). Adaptation to reflex effects
of prolonged lung inflation. J. Appi. Physiol. 58: 1360-1371.
Halliday, T.R. and H.P.A. Sweatman (1976). To breathe or not to breathe: the newt’s problem.
Anim. Behav. 24:551-561.
Infantino, R.L. (1989). Ontogeny of gill and lung ventilatory response to oxygen and carbon
dioxide in the bull frog Rana catesbeiana. Am. Zool. 29:57A (Abstract).

Page 249

Ishii, K. and K. Ishii (1970). Efferent innervation to the chemoreceptor of the carotid labyrinth
of the toad. Tohoku J. Exp. Med. 102: 113-119.
Ishii, K., K. Ishii, and T. Kusakabe (1985). Chemo- and baroreceptor innervation of the aortic
trunk of the toad bufo vulgaris. Respir. Physiol. 60: 365-375.
Issa, F. Q. and J. E. Remmers. (1992). Identification of a subsurface area in the ventral medulla
sensitive to local changes in CO
2 J. App!. Physiol. 72: 439-446.
Jackson, D.C. (1978). Respiratory control in air breathing ectotherms. In: Regulation of
Ventilation and Gas Exchange; Academic Press, Inc., pp.93-130.
Jackson, D.C. and B.A. Braun. (1979). Respiratory control in bullfrogs: cutaneous versus
pulmonary response to selective CO
2 exposure. J. Comp. Physiol. B 129: 339-342.
Jesse, M.J., C. Shub and A.P. Fishman. (1967). Lung and gill ventilation of the African lung
fish. Respir. Physiol. 3: 267-287.
Johansen, K. and C. Lenfant. (1968). Respiration in the African lungfish, Protopterus
aethiopicus. II. Control of breathing. J. Exp. Biol. 49: 453-468.
Jones, D.R. and C. Chu. (1988). Effect of denervation of carotid labyrinths on breathing in
unrestrained Xenopus laevis. Respir. Physiol. 73: 243-256.
Jones, D.R. and W.K. Milsom. (1982). Peripheral receptors affecting breathing and
cardiovascular function in non-mammalian vertebrates. J. Exp. Biol. 100: 59-91.
Jones, D.R. (1970). Experiments on amphibian respiratory and circulatory systems. In:
Experiments in Physiology and Biochemistry; Vol III, edited by G.A. Kerkut. New York:
Academic Press, pp. 233-293.
JUch, P.J.W. and C.M. Ballintijn. (1983). Tegmental neurons controlling medullary respiratory
centre activity in the carp. Respir. Physiol. 51(1): 95-107.
Kelsen, S.G., M.D. Altose and N.S. Cherniack. (1977). Interaction of lung volume and
chemical drive on respiratory muscle EMG and respiratory timing. .1. Appi. Physiol. 42(2):
287-294.
Kinney, J.L. and F.N. White. (1977). Oxidative cost of ventilation in a turtle, Pseudemys
floridana. Respir. Physiol. 31: 327-332.
Kogo, N., S.F. Perry and J.E. Remmers. (1994). Neural organization of the ventilatory activity
in the frog, Rana catesbeiana I. J. Neurobiol. 25(9): 1067-1079.
Kogo, N. and J.E. Remmers. (1994). Neural organization of the ventilatory activity in the frog,
Rana catesbeiana. II. J. Neurobiol. 25(9): 1080-1094.
Page 250

Kruhøffer, M., M.L. Glass, A.S. Abe and K. Johansen. (1987). Control of breathing in an
amphibian Bufo paracnemis: effects of temperature and hypoxia. Respir. Physiol. 69: 267-275.
Kuhlmann, W.D. and M.R. Fedde. (1979). Intrapulmonary receptors in the bullfrog: sensitivity
to CO
. J. Comp. Physiol. 132A: 69-75.
2
Larsell, 0. (1924). The nucleus isthmi of the frog. J. Comp. Neurol.36:309-322.
Liao, G.S., R.J. Galante, A.P. Fishman, L. Kubin and A.I. Pack. (1994). Blockade of small
conductance Ca
-activated K channels (sKj affects gill and lung ventilation in tadpole, Rana
2
catesbeiana), brainstem in vitro. The Physiologist, 37(5):24.9.
Lillo, R.S. (1980). Heart rate and blood pressure in bullfrogs during prolonged maintenance
in water at low temperature. Comp. Biochem. Physiol. 65A:251-253.
Lumsden, T. (1923). The regulation of respiration. part I. J. Physiol. London. 58: 82-91.
Maclntyre, D.H. (1975). Respiratory mechanisms and acid base regulation in Bufo marinus
marinus (L.). M.Sc. Dissertation. Acadia University, Wolfville, N.S.
Maclntyre, D.H. and D.P. Toews. (1976). The mechanics of lung ventilation and the effects of
hypercapnia on respiration in Bufo marinus. Can. J. Zool. 54: 1364-1374.
McArthur, M.D. and W.K. Milsom. (1991a). Ventilation and respiratory sensitivity of
euthermic Columbian and golden-mantled ground squirrels (Spennophilus columbianus and
Spermophilus lateralis) during the summer and winter. Physiol. Zool. 64(4): 92 1-939.
McArthur, M.D. and W.K. Milsom. (1991b). Changes in ventilation and respiratory sensitivity
associated with hibernation in Columbian (Spennophilus columbianus) and golden-mantled
(Spermophilus lateralis) ground squirrels. Physiol. Zool. 64(4): 940-959.
McLean, H.A., G.S. Mitchell and W.K. Milsom. (1989). Effects of prolonged inflation on
pulmonary stretch receptor discharge in turtles. Respir. Physiol. 75: 75-88.
McLean, H.A. (1992). Endogenous respiratory rhythm in isolated brainstem preparations. Ph.D.
Thesis, Dept. of Medical Science, Univ. of Calgary.
Martin, H.N. (1878). The normal respiratory movements of the frog, and the influence upon its
respiratory centre of stimulation of the optic lobes. J. Physiol. London 1: 131-170.
Milsom, W.K. (1989). Comaprative aspects of vertebrate pulmonary mechanics. In:
Comparative Pulmonary Physiology: Current Concepts, edited by S.C. Wood and C. Lenfant.
New-Yrok: Dekker. 39:587-619.

Page 251

Milsom, W.K. (1990a). Control and co-ordination of gas exchange in air breathers. In:
Advances in Comparative and Environmental Physiology, Vol.6; edited by R.G. Boutilier.
Berlin: Springer-Verlag, pp.347-400.
Milsom, W.K. (1990b). Mechanoreceptor modulation of endogenous respiratory rhythms in
vertebrates. Am. J. Physiol. 28: R898-R910.
Milsom, W.K. (1991). Intermittent breathing in vertebrates. Annu. Rev. Physiol. 53:87-105.
Milsom, W.K. and P. Chan. (1986). The relationship between lung volume, respiratory drive
and breathing pattern in the turtle, Chiysemys picta. J. Exp. Biol. 120: 233-247.
Milsom, W.K. and D.R. Jones. (1977). Carbon dioxide sensitivity of pulmonary receptors in
the frog. Experientia 33: 1167-1168.
Mitchell, G. S. (1987). Effects of hypoxemia on phrenic nerve responses to static lung inflation
in anesthetized dogs. Respir. Physiol. 67: 183-195.
Mitchell, G. S. (1992). In vitro studies of respiratory control: An overview. In: Respiratory
Control: Central and Peripheral Mechanisms, edited by D.F. Speck, M.S. Dekin, W.R.
Revelette and D T. Frazier. The University Press of Kentucky, pp. 30-33.
.

Mitchell, G.S., B.A. Cross, T. Hiramoto and P. Scheid. (1980). Effects of intrapulmonary CO
2
and airway pressure on phrenic activity and pulmonary stretch receptor discharge in dogs.
Respir. Physiol 41(1): 29-48.
.

Mitchell, G.S., B.A. Cross, T. Hiramoto and P. Scheid. (1982). Interactions between lung
stretch and Pa
02 in modulating ventilatory activity in dogs. J. Appi. Physiol. 53(1): 185-191.
Mitchell, G.S., M.A. Douse and K.T. Foley. (1990). Receptor interactions in modulating
ventilatory activity. Am. J. Physiol. 28: R91 1-R920.
Mitchell, G. S. and B. D. Selby. (1987). Effects of carotid denervation on interactions between
lung inflation and PaCO
2 in modulating phrenic activity. Respir. Physiol. 67: 367-378.
Mitchell, G.S. and B.D. Selby. (1988). Ventilatory responses to lung inflation and arterial CO
2
in halothane-anesthetized dogs. J. Appi. Physiol. 64: 1433-1438.
Mitchell, G.S. and E.H. Vidruk. (1987). Effects of hypercapnia on phrenic and stretch receptor
responses to lung inflation. Respir. Physiol. 68: 310-330.
Murakoshi, T. and M. Otsuka. (1985). Respiratory reflexes in an isolated brainstem-lung
preparation of the newborn rat:possible involvement of -y-aminobutyric acid and glycine.
Neurosci. Lett. 62: 63-68.

Page 252

Naifeh, K.H., S.E. Huggins and H.E. Hoff. (1971a). Study of the control of crocodilian
respiration by anesthetic dissection. Respir. Physiol. 12: 251-260.
Naifeh, K.H., S.E. Huggins and H.E. Hoff. (1971b). Effects of brain stem section on
respiratory patterns of crocodilian reptiles. Respir. Physiol. 13: 186-197.
Nattie, E.E. and A. Li. (1990). Fluorescence location of RVLM kainate microinjections that
alter the controlof breathing. J. Appi. Physiol. 68(3): 1157-1166.
Nattie, E.E., A. Li and W.M. St.John. (1991). Lesions in retrotrapezoid nucleus decrease
ventilatory output in anesthetized or decerebrate cats. Am. J. Physiol. 71: 1364-1375.
Nicholson, C. (1985). Diffusion from an injected volume of a substance in brain tissue with
arbitrary volume fraction and tortuosity. Brain Res. 333: 325-329.
Nielsen, B. (1961). On the regulation of the respiration in reptiles. I. The effect of temperature
and CO
2 on the respiration of lizards (Lacerta). J. Exp. Biol. 38: 301-314.
Nieuwenhuys, R. and P. Opdam. (1976). Structure of the brain stem. In: Frog Neurobiology:
A Handbook, edited by R. Llinas and W. Precht. Springer Verlag, Berlin, Heidelberg, NewYork. pp. 911-855.
Norris, D.O. (1985). Vertebrate endocrinology. Second Edition. Lea and Febiger, Philadelphia.
5OSp.
Oka, K. (1958a). The influence of the transection of the brain upon the respiratory movement
of the frog. J .Physiol .Soc .Japan 20(7): 513-519.
Oka, K. (195 8b). Further studies on the localization of the respiratory centers of the frog. J.
Physiol. Soc. Japan 20(7): 520-524.
Okada, Y., K. Mückenhoff, G. Holtermann, H. Acker and P. Scheid. (1993a). Depth profiles
of pH and P0
2 in the isolated brain stem-spinal cord of the neonatal rat. Respir Physiol 93(3):
315-326.
.

.

Okada, Y., K. Mückenhoff and P. Scheid. (1993b). Hypercapnia and medullary neurons in the
isolated brain stem-spinal cord of the rat. Respir Physiol 93(3): 327-336.
.

.

Opdam, P., M. Kemali and R. Nieuwenhuys. (1976). Topological analysis of the brain stem of
the frogs Rana esculenta and Rana catesbeiana. J. Comp. Neur. 165: 307-332.
Pack, A.I. R.J. Galante, R.E. Walker, L.K. Kubin and A.P. Fishman. (1992). Comparative
approach to neural control of respiration. In: Respiratory Control: Central and Peripheral
Mechanisms, edited by D.F. Speck, M.S. Dekin, W.R. Revelette and D.T. Frazier. The
University Press of Kentucky, pp. 52-57.
,

Page 253

Pack, A.I., R.J. Galante and A.P. Fishman. (1990). Control of interbreath interval in the
African lungfish. Am .J .Physiol 28(1): R139-R146.
.

Pack, A.I., R.J. Galante and A.P. Fishman. (1992). Role of lung inflation in control of air
breath duration in African lungfish (Protopterus annectens). Am .J .Physiol 262: R879-R884.
.

Pinder, A.W. and W.W. Burggren. (1986). Ventilation and partitioning of oxygen uptake in the
frog Rana pliens: effects of hypoxia and activity. J .Exp .Biol. 126: 453-468.
Portner, H.0., L.M. MacLatchy and D.P. Toews. (1991). Metabolic responses of the toad Bufo
marinus to environmental hypoxia: an analysis of the critical P
02 Physiol. Zool. 64(3): 836-849.
Randall, D.J. Burggren, W.W. Farrell, A.P. and M.S. Haswell. (1981). The evolution of air
breathing in vertebrates. Cambridge University Press. 133p.
Richter, D.W. (1982). Generation and maintenance of the respiratory rhythm. J .&p. Biol. 100:
93-107.
Richter, D.W., D. Ballaantyne and J.E. Remmers. (1986). How is the respiratory rhythm
generated? A model. NIPS 1: 109-112.
Rovainen, C. M. (1985). Respiratory bursts at the midline of the rostral medulla of the lamprey.
J. Comp. Physiol. 157A: 303-309.
St-John, W. M. (1977). Integration of peripheral and central chemoreceptor stimuli by pontine
and medullary respiratory centers. Federation Proc. 36:2421-2427.
Sakakibara, Y. (1978). Localization of CO
2 sensor related to the inhibition of the bullfrog
respiration. Jpn .J .Physiol 28: 721-735.
.

Sakakibara, Y. (1984a). The pattern of respiratory nerve activity in the bullfrog. Jpn. J. Physiol.
34: 269-282.
Sakakibara,Y. (1 984b). Trigeminal nerve activity and buccal pressure as an index of total
inspiratory activity in the bullfrog. Jpn .J .Physiol 34: 827-838.
.

Schlaefke, M. E., J. F. Kille and H. H. Loeschcke. (1979). Elimination of central chemosensitivity
by coagulation of a bilateral area on the ventral medullary surface in awake cats. Pflugers Arch.
378: 231-241.
Shelton, G. (1959). The respiratory centre in the tench (Tinca tinca L.). J. Exp. Biol. 36:
19 1-202.
Shelton, G. (1961). The respiratory center in the tench (Tinca Tinca L.) II. Respiratory neuronal
activity in the medulla oblongata. J. Exp. Biol. 38:79-92.

Page 254

Shelton, 0. (1985). Functional and evolutionary significance of cardiovascular shunts in the
amphibia. In: Cardiovascular Shunts; edited by K. Johansen and W.W. Burggren. Munlcsgaard:
Alfred Benzon Symposium 21, pp.100-120.
Shelton, 0. and R.G. Boutilier. (1982). Apnoea in amphibians and reptiles. J. Exp. Biol. 100:
245-273.
Shelton, G. and P.C. Croghan. (1988). Gas exchange and its control in non-steady-state systems:
the consequences of evolution from water to air breathing in the vertebrates. Can. J. Zool. 66:
109-123.
Shelton, G., D.R. Jones and W.K. Milsom. (1986). Control of Breathing in Ectothermic
Vertebrates. In: Handbook of Physiology: Section 3, The Respiratory System; edited by A.P.
Fishman. Bethesda,MD: American Physiological Society, pp.857-909.
Sherrington, C.S.. (1891). Note on Cheyne-Stokes breathing in the frog. J. Physiol. London 12:
292-298.
Smatresk, N.J. (1990). Chemoreceptor modulation of endogenous respiratory rhythms in
vertebrates. Am. J. Physiol 259(28): R887-R897.
.

Smatresk, N.J. and A. W. Smits. (1991). Effects of central and peripheral chemoreceptor
stimulation on ventilation in the marine toad, Bufo marinus. Respir. Physiol. 83(2): 223-238.
Smith, E.G., R.J. Galante, S. Lahiri and A.I. Pack. (1991a). Respiratory responses to CO
2 in
the brainstem preparation of Rana catesbeiana. The Physiologist. 34(4): 266.
Smith, J.C., H.H. Ellenberger, K. Ballanyi, D.W. Richter and J.L. Feldman.
(199 lb) Pre-Botzinger complex: a brainstem region that may generate respiratory rhythm in
mammals. Science 254: 726-729.
.

Smith, J.C. and J.L. Feldman. (1987). In vitro brainstem-spinal cord preparations for study of
motor systems for mammalian respiration and locomotion. J. Neurosci. Meth. 21: 321-333.
Stehouwer, D .J. (1987). Effect of tectomy and decerebration on spontaneous and elicited
behaviour of tadpoles and juvenile frogs. Behav. Neurosci. 101(3): 378-384.
Senn, D.G. (1972). Development of tegmental and rhombencephalic structures in a frog (Rana
temporaria L.). Acta anat. 82: 525-548.
Stuesse, S.L., W.L.R. Cruce and KS. Powell. (1984). Organization within the cranial IX-X
complex in ranid frogs: a horseradish peroxidase transport study. J. Comp. Neurol. 222: 358365.
Suzue, T. (1984). Respiratory rhythm generation in the in vitro brain stem-spinal cord
preparation of the neonatal rat. J. Physiol. London. 354:135-152.
Page 255

Taglietti, V. and C. Casella. (1966). Stretch receptors stimulation in frog’s lungs. Pflugers Arch.
292: 297-308.
Taglietti, V. and C. Casella. (1968). Deflation receptors in frog’s lungs. Pflugers Arch
8 1-89.

.

304:

Taylor, E.W. (1989). Nervous control of ventilation and heart rate in elasmobranch fish, a
model for the study of the central neural mechanisms mediating cardiorespiratory interactions
in mammals. In: Non-Mammalian Animal Models in BIomedical Research. Edited by by A.D.
Woodhead, CRC Press, Florida, pp. 161-183.
Taylor, A.C. and J.J. Kollros. (1946). Stages in the normal development of Ranapipiens larvae.
Anat. Rec. 94: 7-24.
Toews, D.P. (1971). Factors affecting the onset and termination of respiration in the
salamander, Amphiuma tridaclylum. Can. J. Zool. 49(9): 1231-1237.
Toews, D. and D. Maclntyre. (1978). Respiration and circulation in an apodan amphibian. Can.
J. Zool. 56(4):998-1004.
Tortora, G.J. (1992). Principles of human anatomy, sixth edition. Harper Collin, Publishers,
Van Vliet, B. N. and N.H. West. (1986). Cardiovascular responses to electrical stimulation of
the recurrent laryngeal nerve in conscious toads (Bufo marinus). J. Comp. Physiol.
156B :363-375.
Van Vliet, B.N. and West, N.H. (1987). Static and dynamic response characteristics of
pulmocutaneous arterial baroreceptors in the toad, Bufo marinus. Manuscript. 32 pp and 14
figures
Van Vliet, B. N. and N.H. West. (1992). Functional characteristics of arterial chemoreceptors
in an amphibian (Bufo marinus). Respir. Physiol. 88(1,2): 113-127.
Vitalis, T. Z. and W K. Milsom (1986). Mechanical analysis of spontaneous breathing in the
semi-aquatic turtle, Pseudemys scripta. J. Exp. Biol. 125: 157-171.
.

Vitalis, T.Z. and G. Shelton. (1990). Breathing in Rana pipiens: the mechanism of ventilation.
J. Exp. Biol. 154: 537-556.
Walker, R., R.J. Galante, A.P. Fishman and A.I. Pack (1990). Effect of Gaba on gill and lung
ventilation in an in vitro isolated brainstem preparation in the tadpole. The Physiologist. 33(4):
A-35.

Page 256

Wang, T., L.G.S. Branco and M.L. Glass. (1994). Ventilatory responses to hypoxia in the toad
Bufo paracnemis before and after a decrease in haemoglobin oxygen-carrying capacity. J. Exp.
Biol. 186: 1-8.
West, N.H. and W.W. Burggren. (1982). Gill and lung ventilatory responses to steady-state
aquatic hypoxia and hyperoxia in the bullfrog tadpole. Respir. Physiol. 47(2): 165-176.
West, N.H. and W W. Burggren. (1983). Reflex interactions between aerial and aquatic gas
exchange organs in larval bullfrogs. Am. J. Physiol. 244(13): R770-R777.
.

West, N.H. and W.W. Burggren. (1984). Factors influencing pulmonary and cutaneous arterial
blood flow in the toad, Bufo marinus. Am. J. Physiol. 247(16): R884-R894.
West, N.H., P.J. Butler and R.M. Bevan. (1992). Pulmonary blood flow at rest and during
swimming in the green turtle, Chelonia mydas. Physiol. Zool. 65(2): 287-3 10.
West, N.H. and D.R. Jones. (1975). Breathing movements in the frog Rana pipiens I. The
mechanical events associated with lung and buccal ventilation. Can. J. Zool. 53: 332-344.
West, N.H., A.W. Smits and W.W. Burggren. (1989). Factors terminating nonventilatory
periods in the turtle, Chelydra serpentina. Respir. Physiol. 77(3): 337-350.
West, N.H., Z.L. Topor and B.N. van Vliet. (1987). Hypoxemic threshold for lung ventilation
in the toad. Respir. Physiol. 70: 377-390.
West, N.H. and B.N. van Vliet. (1992). Sensory mechanisms regulating the cardiovascular and
respiratory systems. In: Environmental Physiology of the Amphibians; edited by M. Feder and
W. Burggren. Chicago: University of Chicago, pp.151-182.
Woidring, S. (1965). Interrelation between lung volume, arterial CO
2 tension, and respiratory
activity. J. Appi. Physiol. 20: 647-652.

Page 257

