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Abstract

The primary role of the respiratory system is to ensure adequate tissue oxygenation, eliminate carbon dioxide and help to regulate acid—base
status. To maintain this homeostasis, amphibians possess an array of receptors located at peripheral and central chemoreceptive sites that sense
respiration-related variables in both internal and external environments. As in mammals, input from these receptors is integrated at central
rhythmogenic and pattern-forming elements in the medulla in a manner that meets the demands determined by the environment within the
constraints of the behavior and breathing pattern of the animal. Also as in mammals, while outputs from areas in the midbrain may modulate
respiration directly, they do not play a significant role in the production of the normal respiratory rhythm. However, despite these similarities, the
breathing patterns of the two classes are different: mammals maintain homeostasis of arterial blood gases through rhythmic and continuous
breathing, whereas amphibians display an intermittent pattern of aerial respiration. While the latter is also often rhythmic, it allows a degree of
fluctuation in key respiratory variables that has led some to suggest that control is not as tight in these animals. In this review we will focus
specifically on recent advances in studies of the control of ventilation in anuran amphibians. This is the group of amphibians that has attracted the
most recent attention from respiratory physiologists.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

One of the defining characteristics of many amphibians is
their free-living aquatic larval stage and semi-aquatic/terrestrial
adult stage. This gave rise to their name that derives from the
Greek for “double life” (amphibios). In many ways the larval
stage reflects their ancestral origin from fish, while their adult
stage resembles that of the more derived tetrapods. The three
living orders (caecilians, salamanders and frogs/toads), howev-
er, include almost 4000 species that display a wide range of life
histories and that are evolutionarily distant from their ancestral
past. Thus, while amphibians stand as an intermediate stage in
the evolution of the tetrapods, all modern amphibians are highly
specialized and represent a significant departure in morphology,
ecology and behaviour from the stem group that gave rise to the
later tetrapods (Milner, 1988; Kardong, 2005).

Despite their high degree of specialization, and the tremen-
dous differences that exist between the three major lineages,
there are also many features that they share, including up to
three respiratory surfaces (skin, gills and lungs). In most am-
phibians at least two of these are functional at any given time
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during development. Aquatic amphibians (including all larvae)
primarily rely on gills for gas exchange while terrestrial am-
phibians primarily rely on lungs. In both, however, the skin may
serve as a major surface for gas exchange. Indeed, some ter-
restrial species have reduced or lost their lungs (such as the
plethodontid salamanders) and some aquatic forms have lost
their gills (such as the fully aquatic cryptobranchid salaman-
ders), both groups now relying solely on cutaneous gas ex-
change (Feder and Burggren, 1985). Given this, study of the
control of breathing in amphibians may be regarded as a regu-
latory physiologists dream (or nightmare). These animals can
‘ventilate’ up to three different exchange surfaces (skin, gills
and lungs) with different respiratory media (water and air) and
can independently perfuse these surfaces in different propor-
tions due to the existence of highly regulated intra- and extra-
cardiac shunts (Wang et al., 1999b).

A review of all exchange processes occurring at all surfaces
in all groups is beyond the scope of this article. The focus of this
review will be solely on the control of gill and lung ventilation
in anuran amphibians (primarily of the genera Rana and Bufo).
These are the groups of amphibians that have attracted the most
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Fig. 1. Schematic diagram illustrating the ventilatory movements in an anuran tadpole. Open arrows indicate movement of the buccal and/or pharyngeal walls, gray
arrow indicates movement of the velum, and black arrows indicate the path of water flow — see text for details.
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attention from respiratory physiologists and ventilatory control
is an area that has attracted much recent research and is ripe for
review. Throughout this review the reader should bear in mind
(1) that this group is not necessarily representative of other
amphibians (such as caecilians and salamanders, or even other
anurans such as Xenopus) and (2) that although the tendency is
to assume that these animals have retained ancestral traits rep-
resentative of the stem tetrapods, it is not yet clear to what extent
the trends seen in respiratory control in anurans reflect unique
specializations or shared-derived features found in all tetrapods.

2. The respiratory pump and respiratory patterns

Ventilation is dependent on the precise timing of neuromus-
cular outputs to the muscles of the respiratory pumps, the nares
and the glottis. The interaction of these events in anuran am-
phibians result in a variety of breath types and ventilatory
patterns, which in turn produce either water flow over the gills
or air flow in and out of the lungs. In this section we will review
the mechanical and neural events associated with both gill and
lung ventilation in tadpoles and adult anurans respectively.

2.1. Gill ventilation in larvae

2.1.1. The respiratory pump

Anuran larvae use both buccal and pharyngeal force pumps to
produce a unidirectional flow of water across the gills. The
buccal and pharyngeal cavities are separated by a valvular
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velum. When the floor of the buccal cavity is depressed, the
pressure within this chamber decreases drawing water in through
the oral valve and the nares (Fig 1A). The negative pressure also
pulls the velum shut preventing water from entering the
pharyngeal cavity. Near the end of the buccal inhalation phase,
pharyngeal constriction causes a rise in pressure within the
pharyngeal cavity, which keeps the velum closed and expels
water across the gills (Fig 1B). Next, the floor of the buccal
cavity is elevated raising the pressure within this chamber and
closing the oral valve and internal narial valve. This also pushes
open the velum and forces water into the pharyngeal cavity
(Fig. 1C). The pharyngeal cavity, which was just compressed,
expands simultaneously and the two actions together (buccal
compression and pharyngeal expansion) refill the pharyngeal
cavity (Fig 1C). The net effect is not only to fill the pharyngeal
chamber, but to displace water over the gills since buccal ejection
exceeds the rate of pharyngeal expansion. As a consequence, as
with water breathing fishes, there is a unidirectional flow of
water over the gills during both phases of the ventilatory cycle.
With this pumping mechanism “inhalation” is accompanied
by buccal expansion and pharyngeal compression, and “exha-
lation” is accompanied by buccal compression and pharyngeal
expansion (Gradwell, 1972; Wassersug and Hoff, 1979). Both
phases of the ventilatory cycle are active and are accompanied
by motor output to appropriate levator and dilator muscles.
Gill ventilation in tadpoles is produced by high-frequency
low-amplitude bursts of motor activity to the respiratory muscles
(Gdovin et al., 1998, 1999; Torgerson et al., 1998; Liao et al.,
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Fig. 2. Traces illustrating various parts of the anuran respiratory pattern continuum under progressively increasing tonic drive (due to slowly elevating CO,) recorded in
situ from the trigeminal nerve of a bullfrog. Small amplitude oscillations represent buccal ventilation while the larger amplitude oscillations in this figure represent lung
breaths. Due to the time scale used for this figure, periods of prolonged apnea punctuated by isolated single breaths are not shown. (A) Buccal oscillations with no lung
ventilation. (B) Evenly-spaced single lung breaths. (C) Single and doublet lung breaths. (D) Small episodes of variable length. (E) Large episodes of variable length.

(F) Continuous lung ventilation (from Chatburn and Milsom, unpublished).
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1996; Gradwell, 1971a,b). This activity is carried in the
trigeminal, facial and vagus nerves (Vth, VIIth and Xth cranial
nerves, respectively) innervating the oropharyngeal muscles
(Gradwell, 1971a,b). It produces the continuous uni-directional
flow of water from the mouth to the gill arches and over the gills
described above. In tadpoles, there is a rostral to caudal burst
sequence of gill motor output. Activity appears first in the Vth
cranial nerve and is followed in sequence by bursts of equal time
to peak in the VIIth and Xth cranial nerves (Gradwell, 1971a,b;
Gdovinetal., 1998; Torgerson et al., 1998). In froglets, however,
the burst cycles are not equal in each nerve, the time to peak of
CN VII bursts is greater than the time to peak in CN V, X, and SN
II bursts, and the time to peak of SN II burst activity is greater
than that of CN V and X (Torgerson et al., 1998).

2.2. Air breathing in adults

2.2.1. Types of breaths

There are four basic types of breaths that make up the adult
anuran breathing repertoire; buccal oscillations, balanced
breaths, inflation breaths and deflation breaths. (1) Buccal
oscillations ventilate the oropharynx alone. The nares remain
open while the floor of the buccal cavity pumps air in and out of
this cavity. No air enters or leaves the lungs. Balanced breaths,
inflation breaths and deflation breaths ventilate the lungs. (2)
Balanced breaths are ones in which pulmonary pressure and
volume return to roughly similar levels at the end of each
ventilation cycle. The same amount of air leaves and re-enters
the lungs with each breath (De Jongh and Gans, 1969; Vitalis
and Shelton, 1990). (3) Inflation breaths are ones in which the
period of lung deflation is reduced or eliminated and thus more
air enters the lungs than leaves. In certain species and/or under
certain conditions, multiple breaths may occur in rapid suc-
cession without allowing time for lung emptying. This gives rise
to a lung inflation cycle characterized by progressive increases
in lung volume and pressure (West and Jones, 1975; Macintyre
and Toews, 1976; Vitalis and Shelton, 1990; Sanders and
Milsom, 2001). (4) Deflation breaths are ones in which more air
leaves the lungs than is pumped back. Lung deflation cycles
also occur and consist of a series of breaths in which pulmonary
pressure and volume fall progressively over a series of breaths.
More air is exhaled than is inspired with each successive breath
(Vitalis and Shelton, 1990; Sanders and Milsom, 2001).

2.2.2. Breathing pattern

Anurans typically ventilate their buccopharyngeal cavity
continuously (buccal oscillations) and the lungs intermittently
(De Jongh and Gans, 1969; West and Jones, 1975; Vitalis and
Shelton, 1990). Given the normally low metabolic rates of most
adult anurans, it is not surprising that lung ventilation is rarely
continuous. Various patterns of ventilation have now been des-
cribed that form part of what can best be described as parts of a
breathing pattern continuum that ranges from extensive periods
of apnea with only occasional breaths to periods of continuous
breathing.

In Ranid frogs, when respiratory drive is low, periods of
apnea occur that can last hours and that are punctuated by

isolated single breaths. As respiratory drive increases, the time
between breaths decreases and breathing often begins to occur in
episodes, usually of a few breaths each (Fig. 2C—D). As drive
increases further, the number of breaths in each episode increases
and the periods of apnea between them decrease (Fig. 2E).
Eventually, if drive becomes high enough, breathing becomes
continuous (Fig. 2F). The number of breaths per episode and the
frequency of occurrence of episodes become controlled variables
in these breathing patterns along with tidal volume and breathing
frequency. And while it is true that most changes in respiratory
drive that increase the number of breaths in each episode also
tend to reduce the length of the apnea between episodes, these
two variables can be controlled independently. Much of the time,
however, the period of apnea is the major controlled variable in
the breathing pattern (Boutilier and Toews, 1976; Milsom, 1991;
Kinkead and Milsom, 1994; Kinkead, 1997).

Bufonid toads, on the other hand, have a more highly struc-
tured breathing sequence. Even under conditions of low res-
piratory drive they tend to breathe with episodes containing a
large number of breaths (they are “biased” to the higher end of
the breathing continuum). These episodes begin with a series of
deflation breaths that progress into balanced breaths and end
with an inflation sequence followed by a prolonged apnea
(Fig. 3). These periods of apnea are generally much longer than
those seen in ranids (Kruheffer et al., 1987; Branco et al., 1992;
Wang, 1994; Gamperl et al., 1999; Hou and Huang, 1999;
Coelho and Smatresk, 2003).

The occurrence of inflation and deflation cycles (episodes of
multiple inflation or deflation breaths in succession) varies from
species to species as a function of the level of respiratory drive
and behavioural state. Inflation cycles tend to be associated with
defensive behaviours, preparation for vocalization, or increased
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10 breaths
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Fig. 3. Buccal pressures and nasal airflows in a hypoxic toad (Bufo marinus)
during one breathing episode illustrating the series of deflation breaths followed
by inflation breaths and culminating in a series of inflation breaths. (from Wang
et al., 1994). Reproduced with permission from Comparative Biochemistry and
Physiology A, Elsevier.
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levels of respiratory drive (Macintyre and Toews, 1976; Pinder
and Burggren, 1986; Vitalis and Shelton, 1990). They are more
common in toads than frogs and this may reflect the more
terrestrial life style of the toads (Hutchinson et al., 1968). Toads
have decreased cutaneous gas exchange and to produce pro-
longed periods of apnea may require larger lung volumes for
sufficient gas exchange. Frogs have a high cutaneous gas ex-
change capacity and their diving behaviour may necessitate
smaller lung volumes (Hutchinson et al., 1968). Deflation cy-
cles generally follow inflation cycles (usually after a prolonged
period of apnea) (De Jongh and Gans, 1969; West and Jones,
1975; Vitalis and Shelton, 1990).

Given the size of the lungs relative to the size of the buccal
cavity, it is not surprising that to fully inflate the lungs takes
several buccal compressions in succession. What may be sur-
prising is that anurans do not simply deflate their lungs by
opening the glottis for a prolonged period. They do so by
producing a series of purely expiratory breaths in succession. As a
result, during these breaths, buccal expansion is reduced and
buccal compression is associated only with emptying residual gas
from the buccal cavity; it does not contribute to lung inflation.
Thus, with inflation and deflation cycles, there can be breaths with
no deflation and breaths with no inflation respectively, despite the
fact that all breaths have an “inspiratory” and an “expiratory”
phase with respect to buccal expansion/compression.

669

2.2.3. The respiratory pump

While the basic mechanism of amphibian gill ventilation is
similar to that of fish, the mechanism of air breathing is very
different from that of all other tetrapods. The buccal pump of the
dual pump seen in larval anurans remains as the sole pump in
most adult anurans (but see next section). The buccal pump may
operate using either a two-stroke or a four-stroke mechanism.
With the two-stroke buccal pump (used by most adult anurans)
initial expansion (the first stroke) of the buccal cavity brings
fresh air into the mouth (phase 1 in Fig. 4). This first phase of
the lung breath (the buccal dilatory phase) is indistinguishable
from the first phase of the buccal oscillation (De Jongh and
Gans, 1969; Kinkead and Milsom, 1994; Kogo et al., 1994;
Vasilakos et al., 2005). With a lung breath, the glottis then opens
and gas from the lungs enters the buccal cavity where it mixes
with the fresh air to varying degrees as it exits via the mouth and
nares that remain open (phase 2 in Fig. 4). The nares and mouth
then close and buccal compression (the second stroke) forces
buccal gas into the lungs (phase 3 in Fig. 4). The glottis then
closes and any excess gas left in the buccal cavity is expelled
through the nares or mouth at the end of the buccal compression
phase (phase 4 in Fig. 4). With the four-stroke buccal pump
(found in Xenopus and a few other aquatic amphibians), the first
buccal expansion (first stroke) draws gas from the lungs into the
mouth. Buccal compression (the second stroke) then forces this
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Fig. 4. Left hand panels: schematic diagram illustrating the ventilatory movements in an adult anuran. The ventilation cycle is divided into four phases as described in
the text: (1) initial expansion (the first stroke) of the buccal cavity brings fresh air into the mouth; (2) the glottis opens and gas from the lungs enters the buccal cavity
where it mixes with the fresh air to varying degrees as it exits via the mouth and nares that remain open; (3) the nares and mouth then close and buccal compression (the
second stroke) forces buccal gas into the lungs; (4) the glottis then closes and any excess gas left in the buccal cavity is expelled through the nares or mouth at the end of
the buccal compression phase. Right hand panels: summary diagrams illustrating the changes in lung volume, air flow at the nostrils, and pressures in the lungs and
buccal cavity, along with the timing of nostril and glottis movement during an inflation and a deflation breath (from Vitalis and Shelton, 1990). Reproduced with

permission from Journal Experimental Biology, The Company of Biologists Ltd.
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gas out through the nares. Subsequent buccal expansion (the
third stroke) draws in fresh air through the nares and buccal
compression (the fourth stroke) then forces this air into the
lungs.

The variety of breath types and ventilatory patterns exhibited
by frogs and toads described above reflects the precise coordi-
nation of the neuromuscular events associated with the buccal
force pump, the nares, and the glottis (Fig. 3) (West and Jones,
1975; Vitalis and Shelton, 1990). The buccal depressors are
responsible for expansion of the buccal floor and are innervated
by the sternohyoid branch of the hypoglossal nerve. The buccal
levators facilitate compression of the buccal floor and are
innervated by the mandibular branch of the trigeminal nerve and
the main branch of the hypoglossal nerve. The muscles that
facilitate movements of the glottis are the glottal dilators and
constrictors, both innervated by the laryngeal branch of the
vagus nerve (Sakakibara, 1984; Kogo et al., 1994).

Balanced breaths, lung inflation breaths, and lung deflation
breaths are composed of four slightly different neuromuscular
phases, the synchronization of which defines the type of breath.
The right hand side of Fig. 4 illustrates the temporal sequence of
neuromuscular and mechanical events and the resulting pressure
and airflow changes associated with a deflation and an inflation
lung breath in Rana pipiens. During both types of lung ventila-
tion, in phase 1 (buccal inspiration) discharge from the ster-
nohyoid branch of the hypoglossal nerve activates the buccal
depressors causing the floor of the buccal cavity to lower and
draws air in through the nares, while firing of the laryngeal
branch of the vagus nerve activates the glottal constrictors
sealing off the lungs. In phase 2 (lung emptying and expiration
1), while the nares remain open, discharge from the laryngeal
branch of the vagus nerve causes glottal dilation allowing the air
in the lungs to escape and the pressure between the lungs and
the buccal cavity to equalize. In phase 3 (lung filling), while the
glottis is still open and the nares are closed, discharge from the
main branch of the hypoglossal nerve, and the mandibular
branch of the trigeminal nerve causes buccal elevation, forcing
the air from the buccal cavity into the lungs. In phase 4
(expiration 2), discharge from the laryngeal branch of the vagus
nerve causes activation of the glottal constrictors, trapping the
air and maintaining lung inflation while the remaining air in the
buccal cavity passes out the nares. Ultimately, it is the volume
of air that is expelled from, and subsequently pumped back into
the lungs during the second and third neuromuscular phases of
this cycle that determines whether the breath is inflation,
deflation, or balanced in nature (Vitalis and Shelton, 1990). In
other words, it is the timing of glottal opening/closing and narial
opening/closing relative to buccal compression that determines
the nature of the breath.

Neural discharge can be recorded from the nerves innervat-
ing the respiratory muscles and has been shown to closely
coincide with the muscular and mechanical events responsible
for buccal and lung ventilation in the intact animal (Sakakibara,
1984; Kogo et al., 1994). When this activity is recorded from
the in situ paralyzed, decerebrate, unidirectionally ventilated
(UDV) animal, or the in vitro isolated brainstem—spinal cord
preparation, it is considered to represent the neural correlates of

the ventilatory movements (De Jongh and Gans, 1969;
Sakakibara, 1984). The neural discharge pattern associated
with buccal oscillations occurs as high-frequency, low-ampli-
tude, reciprocating bursts from the mandibular branch of the
trigeminal nerve and the sternohyid branch of the hypoglossal
nerve. The neural discharge associated with lung ventilation
occurs in two phases. Remember that lung ventilation consists
of 4 phases, where the first phase involves buccal dilation, and
the third phase involves buccal compression. There are neural
correlates to each of these phases. Lung ventilation begins with
activity in the sternohyoid branch of the hypoglossal nerve
which is often accompanied by a small amount of activity in
Vm. This activity is associated with buccal dilation and is
identical to that associated with a buccal oscillation (Vasilakos
et al., 2005). This activity is followed by low-frequency, high-
amplitude, simultaneous bursts from the mandibular branch of
the trigeminal nerve, the main branch of the hypoglossal nerve
and laryngeal branch of the vagus nerve (Kogo et al., 1994;
Vasilakos et al., 2005). While the muscle groups recruited to
produce buccal oscillations and lung breaths are essentially the
same, the corresponding neural discharge patterns are consid-
ered to be distinct ventilatory rhythms (Fig. 2) (Wilson et al.,
2002; see below).

The net result of these mechanical events is that a typical
breath in an anuran consists of lung deflation followed by
inflation and breath holding. The lung deflation occurs in the
middle of the buccal cycle (between buccal expansion and
compression) and is usually purely passive due to glottal
opening (De Jongh and Gans, 1969). Glottal opening between
buccal expansion and compression, however, does not always
result in lung deflation, as during a lung inflation cycle (West
and Jones, 1975; Vitalis and Shelton, 1990). And, while lung
inflation is a result of buccal compression, buccal compression,
even during a lung breath, does not always result in lung
inflation, such as during a lung deflation cycle (Branco et al.,
1992; Wang, 1994). Finally, air often exits the nares twice
during the ventilation cycle, once (mostly from the lungs) at the
end of the buccal expansion phase due to passive mechanisms,
and again at the end of the buccal compression phase (mostly
excess gas from the buccal cavity) (Vitalis and Shelton, 1990).
As aresult of these complexities, use of subjective terms such as
inspiration/inhalation and expiration/exhalation can be prob-
lematic. Care must be taken to clearly define the nature and
source of the power stroke(s) involved (buccal expansion/com-
pression), the specific chamber being referred to (buccal, lung,
etc.), and the path of air flow.

2.2.4. Active expiration and the origins of aspiration breathing

It has traditionally been believed that lung ventilation in
amphibians, as just described, is similar to that in air-breathing
fishes. Both use a buccal force pump employing expansion and
compression of the mouth cavity with cranial and hypobranchial
muscles. Reptiles, birds and mammals, on the other hand, use an
aspiration pump that employs expansion of the thorax by axial
muscles. Until recently there was no evidence of an interme-
diate mechanism. It has now been shown, however, that many
amphibians (including Xenopus, an anuran) use axial muscles
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for active expiration along with the buccal pump for active
inspiration (see Brainerd, 1999 for review). This suggests that
aspiration breathing evolved in two steps: (1) from buccal
pumping alone to buccal pumping for inspiration and axial
muscles for expiration and then (2) to aspiration breathing alone
using axial muscles for both expiration and inspiration (Fig. 5).
In the process, use of the buccal pump became reduced although
it now appears that remnants of this behaviour remain in all
tetrapods except, perhaps, the mammals (Brainerd, 1999). Im-
portantly, this suggests that the ability to recruit axial muscu-
lature for exhalation is a shared-derived character found in all
tetrapods. It further suggests that, despite our earlier warnings,
modern amphibians may well serve as a model of the inter-
mediate stages in the evolution of respiratory control.

3. Receptors and control of breathing

The regulation of breathing is dependent on the complex
interaction of three components of the respiratory system: (1)
the sensors, (2) the control centers and (3) the effector organs. In
amphibians, receptors monitoring ventilatory function are locat-
ed in the periphery and in the central nervous system (CNS).
The former group includes the chemoreceptors and mechan-
oreceptors located in the vascular system, skin, airways and
lungs while the latter group includes chemoreceptors located in
the CNS. These receptors help to regulate the breathing pattern
and also to assure appropriate matching of ventilation and
perfusion at the interface between the respiratory medium and
the blood. In this section we review studies on the involvement
of receptors in the control of breathing in anuran amphibians.

3.1. O, receptors

Many anuran amphibians occupy environments that range
from severely hypoxic (such as burrows at altitude), to hyper-
oxic (as can occur with daily changes in partial pressure of O,
(PO,) in some aquatic habitats) (Ultsch, 1973; Heisler et al.,
1982). Thus, their respiratory demands can be diverse as can be
the strategies they employ to match oxygen availability to tissue
demand (Dejours, 1981).

In tadpoles oxygen may be acquired at multiple sites; gills,
skin and/or lungs (Burggren and West, 1982; Burggren and
Doyle, 1986; Burggren and Infantino, 1994). However, the
interdependence between, and relative roles of the different
exchange sites changes during ontogeny (Burggren and West,
1982; West and Burggren, 1984) (Fig. 6A). During the early
stages of development, cutaneous uptake and gill ventilation are
the principal pathways for oxygen acquisition. Most studies
have shown that, as development proceeds, lung ventilation
becomes more important until, at metamorphic climax (stages
XVIII-XXII), the gills degenerate and the lungs become the
dominant site for O, exchange (Burggren and West, 1982;
Burggren and Pinder, 1991). In one study, however, “surfacing
events” did not increase across developmental stages, despite
degeneration of the gills in late stage bullfrog tadpoles. The
authors found that all stages breathed air, but air-breathing was
not required for tadpoles to advance through their growth stages

until stage XXII. They suggested that the animals breathed air,
even when it was not required (1) to help lung development; (2)
to avoid delayed metamorphosis and hypertrophy of the heart
and to (3) to prevent lung collapse. Regardless, the data suggest
that the ultimate increase in dominance of pulmonary gas ex-
change may not be tightly linked to loss of the gills alone
(Crowder et al., 1998).

To determine the O, chemosensitive sites in tadpoles, Jia and
Burggren (1997a,b) examined the ventilatory responses to
hypoxia as well as to bolus injections of cyanide (NaCN) into
the central circulation in larval bullfrogs before and after
ablation of the first branchial arch. In non-ablated larvae, both
internal and external stimuli increased gill ventilation. Ablation
of the first gill arches eliminated the initial, rapid increase in gill
ventilation upon changes in the PO, of inspired water and to the
presence of cyanide, at all developmental stages (Fig 6B—D).
Thus, these studies provided the first direct evidence that there
are O, chemoreceptors in larval bullfrogs located on the first gill
arch that are responsible for the initial rapid hypoxic ventilatory
response. This was subsequently confirmed by Straus et al.
(2001) who recorded directly from gill afferents exhibiting
sensitivity to changes in Po,. A residual slow response re-
mained, however, and was interpreted to arise from stimulation
of a second population of receptors, possibly monitoring the
cerebrospinal fluid. More recently, Winmill et al. (2005), using
an isolated brainstem preparation, failed to find any evidence of
a respiratory response to central hypoxia in premetamorphic
tadpoles. Rather they found that metamorphic and adult prep-
arations increased fictive lung burst episodes, at least initially,
although the source of the stimulation was not explored. They
also found that hypoxia then reversibly abolished respiratory-
related activity. These investigators suggested that the reversible
cessation of respiratory activity in the hypoxic metamorphic and
adult bullfrog brain might be an adaptive, energy-saving re-
sponse mediated by a brainstem oxygen sensor.
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(3) Aspiration Pump
Inhalation (and often exhalation)
powered by axial muscles

(2) Expiration Pump
Active exhalation powered by axial muscles
(buccal pump retained for inspiration)

(1)Buccal Pump

Lung ventilation powered by
Cranial musculature only
(exhalation passive)

Fig. 5. Simplified cladogram of vertebrate relationships with the acquisition of
aspiration breathing characters mapped onto it. Ray-finned fishes (Actinopter-
ygii) and lungfishes (Dipnoi) utilize a buccal pump for lung ventilation. Both
salamanders (Caudata) and amniotes use the transverse abdominis for exhalation
(expiration pump). Amniotes inhale using an aspiration pump (from Brainerd,
1999). Reproduced with permission from Experimental Biology, Springer
Science and Business Media.
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It is now well established that the hyperventilation induced
by hypoxia in adult anurans primarily results from activation of
peripheral chemoreceptors (for review see Van Vliet and West,
1992). The first chemoreceptors to be described in amphibians
were situated within the carotid labyrinth at the bifurcation of
the internal and external carotid arteries (Adams, 1958). Infor-
mation from the carotid labyrinth is carried along the glos-
sopharyngeal nerve (the ninth cranial nerve) to the nucleus of
the solitary tract (Stuesse et al., 1984). The output from this
homologue of the mammalian carotid body (and the larval first
gill arch) is thought to provide information that allows immedi-
ate regulation of breathing by the respiratory centre in the
medulla. As with other tissues associated with O, chemorecep-
tion, the carotid labyrinth has a characteristic association of
glomus cells (type I cells or chief cells), supporting cells (type 11
or sustencular cells), other cell types and nerve terminals
(Fig. 7) (Rogers, 1963). The ultrastructural characteristics of the
glomus cells change during metamorphosis in a manner that
suggests that the glomus cells only begin to contribute to
chemoreception immediately after metamorphosis (Kusakabe,
1992). In a recent study, Kusakabe (2002) reported that there are
differences in the ultrastructure of the carotid labyrinth between
anuran species suggesting that the carotid labyrinth of the genus
Xenopus may be a more primitive form of this organ. These data
are consistent with studies suggesting that Xenopus occupies a
lower position on the evolutionary tree than other anurans
(Cannatella and Trueb, 1988). Interestingly, Kusakabe et al.

(1993) have also reported that when rats are exposed to long-
term hypoxia (10—12 weeks) there is an enlargement of the
carotid body, primarily due to vascular enlargement under
peptidergic control. As a result, the hypoxic rat carotid body
becomes very similar in appearance to the amphibian carotid
labyrinth (Fig. 7). In a later study Kusakabe et al. (1998)
observed that the immunohistochemical affinity for neuropep-
tides in the hypoxic rat carotid body was also extremely similar
to that of the amphibian carotid labyrinth. Arterial PO, is low in
amphibians by mammalian standards and these authors sug-
gested that the similarities between the hypoxic mammalian
carotid body and the normoxic amphibian carotid labyrinth
might reflect general features of hypoxia adaptations that facili-
tate both oxygen uptake from blood and release of catechola-
mines into the blood by glomus tissue.

The suggestion that the carotid labyrinth has a chemorecep-
tor function was initially based on histological evidence
(Boissezon, 1939; Chowdhary, 1951; Carman, 1955; Rogers,
1963, 1966; Banister et al., 1967) and on denervation studies
(Smyth, 1939). By means of electrophysiological recordings,
subsequent studies have confirmed that the carotid labyrinth can
detect changes in arterial blood pressure, O, (Ishii et al., 1966)
and CO,/H" (Van Vliet and West, 1992). More recent studies
have shown that the specific stimulus modality for the carotid
labyrinth is arterial PO, (PaO,) (Wang et al., 1994, 2004;
Andersen et al., 2003). Toads breathing normoxic air did
not increase ventilation when oxygen content was reduced by
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Fig. 6. (A) Change in the % of total O, taken up across the skin, gills and lungs during metamorphosis at 20 °C in the bullfrog. (B—D) Changes in gill ventilation
frequency in tadpoles of various ages to a step-decrease in inspired water PO, (from normoxia to hypoxia at the broken vertical line in each panel) before (open circles)
and after (open diamonds) denervation of the first gill arch. The onset of a significant change from time 0 is indicated for each data set by a single filled symbol (from
Burggren and West, 1982; Jia and Burggren, 1997a,b). Reproduced with permission from Journal Experimental Biology, The Company of Biologists Ltd.
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anaemia or carbon monoxide inhalation (Wang et al., 1994;
Branco and Glass, 1995) although heart rate increased (Wang
et al., 1994; Andersen et al., 2003). By independently infusing
cyanide into both carotid and pulmonary circulations, Wang
et al. (2004) then showed that systemic arterial receptors sen-
sitive to PaO,, were responsible for ventilatory control, while
pulmonary arterial receptors, sensitive to oxygen content, were
primarily responsible for cardiovascular responses to hypoxia.

Bilateral denervation of the carotid labyrinths decreases
pulmonary ventilation but does not abolish the respiratory
sensitivity to hypoxia in terrestrial or aquatic toads (Jones and
Chu, 1988; West et al., 1987), suggesting that chemoreceptors
within the carotid labyrinth may contribute to, but are not solely
responsible for, the hypoxemic ventilatory drive in anurans.
Special cells closely resembling the glomus cells in the carotid
labyrinth have been found in the aortic wall of the toads Bufo
vulgaris (Ishii et al., 1985) and Bufo marinus (Van Vliet and
West, 1992). Chemoreceptors also appear to be present on the
pulmocutaneous artery (Hoffmann and de Souza, 1982; Wang
et al., 2004). Thus, injection of NaCN into the pulmocutaneous
arches of conscious toads and anesthetized bullfrogs stimulated
ventilation (Lillo, 1979; Hoffmann and de Souza, 1982; Van
Vliet and West, 1987). However, the relative contribution of the
aortic and pulmocutaneous chemoreceptive sites to ventilatory
and cardiovascular control remains to be quantified.

A

Bullfrog

Rat

In summary, it would appear that chemoreceptors on the first
gill arch predominate in larval anurans while those in the carotid
labyrinth predominate in the adults. Given that the carotid
labyrinth is believed to be a homologue of the chemoreceptors
from the first gill arch, it is intriguing to ponder what occurs in
terms of chemoreceptor location and O, sensitivity at meta-
morphic climax (stages XVIII-XIX) when the gills are degen-
erating and the lungs are becoming the dominant site for O,
exchange.

3.2. CO;, receptors

Progressive larval development is associated with a transfer
of the site of ventilatory exchange from the gills to the lungs,
and is accompanied by the emergence of CO, as a source of the
respiratory drive (Torgerson et al., 1997). There is a shift in the
control system from one that is almost entirely oxygen-driven to
one that is both oxygen and acid—base/CO,-driven (Macintyre
and Toews, 1976; Smatresk and Smiths, 1991; Burggren and
Pinder, 1991; Branco et al., 1992, 1993; Kinkead and Milsom,
1997; Torgerson et al., 2001; Wang et al., 1999b, 2004).

There are conflicting reports in the literature regarding the
onset of ventilatory responses to CO, in early stage tadpoles.
While Infantino (1992) reported that hypercapnic challenge
evoked no change in gill ventilation in early anuran larvae

Fig. 7. (A) Scanning electron micrograph of a vascular resin cast of the left carotid labyrinth in Rana catesbeiana. Scale bar=200 pm. cca, common carotid artery; eca,
external carotid artery; ica, internal carotid artery; mz, vascular maze (from Kusakabe, 1990). (B) Semithin section from the centre of the carotid labyrinth of Rana
catesbeiana showing the maze like arrangement of blood vessels and the large sinusoidal spaces (e, endothelial cells; gc, glomus cells; 1, lumen of sinusoid; m,
melanophore; sm, smooth muscle. Scale bar=50 pum (from Kusakabe et al., 1995). (C—D) Comparison of semithin sections from the centre of a normoxic (C) and a
hypoxic (D) rat carotid body. Note the increase in the volume of the hypoxic carotid body and the enlargement of the vasculature (*) (from Kusakabe et al., 1998).
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(stages IX—XIV), Torgerson et al. (1997) reported that gill
ventilation responded vigorously to central hypercapnic stim-
ulation in premetamorphic larvae (stages X—XIX) but not in
metamorphic animals, and Taylor et al. (2003a,b) found hyper-
capnic lung ventilatory response to be present from the earliest
stages of bullfrog development. As for the onset of lung ven-
tilatory responses to CO,, both Torgerson et al. (1997) and
Infantino (1992) reported that CO, only stimulated lung ven-
tilation after metamorphosis when the lungs became the pre-
dominant site for gas exchange. The discrepancies between
these various studies may reflect differences in the level of CO,
used in each study or differences in the preparations used (intact
versus isolated preparations). Whatever the cause, the over-
whelming evidence suggests that central chemoreceptor reflex-
es shift from regulating gill ventilation to regulating lung
ventilation just prior to metamorphosis from the aquatic larval
stage into the air breathing adult form. Interestingly, the evi-
dence also suggests that while central CO, chemosensitivity
arises from both caudal and rostral sites in the medulla of
premetamorphic tadpoles, it becomes concentrated at the rostral
sites postmetamorphosis (Torgerson et al., 2001).

In adult anuran amphibians, central respiratory CO, chemo-
receptors have been clearly documented and are thought to be
distributed throughout the medulla, surrounding the fourth
ventricle (Smatresk and Smiths, 1991; Branco et al., 1992). In
intact anaesthetized toads, the central chemoreceptors contrib-
ute about 80% of the hypercapnic respiratory drive (Branco
etal., 1992), suggesting a dominant role in the ventilatory acid—
base regulation. Nevertheless, in in vitro brainstem prepara-
tions, varying the pH/CO, of the superfusate does not elicit the
same magnitude of response (Kinkead et al., 1994; McLean
et al., 1995a,b; Reid et al., 2000; Morales and Hedrick, 2002),
suggesting that central chemoreception is modulated by periph-
eral feedback (see Section 3.4 below).

In mammals, these receptors were once thought to be located
only on the surface of the ventral medulla but now it is thought
that they are probably distributed more widely. Recently, sites
have been identified in the ventrolateral medulla, nucleus of the
solitary tract, ventral respiratory group, locus coeruleus, caudal
medullary raphe, and fastigial nucleus of the cerebellum that are
pH/CO; sensitive although it remains to be determined to what
extent each is involved in the control of breathing (for a review,
see Nattie, 2001; Richerson, 2004; Mulkey et al., 2004). It also
remains unclear if the same is true for amphibians although
a recent study by Noronha-de-Souza et al. (in press) pro-
vides evidence (via c-fos expression, catecholaminergic neuron
lesioning and focal acidosis) that the area in the toad brainstem
homologous to the locus coeruleus is chemosensitive suggest-
ing that non-mammalian vertebrates may possess multiple sites
of central chemosensitivity also.

In addition to central CO, chemoreceptors, several periph-
eral sites of CO,/pH sensing have also been reported. Although
there have been many studies about the CO,-drive to breathe in
amphibians, few have focused on the role of these peripheral
receptors. As noted earlier, the carotid labyrinth can detect
changes in CO,/H" (Van Vliet and West, 1992) although the
relative role of the labyrinth in eliciting ventilatory responses

has not been specifically documented. Olfactory receptors sen-
sitive to CO, powerfully inhibit breathing in unanesthetized
bullfrogs (Sakakibara, 1978; Coates and Ballam, 1990). These
receptors are relatively rare, and are stimulated by CO, con-
centrations ranging from 0.4 to 4% to produce a reflex inhibi-
tion of breathing (Coates, 2001). Sakakibara (1978) showed that
transection of the olfactory nerves of the bullfrogs eliminates
the ventilatory response to upper airway CO,, whereas tran-
section of the trigeminal nerve does not affect the response,
suggesting that CO, receptors are located in the sensory ol-
factory epithelium innervated by the olfactory nerves. Addi-
tionally, Coates et al. (1998) reported that inhibition of carbonic
anhydrase (CA) causes an immediate 65% reduction in the
response of the electro-olfacto-gram to CO,. These results,
along with the histochemical localization of CA in some ol-
factory receptor neurons, indicate that CA plays a role in the
detection of CO, in frog olfactory neurons and that only a small
population of olfactory receptor neurons are CO, sensitive. It
has been postulated that stimulation of olfactory receptors by
changes in CO,/H" might function to inhibit breathing when the
ambient partial pressure of CO, is higher than the level in
systemic blood, reducing CO, uptake while the animal seeks
fresh air (Coates and Ballam, 1987; Milsom et al., 2004).
Finally, in adult anurans, pulmonary stretch receptors (PSR),
for which the primary stimuli are changes in the lung volume,
pressure or wall tension, are also CO, sensitive (Milsom and
Jones, 1977; Fedde and Kuhlmann, 1978; Kuhlmann and
Fedde, 1979). The information conveyed by PSR reports to the
CNS via afferent fibers in the vagus nerve (Milsom and Jones,
1977; Fedde and Kuhlmann, 1978; Kuhlmann and Fedde,
1979). These receptors are mostly slowly adapting and decrease
their firing rates as pulmonary concentrations of CO, increase
(Milsom and Jones, 1977). The addition of 10% CO, to the
lungs of Rana pipiens reduced by 50% the discharge frequency
0f 20 to 30% of the PSR (Milsom and Jones, 1977). On the other
hand, in Rana catesbeiana, most receptors reduced discharge
frequency when lungs were ventilated with only 4% CO,
(Fedde and Kuhlmann, 1978; Kuhlmann and Fedde, 1979).
According to these authors, a large group of receptors are
refractory to CO, as a stimulus, but respond when intrapul-
monary pressure is increased, suggesting that an interaction
exists between the two sensory modalities (see Section 3.4
below). The combined chemosensitivity of PSR in frogs led
Milsom and Jones (1977) to suggest that these receptors may
represent the functional precursor of the highly CO, sensitive
intrapulmonary chemoreceptors found in birds (Scheid and
Piiper, 1986) and the relatively CO, insensitive lung mechan-
oreceptors found in mammals (Mitchell et al., 1980).

3.3. Mechanoreceptors

Pulmonary stretch receptors (PSR) in amphibians monitor
the rate and degree of inflation and deflation of the lungs and
project to the nucleus of the solitary tract through the vagus
nerve (Milsom and Jones, 1977; Fedde and Kuhlmann, 1978;
Kuhlmann and Fedde, 1979; Wang et al., 1999b). There are
three different types of PSR in amphibians: (1) proportional
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sensitive receptors that respond to the degree of tonic lung
inflation, (2) rate sensitive receptors that respond to the rate of
phasic changes in volume, and (3) receptors that respond to both
stimuli (Milsom and Jones, 1977).

Although it is generally believed that amphibians possess a
Hering—Breuer reflex as seen in other vertebrates (activation of
stretch receptors suppresses inspiration and enhances expiration)
(Tenney, 1979), there has been some controversy surrounding
this issue. Thus, while there have been studies suggesting that
lung inflation inhibits breathing and lung deflation stimulates
breathing (De Marneffe-Foulon, 1962; Shelton and Boutilier,
1982; Wang et al., 1999a), there have also been studies
suggesting the opposite (Kinkead et al., 1994; Kinkead and
Milsom, 1996, 1997; Reid and Milsom, 1998), and a few studies
that have obtained both results (Kogo and Remmers, 1994;
Kogo et al., 1994; Reid et al., 2000). Many of these studies,
however, have involved the analysis of anuran respiration in
reduced preparations that monitor fictive breathing from
eletroneurograms from the mandibular branch of the trigeminal
nerve. This nerve innervates the buccal elevator and depressor
muscles in the oropharyngeal region of anurans that are
responsible for inducing contraction of the bucopharyngeal
muscles that pump air into the lungs (Sakakibara, 1978). By
analysis of activity in the trigeminal nerve alone, however, it is
not possible to distinguish small lung breaths from buccal
oscillations. To do this, it is essential to analyze the activity of the
vagus nerve, which innervates the glottis, to confirm when lung
ventilation occurs. When this is done (Sanders and Milsom,
2001), it appears that lung deflation produces infrequent, large-
amplitude inflation breaths or cycles while progressive lung
inflation changes the breathing pattern to one of high-frequency
attempts to deflate the lungs that are largely passive, and
accompanied by contractions of the buccal pump no larger than
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those associated with normal buccal oscillations (Fig. 8). These
observations would suggest that anuran amphibians possess
both Hering—Breuer inflation and deflation reflexes that take on
unique characteristics associated with the deflation and inflation
cycles seen in their breathing patterns, respectively.

These studies just described focused more on the role of
tonic (prolonged) changes in lung volume on breathing pattern.
In earlier studies, Kinkead and Milsom (1997) concluded that
tonic and phasic PSR feedback had identical effects on
breathing pattern suggesting that phasic input contributed little
that was unique to ventilatory control. Recently, Reid and West
(2004) analyzed the effects of the phasic feedback from PSR
that occurs within a breath on breathing pattern. Their study
showed that increasing phasic receptor feedback increased
overall breathing frequency by increasing the number of breaths
occurring in individual breathing episodes without altering the
frequency of breathing within an episode (i.e. it prolonged the
episode), and that this was influenced by the timing of that
feedback with respect to the breath (Reid and West, 2004). The
reasons for these discrepant results are not clear but may reflect
differences in the procedures used in the two studies. In the
study by Kinkead and Milsom (1997), phasic PSR feedback was
provided by deflation of the lung from an inflated state while in
the study of Reid and West (2004) it was provided by inflation
of the lungs from a deflated state. This may suggest that the role
of PSR feedback is reduced with increasing levels of tonic
receptor feedback but this intriguing idea remains to be tested.

Finally, in anuran larvae, West and Burggren (1983)
provided evidence that bullfrog tadpoles also possess pulmo-
nary receptors that respond to changes in lung volume.
Stimulation of these receptors with air, N, or O,, however,
reduced gill (not lung) ventilation frequency. The authors
concluded that both lung inflation per se and the resulting
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Fig. 8. (A) Recordings of raw and integrated (|) electroneurograms from the laryngeal branch of the vagus (X1) and the mandibular branch of the trigeminal nerve (Vm)
in a bull frog with low (1 cm H,0) and high (5 cm H,O) inflation pressure. All oscillations in X1 were associated with lung breaths. Note that small oscillations in Vm
could be associated with either buccal oscillations only (low pressure) or with lung ventilations (high pressure) (from Sanders and Milsom, 2001). (B) Proportion of
toads (Bufo marinus) exhibiting inflation, balanced and deflation breaths under different degrees of lung inflation and respiratory drive) (from Sanders and Milsom,

unpublished).
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increase in PO,, contribute to the suppression of gill ventilation
following spontaneous air breathing, which serves to limit O,
loss across the gills in aquatic hypoxia.

3.4. Interactions between mechanoreceptors and chemoreceptors

The respiratory system utilizes a host of different sensory
receptor groups, including chemoreceptors and mechanorecep-
tors, to provide feedback to the CNS concerning the effec-
tiveness of gas exchange. In general, ventilatory responses to
altered receptor inputs involve an interaction between several
receptor groups, central integrative mechanisms, and other
modulatory inputs (Mitchell et al., 1990). In anuran amphibians
there are few studies that have examined the interaction between
chemo- and mechanoreceptors and how these modulate
breathing pattern and ventilatory reflexes. West et al. (1987),
investigating the role of the carotid labyrinth in intact and
labyrinth-denervated toads, first suggested that stimulatory
effects of hypoxia and hypercapnia on ventilation are inter-
active. More recently, Wang et al. (2004) reported that the
fictive ventilatory responses to cyanide injections into both
pulmonary and carotid circulations were increased by hyper-
capnia. According to these authors the interaction between O,
and CO, chemoreceptor inputs may occur peripherally or
centrally at integrative sites. However, the mechanism of this
interaction is still unknown and deserves further study.

Additionally, there are interactions between PSR feedback
and the respiratory drive provided by hypoxia and hypercapnia
(as noted above). Several authors have shown that vagotomy in
bullfrogs and cane toads blunts or abolishes the increase in
breathing frequency displayed during hypercapnia (Kinkead
and Milsom, 1996, 1997; Reid et al., 2000) and that increasing
levels of CO, alter the ventilatory response to lung inflation/
deflation (there is a positive interaction on breathing frequency
between the level of CO, and the level of lung inflation, and an
increasing tendency to produce deflation breaths) (Wang et al.,
1999a, 2004; Sanders and Milsom, 2001) (see Sections 3.2 and
3.3; Fig. 8). Recently, it has been shown that PSR feedback also
interacts with peripheral O, receptor input (Wang et al., 2004).
This study demonstrated that lung inflation decreased the effect
of cyanide injection and in several animals the cyanide
injections failed to elicit any response when the lungs were
fully inflated. Unfortunately, it is not possible to draw any firm
conclusions concerning exactly where these interactions are
mediated.

3.5. Nucleus isthmi and the hypoxic and hypercapnic-drive to
breathe

Little is known about the role of CNS in the modulation of
ventilatory responses to hypoxia and hypercapnia. To date, the
only brain structure that has been investigated in this regard is
the nucleus isthmi (NI). The role of this structure in modulating
ventilatory responses was recently reviewed by Gargaglioni and
Branco (2004).

The NI is a mesencephalic structure located in the amphibian
brain between the roof of the midbrain and the cerebellum,

which differentiates during metamorphosis, the period when
pulmonary ventilation develops in bullfrogs (Senn, 1972). In an
early study, lesion of this area with kainic acid (Kinkead et al.,
1997) attenuated the increase in fictive breathing induced by
hypercapnia. On the other hand, more recent studies demon-
strated that both electrolytic and ibotenic acid lesions of the NI
increased the ventilatory response to hypercapnia (3% inspired
CO,) and also to hypoxia (7% and 5% inspired O,) suggesting
that the NI inhibits both hypoxic and hypercapnic ventilatory
response in toads (Gargaglioni and Branco, 2000; Gargaglioni
et al., 2002). The differences between these studies may reside
in the fact that kainic acid is an excito-toxin that stimulates cells
(especially at glutamatergic synapses) for a prolonged period
before it kills them (Watanabe et al., 1987). Since Kinkead et al.
(1997) performed their experiments only 1.5 h after the
administration of kainic acid, NI neurons may still have been
activated, rather than chemically lesioned. The differences
between studies may also arise from the fact that ibotenic acid
produces more selective and limited lesions than kainic acid
(Guldin and Markowitsch, 1982). The increased ventilation
observed after hypoxia and hypercapnia in ibotenic lesioned
toads resulted from an elevated tidal volume. Thus, the NI
appears to provide an inhibitory input to respiratory sites,
limiting breathing amplitude when the respiratory drive is high,
possibly acting as a relay site for PSR information. There may
be a number of putative mediators for these responses, but so far
only glutamate and nitric oxide have been shown to be involved
(Gargaglioni and Branco, 2001, 2003).

More recently, studies have examined the role of the
amphibian locus coeruleus in the modulation of the hyperven-
tilation induced by hypercapnia (Noronha-de-Souza et al., in
press). The locus coeruleus (LC) is a noradrenergic pontine
nucleus that has been proposed to act as a chemoreceptive site in
mammals (for review see Nattie, 2001). In amphibians, the LC
is located in the isthmus region at the rostral end of the
hindbrain and is considered to be homologous to the LC of
mammals (Marin et al., 1996). 6-hydroxydopamine (6-OHDA,
a toxin that kills catecholaminergic neurons) lesions placed into
the LC of the toad Bufo paracnemis reduced the hyperventi-
lation induced by hypercapnia, suggesting that the LC modu-
lates the hypercapnic ventilatory response in an excitatory
fashion (Noronha-de-Souza et al., in press). Clearly, further
investigation is required to elucidate the role of CNS sites in the
modulation of ventilatory responses to hypoxia and hypercapnia
in amphibians.

4. Central control of breathing
4.1. Central rhythm generation

The basis of central respiratory thythm generation in mammals
has been under consistent investigation since 1923 when
Lumsden first demonstrated a progression from eupnea to apnoea
following transections through the cat brainstem (Lumsden,
1923). A critical role for rhythm generating neurons in the
medulla is now generally accepted in mammals and other
vertebrates (Rekling and Feldman, 1998; Feldman et al., 2003)
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and recent studies using neonatal rats suggest that two coupled
rhythmogenic networks may be involved in the generation of the
mammalian respiratory rthythm (Mellen et al., 2003; Onimaru and
Homma, 2003; Janczewski and Feldman, 2006a,b; Feldman and
Del Negro, 2006; Onimaru et al., 2006) Over the last decade,
several studies have suggested that inspiratory (I) neurons (i.e.,
neurons that fire during inspiration) located within a small portion
of'the rostral medulla called the preBotzinger complex (preBotzC;
Smith et al., 1991; Gray et al., 1999) are particularly important in
mammalian respiratory rhythmogenesis. In addition to the I
neurons within the preBo6tzC, pre-I neurons located within and
rostral to the preBo6tzC, originally described and characterized by
Onimaru et al. (1995), also appear to participate in rhythm
generation. These neurons lie within the parafacial region, fire
immediately before inspiration and are coupled to the neurons
within the preBotzC (Onimaru and Homma, 2003). Recently,
Janczewski and Feldman (2006a) demonstrated that these two
rhythms are normally coupled but can function independently to
spawn inspiration and active expiration in juvenile rats.
Additionally, the authors point out that the preBo6tzC is essential
for the respiratory rhythm generation, since breathing in mammals
is dominated by inspiration. Another view hypothesizes that pre-I
neurons in the parafacial respiratory group determines the
respiratory activity in mammals (Onimaru et al., 2006). Further
investigation will be necessary to elucidate the function and
interaction between the two regions.
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The concept of coupled respiratory rhythmogenic networks
in mammals is consonant with results from nonmammalian
vertebrates. Multiple neural networks which operate as a unit
when the brain is intact have been described in lampreys, skates,
teleost fish, anuran amphibians and chicks (Hyde, 1904;
Rovainen, 1983; Thompson, 1985; Russel, 1986; Fortin et al.,
1995, 1999; Champagnat and Fortin, 1997; Sundin et al., 2000;
Wilson et al., 2002). In adult lampreys, central respiratory
rhythm generation has been attributed to a medullary system
comprised of two pairs of oscillators and the motoneurons with
which they synapse (Thompson, 1985; Russel, 1986). The most
rostral pair, which predominate in normal breathing, lie in the
trigeminal region of the medulla, whereas a second pair, that
generate low amplitude excitatory output termed “coughs”,
“arousal breathing” and “weak breathing” lie in the vicinity of
the facial, glossopharyngeal and vagal motor nuclei (Rovainen,
1983; Thompson, 1985). In fish (Chondrichthyes and
Osteichthyes) there is also evidence for multiple respiratory
rhythm generators in the medulla, as well as for a diffusely
(rostral—caudal) distributed respiratory rhythm generating
network (Shelton, 1961; Ballintijn, 1987). Finally, Fortin et al.
(1995), using transverse slices of the hindbrain of the chick
embryo have shown that there are multiple paired populations
of neurons within the medulla in birds that are able to generate
rhythmic respiratory activity in isolation. The chick data suggest
that each pair of rhombomeric segments contains the necessary
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Fig. 9. Rhythmogenic sites in the bullfrog brainstem. (A) horizontal lines illustrate the level of the transverse slices shown to the right. (B) and (C) are outlines of 5
transverse slices from different brainstems containing the areas associated with lung and buccal oscillations respectively. Nearest anatomical landmarks are illustrated
on the right (Vent, ventricle; RPc, reticularis parvocellularis; RPgl, reticularis paragigantocellularis lateralis, SO, superior olive, RD, reticularis dorsalis). (D)
Comparison of discharge in the rostral (cranial nerve VII) and caudal (spinal nerve II) brainstem sections before and after transection to separate them. Each trace from
SNII shows the average of 25 bursts (continuous line)+S.E.M. (dotted lines) (from Wilson et al., 2002). Reproduced with permission from Journal of Physiology,

Blackwell Publishing.
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circuitry to generate respiratory rhythm early in development
(Fortin et al., 1995).

Multiple paired rhythm generating sites have now been
described in anuran amphibians as well. Presently, there are
numerous studies in amphibian tadpoles and adult frogs that
suggest that the endogenous respiratory rhythm is generated by
the medulla (Langendorff, 1887; McLean et al., 1995a; Reid
and Milsom, 1998; Reid et al., 2000; Torgerson et al., 2001).
Studies in which GABA (Gamma Amino Butyric Acid, the
major inhibitory neurotransmitter in the brain) and AMPA [(£)-
a-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid, a po-
tent excitatory amino acid that interacts selectively with certain
glutamate receptors in the brain] (i.e. inhibitory and excitatory
neurotransmitter/modulators respectively) have been microin-
jected into the medulla of bullfrogs have located two specific
rhythmogenic sites within the ventral medullary reticular
formation that appear to be involved in the generation of en-
dogenous respiratory activity; one between the VIIth and IXth
cranial nerves, and the other at the level of the vagus nerve root
(McLean et al., 1995b; Wilson et al., 2002) (Fig. 9).

It should be noted that these paired rhythm generators are
both involved in producing lung ventilation. While only one
appears to be involved exclusively with ventilation of the buccal
cavity, both appear to be involved with the production of lung
breaths (Vasilakos et al., 2005). Given the mechanical events
associated with these activities, the distinction between a buccal
oscillation and a lung breath primarily involves differences in
the force of muscle contraction and control of glottal versus
narial opening and closing. In adults, buccal oscillations usually
generate less force and are performed with the nares open and
the glottis closed while lung ventilation may require more force
(balanced or inflation breaths only) and involves complex tim-
ing of glottal opening and narial closing, depending on whether
the breath results in net lung inflation or deflation (see Sections
2.2.1 and 2.2.3). In the premetamorphic tadpole the rhythm
generating circuitry for lung ventilation appears to be placed
in the more caudal region, just caudal to cranial nerve X
(Torgerson et al., 2001). During metamorphosis to the adult
form, however, as ventilatory function shifts from gills to lungs,
the site of lung rhythmogenesis switches from the caudal to the
rostral brain stem site (Torgerson et al., 2001).

While the mechanistic basis of thythmogenesis at each of the
two sites remains speculative, as does the nature of the inter-
action between them, there are data to suggest that the buccal
oscillator depends on reciprocal postsynaptic inhibition be-
tween buccal interneurons (i.e. it depends on network interac-
tions to run) (Galante et al., 1996) and runs continuously
(Wilson et al., 2002). The lung oscillator, on the other hand,
requires some form of activation and, once activated, drives the
buccal oscillator. It depends largely on pacemaker-like prop-
erties of interneurons but during development, at least in Rana
catesbeiana, becomes increasingly dependent upon fast Cl™
synaptic inhibition mediated by GABA and glycine receptors
(Wilson et al., 2002; Broch et al., 2002). Neither oscillator is
critical for the action of the other but interaction between the
two areas is important in generating normal ventilatory motor
patterns (Wilson et al., 2002).

More recently, Vasilakos et al. (2005) explored possible
homologies between the coupled oscillators in frogs (the buc-
cal and lung rhythm generators) and rats (the parafacial and
preBotzC rhythm generators). Interestingly, the Pre-1 and I
neurons of the parafacial and preBotzC complexes respectively,
differ in their sensitivity to opioids (Takeda et al., 2003); while
Pre-I neurons are opiate-insensitive, activation of p and k
receptors on I neurons causes respiratory depression. In frogs
(intact and in vitro) (Vasilakos et al., 2005), opioids also sig-
nificantly suppress the lung oscillator (suggesting it may be
homologous to the preBotzC complex) but have little effect on
the buccal oscillator (suggesting that it may be homologous to
the parafacial respiratory group). In support of the homology
between the mammalian preBotzC and amphibian lung oscilla-
tor, both utilize neurons with voltage dependent, pacemaker-
like properties (Galante et al., 1996; Smith et al., 1991; Winmill
and Hedrick, 2003a) that are dependent upon gap junctions
(Winmill and Hedrick, 2003b) to generate the respiratory
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Fig. 10. (A) Parasagittal section of the bullfrog brain approximately 0.63 mm
from the midline. Left is rostral and right is caudal. Electrical stimulations were
administered at 3 or 4 medial to lateral sites at each of 6 rostral to caudal levels of
the midbrain (A—F) while transections were made at two rostral to caudal levels
of the midbrain (1 and 2). (B) Transverse section of the bull frog brain to
illustrate the four medial to lateral sites used for electrode penetration and the six
dorsal to ventral sites at which stimuli were applied. Abbreviations: Ad,
anterodorsal tegmentum; Aq, Aqueduct of Sylvius; Av, anteroventral tegmen-
tum; Is, nucleus isthmi; nOc, oculomotor nerve; Oc, nucleus of oculomotor
nerve; Otec, optic tectum; Ov, optic ventricle; Pd, posterodorsal tegmentum; Pv,
posteroventral tegmentum; TI, laminar nucleus of torus semicircularis; Tmc,
magnocellular nucleus of torus semicircularis; Tp, principal nucleus of torus
semicircularis; Tsem, subpendymal midline nucleus.
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rhythm. The pre I neurons of the parafacial region, however,
also have pacemaker-like properties in rats, whereas neurons of
the buccal oscillator in amphibians appear to depend exclu-
sively on network synaptic inhibition (Galante et al., 1996;
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Broch et al., 2002). Based on this evidence, Vasilakos et al.
(2005) suggested that the homology between the mammalian
preBo6tzC and amphibian lung oscillator is strong, while that
between the mammalian parafacial and the amphibian buccal

Fig. 11. (A) Mean effects of vehicle and glutamate stimulations in the frequency of buccal oscillations and lung ventilations at sites ranging from 0.5 to 2.0 mm lateral
to the midline at depths ranging from 500 to 3000 pm below the brain surface at levels A, B and C in Fig. 10. (B) Mean effects of vehicle and glutamate stimulations in
the frequency of buccal oscillations and lung ventilations at sites ranging from 0.5 to 2.0 mm lateral to the midline at depths ranging from 500 to 3000 pm below the
brain surface at levels D, E and F in Fig. 10. * means statistic difference from vehicle values (7-test).
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oscillator is weak. Even so, the authors considered the parafacial
and buccal oscillators to be homologous and suggested that the
paired coupled oscillators of the parafacial and preBotzC
regions may have originated from the gill and lung oscillators,
respectively, of the earliest air breathers.

Finally, as noted earlier (Section 2.2.2), adult amphibians
often breathe intermittently and a variety of inputs act to pro-
mote or inhibit expression of the central rthythm (see following
section). Of note, cumulative data imply that the neurogenesis
of episodic breathing requires sites located in the caudal mid-
brain (Oka, 1958a,b; Reid et al., 2000; Gargaglioni et al.,
unpublished). Recent studies suggest that this caudal midbrain
site may contain yet another paired oscillator that interacts with
those located in the medulla to produce breathing episodes
(Chatburn and Milsom, unpublished). There is also evidence
that neurons in the dorsal mesencephalic tegmentum of fish,
more specifically in a small area near the oculomotor nucleus in
carp, have rhythm generating neurons that discharge before the
first breath in each breathing episode (Jiich and Ballintijn,
1983).

Rhythm generation aside, multiple inputs to the respiratory
control system, including those arising from tegmental and
medullary sites, also play a role in shaping the burst pattern of
the motor output associated with each breath. Slower rhythms of
longer burst duration are generated by the more caudal hind-
brain sites in isolation (Reid et al., 2000). Chemoreceptor,
mechanoreceptor and other inputs act to modify the motor burst
(see earlier sections).

4.2. Supra-medullary sites modulating the breathing pattern

It was previously thought that episodic breathing in
amphibians arose as a result of a low metabolic rate coupled
with inherent oscillations in blood gases (O, and CO,/pH). In
this model, lung ventilations were induced following apnea
when a certain PaO, or PaCO, threshold was reached and
breathing ceased when blood gas values had been brought back
within a certain range (cf. Shelton et al., 1986). Within this
context, many studies were undertaken to assess the role of the
input from different groups of receptors (central and peripheral
chemoreceptors: West et al., 1987; Smatresk and Smiths, 1991;
Kinkead and Milsom, 1994; pulmonary stretch receptors:
Kinkead and Milsom, 1996, 1997; olfactory receptors: Kinkead
and Milsom, 1996) in the production of breathing episodes in
anuran amphibians. These studies showed that while blood gas
oscillations certainly modulate episodic breathing, they were
not essential for the production of this breathing pattern. The
data suggested that while some minimal level of chemoreceptor
drive was required for respiratory rhythmogenesis (a biasing
input to bring the overall system to threshold) (Kinkead and
Milsom, 1994), oscillatory or phasic feedback was not required
to turn on and off the breathing episodes (West et al., 1987;
Smatresk and Smiths, 1991; Kinkead and Milsom, 1994, 1996,
1997; Kinkead et al., 1994). It appeared that the episodic pattern
was an intrinsic property of the central respiratory control
system that was further modulated by oscillations in blood gases
and by phasic feedback from other peripheral sources (Kinkead,

1997). This conclusion was subsequently validated by the
observation that the motor output produced by the isolated
brainstem—spinal cord preparation from bullfrogs, in which the
only afferent input is from central chemoreceptors and is tonic,
was also episodic (Kogo and Remmers, 1994; Kinkead et al.,
1994; Milsom et al., 1999).

The role of several putative neurotransmitters/neuromodu-
lators in the production of lung episodes have now been
investigated. Straus et al. (2000) demonstrated that low doses of
baclofen converted episodic breathing into continuous ventila-
tion under conditions of constant respiratory drive, suggesting
that a GABAB dependent pathway may regulate the clustering
of breaths into episodes. More recently, NO has also been
implicated as a putative mediator of breathing episodes. Treat-
ment with 7-NI (a neuronal NOS inhibitor) produced a dose-
dependent reduction in the occurrence of lung bursts in the
larval frog isolated brainstem (Harris et al., 2002). In addition,
application of L-nitroarginine (a non specific NOS inhibitor) to
post-metamorphic brainstems reversibly blocked the production
of lung burst episodes (Hedrick et al., 2005). Both studies
suggest that NO is important for the production of episodic
breathing in the amphibian brainstem. However, the specific
sites at which these neurotransmitters/neuromodulators act are
still unknown.

In this isolated brainstem—spinal cord preparation, the
clustering of the breaths into distinct episodes could only be
completely eliminated by transection behind the optic lobes (i.e.
behind the midbrain), just in front of the cerebellum (Oka,
1958a,b). This suggested that a more rostral site was essential
for the production of breathing episodes and subsequent studies
employing in vitro (Reid et al., 2000) and in situ preparations
(Gargaglioni et al., unpublished) identified areas in caudal half
of the midbrain of the bullfrog (Rana catesbeiana) that appear
responsible for the production of episodic breathing patterns
(Milsom et al., 1999; Reid et al., 2000; Gargaglioni et al.,
unpublished).

It was initially hypothesized that the nucleus isthmi (NI)
located in the caudal half of the midbrain might be responsible
for clustering breaths into episodes (Kinkead et al., 1997).
Recent studies, however, show that ablation of the NI (by
chemical or electrolytic lesion or drug microinjection) fails to
eliminate the episodic pattern, suggesting that the NI is not
directly responsible for turning breathing episodes on and off
(Kinkead et al., 1997; Gargaglioni and Branco, 2000, 2001,
2003, 2004; Gargaglioni et al., 2002). More recently, the
midbrain of anuran amphibians was systematically explored
using an in situ preparation with chemical (glutamate) micro-
injections, to identify sites capable of exciting and inhibiting
breathing (Fig. 10; Gargaglioni et al., unpublished). It was
found that the principal sites in the midbrain capable of exciting
or inhibiting the frequency of buccal oscillations and lung
ventilations appear to be those primarily involved in visual and
auditory integration and in the regulation of motor function and
attentional state. Based on these results, it seems that there is a
tendency for more rostral regions to facilitate buccal oscillations
and inhibit lung ventilation (Fig. 11A) and for more caudal
regions to inhibit buccal oscillations and excite lung ventilation
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(Fig. 11B). Similar data exist for fish where evidence suggests
that neurons near the oculomotor nucleus in the dorsal mesen-
cephalic tegmentum of carp (a fish that also breathes episodical-
ly) discharge before the first breath in each breathing episode
(Jiich and Ballintijn, 1983). Electrical stimulation at this site
shortened the interbout interval and brought forward the onset
of the next bout of breathing (i.e. it turned a breathing episode
on). It did not, however, prolong the breathing episode sug-
gesting that this site was not involved in terminating the breath-
ing episode (Jiich and Ballintijn, 1983).

Finally, it has been shown recently that while the midbrain
may be essential for the production of distinct breathing epi-
sodes, the medulla may also be able to generate episodic
breathing patterns, of a sort, in isolation (Chatburn and Milsom,;
unpublished). It was found that following transection of the
isthmus from the medulla in in vivo preparations of the
brainstem and spinal cord, an episodic respiratory pattern would
return, but only after a significant time. The spatio-temporal
coordination of breaths within the breathing pattern, however,
was less precise resulting in episodes that were less discrete and
inconsistent in size and occurrence, and apneas between epi-
sodes that were dramatically prolonged. This raises new
questions about the nature of the interactions between the
dual paired oscillators in the medulla and the midbrain sites in
producing and allowing the expression of the respiratory rhythm
as it is manifest in the highly varied breathing patterns that we
see in the anuran amphibians.

5. Conclusions

The control of breathing in amphibians is complex and
intriguing. These animals can ‘ventilate’ up to three different
exchange surfaces (skin, gills and lungs) with different
respiratory media (water and air) and can independently perfuse
these surfaces in different proportions due to the existence of
highly regulated intra and extra-cardiac shunts. In adults, lung
ventilation can be of four different types (buccal oscillations,
balanced breaths, inflation breaths and deflation breaths).
Finally, while anurans typically ventilate their buccopharyngeal
cavity continuously (buccal oscillations) they ventilate the lungs
intermittently. Various patterns of ventilation have now been
described that form part of what can best be described as a
breathing pattern continuum. With inflation and deflation cy-
cles, there can be breaths with no deflation and breaths with no
inflation respectively, despite the fact that all breaths have an
“inspiratory” and an “expiratory” phase with respect to buccal
expansion/compression. As a result of these complexities,
comparisons of the anuran ventilation cycle to the aspiration
cycle of other tetrapods can be problematic unless care is taken
to clearly define the nature and source of the power stroke(s)
involved (buccal expansion/compression), the specific chamber
being referred to (buccal, lung, etc.), and the path of air (or
water) flow.

Despite these complexities, anuran amphibians have
attracted much attention from respiratory physiologists since
they stand as an intermediate stage in the evolutionary transition
from aquatic to aerial respiration. Because present day anurans

are highly specialized and represent a significant departure in
morphology, ecology and behaviour from the stem group that
gave rise to the later tetrapods, it is not clear to what extent the
trends seen in respiratory control in anurans reflect unique
specializations or shared-derived features found in all tetrapods.
The recent studies reviewed here provide exciting indications
that they may well serve as a model of the intermediate stages in
the evolution of respiratory control and suggest that further
research in this area should be highly rewarding.
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