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Abstract

Compared with birds and mammals, very little is known about the development and regulation of respiratory rhythm generation
in ectothermic vertebrates. The development and regulation of respiratory rhythm generation in ectothermic vertebrates (fish,
amphibians and reptiles) should provide insight into the evolution of these mechanisms. One useful model for examining the
development of respiratory rhythm generation in ectothermic vertebrates has emerged from studies with the North American
bullfrog (Rana catesbeiana). A major advantage of bullfrogs as a comparative model for respiratory rhythm generation is that
respiratory output may be measured at all stages of development, both in vivo and in vitro. An emerging view of recent studies
in developing bullfrogs is that many of the mechanisms of respiratory rhythm generation are very similar to those seen in
birds and mammals. The overall conclusion from these studies is that respiratory rhythm generation during development may
be highly conserved during evolution. The development of respiratory rhythm generation in mammals may, therefore, reflect
the antecedent mechanisms seen in ectothermic vertebrates. The main focus of this brief review is to discuss recent data on
the development of respiratory rhythm generation in ectothermic vertebrates, with particular emphasis on the North American
bullfrog (R. catesbeiana) as a model.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in identifying important anatomical locations, cellu-
lar and synaptic mechanisms devoted to rhythm gen-
Itis well-established that respiratory rhythm in ver- eration, many questions remain unanswered. Most of
tebrates is generated by neuronal circuits within the our knowledge regarding the development of respira-
central nervous system that do not require sensory tory rhythm generation has come from studies with
feedback. Although much progress has been mademice, rats and chicks, but there has been some debate
about which is the most appropriate model for study-

* Tel.: +1 510 885 7443; fax: +1 510 885 4747. ing rhythm generation (seRichter and Spyer, 2001
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Within the past 10-15 years, there has been a used to ‘stage’ animals to a particular time in develop-

substantial increase in the number of in vitro ‘com-
parative’ models for investigating respiratory rhythm

ment (e.g.Taylor and Kdllros (T—K), 194§. This is a
more useful definition for comparing developing bull-

generation. These models include ectothermic speciesfrogs since the larval (tadpole) period in bullfrogs is

such as lampreyRovainen, 1988 bullfrogs (McLean

et al., 1995a,pand turtles Johnson et al., 1998
Among these models, only the North American bull-
frog (Rana catesbeiana) has provided any comprehen-
sive data on the development of respiratory rhythm
generation Belzile et al., 2002; Kinkead et al., 2002;
Winmill and Hedrick, 2003a o The bullfrog brainstem

in vitro has proven to be an excellent model for study-
ing the development of respiratory rhythm generation,
primarily because of the ease of recording respiratory-

quite long (1-3 years) and animals of similar stages are
not necessarily the same age. Post-embryonic bullfrogs
are defined as those that are capable of independent
feeding {faylor and Killros, 194§. The morpholog-

ical terminology used byraylor and Kollros (1946)

is as follows: pre-metamorphosis (T-K stages 1-XI),
emergence of hind—limb buds and growth of trunk
and tail; pro-metamorphosis (T-K stages XI-XX),
rapid growth of limbs; metamorphosis (T-K stages
XX=XXV), eruption of front limbs to completion of

related neural activity at all stages of development, thus metamorphic climax. With respect to ventilation, tad-

providing direct developmental comparisons that are
not possible with other vertebrate models. An emerg-
ing consensus from studies with comparative models,
and particularly the bullfrog brainstem model, is that
many underlying mechanisms for motor behaviors, in-
cluding respiratory rhythm generation, are phylogenet-
ically conservedTierney, 1996; Hedrick et al., 20p1
The main purpose of this review is to highlight data
from a number of ‘comparative’ models, with particu-

poles use gills to extract oxygen from the water from
T-K stages | to about XX. During metamorphosis
(stages XXI-XXV), the gills are resorbed and obligate
air-breathing is assumed; the gape is increased and the
tongue is innervated by the hypoglossal neMatesz

et al., 1999 to accommodate the prey-catching func-
tion typical of adult anurans. Overall, development in
the bullfrog is a remarkable morphological transforma-
tion that supports the transition from an entirely aquatic

lar emphasis on recent advances that have been maddifestyle to a semi-aquatic, air-breathing adult.

in identifying mechanisms in the development of res-
piratory rhythm generation iR. catesbeiana.

2. Anuran amphibian development

The ontogenetic transition from an aquatic to a ter-
restrial habitat in amphibians is accompanied by major
maturational changes of the respiratory system, includ-
ing a shift from gill to lung ventilationBurggren and
Doyle, 1986, morphological changes associated with
aguatic to aerial respiratiof@rgerson et al., 1998
the development of central GOH* receptorsTaylor et

The mechanisms for breathing in amphibians
change dramatically during development. During early
tadpole stages, oxygen is acquired in a trimodal fash-
ion with involvement of gills, skin and lung8(rggren
and Doyle, 198§ Gill ventilation is the primary mech-
anism for oxygen acquisition in early stages, but as
development proceeds, lung ventilation becomes more
important until, at metamorphic climax, the gills invo-
lute and the animal becomes an obligate air-breathing
metamorphic tadpoledrowder et al., 1998 More re-
cently, however, it has been shown that bullfrog tad-
poles use lung ventilation throughout development,
with early stages breathing more frequently than later

al., 2003 and a decreased tolerance to severe hypoxia stages Crowder et al., 1998 During the early stages

(Stewart et al., 2004 Despite the profound physio-

of development lung ventilation is not required for oxy-

logical and morphological changes associated with the gen acquisition, suggesting that lung ventilation serves

transition from aquatic to aerial ventilation, very little
is known concerning the developmental neurobiology
associated with the central regulation of breathing in
amphibians and other ectothermic vertebrates.

A number of morphological changes occur during

development in anuran (frogs and toads) amphibians,

to promote lung developmenC(owder et al., 1998
Another possibility, not yet tested experimentally, is
that continued activation of central neural circuits for
lung ventilation may strengthen relevant synaptic con-
nections during development. Intermittent hypoxia in
developing tadpoles has been shown to increase ven-

and these changes have been used to construct scheme#atory responses to hypercarbia, thus illustrating the
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plasticity of central respiratory circuits during bullfrog
development$imard et al., 2003

In tadpoles, water flow over the gills occurs unidi-
rectionally by activation of oropharyngeal musculature
innervated by trigeminal, facial and hypoglossal nerves
(Gradwell, 1972. During air-breathing events, airflow
through the glottis is regulated by the vagus nerve. Gill
ventilation occurs almost continuously and is occasion-
ally interrupted by lung ventilation events. In the decer-
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active expiration is involved in normal, quiet breathing
in anurans.

Episodic breathing is also produced during develop-
ment in chicks Fortin et al., 199%and mice Abadie
et al., 2000 during the segmentation period when the
hindbrain develops distinct rhombomeres. Bursts of
motor activity occur simultaneously in hindbrain cra-
nial nerves indicating that in this early stage of devel-
opment the neuronal respiratory network is organized

ebrate, spontaneously breathing tadpole and the in vitrowith distinct reticular and motor neuror3¢rday et al.,

brainstem from tadpoles, recordings from trigeminal,
facial, vagus and hypoglossal nerves exhibit both gill

and lung motor patterns that closely resemble the pat-

tern of breathing that occurs in tadpoles in viGdpvin
etal., 1998.

In late stage metamorphic (T-K stages XXIII-
XXV) and adult bullfrogs, ventilation consists of two

2003. Activities from trigeminal, facial and glossopha-
ryngeal motor nerves indicate that respiratory rhythm
is intersegmentally coordinated through multisynaptic
connectionsKortin et al., 199% However, it has been
shown that individual rhombomeres have the ability to
produce a respiratory motor output from cranial nerves
originating in each segment, indicating that each rhom-

basic motor behaviors: buccal oscillations and lung bomere has the capacity to generate a rhythmic motor
ventilations DeJongh and Gans, 196®8Buccal oscil- output Champagnat and Fortin, 199Although the

lations are rhythmic elevations and depressions of the development of rhombomeres is a transient event in
buccal cavity that result in tidal airflow between the birds and mammals, rhombomeric organization is re-
atmosphere and buccal cavity through the open nares.tained throughout development in anuran amphibians

Although it is assumed that buccal ventilation in adults
is the remnant of gill ventilation in tadpoles, this has
not been experimentally demonstrated. Lung inflation
occurs by positive pressure, with air from the buccal
cavity forced into the lungs through an open glottis.
Lung ventilation events can occur singly, but often oc-
cur in episodes in which the lungs are inflated by two

or more breaths in succession. Episodic breathing oc-

curs with in situ and in vitro preparations from amphib-
ians Kinkead and Milsom, 1994; Hedrick and Winmill,
2003; Winmill and Hedrick, 2003a)land is often more

pronounced under hypoxia or hypercapnia in intact an-

imals Wang et al., 199Pand with in vitro brainstem
preparationsWinmill et al., 2005. This indicates that

thus providing a uniqgue model for mapping physiolog-
ically identified respiratory neurons in the adult frog
within persistent developmental rhombomerssgka

et al., 2002.

3. The amphibian brainstem as a model for the
development of rhythm generation

There are several advantages to using the in vitro
amphibian brainstem as a model system for study-
ing the development of central neural processes (see
Luksch et al.,, 1996 including respiratory rhythm
generation. First, and perhaps most importantly, the

the production of episodes does not require higher brain amphibian brainstem in vitro provides for direct devel-
structures or peripheral sensory feedback. The adult opmental comparisons since this preparation is capable

turtle brainstem in vitro also produces phasic expira-
tory and inspiratory activity similar to that seen in in-
tact animals Johnson and Mitchell, 1998Expiration

of producing a quantifiable, spontaneous respiratory
motor output at all stages of developmdrity, 1). This
feature of the amphibian brainstem is uniqgue among

in amphibians is generally considered to be a passive vertebrates and eliminates the problems of interpreta-
event, generated by elastic recoil of the lungs and body tion when comparing whole brainstems or slice prepa-

wall with the glottis open, but muscle activity during

rations from animals of different ages that are common

the expiratory phase can occur under certain conditions to mammalian modeld€ichter and Spyer, 2001Sec-

such as vocalizatior@irgenrath and Marsh, 1994n-

ond, this preparation produces fictive gill/lung bursts

dicating that expiration can be an active event under in tadpoles and fictive buccal/lung bursts in adults
specific conditions. It remains to be demonstrated that that have been shown to closely represent in vivo



32 M.S. Hedrick / Respiratory Physiology & Neurobiology 149 (2005) 29-41

Gill bursts Pre-metamorphic Tadpole
v MMAMWMMWAWWWWWAMNWMAANMWAM
M:— Lung burst
fxr & - . JhWLW

Post-metamorphic Tadpole 5s
Lung burst episode
T~
I i -
AL RN S A e S —
B NI | Iyl A ML
Ss
Adult

Lung burst episodes Non-respiratory burst

— T /
T O .

Fig. 1. Integrated cranial nerve (CN) activity from a pre-metamorphic tadpole (CN V and CN XII), a post-metamorphic tadpole (CN V and
CN XII) and an adult (CN V) brainstem in vitro. In the pre-metamorphic tadpole brainstem, high frequency, low amplitude gill bursts and low
frequency, high amplitude lung bursts are apparent; in the post-metamorphic tadpole brainstem, lung bursts are episodic; in the adult brainstem
episodic lung bursts and a single ‘non-respiratory’ burst is evident (see SBgtion

ventilatory behaviorsGdovin et al., 1998; Sakakibara, anoxic core even when superfused with 98%(€ee
1984). Third, breathing frequencies in vitro are closely below).

matched to normal, in vivo breathing frequencies. In

mammals, respiratory frequencies with in vitro prepa-

rations are at least an order of magnitude lower than in 4. Organization of the amphibian central

vivo breathing rates. Fourth, the amphibian brainstem respiratory network

preparation can be studied at physiologically relevant

temperatures, rather than having to reduce tempera- Two key questions regarding respiratory rhythm
ture to maintain tissue viability, as is often the case generation in vertebrates are: (1) where are the relevant
with mammalian brainstems in vitro. Fifth, amphibian respiratory rhythm generating sites in the medulla? (2)
brainstems preparations can be studied at physiologi- What are the mechanisms that produce rhythm gen-
cally relevant extracellular K([K*]o) concentrations  eration? In mammals, there is considerable evidence
and are viable over a broad range of [K(Winmill and to suggest that the preézinger Complex (pBC) is a
Hedrick, 20033 Very often, rhythmically active slices  critical region for respiratory rhythm generation; data
from mammalian preparations are not active untflJi from in vitro and in vivo models support this hypothe-
is raised to higher than normal leveRybak et al., sis (Smith etal., 1991; Ramirez etal., 1998; Gray et al.,
2003; however, in some cases slices are active at nor- 2001; Wenninger etal., 2004Recent data also suggest
mal [K*], depending on the level of synaptic inhibition  thatthe pBC and the more rostral para-facial respiratory
(Tryba et al., 2008 Finally, lower tissue metabolism  group (pFRGQOnimaru and Homma, 2003epresent

of larval amphibian brain tissue allows higher P@l- synaptically coupled networks that interact to produce
ues under in vitro conditionsT¢rgerson et al., 1997 a rhythmic respiratory motor outpuignczewski et
However, this assumption may be invalid since we al., 2002. This dual network hypothesis for respira-
have found that the adult bullfrog brainstem has an tory rhythm generation is reminiscent of — and perhaps
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homologous to — the dual lung and gill/buccal oscilla-
tors of the amphibian brainsterdf{lson et al., 200p,
but this remains unresolved.

4.1. Localization of the amphibian respiratory
rhythm generator during development

The precise locations of brainstem regions directly
involved with respiratory rhythm generation in am-
phibians and other ectotherms are largely unknown;
even lessis known about the organization of respiratory
brainstem circuits of ectotherms during development.
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that generate respiratory activity. Transection experi-
ments early stage tadpole brainstems suggest that lung
burst activity in located more caudally than in the
post-metamorphic or adult brainstefo(gerson et al.,
2001). Owing to the differences in the general location
of brainstem regions that generate lung burst activity,
Torgerson et al. (2001)ave suggested that there is a
caudal to rostral ‘translocation’ of the lung burst rhyth-
mogenic region during development. It is possible that
neural circuits in specific rhombomeric segments gen-
erate or drive the overall brainstem rhythm at differ-
ent stages of development, which would account for

However, recent experiments have made some progresgshe transection and microinjection studi@®igerson

in localizing the rhythm generating areas in tadpole

et al., 2001; Wilson et al., 2002In support of this,

and adult brainstems. Despite this, there has been notransection of embryonic rhombomeres in the chick

discovery of a noed vital’ (cf. Rekling and Feldman,
1998 in amphibians or other ectotherms, equivalent to
the pBC in mammals.

Utilizing a variety of techniques including brain-
stem transection, microinjection of neurotransmitters
and intracellular/extracellular recording of respiratory-

related neurons, there appear to be at least two

broadly circumscribed regions responsible for res-
piratory rhythm generationKpgo and Remmers,
1994; McLean et al., 1995a; McLean and Remmers,
1997; Torgerson et al., 2001; Wilson et al., 2p02
Based upon small-volume microinjections of gluta-
mate and the non-NMDA receptor agonist, AMPA,
and the inhibitory neurotransmitter, GABA, in post-
metamorphic tadpoles and adult frogs, a rostral
medullary region, lying between the acoustic and vagus
nerves, appears to be directly involved with generating
lung burst activity McLean et al., 1995a; Wilson et
al., 2003. Transection between the rostral lung region

hindbrain into discrete segments containing a specific
cranial nerve retains the ability to generate rhythmic
bursts Champagnat and Fortin, 1907

4.2. Respiratory-related neurons in the amphibian
brainstem

There are very few studies that have examined the
firing properties or burst characteristics of respiratory-
related neurons or motoneurons in the amphibian brain-
stem. Recordings of respiratory modulated neurons
have been recorded from facial cranial motoneurons
in pre-metamorphic tadpoleki@o et al., 199%reveal
the majority of neurons were modulated by both gill
and lung activity, or by lung activity alone; no solely
gill modulated neurons were recordedigo et al.,
1996. These neurons had variable membrane poten-
tials and exhibited phasic, Cl-mediated synaptic inhibi-
tion. In adults, a wider variety of respiratory modulated

and the caudal buccal region indicates that both regions neurons have been recorded in the rostral and caudal

are independently capable of producing respiratory-

medullary region including lung/non-lung modulated

related bursts, suggesting that there are at least twobursting and phase-spanning neurdfsgo and Rem-

distinct oscillators responsible for generating respira-
tory rhythm in the post-metamorphic frog brainstem
(Wilson et al., 2002 This may represent the retention
of rhombomeric organization in the adult frog and the
capability of individual segments to retain the ability to
produce independent, but coupled, respiratory rhythms.
The specific regions that generate respiratory
rhythm in early, pre-metamorphic tadpoles are less
clear. There have been no comparable microinjec-
tion studies in pre-metamorphic tadpole preparations
to further localize the important brainstem regions

mers, 1994; McLean and Remmers, 190ing mod-
ulated neurons did not exhibit any voltage-dependence
or endogenous bursting characteristic of pacemaker
neurons fcLean and Remmers, 1997which are
present in the pFRGQnimaru et al., 1996and the
PBC Smith et al., 1991; Tryba et al., 2008 the
neonatal mammalian medulla. Embryonic respiratory-
related neurons of mammals undergo several devel-
opmental changes including increased burst duration,
increased input resistance, decreased cell capacitance
and increased action potential amplitu@s{maru and
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L4 moting excitability, but are not essential for generating
respiratory rhythm@el Negro et al., 2006 Although
no models have been developed to explain respiratory
rhythm generation in ectothermic vertebrates, there is
indirect support for a maturational hypothesis for the
development of respiratory rhythm generation in am-
- phibians (cfRichter and Spyer, 2001We hypothesize
o* ofe ° that pacemaker neurons are important for generating
respiratory rhythm early in development, but network
interactions (possibly including pacemaker neurons)
0 3 10 15 20 75 Adult are more important for rhythm generation following
T-K stage metamorphosis. At present, there is no direct evidence
for pacemaker neurons in any ectothermic brainstem.
Fig. 2. Lung burst duration (s) measured as cranial nerve motor out- The lamprey Ichthyomyzon unicuspis) brainstem
put, increase; signil_‘icantly during development fI’OfTI T-K stage V in vitro exhibits very weak synaptic inhibition and
to adult (Hedrick, Winmill, Chen and Jessop, unpublished results). maintains respiratory neural activity when superfused
) with a Cl-free solution Rovainen, 1988 These
Homma, 200 We have observed increased burst du- gyneriments suggest that in the lamprey, a primitive
rat|on_ of cranial nerve m_ot_or output durlng develop- jawless vertebrate, respiratory activity may be gen-
mentin bullfrogs Elg. 2) similar to that seen in <_jevel—' erated by pacemaker-like activitRévainen, 1988
oping mammals@nimaru and Homma, 2002; Viemari  gperfusion of the tadpole brainstem with Cl-free
etal., 2003, although the mechanisms underlying this  4ificial cerebrospinal fluid (aCSF) abolishes fictive
change in burst properties in amphibians are unknown. gill bursts, but not lung bursts3alante et al., 1996:
In the African clawed frogXenopus laevis), matura-  groch et al., 200p suggesting that Cl-mediated
tion of spinal nerve firing properties are associated with gy nantic inhibition is required for gill burst activity but
a down-regulation of delayed rectifiefiurrents and o4 |yng burst activity. Superfusion with Cl-free aCSF
an increase in Cé-dependent K currents Sun and  5pojishes lung bursts in the adult brainsteBroch
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Dale, 1998. et al., 2002. These data suggest that there may be a
‘pacemaker to network’ switch in the mechanism for
4.3. Mechanisms of respiratory rhythm generation lung burst activity in the bullfrog brainstem. Synaptic

inhibition blockade with bicuculline and strychnine,

How respiratory rhythm is generated in verte- however, reveal the persistence of lung bursts in both
brates remains an elusive yet fundamentally important tadpole and adult brainstem preparations (Hedrick and
guestion. In general, rhythmic motor patterns can be Chen, unpublished results), suggesting that pacemaker
generated by two basic mechanisms that are not mutu-activity may also be present in the adult. This is con-
ally exclusive: neural network interactions that require sistent with a recent experiment with the in vitro turtle
synaptic inhibition and pacemaker neurons that gen- brainstem, which maintains rhythmic neural activity
erate an endogenous rhythm independent of synapticdespite blockade of GABA and glycine receptors
inhibition (Richter and Spyer, 2001In the context of (Johnson et al., 2002These recent experiments with
respiratory rhythm generation, both pacemaker, net- adult turtle and adult bullfrog brainstems suggest
work and ‘hybrid’ pacemaker—network models have that pacemaker activity may be present in the mature
been hypothesized to be responsible for rhythm gen- brainstem, which has yet to be clearly demonstrated
eration Richter and Spyer, 2001; Smith et al., 1991 in the adult mammalian brainstem.
Another view hypothesizes that pacemakers may be Gill and lung burst frequencies in the pre-
embedded within a respiratory network, but not oblig- metamorphic tadpole brainstem are significantly
atory for rhythm generationRekling and Feldman, dependent upon extracellular Kkoncentration, sug-
1998. In this ‘group pacemaker’ hypothesis, pace- gesting that respiratory activity is voltage-dependent
maker neurons contribute to rhythmogenesis by pro- (Fig. 3). Because endogenously bursting neurons are
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Fig. 3. Gillburstfrequency and lung burstfrequency are significantly
dependent upon extracellular"K[K*],) in the pre-metamorphic
tadpole brainstem (modified froMvinmill and Hedrick, 2003p

generally voltage-dependent, these data support the hy-

pothesis that both gill and lung burst activity in tadpoles
is driven by pacemaker activity. However, previous re-
sults Galante et al., 1996; Broch et al., 2QG2iggest
that gill ventilation is driven by synaptic inhibition.
By contrast, lung bursts in the adult bullfrog brainstem
are not dependent upon*Kconcentration \(inmill
and Hedrick, 2003a The apparent lack of voltage-
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reversibly abolished neural activity at higher concen-
trations of CBX. These results suggest that in larval
amphibians, electrical coupling between respiratory-
related neurons may be important for respiratory rhyth-
mogenesis, and is consistent with the hypothesis that
gap junctions are important for maturation of neural
networks Kandler and Katz, 1995By contrast, CBX
applied to adult bullfrog brainstems initially increased
lung burst activity before inhibiting neural activity at
high concentrations and, in addition, blocked the fa-
cilitation of breathing by hypercapnidMinmill and
Hedrick, 2003h. What s particularly interesting is that
the responses of larval and adult amphibian brainstems
to CBX are very similar to respiratory inhibitory re-
sponses of neonatal medullary slice preparatiBasi¢
Flores and Berger, 200nd excitatory responses of
arterially perfused adult rat§olomon et al., 2003x-
posed to CBX. Taken together, respiratory responses
to CBX in amphibians and mammals strongly sug-
gests acommon developmental role for gap junctionsin
the regulation of respiratory rhythmogenesis, thus pro-
viding additional evidence that developmental mecha-
nisms of rhythm generation are conserved.

4.4. Neurotransmitters and neuromodulators
involved in respiratory rhythm generation

Several recent studies with amphibians have
demonstrated that modulation of respiratory rhythm
generation by specific neurotransmitters and/or neu-
romodulators changes during development. Both exci-
tatory and inhibitory modulation of respiratory rhythm
has been demonstrated in the bullfrog brainstem at dif-
ferent stages of development. Inhibitory neurotrans-
mission via GABA. and glycine receptors plays a

dependence of lung bursts in the adult does not rule major role in shaping respiratory motor activity in de-

out the possibility of pacemaker activity driving these

veloping bullfrogs. GABA or glycine application to

bursts given that some pacemaker neurons in the PBCthe bullfrog brainstem produces different responses
of mammals have stable membrane potentials that aredepending on stage of developme@afante et al.,
insensitive to voltage modulation induced by changes 1996; Broch et al., 2002 For example, GABAergic

in extracellular K (Tryba et al., 2008

and glycinergic inhibition of respiratory activity occurs

Arecent study from our laboratory suggests that gap ata 10-fold lower concentration in adult compared with
junctions are important for respiratory rhythm genera- tadpole brainstem preparationBr¢ch et al., 2002
tion in the tadpole brainstem, and perhaps for expres- In larval amphibians, GABA receptor blockade with

sion of chemoreception in the adult bullfrog brainstem
(Winmill and Hedrick, 2003p Gap junction blockade
with carbenoxolone (CBX) inhibited gill and lung burst

bicuculline Galante et al., 1996; Broch et al., 2002
GABAg receptor blockade with 2-hydroxy-saclofen
(Straus et al., 2000ar glycine receptor blockade with

activity in pre-metamorphic tadpole brainstems, and strychnine Galante et al., 1996; Broch et al., 2002
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increase lung burst activity, suggesting there is a gen-

eral suppression of lung burst activity by GABAergic
and glycinergic mechanisms that is disinhibited during
development$traus et al., 2000a

Recent studies also indicate that serotonin (5-HT)
plays a significant neuromodulatory role in the devel-
opment of respiratory rhythmogenesisin the amphibian
brainstem. For example, 5-HT significant depresses gill
burst activity in both pre- and post-metamorphic brain-
stems in vitro, but only post-metamorphic brainstems
exhibit an increase in lung burst activity in response
to low (<0.5uM) 5-HT (Kinkead et al., 200R De-
pression of gill burst activity is mediated partially by
5-HT;a receptors, but there appears to be no involve-
ment of 5-Hha/c receptors in mediating the effects of
5-HT in pre- or post-metamorphic tadpol&e(zile et
al., 2002.

Previous work has established that nitric oxide (NO)
is an excitatory neuromodulator of fictive breathing
in the adult bullfrog brainstemHedrick et al., 1998;
Hedrick and Morales, 1999 We have recently re-
examined the role of NO on respiratory-related gill
and lung activity during development in the bull-
frog brainstem Kedrick et al., in pregs Application
of the general NO synthase (NOS) inhibiter
nitroarginine {-NA) to pre- and post-metamorphic

M.S. Hedrick / Respiratory Physiology & Neurobiology 149 (2005) 29-41

GABA and glycine. Thus, the role of NO in modulating
respiratory rhythm generation in the developing bull-
frog brainstem likely stems from an indirect interaction
with inhibitory, and perhaps excitatory (e.g. glutamate),
neurotransmitters.

Nitric oxide has been implicated as having arole as a
‘synchronizing’ modulator of neural networkA&rgbar,
1995. Recent work implicates NO as an important
molecule during amphibian metamorphosis for regulat-
ing limb developmentristino et al., 200and con-
trolling cell proliferation and differentiation in brain
developmentRPeunova et al., 20010ne possibility is
that NO is important for the morphogenesis of the am-
phibian nervous system, coordinating the switch from
cell proliferation to differentiation and functional con-
nectivity between cell group<fistino et al., 2004
This may be important during the development of the
anuran respiratory system during the transition from
aquatic to terrestrial environments.

5. Brain metabolism and effects of hypoxia on
respiratory rhythm generation

Brain metabolism in endotherms is approximately
10-fold higher than brain tissue from ectotherms, when

bullfrog brainstems produces contrasting results. In the size is taken into account. The high metabolism of

pre-metamorphic brainstem;NA increases gill burst

frequency and amplitude, and increases lung burst fre-

guency. By contrast,-NA or 7-nitroindazole (7-Nl), a
specific inhibitor of neuronal NOS, applied to the post-

mammalian brain tissue results in whole brainstems be-
ing acidotic and hypoxic in vitro@Qkada et al., 1993
which has necessitated the use of perfused prepara-
tions that maintain adequate oxygenatiddiléon et

metamorphic brainstem depresses lung burst frequencyal., 2003 or rhythmic slices that maintain oxygena-

and virtually eliminates episodic lung burskdg(ris et
al., 2002; Hedrick et al., in pressThese data indicate
that NO acts as an inhibitory modulator of respiratory
activity early in development, but becomes an exci-
tatory modulator of frequency and pattern (episodic
breathing) late in development. The ‘switch’ from in-
hibition to excitation appears to coincide with the loss
of gills and emergence of obligate air-breathing in bull-
frogs. Although itis unclear how NO initially acts as an
inhibitory molecule and later as an excitatory molecule,
this changing role of NO is similar to the role of NO
in modulating the spinal rhythm generator for swim-
ming in the amphibian spinal corficLean and Sillar,
2009). In this model, the inhibitory—excitatory modu-
latory role of NO appears to be related to the changing
interaction of NO with the inhibitory neurotransmitters

tion through diffusion Ramirez et al., 1996 Each

of these preparations has advantages and disadvan-
tages Richter and Spyer, 2001Because of the lower
metabolism and generally smaller size of ectothermic
brain tissue, it has been assumed that brainstem prepa-
rations from ectotherms are well-oxygenated in vitro.
One study has confirmed that the bullfrog tadpole brain-
stem is well-oxygenated throughout the tissue when su-
perfused with oxygenated (98%2aCSF {Torgerson

et al., 1997. We have confirmed these findings in pre-
metamorphic tadpoles (Hedrick, Winmill and Chen,
unpublished results), but have found that the adult bull-
frog brainstem superfused with 98%, @ severely
hypoxic at depths ranging from about 300-{00

(Fig. 4). This indicates that diffusion alone is inade-
quate to support the metabolism of the adult bullfrog
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3004 Adult Bullfrog Brainstem In Vitro compared with adults that have limited abilities to tol-
erate hypoxia. Neuronal death during anoxia is gen-
erally associated with increased cell calcium entering
primarily through theV-methylp-aspartate (NMDA)
channel, and significant increases in cell calcium pro-
duce a cascade of cellular events leading to neuronal
death Kristian and Siesjo, 1998
The effects of hypoxia on respiratory rhythm
generation in non-mammalian vertebrates are poorly
understood, despite the large number of studies
0 100 200 300 400 500 600 700 800 that have examined the cellular effects of anoxia in
Depth (1m) anoxia-tolerant species such as turtles and carp (see
Lutz and Nilsson, 2004 The turtle brainstem in vitro
Fig. 4. Brain tissue P@(Torr) decreases with depth in the brain  js insensitive to anoxia over a 2 h exposudel{nson
tissueofa(_julRanacatesbeianq.Tis_sue P(Qwasmeasgred fatvarious et al., 1998: which may not be Surprising given the
depths using a polarographic microelectrode (&0tip; Diamond .
General Corp., Ann Arbor, MI) in six adult brainstems superfused eXtreme anoxia tolerance of freshwater turtIEstz
with artificial cerebrospinal fluid bubbled with 98%,% COy. and Nilsson, 2004
PQ; drops to near zero in five of six brainstems at depths ranging We have recently examined the role of hypoxia
from about 300 to 70.m (Hedrick, Winmilland Chen, unpublished  on respiratory rhythm generation and pattern forma-
results). tion during development in the bullfrog brainstem
(Winmill et al., 2005. Brainstem preparations from
brainstem in vitro. Nevertheless, the adult bullfrog pre-metamorphic tadpoles are relatively insensitive to
brainstem generates a spontaneous respiratory outputhe effects of severe hypoxia for up to 3h or more.
for several hours, and microinjection studies suggest Metamorphic tadpole and adult brainstems, on the
that the relevant respiratory areas are at depths of aboutother hand, exhibit a complete cessation of respiratory
100-30Qwm (McLean et al., 1995awhich would be motor activity within 30—40 min exposure to hypoxia,
well-oxygenatedKig. 3). However, these data do raise which is reversible upon reoxygenation. Blocking
concerns about the microenvironment of ectothermic anaerobic metabolism with iodoacetate (IAA) signif-
brainstems and the assumption that all ectothermic icantly reduces the ability of the tadpole brain to pro-
brainstems are well-oxygenated owing to their lower duce respiratory activity in hypoxia, indicating a large
metabolism should be questioned. contribution from glycolysis to maintain ATP levels.
Severe hypoxia or anoxia has profound effects Metamorphic/adult brainstems, however, showed no
on respiratory rhythm that change with development difference in the response to hypoxia with 1AA. This
(Ballanyi etal., 1998 Brainstem preparations orrhyth-  suggests that following metamorphosis to the obligate
mically active medullary slices from the neonatal air-breathing stages, hypoxia effectively shuts down
mouse do not show any significant change in respira- neural activity until oxygen is available. This may be
tory rhythm for 30 min or more; however, preparations an adaptive, energy-saving response to hypoxia that de-
from more mature animals exhibit an initial augmen- velops upon metamorphosis during the transition from
tation of respiratory rhythm followed by respiratory waterto land. The reversible cessation of fictive breath-
depression and apnea occurring within a few minutes ing may also suggest that the post-metamorphic brain-
(Ballanyi et al., 1999 A recent study using medullary  stem is capable of sensing ATP and/or oxygen levels
preparations from mice indicates that at E 16 severe hy- and this may be linked to the respiratory cessation. The
poxia has no effect on fictive breathing frequency, but respiratory cessation in adults during anoxia may be an
at E 18 to PO-P2, hypoxia significantly depresses res- adaptive response to brief periods of hypoxic stress that
piratory rhythm Yiemari et al., 2008 The neonate is  occur during overwinteringStewart et al., 2004
relatively insensitive to anoxia due to maintenance of  Tadpoles are known to be more hypoxia tolerant
extracellular ion concentrations of'kand C&*, and than adult frogsCrowder et al., 1998 and there are
a reliance on anaerobic metaboliskafisen, 1985 likely to be several neuronal mechanisms that account
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for this differential tolerance to hypoxia. One possible been described show strong similarities to studies with
mechanism that accounts for the increased tolerancemammalian preparations suggesting that development
of tadpole brains to hypoxia is the tolerance to high of respiratory rhythm generation is a conserved feature
intracellular calcium levels that accompany hypoxic of the vertebrate brainstem. Future studies that exam-
conditions. Tadpole forebrain cells exposed to anoxia ine the development of respiratory rhythm generationin
develop significant increases in cell calcium, but this ectothermic vertebrates will necessitate further charac-
is not associated with increased cell death for at least terization of respiratory-related neurons, their location,
4—6 h exposure to anoxidiédrick et al., 200p It is synaptic connections and localization within the brain-
not clear how tadpole neurons tolerate such high levels stem. These details are generally lacking in ectotherms,
of calcium during hypoxia, but one hypothesis is that but will be necessary to achieve a greater understand-
increased calcium may act as a neuroprotectant duringing of the mechanisms underlying respiratory rhythm
anoxia, consistent with recent studies from turtles and development in non-mammalian vertebrates.
mammals Bickler and Fahlman, 2004

Severe hypoxia also produces an increase in
episodic breathing in metamorphic/adult, but not in Acknowledgements
pre-metamorphic, brainstemgVvinmill et al., 2009.

Episodic breathing is clearly an endogenous feature of | would like to acknowledge several students from
the mature bullfrog brainstem, but the factors that con- MY laboratory who have made significant contributions
tribute to episodic breathing are poorly understood. Our t0 the work discussed in this review: Lise Broch, Anna
data indicate that hypoxia, in addition to NO and/or Chen, Kristy Jessop, Monica Martinez, Rey Morales,
stimulation of GABAs receptors$traus et al., 2000 Jose Pacheco, John Parker, Anthony Sandoval and
by some unknown mechanism, is capable of induc- Rachel Winmill. | also thank Dr. Stephen Johnson and
ing episodic breathing in the mature bullfrog brain- two anonymous reviewers for their careful reading of
stem. During severe hypoxia, there are no measurable@n earlier version of the manuscript. The work in my
changes in gill or lung burst characteristics that would laboratory is supported by the National Institutes of
be indicative of gasping that is found in mammals ex- Health MBRS/SCORE program (Grant no. SO6 GM
posed to severe hypoxi&t John and Knuth, 1981 48135).

Although gasping does not appear to be a feature
of the amphibian brainstem, we have found that ‘non-
respiratory bursts’ (seBig. 1, adult trace) are mod-
UIaJFEd by hypoxia. Non'reSplratory_ bursts are more Abadie, V., Champagnat, J., Fortin, G., 2000. Branchiomotor activ-
resistant to the effects of anesthesia than lung bursts ites in mouse embryo. Neuroreport 11, 141-145.

(Hedrick and Winmill, 2008 and show a reversible  Anbar, M., 1995. Nitric oxide: a synchronizing chemical messenger.
increase in frequency during hypoxi&/inmill et al., Experientia 51, 545-550.

2005. These bursts are similar to ‘arousal’ breathing Ballanyi K., Onimaru, H., Homma, 1., 1999. Respiratory network
. . function in the isolated brainstem—spinal cord of newborn rats.
in the Iamprey brainstenirhompson, 1985 and_we _ Prog. Neurobiol. 59, 583-634.

hypothesize that they serve an analogous function with geyzile, 0., Gulemetova, R., Kinkead, R., 2002. Role of 5
gasping in mammals; that is, a widespread increase in  receptors in serotonergic modulation of respiratory motor output
neural activity to restart respiratory activity when nor- during tadpole development. Respir. Physiol. Neurobiol. 133,

mal respiratory efforts fail. _ 277-282. . .
Bickler, P.E., Fahlman, C.S., 2004. Moderate increases in intracellu-

lar calcium activate neuroprotective signals in hippocampal neu-
rons. Neuroscience 127, 673-683.
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