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CENTRAL NERVOUS MECHANISMS IN THE GENERATION OF
THE PATTERN OF BREATHING

T. PANTALEO, F. BONGIANNI anp D. MUTOLO

Dipartimento di Scienze Fiviologiche, Universita di Firenze, Viale G.B. Morgagni 63, 1-50134 Firenze

INTRODUCTION

The neuronal network responsible for the generation of the eupneic pattern of
breathing is localized in the lower brainstem. The basic mechanisms underlying
respiratory rhythmogenesis seem (o be located within the medulla oblongata (for
review see Refs. 4. 10, 25, 26. 34) where medullary respiratory neurons are concen-
trated in the dorsal (DRG) and ventral (VRG) respiratory groups. Some lines of evi-
dence have suggested that the DRG is mainly involved in phase-switching mecha-
nisms, whilst the VRG has a prominent role in the gain control of the intensity of the
inspiratory motor output (4, 34). Lesion studies led to the proposal that these medul-
lary areas were not crucial for respiratory rhythm generation (30, 31). However.
focal cold blocks of structures located in the ventrolateral medulla, encompassing
the rostral portions of the VRG, caused strong depression of inspiratory activity or
even apnea (9). These findings suggested that these structures may have a pivotal
role in the respiratory rhythmogenesis probably by mediating the various drive
inputs necessary for the maintenance of the respiratory rhythm.

Recently, the respiratory role of the rostral VRG subregions has been reevaluated.
The hypothesis has been advanced that these subregions including the Botzinger
complex (BotC) and the pre-Botzinger complex (pre-BotC) are essential compo-
nents of the neural network underlying respiratory rhythm generation (10, 25, 27).
The B6tC contains a condensed population of expiratory neurons, while the pre-
BotC. corresponding to the transition zone between the BotC and the more caudal-
ly located inspiratory portion of the VRG, is characterized by the presence of a mix
of different types of inspiratory and expiratory neurons which are for the most part
propriobulbar neurons: furthermore. pacemaker neurons have been identified in the
pre-BotC of in vitro preparations of neonatal rodents (for review see Refs. 4. 10. 25-
27. 34). The pre-BotC has been suggested to be crucial for respiratory rhythm gene-
ration not only in neonatal, but also in adult animals. In addition, recent lines of evi-
dence indicate that in the rostral ventrolateral medulla of the neonatal rat there are
two distinct oscillators. the pre-B6tC and the Pre-inspiratory (Pre-I) networks.,
whose coupled activity would be necessary to produce the normal breathing pattern
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(16, 19). A novel group of Pre-I neurons with a prominent role in the respiratory
rhythmogenesis has been found ventrolateral to the facial nucleus and close to the
ventral medullary surface and named para-facial respiratory group (22). However,
the presence of the Pre-I respiratory network and of the para-facial respiratory group
remains to be determined in adult animals. At present, the role played by the B61C
and the pre-BotC in respiratory rhythm generation is far from being definitely set-
tled.

In an attempt to get further insights into the respiratory role of these rostral VRG
subregions, we have made use of microinjections of the neurotoxin kainic acid (KA)
(see e.g. Ref. 20) in anesthetized, vagotomized. paralysed and artificially ventilated
rabbits. Since both N-methyl-D-aspartic acid (NMDA) and non-NMDA excitatory
amino acid (EAA) receptors appear t0 mediate most of the excitatory drive input to
medullary respiratory neurons during their active periods (4, 13), we reasoned that
the removal of such input to the B6tC and the pre-BotC could correspond, to some
extent. to their ablation. Thus, the respiratory effects induced by microinjections of
ionotropic glutamate receptor antagonists into the same subregions were investiga-
ted to corroborate the results obtained with KA microinjections.

METHODS

Experiments were performed on male New Zealand white rabbits (2.7-3.2 kg) anesthetized with
a mixture of o-chloralose (40 mg/kg i.v.: Sigma) and urethane (800 mg/kg i.v.: Sigma), supple-
mented when necessary (4 mg/kg and 80 mg/kg. respectively). In this report. we present results
derived from 32 experiments in which KA lesions were performed and 36 experiments dealing
with EAA receptor antagonism. The adequacy of anesthesia was ussessed by the absence of reflex
withdrawal of the hindlimb in response to noxious pinching of the hindpaw. All animal care and
experimental procedures were conducted in accordance with the Directives of the European
Community as well as with the Ttalian legislation,

Animal preparation and experimental procedures have been fully described in previous reports
(7.8, 21). In particular, the animals were vagotomized, paralysed (gallamine triethiodide 4 mg/kg
i.v.. supplemented with 2 mg/kg every 30 min. Sigma) and artificially ventilated. Intratracheal and
arterial blood pressure as well as end-tidal CO, partial pressure (PCO,) were monitored. In paraly-
sed animals, the depth of anesthesia was assessed by monitoring a stable and regular pattern of
phrenic activity and the absence of fluctuations in arterial blood pressure whether spontaneous or
m response o somatic nociceptive stimulation. Efferent phrenic nerve activity was recorded with
bipolar platinum electrodes from desheathed €, phrenic roots, amplified. full-wave rectified and
mtegrated (RC filter, time constamt 100 ms). Extracellular recordings were made with tungsten
microglectrodes (3-10 M impedance at 1 kHz) to localize the different VRG subregions as
already described (21). Imtegrated phrenic nerve activity along with the signals of all variables stu-
died were recorded on an cight-channel rectilinearly writing chart recorder.

Bilateral microinjections (20-50 nl) were performed via a glass micropipete (tip diameter 10-
25 wm) by applying pressure using an air-filled syringe connected 1o the micropipette by polyethy-
lene twubing. KA was obtained tfrom Sigma. The following EAA receptor antagonists (Tocris
Cookson) were used: kynurenic acid (KYN), a broad spectrum EAA antagonist, D(-)-2-amino-5-
phosphonopentanoic acid (D-APS), a selective NMDA receptor antagonist. and 6-cyano-7-nitro-
quinoxaline-2.3-dione (CNQX), a selective non-NMDA receptor antagonist. Only one ionotropic
glutamate receptor antagonist was tested in each preparation. Drug concentrations were selected
in preliminary trials and were in the same range as those previously reported in in vive studies on
medullary respiration-related regions (see e.g. Refs. 1, 3, 6, 7, 20, 28 also for further Refs.). To
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evaluate chemical sensitivity during respiratory responses. hypercapnic and hypoxic stimuli were
used. Hypercapnia was produced by allowing the animal to inspire appropriate mixtures of CO,
and O, from a large bag (150 1): P, was adjusted at approximately 30 mmHg higher than the level
of spontancous breathing (range 60-65 mmHg). After a stable level of P, had been achieved,
hypercapnic stimulation was maintained for at least 3 min. Hypoxia was mduu.d by allowing the
animal to inspire a gas mixture containing 6% O, and 94% N, for about 2 min. The histological
control of injection sites was performed on serial frozen L(Jl'U]'l-ll sections (20 pm thick) stained
with Cresyl violet.

RESULTS

Bilateral microinjections of 4.7 mM KA into either the B61C or the pre-B&tC eli-
minated respiratory rhythmicity within 30 min in the presence of relatively intense
tonic phrenic nerve activity (tonic apnea). Rhythmic activity resumed within 50 min
as low-amplitude; high-frequency irregular oscillations superimposed on tonic phre-
nic nerve activity and then displayed a progressive, although incomplete recovery.
Marked increases in respiratory frequency and rate of rise of inspiratory activity.
associated with prominent reductions in peak phrenic amplitude were seen 60 min
after KA microinjections. Decreases in peak phrenic amplitude associated with
increases in frequency were still present 120 min after KA microinjections (Fig. 1).
The complete absence of responsiveness to hypercapnia or hypoxia was observed
during tonic apnea, Both types of chemical sensitivity were present as soon as some
rhythmic respiratory activity resumed. Combined bilateral KA microinjections into
the B6tC and the pre-BoiC caused long lasting (> 3 h) and possibly persistent tonic
apnea.

Bilateral microinjections of 50 mM KYN into the B6tC produced within 3-5 min
a pauttern of breathing characterized by low-amplitude, high-frequency irregular
oscillations superimposed on tonic phrenic nerve activity. Within 10 min after the
completion of the injections, tonic apnea developed. Similar microinjections into the
pre-BotC caused progressive increases in respiratory frequency and rate of rise of
inspiratory activity, associated with the development of tonic discharges and reduc-
tions in peak phrenic amplitude: these changes eventually resulted in irregular pat-
terns of breathing (Fig. 1).

Bilateral microinjections of | and 10 mM D-APS into the BotC caused dose-
dependent respiratory responses characterized by increases in respiratory fre-
quency and rate of rise of inspiratory activity. accompanied by decreases in peak
phrenic amplitude. Respiratory responses quite similar to those induced by KYN,
including tonic apnea, were observed following microinjections of 20 mM D-APS.
Neither hypoxia nor hypercapnia were able to restore respiratory rhythmicity
during tonic apnea. However. during the recovery period, when low-amplitude,
high-frequency oscillations superimposed on tonic phrenic activity were present,
both types of chemical stimuli reduced the level ol tonic activity and restored
rhythmic ramp phrenic bursts, albeit at high frequency. Blockades of NMDA
receptors by bilateral microinjections of D-APS (1, [0 and 20 mM) into the pre-
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Fig. 1. - Respiratory responses induced by bilateral microinjections (30 nl) of 4.7 mM kainic acid (KA)
and 50 mM kynurenic acid (KYN) into the Bétzinger complex and the pre-Bitzinger complex.
Integrated phrenic nerve activity (IPA) under control conditions and at different times after the comple-
tion of the injections.

Bo1C provoked respiratory responses, to a great extent, similar to those described
for the B6tC: however, in no case loss of respiratory rhythmicity was observed.
Bilateral microinjections of CNQX (1. 10 and 20 mM) into the BotC and the pre-
BotC caused much less pronounced effects mainly consisting of increases in respi-
ratory frequency.

Respiratory changes induced by EAA receptor antagonists were reversible over
time: the recovery process was characterized by the same phases as those observed
during the development of the respiratory responses. but in the reverse order (Fig.
1). All the observed respiratory responses were not accompanied by significant
changes in blood pressure.
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DISCUSSION

The results of these studies show that the BotC and the pre-BotC exert a potent
and rather similar control on both the intensity and frequency of inspiratory activity
and that the activation of ionotropic glutamate receptors is involved in the mediation
of this control, with a major role played by NMDA receptors. These findings and, in
particular, the occurrence of respiratory responses characterized by irregular, high-
frequency inspiratory patterns or by tonic apnea insensitive to chemical stimuli sup-
port the view that important components of the neural network underlying respira-
tory rhythmogenesis are located in the rostral VRG subregions.

The reliability of microinjection techniques as well as the localization of the injec-
tion sites and the spread of the injectate have been discussed in detail in previous
reports (7, 8, 21). Respiratory responses evoked by blockades of ionotropic glutamate
receptors and by KA lesions present several common features. In more detail. increa-
ses in respiratory frequency associated with reductions in peak phrenic amplitude or
irregular oscillations superimposed on tonic phrenic nerve activity were observed both
in response to EAA receptor antagonists and during the postapneic period induced by
KA microinjections. However, tonic apnea in response to KYN or D-APS microinjec-
tions was obtained only in the BotC; in this connection, it should be recalled that the
removal of a prominent excitatory input (o rostral VRG subregions may not corre-
spond completely to their ablation. The finding that not only the amplitude, but also
the frequency of respiratory bursts changed in response to KA lesions or EAA recep-
tor blockades suggests that these rostral VRG subregions have an important role in
respiratory rhythm generation (see e.g. Refs. 21, 34). Increases in respiratory fre-
quency associated with reductions in peak phrenic amplitude have been reported to
occur during unilateral focal cold blocks in rostral ventrolateral medullary regions
encompassing the BotC and the pre-BotC (9) as well as following unilateral or bilate-
ral KA or electrolytic lesions of rostral VRG subregions including the BotC (20, 33,
35) and after unilateral microinjections of tetrodotoxin (24) or bilateral microinjections
of cobalt chloride (2) into the pre-BotC. Similar breathing patterns have been induced
by KYN or NMDA receptor antagonists in rostral ventrolateral medullary sites possi-
bly corresponding, at least in part. to the rostral VRG subregions (1. 18).

The occurrence of apneic responses or irregular and life threatening pattern of
breathing further supports the hypothesis that we have operated on important neural
substrates subserving respiratory rhythmogenesis. Apneic responses have been obtai-
ned in the cat with different types of lesions (29, 33) or focal cold blocks (9) of the
BotC. It is worth noting that loss of respiratory rhythmicity combined with the pre-
sence of tonic inspiratory activity (tonic apnea) has also been obtained in response (0
the same experimental manouvres at sites of the ventrolateral medulla within the B&(C
or close neighbouring regions (9. 20, 29, 33). Persistent or transient apnea has been
induced by blockades or ablations of neuronal activities within the pre-BotC or possi-
bly corresponding medullary regions of cats and rats in some previous studies (e.g.
Refs. 9. 14. 15. 17,24, 28, 32: see also Ref. 25), but contrasting results were obtained
in other investigations (2, 11). The reasons of these discrepancies are obscure. Present
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findings do not support the hypothesis of a crucial role played by the pre-BotC in
respiratory rhythm generation of in vivo preparations of adult mammals (25); howe-
ver., they appear to be in keeping with the recent suggestion that a respiratory rhythm
can be generated by interactions within the respiratory network even when pre-BoiC
neurons have been silenced or destroyed (see e.g. Refs. 10. 12, 27).

As already discussed (21), current models of respiratory rhythmogenesis may pro-
vide some explanation for the genesis of the observed responses. The importance of
imhibitory interactions in respiratory rhythm generation is well documented in adult
animals (26, 27); inhibitory interactions and postinhibitory rebound are involved in the
synchronization of neuronal systems and may shape the output of the respiratory
network. Thus, both neuronal lesions and EAA receptor antagonism may reduce or
even cancel the activity of inhibitory interneurons and cause desynchronization of the
respiratory network and breathing patterns characterized by increases in respiratory
frequency. decreases in peak phrenic amplitude and parallel increases in tonic activity.
The observed irregular patterns of breathing and even more tonic apnea may represent
the extreme consequence of these neuronal processes. The development of tonic acti-
vity either associated with apnea or with irregular patterns of breathing may be due 10
the lack of potent inhibitory influences on inspiratory activity (see e.g. Ref. 23) such
as those arising from rostral expiratory neurons (5, 8: for review see Refs. 4, 34) that
are mainly concentrated in the BotC, but are also encountered in the pre-BotC (e.g.
Refs. 10, 21, 25, 32). Nevertheless. as suggested by in vitro studies on neonatal rodents
(10. 25, 27) and in particular by recent studies in adult rats on pre-B6tC neurokinin-1
receptor expressing neurons which are glutamatergic and probably excitatory (10, 12),
the possibility should be taken into consideration that KA lesions and EAA antagoni-
sm have interfered not only with the function of inhibitory interneurons, but also with
that of excitatory interneurons located in the rostral VRG subregions.

SUMMARY

The role of the Botzinger complex (BotC) and the pre-Botzinger complex (pre-
BotC) in the genesis of the breathing pattern was investigated in anesthetized. vago-
tomized, paralysed and artificially ventilated rabbits making use of bilateral
microinjections of kainic acid (KA) and excitatory amino acid (EAA) receptor anta-
gonists. KA microinjections into either the B6tC or the pre-BotC wransiently elimi-
nated respiratory rhythmicity in the presence of tonic phrenic activity (tonic apnea).
Rhythmic activity resumed as low-amplitude, high-frequency irregular oscillations,
superimposed on tonic inspiratory activity and displayed a progressive, although
incomplete recovery. Microinjections of kynurenic acid (KYN) and D(-)-2-amino-
S-phosphonopentanoic acid (D-APS) into the BotC caused a pattern of breathing
characterized by low-amplitude. high-frequency irregular oscillations and subse-
quently tonic apnea. Responses to KYN and D-APS5 in the pre-BotC were similar.
although less pronounced than those elicited by these drugs in the BotC and never
characterized by tonic apnea. Microinjections of 6-cyano-7-nitroquinoxaline-2 3-
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dione (CNQX) into the BotC and the pre-BotC induced much less intense responses
mainly consisting of increases in respiratory frequency. The results show that the
investigated medullary regions play a prominent role in the genesis of the normal
pattern ol breathing through the endogenous activation of EAA receptors.
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