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A B S T R A C T   

Breathing is a complex behaviour that involves rhythm generating networks. In this review, we examine the main 
characteristics of respiratory rhythm generation in vertebrates and, in particular, we describe the main results of 
our studies on the role of neural mechanisms involved in the neuromodulation of the lamprey respiration. The 
lamprey respiratory rhythm generator is located in the paratrigeminal respiratory group (pTRG) and shows 
similarities with the mammalian preBötzinger complex. In fact, within the pTRG a major role is played by 
glutamate, but also GABA and glycine display important contributions. In addition, neuromodulatory influences 
are exerted by opioids, substance P, acetylcholine and serotonin. Both structures respond to exogenous ATP with 
a biphasic response and astrocytes there located strongly contribute to the modulation of the respiratory pattern. 
The results emphasize that some important characteristics of the respiratory rhythm generating network are, to a 
great extent, maintained throughout evolution.   

1. Introduction 

Breathing is a complex behaviour that requires sophisticated control 
mechanisms enabling animals to respond properly to physiological 
challenges and changing environmental conditions. Like locomotion 
and other rhythmic behaviours for which the motor pattern is generated 
within the brainstem and/or spinal cord without the need for peripheral 
or suprapontine inputs, breathing originates from a central rhythmo-
genic circuit. It is well known that there are similarities in the topog-
raphy and functional characteristics between groups of respiration- 
related neurons in the hindbrain of different vertebrate groups (see e. 
g. Taylor et al., 1999, 2010). Therefore, a comparative approach among 
vertebrates may provide important insights into how multiple rhythmic 
circuits become functionally intertwined to produce and coordinate 
respiratory behaviours. There are also important differences related to 
the specific modes of vertebrates’ respiration. Fish typically propel 
water in a unidirectional fashion over the gills using ventilatory muscles 
operating around the jaws, the branchial muscles and the opercular 
muscles in teleosts. In the amphibian tadpole larvae ventilation is 
maintained by the activity of cranial muscles, while in the adult am-
phibians a buccal force pump contributes to both gill and lung breath-
ing. Reptiles are the first group of vertebrates to use a thoracic aspiration 
pump to ventilate the lungs. Although they typically lack a diaphragm 
per se, the presence of the diaphragmaticus muscle contributes to 
creating the negative pressure necessary for lung ventilation. In 

mammals, lung ventilation is realized through coordinate contractions 
of diaphragmatic, intercostal and/or abdominal muscles along with 
some accessory respiratory muscles. The respiratory system in birds 
resembles that of mammals, but they lack a diaphragm and their lungs 
are ventilated by volume changes in the air sacs. 

In the present review, we examine the main characteristics of the 
control of breathing in vertebrates and, in particular, we describe the 
main results of our studies concerning neural mechanisms involved in 
respiratory rhythm generation and its modulation within the lamprey 
respiratory network. The lamprey central nervous system may represent 
an ideal model to provide insights into the basic neural mechanisms of 
rhythmic activities, such as locomotion and respiration, owing to the 
presence of fewer neurons than in higher vertebrates and the experi-
mental advantage that it can be maintained in vitro along with sponta-
neous respiratory activity (Grillner, 2003, 2006). 

2. A few notes on evolutionary aspects of vertebrate respiration 

The mammalian breathing rhythm arises from the preBötzinger 
complex (preBötC), a medullary neural network essential for normal 
breathing and widely recognized as necessary and sufficient to generate 
the inspiratory phase of respiration (Smith et al., 1991; for reviews see 
Feldman et al., 2013; Del Negro et al., 2018). This region has been 
identified in several mammal species, including goats, cats, rabbits, rats, 
mice and humans (Smith et al., 1991; Schwarzacher et al., 1995, 2011; 
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Ramirez et al., 1996, 1998; Wenninger et al., 2004; Mutolo et al., 2005; 
Bongianni et al., 2010; Pantaleo et al., 2011; Tupal et al., 2014; Iovino 
et al., 2019; Cinelli et al., 2020a; see e.g. Del Negro et al., 2018). In 
mammals, the breathing cycle is generally divided into three phases, i.e. 
inspiration, postinspiration or expiratory phase 1, and expiratory phase 
2 (active expiration) based on the activity of the diaphragm and vocal 
fold adduction muscles. It has been proposed that three anatomically 
distinct coupled excitatory microcircuits generate the three phases of the 
respiratory cycle (“triple-oscillator” hypothesis; Ramirez et al., 2016; 
Anderson and Ramirez, 2017; Del Negro et al., 2018). The preBötC 
generates inspiration, while a medullary region named postinspiratory 
complex (PiCo) probably generates postinspiration (Anderson et al., 
2016), and the retrotrapezoid nucleus/parafacial respiratory group 
(RTN/pFRG), especially as far as a lateral portion of the pFRG is con-
cerned, generates active expiration (Janczewski and Feldman, 2006; 
Abdala et al., 2009; Abbott et al., 2011). Inhibition typically coordinates 
the timing of each phase, and rhythmicity within each microcircuit is 
controlled by a balance between recurrent synaptic excitation, inhibi-
tion and intrinsic bursting properties (Ramirez and Baertsch, 2018; 
Ashhad and Feldman, 2020). However, some recent findings in the rat 
do not seem to agree with this view, suggesting that respiratory pattern 
formation engages distributed neuronal populations within the different 
brainstem respiratory compartments (Von Euler, 1997; Mutolo et al., 
2002; Smith et al., 2007; Jones and Dutschmann, 2016; Dhingra et al., 
2019, 2020; Toor et al., 2019). 

Rhythm-generating networks are likely present in early vertebrates, 
but studies in non-mammalian vertebrates are rather limited. A single 
microcircuit located in a region rostrolateral to the trigeminal motor 
nucleus is present in the lamprey (Rovainen, 1983, 1985; Russell, 1986; 
Thompson, 1985; Bongianni et al., 1999, 2002, 2006; Martel et al., 
2007a; Mutolo et al., 2007, 2010, 2011; Cinelli et al., 2013, 2014, 2016, 
2017, 2020b; for review see Bongianni et al., 2016; Milsom, 2018), a 
jawless fish that diverged from the main vertebrate line about 560 
million years ago (Kumar and Hedges, 1998). This neural aggregate, 
termed the paratrigeminal respiratory group (pTRG), is necessary and 
sufficient for rhythm generation driving gill movements that can be 
recorded primarily from the vagus nerve (for review see Bongianni et al., 
2016). 

The localization of the lamprey respiratory rhythm generator close to 
the trigeminal nucleus is not surprising since the evolutionary origin of 
respiratory mechanisms in vertebrates is from structures and pumps 
initially associated with feeding and trigeminal control (Rovainen, 
1996; Kinkead, 2009; Milsom, 2010; Taylor et al., 2010). At this stage, 
the trigeminal motor mechanism is the first mover in the respiratory 
sequence that also involves other cranial motor nuclei. It is implicated in 
velar pumping in larval lampreys (Homma, 1975) and in buccal 
pumping in jawed fishes (Taylor et al., 2010). Metamorphosis from 
larval to adult lampreys involves extensive remodeling of the head with 
regression and replacement of most muscles and the transition from a 
sedentary filter feeding to parasitic blood feeding (Rovainen, 1996). In 
adult lampreys, the velum becomes a valve that separates the buccal 
cavity from the pharyngeal cavity and allows the production of a tidal 
breathing when the mouth is engaged in feeding (Kinkead, 2009). 

The neuronal organization of the lamprey respiratory network differs 
from that suggested for gill rhythm generator in jawed fish, where the 
respiratory rhythm-generating network seems to span the length of the 
brainstem (Duchcherer et al., 2010; Taylor et al., 2010). Fish exhibit 
continuous rhythmical breathing movements of the buccal and septal or 
opercular pumps. The nerves innervating their respiratory muscles 
include mainly the trigeminal along with the facial, glossopharyngeal 
and vagus nerves (Taylor et al., 2010). A longitudinal strip of neurons 
with spontaneous respiration-related bursting activity has been identi-
fied throughout the whole extent of the medulla, indicating a distributed 
organization of respiration rhythm generating neurons in the reticular 
formation (Taylor et al., 1999, 2010 also for further Refs.). Simultaneous 
recordings of efferent activity from the central cut ends of the nerves 

innervating the respiratory muscles revealed that the trigeminal nerve 
fires before the facial, glossopharyngeal and vagus nerves, thus sug-
gesting that the trigeminal motor mechanism plays a predominant role 
in the respiratory sequence (Taylor, 1992; Taylor et al., 2009). However, 
it should be mentioned that in jawed fish the presence of a main respi-
ratory rhythm generator homologous to the lamprey pTRG as well as of 
neural structures similar to the mammal pFRG has not been reported. 

On the contrary, localized respiratory microcircuits have been 
described in the isolated brainstem of post-metamorphic bullfrogs. The 
isolated brainstem preparation produces a biphasic respiratory rhythm 
similar to that described in adult frogs, i.e. the buccal and the lung 
ventilation (Wilson et al., 2002; Baghdadwala et al., 2015, 2016), even if 
buccal bursts are not always observed in preparations from adult ani-
mals (Janes et al., 2019). Two brainstem sites have been identified: the 
caudal buccal area responsible for the generation of buccal bursts and 
the rostral lung area responsible for the generation of the lung bursts, 
also referred to as lung powerstroke generator. Importantly, when the 
two sites are separated by transection both rostral and caudal brainstem 
sections could generate independent bursts, thus suggesting that the 
amphibian respiratory network is composed of at least two distinct, but 
interacting oscillators (Wilson et al., 2002). More recently, it has been 
suggested the presence of a third brainstem oscillator named priming 
burst generator, possibly involved in the generation of the initial portion 
of lung bursts (Baghdadwala et al., 2015, 2016). This view of multiple 
oscillators reminds the “triple-oscillator” hypothesis proposed for 
mammals (Ramirez et al., 2016; Anderson and Ramirez, 2017; Del Negro 
et al., 2018). 

Turtles generate positive and negative air pressures in their lungs 
(Johnson and Mitchell, 1998) by alternately moving their pectoral and 
pelvic girdles inward (expiration) and outward (inspiration). The res-
piratory cycle consists of three distinct phases, i.e. inspiration, a long 
breath-hold and expiration. This organization recalls the three-phase 
model for respiratory rhythm proposed for mammals (Richter, 1982). 
In particular, the breath-hold could remind the postinspiratory phase. 
The isolated adult turtle brainstem is capable of producing fictive 
breathing with a pattern of discharge similar to that observed in vivo 
(Douse and Mitchell, 1990) and is relatively insensitive to hypoxia 
(Johnson et al., 1998). Several types of bulbar respiratory neurons with 
patterns of discharge similar to those described in mammals have been 
found in different sites of the medulla (Takeda et al., 1986). A more 
recent study in vitro confirmed the presence of different classes of res-
piratory neurons, including intrinsically-bursting neurons (pacemaker 
neurons), throughout an extended region of the turtle medulla. Intrinsic 
bursting properties were especially abundant in postinspiratory neu-
rons, but the significance of this finding is not clear (Johnson et al., 
2016). Studies on the neural mechanisms underlying rhythm generation 
indicate that under conditions of synaptic inhibition blockade in vitro, 
the turtle respiratory network can produce a rhythm sensitive to opiates 
and increased CO2 via an expiratory, rather than an inspiratory 
pacemaker-driven mechanism (Johnson et al., 2002). The role of pace-
maker neurons in producing respiratory rhythm remains uncertain. 
Noticeably, the blockade of Ca++-activated cation current (ICAN) with 
flufenamic acid during synaptic blockade abolished respiratory motor 
output (Johnson et al., 2007). These data indicate that the turtle expi-
ratory oscillator has as a possible underlying rhythm generating mech-
anism the “group-pacemaker” model proposed in mammals (Del Negro 
et al., 2005, 2018; Feldman and Del Negro, 2006). The location and 
mechanisms underlying respiratory rhythm generation in the reptile 
brainstem require further investigations to be defined. 

Birds, like mammals, typically breathe continuously and rhythmi-
cally. However, they do not have a diaphragm, and lung volume appears 
to vary little over the respiratory cycle. The mechanical production of 
tidal flows employs air sacs that require active muscle contractions for 
both inspiration and expiration (Bouverot, 1978). There are limited 
examples of respiration-related neural recordings from nuclei in the 
avian hindbrain, but data suggest the presence of a rostrocaudal column 
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extending from the pons to the spinomedullary junction, with 
respiration-related regions possibly corresponding to those observed in 
mammals (Whitaker-Fornek et al., 2019). A recent study in birds reports 
the presence of two independent embryonic respiratory rhythms recor-
ded from the IX cranial nerve. One rhythm, characterized by short 
duration episodes, appears only transient during development, while the 
other (long duration episodes) persists throughout life (Vincen-Brown 
et al., 2016). The emergence of long duration episodes is reminiscent of 
breathing patterns in frogs and other intermittent breathers in which 
long-related motor outflows occur in clusters separated by silent periods 
of variable lengths (Douse and Mitchell, 1992; Kinkead and Milsom, 
1997; Straus et al., 2000; for review see Milsom, 1991). The physio-
logical relevance of these two rhythms is yet to be determined, but they 
may represent an example of coupled oscillators in early development. 
To our knowledge, no association has been described between the 
emergence of these long duration episodes and changes in metabolic 
states, such as those observed during sleep or hibernation in some 
endothermic vertebrates (see e.g. Milsom and Jackson, 2011). 

3. Characterization of the lamprey pTRG 

Breathing in the adult lamprey is produced by synchronous con-
tractions of the branchial muscles that pump water in and out of gill 
pores. Exhalation is the only active process produced by muscle con-
tractions which compress the branchial basket, while inhalation is pas-
sive and occurs when the branchial basket expands by passive recoil 
during muscle relaxation, drawing fresh water back into the sacs 
(Rovainen, 1977, 1979). The respiratory motoneurons are located in 
three distinct motor nuclei, i.e. the facial, glossopharyngeal and, espe-
cially, vagal nuclei, each corresponding to a cranial nerve. The facial 
nerve innervates the anterior muscles of the first gill, the glossophar-
yngeal nerve innervates the posterior muscles of the first gill and the 
anterior muscles of the second gill, while the vagus nerve innervates the 
rest of the gills (see Guimond et al., 2003; Missaghi et al., 2016; Figs. 1A 
and 2 A, left panel). The isolated brainstem of the adult lamprey spon-
taneously generates respiratory neuronal activity in vitro (fictive respi-
ration). Under these experimental conditions, the respiratory frequency 
is similar to that of spontaneous respiration of intact lampreys in the 
aquarium at 9− 10 ◦C (Rovainen, 1977, 1983; Thompson, 1985; Russell, 
1986; Bongianni et al., 1999, 2002, 2006; Martel et al., 2007a; Mutolo 
et al., 2007, 2010, 2011; Cinelli et al., 2013, 2014, 2016, 2017, 2020b). 
Most of the research on respiratory rhythm generation in lampreys 
comes from in vitro experiments where the input from pTRG to 

respiratory motoneurons is phasic. Studies in in vivo preparations are 
lacking. However, it seems reasonable to consider that the phasic input 
from the pTRG to motoneuronal areas would be the same even if 
modulated by sensory afferents that obviously are removed under in 
vitro conditions. 

Baseline (fast) respiratory activity is interrupted by prolonged bursts 
of vagal activity followed by a short pause and slight changes in respi-
ratory frequency (Fig. 1B). These bursts, also called ‘coughs’, occur at 
lower and irregular frequency (Rovainen, 1977; Thompson, 1985; 
Martel et al., 2007a) and probably do not originate from the pTRG (see 
also Hoffman et al., 2016; Cinelli et al., 2017, 2020b). These prolonged 
bursts (slow rhythm) were described for the first time in vitro by 
Rovainen (1974). They could also be induced by mechanical stimulation 
of the gill openings or electrical stimulation of the vagus nerve (Rovai-
nen, 1974, 1977). Their function, similar to that of cough in mammals, 
could be related to the removal of particles obstructing the gills 
(Rovainen, 1977, 1979, 1985; Thompson, 1985). Similarly, coughing is 
a reflex initiated by sensory inputs and under chemoreceptor modula-
tion (see e.g. Mutolo, 2017). However, the prolonged bursts in lampreys 
are also rhythmically produced in the isolated brainstem. The slow 
rhythm seems to be generated in the caudal half of the rhombenceph-
alon since it persists in the respiratory motoneurons after a transection 
below the trigeminal motor nuclei while the fast rhythm ceases in mo-
toneurons, but is still present in the pTRG neurons (Martel et al., 2007a). 
Interestingly, Hoffman et al. (2016) found in the larval lamprey that the 
periodic prolonged busts are modulated by central sensitivity to CO2 
both in vivo and in vitro. The presence of central CO2/pH-sensitive che-
moreceptors may have provided an important substrate for the evolu-
tion of vertebrate air-breathing (Hoffman et al., 2016). Recently, we 
showed in the adult lampreys that reducing the pH of the perfusing 
solution from 7.4 to 7.0 at constant PCO2 causes increases in respiratory 
frequency and peak vagal activity of the fast rhythm, suggesting that a 
CO2-independent pH sensory mechanism is present in the neuronal 
respiratory network of the lamprey (Cinelli et al., 2017). 

As already mentioned above, the neural aggregate responsible for 
respiratory rhythmogenesis in the lamprey has been named pTRG. The 
position of the pTRG is illustrated in Fig. 2A. The pTRG is located in a 
region rostrolateral to the trigeminal motor nucleus within a restricted 
area of the rostral rhombencephalon at the level of the isthmic Müller 
cell I1 close to the sulcus limitans of His. Anatomical boundaries of the 
pTRG are also confirmed by injections of neuronal tracers into the vagal 
motoneuronal pool to retrogradely label neurons projecting to respira-
tory motoneurons (Cinelli et al., 2013). Respiration-related neurons 

Fig. 1. Central distribution of respiratory mo-
toneurons, gill innervation and respiratory ac-
tivity in adult lampreys. A: schematic 
illustration of a dorsal view of the lamprey 
brainstem showing the localization of facial 
(VII), glossopharyngeal (IX) and vagal (X) 
motor nuclei (left) and the pattern of innerva-
tion of the seven pairs of gills (G1-G7) by VII, IX 
and X cranial nerves (right). Filled circles, gill 
pores; V, trigeminal motor nucleus; nVIII, 
vestibular nerve; X1-X6, branchial branches of 
the vagus nerve. Illustration are not to scale 
(adapted from Guimond et al., 2003 and Mis-
saghi et al., 2016). B: example of typical re-
cordings from the vagal nerve in in vitro isolated 
brainstems showing the ongoing (fast) respira-
tory activity and the presence of ‘coughs’, re-
ported also with an expanded time scale. VA, 
raw vagal nerve activity; IVA, integrated vagal 
nerve activity.   
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with different discharge patterns are encountered in the pTRG (Fig. 2B, 
C; see also Mutolo et al., 2007, 2010). The presence of neurons starting 
firing just before or at the end of vagal bursts, as well as synchronously 
with vagal bursts supports the hypothesis that the pTRG likely has a 
crucial role in respiratory rhythmogenesis. Noticeably, 
respiration-related neurons with different discharge patterns have been 
described within the preBötC of different mammal species (see e.g. 
Connelly et al., 1992; Rekling and Feldman, 1998; Schwarzacher et al., 
1995; St Jacques and St John, 1999; Sun et al., 1998; Smith et al., 2000; 
Mutolo et al., 2002; Hayes and Del Negro, 2007; Bongianni et al., 2008, 
2010; Ramirez et al., 2016 also for further Refs.). Further evidence on 
the key role of the pTRG in the lamprey respiratory rhythmogenesis is 
supported by the finding that local application of the μ-opioid receptor 
agonist [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin (DAMGO) induced 
the cessation of respiratory activity (Mutolo et al., 2007; see Fig. 2D). 
Like in mammals where the preBötC plays an important role in the 
genesis of the respiratory depression induced by μ-opioid receptors in in 
vivo and in vitro preparations (Gray et al., 1999; Montandon et al., 2011, 
2016; Qi et al., 2017; Sun et al., 2019; Cinelli et al., 2020a), also in the 
lamprey the pTRG is sensitive to opioids, indicating that the inhibitory 

influence of these peptides on the respiratory rhythm is highly 
conserved in vertebrates. 

The hypothesis that the pTRG region is crucial for respiratory rhythm 
generation is corroborated by respiratory responses obtained after its 
blockade or activation. Unilateral microinjections of a mixture of the 
NMDA (D-AP5) or non-NMDA (CNQX) receptor antagonists or the 
GABAA receptor agonist muscimol suppress respiratory activity (Cinelli 
et al., 2013). Examples of these responses are reported in Fig. 3A and B. 
Furthermore, also the view that changes in respiratory frequency are 
due to an action on the central mechanisms generating the respiratory 
rhythm (Gray et al., 1999; Bongianni et al., 2008; Feldman and Del 
Negro, 2006; Del Negro et al., 2018; Ramirez and Baertsch, 2018) fits 
the hypothesis that the pTRG corresponds to the respiratory rhythm 
generator (Mutolo et al., 2007, 2010, 2011; Cinelli et al., 2013, 2014). 
Indeed, the activation of the pTRG area through microinjections of a 
mixture of glutamate agonists (AMPA and NMDA) increases the respi-
ratory frequency and peak vagal activity (Fig. 3C). 

It is interesting to recall that Rovainen (1985) suggested that a 
crossed pathway, emerging from the generators on both sides of the 
brain participated in the bilateral synchronization of respiration. 

Fig. 2. Criteria for the localization and char-
acterization of the paratrigeminal respiratory 
group (pTRG). A (left): schematic illustration of 
a dorsal view of the lamprey mesencephalon/ 
rhombencephalon showing the location of the 
pTRG (red area). V, trigeminal motor nucleus; 
VII, facial motor nucleus; IX, glossopharyngeal 
motor nucleus; X, vagal motor nucleus. A 
(right): photomicrograph of a coronal section at 
the level of the pTRG (unbroken line in the left 
panel) showing an example of the location of 
fluorescent beads (green) added to neuroactive 
agent solutions microinjected into the pTRG. 
The histological section is counterstained with 
Cresyl violet. Light-field and fluorescence pho-
tomicrographs have been superimposed. ARRN, 
anterior rhombencephalic reticular nucleus; I1, 
isthmic Müller cell; nVm, motor root of the tri-
geminal nerve; nVs, sensory root of the trigem-
inal nerve; SL, sulcus limitans of His. The ARRN 
and I1 were used as anatomical landmarks to 
identify the pTRG region. B: extracellular re-
cordings of respiration-related neuronal activ-
ities encountered in the pTRG region showing 
different discharge patterns. Traces are extra-
cellular neuronal activity (NA) and raw vagal 
motoneuronal activity (VA). Discharge patterns 
of neurons starting firing before the onset of 
vagal bursts, at the end of vagal bursts, and 
synchronously with vagal bursts are shown 
(from top to bottom). C: intracellular recordings 
of respiration-related neuronal activities 
encountered in the pTRG region showing a 
neuron firing synchronously with vagal bursts, a 
neuron firing at the end of vagal bursts, a 
neuron firing before and after the onset of vagal 
bursts, and a neuron that displayed hyperpo-
larization during the vagal bursts (from left to 
right). Traces are intracellular neuronal activity 
(NA) and raw vagal motoneuronal activity (VA). 
D: cessation of vagal bursts caused by bilateral 
microinjections of 1 mM DAMGO into the pTRG 
region. Microinjections indicated by arrows. 
VA, raw vagal nerve activity. Modified from 
Mutolo et al. (2007, 2010) and Cinelli et al. 
(2020b).   
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Furthermore, a transverse hemi-section caudal to the trigeminal motor 
nucleus abolishes the fast rhythm recorded extracellularly in ipsilateral, 
but not contralateral vagal motoneurons (Thompson, 1985). Several 
lines of evidence indicate that neurons located in the pTRG project to the 
ipsilateral and contralateral vagal motor nucleus as well as to the 
contralateral pTRG (Rovainen, 1985; Thompson, 1985; Russell, 1986; 
Gariepy et al., 2012; Cinelli et al., 2013). Thus, the bilateral effects 
obtained with unilateral microinjections may be explained by the 
presence of bilateral projections of pTRG neurons to respiratory moto-
neurons and reciprocal connections between the two pTRGs (Cinelli 
et al., 2013, 2014). 

4. Comparison between the pTRG and the preBötC 

4.1. General features 

The crucial role of the pTRG in lamprey respiratory rhythm gener-
ation recalls that attributed to the mammalian preBötC (see e.g. Smith 
et al., 1991; Bongianni et al., 2016; Cinelli et al., 2017; Del Negro et al., 
2018; Ramirez and Baertsch, 2018). The two rhythm generators exhibit 
many similarities. Excitatory and inhibitory amino acids have a promi-
nent role in both neural networks that are under extensive neuro-
modulatory control and display sensitivity to opioids, substance P (SP), 
acetylcholine (ACh), serotonin (5-HT) and ATP (Mutolo et al., 2007, 
2010, 2011; Cinelli et al., 2013, 2017; Iovino et al., 2019; see also Doi 
and Ramirez, 2008). In this context, it seems appropriate to recall that 
even though the pTRG and the preBötC have similar functional char-
acteristics within the breathing network, they do not appear to be ho-
mologous from an embryonic point of view. The pTRG is located in the 
rostral rhombencephalon/isthmic region corresponding to the rostral 
pons in mammals and arises from rhombomeres 2–3 (Murakami et al., 
2004; Funk, 2017; Milsom, 2018), while the preBötC is located in the 
medulla and derives from rhombomeres 7–8 (Champagnat and Fortin, 
1997; Gray, 2013; Ramirez et al., 2016). In mammals, respiratory neu-
rons are present in the rostral pons at the level of the parabrachial 
complex and Kölliker-Fuse nuclei. These nuclei play a modulatory role 

in adjusting the breathing pattern to various stimuli and in respiratory 
phase transition (see e.g. Dutschmann and Dick, 2012). Whether the 
pontine nuclei have some features homologous to that of the lamprey 
pTRG remains to be investigated. 

Widely accepted findings indicate that glutamatergic transmission is 
critical for respiratory rhythmogenesis within the preBötC (Greer et al., 
1991; Mutolo et al., 2005; Wallen-Mackenzie et al., 2006; for review see 
Del Negro et al., 2018; Ramirez et al., 2016; Ramirez and Baertsch, 
2018). As already mentioned, also in the lamprey pTRG the endogenous 
tonic release of excitatory amino acids plays a crucial role in respiratory 
rhythmogenesis acting on ionotropic receptors (Bongianni et al., 1999; 
Martel et al., 2007a; Mutolo et al., 2011; Cinelli et al., 2013, 2014) and 
exerts a modulatory role on respiration via metabotropic receptors 
(Bongianni et al., 2002). The majority of preBötC glutamatergic neurons 
express neurokinin-1 (NK1) receptors for which SP is the ligand that 
exerts excitatory effects on respiratory activity in in vitro and in vivo 
preparations (Gray et al., 1999, 2001; Wang et al., 2002; Peña and 
Ramirez, 2004; McKay et al., 2005; Fong and Potts, 2006; Hayes and Del 
Negro, 2007). Interestingly, we have shown by using retrograde tracers 
and immunohistochemistry that the pTRG contains glutamatergic neu-
rons, surrounded by an intense SP immunoreactivity, with axonal pro-
jections to the vagal motor nucleus (Cinelli et al., 2013). Accordingly, 
microinjections of SP as well as NK1, NK2 and NK3 receptor agonists into 
the pTRG increase the frequency and amplitude of vagal bursts (Mutolo 
et al., 2010). 

Synaptic inhibition has an important modulatory role within the 
mammalian preBötC. However, the blockade of both GABAA and glycine 
receptors does not stop breathing. A pattern of breathing characterized 
by the presence of double bursts has recently been reported by 
increasing neuronal excitability of the preBötC through blockade of 
inhibitory synaptic transmission both in in vitro and in vivo preparations 
(e.g. Bongianni et al., 2010; Kam et al., 2013; Janczewski et al., 2013; 
Sherman et al., 2015; Cui et al., 2016; for review see Feldman and Smith, 
1989; Ramirez et al., 2016; Del Negro et al., 2018; Ramirez and 
Baertsch, 2018). This also occurs, at least in part, in the pTRG where 
GABAergic mechanisms acting through GABAA and GABAB receptors 

Fig. 3. Respiratory responses after blockade or activation of 
the pTRG. A: suppression of respiratory rhythmic activity about 
1 min after unilateral microinjections into the pTRG region of a 
mixture of 1 mM CNQX and 5 mM D-AP5. B: similar effects on 
respiration induced about 1 min after the completion of uni-
lateral microinjections into the pTRG region of 0.2 mM mus-
cimol. C: increases in respiratory frequency and peak vagal 
activity about 2 min after unilateral microinjection of a mixture 
of 1 mM AMPA and 2 mM NMDA into the pTRG. VA, raw vagal 
nerve activity. Modified from Cinelli et al. (2013).   
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have a tonic modulatory role on respiration, while a glycinergic tonic 
influence is lacking (Cinelli et al., 2014, 2020b). Microinjections of 
gabazine, a selective GABAA receptor antagonist, into the pTRG induce a 
pattern of breathing characterized by rhythmic activity assembled in 
multiple bursts that progressively developed and stabilized in a 
double-bursts pattern (Fig. 4A). Endogenous activation of GABAA re-
ceptors may conceivably represent a mechanism to control mainly the 
excitability of pTRG neurons and to generate a more regular respiratory 
rhythm. Microinjections of CGP 35348, a selective GABAB receptor 
antagonist, into the pTRG induce only modest decreases in respiratory 
frequency probably due to a presynaptic mechanism (Fig. 4B), while 
microinjections of strychnine, a glycine receptor antagonist, do not 
provoke any obvious or consistent effect on respiratory activity 
(Fig. 4C). Interestingly, GABAergic inhibition modulates the pTRG not 
only under basal conditions but also during apnea induced by blockade 
of glutamatergic transmission. Under this condition, the removal of 
GABAergic transmission causes the resumption of rhythmic respiratory 
activity. The presence of intense GABA immunoreactivity surrounding 
pTRG neurons retrogradely labelled by neurobiotin injected into the 
vagal motoneurons region corroborates these findings (Cinelli et al., 
2014). 

Both GABA and glycine-mediated inhibition may represent modu-
latory mechanisms for the activity of excitatory glutamatergic neurons 
projecting to the lamprey rhythm generating respiratory network. In 
more detail, GABAergic and glycinergic inputs to glutamatergic neurons 
within the vagal, the facial and the glossopharyngeal regions mediate 
changes in respiratory frequency through ascending excitatory pro-
jections. Consistently, neurons projecting to the pTRG are immunore-
active for glutamate, surrounded by GABA immunoreactive structures 
and associated with the presence of glycinergic cells (Cinelli et al., 
2016). Several regions of the lamprey brain contain GABAergic neurons 

(Robertson et al., 2007; Villar-Cervino et al., 2008) and may represent 
possible sources of inhibition to pTRG neurons or glutamatergic neurons 
projecting to the pTRG from the vagal area. In particular, a population of 
GABA-immunoreactive cells located in the isthmic region (see Robertson 
et al., 2007), i.e. a site very close to the central respiratory rhythm 
generator, could play a role in the control of pTRG neuron excitability 
either directly or indirectly through an action on projecting neurons 
located in the vagal area. 

Another intriguing issue that strengthens similarities between the 
pTRG and the preBötC is the functional role in the lamprey respiratory 
network of the burst promoting currents, i.e. the persistent Na+ current 
(INaP) and the ICAN. Bath application of either riluzole to block INaP or 
flufenamic acid to block ICAN does not suppress respiratory activity, 
while co-application of both blockers abolishes the respiratory rhythm 
that, however, is restarted by SP microinjected into the pTRG (Mutolo 
et al., 2010). An example of these effects has been reported in Fig. 5. 
These findings are similar to those reported for mammalian preBötC and 
explained by SP-induced excitation that initiates a positive feedback 
throughout recurrent excitation leading to resumption of rhythmic res-
piratory activity according to the “group-pacemaker” hypothesis (Del 
Negro et al., 2005; Feldman and Del Negro, 2006; Del Negro et al., 
2018). 

4.2. Cholinergic modulation 

In mammals, ACh plays an important role in the neural control of 
breathing. Increases in respiratory frequency are produced by the acti-
vation of both nicotinic ACh receptors (nAChRs) and muscarinic ACh 
receptors (mAChRs) within the preBötC in in vitro preparations from 
neonatal rodents (Shao and Feldman, 2000, 2001, 2009). Interestingly, 
also in the lamprey ACh exerts an excitatory influence on respiratory 

Fig. 4. Respiratory role of GABAA, GABAB and glycine re-
ceptors within the pTRG. A: bilateral microinjections of 0.2 mM 
gabazine into the pTRG cause the appearance of vagal bursts 
grouped in duplets within 5 min after the completion of the 
injections. An example of vagal bursts during control period, 
gabazine-induced effects and recovery is shown with an 
expanded timescale below each trace. B: decrease in respira-
tory frequency about 15 min after bilateral microinjections of 
25 mM CGP 35,348 into the pTRG. C: the absence of appre-
ciable respiratory effects about 3 min after bilateral microin-
jections of 1 mM strychnine into the pTRG. VA, raw vagal nerve 
activity. Modified from Cinelli et al. (2014).   
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activity by acting on α7 nAChRs located within the pTRG (Mutolo et al., 
2011). In agreement with these findings, cholinergic neurons are found 
close to and intermingled with vagal projecting glutamatergic pTRG 
neurons possibly making synaptic contacts on their soma, thus sug-
gesting that separate glutamatergic and cholinergic neurons exist (Cin-
elli et al., 2013). In addition, α-bungarotoxin binding sites (nAChRs) are 
present in the pTRG area, in particular associated with the soma of 
neurons retrogradely labelled from the vagal area (Cinelli et al., 2013). 
Interestingly, during apnea caused by the blockade of ionotropic 
glutamate receptors the respiratory rhythm can be re-established not 
only by SP, as already mentioned, but also by nicotine applications to 
the pTRG (Cinelli et al., 2013). Taken together, these findings identify a 

novel cholinergic modulatory and possibly subsidiary rhythmogenic 
mechanism within the respiratory network of the adult lamprey. 
Cholinergic inputs to the pTRG may arise from several regions of the 
lamprey brain (Pombal et al., 2001; Le Ray et al., 2003). Among these, 
cholinergic cells located close to the isthmic Müller cells, i.e. near or 
even within the pTRG, as well as in the mesencephalic locomotor region 
may have a role in cholinergic modulation. The latter region is known to 
depolarize reticulospinal cells involved in the initiation and control of 
locomotion through an action on α7 nAChRs (Pombal et al., 2001; Le 
Ray et al., 2003). We can hypothesize that the mesencephalic locomotor 
region conveys similar cholinergic inputs to the pTRG in response to 
locomotion-inducing stimuli that imply a parallel activation of 

Fig. 5. Respiratory response evoked by bilateral substance P 
(SP) microinjections into the pTRG in the presence of riluzole 
(RIL) and flufenamic acid (FFA) in the bath. Coapplication of 
RIL and FFA at 50 μM (horizontal bar) abolish within 15 min 
the respiratory rhythm that is restarted by bilateral microin-
jections of 1 μM SP (arrows) into the pTRG. The dotted lines 
show expanded traces during control conditions and after SP 
microinjections (shaded areas). VA, raw vagal nerve activity. 
Modified from Mutolo et al. (2010).   

Fig. 6. Respiratory responses to ATP. A: 
biphasic responses induced by bath application 
of 10 μM ATP in one preparation. Long trace 
recordings of raw vagal activity (VA) under 
control conditions (Ctr), at different times 
following bath application of 10 μM ATP (on) 
and after 60 min washout (Recovery). 
Expanded traces show control baseline respira-
tory activity, maximum increases (5 min) and 
maximum decreases in respiratory activity (20 
min) as well as recovery. Pauses in the ongoing 
(fast) respiratory activity indicate the presence 
of ‘coughs’. B: similar biphasic responses 
induced by bilateral microinjections of 1 mM 
ATP into the pTRG in a different preparation. 
Modified from Cinelli et al. (2017).   
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respiratory activity. A similar locomotor region has been described also 
in mammals (DiMarco et al., 1983; for a review see Grillner and El 
Manira, 2020). 

4.3. Purinergic signalling and astrocytes 

It is well recognised that ATP plays a role in the control of the 
preBötC in neonatal rodents and that astrocytes are involved in puri-
nergic modulation (Erlichman et al., 2010; Funk et al., 2015). The 
function of the purinergic signalling and astrocytes within the lamprey 
respiratory network has been recently investigated by our group (Cinelli 
et al., 2017). Bath application of ATP induces a biphasic response on 
respiratory activity consisting of marked increases followed by de-
creases in respiratory frequency (Fig. 6A). These effects are exerted 
through an action at the level of the pTRG as shown with microinjections 
of ATP (Fig. 6B) and are related to ATP hydrolysis. In fact, only increases 
in respiratory frequency are evoked by the non-hydrolysable ATP 
agonist ATP-γ-S, while observed decreases in respiratory frequency are 
mimicked by the ATP metabolite adenosine. ATP-induced biphasic res-
piratory responses have been reported in previous studies on the 
preBötC of neonatal rats (Lorier et al., 2007; Huxtable et al., 2009; Funk, 
2013). In contrast, ATP-induced increases in respiratory frequency are 
observed in the mouse preBötC when adenosine A1 receptors are 
blocked (Zwicker et al., 2011). In mice, adenosine-mediated inhibition 
counteracts ATP-mediated excitation due to the rapid degradation of 
ATP to adenosine by a specific, dominant ectonucleotidase isoform in 
the preBötC. Our findings indicating that adenosine causes depressant 
effects on respiratory activity are consistent with the results of several 
previous studies in different mammal species (e.g. Mironov et al., 1999; 
Huxtable et al., 2009; Zwicker et al., 2011; Funk, 2013). The lack of 
respiratory effects induced by microinjections of antagonists acting on 
adenosine receptors, in particular A1 receptors, and P2 receptors sup-
ports the view that endogenous adenosine and ATP do not exert a tonic 
influence on baseline respiratory activity in the lamprey. This finding 
does not completely rule out the existence of a tonic purinergic modu-
lation of respiration since potential sources of ATP may be lacking in the 
isolated brainstem. 

While the P2Y1 receptors are primarily involved in the ATP-evoked 
excitatory respiratory responses within the rodent preBötC (Lorier 
et al., 2007), in the lamprey the ATP-induced excitatory responses are 
mediated by P2X1,3 receptors (Cinelli et al., 2017). This difference could 
be possibly ascribed to the fact that the P2X receptors have been the 
earliest to appear during evolution and their structure and functional 
properties are maintained during evolution, while the metabotropic 
P2YRs appeared much later during evolution, more specifically in sharks 
and rays (Verkhratsky and Burnstock, 2014). Thus, although no infor-
mation is available, to our knowledge, on the presence and cellular 
localization of P2 receptors in lampreys, on the basis of our microin-
jection studies it seems plausible that P2Y1Rs are not expressed at least 
within the pTRG or even in the entire lamprey brain. 

To disclose the respiratory role of astrocytes, we used bath applica-
tion of the gliotoxin aminoadipic acid (AAA), which dramatically 
depressed the respiratory motor output that, however, promptly 
recovered following glutamine application (Cinelli et al., 2017). 
Furthermore, we have shown that astrocytes are involved in the medi-
ation of ATP-induced respiratory responses since excitatory effects are 
no longer evoked by ATP-γ-S microinjected into the pTRG after bath 
application of AAA. On the contrary, the fact that the SP microinjections 
into the pTRG induce excitatory effects under the same conditions 
strongly suggests that ATP acts mainly on astrocytes to modulate the 
pTRG (Cinelli et al., 2017). The possibility that astrocytes modulate and 
maintain the respiratory rhythm in the adult lamprey is coherent with 
previous findings in mammals showing that respiratory activity in 
medullary slices of neonatal mice and rats is markedly reduced or even 
blocked by using glial toxins that inhibit glial metabolism (Hülsmann 
et al., 2000; Huxtable et al., 2010). In addition, it has been reported that 

a subset of putative astrocytes from preBötC exhibited rhythmic calcium 
elevations preceding inspiratory neuronal activity in rhythmically active 
slices (Okada et al., 2012). In this connection, it could be mentioned that 
recently it has been shown in conscious rats that blockade of vesicular 
release in preBötC astrocytes reduces the breathing rate at rest and 
frequency of periodic sighs, decreases rhythm variability, impairs res-
piratory responses to hypoxia and hypercapnia, and dramatically re-
duces the exercise capacity, i.e. during a condition in which the 
increased oxygen demand must be supported by an enhanced respira-
tory effort (Sheikhbahaei et al., 2018). Interestingly, we also have shown 
that acidification-induced increases in respiratory activity were 
ATP-independent, but mediated by the astrocytes’ glutamate–glutamine 
cycle (Cinelli et al., 2017). 

4.4. Serotoninergic signalling 

It is well known that in mammals 5-HT and its ionotropic and 
metabotropic receptors are involved in the regulation of many brain 
functions, including breathing (for review see Hodges and Richerson, 
2008, 2010; Hilaire et al., 2010). Although different effects of 5-HT have 
been described on the respiratory motor output, the bulk of evidence 
seems to support the conclusion that 5-HT neurons play an excitatory 
modulation of respiratory activity (Ptak et al., 2009; Hilaire et al., 2010; 
Hodges and Richerson, 2010; Depuy et al., 2011; Iovino et al., 2019). 
This action is exerted through the combined activation of presynaptic 
and postsynaptic 5-HT receptors (5-HTRs) located in the respiratory 
neuronal structures (e.g. Hodges and Richerson, 2008, 2010; Nichols and 
Nichols, 2008; Dutschmann et al., 2009; Hilaire et al., 2010). In 
particular, it has been described at the level of the preBötC an important 
respiratory modulatory influence realized through 5-HT1AR-mediated 
inhibition of glycinergic neurons in rodents and cats (Corcoran et al., 
2014; Manzke et al., 2009) and of GABAergic neurons in rabbits (Iovino 
et al., 2019). 

Given the pivotal role of 5-HT1ARs in the modulation of locomotion 
(Wikstrom et al., 1995; Zhang and Grillner, 2000; Hill et al., 2003; Wang 
et al., 2014), a different rhythmic motor behaviour, we focused our 
attention on this receptor subtype (Cinelli et al., 2020b). The selective 
5-HT1AR agonists, 8-OH-DPAT and BP 554, either applied to the bath or 
microinjected into the pTRG do not produce any apparent respiratory 
effect. Thus, we examined possible tonic serotoninergic influences on 
respiration by bath application of the selective 5-HT1AR antagonist 
(S)-WAY 100135. Unexpectedly, (S)-WAY 100135 either bath applied or 
microinjected into the pTRG induces potent depressing respiratory ef-
fects or even apnea. These findings revealed that 5-HT exerts a 
5-HT1AR-mediated potent tonic control on respiration and contributes to 
maintain the level of baseline respiratory activity since, when it is 
lacking, apnea occurs and no other mechanisms either related to 5HTRs 
or not, are brought into action to sustain respiration. However, the 
possibility that other 5HTRs could be involved in these responses should 
be taken into consideration. It has been shown that (S)-WAY 100135 
may also act as a partial agonist of the 5-HT1DRs and, to a much lesser 
extent, of the 5-HT1BRs (Davidson et al., 1997). Interestingly, the acti-
vation of 5-HT1DRs appears to have a role in the control of the lamprey 
locomotor activity (Schwartz et al., 2005). Finally, an in vitro pharma-
cological study suggested that (S)-WAY100635 may also be a potent 
dopamine D4 receptor agonist (Chemel et al., 2006), but in contrast to 
this study, Martel et al. (2007b) reported data indicating that (S)-WAY 
100635 has only modest agonist potency at D4 receptors, thus sup-
porting the assertion that (S)-WAY 100635 is a relatively selective 
5-HT1AR antagonist. 

Apneic responses induced by microinjections of the 5-HT1AR antag-
onist into the pTRG are prevented by the blockade of GABAA or glycine 
receptors. The 5-HT1AR-mediated inhibition is conceivably acting on 
glycinergic cells and GABAergic terminals, in agreement with the notion 
that GABAergic neurons are not present in the pTRG, but GABA- 
immunopositive fibres are widely distributed within this region 
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(Robertson et al., 2007; Villar-Cervino et al., 2008; Cinelli et al., 2014). 
Immunohistochemical data are consistent with the presence of 5-HT1ARs 
on glycinergic neurons at the pTRG level (Fig. 7A1–3). The circuit un-
derlying the inhibitory mechanisms mediated by 5-HT1ARs within the 
pTRG is schematically illustrated in Fig. 7B. In this model, we hypoth-
esize that these receptors are endogenously activated and have sup-
pressant effects on the release of inhibitory neurotransmitters, thus 
contributing to maintain basal respiratory activity. The blockade of 
5-HT1ARs induces apnea owing to the disinhibition of both inhibitory 

GABAergic and glycinergic mechanisms acting on excitatory pTRG 
neurons. Apnea induced by 5-HT1AR antagonists is completely pre-
vented by the preceding blockade of only a single inhibitory mechanism, 
thus suggesting synergic action of the two inhibitory mechanisms 
(Cinelli et al., 2020b). The lack of effects of 5-HT1AR agonists is of 
difficult interpretation. The potent tonic inhibitory influence on both 
GABAergic and glycinergic mechanisms due to endogenously released 
5-HT under basal conditions may maximally activate both pre- and 
postsynaptic 5-HT1ARs and produce occlusion effects with the 

Fig. 7. Immunohistochemical labelling of glycinergic neurons and 5-HT1ARs in the pTRG region. A, 1-3: photomicrographs of a transverse section illustrating 
glycine-immunoreactive neuronal structures (panel 1, red signal), 5-HT1AR binding sites (panel 2, green signal) and merged image (panel 3). Note the presence of 5- 
HT1AR-like immunoreactive structures located in close apposition to glycinergic neurons. Scale bars: (panel 1-3), 50 μm; inset in panel 3, 10 μm. B: Schematic 
drawing representing two hypothetical inhibitory mechanisms mediated by 5-HT1ARs within the pTRG region. Under basal conditions, both presynaptic 5-HT1ARs on 
GABAergic terminals and postsynaptic 5-HT1ARs on glycinergic neurons are endogenously activated and strongly reduce or completely suppress the release of the 
inhibitory neurotransmitters. Endogenous activation of 5-HT1ARs contributes to maintaining the basal rhythmic respiratory activity. The blockade of 5-HT1ARs by the 
specific antagonist (S)-WAY 100135 induces apnea owing to the disinhibition of both inhibitory GABAergic and glycinergic mechanisms acting on pTRG excitatory 
neurons. The blockade of both these inhibitory mechanisms completely abolishes (S)-WAY 100,135-induced apneic responses. Also the blockade of only a single 
inhibitory mechanism is sufficient to prevent (S)-WAY 100,135-induced apnea, thus suggesting a synergistic action of the two inhibitory neurotransmitters. Since 
small depressing effects on respiration occur after (S)-WAY 100,135 microinjections during glycine receptor blockade, concomitant disinhibition of the GABA release 
via presynaptic 5-HT1ARs on GABAergic terminals can be suggested. On the other hand, slight depressing effects on respiration are seen after (S)-WAY 100,135 
microinjections during GABAA receptor blockade, thus indicating possible associated disinhibition of pTRG glycinergic neurons operated by postsynaptic 5-HT1ARs 
located on their somata. Modified from Cinelli et al. (2020b). 
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exogenously applied agonist. The results of a few trials performed in 
preliminary experiments in which bath application of 5-HT or cit-
alopram, a 5-HT reuptake inhibitor, were without obvious effects on 
respiration are consistent with this interpretation (unpublished obser-
vations). However, the actual explanation of present results can be more 
complex and other 5-HTR subtypes could be involved. Also the presence 
of 5-HT1ARs on the soma of 5-HT neurons should be considered. Sero-
toninergic cells have been described in close vicinity to or within a re-
gion encompassing the pTRG. However, it seems plausible to suggest 
that projections to the pTRG may originate from the dense serotonin-
ergic population of neurons located in the isthmic region, which corre-
sponds to the so-called superior raphe nuclei, located in the caudal 
mesencephalon and rostral rhombencephalon and present in all jawed 
vertebrates (Abalo et al., 2007; Antri et al., 2006; Pierre et al., 1992; for 
further details, see also Cinelli et al., 2020b). Finally, the presence of 
5-HT1ARs on glutamatergic pTRG neurons cannot be completely 
excluded. However, the lack of inhibitory effects after 5-HT1AR agonist 
microinjections supports the notion that they are not present. 

5. Final considerations 

Attempts to draw homologies between the central respiratory 

rhythm generator of the lamprey and that of mammals could appear 
speculative since the muscles and pumps used to ventilate the respira-
tory system are completely different, i.e. a buccal/branchial force pump 
in lampreys versus an aspiration pump in mammals. However, similarly 
to other neurophysiological features (see e.g. Grillner and El Manira, 
2020), some prominent similarities between the pTRG and the preBötC 
indicate that the main characteristics of the neural circuits generating 
respiratory rhythmic activities are highly maintained during evolution 
regardless of their location and their inspiratory or expiratory function. 
Comparative studies may provide hints for further studies on the 
evolutionary trends in respiratory rhythm generation and breathing 
control. 

As the preBötC, the pTRG contains predominately glutamatergic 
neurons sensitive to opioids, SP and ACh. Both GABAergic and glyci-
nergic mechanisms are involved in rhythm generation and pattern for-
mation. Fig. 8 schematically illustrates some important connections 
within the lamprey respiratory network and relevant neurotransmitter 
influences on both the pTRG and the respiratory motoneuron region. 
Particularly significant, in our opinion, are the results of studies on the 
role of purinergic signalling and astrocytes. As we have noticed for other 
neural regulatory functions, these two components of brainstem net-
works play important modulatory roles in vertebrate respiratory 

Fig. 8. Schematic drawing representing findings on the con-
nectivity within the respiratory network and relevant neuro-
transmitter influences. The pTRG region is shown with its 
projections (pink) to ipsilateral and contralateral vagal moto-
neuron (red) regions and the contralateral pTRG (Gariepy et al., 
2012; Cinelli et al., 2013, 2014). Excitatory (yellow) and 
inhibitory (blue) influences on the pTRG region (Mutolo et al., 
2007, 2010, 2011; Cinelli et al., 2013, 2014, 2017; Cinelli 
et al., 2020b) and the vagal motoneuron region are illustrated. 
Glutamatergic (Glu) projections to the pTRG (green) from 
neurons located in the vagal area have also been reported. 
Astrocytes are illustrated in green. ACh, acetylcholine; GABA, 
γ-aminobutyric acid; Gln, glutamine; Gly, glycine; 5-HT, sero-
tonin; pTRG, paratrigeminal respiratory group region; SP, 
substance P; X, vagal motoneuron region. Modified from Cinelli 
et al. (2014) and Bongianni et al. (2016).   
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networks. 
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receptors differentially affects the preBötzinger Complex and neighbouring regions 
of the respiratory network in the adult rabbit. Respir. Physiol. Neurobiol. 280, 
103482. 

Cinelli, E., Mutolo, D., Iovino, L., Pantaleo, T., Bongianni, F., 2020b. Key role of 5-HT1A 
receptors in the modulation of the neuronal network underlying the respiratory 
rhythm generation in lampreys. Eur. J. Neurosci. 52, 3903–3917. 

Connelly, C.A., Dobbins, E.G., Feldman, J.L., 1992. Pre-Bötzinger complex in cats: 
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mediated by M3-like receptors in preBötzinger complex inspiratory neurons. 
J. Neurophysiol. 83, 1243–1252. 

Shao, X.M., Feldman, J.L., 2001. Mechanisms underlying regulation of respiratory 
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A., 2014. Testing the role of preBötzinger Complex somatostatin neurons in 
respiratory and vocal behaviors. Eur. J. Neurosci. 40, 3067–3077. 

Verkhratsky, A., Burnstock, G., 2014. Biology of purinergic signalling: its ancient 
evolutionary roots, its omnipresence and its multiple functional significance. 
Bioessays 36, 697–705. 

Villar-Cervino, V., Barreiro-Iglesias, A., Anadon, R., Rodicio, M.C., 2008. Distribution of 
glycine immunoreactivity in the brain of adult sea lamprey (Petromyzon marinus). 
Comparison with gamma-aminobutyric acid. J. Comp. Neurol. 507, 1441–1463. 

Vincen-Brown, M.A., Whitesitt, K.C., Quick, F.G., Pilarski, J.Q., 2016. Studying 
respiratory rhythm generation in a developing bird: hatching a new experimental 
model using the classic in vitro brainstem-spinal cord preparation. Respir. Physiol. 
Neurobiol. 224, 62–70. 

Von Euler, C., 1997. Neural organization and rhythm generation. In: Crystal, R.G., 
West, J.B., Barnes, P.J., Weibel, E.R. (Eds.), The Lung: Scientific Foundations, second 
edition ed. Lippincott-Raven, Philadelphia, pp. 1711–1724. 

Wallen-Mackenzie, A., Gezelius, H., Thoby-Brisson, M., Nygard, A., Enjin, A., 
Fujiyama, F., Fortin, G., Kullander, K., 2006. Vesicular glutamate transporter 2 is 
required for central respiratory rhythm generation but not for locomotor central 
pattern generation. J. Neurosci. 26, 12294–12307. 

Wang, H., Germanson, T.P., Guyenet, P.G., 2002. Depressor and tachypneic responses to 
chemical stimulation of the ventral respiratory group are reduced by ablation of 
neurokinin-1 receptor-expressing neurons. J. Neurosci. 22, 3755–3764. 

Wang, D., Grillner, S., Wallen, P., 2014. Endogenous release of 5-HT modulates the 
plateau phase of NMDA-induced membrane potential oscillations in lamprey spinal 
neurons. J. Neurophysiol. 112, 30–38. 

Wenninger, J.M., Pan, L.G., Klum, L., Leekley, T., Bastastic, J., Hodges, M.R., Feroah, T. 
R., Davis, S., Forster, H.V., 2004. Large lesions in the pre-Bötzinger complex area 
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