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 1 

ABSTRACT 25 

 26 

The expiratory neurons of the Bötzinger complex (BötC) provide inhibitory inputs to 27 

the respiratory network, which, during eupnea, are critically important for respiratory phase 28 

transition and duration control. Herein, we investigated how the BötC neurons interact with the 29 

expiratory oscillator located in the parafacial respiratory group (pFRG) and control the 30 

abdominal activity during active expiration. Using the decerebrated, arterially perfused in situ 31 

rat preparations, we recorded the neuronal activity and performed pharmacological 32 

manipulations of the BötC and pFRG during hypercapnia or after the exposure to short-term 33 

sustained hypoxia – conditions that generate active expiration. The experimental data were 34 

integrated in a mathematical model to gain new insights in the inhibitory connectome within 35 

the respiratory central pattern generator. Our results reveal a complex inhibitory circuitry within 36 

the BötC that provides inhibitory inputs to the pFRG thus restraining abdominal activity under 37 

resting conditions and contributing to abdominal expiratory pattern formation during active 38 

expiration.  39 

 40 

 41 

Keywords: abdominal activity, hypercapnia, hypoxia, parafacial respiratory group, ventral 42 

respiratory column.   43 
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 2 

INTRODUCTION 44 

 45 

Oscillatory neural circuits are necessary components of the brain networks that sustain 46 

physiological and behavioral rhythms, such as sleep-wake cycle, hormone release, mastication, 47 

swallowing, locomotion and breathing (Shevtsova and Rybak, 2016, Saper, 2006, Kumar Jha 48 

et al., 2015, Harris-Warrick, 2010, Ramirez and Baertsch, 2018). In mammals, rhythmical 49 

contraction and relaxation of respiratory muscles emerges from interacting excitatory and 50 

inhibitory neurons with specific cellular properties, distributed within the pons and the medulla 51 

oblongata (Richter and Smith, 2014, Del Negro et al., 2018, Lindsey et al., 2012). Coupled 52 

oscillators embedded in this brainstem respiratory network are essential to generate and 53 

distribute synaptic inputs for the initiation of respiratory rhythmicity and the control of pattern 54 

formation (Anderson and Ramirez, 2017, Del Negro et al., 2018). Defining the arrangement 55 

and connections of the respiratory oscillators and circuitries are essential to understand how 56 

breathing is generated and adjusted to attend metabolic and behavior demands. 57 

Overwhelming evidence suggests that a group of pre-inspiratory/inspiratory (pre-I/I) 58 

neurons with intrinsic bursting properties, located in the ventral surface of medulla, is a kernel 59 

of the circuit that generates inspiratory activity (Rybak et al., 2014, Rubin et al., 2011, Smith et 60 

al., 2007, Yang and Feldman, 2018, Kam et al., 2013, Phillips et al., 2019). These neurons are 61 

located in the so-called pre-Bötzinger complex (pre-BötC), and are able to endogenously 62 

generate rhythmic activity when isolated in vitro (Smith et al., 1991). Also, inhibition of pre-63 

BötC in vivo causes persistent apnea (Tan et al., 2008), supporting the idea that the pre-BötC is 64 

a critical part of the respiratory oscillator. Rostral to the pre-BötC are found the expiratory 65 

neurons of the Bötzinger complex (BötC), which are important for the control of expiration 66 

(Ezure et al., 2003b, Tian et al., 1999, Smith et al., 2007). The BötC contains inhibitory 67 

(GABAergic and glycinergic) neurons with decrementing (post-inspiratory, post-I) or 68 

augmenting (aug-E) firing patterns during expiration (Bryant et al., 1993, Tian et al., 1999). 69 

They are suggested to establish mutual synaptic interactions with the pre-BötC neurons (Ezure 70 

et al., 2003c, Ezure et al., 2003a, Smith et al., 2007). Inhibition of BötC neurons, or disruption 71 

of inhibitory synapses in the BötC and/or pre-BötC dramatically depress breathing, suggesting 72 

that reciprocal inhibition between BötC and pre-BötC is necessary for respiratory rhythm 73 

regulation and generation of eupneic breathing (Marchenko et al., 2016, Bongianni et al., 2010, 74 

Fortuna et al., 2018, Ezure, 1990). The BötC and pre-BötC neurons, therefore, are proposed to 75 

constitute the core of the respiratory network (Richter and Smith, 2014). 76 
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Under resting conditions, the mammalian breathing exhibits a three-phase pattern that 77 

includes inspiration (contractions of inspiratory pumping muscles), post-inspiration (first stage 78 

of expiration where expiratory flow occurs passively but is regulated by upper airway muscles) 79 

and passive expiration (second stage of expiration) (Del Negro et al., 2018, Richter and Smith, 80 

2014, Bianchi et al., 1995). In states of elevated metabolic demand, such as during physical 81 

exercise or blood gas challenges (e.g. hypoxia and hypercapnia), contractions of abdominal 82 

expiratory muscles develop mostly during the second stage of expiration to forcefully exhale 83 

the air from the lungs, hence increasing pulmonary ventilation (Jenkin and Milsom, 2014, 84 

Lemes and Zoccal, 2014). This pattern of active expiration emerges due to the recruitment of 85 

the conditional expiratory oscillator located rostral to the BötC and ventrolateral to the facial 86 

nucleus, within the parafacial respiratory group (pFRG) (Janczewski and Feldman, 2006, 87 

Abdala et al., 2009). The pFRG contains expiratory neurons that are silent under normoxia and 88 

normocapnia, but fire rhythmically during the late phase of expiration (late-E) in conditions of 89 

hypoxia or hypercapnia (Abdala et al., 2009, Moraes et al., 2012a, Molkov et al., 2010). 90 

Pharmacological or optogenetic suppression of the pFRG neurons eliminates the abdominal 91 

expiratory activity evoked by hypercapnia or stimulation of peripheral chemoreceptors (Zoccal 92 

et al., 2018, de Britto and Moraes, 2017, Marina et al., 2010, Moraes et al., 2012a, Lemes et al., 93 

2016), indicating that pFRG neurons are necessary for the emergence of active expiratory 94 

pattern. How pFRG oscillator interacts with other respiratory compartments within the 95 

brainstem, especially with the core of respiratory network, was theoretically hypothesized 96 

(Molkov et al., 2016, Molkov et al., 2014, Rubin et al., 2011, Molkov et al., 2010), but largely 97 

remains an unresolved question. 98 

Although the pFRG is partially overlapped with the chemosensitive retrotrapezoid 99 

nucleus (RTN) (Guyenet, 2014), recent evidence indicates that expiratory neurons of the pFRG 100 

are not sensitive to CO2/pH (de Britto and Moraes, 2017) and require excitatory inputs to be 101 

activated (Zoccal et al., 2018). Part of the excitatory drive to the pFRG arises in the RTN and 102 

the pre-BötC neurons (Zoccal et al., 2018, Huckstepp et al., 2016, Barnett et al., 2017). 103 

Inhibitory synapses are also needed for the proper control of the pFRG activity, hence the 104 

pattern formation of abdominal motor activity (Pagliardini et al., 2011, Barnett et al., 2018). 105 

Under resting conditions, the pFRG oscillator is synaptically suppressed, and its 106 

pharmacological disinhibition (by the application of antagonists for GABAergic and 107 

glycinergic receptors) generates active expiration under normoxia and normocapnia 108 

(Pagliardini et al., 2011, de Britto and Moraes, 2017). In silico studies propose that the 109 

inhibitory drive to the pFRG originates, at least in part, from the ventral respiratory column 110 
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(Molkov et al., 2010). Specifically, computational modeling suggests that neurons of the BötC 111 

might be a source of inhibition to the pFRG oscillator, and the reduction of this inhibitory drive 112 

might be an important stage for the emergence of active expiration in conditions of elevated 113 

excitatory drive (Barnett et al., 2018, Jenkin et al., 2017). However, experimental and functional 114 

evidence is still required to confirm the possible inhibitory control of the BötC neurons over 115 

the pFRG expiratory oscillator.  116 

In the present study, we investigated the role of the BötC neurons in the generation of 117 

active expiratory pattern in rats. Firstly, we characterized the dynamic changes that occur in the 118 

activity of the BötC neurons (aug-E and post-I) during the emergence of active expiration. 119 

Using pharmacological approaches to promote stimulation or disinhibition, we then tested the 120 

hypothesis that the BötC neurons provides inhibitory inputs to the pFRG that critically control 121 

the generation of active expiration in conditions of elevated metabolic demand. The 122 

experimental data were combined with an extended mathematical modeling to explore and 123 

functionally describe an inhibitory circuitry within the BötC in two experimental models of 124 

active expiration: i) acute exposure to hypercapnia (Abdala et al., 2009, Molkov et al., 2011) 125 

and ii) after the exposure to short-term (24 h) sustained hypoxia, which evokes sustained active 126 

expiration under resting conditions (Flor et al., 2018, Moraes et al., 2014). In both conditions, 127 

the pFRG expiratory oscillator is recruited and abdominal motor hyperactivity is observed 128 

(Abdala et al., 2009, Moraes et al., 2014).  129 

 130 

RESULTS 131 

 132 

Discharge pattern of post-I and aug-E neurons of BötC during normocapnia and hypercapnia 133 

in control in situ preparations 134 

 Under normocapnic conditions, in situ preparations of control rats exhibited an eupneic-135 

like respiratory pattern, with ramping PN bursts, low AbN activity during E1 and E2 phases, 136 

and inspiratory/post-inspiratory components in cVN (Figures 1 and 2). In the ventrolateral 137 

medulla of these preparations, within the BötC region, we identified two types of expiratory 138 

neurons: i) neurons that exhibited a peak of discharge during early E1 phase, immediately after 139 

PN burst, followed by a decrementing pattern of discharge during the expiratory phase, named 140 

post-I neurons (n=5 cells from 4 in situ preparations, Figure 1A and B); and ii) neurons with an 141 

augmenting pattern of discharge, with maximal firing frequency during E2 phase, named aug-142 

E neurons (n=9 cells from 7 in situ preparations, Figure 2A and B). These neurons were found 143 
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at the level of -12.12 and -12.48 mm relative to Bregma (Paxinos and Watson, 2007), 1726±80 144 

mm lateral to midline and 433±58 from ventromedullary surface.    145 

 The increase in the fractional concentration of CO2 in the perfusate modified the 146 

respiratory pattern and generated active expiration, as well as changed the activity of BötC 147 

neurons in control in situ preparations (Figures 1, 2 and 3). With respect to motor outputs (n=7), 148 

we observed that hypercapnia: i) decreased PN burst frequency, ii) did not modify PN burst 149 

amplitude, iii) reduced Ti and prolonged Te, iv) did not change cVN post-inspiratory duration 150 

and mean activity, and v) did not modify AbN activity during E1 phase, but markedly increased 151 

during E2 phase due to the emergence of bursts during the late part of expiration (late-E). These 152 

responses are summarized on Table 3. In association with the respiratory motor changes, 153 

hypercapnia promoted a modest but significant increase in the average firing frequency of post-154 

I during E1 phase (32.6±9.1 vs 37.8±11.8 Hz, P=0.0253; Figures 1A-C). Moreover, the pattern 155 

of post-I neuronal discharge during hypercapnia showed a negative relationship with the 156 

emergence of active expiration, with either absence or very low firing frequency during the 157 

occurrence of AbN late-E bursts in the E2 phase (Figure 1B). As a result, the duration of active 158 

time of post-I neurons during hypercapnia significantly reduced (1.599±0.392 vs 1.422±0.478 159 

s, P=0.0615, Figure 1D; 85±12 vs 72±12 % of expiratory time, P=0.0097, Figure 1E) while the 160 

silent period prolonged (0.280±0.240 vs 0.510±0.219 s, P=0.0185, Figure 1D; 15±11 vs 28±12 161 

% of expiratory time, P=0.0116, Figure 1E). The exposure to hypercapnia also increased the 162 

firing frequency of aug-E neurons during E2 phase (44.1±18.4 vs 54.6±10.0 Hz, P=0.0039; 163 

Figures 2A-C). On the other hand, different from post-I population, the aug-E neurons displayed 164 

a positive association with hypercapnia-induced active expiration (Figure 2B), with a prolonged 165 

active time during E2 phase (0.891±0.409 vs 1.425±0.391 s, P=0.0178, Figure 2D; 55±22 vs 166 

68±16 % of expiratory time, P=0.0727, Figure 2E), with no significant changes in the duration 167 

of silent period during E1 phase (0.739±0.377 vs 0.724±0.447 s, P>0.99, Figure 2D; 45±22 vs 168 

33±16 % of expiratory time, P=0.0727, Figure 2E). These findings indicate that although BötC 169 

post-I and aug-E exhibited an increased firing frequency under hypercapnia, these neurons are 170 

distinctly controlled during the occurrence of abdominal bursts in the late-E phase.  171 

 172 

Distinct effects of glycinergic and GABAergic transmission within the Bötzinger complex on 173 

the control of abdominal activity during normocapnia and hypercapnia 174 

 To verify the role of inhibitory synapses within the BötC on the formation of AbN 175 

activity in control animals, we initially explored the effects of glycine receptor antagonism with  176 
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microinjections of strychnine (10 µM) in the BötC of control in situ preparations (n=7). The 177 

concentration of strychnine used in our study was smaller than described previously that caused 178 

disruption of respiratory pattern when microinjected in the BötC/pre-BötC of in situ 179 

preparations (Marchenko et al., 2016). Under normocapnic conditions, strychnine 180 

microinjections in the BötC slightly reduced the amplitude of PN, cVN and AbN outputs as 181 

well as the durations of expiration and the post-I component of cVN. No significant changes 182 

were observed in the PN burst frequency and time of inspiration (Figures 3A, 3C-H, Table 3). 183 

During hypercapnia, strychnine microinjections in the BötC was able to prevent the changes in 184 

the PN frequency (Figure 3C) and time of expiration (Figure 3F), but not the alterations in the 185 

PN amplitude (Figure 3D), time of inspiration (Figure 3E), cVN post-inspiratory activity 186 

(Figure 3G) and duration (Table 3). Moreover, disinhibition of BötC neurons markedly 187 

attenuated the hypercapnia-induced late-E bursts in AbN (Figure 3H). Bilateral microinjections 188 

of vehicle in the BötC of in situ preparations of control rats (n=3) did not modify the respiratory 189 

motor activities either under baseline conditions or in response to hypercapnia (data not shown). 190 

The sites of microinjections in the BötC are illustrated in Figure 3I. These findings indicate that 191 

glycinergic transmission within the BötC controls neurons whose activation is sufficient to 192 

inhibit the emergence of active expiration during hypercapnia.  193 

 In another set of experiments (n=7), we examined the effects of reduction of GABAergic 194 

neurotransmission within the BötC, with bilateral microinjections of gabazine (250 µM) 195 

(Barnett et al., 2018), on the abdominal activity of control in situ preparations (Figure 4). 196 

Different from strychnine microinjections, gabazine in the BötC elicited the pattern of active 197 

expiration under normocapnic conditions (Figure 4A and B). Specifically, the antagonism of 198 

GABAergic synapses in the BötC caused: i) reductions in the PN burst frequency (29±5 vs 199 

22±5 cpm, P=0.0028, Figure 4C), but not in the amplitude (26±7 vs 28±8 µV, P=0.0973; Figure 200 

4D); ii) no changes in the inspiratory duration (0.708±0.141 vs 0.791±0.241 s, P=0.1931; Figure 201 

4E), but a significant increase in the expiratory duration (1.403±0.313 vs 2.096 ± 0.412 s, 202 

P=0.0027, Figure 4F); iii) no changes in the cVN post-inspiratory mean activity (15.9±1.8 vs 203 

16.9±1.9 µV, P=0.2775; Figure 4G) and normalized duration (70±17 vs 67±15 % of Te, 204 

P=0.3505); and vi) no significant changes in the AbN activity during E1 phase (1.9±0.7 vs 205 

2.4±1.2  µV, P=0.1684), but a markedly increase in the AbN activity during E2 phase (3.2±2.1 206 

vs 6.5±3.8 µV, P=0.0061, Figure 4H) due to the emergence of late-E bursts (Figure 4B). The 207 

exposure to hypercapnia after gabazine microinjections in the BötC did not cause any additional 208 

effects on nerve outputs (data not shown). The sites of microinjections in the BötC are 209 
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represented in Figure 4I. These findings indicate that GABAergic transmission within the BötC 210 

affects neurons whose activation can inhibit neurons restraining active expiration during 211 

normocapnia.  212 

 213 

Proposed model of GABAergic and glycinergic circuitry within the Bötzinger complex that 214 

supports differential respiratory responses to gabazine and strychnine 215 

To explain the opposite effects of GABAergic and glycinergic neurotransmission in the 216 

BötC on the emergence of active expiration, we propose a local GABAergic/glycinergic 217 

circuitry within the BötC. Specifically, we assumed that the post-inspiratory populations are 218 

formed by GABAergic and glycinergic cells. These neuronal groups established mutual 219 

interactions with the pFRG, where the post-IGABA and post-IGly populations sent projections to 220 

the late-E population of the pFRG, whilst the BötC aug-E neurons received excitatory inputs 221 

from the pFRG population (Figure 5). In normocapnia, late-E neurons of the pFRG were not 222 

active, which was accomplished in the model by phase-spanning inhibition due to inhibition 223 

from populations in the BötC as well as the early-I population of the pre-BötC (Figure 5). The 224 

pacemaker-like pre-I/I and the adapting early-I populations composed the inspiratory neuronal 225 

populations of the pre-BötC and were responsible for the initiation of the inspiratory phase 226 

(Figure 6A). At the transition from inspiration to expiration, the post-IGABA and post-IGly 227 

neurons of the BötC fired strongly at first and then waned. The model was constructed such 228 

that the neurons of the post-IGABA population possessed a slow outward current that provided 229 

an adaptation mechanism, where the firing rate reduced steadily during the expiratory phase in 230 

the absence of inhibitory input. On the other hand, the activity of the post-IGly population was 231 

shaped by inhibition from aug-E population: as aug-E incremented over the course of 232 

expiration, post-IGly was significantly suppressed (Figure 6A). 233 

Hypercapnia was implemented as an increase of 33% in the chemosensitive drive to 234 

late-E neurons of the pFRG. The emergence of active expiration occurred when this drive was 235 

sufficient for the late-E population to overcome expiratory inhibition from the GABAergic and 236 

glycinergic post-I populations (Figure 6B). Since this expiratory inhibition was decrementing, 237 

late-E bursts occurred at the end of expiration when inhibition was weakest. Moreover, late-E 238 

activity facilitated aug-E activity, which then terminated post-I activity during the late-E burst 239 

(Figure 6B). During inspiration, early-I inhibitory drive was able to suppress late-E activity in 240 

the pFRG.   241 

Based on these model conditions, we then simulated the experiments with gabazine 242 

microinjections in the BötC under normocapnia by reducing the synaptic weights from the 243 
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early-I to post-IGly, early-I to post-IGABA, and early-I to aug-E populations by 10% each. Besides, 244 

the post-IGABA to aug-E synaptic weight was reduced by 15%. The chemosensitive drive was 245 

not changed. Following these manipulations, the model exhibited late-E bursts at the end of 246 

expiration similar to the activity observed in experimental recordings (Figure 7A and B). 247 

Although a number of synaptic weights were altered to reproduce this experimental condition, 248 

the change in the weight of the post-IGABA to aug-E synapse was the main factor responsible for 249 

respiratory pattern transformation. Early-I is only active during inspiration, so the change to its 250 

weights did not directly alter inhibitory tone in the pFRG during expiration. The decrease in the 251 

weight of synaptic inhibition from post-IGABA to aug-E resulted in a facilitation of aug-E firing 252 

rate. Aug-E inhibition of post-IGly was greater at the end of expiration, and the post-IGly firing 253 

rate was sufficiently suppressed to release late-E population of the pFRG from glycinergic 254 

inhibition (Figure 7B). Late-E activation transiently facilitated aug-E, which is the mechanism 255 

that supports the gap between the termination of post-I activity and the expiration-to-inspiration 256 

phase transition. 257 

 To simulate the scenario of strychnine microinjections in the BötC during hypercapnia, 258 

we reduced synaptic weights of the glycinergic circuitry within the BötC (Figure 7 C and D). 259 

The weight of the aug-E to post-IGly synapse was reduced by 10%. This manipulation was 260 

sufficient to suppress the activity of the late-E population of the pFRG recruited by the increase 261 

in the chemosensitive drive (hypercapnia condition). The mechanism responsible for this 262 

transformation of the respiratory pattern revolves around the disinhibition of the glycinergic 263 

post-I population. Our manipulation reduced the inhibitory output of aug-E, which facilitated 264 

the firing rate of post-IGly neurons. This change in firing rate directly resulted in greater 265 

glycinergic inhibition on late-E neurons of the pFRG (Figure 7D).  266 

 267 

Active expiration after the exposure to sustained hypoxia in situ and in silico  268 

In order to broaden our understanding about active expiration in different conditions, 269 

and to gain insights into Bötzinger complex and parafacial respiratory group interactions, we 270 

also performed experiments using the experimental model of rats exposed to short-term 271 

sustained hypoxia (10% O2, 24 h). In agreement with previous studies (Flor et al., 2018, Moraes 272 

et al., 2014), rats previously exposed to (n=9) exhibited the pattern of active expiration under 273 

conditions of normocapnia (Figure 8A). In comparison to control group (n=9), the in situ 274 

preparations of SH rats displayed: i) reduced PN burst frequency (28±9 vs 19± 4 bpm, 275 

P=0.0160, Figure 8D); ii) no changes in the PN burst amplitude (29.7±12.1 vs 29.5±11.1 µV, 276 
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P=0.9654) and time of inspiration (0.689±0.167 vs 0.714±0.192 s, P=0.7699, Figure 8E); iii) 277 

prolonged time of expiration (1.712±0.765 vs 2.629±0.761 s, P=0.0214, Figure 8F); iv) 278 

augmented cVN post-inspiratory mean activity (11.3±8.4 vs 20.2±8.8 µV, P=0.0445, Figure 279 

8G); and v) AbN hyperactivity during E2 phase (2.3±1.3 vs 6.2±3.4 µV, P=0.0092, Figure 8H) 280 

due to the presence of late-E bursts (Figure 8A). Consistent with previous observations (Moraes 281 

et al., 2014), we also verified that the BötC post-I neurons of SH rats (n=2 cells from 2 282 

preparations) stopped firing at the onset of AbN late-E bursts (Figure 8B), indicating a negative 283 

relationship between post-I neuronal activity and AbN late-E breakthrough in this experimental 284 

model. On the other hand, the BötC aug-E neurons of SH (n=2 cells from 2 preparations) 285 

exhibited prolonged activity in the presence of AbN late-E activity (Figure 8C), suggesting a 286 

positive relationship after SH exposure. The average frequency of discharge of post-I and aug-287 

E neurons of SH rats in situ were 49.7±15.4 and 63.0±2.8 Hz, respectively. This pattern of 288 

activity of post-I and aug-E neurons of SH rats resembled the activity of BötC neurons observed 289 

in control rats during hypercapnia (Figures 1 and 2).  290 

Considering the discharge profile of post-I and aug-E neurons in SH rats, we then 291 

simulated the SH condition by reducing the excitability of neurons that fire most strongly 292 

following the inspiration-to-expiration phase transition (Figure 9 A and B). In our model, both 293 

GABAergic and glycinergic post-I populations of the BötC inhibit the late-E population of the 294 

pFRG, and a decrease in the conductance of their tonic excitatory drive by 5% accomplished a 295 

sufficient decrease in their firing rates at the end of expiration and, hence, disinhibition of the 296 

late-E population to a sufficient extent to induce active expiration under normal chemosensitive 297 

drive (Figure 9 B). Based upon our simulations that the SH-induced active expiration is closely 298 

associated with the reduction of excitability of post-inspiratory neurons, one can anticipate that 299 

the abdominal hyperactivity after SH exposure can be abolished by a uniform increase in the 300 

excitability of neurons in the BötC. Using the SH model, we tested this scenario by introducing 301 

an additional tonic excitatory conductance, and it was implemented as a transient 12% increase 302 

in the total conductance of excitatory drive in each of the three neuronal populations in the 303 

BötC. This manipulation eliminated the activity of late-E neurons, as demonstrated in the Figure 304 

10A. In simulation, the firing rate of the post-IGABA, aug-E and post-IGly populations increased 305 

during the epoch with enhanced excitation (Figure 10A). Since post-IGABA and post-IGly both 306 

project to late-E, we can formulate a testable prediction that a uniform increase in excitatory 307 

conductance in the BötC would result in greater expiratory inhibition on the late-E population 308 

of the pFRG that would prevent the latter from activation normally observed after SH exposure. 309 
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Taking into account our simulation of hypercapnic conditions, one can also predict that 310 

SH-induced active expiration could be abolished by reducing the glycinergic transmission in 311 

the BötC, such as achieved following injections of strychnine within this region. We 312 

implemented this scenario in the model simulation by reducing the aug-E to post-IGly synaptic 313 

weight by 10%. This change also eliminated active expiration (Figure 10 B and C). The 314 

manipulation used in this simulation is identical to the changes implemented in the simulations 315 

that depict the reduced glycinergic transmission during the active expiration evoked by high 316 

chemosensitive drive. The reduction of the aug-E to post-IGly synaptic weight disinhibited the 317 

post-IGly population, which resulted in increased inhibition on late-E neurons that were no 318 

longer able to fire expiratory bursts (Figure 10 B and C).  319 

 320 

L-glutamate and strychnine microinjections in the Bötzinger complex eliminated the active 321 

expiration observed after the exposure to sustained hypoxia 322 

 In the next series of experiments, we tested the aforementioned model predictions with 323 

microinjections of L-glutamate or strychnine to cause stimulation or disinhibition of BötC of 324 

SH rats. We found that L-glutamate microinjections (10 mM) in the BötC of in situ preparations 325 

of control group (n=7) reduced the PN burst frequency and amplitude, diminished the cVN 326 

activity, and produced negligible changes in the AbN activity (Figure 11). On the other hand, 327 

in the in situ preparations of SH rats (n=7), the response of reduction in PN burst frequency 328 

induced by L-glutamate into the BötC was blunted (∆: -20±9 vs -1±9 bpm, P=0.0019, Figure 329 

11 A and B), while the inhibitory effects on the PN burst amplitude (∆: -9±6 vs -8±5 % from 330 

baseline, P=0.8128, Figure 11C) and cVN activity (∆: -17±8 vs -13±17 % from baseline, 331 

P=0.8048, Figure 11D) were similar to the responses observed in the control group. Moreover, 332 

stimulation of the BötC of SH rats markedly reduced the AbN activity due to the transient 333 

elimination of late-E bursts during E2 phase (∆: -4±40 vs -49±30 % from baseline, P=0.0344, 334 

Figure 11 A and E). The site of unilateral microinjection in the BötC is illustrated in Figure 335 

11F.  336 

As in the experiments with L-glutamate microinjections, disinhibition of the BötC in 337 

SH rats with bilateral strychnine microinjections (10 µM) promptly eliminated the pattern of 338 

active expiration and restored the eupneic-like respiratory motor pattern in in situ preparations 339 

(n=8; Figures 12 A and B). After bilateral microinjections of strychnine in the BötC of SH rats, 340 

the PN burst frequency increased (15±2 vs 21±7 bpm, P=0.0078, Figure 12C), the PN burst 341 

amplitude decreased (41.2±19.3 vs 33.8±19.8 µV, P=0.005, Figure 12D), the time of inspiration 342 
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increased (0.829±0.197 vs 0.974±0.169 s, P=0.031), the time of expiration reduced 343 

(3.407±0.538 vs 2.135±0.611 s, P<0.001), and the cVN post-I mean activity (24.6±4.5 vs 344 

17.9±3.3 µV, P=0.0078, Figure 12E) and duration decreased (73±10 vs 57±12 % of expiratory 345 

time, P=0.0007, Figure 12F). Moreover, the antagonism of glycinergic receptors in the BötC of 346 

SH reduced the AbN activity during E1 (4.0±2.4 vs 2.6±1.6 µV, P=0.0213, Figure 12G) and 347 

E2 phases (8.7±5.1 vs 4.4±2.3 µV, P=0.0072, Figure 12H) – the latter due to the elimination of 348 

late-E bursts (Figure 12B). These effects promoted by strychnine in the BötC reversed 349 

approximately 30 min after microinjections (data not shown). The sites of bilateral strychnine 350 

microinjections in the BötC are illustrated in Figure 12I. Microinjections of vehicle in the BötC 351 

of SH rats (n=3) did not change activities of PN, cVN and AbN activities (data not shown). 352 

These data indicate that increasing the activity of neurons in the BötC, either by 353 

pharmacological stimulation or disinhibition, is able to eliminate active expiration in SH rats. 354 

 355 

Stimulation of the BötC is sufficient to attenuate the active expiration evoked by glycinergic 356 

receptor antagonism in the pFRG in silico and in situ 357 

Our model implies that pFRG late-E activity is restrained by both GABAergic and 358 

glycinergic inputs from BötC. However, in our simulations, the partial blockade of glycinergic 359 

transmission within the pFRG was sufficient to induce active expiration. We accomplished this 360 

by reducing the post-I to late-E synaptic weight by 80% (Figure 13A and B). Therefore, the 361 

remaining primarily GABAergic inhibition in this state was not sufficient to prevent late-E 362 

neurons from activating at the end of expiration. However, the facilitation of neuronal activity 363 

within the BötC, which includes an increase in post-IGABA population activity, could suppress 364 

late-E activity induced by reduction of glycinergic transmission within the pFRG. We tested 365 

this prediction by increasing the weight of the excitatory drive to each of the three BötC 366 

complex populations by 12%, as we previously used in similar simulations for SH condition. 367 

The result in simulation was the reduction in frequency of late-E bursts (one late-E burst per 368 

two respiratory cycles; Figure 13C) but not the complete elimination of late-E activity.  369 

 We then tested this modeling prediction experimentally using in situ preparations of 370 

control (naïve) rats. Bilateral microinjections of strychnine in the pFRG at 1 mM (but not lower 371 

concentrations, data not shown) evoked active expiration in control in situ preparations under 372 

normocapnia (n=9, Figures 14A), with the emergence of AbN late-E bursts (4.4±2.3 vs 7.1±3.5 373 

µV, P=0.0126, Figure 14C) in all respiratory cycles (Figure 14D). No significant changes were 374 

noted in PN burst frequency (21±5 vs 20±4 cpm, P>0.99, Figure 14E) and amplitude (45.4±17.9 375 
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vs 43.6±15.3 µV, P0.6961, Figure 14F), as well as in cVN activity (27.1±3.8 vs 26.6±3.6 µV, 376 

P>0.99, Figure 14G). Notably, strychnine microinjections in the pFRG was able to attenuate 377 

the inhibition of AbN late-E bursts induced by microinjections of L-glutamate (10 mM) in the 378 

BötC (Figure 14B), which were observed at similar amplitude (6.0±2.6 µV, P=0.0768, Figure 379 

14B and C) but at lower frequency (12±6 events/min, P=0.0105, Figure 14D) compared to the 380 

values observed before L-glutamate microinjections. Moreover, the antagonism of glycinergic 381 

receptors in the pFRG prevented the inhibitory effects on PN burst frequency (21±4 cpm, 382 

P=0.1676, Figure 14E), but not on PN burst amplitude (38.2±14.1 µV, P=0.0294, Figure 14F) 383 

and cVN activity (21.3±2.6 µV, P=0.0057, Figure 14 G) induced by glutamatergic stimulation 384 

of the BötC. The sites of microinjections within the pFRG and in the BötC are illustrated in 385 

Figure 14H. These results agree with modeling predictions, indicating that glycine inputs are 386 

critical to restrain the activity of pFRG oscillatory under normocapnic conditions, and that 387 

stimulation of BötC neurons after the antagonism of glycine receptors in the pFRG partially 388 

attenuates the emergence of late-E activity.  389 

 390 

DISCUSSION 391 

 392 

Contractions of pump abdominal muscles are observed in conditions of high metabolic 393 

demand, and are an important mechanism to improve pulmonary ventilation and gas exchange 394 

(Jenkin and Milsom, 2014, Lemes and Zoccal, 2014). This active expiratory pattern emerges 395 

from to the stimulation of the conditional expiratory oscillatory located in the pFRG 396 

(Janczewski and Feldman, 2006). In addition to excitatory mechanisms (Abdala et al., 2009, 397 

Zoccal et al., 2018), inhibition to the pFRG has also been suggested to control the recruitment 398 

and timing of abdominal bursts within the expiratory phase (Pagliardini et al., 2011, de Britto 399 

and Moraes, 2017, Barnett et al., 2018, Molkov et al., 2010). Here, we present new experimental 400 

evidence indicating that the BötC is an important source of inhibitory inputs that restrain the 401 

occurrence of active expiration. Combining in situ and in silico approaches, we propose that 402 

the BötC and the pFRG establish dynamically bidirectional interactions, where the post-I 403 

neurons of the BötC provide inhibition to the pFRG peaking at early expiration, while the pFRG 404 

neurons, when recruited, excite BötC aug-E neurons during the late expiration. Moreover, our 405 

data further suggest a specific inhibitory connectome among the BötC neurons that is consistent 406 

with differential effects of manipulations with GABAergic and glycinergic neurotransmission 407 

within the BötC on active expiration. This study advances our understanding of the neural 408 
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components and synaptic inputs that provide neural control of the active expiratory pattern in 409 

rats.  410 

Previous evidence indicates that excitatory and inhibitory synapses are important to 411 

recruit and shape the activity of the late-expiratory population of the pFRG and, hence, 412 

contribute to the emergence of active expiration (Molkov et al., 2010). Using mathematical 413 

models, we previously proposed that strong inhibition during inspiration and early expiration 414 

prevents the activation of the late-E population of the pFRG under resting conditions. However, 415 

as inhibition during E2 phase decreases, late-E neurons may overcome the expiratory inhibition 416 

in the presence of enhanced excitatory drive, and fire action potentials (Molkov et al., 2010, 417 

Rubin et al., 2011). Experimentally, the pre-BötC and the RTN neurons have been suggested 418 

as important sources of excitation to the pFRG (Huckstepp et al., 2016, Zoccal et al., 2018). On 419 

the other hand, the sources of inhibitory inputs to the pFRG still remain to be elucidated. Our 420 

findings support the notion that the BötC provides functional inhibitory inputs to the pFRG. 421 

The BötC contains inhibitory neurons that are most active during the E1 (post-I population) and 422 

E2 phases (aug-E population) and critically control the transition from inspiration to expiration 423 

in eupnea (Smith et al., 2007). During hypercapnia, we found that both neuronal populations 424 

showed an increase in their average discharge frequency. On the other hand, the association 425 

between active expiration and firing pattern differed between post-I and aug-E neurons. 426 

Regarding to the aug-E population, we found that these neurons were stimulated in the presence 427 

of active expiration. Our findings parallels with the results by Abdala et al. (2009) that 428 

demonstrated that the late expiratory activation of aug-E neurons during hypercapnia can be 429 

blocked by the pharmacological inhibition of the RTN/pFRG neurons. Altogether, these 430 

observations indicate that excitatory inputs originating from the pFRG or RTN during 431 

hypercapnia/active expiration excite BötC aug-E neurons during the E2 phase. This might 432 

represent a mechanism that delays of onset of inspiration and prolongs the expiratory duration 433 

when abdominal late-E bursts occur (Abdala et al., 2009, Molkov et al., 2010, Zoccal et al., 434 

2018). Studies by Abdala et al. (2009) also proposed an inverse association between the BötC 435 

post-I activity and active expiration, based on the observation that vagal post-inspiratory motor 436 

activity reduces when abdominal late-E bursts emerge during hypercapnia. Herein, we provide 437 

direct and assertive evidence demonstrating that post-I neurons of the BötC stop firing during 438 

strong abdominal late-E activity evoked by hypercapnia. These findings show that although 439 

both populations receive excitatory inputs during hypercapnia, possibly from CO2-440 

chemosensitive sites, post-I and aug-E neurons of the BötC are distinctly controlled by the 441 

network responsible for the generation of active expiration.  442 
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The experiments with pharmacological manipulations of the BötC were then performed 443 

to gain information about the functionality of BötC neurons during active expiration. Based on 444 

the fact that neurons that express GAD67 and GlyT2 mRNA are found in the BötC region 445 

(Tanaka et al., 2003), and on the fact that GABAergic and glycinergic synapses are utilized by 446 

the BötC neurons during eupnea (Ezure et al., 2003a, Ramirez et al., 1997), we promoted the 447 

disinhibition of the BötC utilizing either glycinergic or GABAA receptor antagonists, strychnine 448 

and gabazine, respectively. It is important to mention that the concentrations of strychnine and 449 

gabazine used in our study did not disrupt the 3-phase respiratory pattern. Surprisingly, these 450 

antagonisms generated opposite effects: while glycine within the BötC was required for the 451 

abdominal late-E breakthrough during hypercapnia (strychnine microinjections attenuated the 452 

abdominal late-E bursts), GABAergic neurotransmission in the BötC was necessary to restrain 453 

active expiration at rest (gabazine microinjections generated active expiration under 454 

normocapnic conditions). These data therefore indicate that the inhibitory neurons of the BötC 455 

may form specific patterns of synaptic connections, using distinctly glycine and GABA, to 456 

control abdominal expiratory activity.  457 

Using our theoretical model of respiratory network in combination with these new 458 

experimental data, we generated hypotheses about the role of BötC neurons for the inhibitory 459 

control of the expiratory motor pattern formation. In this model, we proposed two different 460 

types of inhibitory post-inspiratory cells, one that utilizes GABA as the neurotransmitter 461 

(named post-IGABA) and another that uses glycine (named post-IGly). We also assumed that the 462 

post-IGABA cells sent GABAergic inputs to the aug-E neurons, while the post-IGly neurons 463 

received glycinergic inputs from the aug-E population. Moreover, both GABAergic and 464 

glycinergic post-I populations sent inhibitory projections to the pFRG neurons. With this 465 

framework, our model generated responses in simulated conditions qualitatively equivalent to 466 

the experimental data. We observed that the emergence of active expiration during hypercapnia 467 

required an increased excitatory drive from chemosensitive sites to the pFRG, as previously 468 

demonstrated (Zoccal et al., 2018). The activation of the late-E neurons in the pFRG promoted 469 

the stimulation of aug-E neurons in the BötC that, in turn, depressed the activity of pFRG-470 

projecting glycinergic post-I neurons, facilitating the late-E breakthrough during E2 phase. 471 

According to the model, the ablation of active expiration caused by strychnine microinjections 472 

in the BötC resulted from the disinhibition of post-IGly neurons, increasing the glycinergic drive 473 

to the pFRG neurons. On the other hand, the emergence of active expiration induced by 474 

gabazine injections in the BötC during normocapnia was consequent to the attenuation of 475 

GABAergic inputs on the aug-E neurons, that ultimately increased the inhibitory drive on the 476 
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post-IGly neurons, disinhibiting the pFRG expiratory neurons. We assumed in our model that 477 

GABAergic inputs originated within the BötC, but we acknowledge that GABAergic inputs 478 

may also originate from other regions such as pre-BötC, NTS and Raphe (Kubin et al., 2006, 479 

Iceman and Harris, 2014, Marchenko et al., 2016). Although these hypotheses are theoretical 480 

and still required appropriated experiments to be proven, the model suggests a novel possible 481 

synaptic organization of the BötC inhibitory circuit, with differential role for inhibitory 482 

synapses (GABA vs glycine) across different states (normocapnia vs hypercapnia) to control 483 

active expiration.  484 

To experimentally test the model predictions about the role of the BötC neurons during 485 

active expiration, we also performed experiments on rats exposed to short-term sustained 486 

hypoxia. This is an attractive model to investigate the neuronal circuitry and dynamics 487 

responsible for the generation of active expiration because it causes a long-lasting activation of 488 

the pFRG expiratory neurons under resting conditions (Moraes et al., 2014). We previously 489 

demonstrated that rats exposed to 24 h of 10% O2 exhibited a persistent increase in minute 490 

ventilation upon reoxygenation [named ventilatory acclimatization to hypoxia, VAH, (Powell 491 

et al., 1998)] that was associated with the emergence of active expiratory pattern, mediated by 492 

plastic changes in central mechanisms (Flor et al., 2018). Therefore, the use of SH-treated rats 493 

to verify modeling predictions would also contribute to expand our understanding about the 494 

mechanisms associated with the development of VAH. In agreement with previous studies 495 

(Moraes et al., 2014), we found that the BötC post-I neurons of SH preparations were silent 496 

during the emergence of late-E activity, while aug-E neurons were excited in the presence of 497 

active expiation – discharge patterns that resemble the results observed in naïve rats exposed to 498 

hypercapnia. In the model, the ‘SH condition” was simulated by reducing the excitatory drive 499 

to the GABAergic and glycinergic post-I neurons. This hypothesis is in agreement with 500 

previous observations that the depressed the activity of post-I neurons in SH is synaptically 501 

mediated (Moraes et al., 2014). In this scenario, we consider that changes in the pontine 502 

excitatory drive to the VRC, specially from the Kölliker-Fuse (Dutschmann and Herbert, 2006, 503 

Geerling et al., 2017, Barnett et al., 2018, Jenkin et al., 2017), or reductions in the excitatory 504 

drive from the recently described post-inspiratory complex (Anderson et al., 2016), may 505 

represent possible mechanisms underlying the depressed activity of post-I neurons in the BötC 506 

after SH – hypotheses that still require additional studies to be addressed.  507 

Using the SH condition in this model, we predicted that manipulations that increase the 508 

activity of post-I neurons would be able to abolish the active expiration in SH-treated rats. 509 

Specifically, our simulations demonstrated that either a general stimulation of the BötC 510 
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neurons, or a selective increase in the activity of post-I glycinergic neurons would be sufficient 511 

to eliminate the late-E activity in the abdominal motor output of SH-conditioned rats. The 512 

experimental data confirmed the modeling predictions. In agreement with previous 513 

experimental studies (Moraes et al., 2012b, Moraes et al., 2011), unilateral microinjection of 514 

glutamate in the BötC produced a transient increase in expiratory duration (hence decreasing 515 

the respiratory frequency) and reduced phrenic activity in in situ preparations of control rats, 516 

possibly due to the inhibition of inspiratory neurons of the pre-BötC/rVRG (Ezure et al., 2003c, 517 

Smith et al., 2007). We also noticed that glutamate in the BötC depressed central vagus activity 518 

– a response that may have been caused by the stimulation of inhibitory neurons that control 519 

pre-motor/motor neurons associated with the formation of vagal motor activity (Smith et al., 520 

2007). Moreover, stimulation of BötC with glutamate of control rats did not modify resting 521 

abdominal activity. In SH rats, unilateral glutamate microinjections in the BötC did not promote 522 

changes in the respiratory frequency but reduced the phrenic burst and central vagus activity, 523 

as well as eliminated the late-E bursts in abdominal. The transient cessation of late-E abdominal 524 

activity in SH rats is consistent with the notion that glutamate microinjection stimulated BötC 525 

inhibitory neurons that suppressed pFRG neurons. After bilateral microinjections of strychnine 526 

in the BötC of SH rats, we observed a long-lasting suppression of abdominal late-E activity, 527 

and the recovery of the resting 3-phase eupneic respiratory pattern – an effect not observed in 528 

control animals. These findings strongly support our hypothesis that BötC neurons that are 529 

under the control of glycinergic neurotransmission, supposedly the post-I population, are 530 

critical for the control of abdominal expiratory activity, so that a reduction in their baseline 531 

activity can lead to the emergence of active expiration in rats exposed to SH.  532 

 Studies demonstrating that the antagonism of glycinergic and GABAergic receptors in 533 

the pFRG evokes active expiration (Pagliardini et al., 2011, de Britto and Moraes, 2017) 534 

indicate that the expiratory neurons of the pFRG are synaptically supressed under conditions of 535 

normoxia/normocapnia. According to our data, part of these inhibitory projections originates 536 

from the BötC. It was previously shown that active expiration can be evoked by blocking 537 

GABAergic inhibition only within the pFRG (Molkov et al., 2010). This was considered in our 538 

model by the GABAergic projections from the post-IGABA population of the BötC and early-I 539 

population in the pre-BötC to the late-E neurons in the pFRG. However, our model also 540 

suggested a relevant role for the glycinergic projections from BötC post-I neurons to the pFRG, 541 

as the suppression of this pathway generated active expiration under normocapnic conditions. 542 

This prediction was verified experimentally, as bilateral microinjections of strychnine in the 543 

pFRG not only evoked active expiration, but also greatly attenuated the inhibitory effect on the 544 
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abdominal activity elicited by microinjections of glutamate in the BötC. The residual abdominal 545 

inhibitory response elicited by glutamate in the BötC after strychnine in the pFRG may be 546 

elicited by the GABAergic projections from the BötC to the pFRG, as suggested by the model. 547 

We cannot exclude the possibility that our microinjections in the pFRG did not block all glycine 548 

receptors. After microinjections of strychnine in the pFRG, as well as in animals exposed to 549 

SH, the microinjections of glutamate in the BötC did not prolong expiratory duration and did 550 

not reduce the respiratory frequency. These findings suggest that the recruitment of pFRG 551 

expiratory neurons may also modify the activity/dynamics of BötC neurons that inhibit the 552 

inspiratory neurons. Alternatively, we may also consider that the possible interactions between 553 

the pFRG neurons and the inspiratory rhythm generating neurons in the pre-BötC (Huckstepp 554 

et al., 2016) are modifying the pattern of response to glutamate in the BötC. Additional studies 555 

are required to verify these possibilities.  556 

In conclusion, our study provides evidence supporting the notion that the BötC neurons 557 

are an essential part of the neural circuitry controlling the generation of active expiration. Our 558 

data provide further mechanistic details for our previous studies indicating that the neurons of 559 

the Kölliker-Fuse, in the dorsolateral pons, coordinate the transition from post-I to late-E phases 560 

and control the onset of abdominal late-E busts (Barnett et al., 2018, Jenkin et al., 2017). 561 

Altogether, these findings indicate that a pontine-medullary circuitry, through connections from 562 

Kölliker-Fuse to the BötC, is required for the inhibitory control of pFRG, critically contributing 563 

for the formation of abdominal expiratory activity. Neuroplasticity in this pathway may be 564 

responsible for the changes in breathing following the exposure to chronic challenges, such as 565 

sustained hypoxia (as experienced in high altitudes), or contribute to pathological respiratory 566 

phenotypes, as seen in sleep breathing disorders, heart failure, neurological diseases (e.g. Rett 567 

syndrome) and others.  568 

 569 

MATERIALS AND METHODS 570 

Ethical approval  571 

Experiments were performed on juvenile male Holtzman rats (60 – 80 g, 23 – 28 days 572 

old) obtained from the Animal Care Unit of the São Paulo State University, Araraquara. The 573 

animals were housed in collective cages with free access to rat chow and water, under controlled 574 

conditions of temperature (22 ± 1 °C), humidity (50 - 60%) and light/dark cycle (12:12 lights 575 

on at 07:00 am). All experimental procedures comply with the Guide for the Care and Use of 576 

Laboratory Animals published by the Brazilian National Council for Animal Experimentation 577 

Control (CONCEA), conform to the principles and regulations under which the journal 578 
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operates, and were approved by the Local Ethical Committee in Animal Experimentation of 579 

School of Dentistry of Araraquara, São Paulo State University (protocol 30/2016). All steps 580 

were taken to avoid animals’ pain and suffering.  581 

 582 

Sustained Hypoxia  583 

One day before the experiments, animals were housed in collective cages and placed 584 

inside chambers that allowed the control of the inspired oxygen fraction via injections of pure 585 

N2 and O2 (White Martins, Sertãozinho, Brazil) through a computerized system of solenoid 586 

valves (Oxycycler, Biospherix, Lacona, NY, USA). The conditions of the temperature, 587 

humidity, light/dark cycle and food/water access inside the chambers were kept in standard 588 

conditions as aforementioned. In the hypoxic chamber, the animals were exposed to 10% O2 589 

for 24 h (sustained hypoxia, SH); whilst in the control chamber the animals were maintained 590 

under normoxic condition (Flor et al., 2018, Moraes et al., 2014). The levels of O2 inside the 591 

chambers were monitored continuously and the gas injections were performed in the upper 592 

portion of the chambers to prevent air jets from directly reaching the animals. Experiments were 593 

performed just after the end of the experimental protocols. 594 

 595 

In situ arterially perfused rat preparations 596 

The animals were surgically prepared to obtain the in situ working heart-brainstem 597 

preparations as previously described (Zoccal et al., 2008, Flor et al., 2018). Briefly, animals 598 

were heparinized (1,000 IU) and subsequently deeply anaesthetized with isoflurane until the 599 

paw and tail pinch reflexes were abolished, then transected sub-diaphragmatically, 600 

exsanguinated (that resulted in euthanasia) and immersed in cold (2-4° C) Ringer solution (in 601 

mM: 125 NaCl; 25 NaHCO3; 3.75 KCl; 2.5 CaCl2; 1.25 MgSO4; 1.25 KH2PO4 and 9.9 glucose). 602 

The preparations were then decerebrated at precollicular level and skinned, the lungs were 603 

removed, and descending aorta was isolated. After, the preparations were placed in supine 604 

position, and the trachea, esophagus and all muscles and connective tissues covering the 605 

occipital bone were removed. The basilar portion of the atlanto-occipital membrane was cut, 606 

and the occipital bone was carefully removed using a micro-Rongeur (Fine Scientific 607 

Instruments, England) to expose the ventral surface of the medulla, from the vertebral arteries 608 

to the beginning of the ventral surface of the pons. Subsequently, the preparations were 609 

transferred to a recording chamber, the descendent aorta was isolated, cannulated with a double-610 

lumen cannula and perfused retrogradely (21 - 25 mL.min-1; Watson-Marlow 520S, Falmouth, 611 

UK) with modified Ringer solution containing 1.25% polyethylene glycol 20,000 (oncotic 612 
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agent; Sigma-Aldrich, USA) and vecuronium bromide (neuromuscular transmission blocker; 3 613 

- 4 μg.mL-1). The perfusion pressure was held between 55-75 mmHg by the addition of 614 

vasopressin (0.6 - 1 nM, Sigma, USA) to the perfusate. The perfusion solution was constantly 615 

gassed with 95% O2 - 5% CO2 (pH 7.4), warmed to 31 - 32°C and filtered using a polypropylene 616 

filter (25 μm pore size). The perfusion pressure was recorded with a pressure transducer 617 

(MLT06070, ADInstruments, Bella Vista, Australia) connected to an amplifier (Grass Quad 618 

Amplifier, model 15LT, RI, USA).  619 

 620 

Nerve recordings and analyses 621 

Respiratory motor nerves were isolated and recorded simultaneously using bipolar 622 

suction electrodes held in micromanipulators (Narishige, Tokyo, Japan). To measure the 623 

inspiratory motor output, the left phrenic nerve (PN) was isolated and cut distally at its insertion 624 

to the diaphragm. Its rhythmic ramping activity provided a continuous physiological index of 625 

preparation variability (Paton, 1996). The motor activity to laryngeal abductor and adductor 626 

muscles was evaluated by recordings from the left vagus nerve (cVN), which was dissected and 627 

sectioned at the cervical level (below the bifurcation of the common carotid artery). To measure 628 

the motor output to abdominal muscles, nerves from the right lumbar plexus at the thoracic-629 

lumbar level (T12 - L1) were isolated and cut distally and referred to as abdominal nerve (AbN). 630 

Bioelectric signals were amplified (CP511 Amplifier, Grass Technologies, RI, USA), filtered 631 

(0.3 - 3 kHz) and acquired by A/D converter (micro1401, Cambridge Electronic Design 632 

Limited, Cambridge, England) on a computer using Spike 2 software (version 9, Cambridge 633 

Electronic Design). 634 

Analyzes of the activities of the recorded nerves were carried out on rectified and 635 

smoothed signals (time constant of 50 ms), after the electrical noise subtraction, using custom-636 

written scripts in Spike 2 software, as previously described (Barnett et al., 2018). Using the PN 637 

and cVN recordings as reference, the respiratory cycle was divided into 3 phases: i) inspiration, 638 

coincident with PN burst; ii) post-inspiration (E1), coincident with the decrementing activity of 639 

cVN during the expiratory phase, corresponding to approximately 2/3 of the initial expiratory 640 

cycle; and iii) E2, corresponding to the silencing period of the cVN, representing approximately 641 

the final third of the expiration. PN activity was evaluated by its burst frequency and amplitude 642 

(expressed in bursts per minute, bpm, and µV, respectively). From the PN activity, the duration 643 

of inspiratory (PN burst length) and expiratory phases (time interval between consecutive PN 644 

bursts) were also determined. The activity of the cVN was quantified as the mean activity 645 

(expressed in µV) and duration (expressed as a percentage of the total expiratory time) of the 646 
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post-inspiratory phase. The mean AbN activity (expressed in µV) was quantified during E1 and 647 

E2 phases.  648 

 649 

Single-unit neuronal recordings and analyses 650 

Unitary extracellular recordings of the activity of post-I and aug-E neurons of the BötC 651 

were performed in in situ preparations as described previously (St-John et al., 2009, Moraes et 652 

al., 2012b). Glass microelectrodes (15-35 MΩ, filled with 1M NaCl and 1% BAPTA AM, 653 

Sigma-Aldrich) were mounted in a 3D micromanipulator (Scientifica Ltd, Uckfield, UK) and 654 

positioned in the BötC with the aid of surgical microscope, considering the anatomical 655 

references of the ventral surface of medulla and the following stereotactic parameters: 700 - 656 

900 µm caudal to caudal pole of the trapezoid body; 1500 - 1800 µm lateral to midline and 350 657 

- 500 µm beneath the ventral surface. The signals were amplified (Duo 773 Electrometer, WPI, 658 

USA), low pass filtered (filter 2 KHz) and acquired in a microcomputer (micro1401, CED, 659 

England) using appropriate software (Spike 2, CED, England). Post-I and aug-E neurons were 660 

identified according to their typical pattern of discharge (Smith et al., 2007, Moraes et al., 661 

2014). The neuronal activities were evaluated according to: i) average instantaneous firing 662 

frequency (expressed in Hz), calculated from the time interval between consecutive action 663 

potential (excluding intervals smaller than 1 ms); and ii) the duration (expressed in seconds) of 664 

active and silent (no action potentials) periods during the expiratory phase.  665 

 666 

Exposure to hypercapnia 667 

In situ preparations of control rats were exposed to periods of increased fractional 668 

concentration of CO2 in the perfusate from 5 to 8% CO2 (balanced in O2) for 5 minutes, using 669 

a gas mixer (AVS Projetos, São Carlos, Brazil) connected to an O2 and CO2 analyzer 670 

(ADInstruments, Bella Vista, Australia), to generate the pattern of active expiration (Zoccal et 671 

al., 2018). The effects peaked and reached a steady state after 3 min of exposure. The respiratory 672 

responses to hypercapnia were quantified as the maximal variations relative to respective 673 

baseline activity. A recovery period of at least 10 minutes was considered between consecutive 674 

stimuli. 675 

 676 

Intraparenchymal injections in the BötC and pFRG 677 

Borosilicate pipettes (internal diameter of 0.84 mm; Sutter Instruments, USA), were 678 

pulled and used for intraparenchymal injections in the BötC and the pFRG. The micropipettes 679 

were connected to a pneumatic pump (Picospritzer II - Parker Hannifin Corporation, Fairfield, 680 
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USA), which allowed the microinjection of the drugs by means of calibrated "pulses of 681 

pressure" to a volume of approximately 35 - 40 nL. This apparatus was then adapted in a high-682 

resolution 3D micromanipulator (Narishige, Japan), and then the micropipettes were positioned, 683 

with the aid of a surgical microscope, in the areas of interested using the following stereotaxic 684 

coordinates (Moraes et al., 2012a, Moraes et al., 2012b): i) BötC: 700 - 900 µm caudal to caudal 685 

pole of the trapezoid body, 1500 - 1800 µm lateral to midline and 350 - 500 µm beneath the 686 

ventral surface; and ii) pFRG: 400 to 500 µm caudal to the caudal pole of the trapezoid body; 687 

1800 to 2000 µm lateral to midline; and 40 to 50 µm beneath the ventral surface. L-glutamate 688 

(10 mM, excitatory amino acid) was microinjected unilaterally whilst strychnine (10 µM in the 689 

BötC and 1 mM in the pFRG, glycine receptor antagonist) and gabazine (250 µM, GABAA 690 

receptor antagonist) was microinjected bilaterally. Bilateral microinjections were completed in 691 

a time interval lower than 1 minute (counting from the first microinjection). The drugs were 692 

dissolved in Ringer solution containing either green or red fluorescent microspheres (1%, 693 

Lummafluor, USA). 694 

 695 

Histology 696 

At the end of experiments involving microinjections in the BötC and pFRG, the 697 

brainstems of the in situ preparations were rapidly removed and immersed in a solution 698 

containing 10% formaldehyde for 5 days, and then in a solution containing 20% sucrose. Using 699 

a cryostat (Leica CM1850, Wetzlar, Germany), sequential coronal sections (50 µm thickness) 700 

containing the pFRG, BötC and adjacent regions were obtained and analyzed in a fluorescence 701 

microscope (Leica DM IRB, Wetzlar, Germany). The sites of L-glutamate and gabazine 702 

microinjections were identified by visualization of green microspheres whilst the sites of 703 

strychnine or vehicle (Ringer) microinjections were identified by the visualization of red 704 

microspheres. 705 

 706 

Data analyses 707 

The results were described and graphically represented as mean ± standard deviation 708 

(SD). The normal distribution of the data was verified with Shapiro-Wilk normality test. With 709 

respect to neuronal activity of control rats, paired Student's t-test and two-way ANOVA 710 

followed by the post-test of Bonferroni was used for the analyses of firing frequency and 711 

duration of active/silent periods, respectively. The respiratory responses to unilateral L-712 

glutamate microinjections, as well as the comparisons of respiratory parameters between 713 

control and SH rats, were analyzed using unpaired Student's t-test. The respiratory responses to 714 
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bilateral microinjections of strychnine in the BötC, and strychnine microinjections in the pFRG 715 

followed by microinjections of L-glutamate in the BötC were analyzed using repeated 716 

measurements one-way ANOVA followed by post-test of Bonferroni. Significant differences 717 

were considered when P <0.05. Statistical and graphic operations were performed using 718 

GraphPad Prism software (version 8, GraphPad, La Jolla, USA). 719 

 720 

Mathematical modeling 721 

We have extended our previous firing-rate based model of the respiratory central pattern 722 

generator to account for differential respiratory responses to perturbations of glycinergic and 723 

GABAergic transmission within the BötC (Figure 5). The respiratory circuitry in this model 724 

was based on the respiratory circuitry presented in a series of previous models that examined 725 

the emergence of active expiration as well as gas-exchange and pulmonary feedback (Rubin et 726 

al., 2009, Rubin et al., 2011, Molkov et al., 2014, Molkov et al., 2016). The network 727 

connectivity in these models was informed by brainstem transection experiments presented in 728 

Smith et al. (2007). The three phase respiratory rhythm was produced by a circuit that includes 729 

the pre-inspiratory/inspiratory (pre-I/I) population of the pre-BötC, which acts as the excitatory 730 

kernel of the respiratory central pattern generator (rCPG), and inhibition among the early-731 

inspiratory (early-I) population of the pre-BötC, the augmenting-expiratory (aug-E) population 732 

of the BötC, and an additional population within the BötC that fires strongly during the post-733 

inspiratory phase and adapts to a steady state firing rate by the end of expiration.  734 

The principal change implemented in this new version of the model is the discrimination 735 

of glycinergic and GABAergic neuronal populations within the BötC. We assumed that the aug-736 

E population is glycinergic. The BötC population that is active during the post-inspiratory phase 737 

was split into a GABAergic (post-IGABA) and a glycinergic (post-IGly) populations. The post-738 

IGABA population participated in rhythm generation and the formation of the three-phase 739 

respiratory pattern. It inhibited aug-E and receives inhibition from early-I populations. Its firing 740 

pattern was strong at the beginning of expiration, and it persisted to the E-to-I phase transition. 741 

This GABAergic population was also involved in control of active expiration; it inhibited the 742 

late expiratory (late-E) population of the pFRG. The new glycinergic post-I population also 743 

fired strongly at the beginning of expiration, but its pattern was substantially shaped by 744 

inhibition from aug-E. As the firing rate of aug-E ramps during expiration, post-IGly activity 745 

was suppressed. Depending on the physiological constraints imposed upon model simulations, 746 

the post-IGly population fired at a low rate at the end of expiration or was suppressed entirely 747 

before the E-to-I transition. This glycinergic population was also involved in the control of 748 
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active expiration by way of an inhibitory projection to late-E in the pFRG. In this way, we 749 

distinguished glycinergic and GABAergic inhibitory projections within the BötC and from the 750 

BötC to the pFRG.  751 

We tested the model by simulating the responses of the respiratory CPG to a number of 752 

pharmacological and physiological manipulations. The antagonism of GABAergic and 753 

glycinergic receptors in the BötC or the pFRG was modeled as a reduction in the weight of 754 

synaptic conductances within specific compartments. The response to hypercapnia was 755 

modeled as an increase in the chemosensitive drive to the late-E population of the pFRG. The 756 

transformation of the respiratory output following SH conditioning was modeled by reducing 757 

the conductance of the tonic excitatory drives on the GABAergic and glycinergic post-I 758 

populations (SH modulated drive). The injection of glutamate specifically to the BötC was 759 

modeled as a uniform increase in the tonic excitatory drive to all of the BötC populations. The 760 

precise distribution and extent of these perturbations are summarized in Table 1. 761 

 762 

Model description 763 

We used a reduced conductance-based model to compute the average membrane 764 

potential 𝑉", 𝑖 ∈ {1, … ,6} (see Table 1) and firing rates of neuronal populations in the VRC 765 

closely following Rubin et al. (2009), Rubin et al. (2011). The current balance equation for each 766 

population was described by 767 

𝐶
𝑑𝑉"
𝑑𝑡 = −𝐼" − 𝑔̅3𝑛56 (𝑉")[𝑉" − 𝐸3] − 𝑔̅<[𝑉" − 𝐸<"] − 𝑔̅=𝑠"[𝑉" − 𝐸=] − 𝑔̅?𝑞"[𝑉" − 𝐸?] 768 

where  𝑔̅3, 𝑔̅<, 𝑔̅=, and 𝑔̅? are the respective maximal conductances of a delayed rectifier 769 

potassium current, an ohmic leak current, an excitatory synaptic current, and an inhibitory 770 

synaptic current. The parameters 𝐸3, 𝐸<", 𝐸=, and 𝐸? are the reversal potentials of the potassium 771 

current, leak current, excitatory synaptic current, and inhibitory synaptic current. The voltage-772 

dependent steady state activation of the potassium current is given by the expression 𝑛5(𝑉) =773 

1 [1 + exp	(−[𝑉 + 30] 4⁄ )]⁄ . 774 

 The current 𝐼" differs by neuronal populations; it described either the persistent sodium 775 

current (𝐼JKL) or an outward adapting current (𝐼MN). The pre-I/I and late-E populations, (𝑖 =776 

1,5), contained 𝐼JKL: 𝐼JKL = 𝑔̅JKL𝑚5(𝑉)ℎ[𝑉 − 𝐸JK]. The parameters 𝑔̅JKL and 𝐸JK were the 777 

maximal conductance of the persistent sodium current and the reversal potential of sodium. The 778 

activation of 𝐼JKL was assumed instantaneous, and it was described by the steady state 779 

activation 𝑚5(𝑉) = 1 [1 + exp(−[𝑉 + 40]/6)]⁄ . The inactivation of 𝐼JKL (ℎ) was a 780 

dynamical variable governed by the following differential equation:  781 
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𝜏T(𝑉)
UT
UV
= ℎ5(𝑉) − ℎ. 782 

The steady state activation of ℎ was described as ℎ5(𝑉) = 1 [1 + exp([𝑉 + 55]/10)]⁄ , and its 783 

time constant was specified by 𝜏T(𝑉) = 4000 cosh([𝑉 + 55] 10⁄ )⁄  ms. 784 

 The early-I, aug-E, and post-IGABA populations, (𝑖 = 2,3,4), possessed an adaptive 785 

potassium current (𝐼MN), which was described as 𝐼MN = 𝑔̅MN𝑚[𝑉 − 𝐸3]. The parameter 𝑔̅MN was 786 

the maximal conductance of the adaptive potassium current. Its activation (𝑚) was a dynamical 787 

variable governed by the following differential equation:  788 

𝜏\,"
U\]
UV

= 𝐾"𝑓(𝑉") − 𝑚". 789 

The steady state activation of 𝑚 was determined by 𝐾"𝑓(𝑉"), where 𝐾 was a scaling factor and 790 

𝑓(𝑉") is the neuronal firing rate where 𝑓(𝑉) was defined as  791 

𝑓(𝑉) = `
0, 𝑖𝑓	𝑉 < −50	𝑚𝑉

[𝑉 + 50] 30⁄ , 𝑖𝑓 − 50	𝑚𝑉 ≤ 𝑉 ≤ −20	𝑚𝑉
1, 𝑖𝑓	𝑉 > −20	𝑚𝑉

		. 792 

In the post-IGly population, (𝑖 = 6), there was no additional ionic current (𝐼d = 0). 793 

 The excitatory (𝑠") and inhibitory (𝑞") synaptic activations were determined by the 794 

activity of presynaptic populations as described by 795 

𝑠" =e𝑎g"𝑓h𝑉gi
d

gjk

+ 𝑐"𝐷	796 

𝑞" =e𝑏g"

d

gjk

𝑓h𝑉gi, 797 

where 𝑓h𝑉gi is the neuronal firing rate of the presynaptic population, and the synaptic weights 798 

𝑎, 𝑏, and 𝑐 can be found in Table 1 and depicted in Figure 5. The parameter 𝐷 represented an 799 

external tonic drive, and it was equal to 1. Biophysical parameter values are described in Table 800 

2. 801 

  802 
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TABLES 995 

 996 

Table 1. Summary of model connectivity and its manipulations performed to reproduce and 997 
predict experimental observations. 998 

 Pre-I/I Early-I Aug-E Post-I 
(GABA) 

Late-E Post-I 
(glycine) 

Drive 

 a1i b2i b3i b4i a5i b6i ci 

1: Pre-I/I   0.15 1.0 0.5  0.7 

2: Early-I 0.35  0.05 0.6   0.65 

3: Aug-E  0.42b  0.3b 0.1  0.5c 

4: Post-I 
(GABA) 

 0.18b     0.7c,d 

5: Late-E  0.09  0.135  0.31e 0.12* 

6: Post-I 
(glycine) 

 0.42b 0.6a    0.5c,d 

* increased chemosensitive drive to the late-E population is implemented as a 33% increase in 999 
the c5 synaptic weight. 1000 
a the suppression of glycinergic transmission within the BötC is implemented as a 10% 1001 
reduction in the b36 synaptic weight. 1002 
b the suppression of GABAergic transmission within the BötC is implemented as a 10% 1003 
reduction in the b23, b24, and b26 synaptic weights as well as a 15% reduction in the b43 1004 
synaptic weight. 1005 
c the activation of glutamatergic receptors in the BötC is implemented as a 12% increase in 1006 
the c3, c4, and c6 synaptic weights. 1007 
d an increase in the excitability of specifically the GABAergic and glycinergic post-I 1008 
populations of the BötC is implemented as a 5% reduction in the c4 and c6 synaptic weights. 1009 
e the suppression of glycinergic transmission within the pFRG is implemented as an 80% 1010 
reduction in the b65 synaptic weight. 1011 
  1012 
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Table 2. Biophysical parameters of the computational model of brainstem respiratory circuitry. 1013 
The parameters 𝑔̅3, 𝑔̅<, 𝑔̅=, and 𝑔̅? are the respective maximal conductances of a delayed 1014 
rectifier potassium current, an ohmic leak current, an excitatory synaptic current, and an 1015 
inhibitory synaptic current. The parameters 𝐸3, 𝐸<", 𝐸=, and 𝐸? are the reversal potentials of the 1016 
potassium current, leak current, excitatory synaptic current, and inhibitory synaptic current. The 1017 
parameters 𝑔̅JKL and 𝐸JK are the maximal conductance of the persistent sodium current and the 1018 
reversal potential of sodium. The parameters 𝜏\," define the time constant of activation of an 1019 
outward adapting current. The parameters 𝐾" define a scaling factor in the activation on an 1020 
outward adapting current. 1021 

𝐶 = 20𝑝𝐹 𝑔< = 2.8𝑛𝑆 𝐸<("tu) = −60𝑚𝑉 𝐸<("ju) = −61.7𝑚𝑉 

𝑔? = 60𝑛𝑆 𝑔= = 10𝑛𝑆 𝐸? = −75𝑚𝑉 𝐸= = 0𝑚𝑉 

𝑔3 = 5𝑛𝑆 𝐸3 = −85𝑚𝑉 𝑔JKL = 5𝑛𝑆 𝐸JK = 50𝑚𝑉 

𝑔MN = 10𝑛𝑆 𝜏\wx = 2𝑠 𝜏\6 = 1𝑠 𝐾w,x = 1 

𝐾6 = 3    

  1022 
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Table 3. Average values of PN burst frequency (freq) and amplitude (amp), times of inspiration 1023 

(Ti) and expirtion (Te), cVN post-I mean activity and duration, and mean activity of AbN 1024 

during E1 and E2 phases of in situ preparations of control rats during baseline (normocapnia), 1025 

hypercapnia (8% CO2), before and after bilateral microinjections of strychnine in the BötC 1026 

(n=7).  1027 

 Baseline  Hypercapnia Baseline          

after strychnine 

Hypercapnia 

after strychnine 

PN freq (bpm) 23±11 20±10* 22±9 21±8 

PN amp (µV) 30.6±10.2 31.6±14.8 22.8±10.3* 23.6±10.1 

Ti (s) 0.873±0.322 0.813±0.281* 1.013±0.327 0.967±0.319# 

Te (s) 2.757±1.581  3.150±1.574* 1.607±0.734* 1.779±0.826 

cVN activity (µV) 21.4±1.6 21.9±1.2 17.8±2.6* 18.4±2.5 

cVN duration (% Te) 75±10 71±8 60±17* 57±14 

AbN during E1 (µV) 3.2±1.5 3.0±1.6 2.6±1.6 2.4±1.0 

AbN during E2 (µV) 6.4±1.5 9.4±1.3* 4.7±2.1* 6.0±2.6#† 

* - different from baseline, # - different from baseline after strychnine, † - different from 1028 

hypercapnia; P<0.05. 1029 

 1030 
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Figure 1. Changes in the discharge pattern of post-I neurons in the BötC during the 
exposure to hypercapnia. Panel A: raw and integrated (∫) recordings of phrenic (PN) and 
abdominal (AbN) nerve activities, and unitary recordings a post-I neuron of the BötC of 
a control in situ preparation, representative from the group, illustrating the emergence of 
active expiration (late-E bursts in AbN, arrows) with the increase of fractional 
concentration of CO2 to 8% in the perfusate. Panel B: expanding recordings from panel 
A, illustrating the pattern of PN, AbN and post-I neuronal activities (unit and 
instantaneous frequency) under normocapnia and hypercapnia. The colored boxes 
delineate the active and silent periods of neuronal activity. Note the absence of action 
potentials in post-I recordings when AbN late-E burst emerges. Panels C-E: average 
values of mean firing frequency (C), and durations of active and silent periods of BötC 
post-I neurons, in seconds (D) and in percentage values relative to the expiratory time 
(E), during normocapnia and hypercapnia (n=5). * different from corresponding values 
during normocapnia, P<0.05.  
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Figure 2. Changes in the discharge pattern of aug-E neurons in the BötC during the 
exposure to hypercapnia. Panel A: raw and integrated (∫) recordings of phrenic (PN) and 
abdominal (AbN) nerve activities, and unitary recordings an aug-E neuron of the BötC of 
a control in situ preparation, representative from the group, illustrating the emergence of 
active expiration (late-E bursts in AbN, arrows) with the increase of fractional 
concentration of CO2 to 8% in the perfusate. Panel B: expanding recordings from panel 
A, illustrating the pattern of PN, AbN and aug-E neuronal activities (unit and 
instantaneous frequency) under normocapnia and hypercapnia. The colored boxes 
delineate the active and silent periods of neuronal activity. Note the increased firing 
frequency of aug-E neuron when AbN late-E burst emerges. Panels C-E: average values 
of mean firing frequency (C), and durations of active and silent periods of BötC aug-E 
neurons, in seconds (D) and in percentage values relative to the expiratory time (E), 
during normocapnia and hypercapnia (n=9). * different from corresponding values during 
normocapnia, P<0.05.  
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Figure 3. Strychnine microinjections in the BötC suppress the emergence of active 
expiration during hypercapnia. Panels A-B: raw and integrated (∫) recordings of cervical 
vagus (cVN), abdominal (AbN) and phrenic (PN) nerve activities of a control in situ 
preparation, representative from the group, under normocapnia and hypercapnia, 
respectively, before and after bilateral microinjections of strychnine (10 µM) in the BötC. 
Panels C-H: average values of PN frequency and amplitude, times of inspiration and 
expiration, cVN post-I and AbN E2 activities, respectively, during baseline 
(normocapnia) and hypercapnic conditions, before and after strychnine microinjections 
in the BötC of control in situ preparations (n=7). * different from baseline, # different 
from baseline after strychnine, † different from hypercapnia, P<0.05. Panel I: coronal 
section of brainstem from a control in situ preparation, illustrating the sites of bilateral 
microinjections of strychnine in the BötC.  
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Figure 4. Suppression of GABAergic transmission in the BötC evokes active expiration 
under normocapnic conditions. Panel A: raw and integrated (∫) recordings of cervical 
vagus (cVN), abdominal (AbN) and phrenic (PN) nerve activities of a control in situ 
preparation under normocapnia, representative from the group, before and after bilateral 
microinjections of gabazine (250 µM) in the BötC (arrows). Panel B: Expanded tracings 
from panel A, demonstrating the respiratory pattern before (baseline) and after gabazine 
microinjections. Panels C-H: average values of PN frequency and amplitude, times of 
inspiration and expiration, cVN post-I and AbN E2 activities, respectively, before 
(baseline) and after gabazine microinjections in the BötC of control in situ preparations 
(n=7). * different from baseline, P<0.05. Panel I: coronal section of brainstem from a 
control in situ preparation, illustrating the sites of bilateral microinjections of gabazine in 
the BötC.  
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Figure 5. Model connectivity schematic includes neuronal populations in the pre-
Bötzinger (pre-BötC) and the Bötzinger complexes (BötC) as well as the retrotrapezoid 
nucleus (RTN) and the parafacial respiratory group (pFRG). This respiratory circuitry 
includes the pre-inspiratory/inspiratory (pre-I/I) population and the early-inspiratory 
population (early-I) of the pre-BötC; the augmenting-expiratory population (aug-E) and 
the post-inspiratory population (post-I) of the BötC, and the late-expiratory population 
(late-E) of the pFRG. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Model simulations of neuronal activity during normocapnia and 
hypercapnia. Active expiration emerges in model activity following an increase in 
chemosensitive drive to the late expiratory population (late-E) of the parafacial 
respiratory group (pFRG). The baseline model activity (Panel A) transforms to include 
late-expiratory bursts (Panel B) when the chemosensitive drive to late-E is increased by 
33%. The transformation of the respiratory pattern during the late expiratory phase is 
emphasized by the orange shaded boxes. Other abbreviations – aug-E: augmenting 
expiratory population; post-I (GABA): GABAergic post-inspiratory population; post-I 
(Gly): glycinergic post-inspiratory population; early-I: early inspiratory population.  

 

 

 

 

 

 

 

 

 

 

 

A Bnormocapnia hypercapnia



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Model simulations of GABAergic and glycinergic disruptions in the 
Bötzinger complex. Panels A and B: simulations of reduced GABAergic transmission 
within the BötC generated active expiration under baseline conditions. The baseline 
model activity (Panel A) is transformed to exhibit late expiratory activity (Panel B) 
following the reduction of the early-inspiratory population (early-I) to the glycinergic 
post-inspiratory population [post-I (Gly)] synaptic weight, the early-I to GABAergic 
post-inspiratory population [post-I (GABA)] synaptic weight, and the early-I to 
augmenting expiratory (aug-E) synaptic weight by 10% as well as the post-I (GABA) to 
aug-E synaptic weight by 15%. The main factor contributing to the expiratory pattern 
transformation was the change in the post-I (GABA) to aug-E synaptic weight. The 
transformation of the respiratory pattern during the late expiratory phase is emphasized 
by the orange shaded boxes. Panels C and D: In simulations with increased 
chemosensitive drive to the late expiratory population (late-E), the reduction of 
glycinergic transmission within the BötC suppressed the active expiration. Active 
expiration was induced by increasing the chemosensitive drive to late-E by 33% (Panel 
C), and then in a follow-up simulation active expiration was abolished by reducing the 
weight of the inhibitory synapse from the aug-E population to the post-I (Gly) population 
(Panel D). 

C Dhypercapnia hypercapnia and
post-I (Gly) disinhibition

A Bnormocapnia
normocapnia and
aug-E disinhibition



 

 

 

 

  

 

 

 

 

 

 

 

 

Figure 8. Respiratory motor pattern and BötC neuronal activity in rats exposed to 
sustained hypoxia. Panel A: raw and integrated (∫) recordings of cervical vagus (cVN), 
abdominal (AbN) and phrenic (PN) nerve activities of control and SH in situ preparations, 
representative from their groups, under normocapnia. Note that SH preparations exhibit 
AbN late-E bursts (active expiration) at resting conditions. Panels B-C: recordings of 
post-I and aug-E neurons (unit and instantaneous frequency), respectively, a two in situ 
preparations of SH rats, representative from the group, illustrating the relationship 
between BötC neuronal activity and active expiration. In panel B, note the absence of 
action potentials in post-I activity when late-E burst emerged. In panel C, note the 
increased firing frequency of aug-E neurons in the presence of AbN late-E burst, in 
comparison to a respiratory cycle when AbN late-E burst skipped (skipping). Panels D-
H: Average values of PN frequency, times of inspiration and expiration, and cVN post-I 
and AbN E2 activities of in situ preparations of control (n=9) and SH rats (n=9). * 
different from control group, P<0.05.  

 

 

 



 

 

Figure 9. Model simulations of active expiration induced by sustained hypoxia. The 
baseline three phase rhythm (Panel A) was transformed to pattern that included active 
expiration (Panel B) by reducing excitatory conductances on the GABAergic and 
glycinergic post-inspiratory (post-I) neuronal populations by 5%, which caused the 
recruitment of late-expiratory (late-E) population. The transformation of the respiratory 
pattern during the late expiratory phase is emphasized by the orange shaded boxes.  
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Figure 10. Active expiration induced by reducing drive to neurons active in the post-
inspiratory phase was suppressed either by increasing drive to all populations in the 
Bötzinger complex or by reducing glycinergic transmission within the Bötzinger 
complex. Panel A: Active expiration was induced by decreasing tonic excitatory 
conductances on the GABAergic (GABA) and glycinergic (Gly) post-inspiratory 
populations (post-I) by 5%. Active expiration was then abolished by transiently 
increasing tonic excitatory conductances of the all populations in the Bötzinger complex 
[post-I and augmenting-expiratory (aug-E)] by 12% during the interval emphasized by 
the orange shaded box. Panel B and C: Active expiration was abolished by reducing the 
aug-E to post-I synaptic weight by 10%. Other abbreviations – early-I: early inspiratory 
population, and late-E: late expiratory population. 
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Figure 11. Respiratory motor responses to glutamatergic stimulation of BötC in control 
and SH rats. Panel A: raw and integrated (∫) recordings of cervical vagus (cVN), 
abdominal (AbN) and phrenic (PN) nerve activities of control and SH in situ preparations, 
representative from their groups, illustrating the respiratory responses to unilateral L-
glutamate microinjection (10 mM) in the BötC (arrow). Panels B-E: average changes in 
PN burst frequency and amplitude, cVN post-I and AbN E2 activities, respectively, in 
response to L-glutamate microinjections in the BötC of control (n=7) and SH (n=7) in 
situ preparations. * different from control group. Panel F: coronal section of brainstem 
from a in situ preparation, illustrating the site of unilateral microinjection in the BötC. 
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Figure 12. Disinhibition of BötC abolishes active expiration and restores eupneic-like 
respiratory pattern in SH rats. Panel A: raw and integrated (∫) recordings of cervical 
vagus (cVN), abdominal (AbN) and phrenic (PN) nerve activities of a SH in situ 
preparation, representative from the group, illustrating the effects of bilateral 
microinjections of strychnine (10 µM) in the BötC (arrows). Note the marked reduction 
of AbN late-E bursts after the disinhibition of BötC with strychnine. Panel B: expanded 
recordings from panel A, showing, in details, the respiratory motor pattern of SH rats 
before and after microinjections of strychnine in the BötC. Panels C-H: average values 
of PN burst frequency and amplitude, cVN post-I activity and duration, and AbN activity 
during E1 and E2 phases, before and after microinjections of strychnine in the BötC of 
SH in situ preparations (n=8). * different from baseline, P<0.05. Panel I: coronal section 
of brainstem from a SH in situ preparation, illustrating the sites of bilateral 
microinjections in the BötC. 
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Figure 13. Active expiration was induced by the antagonism of glycinergic receptors 
within the pFRG, which can be attenuated by an increase in the drive to expiratory 
populations of the BötC. Panels A and B: the reduction of the synaptic projection from 
the glycinergic post-inspiratory population [post-I (Gly)] to the late-expiratory population 
(late-E) induced active expiration. The transformation of the respiratory pattern during 
the late expiratory phase is emphasized by the orange shaded boxes. Panel C: In a 
simulation of this condition, an increase in the tonic excitatory conductances to the 
populations of the Bötzinger complex — the glycinergic and GABAergic post-I [post-I 
(GABA)], and the augmenting-expiratory (aug-E) populations – restrained active 
expiration during the interval emphasized by the orange shaded box.  
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Figure 14. The antagonism of glycine receptors in the pFRG attenuated the inhibitory 
effect of BötC stimulation on the active expiratory pattern in control rats. Panel A: raw 
and integrated (∫) recordings of cervical vagus (cVN), abdominal (AbN) and phrenic (PN) 
nerve activities of a control in situ preparation, representative from the group, before and 
after bilateral microinjections of strychnine (1 mM) in the pFRG. Note the generation of 
active expiration (AbN late-E bursts) after disinhibition of pFRG. Panel B: recordings of 
cVN, AbN and PN of a control in situ preparation, illustrating the respiratory responses 
to unilateral L-glutamate microinjection (10 mM) in the BötC (arrow) after the 
antagonism of glycine receptors in the pFRG. Panels C-G: average values of PN burst 
frequency and amplitude, cVN post-I and AbN E2 activities, and AbN late-E frequency, 
respectively, under baseline conditions, after strychnine microinjections in the pFRG and 
after L-glutamate microinjections in the BötC of control in situ preparations (n=9). * 
different from baseline, # - different from strychnine in the pFRG, P<0.05. Panel H: 
coronal sections of brainstem from a control in situ preparation, illustrating the sites of 
bilateral microinjections in the pFRG (red) and unilateral microinjection in the BötC 
(green). 
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