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SUMMARY

Inspiration is the inexorable active phase of breathing. The brainstem preBötzinger complex 

(preBötC) gives rise to inspiratory neural rhythm, but its underlying cellular and ionic bases 

remain unclear. The long-standing “pacemaker hypothesis” posits that the persistent Na+ current 

(INaP) that gives rise to bursting-pacemaker properties in preBötC interneurons is essential for 

rhythmogenesis. We tested the pacemaker hypothesis by conditionally knocking out and knocking 

down the Scn8a (Nav1.6 [voltage-gated sodium channel 1.6]) gene in core rhythmogenic preBötC 

neurons. Deleting Scn8a substantially decreases the INaP and abolishes bursting-pacemaker 

activity, which slows inspiratory rhythm in vitro and negatively impacts the postnatal development 

of ventilation. Diminishing Scn8a via genetic interference has no impact on breathing in adult 

mice. We argue that the Scn8a-mediated INaP is not obligatory but that it influences the 

development and rhythmic function of the preBötC. The ubiquity of the INaP in respiratory 

brainstem interneurons could underlie breathing-related behaviors such as neonatal phonation or 

rhythmogenesis in different physiological conditions.

In brief

da Silva Junior et al. show that conditional deletion of Scn8a (Nav1.6) to reduce the persistent 

sodium current (INaP) in core breathing rhythmogenic neurons diminishes their excitability and 

impacts respiratory development without stopping breathing. Conditional Scn8a knockdown 

in mature mice does not affect breathing. These results advocate network-based breathing 

rhythmogenic mechanisms.
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INTRODUCTION

Breathing consists of rhythmic movements that ventilate the lungs initiated by a central 

pattern generator network in the brainstem. Inspiration is the inexorable active phase and 

emanates from the pre-Bötzinger complex (preBötC), a specialized site in the ventrolateral 

medulla.1–4 Its core rhythmogenic interneurons are glutamatergic,5,6 derived from precursor 

cells expressing the transcription factor Developing Brain Homeobox 1 (Dbx1).7–9

Coincident with discovery of the preBötC, a subset of interneurons expressing voltage-

dependent bursting properties4 was hypothesized to constitute its oscillatory kernel, thus 

forming the “pacemaker hypothesis” of rhythmogenesis.10 Cellular bursting-pacemaker 

properties depend principally on the persistent Na+ current (INaP) being expressed at 

sufficient magnitude in concert with a relatively low-magnitude leakage K+ current (IK-leak). 

Thus, even though the INaP is expressed ubiquitously in the preBötC, only 5%–15% of its 

constituent neurons with the requisite ratio of INaP to IK-leak exhibit bursting-pacemaker 

activity.4,11–18

Whether the INaP and bursting-pacemaker properties contribute to inspiratory 

rhythmogenesis has not been resolved. Several attempts used Na+ channel antagonists like 

riluzole and tetrodotoxin (TTX) to block the INaP but yielded incongruent results followed 

by incompatible interpretations. Riluzole and TTX applied in a neonatal rat slice model 

of breathing decelerated and then stopped the inspiratory rhythm, which supports the idea 
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that the INaP and bursting-pacemaker properties are obligatory for rhythmogenesis.12 Similar 

experiments in neonatal mouse slices showed that rhythm cessation was irreversible.19 

Riluzole applied in rhythmic mouse embryo slices at embryonic day 16.5 (E16.5) stopped 

inspiratory rhythmic activity, although the same treatment at E18.5 failed to stop it, from 

which the authors conclude that the INaP and bursting-pacemaker properties are relevant 

for embryonic preBötC function but ultimately non-essential.20 Different groups working 

with neonatal mouse slices found that riluzole and TTX abolished the voltage-dependent 

bursting-pacemaker behavior in preBötC neurons, as expected, but that those drugs did 

not affect the inspiratory frequency,14,18,21 indicating that the INaP and bursting-pacemaker 

activity are superfluous for rhythmogenesis.

Those contradictory reports leave unsolved the cellular bases of inspiratory rhythmogenesis. 

Here, we identify the flaws of past studies and adopt a new approach to avoid them. 

The confounding issues of past studies are attributable to pharmacological blockers with 

promiscuous and non-selective effects. Riluzole depresses excitatory transmission via 

inhibiting glutamate release as well as postsynaptic receptor activity,22–24 which could 

be the actual cause of riluzole-induced rhythm cessation in some experiments rather than 

attenuation of the INaP. In the experiments where riluzole did not stop the rhythm, a 

modeling study argues that the INaP can escape riluzole blockade by being reactivated 

via transient hyperpolarizing perturbations from inhibitory neurons in the interval between 

inspiratory bursts, ruling out any interpretation of those experiments from the standpoint of 

blocking the INaP.25

In addition to the inconclusive pharmacological studies in vitro, we still lack categorical 

experiments in vivo that can interrogate the role of the INaP, and thus bursting-pacemaker 

properties, in awake animals from neonatal to adult stages of development. Thus, new 

approaches, using genetic tools to selectively target the INaP in the core rhythmogenic 

population and avoid off-target effects, are required to elucidate the role, or lack thereof, of 

this ionic mechanism in rhythmogenesis.

The INaP is a feature of the voltage-gated sodium channel 1.6 (Nav1.6), encoded by the 

Scn8a gene.26–32 Deletion of Scn8a causes a 70%–76% reduction in the INaP in null 

mice.28,31 Therefore, although NaV1.1, NaV1.2, NaV1.3, NaV1.6, and NaV1.9 are expressed 

in rhythmogenic preBötC neurons,15,33–35 NaV1.6 (Scn8a) is the most promising candidate 

target for genetic manipulation to evaluate the role of the INaP and of bursting-pacemaker 

properties in rhythmogenesis.

Therefore, we attenuated Scn8a (Nav1.6) expression in core inspiratory rhythmogenic 

preBötC neurons via short hairpin RNA (shRNA) silencing technology (conditional 

knockdown) and precluded Scn8a expression in Dbx1-derived neurons (here-after: Dbx1 

neurons), including those in preBötC, using intersectional mouse genetics (conditional 

knockout). We predict that if the INaP and bursting-pacemaker properties underlie or 

significantly contribute to inspiratory rhythmogenesis, then Scn8a diminution should 

decelerate, stop, or otherwise perturb breathing in awake intact neonatal and adult mice, 

as well as in rhythmically active slice preparations.
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RESULTS

Conditional Scn8a knockout reduces INaP in glutamatergic preBötC neurons

We performed whole-cell patch-clamp recordings from VGlut2-expressing preBötC neurons 

in VGlut2;Ai9;Scn8a mice, which reflects the intersection of a VGlut2-ires-cre driver strain 

and two Cre-responder strains: a tdTomato reporter (Ai9) for cell identification (Figure 1A) 

as well as a strain where the first exon of Scn8a is flanked by loxP sites, allowing for 

conditional gene deletion.36

We isolated Na+ currents using a patch pipette solution containing Cs+ as well as a bathing 

solution containing tetraethylammonium (TEA) and Cd2+. VGlut2;Ai9;Scn8a+/+ wild-type 

mice (Figure 1B, left) showed a quasi-steady-state current-voltage (I-V) curve (black line) 

whose region of negative slope resistance initiated at approximately −57 mV, the base of 

the INaP activation curve.12,13 The I-V curve from VGlut2;Ai9;Scn8afl/fl mice showed a 

region of negative slope resistance that initiated at approximately −57 mV but with much 

less peak inward current (Figure 1B, right, black line). TTX blocked the region of negative 

slope resistance completely as expected for the INaP (Figure 1B, gray lines). The INaP 

measured 2.30 ± 0.50 pA pF−1 in VGlut2;Ai9;Scn8a+/+ mice (N = 3), 1.37 ± 0.43 pA pF−1 

in VGlut2;Ai9;Scn8afl/+ mice (N = 2, a 40.5% reduction), and 0.79 ± 0.23 pA pF−1 in 

VGlut2;Ai9;Scn8afl/fl mice (N = 3, a 65.6% reduction). Linear regression analysis returned a 

slope of −0.16 pA pF−1 per deleted Scn8a allele, which is significantly non-zero (r2 = 0.78, 

p = 0.003) (Figure 1C). The coefficient of determination (r2) demonstrates that 78% of the 

diminution of the INaP is attributable to loss of Scn8a.

Next, we examined how 40.5% and 65.6% reductions in the INaP would affect the behavior 

of preBötC bursting-pacemaker neurons according to the canonical mathematical model11 

(Figure 1D). With persistent Na+ conductance (gNaP) at its standard value of 2.8 nS, the 

model neuron exhibits silent, bursting, and tonic spiking states depending on excitability 

governed by the reversal potential of IK-leak (EL). However, reducing the conductance by 

either 40.5% or 65.6% prevents bursting-pacemaker activity regardless of EL; only silent and 

tonic spiking states are then possible. These simulations suggest that bursting-pacemaker 

behavior would not be possible in glutamatergic preBötC neurons following INaP reductions 

in VGlut2;Ai9;Scn8afl/+ and VGlut2;Ai9;Scn8afl/fl mice.

Conditional Scn8a knockout precludes bursting-pacemaker activity in glutamatergic 
preBötC neurons but inspiratory rhythmogenesis perdures at lower frequency

We used multiphoton imaging to measure cytosolic Ca2+ in glutamatergic preBötC neurons 

in rhythmic slices from VGlut2;Ai148;Scn8a mice (Figure 2). This mouse reflects the 

intersection of the VGlut2-ires-cre driver strain and two Cre-responder strains: the first 

(Ai148) features the genetically encoded Ca2+ indicator GCaMP6f, and the second is the 

Scn8a conditional knockout strain.

We recorded the activity of multiple neurons simultaneously in VGlut2;Ai148;Scn8a+/+ 

slices (wild type) and in VGlut2; Ai148;Scn8afl/+ slices (heterozygous) while monitoring 

inspiratory-related motor output from the hypoglossal (XII) cranial nerve. Conditional full 

knockout VGlut2;Ai148;Scn8afl/fl pups were not viable. In control conditions, rhythmically 
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active glutamatergic neurons discharged in sync with XII output in wild-type (Figure 2A, 

top panel) and heterozygous (Figure 2A, bottom panel) mouse slices. The frequency in 

VGlut2;Ai148;Scn8a+/+ slices measured 0.17 ± 0.034 Hz (n = 114 neurons in N = 5 slices), 

whereas the frequency in VGlut2;Ai148;Scn8afl/+ slices measured 0.12 ± 0.049 Hz (n = 98 

neurons in N = 5 slices), which was significantly different (p = 1 × 10−14) (Figure 2B). 

These data show that slices from both genotypes produce inspiratory rhythm but that loss 

of one allele of Scn8a in glutamatergic neu rons depresses the baseline frequency of the 

inspiratory rhythm by ~0.05 Hz.

Next, we imaged the same neurons after adding a cocktail of ionotropic synaptic 

receptor antagonists. Stopping ionotropic receptor-mediated synaptic transmission in 

VGlut2;Ai148;Scn8a+/+ slices silenced the XII nerve output and a large fraction of the 

glutamatergic preBötC neurons. Nevertheless, 12 different glutamatergic neurons from 5 

different slices (11% of 114 neurons imaged) continued to generate rhythmic fluorescence 

transients at frequencies ranging from 0.05 to 0.15 Hz (Figures 2A and 2B). Rhythmic 

changes in fluorescence at these frequencies, following blockade of synaptic activity, is 

the signature of cellular bursting-pacemaker activity in the preBötC.37 In contrast, no 

neuron remained rhythmically active in VGlut2;Ai148;Scn8afl/+ slices in the presence 

of the cocktail of synaptic blockers (Figures 2A and 2B), indicating a lack of bursting-

pacemaker behavior in glutamatergic neurons following a single Scn8a allele deletion. 

Next, 1 μM TTX application stopped rhythmic activity of the subset of bursting neurons 

in VGlut2;Ai148;Scn8a+/+ slices, which indicates that their bursting-pacemaker activity 

depended on the INaP (Figures 2A and 2B).

Breathing continues with impairments, and locomotion is ataxic in Dbx1;Scn8a conditional 
knockout mice Molecular assays

We examined breathing in Dbx1;Scn8a mice, which reflects the intersection of a Dbx1Cre 

driver strain38 with the Scn8a conditional knockout strain, in which offspring lack Scn8a 
expression in Dbx1-derived neurons. We chose to use the Dbx1Cre driver because it affects 

a smaller subset of neurons throughout the nervous system compared with the VGlut2-ires-

cre strain, yet the Dbx1Cre driver strain will cause loxP recombination in interneurons 

that comprise the rhythmogenic preBötC core, wherein Dbx1 and VGlut2 demarcate the 

same preBötC neurons.7,8 Genotype was confirmed via PCR post hoc (Figure S1). We 

assessed Scn8a expression via multiplex in situ hybridization at the end of the ventilatory 

measurements in Dbx1;Scn8a+/+, Dbx1;Scn8afl/+, and Dbx1;Scn8afl/fl mice (Figures 3A 

and S2). Core preBötC neurons were identified via transcription factor Even-Skipped 
Homeobox 1 (Evx1), which is expressed postmitotically in Dbx1-derived neurons.33,39 

We observed Scn8a co-expression with Evx1 in sections obtained from Dbx1;Scn8a+/+ 

and Dbx1;Scn8afl/+ mice, whereas no Scn8a was detectable in Evx1-expressing neurons in 

sections from Dbx1;Scn8afl/fl mice (Figures 3A and S2). We did not quantify the difference 

in expression between Dbx1;Scn8a+/+ and Dbx1;Scn8afl/+ mouse sections because patch-

clamp recordings (Figure 1C) provided a direct measure of INaP diminution following Scn8a 
deletion in core preBötC neurons.
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Respiratory variables—We measured ventilation V̇ E , tidal volume VT , respiratory 

frequency fR , and the air convection requirement V̇ E/V̇ O2  in Dbx1;Scn8a mice from 

postnatal day 0 (P0) up to early adulthood (P21) (Figure S3). Figures 3B–3E and S4A 

and Table 1 present the linear regression analyses for the respiratory measurements in 

each group. V̇ E increased with age in all the three groups (i.e., the slope of the regression 

line was significantly non-zero). The increase in V̇ E during postnatal development was due 

to an increase in VT for each group because fR did not change during the observation 

period. V̇ E/V̇ O2 also increased during postnatal development in all groups of mice. Oxygen 

consumption V̇ O2  decreased in Dbx1;Scn8a+/+ control mice but did not change during the 

postnatal observation period in Dbx1;Scn8afl/+ and Dbx1;Scn8afl/fl mice (Figure S4A).

We assessed whether there was an effect of genotype, i.e., whether respiratory development 

differed between the groups, by comparing the slopes of the regression lines for each of the 

respiratory variables analyzed. We detected a significant effect of genotype on V̇ E (p = 0.015)
and V̇ E/V̇ O2 p = 0.0007 , suggesting that although V̇ E and V̇ E/V̇ O2 increased in all three 

groups during development, Dbx1;Scn8afl/fl mice increased less than Dbx1;Scn8afl/+ or 

Dbx1;Scn8a+/+ mice (Figures 3B and 3E).

We also detected a significant effect of genotype on fR (p = 0.037), but the interpretation 

is not straightforward because none of the groups exhibited statistically significant change 

in fR during development (the slope of each group’s regression line was ostensibly zero). 

The groupwise difference in the regression lines is probably because Dbx1;Scn8afl/+ mice 

presented a positive slope, whereas Dbx1;Scn8afl/fl and Dbx1;Scn8a+/+ mice had a negative 

slope, which results in statistically significant disparity between groups (Figure 3D). We 

detected no effect of genotype on VT (p = 0.25; Figure 3C) or V̇ O2 (p = 0.23; Figure S4A).

The inspiratory time TI , expiratory time TE , and the inspiratory drive VT/TI  were also 

measured and analyzed (Figures S4B–S4D; Table 1). We detected no changes in TI during 

postnatal development for any of the groups and no significant effect of genotype (p = 0.08). 

TE did not change during postnatal development in Dbx1;Scn8a+/+ mice. Paradoxically, TE

decreased in Dbx1;Scn8afl/+ mice yet increased in Dbx1;Scn8afl/fl mice during postnatal 

development, resulting in a significant genotype effect (p = 0.0004). We do not consider

these effects to be physiologically relevant because the changes in TE were both on the order 

of 4–7 ms per day, which is relatively small compared with the typical ~350 ms breathing 

cycle. Lastly, VT/TI did not change during postnatal development in Dbx1;Scn8a+/+ mice, but 

it increased significantly in Dbx1;Scn8afl/+ and Dbx1;Scn8afl/fl mice. These developmental 

disparities in VT/TI did not result in a significant effect of genotype (p = 0.072; Figure S4D), 

so it is not clear whether VT/TI disparities can be attributed to conditional Scn8a deletion.

Locomotion—Dbx1;Scn8afl/fl mice developed locomotor ataxia that became apparent 

after age P10. When placed in the prone position, Dbx1;Scn8afl/fl mice remained immobile 

with hindlimbs in hyperextension, often dragging their hyperextended hind legs in 

tandem rather than executing left-right alternating steps (Video S1). Dbx1;Scn8afl/+ and 
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Dbx1;Scn8a+/+ mice exhibited normal left-right alternation in stepping throughout postnatal 

development but with a wide stance (Video S2).

Survival analysis—Zero out of four Dbx1;Scn8a+/+ mice died, whereas two out of 

nine Dbx1;Scn8afl/+ mice died and five out of eight Dbx1;Scn8afl/fl mice died, during 

postnatal development (Figure S5A). The hazard ratio for premature death was 2.81 for 

the homozygous Dbx1;Scn8afl/fl mice with respect to heterozygous Dbx1;Scn8afl/+ mice. 

A hazard ratio cannot be computed with respect to Dbx1;Scn8a+/+ control mice because 

none died. We reject the null hypothesis that the survival curves of Dbx1;Scn8afl/fl and 

Dbx1;Scn8afl/+ mice are identical based on a log-rank (Mantel-Cox) method of comparison 

(p = 0.04), which means that homozygous conditional knockout mice are more likely to die 

prematurely compared with mice from other groups.

Body mass—Dbx1;Scn8a+/+ and Dbx1;Scn8afl/+ mice gained body mass during postnatal 

development at the rate expected for mice with a C57BL/6 background (which gain 0.5 

g per day, RRID: IMSR_JAX:000664), attaining average body masses of 13.1 ± 0.7 g 

(Dbx1;Scn8a+/+) and 11.6 ± 1.8 g (Dbx1;Scn8afl/+) at the end of the observation period 

(Figure S5B). Their body masses at the end of the observation period were well within 

the 95% confidence intervals for C57BL/6 mice published by the Jackson Lab oratory (Bar 

Harbor, ME, USA). Dbx1;Scn8afl/fl mice gained body mass too, reaching 6.03 ± 2.7 g by 

the end of the observation period (Figure S5B), but their rates of body mass gain and final 

body mass are outside the 95% confidence intervals for C57BL/6 mice. Therefore, there was 

a significant effect of genotype on gain of body mass during postnatal development (p = 1.2 

× 10−6).

These data and statistics suggest that single deletion of Scn8a from Dbx1 neurons has a 

negligible impact on breathing frequency and its development and maturation from birth to 

early adulthood. However, removal of both Scn8a alleles from Dbx1 neurons has a negative 

impact on development of V̇ E and air convection, and it results in a severe locomotor 

phenotype predominantly affecting the hindlimbs. The changes in V̇ E and locomotion appear 

to impede development including augmentation of body mass, and the resulting phenotype is 

often fatal.

Breathing is unimpaired after conditional knockdown of Scn8a in glutamatergic preBötC 
neurons

We performed virus microinjections in the preBötC of VGlut2-ires-cre adult mice (Figure 

S6A) to attenuate Scn8a expression in core rhythmogenic neurons. The adeno-associated 

virus (AAV) in the experimental group carried a Cre-dependent shRNA sequence targeting 

Scn8a. The AAV in the control group carried a non-targeting shRNA sequence consisting 

of the same nucleotides but in a scrambled order. Both viruses carried the Cre-dependent 

fluorescent tag mCherry for post hoc identification of the microinjection site and transduced 

neurons.

We detected mCherry-expressing neurons adjacent to well-established landmarks that 

colocalize with the preBötC such as the loop of the inferior olive (IOloop), the semi-compact 
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division of the nucleus ambiguus (NAsc), and the fourth ventricle near the obex (Figure 

S6B).40,41 The mCherry expression was detected from bregma levels −6.8 to −7.1 mm, 

encompassing the anterior-posterior range of the preBötC. mCherry expression was densest 

near the ventral border of the brainstem where the preBötC is located, and it diminished 

dorsally in the reticular formation, which hosts output-related inspiratory neurons and 

dedicated inspiratory premotor neurons (Figure S6C).12,42

We measured Scn8a expression via multiplex in situ hybridization in glutamatergic preBötC 

neurons of mice injected with Scn8a-targeting and non-targeting shRNA (Figures 4A, 4B, 

and S7). Transcript counts, based on puncta that represent single transcript copies visible via 

RNAscope detection, differ visibly between control and Scn8a-targeting shRNA-injected 

mice. For example, in Figure 4A, the cyan arrow in the bottom panel shows Scn8a 
expression in a non-glutamatergic neuron from the experimental group that exceeds Scn8a 
expression of an adjacent virus-transduced glutamatergic neighbor and that is commensurate 

with Scn8a expression in the virus-transduced glutamatergic neuron from the control group 

shown in the top panel.

We quantified Scn8a expression using the same detection threshold across all sections and 

mice (Figures 4C and 4D). We excluded clusters of puncta from this analysis because the 

number of transcripts in a cluster is unknowable. Mice injected with Scn8a-targeting shRNA 

showed significantly lower Scn8a expression compared with control mice at 2 and 6 weeks 

following AAV injection (2 weeks: 15.9 ± 11.5 neuron−1 vs. 27.8 ± 7.6 neuron−1, p = 4.7 3 

10−5; 6 weeks: 24.1 ± 5.2 neuron−1 vs. 35.4 ± 6.1 neuron−1, p = 8 × 10−6). In both cases, 

Scn8a expression decreased by ≥11 transcripts per neuron.

We monitored V̇ E, VT, and fR every 3–4 days for 7 weeks in another cohort of VGlut2-ires-

cre mice microinjected in the preBötC with AAVs carrying Scn8a-targeting (N = 11) and 

non-targeting control shRNA (N = 7) (Figure S8). Figure 5 and Table 2 present the linear 

regression analyses for both groups.

V̇ E did not change compared to the baseline values of each group; the slope of both 

regression lines did not deviate from zero. Additionally, there was no evidence of a treatment 

effect because the slopes of V̇ E vs. days postinjection did not differ between groups (p = 

0.30; Figure 5A). Similarly, VT remained unaffected following microinjection, and we did 

not observe a treatment effect between control and Scn8a-targeting groups (p = 0.57; Figure 

5B).

We observed no changes in fR for control mice, whereas fR decreased in the Scn8a-targeting 

group. The change was relatively small (m = −0.30 breaths per min per day, a 5.5% change 

in fR overall), and the regression analysis returned a low r2 (0.035), which means that only 

3.5% of the decrease in fR, the dependent variable, can be attributed to Scn8a attenuation, 

the independent variable. Furthermore, there was no treatment effect when comparing the 

slopes of fR vs. days postinjection between groups (p = 0.25; Figure 5C). Given the small 

r2, small effect size, and lack of treatment effect, we infer that the decrease in fR in the 

Scn8a-targeting group is not physiologically meaningful.
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We further analyzed TI, TE, and VT/TI. The itemized linear regression analyses are presented 

in Figure S9 and Table 2. TI in the control group decreased following microinjection, but 

TI in the Scn8a-targeting group did not change. This disparity resulted in a treatment effect 

between groups (p = 0.02; Figure S9A). Conversely, the control group showed a statistically 

significant increase in TE, whereas there was no change in TE in the Scn8a-targeting group. 

There was no treatment effect regarding TE (p = 0.4; Figure S9B). The TI and TE changes 

in the control group are small in effect size, and the coefficients of determination are small 

too. The control group was not subject to gene attenuation, Scn8a, or any other known 

gene because the scrambled nucleotide sequence for the control shRNA does not match any 

known mouse gene, so we do not consider the changes in TI and TE to be physiologically 

meaningful for evaluating the role of the INaP or the pacemaker hypothesis. Lastly, we 

observed no changes in VT/TI for either group during the postinjection period, and we did not 

observe any treatment effect (p = 0.09; Figure S9C).

In addition to V̇ E measurements, we assessed the body and wet lung masses of the 

Scn8a-targeting shRNA-injected and non-targeting shRNA-injected control mice to evaluate 

whether Scn8a manipulation affected general health or pulmonary physiology (Figure S10). 

The slope of the body mass vs. day postinjection of the Scn8a-targeting group deviated from 

zero (m = 0.062 g d−1, r2 = 0.077, p = 0.008), but we did not observe a treatment effect 

compared to its control (p = 0.83) (Figure S10A). Given the lack of treatment effect and 

the small (7.7%) r2, it remains unclear how a gain in body mass in these mice could be 

attributable to Scn8a attenuation. Additionally, the wet lung mass did not differ between 

groups at the end of the study, either unscaled (Figure S10B; p = 0.95) or scaled to body 

mass (Figure S10C; p = 0.74), suggesting no major differences in pulmonary tissue.

DISCUSSION

The preBötC contains the essential microcircuits for inspiration; Dbx1-derived glutamatergic 

neurons constitute its rhythmogenic core.2,3,43,44 Knowing the site and cellular point 

of origin for inspiratory breathing movements is important, but a comprehensive 

explanation of the behavior must address the cellular- and ion-channel-level mechanisms 

of rhythmogenesis. Since the discovery of the preBötC, there has been consistent enthusiasm 

for a rhythmogenic mechanism that depends on the INaP and bursting-pacemaker neurons, 

i.e., the pacemaker hypothesis. In its contemporary form, the pacemaker hypothesis 

acknowledges an integral role for excitatory synaptic interactions to synchronize bursting-

pacemaker neurons and to modify their collective dynamics but, nonetheless, is predicated 

on an essential rhythmogenic role for the INaP.

Evaluating the pacemaker hypothesis has been fraught with controversy because of 

experimental caveats and limitations associated with drugs that antagonize the INaP. Here, 

rather than fine-tune drug application protocols or relitigate debates about how to interpret 

drug-based experiments with mixed outcomes, we sought an alternative approach to test the 

pacemaker hypothesis that avoids the inherent limitations and ambiguities of pharmacology. 

We employed genetic technologies that reduce or eliminate the Na+ channel isoform giving 
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rise to the INaP in core preBötC neurons without off-target effects on other ion channel types 

or excitatory synaptic transmission.

The widely disseminated report describing the preBötC showed that a subset of its 

constituent interneurons expresses voltage-dependent bursting properties, which the authors 

described as “consistent with the hypothesis that conditional bursting-pacemaker neurons 

are the kernel for rhythmogenesis.” Nevertheless, that statement was accompanied by 

a proviso regarding what evidence would constitute proof that pacemaker neurons are 

rhythmogenic in neonates and an acknowledgment that developmental changes might 

modify the rhythmogenic mechanism in adult animals.4 The present study, besides 

evaluating the pacemaker hypothesis in its original and contemporary forms, also addresses 

the developmental criterion.

We measured inspiratory rhythm in slices from Scn8a conditional knockout mice to evaluate 

the first criterion, i.e., whether pacemaker neurons are rhythmogenic neonatally. Two ionic 

mechanisms underlie bursting-pacemaker activity in preBötC neurons. The first is the INaP, 

and the second is the Ca2+-activated non-specific cationic current (ICAN).4,10,13,14,18,19,45 

We now know that the ICAN, mediated by Trpm4 ion channels, is important for motor output 

pattern rather than for rhythmogenesis.19,46,47 Therefore, we confined our analysis to the 

role of the INaP, targeting Nav1.6 channels encoded by Scn8a that constitute the INaP in 

many neuron types,26,28,29 including core preBötC neurons.15,33,35

We deleted Scn8a from VGlut2-expressing neurons, which are synonymous with Dbx1 

neurons in the preBötC and form its rhythmogenic core. Voltage-clamp analyses in 

glutamatergic neurons showed 41% and 66% reductions in the INaP for single and double 

Scn8a allele deletion, respectively. Our results are commensurate with previous reports 

showing 67%–76% reduction of the INaP in Scn8a mutant and null mice.28,31,48 According 

to the canonical mathematical model, also reproduced here, a preBötC pacemaker neuron 

does not exhibit bursting following 41% or 66% reduction in the INaP. However, there is 

some persistent inward current in glutamatergic preBötC neurons following double Scn8a 
allele deletion, and we propose that the residual current is most likely a “window” current 

generated by non-NaV1.6 channel isoforms. Indeed, the window current is truly persistent, 

as it results from the overlap of steady-state activation and inactivation curves. Nonetheless, 

voltage-dependent bursting requires rapid (on the order of 1–10 ms) subthreshold INaP 

activation followed by its slow inactivation (on the order of 300–1,000 ms). Therefore, 

the window current, without the requisite voltage- and time-dependent properties, cannot 

contribute to cyclical initiation and termination of cellular bursts. Rather, the Na+ window 

current provides a source of tonic excitability akin to Nalcn channels49,50 that could 

influence network excitability and thus rhythmic frequency (we return to this point below).

PreBötC neurons express INaP ubiquitously,15,21,51 but bursting-pacemaker activity is sparse 

because it depends on sufficient INaP expression as well as the ratio of INaP relative to 

the K+-dominated leak current (ILeak).11–13,52 We assessed the size of the glutamatergic 

preBötC neuron subpopulation with bursting-pacemaker properties in rhythmic neonatal 

VGlut2;Ai148;Scn8a+/+ mouse slices. Rhythmic fluorescent transients in the absence of 

synaptic transmission and inspiratory rhythm, which define bursting-pacemaker activity,37 
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were present in 11% of glutamatergic preBötC neurons. Previous estimates reported 

the pacemaker neuron subpopulation to constitute ~5% (P0–P5 and P8–P10 mice)14 

or 16%–29% (P1–P15 mice)18,53 of the preBötC. Our data fall within that range. 

In slices from VGlut2;Ai148;Scn8afl/+ mice with only one Scn8a allele expressed in 

glutamatergic neurons, we detected no bursting-pacemaker neurons whatsoever. Those 

imaging data, as well as patch-clamp analysis in combination with computational modeling, 

provide unambiguous evidence that VGlut2;Ai148;Scn8afl/+ mouse slices are devoid of 

neurons with bursting-pacemaker activity, regardless of IK-leak expression. Nevertheless, 

inspiratory rhythm persisted in VGlut2;Ai148;Scn8afl/+ mouse slices, which demonstrates 

that rhythmogenesis does not require INaP-mediated bursting-pacemaker activity. Strictly 

speaking, the pacemaker hypothesis should be rejected according to the first criterion.

Nevertheless, the INaP is relevant because it regulates excitability. Indeed, 

VGlut2;Ai148;Scn8afl/+ mouse slices generated slower inspiratory frequency compared with 

VGlut2;Ai148;Scn8a+/+ mouse slices. The most parsimonious explanation is that the INaP 

contributes an inward current that depolarizes constituent rhythmogenic neurons and that the 

net effect is to increase the frequency of inspiratory rhythm.

We also evaluated the pacemaker hypothesis from the perspective of the second criterion 

described above, which addresses the potential for developmental changes in rhythmogenic 

mechanisms.

The conditional knockout approach deleted Scn8a (NaV1.6) from Dbx1 neurons. The 

clearest effects were on V̇ E and the V̇ E/V̇ O2, which increased during postnatal development 

in all the groups. However, the increase was incommensurate such that Dbx1;Scn8afl/fl 

mice lacking Scn8a in Dbx1 neurons increased V̇ E and V̇ E/V̇ O2 at a lower rate compared 

with Dbx1;Scn8afl/+ and Dbx1;Scn8a+/+ mice with one or both copies of Scn8a in Dbx1 

neurons. We conclude that the INaP plays the same role that we identified in slices, 

depolarizing rhythmogenic preBötC neurons, but in vivo, the net effect is to enhance V̇ E

and air convection rather than frequency per se. These key respiratory variables still develop 

but not as robustly as when one or both Scn8a alleles are expressed.

FR did not change for any group during development. TI did not change either. V̇ O2 decreased 

in wild-type mice but did not change in mice with single or double Scn8a deletions in Dbx1 

neurons. We can offer no coherent interpretation for these latter data since the change in 

V̇ O2 occurred in the control group only. TE did not change in control mice; it decreased in 

single Scn8a knockout mice, yet it increased in double Scn8a knockout mice. Again, it is 

challenging to find a coherent interpretation for these data since the effects of removing one 

vs. two alleles are in opposition. Unaccompanied by changes in fR and TI, it is impossible to 

attribute changes in TE to modification of Scn8a and attendant cellular properties of preBötC 

neurons. There was no effect of genotype with respect to VT/TI, so the increase in VT/TI

during development for Dbx1;Scn8afl/+ and Dbx1;Scn8afl/fl mice cannot be attributed to 

manipulation of Scn8a expression in Dbx1 neurons.
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During juvenile to adult stages of development, Dbx1;Scn8afl/fl mice developed a severe 

locomotor phenotype partially reminiscent of allelic Scn8a mutations54,55 that nullify 

NaV1.6 expression and cause hindlimb ataxia and discoordination with a failure to thrive. 

In contrast, Dbx1;Scn8afl/+ mice showed no abnormal locomotor phenotype and grew at 

a rate commensurate with Dbx1;Scn8a+/+ mice and the background C57BL/6 strain from 

the Jackson Laboratory (JAX). Germline Scn8a mutations affect motoneurons and muscles, 

whereas our conditional knockout model only affects Dbx1 interneurons. The locomotor 

phenotype in Dbx1;Scn8afl/fl mice probably results from deficits in excitability and 

repetitive spiking capabilities in Dbx1-derived canonical V0 neurons of the lumbar spinal 

cord that govern left-right stepping movements, although our mice exhibited hyperextension 

of the hindlimbs rather than a hopping gait.56,57 A thorough analysis of the locomotor 

phenotype is beyond the scope of this report focused on breathing-related consequences of 

conditional Scn8a deletion. Because the surviving pups were able to breathe throughout 

development, the failure to thrive and the elevated risk of premature death are likely 

attributable to deficits of locomotion and sensorimotor integration rather than to respiratory 

insufficiency, although the diminished developmental increase in V̇ E and air convection 

could only exacerbate morbidity and mortality in Dbx1;Scn8afl/fl mice.

The conditional knockdown approach attenuates Scn8a (NaV1.6) in glutamatergic neurons 

limited to the area of virus injection, which avoids the caveat of affecting Dbx1 neurons 

in the spinal cord and higher brain. Conditional knockdown is also advantageous because 

the perturbation occurs at the adult stage, when the preBötC is already fully developed. 

The downside is that knockdown is incomplete; Scn8a expression is diminished but not 

eliminated. RNAscope quantification indicated that shRNA-mediated Scn8a knockdown 

exceeds 40%, which is sufficient INaP reduction to preclude bursting-pacemaker activity in 

preBötC neurons, as mathematical modeling and imaging in VGlut2;Ai148;Scn8afl/+ slices 

demonstrated.

Adult mice injected with Scn8a-targeting shRNA showed no perturbations of any breathing 

variables. The injected AAV volumes infected glutamatergic neurons throughout the entire 

preBötC, even spilling out beyond its borders, so we are confident that negative behavioral 

results cannot be attributed to insufficient infection of glutamatergic preBötC neurons. In 

fact, a potential caveat is infection of neurons within the intermediate reticulation dorsal 

to preBötC including inspiratory-related hypoglossal premotor neurons42,58 and whisking 

oscillator neurons intimately linked with breathing.59,60 Any form of ataxic breathing in this 

context could stem from shRNA effects that diminish excitability of hypoglossal premotor 

neurons and thus impede airway patency. This was not the case, however; we did not 

observe any breathing-related ataxia.

Neither conditional knockout nor knockdown affected breathing frequency, in contrast to 

the slice experiments where single-copy Scn8a elimination in Dbx1 neurons slowed down 

inspiratory rhythm. Why the disparity in vivo? Excitatory inputs to the preBötC coming 

from numerous regions of the intact brain61 can elevate baseline excitability and are active 

in unanesthetized mice but absent in slices. Further, the preBötC receives feedback from 

central and peripheral chemoreceptors in vivo that also elevate excitability.2,62 In awake 

mice, the removal of Scn8a and thus the INaP is probably too small a perturbation to affect 
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breathing frequency in comparison to other active inputs and sensory feedback that regulate 

preBötC excitability and thus maintain breathing frequency. In slices, the contributions of 

the Scn8a-mediated INaP to baseline excitability, and thus frequency, are more apparent.

What crucial function(s) might the INaP and bursting-pacemaker activity provide to the 

preBötC and brainstem breathing-related microcircuits? First, the INaP in core preBötC 

neurons is required for normal augmentation of V̇ E and air convection during postnatal 

development. Second, the present study does not exclude the possibility that the INaP 

may be essential in a context where either cellular pacemaker properties or an additional 

enhancement in excitability is necessary to keep breathing viable, like in gasping.63 In 

this interpretive framework, the INaP and cellular pacemaker properties could be considered 

redundant rhythmogenic support mechanisms available to be recruited outside of normal 

physiological circumstances. Third, a rhythmogenic network dubbed the intermediate 

reticular oscillator (iRO) exists at the margin of, and partially overlaps, the preBötC. 

The iRO generates rhythmic cries in neonatal mice, which are well coordinated with 

breathing and appear to depend on INaP-dependent bursting-pacemaker activity.64 Whereas 

INaP-mediated bursting-pacemaker neurons were first identified and associated with the 

inspiratory preBötC, these properties are ubiquitous in the ventral medulla51 and may in fact 

be obligatory for rhythmogenesis of neonatal crying rather than breathing per se.

Regarding inspiratory rhythm, we favor an essential emergent-network mechanism of 

rhythmogenesis in which bursting-pacemaker neurons can be embedded but are not 

obligatory. The core mechanism probably involves a subset of glutamatergic Dbx1 

neurons with common intrinsic membrane properties,9,65,66 which synchronize during the 

inter-inspiratory interval, that activate output-pattern-related neurons to form inspiratory 

bursts66–68 that ultimately drive inspiratory breathing movements. Even if preBötC bursting-

pacemaker neurons are not breathing rhythmogenic, the INaP may be important to regulate 

breathing development, produce coordinated cries in neonates, or support or generate 

rhythmogenesis in different physiological contexts, as well as influence baseline excitability

—in conjunction with other sources of drive—in the preBötC under normal physiological 

conditions.

Limitations of the study

Cre-Lox recombination in Dbx1;Scn8a conditional knockout mice affects Dbx1-derived 

cells throughout the CNS, leading to locomotor deficits that ultimately impaired normal 

growth. Consequently, it was impossible to record V̇ E in ages older than P21 because 

homozygous Dbx1;Scn8afl/fl mice died. That limitation can be offset using a complementary 

strategy like shRNA-mediated conditional knockdown, targeting the same gene but only 

in the intended preBötC core neuron population. This approach also has two limitations. 

First, virus spread to glutamatergic neurons outside the preBötC, some of which have 

respiratory pattern-related functionality. Second, shRNA knock-down diminished but did 

not preclude gene expression, yet the effect was enough to significantly reduce Scn8a 
expression. Nevertheless, in tandem, our two complementary experimental approaches refute 

the long-standing hybrid pacemaker hypothesis of inspiratory rhythmogenesis.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Christopher A. Del Negro 

(cadeln@wm.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability

• Patch-clamp, ventilatory and microscopy data reported in this paper will be 

shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice—Animals were housed in colony cages maintained on a 12 h:12 h light/dark cycle 

with controlled humidity and temperature at 24°C. They were fed ad libitum on a standard 

commercial mouse diet (Teklad Global Diets, Envigo, Indianapolis, IN, USA) with free 

access to water. Cages were furnished with several forms of enrichment.

The Institutional Animal Care and Use Committee at William & Mary (IACUC-2021–

04-20–14958-cadeln) and the Institutional Biosafety Committee (IBC-2019–09-02–13765-

mrdegu) approved these protocols, which conform to policies of the Office of Laboratory 

Animal Welfare (National Institutes of Health), the National Research Council,71 as well as 

the ARRIVE guidelines 2.0.72

In vivo behavioral experiments—For our conditional knockout model, we crossed 

Dbx1Cre mice38 with mice featuring a floxed allele of Scn8a, Scn8afl/+, and Scn8afl/fl, in 

which loxP sites flank the first coding exon of Scn8a. The floxed allele generates normal 

Nav1.6 but following Cre-Lox recombination Nav1.6 is deleted completely.36 The offspring 

(Dbx1;Scn8a mice) were housed with their dams up to postnatal (P) day 21 (P21). We 

measured ventilation in Dbx1;Scn8a male and female mice from the neonatal stage (P0) to 

early adulthood (P21) in 1-h bouts during which the animals were transiently removed from 

their home cages.

We also measured ventilation in VGlut2-ires-cre mice of both sexes, all within the age 

range of 10–14 weeks, after conditional knockdown of the Scn8a with a Cre-dependent 

shRNA virus surgically delivered into the preBötC. These mice express Cre recombinase in 

glutamatergic neurons. VGlut2 and Dbx1 are markers for the same preBötC population.7,8 

Thus, one can use either Dbx1Cre or VGlut2-ires-cre mice to manipulate inspiratory 

rhythmogenic neurons of the preBötC.
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In vitro electrophysiology and imaging experiments—Using intersectional mouse 

genetics (a Cre-driver crossed with one or more Cre-responder strains), we knocked-out 

Scn8a and expressed a florescent marker in VGlut2-expressing neurons. We always 

employed Scn8afl/fl or Scn8afl/+ mice to delete Scn8a. For patch-clamp experiments we 

additionally used a Cre-responder strain dubbed Ai9 that expresses the fluorescent marker 

tdTomato. For multi-photon imaging experiments, we additionally used a Cre-responder 

strain dubbed Ai148 that expresses the genetically encoded Ca2+ indicator GCaMP6f.

Therefore, we maintained four distinct lines of double Cre-responders: Ai9;Scn8afl/fl 

and Ai9;Scn8afl/+ as well as Ai148;Scn8afl/fl and Ai148;Scn8afl/+. We also maintained 

a line of Cre-driver-and-responder mice: VGlut2-ires-cre;Scn8afl/+. The offspring of 

double Cre-responder mice and Cre-driver-and-responder mice inherited either single- 

or double-floxed copies of Scn8a alleles from each parent. For simplicity, we use the 

nomenclature VGlut2;Ai9;Scn8a to refer to mice used in patch-clamp experiments and 

VGlut2;Ai148;Scn8a for mice used in multi-photon imaging experiments. The investigators 

conducted the experiments blind to mouse genotype.

METHOD DETAILS

Electrophysiology—Mouse pups at P0–2 were anesthetized by hypothermia, consistent 

with the American Veterinary Medical Association guidelines for euthanasia.73 We removed 

the neuraxis from the pons to lower cervical spinal cord within 2 min and submerged it 

in ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): 124 NaCl, 3 KCl, 

1.5 CaCl2, 1 MgSO4, 25 NaHCO3, 0.5 NaH2PO4, and 30 dextrose. The aCSF was 

aerated continuously with 95% O2 and 5% CO2. We trimmed the neuraxis and glued 

the dorsal surface of the brainstem onto an agar block (exposing the ventral side). The 

block and brainstem were affixed rostral side up within a vibratome (Campden Instruments 

7000 smz-2, Leicester, UK) while perfusing with aerated ice-cold aCSF. We cut a single 

transverse slice 450–500 μm thick with preBötC on its rostral surface.41

Slices from VGlut2;Ai9;Scn8a mice were held in place and perfused with aCSF (28°C) at 

2–4 mL min−1 in a recording chamber on a fixed-stage upright microscope equipped with 

a water-immersion objective (63X, 1.0 numerical aperture). The external K+ concentration 

([K+]ext) in the aCSF was raised from 3 to 9 mM, which facilitates robust inspiratory rhythm 

and XII motor output. We recorded XII motor output using suction electrodes fabricated 

from borosilicate glass pipettes (OD: 1.2 mm, ID: 0.68 mm) fire-polished to a diameter of 

~100 μm. XII motor output was amplified by 2,000 and band-pass filtered (300–1000 Hz).

We identified tdTomato-expressing neurons using epifluorescence microscopy. Then, whole-

cell patch-clamp recordings were performed on those neurons while under visual control 

using infrared-enhanced differential interference contrast microscopy. Patch pipettes with tip 

resistance of 4–6 MΩ were fabricated from capillary glass (OD: 1.50 mm, ID: 0.86 mm) and 

filled with solution containing (in mM): 110 CsCl, 5 NaCl, 20 tetraethylammonium-chloride 

(TEA-Cl), 10 EGTA, 10 HEPES, 1.2 CaCl2. We employed a patch-clamp amplifier (EPC10, 

HEKA Electronic, Holliston, MA, USA) to record membrane current at a gain of 5x or 10x 

in voltage clamp. All signals were low pass filtered (1 kHz) and digitally acquired at ≥4 kHz 

in PatchMaster software.
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Membrane capacitance CM  was determined from the integral of the leak-subtracted 

transient capacity current ∫ IC  evoked by a series of 15-ms hyperpolarizing voltage-step 

commands Vcom  applied within 10 mV of holding potential Vhold , using the formula 

QM = ∫ IC for each Vcom. CM is determined from the slope of the plot of QM versus ΔVM

(where ΔVM is Vcom − Vhold) for the series of step commands according to the capacitor law 

CM = VM ÷ Q.

We measured the quasi-steady-state current-voltage (IV) relationship generated by a slow 

voltage ramp (50 mV/s) between −70 and +10 mV.

Multi-photon imaging—We imaged cytosolic Ca2+ concentration in neurons contained 

in slices from VGlut2;Ai148;Scn8a mice. Similarly, [K+]ext was raised from 3 to 9 mM 

and slices were held in place and perfused with aCSF (28°C) at 2–4 mL min−1 in 

a recording chamber on a fixed-stage multi-photon laser-scanning confocal microscope 

(Thorlabs, Newton, NJ, USA) equipped with a water-immersion objective (20x, 1.0 

numerical aperture). Illumination was provided by an ultrafast tunable laser with a power 

output of 1050 mW at an emission wave-length of 970 nm, where pulse frequency was 

80 MHz and pulse duration was 100 fs (Coherent Chameleon Discovery, Santa Clara, CA, 

USA). We scanned the preBötC in a raster pattern and used a non-descanned photomultiplier 

tube to detect reflected light, which was digitally reassembled into images via software. 

Each frame consisted of a two-way raster scan with a resolution of 256 × 256 pixels (116 

× 116 μm). We collected fluorescence time series data at 15 Hz using ThorImage LS 4.1 

software and then analyzed the data using MATLAB 2021a.

To analyze a time series, we first calculated the average fluorescence intensity for all pixels 

in each frame. Mean fluorescence intensity as a function of time showed periodic network 

activity. We used the 95% confidence interval (CI) of cycle periods to define the high 

frequency (short cycle period) and low frequency (long cycle period) limits of a window 

in frequency space. Next, we performed fast Fourier transforms of the time series for each 

pixel. The maximum power from the previously defined window in frequency space was 

mapped to the corresponding pixel in a new, processed two-dimensional image.

We calculated the mean and standard deviation of the power from each pixel in the new 

processed image. Rhythmically active pixels exhibited power far greater than the average. 

Therefore, all pixels with intensity less than mean +2 standard devations(SDs) were set to 

zero. The remaining contiguous pixel sets, whose area exceeds 8 μm2, were retained as 

regions of interest (ROIs). The Ca2+ fluoresce changes within those ROIs, obtained from 

the original time series, were calculated using the equation F i − Fo
Fo

, i.e., ΔF
Fo

 where F i is the 

instantaneous average fluorescence intensity for all pixels within a given ROI and Fo is the 

average fluorescence intensity of all pixels within that same ROI averaged over the entire 

time series.

Simulations—We simulated the preBötC neuron model by Butera and colleagues,11 

specifically model 1 that features a slowly inactivating INaP. The equations are fully listed in 
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the original publication. Numerical integration was performed by MATLAB (ode45) running 

a Runge-Kutta 4 method with a variable time step.

Ventilation measurements

Neonatal to juvenile mice: We measured ventilation V̇ E  in neonatal (P0–9) and 

juvenile (P12–18) Dbx1;Scn8a mice using a dual-chamber barometric method, which is 

advantageous for newborn animals with limited thermogenesis.74 Two chambers made of 

graduated syringes were inter-connected via a polyethylene tube. The first chamber housed 

the mouse and was kept in a water bath to maintain an internal temperature of ~37°C, 

measured by a temperature sensing transponder (BioTherm13, Biomark, Idaho, USA). 

The second reference chamber was kept outside of the water bath at room temperature 

(~25°C), having its temperature measured by a digital thermometer, and was connected 

to a differential pressure transducer (Spirometer, ADInstruments, Colorado Springs, CO, 

USA) to measure breathing-related pressure oscillations. We adjusted chamber size by 

moving the syringe plunger to fit closely to the body: 9 mL for mice at age P0, 10 mL 

at P3–5, 12 mL at P7–9, 25 mL at P12, and 30 mL at P15–18. Air flow through the 

chambers was maintained at 80 mL min−1 for mice at ages P0–9, 100 mL min−1 for 

mice at age P12, and 120 mL min−1 for mice at age P15–18, controlled via the suction 

pump of a gas analyzer (ADInstruments) and measured using a flowmeter (PFMV530–1, 

SMCpneumatics, Noblesville, IN, USA) in series with the gas analyzer. Pressure changes 

due to breathing were sampled at 1 kHz by a PowerLab (ADInstruments) analog-to-digital 

converter for digital storage and analysis. Mice were placed in the first chamber for a 

minimum acclimation period of 30 min V̇ E was measured at 30, 40, and 50 min of elapsed 

time, where the airflow was interrupted for 2 min and the chamber open only to the pressure 

transducer. The average of the 3 bouts was reported. Calibration of the tidal volume was 

done by injecting a known volume of air in the first chamber after the third recording bout.

Early adulthood and adult mice: We measured V̇ E in P21 and adult mice (10–14 weeks 

old) using flow-through whole-body plethysmography.75 A 300 mL experimental chamber 

(SCIREQ, Emka Technologies, Qué bec, Canada) was ventilated with an air mixture (21% 

O2 and N2 balance). Inlet flow was maintained at 250 mL min−1, controlled by a flowmeter, 

and outlet flow was maintained at 250 mL min−1 by a suction pump coupled to the chamber. 

A fractional leak was introduced into this system to provide better control of the pressure 

inside the chamber. Thus, this system behaved as if it were sealed for time varying signals 

with frequency exceeding 0.5 Hz.74–76 Body temperature was measured by an indwelling 

sensor (BioTherm13), ambient temperature was measured by a general-purpose liquid-in-

glass thermometer, and chamber temperature was monitored using a digital thermometer. 

The chamber was connected to a differential pressure transducer to measure pressure 

oscillations due to breathing, which were sampled at 1 kHz by a PowerLab for storage 

and analysis. Mice were placed in the chamber for a minimum acclimation period of 30 min. 

V̇ E was recorded continuously for additional 30 min. We analyzed 3 bouts of 2 min each and 

averaged them.

For neonatal (P0–9), juvenile (P12–18), early adulthood (P21) and adult (10–14 weeks 

old) experiments, we measured two respiratory variables: respiratory frequency (fR, in 
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breaths per minute, i.e., bpm) and tidal volume (VT, in mL), the latter calculated using 

the Drorbaugh-Fenn77 formula:

V T =
V K

PT
PK

× TB PB − PC

TB PB − PC − TA PB − PR

where VT is the tidal volume; VK is the volume of air injected into the animal chamber for 

calibration; PT is the pressure deflection associated with the volume of breathed air; PK is 

the pressure deflection associated VK; TB is body temperature (in Kelvin, K ; PB is barometric 

pressure (in mm Hg); PC is the vapor pressure of water in the animal chamber (in mm Hg); 

TA is the air temperature inside the chamber; and PR is the water vapor pressure at TB. We 

present VT with respect to body mass as a fraction of 100 g. We obtained PC and PR from an 

appropriate lookup table.

V̇ E was calculated as the product of fR and VT ⋅ V̇ E and VT were reported at TB and ambient 

barometric pressure, presuming that the air was fully saturated with water vapor (BTPS, 

stands for Body Temperature, Pressure, water Saturated). For neonatal mice, the VK was 

typically a step volume change of 0.15 mL. For juvenile and adult mice, VK was typically 0.3 

mL delivered in 5 sets of 20 oscillatory injections at a rate matching the breathing frequency.

Metabolic measurements—Metabolic rate was inferred by indirect calorimetry, which 

consisted of measuring oxygen consumption V̇ O2  in an open respirometry system using 

a flow-through (pull mode), configuration where air is drawn into a gas analyzer 

(ADInstruments).78,79 For the dual-chamber system used for neonatal (P0–9) and juvenile 

mice (P12–18), flow to the gas analyzer was 80, 100, or 120 mL.min−1- depending on age. 

For the flow-through whole-body plethysmography used for P21 and adult mice, flow to the 

gas analyzer was 120 mL min−1. In both configurations, the air was dried through a 10-cm 

Drierite column (W.A. Hammond Drierit Co. Ltd, Xenia, OH, USA) before passing through 

the analyzer. We calibrated the gas analyzer using standard room air (20.95% O2 and 0.03% 

CO2) and carbogen mixture (95% O2 and 5% CO2). Air was continuously sampled by the 

gas analyzer and digitally acquired at 1 kHz by PowerLab and LabChart software.

Oxygen consumption was calculated using the following formula80:

V̇ O2 =
Fl × (F iO2 − FeO2)

(1 − F iO2) × (1 − RQ)

where Fl is the input flow rate, F iO2 is fraction of inspired O2; FeO2 is the fraction of expired 

O2. The respiratory quotient RQ  is the ratio of carbon dioxide released to oxygen consumed 
V CO2

V̇ O2
, which is generally 0.85 for standard mouse diet. The V̇ O2 is expressed as a fraction of 

100 g under Standard conditions of Temperature, Pressure, and Dry air (STPD).
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Surgical procedures

shRNA injections in the preBötC: We administered a Cre-dependent Adeno-

associated virus of serotype 9 (AAV9) carrying an FLEX (flip-excision) construct 

with a synapsin promoter, and mCherry fluorescent protein for glutamatergic 

neuron identification, on a miR30 backbone.81,82 The virus also carried a short 

hairpin RNA (shRNA) targeting 3 sequences of Scn8a mouse gene (NCBI 

Gene ID: 20273): TTGTCCTGAACACACTATTTA; CTTCGACTGGGAGGAGTATAT; 

TGCCTTGAGACACTACTATTT. Recombination occurred in the presence of Cre, which 

reversed the sequences and led to mCherry and shRNA expression.

Mice were anesthetized via isoflurane (5% v/v for induction, and 2% v/v for maintenance), 

and positioned in a stereotaxic frame. The skull was exposed, aseptically cleaned, and then 

two holes were drilled at the coordinates: −6.9–6.8 mm caudal to bregma, ±1.2 mm lateral to 

midline, at a depth of −5.2 mm from the brain surface.47 We injected 50 nL of the virus into 

the preBötC using a 30-gauge 0.5 μL Hamilton Neurosyringe (Hamilton Company, Reno, 

NV, USA).

Implantation of temperature sensors: We monitored body temperature of P21 mice and 

adult (10–14 weeks old) mice using a temperature sensing transponder (BioTherm 13) 

with dimensions 2.12 mm × 13 mm. We inserted the probe in the abdominal cavity via 

laparotomy after isoflurane anesthesia (5% v/v for induction, and 2% v/v for maintenance), 

and shaving and cleaning the skin with chlorhexidine (2%) and alcohol (70%). The 

procedure was completed in ≤10 min.

Molecular assays

RNAscope: We used RNAscope Multiplex Fluorescent V2 Assay (Advanced Cell 

Diagnostics, i.e., ACDBio, Newark, CA, USA) to assess the expression of Scn8a transcripts 

in juvenile Dbx1;Scn8a and adult VGlut2-ires-cre injected mice. Mice were deeply 

anesthetized with isoflurane, then perfused through the right atrium with a phosphate-

buffered saline solution (PBS) 0.1x, followed by 4% paraformaldehyde (PFA). Their brains 

were removed and kept in 4% PFA at 4°C overnight (~18 h). For Dbx1;Scn8a mice, 

fixed brains where sectioned at 30 μm using a vibratome and only 3 sections/animal at 

bregma levels −7.04 mm, −6.92 mm and −6.8 mm were used for RNAscope. Sections 

were then saved in a well plate with Tris-buffered saline solution with Tween 20 (TBST) 

0.5x, for maximum of 48 h at 4°C and then used for multiplex in situ hybridization. For 

VGlut2-ires-cre mice, we also used fixed brains sectioned at 30 μm in duplicate through the 

preBötC. The first duplicate section was used to assess virus expression (mCherry) under 

the fluorescent microscope (Axioscope 5 Upright Microscope, Zeiss). The second duplicate 

section was saved in a well plate with TBST 0.5x, for maximum of 48 h at 4°C and then 

used for multiplex in situ hybridization. Assays for Dbx1;Scn8a and VGlut2-ires-cre were 

not run concurrently.

Slices from Dbx1;Scn8a and VGlut2-ires-cre mice were pre-treated equally and followed 

the same RNAscope protocol. On the first day, sections were washed in TBST 0.5x, 

mounted onto superfrost slides, and then subjected to a pre-treatment protocol for fixation, 
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dehydration, and target recovery. On the second day, slices were incubated with protease 

plus for 30 min at 40°C and then incubated in RNAscope oligonucleotide probes for 

their respective genes of interest, for 2 h at 40°C. For Dbx1;Scn8a samples, we used 

probes for Scn8a and Even-skipped homeobox 1 (Evx1), the latter being a post-mitotic cell 

marker for Dbx1 neurons. For VGlut2-ires-cre injected mice, we used probes for Scn8a 
and mCherry, the latter being used to identify transduced glutamatergic neurons. Tissues 

were then processed using the Multiplex Fluorescent Reagent Kit V2 Assay (ACDBio). 

Fluorescent probes Opal 520 (1:1500), for Scn8a, and Opal 690 (1:1500), for Evx1 and 

mCherry, were also used. Finally, slides were incubated for 30 s with DAPI, covered with 

ProLong Gold Antifade Mountant (Invitrogen, Waltham, MA), and coverslipped.

Sections were visualized under the four channel, upright laser-scanning confocal microscope 

(Cerna, ThorLabs) using a 40× objective (numerical aperture 0.25 μm), and images were 

acquired using the ThorImage LS 4.1 software.

Genotyping mice (Scn8afl/+, Scn8afl/fl, Dbx1Cre, and Vglut2-ires-cre): Genomic DNA 

from ear or tail was collected and PCR was used to assess genotype. For Scn8afl/+ and 

Scn8afl/fl mice, two primers were used: forward: GTG TGT GAT TCT CAA CAG TGG 

GTT, and reverse: GTC TGT AAG AAG GCC TGA AAG TGA. For Dbx1Cre mice, we used 

one primer for the wild-type allele: forward: GAG GAT GAG GAA ATC ACG GTG, and 

reverse: GCA AGG AAA TGT CTC TGG GAC; For the mutant Cre allele, the following 

primers were used: forward: GTC CAA TTT ACT GAC CGT ACA CC, and reverse: GTT 

ATT CGG ATC ATC AGC TAC ACC. For VGlut2-ires-cre mice, we used the primers 

forward: CGG TAC CAC CAA ATC TTA CGG, CAT GGT CTG TTT TGA ATT CAG and 

reverse: ATC GAC CGG TAA TGC AGG CAA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ventilation of Dbx1;Scn8a and Vglut2-ires-cre mice—We plotted respiratory 

measurements as a function of post-natal age or days post-shRNA injection. We performed 

linear-regression analyses to obtain the best-fit slope (m) and coefficient of determination 

(r2) along with the 95% CIs for each relationship (Graphpad Prism, La Jolla, CA). We used 

an F-test to evaluate the slope of the respiratory measures versus age or day post-shRNA. If 

there is no relationship, i.e., slope is zero, then the F statistic returns a p value quantifying 

the likelihood of obtaining a slope deviating from zero.

Body and lung mass—We recorded the body mass of the mice every day before 

recording ventilation. We plotted their body mass as a function of post-natal age or 

days post-shRNA injection, performing linear regression analyses as described above. We 

removed and weighed the lungs of VGlut2-ires-cre mice on the last day of experiments. 

Differences between lung masses of experimental groups were evaluated using an unpaired 

Student’s t-test.

mRNA quantification for Vglut2-ires-cre mice and site of injection—The amount 

of mRNA per glutamatergic preBötC neuron in VGlut2-ires-cre mice was assessed using 

the open-source software Quantitative Pathology (QuPath).69 mCherry expression was used 
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to delineate the borders of glutamatergic neurons for subsequent transcript quantification. 

Each dot inside of a mCherry-positive neuron represents a single transcript. The threshold 

for detection of cells and transcripts remained fixed throughout the analyzes. We quantified 

the transcripts on ~6 non-overlapping images per section. Approximately 17 neurons were 

captured in each picture. Those images were analyzed separately and then averaged, forming 

one data point per section. We analyzed ~9 sections per mouse and the transcript count for 

each section was plotted in a univariate scatterplot with the effect size (difference between 

means) and its 95% confidence interval, i.e., estimation statistics,83 which includes an 

unpaired t test.

The extent of virus expression was evaluated in VGlut2-ires-cre mice. Transverse sections of 

the brainstem were imaged in a 6×4 array at 10× magnification. Tiles were then reassembled 

using open-source software ImageJ.70 The virus expression area on sections from individual 

mice were superimposed onto a section redrawn from the adult mouse brain atlas.40

For all statistical tests we applied a significance threshold of α = 0.05. Means are reported ± 

SD.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Deleting Scn8a in core breathing neurons reduces INaP, prevents pacemaker 

bursting

• Conditional Scn8a knockout in core neurons affects breathing development

• Conditional Scn8a knockdown in core neurons does not affect adult breathing

• INaP and pacemaker activity influence core breathing neurons but are 

dispensable
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Figure 1. Conditional knockout of Scn8a reduces INaP in glutamatergic preBötC neurons
(A) VGlut2-expressing neurons in the preBötC identified via tdTomato (tdTom or Ai9) 

fluorescence (top) and with differential interference contrast imaging (dubbed “Dodt” by 

Zeiss, bottom) during patch-clamp recording. Calibration bar shows 10 μm.

(B) Voltage-ramp commands (top) applied during patch-clamp recordings and quasi-

steady-state current-voltage (I-V) curves (bottom) from glutamatergic neurons in 

VGlut2;Ai9;Scn8a+/+ (left) and VGlut2;Ai9;Scn8afl/fl (right) mouse slices. Gray lines show 

I-V curves after TTX application.

(C) Plot of peak INaP vs. mouse genotype: VGlut2;Ai9;Scn8a+/+, VGlut2;Ai9;Scn8afl/+, and 

VGlut2;Ai9;Scn8afl/fl. Gray circles show individual neuron; horizontal gray line shows the 

mean for each group. Genotype labels are shortened for display convenience.

(D) Behavior of a mathematical model of a canonical preBötC bursting-pacemaker neuron 

for different values of persistent Na+ conductance (gNaP) and the reversal potential of a 

K+-dominated leakage current (EL). Three activity states are shown according to the ratio 

between gNaP and EL: silent, bursting, and tonically spiking. Horizontal dotted lines show 

the behaviors supported by the model when gNaP is decreased from its standard value.

da Silva et al. Page 28

Cell Rep. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Conditional knockout of Scn8a in glutamatergic neurons precludes pacemaker activity 
and slows but does not stop inspiratory rhythm
(A) Calcium activity in glutamatergic preBötC neurons from VGlut2;Ai148;Scn8a+/+ (wild 

type, top panels) and VGlut2;Ai148;Scn8afl/+ (heterozygous, bottom panels) mouse slices. 

Multiphoton imaging traces are displayed with the inspiratory motor output from the XII 

cranial nerve (red). Each black trace represents one preBötC neuron, and the magenta trace 

refers to a single neuron also shown in magenta in (B). Neuronal activity was recorded under 

three different conditions: control (left) with standard artificial cerebrospinal fluid (ACSF) 

bathing solution, ionotropic synaptic receptor blockers (middle), and TTX (right).

(B) Burst frequency of neurons from VGlut2;Ai148;Scn8a+/+ (+/+) and 

VGlut2;Ai148;Scn8afl/+ (fl/+) mouse slices. Translucent gray symbols represent single 

neurons; all neurons from the same slice were assigned the same symbol. As in (A), 

from left to right, neuronal activity was recorded under three different conditions: control, 

ionotropic synaptic receptor blockers, and TTX. The control condition reflects collective 

activity of all neurons in sync in a rhythmic slice. The synaptic blockers condition shows the 

subset of neurons with bursting-pacemaker activity after synaptic isolation, but most of the 

neurons remain quiescent. In TTX, all neurons were quiescent.
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Figure 3. Scn8a expression and ventilation are diminished in Dbx1;Scn8a conditional knockout 
mice during postnatal development
(A) RNAscope images showing transcripts of Evx1 (magenta) and Scn8a (cyan). DAPI 

(blue) shows nuclear staining. The images were merged for co-localization. Sections from 

Dbx1;Scn8a+/+, Dbx1;Scn8afl/+, and Dbx1;Scn8afl/fl mice organized by row. Genotype 

labels are shortened for display convenience. Calibration bar shows 20 μm. See also Figures 

S1 and S2.

(B–E) Respiratory variables of Dbx1;Scn8a+/+ (gray, N = 4), Dbx1;Scn8afl/+ (blue, N = 9), 

and Dbx1;Scn8afl/fl (orange, N = 8) mice, measured from P0–P21: ventilation V̇ E  in (B), 

tidal volume VT  in (C), breathing frequency fR  in (D), and the air convection requirement 

V̇ E/V̇ O2  in (E). Genotype labels are shortened for display convenience. Open symbol 

represents individual animals, and continuous lines represent linear regression analyses for 

each group. See also Figures S3 and S4.
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Figure 4. Scn8a-targeting shRNA decreases gene expression
(A and B) Coronal sections of RNAscope performed in VGlut2-ires-cre mice injected with 

non-targeting shRNA sequence (control) or Scn8a-targeting shRNA sequence.

(A) mCherry-positive glutamatergic (VGlut2) neurons (magenta). Other columns show 

Scn8a (cyan), DAPI-stained nuclei (blue), and the merge of the three previous images, 

respectively. The cyan arrow on the second picture of the Scn8a-targeting group indicates 

abundant Scn8a transcripts in a neuron not transduced with AAV9. Calibration bar shows 20 

μm.

(B) Lower-magnification images organized as in (A). Calibration bar shows 50 μm. See also 

Figures S6 and S7.

(C and D) Dot-scatter plots with effect size (i.e., estimation statistics showing the difference 

in means with 95% confidence intervals). The number of the Scn8a transcripts per VGlut2-
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expressing preBötC neuron in sections from control mice (black circles) and in mice injected 

with Scn8a-targeting shRNA (gray triangles) at 2 (C) and 6 weeks (D) after AAV9 injection. 

Symbols represent single sections; horizontal lines represent means. Black filled circle 

shows the difference in the means with 95% confidence intervals and a superimposed normal 

distribution reflecting these data (gray).
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Figure 5. shRNA injection in the preBötC does not affect the respiratory variables in 
unanesthetized adult VGlut2-ires-cre mice
Respiratory variables of mice injected with a non-targeting (control, black circles, N = 7) 

or Scn8a-targeting (gray open triangles, N = 11) shRNA sequence, measured for 49 days 

after the injection: V̇E in (A), VT in (B), and fR in (C). Vertical dashed lines indicate the day 

of the injection. Individual symbols represent measurements from single mice. Horizontal 

continuous lines show linear regression; dashed lines show the 95% confidence intervals for 

the regression lines. See also Figures S8, S9 and S10.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Scn8a-targeting shRNA: Ultra-purified custom miR30-
based shRNA AAV9 virus

VectorBuilder Cat# MixAAV9SP(1395 + 1396+1397)

Control shRNA: Ultra-purified custom gene expression 
scAAV9 virus

VectorBuilder Cat# AAV9SP(VB190930-1224ajh)

Biological samples

Ear punch This paper N/A

Tail snip This paper N/A

Brain slices This paper N/A

Chemicals, peptides, and recombinant proteins

Opal 520 Reagent Pack Akoya Biosciences Cat# FP1487001KT

Opal 690 Reagent Pack Akoya Biosciences Cat# FP1497001KT

Invitrogen™ ProLong™ Gold Antifade Mountant FisherScientific Cat# P36934

RNAscope 3-plex negative control probes Advanced Cell Diagnostics, 
Inc.

Cat# 320871

RNAscope Probe Diluent Advanced Cell Diagnostics, 
Inc.

Cat# 300041

NaCl FisherScientific Cat# S25542A

KCl FisherScientific Cat# P217-500

CaCl2 FisherScientific BP510-250

MgSO4 FisherScientific M65-500

NaHCO3 FisherScientific Cat# S25533A

NaH2PO4 FisherScientific Cat# S369-500

dextrose FisherScientific N/A

tetraethylammonium-chloride Sigma T2265-100G

EGTA Sigma 324626-25GM

HEPES FisherScientific Cat# BP310-100

CsCl FisherScientific Cat# 206320250

Isoflurane Solution Covetrus Cat# 11695067772

Phosphate-buffered saline 10X FisherScientific Cat# BP665-1

Paraformaldehyde Sigma-Aldrich Cat# 158127-500G

Tris-buffered saline solution with Tween 20X Thermo Scientific Cat# J77500-K2

Critical commercial assays

RNAscope Multiplex Fluorescent Reagent Kit v2 Advanced Cell Diagnostics, 
Inc.

Cat# 323100

Experimental models: Organisms/strains

Mouse: VGlut2-ires-cre (Slc17a6tm2(cre>Lowl) The Jackson Laboratory RRID:IMSR_JAX:016963
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse: Ai9 (B6; 129S6-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J)

The Jackson Laboratory RRID:IMSR_JAX:007905

Mouse: Ai148 (B6.Cg-Igs7tm148-1(tetO-GCaMP6f,CAG-tTA2)Hze/J The Jackson Laboratory RRID:IMSR_JAX:030328

Oligonucleotides

RNAscope™ Probe- Mm-Scn8a Advanced Cell Diagnostics, 
Inc.

Cat# 434191

RNAscope™ Probe- Mm-Evx1-C3 Advanced Cell Diagnostics, 
Inc.

Cat# 509161-C3

RNAscope™ Probe- mCherry-C3 Advanced Cell Diagnostics, 
Inc.

Cat# 431201-C3

Scn8a PCR Primer Integrated DNA Technologies Custom made

Dbx1Cre PCR Primer Integrated DNA Technologies Custom made

VGlut2Cre PCR Primer Integrated DNA Technologies Custom made

Software and algorithms

GraphPad Prism v9.5.1 GraphPad RRID:SCR_002798

QuPath v0.3.2 Bankhead et al.69 RRID:SCR_018257

Fiji - ImageJ2 v.2.9.0/1.53t Schneider et al.70 RRID:SCR_002285

LabChart Pro v.8.1.17 ADInstruments RRID:SCR_023643

ThorImage LS v.4.1 ThorLabs https://www.thorlabs.com/
newgrouppage9.cfm?
objectgroup_id=9072#ad-image-0

MATLAB v.2021a MathWorks RRID:SCR_001622

PATCHMASTER HEKA Electronic RRID:SCR_000034
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