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Abstract To understand the neural origins of rhythmic behavior one must characterize the
central pattern generator circuit and quantify the population size needed to sustain functionality.
Breathing-related interneurons of the brainstem pre-Bétzinger complex (preBotC) that putatively
comprise the core respiratory rhythm generator in mammals are derived from Dbx1-expressing
precursors. Here, we show that selective photonic destruction of Dbx1 preB6tC neurons in neonatal
mouse slices impairs respiratory rhythm but surprisingly also the magnitude of motor output;
respiratory hypoglossal nerve discharge decreased and its frequency steadily diminished until
rhythm stopped irreversibly after 8520 (mean = SEM) cellular ablations, which corresponds to ~15%
of the estimated population. These results demonstrate that a single canonical interneuron class
generates respiratory rhythm and contributes in a premotor capacity, whereas these functions are
normally attributed to discrete populations. We also establish quantitative cellular parameters that
govern network viability, which may have ramifications for respiratory pathology in disease states.
DOI: 10.7554/eLife.03427.001

Introduction

Central pattern generator (CPG) circuits give rise to common behaviors such as swimming, walking,
and breathing (Grillner, 2006; Grillner and Jessell, 2009, Kiehn, 2011). To understand the cellular
origins of these behaviors, key problems are to identify the rhythmogenic and premotor populations,
and then quantify the requisite number of neurons to sustain functionality. We address these issues
in the mammalian breathing CPG by cumulatively ablating a genetically identified interneuron pop-
ulation hypothesized to form the rhythmogenic core while monitoring effects on network output in
real time.

The brainstem pre-Bdtzinger complex (preBotC) putatively drives inspiratory breathing rhythms
(Smith et al., 1991; Feldman et al., 2013; Moore et al., 2013). These rhythms persist in reduced slice
preparations that retain the preB6tC and can be monitored via respiratory hypoglossal (XlI) nerve dis-
charge, providing a powerful in vitro model of breathing behavior (Lieske et al., 2000; Koizumi et al.,
2008; Funk and Greer, 2013). Rhythmogenic preBotC interneurons are distinguished by glutamater-
gic transmitter phenotype or the expression of neuropeptides and peptide receptors, or their inter-
section (Funk et al., 1993; Gray et al., 1999, 2001; Guyenet et al., 2002, Stornetta et al., 2003;
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elife digest Our first breath, moments after we are born, is the result of a pattern of activity in
our brain that started in the embryo and will continue almost effortlessly until we die. Like other
rhythmic activities, such as walking and swimming, breathing originates from circuits of neurons in
the brain that generate patterns. These circuits pass messages to other cells that translate them
into the physical movements required to take a breath. Interrupting these patterns by injury or
illness can lead to breathing disorders or cause death.

Previous studies have identified a class of neuron, which all express a specific gene, that is
necessary for breathing. Mice born without this class of cell failed to ever take a breath and died at
birth. These neurons are found in part of the brainstem and can continue to generate rhythm even
when this section of the brainstem is removed from newborn mice and cut into very thin slices.
However, it is unclear how many of these neurons are needed to maintain a breathing rhythm.

Wang et al. used a laser to destroy the breathing rhythm-generating neurons in these slices one
at a time and found that the rhythm of breathing in (i.e., inspiration) stopped after ~15% of the neurons
were destroyed. This suggests that a high percentage of these neurons must be maintained for
breathing to continue normally.

Wang et al. also discovered that destroying the rhythm-generating neurons reduced the strength
of the signals sent from the brainstem to trigger the movements that cause breathing in. This
suggests that the same class of neurons also sends messages to the muscles involved in breathing;
it was previously thought that a separate class of cell in the same part of the brain sent these
messages.

Studies involving live animals are now needed to confirm the results. If confirmed, the findings
may be used to develop new treatments for a number of breathing disorders. Medications that
boost the signals sent to the muscles by these neurons might be useful for treating sleep apnea.
Wang et al. also suggest that medications that boost rhythm generation might be useful for
premature infants with breathing difficulties and people with drug-induced breathing problems.
Moreover, finding ways to maintain breathing rhythms with fewer of these neurons may help those
with neurodegenerative disorders, which cause cells in the brain to be lost.

DOI: 10.7554/eLife.03427.002

Wallén-Mackenzie et al., 2006; Tan et al., 2008). Glutamatergic, peptidergic, and peptide receptor-
expressing preBotC interneurons develop from a common set of precursors that express the home-
obox gene Dbx1 during embryonic development. Dbx1-derived interneurons (hereafter Dbx1 neurons)
in perinatal mice are inspiratory modulated, and Dbx1-null mice die at birth without ever breathing
(Bouvier et al., 2010; Gray et al., 2010, Picardo et al., 2013). Therefore, we—and others—proposed
that Dbx1 preB6tC neurons comprise the core inspiratory rhythm generator, i.e., the Dbx1 core
hypothesis.

Previously, we estimated the cellular mass critical for respiratory rhythm generation by laser-
ablating preBotC inspiratory interneurons identified by Ca?" imaging. The destruction of ~120
rhythmic neurons irreversibly stopped respiratory rhythmogenesis (Hayes et al., 2012). However,
inspiratory-modulated preBotC neurons may be excitatory or inhibitory. Ca?* fluorescence changes
cannot differentiate rhythmogenic glutamatergic neurons (Funk et al., 1993; Wallén-Mackenzie
et al., 2006) from GABA- or glycinergic neurons (Kuwana et al., 2006, Winter et al., 2009), which
influence sensory integration and coordinated patterns of muscle contraction for respiratory behav-
jors, but are non-rhythmogenic because inspiratory rhythms in vivo and in vitro do not require synaptic
inhibition (Feldman and Smith, 1989; Brockhaus and Ballanyi, 1998; Kuwana et al., 2003; Ren and
Greer, 2006; Fujii et al., 2007; Janczewski et al., 2013). Therefore, we predicted that the selective
destruction of Dbx1 preBotC neurons, which are predominantly glutamatergic (Bouvier et al., 2010;
Gray et al., 2010)—unlike locomotor Dbx1 neurons in lumbar spinal cord of which ~70% express
inhibitory transmitters (Lanuza et al., 2004; Talpalar et al., 2013)—would impair rhythmogenesis with
a cell-ablation tally much lower than 120 (Hayes et al., 2012). To test this prediction of the Dbx1 core
hypothesis, we used photonics to map the positions of Dbx1 preBétC neurons, and then laser ablated
them—one cell at a time—while continuously monitoring respiratory motor output (Wang et al., 2013).
As predicted, cumulative destruction of Dbx1 preBotC neurons progressively decreased respiratory
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frequency until rhythm ceased after ablation of ~85 neurons. Surprisingly, cumulative Dbx1 cellular
ablations also diminished the amplitude of respiratory Xll nerve discharge, suggesting that Dbx1
preBotC neurons also influence motor output. In simulations that assign only rhythm-generating func-
tion to preBotC neurons, cumulative ablations decreased frequency and stopped rhythmogenesis but
at much lower tallies and without perturbing the output amplitude. These ablation results and model-
experiment discrepancies, combined with antidromic activation from the XIl nucleus and axonal pro-
jection patterns, ascribe rhythm-generating and premotor roles to Dbx1 preB&tC neurons. Thus, we
demonstrate that one cardinal class of hindbrain interneurons serves two distinct roles in a key mam-
malian CPG; the data further establish quantitative cellular parameters that minimally ensure network
functionality.

Results

Ablation of Dbx1 preBo6tC neurons precludes rhythmogenesis

Dbx1 neurons were detected and mapped within the preB6tC, and then laser ablated individually, in
sequence, while monitoring respiratory network functionality via XIl motor nerve output. Experiments
began with an ‘initialization phase’ that defined the domain for detection and ablation, which
was bilateral. We used a Dbx1 Cre-driver line (Dbx1¢°tR™) coupled with floxed reporter mice
(Gt(ROSA)26Sorfloxstop-tdlemato) to |ocate Dbx1 neurons via fluorescence. Viewed in the transverse plane
of slices that expose the preB&tC at their surface (i.e., preBotC-surface slices), Dbx1 neurons form a
bilaterally symmetrical V-shape starting dorsally at the border of the XII motor nuclei and continuing
ventrolaterally to the preB&tC (Figure 1A and Figure 1—figure supplement 1A). Dorsally, the preB&tC
adjoins the semi-compact division of the nucleus ambiguus (scNA); the ventral border of the preBstC
is orthogonal to the dorsal boundary of the principal sub-nucleus of the inferior olive (IOP,)
(Ruangkittisakul et al., 2011, 2014). These spatial relationships visible in bright field or epifluorescence
allow us to pinpoint the preBotC (Figure 1A). At the cellular level, identifying putative rhythmogenic
neurons on the basis of fluorescent protein expression alone is acceptable because the overwhelming
majority of Dbx1 preB&tC neurons are inspiratory (e.g., Figure 1B) (Picardo et al., 2013).

In the subsequent ‘detection phase’, a visible wavelength laser scanned the domain and an iterative
threshold-crossing algorithm analyzed the image to then draw regions of interest (ROls) for putative
cell targets based on fluorescence brightness. Potential targets were evaluated on the basis of shape
to differentiate cell bodies from auto-fluorescent debris, and to reject the fluorescence from dendrites
and neuropil whose somata were detectable in adjacent focal planes (Wang et al., 2013) (Figure 1—
figure supplement 2). The map of ROlIs for validated cell targets was retained at each focal plane
(Figure 1C—figure supplements 1B and 2, red ROIs). Potential targets that did not meet these
criteria were discarded (but displayed for demonstration purposes in Figure 1C and Figure 1—figure
supplements 1B and 2, blue ROls). Target detection was repeated at 10-um increments through the
z-axis and the final three-dimensional map of targets was stored in memory (Figure 1D). Typically, we
detected 26-50 Dbx1 neurons per focal plane per side (Figure 1—figure supplement 3) for a total
average number of 705 targets in the preB&tC (SD 119, SEM 59, range: 548 to 802, n = 8 slices).

During the ‘ablation phase’ of the experiments, Dbx1 neurons in preBotC-surface slices were ran-
domly selected for photonic lesioning. Each target in the domain was individually spot scanned with a
Ti:sapphire laser using maximum intensity 800-nm pulses until target destruction was confirmed by
three forms of optical criteria (Wang et al., 2013) or was deemed a failure. Generally >90% of lesion
attempts are successful (Figure 2—figure supplement 1) (Hayes et al., 2012; Wang et al., 2013).
Only confirmed lesions add to the running tally.

The frequency and amplitude of inspiratory motor output diminished at the onset of the ablation
phase (Figures 2A and 3A). XIl amplitude decreased steeply with the tally of ablated cells, and then
stabilized at 44% of its pre-lesion value (SD 4%, SEM 1%, suction electrode recordings are reported in
normalized arbitrary units). Frequency, however, continued to decrease (i.e., cycle period increased)
throughout the ablation phase. Initially, within the first dozen ablations, the average decrease in respi-
ratory frequency was nearly twofold, and it continued to fall steeply until rhythm cessation (range
of frequencies: 0.22-0.007 Hz, Figure 3B [inset shows bi-exponential increase in cycle period], n =5
slices). Furthermore, the rhythm destabilized during the ablation phase. We defined regularity score
(RS) as the ratio of the present cycle period with respect to the mean period over 10 prior cycles (see
‘Materials and methods’ for RS formula). Cycle-to-cycle variations in RS indicate irregularity; the system
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Figure 1. Dbx1 preBotC neurons. (A) Bright field (left) and fluorescence (right) images of the right half of a preB6tC-
surface slice preparation. Anatomical landmarks are illustrated including: XII, the hypoglossal motor nucleus; scNA,
semi-compact nucleus ambiguus; IOP,.,, the dorsal loop of the principal inferior olive; and the ventral border of
the preB&tC, which is orthogonal to the IOP,,. Scale bar is 300 um. At right, the larger white box shows the

Figure 1. Continued on next page
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Figure 1. Continued

detection and ablation domain. (B) Expansion of smaller white box in A, showing tdTomato expression in Dbx1
neurons and intracellular dialysis via patch pipette with Alexa 488 from the recorded neuron whose robust
inspiratory discharge is illustrated at right (scale bar is 10 um). Respiratory motor output from the XlI nerve is shown
in raw and RMS-smoothed form. Voltage and time calibration bars represent 20 mV and 2 s. Baseline membrane
potential in the recorded neuron was —60 mV. (C) Mask of targets showing validated Dbx1 interneuron targets (red)
and regions of fluorescence that do not pass muster and were rejected as targets (blue) for focal planes at depths
z = (30-60 pm). The region shown in each case maps to the 412 x 412 ym? square shown by the larger white box

in A (right). Only a subset of the masks are shown for economy of display. (D) 3D reconstruction of detected targets
for all focal planes z = (10-80 pm) from the left and right preBotC. Each Dbx1 neuron is represented by a single red
point centered on its soma.

DOI: 10.7554/¢eLife.03427.003

The following figure supplements are available for figure 1:

Figure supplement 1. Detection of Dbx1 preB&tC neurons.
DOI: 10.7554/eLife.03427.004

Figure supplement 2. Detection of Dbx1 neuron targets via fluorescence and image processing.
DOI: 10.7554/eLife.03427.005

Figure supplement 3. Average number of Dbx1 neurons detected at each acquisition depth from z = 0 (surface) to
z = =80 pm in preB&tC-surface slices and control slices with the ventral respiratory column (VRC) exposed at the
slice surface.

DOI: 10.7554/eLife.03427.006

is trending slower when RS exceeds unity. The RS of preB&tC-surface slices measured 1-9 during the
ablation phase (Figure 3C). Respiratory rhythm ceased altogether after an average of 85 confirmed
Dbx1 neuron ablations in preBétC-surface slices (SD 44, SEM 20, range 42-137, n = 5 slices), well
before exhausting the average list of 705 targets per slice. These ablations were bilateral and the tally
reflects the sum of both sides (Figure 2—figure supplement 2). The representative experiment in
Figure 2A shows rhythm cessation after 62 confirmed ablations, corresponding to 9% of the total 677
detected targets.

Ablation of Dbx1 neurons from the ventral respiratory column

Detection and ablation were similarly performed bilaterally in control slices whose rostral surface
exposed the ventral respiratory column, which occupies a comparable domain for detection and abla-
tion in the transverse plane, but this domain is ~100 pm rostral to preBo6tC. The ventral respiratory
column contains inspiratory and expiratory-modulated neurons that are not associated with rhythmo-
genesis (Smith et al., 1990; Feldman et al., 2013).

During the initialization phase in control slices, the domain was centered on the highest density of
fluorescent Dbx1 neurons bounded by the compact division of the nucleus ambiguus (cNA) dorsally
and the ventral margin of the slice (Figure 4). We acquired 38-60 Dbx1 neuron targets per focal plane
per side (Figure 1—figure supplement 3) for a total average of 906 targets per slice (SD 97, SEM 34,
range: 722-1004, n = 8 slices).

Dbx1 ventral respiratory column neurons were lesioned in random sequence during the ablation
phase of control experiments. The amplitude of Xl motor output decreased to 77% of control (SD 2%,
SEM 1%, normalized arbitrary units) over the course of the ablation phase (Figures 2B and 3A).
Frequency did not change. It measured 0.36 Hz (SD 0.2 Hz, SEM 0.04 Hz) during the detection phase
compared to 0.39 Hz (SD 0.3 Hz, SEM 0.01 Hz) during the ablation phase, which was not significant
(p=0.49, Mann-Whitney U-test, Figure 3B). RS did not deviate from ~1 throughout the ablation phase
(Figure 3D, n = 8 slices). These data indicate that cumulative sequential ablation of Dbx1 ventral res-
piratory column neurons has no effect on the stability or the period of the respiratory cycle. The abla-
tion protocol exhausted the entire set of targets in every control experiment without stopping the
rhythm (e.g., 923 confirmed ablations in Figure 2B). Ablations in control slices were also performed
bilaterally, where the tally reflects the sum of both sides (Figure 2—figure supplement 2).

Transient recovery of irregular and unsustainable rhythm

Cumulative deletion of Dbx1 preB&étC neurons appeared to degrade respiratory oscillator function.
Nonetheless, an alternative explanation could involve the loss of excitatory drive (rather than destruc-
tion of CPG core circuitry). Dbx1 preB&tC neurons express neurokinin-1 peptide receptors (NK1Rs)

Wang et al. elife 2014;3:e03427. DOI: 10.7554/eLife.03427 50of 25
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Figure 2. Cumulative serial ablation of Dbx1 neurons in preBétC-surface slices (A) and control slices whose surface
exposes the ventral respiratory column, not preBotC (B). (A and B) The x-axis is a timeline. The y-axis plots XlI
amplitude (normalized units, top) and respiratory period (bottom). The respiratory period axis is continuous
(0-200 s) but plotted with two scales. Major ticks are separated by 10 s from 0 to 20 s (with unlabeled minor ticks at
5 s increments), and thereafter major ticks are plotted in 100 s divisions from 21 to 200 s (with unlabeled minor ticks
at 50 s increments). The discontinuity in the y-axis stops at 20 s (lower portion) and starts at 21 s (upper portion).
There is one data point for every individual respiratory period measured. The recording in A is no longer displayed
after 6 min of XII quiescence. Substance P (SP) injection in A is displayed at higher sweep speed in Figure 5C. The
recording in B is no longer displayed after 90 min of continuous stable Xl output following the end of the ablation
phase. Time calibrations in A and B are shown separately.

DOI: 10.7554/eLife.03427.007

The following figure supplements are available for figure 2:

Figure supplement 1. Cellular laser ablation and confirmation.

DOI: 10.7554/eLife.03427.008

Figure supplement 2. Cumulative tally of laser ablations for preBétC-surface slices (magenta) and control slices
whose surface exposes the ventral respiratory column, not preB&tC (cyan).

DOI: 10.7554/eLife.03427.009

(Bouvier et al., 2010; Gray et al., 2010) that stimulate respiratory rhythmogenesis (Gray et al., 1999;
Pagliardini et al., 2005; Ballanyi and Ruangkittisakul, 2009). Monoaminergic and peptidergic raphé
neurons project to, and receive feedback projections from, the preB&tC to elevate excitability in the
respiratory network (Ptak et al., 2009). Therefore, laser ablation in the preBotC could break the link
with the raphé and thus diminish excitatory drive. To test that idea, we exposed the lesioned preB&tC
to a bolus of neuropeptide substance P (SP, 1 mM) after the respiratory cycle period exceeded 120 s,
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Figure 3. Ablation effects on respiratory frequency and the amplitude of XII motor output. (A-D) Measurements
are displayed in light grey and red for preB&tC-surface slices and dark grey and blue for control slices that expose
the ventral respiratory column (VRC). (A) Xl amplitude and (B) respiratory frequency for preBétC-surface and
control slices are plotted vs cumulative percent of total lesions during the ablation phase (bars show SD). Inset in

B shows respiratory period in lieu of frequency (bars show SD) for preB&tC-surface slices. (C and D) The regularity
score (RS) is plotted vs cumulative percent of total lesions for preB&tC-surface (C) and control slices (D). B, C, and D
are plotted on semi-log axes. B and C are labeled with subordinate ticks at 2, 4, and 6. Tick labels are omitted from
D because they match C exactly. B (inset) has linear axes.

DOI: 10.7554/eLife.03427.010

which we previously determined was a reliable benchmark of a slice that would cease rhythmic func-
tion within 5-10 min without pharmacological intervention (Hayes et al., 2012).

First, as a control, we applied SP to unlesioned preB&tC-surface slices, which transiently increased res-
piratory frequency, i.e., lowered the cycle period from 4.7 s (SD 0.8 s, SEM 0.1 s) t0 3.3s(SD 0.5 s, SEM 0.1
s, average period computed for 25 cycles), and then equilibrated in 21 min (SD 4 min, SEM 2 min, n = 4
slices) (Figure 5A). The regularity score was ~1 throughout the bout, which is consistent with the stable
rhythm expected in unlesioned slices (Figure 5B). Then, SP was injected into five preBstC-surface slices
wherein the cumulative laser ablation of Dbx1 neurons caused 120 s of quiescence. SP transiently revived
respiratory rhythm; the average cycle period was 1.7 s (SD 0.4 s, SEM 0.2 s, computed for 10 cycles after
SP bolus injection) but the cycle period slowed down rapidly, surpassing the control period previously
measured during the detection phase (4.7 s) within 3 min (SD 2 min, SEM 1 min). Cycle period continuously
lengthened and fluctuated from cycle to cycle, and then the rhythm stopped altogether (Figure 5C).
Judged on the basis of equilibration time, the transient effects of SP were significantly briefer in lesioned
slices (p=0.02, Mann-Whitney U-test). Furthermore, lesioned slices ultimately fell inexorably silent (Figures
2A and 5C), whereas unlesioned slices maintained rhythmicity for 4-6 hr (Figure 5A). More importantly, the
SP-evoked activity in lesioned preBotC-surface slices was irregular: RS measured 2-10 (Figure 5D, compare
to unlesioned slice in Figure 5B). These data indicate that NK1R-expressing Dbx1 neurons can evoke
transient cycles of respiratory activity, but the loss of ~85 Dbx1 preB&tC neurons slows the respiratory
oscillator frequency and renders Xl motor output nonfunctional.
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Figure 4. Dbx1 neurons in the ventral respiratory column. (A) Bright field (left) and fluorescence (right) images of
the right half of a control slice preparation. Anatomical landmarks are illustrated including: Xll, the hypoglossal
motor nucleus; cNA, the compact division of the nucleus ambiguus; IOP ., the ventral portion (loop) of principal
Figure 4. Continued on next page

Wang et al. eLife 2014;3:e03427. DOI: 10.7554/eLife.03427 8 of 25


http://dx.doi.org/10.7554/eLife.03427

LI FE Research article Neuroscience

Figure 4. Continued

sub-nucleus of the inferior olive; and VRC, the ventral border of the ventral respiratory column. Scale bar is 300 pm.
At right, the larger white box shows the detection and ablation domain. (B) Expansion of smaller white box in A,
showing tdTomato expression in Dbx1 ventral respiratory column neurons (scale bar is 10 pm), one of which was
recorded. Intracellular dialysis via patch pipette with Alexa 488 is visible in the recorded neuron whose inspiratory
depolarization and discharge pattern are illustrated at right. Respiratory motor output from the Xl nerve is shown
in raw and RMS-smoothed form. Voltage and time calibration bars represent 20 mV and 1 s. (C) Masks of targets
showing validated Dbx1 interneuron targets (red) and regions of fluorescence that do not pass muster and were
rejected as targets (blue) for focal planes at depths z = (40-70 pm). (D) 3D reconstruction of detected targets for all
focal planes z = (0-80 pm) in the ventral respiratory column (VRC) of the left and right side. A single red point
centered on its soma represents each Dbx1 neuron. The highest fraction of accepted Dbx1 target cells is found at
deeper focal planes (see Figure 1—figure supplement 2 and ‘priority rule’ explained in ‘Materials and methods’).
DOI: 10.7554/eLife.03427.011

Modeling Dbx1 neuron ablation in the preB6tC

We used graph theory and simulations to investigate how Dbx1 neuron ablations affect preB6tC
structure and function. The Rubin-Hayes preB6tC neuron model (Rubin et al., 2009) was assembled
in Erdés-Rényi G(n,p) graphs (Newman et al., 2006) with population sizes n from 200-400 and connection
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Figure 5. Substance-P (SP) injections in preBotC-surface slices. (A) SP bolus injected in an un-lesioned preB&tC-
surface slice. Xl output magnitude is plotted with cycle period as a time series. (B) Semi-log plot of regularity score
(RS) for 30 min after SP injection from the slice preparation in A. RS axis is continuous but plotted with two scales.
(C) preBotC-surface slice shown in the acquisition phase (left) and during the ablation phase (right), which were
separated by a time gap of 3 hr. After 120 s of quiescence (data point circled in red), SP injection revived the
rhythm transiently. (D) Semi-log plot of RS for 15 min after SP injection from the slice preparation in C. Data in C
and D were from the same preparation as in Figure 2A.

DOI: 10.7554/elLife.03427.012
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probabilities p from 0.1 to 0.2. These parameter ranges encompass n = 325, an empirical estimate of
the number of excitatory neurons in the perinatal mouse preBotC (Hayes et al., 2012) as well as
p=0.13, the only experimentally determined connection probability among putatively rhythmogenic
preB&tC neurons in acute mouse slices (Rekling et al., 2000). Networks within the above n—-p param-
eter range that generated respiratory-like cycle periods of ~4 s are shown with asterisks in Figure 6A
and Figure 6—figure supplement 1A. This set of model networks also generated network-wide
bursts within 200-300 ms following brief focal glutamatergic stimulation of five or more constituent
neurons (Figure 6B) in agreement with focal glutamate un-caging experiments in neonatal mouse
slices, which showed that simultaneous stimulation of 4-9 preB&tC neurons can trigger inspiratory
bursts with similar latency (Kam et al., 2013b). These results substantiate that the model networks
well represent the neonatal mouse preB&tC in vitro.
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Figure 6. Numerical simulations. (A) Networks of Dbx1 preB&tC neurons with population size (n) and synaptic connection probability (p). Blocks show
the mean cycle period according to the colorimetric scale (right) for 10 (or more) realizations of the network for each (n,p) pair. Asterisks denote networks
that generated respiratory-like (~4 s) cycle periods in 280% of individual realizations of the network. (B) Focal glutamatergic stimulation of constituent
neurons in a model network (n,p) = (330,0.125). Network-wide bursts can be evoked when five or more individual cells are stimulated. These simulations
mimic holographic laser-mediated glutamate un-caging experiments (Kam et al., 2013b) and are included because they bolster confidence that our
model networks accurately capture features and behaviors of the preB&tC in newborn mice. Raster plots show spike activity in six constituent neurons
randomly selected from the network and focally stimulated (see ‘Materials and methods’ for numerical simulation of glutamate un-caging protocol). If
focal stimulation evoked EPSPs (not spikes) then the raster reports ‘EPSPs’; spikes are indicated by short vertical lines. From left to right, the number of

stimulated units increments by one; five (or more) units evoked an inspiratory-like burst. A running-time histogram of network activity is shown at the
bottom. Calibration bars represent 100 spikes/10-ms bin (vertical) and 0.5 s (horizontal). (C) Running-time histogram for one simulation of sequential
ablation in a network (n,p) = (330, 0.125). Cell ablation tally is shown (top). Time calibration is 30 s. Spikes-per-bin calibration bar is the same as the inset
(lower), 100 spikes/10-ms bin. Insets show a raster plot of spike activity in the entire network with a running-time histogram. The numerical y-axis reports
cell index for each neuron model in the network. Left inset shows the first ablation (magenta arrow). Right inset shows all cumulative 36 ablations
(magenta arrows). Time calibration for both insets is 1 s (at right). (D) Cycle period and (E) spikes-per bin (i.e., a measure of the magnitude of simulated
network output as in C) are plotted vs cumulative percent of total ablations for 10 networks with (n,p) = (330, 0.125). D plotted in semi-log axes, E in
linear axes. Magenta shows data from individual networks, cyan plots the mean response.

DOI: 10.7554/elLife.03427.013

The following figure supplement is available for figure 6:

Figure supplement 1. Numerical simulations of Dbx1 neuron laser ablation experiments.
DOI: 10.7554/elife.03427.014
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Figure 8. Commissural and premotor projections of inspiratory Dbx1 preB&tC neurons. (A) Biocytin-filled and
reconstructed Dbx1 preBotC neuron with commissural axon projection. The axon, which meanders in depth in this
confocal image stack, was digitally traced (yellow) and superimposed in one plane for display. Axon trajectory
crosses the midline of the slice and enters the preBotC contralaterally. Scale bar is 25 pm. (B) Mosaic image of the
entire slice. The biocytin-filled soma (green) of neuron in A is shown at lower right (white arrow). Scale bar is 200
um. Panels A and B have exactly the same orientation (dorsal up, ventral down). (C) Inspiratory discharge from the
neuron in A and B. Top trace is membrane potential of the recorded Dbx1 preBotC neuron. Lower trace is XII
output. Scale bars are 10 mV and 0.5 s. (D) Biocytin-filled and reconstructed Dbx1 preB&tC neuron that projects
toward the XlI motor nucleus. Scale bar is 25 pm. The axon remained largely coplanar and thus is readily visible,
except near its distal tip. In Figure 8—figure supplement 1, this same neuron is shown with a digitally traced
(yellow) axon superimposed on the confocal image. (E) Mosaic image of the entire slice. Neuron in D is shown at
lower left (white arrow). Scale bar is 200 pm. Panels D and E have exactly the same orientation (dorsal up, ventral
down). (F) Inspiratory discharge from the neuron in D and E. Top trace is membrane potential of the recorded Dbx1
preBotC neuron. Lower trace is Xll output. Scale bars are 10 mV and 0.5 s.

DOI: 10.7554/elLife.03427.016

The following figure supplement is available for figure 8:

Figure supplement 1. Magnified view of the Dbx1 preB&tC neuron from Figure 8D-F in which the axon has been
digitally traced in the confocal stack and superimposed over the image to better illustrate the axon projection
toward the XII motor nucleus.

DOI: 10.7554/elife.03427.017
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