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Key points summary (143/150 words; max 5 bullet points): 

 The functional neuroanatomy of the mammalian respiratory network is far from being 

understood since experimental tools that measure neural activity across this 

brainstem-wide circuit are lacking.  

 Here, we use silicon multi-electrode arrays (MEAs) to record respiratory local field 

potentials (rLFPs) from 196-364 electrode sites within 8-10 mm
3
 of brainstem tissue 

in single arterially-perfused brainstem preparations with respect to the on-going 

respiratory motor pattern of inspiration (I), post-inspiration (PI) and late-expiration 

(E2). 

  rLFPs peaked specifically at the three respiratory phase transitions, from E2-I, I-PI 

and PI-E2.  

 We show, for the first time, that only the I-PI transition engages a brainstem-wide 

network, and that rLFPs during the PI-E2 transition identify a hitherto unknown role 

for the dorsal respiratory group. 

 Volumetric mapping of ponto-medullary rLFPs in single preparations could become a 

reliable tool to assess the functional neuroanatomy of the respiratory network in 

health and disease. 

 

Abstract (245/250 words): 

While it is widely-accepted that inspiratory rhythm generation depends on located in the pre-

Bötzinger complex, the functional neuroanatomy of the neural circuits that generate 
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expiration is debated. We hypothesized that the compartmental organisation of the brainstem 

respiratory network is sufficient to generate macroscopic local field potentials (LFPs), and if 

so, respiratory (r) LFPs could be used to map the functional neuroanatomy of the respiratory 

network. We developed an approach using silicon multi-electrode arrays to record 

spontaneous LFPs from hundreds of electrode sites in a volume of brainstem tissue while 

monitoring the respiratory motor pattern on phrenic and vagal nerves in the perfused 

brainstem preparation. Our results revealed the expression of rLFPs across the ponto-

medullary brainstem. rLFPs occurred specifically at the three transitions between respiratory 

phases: (1) from late-expiration (E2) to inspiration (I), (2) from I to post-inspiration (PI), and 

(3) from PI to E2. Thus, respiratory network activity was maximal at respiratory phase 

transitions. Spatially, the E2-I, and PI-E2 transitions were anatomically localized to the 

ventral and dorsal respiratory groups, respectively. In contrast, our data show, for the first 

time, that the generation of controlled expiration during the post-inspiratory phase engages a 

distributed neuronal population within ventral, dorsal and pontine network compartments. A 

group-wise independent component analysis demonstrated that all preparations exhibited 

rLFPs with a similar temporal structure and thus, share a similar functional neuroanatomy. 

Thus, volumetric mapping of rLFPs could allow for the physiological assessment of global 

respiratory network organization in health and disease.   

 

1. Introduction 

Breathing is a centrally-generated motor behaviour that controls pulmonary airflow to 

maintain blood-gas homeostasis—oxygen uptake during inspiration and carbon dioxide 

excretion during expiration—throughout life. During eupnoea, the rhythmic contraction of 

the diaphragm is sufficient to inspire. Consequently, recent research focused on the 
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generation of the essential inspiratory rhythm. It is now well understood that the pre-

Bötzinger complex (Smith et al., 1991), a medullary area which can be isolated as an in vitro 

slice preparation, is necessary and sufficient to generate the inspiratory rhythm (for review, 

see Del Negro et al., 2018). 

In comparison, the central control of expiration is less well understood. During 

eupnoea, expiratory airflow is largely generated by passive recoil forces originating from the 

expanded lungs at the end of the inspiration. However, the force, pattern and duration of 

expiratory airflow is centrally controlled by laryngeal adductor-dependent valving 

mechanisms that counteract passive recoil forces during the early phase of expiration, which 

is commonly referred to as the post-inspiratory (controlled expiratory) phase of the 

respiratory cycle (Richter, 1982; Dutschmann et al., 2014). Finally, abdominal respiratory 

muscles actively pump air out of the lungs during late-expiration under conditions of high 

chemical drive and metabolic demand (Abdala et al., 2008; Pisanski & Pagliardini, 2018). 

During eupnoea, late-expiratory activity is observed within the brainstem respiratory 

network, and can also be observed to a lesser extent in abdominal motor nerve activity (Abe 

et al., 1996; Segers et al., 2008; Road et al., 2013; Jones et al., 2016; Dhingra et al., 2019c). 

While it is well-accepted that the circuits that generate the expiratory motor patterns 

that drive upper-airway and abdominal muscles are located within the brainstem (for a 

historical review, see (Richter, 1982; Feldman, 1986), the precise functional neuroanatomy of 

these circuits remains unclear due to the distribution of the respiratory network across the 

ponto-medullary brainstem (Smith et al., 2013). While in cortical networks, short-range 

connections (10-100 µm) out-number long-range connections (1+ mm), the opposite may be 

true of brainstem circuits (Feldman & Speck, 1983; Segers et al., 1985; Ellenberger & 

Feldman, 1990). Specifically, anatomical tracing studies identify many long-range 

projections between brainstem respiratory nuclei; an observation that led to the concept that 
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the brainstem respiratory network is compartmentally-organized (Ellenberger & Feldman, 

1990; Smith et al., 2007; Alheid & McCrimmon, 2008; Jones & Dutschmann, 2016). Thus, 

measuring the functional neuroanatomy of the inspiratory and expiratory respiratory network 

would require monitoring the activity of respiratory neurons that may be spread over several 

cubic millimetres of brainstem tissue. 

Consistent with these anatomical frameworks, recent work from our laboratory has 

shown that expression of a eupnoeic three-phase respiratory motor pattern (inspiration, post-

inspiration and late-expiration) depends on the integrity of synaptic interactions across the 

pons and medulla, particularly between the medullary ventrolateral respiratory column 

(VRC), the medullary dorsal respiratory group (DRG) and the pontine respiratory group 

(PRG) (Dutschmann & Herbert, 2006; Smith et al., 2007; Dutschmann & Dick, 2012; Jones 

& Dutschmann, 2016; Dhingra et al., 2017, 2019a, 2019b).  

Experimentally, these studies of the brainstem mechanisms that underlie the 

generation of expiratory motor patterns were enabled by the introduction of the in situ 

arterially-perfused brainstem preparation (Paton, 1996). The perfused brainstem preparation 

maintains the full connectivity of the ponto-medullary brainstem and spinal cord which is 

required to generate an eupnoeic three-phase respiratory motor pattern of inspiration (I), post-

inspiration (PI) and late-expiration (E2).  

In cerebellar and forebrain networks, synchronous spatially localized neuronal activity 

is known to give rise to macroscopic local field potentials (LFPs) that can be recorded with 

low-impedance electrodes (Rall & Shepherd, 1968; Freeman & Nicholson, 1975; Nicholson 

& Freeman, 1975). In recent years, silicon-based multi-electrode array technologies have 

enabled parallel recording of the single-unit activities of hundreds of neurons as well as their 

LFPs in cortical networks (Csicsvari et al., 2003; Blanche et al., 2005).  
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In the present study, we hypothesized that the spatio-temporal organization of the 

respiratory network is sufficient to produce macroscopic respiratory LFPs, and if so, this 

proxy of respiratory network activity could be used to precisely map the functional 

neuroanatomy of the respiratory circuit across the pons and medulla in single perfused 

brainstem preparations.  

To test our hypothesis, we used a single 2-dimensional multi-electrode array (MEA) 

to record spontaneous LFPs in a coronal plane in the brainstem. The MEA was then 

successively re-positioned along the rostro-caudal axis so that the location of the contact 

electrodes covered the desingated brainstem volume of the respiratoy network with sufficient 

resolution. Because respiratory circuit activity is periodic, by referencing the LFPs with 

respect to the instantaneous phase of the simultaneously recorded respiratory motor pattern, 

this experimental configuration allowed us to reconstruct a 3-dimensional map of the 

isochrones of neural activity in the brainstem respiratory network throughout a respiratory 

cycle.  

 We recorded respiratory (r) LFPs across the medulla and pons and found that rLFPs 

were temporally restricted to the three transitions between respiratory phases: from E2 to I, 

from I to PI, and from PI to E2. Spatially, rLFPs that occurred at the E2-I and PI-E2 

transitions were localized to the VRC and DRG, respectively, whereas rLFPs that occurred at 

the I-PI transition were distributed across the VRC, DRG and PRG. Finally, we confirmed 

this spatio-temporal organisation of rLFPs by applying independent component analysis. The 

implications of these observations on the generation of the three-phase respiratory motor 

pattern are discussed. 
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2. Methods

2.1 Ethical approval 

For breeding, adult male and female Sprague Dawley rats (Animal Resources Centre, 

Canning Vale, Australia) and their offspring were housed under a 14:10 light/dark cycled 

with ad libitum access to standard laboratory chow and water. All experimental protocols 

were performed in accordance with the Australian code of practice for the care and use of 

animals for scientific purposes and conform with the principles of international regulations. 

Experimental protocols were approved by and conducted with strict adherence to the 

guidelines established by the Animal Ethics Committee of the Florey Department of 

Neuroscience & Mental Health, University of Melbourne, Melbourne, Australia (AEC No.: 

17-075-FINMH). 

2.2 In situ arterially-perfused brainstem preparation 

Experiments were performed in juvenile (17-21 days post-natal) Sprague-Dawley rats 

of either sex using the in situ arterially-perfused brainstem preparation as described 

previously (Paton, 1996). Rats were anesthetized by inhalation of isoflurane (2-5%) until they 

reached a surgical plane of anesthesia. When a surgical plane of anesthesia was reached as 

assessed by the absence of a withdrawal reflex in response to a noxious hindpaw pinch, rats 

were immediately euthanized by a sub-diaphragmatic transection and immediately transferred 

to an ice-cold bath of artificial cerebrospinal fluid (aCSF; in mM: 125 [NaCl], 3 [KCl], 1.25 

[KH2PO4], 1.25 [MgSO4], 1.25 [NaHCO3], 2.5 [CaCl2], 12.5 [Dextrose]) for decerebration. 

The heart and lungs were removed. The phrenic nerve was isolated for recording, and the 

descending aorta was isolated for cannulation. The cerebellum was removed. Finally, the 

vagus was isolated for recording. 
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 The preparation was then transferred to a recording chamber. The aorta was quickly 

cannulated with a double-lumen catheter. The preparation was then re-perfused with 

carbogenated (95%/5% pO2/pCO2), heated (31 C) aCSF using a peristaltic pump (Watson-

Marlow). Phrenic and vagal nerves were mounted on suction electrodes to record the fictive 

respiratory motor pattern. Motor nerve potentials were amplified (400×), filtered (1-7500 

Hz), digitized (30 kHz) via a 16-channel differential headstage (Intan RHD2216), and stored 

on an acquisition computer using an Open-Ephys acquisition system (Rev. 2, (Siegle et al., 

2017)). Within minutes, apneustic respiratory contractions resumed. When needed, a single 

bolus of NaCN (0.1 mL, 0.1% (w/v) NaCN) provided excitatory chemosensory drive to 

convert the apneustic pattern to a eupneic three-phase respiratory motor pattern. Finally, the 

perfusion flow rate was adjusted to fine tune the preparation to generate a stable stationary 

rhythm.  

2.3 Multi-electrode array recording protocol 

Experimentally, to address our hypothesis, we measured LFPs with a fine resolution 

over a 3-dimensional brainstem volume. To this end, we used a single 2-dimensional MEA 

(Fig. 1, x-z plane, with 4 shanks × 7 electrode sites; Neuronexus, Lansing, MI, USA) to 

record from 28 sites with known anatomic coordinates in a coronal orientation. Using a 

coarse micro-manipulator (Narishige MMN-33), the MEA was then successively relocated in 

parallel to its original x-z plane along the orthogonal direction (y-axis) so that the location of 

the electrode sites covers the volume with sufficient resolution (7-13 positions; electrode site 

grid dimensions: 0.4 (ML) × 0.5 (RC) × 0.2 (z/Depth) mm
3
). This sampling procedure 

enables us to record from 196 – 364 sites with known coordinates within the 3-dimensional 

volume.  

At the beginning of the mapping protocol, we first determined the coordinates of the 

MEA when positioned such that the medial shank was centered just above calamus 
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scriptorius (CS). Next, we positioned the MEA at the first recording plane at a laterality and 

depth sufficient to enable the successive, parallel positioning of the MEA throughout the 

medulla and pons.  

Because of the limited size of the MEA recording plane, and because LFPs can spread 

over hundreds of micrometers, we chose initial recording positions such that the sampled 

volume would include, at a minimum, the edges of the VRC, DRG and PRG.  

The coordinates of the deepest electrode site of the medial shank in the most caudal 

recording position of the volume ranged between M-L (x): CS+0.1 – CS+0.9 mm, R-C (y): 

CS-0.6 – CS+0.9 mm, and Depth (z): CS-2.1 – CS-3.0 mm. While we typically acquired the 

electrophysiologic data in a caudal to rostral direction, to ensure that the MEAs did not cause 

sufficient damage to alter respiratory network activity, in a subset of experiments, we also 

sampled along the A-P axis in the reverse order (from rostral to caudal recording planes). 

Further, at all sites, in all experiments, we observed a eupneic three-phase respiratory motor 

pattern that was not perturbed by MEA insertion and recording. 

At each recording plane along the A-P (y)-axis, we recorded 3-5 min of stationary 

activity. Like the recordings of the fictive respiratory motor pattern, LFPs were amplified 

(400×), filtered (1-7500 Hz) and digitized via a 32-channel mono-polar headstage (Intan 

RHD2132) and stored on an acquisition computer using an Open-Ephys acquisition system.  

Figure 1 here 

2.4 Data Analysis 

 Our volumetric MEA sampling protocol yielded a dataset of spontaneous activity at 

ca. 200 – 300 recording sites, their anatomic coordinates relative to CS, and the 

corresponding fictive respiratory motor pattern on the phrenic and vagal nerves (PNA and 

VNA, respectively). The goal of the analytic component of the approach is then to determine 
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what the spontaneous activity is at each recording site relative to the instantaneous phase of 

the respiratory cycle. The analytic approach is schematically summarized in Figure 1.  

 For each planar set of electrode sites, we first applied common-average referencing to 

the MEA data by subtracting the median value of each channel, and median value of each 

time point from the MEA time series. Next, because macroscopic field potentials contribute 

to the low-frequency components of an electrophysiologic recording, we low-pass filtered the 

MEA data using a zero-phase 3
rd

-order Butterworth filter (Fc = 300 Hz). 

 To determine the spontaneous neural activity at each phase of the respiratory cycle, 

we needed to determine the instantaneous phase of the corresponding fictive respiratory 

motor pattern. The respiratory motor pattern (PNA and VNA) was first high-pass filtered 

(zero-phase 3
rd

 order Butterworth filter, Fc = 300 Hz), rectified and integrated (zero-phase 3
rd

 

order Butterworth filter, Fc = 16 Hz). Next, we used a threshold-crossing algorithm to 

determine the offset times of PNA that denote the I-PI transition.  

We next averaged the MEA data with respect to these events to determine the mean 

spontaneous activity relative to the phase of the on-going respiratory motor pattern. Finally, 

we used linear gridded interpolation to reconstruct the spatio-temporal structure of respiratory 

network activity throughout the sampled volume of tissue. 

2.5 Independent component analyses 

Independent component analysis (ICA) is an unsupervised learning technique that is 

widely used to analyze the spatio-temporal structure of event-related potentials in EEG 

recordings (Bell & Sejnowski, 1995; Hyvarinen, 1999; Makeig et al., 2004; Kovacevic & 

McIntosh, 2007). ICA finds a decomposition of a multi-variate time series,  , into 

statistically independent non-Gaussian temporal components,  , that have a fixed spatial 

basis. In other words, when applied to a given volumetric reconstruction of rLFPs, ICA 

separates the original dataset into a minimal set of statistically independent rLFP patterns that 
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are synchronously expressed across fixed regions in the brainstem volume, and which when 

linearly re-combined can reconstruct the original signal without loss of information. 

The generative model assumed by ICA is 

where   is the centered and whitened data matrix,   is a matrix of temporal basis vectors, e.g., 

the independent components of  , and   is a matrix of coefficients that specify how the 

independent components can be linearly mixed to reconstruct  . ICA seeks a matrix 

( ) that un-mixes the data matrix   into its independent components  . 

ICA assumes that the independent components   have a non-Gaussian distribution, and 

according to the central limit theorem, become more Gaussian after mixing. Therefore, to 

determine the un-mixing matrix  , ICA starts with a random guess of the un-mixing 

coefficients  and iteratively maximizes the non-Gaussianity of the independent components 

 until the algorithm converges. 

The rows of the independent components   are the temporal basis vectors, the 

statistically independent time series (e.g., Fig. 6C) that can be mixed according to   to 

reconstruct the original data matrix  . The columns of   are the spatial maps (e.g., Fig. 6D) 

that describe the linear mixing of the independent components,  , onto the electrode sites. 

Since the number of electrode sites was far greater than the number of independent 

components, after centering the original data matrix,  , we performed dimensionality 

reduction using principal component analysis yielding a lower rank data matrix,  ̂. Then, the 

data matrix,  ̂, was whitened before computing the ICA decomposition of  ̂ using the fixed-

point ICA algorithm implemented in MATLAB by the FastICA package (Hyvarinen, 1999). 
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 To assess whether the temporal and spatial bases identified by the ICA of a 

representative experiment were consistent across preparations, we also performed a group-

wise ICA by first concatenating the cycle-averaged MEA data from all experiments (N=5 

preparations; n=1508 electrode sites). In this case, if the group-wise ICA identifies a similar 

set of independent components as the ICA of a representative experiment (e.g., compare Fig. 

6C & G), it would suggest that the spatial maps of the ICA of a representative experiment, 

i.e., regions synchronously expressing a given rLFP pattern, are consistent for the group. 

2.6 Statistics 

All analyses were implemented using custom routines in MATLAB. Measurements 

are reported as means ± standard deviation. Statistical comparisons were made by applying a 

one-way ANOVA. The Tukey HSD post hoc test was used to identify specific differences. 

3. Results 

3.1 Respiratory Local Field Potentials (LFPs) are observed on a breath-by-breath basis 

within the ventrolateral respiratory column: 

To test our hypothesis, we used a planar multi-electrode array with grid-like electrode 

spacings to record spontaneous neural activity at hundreds of points within a volume of 

brainstem tissue extending rostro-caudally through the medulla and pons while 

simultaneously recording the on-going fictive respiratory motor pattern, e.g., phrenic (PNA) 

and vagal (VNA) nerve activities, in the perfused brainstem preparation of juvenile rats.  

Figure 2 here 

A representative recording of a subset of MEA channels and the simultaneously recorded 

respiratory motor pattern is shown in Figure 2. These electrode sites were positioned at R-C: 

CS + 1.3 mm, M-L: CS + 1.3 mm, Depth: CS - (2.0, 2.2, 2.4 and 2.6 mm, respectively). 

According to (Paxinos & Watson, 2006), these coordinates were located just medial to the 

caudal extent of the pre-Bötzinger complex (pre-BötC). As expected, high-pass filtering of 
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the spontaneous activity recorded at these positions revealed several spiking neurons with 

bursts during specific respiratory phases (Fig. 2Bi). An expanded trace during one respiratory 

cycle shows that these recording sites could record nearby pre-inspiratory and post-

inspiratory neuronal activity (Fig. 2Bii). Because macroscopic LFPs are contained within the 

low-frequency band typically removed in analysis of single- or multi-unit activities, we next 

low-pass filtered these recordings. From the low-pass filtered traces, we observed respiratory 

(r) LFPs that occurred with each cycle of the respiratory motor pattern. (Fig. 2Biii). In this 

trace, the one rLFP occurred at the transition from E2 to I (E2-I), whereas another rLFP 

occurred at the transition from I to PI (I-PI). Given the consistency of these rLFPs from 

breath-to-breath, we were able to measure the mean respiratory LFP over all respiratory 

cycles in the recording (n=74 breaths) using the I-PI transition as a trigger (Fig. 2C).  

3.2 Respiratory LFPs are spatially coherent throughout the medulla and pons: 

In Figure 3A-K, we show the spatial organization of the mean rLFPs over a full 

respiratory cycle at all sampled electrode positions in a representative experiment. Overall, 

we observed rLFPs within the caudal ventrolateral, caudal dorsomedial and rostral 

dorsolateral extents of the sampled electrode positions, which we will subsequently refer to as 

the ventral respiratory column, dorsal and pontine respiratory groups (VRC, DRG and PRG, 

respectively).  

Inspiratory LFPs that occurred at the E2-I transition were observed in a continuous 

column with the VRC extending from R-C: CS+1.3 to CS+3.7 mm (Fig. 3B-H). An 

inspiratory LFP was also observed in a discrete dorsolateral region of the PRG from R-C: 

CS+4.1 to CS+4.9 mm (Fig. 3I-K).  

Figure 3 here 

In contrast, post-inspiratory LFPs that occurred at the I-PI transition were present within 

the VRC, DRG, and PRG. Post-inspiratory LFPs of the largest magnitude were observed 
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within the caudal VRC at R-C: CS+1.3 mm. A post-inspiratory LFP with a shorter duration 

was also observed in a continuous column of the DRG extending from R-C: CS+1.3 to 

CS+3.3 mm. Finally, a post-inspiratory LFP was also observed within the PRG from R-C: 

CS+4.1 to CS+4.9 mm. 

In addition, there were also electrode positions where we did not observe any LFPs 

phase-locked to the respiratory cycle. For instance, we recorded only weak rLFPs at R-C: 

CS+3.7 mm (Fig. 3H), which suggests that the source of medullary rLFPs could be separated 

from the PRG source of rLFPs. 

Figure 4 here 

Next, we quantified the peak amplitude and duration of these characteristic inspiratory 

(E2-I) and post-inspiratory (I-PI) LFPs for the group (Fig. 4). Inspiratory LFPs of similar 

duration were observed in the VRC and PRG (full width at half maximum; FWHM): VRC, 

85 ± 45 ms; Pons, 112 ± 80 ms, N=5 preparations). However, inspiratory LFPs within the 

VRC tended to be larger than PRG inspiratory LFPs (VRC, 272 ± 200 µV versus PRG, 101 ± 

62 µV, N=5 preparations). 

In contrast, post-inspiratory LFPs of a similar magnitude were observed in all three 

respiratory areas (VRC, 131 ± 90 µV, DRG, 87 ± 27 µV, PRG, 96 ± 94 µV, N=5 

preparations). Post-inspiratory LFPs within the VRC were the longest LFPs observed in the 

group (FWHM: VRC, 375 ± 87 ms, p<0.05, N=5 preparations). Post-inspiratory LFPs with a 

similar duration were also observed within the DRG and PRG (FWHM: DRG, 171 ± 50 ms, 

PRG, 194 ± 106 ms, N=5 preparations). 

Taken together, these observations suggest the existence of three primary fields within 

the brainstem respiratory network: the medullary VRC, the medullary DRG and the PRG. 

Inspiratory on-switch (E2-I) rLFPs were present in the VRC, and subsequently in the PRG, 
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whereas inspiratory off-switch (I-PI) rLFPs were expressed synchronously within the VRC, 

DRG and PRG.  

3.4: Volumetric reconstruction of respiratory LFPs: 

 As discussed in Methods, because respiration is a periodic process, we can express 

neuronal activity as a function of the instantaneous phase of the respiratory rhythm using the 

respiratory motor pattern as a definition of the respiratory network’s instantaneous phase. 

Thus, after averaging the spontaneous respiratory LFPs with respect to the on-going 

respiratory motor pattern, we can volumetrically reconstruct the spatio-temporal pattern of 

respiratory LFPs by simply interpolating across the grid of electrode positions (Fig. 5; 

Supplemental Video 1). Note that in these plots, the color scale reflects whether a given LFP 

was positive or negative, and does not necessarily correspond to excitation or inhibition 

within a given area (see Discussion 4.1 & 4.2). 

 At the E2-I transition (Fig. 5B-D), inspiratory LFPs were initially observed within the 

VRC near the pre-BötC, and weakly within the DRG (Fig. 5B). Within 100 ms, we 

additionally observed an inspiratory LFP within the PRG (Fig. 5C). Subsequently, for the 

remainder of inspiration, we observed an inspiratory LFPs of opposite polarity near the pre-

BötC (Fig. 5D). 

Figure 5 here 

 At the I-PI transition (Fig. 5E-G), a much wider group of brainstem areas that spanned 

much of the recording volume were associated with post-inspiratory LFPs (Fig. 5E). This set 

of neuronal populations included the VRC, DRG and PRG. As the I-PI transition began, all 

three areas were equally active (Fig. 5E). As the transition to the PI phase continued, the 

magnitude of post-inspiratory LFPs in all areas increased (Fig. 5F). Finally, once the post-

inspiratory phase was fully established, we observed post-inspiratory LFPs primarily within 

the VRC and DRG (Fig. 5G). 
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 Interestingly, the volumetric reconstruction of rLFPs revealed the presence of discrete 

rLFPs within the DRG that occurred during late post-inspiration or co-incidentally with the 

transition between the PI and E2 phases of the respiratory cycle (Fig. 5H-J). Examples of 

DRG LFPs occurring during late post-inspiration area shown in Figure 5H & I. We also 

consistently observed a DRG LFP that occurred co-incidentally with the PI-E2 transition 

(Fig. 5J).  

3.3 Independent component analysis of respiratory LFPs: 

 To comprehensively assess the spatio-temporal structure of brainstem rLFPs, we 

performed an independent component analysis (ICA) of all rLFPs recorded in a 

representative experiment. When applied to spatially-referenced time series data, ICA finds a 

decomposition of the dataset such that the resultant temporal components are maximally 

independent, but also have a fixed spatial basis. In other words, application of ICA to a 

dataset of mean respiratory LFPs identifies a minimal set of statistically-independent rLFP 

patterns (Fig. 6C) that are synchronously expressed across regions identified by the 

corresponding spatial map (Fig. 6D), that can be linearly re-combined to reconstruct the 

original dataset without losing (or adding) any information that was (not) present in the 

original dataset.  

Figure 6 here 

 The ICA of a representative LFP mapping experiment is shown in Figure 6. The 

dataset consisted of 308 LFPs averaged with respect to the I-PI transition (Fig. 6A). Because 

99.1% of the variance in the dataset was accounted for by the top 7 principal components, the 

dimensionality of the dataset was first reduced to these principal directions (Fig. 6B). 

Appling ICA to the dimensionally reduced dataset yielded independent components that were 

reflective of the qualitative analysis presented above (Fig. 6C). More specifically, the 

independent components show that rLFPs are predominantly expressed at the transitions 
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between the respiratory phases, e.g., E2-I (Fig. 6C, IC1-2), I-PI (Fig. 6C, IC3-5) and PI-E2 

(Fig. 6C, IC7). Interestingly, the independent components associated with the I-PI transition 

showed a temporal procession, perhaps reflective of a wave of activity through their 

corresponding neuronal populations. In addition to the independent components occurring at 

respiratory phase transitions, we also observed one independent component that was 

expressed throughout inspiration (Fig. 6C, IC2) and another independent component that 

occurred during the post-inspiratory phase (Fig. 6C, IC5). 

In addition, ICA also identifies a set of spatial maps that define how the electrode 

sites contribute to the various independent components. In other words, because rLFPs are 

largely temporally-restricted to the transitions between the respiratory phases, the spatial 

maps of the independent components identify which areas in the recorded volume contributed 

to the three transitions between respiratory phases. These spatial maps of the independent 

components are shown in Figure 6D. Note that in Figure 6D, the color scale indicates the 

weighting of how strongly the associated independent component time series (in Fig. 6C) is 

expressed at a given point in the volume. 

As expected, the independent component associated with the E2-I transition (Fig. 6D, 

IC1) had a dominant source in the ventrolateral aspect of the volume, i.e., near the pre-BötC. 

In addition, the IC1 map also revealed a contribution of the DRG and PRG to the E2-I 

transition. 

Again, as expected from the above qualitative analysis of the volumetric 

reconstruction of I-PI LFPs, the spatial maps associated with independent components that 

were active during the I-PI transition (Fig. 6D, IC3-5) involved neuronal areas throughout the 

recording volume. The spatial map of the independent component closest to the I-PI 

transition was the most distributed, involving discrete areas within the VRC, DRG and PRG 

(Fig. 6D, IC3). The next independent component in the I-PI transition involved the same 
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three areas, though their boundaries were less discrete (Fig. 6D, IC4). Finally, the last I-PI 

associated independent component was spatially expressed within the VRC and DRG (Fig. 

6D, IC5). Interestingly, in addition to its I-PI activation, IC5 also included a broad peak that 

preceded the E2-I transition (see Fig. 6C, IC5). 

Consistent with the volumetric reconstruction of respiratory LFPs, the 6
th

 and 7
th

 

independent components whose temporal activations occurred during late post-inspiration 

and at the PI-E2 transition, respectively, were spatially restricted to the DRG (Fig. 6D, IC6-

7). 

Finally, to test whether the analysis of the spatio-temporal pattern of volumetric 

reconstructions of respiratory LFPs was indeed representative of the respiratory LFPs 

expressed in all experiments, we performed a group-wise ICA of the mean respiratory LFPs 

from all experiments (Fig. 6E; n=1561 recording positions; N=5 preparations). The top 7 

principal components accounted for 99.2% of the variance in the group dataset (Fig. 6F). 

Decomposing the independent components of this dataset yielded a set of temporal 

components that were similar to those of single experiments (Fig. 6G). Activations in the 

group-wise independent components were restricted to short time windows at the transitions 

of the phases of the respiratory cycle (Fig. 6G, E2-I: IC1-2, I-PI: IC3-5 PI-E2: IC6-7). 

Finally, consistent with the ICA of single datasets, the group-wise ICA confirmed the 

presence of a temporal procession of I-PI LFPs. Taken together, the similarity between the 

independent component time series’ identified in the group-wise ICA and those identified in 

a representative experiment suggests that the ICA spatial maps of a representative experiment 

(Fig. 6D) were consistent for the group. Overall, these results suggest that respiratory 

network activity is maximal at the transitions between respiratory phases and can be localized 

to distinct areas throughout the ponto-medullary brainstem. 
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4. Discussion 

 In the present study, we have developed an approach to volumetrically map the 

spatio-temporal structure of rLFPs across the ponto-medullary brainstem by making paired 

recordings of the respiratory motor pattern and of spontaneous LFPs throughout the volume. 

Quantitatively, the amplitudes and durations of the rLFPs measured in this report were 

consistent with previous studies that made field potential recordings in the isolated goldfish 

brainstem, and more recently, in the nucleus tractus solitarius of awake rats (Adrian & 

Buytendijk, 1931; Kawai, 2018). 

To our knowledge, this is the first study to map the spatio-temporal organization of 

rLFPs across the ponto-medullary brainstem in mammals. The spatio-temporal structure of all 

rLFPs identified in the present study are schematically summarized in Figure 7. Temporally, 

rLFPs were expressed specifically at each of three respiratory phase transitions: (1) from E2 

to I, (2) from I to PI and (3) from PI to E2. ICA confirmed this temporal structure and 

identified seven statistically independent components that accounted for the spatio-temporal 

dynamics of rLFPs. Spatially, some independent components were restricted to specific 

compartments of the respiratory network, whereas others were expressed throughout the 

volume in a manner consistent with earlier views on the location of the respiratory network 

(for review, see (Duffin, 2004). Specifically, I-PI LFPs were distributed throughout the 

ponto-medullary volume localized to the VRC, DRG and PRG, whereas E2-I LFPs were 

exclusively detected at recording sites that overlap with the pre-BötC and PI-E2 LFPs were 

solely expressed in the DRG. Further, we have provided direct evidence for the efference 

copy of the timing of the inspiratory on-switch (E2-I transition) from the pre-Bötzinger 

complex to the PRG and DRG. Interestingly, we also identified a travelling wave of I-PI 

LFPs involving subsets of the VRC, DRG and PRG. Finally, a group-wise ICA demonstrated 
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that the temporal organization of rLFPs was consistent across all preparations. Thus, it is 

likely that the spatial organization of rLFP expression is equally preserved across individual 

preparations. Further, the spatial organization of rLFP expression appears consistent with 

functional neuroanatomic studies of the respiratory network in humans (Pattinson et al., 

2009) and with recent functional ablations studies in anurans (Baghdadwala et al., 2015) 

suggesting that the distributed functional neuroanatomy of the respiratory network defined in 

this study may be conserved across vertebrate species, including humans. 

4.1 Volume conduction of brainstem rLFPs: 

LFPs are known to spread by volume conduction in brain tissue. The volume 

conduction of neuronally-generated field potentials suggests that field potentials can be 

detected for some distance beyond the boundaries of their current sources or sinks (Katzner et 

al., 2009; Nelson & Pouget, 2010; Kajikawa & Schroeder, 2011; Lindén et al., 2011; Buzsáki 

et al., 2012). In the present study, examining the spread of VRC rLFPs in the transverse 

plane, we can estimate a minimum bound for the radius of volume conduction of rLFPs was 

ca. 400 µm, which appears relatively local. Most importantly, consistent with our 

interpretation, we were able to demonstrate a robust spike-field correlation: at the same 

electrode sites where we could observe neurons with respiratory-modulated spiking, we could 

also observe rLFPs (Fig. 2). Considering the challenges to interpret LFPs due to their volume 

conduction, in the present study, we have been cautious with speculation on the functional 

anatomic sources and sinks of rLFPs by limiting our anatomic characterization to broad areas 

of the brainstem respiratory network—the VRC, DRG and PRG. 

However, in the present study, because we had an a priori rationale as to the expected 

populations involved in respiratory pattern generation, we took advantage of the volume 

conduction of LFPs to effectively sample from a larger volume than the sampled electrode 
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sites. Previous research from our laboratory which used local inhibition of individual 

respiratory network compartments to functionally assess their role in the generation of the 

post-inspiratory motor pattern suggested that neuronal activity within the PRG, DRG and 

VRC are necessary to generate a eupneic post-inspiratory motor pattern (Dutschmann & 

Herbert, 2006; Dutschmann & Dick, 2012; Jones & Dutschmann, 2016; Dhingra et al., 2017, 

2019a, 2019b). Anatomically, these brainstem areas occupy a volume of ca.             

mm
3
 (           ) of brainstem tissue. Unfortunately, silicon MEAs sampling from a 

plane of         mm
2
 are not commercially available at present. Therefore, as noted in 

Methods, to better assess the spatial distribution of rLFPs despite the limited size of the 

MEAs, we recorded rLFPs in a plane situated between the VRC and DRG, and all parallel 

planes rostro-caudally from calamus scriptorius (CS) into the pons at the level of the inferior 

colliculus. This experimental approach effectively increased our field-of-view beyond the 

volume sampled by the MEA. With this recording configuration, we were able to detect 

rLFPs, especially during the I-PI transition, that arose from the PRG, DRG and VRC.  

One limitation of this recording configuration is that since some rLFPs originate 

outside the recording volume, it precludes the use of current source density (CSD) analysis to 

identify the current sources or sinks of rLFPs within the recording volume. Future 

implementations of the approach should provide for the development of sufficiently large 

MEAs to enable the direct reconstruction and CSD analysis of rLFPs throughout an entire 

hemisphere of the brainstem since there are otherwise no technical constraints on such an 

approach. In addition, future electrophysiologic and computational modelling studies 

specifically aimed at the mechanisms underlying the generation of brainstem rLFPs, 

especially as compared to those of anatomically coherent forebrain circuits where the issue of 
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the volume conduction of LFPs has been well investigated, will be necessary to more 

precisely interpret datasets mapping the spatio-temporal distributions of brainstem rLFPs. 

4.2 Biophysical origins of rLFPs: 

  Though LFPs reflect the summation of all membrane currents, the largest 

contribution to macroscopic LFPs is thought to arise from the summation of slow synaptic 

potentials (for review, see (Buzsáki et al., 2012)). Thus, the temporal structure of the rLFPs 

recorded in the present study suggests that at the population level, synchronous synaptic 

activity in the respiratory network is maximal at the transitions between respiratory phases.  

Several mechanisms could account for enhanced synchrony during respiratory phase 

transitions. One, synchronized rLFPs at the phase transitions may result from the overlap of 

the incrementing and decrementing firing patterns of respiratory neurons (Richter, 1982; 

Lindsey et al., 2000). For instance, at the I-PI transition, the incrementing firing rates of 

inspiratory neurons is juxtaposed with the decrementing spiking pattern of post-inspiratory 

neurons, a common feature of respiratory CPG models (Rybak et al., 2004; Rubin et al., 

2009; Yu et al., 2017). Combined with the slow time constant of synaptic conductances, this 

juxtaposition of incrementing and decrementing firing rates may summate to give rise to 

macroscopic rLFPs. Two, synchronous spiking of phase spanning neurons may underlie the 

generation of rLFPs. Phase-spanning inspiratory-expiratory neurons of the PRG express 

activity specifically during late inspiration and early post-inspiration and have been proposed 

to play a critical role in determining the timing of the I-PI phase transition (Cohen & Shaw, 

2004; Mörschel & Dutschmann, 2009). In this case, phase spanning conductances occurring 

precisely during respiratory phase transitions may summate with on-going phasic 

conductances to give rise to rLFPs. Three, the propensity of respiratory neurons to 

synchronize their firing patterns may itself be modulated across the respiratory cycle. For 
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instance, Lindsey and colleagues observed respiratory phase-specific modulation of 

synchrony amongst groups of midline raphe neurons (Lindsey et al., 1992). If such dynamic 

reconfiguration of effective connectivity is equally present across the respiratory network, 

such transient increases in the synchrony of respiratory neurons might account for the 

generation of rLFPs. Finally, four, rLFPs may report a synchronous transition of a population 

of neurons from silence to bursting, or vice versa. Such a mechanism has been observed, for 

instance, in simultaneous recordings of LFPs and intracellular neuronal activity in visual 

cortex (Singer et al., 2017). This latter mechanism may be particularly relevant for the rLFPs 

observed in the DRG at the PI-E2 transition (see Discussion 4.4). Whether one or more of 

these potential mechanisms underlies the generation of rLFPs in specific respiratory network 

compartments remains an open question to be addressed in future studies. 

Figure 7 here 

4.3 Spatio-temporal structure of respiratory network activity during the inspiratory off-switch 

(I-PI transition): 

I-PI rLFPs were by far the most spatially dynamic rLFP in the present study and were 

observed across a distributed pool of neuron populations in the VRC, DRG and PRG 

(compare Fig. 7C to 7A & E; see also Fig. 5E-G & 6D, IC3-5). Interestingly, at the onset of I-

PI LFPs, all three major respiratory network compartments were simultaneously recruited. In 

line with recent publications from our laboratory, which showed that local disinhibition of the 

VRC, DRG or PRG caused similar disruptions of the I-PI phase transition (Dhingra et al., 

2019a, 2019b), the spatial distribution of I-PI LFPs support the hypothesis that distributed 

neuronal populations compete to determine the precise timing of the inspiratory off-switch. 

Consistent with this hypothesis, it remains well established, though often overlooked, that 

without the pons, medullary connectivity is insufficient to generate the alternating patterns of 
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activity that results from inspiratory off-switch mechanisms (Marckwald, 1887; Lumsden, 

1923; Jones & Dutschmann, 2016). The functional significance of a distributed respiratory 

circuit underlying the timing of the inspiratory off-switch and hence, the strength and 

duration of controlled expiration (post-inspiration), is linked to sensory and behavioral 

modulation of breathing, including swallowing, coughing, airway-defense and vocalization 

(Dutschmann et al., 2014).  

 The data of the present study also support earlier proposals for a role for PRG phase-

spanning neurons in determination of the inspiratory off-switch (Cohen & Shaw, 2004; 

Mörschel & Dutschmann, 2009; Abdala et al., 2016). As discussed above, one potential 

mechanism for the generation of I-PI rLFPs is the temporal overlap of respiratory neurons 

with phase-spanning activity at this transition with the phasic firing patterns of inspiratory 

and post-inspiratory neurons in distributed respiratory network compartments. Consistent 

with this view, like pre-BötC neurons, Kölliker-Fuse neurons of the PRG have been shown to 

have long-range projections throughout the brainstem respiratory network (Song et al., 2012).  

 Interestingly, examining the temporal independent components and spatial maps 

identified by ICA, we also observed a traveling wave of I-PI rLFPs that involved three 

spatially-distinct subsets of VRC, DRG and PRG populations (Fig. 6C & D, IC3-5). It is 

unlikely that this traveling wave of I-PI rLFPs was an artifact of the successive MEA 

sampling protocol since the traveling wave did not propagate in rostral to caudal or caudal to 

rostral directions. Instead, the ICA spatial maps (Fig. 6D, IC3-5) suggest that the traveling 

wave of I-PI rLFPs involved different subsets of the VRC, DRG and PRG. In networks of 

coupled oscillators, the propagation of a travelling wave can result from the existence of 

stable phase differences between the coupled oscillators (Ermentrout & Kleinfeld, 2001). In 

other words, the pattern of synaptic connectivity in post-inspiratory respiratory areas can 
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result in a travelling wave of neuronal activity. Functionally, this may be relevant for the 

sensory and behavioral modulation of the strength and duration of controlled expiration (post-

inspiration). 

4.4 Spatio-temporal structure of respiratory network activity at the PI-E2 transition: 

 The transition from controlled expiration (PI) to passive or active expiration (E2) is 

certainly the least understood respiratory phase transition. Therefore, the selective occurrence 

of rLFPs at the PI-E2 transition in the DRG (Fig. 7E, 5H-J & 6C-D, IC6-7) may open new 

avenues to study the physiological significance of phase transitions during the expiratory 

interval.  

 Classically, the presence of many bulbo-spinally projecting neurons in the NTS led to 

the hypothesis that the DRG is a central element of the brainstem respiratory network 

(Berger, 1977; Lipski & Merrill, 1980; Long & Duffin, 1986). In rodents, a role for the DRG 

in generating the respiratory rhythm or pattern was discounted since there are fewer DRG 

neurons with bulbospinal projections (Saether et al., 1987; Ezure et al., 1988). However, 

electrophysiologic studies did confirm a potential excitation of DRG neurons arising from the 

VRC (Tian & Duffin, 1998; Duffin, 2004). Recently, we and others have provided functional 

evidence suggesting that the DRG is necessary for the formation of the post-inspiratory motor 

pattern (Wasserman et al., 2002; Bautista & Dutschmann, 2014; Jones et al., 2016; Dhingra 

et al., 2019a).   

In the present study, we consistently observed a PI-E2 rLFP that only occurred within 

the DRG precisely at the time when VNA was no longer apparent, e.g., at the onset of E2. 

Compared to rLFPs of the inspiratory-on and -off switch, PI-E2 rLFPs were more variable in 

their timing relative to the respiratory cycle and appeared to occur stochastically during the 
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latter half of the post-inspiratory phase. In the ICA (Fig. 6C & 7C), this temporal variability 

was reflected as noise in the temporal component vectors (IC6-7). 

Given that the respiratory motor pattern of the perfused brainstem preparation does 

not depend strongly on peripheral feedback inputs (particularly from the lungs which are 

removed, and the carotid bodies which are largely silent due to the perfusion with a hyperoxic 

solution), the occurrence of rLFPs in the DRG during the post-inspiratory phase or precisely 

at the PI-E2 phase transition suggests that in this area, rLFPs may be generated by the 

synchronous synaptic inputs from respiratory areas, rather than being due to the local spiking 

processes. Such a purely synaptic mechanism for the generation of LFPs has been observed, 

for instance, in hippocampal CA1 neurons (Singer et al., 2017). In this case, synaptic inputs 

from other brainstem respiratory areas impinging upon DRG neurons precisely at the PI-E2 

transition (and more variably during the post-inspiratory period) may function to transiently 

bring DRG sensory relay populations closer to their firing threshold, and thereby, transiently 

increase the sensitivity of the respiratory network to sensory and behavioral inputs targeting 

the DRG. In other words, the observation of PI-E2 and I-PI LFPs within the DRG could 

mechanistically explain the shape of respiratory phase resetting curves and the propensity of 

the respiratory network to be entrained by rhythmic vagal stimulation (Hering-Breuer Reflex) 

at the I-PI transition (Dutschmann et al., 2009; Dhingra et al., 2017) or by thoracic 

sympathetic chain afferents at the PI-E2 phase transition (Dhingra et al., 2019c). 

4.5: Spatio-temporal structure of respiratory network activity during the inspiratory on-

switch (E2-I transition): 

Analysis of the spatio-temporal organization of E2-I rLFPs suggests a dominant role 

of the pre-Bötzinger complex (pre-BötC) in the inspiratory on-switch. At the onset of 

inspiration, the first E2-I rLFP was observed in the pre-BötC (Fig. 7A & 5B). 
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Mechanistically, the expression of this E2-I rLFP within the pre-BötC may arise via the 

summation of excitatory post-synaptic potentials via the recurrent connectivity within this 

population (Kam et al., 2013; Del Negro et al., 2018). Once the respiratory network was 

engaged in inspiration, we observed the addition of E2-I rLFPs expressed within the DRG 

and PRG (Fig 7B, Fig. 5C & Fig. 6C & D, IC2). This observation is consistent with the 

concept that an efference copy of inspiratory drive is relayed to the pons and is in turn 

required to initiate the inspiratory off-switch (Dutschmann & Herbert, 2006; Mörschel & 

Dutschmann, 2009; Dhingra et al., 2019b). The anatomical substrate of this efference copy of 

the pre-BötC inspiratory rhythm may be those pre-BötC neurons which have long-range 

projections to the DRG and PRG (Yang & Feldman, 2018). Thus, the findings of the present 

study further develop an anatomic framework in which a key function of pre-BötC neurons is 

to broadcast the timing of the inspiratory on-switch by promoting E2-I rLFPs both within the 

pre-BötC and in distributed respiratory network compartments. 

4.6 Volumetric mapping of brainstem LFPs: 

 In this study, we hypothesized that the spatio-temporal organization of neuronal 

activity within the respiratory network was sufficiently synchronous and spatially-localized to 

generate macroscopic rLFPs. By demonstrating that this is indeed the case, we have 

successfully developed an approach that enables investigators to map the functional 

neuroanatomy of the respiratory network in a comprehensive manner in single preparations.  

 Developing such a technique to map the functional neuroanatomy of the respiratory 

network has been a long-standing goal in the field (Koshiya & Smith, 1999; Onimaru & 

Homma, 2005; Potts & Paton, 2006; Gourévitch & Mellen, 2014). In large part, previous 

efforts have been limited by the preparation in which they were conducted. In general, neural 

control of respiration has been investigated in in vitro slice preparations, superfused en bloc 
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preparations, in arterially-perfused in situ preparations, and in vivo anesthetized or 

decerebrate preparations (Richter & Spyer, 2001). It is well-known that ponto-medullary 

synaptic interactions are necessary to permit the expression of the eupneic three-phase 

respiratory rhythm (Marckwald, 1887; Alheid et al., 2004; Smith et al., 2007; Dutschmann & 

Dick, 2012; Jones & Dutschmann, 2016). Accordingly, a eupneic three-phase respiratory 

rhythm is observed solely in situ or in vivo where ponto-medullary synaptic interactions are 

intact. Unsurprisingly, previous reports using calcium- or voltage sensitive-dyes to image the 

spatio-temporal activity in selected respiratory areas in vitro or en bloc detected only neurons 

with inspiratory activity (Koshiya & Smith, 1999; Onimaru & Homma, 2005; Gourévitch & 

Mellen, 2014). However, consistent with the present study, calcium imaging in the en bloc 

preparation observed inspiratory-related activity within the DRG and PRG (Onimaru & 

Homma, 2005). The most comparable study to map respiratory network activity under intact 

connectivity used voltage sensitive dyes and imaged from a lateral approach in the arterially-

perfused in situ preparation of rats (Potts & Paton, 2006). Given the intact connectivity of the 

in situ preparation, these investigators were able to detect both inspiratory and post-

inspiratory activity in a region that included the pre-Bötzinger complex. Interestingly, 

consistent with the findings of the present study, these authors observed the largest 

respiratory-related voltage fluctuations at the E2-I and I-PI transitions perhaps due to the 

sensitivity of the voltage sensitive dye. Finally, compared with all previous attempts to map 

the functional neuroanatomy of the respiratory network in animal models, the methods 

developed herein were sufficient to do so across the a volume of brainstem tissue that was at 

least an order of magnitude larger (8-10 mm
3
) than was previously possible.  

Historically, our view of the respiratory network, has been shaped by anatomic and 

electrophysiologic techniques with single neuron resolution (Richter, 1982; Alheid & 



This article is protected by copyright. All rights reserved. 
29 

McCrimmon, 2008). However, it is becoming clear that understanding the circuit-level 

dynamics that underlie a given behavior requires using methods that measure neuronal 

activity at the population scale (Yuste, 2015). In neural control of respiration, this 

methodologic disconnect was exemplified by the anatomic and electrophysiologic attempts to 

identify the influence of PRG respiratory neurons on the network. Neuroanatomic tracing 

studies repeatedly identified reciprocal connectivity between the PRG and VRC (Ellenberger 

& Feldman, 1990; Alheid & McCrimmon, 2008; Yang & Feldman, 2018). However, 

electrophysiologic studies measuring cross-correlations between pairs of PRG and VRC 

neurons only identified a paucity of functional connections (Segers et al., 1985, 2008; Nuding 

et al., 2009). In the present study, because we applied a single-neuron technique that is 

sensitive to activity at the population level—measuring LFPs—in a comprehensive manner—

mapping throughout the network—we were able to detect this interaction between the PRG 

and VRC, which was reflected as an efference copy of inspiratory drive (Fig. 5C, see also 

(Mörschel & Dutschmann, 2009) even in single preparations. Thus, because of its ability to 

measure respiratory network dynamics across the brainstem, volumetric mapping of 

brainstem LFPs in the arterially-perfused brainstem preparation has potential to give us a 

clearer perspective of respiratory network dynamics at the population scale. Moreover, 

having characterized the spatio-temporal organization of rLFPs across the network, future 

studies can also provide statistically robust sampling of multi-neuronal spiking activities 

across the network by using rLFPs to target MEA placement within multiple functional 

compartments of the respiratory network. Finally, the ability to comprehensively map 

respiratory network LFP dynamics in single preparations has potential utility to rapidly 

screen the consequences of autonomic or genetic pathologies on the respiratory network 

activity at the population scale. 
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8. Figures & Figure Legends

Figure 1: Volumetric reconstruction of periodic respiratory local field potentials. A: 

Our approach begins by measuring spontaneous local field potentials with sufficient 

resolution (voxel size:             mm
3
) over a 3-dimensional brain volume by

sequentially repositioning a 2-dimensional array (x-z (ML-Depth) plane) along the 

orthogonal axis (y/rostro-caudal axis) while simultaneously recording the on-going 

respiratory motor pattern on phrenic and vagal nerves. B: This sampling protocol 

yields the spontaneous activity at electrode sites with known coordinates throughout the 

volume. Because respiration is periodic, we can reconstruct the spatial structure of 

respiratory-related LFPs by averaging spontaneous activity with respect to the 

respiratory rhythm and linearly interpolating between electrode sites.  
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Figure 2: Respiratory LFPs are observed on a breath-by-breath basis within the 

medullary ventrolateral respiratory column. A: A schematic transverse section of the 

medulla illustrates the positioning of the MEA in this recording. Red circles indicate the 

electrode sites shown in B & C. Grey circles indicate the remainder of active electrode 

sites in the MEA. Black circles indicate inactive electrode sites, which were connected to 

ground during recording. Bi: In this representative experiment, we could detect the 

firing of phasic pre-inspiratory and post-inspiratory neurons when the MEA was 

positioned within the medullary ventrolateral respiratory column (Rostro-Caudal: 

calamus scriptorius (CS) + 1.3 mm, Medio-Lateral: CS + 1.3 mm, Depth: CS - (2.0, 2.2, 

2.4 and 2.6 mm, respectively). Bii: A zoomed trace (dashed lines in Bi) shows bursting 

patterns phase-locked to the respiratory cycle.  Biii: On these same channels that were 

positioned near spontaneously active medullary respiratory neurons (Bi & ii), low-pass 

filtering of the raw data revealed the presence of short (ca. 100 ms) LFPs that occurred 

with each respiratory cycle. C: A cycle-triggered average of the respiratory (r) LFP on 

one channel (thick blue line) shows that respiratory LFPs are temporally expressed at 

the transitions between respiratory phases, in this case, the E2-I (onset of inspiration) & 

I-PI (onset of post-inspiration) transitions. Note that the lighter blue lines surrounding 

the mean (thick blue line) indicate the mean ± standard deviation. N=5 preparations. 
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Figure 3: Spatial organization of respiratory LFPs across the medulla and pons. A-K: 

Traces depict the mean rLFPs across all electrode positions within the recorded volume 

beginning in the medulla (A) and proceeding rostrally into the pons (K). Note that the 

top and bottom rows do not include stimulation sites which were connected to ground 

during data acquisition. Inspiratory LFPs that occurred at the E2-I transition were 

observed in a continuous medullary ventrolateral column (B-H, ML: CS+1.3mm, depth: 

CS-2.0 to -2.6mm), as well as in a discrete pontine region (I-K, ML: CS+1.3mm, depth: 

CS-1.4 to -2.0mm).  Post-inspiratory LFPs that occurred at the I-PI transition were 

detected within the medullary ventrolateral column (B-H, ML: CS+1.3mm, depth: CS-

2.0 to -2.6mm), a medullary dorsomedial column (B-G, ML: CS+0.1 mm, depth: CS-1.2 
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to -2.0mm), and in the pons (I-K, ML: CS+1.3mm, depth: CS-1.4 to -2.0mm). Together, 

these observations suggest that the respiratory network is distributed across three 

discrete areas within this ponto-medullary recording volume. Based on the coordinates 

where rLFPs were observed, we speculate that these three areas correspond to the 

VRC, DRG and PRG, respectively. N=5 preparations. 

Figure 4: Respiratory LFPs were consistently observed within the VRC, DRG and PRG. 

To assess whether rLFPs expressed within the VRC, DRG and PRG are consistent 

across preparations, we measured the peak heights (A) and duration (B, full width at 

half maximum). In all experiments, we could detect inspiratory LFPs that occurred at 

the E2-I transition (green bars) within the VRC and PRG, and post-inspiratory LFPs 

(orange bars) within the VRC, DRG and PRG. Inspiratory LFPs within the VRC 

tended to have the largest amplitude (A). In addition, post-inspiratory LFPs were 

usually longer than inspiratory LFPs with the post-inspiratory LFPs in the VRC being 

longer than any other rLFP (B). N=5 preparations; One-way ANOVA: *p<0.05. 



This article is protected by copyright. All rights reserved. 
41 

Figure 5: Volumetric reconstruction of respiratory LFPs during E2-I, I-PI & PI-E2 

transitions. By averaging spontaneous LFPs with respect to the respiratory motor 

pattern, we were able to reconstruct the 3-dimensional structure of respiratory LFPs. 

A: The time-points of the reconstructed LFP volumes (B-J) are indicated on the cycle-

triggered average of PNA and VNA relative to the I-PI transition. B-D: Volumetric 

reconstructions of rLFPs are shown during the E2-I transition. As expected, E2-I rLFPs 

were initially largest in the VRC (B). Soon after the onset of inspiration, we observed 

the expression of an E2-I rLFP within the PRG (C). For the remainder of inspiration, 

the spiking of inspiratory neurons within the VRC was reflected as a weak, pulsatile 

monopole of opposite polarity (D). E-G: Volumetric reconstructions of respiratory LFPs 

are shown during the I-PI transition. Compared to E2-I rLFPs, rLFPs occurring at the 

I-PI transition were distributed throughout the volume (E). At the peak of VNA, these 

same areas exhibited their largest I-PI rLFPs (F). Later during post-inspiration, we 

observed I-PI rLFPs predominantly within the VRC and DRG. H-J: Volumetric 

reconstructions of respiratory LFPs are shown during the PI-E2 transition. During late 

post-inspiration, we observed rLFPs exclusively within the DRG (H & I). As VNA 

ceased, indicating the onset of late-expiration, we also observed the expression of PI-E2 

rLFPs within the DRG (J). Overall, reconstructions of the spatio-temporal structure of 

rLFPs revealed a spatially-dynamic network that underlies the respiratory rhythm and 

pattern. N=5 preparations. 
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Figure 6: Independent component analysis identifies a consistent spatio-temporal 

organization of rLFPs across preparations. When applied to volumetric reconstructions 

of rLFPs, ICA identifies a minimal set of maximally independent rLFP patterns (C) that 

are synchronously expressed in fixed regions within the recording volume (D). A: The 

original dataset of 308 respiratory cycle-triggered average rLFPs are shown. B: We first 

performed a dimensionality reduction of the dataset keeping the top 7 principal 

components, which account for 99.1 % of the variance in the original dataset. C: As 
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predicted from our previous analyses, the independent temporal components of the 

MEA dataset were restricted to short periods at the transitions between respiratory 

phases (dashed lines). D: Associated with each independent component time series (C), 

ICA finds a spatial map of mixing coefficients that identify the regions in the volume 

that synchronously express each specific rLFP pattern. Note that the sign and 

magnitude of the mixing coeficients at each point indicate the extent to which the 

associated independent temporal component was expressed at that point. E-G: To assess 

whether the spatio-temporal structure of rLFPs was consistent across preparations, we 

next performed a group-wise ICA. E: The grouped dataset was comprised by 1508 

cycle-triggered average rLFPs from N=5 preparations. F: Like the ICA of a single 

experiment (A-D), the top 7 principal components accounted for 99.2% of the variance 

in the grouped dataset. G: Consistent with the ICA time series’ of a representative 

experiment (C), the temporal independent components of the grouped dataset were 

restricted to short windows near the transitions between respiratory phases (dashed 

lines). Importantly, the group-wise ICA identified qualitatively similar independent 

components as the ICA of a representative experiment (compare C & G). Thus, the 

temporal structure of rLFPs was conserved across preparations. This highly similar 

temporal structure suggests that the spatial organization of rLFPs was present in all 

preparations.  
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Figure 7: Putative neuroanatomical sources of respiratory LFPs. By systematically 

recording spontaneous LFPs and the respiratory motor pattern at hundreds of points 

within the ponto-medullary brainstem, we were able to reconstruct the spatio-temporal 

organization of respiratory-related LFPs. The anatomic and temporal structure of 

rLFPs are summarized in a sagittal schematic of the brainstem respiratory network. 

rLFPs observed during the transition from E2 to I are shown in A & B. A: At the onset 

of inspiration, as expected, the largest rLFPs emanated from the pre-Bötzinger 

complex. However, smaller rLFPs were also detected within a dorso-medial population, 
though further investigation is necessary to elucidate its functional role. B: Within 

100ms after the onset of inspiration, we provide direct evidence of an efference copy of 

inspiratory drive that was observed as inspiratory rLFPs expressed in the DRG and 

PRG. C: In contrast to the onset of inspiration, the onset of controlled expiration (post-

inspiration) involved the simultaneous recruitment of a brainstem-wide network that 

was defined by synchronous, but spatially-separable rLFPs in the VRC, DRG and PRG 

(see Discussion 4.3). D: Interestingly, after the irreversible transition to post-inspiration, 

we observed a sequential travelling wave of rLFPs that involved spatially-distinct 

subsets of neuronal populations within the VRC, DRG and PRG. E: Finally, application 

of our approach identified rLFPs specifically expressed at the transition from post-

inspiration to late-expiration (PI-E2) that were observed within the DRG and a dorso-

medial population rostral to the DRG (see Discussion 4.4).  
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Supplementary Movie 1: Volumetric reconstruction of respiratory LFPs. A 

representative reconstruction of the 3-dimensional structure of respiratory LFPs is shown. 

Cycle-triggered average phrenic (PNA) and vagal (VNA) nerve activities are shown relative 

to the I-PI transition. A red line overlaid on the traces indicates the instantaneous phase in the 

respiratory cycle. Dots indicate the electrode sites at which spontaneous LFPs were recorded. 

Coordinates are indicated relative to calamus scriptorius.  
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