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A B S T R A C T

Stimulation of thoracic sympathetic chain (TSC) afferents has been shown to slow the respiratory rhythm in
dogs, monkeys and humans. However, sparse information exists about the physiological role of TSC afferents in
modulating respiration or the central pathways of these afferents. Here, we sought to investigate whether the
perfused preparation of juvenile rats is a suitable experimental model to study the role of TSC-afferents in the
modulation of respiration. We show that tonic (30s) TSC stimulation initially triggered either prolonged post-
inspiratory vagal nerve discharge, or when the stimulus onset occurred in the second half of expiration, TSC
stimulation also modulated late-expiratory abdominal nerve activity. Independent of the timing of the TSC-
stimulation the net effect was lengthening of the expiratory interval and subtle shortening of inspiration. TSC
evoked respiratory modulation showed progressive habituation during the stimulus period. Importantly, high
thoracic spinal cord transections abolished the TSC-evoked respiratory modulation, indicating that TSC afferents
are likely to be relayed within the thoracic spinal cord. Next, we repeatedly applied 400ms trains of stimuli at an
inter-burst interval near that of the intrinsic respiratory rate and show that rhythmic TSC stimulation has a
strong potential to entrain the central respiratory rhythm. Importantly, under the imposed rhythm, TSC stimuli
became aligned with the late expiratory phase. The entrainment pattern supports the hypothesis that the TSC
pathway may convey extra-pulmonary visceral mechano-sensory feedback that might be sensitive to visceral
mass movements during locomotion. The latter was previously discussed to significantly contribute to the lo-
comotor–respiratory coupling in various mammalian species.

1. Introduction

The respiratory rhythm is generated by a ponto-medullary central
pattern generator network (Ausborn et al., 2018; Del Negro et al., 2018;
Dutschmann and Dick, 2012; Lindsey et al., 2012; Ramirez and
Baertsch, 2018; Smith et al., 2009). However, the centrally generated
respiratory rhythm and pattern can be modulated by peripheral sensory
inputs to adapt breathing to behavior and metabolic demands. Auto-
nomic sensory inputs can be broadly classified into two classes: reg-
ulatory inputs, which modulate rate and/or amplitude of the breathing
pattern, and transformative inputs, which evoke distinct respiratory or
non-respiratory behaviors such as sniffing (Pérez de los Cobos Pallares
et al., 2016), swallowing (Bautista and Dutschmann, 2014; Jean, 2001)
or coughing (Bolser et al., 2015; Mutolo, 2017). The most well studied
regulatory respiratory reflexes are the respiratory chemoreflex of the
carotid bodies and the vagal Hering-Breuer reflex. Carotid body

chemoreceptors are tonically active and modulate the drive to breathe
(Biscoe and Taylor, 1963; Eyzaguirre and Lewin, 1961; Prabhakar and
Peng, 2004; Taylor, 1968), whereas the Hering-Breuer reflex (HBR) acts
phasically on inspiratory on- and off-switch mechanisms (Clark and von
Euler, 1972; Cohen et al., 1993; Kubin et al., 2006; von Euler, 1980;
Zuperku et al., 1982).

In the present study, we are concerned with the breadth of auto-
nomic sensory afferent modalities that can modulate the respiratory
motor pattern. For instance, Romaniuk et al. (1993) identified a thor-
acic mechanosensory reflex that persisted after bilateral vagotomy in
dogs, and interpreted their findings to reflect the influence of inter-
costal muscle spindle afferents on respiration. Similarly, Kruta et al.
(1950) first demonstrated that stimulation of splanchnic sympathetic
afferents, also called visceral spinal afferents, could produce apnea in
humans. Later investigation by Kostreva et al. (1978) confirmed that
stimulation of lower thoracic sympathetic chain afferents (and any
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sympathetic ganglion from T1 to T12) could inhibit respiration in dogs
and monkeys. In vivo, lower thoracic visceral spinal afferents arising
from abdominal viscera and coursing through sympathetic nerves are
thought to mediate both homeostatic and nociceptive reflexes (for re-
view, see Cervero, 1994; Cervero and Jänig, 1992; Jänig, 1996).
However, little information exists regarding the organization and
physiological role of these visceral spinal afferent pathways (Cervero,
1985; Ossipov et al., 2010).

Thus, the first goal of the present study was to assess whether sti-
mulation of sympathetic visceral spinal afferents modulates the re-
spiratory pattern in rodents. If so, the in situ perfused brainstem pre-
paration of rat could provide a valuable tool to identify and investigate
the organization of the brainstem circuits that process visceral spinal
inputs.

In the present study, by stimulating thoracic sympathetic chain
(TSC) afferents in situ, we confirm the existence of sympathetic afferent
pathways that mediate a slowing of the respiratory pattern via projec-
tions into the thoracic spinal cord in rats. To further investigate the
physiological role of TSC-evoked modulation of breathing we in-
vestigated the effect of rhythmic TSC stimulation on the respiratory
rhythm. If we consider that the respiratory network generates the slow
oscillation of breathing which is coupled to its sensory inputs, ex-
amination of the synchronization of the network by the inputs can offer
insight into the sensory-motor integration of the respiratory network
(Dhingra et al., 2017, 2013; Oku et al., 1993; Oku and Dick, 1992; Zhu
et al., 2013). Our data indicate that TSC-afferents have the capacity to
entrain breathing and thereby may convey regulatory sensory feedback
for the respiratory central pattern generator. Thus, we speculate that in
vivo, TSC afferents may provide rhythmic sensory feedback arising
from extra-pulmonary visceral mechanoreceptors that might be sensi-
tive to visceral mass movements, for example, during locomotion.

2. Material and methods

Experimental protocols were approved by and conducted with strict
adherence to the guidelines established by the Animal Ethics
Committee of The Florey Institute of Neuroscience & Mental Health,
Melbourne, Australia.

2.1. Perfused brainstem-spinal cord preparation

Experiments were performed in juvenile Sprague-Dawley rats of
either sex (N=48 rats, 17–30 days post-natal) using the arterially
perfused in situ brainstem-spinal cord preparation as described pre-
viously (Dhingra et al., 2017; Dutschmann et al., 2000; Paton, 1996).
Briefly, rats were anesthetized by inhalation of isoflurane (2%) until
they reached a surgical plane of anesthesia. The rats were then trans-
ected below the diaphragm and transferred to an ice-cold bath of arti-
ficial cerebrospinal fluid (aCSF, in mM: 125 NaCl, 3 KCl, 1.25 KH2PO4,
2.5 CaCl2, 1.25 MgSO4, 25 NaHCO3, 10 D-glucose) for pre-collicular
decerebration. After decerebration, the lungs and heart were removed.
Next, the descending aorta, left phrenic, and left vagal nerves were
prepared for later cannulation and recording. The preparation was then
transferred into a recording chamber. The descending aorta was can-
nulated with a double-lumen catheter for perfusion and measurement
of perfusion pressure. The preparation was perfused with aCSF con-
taining sucrose (4.5× 10−3 g/mL) for oncotic pressure, warmed to
31 °C using a peristaltic pump, recirculating water bath and heat ex-
changer (ELMI, TW-2.02). The perfusion circuit also contained two
bubble traps and a nylon filter (Millipore, 100 μm pore size) to prevent
embolism. The perfusate was continually bubbled with carbogen (95%
O2/5% CO2) to maintain constant chemosensory drive. Phrenic, vagal,
hypoglossal and iliohypogastric nerves were mounted in suction elec-
trodes to measure respiratory motor output. Nerve potentials were
amplified (10,000×, Warner Instruments, DP-311), filtered
(0.01–10 kHz), digitized (AD Instruments, PowerLab 16/35) and stored

on a computer using LabChart software (AD Instruments). Upon re-
sumption of apneustic respiratory motor output, the preparation was
tuned to produce a eupnea-like output by administering a bolus of
NaCN (0.1–0.3mL, 0.1% w/v). The TSC (T7–T10) was then dissected
for later stimulation.

2.2. Experimental protocol

After recording at least 10min of eupnea-like baseline activity, we
stimulated the TSC via a bipolar suction electrode coupled to a stimulus
isolation unit (A.M.P.I., ISO-flex) and stimulus generator (A.M.P.I.,
Master-8). The spinal root of the sympathetic ganglion rostral to the
stimulation site was cut to allow the stimulation electrode and cut end
of the sympathetic chain to be suspended in air. Stimuli consisted of 30s
trains with a pulse frequency of 10 Hz and pulse duration of 100 μs.
Several stimulation trials were acquired with different current ampli-
tudes to determine the activation threshold. Trials were separated by at
least 1 min to avoid evoking any rapid sensitization or habituation of
the TSC afferent pathway.

In a subset of experiments, following measurement of the baseline
response to TSC stimulation, we transected the thoracic spinal cord (T1)
to determine whether TSC afferents mediated their effects via a spinal
cord relay. After acquisition of baseline TSC stimulation responses, we
dissected the descending aorta from the thoracic wall and then trans-
ected the thoracic spinal cord and sympathetic chain. In subsequent
experiments, we pithed the thoracic spinal cord with a hypodermic
needle to avoid any disruption of the thoracic sympathetic chain in case
TSC afferent fibers projected rostrally through the sympathetic chain.
Because both perturbations yielded qualitatively similar results, we
grouped data from both protocols to assess whether TSC afferents
project into the spinal cord.

Finally, in another subset of experiments, we assessed the ability of
TSC afferents to entrain the respiratory rhythm. To do so, we first
measured the intrinsic frequency of each preparation immediately be-
fore the entrainment trial. Then, we stimulated the TSC rhythmically
with an inter-burst interval that matched the intrinsic frequency of
respiration (burst duration: 0.4 s, pulse frequency: 20 Hz, pulse width
100 μs). The current amplitude for entrainment trials was always at
least 1.5× the threshold current necessary to evoke a slowing of the
respiratory pattern. TSC forcing trials lasted for at least 300 s to ensure
that we recorded sufficient cycles to accurately determine the sig-
nificance of the entrainment interaction (see Section 2.3 Data analysis &
Figs. 5–8).

2.3. Data analysis

To determine respiratory phase durations, PNA was first high-pass
filtered (300 Hz), rectified and integrated with a low-pass filter (1 Hz).
All filtering was performed in forward-backward mode to prevent phase
distortion. A threshold crossing algorithm was used to determine the
onset and offset times of the integrated PNA time series. Events were
manually inspected to identify and remove any artifacts. From these
event times, we measured the mean respiratory period (TTOT), in-
spiratory (TI) and expiratory (TE) durations at baseline, during and after
TSC stimulation. Note that all respiratory cycles recorded at baseline,
during or after TSC stimulation were used to determine mean re-
spiratory phase durations.

The activation threshold for the respiratory modulation evoked by
TSC stimulation was determined by fitting the relationship between
TSC stimulus current strength and the fold change in the respiratory
period with a logistic function.

To assess the mean effect of a continuous 30s train of TSC stimu-
lation on the respiratory pattern, we considered only responses from
trials using a stimulus current of 1.5× the threshold to evoke an HBR-
like response. All supra-threshold responses were considered as re-
plicates and averaged before evaluating the statistical significance of
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changes in respiratory phase durations evoked by TSC stimulation.
The analytic methods used to assess the entrainment of the re-

spiratory rhythm by rhythmic TSC stimulation were described in pre-
vious publications (Dhingra et al., 2017, 2013; Zhu et al., 2013).
Briefly, entrainment by TSC stimulation was evaluated using PNA as an
index of the fictive breathing pattern. We used the Hilbert transfor-
mation to extract the instantaneous phases of PNA and the TSC sti-
mulus. To do so, protophases of PNA and the TSC stimulus were de-
termined via the Hilbert transform of the band-pass filtered, integrated
signals. Protophases were corrected to obtain true instantaneous phases
using the transformation defined in Kralemann et al. (2008). While the
onset of PNA is not associated with an instantaneous phase of 0 in this
convention, the instantaneous relative phase, ϕPNA− ϕTSC, is con-
venient to qualitatively identify the existence of entrainment because
entrainment is indicated by periods where the instantaneous relative
phase is approximately constant. Note that the absolute values of the
instantaneous relative phase during synchronized regions of the time
series indicate the relative phase lag between PNA and the TSC sti-
mulus.

To quantitatively assess whether a significant entrainment interac-
tion existed in a given trial, we compared the mutual information of the
instantaneous phases with that of a bootstrap distribution. Mutual in-
formation quantifies the dependence (linear or nonlinear) between two
variables. Thus, the mutual information of the instantaneous phase of
PNA and the instantaneous phase of the TSC stimulus quantifies the
strength of the entrainment of PNA by the TSC forcing. We used a fixed
number of bins (100) to discretize the joint-probability distribution. To
assess the statistical significance of the entrainment interaction in a
given TSC forcing trial, we used a bootstrap surrogate data testing ap-
proach. The bootstrap distribution was generated by shuffling whole
cycles of both instantaneous phase time series before computing the
mutual information of the instantaneous phases. For each TSC forcing
trial, a bootstrap distribution that consisted of 100 shuffled surrogates
was generated. If the mutual information of original instantaneous
phase time series' was greater than the upper bound of the 99th per-
centile of the bootstrap distribution, then the entrainment interaction
between PNA and the TSC stimulus was considered significant.

All analyses were performed using custom routines implemented in
MATLAB. Statistical comparisons were made after averaging replicates
using a one-way repeated measures ANOVA followed by Tukey's
Honestly Significant Differences (HSD) post-hoc test. Unless stated
otherwise, all data are presented as mean ± standard deviation.

3. Results

3.1. Stimulation of the thoracic sympathetic chain evokes a slowing of the
respiratory rhythm

A representative response to TSC stimulation is shown in Fig. 1. TSC
stimulation evoked a slowing of the respiratory rhythm. The TSC-
evoked respiratory slowing rapidly habituated within the 30s stimulus
duration such that the respiratory period of the later cycles approached
that of the baseline period. After the stimulus, the frequency of the
respiratory rhythm transiently increased above baseline levels. Inter-
estingly, we noted a phase-dependence of TSC stimulation on the
evoked respiratory motor pattern. When the stimulus began during late
expiration, as shown in Fig. 1A, TSC stimulation initially prolonged the
discharge of late-expiratory ANA. However, in subsequent cycles, per-
sistent post-inspiratory discharge of VNA prolonged the respiratory
period, whereas ANA remained similar to baseline. When the TSC sti-
mulus began during inspiratory or post-inspiratory phases, as shown in
Fig. 1B, the TSC-modulated respiratory motor pattern consisted solely
of enhanced post-inspiratory VNA.

The effects of TSC stimulation on the respiratory pattern are quan-
tified for the group in Fig. 2. TSC stimulation significantly increased the
respiratory period (TTOT at baseline, 4.41 ± 1.93 s, versus during TSC

stimulation, 5.53 ± 2.28 s, p < 0.05, N=13 experiments). After sti-
mulation, the respiratory period tended to decrease below baseline le-
vels. TSC stimulation modestly, but significantly reduced the duration
of inspiration (TI at baseline, 0.84 ± 0.22 s, versus during TSC stimu-
lation, 0.80 ± 0.20 s, p < 0.01, N=13 experiments). Inspiratory
phase duration quickly returned to baseline levels after the stimulus.
Finally, TSC stimulation significantly increased the duration of the ex-
piratory phase (TE at baseline, 3.57 ± 1.75 s, versus during TSC sti-
mulation, 4.73 ± 2.12 s, p < 0.05, N=13 experiments). The TE

prolongation appeared largely related to pronged post-inspiratory dis-
charge in VNA (see Fig. 1). Taken together, TSC stimulation modulates
the respiratory pattern through a modulation of expiratory activity.

Next, we determined the threshold for respiratory rhythm modula-
tion by TSC stimulation by fitting the change in the respiratory period
evoked during all TSC stimulation trials with a logistic function (Fig. 3).
The threshold to prolong the respiratory period by TSC stimulation was
98.7 μA (R2=0.117, p= 2.7× 10−8, n= 93 trials, N= 24 experi-
ments).

3.2. Thoracic sympathetic chain afferents modulate the respiratory pattern
via a spinal-cord pathway

We next tested whether TSC afferents project via the spinal cord by
measuring the response to TSC stimulation before and after either
thoracic spinal cord transection or pithing the thoracic spinal cord
(which maintained the integrity of the thoracic sympathetic chain).
Representative examples of the response to TSC stimulation before and
after spinal cord pithing are presented in Fig. 4. In either protocol, even
at substantially higher stimulation currents, spinal cord transection
occluded any response to TSC stimulation (TTOT during baseline,
2.93 ± 0.08 s, versus during TSC stimulation, 2.88 ± 0.09 s, N=5
experiments). Because we observed complete occlusion of the response
to TSC stimulation in either protocol, data from both protocols were
grouped (Fig. 1C). Note that as the perfusion pressure is largely de-
termined by the pump, rather than the sympathetic drive to the vas-
culature, spinal cord transection or pithing evoked only a modest re-
duction in perfusion pressure of ~10mmHg (data not shown) and did
not change the baseline respiratory pattern. Thus, we conclude that the
TSC afferents that modulate the respiratory pattern have their central
synapse within the thoracic spinal cord.

3.3. Rhythmic stimulation of thoracic sympathetic chain afferents entrains
the respiratory rhythm

Because stimulation of TSC afferents evoked a modulation of the
respiratory pattern, we hypothesized that rhythmic TSC stimulation
could entrain the respiratory rhythm. To test this hypothesis, we ap-
plied rhythmic burst stimulation of TSC afferents near the intrinsic
frequency of each preparation's respiratory rhythm.

Most, but not all, rhythmic TSC stimulation trials synchronized
(entrained) the respiratory rhythm. A representative example of TSC-
evoked forcing of the respiratory rhythm is shown in Fig. 5. Interest-
ingly, when rhythmic TSC stimulation entrained the rhythm, we ob-
served a forcing of the respiratory rhythm such that bursts of TSC sti-
mulation occurred during the late-expiratory phase. For the group, the
median preferred relative phase difference for trials with significant
entrainment was −1.67 ± 1.32 rad. This late-expiratory phase locking
contrasts with the post-inspiratory phase locking evoked by rhythmic
activation of the Hering-Breuer reflex circuit (Dhingra et al., 2017,
2013; Dutschmann et al., 2009). Like the forcing evoked by rhythmic
activation of the Hering-Breuer reflex, the entrainment evoked by
rhythmic TSC stimulation was characterized by periods of stable phase
locking interrupted by phase slips (Fig. 5, bottom panel). Flat regions in
the plot of the instantaneous relative phase suggest the presence of
stable synchronization (arrowheads in Fig. 5). Phase slips (arrows in
Fig. 5) are events where the relative phase difference skips a cycle and
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gradually returns to the stably synchronized state. A representative
example wherein rhythmic TSC stimulation did not evoke entrainment
of the respiratory rhythm is shown in Fig. 6. In such cases, we observed
a constant drift between the instantaneous phase of the TSC stimulus
and that of the respiratory rhythm (Fig. 6, bottom panel). Note that in
this representative trial, we observed strong late-expiratory activity on
the ANA before and during rhythmic TSC stimulation suggesting that
the thoracic and lumbar spinal cord were well perfused.

To determine the statistical significance and strength of synchroni-
zation evoked by TSC forcing, we measured the mutual information
between the instantaneous phases of the respiratory rhythm derived
from PNA and that of the TSC stimulus. The significance of the

entrainment interaction observed in each trial was determined by
shuffling the instantaneous phases of either time series and measuring
the mutual information for all surrogate time series. The distribution of
the mutual information of the original and surrogate datasets is shown
in Fig. 7. In ~70% of all TSC entrainment trials (n= 20/28 trials), we
measured a significant entrainment interaction which was indicated
when the original mutual information of the instantaneous phases
(Fig. 7, stars) was greater than that of the 99% confidence interval of
the surrogate distribution (Fig. 7, gray bars).

To ensure that the failure of rhythmic TSC stimulation to entrain the
respiratory rhythm in some trials was not simply due to a sub-optimal
selection of stimulus parameters, we examined the relationship of the

Fig. 1. Stimulation of TSC afferents evoked a slowing of the respiratory rhythm. TSC stimulation typically enhanced post-inspiratory VNA (A & B, arrowheads), but
could also enhance ANA (A, arrow) when the stimulus onset occurred near the post-inspiration to late-expiration transition. The response to TSC stimulation rapidly
habituated such that the respiratory period returned to near-baseline levels during sustained stimulation. After the stimulus, the respiratory period decreased below
baseline levels. The post-stimulus rebound appeared to involve a modulation of the post-inspiratory, but not late-expiratory phase of the respiratory cycle. The time
course of the TSC-evoked modulation of the respiratory rhythm is shown before and after spinal cord transection or pithing (C). After spinal cord transection or
pithing, we no longer observed any significant TSC-evoked changes in the respiratory rhythm (N=13 Control; N=5 SC Tx). Note that data are presented as
mean ± SEM.
HNA: hypoglossal nerve activity; PNA: phrenic nerve activity; VNA: vagal nerve activity; ANA: abdominal/illiohypogastric nerve activity; SC Tx: spinal cord
transection.
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frequency difference between the intrinsic frequency of the respiratory
rhythm and that of the stimulus versus the strength of the observed
synchronization interaction (Fig. 8). Because the mutual information of
the instantaneous phases quantifies the strength of the phase locking
interaction, one should expect that this plot will resemble the Arnold
tongues that delineate the stable 1:1 phase locking region between TSC
inputs and the respiratory rhythm. Surprisingly, all trials were highly
clustered such that trials in which rhythmic TSC stimulation did not
evoke entrainment of the respiratory rhythm overlapped with those
that did evoke significant stable phase locking. Thus, failures of
rhythmic TSC stimulation to entrain the respiratory rhythm were truly
physiologic, and not due to an artifact in the rhythmic TSC stimulus
parameters. Taken together, we conclude that rhythmic activation of
the TSC afferents is sufficient to entrain the respiratory rhythm via the
late-expiratory phase.

4. Discussion

We have shown that stimulation of the TSC in juvenile rats in situ
can evoke a slowing of the respiratory rhythm via TSC afferent pro-
jections into the thoracic spinal cord. Further, we demonstrated that
rhythmic TSC stimulation is sufficient to entrain the respiratory
rhythm. Interestingly, forcing of the respiratory rhythm via the TSC
afferent pathway occurred with a preferred phase such that TSC inputs
arrived at the onset of the late-expiratory phase.

4.1. TSC-evoked respiratory modulation during tonic stimulation

In the present study, we observed that the respiratory network ra-
pidly habituated to tonic stimulation of TSC afferents despite supra-
threshold stimulus current amplitudes (Fig. 1). Similarly, in dogs and
monkeys, Kostreva and colleagues also observed an initially strong
apnea which decayed back to a resting-like breathing pattern (Kostreva
et al., 1978). In humans, Kruta and colleagues also observed a similar
adaptation to splanchnic nerve stimulation.

TSC-evoked sensory modulation of respiratory activity shows some
overlap with the classic vagally mediated Hering-Breuer-Reflex (HBR)
of the pulmonary stretch receptors (Clark and von Euler, 1972; Cohen
et al., 1993; Kubin et al., 2006; Zuperku et al., 1982). Previous studies
used vagal nerve stimulation to study central mechanisms of the HBR in
various animal models (Hayashi et al., 1996; Siniaia et al., 2000;
Zuperku et al., 1982), including in the in situ perfused brainstem pre-
paration (Dhingra et al., 2017; Dutschmann et al., 2009). Tonic su-
prathreshold stimulation of the vagus nerve in situ initially causes an
apnea that lasts even longer than the stimulus (Dutschmann et al.,
2014). In this study, the authors observed habituation to vagal nerve
stimulation after several trials of stimulation. In other studies, habi-
tuation within the HBR pathway has been observed within a single
sustained tonic stimulation trial (Siniaia et al., 2000). Even this lower
bound on the time to habituation of the HBR (~1min) exceeded the
habituation we observed in response to TSC afferent stimulation (30 s)
in this study. Thus, the TSC pathway appears to be prone to rapid
central habituation. The habituation also suggests that stimulation of
TSC afferents with the stimulus parameters used herein may not relate
to visceral nociception as previously suggested (see Section 4.3).

An advantage of the perfused preparation is the ease of recording of
multiple respiratory motor outputs, especially the abdominal/iliohy-
pogastric nerve (Abdala et al., 2008; Jones et al., 2016; Magalhães
et al., 2018). Previous investigation of the effect of TSC afferent sti-
mulation on respiration used airflow, chest movement, or diaphrag-
matic electromyographic recordings to assess the functional impact of
TSC stimulation (Kostreva et al., 1978; Kruta et al., 1950). Conse-
quently, in the present study, we were able to detect a previously un-
observed late-expiratory phase dependence of TSC stimulation: sus-
tained stimulation could modulate abdominal respiratory motor output
if the stimulus onset occurred near the post-inspiratory to late-ex-
piratory transition. Such an activation of abdominal late-expiratory
activity is never observed during the HBR-evoked slowing of respira-
tion.

4.2. TSC-evoked entrainment of respiration

In the present study, we observed that rhythmic TSC was sufficient
to evoke a significant forcing of the respiratory rhythm in 70% of all
trials. This partial failure to entrain the respiratory rhythm was not
simply due to a sub-optimal selection of stimulus parameters because
the current amplitude was suprathreshold, and the frequency difference
between the rhythmic TSC stimulus was matched to that of each in-
dividual preparation. In previous work, following an identical protocol,
we have shown that rhythmic vagal nerve stimulation is sufficient to
entrain the respiratory rhythm in 98% of all trials (Dhingra et al.,
2017). Together, these observations support the conclusion that lower
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TSC afferents have a weaker influence on the respiratory rhythm than
vagal HBR afferents.

More strikingly, rhythmic TSC stimulation evoked phase locking of
the respiratory rhythm in the late-expiratory phase. In contrast,
rhythmic activation of the HBR via rhythmic vagal stimulation or lung
inflation in the perfused brainstem entrained the respiratory rhythm on
the inspiratory off-switch (Dhingra et al., 2017; Dutschmann et al.,
2009). Because higher thoracic sympathetic afferents have been shown

to have respiratory modulated activity on a breath-by-breath basis
(Kostreva et al., 1975), the observation of a late-expiratory preferred
phase suggests that TSC afferents from lower thoracic segments may be
typically active during the late-expiratory phase when abdominal
musculature is activated. In support of this hypothesis, recordings of
intra-abdominal pressure during quiet breathing in humans have de-
monstrated a breath-by-breath modulation (Bishop, 1963; Campbell
and Green, 1953). Alternatively, TSC afferent pathways may be subject
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Fig. 4. TSC afferents modulate the respiratory pattern via projections into the thoracic spinal cord. Representative examples of the response to TSC stimulation are
shown before (A) and after (B) pithing of the thoracic spinal cord. In all experiments, transection or pithing of the thoracic spinal cord abolished the response to TSC
stimulation. Note that the traces are plotted on different time scales.

Fig. 5. The respiratory network can be entrained by rhythmic TSC stimulation. Representative traces (top panel) of the fictive respiratory rhythm and the rhythmic
TSC stimulus (top panel, gray bars) and the instantaneous relative phase (bottom panel) are shown in a case where rhythmic TSC stimulation entrained the
respiratory rhythm. Dashed lines in the instantaneous relative phase plot (bottom panel) indicate the epoch that corresponds to the representative traces (top panel).
Flat regions in the plot of the instantaneous relative phase indicate the presence of stable synchronization. Like entrainment via the vagal HBR pathway, TSC
entrainment was characterized by epochs of stable synchronization (arrowheads in bottom panel, e.g., periods with a constant relative phase) interrupted by phase
slips (arrows in bottom panel). The preferred relative phase for this epoch was −1.83 ± 1.14 rad, which corresponds to a relative phase where the TSC stimulus
impinges on the respiratory network near the onset of late-expiration. This timing of the entrainment interaction was also visible in the raw traces since the stimulus
arrived precisely at the onset of ANA during synchronized epochs. Finally, the raw traces also suggest that rhythmic TSC stimulation can evoke ANA (i.e., arrowheads
in top panel identify additional ANA bursts that occur immediately after the TSC stimulus).
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to a gating of these inputs onto the ponto-medullary respiratory net-
work that differs from the gating that influences HBR inputs (Eldridge
and Millhorn, 1986).

4.3. The physiological role of TSC-evoked respiratory modulation

Visceral spinal afferents coursing through sympathetic nerves have
been studied largely in the context of visceral nociception (for review,
see Cervero, 1994; Cervero and Jänig, 1992; Jänig, 1996). It was shown
that upper thoracic TSC afferents have discharge patterns that were
tightly coupled to lung volume (Kostreva et al., 1975) suggesting that
pulmonary afferents may travel through sympathetic nerves. Note that
in the perfused preparation, we cannot determine the origin of the
stimulated visceral afferents because they are removed during dissec-
tion. However, because we stimulated the sympathetic chain between
T7 and T10, it is likely that these afferents arose in the abdominal
viscera. Moreover, as discussed above, our experiments showed that
TSC afferents synchronize the respiratory pattern via the transition
from post-inspiration to late-expiration (e.g. mid-expiration). In con-
trast, pulmonary reflexes typically target late-inspiration or post-in-
spiration. Thus, we suggest that TSC afferents may convey respiratory-
related sensory feedback not from the lungs, but instead from abdom-
inal viscera. Indeed, intra-abdominal pressure during quiet breathing in
humans is modulated by respiration (Bishop, 1963; Campbell and
Green, 1953). Thus, we speculate that sensory feedback conveyed by
TSC afferents might relate to visceral mass movement (within the
trunk) that are thought to contribute to locomotor–respiratory coupling
during exercise (e.g. walking trotting, galloping or running) in a variety
of mammalian species (Alexander, 1993; Bramble and Carrier, 1983;
Simons, 1999). In humans, diaphragm function and airflow patterns are
also reported to be influenced by the transient axial acceleration of
abdominal viscera (Brown et al., 2004; Loring et al., 2001; Wilson and
Liu, 1994). A role of TSC afferents in locomotor–respiratory coupling is
further supported by a previous study that showed that stable en-
trainment of respiration by somatic sensory stimulation, as a model for
locomotor–respiratory coupling in the perfused brainstem preparation,
occurred only when stimuli were delivered during mid-/late-expiration
(Potts et al., 2005). Taken together, we conclude that TSC afferents may
provide sensory feedback related to the movement of the viscera that in
turn contributes to the modulation of respiration, particularly during

Fig. 6. Representative example of rhythmic TSC stimulation that does not entrain the respiratory rhythm. Representative traces (top panel) of the fictive respiratory
rhythm and the rhythmic TSC stimulus (gray bars) and the instantaneous relative phase (bottom panel) are shown in a case where rhythmic TSC stimulation did not
evoke significant entrainment. Dashed lines in the instantaneous relative phase plot (bottom panel) indicate the epoch that corresponds to the representative traces
(top panel). In this example, the relative phase between the TSC stimulus and PNA continually drifted. This failure of rhythmic TSC stimulation to entrain the
respiratory rhythm was not due to under-perfusion of the thoracic spinal cord since we also observed robust late-expiratory activity in ANA.
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Fig. 7. The strength of TSC-evoked entrainment is consistent with weak forcing.
To determine the statistical significance of the TSC-evoked entrainment of the
respiratory rhythm, we compared the mutual information of the original in-
stantaneous phase timeseries' with the mutual information of a surrogate data
set that was generated by shuffling whole cycles of the instantaneous phases of
the original time series. In this plot, gray bars indicate the upper bound of the
99% confidence interval of the surrogate dataset. Trials were considered to
show a significant interaction if the mutual information of the original time
series was greater than that of the surrogates (where significant, black stars plot
the observed mutual information of the instantaneous phases). We observed a
significant entrainment of the respiratory rhythm in 70% of rhythmic TSC sti-
mulation trials.
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locomotor–respiratory coupling.
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