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Since the early work of Pavlov and Anrep [1], it has
been apparent that our most basic physiological processes
are subject to experience-dependent changes. Additionally,
these basic physiological processes, including our biological
rhythms of heart rate and breathing, are under the influence
of cognitive, sensory, and affective factors. For instance, heart
rate orienting responses, the increase in heart beat frequency
upon the perception of a novel/arousing stimulus, requires
both the detection of the environmental stimulus and the
cellular memory which “recognizes” that the stimulus is novel
(e.g., [2, 3]). Major questions remain regarding the influence
of cognitive, sensory, and affective processes on our biological
rhythms and, relatedly, what roles these changes may then
entail upon subsequent cognitive and sensory processing.
In this issue, we have gathered groups of investigators
sharing common interests in understanding an especially
engaging question in neuroscience: the interplay between respiratory rhythm and brain functions. The topics in this special
issue span numerous domains which explore the relationship
between respiratory rhythm and brain function, including
the interplay between respiratory physiology and emotions,
the changes in respiration as a function of learning, motor
execution, and sensory input, the influence of respiration
on brain rhythms, and even early developmental aspects
within the respiratory network, to name a few. Understanding
these issues is important for understanding a wide variety of
fundamental neurobiological questions. Further, alterations
in breathing patterns are often observed in instances of neurological disorders in association with cognitive deficits (e.g.,
[4]). Evidence suggests that the development of remediation

tools based on clinical and/or preclinical respiratory function
is efficacious [5] and thus understanding more about the
interplay between respiration and central brain structures
can help inform additional therapeutic strategies. Thus, taken
together, these matters highlight the importance of the
subject in this special issue.
As a vital function, breathing requires adapting constantly
to changing conditions. In this issue, M. Chevalier and
colleagues combine electrophysiology and calcium imaging in a brainstem slice preparation to show that mouse
embryonic inspiratory pacemakers are already sensitive to
neuromodulation and external conditions (i.e., temperature)
affecting respiratory network activity.
Brain neuronal network dynamics can be strongly influenced by respiratory dynamics since the periodical nature
of breathing can interact with cerebral rhythms (e.g., [6–
8]) which may in turn facilitate sensory and/or cognitive processes. In this issue, M. Chatterjee and colleagues
use an olfactory bulb slice preparation to test the influence of respiration patterning on bulbar plasticity. They
demonstrate that sniff-like electrical stimulation induces
LTP/LTD processes at the mitral/granule synapse, possibly
endowing the olfactory system with the sensitivity required
for fast learning in specific exploration conditions. J. Jessberger and colleagues explore the influence of sleep-wake
states in mice upon local field potentials in the main
olfactory bulb and how the local field potentials may be
entrained with respiration. They present interesting evidence that olfactory bulb local field potentials are entrained
to the respiratory rhythm during states of wakefulness
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and REM sleep, but interestingly not during NREM state
sleep.
The structure of the respiratory rhythm during coordinated motor control and during stimulus sampling is highly
dynamic and thought to be important for basic physiology
as well as shaping sensory input into the brain. Breathing
must be coordinated with many other orofacial functions like
exploratory sniffing, whisking, licking, chewing, swallowing,
and speech/vocalizations. Second, the respiration rate is
strongly modulated during sensory exploration, particularly
in olfaction. In this issue, G. Coronas-Samano and colleagues
perform a remarkably detailed analysis of odor-directed
sniffing behavior of mice, aided by video-tracking, in the
context of the classic odor cross-habituation test. They report
that the more commonly used “video-alone” method of
quantifying odor investigation, while being accurate, is not as
sensitive and robust as when employing respiratory measures
in combination with video. Relatedly, J. A. Alves et al.
explored the coupling of respiration and vocalizations in
rats during locomotion and bodily movement. It has been
well known in other quadrupedal animals that respiration
couples with locomotion, something considered adaptive to
allow for normal inspiration during trotting and running
[9]. Here, J. A. Alves et al. extend this investigation and
report that locomotor stride impacts the occurrence of the
respiratory rhythm in rats as well. Additionally, M. Deschênes
and colleagues synthesize a review on neural circuitry underlying the interplay between sniffing and whisking behaviors.
They propose that respiration serves as a “master clock”
to couple orofacial sensory input and discuss their recent
work exploring neural networks in the ventral medulla which
subserves this.
As mentioned earlier, respiration is also impacted by
cognition and affective states. In this issue, M. Grassmann
and colleagues reviewed the literature on the impact of
cognitive load on respiration in human subjects to ask
whether respiration can be used as a measure of cognitive
load. Their review supports the notion that respiratory rate
does not entirely associate with cognitive load. Also, in this
issue, M. C. Stoeckel et al. investigate the brain networks
involved in the anticipation of dyspnea and find intriguing
evidence regarding novel neural substrates underlying the
power influence of this affective state on respiration.
In summary, the contributions by the groups who participated in this special issue present novel insights into the
complex relationship between respiration and numerous cognitive, affective, and sensory processes. The works together
remind us that respiration works bidirectionally with the
brain: not only does the brain generate the respiratory
rhythm, which shapes the internal neural activity, but also
active respiratory control due, for instance, to environmental sensory input can influence subsequent neural activity.
Future research into this intricate relationship will provide
much needed insights into brain function.
Nathalie Buonviso
Mathias Dutschmann
Anne-Marie Mouly
Daniel W. Wesson
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During odor sensing the activity of principal neurons of the mammalian olfactory bulb, the mitral and tufted cells (MTCs), occurs
in repetitive bursts that are synchronized to respiration, reminiscent of hippocampal theta-gamma coupling. Axonless granule
cells (GCs) mediate self- and lateral inhibitory interactions between the excitatory MTCs via reciprocal dendrodendritic synapses.
We have explored long-term plasticity at this synapse by using a theta burst stimulation (TBS) protocol and variations thereof.
GCs were excited via glomerular stimulation in acute brain slices. We find that TBS induces exclusively long-term depression in
the majority of experiments, whereas single bursts (“single-sniff paradigm”) can elicit both long-term potentiation and depression.
Statistical analysis predicts that the mechanism underlying this bidirectional plasticity involves the proportional addition or removal
of presynaptic release sites. Gamma stimulation with the same number of APs as in TBS was less efficient in inducing plasticity.
Both TBS- and “single-sniff paradigm”-induced plasticity depend on NMDA receptor activation. Since the onset of plasticity is
very rapid and requires little extra activity, we propose that these forms of plasticity might play a role already during an ongoing
search for odor sources. Our results imply that components of both short-term and long-term olfactory memory may be encoded
at this synapse.

1. Introduction
Basal activity of the mammalian olfactory bulb is synchronized to breathing; during odor sensing the principal
neurons of the olfactory bulb, the mitral and tufted cells
(MTCs), are firing in repetitive bursts that are locked to the
breathing rhythm [1–4]. This property is reminiscent of thetagamma coupling in the hippocampus [5]. In the bulb, the
fast component is by now known to be mostly driven by
interactions between the excitatory MTCs and the inhibitory
granule cells via a special type of microcircuit, a reciprocal
synapse between the lateral dendrites of MTCs and the large
GC spines that are also known as gemmules. The specific
subtype of fast bulbar network oscillation—fast gamma, slow

gamma, and/or beta—is related to the principal cell type
and/or sublamina of the external plexiform layer involved, as
well as the behavioral state of the animal which is reflected
in different top-down interactions [6, 7]. MCs and TCs also
differ with respect to the respiratory phase that their peaks
of activity are locked to and the “burstiness” of their spiking
[3, 8, 9].
With respect to a potential site for olfactory memoryrelated synaptic plasticity in mammals, MTCs project to
the piriform cortex and numerous other higher olfactory
areas, and subregions of the piriform cortex are involved in
the synthesis and categorization of the odor percept, while
conscious perception of odors most likely arises from the
yet higher orbitofrontal cortex (reviewed in [10]). However,
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it is known that odor recognition and discrimination, tasks
that clearly involve aspects of memory, are to some extent
already performed by olfactory bulb circuits, in particular by
the reciprocal synapse mentioned above, since modification
of GCs’ postsynaptic receptors of the NMDA-, AMPA-, and
GABAA -type was shown to influence the speed of odor
discrimination between highly overlapping mixtures and
odor learning can be facilitated also by other interventions in
GCs [11–14]. Thus, the MTC-GC synapse can decode stimulus
properties and might serve as a locus of long-term plasticity.
Theta-gamma coupling in the form of theta burst stimulation (TBS) is known to induce long-term plasticity in
the hippocampus, probably even more effectively than the
classical high frequency stimulation (reviewed in [15]). As
to TBS-induced plasticity at the MTC to GC synapse so
far, a study by Ma et al. [16] observed LTD in granule
cells following TBS in the external plexiform layer. We used
a similar approach, yet based on glomerular stimulation
which depolarizes individual glomeruli and thus consistently
activates “sister mitral and tufted cells” that belong to the
same glomerulus and the surrounding periglomerular circuitry. Compared to extracellular stimulation in the external
plexiform layer, this paradigm should correspond to a more
physiological situation with respect to activation of bulbar
circuits during breathing since it stimulates the sensory
input pathway instead of an accidental set of local synaptic
connections.
We also applied variations of TBS, in particular a stimulation paradigm that attempts to mimic odor perception
during just a single sniff. These investigations might prove
illuminating in the context of natural odor sources in the wild
because of two aspects. First, due to turbulent airflow odor
molecule concentrations are unlikely to decline with distance
from the odor source in a monotonic fashion; rather, patches
of odor molecules separate from the original odor plume
while drifting downwind. Thus odor detection is expected
to be highly discontinuous (e.g., [17]), a notion that also
increasingly influences studies on insect olfaction [18–21].
Second, it was observed that indeed rats can detect and
discriminate odors within single sniffs [22, 23] and that they
use casting techniques to track down patchy odor trails [24].
The single-sniff (or rather single-whiff-of-odor) scenario is
thus likely to repeatedly occur within tens of seconds during
the search for an odor source or during exploration of novel
environments.
In summary, our study aims to determine whether plasticity at the MTC-GC synapse can be elicited by induction
patterns based on coincident bulbar respiratory rhythmic
activity and olfactory inputs.

2. Materials and Methods
2.1. Preparation of Brain Slices and Whole-Cell Recording. All
experiments were carried out according to national and institutional guidelines, the rules laid down by the EC Council
Directive (86/89/ECC) and German animal welfare. Animals
were deeply anaesthetized with isoflurane and decapitated.
Sagittal olfactory bulb brain slices were prepared of juvenile
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Wistar rats (thickness 300–350 𝜇m; postnatal day (PND) 11–
17). Neurons were visualized by infrared gradient-contrast
illumination via an IR filter (Hoya, Tokyo, Japan) and patched
with pipettes sized 6–8 MΩ. Somatic whole-cell patch-clamp
recordings were performed with EPC-9 (HEKA, Lambrecht,
Germany). Series resistances measured 10–40 MΩ.
The intracellular solution contained [mM] 130 Kmethylsulfate, 10 HEPES, 4 MgCl2 , 4 Na2 ATP, 0.4 NaGTP,
10 Na phosphocreatine, and 2 ascorbate, at pH 7.2. The
extracellular artificial cerebrospinal fluid was gassed with
carbogen and contained [mM] 125 NaCl, 26 NaHCO3 ,
1.25 NaH2 PO4 , 20 glucose, 2.5 KCl, 1 MgCl2 , and 2 CaCl2 .
Due to the fragility of long-term granule cell recordings,
experiments were performed at room temperature (∼21∘ C).
GCs were identified by their morphological appearance
and the shape of current-evoked APs and firing [25]. The
average input resistance of the investigated GCs was on the
order of 1 GΩ and their resting potential was ranging from
−80 to −70 mV, similar to our previous data [25, 26]. Leaky
GCs with a holding current above ∼−30 pA were rejected. A
stable resting potential 𝑉𝑚 (within a narrow range of a few
mV) was found to be paramount for stable EPSP amplitude
recordings; experiments that showed a substantial drift in
𝑉𝑚 were rejected.
2.2. Extracellular Activation of MTCs. Glomerular stimulation was performed with a custom-built four-channelelectrode (Figure 5(b)). The four electrodes consisted of
Teflon-coated silver wires (diameter uncoated 75 𝜇m, coated
140 𝜇m, item AG-3T, Science Products GmbH, Hofheim,
Germany) and were aligned in parallel at a distance of 200 𝜇m
across two screws with the according pitch and embedded
in epoxy glue. The electrode was connected to a 4-channel
stimulator (STG 1004, Multi Channel Systems, Reutlingen,
Germany), which is controlled from a PC via an USB connection. In current mode, the maximal stimulation strength
per channel is 800 𝜇A. The grounds from the stimulator
channels were connected to a common wire and then to the
bath. Alternatively, the ground was connected to the fourth
stimulator wire; however, the first configuration was generally
preferred due to its larger choice of stimulation options.
The 4-channel electrode was lowered on top of the acute
brain slice under visual control using a manual manipulator
(Scientifica, East Sussex, UK). The stimulation strength was
adjusted via the stimulator’s software on the PC; the output
of the stimulator was triggered from the electrophysiology
software (Pulse, HEKA, Lambrecht, Germany). Stimulation
strengths sufficient to elicit GC EPSPs were mostly in the
range of 100–400 𝜇A.
The 4-channel electrode was positioned on an olfactory
bulb slice such that at least two electrode wires were located
within individual glomeruli, usually with one nonstimulated
glomerulus in between, since the diameter of a glomerulus
is on the order of 100 𝜇m (Figure 5(a)). This arrangement
served two purposes, first to increase the success rate for
finding connected granule cells and second to test for
homosynaptic plasticity via intermittent stimulation of two
separate glomerular inputs. Each of the two wires was found
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to activate independent sets of synaptic inputs onto granule
cells, as shown in Figure 5(c).
Previously we have shown that direct glomerular stimulation results in single MC spikes [25], with a latency between
stimulation onset and MC AP peak of 4.9±4.4 ms (𝑛 = 6). The
latencies between stimulation onset and the first granule cell
EPSP of the responses observed here were thus in accordance
with monosynaptic excitation of GCs via MTCs (5.6 ± 2.4 ms,
𝑛 = 28).
2.3. Plasticity Measurement Including Induction Protocols.
Synaptic plasticity experiments involved
(i) control: recording of a stable EPSP control at 0.1 Hz
for 10 minutes,
(ii) induction: repetition of individual induction protocol
at 0.1 Hz, 10 times,
(iii) long-term: recording of EPSPs at 0.1 Hz for at least 30
minutes.
The induction protocols used the same stimulation strength
as the control recordings. All phases of the experiments used
the same stimulation channel, except for the experiments
on homoglomerular plasticity where a second channel was
stimulated intermittently and no induction was applied to
this second channel. Theta burst stimulation (TBS) involved
five bursts at 40 Hz with 4 APs each, spaced at 4 Hz. “Θonly” stimulation consisted of five APs at 4 Hz and “𝛾-only”
stimulation of 20 APs at 40 Hz (same number of spikes as
in TBS). Single burst stimulation (SBS) used just one burst
at 40 Hz with 4 APs. All induction protocol sequences are
shown in Figure 4(a).
2.4. Data Analysis and Selection. Analysis of EPSPs was
performed using custom-written software based on Igor
Pro (Wavemetrics, Lake Oswego, Oregon), as previously
described [26]. Percentage values indicate the change in
EPSP amplitude relative to the mean control amplitude. Each
data point represents an average of 3.33 min of recording
(22 sweeps maximum per point). The average long-term
mean EPSP amplitude of an experiment was calculated across
the interval of 10–30 min after induction or longer if the
recording persisted (see Figure 1(d)). Before averaging across
experiments, the EPSP amplitudes of each experiment were
normalized to the mean control EPSP amplitude. Failures
were very rarely observed and thus not accounted for in the
analysis. The coefficient of variation (CV) was calculated as
the standard deviation across EPSP amplitudes divided by
their mean. It was analyzed only for TBS or SBS experiments;
experiments with a high spontaneous activity or multiple
response peaks where a precise determination of the first
response amplitude was often compromised were excluded
from CV analysis.
The criterion for successful induction of long-term plasticity was a stable change in the long-term mean EPSP
amplitude of at least ±10% relative to the control average.
Cumulative data of whole sets of experiments are represented as mean ± standard deviation of the mean (SD).
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Experimental data points and averages of data sets were
compared statistically using nonparametric tests (Wilcoxon
test for paired data sets and Mann-Whitney test for unpaired
data). All averages are given ± SD unless indicated otherwise.
Short-term plasticity was measured in terms of relative
fractions (later EPSP amplitudes divided by first EPSP amplitude). Later amplitudes were measured from the membrane
potential right before the respective stimulus artifact, since
fitting of the decay of 𝑉𝑚 was not possible at 40 Hz. Thus later
amplitudes are slightly underestimated, depending on the rise
time of the EPSP.
2.5. Quantal Analysis of the SBS Experiments. The quantal
properties of the synapses measured at the SBS experiments
were estimated by fitting the mean and CV of their responses
to the relevant measures of the quantal model of synaptic
transmission [27]. In particular, a synaptic connection is
considered to be composed of 𝑁 independent release sites,
from which a maximum of a single vesicle per site is released
with probability 𝑝 upon the arrival of a presynaptic action
potential. Subsequently, the vesicle contributes a quantum 𝑞
to the postsynaptic response. In the simplest case, in which
the synaptic response variability is only governed by the
vesicle release events (and not by other noise sources [28]),
the expected mean and variance of the responses are
Mean = 𝑁 ⋅ 𝑝 ⋅ 𝑞,
Variance = 𝑞2 ⋅ 𝑁 ⋅ 𝑝 ⋅ (1 − 𝑝) .

(1)
(2)

Subsequently, CV is

CV =
=

2
√Variance √𝑞 ⋅ 𝑁 ⋅ 𝑝 ⋅ (1 − 𝑝)
=
Mean
𝑁⋅𝑝⋅𝑞

(3)

1−𝑝
1
⋅√
.
√𝑁
𝑝

We used the following approach in order to fit the quantal
parameters 𝑁, 𝑝, and 𝑞 to the synaptic connections of
the SBS experiments: an average release probability was
assumed for the release sites at the control and long-term
phases of the experiments, 𝑝control and 𝑝long-term . For each
value of these probabilities (range 0.05–0.95), the number of
release sites, 𝑁𝑖,control (or for the long-term phase 𝑁𝑖,long-term )
that explain best the experimental CV was calculated for
each synaptic connection 𝑖 (index 𝑖, running from 1 to the
total number of SBS experiments within the CV analysis).
Subsequently, the value of 𝑝control (𝑝long-term ) and the related
set of 𝑁𝑖,control (𝑁𝑖,long-term ) that minimized the overall meansquare distance of the fitted CVs from the measured CVs
were the values that we assigned to the synaptic connection.
Finally, 𝑞𝑖,control (𝑞𝑖,long-term ) value of the release sites of a given
synaptic connection was calculated from (1), by considering
its measured mean response amplitude and the fitted 𝑝control
(𝑝long-term ) and 𝑁𝑖,control (𝑁𝑖,long-term ).
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Figure 1: TBS induces LTD at the MTC-GC synapse. (a) Experimental design [25]. Glomerular stimulation (Stim) will activate the glomerular
ensemble of mitral cells to a varying extent (depending on stimulation strength); thus inputs from several mitral cells onto the recorded GC
(Rec) will be activated. (b) Response of individual granule cell to single glomerular stimulation (two individual responses shown, note the
barrage of activity in the second response). (c) Coefficients of variation of EPSP amplitude of synaptic connections versus their mean EPSP
amplitude for control data (black dots) and long-term data (grey circles). For control, the fit has a slope of −0.55 ± 0.06 (mean ± SD) on the log
scale (black line) and for long-term the slope was −0.56 ± 0.08. The confidence intervals were calculated from 𝑛 = 200 bootstrap replicas of
the data. The arrows mark the data points from the connection shown in (e). (d) Response of the cell from (b) to TBS (average of the total of
10 stimulations). (e) EPSP amplitudes from individual GC recordings from the cell in (b) and (d) over time. Control mean 8.1 mV; long-term
mean 6.3 mV (dashed lines). (f) Cumulative data (normalized to control) of all experiments with substantial LTD (black diamonds, 𝑛 = 10)
and of all experiments in the presence of 25 𝜇M APV (grey squares, 𝑛 = 6). Respective long-term averages shown as dashed lines (grey for
TBS and black for TBS in APV). All data points ± SD across experiments. (g) Representative individual experiment in the presence of 25 𝜇M
APV. Control mean 2.9 mV; long-term mean 2.7 mV (dashed black lines). ∗∗ The degree of the statistical difference between the last data point
before TBS and the first data point after TBS (black diamonds).
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3. Results
3.1. Properties of Synaptic Transmission between Glomeruli
and Granule Cells. To elicit granule cell EPSPs we stimulated
single glomeruli with a monopolar, four-channel electrode
(Figure 1(a); see Section 2.2). Individual MTC to GC synaptic
connections are thought to involve no more than one single
synaptic contact because of their anatomical arrangement
[29], with a median unitary EPSP size at the soma of
2 mV [30]. Since we did not apply minimal stimulation,
the recorded EPSPs were mostly not unitary but involved
activation of several presynaptic MTCs (average EPSP size
across all experiments without presence of APV 8.9 ±
6.4 mV, median 8.3 mV, range 1.4–31.2 mV, 𝑛 = 52; similar EPSP distributions within sets of experiments; see the
following).
In roughly half of the experiments, we observed a barrage
of network activity following the first EPSP (see Figure 1(b)),
which is likely due to stimulation of the OSN axon bundle
leading up to a glomerulus, depending on the placement of
the four-channel stimulator [31]. For evaluation of plasticity
we analyzed only the first EPSP after stimulation; the occurrence of barrages was not correlated with the amplitude of the
first EPSP (𝑟 = −0.05, 𝑛 = 45).
The average coefficient of variation (CV) for these parallel
inputs to a single GC was 0.35 ± 0.15 (𝑛 = 32, excluding
experiments where the first EPSP was frequently summated
with network activity). Figure 1(c) shows that on the logarithmic scale the CV values were linearly dependent on the
mean EPSP amplitude, with fitted slopes of −0.55 ± 0.06 for
the control and −0.56 ± 0.08 for the long-term measurement
phase (mean ± SD from bootstrapping).
To control for systematic rundown, we performed 5
experiments where we recorded EPSPs for 30 min without
any intervention. With a normalized average amplitude in
the first 10 minutes (control) of 100 ± 28% (𝑛 = 177 data
points), the average amplitude in the last 10 minutes was
101 ± 29% (𝑛 = 172 data points). Also, none of the individual
experiments showed any depression in EPSP amplitude in the
last 10 minutes compared to the first 10 minutes according to
our criterion (>10% change below control). Moreover, we did
not observe a systematic rundown over the entire recording
period (40 min) in experiments with no induction in the
recorded glomerular channel (see, e.g., Figure 6(d)). Thus GC
EPSPs were generally stable at the basal stimulation frequency
of 0.1 Hz.
At both of the higher stimulation frequencies used in the
induction protocols (4 Hz and 40 Hz), the MTC-GC synapses
underwent short-term depression after more than two pulses,
while paired pulses showed either facilitation or depression,
with a prevalence of depression (Figures 2(a)–2(d)). At 4 Hz
(𝑛 = 10 GCs), the mean ratio of the second EPSP amplitude to
the first (the paired pulse ratio) was 0.99±0.12 (𝑃 = 0.15) and
from the fifth to the first 0.69 ± 0.15 (𝑃 < 0.01, cf. Figure 2(a)
for an individual example). At 40 Hz (𝑛 = 10 GCs), the mean
ratio of the second EPSP amplitude to the first was 0.77 ± 0.51
(𝑃 < 0.05) and from the fifth to the first 0.28 ± 0.23 (𝑃 < 0.01,
cf. Figures 2(b) and 1(d)).
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3.2. Plasticity Induction by Θ-𝛾 Coupling. Our criterion for
successful induction of long-term plasticity was a stable
change in EPSP amplitude of at least 10% away from the
control average that persisted from 10 to 30 min after induction. The TBS protocol reliably induced long-term depression
(LTD) of EPSP amplitudes in most GCs tested (to 73 ±
13% of control, 𝑛 = 10 of 14 experiments, 𝑃 < 0.005,
Figure 1(d)). If the remaining 4 cells were included, the
average depression reached 82 ± 19% of control and was still
highly significant (𝑃 < 0.005, distribution of all TBS-data
shown in Figure 4(a)). There was no correlation between the
mean control EPSP amplitude and the mean long-term EPSP
amplitude (𝑃 = 0.94).
Onset of TBS-induced LTD was rapid (Figures 1(e) and
1(f)), as also evident from comparing the first data point after
induction with control and the later data points: the mean
EPSP amplitudes from the first averaged bin after induction
were significantly below those from the last bin before
induction (comparison of data means across experiments,
Wilcoxon test, 𝑃 < 0.01, 𝑛 = 10) and at the same time
statistically not different from for example the 5th bins after
induction (𝑃 = 0.45). This observation also argues against
systematic rundown.
In 𝑛 = 3 experiments, the stability of GC recordings
allowed for more than one induction with TBS. In 2 of
these further LTD could be induced at 30 min after the first
induction (to 75 ± 9% of the already depressed EPSP). Thus,
this form of plasticity is most likely not saturated by a single
induction.
Interestingly, postsynaptic spiking during TBS was no
prerequisite for LTD induction since EPSP summation sufficient for spike generation occurred in only 7 out of the 14
experiments during induction, including 2 of the 4 experiments with no LTD. The mean long-term values relative
to control between the two groups were not significantly
different (𝑛 = 7 each, 87 ± 10% with spikes versus 76 ± 24%
without, 𝑃 = 0.18).
Next we tested whether the occurrence of barrages of network activity was related to the degree of plasticity induction.
There was no correlation between the half duration 𝜏 1/2 of
the averaged control compound EPSP and the amount of
LTD (𝑟 = −0.31, 𝑃 = 0.32); changes in network activity
after plasticity induction as measured by the ratio of the half
duration value of the long-term phase to the control phase
were also uncorrelated (𝑟 = −0.25, 𝑃 = 0.44, each 𝑛 = 12).
NMDA receptors play a major role at the MTC-GC
synapse [25, 32]. Therefore, we blocked NMDA receptors by
adding 25 𝜇M APV to the bath from the beginning of the
experiment. In the presence of APV, TBS no longer resulted
in LTD (104 ± 17% of control, 𝑛 = 6, 𝑃 < 0.05 versus TBS
without APV, Figures 1(f) and 1(g)).
Next, we were interested to see whether variations of
the theta burst pattern might be also effective in plasticity
induction. Theta stimulation alone (“Θ-only”; 87 ± 21%,
𝑛 = 8, 𝑃 = 0.11 versus no change, i.e., 100%, including
2 experiments without plasticity induction) or a train of
20 stimulations at gamma frequency (“𝛾-only”; 88 ± 10%,
𝑛 = 9, 𝑃 = 0.07 versus no change, i.e., 100%, including 3
experiments without plasticity induction; equal total number
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Figure 2: Short- and long-term plasticity in response to Θ-only and 𝛾-only stimulation. (a) Representative example of response to Θ-only
protocol averaged over the total of 10 stimulations. (b) Cumulative data of EPSP amplitude ratios relative to first peak in train (𝑛 = 10 cells).
Open symbols: individual experiments. Solid symbols: averaged data. (c) Same as in (a) but for 𝛾-only protocol. (d) Same as in (b) but for
𝛾-only protocol. Cumulative data of EPSP amplitude ratios relative to first peak in train (𝑛 = 10 cells). (e, f) EPSP amplitudes of individual
long-term experiments with induction responses shown in (a) and (c), respectively. Cumulative data for both Θ-only and 𝛾-only data sets are
shown in Figure 4(a). (e) Θ-only. Control mean 7.5 mV; long-term mean 8.1 mV (dashed lines). (f) 𝛾-only. Control mean 15.1 mV; long-term
mean 13.0 mV (dashed lines).

of stimulations in 𝛾-only and TBS) were apparently less
effective in inducing substantial plastic changes (see Figures
2(a) and 2(d) for individual experiments and Figure 4(a)
for cumulative data). However, a more efficient induction
of LTD by TBS compared to the two variants of the TBS
paradigm could not be proven by statistical analysis due
to the large variance across experiments within data sets.
The distributions of control EPSP amplitudes for these sets
of experiments were statistically indistinguishable from the
respective distribution for the TBS experiments (Θ-only
versus TBS: 𝑃 = 1 and 𝛾-only versus TBS: 𝑃 = 0.49).
3.3. Plasticity Induction by “Single Sniff” Stimulation. Since
it was observed by several groups that rats and other mammals, including humans, can detect and discriminate odors
within single sniffs [33], we have also applied a “single sniff
paradigm” using just a single 40 Hz burst for ten times at
0.1 Hz (single burst stimulation, SBS). Subsequently, either
LTD or LTP or no plasticity was observed (total experiments
𝑛 = 32; LTD: 76 ± 10% of control, 𝑛 = 13, Figure 3(a);
LTP: 145 ± 40%, 𝑛 = 10, Figure 3(b); no effect: 𝑛 = 9).
The average long-term mean of all SBS experiments was
104 ± 37%, indicating a possible homeostatic mechanism of
plasticity induction (see the following). The distribution of
control mean EPSP amplitudes was not significantly different

from the respective distribution for TBS experiments (𝑃 =
0.81).
Again, onset of plasticity was often rapid for both LTP
and LTD, as seen in the example experiments in Figure 3.
Although overall this change was not yet significant between
the last data bin before and the first bin after induction (in
contrast to the TBS experiments), it became substantial across
experiments for the last bin before and the second bin after
induction (3.3–6.7 min after induction) for both LTP (𝑛 = 10,
𝑃 < 0.01) and LTD (𝑛 = 12, 𝑃 < 0.005, Figure 3(c)).
Similar to the LTD induced by TBS, bidirectional plasticity was independent of the occurrence of GC sodium
spikes (Figure 3(d)) or the maximal depolarization during
the induction in experiments without spikes (correlation
coefficient 𝑟 = −0.29, 𝑃 = 0.41, and 𝑛 = 18). Larger EPSPs
involving more MTC-GC synapses showed less plasticity
than small EPSPs (Figure 3(d); see the following).
To better compare the effectiveness of the various
paradigms for induction of plasticity, we define the parameter
“long-term efficiency” or ΔLT as the absolute value of the
difference between the average long-term mean relative to
control and 100%, that is, control itself, which allows measuring the degree of bidirectional plasticity independently
of its sign (ΔLT = |(long term mean normalized to control
− 100%)|). The values for ΔLT for all induction paradigms
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Figure 3: Single burst stimulation (SBS) results in bidirectional plasticity. Top: SBS induction protocol. (a) Individual experiment resulting
in LTP. Control mean 5.1 mV; long-term mean 9.4 mV (dashed lines). Inset shows averaged response to SBS stimulation. (b) Individual
experiment resulting in LTD. Control mean 6.2 mV; long-term mean 4.9 mV (dashed lines). Inset shows averaged response to SBS stimulation
(same scale as in (a)). (c) Cumulative data (normalized to control) of SBS experiments with substantial LTP (solid triangles, 𝑛 = 10) and
substantial LTD (open triangles, 𝑛 = 10). All data points ± SD across experiments. From the second data bins after induction onwards, bins
were significantly different from the respective last data bins before induction. ∗∗ and ∗∗∗ refer to the statistical comparison between the
last data point before induction and the second data point after induction for LTP (black triangles) and LTD (open triangles), respectively.
(d) Cumulative display of control mean EPSP amplitudes versus the long-term change of individual experiments normalized to control of
individual experiments. Open circles: experiments without action potentials (APs) during SBS; filled circles: experiments with APs during
SBS. The two experiments shown in (a, b) are indicated by their SBS averages and arrows.

are given in Figure 4(a). Upon statistical comparison of ΔLT
across paradigms, only 𝛾-only was found to be significantly
different from SBS (𝑃 < 0.05). All paradigms were more
efficient than the control experiments without induction
(Figure 4(c); versus SBS, TBS: 𝑃 < 0.005; versus Θ-only, 𝛾only: 𝑃 < 0.05).
Since paired pulse ratios (PPR) at an interstimulus interval of 25 ms (40 Hz) were highly variable across experiments
(cf. Figure 2(d)), we tested whether PPRs could predict the
direction and/or the efficiency of plasticity induction ΔLT.
No significant correlation was found for either direction or
efficiency (𝑛 = 24, 𝑟 = 0.28, 𝑃 = 0.18, and 𝑟 = 0.31, 𝑃 = 0.17).
Next we tested whether the occurrence of barrages of
network activity was related to the degree and the sign of
bidirectional plasticity induction. There was no correlation

between the half duration of the control compound EPSP
and the observed plasticity (𝑟 = 0.20, 𝑃 = 0.29, and 𝑛 =
31). Changes in network activity after plasticity induction as
estimated by the ratio of the half duration value of the longterm phase to the control phase were also frequently observed
(>20% away from control in 16 out of 31 experiments) but
had no net effect across experiments (average 104 ± 28%,
𝑛 = 31) and were also uncorrelated to plasticity (𝑟 = −0.04,
𝑃 = 0.80, and each 𝑛 = 31). This finding also held, when
the analysis was restricted to the subset of experiments with
substantial network activity (𝜏 1/2EPSP > 100 ms, 𝑛 = 16).
Thus the presence of barrages and changes in their duration
were not predictive of bidirectional plasticity and vice versa.
In 4 GCs the recordings were stable enough to allow for a
second plasticity induction in a glomerular channel different
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Figure 4: Synopsis of plasticity experiments. SBS plasticity is NMDAR-dependent. Bottom: temporal sequence of induction protocol, number
of experiments, average long-term plasticity (mean LT), and average efficiency of long-term plasticity induction (ΔLT, absolute value of
plastic changes). All data ± SD. (a) Cumulative display of mean long-term change for all induction protocols with individual data sets,
means (dotted lines), and SD (extent of grey bars). (b) Mean long-term change of SBS experiments in the presence of 25 𝜇M APV. Note
the substantially reduced variance. (c) Mean long-term change of experiments without induction (𝑛 = 11: 5 without induction and 6 recorded
from heteroglomerular control channel that was not induced with SBS; see Figure 5).

from the first. In two of the cells, one induction resulted in
LTD and the other in LTP; in the two others, one induction
did not result in plasticity whereas the other resulted in LTD
or LTP. Therefore the occurrence of bidirectional plasticity
per se is most likely not cell-specific (at least at this age of
animals) but rather depends on the summated plastic changes
across the activated set of synapses (see also Section 3.5.).
In the presence of 25 𝜇M APV, SBS no longer induced
plasticity in any out of 5 experiments (𝑛 = 5, 95 ± 9%, ΔLT =
6 ± 7%, Figure 4(b); note the strongly reduced variance and
ΔLT compared to control SBS, 𝑃 < 0.02). Thus, NMDA
receptor mediated signalling is crucial for both TBS- and SBSinduced plastic changes.
3.4. Homosynaptic Plasticity. To establish synaptic specificity of SBS-induced plasticity we used the four-channel
stimulation electrode for the independent activation of two
glomerular inputs on a given GC. To prevent coactivation by
extracellular currents, stimulated glomeruli were separated
by at least one nonstimulated glomerulus (see Section 2;
Figures 5(a) and 5(b)). EPSP amplitudes from two distinct
glomerular pathways did sum linearly or supralinearly upon
combined stimulation of both pathways, indicating nonoverlapping sets of activated synapses (𝑛 = 13 GCs, ratio sum
individual stimulations to combination 1.35 ± 0.53, 𝑃 <
0.05 compared to strictly linear summation, Figure 5(c)). The
supralinearity occurred mostly for larger input amplitudes
>10 mV (sum of both EPSPs) and might be due to activation

of GC T-type Ca2+ channels [30] or other dendritic voltagedependent mechanisms such as NMDA receptors (see, e.g.,
[34]).
For plasticity induction, only one glomerulus was stimulated with the SBS protocol while the other served as control
input pathway. Figures 5(d)–5(f) show that the observed
plasticity was specific to the input pathway which received
the plasticity induction protocol, since it was not registered
in the neighboring glomerular control input pathways (𝑛 = 6,
total induced plasticity in stimulated input pathway ΔLT =
24 ± 14%, total change in control pathways ΔLT = 3 ± 3%, 𝑃 <
0.025; independence of inputs tested for all these experiments
as described above). Thus, this type of plasticity is clearly
“homoglomerular,” a finding that most likely also holds for
TBS-induced LTD (not tested).
3.5. Mechanism of the SBS-Induced Plasticity: Changes in the
Number of Release Sites. The observed slopes of −0.5 of the
linear relations between the CV and the mean of the synaptic
responses (in the logarithmic space, Figure 1(c)) indicate a
specific mechanistic explanation for the bidirectional plasticity. That is, when a synapse becomes stronger (or weaker),
it is mainly due to an increase (decrease) in its number of
release sites and not due to changes in the release probability
or quantal size [35, 36]. To examine the extent to which
this mechanism can explain the plasticity at the MTC to
GC synaptic connections, we performed a simple quantal
analysis of the synaptic connections for which the CV could
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Figure 5: SBS results in homoglomerular plasticity. (a) Scheme of experimental configuration for intermittent stimulation of glomeruli. Two
stimulated glomeruli were separated by at least one nonstimulated glomerulus. (b) Photograph of custom-built stimulation electrode (see
Section 2). The wires appear wider than their actual size of 75 𝜇m due to their Teflon coating. (c) Test for independence of sets of synapses
(𝑛 = 14 experiments). Scatterplot of EPSP amplitudes of combined activation of two neighboring electrodes versus added EPSP amplitudes
in response to individual stimulation of these glomeruli. (d) Individual experiment with intermittent stimulation. Top: control glomerular
pathway without induction. Control mean 20.2 mV; long-term mean 19.3 mV (dashed black lines). Bottom: glomerular pathway with SBS
induction. Control mean 15.8 mV; long-term mean 17.7 mV (dashed black lines). (e) Cumulative data from control glomerular pathway
normalized to baseline (𝑛 = 6, long-term mean 98 ± 5% of control, dashed grey line). (f) Cumulative display of experiments. Red bars:
long-term change (LT mean − control mean) in SBSed glomerular pathway; grey bars: long-term change in control glomerular pathway. The
black arrow indicates the experiment shown in (d).
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Figure 6: Plasticity induction relies on changes in 𝑁. Population quantal analysis of the synaptic connections from the SBS experiments. (a)
The numbers of release sites 𝑁 were strongly correlated with the synaptic efficacy at both the control (𝑟 = 0.91, 𝑃 < 0.01) and long-term
(𝑟 = 0.82, 𝑃 < 0.01) measurement phases. The dotted line represents the linear relation between 𝑁 and EPSP amplitude (see (1) in Section 2)
for the averaged quantal size ⟨𝑞⟩ = (𝑞control + 𝑞long-term )/2 = 0.80 mV and the averaged release probability ⟨𝑝⟩ = (𝑝control + 𝑝long-term )/2 = 0.265
resulting from the quantal analysis: 𝑁 = (Mean EPSP)/(⟨𝑝⟩⟨𝑞⟩). (c) Scatterplot of the relative change in the number of release sites 𝑁 versus
the observed relative plasticity. There is a strong correlation (𝑟 = 0.83, 𝑃 < 0.01). (b, d) In contrast, the quantal sizes 𝑞 and the relative change
in their sizes were not correlated with the synaptic efficacies and the observed relative plasticity.

be determined at both the control and long-term phases of the
SBS experiments (𝑛 = 20). We have found that the number of
release sites at the different synaptic connections was indeed
strongly correlated with their efficacy in both experimental
phases (control: 𝑟 = 0.91, 𝑃 < 0.001; long-term: 𝑟 = 0.82,
𝑃 < 0.001; Figure 6(a)). In particular, the changes in the
number of release sites were strongly correlated with the
plasticity in the synaptic efficacies, that is, the mean EPSP
amplitude (𝑟 = 0.83, 𝑃 < 0.001; Figure 6(c)). The average
release probability of the connections, on the other hand, was
similar before and after plasticity was induced, with 𝑝control =
0.25 ± 0.05 and 𝑝long-term = 0.28 ± 0.07 (mean ± SD; calculated

from 200 bootstrap replicas of the data). The calculated
quantal sizes, with a mean and standard deviation of 𝑞control =
0.82 ± 0.41 mV and 𝑞long-term = 0.78 ± 0.35 mV, were not
correlated with the synaptic efficacy (Figure 6(b)). That is, the
release sites of both weaker and stronger synaptic connections
had comparable quantal sizes, and the quantal size and
release probability of new release sites, which were added
at potentiated connections, were of the same magnitude as
for the existing release sites. Similarly, the release sites that
disappeared at depressed synaptic connections had the same
average size and release probability as the remaining sites
(Figure 6(d)).
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4. Discussion

As to the mechanism of bidirectional plasticity, we have
found that both before and after plasticity induction the relation between the CV of the synaptic responses and their mean
amplitude is linear with a slope of −0.5 (on the logarithmic
scale). Together with the results of our basic quantal analysis
this observation implies that the bidirectional changes in
synaptic strength due to the SBS stimulation protocol can be
explained by the addition or removal of release sites (rather
than changes in quantal size or release probability), similar to
previous findings for cortical L5 glutamatergic connections
[35, 36]. The release probability that we found was lower
than at the cortical connections (∼0.2 versus ∼0.45). Since
optical quantal analysis yielded an average release probability
of 0.5 at a given reciprocal spine [25] and there are certainly
less dendrodendritic synaptic contacts between a glomerulus
and GC than the number of release sites obtained from the
quantal analysis (Figure 6(a); [43]), a synaptic contact is
predicted to contain on average 3 release sites ((1 − (1 −
𝑝𝑟 )3 ) = 0.49, neglecting potential axodendritic inputs). This
prediction is further supported by the quantal size obtained
here (∼0.75 mV), because the median unitary EPSP amplitude
at this connection was found to be ∼2 mV [unpublished
observations, [30]]. The rather large value of 𝑞 in comparison
to the cortical connections (∼0.1 mV) could be explained by
the compactness of the GC dendritic tree and the hybrid
nature of this axodendrite that involves local postsynaptic
amplification of EPSPs via various mechanisms [44].
Notably, at cortical synapses LTP is thought to be initially
governed by modifications to the release probability, while
the structural changes follow on a longer time scale [45, 46].
At the MTC-GC synapse, on the other hand, it appears as
if the structural changes are rapid, suggesting an adapted
mechanism for fast and stable structural modifications even
for short stimuli such as the SBS.
Bidirectional plasticity as observed here is homeostatic,
thus the total GC excitability would not be changed via
individual short odor samplings. While larger data sets are
required to fully establish this important observation, the
SBS stimulation type might lead to an exploration within the
neural circuit, in search for synaptic pathways that would
react with a meaningful response. In reinforcement learning
theory such a characteristic follows from the lack of a
correlation between stimuli and the reward to the system
(i.e., constant reward) [47, 48] and the observed changes
may therefore depend on a random state of a yet unknown
component of the synapse. Since the experiments were done
in acute slices, the observed plasticity is independent of
external reward top-down signals. However, in an intact brain
this plasticity might be directed via centrifugal inputs on GCs
[49].
Although SBS on the whole was found to act homeostatically, recurrent inhibition and lateral inhibition will be
tuned at individual contacts between MTCs and GCs, such
that different MTCs will be differentially modulated. Thus,
bidirectional plasticity might be relevant for the establishment and refinement of the highly complex receptive fields
GCs have been suggested to dispose of. The precise nature of
these receptive fields is as of yet not fully known but might

4.1. Functional Role of Long-Term Plasticity Induced by Bursting Activity in the Sensory Input to GCs. We have shown that
physiologically motivated induction protocols are capable
of inducing long-term plasticity at the MTC-GC synapse.
In line with the experiments by Ma et al. [16] who used
extracellular stimulation in the external plexiform layer, we
find that TBS of MTC inputs via glomerular stimulation
results in LTD to about 80% of control. Both Ma et al. [16]
and Gao and Strowbridge [37] observed LTP following TBS
or spike-timing dependent plasticity (STDP) protocols of
cortical inputs onto GCs but did not show LTP at the MTCGC inputs. We now provide a proof of principle for LTP at this
synapse, using a “single-sniff” paradigm. These findings—
of both LTD and LTP—are conceptually relevant to prove
that these synapses could actually participate in olfactory
memory formation (e.g., [38]). In particular, we show that
LTP requires short bursts of activity, since longer trains at
40 Hz (𝛾-only) were not effective for inducing LTP.
In olfaction, short bursts should correspond to physiologically relevant sensory inputs, because of both respiratory
patterning and the properties of olfactory stimuli in the
wild (see Section 1). In a sense, there appears to be a
plastic resonance at short bursts compared to longer input
at the MTC-GC synapse. Taking into account also the rapid
induction of both TBS-LTD and SBS plasticity, it is tempting
to speculate that these forms of plasticity might facilitate the
search for distant odor sources.
4.2. Mechanism and Function of Bidirectional Plasticity. Bidirectional plasticity as observed here for the “single-sniff”
paradigm is also known from a few other synapses. In the
olfactory bulb, Pimentel and Margrie [39] observed local
excitatory glomerular interactions between mitral cell apical
dendritic tufts that were mediated by AMPA receptors and
that underwent bidirectional plastic changes in response to
TBS. Since we did not observe bidirectional plasticity for
TBS, it is unlikely that our glomerular stimulation technique
also acted at the same site, rather than at the MTC-GC
synapse. Thus, the olfactory pathway seems to dispose of
several loci for bidirectional tuning. Other examples for
bidirectional plasticity were observed in the lateral amygdala
[40], following pairing of synaptic stimulation and dendritic
Ca2+ spikes. Since in our experiments bidirectional plasticity
occurred preferentially for smaller inputs, an involvement of
Ca2+ spikes is unlikely even though these spikes exist also in
GCs [25, 41]. Similarly, we found that global GC Na+ spikes
also had no apparent influence on bidirectional plasticity
induction in GCs (see also Section 4.4). Therefore, STDP is
unlikely to play a role at GC reciprocal spines. Although bidirectional modifications based on STDP have been reported
at a huge diversity of synapses [42], including the olfactory
nerve to mitral cell synapse where short bursts were paired
with EPSPs [16], STDP is fundamentally different from the
plasticity described here since in STDP the direction of plastic
change depends on the relative timing between the post- and
presynaptic activity and thus can be tuned experimentally.
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be related for example to discontinuous representations
of the stimulus within the bulb [50], to an incomplete
inhibitory mirror image of odorants provided by GCs and
governed by centrifugal inputs [51], to the formation of GC
columns corresponding to glomerular functional units [52],
or to dynamic connectivity as invoked by activity-dependent
lateral inhibition [53]. Bidirectional plasticity might also
subserve the optimization of the complex and sensitive
temporal coding in the bulb, such as fast correlation and
slow decorrelation in heteroglomerular simultaneous MC
spike trains [54] or the latency coding powered specifically
by mitral cells [1, 3]. Finally, MCs were recently reported to
undergo a decrease in activity in relation to olfactory memory
formation in vivo [55], which might require the form of LTP
at the MC-GC synapses described here.
While at the network level bidirectional plasticity would
affect mainly local processing at individual GC spines, TBSinduced LTD will reduce GC overall excitability within a
rather short time span and thus reduce the amount of global
lateral inhibition provided by the GCs associated with the
active glomerulus. Thus its influence will be downregulated,
with further interesting implications for bulbar network processing. Whether local recurrent inhibition is also reduced
depends on the precise mechanism of TBS-LTD; if LTD
was ultimately related to an increase in spine neck resistance (as suggested above for SBS-mediated plasticity), local
recurrent inhibition could be even increased. A stimulation
paradigm capable of inducing mainly LTP still remains to be
discovered, since LTP would be required to implement, for
example, a sparsification of mitral cell responses to known
odors [56] or other aspects of olfactory memory. Since
reliable correlations between glomerular network activity
and the plasticity of input to GCs could not be observed
within the scope of our study, interactions between MCGC plasticity and glomerular processing remain to be elucidated.
4.3. Sources of Variability That Might Also Contribute to
Bidirectional Plasticity. Several other factors might also play
a role in the phenomenon of bidirectional plasticity. First,
the short-term plasticity of the MTC-GC synapse described
here is in line with previous voltage clamp experiments [54,
57, 58] where both depression and facilitation were observed
for paired pulse inputs onto GCs. Interestingly, facilitation
was found to be a property of proximal inputs on the GC
apical dendrite (which are thought to consist of both cortical
inputs and mitral cell axon collaterals), whereas inputs from
reciprocal spines rather underwent depression [41, 59]. Since
the cortical feedback loop was most likely not conserved in
our slice preparation, the facilitating cases might correspond
to sets of synapses that consisted predominantly of proximal
inputs established by MC axon collaterals, whose influence
on GC processing is not well known. This diversity of inputs
could also contribute to bidirectional plasticity; however, we
did not observe any correlation between short-term and longterm plasticity.
Another source of variability might originate from
glomerular activation of disynaptic pathways onto GCs, in

Neural Plasticity
particular via inhibitory deep short-axon cells [31, 60], which
might also undergo plastic changes.
Similarly, even though we found that bidirectional plasticity was most likely not specific to a given cell, bidirectional
plasticity might be due to differing maturational stages of
GCs and their synapses, since the early development of
the olfactory bulb network is not yet terminated in twoweek old animals (e.g., [61]). While the GCs in our sample
appeared mature with respect to their anatomy and action
potential firing [62], more subtle gradations of maturation
could affect plasticity. Also, at this age rodents just begin to
actively explore their environment and sniffing behavior is
about fully established around PND 11 [63, 64]. Moreover,
adult-born GCs differ in their plasticity from early-born GCs,
as documented for an NMDAR-independent form of TBSLTP in new, adult-born GCs [42]. A recent in vivo study
by Alonso et al. [65] showed that optogenetic stimulation of
specifically adult-born GCs (versus early-born GCs) during
an olfactory memory task could facilitate learning when
applied at 40 Hz (with exactly the same duration as in our
“𝛾-only” experiments) rather than at 10 Hz. Since our GC
population consists entirely of early-born GCs, it remains
to be tested whether the observed weak “𝛾-only” plasticity
would be enhanced in adult-born GCs in acute slices.
Finally there are several subtypes of both MTCs and GCs
[66] which also might differ with respect to their synaptic
plasticity.
4.4. Mechanisms of Long-Term Plasticity: Role of the NMDA
Receptor in GCs. Blockade of NMDA receptors abolished
both TBS-induced LTD and bidirectional plasticity. So, as
in many other established forms of long-term plasticity, the
NMDA receptor appears to be the key element mediating
plastic effects. In contrast to one of the main dogmas
held with respect to NMDA receptor mediated long-term
plasticity, the occurrence of spikes and the total maximal
depolarization during induction as measured at the GC soma
were not correlated to the outcome of plasticity induction for
both paradigms.
At the MTC-GC synapse, NMDA receptors are already
involved in normal synaptic transmission and postsynaptic
Ca2+ signalling [25, 67], even though the resting potential
of GCs is rather hyperpolarized. This observation can now
be explained by the strong local postsynaptic depolarization
within GC reciprocal spines that is powered mostly by AMPA
receptors; NMDA receptor activation appears to occur independently of additional local Nav -channel mediated boosting
[44]. Thus, plasticity induction is probably based on purely
local signalling at the GC spines (although a coupling to
regional dendritic events or additional contributions by nonGC NMDA receptors located, e.g., within the stimulated
glomerulus cannot be excluded from our data).
Therefore the contribution of the NMDA receptor to
plasticity induction must rely on a cooperative effect that
occurs during burst stimulation, for example, a summation
of postsynaptic Ca2+ levels past a certain threshold, while
independent of backpropagation of action potentials or dendritic spikes. Such a scenario might also explain bidirectional
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plasticity by involving two site-specific thresholds that feed
into opposing plasticity mechanisms (e.g., [68]).
If cooperative entry of Ca2+ is indeed required for
plasticity induction, a remaining conundrum is why high
frequency stimulation with 20 spikes at 40 Hz (“𝛾-only”) was
not effective. Why and how is Ca2+ rise cancelled in this case?
Larson and Munkácsy [15] similarly found that TBS was more
efficient in plasticity induction in the hippocampus than high
frequency stimulation (HFS) with the same number of spikes;
they propose an underlying depletion of glutamate during
HFS. However, this scenario still does not explain the higher
induction efficiency of SBS compared to “𝛾-only.” Rather,
there might be a negative feedback signal triggered by an
“overstimulation” with glutamate and/or postsynaptic Ca2+ ,
for example, via MTC or GC mGluRs or the TRPC channels
in GC spines that require strong, NMDA receptor dependent
stimulation to become activated [69, 70]. Finally, “𝛾-only”
might also trigger local plastic changes that are not seen at
the GC soma because of filtering by the reciprocal spine neck
resistance 𝑅neck [44], changes that nevertheless could affect
GABA release from the spine, for example, via modulation
of high-voltage-activated Ca2+ currents. Moreover, changes
in 𝑅neck might provide a general explanation for the fast
plasticity induction at the MTC-GC synapse, similar to the
rapid 𝑅neck decrease associated with LTP that has been
observed for hippocampal spines [59].
4.5. Sniffing and Olfactory Coding; Theta-Gamma Coupling
in the Olfactory Bulb and in the Hippocampus. Ongoing
theta in the hippocampus is reported mostly from rats and
mice (but not bats and humans [71]) and is most likely
driven from extrahippocampal structures such as the medial
septum [72]. Ongoing theta in the olfactory bulb on the other
hand appears to be a universal phenomenon in breathing
vertebrates, with both MTC and GC membrane potentials
being modulated by it (see Section 1 and [73–75]). Both theta
and fast oscillations are most likely originating within the
bulb itself [76, 77], with the fast oscillations being generated
at the MTC-GC reciprocal synapse [6, 7]. Hippocampal and
bulbar theta rhythms are reciprocally transmitted to the bulb
and hippocampus, respectively [72, 78–80].
While gamma oscillations coordinate activity of neurons
on the time scale of EPSPs and thus would be well suited to
provide patterns of activity that are optimal for the induction
of STDP, we did not observe a prominent role of spikes in
GC plasticity. In analogy to observations in the hippocampal
system, the observed plasticity at the MTC-GC synapse
might not just be induced by TBS but might also be acting
as a driver for gamma bursting via recurrent inhibition,
since nested gamma bursts in the entorhinal cortex were
shown to be driven by TBS via feedback inhibition [81].
Also, gamma oscillations could serve to feed into theta
via dendritic integration in both mitral and granule cells
involving slow conductances such as HCN and TRP channels,
as proposed for hippocampal CA1 neurons [82]. Finally, the
higher frequency sniffing of rodents during active exploration
enhances gamma power [83], which might also contribute
to a higher degree of plasticity. Interestingly, active sampling
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of odor plumes in insects was also found to synchronize
oscillations in antennal lobe networks, in line with other
plastic changes on a short time scale [20].

5. Conclusions
In summary, we have demonstrated burst-induced forms of
plasticity of the MTC-GC reciprocal synapse with a fast onset
that might endow the olfactory system with the sensitivity
required for fast learning of new, weak stimuli, for example
during exploration. This property might be particularly
relevant for olfaction because of the huge space of potential
stimuli most of which is unknown to the organism at any
point in its life. The finding of both LTD and LTP at this
synapse is relevant for its versatility within bulbar processing.
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[7] N. Fourcaud-Trocmé, E. Courtiol, and N. Buonviso, “Two
distinct olfactory bulb sublaminar networks involved in gamma
and beta oscillation generation: a CSD study in the anesthetized
rat,” Frontiers in Neural Circuits, vol. 8, article 88, 2014.
[8] K. M. Igarashi, N. Ieki, M. An et al., “Parallel mitral and tufted
cell pathways route distinct odor information to different targets
in the olfactory cortex,” The Journal of Neuroscience, vol. 32, no.
23, pp. 7970–7985, 2012.
[9] G. H. Otazu, H. Chae, M. B. Davis, and D. F. Albeanu, “Cortical
feedback decorrelates olfactory bulb output in awake mice,”
Neuron, vol. 86, no. 6, pp. 1461–1477, 2015.
[10] J. A. Gottfried, “Central mechanisms of odour object perception,” Nature Reviews Neuroscience, vol. 11, no. 9, pp. 628–641,
2010.
[11] N. M. Abraham, H. Spors, A. Carleton, T. W. Margrie, T. Kuner,
and A. T. Schaefer, “Maintaining accuracy at the expense of
speed: stimulus similarity defines odor discrimination time in
mice,” Neuron, vol. 44, no. 5, pp. 865–876, 2004.
[12] N. M. Abraham, V. Egger, D. R. Shimshek et al., “Synaptic
inhibition in the olfactory bulb accelerates odor discrimination
in mice,” Neuron, vol. 65, no. 3, pp. 399–411, 2010.
[13] D. Nunes and T. Kuner, “Disinhibition of olfactory bulb granule
cells accelerates odour discrimination in mice,” Nature Communications, vol. 6, article 8950, 2015.
[14] M. Alonso, C. Viollet, M.-M. Gabellec, V. Meas-Yedid, J.C. Olivo-Marin, and P.-M. Lledo, “Olfactory discrimination
learning increases the survival of adult-born neurons in the
olfactory bulb,” The Journal of Neuroscience, vol. 26, no. 41, pp.
10508–10513, 2006.
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Dyspnea is common in many cardiorespiratory diseases. Already the anticipation of this aversive symptom elicits fear in many
patients resulting in unfavorable health behaviors such as activity avoidance and sedentary lifestyle. This study investigated brain
mechanisms underlying these anticipatory processes. We induced dyspnea using resistive-load breathing in healthy subjects during
functional magnetic resonance imaging. Blocks of severe and mild dyspnea alternated, each preceded by anticipation periods. Severe
dyspnea activated a network of sensorimotor, cerebellar, and limbic areas. The left insular, parietal opercular, and cerebellar cortices
showed increased activation already during dyspnea anticipation. Left insular and parietal opercular cortex showed increased
connectivity with right insular and anterior cingulate cortex when severe dyspnea was anticipated, while the cerebellum showed
increased connectivity with the amygdala. Notably, insular activation during dyspnea perception was positively correlated with
midbrain activation during anticipation. Moreover, anticipatory fear was positively correlated with anticipatory activation in right
insular and anterior cingulate cortex. The results demonstrate that dyspnea anticipation activates brain areas involved in dyspnea
perception. The involvement of emotion-related areas such as insula, anterior cingulate cortex, and amygdala during dyspnea
anticipation most likely reflects anticipatory fear and might underlie the development of unfavorable health behaviors in patients
suffering from dyspnea.

1. Introduction
Dyspnea is the aversive and threatening cardinal symptom
in prevalent diseases such as asthma and chronic obstructive
pulmonary disease (COPD) and associated with great individual and socioeconomic burden [1]. In chronic respiratory
conditions the adequate perception of dyspnea plays a key
role as it has a strong influence on health behavior and course
of disease. Notably, the perception of dyspnea is not tightly
related to objective lung function [2] but is modulated by
cognitive and affective factors [3–6].
The few available neuroimaging studies investigating the
neural processing of dyspnea [7–14] underline the importance of sensorimotor, cognitive, and emotion-related brain
areas. A dual pathway model has been suggested [15, 16] with
one pathway including ventroposterior thalamic areas and

sensorimotor cortices processing the sensorimotor aspects
of dyspnea. The second pathway including medial-dorsal
thalamic areas, insula, amygdala, and cingulate cortex is
believed to process the affective aspects of dyspnea. Of all
these areas the paralimbic insula with its implication in
interoceptive and emotion-related processing seems to play
a key role [4, 11, 16, 17]. Notably, recent studies have
demonstrated that negative emotions are related not only
to increased perception but also to changes in the neural
processing of dyspnea [18].
Patients suffering from chronic dyspnea tend to avoid
discomfort by reducing daily-life physical activities. Activity
avoidance results in progressive deconditioning, which further increases dyspnea [19]. In particular the fearful anticipation of dyspnea has been hypothesized to lead up to this
spiral of decline [20]. Indeed, recent studies demonstrated
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that the anticipation of dyspnea is associated with increased
physiological fear responses [21], especially in anxious individuals [22]. Although the fearful anticipation of dyspnea
might play a fundamental role for disease progression the
underlying brain processes have rarely been studied.
Investigations on the anticipation of pain, a similarly aversive bodily sensation, indicate that pain-sensitive areas are
already activated during pain anticipation [23–25]. Moreover,
brain activation during pain anticipation predicts and influences the subsequent perception [26] and neural processing
of pain [27–29]. Anticipatory changes of brain function in
areas with high importance for emotion processing such as
insula, anterior cingulate cortex (ACC), amygdala, and midbrain/periaqueductal gray (PAG) were particularly relevant
[26, 30, 31].
Similar mechanisms can be expected for the anticipation
and perception of dyspnea. If brain activation during the
anticipation of dyspnea would indeed influence and shape
subsequent dyspnea perception, this might be particularly
relevant for a better understanding of dyspnea avoidance
behavior in patients suffering from chronic dyspnea and for
the development of tailored treatment strategies.
Therefore, we used functional magnetic resonance imaging (fMRI) to investigate the brain processes underlying
the anticipation of resistive-load-induced dyspnea in healthy
volunteers. Specifically, we tested the hypotheses that the
anticipation of dyspnea is processed in brain areas related
to the perception of dyspnea and would involve prominent activations in emotion-related areas [18]. Moreover, we
hypothesized that brain activation during dyspnea anticipation would relate to brain activation during subsequent
dyspnea perception.

2. Materials and Methods
2.1. Participants. We recruited 46 healthy subjects without
history of respiratory disease from a large database of
genotyped individuals (Table 1). Genotype related differences
concerning the neural processing of dyspnea as well as
habituation effects have been reported elsewhere [32, 33]
while the current analyses specifically focus on anticipatory
processes. All data were collected on one day and normal
lung function (forced expiratory volume in one second in %
predicted > 80%) was confirmed by standard spirometry [34]
on the day of the experiment. Written informed consent was
obtained prior to the study. The study protocol was approved
by the ethics committee of the Medical Association Hamburg
(PV3662).
2.2. Apparatus and Respiratory Measurements. Volunteers
breathed through a face mask connected with an MRI
compatible pneumotachograph (ZAN 600 unit, ZAN Messgeräte GmbH, Oberhulba, Germany). The set-up contained
ports for recording of end-tidal CO2 pressure (𝑃ETCO ) and
2
peak inspiratory mouth pressure (𝑃𝐼 ) and a two-way nonrebreathing valve. The inspiratory port of the valve was
connected to a 2.6 m tube for the easy manual introduction
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Table 1: Mean (SD) baseline characteristics of subjects.
Age (yr)
Sex (female/male), 𝑛
Weight (kg)
Height (cm)
Body mass index (kg/m2 )
FEV1 (L)
FEV1 (% predicted)
FVC (L)
FVC (% predicted)

28.5 (6)
18/28
75.5 (12.9)
178.9 (9.6)
23.4 (2.4)
4.77 (0.98)
115.3 (12.6)
5.73 (1.27)
117.04 (13.14)

FEV1 = forced expiratory volume in 1 s, FVC = forced vital capacity.

and removal of MR-compatible resistive loads in the scanner environment by the experimenter. The free expiratory
port prevented rebreathing of CO2 . This breathing circuit
allowed continuous measurements of respiratory parameters
including 𝑃ETCO , peak inspiratory pressure, tidal volume
2
(𝑉𝑇 ), breathing frequency (𝑓), minute ventilation (𝑉𝐸 ), and
inspiratory time (𝑇𝐼 ).
2.3. Induction and Measurement of Perceived Dyspnea. We
explained dyspnea to our participants as a sensation of
difficult and uncomfortable breathing. In a pretest subjects
were placed in a supine position and presented with inspiratory resistive loads of increasing magnitude. Each load was
presented for 24 s and dyspnea intensity subsequently rated
on a Borg-scale (0 = “not noticeable” to 10 = “maximally
imaginable”). Load magnitude was increased until subjects
reliably reported a sensation of “severe” dyspnea (Borg
score ≥ 5). The respective load was then used to induce
severe dyspnea during scanning (mean load resistance =
2.23 kPa/L/s, SD = 1.18). For the baseline condition of “mild”
dyspnea the smallest resistive load that was reliably rated
as different from unloaded breathing was used (mean load
resistance = 0.25 kPa/L/s, SD = 0.18).
2.4. Instructions. Subjects learned the association of colored
cues in the shape of a cross and experimental conditions both
during a computer-based standardized instruction outside
the scanner and during a short test run within the scanner
where subjects were also acquainted with the button response
system. Thus, subjects were well familiar with the cue,
stimulus association prior to the acquisition of functional
MRI data.
2.5. Experimental Protocol. Immediately after pretest and
standardized instructions, subjects entered a 3-Tesla TRIOMagnetom Scanner (Siemens, Medical Solutions, Erlangen,
Germany) with the face mask tightly fitted. Visual cues
and Borg-scales were projected into the scanner bore via
a mirror and condition markers were sent to ZAN-system
using Presentation software (Neurobehavioral Systems, Inc.,
Albany, CA). In alternating order, subjects were presented
with the visual color-coded cue for either mild or severe
dyspnea followed by the respective load (Figure 1). Each
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Figure 1: MRI task and protocol. In alternating order, subjects were visually cued for either mild or severe dyspnea followed by the respective
load. Each load was followed by two Borg rating scales, one on dyspnea intensity and one on dyspnea unpleasantness. The order of the scales
was randomized. Each anticipatory cue lasted for 6 s. Then the cue, a thin cross, turned into a solid cross and the load was introduced manually
for 24 s. There were ten blocks of mild and severe dyspnea, respectively. The last intensity and unpleasantness ratings were followed by ratings
on the average anticipatory fear during the two different cues.

anticipatory period lasted for 6 s. Then the cue, a thin
cross, turned into a solid cross and the preselected load was
introduced manually for 24 s as in our previous fMRI studies
using similar stimuli [11, 12]. There were 10 blocks of mild
and 10 blocks of severe dyspnea. Each load was followed
by two Borg rating scales: one on dyspnea intensity and
one on dyspnea unpleasantness during the preceding block.
The order of the scales was randomized. Following the final
dyspnea ratings subjects were presented with two additional
Borg-scales asking to indicate the level of fear experienced
on average during the cue conditions (anticipation) of
mild and severe dyspnea, respectively (Figure 1). Immediately
following the brain scan subjects rated the perceived quality
of dyspnea on a verbal descriptor list [35] outside the scanner.
2.6. fMRI Data Acquisition. Imaging was performed on a 3Tesla TRIO-Magnetom Scanner (Siemens, Medical Solutions,
Erlangen, Germany) using a standard 32-channel headcoil. For each data volume we acquired 48 continuous
axial-slices in descending order with 2 × 2 mm in-plane
resolution, 2 mm slice thickness, and a 1 mm gap using
T2∗ -weighted parallel echoplanar imaging (TR = 2870 ms,
TE = 25 ms, flip angle = 80∘ , and field of view = 208 ×
208 mm) with GRAPPA acceleration (𝑅 = 2). Depending
on the time spent on ratings subjects needed 13–18 min
to complete the protocol. The number of functional scans
acquired varied accordingly (275–374 volumes). The first
5 volumes were discarded to allow for T1-saturation. Following fMRI, we acquired a high-resolution T1-weighted
structural brain scan using a standard MP-RAGE sequence
(1 × 1 × 1 mm spatial resolution, TR = 2300 ms, TE =
2.98 ms, flip angle = 9∘ , and field of view = 256 × 256, 240
slices).
2.7. Data Analysis. Means of intensity, unpleasantness, and
anticipatory fear ratings were compared between mild and
severe dyspnea conditions using paired 𝑡-tests. Respiratory
parameters for each block and condition were analyzed as
dependent variables in separate one-way repeated measures
ANOVAs across the four conditions (anticipation mild, mild
dyspnea, anticipation severe, severe dyspnea) followed by
Bonferroni-corrected paired 𝑡-tests to further explore significant main effects. Analyses were calculated with SPSS 20.0

software (SPSS Inc., Chicago, IL) using a significance level of
𝑝 < 0.05.
All steps of fMRI data preprocessing and statistical analysis were carried out using SPM8 (http://www.fil
.ion.ucl.ac.uk/spm/), with the exception of noise-correction,
which was carried out using fsl-MELODIC 3.0. From the
ten presented blocks of each condition, the first two blocks
of each condition (i.e., 2 × anticipation mild, 2 × mild
dyspnea, 2 × anticipation severe, and 2 × severe dyspnea)
served as adaptation phase and did not enter the analyses.
A custom template within standard space was created from
the T1 images of all participants using the DARTEL-protocol
implemented within SPM8. Functional data were unwarped
and realigned using 6-parameter rigid-body transformations.
After normalization to the custom-made T1-template using
linear and nonlinear transformations, noise was identified
based on a probabilistic independent component analysis.
Preprocessed data were whitened and projected into a 40dimensional subspace using Principal Component Analysis
and further decomposed into sets of vectors that describe
signal variation across the temporal domain (time courses)
and across the spatial domain (spatial maps) by optimizing
for non-Gaussian spatial source distributions [36]. Each component was categorized as either function-related (restingstate networks or paradigm related) or noise-related (e.g.,
noise due to respiration, cardiac activity, motion, or scanner
drifts) by considering the spatial pattern, the time course,
and the power distribution following a heuristic described
by Kelly et al. [37]. This procedure also controlled for potential effects of 𝑃ETCO fluctuations on brain activation. Two
2
independent raters showed high interrater agreement (96.6%,
Cohen’s Kappa = 0.8). Components consistently identified as
noise were filtered out. Noise-corrected functional data were
smoothed using an 8 × 8 × 8 mm full-width at half-maximum
Gaussian filter.
For statistical analysis data were high-pass filtered with
a 128 s cut-off, while serial correlations were accounted for
by using an autoregressive model. Data modeling on the
first level involved separate regressors for each condition
(cue mild, mild dyspnea, cue severe, severe dyspnea, and
ratings) based on the canonical haemodynamic response
function implemented in SPM8. Mean BOLD signal intensity
of each image was included as regressor of no interest. On
the subject-level we contrasted cue severe with cue mild and
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Table 2: Group mean (SD) respiratory parameters for conditions of anticipation and perception of dyspnea.

𝑃ETCO (mmHg)

Anticipation of dyspnea
Mild
Severe
33.81 (3.46)
33.45 (3.4)∗

Perception of dyspnea
Mild
Severe
33.82 (3.4)
33.85 (3.6)

𝑓 (breaths/min)
𝑃𝐼 (mbar)
𝑇𝐼 (s)
𝑉𝐸 (L/min)
𝑉𝑇 (L)

13.81 (3.66)
1.11 (0.31)
1.83 (0.61)
10.04 (2.34)
0.82 (0.35)

13.69 (3.63)
2.27 (0.89)
2.06 (0.56)
12.03 (2.93)
0.95 (0.31)

2

13.75 (3.4)
1.05 (0.3)
1.79 (0.41)
9.56 (2.56)
0.77 (0.3)

12.72 (3.7)†
9 (3.97)†
2.43 (0.67)†
11.48 (2.94)
1 (0.39)

∗𝑝
corrected < 0.05, † 𝑝 corrected < 0.01 for anticipation of severe versus anticipation of mild and severe dyspnea versus mild dyspnea, respectively.
𝑃ETCO = end-tidal CO2 pressure; 𝑓 = breathing frequency; 𝑃𝐼 = peak inspiratory mouth pressure; 𝑇𝐼 = inspiratory time; 𝑉𝐸 = minute ventilation; 𝑉𝑇 = tidal
2
volume.
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severe with mild resistive-load-induced dyspnea to extract
brain areas that show more activation during the anticipation
and perception of severe versus mild dyspnea, respectively.
These two contrast images per subject were then entered into
separate random-effects group analyses.
Next, we investigated how dyspnea-related brain areas
that also showed activation during dyspnea anticipation
interacted with other brain areas during the anticipation of
severe as compared to mild dyspnea. For these psychophysiological interactions (PPI [38]), we extracted the average
individual time courses from a volume centered on the
peak voxel of the (anticipation severe versus anticipation
mild) contrast for each of the investigated areas (left insula,
parietal operculum, and cerebellum, see results) and used
the anticipation of severe versus mild dyspnea as modulatory
experimental factor.
Given the assumed prominent role of the insular cortex
in processing the affective qualities of perceived dyspnea [11,
16, 39, 40], we investigated the influence of brain activation
during dyspnea anticipation on individual average right insular activation during the subsequent perception of resistiveload-induced dyspnea. Individual parameter estimates from
the perception contrast (severe dyspnea versus mild dyspnea)
served as covariate for the anticipation contrast (anticipation
severe dyspnea versus anticipation mild dyspnea).
Finally, we were interested how anticipatory fear is related
to anticipatory brain activation by using individual ratings of
anticipatory fear (fear during anticipation of severe dyspnea
minus fear during anticipation of mild dyspnea) as covariate
for the anticipation contrast (anticipation of severe dyspnea
versus anticipation of mild dyspnea).
For statistical inference on our results, we used a two-step
approach: first, we tested for significantly increased activation
throughout the entire brain exceeding a whole-brain familywise error corrected threshold of 𝑝 < 0.05 within a cluster
of more than 30 contiguous voxels. For the second analysis
we chose the following bilateral regions of interest (ROIs):
insula, anterior cingulate cortex, amygdala, and a midbrainregion including the PAG. Bilateral masks for insula, anterior
cingulate cortex, and amygdala were generated from the
automated anatomical labeling (AAL) template described by
Tzourio-Mazoyer et al. [41]. AAL was also used to further
specify the localization of cerebellar activation. A midbrain
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Figure 2: Mean (SEM) ratings of perceived intensity, unpleasantness, and anticipatory fear for mild (white) and severe (black)
dyspnea, respectively. Increases from mild to severe dyspnea were
significant at 𝑝 < 0.001. ∗∗∗ indicates a significance level of 𝑝 <
0.001.

ROI centered on PAG was defined using an 8 mm sphere
around the average coordinates for PAG activation reported
by Linnman et al. [42]. The selection of these ROIs was based
on results of previous studies on the anticipation of aversive
stimuli including pain [26, 30, 31, 43–45]. Activation within
each ROI was considered significant, if exceeding a threshold
of 𝑝 < 0.05 after family-wise error correction within the ROI.

3. Results
3.1. Respiratory Parameters and Dyspnea Ratings. Respiratory
parameters showed significant variation across conditions
(Table 2). As expected, post hoc 𝑡-tests showed significantly
increased peak inspiratory mouth pressure and inspiratory
time, as well as decreased breathing frequency during severe
compared to mild dyspnea. During the two anticipation
periods subjects showed similar breathing patterns with no
significant differences in respiratory parameters except for
𝑃ETCO , which was slightly lower during the anticipation of
2
severe as compared to mild dyspnea.
Similarly, subjective dyspnea ratings confirmed successful induction of mild and severe dyspnea, respectively (Figure 2). Ratings for intensity and unpleasantness of resistiveload-induced dyspnea were significantly higher during severe
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Table 3: Peak coordinates, 𝑡-statistics, and uncorrected 𝑝 values for
significant brain activations during the perception of severe versus
mild dyspnea.

Table 4: Peak coordinates (𝑥, 𝑦, 𝑧), 𝑡-statistics, and uncorrected 𝑝
values for significant brain activations during the anticipation of
severe versus mild dyspnea.

𝑥
44
Precentral cortex R
56
−42
Precentral cortex L
−60
46
Postcentral cortex R
66
Postcentral L
−42
Supplementary motor area R 4
Supplementary motor area L −4
Parietal operculum (SII) R
64
Parietal operculum (SII) L
−54
Insula R
36
Insula L
−36
Cerebellar hemisphere R
14
Cerebellar hemisphere L
−26

Area
𝑥
Occipital pole R
14
Occipital pole L
−8
Parietal operculum L
−40
Insula L
−30
Cerebellar hemisphere L −28

Area

𝑦
−8
4
−12
−28
−10
−18
−12
−24
−2
−18
−16
6
0
−62
−62

𝑧
38
14
40
18
36
20
34
62
60
20
20
4
10
−20
−24

𝑡
7.02
6.2
7.73
6.7
7.3
6.3
7.11
5.75
5.46
6.31
6.41
5.78
5.05
5.41
6.72

𝑝
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001∗
<0.001†
<0.001∗
<0.001∗

∗

Whole-brain family-wise error corrected 𝑝 < 0.05.
Small volume corrected 𝑝 for respective bilateral ROI < 0.05.
𝑥 = left-right coordinate, 𝑦 = posterior-anterior coordinate, 𝑧 = inferiorsuperior coordinate, R = right hemisphere; L = left hemisphere.
†

(mean/SD = 4.6/1.3 and 3.5/1.6, resp.) than during mild
dyspnea (mean/SD = 0.8/0.5 and 0.5/0.6, resp.). Likewise,
the anticipatory fear was significantly stronger for severe as
compared to mild dyspnea (mean/SD = 2.7/2.5 and 0.4/0.8,
resp.). Verbal descriptor ratings revealed that resistive-loadinduced dyspnea was mainly perceived as “increased work
and effort of breathing.”
3.2. Functional Imaging Data. When contrasting the perception of severe dyspnea with mild dyspnea the whole-brain
analysis confirmed the activation of a bilateral cortical network with activation peaks in pre- and postcentral cortices,
SMA, parietal opercular cortex, cerebellum, and right insular
cortex (Table 3). The ROI-based analysis yielded additional
significant activation of the left insula (Figure 3(a), Table 3).
For anticipation of severe dyspnea versus anticipation
of mild dyspnea the whole-brain analysis yielded significant
activation that localized to the bilateral occipital pole and
the left parietal operculum and cerebellum (Table 4). Further
activation was found in bilateral insular cortex, which proved
significant for the left anterior insular cortex in the ROI-based
analysis (Figure 3(b), Table 4).
Activation during dyspnea anticipation and dyspnea
perception showed substantial overlap within the parietal
operculum and the cerebellum (6th cerebellar lobule), while
insular activation during dyspnea anticipation was more
anterior compared to insular activation during dyspnea
perception (Figure 3(c)).
Next, we investigated the interactions between anterior
insula, parietal operculum, and the 6th cerebellar lobule
with other brain areas during the anticipation of dyspnea
using PPIs. There were no significant interaction effects in

𝑦
−96
−100
−32
26
−64

𝑧
12
8
20
4
−24

𝑡
7.14
8.00
5.54
4.18
5.79

𝑝
<0.001∗
<0.001∗
<0.001∗
<0.001†
<0.001∗

∗

Whole-brain family-wise error corrected 𝑝 < 0.05.
Small volume corrected 𝑝 for respective bilateral ROI < 0.05.
𝑥 = left-right coordinate, 𝑦 = posterior-anterior coordinate, 𝑧 = inferiorsuperior coordinate, R = right hemisphere, and L = left hemisphere.
†

the whole-brain analyses. However, the ROI-based approach
showed significantly increased interactions of left anterior
insula and parietal operculum during dyspnea anticipation
with the right insular cortex and the ACC (Figures 4(a) and
4(b)). The left 6th cerebellar lobule showed a significantly
increased interaction with bilateral amygdala (Figure 4(c)).
Furthermore, we looked at the relationship of right insular activation during dyspnea perception with anticipatory
brain activation. The ROI-based analysis showed that right
insular activation during dyspnea perception was significantly correlated with activation in the midbrain/PAG during
the anticipation of severe versus mild dyspnea (Figure 5(a)).
Ratings of anticipatory fear revealed a significant positive
correlation with anticipatory brain activation within ACC
and right insular cortex in the ROI-based analysis (Figure 5(b)).

4. Discussion
The present study investigated brain activations associated with the anticipation and perception of resistive-loadinduced dyspnea in healthy subjects. Our analyses confirmed the involvement of a previously described set of
brain areas for the perception of dyspnea [4, 16, 17]. This
network included sensorimotor areas (pre- and postcentral
gyri, SMA, and parietal operculum), bilateral insular cortex,
and the cerebellum. Importantly, within the insular, parietal opercular, and cerebellar cortex activation was already
increased during the anticipation of dyspnea. Anticipatory
and dyspnea-related activation overlapped within parietal
operculum and cerebellum, while activation within the
insular cortex was more anterior during anticipation as
compared to perception of resistive-load-induced dyspnea.
During the anticipation of dyspnea, left anterior insula
and parietal operculum showed increased connectivity with
ACC and right insular cortex, while the cerebellum showed
increased interaction with the bilateral amygdala. Notably,
midbrain/PAG activation during dyspnea anticipation correlated with right insular activation during the subsequent
perception of dyspnea. Finally, activation in the right insular
cortex and ACC during the anticipation of dyspnea showed a
significant positive correlation with anticipatory fear.
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Figure 3: Perception (a) and anticipation (b) of severe versus mild dyspnea activated insular, parietal opercular, and cerebellar cortex. (c)
Activation during anticipation (displayed in red) and perception of dyspnea (displayed in yellow) overlapped in the left cerebellum and
parietal operculum while insular activation was more anterior during anticipation as compared to perception of dyspnea. Activation patterns
are displayed at a threshold of 𝑝 < 0.05, corrected for the specific ROI, and superimposed on the group-specific T1-weighted mean image
generated by the DARTEL-protocol. L = left.

Taken together, the present study reveals prominent
activation in several emotion-related brain areas during
the anticipation of resistive-load-induced dyspnea, which
were paralleled by increased anticipatory fear. Thus, both
behavioral and functional brain data underline the relevance
of affective processes during the anticipation of dyspnea,
which in turn partly relate to the subsequent processing of
perceived dyspnea.
The present findings converge with previous studies
in several ways. First, conditioning studies demonstrated
increased physiological fear responses during the anticipation of dyspneic breathing occlusions and hyperventilation
including increased startle reflex magnitudes [21, 22]. The
present study extends these findings to increased subjective
fear reports and the involvement of fear-related brain areas
during the anticipation of resistive-load-induced dyspnea.
Second, studies examining the anticipation of other aversive stimuli such as pain [23, 30], restricted breathing [40],
negative affective pictures [43, 44], monetary loss [45], and
hyperventilation cues [46] reported comparable activations
in emotion-related brain areas as the present study. These
included prominent activations in anterior insula, amygdala,

anterior cingulate cortex, and PAG. These areas, especially
amygdala and insula, have also been described as parts of a
salience network for the detection of threatening stimuli [47].
Third, studies comparing anticipation with perception of
aversive stimuli such as pain similarly demonstrated overlapping brain activation patterns [23–25, 30]. Furthermore,
anticipatory brain activation had an influence on subsequent pain. More specifically, the prestimulus connectivity
of anterior insula and midbrain/PAG [26] and anticipatory
activation in anterior insula, anterior midcingulate cortex,
and amygdala [48] have been found to influence both,
brain activation during actual pain perception and behavioral
markers of pain.
Fourth, previous studies have linked activation in insula
and extended amygdala to the affective unpleasantness of
dyspnea [11, 40]. This supports the suggested relevance of
these two brain areas for affective responses (e.g., fear)
towards upcoming dyspnea, which is further supported by
the present correlation between anticipatory fear ratings and
anticipatory insular activity.
Finally, overlapping activation for dyspnea anticipation
and perception localized to the 6th cerebellar lobule. This
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Figure 4: Psychophysiological interactions during the anticipation period. (a) During the anticipation of severe as compared to mild dyspnea
the left anterior insular cortex shows significantly increased coactivation with ACC (𝑥 = 4, 𝑦 = 38, 𝑧 = 0; ROI-corrected 𝑝 = 0.003) and
right insular cortex (𝑥 = 36, 𝑦 = −18, 𝑧 = 18; ROI-corrected 𝑝 = 0.019). (b) The left parietal operculum shows increased coactivation with
ACC (𝑥 = 8, 𝑦 = 40, 𝑧 = −4; ROI-corrected 𝑝 = 0.029) and right insular cortex (𝑥 = 30, 𝑦 = 26, 𝑧 = −4; ROI-corrected 𝑝 = 0.007). (c)
The left cerebellar cortex shows increased coactivation with the amygdala, bilaterally (𝑥 = −24, 𝑦 = −8, 𝑧 = −14; ROI-corrected 𝑝 = 0.011
and 𝑥 = 22, 𝑦 = −4, 𝑧 = −24; ROI-corrected 𝑝 = 0.016, resp.). The nonsignificant interactions within the rostral cingulate cortex (b) and
primary sensorimotor cortex (c) were outside our ROIs and did not reach whole-brain-corrected significance. All interactions are displayed
at a threshold of 𝑝 < 0.05, corrected for the specific ROI, and superimposed on the group-specific T1-weighted mean image generated by the
DARTEL-protocol.

cerebellar subdivision has been shown in neuroimaging and
lesion studies to be relevant for emotional processes [49, 50]
including the processing of different aversive stimuli such as
pain and negative affective pictures [51]. Although cerebellar
activation has frequently been reported for various dyspneic
stimuli [8, 9, 52–54], its particular contribution to dyspnea
perception is only poorly understood. The present observation of anticipatory activity paralleled by strong amygdala

interactions is in line with a previously suggested involvement in both, sensorimotor and affective aspects of dyspnea
[17].
The present findings suggest a neural correlate for the
recently proposed link between anticipatory fear and later
avoidance behavior as one underlying cause of negative
health outcome in chronic dyspnea [20]. Several clinical
studies [6, 55] have demonstrated that dyspnea specific
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Figure 5: (a) Backward model: right insular activation during
dyspnea perception is significantly correlated with midbrain/PAG
activation during dyspnea anticipation (𝑥 = −2, 𝑦 = −30,
𝑧 = −10; ROI-corrected 𝑝 = 0.026). (b) Anticipatory fear
is significantly correlated with increased brain activation during
dyspnea anticipation in the ACC (𝑥 = −4, 𝑦 = 36, 𝑧 = 14; ROIcorrected 𝑝 = 0.001) and right insular cortex (𝑥 = 38, 𝑦 = 12,
𝑧 = −4; ROI-corrected 𝑝 = 0.007). The nonsignificant correlations
with the putamen and medial prefrontal cortex (b) were outside
our ROIs and did not reach whole-brain-corrected significance. All
correlations are displayed at a threshold of 𝑝 < 0.05, corrected
for the specific ROI, and superimposed on the group-specific T1weighted mean image generated by the DARTEL-protocol.

fears or worries about physical exercise are related to worse
performance in exercise tests and worse outcome of pulmonary rehabilitation in patients with COPD. These findings
suggest that irrespective of disease severity anticipatory fear
of dyspnea leads to unfavorable health behavior such as
avoidance of higher exercise levels. A similar connection
between fear of bodily symptoms (e.g., lower back pain),
avoidance behavior, and subsequent negative course of disease has already been established in the fear avoidance model
of pain [56]. Notably, pain research has already demonstrated
the beneficial effects of cognitive behavioral treatments for

reducing anticipatory fear of pain and improving the course
of disease [57].
Although dyspnea and pain are processed by distinct
neural pathways, similarities concerning the emotion-related
processes during the anticipation of aversive bodily sensation
can be assumed [12]. Therefore, adapting these treatments
that have been proven successful in chronic pain to the
treatment of anticipatory fear of dyspnea in patients suffering
from chronic dyspnea seems promising [58]. Findings of
reduced gray matter volume in, for example, ACC and
amygdala, in patients suffering from chronic obstructive
pulmonary disease [59] provide first evidence that chronic
dyspnea indeed impacts the neural structure of emotionrelated areas, potentially related to anticipatory fear.
The following limitations of the present study should
be kept in mind: To keep the contingency of anticipation
and dyspnea periods, anticipatory fear was not assessed
immediately after each anticipation cue. A prompt rating after
the anticipation period would certainly allow a more precise
assessment of anticipatory fear and would also reflect potential fluctuations over time. Next, we investigated resistiveload-induced dyspnea causing a sensation of increased work
and effort of breathing. Thus, our results cannot be generalized to other qualities of dyspnea such as air hunger and chest
tightness. Furthermore, our data on predominantly young
healthy subjects cannot be generalized to older subjects
in general and subjects suffering from chronic dyspnea in
particular. Therefore, further research is needed to investigate
whether anticipatory fear and respective brain activation
patterns within our experimental setting are suitable approximations to understand avoidance behavior in everyday life
including reduced physical activity in patients suffering from
chronic dyspnea. Respective findings would open a new
avenue to behavioral training aimed at reducing anticipatory
fear of dyspnea in the treatment of chronic dyspnea.

5. Conclusions
Dyspnea anticipation and perception share a similar set
of brain areas. Furthermore, anticipatory midbrain/PAG
activation was associated with subsequent dyspnea-related
activation of the insular cortex. During dyspnea anticipation
the prominent involvement of emotion-related areas such as
insula, ACC, and amygdala is suggested as potential correlate
of anticipatory fear of dyspnea, which might underlie the
development of unfavorable health behaviors in patients
suffering from dyspnea.
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Quadrupedal mammals typically synchronize their respiration with body movements during rhythmic locomotion. In the rat,
fast respiration is coupled to head movements during sniffing behavior, but whether respiration is entrained by stride dynamics
is not known. We recorded intranasal pressure, head acceleration, instantaneous speed, and ultrasonic vocalizations from male
and female adult rats while freely behaving in a social environment. We used high-speed video recordings of stride to understand
how head acceleration signals relate to locomotion and developed techniques to identify episodes of sniffing, walking, trotting,
and galloping from the recorded variables. Quantitative analysis of synchrony between respiration and head acceleration rhythms
revealed that respiration and locomotion movements were coordinated but with a weaker coupling than expected from previous
work in other mammals. We have recently shown that rats behaving in social settings produce high rates of ultrasonic vocalizations
during locomotion bouts. Accordingly, rats emitted vocalizations in over half of the respiratory cycles during fast displacements.
We present evidence suggesting that emission of these calls disrupts the entrainment of respiration by stride. The coupling between
these two variables is thus flexible, such that it can be overridden by other behavioral demands.

1. Introduction
Mammalian respiration is a fundamentally rhythmic motor
program, linking cycles of inhalation-exhalation to conform
an oscillation of flow in the airways. Homeostatic and behavioral demands flexibly modulate the rate of this oscillation. In
rats, respiratory rate varies from ∼1 Hz during sleep, through
∼3 Hz during quiet waking, up to 11 Hz during active behavior
[1–4]. Discrete events like emitting a vocalization or uttering
a word [3–6] or apneic reflexes to noxious smells [7] can
also dramatically affect the duration of a respiratory cycle.
Actively behaving rats perform other motor programs with
marked rhythmicity. While staying in place rats can engage
in a stereotyped multisensory exploration of the environment
known as sniffing behavior [1, 8]. During sniffing, respiration,
whisking, and head position all oscillate with rates in the
5–11 Hz. Moreover, all of them synchronize into a common cycle, with inhalation, vibrissae protraction, and head
approach being followed by exhalation, vibrissae retraction,
and head withdrawal [1].

Locomotion is rhythmic too, from the chaining of step
cycles or strides. As quadrupeds increase their locomotion
speed, they transition through three main gaits: walking,
trotting, and galloping [9]. Rats switch from walking to
trotting at ∼0.5 m/s and from trotting to galloping at ∼0.7–
0.8 m/s [10, 11]. Each of these gaits is associated with specific
rhythmic patterns. Walking is the less regular of the gaits, with
two or three limbs contacting the ground at each time and
frequent stops. Trotting involves the rhythmic alternation of
diagonal pairs of limbs (i.e., fore right/hind left followed by
fore left/hind right) while in galloping both forelimbs contact
the ground close in time, followed by both hindlimbs [9, 10].
The duration of each step cycle, defined as the time between
successive floor contacts of a given foot, decreases with speed
[11, 12]. Thus, the rates of the related forces acting on the body
increase accordingly. Because of the left/right alternations
in walking and trotting, the body experiences two cycles of
rising and falling for each stride. Thus, the rate of stride forces
acting on the body is twice that of stride itself [13, 14]. During
the symmetrical motions of galloping these forces match the
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stride one to one, so their rate halves as the animal transitions
to this gait from trotting [15].
The rhythms of locomotion and respiration can interact—
a phenomenon known as locomotion-respiratory coupling
[16]. In various species of mammals, including dogs, horses,
and humans, respiration was found to synchronize with stride
[15–19]. For nonhumans moving at stable moderate-to-high
speeds the preferred locking is of one respiration cycle per
stride (1 : 1 ratio) for symmetric and 2 : 1 for asymmetric
gaits, although other stable ratios can be observed too. Both
passive and active mechanisms have been proposed to explain
this coupling. Rhythmic fluctuations in the loading of the
lungs by forces associated with limb movements or displacement of inner organs may passively entrain respiration
during locomotion [15–17]. A possible active mechanism has
been described whereby activation of sensory input pathways
from the limbs could entrain respiratory motor activity [20].
There is growing interest in the flexible coupling of sensorimotor rhythms characteristic of active rodent behavior
[4, 8, 21–23]. To our knowledge, the interactions of these
with the characteristic rhythmicity of locomotion have not
yet been studied. In this work, we analyze recordings of head
accelerometry, intranasal pressure, ultrasonic vocalizations
(USVs), and video tracking to understand possible couplings
between rhythmic behaviors during different modes of locomotion in freely behaving rats in a social context. We show
evidence for phase coupling between the respiratory cycle
and head/body movements associated with stride. The degree
of coupling was, however, lower than what is usually reported
for other quadrupeds. We show evidence suggesting that the
emission of ultrasonic vocalizations disrupts the synchrony
and propose that locomotion-respiration coupling is flexibly
controlled during natural rat behavior.

2. Materials and Methods
2.1. Animal Subjects and Recording Sessions. This work combines recordings from two datasets. Most quantitative analysis comes from dataset 1, combining instantaneous speed, respiration, vocalizations, and head acceleration from 6 rats. To
better understand the relationship between the acceleration
signals and stride, we collected dataset 2 combining all of the
above with high-speed video in 1 rat.
2.1.1. Dataset 1. This dataset includes recordings from 6 Long
Evans rats (Charles River): 2 females (ages 4.5–6.5 months)
and 4 males (ages 2.5–5 months) interacting in male-female
and male-male pairs. Total recording time for each rat was
46 and 28 minutes (females) and 74, 25, 12, and 10 minutes
(males). Rats were implanted with intranasal cannulae and
carried wireless headstage recording pressure from the cannula and head acceleration from a 3-axis accelerometer. The
estrous cycle of females was controlled through ovariectomy
and hormonal treatment and all recordings were made during
estrus. Rats were held on an inverted light cycle and all
recordings were carried out during the dark phase under
infrared illumination. All procedures were approved by The
Rockefeller University Institutional Animal Care and Use
Committee (Protocol #09035).
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2.1.2. Dataset 2. This dataset includes recordings from 1
Long Evans male rat behaving alone or in the presence of a
surgically devocalized female in hormonally induced estrus
(both aged 5.0–6.1 months, Brain Institute animal facility).
Respiration and head acceleration were recorded in the same
way as for dataset 1 and detailed movements were captured
with high-speed video under infrared illumination. All procedures were approved by the Animal Use Ethics Committee
(Protocol #044/2014, CEUA/UFRN).
2.2. Surgical Procedures. Rats who underwent surgery were
anesthetized with a combination of ketamine, xylazine, and
atropine (i.m.: 100, 6, and 0.04 mg/kg, resp.). After surgery,
buprenorphine (i.p.: 0.1 mg/kg) was administered as analgesic and enrofloxacin (i.p.: 20 mg/kg) as antibiotic. Animals
recovered for at least one week before recordings.
As described in [4], the end of a thin 2 cm long stainless
steel cannula (gauge 22) was implanted through the nasal
bone. The cannula was bent to an S-shape for it to end above
the temporal bone and secured with bone screws and dental
acrylic. A ring magnet (R422; OD 6.35 mm, ID 3.18 mm; K&J
Magnetics) was attached to the exposed end of the cannula to
match an equivalent one secured to the pressure sensor in the
wireless headstage. This allowed us to easily and safely secure
the headstages on the rats’ heads by using magnetic force only.
For bilateral ovariectomy, we made incisions through
the skin and muscle posterior to the rib cage, through
which we pulled the ovaries out with forceps. After clamping
the uterine horns with hemostats and absorbable suture
we proceeded to cut off the ovaries, suture the muscle with
absorbable thread, and close the skin with suture clamps.
For induction of estrus we injected females with estradiol
benzoate (s.c.: 0.05 mg/kg) followed, 48 h later, by progesterone (s.c.: 2.5 mg/kg). Recordings were made 5–10 h after
the administration of progesterone.
The female placed in the arena adjacent to the male
for high-speed video recordings was devocalized so that
all recorded vocalizations were from the male. We made a
vertical incision on the skin of the neck (∼3 cm) and divulsed
the sternohyoid muscle. We then sectioned approximately
1 cm of the left laryngeal recurrent nerve [24].
2.3. Data Acquisition. We recorded animals in dataset 1 in an
arena built with vertical gratings and split into two parallel
linear tracks, 0.2 × 2.67 × 0.74 m (𝑊 × 𝐿 × 𝐻) each, 0.15 m
apart on the wide side. Sessions included one rat on each side
of the arena. In dataset 2, the arena was identical except for
its length of 3 m. Expanded methodological details will be
published elsewhere.
2.3.1. Video. We recorded video at 30 fps with two overhanging Logitech c920 webcams with infrared filters removed. We
synchronized video with the other recorded signals with
<1 frame precision through an infrared LED blinking in
the visual field of the cameras controlled by the main
data acquisition board. For dataset 2 we recorded video at
200 fps with a Point Grey FL3-U3-13Y3 M-C camera using
FlyCapture2 software. We triggered frame acquisition with
TTL pulses generated by the data acquisition board.
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2.3.2. Ultrasound. We recorded ultrasound with condenser
microphones with nearly flat (±5 dB) response from 10 to
150 kHz (CM16/CMPA-5V, Avisoft Bioacoustics) digitized
by a data acquisition board at 250 kHz sampling frequency
(PCIe-6259 DAQ with BNC-2110 connector, National Instruments). For dataset 1 we recorded from 3 overhanging
microphones distributed along the long axis of the arena.
For dataset 2 we placed 1 microphone 10 cm from the floor
pointing at the area within the visual field of the high-speed
camera.
2.3.3. Respiration and Accelerometry. During recordings, we
magnetically attached to the intranasal cannula a pressure
sensor (24PCAFA6G, Honeywell) integrated into a custommade wireless headstage based on the DIGI XBee module
powered with 3 V from a Li-ion battery (weight 20–23 g,
see Figure 1, schematics available on request). The headstage included a 3-axis accelerometer (ADXL335, Analog
Devices) with signal filtered to 50 Hz 3 dB bandwidth with
0.1 𝜇F capacitors. Voltage outputs from this component are
linearly proportional to acceleration (300 mV/g with 3 V
supply voltage). The pressure and acceleration signals were
transmitted with a sampling rate of 200 Hz each and digitized
in synchrony with the ultrasound. The transmission imposed
a 2-sample (10 ms) delay which was not corrected.
2.4. Data Preprocessing. We carried out all data preprocessing
with custom-made routines in MATLAB (The Mathworks).
2.4.1. Locomotion. We obtained the position of the rat in
each video frame through a custom-made implementation
of object tracking based on adaptive background subtraction.
We smoothed the position by independently convolving the
𝑋 and 𝑌 coordinates with a Gaussian window of full width
at half maximum 0.25 s. We obtained the velocity vector
as the first partial derivative of 𝑋 and 𝑌 and computed
instantaneous speed as its norm. We then segmented locomotion into progressing and lingering episodes implementing
the methods developed in [25, 26]. We only considered
progressions lasting at least 1 second and with a maximum
speed of at least 0.2 m/s. We grouped all other segments
together with interleaved arrests as “lingering” episodes.
2.4.2. Ultrasonic Vocalizations. We thoroughly describe elsewhere the methodologies for automatically detecting ultrasonic vocalizations and assigning them to the emitting rat in
a pair ([4] and to be published elsewhere). Briefly, detection
involves finding times with low spectral entropy in the
ultrasonic range and low noise in the sonic range at any of
the three overhanging microphones. At times when USVs
are detected, we compare the intranasal pressure of both rats
and assign the USV to the one with characteristic constant
pressure close to atmospheric values. We did not resolve cases
of simultaneous vocalization from the two rats, so only one
rat could be considered to be vocalizing at any given time.
Because of this, when segregating respiration or acceleration
cycles from one rat based on the emission of USVs, we
discarded those cycles when the other was vocalizing, as those
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USVs could be obscuring calls from the analyzed rat. When
needed, ultrasound was segmented by the sniffing cycle, such
that all of the ultrasound emitted during a single exhalation
is grouped as a USV.
We visually classified 100 randomly selected “50 kHz”
USVs from each rat into four classes. “Flats” were identified as
calls with little or no frequency modulation, with or without
frequency jumps, “trills” as those of high frequency and
frequency modulation, “flat-trills” as those combining the
previous two elements, and “splits” as those with fundamental frequency momentarily jumping down to the 30–35 kHz
range, typically with a visible second harmonic.
2.4.3. Respiration and Accelerometry. Respiration is the
intranasal pressure measurement and was left unfiltered,
with atmospheric pressure baseline removed. We subtracted
the baseline values from the acceleration signals with 𝐴 up
pointing upwards (so its baseline included gravity force).
Acceleration signals were then digitally bandpass filtered at 1–
20 Hz, for example, figures and averaging at feet timestamps
(Butterworth, order 3). When the animal tilts its head, gravity
components should enter the signals. A tilt of 30∘ would
change 𝐴 front by 4.9 and 𝐴 up by 1.3 m/s2 . It was not possible
to correct for these effects.
2.5. Data Analysis
2.5.1. Frequency and Synchrony. Instantaneous respiratory
rate was obtained as the inverse of the sniff cycle duration.
Acceleration rates were obtained as the peak frequency in
a Fourier spectrum of a 1-second window centered at each
time point, previously convolved with a 0th-order Slepian
taper. For synchrony analysis we bandpass filtered the data at
3–11 Hz with eegfilt [27] and obtained instantaneous phases
from its Hilbert transform. For the acceleration signals, peak
timestamps were defined as the times when the instantaneous phase crosses zero in the positive direction. For
Phase Locking Value (PLV) calculation, we collected the
instantaneous phases of a given signal (such as intranasal
pressure) at a selected set of timestamps from another one
(such as the peaks of 𝐴 front during trotting episodes) and
constructed unity vectors with those phases as angles. PLV
is the amplitude of the mean vector, such that if all have the
same phase PLV = 1. To avoid effects of sample size in the
PLV calculation [28] we used a subsampling strategy. From
each group of phases, we calculated PLV as the mean PLV
from 5000 random subsamples of fixed size 80, which was the
smallest sample size in this work. With this sample size, the
expected PLV for phases taken from a uniform distribution is
0.1. We statistically tested the departure of each distribution
of phases from uniformity by applying the Rayleigh test, as
implemented in CircStat [29]. 𝑝 values lower than 1𝑒−5 were
reported as 𝑝 ≈ 0.
2.5.2. Granger Causality. We analyzed Granger causality
between intranasal pressure, emission of ultrasonic vocalizations, and 𝐴 front and 𝐴 up with tools from the MVGC
toolbox [30]. A vocalization time series was constructed with
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ones at the times when the rat emitted ultrasound and zeros
elsewhere. Data was sampled at 100 Hz and left unfiltered and
1-second episodes from each behavior mode were grouped
as trials for multitrial analysis (each mode was analyzed
independently). The model order for the autoregressive
model was 20, equivalent to 200 ms. We measured bandlimited G-causality in the 3–11 Hz range, so any contribution
from slower (or faster) fluctuations was ignored (of note,
cases with high overall causality always showed clear peaks
in this range). We assessed significance empirically by trial
shuffling, mixing the 4 variables across trials and repeating
the analysis 500 times. Significance was established at alpha =
0.05 with Bonferroni correction for 12 comparisons. Arrows
in Figure 8 have widths directly proportional to the obtained
band-limited G-causality values (those not significant were
removed). We confirmed these values were robust in that
they depended little on sampling frequency, model order,
exclusion of individual variables, or reduction in number of
trials analyzed.
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3. Results

Figure 1: Recorded behavioral variables. Photograph of a male Long
Evans rat, side view. The rat has a cannula with one end in the nasal
cavity and the other over the cranium, with a ring magnet at its
end. A wireless headstage carrying a pressure sensor and a 3-axis
accelerometer is magnetically attached to the cannula. Throughout
this work, respiration is intranasal pressure and 𝐴 front and 𝐴 up are
the signals from the horizontal and vertical axes of the accelerometer. Ultrasonic vocalizations were recorded from ambient condenser
microphones and instantaneous speed was measured from video
tracking. Black arrows point to possible sources for the forces acting
on the accelerometer: hindlimb and forelimb muscles, back/neck
muscles, and changes in the decomposition of gravity from tilting
of the head.

We recorded locomotion, vocalizations, respiration, and head
acceleration from 4 male and 2 female adult rats during free
behavior (Figure 1). The position and instantaneous speed of
the rats were obtained from video tracking (top view) under
infrared light. Ultrasound was recorded from overhanging
microphones and ultrasonic vocalizations were automatically
detected from it. Each rat carried on its head a wireless
headstage provided with a pressure sensor and a 3-axis
accelerometer. The pressure sensor connected to an intranasal
cannula to monitor the respiratory cycle. The accelerometer
was positioned with one axis horizontal and directed to
the front of the head “𝐴 front ” and another one vertical and
directed upwards “𝐴 up ”. Acceleration of an object is linearly
related to the force acting on it which, in the case of the head
of the rat, can include contributions from muscles in the limbs
and back/neck and gravity. The rats were behaving in pairs
in an arena split in two long (2.7 m) corridors separated by
wire gratings, one rat positioned at each side. The females
were under hormonally induced estrus and the recordings
analyzed include both male-female and male-male sessions.
For most analyses we pooled together the data from all 6 rats
(total recording time 195 minutes).
We sought to understand how respiration and emission of
vocalizations couple with head movements and stride across
different modes of behavior. As detailed above, each of these
motor components can be rhythmic so we analyzed them
as oscillatory signals and studied possible synchronizations
between them. Based on previous knowledge and preliminary analysis, we looked for coupling in the 3–11 Hz, the typical range of rates for these variables during active behavior.
We begin by analyzing how the rhythmicity of these signals
varies with the instantaneous speed of the animal (Figure 2).
We performed frequency analysis of head acceleration in a
sliding 1 s window and plotted the mean spectrum for each
instantaneous speed range (Figure 2(a)). Both 𝐴 front and 𝐴 up
showed a similar behavior. At speeds under 0.2 m/s, signals
were of low power and with no visible frequency peak. From

there up to 0.8 m/s signals grow in power and show a peak in
frequency rising from 4 to over 8 Hz. At higher speeds the rate
of head movement halves, dropping to 4-5 Hz. The amplitude
of the acceleration oscillation monotonically increased with
speed (Figure 2(b)). At low speeds, 𝐴 front was larger than
𝐴 up but the latter grew larger for higher speeds. The halving
of their rate at 0.8 m/s was matched by a further increase
in their amplitude. At 0.2–0.8 m/s rats move with walking
and trotting gaits, which involve alternation of left and right
limbs [11, 14]. At these gaits the head bobs twice for each full
stride, so that its rate should be twice the stride rate. Indeed,
the peak rate of acceleration for this speed range matched
published measurements of stride rate (Gillis and Biewener,
2001; black line in Figure 2(a)), suggesting that this signal was
following forces related to locomotion. At higher speeds, rats
are known to transition to a galloping gate, where there is no
left/right alternation and the head completes one movement
cycle per stride, which explains the observed rate halving.
Thus, the head-mounted accelerometer signal can follow the
stride cycle at intermediate-to-high speeds and report the
transition from walking/trotting to galloping.
The respiration rate of awake rats has a large dynamic
range from about 2 to 11 Hz, with a transition from passive
breathing to active sniffing typically reported at 4-5 Hz [1–
3]. If the respiratory and stride cycles were to consistently
couple one to one, their rates should match across speeds.
This was not the case in our recordings. We calculated instant
respiratory rate as the inverse of the duration of each cycle and
found its mean to be above 7 Hz for all speeds (Figure 2(c)),
reflecting that the rats maintained high activity levels during
the sessions. In detail, its mean rate moderately dropped
with speed from 8 to 7 Hz. We reasoned that ultrasonic
vocalizations of the “50 kHz” family could be causing the
observed drop in respiratory rate, as we know that their emission increases during locomotion (details to be published
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Figure 2: Distribution of respiration and head acceleration rates as a function of instantaneous speed. (a) Mean spectra of frontwards and
upwards head acceleration (𝐴 front and 𝐴 up ) for each range of rat instantaneous speed (color is log10 of power). Black line represents twice
the stride rate measured by [11], fitted with a cubic spline. (b) Root mean square of 𝐴 front and 𝐴 up versus instantaneous speed. Thin lines
represent the 6 individual rats and thick lines the mean across rats. (c) Mean instantaneous respiratory rate (1/cycle duration) versus mean
instantaneous speed during each cycle. Gray lines are individual rats and black lines are mean ± s.e.m. across rats. (d) Percentage of respiratory
cycles with ultrasonic vocalization emission versus rat instantaneous speed. Lines as in (c). (e) As in (c), segregating respiratory cycles with
and without emission of vocalizations.

elsewhere) and prolongs the respiratory cycle [4]. Indeed,
the percentage of cycles with vocalizations increased with
speed from 20 to 80% (Figure 2(d)). Cycles with USVs were
about 2 Hz slower than those without them and the mean
instantaneous rate of the silent respiratory cycles was above
8 Hz for all speeds where it could be measured (Figure 2(e)).
These exploratory analyses show that the behavior of the
rats in the arena was not homogeneous. Instead, it interleaved
moments of staying in place, with low vocal production and
head acceleration, with locomotor behavior of varied stride
rate and higher vocal output. We decided to segregate the
behavior into 4 locomotion modes based on the recorded
signals: staying in place, walking, trotting, and galloping.
First, we segmented locomotion into episodes of “progressing,” moving between places, and “lingering,” staying in one
location with only local movement [26, 31]. We noticed that
during a single progression rats could use more than one

gait. We thus kept from each progression only one second
of data, centered at its peak speed. We found this to result
in more homogenous locomotion events. We labeled as
walking those progressions with maximum speed between
0.2 and 0.5 m/s. Those with speed above 0.5 m/s and peak
𝐴 up above 6 Hz (see Figure 2(a)) were labeled as trotting and
those with speed above 0.8 m/s and peak 𝐴 up below 6 Hz as
galloping. The transition speed between walking and trotting
was chosen based on previous reports [11, 14]. We analyze
now the possible synchronization between respiration and
head/body movements for each of these 4 modes and postpone the analysis of their interplay with vocalizations for later.
To better understand how the accelerometer signals relate
to head/body movements we recorded all these variables
together with high-speed video (side view, 200 frames per
second) for one male rat behaving alone or in the presence of
a neighboring devocalized female in estrus. Selected recorded
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episodes from this rat were classified as belonging to one
of the 4 described locomotion modes by matching detailed
observation of the videos to previous descriptions of gait
[10].
3.1. Sniffing Behavior. Rats engage in various behaviors while
staying in place such as grooming, rearing, and sniffing. We
sought to study periods of sniffing behavior, when the rats are
known to coordinate fast respiration with head movements
and whisking [1]. Figure 3(a) shows an example of this, where
respiration and acceleration are apparently synchronized
and match approach and withdrawal movements of the
head (Supplementary Video 1 in Supplementary Material
available online at http://dx.doi.org/10.1155/2016/4065073).
To detect from the large dataset periods of sniffing behavior
we obtained a smoothed measure of respiratory rate and collected nonoverlapping 1-second episodes around peaks of
at least 3 Hz (total 2675, discarding episodes with very low
acceleration power). For each episode, we calculated mean
rates for respiration, 𝐴 front , and 𝐴 up and obtained their
joint distribution (Figure 3(b)). Interestingly, those with fast
rhythmic acceleration (>6 Hz) matched their rates with the
respiration. We selected those episodes for further analysis.
We first obtained timestamps for all 𝐴 front and 𝐴 up peaks
within those episodes and aligned the intranasal pressure
signal to them. As shown in Figure 3(c), 𝐴 front and 𝐴 up peaks
coincided with the transitions from exhalation to inhalation
and from inhalation to exhalation, respectively. It also shows
that the timing of the following acceleration peak matches
that of a later transition in respiration, so that the duration
of head movement and respiration cycles is matched. To
quantify this phase synchrony, we obtained the distribution
of instant respiratory cycle phases at the time of acceleration
peaks (Figure 3(d)). Respiratory phases at the time of 𝐴 front
peaks clustered around the midtime between the exhalation
peak and the following inhalation peak with Phase Locking
Value = 0.29 (𝑝 ≈ 0, 𝑁 = 9494 cycles). Respiratory phases
at the time of 𝐴 up peaks clustered past the midtime between
the inhalation peak and the following exhalation peak with
PLV = 0.31 (𝑝 ≈ 0, 𝑁 = 9247 cycles). If two oscillations are
symmetrically coupled, phase locking of any one to the peaks
of the other should be of similar magnitude. Indeed, at the
time of exhalation peaks, 𝐴 front and 𝐴 up were, respectively,
clustered at their rising and falling phases (Figure 3(e), PLV =
0.24 and 0.26, 𝑝 ≈ 0 for both, and 𝑁 = 8374 and 8505
cycles). Note that the rising phase of 𝐴 front and the falling
phase of 𝐴 up both correspond to the withdrawal of the
head (head moving back and up). Thus, it was possible to
detect in the freely behaving rat events of sniffing as periods
of fast coordinated rhythmicity between respiration and
head acceleration, with phase relationships that match those
previously described: head withdrawal during exhalations
and head approach during inspirations [1].
3.2. Walking. We now consider those progressions labeled
as walking (maximum speed between 0.2 and 0.5 m/s).
Observation of high-speed videos evidenced that rats would
sometimes engage in sniffing behavior while walking, such
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that the head acceleration signals would be dominated by
head approach/withdrawal and not by the stride movements
(see below for the large dataset). We will now focus on
walking progressions with both acceleration rates below 6 Hz
(37 episodes) and leave the analysis of sniffing while walking
for Supplementary Figure 1. Figure 4(a) shows an example of
walking gait under high-speed video (Supplementary Video
2). We quantified the relationship between stride and head
acceleration during walking by aligning the latter to the
times when the front or hind feet touched the ground (the
beginning of the stance part of each step cycle) (Figure 4(b)).
The onset of both front and hind feet stance coincided with
the peak of 𝐴 front , that is, the time of maximal frontal force
acting on the head. At these times 𝐴 up was at its trough,
when vertical force was maximal in the downwards direction.
Quantification showed that forces acting on the head were
more tightly synchronized to the front feet (PLV for 𝐴 front
and 𝐴 up at feet timestamps = 0.59 and 0.63, 𝑝 ≈ 0 for both,
and 𝑁 = 181 steps) than to the hind ones (PLV = 0.46 and
0.30, 𝑝 ≈ 0 for both, and 𝑁 = 174 steps). Alignment of
the respiratory cycle to these step times was low (PLV at the
times of hind and front feet = 0.16 and 0.08 and 𝑝 = 0.02 and
0.9). We analyzed 409 progressions labeled as walking in the
large dataset. As for lingering episodes, the joint distribution
of 𝐴 front and 𝐴 up rates with respiratory rate revealed two
populations: one with acceleration rates above 6 Hz matching
the fast respiratory rates and one with acceleration rates
centered on 4-5 Hz (Figure 4(c)). Feet cycles during walking
are too long for the observed high rates of head movement
to be matching the stride (see Figure 2(a) and [11]). These
episodes represented instead cases of sniffing behavior while
walking (Supplementary Figure 1). We continue here the
analysis for those with slower acceleration rates (𝑁 = 202),
which match the expected stride rates for walking and in our
high-speed video observations aligned with the step cycles.
Alignment of respiration cycles to acceleration peaks during
walking was lower than that observed for sniffing behavior
(Figures 4(d) and 4(e), compared to Figures 3(c) and 3(d)),
particularly so for 𝐴 front (PLVs for respiration at peaks of
𝐴 front and 𝐴 up = 0.13 and 0.16, 𝑝 ≈ 0 for both, and 𝑁 = 1421
and 1340 cycles). Synchronization of acceleration signals to
exhalation peaks was also lower, although less so for 𝐴 up
(Figure 4(f), PLVs for 𝐴 front and 𝐴 up at exhalation peaks =
0.12 and 0.17, 𝑝 < 0.0001 for both, and 𝑁 = 1796 and 1658
cycles). Note that the favored respiration phase at the time of
𝐴 up peaks was the transition from inhalation to exhalation,
similarly to what was observed during sniffing. In summary,
our rats exhibited partial synchrony between respiration and
head/body movements while walking.
3.3. Trotting. Figure 5(a) shows an example of trotting under
high-speed video recording (Supplementary Video 3). During trotting, a given diagonal pair of feet (i.e., front left
and hind right) contacts the floor close in time, alternating
with the other diagonal pair. We characterized the synchrony
between stride and head acceleration while trotting as we did
before for walking (Figure 5(b), 91 episodes). Forces acting on
the head aligned with front and hind feet at similar phases,
with 𝐴 front being maximal and 𝐴 up minimal at the times
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Figure 3: Sniffing behavior. (a) Example of sniffing behavior. Left: video frame of the rat sniffing while staying in place. Right: respiration
(intranasal pressure, a.u.) and frontwards (𝐴 front ) and upwards (𝐴 up ) head acceleration. The falling phase of the 𝐴 front cycle matches with
head approach, while the rising phase matches head withdrawals. This is consistent with acceleration being the derivative of velocity. The
rat did not vocalize during this period. Dashed lines mark the time of exhalation peaks. (b) Joint distribution of mean respiratory rate and
head acceleration rate for each sniffing episode with marginal distributions on the sides (in (b)–(e), top is 𝐴 front and bottom is 𝐴 up ). Warm
colors represent highest concentration of values (see color gradient in (c)). Dashed line follows the diagonal. Gray shading in the acceleration
marginal distribution represents the cases included in the analysis in (c)–(e). (c) Alignment of respiration to all acceleration peaks detected
in the analyzed sniffing episodes. Each row corresponds to a different cycle, sorted from top to bottom by acceleration cycle duration. Dashed
lines mark the beginning and end of each acceleration cycle. (d) Phase locking of the respiratory cycle to the acceleration peaks. (e) Phase
locking of the acceleration cycle to the peak of exhalation. As a guide for interpreting phase plots, the top panel in (d) shows that, at the times
of 𝐴 front peaks, respiration was typically transitioning from the peak of exhalation to the peak of inhalation, with a PLV of 0.29, while top
panel in (e) shows that at the times of peak exhalation 𝐴 front was typically on its rising phase with a PLV of 0.24.

when the feet touched the ground. Synchronization was,
however, visibly tighter during trotting with respect to hind
feet (PLV for 𝐴 front and 𝐴 up at feet timestamps = 0.66 and
0.59, 𝑝 ≈ 0 for both, and 𝑁 = 419 steps) and even more so
for the front feet (PLV for 𝐴 front and 𝐴 up at feet timestamps =
0.81 and 0.80, 𝑝 ≈ 0 for both, and 𝑁 = 405 steps). Again, the
respiratory cycles were poorly aligned to these steps (PLV at
the times of hind and front feet = 0.11 and 0.12 and 𝑝 = 0.052

and 0.024). The joint distribution of 𝐴 front and 𝐴 up rates with
respiratory rate for progressions labeled as trotting in the
large dataset (𝑁 = 267 episodes) revealed a homogeneous
population with head movement rates in the 5–7 Hz range
(Figure 5(c)), consistent with the expected rhythmicity of
stride (see Figure 2(a)). Interestingly, mean respiration rates
also matched this range. Despite this similarity in mean
rates, respiration again showed only partial synchronization
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Figure 4: Walking. (a) Example of walking behavior. Left: video frames coinciding with right hindlimb (top) and right forelimb (bottom)
contact. Right: respiration (intranasal pressure, a.u.) and frontwards (𝐴 front ) and upwards (𝐴 up ) head acceleration. Times with emission of
ultrasonic vocalizations are painted in red on the respiration signal. Vertical gray lines mark the time of footsteps (right/left triangles: foreand hindlimbs; filled and open symbols: left and right limbs). Max. speed at this progression was 0.46 m/s. (b) Alignment of respiration and
acceleration signals to footsteps from hind- (left panels) and forelimbs (right panels). For each, left plot is mean ± s.e.m. traces for respiration
and accelerations at the footstep times. Right phase plots are distribution of 𝐴 front , 𝐴 up , and respiration cycle phases at the same footstep
times. Colors are as in (a). Red arrows represent mean phase with the amplitude of the vector proportional to Phase Locking Value (a full
radius equals PLV = 0.5). As a guide for interpreting these graphs, the phase plots for hindlimb footsteps show that at those times the 𝐴 front
oscillation was typically near its peak, with a PLV of 0.46; 𝐴 up was near its trough with a PLV of 0.30 while respiration was less synchronized,
with PLV 0.16 and mean phase near the peak of inhalation. (c) Joint distribution of mean respiratory rate and head acceleration rate for each
walking episode with marginal distributions on the sides (top: 𝐴 front ; bottom: 𝐴 up ). Warm colors represent highest concentration of values
(see color gradient in (d)). Dashed line follows the diagonal. Gray shading in the acceleration marginal distribution represents the cases
included in the analysis in (d)–(f). (d) Alignment of respiration to all acceleration peaks detected in the analyzed walking progressions. Each
row corresponds to a different cycle, sorted from top to bottom by acceleration cycle duration. Dashed lines mark the beginning and end of
each acceleration cycle. (e) Phase locking of the respiratory cycle to the acceleration peaks. (f) Phase locking of the acceleration cycle to the
peak of exhalation.
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with forces acting on the head (Figure 5(d)). The strongest
synchrony was that of respiration phase to the peak of vertical
acceleration, while phase locking to the peak of the horizontal
one was lower (PLVs for respiration at peaks of 𝐴 front and
𝐴 up = 0.14 and 0.23, 𝑝 ≈ 0 for both, and 𝑁 = 1795 and
1738 cycles). The favored respiration phase at the time of
𝐴 up peaks was the transition from inhalation to exhalation,
similarly to what we observed during sniffing and walking.
Synchronization of acceleration signals to exhalation peaks
was partial too (Figure 5(f), PLVs for 𝐴 front and 𝐴 up at
exhalation peaks = 0.15 and 0.16, 𝑝 ≈ 0 for both, and 𝑁 =
1795 cycles).
3.4. Galloping. We detected only a few cases of galloping in
our recordings: 5 in the dataset with high-speed video and 15
in the larger one. Figure 6(a) shows an example of this gait
(Supplementary Video 4). During galloping, both front feet
land closely in time, followed by both hind feet. Aligning of
head acceleration to the feet timestamps suggests that peaks
in the vertical forces acting on the head occur about 50 ms
prior to the landing of the hind feet and 50 ms past the landing
of the front ones (Figure 6(b), 𝑁 for hind and front feet = 23
and 28). Phase locking of head acceleration and respiration
at the feet timestamps was unclear. The 15 progressions
labeled as galloping in the large dataset formed a homogeneous population with low rate of head movements (45 Hz, Figure 6(c)). Examination of respiration cycles aligned
to peaks of head acceleration revealed no apparent synchrony
between the signals (Figure 6(d)). Accordingly, Phase Locking Values for galloping were the lowest across all behavioral
modes studied, both for alignment of respiration to head
movements (Figure 6(e), PLVs for respiration at peaks of
𝐴 front and 𝐴 up = 0.1 and 0.11, 𝑝 = 0.43 and 0.39, and
𝑁 = 80 and 80 cycles) and of head movements to respiration
(Figure 6(f), PLVs for 𝐴 front and 𝐴 up at exhalation peaks =
0.11 and 0.07, 𝑝 = 0.35 and 0.76, and 𝑁 = 104 cycles). Note
that the magnitude of the Phase Locking Value we obtain does
not depend on the sample size (see Methods).
3.5. Disruption of Coupling between Respiration and Head/
Body Movements during Vocalizations. Rats in our social
arena were emitting high rates of ultrasonic vocalizations
(mean 2.0, range 1.3–2.5 calls/sec). All calls were of the “50
kHz” family, including “flats” (38 ± 5%), “trills” (24 ± 8%),
“flat-trills” (28 ± 5%), and “splits” (10 ± 4%, mean ± s.e.m.,
𝑁 = 6 rats; see Methods). Rat ultrasonic vocalizations are
known to be intimately linked to the respiratory cycle [4].
Specifically, vocalizations begin at the transition from inhalation to exhalation, prolong the exhalation phase, and are
followed by a final silent exhalation phase before the onset of
the next inhalation. Since our analysis revealed some degree
of synchronization between respiration and head acceleration
during sniffing, walking, and trotting behavior, it is to be
expected that the emission of vocalizations will be correlated
to the phase of the acceleration signals as well. Indeed,
ultrasound emission is modulated by the phase of 𝐴 front
and 𝐴 up oscillations for these behaviors (Figure 7(a)). Note,
however, that this modulation is weaker than that observed
against the phase of the respiratory cycle (Figure 7(a)). Since
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the emission of vocalizations instantly disrupts the ongoing
respiratory rhythm by delaying the following inhalation, we
reasoned this could affect synchronization between respiration and other behavioral variables. We quantified the effects
of vocalizations on the synchrony between respiration and
head acceleration by segregating cycles with and without
ultrasound emission from the rat. Each acceleration cycle was
defined between two successive peaks and was considered
“vocal” if during those times any ultrasound was detected
from that rat or “silent” otherwise. We collected the phases of
the respiratory rhythm at the end of each of these cycles and
calculated their PLVs (Figure 7(b)). Interestingly, respiration
was consistently better synchronized to silent 𝐴 front cycles
than to vocal ones. Synchrony between respiration and
𝐴 up peaks was not much affected by the recent history of
vocalization. Of note, silent 𝐴 front peaks showed better synchrony with respiration than 𝐴 up ones, opposite to what was
observed when considering all cycles. A possible explanation
for vocalizations having little effect on the synchrony between
𝐴 up and respiration is that 𝐴 up peaks typically align with the
onset of the exhalation phase such that if a vocalization starts,
it can only affect the synchrony at the next cycle, typically over
150 ms later. 𝐴 front peaks, on the other hand, typically align
with the offset of the exhalation, a phase of the respiratory
cycle that will be variably delayed by vocalizations of different
duration, thus blurring the synchrony. Figure 7(c) details
the distribution of respiration phase at acceleration peaks
for silent versus vocal cycles during sniffing and trotting
behavior. Overall, these results suggest that vocalizations
can instantly disrupt the synchronization of respiration to
head/body movements. This analysis is limited in that it can
only reveal immediate and short-lived disruptions of synchrony by vocalizations. From the observation of examples
with long vocalizations it seems clear that head and body
movements can maintain their ongoing rhythms during vocal
emission, effectively decoupling themselves from respiration
(Figure 7(d)). Cases with intermediate-to-high speed and
no vocalizations were rare, preventing us from quantifying
coupling in those conditions. Figure 7(e) shows an example
from a male during a silent slow trot (while being recorded
alone in the arena). In this and other silent examples, it
appeared that better synchrony arose between respiration and
head/body movements, with exhalations following the 𝐴 up
peaks and thus matching the preferred phase relationships in
our dataset.
3.6. Causality. As we have seen, all recorded behavioral variables show some degree of coupling to all others. This makes
it difficult to understand if there exist hierarchies between
them, such as locomotion forces entraining the respiratory
cycle. We looked for possible directionalities in the coupling
by measuring Granger causality between four time series:
intranasal pressure, ultrasonic vocalization emission, and
the two axes of head acceleration. Given a set of variables
(𝑋, 𝑌, 𝑍, . . .) evolving in time, 𝑌 is said to G-cause 𝑋 if
knowing the recent past of all the variables gives a better
prediction of the present of 𝑋 than just knowing the recent
past of all variables except 𝑌. In this case, the past of 𝑌
contains information about the present of 𝑋 that was not
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Figure 6: Galloping. (a) Example of galloping behavior. Left: video frames coinciding with right forelimb (top) and right hindlimb (bottom)
contact. Right: respiration (intranasal pressure, a.u.) and frontwards (𝐴 front ) and upwards (𝐴 up ) head acceleration. Symbols as in Figure 4(a).
Max. speed at this progression was 0.72 m/s. (b) Alignment of respiration and acceleration signals to footsteps from hind- (left panels) and
forelimbs (right panels) as in Figure 4(b). We did not calculate PLVs because of the low number of samples. (c) Joint distribution of mean
respiratory rate and head acceleration rate for each walking episode with marginal distributions on the sides (top: 𝐴 front ; bottom: 𝐴 up , as in
Figure 4(c)). (d) Alignment of respiration to all acceleration peaks detected in the analyzed trotting progressions (as in Figure 4(d)). (e) Phase
locking of the respiratory cycle to the acceleration peaks. (f) Phase locking of the acceleration cycle to the peak of exhalation.
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Figure 7: Disruption of coupling between respiration and head/body movements during vocalizations. (a) Distribution of emitted ultrasound
with the phase of the respiration and acceleration oscillations for each behavior mode. The vertical axes represent how many times the rats
emitted ultrasound at each phase of each oscillation. The histogram covers two cycles for clarity. As a guide to read these plots, note that
the rats almost never emitted ultrasound while the respiration was between its peak exhalation and the following peak inhalation. A total
number of USVs detected were 1089 (sniffing), 500 (walking), 938 (trotting), and 54 (galloping). Note that phases between the respiration and
acceleration are not matched, since each one was aligned to its own peak. (b) Phase Locking Values for respiration at the times of 𝐴 front (left)
and 𝐴 up (right) peaks for all acceleration cycles (black), only those that did not coincide with emission of vocalizations (blue), or only those
that did (red). We included in sniffing those during lingering (detailed in Figure 3) and those during walking (detailed in Supplementary
Figure 1). There were not enough cycles during galloping episodes to segregate by vocalizations. (c) Phase locking of respiration to 𝐴 front
(left) and 𝐴 up (right) peaks during trotting and sniffing. Values with no significant phase locking are depicted with open symbols (Rayleigh
test, alpha = 0.05/26 = 0.002). (d) Example of trotting with high vocal production from a male rat. Top: sonogram of the recorded ultrasound
(dark is high power). Bottom: respiration, vocalization times, and frontwards (𝐴 front ) and upwards (𝐴 up ) head acceleration (colors as in
Figure 4(a)). Gray solid line is speed (max. 0.79 m/s) and dashed lines mark the time of exhalation peaks. The rat is doing fast respiration and
then starts a progression while emitting long vocalizations of the “split” class, which were found to coincide with fast progressions in a separate
set of recordings (to be published elsewhere). Note that during long vocalizations respiration appears decoupled with head acceleration. (e)
Example of trotting without vocalizations for the male rat under high-speed video (max. speed 0.5 m/s). Note that 𝐴 up peaks appear to align
with the transition from inhalations to exhalations.

present in the other variables (including 𝑋) and so it is
interpreted that changes in 𝑌 cause changes in 𝑋. We measured causality in our set of 4 variables for each behavioral
mode considering 200 ms of the recent past, equivalent to
one oscillation cycle at 5 Hz (Figure 8). Overall, forces acting
on the head had very low or no predictive value towards
emission of vocalizations and vice versa. During sniffing,
the respiration signal predicted the frontal force on the
head and, in turn, this one strongly predicted the vertical
forces (note that these effects are not at all symmetrical).
Respiration and vocalizations show only moderate degrees
of mutual causality during sniffing, possibly because vocal
production is low while staying in place. During locomotion,
when forces acting on the head synchronized with limb
movements, causalities were low between these and respiration in both directions, with the strongest among these being
the respiratory cycle predicting frontal force. The respiratory
cycle was predictive of vocalization emission and vice versa,
consistent with the known bidirectional mechanistic relationship between both. Horizontal and vertical acceleration of
the head were mutually causal, with 𝐴 up being particularly
strong in predicting 𝐴 front during trotting. Altogether, these
results are compatible with a hierarchy of couplings where

respiration and vocalizations are intimately bound while their
coupling with head/body movements is secondary.

4. Discussion
We simultaneously monitored respiration, vocalizations,
head acceleration, and locomotion in rats freely behaving
in a social context. We focused on behaviors where these
motor components oscillate and analyzed their detailed
synchrony—or lack of it. The biggest challenge in our study
came from the heterogeneity of relatively unconstrained
natural behavior. From our observations, most behavioral
patterns in the rat do not last longer than one or a few seconds,
such that consistent but short-lived relationships between
variables could be easily missed. Building on solid existing
literature describing the different components of rat behavior,
we devised ways of automatically parsing active behavior into
four modes based on instantaneous speed and rhythmicity of
respiration and head/body movements: sniffing (in place or
while walking), walking, trotting, and galloping.
Sniffing is a characteristic sensorimotor behavior displayed by rats during exploration. It combines fast (5–11 Hz)
respiration with head and whisker movements, all of these
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coordinated into a common cycle [1, 8]. We detected putative
sniffing bouts as periods of fast (>6 Hz) respiration and head
movements without fast locomotion. These episodes adhered
in detail to previous descriptions of sniffing, with consistent
phase relationships: head withdrawal during exhalations and
head approach during inspirations. We have no measure of
whisking in our large dataset but the rat under high-speed
video recording was actively whisking during sniffing bouts.
Horizontal and vertical forces measured by the headmounted accelerometer were consistently in antiphase during
rhythmic behaviors, with some small but consistent phase
differences during different behavioral modes. Although
these two variables are not independent, it is possible that
they are dominated by forces from different sets of muscles.
It is interesting that respiration aligned better to 𝐴 up peaks
than to 𝐴 front ones during trotting and walking. Causality
analysis suggests a hierarchy between horizontal and vertical
forces during these gaits, such that the latter entrains the
former. During walking and trotting, the time of first contact
of both hind and front feet with the floor coincided with
the maximum of frontward and downward force acting on
the head. We cannot tell from our data which components
of the forces are made by limb or neck muscles. Comparing
our results with measurements of ground reaction forces, it
seems that the resultant forces acting on the head have some

phase differences with those made by the limbs. The onset of
the stance phase during trotting coincides with the trough of
vertical force both measured on the ground and on the head
[14]. However, our horizontal force is almost in antiphase
with the vertical component, while the horizontal ground
reaction forces peak leads the vertical ones by about a quarter
cycle. Regardless of this, our results show that acceleration
measured at the head can be used to track the limb cycle
during locomotion.
Our results point to a flexible coupling between respiration and locomotion forces during spontaneous rat behavior.
It is clear that head acceleration and respiration are synchronized to some degree during walking and trotting, such
that there is a larger probability of exhalations beginning
around the peak of the vertical component. This phase
relationship is consistent with that observed in dogs and
rabbits [17, 19, 32]. The degree of synchrony we found was,
however, lower than those reported for other mammals. Note
that synchrony was worse when aligning respiration phase
directly to the footsteps of the rat recorded under highspeed video. It could thus be that respiration couples more
to head movements during stride than to stride itself. During
walking, we cannot rule out that some of the synchrony
reflects brief contributions of sniffing behavior. In trotting
cases when synchrony was apparent, locking was 1 : 1 between
acceleration and respiration cycles (equivalent to 2 respiration cycles per stride, as found for dogs and large opossums
[17, 19, 33]). Despite respiratory rate being approximately
twice the head movement rate at low speeds, we found no
evidence for sustained 2 : 1 locking mode, as observed in
other small mammals [33], such that 2 breaths coincide
with each acceleration cycle. We cannot rule out that this
happens for some scattered cycles. Rats were vocalizing at
high rates during locomotion, in up to 80% of the sniff cycles
at their fastest speeds. Our analysis suggests that emission
of a vocalization results in an immediate perturbation in the
coupling between respiration and stride, consistent with the
known instantaneous prolonging of the exhalation phase [3,
4]. Contraction of trunk musculature during vocal exhalation
could decouple respiration from stride forces acting on the
lungs. Complementarily, central mechanisms could be blocking proprioceptive influences on respiratory pattern generators. It has been proposed that rodent ultrasound emission
is a byproduct of explosive exhalations caused by loading of
the thoracic cavity upon forelimb contact during locomotion
[34]. Our results disprove this strict causal relationship, as
modulation of vocal emission by stride is incomplete and rats
can maintain vocal rhythms independent of ongoing locomotion even at high speeds. We do not rule out, however, that
stride mechanics could be modulating the detailed timing
and properties of vocalizations through their partial coupling
with respiration—although such effects were not supported
by our causality estimation. We could not analyze broader
effects of vocal rates on coupling simply because our rats were
rarely walking fast, trotting, or galloping without vocalizing.
In the few cases of silent trotting, obtained from one male
rat behaving in isolation, we observed reasonable synchrony
between respiration and stride. We would need to find natural
nonsocial conditions where rats are sufficiently motivated to
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trot and gallop to extend our study to spontaneous silent
locomotion.
We acknowledge some limitations in our work. To be able
to track body movements during free behavior we mounted
on the head a ∼20 g wireless headstage (about 5% of body
weight). This is common practice in freely moving electrophysiology studies, and rats seem to quickly get habituated
to carrying weight on the head. Our case is potentially more
problematic since we are directly measuring acceleration at
the head, which depends on force and mass. Rats carrying
our headstage engaged in many behaviors with apparent
normality. For those behaviors which we analyzed quantitatively, their properties matched previous descriptions: sniffing occurred at the expected rates and phase relationships of
respiration and head approach/withdrawal; head acceleration
rates matched twice the published stride rates for walking
and trotting and once that rate for galloping; peak vertical
forces align with the onset of the exhalation. Despite this, it is
possible that detailed magnitudes and phases are affected by
the headstage weight. We could not extract a clear transition
from fast walking to trotting from the data without highspeed video, so we set a threshold at max. progression
speed of 0.5 m/s to classify them. It remains unclear to
us whether a clear-cut difference between both gaits exists
in the rat or rather one smoothly turns into the other as
speed increases. There were few instances of galloping in
both our datasets, but enough to observe that no obvious
locking between respiration and locomotion appears as the
rats switch to this gait. Younger estrus females and males
should be studied to better sample this behavior. Because not
all rats reached fast trotting and galloping, we pooled together
data from all of them for most analysis. The fundamental
mechanical properties studied in this work likely generalize
to the rat population, but we cannot make inferences about
their variability across individuals or their correlation with
variables such as sex and age.

5. Conclusions
Rats moving freely in space exhibited only partial coupling
between the respiratory and stride cycles. Our results clearly
differed from the tight cycle-to-cycle synchrony frequently
found for other quadruped mammals [35]. We do not
know of other works measuring this synchronization in the
rat, so we wonder whether this contrast is due to species
differences, scaling of coupling with body mass, or differences
in the behavioral settings. Most measurements of locomotorrespiratory coupling make efforts to homogenize the locomotor behavior by using treadmills or guiding the animals
into running straight lines at stable speeds. These conditions
deliberately minimize perturbations that could interfere with
the coupling. The rats in our arena were rapidly changing
speed, direction, and gait of locomotion and perturbing
the respiratory rhythm through emission of vocalizations.
We propose that locomotion-respiratory coupling is not a
requirement of the system but rather a flexible entrainment
that can be overridden by other physiological or behavioral
needs such as vocal communication. Two directions should
be followed to disambiguate between species and behavioral
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setting: measure coupling in rats running silently at stable
speeds and remeasure it in other mammals during rich
natural behavior.
Restricting animal behavior has proven an invaluable
tool in understanding its building blocks and mechanisms.
New insights can be gained by complementing this with
studies where behavior is less bounded and thus closer to the
conditions under which it evolved. This approach however
poses big challenges on the recording and analysis side. This
is particularly true for small animals like rats and mice, for
whom behavioral variables evolve fast. A way to compensate
for the loss of homogeneity is to develop reliable ways to parse
free behavior into stereotyped modes. Additional challenges
stem from the intercorrelated nature of these variables. For
example, one can believe that a given physiological measure
(like neuronal activity at a given brain structure) is partially
correlated with the phase of the respiratory cycle when, in
fact, this was actually secondary to a tight association between
that measure and stride. Understanding the magnitude of
these correlations at each behavioral mode will aid in avoiding these pitfalls. We acknowledge that missing variables
could even be confounding the correlations presented in this
work.
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The habituation/cross-habituation test (HaXha) is a spontaneous odor discrimination task that has been used for many decades
to evaluate olfactory function in animals. Animals are presented repeatedly with the same odorant after which a new odorant is
introduced. The time the animal explores the odor object is measured. An animal is considered to cross-habituate during the novel
stimulus trial when the exploration time is higher than the prior trial and indicates the degree of olfactory patency. On the other
hand, habituation across the repeated trials involves decreased exploration time and is related to memory patency, especially at long
intervals. Classically exploration is timed using a stopwatch when the animal is within 2 cm of the object and aimed toward it. These
criteria are intuitive, but it is unclear how they relate to olfactory exploration, that is, sniffing. We used video tracking combined
with plethysmography to improve accuracy, avoid observer bias, and propose more robust criteria for exploratory scoring when
sniff measures are not available. We also demonstrate that sniff rate combined with proximity is the most direct measure of odorant
exploration and provide a robust and sensitive criterion.

1. Introduction
The olfactory habituation/cross-habituation test (HaXha) is a
noninvasive spontaneous behavioral task that has been used
to study the ability to smell and the capacity to discriminate
between stimuli (odors) in a large variety of animals and
humans. The HaXha follows the basic principles shown by
Thompson and Spencer in 1966: when any stimulus is repeatedly evoked, the behavioral response decreases (habituation),
not involving sensory adaptation/sensory fatigue or motor
fatigue. Meanwhile the presentation of a different stimulus
leads to a change in the amplitude of the habituated response
(cross-habituation) [1, 2].
The general protocol for olfactory HaXha in rodents
consists of presenting an odor (in a paper filter or cotton
applicator) generally in the center of the experimental cage
and measuring the time in which an animal is oriented to
and within 2 cm of the odorant. To measure the habituation
phase, the novel stimulus is presented several times (trials).

The cross-habituation phase can be studied by changing
the stimulus for a novel unfamiliar odor. This protocol has
been adapted to different species, for example, by increasing
the number of trials in rats [3], or by increased intertrial
intervals in guinea pigs [4]. The first HaXha experiments in
rats demonstrated that male and female rodents are able to
discriminate between different urine odors independently of
hormone status [5] and later this behavioral task was adapted
to mice using sex related odors as stimuli [6].
Olfactory habituation can be mediated by different circuits of the olfactory system when using paradigms that differ
in timescale. Short-term habituation following 20 sec odor
presentations and short intervals (10 sec) is mediated by neuronal adaptation lasting about 2 minutes in the anterior piriform cortex [7]. Long-term habituation [8–10] following odor
presentations of 50 sec separated by 5 min intertrial intervals
persists up to 30 min and is mediated by the olfactory bulb.
To study olfactory alterations researchers have also used
other behavioral olfactory-guided tasks such as the social
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transmission of food preference, which combines social
interactions and olfaction [11], the odor-cup sand-digging
task, in which the animals have to be trained to dig into one
of two cups (S+, S−) [12], the buried food test, which tests the
ability of the animals to smell a piece of familiar food such
as cereal hidden under the bedding of the cage [13]. In all
of these tasks the animals have to be food-regulated in order
to obtain responses. For the odor-cued taste avoidance [14],
which combines odor detection and odor discrimination,
the mice have to be thirsty to perform the task. The large
advantage of the HaXha task is that animals do not need to be
food- or water-regulated to perform the task. This is critical
for aging research where food restriction may interfere with
the aging process, for example, by affecting metabolic rate or
inducing stress [15]. Another advantage is that the HaXha test
is a spontaneous odor discrimination task which requires no
training which may involve cognitive processes unrelated to
the ones being under investigation.
Despite these advantages and ability to target the patency
of different neural structures by adjusting the timescale, the
standard means to measure the exploration time is by a
human experimenter using a stopwatch. This provides the
potential for observer bias in cases where subjects cannot
be tested without prior knowledge of status, as when testing
anatomically different phenotypes (e.g., fur, body weight).
Further, as individual exploratory bouts can be quite short
(<1 sec) the use of a stopwatch limits accuracy. Last, a human
observer will have limited accuracy in scoring the behavior
according to exact criteria such as proximity within 2 cm of
the odor source and precise head angle toward it.
To avoid these potential confounds altogether we used
behavioral video tracking software (Noldus), which is able to
recognize the nose, the center, and the tail of the mouse at 10
frames/sec. This allowed us to quantify the distance between
the nose and the odor stimulus, the head angle to the odorant,
and the locomotion of the animal (position and velocity).
Noldus also automates trial start and end.
While it seems to be taken for granted that animals are
“smelling” the target odor while the standard criteria of proximity and orientation are met, odor exploration fundamentally involves sniffing, the rate of which is actively modulated,
increasing when rodents explore novel odors [16]. Therefore,
the assessment of odor-guided (dis-)habituation should also
be guided by sniff rates, which standard HaXha tests do not
include but which we also measured here using whole-body
plethysmography.
Sniffing is characterized by a rhythmic inhalation and
exhalation of air through the nose. This behavior also plays a
critical role in shaping how odor information is represented
and processed by the nervous system. Sniffing behavior in
rodents is dynamic, varies with the behavioral context, and
is modulated by olfactory and nonolfactory processes [17].
Meanwhile, the frequency of sniffing (sniff rate) has been
used as a parameter to characterize sniffing behaviors in
rodents, as they increase from 2 Hz to 4–12 Hz when they are
investigating novel odors [18, 19].
Identification of olfactory dysfunction at early stages of
sAD has been proposed as a promising diagnostic tool,
potentially allowing early treatment before the irreversible
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cognitive deteriorations are established. However, there are
many issues in this field to be resolved, including finding
optimal behavioral tasks to aid diagnosis. Averback described
neurodegeneration in the anterior olfactory nucleus in the
olfactory bulbs and tracts, caused by cells loss in the presence
of amyloid plaques and neurodegenerative tangles [20].
Posthumous histological analysis suggested a relationship
between the olfactory sensory pathway and the severity of
the disease [21, 22]. Warner et al. first suggested olfactory
impairments in patients with AD, employing a standardized
smell identification test [23]. However, the lowered ability
to distinguish between or recognize different odors is not
exclusive for AD, as olfactory dysfunctions have also been
detected in Parkinson’s disease [24, 25], multiple sclerosis
[26, 27], viral infections [28, 29], lesions in the brain [30], and
aging [31]. Thus, while there is a need for an olfactory test for
AD, it should also be specific.
Recently, olfactory alterations in transgenic mice models
for familial AD were detected with HaXha using food and
sex-related odors as the stimuli, where olfactory deficits
were correlated with the stage of the disease [32, 33]. Our
group studies the olfactory behavior of Fus1 KO mice, a
novel model of accelerated aging and sporadic Alzheimer’s
Disease (SAD), in which deletion of a mitochondrial tumor
suppressor protein Fus1/Tus2 leads to an overproduction of
reactive oxygen species (ROS) inducing oxidative damage
to cellular macromolecules [34, 35]. Our previous studies
suggest that the female Fus1 KO mice at 10 months old
have alterations in their habituation to nonsocial odors and
deteriorations in their cross-habituation for social odors (ms
submitted for publication).
Here, we propose a novel approach to accurately assess
HaXha using the Noldus system to track the behavior of
every animal combined with whole-body plethysmography
to noninvasively evaluate their sniffing. We evaluated how the
classical HaXha odor exploration criteria relate to sniffing in
both wild type and FUS1 KO mice. We further sought to find
improved nonolfactory parameters, to be used in cases when
sniffing cannot be measured. We confirm that standard criteria accurately capture sniffing-mediated olfactory exploration
and suggest that velocity combined with a relaxed distance
criterion outperforms odor exploration quantification.

2. Experimental Procedures
2.1. Subjects. In this study we compared the behavior of
young Fus1 KO/129sv and WT/129sv mice of different genders
generated by Dr. Alla Ivanova [35]. The groups in the study
were 4-5-month-old female Fus1 KO (FUS ko; 𝑛 = 13) and
WT mice (𝑛 = 7). The vivarium had a 12 h/12 h inverted
light cycle with lights off at 10:30 am. All animals were housed
individually in polycarbonate cages (12 × 12 × 25 cm) with
controlled humidity (40%) and temperature (22∘ C) and were
provided with nestlets.
2.2. Odor Habituation/Cross-Habituation Task. A cottontipped wood applicator (Puritan REF 806-WC) was presented
mounted in a removable holder on the bottom of the cage,
located 1 cm above the cage floor. We saturated the cotton
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applicator with one of 4 odorants: mineral oil (MO), amyl
acetate (AA) 1% (in MO), phenyl ethanol (PE) 1% (in MO),
and social odorant (S, obtained by swabbing the cage of a
female mouse). A total of 12 trials were performed per mouse,
where each odorant was presented three times in succession
per daily session to yield the following order: MO1–3, AA1–3,
PE1–3, and S1–3. The total duration of a single session
was 35 min per mouse, each trial consisting of 2 min per
odorant exposure and an intertrial interval of 1 min between
stimuli. The HaXha test was performed twice (48 h between
sessions). Odor exploration was defined as being oriented
toward the applicator tip while the nose was within 2 cm of
it. This test was adopted from previous reports [25, 32]. This
test evaluates if mice are able to spontaneously recognize a
novel odorant stimulus by spending more time smelling the
applicator (cross-habituation phase), as opposed to the time
that the mice spend on each repeated stimulus (habituation
phase).
2.3. Video Tracking and Sniffing System. In order to reduce
timing errors and experimenter bias in measuring the
habituation/cross-habituation task and to know if these
behavioral responses were specific to the olfactory abilities of
the animals, we combined a system to automatically record
behavioral responses using the Noldus behavioral tracking
system (EthoVision XT, version 10.1, Noldus Information
Technology B.V., Wageningen, Netherlands) with sniffing
analysis obtained by whole-body plethysmography. We used
an air-sealed experimental semitransparent white acrylic box
(26 × 38 × 16 cm) with a USB camera (Logitech HD Pro
C920, 1920 × 1080 pixels) mounted at the ceiling of the box,
aimed downward. Noldus software analyzed the camera input
to identify and score the behavior of the animal. In Noldus,
we marked a circular area (OD = 4 cm, 𝐴 = 12.6 cm2 ) in
the middle of the cage floor where a cotton swab was placed.
We saturated the cotton applicator with one of the following
experimental odors: MO, AA, PE, and S.
To measure sniffing noninvasively, a pressure sensor
(Buxco, TRD5700) communicated with the experimental
box. The transducer signals were amplified 106 x (A-M
systems, differential AC Amplifier model 1700), band-pass
filtered between 0.1 and 40 Hz and 60 Hz notch filtered (AM systems), and subsequently filtered between 0.1 and 40 Hz
with an 8th order Linkwitz-Riley filter using a MiniDSP 2 ×
4 processor (MiniDSP, Hong Kong). The data obtained from
the sensor was stored using a Neuroplex system (RedShirtImaging, Decatur, GA, USA), synchronized to the start of
each trial using the Noldus mini-USB i/o box.
During 2 minutes of each trial the behavior of a mouse
was recorded, and when the rodent’s nose was oriented to
the cotton within a 2 cm distance a signal was generated via
the Noldus mini-USB i/o box, identifying the period that the
mouse was exploring the stimulus, and sent to the Neuroplex
data-acquisition system. Noldus also scored the number of
times the mouse oriented to the stimulus and the distance and
speed traveled by the rodent during every trial. The data was
analyzed using Noldus for behavioral responses and using
MatLab for sniff rates for the period that the animal was
exploring versus not exploring the stimulus.
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2.4. Combined Video Tracking and Sniffing Analysis. Matlab
(R2016A, the Mathworks, MA) was used to analyze all
raw sniffing data and the Noldus “exploration” signal from
Neuroplex and video data from Noldus exported in Excel
format at 100 ms bins. Only the trial types PE3, S1, S2, and S3
were used, as S1 was by far the most explored stimulus. Matlab
output was organized in Excel (2016 for Mac, Microsoft) for
calculating means and sem (sd/√𝑛) and graphing.
For each trial (120 s duration) sniffs were identified by
filtering the Neuroplex data (200 samples/s) with a 4th-order
Butterworth bandpass (3–20 Hz) filter and finding peaks in 𝑧scored data exceeding 0.4 s.d. Sniff amplitudes were identified
by finding local maxima around sniff times. Average sniff
rates and amplitudes during Noldus identified exploration
on/off times were calculated. Neuroplex variable acquisition
delays common to its “BNC-only” mode were taken into
account.
For deeper analyses the following procedure was used to
integrate the Neuroplex-based sniffing signal (200 s/s) with
the Neuroplex video tracking output (10 s/s). Mouse nose and
core location (𝑥, 𝑦) and velocity data with rare missing values
were completed by using last-known locations and velocities,
except for start values which were set to 1 (location) or 0
(velocity). Instantaneous sniff rates, velocity (cm/s), distance
(cm) to odor (at 𝑥 = 0, 𝑦 = 0), and head angle to odor
were assigned to each 100 ms bin and subsequently convolved
with a 30-bin Gaussian low-pass filter and end-corrected.
Odor exploration criteria were based on thresholding these
smoothed signals.
First-order regressions were calculated between sniff rates
and distance, velocity, and the angle to odorized cotton tip
(Matlab “regression” function). Multiple regression (Matlab
“fit” function) was performed of 1st and 2nd order (“poly11”
and “poly22”) onto sniff rate (including nonzero constants).
This was also performed for each trial type (PE3, S1, S2, and
S3) and all trials combined per group (wild type (WT) or
FUS KO) by combining data bins of all trials into population
vectors. Stepwise multiple regression was computed using
population vectors for regressing angle, distance, and velocity
(Matlab “stepwiselm”) onto sniff rate on this. Population
vectors were also used to parametrically explore how combinations of exploration criteria affected exploration on/off
time and sniff rates. All data are shown as mean ± SEM
(sd/√𝑛).

3. Results
The olfactory HaXha task is used to evaluate the patency of
the olfactory system by asking how much time an animal
spontaneously explores new or previously presented odor
objects. It is hence assumed that the exploration time is
equivalent to the time “smelling” the object, that is, olfactory
exploration. To date sniffing has not been used as a key
marker of this behavior. Using our Noldus video tracking system combined with whole-body plethysmography we were
able to address the question of whether the criteria used thus
far to measure exploration, namely, distance and head angle
to the object, are indeed related to enhanced sniff rates.
Figure 1 shows this to be the case: sniff rates are enhanced
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Figure 1: The sniff rate increases during cross-habituation in female
wild type (WT) mice. A cotton tip odorized with phenyl ethanol
(PE) or mouse urine as social odor (S) was presented 3 times during
the habituation/cross-habituation test (HaXha). PE3 represents the
3rd presentation of PE and S1 the 1st presentation of S. The time
exploring the odorant (OnTime) by WT mice (129 strain, 𝑛 = 7)
was scored in real-time by Noldus video tracking system based on
the standard criteria of nose proximity (<2 cm) and head orientation
(<20∘ ) to the odor source. The simultaneously plethysmographically
measured sniff rate was measuring while exploring (OnFreq) and
not exploring (OffFreq), as was the sniff amplitude (PeakMax on
and PeakMax off, resp.). Increased exploration time during S1 shows
cross-habituation and was accompanied by an increase in the
sniff rate. OnFreq and OffFreq: sniff rate (Hz); PeakMax on and
PeakMax off: sniff peak amplitude (standard deviations of 𝑧-scored
pressure signal). OnTime: odor object exploration time (s). All data
are mean ± SEM.

during periods that the WT mice were within 2 cm of
the cotton tip and with their head aimed to it within 20∘
(OnFreq), as compared to other periods (OffFreq), for each
trial type (PE3, S1, S2, and S3). For S1 trials this increased
from 6.5 Hz to 9.5 Hz. PE3 shows low exploration time
(OnTime < 1 sec) indicative of habituation, followed by a
cross-habituation of ∼14 sec exploration to the first social
odor presentation (S1). This was followed by moderate, if
apparently, inconsistent habituation during trials S2 and S3
(∼8 sec). In contrast to the sniff rate being increased during
proximity and orientation to the object, there was no evidence
that sniff amplitudes were modulated by trial type.
Figure 2 shows that sniff rates followed the same pattern
as WT mice, with S1 sniff rates at 10.1 Hz during proximity and
orientation to the odorant, versus 6.0 Hz otherwise. (Note
that the S1 exploration time was corrected from a rare (all
data checked) Noldus output error (22.34 sec, mouse FUS627,
set to 0 as the mouse was well over 2 cm away from the
odorant)). We conclude that the proximity criterion of <2 cm
and <20∘ to the odorant is indicative of olfactory exploration
during habituation and cross-habituation for female mice
of the 129 WT strain as well as for their FUS KO chronic
oxidative stress counterparts.
Figure 3 illustrates this finding for two WT mice during
S1 trials by showing their path (large solid circle: start; small
solid circle: end) in the cage (one dot per 100 ms bin, 1201 dots
total), the head angle to the cotton tip (smaller size indicating

FUS KO
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Figure 2: The sniff rate increases during cross-habituation in female
FUS ko mice. The same as Figure 1, but now for FUS knockout (ko) mice (𝑛 = 13), which have chronic oxidative stress
and are a new model of accelerated aging. OnFreq and OffFreq:
sniff rate (Hz); PeakMax on and PeakMax off: sniff peak amplitude
(standard deviations of 𝑧-scored pressure signal). OnTime: odor
object exploration time (s). All data are mean ± SEM.

smaller angle), and sniff rate (color coded). It is evident that
sniff rates tend to be high and head angles low when they are
near the centrally located odorant (dotted bulls-eye), though
not exclusively so.
In the hypothetical absence of a relation between aforementioned criteria and sniff rates it would be untenable that
such criteria measured olfactory exploration. In light of our
findings that these criteria are predictive of sniff rate, the
subtler question arises of whether the classical proximity
and orientation criteria are optimal, either in isolation or
combined, as a proxy for sniffing-mediated odorant exploration when sniff rate is not or cannot be measured (as is
the general approach). We hence net explored this matter
noncategorically (parametrically).
Figure 4 shows the mean (±SEM, across 7 WT mice)
linear regression coefficient between sniff rate and proximity
(distance), orientation (angle), and the speed of WT mice’s
trajectory (velocity) across time bins. As expected from the
prior results, distance is mostly negatively correlated, in
particular during the cross-habituation S1 trials (𝑟 = −0.49)
when sniff rate is modulated most strongly. However, the
correlation between angle and sniff rate is quite inconsistent
across trial types. Interestingly, the velocity of the mice was
strongly and consistently positively correlated with sniff rate
(𝑟 = 0.47–0.59; Figure 4, right). For FUS KO mice, shown in
Figure 5, a similar set of relationships was evident, but now
both angle and distance negatively correlated during S1 trials
(𝑟 = −0.38).
In a complimentary approach we asked what behavioral
parameters were associated with different sniff rates. Time
bins were categorized to belong to one of four sniff rate quartiles (analyzed per trial) and associated distance, angle, and
velocity were assessed. Figure 6(a) shows the expected mean
sniff rate (across bins, followed by across animals) increase
from the 0–25th percentile of sniff rate (sniff 25), 25–50th
percentile (sniff 2550), and 50–75th percentile (sniff 5075)
to the 75–100th percentile (sniff 75). Whereas the lowest
quartile shows similar sniff rates across trial types, at higher
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Figure 4: Proximity and velocity are correlated with S1 trial sniff rate
in WT mice. On each trial (PE3, S3) for each WT mouse (𝑛 = 7) the
mouse nose proximity (Distance 𝑟) and head orientation (Angle 𝑟)
to the odor source and the velocity of the mice were regressed onto
the sniff rate. Distance was negatively correlated during S1 trials,
whereas velocity consistently positively correlated with sniff rate.
The relation with angle was inconsistent.

quartiles S1 sniff rates are highest. Exploration of the proximity during time bins associated with each sniff rate quartile
shows that distance is smallest during S1 trials especially
at the top quartile (Figure 6(b)). This indicates that small
distance to the odorant during cross-habituation has a high
specificity as a marker of olfactory exploration, a further
validation of the proximity criterion. Although angle showed
similar tendencies as distance, it lacked the specificity thereof
(Figure 6(c)): orientation to the odor source occurred in

Regression coefficient (r)

Regression coefficient (r)

Figure 3: HaXha maps show sniffing rate related to proximity and orientation. Two S1 cross-habituation trials (first presentation of social
odor) are represented by plotting the 𝑥 and 𝑦 nose location (circle), orientation (circle size), and sniff rate (circle color, see color bar legend,
Hz) of each WT mouse during each 100 ms bin of the 120 sec trial. Subsequent bins are connected with lines. Centrally located (𝑥, 𝑦 = 0,
0) bulls-eye indicates the odor source location and 2 cm proximity criterion (2 cm radius). Large solid circle marks the position at trial start
and the small circle the position at the end. Mice tended to sniff faster (more red circles) when closer to and oriented to (smaller circles) the
odorant.
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Figure 5: Proximity, orientation, and velocity are correlated with S1
trial sniff rate in FUS KO mice. The same as Figure 4, but for FUS
KO mice (𝑛 = 13), showing similar results but with stronger negative
correlation between head angle and sniff rate during S1 trials. Again,
velocity consistently positively correlated with sniff rate.

overlapping degrees across sniff rate quartiles, notably S2 at
lowest three quartiles.
Consistent with the strong and trial-type invariant positive correlation between velocity and sniff rate discussed
before (Figures 4 and 5, right), we found that at higher
sniff rate quartiles mice consistently showed higher velocities, albeit with different functions between trial types
(Figure 6(d)). The near absence of movement at the lowest
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Figure 6: Sniff rate quartiles discriminate S1 proximity and consistently reveal WT mouse velocity. We explored how behavior varied as a
function of sniff rate. For each trial type (PE3, S3) the 100 ms time bins were assigned to one of four quartiles of WT (𝑛 = 7) sniff rates (0th–
25th, 25th–50th, 50th–75th, and 75th–100th percentile, (a)). Their associated nose distance (b) and head angle (c) to the odor source, as well
as their velocity (d), were determined. Distance and to some extent head angle to the object were lower for the S1 trial during the high sniff
rate top quartile time bins. Velocity consistently increased with increasing sniff rates across all trial types. FUS mice showed similar patterns
(not shown).

sniff quartile is rather striking. The same analysis for FUS
KO mice (not shown) confirmed these WT findings, although
with somewhat lower specificity of distance and higher
specificity of angle for S1 trials than WT. Acceleration was
also explored and found to be inconsistent across quartiles,
trial types, and subject groups (not shown).
We further explored at what fraction of time when
sniffing at each sniff rate quartile the WT mice would satisfy
the categorical proximity (<2 cm), orientation (<20∘ ), or their
combined (<2 cm & <20∘ ) criterion (Figure 7). It can be seen
that during faster sniffing at the top quartile mice spent ∼30%
of their time in close proximity to the odorant (dist ON 75)
during S1 trials but much less time during other trials or at
lower quartiles (<13%, Figure 7, left). During S1 trials mice
spent 46% of time oriented to the odorant when sniffing
fast (angle ON 75) and less than 21% at lower sniff rates.
However, during S2 trials they were similarly oriented to
the odor source even at the lowest quartile. The combined

criterion (explore ON) largely follows that of the distance
criterion alone. FUS KO data shows similar patterns, though
with somewhat lower specificity for proximity and higher for
orientation than WT shown here.
Thus far we have shown that complimentary analytical
approaches confirm that proximity and (to a lesser degree)
orientation to the odorant relate to enhanced sniffing, especially during S1 cross-habituation trials, lending credit to
this long-used means of measuring odor object exploration
duration (in the absence of a direct sniff rate measure). We
also found that velocity may be an additionally useful factor
to consider in quantifying odor exploration in the HaXha test,
due to its strong and consistent relation to sniff rate.
We therefore used multiple regression to see how well
combinations of proximity, orientation, and velocity can
predict sniff frequency parametrically (Figure 8). Population
vectors were used to allow all time bins from all mice to
be included in a single regression (each vector spanning 7
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Figure 7: Sniff rate quartiles discriminate exploration time based on
the proximity criterion. The same as Figure 6, but here the fraction
of time the mouse spent sniffing at each quartile’s sniff rate while
fulfilling the <2 cm nose proximity criterion (left), the <20∘ head
orientation criterion (middle) or both criteria was determined. WT
mice (𝑛 = 7) were in close proximity to the odor for 30% of the
time they sniffed fast (dist ON 75) during S1 trials but 13% or less
during other trial types (i.e., 87% or more of the time they sniffed
at high rate they were >2 cm from the odorant during PE3, S2,
or S3). For orientation the results were not as trial type specific
or sniff rate specific (especially S2 at angle ON 25: 44% of time
oriented to odor during slow (lowest quartile) sniff rates). The
orientation criterion does not appear to add to the exploration time
fraction as determined by nose proximity (dist ON), as explore ON
is quite similar to dist ON. FUS KO mice showed similar results (not
shown).

mice ∗ 1201 bins = 8407 time bins for S1 trials; 8407 ∗
4 trials = 33,628 bins for all trials). While we found that
distance and angle combined could explain 35% of WT S1
sniff rate variance (adjusted 𝑟2 , 2nd-order regression, distangle 2nd), distance and velocity explained a rather high
60% (dist-veloc 2nd) of WT S1 trial sniff rate variance, and
>40% of sniff rate variance across all WT and FUS trials
(WT all, FUS KO all). Distance and angle only explained
up to 19% of sniff rate variance across all trials in both
groups. Figure 9 shows the respective sniff rate state-spaces
for WT S1 trials and the regression equations ((a) angle and
distance; (b) velocity and distance; top: 1st-order, bottom,
2nd-order). A stepwise multiple regression (𝑃 value to enter:
0.05) included all 3 factors and explained roughly as much
as the 2-way 2nd-order velocity-distance regression (39–
54%, Figure 8, right-most bars). These data suggest that the
combined criterion of proximity and velocity may be more
useful than proximity and orientation in estimating sniffmediated odor exploration.
In an effort to establish new criteria based on the above
findings we used the S1 trial population vectors to see
which exploration times (Figure 10) and exploration sniff
rates (Figure 11) would result from using different criterion
thresholds and their combinations. Optimal criteria should
yield the highest exploration time without substantially
lowering the sniff rate during it. Figure 10 (top) shows the
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Figure 8: Distance and velocity combined predict sniff rates.
Population vectors that include all time bins from all WT mice were
used to regress both nose to odor source distance and head angle
to odor source (dist-angle) or distance and velocity (dist-veloc)
parametrically onto sniff rates using 1st- or 2nd-order equations
(shown in Figure 9), for either all trials of WT or FUS KO mice or
their S1 trials. The 2nd-order distance-velocity regression explained
43–60% of sniff rates (adjusted 𝑟2 ; S1: 𝑛 = 7 mice ∗ 1201 time bins =
8407 bins; all: 𝑛 = 7 mice ∗ 1201 bins ∗ 4 trials = 33,628 time bins).
A 3-way stepwise 1st-order multiple regression (dist-angle-veloc 1st,
right) also robustly explained sniff rates.

fraction of time the mice would be considered to be exploring
with distance criteria of less than 1, 2, 4, or 8 cm (left, d1–d8),
angle of less than 5, 10, 20, or 40∘ (middle, a5–a40), or velocity
of more than 4, 2, 1, or 0.5 cm/s (right, v4–v0.5). These specific
thresholds were chosen to yield roughly parallel levels of
exploration. The distance threshold <2 cm (d2) was marked,
including a horizontal line for reference, as it is the standard
criterion and yields exploration for 11% of time (13.2 sec for
a 120 sec trial, like the trial-based Noldus result of 14.1 sec in
Figure 1, right). Figure 10 (bottom) shows the fraction of time
explored for their combinations at 3 distance thresholds. It
can, for example, be seen that combining d2 with a20 does
not substantially alter exploration time (11%), suggesting that
these thresholds largely overlap over time, calling into question the usefulness of adding orientation to the d2 criterion.
Figure 11 (top) shows that no single threshold can substantially improve on d2, yielding 9.6 Hz sniffing during the
11% exploration time (close to 9.5 Hz OnFreq in Figure 1;
6.5 Hz is shown as 𝑦-axis bar cut-off as this is the OffFreq
baseline sniff rate, i.e., when not exploring). Whereas the
strictest angle thresholds yield peak rates of ∼8.5 Hz, sniff
rates decrease somewhat with stricter velocity thresholds
(from 9.0 to 8.5 Hz). Sniff rate would increase slightly by
tightening the distance threshold from <2 to <1 cm from odor
source, but exploration time would drop dramatically from
11% to 5% (Figure 10, top: d2 versus d1).
Nearly all the combined criteria (Figure 11, bottom) show
sniff rates similar or somewhat higher than when applying the
d2 criterion (orange line). At d2 the various angle thresholds
yield similar rates of 9.6–9.9 Hz (Figure 11, bottom left).
Relaxing the distance threshold to <4 cm requires an angle
threshold <10 to retain such rates but reduces exploration
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Figure 9: Distance and velocity combined predict sniff rates. Plots of the population vector sniff rates in state-space ((a) distance and angle;
(b) velocity and distance) used in Figure 8 and the multiple regression equations and adjusted 𝑟2 for all WT S1 trials combined (8407 time
bins).

time from 11% to 7% (Figure 10, bottom left). Combining
proximity with velocity (Figure 11, middle) shows that it can
yield highest exploration sniff rates (d1 and v2; 11.3 Hz) but
identifies only 0.02% as exploration. In contrast, relaxed
distance threshold <4 cm and velocity >0.5 cm/s (d4 and
v0.5, marked) yielded the same 9.6 Hz as the standard but
increased exploration time from 11% to 15%, thereby being
suggestive of a criterion better able to identify sniff-mediated
odor exploration. Adding orientation to this combination did
not improve matters (Figure 11, right).
We next tested this new criterion of distance threshold
<4 cm and velocity >0.5 cm/s (d4-v0.5) to individual trials
of WT (Figure 12, middle) and FUS KO mice (Figure 13,
middle). The left graph in these figures (OnFreq, OffFreq,
and OnTime) is identical to that of Figures 1 and 2 using the
Noldus 𝑑 < 2 cm and 𝑎 < 20∘ criterion (using unsmoothed
data) and is shown for reference. The neighboring graphs

(marked “ B”) show these results upon removal of trials of
mice yielding <1 sec exploration time, which helped robustness in particular for the d4-v0.5 criterion by raising S2 and
S3 sniff rates during exploration and reducing their SEM
(sniff ON di4Xve05 B) for both WT and FUS KO mice.
The d4-v0.5 criterion increased WT PE nonexploratory sniff
rates slightly but consistently (Sniff OFF di4Xve05 B) over
the standard d2-a20 criterion (OffFreq B, 𝑃 < 0.001, paired
2-sided 𝑡-test, Figure 12) and also consistently, if slightly,
increased FUS KO PE3, S2, and S3 nonexploratory sniff rates
(𝑃 < 0.001, 𝑃 < 0.05, and 𝑃 < 0.001, resp., paired 2-sided 𝑡test, Figure 13). No difference was found for sniff rates during
exploration.
The d4-v0.5 criterion increased WT S1 trial exploration time (explore ON di4Xve05 B) over the standard d2a20 criterion (OnTime B) by 39% from 14.1 sec to 18.2 sec
(orange line), without decreasing sniff rate (9.5 Hz, Figure 12).
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Figure 10: Exploration times at targeted criterion thresholds. Top: exploration time (as fraction of total trial time) was established for nose
to odor source distance (𝑑, <1, <2, <4, and <8 cm), head angle to odor source (𝑎, <5, <10, <20, and <40∘ ), and velocity (V, >4, >2, >1, and
>0.5 cm/s) criteria at four threshold levels using population vectors (top) for S1 trials in WT mice (𝑛 = 7). Marked (∗) is 𝑑2 (distance < 2 cm)
as standard criterion reference, yielding 11% (13.2 sec) exploration time. Relaxed criteria yield higher exploration times. Bottom: the effects of
head angle and velocity criteria, separately (a5–a40, v4–v0.5) or combined (a5–a40 combined with v0.5) on exploration time using a nose to
odor source distance <1, <2, or <4 cm (d1–d4) as additional criterion in each graph. Marked (∗, black) is the combined criterion 𝑎 < 20∘ and
𝑑 < 2 cm, being the commonly used “standard” criterion, which did not restrict the exploration time over criterion 𝑑 < 2 cm alone (d2, Top).
Also marked (∗, red) is the combination 𝑑 < 4 cm and V > 0.5 cm (d4-v0.5), suggested as useful new criterion (see Results and Figure 11) that
yielded 15% exploration time.

Meanwhile, S2 and S3 exploration times of WT mice
decreased together with a larger reduction in SEM. This
high SEM using d2-a20 was mostly due to a single outlying
mouse (WT517) yielding 33 and 56 sec of exploration time
for S2 and S3, respectively (data was verified for correct
assessment). The new criterion is apparently more robust
in avoiding such pitfalls, which can allow for a statistically
more powerful (discriminating) assessment of habituation
and cross-habituation. Indeed, whereas habituation was weak
for S2 (𝑃 = 0.04, paired 1-sided 𝑡-test) and was not significant
for S3 using the d2-a20 criterion, it was highly significant for
S2 and S3 (𝑃 < 0.001) using the d4-v0.5 criterion. Other
outcomes were roughly similar between the two criteria and
for FUS KO mice (Figure 13) statistical conclusions based on
exploration time did not differ between the two criteria.
The difference in time bins meeting these two criteria
was also assessed (% overlap) and was ∼6–9% for S1–S3
(crit diffpct div4ve05, Figure 12). The difference between the
Noldus unsmoothed d2-a20 exploration time (USB-based
acquired) output and the post hoc smoothed d2-a20 exploration time output was <3% (crit diffpct). The FUS KO criterion
comparison yielded similar results as for WT (Figure 13). S1

exploration time increased by 15% (6.5 sec to 7.5 sec), S2 by
44% (4.5 sec to 6.5 sec), and S3 by 0.5 sec (0.9 to 1.4 sec),
without a concomitant increase in variance or reduction in
associated sniff rate. Exploratory time bins also differed to a
degree similar to WT (Figure 13, right).
As we propose that exploration of an odor object should
ultimately be guided by both proximity and the direct means
of exploring it via sniffing, we lastly also show the scores
using the criterion of distance <2 cm and sniff rate >8.2 Hz
(Figure 14). This sniff rate threshold was chosen so as to be
highly unusual when not exploring. It was calculated from the
mean + 1.96 SD rate (97.5th percentile) using di < 4 cm and
ve > 0.5 cm/s (Sniff OFF di4Xve05 B, Figures 12 and 13) and
was the same for both groups of mice. The results were very
similar to the results using the di < 4 cm and ve > 0.5 cm/s
criterion.

4. Discussion
The present work explores the criteria used to score odor
exploration time during the HaXha task, using sniff rate as
the ultimate guide. Thorough analysis was afforded through

10

Neural Plasticity
10.0

9.8

9.5

9.6
∗

Sniff rate (Hz)

9.0

8.8

8.7
8.3

8.5

8.5

9.0

8.8

8.5
WT S1 trials

7.9

8.0
7.5

7.5

7.1

7.0
6.5
6.0

1

4

2

8

4

5 10 20 40

a

d

2

1 0.5


12.0

10.0

10.4
9.9

9.8

9.0

9.6
∗

10.0

9.6

10.2
9.7

10.1

9.8

9.7

∗

8.0

d1
d2

a40X0.5

a20X0.5

a10X0.5

10.3 10.3 10.1 10.1 10.0 9.7 10.0 9.6

a5X0.5

0.5

1

2

9.9 11.3 10.0 10.1 9.9 10.0 9.6

4

a40

10.0 9.7 9.8 9.5 9.8 9.1 9.8 8.7

a20

6.0

a10

7.0

a5

Sniff rate (Hz)

11.0

d4

Figure 11: Sniffing rates at targeted criterion thresholds. Sniff rates associated with the same criteria as shown in Figure 10. Top: single
criteria; Bottom: combined criteria. Relaxed criterion thresholds include bins with low sniff rates unrelated to odor source exploration. Stricter
orientation criteria combined with distance <1 cm or <2 cm do not yield higher sniff rates during exploration (bottom left), but exploration
time drops dramatically (Figure 10, bottom left). The relaxed proximity criterion (<4 cm) combined with velocity >0.5 cm/s (∗, red) yields sniff
rates equivalent to the standard (d2-a10; 9.6 Hz; bottom center) and also increases exploration time from 11% to 15% (Figure 10), suggesting
this to be a useful new HaXha odor exploration criterion. Similar results were found for other trial types and FUS KO mice (not shown).

the combined use of video tracking (Noldus) and wholebody plethysmography (Buxco). Although it could be recommended to measure sniff rate during the HaXha task to
aid determination of exploration time in general, the sniff
measure may typically not be available for various reasons.
We hence sought to corroborate the validity of the criteria
used thus far in the literature and explored if improvements
were possible in absence of sniffing data in a total of 19 mice
across 4 trial types.
We found that the use of <2 cm proximity to the odorant
alone, or in combination with the somewhat redundant
head orientation criterion of <20∘ , provided a remarkably
accurate estimate of the odor exploration time. Sniff rates
were clearly elevated during such exploration times (Figures
1 and 2), and distance and angle were correlated to sniff
rate (Figures 4 and 5), depended on trial type and sniff
rate (Figures 6 and 7) and together explained 35% of sniff
rate during S1 trials (Figures 8 and 9). The exploration sniff
rate using the proximity criterion alone or the combined
proximity-orientation criterion also could not be significantly
improved upon without a drastic loss of identified exploration
time (Figures 10 and 11). We conclude that the commonly
used proximity criterion (<2 cm) alone or combined with

head angle (<20∘ ) is a very effective tool to estimate odor
exploration in the HaXha test.
We also explored the use of other behavioral variables to
estimate odor exploration time. Whereas the acceleration of
mice was found to be an inconsistent predictor (not shown),
velocity was remarkably consistent (Figure 4) across trial
types and subjects. Velocity was strikingly related to sniff rate,
albeit with different functions across trial types (Figure 6),
suggesting that sniffing and moving are somehow coupled
and in a context-dependent way. Proximity and velocity
combined explained 60% of sniff rate during S1 trials, double
that of the standard criterion (Figures 8 and 9). Although
using distance and velocity as criterion was unable to appreciably increase sniff rate during exploration time over the
standard without massively reducing the exploration time,
using velocity (>0.5 cm) combined with a relaxed distance
criterion (<4 cm) retained the high sniff rate while increasing
S1 exploration time (Figures 10 and 11). When tested on a trialtrial basis the new criterion typically increased exploration
time by 15–44%, and was more robust by avoiding outliers
leading to substantially different and better statistical conclusions in case of WT mice (Figures 12 and 13). For 129 strain
mice we can hence recommend the criterion of proximity
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<2 cm and velocity >0.5 cm/s over the standard criterion of
proximity <2 cm and head angle <20∘ when video tracking is
available. We plan to scrutinize this for other mouse strains
in the near future.
It is clear that mice olfactorily explore the entire HaXha
environment as indicated by increased sniff rate when traveling through the box (Figure 3) and sniff fast only 30% of
the time near the odorant even during S1 trials (Figure 7).
Furthermore, while velocity appeared strongly related to
sniff rate in general, at very high velocities (>4 cm/s) it was
only apparent when very near the odor source (Figure 11,
d1v2). When further away from the source higher velocities
appeared to coincide with reduced sniff rates (e.g., see widely
spaced circles in Figure 3) evidenced by the saddle form
of the velocity-distance regression in Figure 9. The general
relationship between velocity and sniffing was somewhat
surprising to us as we expected the mice to also show “stop
and sniff” behavior which we did not find evidence for given
the effectiveness of the velocity threshold criterion. It hence
appears that 129 mice modulate their body position at least
somewhat while sniffing the cotton tip. It should be pointed
out that, unlike common setups where the tip is mounted on
the cage lid sufficiently elevated from the floor to induce rearing and concomitant low velocity once reared, our cotton tip
was mounted 1 cm from the floor so as not to require rearing.

While not being the focus of this paper, we found that FUS
KO mice showed reduced habituation and cross-habituation
compared to WT mice (di4-ve05). Both groups showed
significant cross-habituation (PE3 versus S1), but WT mice
explored the S1 odorant for longer duration (18.2 ± 3.9 sec,
Figure 12, center) than FUS KO mice (7.5 ± 2.1 sec, Figure 13,
center). This difference was quite significant using the new
di4-ve05 exploration criterion (𝑃 = 0.019, 1-sided unpaired
𝑡-test) and using the di2-an20 criterion (𝑃 = 0.046, 1-sided
unpaired 𝑡-test). Sniff rates did not differ between the groups.
WT mice significantly cross-habituated during the S2 trial
(5.2 ± 2.6 sec), whereas the FUS KO mice did not (6.5 ±
2.8 sec). These findings suggest that FUS KO mice show a
mild olfactory discriminatory deficit. This conclusion would
not have been reached using the standard suboptimal criteria.
The complete HaXha sessions consisted of 3 presentations
each of mineral oil (MO, diluent control), followed by amyl
acetate (AA), PE, and finally S. We intentionally omitted
stimulus presentations prior to PE3 from this paper for sake
of clarity of an already complex data set. The chosen trials
were deemed sufficient to demonstrate large differences in
exploration time accompanied by similarly large differences
in sniff rates. For this entire series (MO, AA, PE, and S)
repeated measures ANOVA showed a significant effect of trial
on exploration time for WT mice (𝑃 < 0.01, 𝐹2.3,30.0 = 5.8) and
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for FUS KO mice (𝑃 < 0.001, 𝐹3.0,62.0 = 11.7) when using the
standard Noldus criteria. WT mice only showed significant
cross-habituation between PE3 and S1 and no significant
habituation. FUS mice showed significant cross-habituation
(increase) between AA3 and PE1 (𝑃 < 0.05) and PE3 and
S1 (𝑃 < 0.001) and significant habituation (decrease from
first to third trial) for MO and PE (𝑃 < 0.05) and S (𝑃 <
0.001; all Bonferroni-corrected post hoc 𝑡-test on exploration
time based on standard criteria). These results support the
notion that the FUS mice displayed haXha, whereas this is less
evident for the WT mice (due to absent habituation) in which
case differences in interest in PE and S may be responsible for
the different exploration times.
As proof of principle we also showed that the criterion
based on both sniff rate and proximity is sensitive and
robust (Figure 14). It yielded remarkably similar results to
the other indirect approaches to assess olfactory guided
exploration, again attesting to their effectiveness. The most
notable difference was the higher FUS KO exploration time
from 6.5±1.8 (di2an20) and 7.5±2.1 (di4ve05) to 9.8±2.9 sec,
(di4sniff8.2) which subsequently was marginally significantly
lower than that of WT (17.9 ± 4.5 sec, 𝑃 = 0.076, 1-sided
unpaired 𝑡-test). Other sniff thresholds may show somewhat
different results, but preliminary exploration suggests that the
outcome is rather robust to sniff rate threshold (not shown).
In conclusion, we confirm that standard HaXha exploration criteria are fairly accurate at assessing sniff-modulated
odorant exploration. We suggest that using velocity or
sniffing itself rather than head orientation, combined with

Sniff freq (Hz)/time (s)/
difference (%)

Figure 13: New combined proximity-velocity criterion improves HaXha exploration scoring in FUS KO mice. The same as Figure 12, but for
FUS KO mice (𝑛 = 13). The new criterion increased S1, S2, and S3 exploration time (orange lines), while retaining high sniff rates indicative
of sniff-guided odorant exploration. + 𝑃 < 0.01 (paired 1-sided 𝑡-test versus S1).

S2
S3

Figure 14: New combined proximity-sniffing criterion improves
HaXha exploration scoring in mice. To demonstrate the usefulness
of using sniff rate itself as an exploration criterion for WT (left,
𝑛 = 7) and FUS KO (right, 𝑛 = 13) mice, bins were scored
using sniff rate >8.2 Hz (the 97.5th percentile of sniff OFFdi4Xsniff,
i.e., unusually high sniff rates when mice are not exploring) and
distance <4 cm. Sniff rate (Hz) when exploring (sniff ON di4Xsniff)
and not exploring (sniff OFF di4Xsniff) and exploration time (s;
explore ON di4Xsniff) are shown. The difference (%) in time bins
meeting this new and the standard criterion was also assessed (%
overlap; crit diffpct div4sniff). + 𝑃 < 0.01 (paired 1-sided 𝑡-test
versus S1).
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proximity, as criterion provides more accurate and more
robust results. We further suggest that combined use of
video tracking and sniff measurements is optimally suited to
perform HaXha experiments.
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When people focus attention or carry out a demanding task, their breathing changes. But which parameters of respiration vary
exactly and can respiration reliably be used as an index of cognitive load? These questions are addressed in the present systematic
review of empirical studies investigating respiratory behavior in response to cognitive load. Most reviewed studies were restricted
to time and volume parameters while less established, yet meaningful parameters such as respiratory variability have rarely been
investigated. The available results show that respiratory behavior generally reflects cognitive processing and that distinct parameters
differ in sensitivity: While mentally demanding episodes are clearly marked by faster breathing and higher minute ventilation,
respiratory amplitude appears to remain rather stable. The present findings further indicate that total variability in respiratory rate
is not systematically affected by cognitive load whereas the correlated fraction decreases. In addition, we found that cognitive load
may lead to overbreathing as indicated by decreased end-tidal CO2 but is also accompanied by elevated oxygen consumption and
CO2 release. However, additional research is needed to validate the findings on respiratory variability and gas exchange measures.
We conclude by outlining recommendations for future research to increase the current understanding of respiration under cognitive
load.

1. Introduction
Everyday life experience shows that playing a video game,
learning how to drive a car, doing math homework, or performing another cognitively demanding task may affect
breathing. In some cases respiration tends to be inhibited; in
other cases it seems to accelerate and/or its volume changes.
In general, little is known about respiratory alterations under
cognitive load. As a consequence, it is not clear whether
respiration could be used as a reliable indicator of cognitive
load. In human factors and ergonomics, the investigation of
cognitive load or “mental load” aims at predicting operator
performance (e.g., pilot selection) and optimizing working
conditions (e.g., cockpit design) in order to enhance performance and comfort. For this purpose, physiological parameters have been considered valid indicators of cognitive load as

they are hypothesized to reveal task-related arousal states in
the operator.
Mental load is assumed to be high when the required
resources for a satisfactory task completion exceed operator
capacity [1–3]. Importantly, the concept of mental load should
be differentiated from mental stress. As pointed out by
Gaillard and Wientjes [4], arousal due to mental stress is
characterized by negative feelings such as anxiety or frustration while mental load is accompanied by neutral or even
positive feelings as being challenged. Both concepts assume
that the individual experiences some discrepancy between
environmental demands and one’s coping resources and initiates extra effort. Under mental load, the individual focuses
on accomplishing the task and on performance monitoring
whereas under stress, the individual is mainly concerned with
threats and protection of the self. In the literature, however,
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the two concepts are often confounded in terms of terminology or experimental implementation [5].
For the manipulation of mental load, researchers typically
apply cognitive tasks such as mental arithmetic or Stroop
tests. These tasks have in common that they involve several
aspects of cognitive processing such as perception, controlled
attention, reasoning, memory, problem solving, decision
making, and inhibitory control, as well as cognitive control
of speech and motor activity inasmuch as this is required for
performance. Study designs differ in whether a concurrent
performance feedback is provided or not. On the one hand,
researchers argue that permanent feedback is necessary for an
individual’s monitoring of the process and a corresponding
regulation of energetic state [6, 7]. On the other hand,
performance feedback while accomplishing the task may
cause psychological stress in addition to the cognitive task
demands [4, 8, 9].
Investigating the concept of mental load dates back to
the 1970s [10] and has generated a broad number of different methods that are generally categorized into self-report
measures, performance-based measures, and physiological
measures [3]. In the past, self-report measures have often
been regarded as less reliable and valid than “objective”
performance scores and physiological data [1], but today’s
prevailing view considers the different methods as reflecting
different aspects of operator load. As a consequence, present
research and real-life assessments in human factors and
ergonomics are usually based on a combination of self-report,
performance, and physiological measures.
Existing reviews on physiological correlates of cognitive
load show that research efforts have mainly been devoted
to cardiovascular, electrodermal, and brain activity measures
[11–14], while comparatively less research has investigated
whether and how respiration is sensitive to cognitive load.
Respiration is the biggest oscillator in the body that is
involved in regulating processes in response to environmental
demands and in maintaining homeostasis. The respiratory
rhythm is known to be generated by pacemaker neurons
which are located in the lower brainstem [15, 16]. Respiratory
activation not only indexes metabolic changes but also psychological and behavioral processes [7]. For example, during
cognitive as well as emotional demands, the respiratory
rhythm is impacted by suprapontine influences, reflecting
also limbic and paralimbic influences [17–19]. While many of
the available studies on respiration applied rudimentary measurement techniques [7], more recent studies have adopted
assessment methods from respiratory physiology and integrated more sophisticated parameters providing additional
insights into breathing behavior under cognitive load (e.g.,
variability measures, see [20]).
In general, research in respiratory psychophysiology in
healthy populations is based on measures reflecting time,
volume, and gas exchange aspects of breathing. The most
common parameters are respiratory rate (RR) and respiratory
amplitude which corresponds to tidal volume (TV), the
amount of air that is inspired during one respiratory cycle.
Minute ventilation (MV) refers to the amount of air that is
inhaled in one minute and is hence contingent upon RR and
TV. Further time and volume parameters that are analyzed
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frequently are inspiratory time (𝑇𝑖 ) and expiratory time (𝑇𝑒 ),
as well as inspiratory volume (𝑉𝑖 ), which equals TV and
expiratory volume (𝑉𝑒 ), and the timing ratio of inspiration to
expiration (𝑇𝑖 /𝑇𝑒 ). Also mean inspiratory flow rate (TV/𝑇𝑖 )
and inspiratory duty cycle (𝑇𝑖 /𝑇tot ) are occasionally calculated, both quotients indicating the activity of underlying
respiratory drive mechanisms (see [21]). Specific response
measures such as sigh rate (SR) and the proportion of ribcage
breathing to 𝑉𝑖 (% RCi) have rarely been reported in the
literature. In addition to basic time and volume parameters,
corresponding variability measures have been computed to
quantify total variability by using statistical variance (Var)
or the coefficient of variation (CV) as well as structured
variability by using the autocorrelation (AR) of successive
breaths. Since total variability is considered to comprise
structured and random portions [20, 22], which might be
affected differently by environmental demands, total variability measures should be interpreted together with a measure
of correlated variation. Among the gas exchange parameters,
partial pressure of end-tidal carbon dioxide (petCO2 ), an
estimate of arterial pCO2 , is particularly interesting since
reduced CO2 values generally indicate that ventilation is in
excess of metabolic need. Also oxygen consumption (VO2 )
and CO2 production (VCO2 ), which usually covary with MV,
as well as the proportion of released CO2 to inhaled O2
(respiratory exchange ratio, RER) have been investigated to
determine energy expenditure in demanding situations.
Since most of the outlined measures may vary with age,
gender, and physical fitness, it is useful to take possible
control variables into account when investigating respiratory
reactivity in healthy individuals [23–26]. Apart from personrelated covariates, verbal activity during data acquisition can
influence time and volume parameters. Speech production
requires a coordination of articulatory and respiratory movements which can override the regular respiratory rhythm
[27, 28] and typically leads to a shorter 𝑇𝑖 , accompanied by
increased airflow velocity, and to a longer expiratory time
together with decreased airflow velocity [29, 30]. In addition,
speech and motor activity can cause artifacts in the recording process. While spirometric and capnographic methods directly sampling from mouth and nose are inevitably
affected by vocal activity, electronic signals of impedancebased methods are particularly prone to motion [31, 32]. As
a consequence, most researchers counter such artifacts by
selecting tasks that require a minimum of speech and motor
activity and by instructing participants not to talk or move
during the periods of data acquisition, unless it is required.
General measurement techniques to quantify respiration in healthy individuals comprise spirometry, respiratory
inductive plethysmography, strain gauges, impedance-based
methods, capnography, and metabolic analyzers. While all
these techniques are usually suited to record timing parameters, the amplitude of breathing can only be assessed by a
direct measurement of lung volume (using spirometry) or
indirectly through changes in girth of thorax and abdomen
(using strain gauges or respiratory inductive plethysmography) or through changes in impedance of the thorax.
Spirometric devices such as spirometers, flowmeters, and
pneumotachographs provide accurate assessments of 𝑉𝑖 and
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𝑉𝑒 but also require participants to wear a facemask, a mouthor noseclip that, in itself, may alter the respiratory behavior
[33]. Most common is the use of inexpensive strain gauges,
converting mechanical strain into voltage, and inductive
plethysmography, measuring self-inductance in transducer
bands. Both techniques are unobtrusive and easy to handle.
However, without a constant and valid calibration procedure
they do not provide absolute measures of respiratory depth.
The same applies to impedance plethysmography which additionally is rather expensive. Hence, it has been suggested to
estimate RR and amplitude by means of spectral analysis from
the impedance cardiography signal [34–36] since respiratory
and cardiac monitoring are often combined. PetCO2 is
mainly assessed by means of a capnograph with infrared
spectrography and a sampling site that is attached to the
mouth and/or nose. For the combined determination of VO2
and VCO2 , metabolic measurement systems are used which
commonly are equipped with paramagnetic O2 and infrared
CO2 sensors. Due to the direct sampling from mouth and
nose, also capnographs and metabolic analyzers are rather
intrusive but, on the other hand, they provide accurate and
absolute assessments of respiratory parameters.
The objective of this review was to provide an overview
on empirical studies examining the respiratory effects of
cognitive load for research and application purposes such as
monitoring operator load. Specifically, we aimed at analyzing
all published results provided by a search in electronic
databases that investigated changes in at least one respiratory
measure from a baseline to a task period characterized by any
kind of cognitive load. We further integrated findings on respiratory sensitivity to different levels of task difficulty as
well as findings on the effect of task duration. Finally, we
made a comparative evaluation of respiratory reactivity under
experimental conditions with and without concurrent performance feedback.

2. Literature Research and Study Selection
Electronic database searches of PsycINFO, PubMed, and Web
of Science were conducted using the following terms without
a priori publication date restrictions:
[cognitive OR mental OR attentional] AND [load OR
workload OR stress OR effort] AND [respirat∗ OR
breath∗ OR CO2 ].
This query yielded 819 references. After an examination of
title and abstract, 636 irrelevant sources were excluded. The
remaining 183 references were subjected to a detailed screening based on the full papers. We selected journal publications
in English language reporting original data on respiratory
measures in response to cognitive task load. Study samples
had to consist of healthy adult participants breathing spontaneously during at least one period of data acquisition under
cognitive load. Clinical studies and experiments that entailed
physical activity, emotion induction, physical or psychosocial
stress (e.g., cold pressor, public speech), manipulated or controlled breathing, or pharmaceutical intervention were only
selected if respiratory data were reported for a control group
or control condition (i.e., spontaneous breathing without any
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manipulation other than cognitive load), respectively. For
those studies, only data from the control group and/or control
condition were taken into account. Further inclusion criteria
were data acquisition during rest for the analysis of baselineto-task changes as well as a limited level of movement activity
and speech, which might in itself impose respiratory changes.
Strictly speaking, studies were excluded if participants were
allowed to move and/or to speak more than briefly indicating
a required task response by moving a mouse cursor or saying
a single word or number.
The study selection was conducted independently by two
authors to ensure reliable data acquisition [37]. If authors
disagreed, the procedure was repeated for the corresponding
reference after discussing the prevailing concern. References
with divergent ratings after the second screening were classified through consensus discussion.

3. Data Extraction and Synthesis
A total of 53 journal articles evaluating respiratory parameters in response to cognitive task load and meeting the
selection criteria were included in this review. Study characteristics and findings were extracted from every publication and listed. During the process of data acquisition and
integration, this list was completed with additional variables
that appeared relevant and eventually covered the following
information: first author, publication year, sample size and
characteristics, type of experimental manipulation, duration
of analyzed task period, respiratory outcome measures and
measurement techniques, additional information on verbal
activity and performance feedback, and the reported findings
on respiratory changes in response to cognitive task load
including possible effects of task difficulty and duration (if
analyzed).
3.1. Study Characteristics. Table 1 summarizes the study characteristics of 54 experiments which are reported in 53 articles.
Sample sizes ranged between 7 and 132 participants with a
mean of 32 participants. The experimental tasks to induce
cognitive load were categorized according to the cognitive
processes primarily required for accomplishing the task
(i.e., attention, reasoning, short-term or working memory,
psychomotor coordination, and vigilance) or according to
the respective task type/paradigm if more than one major
facet of cognitive control was required (i.e., Stroop, mental
arithmetic, choice reaction time, and multitasking). Operator
load was most often manipulated by administering mental
arithmetic or multiple tasks, followed by attention, memory,
Stroop, reasoning, and psychomotor tasks. As depicted, RR
is the only variable that has been analyzed in all studies
under review. Apart from TV and MV, all other parameters
have been evaluated in fewer than seven studies. To collect
respiratory signals, most of the studies used a strain gauge
or an inductive plethysmograph, which are not intrusive and
relatively easy to handle. However, spirometry, capnography,
and impedance plethysmography were also conducted in at
least five of the reviewed studies.
A detailed list of the studies included in the present review
is shown in Table 2. As indicated, the duration of task period
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Table 1: Characteristics of selected studies (𝑁 = 54).
Number of studies

Sample
Average size (range)
Males
Females
Characteristics
Male only
Female only
Mixed gender
Mean age in yrs (range)
Manipulation (type of cognitive task)
Mental arithmetic
Stroop interference
Memory
Reasoning
Psychomotor
Multitasking
Choice reaction time
Attention
Vigilance
Respiratory measures
Respiratory rate (RR)
Tidal volume (TV)
Minute ventilation (MV)
Inspiratory time (𝑇𝑖 )
Expiratory time (𝑇𝑒 )
Inspiratory/expiratory ratio (𝑇𝑖 /𝑇𝑒 )
Mean inspiratory flow rate (TV/𝑇𝑖 )
Inspiratory duty cycle (𝑇𝑖 /𝑇tot )
Expiratory volume (𝑉𝑒 )
Contribution of ribcage breathing to 𝑉𝑖 (% RCi)
Sigh rate (SR)
Respiratory variability
Variance of RR (Var (RR))
Coefficient of variation of RR (CV (RR))
Autocorrelation of RR (AR (RR))
Coefficient of variation of TV (CV (TV))
Autocorrelation of TV (AR (TV))
Coefficient of variation of MV (CV (MV))
Autocorrelation of MV (AR (MV))
Partial pressure of end-tidal CO2 (petCO2 )
O2 consumption (VO2 )
CO2 production (VCO2 )
Respiratory exchange ratio (RER)
Apparatus
Spirometry
Respiratory inductive plethysmography
Strain gauge
Impedance plethysmography
Impedance cardiography
Capnography
Metabolic analyzer

% of studies

32 (7–132)
21 (3–64)
20 (1–68)
14
3
37
27.08 (18–80)

25.93
5.56
68.52

17
5
6
6
5
14
2
9
2

25.93
9.26
11.11
11.11
9.26
25.93
3.70
16.67
3.70

54
24
9
1
0
1
1
3
1
2
2

100.00
44.44
16.67
1.85
0.00
1.85
1.85
5.56
1.85
3.70
3.70

1
3
3
2
2
2
2
4
4
4
2

1.85
5.56
5.56
3.70
3.70
3.70
3.70
7.41
7.41
7.41
3.70

7
15
19
4
3
6
2

12.96
27.78
35.19
7.41
5.56
11.11
3.70

Year
1989
1998
2003
2000
1994
1994
2010
2007
2000
1996
2014
1998
1995
1991
2011
2009
1971
2005
1999
2015
2010
1997
2002
2010
2014
2015
2010
2009
2007
2012
2007
2012
2014
2007
2010
2008

Reference

Allen and Crowell [42]
Althaus et al. [43]
Backs et al. [44]
Backs et al. [45]
Backs et al. [46]
Backs and Seljos [47]
Barbosa et al. [38]
Beda et al. [39]
Bernardi et al. [40]
Brookings et al. [48]
Brouwer et al. [49]
Burleson et al. [50]
De Visser et al. [51]

Delistraty et al. [52]

Dijksterhuis et al. [53]
Duschek et al. [54]
Ettema and Zielhuis [55]
Fairclough et al. [56]
Fournier et al. [57]

Grassmann et al. [58]

Herbert et al. [59]
Hoshikawa and Yamamoto [60]
Houtveen et al. [61]
Karavidas et al. [62]
Kodesh and Kizony [63]
Kuehl et al. [64]
Lackner et al. [65]
Mehler et al. [66]
Melis and van Boxtel [67]
Niizeki and Saitoh [68]
Nilsen et al. [69]
Novak et al. [70]
Overbeek et al. [71]
Papadelis et al. [72]

Pattyn et al. [73]

Pattyn et al. [74]

38
8
22
7
23
10a
20
111
52
20
44
24
83
10a
20
12b
21

61

22
28
24
30
10

30

51
32
15
27
12
24
17
25
12
8
35
24a
43a

𝑁

MA
SI
MT
MT
RS
ATT
ATT, MA
MT
RS
MA
CRT
MA, PM, MT
MEM
MT
SI
SI
VIG

MT

MT
ATT
ATT
MT
MT

MA

Task type
ATT, MA
MEM
MT
MT
PM
MEM
SI
MA
MA
MT
MEM
MA
MEM

300
630
240
300
30
300
300
120
270–584
180
600
300
150
60
120
120
1800

300

n/a
280
60
240
180

60

Manipulation
Period analyzed (s)
180
390
30
180
180
240
n/a
300
180
300
120
360
600
RR, TV, MV, VO2 , VCO2
RR
RR, TV
RR
RR, TV
RR, TV, VO2 , VCO2
RR
RR (RP), TV, 𝑇𝑖 /𝑇𝑒
RR, MV
RR, TV
RR (RP)
RR, TV
RR
RR, TV, MV, VO2 , VCO2 ,
RER
RR
RR
RR
RR
RR, TV
RR, CV (RR), AR (RR),
petCO2
RR
RR, TV, MV
RR, petCO2
RR, TV, MV
RR, TV, 𝑉𝑒 , VO2
RR
RR
RR
RR
RR
RR
RR, Var (RR)
RR
RR
RR, TV, 𝑇𝑖 /𝑇tot
RR, TV, 𝑇𝑖 /𝑇tot
RR, TV

Outcome measures

Table 2: Overview of selected studies (𝑁 = 54) for reviewing respiration in response to cognitive task load.

Feedback
Feedback
Verbal response, feedback

Feedback
Feedback
Feedback

Feedback
Verbal response, feedback
Feedback

Verbal response, feedback
Verbal response (one condition)
Verbal response (one condition)
Verbal response (one condition)

Feedback

Comments on methodology
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1995
2013
1991
2008
2013
1991
1995
1997
1996
2009
2002
1998

2011

2012

1992
2006

1998

Pruneti and Boem [75]
Roman-Liu et al. [76]
Roy and Steptoe [77]
Schleifer et al. [78]
Silvia et al. [79]
Sloan et al. [41]
Sloan et al. [80]
Steptoe et al. [81]
Steptoe et al. [82]
Troubat et al. [83]
Veltman [84]
Veltman and Gaillard [85]

Vlemincx et al. [20]

Vlemincx et al. [86]

Vögele and Steptoe [87]
Wetzel et al. [88]

Wientjes et al. [7]

44

37
80

47

43

23a
15
10a
23
36
10
22
132a
132c
20
20
12

𝑁

MEM

MA, PM
MA

MA, ATT

ATT, MA

Task type
RS
ATT, VIG
MA
MA, ATT
CRT
MA
MA, SI
RS, PM
RS, PM
RS
MT
MT

300

300
60

240

360

RR
RR
RR
RR, petCO2
RR
RR
RR
RR, TV
RR, TV
RR, TV, VO2 , VCO2 , RER
RR, TV
RR, TV, 𝑇𝑖
RR, TV, MV, %RCi, SR, CV
(RR), AR (RR), CV (TV),
AR (TV), CV (MV), AR
(MV)
RR, TV, MV, %RCi, SR, CV
(RR), AR (RR), CV (TV),
AR (TV), CV (MV), AR
(MV)
RR
RR, TV
RR, TV, MV, TV/𝑇𝑖 , 𝑇𝑖 /𝑇tot ,
petCO2

Outcome measures

Feedback (one condition)

Feedback
Verbal response, feedback

Feedback (MA condition)

Feedback (MA condition)

Feedback

Verbal response (one condition)
Feedback

Feedback (MA condition)

Comments on methodology

Note. a Control group/condition, b sample of second experiment reported in Pattyn et al. (2010) [73], c same sample as Steptoe et al. (1997) [81]; MA: mental arithmetic; SI: Stroop interference; MEM: memory;
RS: reasoning; PM: psychomotor; MT: multiple task; CRT: choice reaction time; ATT: attentional; VIG: vigilance; RR: respiratory rate; RP: respiratory period (inverted direction of significant effects was used to
integrate findings with RR); TV: tidal volume; MV: minute ventilation; 𝑇𝑖 : inspiratory time; 𝑇𝑖 /𝑇𝑒 : inspiratory/expiratory ratio; TV/𝑇𝑖 : mean inspiratory flow rate; 𝑇𝑖 /𝑇tot : inspiratory duty cycle; 𝑉𝑒 : expiratory
volume; % RCi: contribution of ribcage breathing to inspiratory volume; SR: sigh rate; Var: variance; CV: coefficient of variation; AR: autocorrelation; petCO2 : partial pressure of end-tidal carbon dioxide; VO2 :
oxygen consumption; VCO2 : carbon dioxide production; RER: respiratory exchange ratio.

Year

Reference

Table 2: Continued.
Manipulation
Period analyzed (s)
n/a
240
300
360
300
240
240
300
300
300
n/a
240
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Table 3: Overview of respiratory changes in response to reviewed cognitive tasks.

RR
TV
MV
𝑇𝑖
𝑇𝑖 /𝑇𝑒
TV/𝑇𝑖
𝑇𝑖 /𝑇tot
𝑉𝑒
% RCi
SR
Respiratory variability
Var (RR)
CV (RR)
AR (RR)
CV (TV)
AR (TV)
CV (MV)
AR (MV)
petCO2
VO2
VCO2
RER

Changes from baseline to
task (𝑁 = 54)

Changes with increasing
task difficulty (𝑛 = 14)

Reactivity over time/trials
(𝑛 = 6)

↑
—
↑
(↓)
(—)
(↑)
(↑—)
(↑)
(—)
(↑—)

↑
—
(—)
(—)

↓—
(—)

(↓—)
(—)
↓
(↑)
(—)
(—)
(—)
↓
↑
(↑)
(↑↓)

(—)
(—)
(—)
(—)
(—)
(—)
(—)
(—)
(↑)

Note. ↑: increase; ↓: decrease; —: no change. A combination of two characters indicates that the corresponding effects were reported by an equal number of
studies. Parentheses indicate a database of less than three studies for increase, decrease, no change, or mixed effects, respectively. RR: respiratory rate; TV: tidal
volume; MV: minute ventilation; 𝑇𝑖 : inspiratory time; 𝑇𝑖 /𝑇𝑒 : inspiratory/expiratory ratio; TV/𝑇𝑖 : mean inspiratory flow rate; 𝑇𝑖 /𝑇tot : inspiratory duty cycle; 𝑉𝑒 :
expiratory volume; % RCi: contribution of ribcage breathing to inspiratory volume; SR: sigh rate; Var: variance; CV: coefficient of variation; AR: autocorrelation;
petCO2 : partial pressure of end-tidal carbon dioxide; VO2 : oxygen consumption; VCO2 : carbon dioxide production; RER: respiratory exchange ratio.

that was extracted for data analysis varied between 30 and
1800 sec, with 57% of the studies choosing sampling periods
lasting between 180 and 300 sec. Four of the seven studies
requiring a verbal task response systematically investigated
the effect of verbal activity on respiratory changes under
cognitive load [38–41]. A concurrent performance feedback
was given in 35% of the studies. One of these studies systematically compared respiratory reactivity to cognitive task load
with and without performance feedback [7].
3.2. Coding and Integration of Effects. To integrate the findings on respiration under cognitive load, we coded baselineto-task changes for every respiratory outcome measure as
increasing (↑), decreasing (↓), or not significantly changing
(—) at 𝑝 < .05. If a study included more than one experimental period (trial), reported findings were counted according to
the number of trials (e.g., twice if a study reported an increase
in two trials). Table 3 displays overall effects as reported by
more than 50% of the reviewed studies. If two different effects
were revealed by an equal number of studies or experimental
periods (e.g., increase and decrease were found in five studies
each), we coded the overall effect accordingly as ↑↓, ↑—, or

↓—. The same procedure was applied to review respiratory
changes in response to different levels of task difficulty (𝑛 =
14) as well as changes in respiratory reactivity over time (𝑛 =
6).
In order to evaluate the magnitude of effects, we computed standardized mean differences for every significant
baseline-to-task change for which the required descriptive
data were available. In sum, 50% of the reviewed studies
reported their significant findings together with mean (M)
and standard deviation (SD) or standard error (SE) scores
for either baseline and task conditions or for the discrepancy
between baseline and task. As a measure of effect size, we
calculated whenever feasible Cohen’s 𝑑 for each respiratory
parameter using pooled SD and adjusted for small sample
bias if less than 50 participants were included in the reported
analysis [89]. For a comparative summary of the obtained
effect sizes, we additionally computed a sample weighted
mean effect size for each measure [90, 91]. As illustrated in
Figure 1, the most robust measure is RR which is based on a
total sample of 930 individuals. A solid data base yielded by
more than three studies was further available for TV and MV,
showing that strong effects are also reported for MV while TV
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VO 2

VCO2

petCO2

AR (MV)

AR (TV)

CV (MV)

AR (RR)

CV (TV)

CV (RR)

Ve

SR

MV

RR

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

TV

Cohen’s d

8

Number of studies 27 5 4 2 1 1 2 1 1 1 1 1 3 2
Total sample size 930 159 102 25 43 61 104 43 43 43 43 61 100 75
Average sample
34 40 34 25 43 61 52 43 43 43 43 61 33 38
size

Figure 1: Sample weighted means of Cohen’s 𝑑 for each respiratory parameter considering all studies that provided the required
descriptives to compute standardized mean differences. The respective number of studies as well as total sample size and average sample
size are displayed in the column below each parameter (RR: respiratory rate; TV: tidal volume; MV: minute ventilation; 𝑉𝑒 : expiratory
volume; SR: sigh rate; CV: coefficient of variation; AR: autocorrelation; petCO2 : partial pressure of end-tidal carbon dioxide; VO2 :
oxygen consumption; VCO2 : carbon dioxide production).

should not be regarded as a robust measure. In the following,
we present the integrated effects for each respiratory measure.
Corresponding effect sizes are reported and evaluated if (a)
the overall effect for the respective measure indicates an
increase or decrease and (b) at least one study confirming to
the overall effect was available for calculating Cohen’s 𝑑.
3.3. Empirical Findings on Respiration and Cognitive Load. As
shown in Table 2, the breathing pattern under cognitive load
was mainly characterized by faster respiration than during
baseline. Following the guideline by Cohen [92], five studies
suggest small effects (.20 ≤ 𝑑 < .50 [20, 38, 45, 47, 88]),
six studies suggest medium effects (.50 ≤ 𝑑 < .80 [20, 47,
60, 61, 66, 69]), and 20 studies suggest large effects (𝑑 ≥ .80
[38, 41, 42, 45, 46, 51, 54, 58, 63–66, 68, 73, 76, 79, 80, 82, 87]
(two studies reported in [73])) for the increase in RR. For
one study, the calculated effect size indicates that the significant increase in RR while performing a vigilance task can be
considered negligible (𝑑 = .12 [76]). Table 2 further shows
that higher task difficulty resulted in an additional increase
of RR. Those studies providing data for calculating effect sizes
on different levels of task difficulty indicate that the increase
in RR changed from small to medium effects [47] and from
medium to large effects [45, 66] when the task became more
difficult in a parallel fashion.
While the studies including TV are rather inconsistent
and mainly reported no significant changes from baseline to
task, MV increased in all studies with two studies suggesting
large effects [42, 66] and one study suggesting a small effect
[20] for the increase in MV. MV was not related to varying
difficulty levels. Overall, reactivity patterns were further
marked by a reduced correlated variability (AR) of RR with

two studies indicating medium effects [20, 58], whereas total
variability (Var, CV) of RR was mostly invariant to cognitive
load. Capnographic measures show that petCO2 levels were
lower during task performance (𝑑 = −.26; [58]), while
VO2 and VCO2 were higher during the task and VCO2
additionally elevated with increasing difficulty. Effect sizes for
the increase in VO2 ranged from small [46, 63] to medium
and large effects [42] and from medium [47] to large effects
[42] for the increase in VCO2 . The available data suggest that
both low and high levels of task difficulty elicited a medium
increase in VCO2 from baseline to task [47]. The two studies
including RER revealed opposite results, one increasing and
one decreasing from baseline to task. Habituation effects were
only reported for RR. However, the same number of studies
provides support that elevations in rate persisted over time or
from trial to trial. Across all trials, the analyzed task period
averaged 1550 sec for the studies indicating habituation and
2270 sec for the studies reporting no change in reactivity.
Respiratory reactivity effects published in the seven studies that required verbal responding to the cognitive task [38–
40, 47, 50, 70, 88] largely correspond with the overall effects:
an elevated RR (available effect sizes are provided below) and
no change in respiratory waveform (𝑇𝑖 /𝑇𝑒 ). TV, however, was
found to decline from baseline to tasks with verbal responding in one out of three studies analyzing TV [88]. The only
study including respiratory variability reported a decrease in
total variability of RR, which is not in line with the overall
effects outlined above [70]. In addition, it has to be noted that
the systematic investigation revealed significant differences
between “silent” and “aloud” conditions in three out of four
studies: In one study, RR was found to be increased only
in the “aloud” condition of a Stroop interference task (𝑑 =
6.40 [38]) while in two other studies, rate was found to be
increased only in the “silent” condition of a mental arithmetic
task (𝑑 n/a [39], 𝑑 = 1.88 [41]). Furthermore, a reduced TV
has been reported exclusively when participants remained
silent [39], which conflicts with the finding mentioned above
[88], as well as a reduced 𝑇𝑖 /𝑇𝑒 when participants indicated
their response verbally (𝑑 n/a [39]).
When comparing the respiratory measures from experimental conditions with and without concurrent performance
feedback that were investigated by a minimum of three studies, we found for both conditions an increase in RR and in MV
from baseline to task. Effect sizes were available for ten studies
with at least one feedback condition, suggesting small [20, 47,
88] as well as medium [20, 47, 60, 61, 69] and large effects
[51, 68, 80, 87] for RR and small [20] as well as large [41] effects
for MV. The available 16 studies with at least one no-feedback
condition mainly suggest large effects for RR [38, 41, 42, 45,
46, 54, 58, 63–66, 73, 76, 79, 80] and MV [42]. Interestingly,
the implementation of feedback was mostly associated with
a decrease in TV, two studies indicating small effects (𝑑 =
−.27 [7], 𝑑 = −.26 [20]) and one indicating a large effect
(𝑑 = −2.51 [50]), whereas the experiments not providing
feedback did not show significant changes in TV. The direct
comparison of feedback and no-feedback conditions within
a single experiment revealed no significant differences in
reactivity for any respiratory parameter under study (RR, TV,
MV, TV/𝑇𝑖 , 𝑇𝑖 /𝑇tot , and petCO2 [7]).
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4. Discussion

from baseline to task. Only total variability of TV has been
reported to increase considerably during mental arithmetic
[20, 86].
Moreover, cognitive load was shown to be associated with
reduced petCO2 , indicating hyperventilation, and higher levels of VO2 as well as VCO2 , which are usually assessed to track
energy expenditure. The decrease in petCO2 and the increase
in VCO2 appear to be conflicting. It has to be noted, however,
that petCO2 is a fractional measure, not allowing conclusions
about absolute CO2 levels, and that the relationship between
etCO2 and VCO2 is contingent on alveolar ventilation which
could have differed between the respective samples. VCO2 is
the only capnographic measure that demonstrated medium
to large effect sizes and was sensitive to increasing task
difficulty, which suggests that mental effort actually entails
additional energy expenditure (see also [47]). PetCO2 was
less sensitive regarding the magnitude of changes and task
difficulty. However, petCO2 was consistently reported to
decrease whereas findings on VCO2 did not entirely point
in the same direction. Since petCO2 additionally provides
information on whether ventilatory changes in response to
cognitive load correspond to actual changes in metabolic
demand, both petCO2 and VCO2 are promising indicators of
cognitive load. Future studies should therefore validate and
integrate the existing findings.
Only six studies analyzed respiratory changes over the
course of the cognitive task or from trial to trial. For most
variables, these studies revealed no change as well as inconsistent findings for the habituation of RR. Hence, changes in
respiratory reactivity over time also require further investigation.

This study was conducted to review the available literature on
respiration under cognitive load by integrating findings on
respiratory changes from baseline to task and possible effects
of task difficulty, task duration, and concurrent performance
feedback. In addition, we surveyed the methods used to
manipulate cognitive load and to quantify respiration and
separately analyzed respiratory changes from baseline to tasks
that required verbal responding.
4.1. Respiratory Responses to Cognitive Load. The present
findings show that cognitive load was accompanied by a clear
increase in RR. Of note, 48% of the reviewed studies indicated
medium to large effects for the increase from baseline to task.
Also, higher levels of task difficulty resulted in an additional
increase of RR. While TV appeared to be insensitive to
cognitive load, MV, following logically from the increase in
RR without changes in TV, showed a consistent increase from
baseline to task. Since MV was, however, not sensitive to different levels of task difficulty and predominantly reflects the
increase RR, we conclude that, for the assessment of operator
load, MV does not provide incremental information over the
more convenient frequency measure. This general increase
in ventilation has been explained by a higher metabolic rate
during performance [47] but also by psychological processes
such as learned anticipation of metabolic need [93–95]. While
human and animal research on limbic and paralimbic influences on breathing is still scarce, available evidence suggests
that an increase in cognitive as well as emotional impact is
associated with corresponding changes in neural activity not
only in the brainstem but also in the limbic and paralimbic
regions, particularly amygdala and anterior cingulate cortex
[17, 96], the latter being a key prefrontal region that is also
involved in executive function [97–99].
The timing parameters discussed in the following have
been investigated by less than three studies and should thus
be interpreted with caution. Considering the increase in
RR, a shorter 𝑇𝑖 and an invariant ratio of 𝑇𝑖 to 𝑇𝑒 signify
a shortening of both 𝑇𝑖 and 𝑇𝑒 under cognitive load. The
reported increase in TV/𝑇𝑖 was observed together with no
changes in 𝑇𝑖 /𝑇tot [7], indicating that the overall elevations
of ventilation are rather caused by a higher “intensity of
the central inspiratory drive mechanism” ([21, p. 106]) than
by alterations in timing. However, Pattyn et al. [73] provide
support that also the timing mechanism might trigger the
increase in ventilation under cognitive load, suggesting that
additional studies are needed to clarify the underlying mechanisms of ventilatory changes.
Frequency of sighing under cognitive load was investigated by two studies [20, 86] showing that SR increased in
response to mental arithmetic. The authors assume that sighing counteracts erratic breathing patterns which may occur
under cognitive load. Also in the present study, cognitive load
consistently elicited a decrease in correlated variability of RR
while, overall, total variability of RR did not change from
baseline to task. This implies that random variability tends to
increase when performing a cognitive task. Evaluating variability measures of TV and MV mainly revealed no changes

4.2. Methodological Evaluation. By specifying a priori selection criteria, we obtained a database of experimental studies
on cognitive load with an acceptable degree of consistency
regarding study design and the induction of operator load.
Although performance feedback during cognitive tasks has
been assumed to elicit stress responses comparable to the
effects of social evaluative threat [4, 100, 101], we decided not
to exclude these studies but to analyze them additionally in
comparison with studies not providing feedback. Also, we did
not exclude any study applying verbal-response tasks in order
to maintain a sufficiently large sample of studies. Instead, we
accepted studies with a limited amount of verbal activity and
additionally evaluated them separately in a subanalysis.
As summarized above, most of the studies manipulated
cognitive load by means of mental arithmetic or multitasking.
The 11 studies including more than one type of cognitive
task in their experimental design (see Table 2) imply that
the magnitude of respiratory effects may vary depending on
the given types of cognitive demands. Particularly sigh rate
and respiratory variability measures have been shown to be
differently altered by mental arithmetic and attentional tasks
[20, 70, 86]. However, the current database is insufficient for
a systematic investigation of respiratory responses to various
facets of cognition. Also the findings reported by RomanLiu et al. [76] suggest that vigilance behavior, involving uninterrupted attention on the detection of infrequent signals, is
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characterized by particular respiratory changes which should
be addressed in future studies.
In a separate analysis, we investigated whether concurrent
performance feedback affects respiratory responses to cognitive load. In general, the reviewed studies imply that performance feedback on cognitive tasks is only accompanied by
a decrease in TV, which has not been observed in the overall
findings outlined above. Since decreases in TV have also been
reported for negative emotions such as anxiety and sadness
[102], we conclude that a concurrent feedback may have
emotional impact on the operator, inducing stress rather than
mental load (see also [4, 8, 9]), and should thus be avoided in
future experiments on cognitive load. Unfortunately, no data
were available to evaluate the effect of performance feedback
on variability measures.
Our survey revealed that most of the studies used recording techniques that are not directly disturbed by speech. But
since respiration itself may be affected by verbal activity,
we additionally reviewed the seven studies involving speech.
In sum, the findings were inconsistent and generally corresponded to the overall effects. However, the systematic
comparison of verbal- and manual-response conditions also
revealed some indication for erratic breathing patterns as
well as shorter inspiration and longer expiration phases when
performing a mental arithmetic with verbal responding.
Given that this is in line with the existing knowledge about
the interplay of speech and respiration [29, 30] and that
manual responding is easy to integrate in computerized task
designs, we suggest evaluating respiratory measures for the
assessment of operator load only under silent conditions.
4.3. Limitations. The findings of this review should be interpreted with regard to several limitations. First, our analyses
were restricted to published journal articles and we found
some indication for publication bias, meaning that analyses
on respiratory parameters with insignificant results were
reported less often. For instance, some studies described
the measurement of single variables without mentioning the
according results. As displayed by the integration of reactivity
effects, however, a considerable number of studies also
reported respiratory measures showing no changes from
baseline to task. Second, only 50% of the reviewed studies
provided data for a determination of respective effect sizes.
Third, the present integration of findings was not weighted
according to sample size and quality criteria as required for
the statistical data integration in meta-analyses, since larger
samples are supposed to increase the precision of findings [37,
103]. This choice was made because the magnitude of effects
could be quantified only in 50% of the studies, suggesting
a qualitative comparison. But we followed the recommendations by Durlak [89] to adjust the obtained effect sizes
for small sample bias. Fourth, comparability of the reviewed
studies is limited due to heterogeneous study samples and
possible differences regarding the motivation of participants
(experimental context, instructions, and incentives) and
study design (randomization of trials with modified task
difficulty). Fifth, only a small number of studies mentioned
to have included potential confounders (covariates) in their
analyses such as age and what possibly could lead to an over-
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or underestimation of effects. Sixth, only a few studies
mentioned whether participants were allowed to switch from
nasal to oral respiration or vice versa. We assume, however,
that studies using methods with a direct sampling from nose
and/or mouth instructed individuals accordingly to breathe
only through their nose or mouth within the experimental
periods. Finally, except for RR, TV, and MV, only few studies
were available reporting data for addressing the present
research question. As a consequence, it was further not
possible to investigate whether respiratory responses vary as
a function of different types of cognitive processing.
4.4. Conclusive Summary and Implications for a Research
Agenda. The primary aim of this study was to investigate
whether respiratory parameters are useful indicators of cognitive load in addition to other physiological correlates and
well-established performance and self-report measures. We
found evidence that RR is a sensitive measure of operator load
which can be obtained easily and inexpensively by using a
strain gauge. While at first sight TV and MV may contain little
additional information, correlated variability in RR, sigh frequency, petCO2 , VO2 , and VCO2 are promising measures for
research and application purposes as they appear to be sensitive to cognitive load and, furthermore, reflect some of the
physiological and psychological processes underlying taskrelated changes in respiratory behavior. However, this review
also revealed that the database for evaluating these measures
is rather poor in quantity and quality and that most studies
are restricted to the traditional measurement of RR and TV.
Since a further motive underlying this study was to contribute to the relatively limited knowledge about breathing
under cognitive load, we derived some general recommendations for future research as based on a proper understanding
of the respiratory system. This is a complex, multilayered,
integrated, and highly versatile system serving to maintain
appropriate partial pressures of O2 and CO2 in the blood to
accommodate both metabolic and behavioral demands. At
the same time, respiration is intricately involved in speech
production. Breathing regulation hence serves stability but
also allows flexibility to quickly adapt to internal and external
homeostatic challenges. The respiratory system at rest is
considered a dynamic steady state, which is characterized by
different types of variability and occasionally requires “resetting” which apparently is accomplished by sighing [22].
Importantly, breathing is also largely driven by feedforward
regulation, meaning that the system anticipates perturbations
(i.e., discrepancies from normative values) and corrects them
before they occur [95, 104].
This perspective has a number of implications for the use
of respiration to assess cognitive load. First, baseline recordings during which an episode of cognitive load is anticipated
may already indicate a certain degree of anticipatory arousal
and reduce possible effects of the cognitive load manipulation. This problem could be solved by randomization of baseline and task conditions and by including a “Vanilla baseline”
with a low demanding cognitive task, occupying working
memory and thus reducing anticipatory arousal [105].
Second, RR alone provides only very partial information about the dynamic changes of the respiratory system.
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Underlying drive and timing mechanisms such as central
inspiratory drive and inspiratory duty cycle may be much
more sensitive to cognitive and emotional demands [106].
Moreover, RR alone does not signal whether ventilatory
response is adaptive or maladaptive. An increase in rate may
be adjusted by a decrease in TV to maintain appropriate
breathing. However, absence of appropriate compensation by
TV may result in overbreathing which leads to a decrease in
etCO2 . As a consequence, the combined assessment of RR,
MV (the product of RR and TV), and gas exchange parameters, particularly etCO2 , provides a more integrated account
of respiratory responses to cognitive load. An additional
benefit is that etCO2 allows assessing whether the response to
cognitive load is in accordance with or in excess of metabolic
requirements. The latter state (hypocapnia) is of particular
relevance for cognitive load because hypocapnia is associated
with reduced cerebral blood flow and possibly impaired
cognitive performance [107–109]. In this respect, a more integrated assessment may help to distinguish between cognitive
load and stress. In the first case, respiratory changes are supposed to be task-related and support adequate performance,
while in the latter case, stress being linked with concerns
about threats and protection of the self, respiratory changes
may exceed task-related metabolic need [110, 111].
Third, recent evidence suggests that general and specific
parameters of respiratory variability allow measuring stability
and flexibility of the respiratory system in response to
cognitive load [22, 112]. Specifically, variability in RR has been
shown to decrease during sustained attention as induced by
a task with a single behavioral response set, while during a
mental arithmetic, decreased autocorrelations and increased
random variability in respiration have been found [20, 86].
Moreover, the need of the respiratory system to reset has been
found to differ between sustained attention and mental arithmetic, as manifested by a higher frequency of sighing during
or after the task, respectively [20]. These findings suggest that
variability of the respiratory system is sensitive to different
types of cognitive load and that it is useful to decompose the
concept of cognitive load into basic components. A systematic approach to basic cognitive processes might also clarify
current inconsistencies in respiratory correlates of cognitive
load as revealed, for instance, by this review. To this end,
elementary cognitive tasks which require a small number of
cognitive processes such as joystick tracking, card-sorting,
or response choice tasks could be used in single as well as
multiple task configurations, manipulated at different levels
of task difficulty to study respiration in response to increasing
cognitive load (see also [113]).
Fourth, we suggest taking individual differences into
account. Emotional states and personality traits may play
an important role in how a demanding cognitive task is
appraised, how coping resources are evaluated, and how
the individual responds [114–118]. Specific combinations of
individual and task-related characteristics may elicit different respiratory patterns, possibly ranging from a strained
breathing pattern (characterized by breathing inhibition with
elevated etCO2 ) when preparing for highly attentive episodes
[119] to hypocapnic hyperventilation when preparing to cope
with demanding situations by energy mobilization [120, 121].
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A comprehensive assessment, involving the interaction of
physiological and person-related measures, is hence required
for a better understanding of individual differences in the
physiological response to cognitive load.
Finally, an integrative assessment of respiratory measures
would be enriched by simultaneously taking cardiac measures into account, because the respiratory system exerts
considerable influence on cardiac functioning [122, 123]. Certainly, cardiac measures have a long tradition in research
on mental load assessments, which recently predominantly
focuses on heart rate variability (HRV). However, beyond
studying respiratory sinus arrhythmia (being a major source
of HRV, see [124]), concurrent respiratory assessment has
largely been neglected. Although the debate on the usefulness
of correcting for respiration when assessing HRV has not yet
resulted in clear conclusions (see [125–128]), an integrated
approach would provide a more elaborate database to detect
and interpret psychophysiological responses to cognitive
load. Obviously, the parallel assessment of cardiac and respiratory parameters would also impact data-analytic strategies.
Analyses could be performed by applying classical multivariate statistics (if assumptions are met) or, for a more detailed
examination, by time series data analysis such as change point
detection methods (e.g., [129]), transfer function analysis
(e.g., [130]), or similar methods that have been employed to
study the structure of cardiorespiratory coupling [131–133].

Appendix
See Table 2 and Figure 1.
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valuable advice on the systematic integration of data.

References
[1] D. Gopher and E. Donchin, “Workload: an examination of the
concept,” in Handbook of Perception and Human Performance,
K. R. Boff, L. Kaufman, and J. P. Thomas, Eds., pp. 1–49, John
Wiley & Sons, New York, NY, USA, 1986.
[2] B. H. Kantowitz, “Mental workload,” in Human Factors Psychology, P. A. Hancock, Ed., pp. 81–121, Elsevier, Amsterdam, The
Netherlands, 1987.
[3] R. D. O’Donnell and F. T. Eggemeier, “Workload assessment
methodology,” in Handbook of Perception and Human Performance: Vol. II. Cognitive Processes and Performance, K. R. Boff,
L. Kaufman, and J. P. Thomas, Eds., pp. 42-1–42-49, John Wiley
& Sons, New York, NY, USA, 1986.
[4] A. W. K. Gaillard and C. J. E. Wientjes, “Mental load and work
stress as two types of energy mobilization,” Work & Stress, vol.
8, no. 2, pp. 141–152, 1994.

12
[5] A. W. K. Gaillard, “Comparing the concepts of mental load and
stress,” Ergonomics, vol. 36, no. 9, pp. 991–1005, 1993.
[6] G. R. J. Hockey, “A state control theory of adaptation to stress
and individual differences in stress management,” in Energetics
and Human Information Processing, G. R. J. Hockey, A. W.
K. Gaillard, and M. G. H. Coles, Eds., pp. 285–298, Martinus
Nijhoff, Dordrecht, Netherlands, 1986.
[7] C. J. E. Wientjes, P. Grossman, and A. W. K. Gaillard, “Influence
of drive and timing mechanisms on breathing pattern and ventilation during mental task performance,” Biological Psychology,
vol. 49, no. 1, pp. 53–70, 1998.
[8] M. Jerusalem and R. Schwarzer, “Self-efficacy as a resource
factor in stress appraisal processes,” in Self-Efficacy: Thought
Control of Action, R. Schwarzer, Ed., pp. 195–213, Hemisphere,
Washington, DC, USA, 1992.
[9] K. C. Light and P. A. Obrist, “Cardiovascular response to
stress: effects of opportunity to avoid, shock experience, and
performance feedback,” Psychophysiology, vol. 17, no. 3, pp. 243–
252, 1980.
[10] F. M. Huey and C. D. Wickens, Workload Transition: Implications for Individual and Team Performance, National Academy
Press, Washington, DC, USA, 1993.
[11] B. Cain, A Review of the Mental Workload Literature, Defence
Research and Development Canada (DRDC), Toronto, Canada,
2007.
[12] A. F. Kramer, “Physiological metrics of mental workload: a
review of recent progress,” in Multiple Task Performance, D. L.
Damos, Ed., pp. 279–328, Taylor & Francis, London, UK, 1991.
[13] D. Manzey, “Psychophysiologie mentaler beanspruchung,” in
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The exploratory behavior of rodents is characterized by stereotypical movements of the vibrissae, nose, and head, which are phase
locked with rapid respiration, that is, sniffing. Here we review the brainstem circuitry that coordinates these actions and propose
that respiration may act as a master clock for binding orofacial inputs across different sensory modalities.

1. Introduction
When one observes rodents introduced in a new environment, one immediately notices that they are extremely
curious. They run about, stand up on their hind legs, crane
their necks forward, and explore the environment by sniffing
and whisking vigorously. In a classic paper published in
1964 [1], Welker provided the first descriptive account of the
sniffing behavior in rats. Using cinematographic technique,
he reported that sniffing consists of an integrated sequence of
movements that involve (1) bursts of polypnea; (2) recurrent
protraction and retraction of mystacial vibrissae; (3) repetitive retraction and protraction of the tip of the snout; and
(4) a rapid series of head movements and fixations. These
four components occur at rates between 5 and 11 Hz, in
bouts of one to many seconds, and “exhibit a fixed temporal
relationship to one another” (Welker [1]). This temporal
relationship is illustrated in Figure 1, where whisking and
sniffing were recorded as a rat explores the exit of a tunnel.
The coordination of whisking, head bobbing, and nose
motion with sniffing requires a hierarchal organization of
the brainstem circuitry so that the occurrence and timing
of these actions do not interfere with each other and with
fundamental metabolic needs. Here we review evidence for

phase locking of rhythmic orofacial actions with breathing,
particularly in the context of the synaptic mechanisms
that coordinate sniffing, whisking, and nose motion, which
are predominant activities during exploratory behaviors in
rodents [2, 3].

2. Facial Muscles and Their
Central Representation
Nasofacial muscles of rodents that control movement of the
vibrissae, the opening of the nares, and deflection of the nose
are innervated by facial motoneurons [4–6]. Several studies
have shown that facial motoneurons in rodents are functionally organized into clusters [7–14]. Figure 2 shows a schematic
representation of the facial muscles and the corresponding
myotopic map in the facial nucleus. Motoneurons that innervate the intrinsic vibrissa muscles that protract the vibrissae
are located in the ventral lateral part of the nucleus; the
extrinsic retractor muscles (nasolabialis and maxillolabialis)
that translate the mystacial pad in the caudal direction are
represented dorsolaterally; the extrinsic protractor muscles
(nasolabialis profundus) that translate the pad rostrally and
open the nares are represented at the lateral edge of the
nucleus. Muscle deflector nasi, which is not shown in the
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Figure 1: Cooccurrence of sniffing and whisking in rodents. (a) Sniff and whisk cycles are coordinated with nose and head movements
(adapted from Welker [1]). (b) The motion of vibrissa D2 was monitored by high-speed videography (250 frames per second), and sniffing
was recorded by means of a thermocouple implanted in the nasal cavity. In all figures inspiration and vibrissa protraction are up.
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Figure 2: Facial muscles involved in exploratory behavior in rodents. (a) The intrinsic muscles (Int) form a sling around the base of vibrissa
follicles. When they contract, vibrissae protract. (b) Two groups of extrinsic muscles translate the mystacial pad: muscle nasolabialis (NL)
and maxillolabialis (ML) retract the pad, while muscle nasolabialis profundus (NLP) protracts the pad. Extrinsic muscle fibers (mf) run
underneath the skin between vibrissa rows. (c) Motoneurons that innervate the intrinsic vibrissa muscles are located in the ventral lateral
part of the facial nucleus, the extrinsic retractor muscles (nasolabialis and maxillolabialis) are represented dorsolaterally, and the extrinsic
protractor muscles (nasolabialis profundus) are represented at the lateral most edge of the nucleus. The drawings in (a) and (b) were adapted
from Figure 11 of Grant et al. [15].

drawings of Figure 2 (but see Figure 5(a)), is represented
dorsolaterally.
Studies using transsynaptic retrograde labeling have
allowed the identification of premotor neurons that control
each of these muscle groups [13, 14]. We thus focus next on
how rhythmic activity of these different pools of premotor
neurons coordinates with respiration.

3. Rhythmogenesis of Sniffing and Whisking
Sniffing in rats is usually defined as rapid, rhythmic respiration [16, 17]. Rats, unlike humans, always breathe nasally;
lower frequencies (1–3 Hz) correspond to basal respiration
and higher frequencies (4–12 Hz) correspond to sniffing.
It is now well established that a medullary region called
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the pre-Bötzinger complex (preBötC) forms the core of the
respiratory generator (see review by Feldman and Kam [18])
and that sniffing is associated with an increased rate of bursts
in preBötC cells [19]. The neuronal circuits that accelerate the
respiratory rhythm upon presentation of an odorant remain
unknown.
Welker [1] was the first to propose that a brainstem
oscillator drives whisking. This hypothesis derived from the
observation that whisking persists after motor cortex ablation
and that bilateral section of the infraorbital nerve, that is,
sensory denervation, has little effect on the generation, kinematics, and bilateral coordination of the normal whisking
pattern. Recently the whisking oscillator was discovered in a
medullary region close to the preBötC [19].

4. Premotor Circuits for Sniffing
Transsynaptic labeling studies demonstrated that the
preBötC and the parafacial respiratory region project to
the facial nucleus [13, 14]. Neuronal and electromyographic
(EMG) recordings in alert rats further showed that motoneurons that innervate the extrinsic muscles, that is, muscles
nasolabialis, maxillolabialis, and nasolabialis profundus,
discharge in a phase-locked manner with the respiratory
cycle [19]. Yet, most of these muscles are differentially active
during basal respiration versus sniffing (Figures 3(a)–3(d)).
As a case in point, muscle nasolabialis profundus has two
components. One attaches to the plate of the mystacial pad
(pars maxillaris), which contributes to dilation of the nares
[21], and another one that attaches to the corium (pars
media) that translates the mystacial pad rostrally [5, 6, 22].
Both muscle components contract at the onset of inspiration.
While naris dilation occurs with each inspiration in awake
rats, rostral translation of the pad occurs primarily when
the rate or amplitude of respiration increases [20, 22]. The
same is true for the extrinsic retractor muscles (nasolabialis
and maxillolabialis) and the nasi deflector muscle, which are
principally active when the animal sniffs or whisks [22, 23].
The preferential recruitment of these muscles during sniffing
could depend on modulatory action that enhances the
excitability of the motoneurons per se or of the associated
premotor circuits.
By and large, preBötC cells that constitute the respiratory
pattern generator are glutamatergic and express somatostatin
or the neurokinin-1 receptor. Interestingly, Takatoh et al.
[13] reported that few preBötC cells labeled after ΔG-rabies
injection in the mystacial pad express these phenotypes.
Furthermore, injection of an adeno-associated virus that
expresses eGFP driven by the somatostatin promoter in the
preBötC did not label terminal fields in the facial nucleus
[24]. Since the deletion or silencing of neurokinin-1 receptor
and somatostatin-expressing preBötC neurons, respectively,
disrupts breathing in the adult rat [25, 26], the preBötC projection to facial motoneurons may arise from cells that are not
themselves part of the respiratory rhythm generator. The latter cells may be recruited when the animal sniffs, or the conditional respiratory drive may involve follower neurons intercalated between the preBötC and facial motoneurons. The
region immediately caudal to the facial nucleus, referred to
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here as the retrofacial region, appears as a potential source
of this conditional drive. It receives input from the preBötC
and contains glutamatergic premotor neurons (Figures 3(e)
and 3(f)). Exploratory recordings in this region revealed a
number of neurons that are recruited when the breathing
rhythm accelerates (Figure 3(g)). However, it remains unclear
whether these cells are part of the parafacial respiratory group
as delineated in prior studies [27–29].

5. Premotor Circuits for Whisking
Premotor neurons that generate whisking are located in the
vibrissa-related region of the intermediate reticular formation (vIRt) of the medulla adjacent to the preBötC [19] (Figures 4(a) and 4(b)). This proximity appears functionally relevant since whisking is tightly coupled to sniffing, yet it is separately gated [1, 19, 30]. Cells in the vIRt fire either in phase or
in antiphase with whisker protraction (Figures 4(c) and 4(d)),
selective lesion of the vIRt abolishes whisking on the side of
the lesion (Figures 4(e) and 4(f)), and activation of the vIRt
by iontophoretic injection of kainic acid induces long periods
of continuous whisking in the lightly anesthetized rat [31].
Together, these results indicate that the vIRt is both necessary
and sufficient to generate whisking.
It was recently shown that glycinergic vIRt cells are key
elements in whisking generation [20]. This finding is consistent with the notion that sustained depolarizing inputs to
the facial motoneurons determine the maximum protraction
of the vibrissae, while the whisking oscillator rhythmically
inhibits these motoneurons. Thus, the vIRt oscillator drives
whisking on the retraction phase, opposite from what was
long supposed. The inhibitory nature of the whisking oscillator calls for a reappraisal of the control of brainstem circuits
by top-down inputs for the control of amplitude, frequency,
and set-point of whisking.
Phase sensitivity analysis of coupling between whisking
and breathing has shown that inspiration can reset whisking,
but not vice versa [19]. Unidirectional phase resetting of
whisking by basal respiration and sniffing is mediated by
unidirectional connections from the preBötC to the vIRt [20].
Natural whisking is bilaterally synchronous in the
absence of external objects or head turning [32–34]. This
requires a circuitry that coordinates the activity of the left and
right whisking oscillators. Yet, tract tracing by means of conventional tracers or virus injection did not reveal connections
between the left and right vIRts [20]. Moreover, spectral analysis revealed that the two whisking oscillators begin to drift in
phase when respiration is transiently halted during a sigh or
during apnea induced by inhalation of ammonia vapor [20].
This is consistent with the notion that the left and right whisking oscillators are independent from one another and therefore begin to drift in the absence of repeated resetting events.
Together these results indicate that either commissural connections between vIRTs are absent or, if present, they are not
strong enough to synchronize whisking bilaterally. Alternatively, several studies have established that glutamatergic
preBötC cells are interconnected by commissural axons [35–
37]. Impairment of these connections in Robo knockout mice
leads to desynchronization of the excitatory drive to the

4

Neural Plasticity
Inspiratory motoneuron
Respiration
(a)

Expiratory motoneuron
1s

(b)

600
Number of breaths

Nasolabialis profundus EMG

200 𝜇V
30∘

Whisking
Respiration

300

−0.5

500 ms

0
0.5
Time from inspiration onset (s)

(c)

1

(d)

B

Sindbis-GFP
VGluT2

Sindbis-GFP in RF

A
RF
7
A

SO

B

1 mm

20 𝜇m

(e)

(f)

500 ms
(g)

Figure 3: Facial motoneurons and sniffing. (a, b) Recording of facial motoneurons in alert head-restrained rats reveals respiration-related
cells that fire preferentially during sniffing. (c) Electromyographic recording of NLP motor units during basal respiration and sniffing. Note
that the small unit is active during both basal respiration and sniffing, while the large unit only fires during sniffing. (d) Raster plots of
the activity of NLP motor units relative to the onset of inspiration (black lines). Black and red dots represent spikes of the small and large
motor units shown in (c), respectively. Individual breaths are ordered by the duration of the breath. The green line indicates the transition
between basal respiration and sniffing. Note that the small unit is active during inspiration at all breathing frequencies, while the large unit
is preferentially active during sniffing. (e) Sindbis-GFP injection in the retrofacial region leads to anterograde labeling in the facial nucleus.
(f) Confocal microscopy reveals a majority of labeled boutons that are immunopositive for type 2 vesicular glutamate transporter (VGluT2).
Framed areas A and B are enlarged in the corresponding inserts. (g) Example of respiration-related neurons of the retrofacial region that are
principally recruited during sniffing. Data in panels (a) to (d) are adapted from [20], while data in panels (e) to (g) are unpublished results.

left and right spinal and cranial motoneurons [38]. Given
that each preBötC projects to vIRt, commissural connections
between the respiratory pattern generators represent the most
likely substrate for the bilateral synchronization of whisking.

Several behavioral studies have reported that the degree
of phase coupling between whisking on both sides of the face
or between whisking and sniffing depends on context, motor
strategies, and sensory feedback [33, 34, 39–41]. This indicates
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Figure 4: Facial motoneurons and whisking. (a) ΔG-rabies injection into the mystacial pad in mice label motoneurons in the ventral lateral
part of the facial nucleus, and premotor neurons (b) in the intermediate reticular formation of the medulla (vIRt). (c) vIRt cells discharge in a
phase-locked manner with vibrissa motion during whisking induced by kainic acid injection in the medulla. (d) Polar plot of the coherence
between spiking activity of vIRt cells and vibrissa motion at the peak frequency of whisking. Red and green dots represent protraction units
and retraction units, respectively. Over 200 whisks per cell were used to compute phase angle and coherence. (e) Ibotenic acid lesion of vIRt
leads to abolition of whisking on the side of the lesion (f). All panels are adapted from [19].

that, like other central pattern generators, the whisking
oscillator can be modulated to adapt to the organism’s
circumstances and needs [42, 43]. For the moment, brainstem
and top-down inputs that control the vIRt and the coupling
between the vIRt and the preBötC remain unknown.

6. Premotor Circuits for Nose Motion
A seldom-studied aspect of sniffing is nose motion, which
is particularly noticeable in high-speed video recordings.
The nose of rodents is made of cartilages that form a
telescopic connection with the nasal and premaxillary bones
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Figure 5: Facial motoneurons and nose motion. (a) Muscle nasi deflector (ND) is located laterally to the premaxillary bone (PM). It takes
origin at the orbital edge of the maxilla and its long tendon inserts over the nasal cartilage (stars, attachment sites). (b) Electromyographic
recordings in alert head-restrained rats reveal that muscle ND is active during the late phase of expiration during basal respiration (upper
traces) and during the early phase of expiration during sniffing (lower traces); black traces, smoothed rectified EMGs. (c) Experimental setup
to measure nose motion and nasal airflow in head-restrained rats; IR, infrared light. (d) Blockade of the right naris with a polymer compound
abolishes respiratory signals from the right thermocouple and biases nose deflection towards the left side of the face. (e) Upper traces show
normalized respiratory signals recorded from the left and right nostrils. Lower traces show that change in lateral nose position is associated
with change in airflow through the left and right nostrils as estimated from difference in the amplitude of thermocouple signals. (f) Spectral
coherence between lateral displacement of the nose and air flow difference between the left and right nostrils. Black line, 95% confidence level
based on Gaussian approximation; light red area, 95% confidence interval based on boot-strap. All data in this figure are unpublished results.

and permits bending of the nose in the dorsoventral and
lateral directions [6]. Nose movements are controlled by
muscle deflector nasi, which attaches to the orbital edge of the
maxillary bone and to the aponeurosis above nasal cartilages
(Figure 5(a)). Bilateral contraction of this muscle raises
the tip of the nose, while unilateral contraction produces
lateral deflection [21]. EMG recordings in head-restrained
rats reveal that muscle deflector nasi contracts during the late
phase of expiration during basal respiration and shifts to early
expiration during sniffing (Figure 5(b)), which allows repositioning of the nares for the next inhalation. Furthermore,
monitoring nasal airflow through each of the nares reveals
that nose deflection is associated with difference in airflow
in each of the nares (Figures 5(c)–5(e)). Rabies injection

into muscle nasi deflector leads to transsynaptic labeling in
the retrofacial region (unpublished data), but physiological
evidence that retrofacial premotor neurons actually control
nose motion is lacking.

7. The Respiratory Oscillator as a Master Clock
The observation of precise phase locking between sniffing
and exploratory whisking leads to the hypothesis that the
breathing rhythm functions as the reference oscillation for
the alignment of commensurate signals [2]. For example,
when rodents are actively exploring their environment, phase
locking between whisking and sniffing could ensure that
spikes induced by tactile and olfactory stimuli occur with
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a fixed temporal relationship to one another, which corresponds to an object with a particular smell at a particular
location relative to the face. This could provide a means to
bind olfactory inputs, which enter the brain at its rostral
pole, with coincident inputs from touch, which enter the
brain at the level of the brainstem. It obviates the need for
a direct neuronal projection of respiratory output between
these two regions. This scheme may be readily extended to
taste through the entrainment of licking and thus covers the
full range of stimuli required to assess the shape, odor, texture,
and taste of food.

8. Why Do Rodents Sniff and Whisk?
Although sniffing clearly serves olfaction and strongly patterns olfactory processing, several studies reported that basal
respiratory rhythm is sufficient for delivering odorants to
olfactory receptors and that rats and mice can perform simple
odor discrimination after a single sniff [17, 44, 45]. Likewise,
rodents can locate objects and gauge aperture widths with a
single whisk, and severing the facial nerve to block whisking
does not affect performance [46, 47]. Lastly, rodents can
perform many tactile tasks without whisking per se, either by
using head and body movements to move the vibrissae or by
maintaining their vibrissae still in a region of interest where
contact is expected [47].
Given the above evidence that olfaction can occur without sniffing and vibrissa touch can be effective without
whisking, the questions remain as to why rodents sniff, whisk,
and move their nose. It is intriguing that rats deprived of
olfactory and vibrissa afferents continue to sniff and whisk
in a relatively normal manner [1]. We suggest three reasons
as to why rhythmic activity is associated with the use of
these sensors. First, as rodents have relatively limited visual
capabilities and are the targets of predators, fast sampling
of the immediate environment has clear survival value [46].
The few extra hundred milliseconds of warning that is gained
by scanning the environment may be sufficient for escape.
Second, sniffing and whisking not only serve odor sampling
and touch, but also constitute activity patterns that are the
overt expression of reward expectation [48–50]. Perhaps not
independent of this, sniffing is commonly displayed during
motivated and social behaviors to communicate and convey
information about social hierarchy [51]. Finally, the frequency
of whisking and sniffing lies close to that of the hippocampal
theta rhythm. These rhythms are incommensurate during
foraging and exploration [52], yet they lock for a brief epoch
during the approach to a stimulus during forced choice tasks
[53, 54]. Thus, rhythmic dynamics may serve to facilitate
transient coherence between two regions of the brain [55].
From this standpoint, respiration is more than a rhythm for
life, but it also coordinates orofacial motor commands that
engage common muscle groups, serves a variety of active
sensory and social behaviors, and may coordinate sensory
input with memory formation and recall.
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It is well established that local field potentials (LFP) in the rodent olfactory bulb (OB) follow respiration. This respiration-related
rhythm (RR) in OB depends on nasal air flow, indicating that it is conveyed by sensory inputs from the nasal epithelium. Recently
RR was found outside the olfactory system, suggesting that it plays a role in organizing distributed network activity. It is therefore
important to measure RR and to delineate it from endogenous electrical rhythms like theta which cover similar frequency bands
in small rodents. In order to validate such measurements in freely behaving mice, we compared rhythmic LFP in the OB with two
respiration-related biophysical parameters: whole-body plethysmography (PG) and nasal temperature (thermocouple; TC). During
waking, all three signals reflected respiration with similar reliability. Peak power of RR in OB decreased with increasing respiration
rate whereas power of PG increased. During NREM sleep, respiration-related TC signals disappeared and large amplitude slow
waves frequently concealed RR in OB. In this situation, PG provided a reliable signal while breathing-related rhythms in TC and
OB returned only during microarousals. In summary, local field potentials in the olfactory bulb do reliably reflect respiratory
rhythm during wakefulness and REM sleep but not during NREM sleep.

1. Introduction
Neuronal network oscillations and their interactions are
thought to be important for perception [1], sensory-motor
coordination [2], and memory processes [3]. According to
a recent hypothesis, the breathing rhythm serves as a clock
for binding several orofacial senses to a common percept
[4]. In line with this hypothesis, it was found that whisking
synchronizes with breathing [5, 6] and that slow oscillations
in the whisker barrel cortex of waking mice are locked to
respiration [7]. Recently, we demonstrated in the dentate
gyrus of anaesthetized [8] and awake [9] mice a respirationrelated rhythm (RR) clearly distinct from theta oscillations.
Discrimination of the RR from other slow rhythms requires
registration of respiration, preferably as an electrical field
potential which can be easily recorded together with other
electrophysiological data. There are several other more direct
ways to measure respiration in rodents. Intranasal pressure
sensors or thermocouples implanted into the nasal cavity [10–
12] are commonly used in rodents but are invasive devices
which may compromise natural behavior. As a less invasive
alternative, whole-body plethysmography [13–15] provides

a reliable, state-independent biomechanical measure of respiration. However, plethysmography requires housing of the
animals in specialized and closed small chambers, making
it unpractical for use in combination with tethered brain
recordings or complex behavioral tasks. For decades, it had
been known that local field potentials (LFP) of the olfactory
bulb (OB) of mammals are entrained by nasal respiration [16–
19]. This signal has already been used to measure respiration
rate in freely moving rats [20]. However, the reliability of
OB LFP for estimating breathing and sniffing frequencies
in mice has not been systematically studied and verified by
alternative approaches, especially not through different states
of vigilance. In the present study, we simultaneously used
plethysmography, nasal thermocouple, and LFP recordings in
OB during various sleep-wake states of mice.

2. Materials and Methods
2.1. Ethics Statement. All experiments were performed
according to the guidelines of the European Science Foundation [21] and the US National Institutes of Health Guide
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2.3. Surgery. A total of 17 C57BL/6N mice (16 female and one
male; 13–29 weeks old; weight: 22–27 g) were anesthetized
with isoflurane in medical oxygen (4% isoflurane for induction, 1.5%–2.5% for maintenance, flow rate: 1 L per minute).
For analgesia, 0.1 mg/kg of buprenorphine was injected subcutaneously before and 8 h after surgery (for details see [9]).
After exposure of the skull, holes of 0.5–1.0 mm in diameter
were drilled above the OB, the parietal cortex, and cerebellum
according to stereotaxic coordinates; see below for coordinates based on [23]. Two stainless steel watch screws (1 ×
3 mm) over the cerebellum served as ground and reference
electrode. For monitoring the temperature of nasal air
flow, precision fine bare wire thermocouples (80 𝜇m diameter, Omega Engineering, part #5TC-TT-KI-40-1 M) were
implanted into both nasal cavities (−11 mm anteroposterior
(AP), 0.5 mm mediolateral (ML)). A pair of varnish-insulated
tungsten wires (50 𝜇m) was implanted into the granule cell
layer of left OB (AP: +4.5; ML: 0.8; 1.3 mm ventral). For
restraining the head of the animal, a steel pin (2.1 mm
diameter, 14 mm length) was attached to the skull under an
angle of 75 degrees.
2.4. Electrophysiology. One week after surgery, experiments
began with a 1 h recording session in the plethysmograph (see
below) or in a custom-built head-fixed setup with a treadmill
for voluntary running [9]. Extracellular signals were filtered
(1–500 Hz), amplified (RHA2000, Intan Technologies, Los
Angeles, USA), digitized (2.5 kHz), and stored for offline
analysis. A three-dimensional accelerometer mounted on
the amplifier board at the animals head allowed movement
detection. Mice habituated quickly to the head-restraining
conditions and tolerated it well for up to 1 h. The whole-body
plethysmograph (PG) consisted of a transparent cylindrical
box (78 mm inner diameter, 165 mm height) which was
connected to a reference chamber and adapted for collection
of LFP (EMKA Technologies, SAS, France). Mice habituated
well to the PG apparatus within the first session.
2.5. Data Analysis. Classification of vigilance states was based
on (1) the level of accelerometer activity (Figure 1: mov; waking (Wk) > NREM, REM); (2) the amount of high amplitude
slow wave activity in the neocortex (Figure 1: parietal cortex

Mobile

REM

Immobile

Immobile

Slow waves

RR

Slow waves

Theta

0.01 mV 0.01 mV a.u.

Imm

NREM

mov
PG

TC
RR

1 mV

2.2. Animal Care and Housing Conditions. C57BL/6N mice
were purchased at 70 or 84 d of age from Charles River
(Sulzfeld, Germany). Animals were housed in groups of four
inside a ventilated Scantainer (Scanbur, DK) on an inverted
12 h/12 h light/dark cycle (light on 8:00 PM) for a minimum
of 2 weeks. Mice had free access to food and water. After
chronic electrode implantation, mice were kept individually
throughout the experiment. The animals were killed with an
overdose of isoflurane during brain perfusion.

Waking

OB
Theta

0.5 mV

for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Research [22]) and were approved by the
Governmental Supervisory Panel on Animal Experiments of
Baden Württemberg at Karlsruhe (G84/13). All efforts were
made to minimize animal suffering and to reduce the number
of animals used.

Neural Plasticity

PaC
1s

Figure 1: Examples of three vigilance states: waking, nonrapid eye
moving (NREM), and rapid eye moving (REM) sleep. Three signals
are sufficient for vigilance staging: (1) movement (mov) detection
based on accelerometer activity; (2) detection of slow waves in
parietal cortex (PaC), and (3) detection of theta (4–12 Hz) oscillations in the PaC reflecting activity in the underlying hippocampus.
Imm: immobile; OB: olfactory bulb; PG: plethysmography; TC:
thermocouple; RR: respiration-related rhythm.

(PaC), slow waves; NREM > Wk, REM); (3) the amount of
regular theta oscillations in the parietal cortex overlaying the
dorsal hippocampus (Figure 1: PaC, theta; REM > NREM,
active Wk > NREM). For detailed description of behavioral
staging, see Brankačk et al. [24].
Data was analyzed in MATLAB (The Mathworks Inc.,
Natick, MA) using built-in and custom-written routines (for
more details see [9]).
2.6. Spectral and Coherence Analysis. Power spectral density
was calculated by means of the Welch periodogram method
using the pwelch.m function from the Signal Processing
Toolbox (50% overlapping, 4 s Hamming windows). Timefrequency power decomposition was obtained by means
of the spectrogram.m function; sliding windows of 2 s and
50 ms time steps were used; phase coherence was obtained by
means of the mscohere.m function from the Signal Processing
Toolbox, using 2 s windows with 50% overlap. For all types of
data analysis, LFP signals of 25 s duration were used.
2.7. Histology. After the experiments, animals were deeply
anesthetized with isoflurane and perfused transcardially with
PBS and subsequently with 4% paraformaldehyde (PFA).
Brains were carefully dissected and stored in PFA overnight,
and coronal sections were cut (50 𝜇m), mounted, and stained
with cresyl violet. The electrode position was then verified by
light microscopy.
2.8. Statistics. Data are expressed as mean ± SEM. For group
comparisons of normally distributed data (KolmogorovSmirnov test), we used 𝑡-test or repeated measures ANOVA
followed by Tukey’s multiple comparison test. For data
with non-Gaussian distribution, we used the nonparametric
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Figure 2: Plethysmography, nasal thermocouple, and olfactory bulb local field potentials similarly represent respiration during immobile
waking. (a) Raw signals. (b) Time-frequency distribution. (c) Power spectral densities (black) and coherence (magenta: plethysmography
(PG) versus olfactory bulb (OB), blue: thermocouple (TC) versus OB).

Friedman test, Mann-Whitney test, or the Wilcoxon signed
rank test.

3. Results

(Figure 2(c), lower graph, red) or TC and OB (Figure 2(c),
lower graph, blue) was largest (∼0.9) at the frequency of
respiration with its harmonic at 8.84 Hz. Harmonics are also
visible in power spectral densities of PG and TC.

3.1. In Awake Mice Plethysmography, Nasal Thermocouple
and Olfactory Bulb Local Field Potentials Reveal Similar
Respiration Signals. Respiration was recorded using a thermocouple (TC) chronically implanted into the nasal cavity.
The TC signal reflects temperature changes of nasal air
flow. Simultaneously, thoracic movements were detected
with whole-body plethysmography (PG) indicating relative
values of respiratory air flow (mL/s). In addition, local field
potentials (LFP) from the granular cell layer of the olfactory
bulb (OB) showed fluctuations entrained by nasal respiration
as described earlier [18]. Figure 2 illustrates similarity of
the three methods in a representative example of waking
immobility (Figure 2(a): raw signals and Figure 2(b): timefrequency distribution). Note the respiration-related rhythm
(RR) in the OB LFP. As expected, power spectral density analysis results in power peaks of identical frequency
(4.42 Hz; Figure 2(c)). Phase coherence between PG and OB

3.2. During Waking the Power of Respiration-Related Rhythm
in Olfactory Bulb Decreased with Increasing Respiration Rate.
We next investigated how peak power of the RR in OB
varied with changing breathing frequency. Respiration rate
in waking mice varies strongly, especially during interspersed
spouts of sniffing [9, 11]. Figure 3 shows a representative
example of an abrupt transition from slow breathing to fast
sniffing. At high sniffing rates, the amplitude of the PG signal
increased while the amplitude of the RR in OB decreased
(Figure 3(a), raw signals). Despite the amplitude differences
similar prominent rhythms were found for all three signals in
the spectrograms (Figure 3(b)) and in power spectral density
(PSD) plots, at low (Figure 3(c), black) and high frequencies
(Figure 3(c), blue). For quantitative analysis, periods of
waking were sorted into frequency bins of breathing/sniffing
obtained by PG (Figure 3(d)). PSDs of the three simultaneously recorded respiration signals and coherence between PG
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and OB (not shown) were calculated for each interval. Peak
powers of PG, TC, and RR in OB were 𝑧-scored and averaged. PG peak power increased with respiration frequency
(Figure 3(d): red; 𝑛 = 8; ∗ 𝑝 < 0.0005; Friedman test), whereas
TC power did not change (Figure 3(d): gray; 𝑛 = 8, 𝑝 = 0.22;

repeated measures ANOVA). In contrast, peak power of the
RR in OB decreased in the highest frequency bin (8 to 10 Hz)
compared to the three remaining bins (Figure 2(d): black;
𝑛 = 8; ∗ 𝑝 < 0.01; repeated measures ANOVA; post hoc
Tukey test). Mean coherence between PG and OB LFP did
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not change (not shown; 𝑛 = 8; 𝑝 = 0.15; repeated measures
ANOVA). This indicates high coherence between OB, TC,
and PG for all respiratory frequencies during waking.
3.3. Negative Correlation between Power of RespirationRelated Rhythm in OB and Breathing Frequency during
Treadmill Running. To reduce respiratory variability, we next
performed head-fixed experiments where the behavior of
the mouse was basically clamped to either immobility or
running on a circular treadmill and minimized sniffing [9].
Only periods of running were used here and divided into
1 Hz bins of increasing breathing frequency obtained by
simultaneously recorded TC. Figure 3(e) displays 𝑧-scored
averages of RR peak power in OB (𝑛 = 11 mice) which
linearly decreased with increasing respiration frequency (𝑛 =
7; 𝑟 = −0.958; 𝑝 < 0.001, Pearson’s correlation).
3.4. Disappearance of the Respiration-Related Rhythm in
Olfactory Bulb during NREM Sleep and Recurrence in REM
Sleep. Large amplitude slow waves in the delta frequency
range are characteristic features of nonrapid eye movement
(NREM) sleep. Delta waves are superimposed on local field
potentials in OB hiding traces of respiration-related fluctuations between 1.2 and 3.5 Hz which could be reliably detected
with PG (see NREM in Figure 4(a), raw traces). Respirationrelated signals in TC disappeared during NREM (Figures 4(a)
and 4(b)), whereas the signal in PG remained. In contrast to
the clear power peak in PG (Figure 4(c), upper panel), no

distinctive peaks were discernible in spectrograms from TC
and OB signals, respectively (Figure 4(c), middle and lower
panel).
Both RR in OB and respiratory signal in TC regularly
returned during microarousals (see asterisks in Figure 4(b)).
During parts of REM sleep, especially at low breathing frequencies, RR in OB recovered (Figure 5(a), low; Figure 5(b)),
whereas the TC signal remained absent. Clear power peaks
were found for PG and OB for both low (Figure 5(c), upper
and lower panel, black) and high (Figure 5(c), blue) breathing
frequencies, in contrast to TC where no corresponding
peaks were discernible in the power spectral density graph
(Figure 5(c), middle panel). During REM sleep, RR in OB
was detectable, but the signal was less reliable as compared
to awake animals, especially at high breathing frequencies
(Figures 5(a) and 5(c), lower panels, blue). For all corresponding bins of breathing frequency, RR peak power was smaller
during REM compared to waking (1.25 to 3.25 Hz: 𝑛 = 6;
𝑝 < 0.05; 𝑡-test; 3.25 to 5.25 Hz: 𝑛 = 6; 𝑝 < 0.01; 𝑡-test;
5.25 to 7.25 Hz: 𝑛 = 6; 𝑝 < 0.05; Wilcoxon test). Figure 5(d)
shows peak power averages of six animals of PG (red) and
OB (black) recorded during REM sleep binned into three
breathing frequency ranges as above. PG peak power did not
depend on breathing frequency, in contrast to RR peak power
in OB (Figure 5(d); black; 𝑛 = 6; ∗ 𝑝 < 0.01; Friedman’s test).
Likewise, coherence between PG and OB signals decreased
between the lowest and highest breathing frequency bins
(Figure 5(e); 𝑛 = 6; ∗ 𝑝 < 0.01; Friedman’s test). Coherence
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between PG and OB was also lower in REM compared to
waking (not shown) for the two highest frequency bins (𝑛 =
6; 𝑝 < 0.05 and 𝑝 < 0.01; Wilcoxon test). In summary,
plethysmographic data provided the only reliable measure of
respiration throughout NREM sleep and was more reliable
during REM sleep at high breathing frequencies compared
to OB LFP which was a good indicator of respiration during
REM sleep with low respiration rates.

demonstrates that the respiration-related rhythm is preserved
in OB during sleep. However, for coherence analysis, a second
source of respiration is required during NREM sleep; the OB
LFP alone is not sufficient as unequivocal signal of respiration
due to multiple equivocal peaks in the power spectral density
of the OB LFP.

3.5. All Three Measurements of Respiration Are Coherent
during Waking but Not in Sleep. Figure 6 illustrates representative examples of coherence and its harmonics between
all three signals: PG-OB (red), TC-OB (blue), and PG-TC
(green) at different ranges of respiration during waking (a),
NREM sleep (b), and REM sleep (c). In waking (Figure 6(a)),
large peaks of coherence between all signals correspond
to respiration frequency (PG PSD: black) indicating the
reliability of all three signals to measure respiration. During
waking and REM sleep, there is no delta activity in OB;
therefore, the LFP is a good indicator of respiration and its
peak in PSD corresponds to the respiration rate. However,
in NREM sleep, peaks at respiration rate remained only for
coherence between PG and OB. Coherence analysis indeed

In the present study, we report slow local field potentials
(LFP) in the granular cell layer of olfactory bulb (OB)
which reliably indicate respiration in waking mice. This was
verified by simultaneous measurement of nasal thermocouple
(TC) signals and plethysmography (PG). Our results confirm
reports from several decades ago which described slow rhythmic LFPs in the OB related to nasal air flow and breathing
[16–18]. At the time, however, these data could not be
independently verified due to lack of adequate digital analysis
tools. During subsequent years, the concept of respirationrelated rhythmic fluctuations of LFPs in OB was progressively replaced by a terminology which subsumed slow OB
rhythms as olfaction-related theta oscillations [25–28]; see
also discussion in [9]. From a different viewpoint, however,

4. Discussion
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theta oscillations are not just rhythmic fluctuations in the
respective frequency range (4–12 Hz) but share the characteristic behavioral features of hippocampal theta rhythms.
Theta oscillations occur during locomotion, exploration [29],
arousal, or fear [30, 31] or in REM sleep [32]. In contrast,
respiration-entrained rhythms in OB, if not masked by delta
waves during sleep, are present in any behavioral state. They
reflect respiration, and their amplitude is largest during
relaxed wakefulness [9, 33], a state when theta rhythm is
absent [29, 34]. Indeed, we have recently demonstrated that a
clearly distinct respiration-related rhythm (RR) occurs alone
or simultaneously with theta oscillations both in OB and in
upstream regions like the dentate gyrus of the hippocampal
formation [8, 9]. Hippocampal RR is generated by different
mechanisms than theta. For example, tracheotomy abolishes
RR but not theta oscillations, whereas atropine diminishes
theta but does not affect RR [8].
In the present study, we report that only PG, but not
TC or OB LFPs, is trustworthy proxy for respiration during
NREM sleep. While RR in OB repeatedly returned during
NREM and especially during REM sleep, the TC signal was
absent throughout NREM and REM sleep. This may be in part
explained by a decrease in nasal air flow during these states.
Indeed, total inspiratory flow in mice decreases continuously
from quiet waking to NREM and REM sleep [35]. Other
factors, like redirection of air flow inside the nasal cavity [36],
may contribute to the disappearance of respiration signals at
the TC. Interestingly, both signals, TC and RR in OB, regularly reappeared during microarousals, providing a potential
indicator of these brief states with enhanced vigilance.
In summary, investigating respiration and its related
oscillations in the mouse brain during NREM sleep requires
PG or other signals different from TC and RR in OB. In waking states of freely moving and behaving mice and in parts of
REM sleep with low respiration rates, however, OB LFPs can
be reliably used to measure respiration. In addition, we report
that RR peak power decreases with increasing respiration
rate under several behavioral conditions in wakefulness and
REM sleep. Our findings from mice are in good agreement
with earlier reports on anesthetized rats [37, 38]. In any
case, measuring respiratory rhythm during NREM sleep and
separating it from delta activity require great caution.

5. Conclusions
Local field potentials in the olfactory bulb of waking but not
sleeping mice reliably reflect respiration. This holds also true
for nasal thermocouples. In sleeping mice, the most accurate
method to record breathing is whole-body plethysmography.
Nasal thermocouples are completely unsuitable. Local field
potentials from olfactory bulb are reliable in parts of REM
sleep with low respiration rates but alone are not sufficient in
NREM sleep.
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[20] J. Brankačk and F. Klingberg, “Behaviour-dependent changes
of visually evoked potentials and their correlation to the
respiration rate in freely moving rats,” Acta Biologica et Medica
Germanica, vol. 41, no. 4, pp. 315–324, 1982.
[21] Use of Animals in Research, European Science Foundation
Policy Briefings, Strasbourg, France, 2nd edition, 2001.
[22] Institute of Laboratory Animal Resources, Commission on
Life Sciences, and National Research Council, Guide for the
Care and Use of Laboratory Animals, National Academy Press,
Washington, Wash, USA, 1996.
[23] G. Paxinos and K. B. J. Franklin, The Mouse Brain in Stereotactic
Coordinates, Academic Press, San Diego, Calif, USA, 2001.
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and P. Litaudon, “Faster, deeper, better: the impact of sniffing
modulation on bulbar olfactory processing,” PLoS ONE, vol. 7,
no. 7, Article ID e40927, 10 pages, 2012.
[38] E. Courtiol, C. Hegoburu, P. Litaudon, S. Garcia, N. FourcaudTrocmé, and N. Buonviso, “Individual and synergistic effects
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Breathing is a rhythmic behavior that requires organized contractions of respiratory effector muscles. This behavior must adapt
to constantly changing conditions in order to ensure homeostasis, proper body oxygenation, and CO2 /pH regulation. Respiratory
rhythmogenesis is controlled by neural networks located in the brainstem. One area considered to be essential for generating the
inspiratory phase of the respiratory rhythm is the preBötzinger complex (preBötC). Rhythmogenesis emerges from this network
through the interplay between the activation of intrinsic cellular properties (pacemaker properties) and intercellular synaptic
connections. Respiratory activity continuously changes under the impact of numerous modulatory substances depending on
organismal needs and environmental conditions. The preBötC network has been shown to become active during the last third
of gestation. But only little is known regarding the modulation of inspiratory rhythmicity at embryonic stages and even less on a
possible role of pacemaker neurons in this functional flexibility during the prenatal period. By combining electrophysiology and
calcium imaging performed on embryonic brainstem slice preparations, we provide evidence showing that embryonic inspiratory
pacemaker neurons are already intrinsically sensitive to neuromodulation and external conditions (i.e., temperature) affecting
respiratory network activity, suggesting a potential role of pacemaker neurons in mediating rhythm adaptation to modulatory
stimuli in the embryo.

1. Introduction
Breathing is a rhythmic behavior that must be continuously
expressed in order to ensure life. However, this vital function
must also be constantly adaptable to changing external
and internal conditions to satisfy the organism’s complex
metabolic needs. Thus, the central command for respiration
is under the influence of multiple neuromodulatory systems
arising from different parts of the central nervous system,
which participate in maintaining the efficacy and adaptability
of respiratory motor output.
Respiratory function is controlled by neuronal network
assemblages located in the brainstem. Several studies have
shown that the neural network of the preBötzinger complex
(preBötC) that generates inspiration plays a critical role in
respiratory rhythm generation [1–5]. This network contains
excitatory glutamatergic neurons, a subpopulation of which
expresses intrinsic membrane pacemaker properties [6–9].
The activity of the preBötC network is known to be influenced

by several biogenic amines and peptides, such as Substance
P (SP), opioids, serotonin, acetylcholine, and norepinephrine
(for review, see [10]). To adjust neural network operation,
by acting on either synaptic strength or cellular properties,
neuromodulators can regulate the frequency, regularity, or
amplitude of the respiratory motor burst rhythm, as well
as the generation of different respiration-related activities
(eupnea, sigh, and gasp) [11–18]. The actions of modulators
are mediated through the activation of specific receptors
whose expression in the preBötC area, at least for the
neurokinin 1 receptor NK1R (binding site for SP) and the 𝜇
opioid peptide receptors 𝜇OR, has been demonstrated [11].
The developmental emergence of the rhythmogenic neural circuits responsible for respiration occurs during the last
third of gestation. Typical anatomical and functional characteristics of the postnatal preBötC network are detectable
from embryonic day (E) 15.5 and E17.5 in mouse and rat,
respectively [19–21]. At the time of the onset of a respiratory
rhythmogenic capability, it has been shown that activity of
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the prenatal preBötC network can be influenced by SP and
DAMGO (a 𝜇 opioid receptor agonist) [19, 21]. However,
the cellular locus and mechanisms for modulation of the
respiratory rhythm by SP and DAMGO at embryonic stages
have not yet been investigated. In this context, moreover,
the presence of neurons possessing pacemaker properties in
the embryonic respiratory network has only been inferred
[19, 22], and the potential role of such cells in mediating
neuromodulatory influences on the embryonic respiratory
rhythm remains completely unknown.
In the present study, therefore, we aimed to investigate
whether respiratory pacemaker neurons could be involved in
the adaptability of the mouse embryonic respiratory network
activity to the influence of modulatory signals. We present
results on several such processes affecting the respiratory
network activity at prenatal stages. Specifically, we show
that the embryonic respiratory rhythm can be modulated by
exposure to changes in temperature and also by the peptides
SP and DAMGO. These two substances were chosen because
they are well known respiration neuromodulators (see above)
and also because they exert opposing effects on the postnatal
respiratory network, thus allowing the investigation of a large
range of activity changes. We find that some inspiratory
network neurons identified as pacemaker cells are intrinsically sensitive to both of these modulatory peptides as well
as to temperature. The effect on respiratory rhythm cycle
frequency observed at the network level under these different
extrinsic influences might therefore be mediated, at least in
part, through changes specific to pacemaker neuron activity
within the embryonic preBötC network.
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melting point agar block and serially sectioned plane in the
transverse in a rostral to caudal direction using a vibratome
(Leica). Transverse sections were cut until the axial level
of the facial motor nucleus was reached. Past its posterior
limit, an additional 250/300 𝜇m thick slice was removed in
order to reach the anterior axial level of the 450 𝜇m slice in
which the preBötC network was isolated. Slice preparations
were then placed in a recording chamber and continuously
superfused with oxygenated aCSF maintained at 30∘ C. The
slices were positioned rostral side up and maintained in
place by a grid to avoid any movement during optical and
electrophysiological recording sessions. We systematically
waited for 30 min before starting any recording procedures.
The temperature of the aCSF superfusant in the chamber was
set using a PTC-10 temperature controller (npi electronic,
Tamm, Germany) and a HPT-2 heated perfusion tube (ALA
Scientific Instruments, New York, USA).
2.3. Electrophysiology. Extracellular recordings of local population activity were made using an aCSF-filled glass macroelectrode fabricated from filamented borosilicate glass tubing
(Clark GC 150 F, Harvard Apparatus, France) and positioned
at the surface of the slice in the preBötC area on one
side. This electrode was connected through a silver wire
to a high-gain amplifier (AM System, Carlsborg, USA).
The signals were filtered (bandwidth 3 Hz–3 kHz), integrated
with a time constant of 100 ms using an electronic filter
(NeuroLog System; Digitimer, Hertfordshire, UK), recorded,
and stored on a computer via a Digidata 1322 interface
(Molecular devices, Sunnyvale, USA) and analyzed offline
using PClamp10 software (Molecular Devices).

2. Materials and Methods
2.1. Animals. All experiments were conducted in accordance
with guidelines issued by the European and French National
legislations on animal experimentation and have also been
approved by the Bordeaux University ethics committee. Pregnant OF1 mice were obtained from our local animal facility,
with the presence of a vaginal plug the day after mating
being considered as embryonic day (E) 0.5 in gestation.
Pregnant females were isolated in a separate cage until their
experimental use.
2.2. In Vitro Slice Preparations. Brainstem transverse slices
isolating the preBötC network were obtained from mouse
embryos harvested during the developmental period between
E16.5 and E18.5. The methods used for preparing slices
have been previously described in detail [19, 20]. Briefly,
after cervical dislocation of pregnant mice, embryos were
isolated and placed at 20∘ C under continuous oxygenation
(by bubbling 95% O2 /5% CO2 ) in artificial cerebrospinal fluid
(aCSF) with the following composition (in mM): 120 NaCl, 8
KCl, 1.26 CaCl2 , 1.5 MgCl2 , 21 NaHCO3 , 0.58 NaH2 PO4 , and
30 glucose, pH 7.4. The first step of the dissection consisted
of isolating the hindbrain by making a rostral transverse
section at the anterior limit of the rhombencephalon and a
caudal section at the level of the rostral part of the spinal
cord. After isolation, hindbrains were embedded in a low

2.4. Calcium Imaging. Slice preparations were incubated in
the dark at room temperature for 40 min in oxygenated
aCSF containing the cell-permeable calcium indicator dye
Calcium Green-1 AM (10 𝜇M; ThermoFisher, France). After
this incubation period, preparations were placed in the
recording chamber and an additional 30 min period was
followed in order to let the preparation recover and stabilize in oxygenated aCSF at 30∘ C. Fluorescent images were
captured from the rostral surface of the slice through a FN1
upright microscope (Nikon) equipped with a 40x objective,
a standard epifluorescent illumination system, and a fluorescein filter, coupled to either an Exiblue camera (QImaging,
Surrey, Canada) or an Andor camera (Andor Technology
Ltd., Belfast, UK) operating with an exposure time of 100 ms
in overlapping exposure and readout mode. Images were
acquired over periods lasting 120 s and analyzed using customized software developed by Dr. Mellen and Tuong [23].
Neuronal calcium transients extracted automatically using
this software were expressed as relative fluorescence changes
(Δ𝐹/𝐹) compared to silent periods.
2.5. Pharmacological Treatments and Statistics. The pharmacological cocktail used to synaptically isolate pacemaker
neurons contained 20 𝜇M 6-cyano-7-nitroquinoxaline-2,3dione (CNQX), 10 𝜇M DL-2-amino-5-phosphonovaleric acid
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(AP5), 1 𝜇M strychnine, and 10 𝜇M bicuculline (all from
Sigma).
Substance P (SP, Sigma) and the 𝜇 opioid receptor
agonist D-Ala2 -N-Me-Phe4 -Glycol5 -enkephalin (DAMGO,
Sigma) were dissolved in aCSF and bath-applied at their final
concentration of 0.5 𝜇M and 0.25 𝜇M, respectively. A single
modulatory drug was applied per preparation in order to
avoid cross effects. Preparations were exposed to a drug for
a 15 min period and its effects on respiratory rhythm cycle
frequency were analyzed at the end of this period using
Clampfit software (Molecular Devices). The reversal of any
observed effects was tested for each drug after a 30 min period
wash-out during which fresh aCSF was superfused in the
recording chamber.
Values are given as mean ± SEM. Student’s 𝑡 tests with a
Mann-Whitney Rank Sum test or ANOVA tests were used
to assess differences (taken to be significant at 𝑃 < 0.05)
between values in the presence of the drugs and controls.
2.6. Immunostaining. Isolated brainstem preparations were
fixed for 3 h in 4% paraformaldehyde, cryoprotected in 20%
PBS-sucrose overnight, and then cryosectioned at 30 𝜇m
using a cryostat (Leica). Sections were incubated for 1 h30 in
1% BSA and 0.3% Triton X-100, followed by affinity-purified
primary antibodies rabbit anti-NK1R (1/10000; Sigma) and
goat anti-ChaT (1/100; Millipore) overnight at room temperature. After multiple rinsing in PBS, sections were exposed for
2 h to the secondary antibodies Alexa Fluor 488-conjugated
donkey anti-goat IgG (1 : 500; ThermoFisher, France) and
Alexa Fluor 568-conjugated donkey anti-rabbit IgG (1 : 500;
ThermoFisher). After rinsing with PBS, sections were coverslipped, mounted in Vectashield, and observed on a Leica
microscope. Control experiments in which the primary antibodies were replaced by normal serum were also conducted
to ensure lack of labeling and antibody specificity.

3. Results
3.1. Modulation of the Embryonic Respiratory Rhythm. In
a first set of experiments, we tested the sensitivity of the
embryonic respiratory network to two well-known neuromodulators: SP that exerts an excitatory effect on the
postnatal respiratory rhythm and the 𝜇 opioid peptide agonist
DAMGO known to depress newborn respiration [11, 19]. Slice
preparations were obtained from embryos between E16.5
and E18.5. Because we could not detect any statistical differences between results obtained at different developmental
stages, data were pooled. Pharmacological agents were bathapplied for 15 minutes and changes in cycle frequency of
the spontaneous fictive respiratory rhythm were measured by
electrophysiological recording of preBötC network activity
at the end of the exposure period. As shown in Figures 1(a)
and 1(b), 0.5 𝜇M SP induced a significant cycle frequency
increase from 10 ± 0.9 bursts/min in control conditions to
17.8 ± 1.5 bursts/min in the presence of SP (𝑛 = 20).
This effect was partially reversible since the mean cycle
frequency returned to 12.6 ± 1.7 bursts/min after 30 min
wash-out with normal aCSF. Moreover, since SP is known
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to bind to neurokinin 1 receptors (NK1Rs), we verified that
NK1Rs were significantly expressed in the preBötC region
of our embryonic preparations. Immunostaining for NK1R
revealed that the respiratory network, located ventral to the
nucleus ambiguus which is itself identifiable by its choline
acetyltransferase (ChaT) and NK1R coimmunoreactivity, was
indeed positive for NK1R (Figure 1(c)).
Similarly, we investigated whether the embryonic respiratory rhythm could be modulated by the 𝜇 opioid receptor
agonist DAMGO. Bath application of 0.25 𝜇M DAMGO
induced a significant decrease in respiratory cycle frequency
from 11 ± 0.7 bursts/min in control conditions to 2.5 ± 0.9
bursts/min under DAMGO (𝑛 = 10) (Figures 2(a) and
2(b)). Indeed, in almost half of our experiments (𝑛 = 4),
the opioid agonist even caused a complete suppression of
the spontaneous respiratory rhythm (see bottom trace in
Figure 2(a)). However, in each case, the fictive respiratory
frequency returned towards control values conditions (9.1 ±
1.2 bursts/min) when preparations again superfused with
normal aCSF (Figure 2(a) bottom trace and gray bar in
Figure 2(b)). Altogether these experiments demonstrate that
the activity of the respiratory network can be strongly
modulated by both exogenous SP and DAMGO at prenatal
stages.
3.2. Identification of Pacemaker Neurons in the Embryonic
Respiratory Network. In order to be able to investigate the
role of pacemaker neurons in mediating this modulation of
the embryonic respiratory rhythm, we first had to locate this
specific cell type within the respiratory network. A pacemaker
neuron is characterized by its ability to remain intrinsically
capable of spontaneously generating rhythmically organized
activity even when synaptically isolated from all other neuronal partners in the network. However, pacemaker neurons
are known to comprise a very small proportion (<15%) of
the preBötC network [8]. Therefore, to more efficiently detect
these cells, we used calcium imaging that allows monitoring
simultaneously the activity of a large number of cells in a
single preparation. In control conditions, preBötC respiratory
neurons were identified by their expression of fluorescence
changes in phase with network electrophysiological activity
monitored by extracellular recording from the surface of the
slice in the contralateral preBötC area (Figure 3(a)). Then,
excitatory and inhibitory synapses were blocked by bath
application of a cocktail solution containing 20 𝜇M CNQX
to block glutamatergic synapses, 10 𝜇M AP5 to block NMDA
synapses, 10 𝜇M bicuculline to block GABAergic synapses,
and 1 𝜇M strychnine to block glycinergic synapses. Under
such conditions, the network fails to generate rhythmically
organized activity (see the Int preBötC trace in Figure 3(b); cf.
Figure 3(a)) and most of the cells fall inactive (see black traces
in Figure 3(b)). In contrast, a few neurons remain rhythmically active (see red traces in Figure 3(b)) and therefore are
likely to be constituents of the inspiratory pacemaker cell
population in the embryonic preBötC network. Investigating
the electrophysiological characteristics of these pacemaker
cells is beyond the scope of the present study and will be
reported elsewhere (Chevalier et al., in preparation). Here,
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Figure 1: Substance P- (SP-) dependent modulation of the embryonic respiratory rhythm. (a) Schematic of the embryonic transverse
brainstem slice isolating the preBötC network with the position of an extracellular recording electrode indicated. Integrated network activity
(Int preBötC) recorded in control conditions (top), in the presence of 0.5 𝜇M SP (middle) and after 30 minutes’ wash-out (bottom). (b) Pooled
data showing mean (± SEM) inspiratory burst frequency obtained from 20 embryonic slices in control conditions (CTL, white bar), after
15 min exposure to 0.5 𝜇M SP (black bar) and after wash-out (gray bar). SP significantly increased the frequency of the spontaneous preBötC
network rhythm. This effect was also partially reversible. The asterisk indicates significant difference at 𝑃 < 0.05. (c) Immunodetection of
NK1R receptors (red staining) in the preBötC area located ventral to the nucleus ambiguus (na) that was positive to both NK1R (red) and
ChaT (green). D: dorsal, M: medial, and na: nucleus ambiguus.
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Figure 2: DAMGO-dependent modulation of the embryonic respiratory rhythm. (a) Schematic of an embryonic transverse brainstem slice
used for extracellular electrode recording from the isolated preBötC network. Integrated network activity (Int preBötC) recorded in control
conditions (top), in the presence of 0.25 𝜇M DAMGO (middle) and after 30 minutes’ wash-out (bottom). (b) Pooled data showing mean (±
SEM) inspiratory burst frequency obtained from 10 embryonic slices in control conditions (CTL, white bar), after 15 min exposure to 0.25 𝜇M
DAMGO (black bar) and after wash-out (gray bar). DAMGO significantly decreased the preBötC rhythm frequency. This effect was reversible.
Asterisk indicates 𝑃 < 0.05.
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Figure 3: Detection of pacemaker neurons in the embryonic respiratory network. (a) Top: schematic of an embryonic transverse brainstem
slice used for extracellular electrode recording from the isolated preBötC network on one side and calcium imaging of the contralateral
preBötC network. The fluorescent image is an example where 32 preBötC cells expressed calcium transients simultaneously and in phase
with the whole network. Bottom: simultaneous recordings of network electrophysiological activity (Int preBötC, top) and calcium transients
(Δ𝐹/𝐹) in individual cells numbered 1–32 from top to bottom. All selected cells displayed fluorescent changes in phase with inspiratory bursts
monitored at the network level. (b) Same recordings after blockade of chemical synapses within the network by exposure to a cocktail of 20 𝜇M
CNQX, 10 𝜇M AP5, 10 𝜇M bicuculline, and 1 𝜇M strychnine. The majority of cells fell inactive (black traces), but a few neurons remained
capable of generating spontaneous rhythmic fluorescent changes (red traces). These cells were thus identified as preBötC pacemaker neurons.

however, the above population recording approach allowed
us to identify a total of 50 isolated pacemaker neurons in
38 preparations, which were subsequently tested for their
sensitivity to SP or DAMGO.
3.3. Intrinsic Sensitivity of Embryonic Pacemaker Neurons to
Substance P. With a test population of 24 cells (from 18
preparations) that were coactive with the preBötC network
in control conditions and that remained rhythmogenic after
synaptic isolation, we investigated their sensitivity to SP
by assessing the effects of bath-applied 0.5 𝜇M SP on the
frequency of somatic fluorescent variations (Figure 4(a)). As
illustrated in Figure 4(b), which shows effects also observed
for 16 out of the 24 investigated cells, the frequency of spontaneous fluorescent fluctuations was significantly increased
in the presence of SP. The mean frequency increased from
14.7 ± 2 bursts/min in conditions of synaptic blockade to
20.3 ± 2.2 bursts/min (𝑃 < 0.05, 𝑛 = 16) in the additional
presence of SP (Figure 4(c)). We also found 6 pacemaker
neurons for which SP application failed to induce any significant changes in their fluorescent signals and 2 further cells
that were initially silent after synaptic isolation but became
rhythmically active under SP. These latter neurons might
correspond to the so-called “conditional” pacemaker neurons
that become activated due to the membrane depolarizing
effects of SP [13]. Thus, together these results show that
a significant proportion of pacemaker neurons within the
embryonic respiratory network are intrinsically sensitive to
SP, strongly suggesting that they play a major role in the
overall frequency increase observed at the network level in
the presence of the neuromodulator.

3.4. Intrinsic Sensitivity of Embryonic Pacemaker Neurons
to DAMGO. With the 26 remaining pacemaker neurons
detected in 20 other preparations by the same isolation procedure, we examined their sensitivity to DAMGO (0.25 𝜇M).
Among them, 20 showed a significant decrease in calcium
transient frequency in the presence of the 𝜇 opioid receptor
agonist (Figures 5(a) and 5(b)), with the mean cycle frequency
declining from 12 ± 1.2 bursts/min in control conditions to
4.3 ± 0.9 bursts/min (𝑃 < 0.05) under DAMGO (Figure 5(c)).
For 6 of these neurons, we even observed a full blockade
of their spontaneous activity when exposed to DAMGO.
In contrast, the activity of the 6 remaining cells exhibited
no detectable modulation by DAMGO. These experiments
therefore indicate that a significant subpopulation of preBötC
pacemaker neurons are also already inherently sensitive to 𝜇
opioid peptides at embryonic stages and that these cells are
likely to participate in mediating the modulatory effects of
the 𝜇 opioid receptor agonist that we observe on the overall
activity of the preBötC network.
3.5. Intrinsic Sensitivity of Embryonic Pacemaker Neurons to
Temperature. Another potential source of respiratory activity
modulation is external cues, such as temperature. Indeed it is
well known that a temperature elevation evokes an increase
in respiratory frequency, probably to ensure cooling down
the body and returning the temperature to its normal range.
Therefore, we investigated first whether the fictive respiratory
rhythm at embryonic ages can already be modulated by
changes in temperature and, second, if pacemaker neurons
might play a role in this temperature-related modulation.
We recorded 7 slice preparations in conditions in which the

6

Neural Plasticity

2+

Ca

Frequency (bursts/min)

25
Control

Green1-AM

Cocktail
̈
preBotC

Cocktail + SP 0.5 𝜇M
50 𝜇m

20 s

(a)

ΔF/F
(4%)

n = 16

∗

20
15
10
0

Cocktail

(b)

+SP

(c)

Figure 4: Embryonic respiratory pacemaker neurons are sensitive to SP. (a) Schematic of an embryonic transverse slice showing location
of a preBötC network pacemaker neuron monitored with calcium imaging. (b) Traces of calcium transients recorded in the cell in control
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Figure 5: Embryonic respiratory pacemaker neurons are sensitive to DAMGO. (a) Schematic of an embryonic transverse slice showing
location of a preBötC pacemaker neuron monitored with calcium imaging. (b) Calcium transients recorded from the cell in control conditions
(top), after synaptic isolation (middle, cocktail), and in the presence of 0.25 𝜇M DAMGO (bottom). After isolation, the cell’s rhythmic activity
was suppressed in the presence of DAMGO. (c) Pooled data showing mean frequency (± SEM) of activity expressed by 20 pacemaker neurons
in cocktail (white bar) and under the presence of DAMGO (black bar). Asterisk: 𝑃 < 0.05.

temperature was increased steadily from 28∘ C up to 32∘ C,
while the frequency of the spontaneous preBötC network
rhythm was measured in both conditions (Figure 6(a)).
Despite the limited temperature range employed, we
observed a significant variation in mean frequency values
from 5.6 ± 0.5 bursts/min at 28∘ C to 9.7 ± 0.5 bursts/min at
32∘ C in all preparations tested, suggesting that the embryonic
respiratory network is indeed very sensitive to temperature
changes.
We then tested whether the activity of isolated inspiratory
pacemaker neurons is itself affected by changes in external

temperature. From 8 slice preparations, we identified 23 pacemaker neurons using calcium imaging and pharmacological
blockade of intranetwork synapses as described previously.
As illustrated in Figure 6(b), all cells (𝑛 = 23/23) in this
experimental series were rhythmically active in phase with
the whole network in control conditions and at a temperature
of 28∘ C. Also, when synaptically isolated at this temperature,
most of these pacemaker cells remained rhythmically active
at their own inherent frequency (𝑛 = 19/23), while 4 of
them ceased to generate any detectable activity (but see
below). Subsequently, increasing the temperature from 28∘ to
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Figure 6: The embryonic respiratory network and respiratory pacemaker neurons respond to temperature changes. (a) Left: schematic of
an embryonic transverse slice used for extracellular electrode recording from the isolated preBötC network. Middle: integrated traces of
spontaneous network activity recorded at 28∘ C (left) and at 32∘ C (right). Right: pooled data showing mean inspiratory burst frequency (±
SEM) in 7 slices in control conditions at 28∘ C (white bar) and at 32∘ C (black bar). Asterisk: 𝑃 < 0.05. (b) Left: fluorescent image showing
location of 4 preBötC network neurons monitored with calcium imaging. Middle: simultaneous recordings of network electrophysiological
activity (Int preBötC) and calcium transients in the 4 individual cells in control conditions at 28∘ C (left), after synaptic isolation in cocktail
at 28∘ C (middle), and in cocktail at 32∘ C (right). Note that the frequency of spontaneous cyclic activity in isolated cells 1 and 3 increased at
32∘ C, while that of cell 4 decreased and cell 2 only became active at the elevated temperature. Right: pooled data showing mean frequency (±
SEM) of activity expressed by 14 pacemaker neurons under cocktail at 28∘ C (white bar) and in cocktail at 32∘ C (black bar). Asterisk: 𝑃 < 0.05.

32∘ C induced four different responses. First, rhythmic activity
frequency increased for 14 of the pacemaker neurons from
3.7 ± 0.7 bursts/min at 28∘ C to 9.3 ± 1.3 bursts/min (see,
e.g., cells 1 and 3 in Figure 6(b)). Second, two neurons
exhibited an actual frequency decrease, as illustrated for
cell 4 in Figure 6(b). Third, 3 neurons were unaffected
by the temperature change. Fourth, 4 neurons behaved as
conditional pacemakers in that they were inactive at 28∘ C
but began to generate spontaneous fluorescent changes when
placed at 32∘ C (cell 2, Figure 6(b)). Altogether, these results
therefore indicate that the response of the respiratory network
to temperature elevation is complex at the pacemaker cellular
level, although the overall effect on network output is a
reliable increase in respiratory rhythm frequency.

4. Discussion
This study establishes that the respiratory network in murine
embryos is already functionally plastic in that its operation is
likely to depend on and adapt to the neuromodulatory milieu
and external temperature. In addition, we provide evidence

that pacemaker neurons in the preBötC network might be
importantly involved in several of the modulatory processes
targeting embryonic respiratory activity as indicated by our
finding that these pacemaker cells are individually sensitive to SP, DAMGO, and temperature changes. However,
it is probable that endogenous pacemaker neurons are not
the sole target for neuromodulators within the respiratory
network. Indeed it has been shown in the newborn rodent
that modulators such as SP and norepinephrine act on both
pacemaker and nonpacemaker inspiratory neurons [13, 16].
Moreover, not every pacemaker we recorded was sensitive
to SP, DAMGO, or temperature changes, which would be
consistent with a type of fail-safe mechanism in which
pacemaker neurons are not all involved in a given modulatory
function. So even though the role of pacemaker neurons in
respiratory rhythmogenesis is still a matter of some debate, it
is clear that at least some of them are capable of participating
in modulator-derived frequency adjustments of respiratory
network activity at embryonic ages.
There are several ways in which the patterned activity
of a rhythmogenic neural network can be modulated: by
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regulating the strength of its constituent neurons’ synaptic
connections, by modulating their membrane properties, and
by altering the size of the active cell population within the
network. Because we worked mainly on respiratory neurons
in functional synaptic isolation, we could not address the
first of these possibilities. Apart from the evidence that
our study provides in pinpointing the second of these
modulatory processes, we also found indications for the
third possibility, namely, a modulation of functional network
size. This derived from the finding that some preBötC
network cells, which were spontaneously silent after blockade
of synaptic connections, became rhythmically active upon
exposure to SP or temperature changes. These neurons
thus corresponded to the so-called conditional pacemaker
neurons for which specific extrinsic conditions are required
for their spontaneous bursting to occur [13, 16, 24]. On this
basis, therefore, the number of pacemaker neurons within
the embryonic respiratory network is not fixed but presumably can be dynamically regulated by neuromodulators or
external conditions that control the functional status and
thus participation of individual cells in generating network
activity. While the use of calcium imaging did not allow us
to identify the actual pacemaker cell membrane properties
modulated by SP, DAMGO, and temperature, it is relevant
that several types of pacemaker neurons have been previously
described in the respiratory network of the newborn rodent
[8, 9] and have also been found recently to exist in the
embryo (Chevalier et al., in preparation). This heterogeneity
derives mainly from differences in the membrane conductances activated during the pacemakers’ bursting activity.
Therefore, fully understanding the mechanisms underlying a given neuromodulator’s action would require testing
for its possible differential effects on distinct pacemaker
subtypes through specific actions on different membrane
conductance.
Another interesting aspect that we did not test is the
possibility that preBötC pacemaker neurons are individually
sensitive to multiple modulators that tune respiratory network function through simultaneous diverse and even opposing effects. In fact, in order to avoid nonspecific effects, we
deliberately chose to apply only one modulator/temperature
increase to each recorded pacemaker cell. The possibility
that a given pacemaker neuron might be coregulated by
several modulators would require it to possess the appropriate
assemblage of receptors and signal transducing pathways.
However, the physiological relevance of such a complex process would perhaps attribute the small subpopulation of pacemaker neurons with an overly predominant role in both generating and regulating the rhythmic activity of the preBötC
network. Nonetheless, the postnatal respiratory network in
rodents is known to be targeted by a variety of modulators
[10], including 5HT, acetylcholine, and norepinephrine which
have been shown to influence the respiratory network via at
least (but not exclusively) an action on pacemaker neurons
[12, 15, 16]. A further consideration is that some modulators
might be released by the same input terminals, as has been
proposed for raphe nuclear projections that can corelease
both Substance P and serotonin [25]. Additional experiments
are thus required to determine whether such comodulatory
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influences on preBötC pacemakers are also already effective
at prenatal stages. In any case, the modulatory control of
the respiratory rhythm is likely to rely on a subtle balance
between the influences of different extrinsic substances acting
conjointly and possibly by targeting the same neuronal
population(s).
The preBötC complex is also interconnected with various
other regions of the central nervous system [26], including a
second oscillatory network, the parafacial respiratory group
(RTN/pFRG), that contributes to generating the overall respiratory command [26–28]. Thus, respiratory rhythm modulation might also rely on a regulation of the activity of this
second oscillator and/or of the functional interconnections
between the two preBötC and RTN/pFRG oscillators. This
renders respiratory rhythm generation potentially even more
flexible, especially since it is already known that the two
oscillator half centers exhibit diverse sensitivities to the same
modulatory agent. For example, while both networks are
known to strongly express the NK1 receptor [11, 19, 28],
supporting the finding that their function is influenced by
Substance P with an excitatory action in both cases, it
has also been demonstrated that the preBötC network is
alone sensitive to DAMGO, while rhythmogenesis by the
RTN/pFRG network is unaffected by the opioid peptide
agonist [27, 29, 30]. This selective modulation is particularly
important at the time of birth when the maternal release of
endogenous opioids causes a depression of preBötC network
activity as the baby is born [31–33]. Although this opioidinduced depression could lead to prolonged apnea if not
counteracted, excitatory inputs from the unmodulated, still
active RTN/pFRG oscillator to the preBötC network might
facilitate the rapid reestablishment of inspiratory activity
required for survival immediately following birth. This
example of the wide functional flexibility of the respiratory
central command, while possessing the capability to remain
stable and compatible with survival, thus illustrates the
need for highly regulated and target-specific influences of
the network’s different modulatory input pathways. In this
context, it is also important to remember that other components of the overall respiratory system may be influenced
by neuromodulators, including respiratory motoneurons,
muscles, and sensory afferent signaling from the lungs.
In response to a temperature increase, mammals augment
their respiratory frequency in order to dissipate heat and
decrease body temperature. The present data indicate that this
response mechanism is already established in the respiratory
network of embryos and, furthermore, is a property of
the respiratory pacemaker neurons themselves. Here again,
however, the increase in pacemaker cell activity with augmented temperature is unlikely to be solely responsible for
the frequency increase observed at the network level. For
instance, it is known that a temperature elevation also induces
an enhancement of synaptic signaling within respiratory
circuitry, with both excitatory and inhibitory synapses being
affected [34]. In addition, augmenting temperature also
induces changes in the amplitude and duration of inspiratory
network bursting [24, 35]. Consequently, intercellular communication and bursting strength can be modified in hyperthermic conditions with resultant modifications in overall
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network function. We further show here that increasing
temperature elicits divergent effects on the subpopulation of
respiratory pacemaker neurons. Thus, the combination of
these diverse cellular and synaptic influences will together
contribute to the respiratory network’s response to elevated
temperature, with the preBötC pacemaker neurons probably
playing a significant role in governing network rhythmogenic
frequency. Obviously, our in vitro conditions are substantially
different from those in vivo, where multiple factors come
into play in the control of respiration as a function of body
and brain temperature. So even if our present findings show
that respiratory pacemaker neurons might be significantly
involved in the respiratory response to temperature changes,
other structures are also very likely to play important roles,
such as the hypothalamus, vagal feedback, and peripheral and
central chemosensitive structures [36–38].
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complex neurons,” Nature Neuroscience, vol. 8, no. 9, pp. 1142–
1144, 2005.
[3] J. M. Ramirez, S. W. Schwarzacher, O. Pierrefiche, B. M. Olivera,
and D. W. Richter, “Selective lesioning of the cat pre-Botzinger
complex in vivo eliminates breathing but not gasping,” Journal
of Physiology, vol. 507, no. 3, pp. 895–907, 1998.
[4] J. C. Smith, H. H. Ellenberger, K. Ballanyi, D. W. Richter, and J. L.
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