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ABSTRACT OF THE DISSERTATION

Motor control of heading in foraging versus rearing reveals multiple states for the coordination
of head motion with sniffing

by

Song-Mao Liao

Doctor of Philosophy in Physics
University of California San Diego, 2022

Professor David Kleinfeld, Chair

Breathing, one of the fundamental and indispensable rhythms of life, has been proposed to
serve as a “master clock™ that binds the orofacial sensory inputs in rodents (Welker, 1964;
Kleinfeld et al., 2014). Previous studies showed whisking (Moore et al., 2013; Deschénes et al.,

2016), nose twitching (Kurnikova et al., 2017), and head-bobbing (Kurnikova et al., 2017) are one-

X1v



to-one phase-locked to breathing as the rat explores its peri-personal space in a head-fixed setting
or on a small and confined platform.

In this work, we test this “breathing primacy hypothesis” (Kleinfeld et al., 2014) on the
foraging behavior in rats, where the orofacial motor actions may become more complex as the rat
has a larger field to explore. First, we delineate the motor control of the horizontal head movement
in the allocentric and egocentric coordinates. We show the coordination with breathing is bimodal
and depends on the postural states. We record the electromyogram (EMG) from neck muscles and
find their activities phase-locked to breathing at distinct phases, suggesting that the breathing
rhythm is involved in hierarchical motor control. We explore the dimension along the behavioral
repertoire and observe that the phase relationship between the neck muscles and breathing shifts
as the rat switches between the foraging and rearing states, accompanied by a change in the sniffing
rate. We use models of weakly coupled phase oscillators (Kuramoto, 1984; Kopell and Ermentrout,
1986; Kopell, 1988; Schuster and Wagner, 1989; Ermentrout and Kleinfeld, 2001; Kleinfeld and
Mehta, 2006) to explain the experimental results and show that the rat can pattern the motor outputs
differently by driving the neck oscillator with different breathing frequencies. Lastly, we delineate
the differential coordination of whisking and nose twitching with breathing in the foraging and
rearing modes. Together with the insights in the heading control, our work suggests that the fixed
connectivity among the brainstem oscillators can generate variable programs of motor outputs to

fulfill different behavioral goals.
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Chapter 1. Introduction

1.1 Rhythmic orofacial motor actions in rodents

Rodents form naturalistic behaviors with rhythmic orofacial motor actions. In whisking,
the macro vibrissae repeatedly protract and retract to scan for tactile information. During chewing
and licking, the jaw repeatedly opens and closes to gather life-sustaining nutrients and water. The
rhythmicity of these motor plants is proposed to be generated by the oscillators in the brainstem.
For example, the whisking oscillator has been identified in the intermediate reticular formation
(Moore et al., 2013; Deschénes et al., 2016). Neurons in this region (denoted vIRt) pace the
motoneurons of the vibrissa intrinsic protractors by rhythmic inhibition (Deschénes et al., 2016).
Putative oscillators for some other orofacial motor actions were also reported to be in the nearby
regions in the reticular formation. These motor actions include the twitching of the nose
(Kurnikova et al., 2019), chewing (Chandler and Tal, 1986; Nozaki et al., 1986; Nakamura and
Katakura, 1995; Stanek IV et al., 2014), and licking (Travers et al., 1997; Travers et al., 2000;
Chen et al., 2001; Stanek IV et al., 2014; Dempsey et al., 2021). Each oscillator patterns the outputs
of a set of muscles. For example, the chewing oscillator might need to recruit both the lingual
muscles (e.g., genioglossus and styloglossus) and the masticatory muscles (e.g., digastric and
masseter) to break down the food and to send to swallow. It’s crucial that the timing between
different muscle groups is paced accurately within each oscillator. Precise coordination is required
not only to achieve behavioral goals but also to avoid lethal errors, such as biting the tongue or
choking. Moreover, the same motor plant may receive the drives from multiple oscillators. To
avoid conflicts, the proper execution of the motor plants relies heavily on a robust coordinating

system between different oscillators. Because of the proximity of the putative orofacial oscillators



in the reticular formation, the coordination system is proposed to be located at the level of the

brainstem (Moore et al., 2014; Stanek IV et al., 2014).

1.2 Hierarchical orofacial control by breathing

Pioneering studies on the coordination among rhythmic motor outputs were performed by
von Holst, who recorded multiple states of “relative coordination” between different fin rays in
fish under various conditions (von Holst, 1939/1973). These observations led to the
“superimposition hypothesis” that one rhythm process may act upon other rhythmic processes to
influence them, or two rhythmic processes may act upon each other to cooperatively alter their
amplitudes and frequencies (von Holst, 1939/1973). Can a similar concept of hierarchical
interaction be applied to the oscillators for the orofacial motor actions in rodents?

Recently, the breathing oscillator has been proposed to play a critical role in arbitrating
orofacial rhythms (Welker, 1964; Moore et al., 2013; Kleinfeld et al., 2014; Moore et al., 2014).
The earliest clue came from a report published by Welker in 1964, where he noted that the
movements of the head, nose, and vibrissae are correlated with the sniffing cycle (Welker, 1964).
Since many orofacial motor plants share the usage of the upper airway, it is reasonable that the
breathing rhythm might serve as the arbitrator (Moore et al., 2014). In addition, studies also
showed that signal processing in the olfactory system is correlated with breathing in rodents.
Neuronal activities in the olfactory bulb in mice (Shusterman et al., 2011; Smear et al., 2011) and
the anterior olfactory nucleus pars externa in rats (Kikuta et al., 2010) are in synchrony with
respiration, suggesting that the decoding of olfactory information is also paced by the breathing

rhythm (Kleinfeld et al., 2014).



Recent work on the whisking circuitry unraveled the hierarchical motor control of vibrissae
by breathing (Moore et al., 2013; Moore et al., 2014; Deschénes et al., 2016; McElvain et al., 2018;
Takatoh et al., 2022). Until now, three oscillators that generate different phases of the breathing
cycle have been identified in the brainstem (Del Negro et al., 2018; Ramirez and Baertsch, 2018):
the pre-Botzinger complex (preBotC) for inspiration (Smith et al., 1991), the postinspiratory
complex (PiCo) for post-inspiration (Anderson et al., 2016), and the parafacial area (pF) for active
expiration (Pearce et al., 1989; Janczewski and Feldman, 2006; Guyenet et al., 2009; Huckstepp
et al., 2015). It has been shown that the preB6tC sends projections to reset the whisking oscillator
(vIRt) to coordinate vibrissa intrinsic protractors indirectly (Deschénes et al., 2016). The preBo6tC
also directly paces the motoneurons of the extrinsic vibrissa protractors and retractors (Moore et
al., 2013; Deschénes et al., 2016). These studies confirmed the role of the breathing rhythm in the
hierarchical control of whisking.

Nose-twitching is another example of hierarchical control by breathing. The wiggling of
the nose is generated by the activation of the muscle deflector nasi. Unilateral activation of
deflector nasi draws the nose ipsilaterally and upward, and balanced bilateral co-activation draws
the nose vertically upward (Deschénes et al., 2015; Kurnikova et al., 2017). In head-fixed rats,
deflector nasi is activated during expiration and correlated with breathing (Kurnikova et al., 2017).
Retrograde tracing from deflector nasi showed labeled cells in the preBotC, supporting the role of
the respiratory drive in the hierarchical control (Kurnikova et al., 2019). The preBotC also sends
projections to several regions in the brainstem reticular formation that contains the putative feeding
oscillators for chewing and licking (Tan et al., 2010). To sum up, all the above evidence supports
the “breathing primacy hypothesis” that breathing acts as a reference rhythm to bind multi-modal

(e.g., tactile, olfactory, and gustatory) sensory inputs with precise timing during inspiration, and



the orofacial motor plants (e.g., the vibrissae, snout, and tongue) are repositioned to the next peri-
personal region during expiration for the subsequent “snapshot” (Uchida and Mainen, 2003;

Kleinfeld et al., 2014; Kurnikova et al., 2017).

1.3 Validating breathing primacy hypothesis on foraging head control

Past studies on the coordination of orofacial motor actions and breathing were conducted
on head-fixed animals or in a confined apparatus that restricted full locomotion (Moore et al., 2013;
Kurnikova et al., 2017). Therefore, it is worthwhile studying animals performing naturalistic
behaviors in a larger field and asking if the coordination of the orofacial motor actions with
breathing becomes more complex. We choose the foraging behavior to test the breathing primacy
hypothesis. Foraging is a complex and dynamic process formed with exploration, navigation,
locomotion, head turns, rearing, and rich orofacial motor actions, as the animal searches for life-
sustaining nutrients. How does the rat incorporate the orofacial motor plants with breathing to find
the food source efficiently? In this work, we also expand the scope and study the coordination of
horizontal head movement with breathing during foraging. The horizontal movement of the head
is intrinsically different from other motor actions (e.g., whisking, chewing, or licking) because it
has a symmetrical axis — the torso midline. It would be interesting to see how the movement
relative to the symmetrical axis is programmed and coordinated with breathing in the foraging
behavior. Also, the orofacial motor plants (e.g., the vibrissae and nose) not only are driven directly
by their musculatures but also are moved indirectly by the head. The movement of the head
determines the regions in the peri-personal space where the orofacial motor plants can gather

sensory information. By understanding the coordination with the head movements, we can gain



more insights into the underlying circuitries in the brainstem that generate the rhythmic movements
of the orofacial motor plants.

In addition to the search on the two-dimensional horizontal surface, rodents in confined
(Gharbawie et al., 2004) or open environments (Fonio et al., 2009; Benjamini et al., 2011; Wexler
et al., 2018) perform vertical exploratory behaviors. Among the vertical exploratory behaviors,
rearing is the typical behavior in rodents in response to novelty or to collect distant cues for spatial
information (Lever et al., 2006). The rearing behavior indicates a shifted attention to the vertical
dimension in the animal’s peri-personal space and should be considered as an intrinsically different
behavioral module from the horizontal exploratory repertoire (Gharbawie et al., 2004; Lever et al.,
2006). First, rodents in novel environments build up exploratory behaviors with increasing extent
and complexity, with vertical exploration developed after horizontal exploration (Fonio et al., 2009;
Benjamini et al., 2011; Wexler et al., 2018). Second, rats recovering from akinesia by bilateral
hypothalamic damage regain horizontal and vertical movements at different rates (Golani et al.,
1979). Third, rearing and horizontal locomotion in rodents can be dissociated by pharmacological
manipulations (Hargreaves and Cain, 1992; Wu et al., 2005; Lever et al., 2006). These results
motivated us to study the rearing behavior in addition to the horizontal foraging behavior. By
delineating the coordination of the head movements with breathing in the foraging and rearing
behaviors, we can understand how the rat incorporates its orofacial motor plants, which are hard-
wired in the sensorimotor system, into diverse behaviors in natural environments.

Chapter 2 describes the details of the experimental procedures and the pipeline of data
processing. In Chapter 3, we study how the heading control coordinates with breathing in rats
undertaking foraging and rearing modes. In Chapter 4, we report our results of electromyogram

(EMG) recordings from the neck muscles and delineate their coordination with breathing and the



synergistic outputs. We use weakly coupled oscillators (Kuramoto, 1984; Kopell and Ermentrout,
1986; Kopell, 1988; Delaney et al., 1994; Roelfsema et al., 1997; Golubitsky et al., 1998;
Ermentrout and Kleinfeld, 2001; Buchli and Ijspeert, 2004; Ghigliazza and Holmes, 2004;
Kleinfeld and Mehta, 2006) to model the interaction between breathing and head movement and
discuss how motor outputs can be reprogrammed to form different behaviors with fixed
connections in the brainstem circuitry. In Chapter 5, we revisit whisking and nose-wiggling and
delineate their new features in the foraging and rearing states. Lastly, Chapter 6 summarizes the

results.
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Chapter 2. Materials and methods

Behavioral training and surgical procedures were in accordance with the animal use
protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the University

of California San Diego.

2.1 Experimental subjects
Thirty-three Long-Evans adult female rats, with body weights ranging from 240 grams to

430 grams, were used in this study.

2.2 Behavioral training

Animals (Long-Evans rats) were trained to forage for food under food restrictions. Before
food restriction, body weight was measured as the baseline. Each food restriction period was no
longer than five consecutive days. After five consecutive days of food restriction, animals had at
least two days of ad libitum food access.

Animals were weighed daily during the food restriction period. The current food restriction
period ended immediately if the weight dropped below 0.8xbaseline. During the food restriction
period, supplemental food was provided to ensure that the rats were not deprived of food for more
than 24 hours.

During the training and recording sessions, the rat was placed inside the foraging arena.
Food pellets were dropped into the arena one at a time at random locations after an auditory cue.

The experiment ended when the rat no longer foraged for food.



2.3 Surgical procedures

All surgical procedures were in accordance with the animal use protocol approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of California San Diego.

Surgeries were performed under the injection of ketamine (50 mg/kg-rat) and xylazine (5
mg/kg-rat). The level of anesthesia was monitored regularly by pinching the foot pad.
Supplemental doses of ketamine (15 mg/kg-rat) and xylazine (1.5 mg/kg-rat) were provided when
needed. Injection of buprenorphine (0.03-0.05 mg/kg-rat) was given before and after the surgery.
At surgery, an incision was made along the midline above the skull to the nose. After cleaning the
skull surface, 6-8 head screws (McMaster-Carr) were implanted. A hole (Bur Carbide FG '2, Henry
Schein) was drilled on top of the nasal cavity, and a sterile thermocouple (5TC-TT-K-36-36,
Omega) was inserted into the nasal cavity. The thermocouple wires were attached to the skull with
Loctite 401 and Jet Acrylic (Lang Dental), and the end was soldered to a pair of 2.5 mm male pins
connectors.

The electromyogram (EMG) electrodes were made with tungsten wires (#795500, A-M
Systems). A pair of tungsten wires (coating removed at ~1 mm at the tips) were aligned with a 1-
3 mm distance between the bare tips, depending on the size of the target muscle. The tips of the
electrodes were bent to create a hook. For EMG recordings in intrinsic vibrissae muscles, bipolar
needle electrodes (Loeb and Gans, 1986) were used, where the electrodes are passed through a 25-
26G hypodermic needle. For EMG recordings in all other muscles, bipolar suture electrodes (Loeb
and Gans, 1986) were used, where the hook of the tungsten electrodes is tied to a silk suture.
Electrodes were autoclaved before surgery. For implanting electrodes to the vibrissa intrinsic
muscles, the hypodermic needle was passed subcutaneously from above the nasal bone to reach

the vibrissae follicles. The needle was then gently pulled out, leaving the electrodes in place. For



implanting electrodes into all other muscles, surgical procedures were performed to expose the
target muscle. Target muscles were identified using literature as references (Bekele, 1983; Brichta
et al., 1987; Callister et al., 1987; Hill et al., 2008; Deschénes et al., 2015) and dissection studies
(15 animals). Muscles deflector nasi and nasolabialis were accessed from above the nasal bone.
Access from the dorsal neck was made to expose muscles splenius, biventer cervicis, and
clavotrapezius. Access from the ventral neck was made to expose muscles sternomastoid and
cleidomastoid. After exposing the target muscle, a silk suture was passed through the muscle belly
gently to drag the electrodes into the muscle body. After exiting, the silk was tied back to the facia
near the entry point to secure the location of the electrodes. We used electrical stimulation (Model
2100, A-M Systems) to re-confirm the location of the implanted electrodes by sending a pulse train
of 0.2 milliseconds duration, 4.8 milliseconds burst width, 1.2 milliseconds inter-pulse period, and
100-500 pA of current (Hill et al., 2008). A reference electrode was made with a tungsten wire
(#795500, A-M Systems), with ~5 mm striped from the tip. The reference electrode was placed
under the skin near the incision. The ground wire was made of a silver wire (#786000, A-M
Systems) soldered to one of the head screws. Finally, the ends of the tungsten and silver electrodes
were soldered to 10-pin male connectors (Samtec). All surgical incisions were closed with sutures.

In 17 animals, an orientation sensor was implanted into the torso subcutaneously between
T1-T6 vertebrae by incision on the back. The torso sensor (BNOO0S55, Adafruit) was covered with
epoxy for insulation and sterilized. The surgical incision was closed with sutures. In all animals, a
10-pin female connector (Samtec) was fixed to the skull with Jet Acrylic. The head orientation
sensor (BNOOS55, Adafruit) was attached to the connector before the start of each recording

session. After surgery, animals took rest for at least two full days. Post-operative animals were



checked regularly to monitor their conditions. Details of the procedures of each animal reported in

this work are listed in Table 1.

Table 1: Surgical procedures in this work. In all animals, a thermocouple is implanted, and a head sensor is
attached. L: Left muscle. R: Right muscle. SM: Sternomastoid. CM: Cleidomastoid. CT: Clavotrapezius.
SP: Splenius. BC: Biventer cervicis. VI: Vibrissa intrinsic. NL: Nasolabialis. DN: Deflector nasi. Torso:

Torso sensor.

# ID SM CM CT SP BC VI NL DN | Torso
1 | SLRO87 X
2 | SLROS9 X
3 | SLR090 X
4 | SLR092 X
5 | SLR093 X
6 | SLR094 L+R

7 | SLR095 X
8 | SLR096 L+R | L+R

9 | SLR097 L+R | L+R

10 | SLR099 L L+R R

11 | SLR100 L+R

12 | SLR102 L+R X
13 | SLR103 L+R X
14 | SLR105 L+R X
15 | SLR106 L+R X
16 | SLR107 L+R

17 | SLR108 L+R X
18 | SLRI1I0 | L+R | L+R X
19 | SLRII1 | L+R | L+R X
20 | SLR112 L+R | L+R X
21 | SLR113 L+R | L+R X
22 | SLRI114 | L+R

23 | SLR115 L+R | L+R X
24 | SLRI116 L+R L+R

25 | SLRI117 L+R L+R

26 | SLR119 L L L L X
27 | SLR120 L L L L

28 | SLRI121 L L L L

29 | SLR122 L L L L

30 | SLRI23 L L L L

31 | SLR124 L L L L

32 | SLRI125 L+R | L+R

33 | SLR126 L+R | L+R

10



2.4 Video annotation and location tracking

As the rat was foraging inside the arena, the entire foraging process was recorded by a
Basler camera (acA2040-90umNIR) above the arena at 20 fps. We used DeepLabCut (Mathis et
al., 2018; Nath et al., 2019), a 2-D convolutional neural network-based algorithm, to track the
animal’s location. From each recording video, about 20 frames picked by DeepLabCut were
labeled manually to mark the location of the rat’s lower (sacral) torso. The labeled data were split
into a 19:1 ratio for training and validation. We used a batch size of 1 and a learning rate of 0.005
with the SGD optimizer and trained a Resnet-50 model (Insafutdinov et al., 2016; He et al., 2016)
for two iterations (20,000 epochs each). Other parameters were set to default. The tracking results
were saved as a CSV file. To locate the center of the arena, we fitted the floor boundary with an
ellipse (Gal, 2022).

We inspected all video files to manually label the frames where the rat performed
miscellaneous behaviors, including scratching, dog-shaking, grooming, urinating, defecating,

biting, and freezing. Data taken under these miscellaneous behaviors were not used in the analyses.

2.5 Data recording and pre-processing

The breathing signal was recorded from the rat by connecting the thermocouple to an
amplifier (DAMS80, World Precision Instruments). We used a 0.1 Hz high-pass filter, 100 Hz low-
pass filter, and x10000 gain. The connectors of the EMG electrodes were connected to a
homemade pre-amplification stage to obtain a gain of x400 and were high passed at 0.1 Hz
(https://neurophysics.ucsd.edu/lab/16 channel ephys second stage.pdf). Breathing and EMG
signals were recorded at 20 kHz (40 kHz in six animals) with the data acquisition system

(PowerLab, ADInstruments) and were saved to the hard drive.
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Head and torso orientation sensors (BNOO0S55, Adafruit) were connected to a development
board (Teensy 3.2, PJRC) via the I12C port. The orientation and movement signals from the head
and torso sensors were read by Arduino code adopted from the Adafruit BNOOSS library
(https://github.com/adafruit/Adafruit BNOO055). Signals were sampled at 100 Hz, and the
timestamps of each sample were sent to the breathing and EMG acquisition system with a pulse
signal. Sensor data were displayed on the Arduino Serial Monitor and were saved to the hard drive
at the end of each recording session.

Pre-processing of data was done in MATLAB (MathWorks) code. First, we took the
difference in the EMG signals between the electrode pair to obtain the differential EMG. The
differential EMG was low passed at 300 Hz by a third order Butterworth low-pass filter and high
passed at 9,999 Hz by a third order Butterworth high-pass filter. We then obtained the demodulated
EMG envelope by taking the absolute value of the signal, low passed at 50 Hz with a third-order
Butterworth filter, and down-sampled it to 2 kHz.

Digitized breathing data were low passed at 20 Hz with a fifth-order Butterworth filter,
high passed at 1 Hz with a third-order Butterworth filter, and down-sampled to 2 kHz.

The torso location-tracking data (see Chapter 2.4) were low passed at 4 Hz with a third-
order Butterworth filter and were interpolated to 2 kHz with a cubic spline.

The head and torso orientation data were interpolated to 20 kHz with a cubic spline. The
head orientation data were low passed at 25 Hz with a third-order Butterworth filter. The torso
orientation data were low passed at 4 Hz with a third-order Butterworth filter. Finally, we took the
difference between the head yaw and torso yaw to obtain the relative head-torso yaw, and we set
the mean of the head-torso yaw angle of the entire recording to zero.

All digital filters were run in both forward and reverse directions to zero phase distortion.

12



2.6 Data analysis

Data analysis was performed with MATLAB (MathWorks) code. Spectral analyses
(spectra and coherence) were performed with the MATLAB Chronux package (Mitra and Bokil,
2008; Kleinfeld and Mitra, 2014; http://chronux.org/). The processing of the breathing signal
followed the standard routines in a previous study (Kurnikova et al., 2017). We applied the Hilbert
transform to locate the breathing signal’s local peaks (corresponding to maximal inhalation) and
local troughs (corresponding to maximal exhalation). The inspiration onsets were defined to be the
10% rise times from every trough to its following peak.

To extract the peaks from the pre-processed EMG envelope (Chapter 2.5), we used the 90
percentile value (calculated from all recording sessions in the same animal) as the minimum height
threshold. We used 0.5xstandard deviation (calculated from all recording sessions in the same
animal) as the minimum prominence. We removed outliers whose values are greater than the
99.99" percentile. To extract the peaks in the movement signals from head and torso sensors, we
used the 75 percentile value as the minimum height and 0.5xstandard deviation as the minimum

prominence.
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Chapter 3. Motor control of head movement

3.1 Foraging and rearing inside the arena

We train rats to forage inside an arena of one-meter diameter (Figure 1A). After an auditory
cue, food pellets are dropped into random locations in the arena one at a time. The foraging session
is run in the dark to reduce the utilization of visual information. The rat’s location is tracked with
DeepLabCut (Mathis et al., 2018; Nath et al., 2019). The trajectories show that the rat takes

curvilinear paths visiting multiple locations in the arena (Figure 1B).

Camera Handomly
IR lamp dropped pellet

D \? / Q iaod’in-gi?f

i Mﬂéund' ._

20 cm

Figure 1: (A) Rat forages inside an arena (diameter = 1 m) for food pellets (B) Trajectories of 72 foraging
trials by one rat. The red trajectory shows the path of a single foraging trial in Figure 5.

We measure the breathing signal in 33 rats by implanting a thermocouple (5TC-TT-K-36-
36, Omega) into the nasal cavity (Figure 2). We flip the polarity of the thermocouple so that
increasing voltage values indicate inhaling and decreasing voltage values indicate exhaling. We
simultaneously measure the movements of the head by attaching an orientation sensor (BNOO0S5S5,
Adafruit) to the skull (Figure 2). The orientation sensor provides the head’s orientation, angular
velocities, and accelerations in the three-dimensional space. In 17 rats, a second orientation sensor

is embedded subcutaneously in the torso to measure the torso’s orientation, angular velocities, and
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accelerations (Figure 2). In both the measurements of head and torso movements, we define the
horizontal (yaw) rotation to be positive when the turning is clockwise (CW, viewed from above)
and negative when the turning is counterclockwise (CCW). Likewise, we define the vertical (pitch)
rotation to be positive when the turning is upward against gravity (Up) and negative when the

turning is downward (Down).

Thermocouple

Head sensor

Torso sensor k

Figure 2: Recording of breathing and head/torso movements with the definitions of signs.

We manually inspect the video data and remove frames where the rat performs
miscellaneous behaviors such as scratching and grooming (see Chapter 2.4). When examining the
videos of the recording sessions, we note that as the rat is foraging, it places its head near the floor
and performs rich head movements and locomotion to visit multiple locations in the arena (Figure
1B). We denote this dominating behavioral mode as the “foraging” state (Figure 3A). In addition
to the foraging state, the rat occasionally stops its locomotion and rears up to sniff in the air. We
denote this behavioral mode as the “rearing” state (Figure 3A). The foraging and rearing states
reflect different behavioral contexts and underlying proposes (Chapter 1.3). To categorize these
two states quantitively, we use the pitch angle of the head as the sole feature. Figure 3B shows the

probability density distribution of the head pitch angle from 29 rats. We fit the distribution with
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three Gaussians and use the intersections (-16.5° and 43.5°) as the thresholds for defining the
behavioral states. The animal is defined to be in the foraging state if its head pitch is below -16.5°
and in the rearing state if its head pitch is above 43.5° (Figure 3B). We don’t use the data where
the head pitch is lying between -16.5° and 43.5° or when the rat is performing miscellaneous
behaviors (see Chapter 2.4). We keep these threshold values (-16.5° and 43.5°) as our

hyperparameters for later analysis of new animals.
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Figure 3: (A) Illustration of the foraging and rearing states. (B) Probability density distribution of head
pitch angle fitted with three Gaussians. Data pooled from 29 rats. Inlet shows a recording epoch with
behavioral classification (blue: foraging, red: rearing).

With this behavioral classification scheme, the whole recording session can be visualized
as a time series interleaved with different behavioral modes, as the animal switches between
foraging and rearing states (Figure 4). We will compare the coordination of orofacial motor actions

with breathing in these two states.
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Figure 4: Classification of the foraging (blue) and rearing (red) states. Data from four recording sessions

of two rats.

3.2 Rhythmic head movements and breathing

We start by delineating the control of the head movement in the foraging state. Figure 5

shows the example data of a foraging epoch. We define the relative head-torso yaw by subtracting

the torso yaw angle from the head yaw angle and removing the offset associated with that recording

session (see Chapter 2.5). The dynamics of the head-torso yaw angle reflects the motor control

strategy of the heading in the rat’s egocentric coordinate, i.e., with the torso midline as the

reference. The probability density distribution of the head-torso yaw angle is shown in Figure 6,

ranging from -60° to +60° (n = 17).
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Figure 5: Example data of head/torso movements and breathing in a foraging epoch.
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Figure 6: Probability density distribution of the head-torso yaw angle. Data pooled from 17 animals. The
red curve shows the Gaussian fit (mean = 0°, std = 19.7°).

In all rats, breathing is recorded simultaneously (n = 33, Figure 5). Based on the frequency
(reciprocal of the period), breathing cycles in rodents can be categorized into “basal breathing”
(less than 4 Hz) or “sniffing” (more than 4 Hz; Kepecs et al., 2007; Moore et al., 2013). During
foraging, the breathing rhythm is dominated by sniffing ranging from 8 Hz to 14 Hz (Figure 7;
Figure 8). This frequency band is faster than the sniffing rate recorded from head-fixed animals (4
Hz to 8 Hz; Moore et al., 2013; Kurnikova et al., 2017). We also find that as the animal switches

from foraging to rearing, the sniffing rate drops to a slower range of 6-10 Hz (Figure 9). The
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phenomenon is observed in 32 of 33 rats (P < 0.001 in 32 of 33 rats, Kolmogorov-Smirnov test).
Interestingly, these two different ranges of sniffing rates (during rearing and foraging) were also
observed by Kepecs et al. in freely moving rats during odor sampling (6 — 9 Hz) and the pre-reward
periods (9 — 12 Hz; Kepecs et al., 2007). In that report, Kepecs et al. discussed the two different
sniffing modes in the aspects of “information sampling” and “reward prediction” (Kepecs et al.,
2007). We will discuss another possible reason for this frequency shift in Chapter 4 and Chapter 5
as we use computational models to study the motor control of the head and the nose.

We find that horizontal head movement is the superposition of two rhythms in the foraging
state. It consists of a slower rhythm lower than 5 Hz and a faster rhythm centered at around 10 Hz
(Figure 7; Figure 8). We denote the slower component as “head orientation”, where the animal is
taking a longer turn to reposition its head into a different mean direction. We denote the faster
component as “head scanning”, where the animal is making wiggles of small magnitudes for a
confined and localized search. The two components correspond to different functional goals. It is
reminiscent of the vibrissae movement in which the motion of the vibrissae is the superposition of
a faster whisking component and a slow-varying component of the set-points (Berg and Kleinfeld,
2003; Hill et al., 2008; McElvain et al., 2018).

We find the movement of the head is correlated with breathing (Figure 10). The coherence
analysis between the head-torso yaw velocity and breathing shows that the two rhythms are phase-
locked (Figure 8B). Head-scanning is phase-locked with sniffing in all rats (above the 95%
confidence interval, n = 17), and head orientation is phase-locked with basal breathing in 7 of 17
rats. The result confirms that, like whisking (Moore et al., 2013) and nose twitching (Kurnikova
et al., 2017), horizontal head movement (head scanning and orientation) shares the same drive with

respiration (sniffing and basal breathing).
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Figure 7: Spectrograms of breathing, head-torso yaw velocity, and their coherence during a foraging trial
(data shown in Figure 5). Spectrograms and coherence were calculated with a moving window of size 5
seconds and step size of 0.1 seconds. Half-bandwidth = 1 Hz, with 9 tapers. 95% confidence level of
coherence: 0.56.
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Figure 8: (A) Spectra of breathing and the velocities of head-torso yaw and head pitch. Data are shown
with Jackknife error bars. Data from one animal (582 windows of size = 4 s, half-bandwidth = 1 Hz, with
7 tapers). (B) Coherence between breathing and head-torso yaw velocity during foraging. Data from one
animal (582 windows of size 4 seconds, half-bandwidth = 2 Hz, 15 tapers). The horizontal line indicates
the 95% confidence level.
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3.3 Bimodal patterns in head scanning

The coherence analysis only reports the power that is linearly transferred between the two
signals. To identify any nonlinear patterns, we extract all the peaks (clockwise head scans) and
troughs (counterclockwise head scans) of the head-torso yaw velocity data (Figure 11) and make
the raster plot of the peaks with respect to the inspiration onsets (Figure 12). In both directions
(CW and CCW), we observe two clusters of the peaks inside the sniff cycle — one cluster during

inspiration and the other during expiration (Figure 12; Figure 13). We call them inspiratory (INS)

and expiratory (EXP) head scans, respectively.
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Figure 11: Identification of the clockwise and counterclockwise peaks (grey dots) in head scanning.
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[lustrations of the inspiratory (middle) and expiratory (right) modes are shown separately. Breathing
cycles are sorted vertically by lengths. Data from one animal.
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The bimodal (inspiratory and expiratory) pattern of correlation between head scanning and
sniffing is novel compared to other orofacial behaviors (e.g., nose-wiggling and head-bobbing)
that only take upon a single preferred phase inside a sniff (Kurnikova et al., 2017). To better
understand their intrinsic properties statistically, we select the head scans that reach the maximal
speed within a window of size n/2 radians centered at 0.96 radians (55 degrees) and 4.28 radians
(245 degrees) in the sniff (8-14 Hz) cycle to represent inspiratory and expiratory head scans
respectively. We ask what behavioral contexts or features can distinguish inspiratory and
expiratory head scans. In 17 rats with an implanted torso tensor, we plot the probability density
distributions of the animal’s distance to the arena wall and the speed of locomotion of inspiratory
and expiratory head scanning (Figure 14). For the distance to the wall, we observe 6 rats have P <

0.05 between the two modes (Figure 14B, Kolmogorov—Smirnov test). In the other 11 rats, we are
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unable to reject the null hypothesis that the two samples are from the same probability distribution.
The speed of locomotion in 11 rats is a feature to tell apart inspiratory and expiratory head scans

(Figure 14C, P <0.001 in 11 of 17 animals, Kolmogorov—Smirnov test).
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Figure 14: (A) Locations in the arena where the rat makes inspiratory (INS) or expiratory (EXP) head
scans. (B) Probability density distributions of INS and EXP head scans as a function of the distance to the
wall. (C) Probability density distributions of INS and EXP head scans as a function of the locomotion
speed. Data from one animal.

In all rats, we find the probability distribution of the instantaneous head-torso yaw velocity
is significantly different between inspiratory and expiratory head scans (Figure 15). We plot the
distribution of clockwise and counterclockwise head scans separately. In both directions, we have
P <0.001 in 16 of 17 rats (Kolmogorov—Smirnov test). The one remaining animal has P < 0.05.
We find that the distribution of expiratory head scanning has a larger tail than the distribution of
inspiratory head scanning. It suggests that, in general, the speed of the head is faster in expiratory
head scans and slower in inspiratory head scans (in the rat’s egocentric coordinates). This is
consistent with the notion of the “breathing primacy hypothesis” (Chapter 1.2) that the rat might
use the inspiration to gather a batch of sensory information (Kleinfeld et al., 2014; Kurnikova et

al., 2017). Therefore, it is beneficial to the animal to minimize the speed of the head so that it
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obtains the greatest spatial resolution to decode sensory information. On the other hand, the
exhalation phase is supposed to be the time window for the animal to reposition its orofacial motor
plants into the next neighboring location for the subsequent sniff (Kurnikova et al., 2017).
Therefore, in general, the speed of the head is faster during the expiratory head scanning. Our data

support the breathing primacy hypothesis.
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Figure 15: Probability distributions of the head-torso yaw velocity of INS and EXP head scans,
conditioned on the direction (CW or CCW) of the scan. Data from one animal.

Figure 16 shows the probability density distributions of INS and EXP head scans as a
function of the instantaneous head-torso yaw angle. It shows that regardless of the direction (CW
or CCW) of the scan, head scanning is more likely to be inspiratory when the head is turning
inward to the torso midline and is more likely to be expiratory when the head is turning outward
away from the torso midline (P < 0.001 in 16 of 17 animals). This “inward-inspiratory/outward-
expiratory” coordination is also observed in mice (Findley et al., 2021). We hypothesize that as

the rat forages, the region that is further away from it is more likely to be the unvisited area where
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the rat has less information. As a result, scanning away from the torso midline is more likely to be
bound to the expiratory phase as the rat relocates to the next area of interest for subsequent
information sampling (Figure 17). By comparison, this bimodal division is less evident when the
rat is in the rearing state (Figure 18).

To sum up, by recording the movements of the head and torso directly from wearable
sensors, we show that the horizontal head movement is coordinated with breathing in a bimodal

(inspiratory inward and expiratory outward) way that supports the breathing primacy hypothesis.
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Figure 16: (Top) Probability density distributions of head-torso yaw angle of INS and EXP head scans in
CCW (left) and CW (right) directions. (Bottom) The proportion of INS and EXP head scans as a function
of the head-torso yaw angle.
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Figure 17: Illustration of the preferred respiratory phases (INS or EXP) of inward and outward head

scans.
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Figure 18: Probability density distributions of head-torso yaw angle of INS and EXP head scanning in
CCW (left) and CW (right) directions during rearing. Data pooled from 17 animals.

3.4 Allocentric heading control

In this section, we discuss the control of heading in the allocentric coordinates, i.e., in the
arena’s coordinates. Foraging is a process where the animal needs to increase the encounter rate
with the food source (Viswanathan et al., 2011). The pattern of its heading control in the allocentric
coordinates might reflect the animal’s navigational strategy to search for food pellets whose

location is unknown. If the animal doesn’t change its heading, the trajectory will be a straight line,
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and the animal will frequently miss the food pellet that is just a little deviated from its current path.
On the other hand, if the animal takes turns too frequently, it will waste much of its efforts
revisiting the same locations that contain no food source. To delineate the dynamics of the
allocentric heading control, we plot the absolute value of the turning angle of the head at varying
lengths of the temporal step size (Figure 19A, n = 33). The mean of the heading difference is 6.7°
at the sniffing (or head scanning) timescale (0.1 seconds) and 13.9° at the basal breathing (or
orientation) timescale (0.25 seconds).

To further study the dynamics of allocentric heading at different timescales, we can take
the turning angle as a diffusion process and plot the mean squared turning angles at different
lengths of the temporal step size in a log-log scale plot (Figure 19B, n = 33). The Hurst exponent
(H), defined as the half of the slope on the log-log plot, characterizes the diffusion process of the
turning angle during foraging (Viswanathan et al., 2011). The diffusion is ballistic when H =1 and
Brownian when H = 0.5. From our foraging data (Figure 19B), we see that the Hurst exponent
varies at different timescales. The diffusional property of the allocentric heading is close to ballistic
at sniffing timescales and becomes more diffusive at longer timescales. This is a characteristic
feature of a correlated random walk, where the animal holds a “directional memory” that dissipates
at timescales longer than the correlation time (Viswanathan et al., 2005; Viswanathan et al., 2011).

We follow the framework developed by Viswanathan et al. (Viswanathan et al., 2005;
Viswanathan et al., 2011) and assume that the rat’s locations at two subsequent time steps (size of
the time step is denoted by to) are r; and ri+1, with a turning angle of 0. The two-point correlation
function of a single time step is:

<71 'Tiz1 > <71i1i41C080 >

c(1) =
(1) <TiTiy1 > <TiTipq1 >
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Under the assumption that the step size of the locomotion and the turning angle of the head
are sampled from mutually independent and identically distributions, the correlation function can
be written as (Viswanathan et al., 2005; Viswanathan et al., 2011):

C(1) =< cosf >
Because of the Markovian property, the correlation function over multiple time steps (t =

Nto) is (Viswanathan et al., 2005; Viswanathan et al., 2011):

t

C(N)=C(Dbo=e

iln<cos€> _t
to =

=e

The correlation time (7) can be viewed as the lifetime of the correlation of the turning
angles (Viswanathan et al., 2005; Viswanathan et al., 2011). We estimate it from our data by
plotting the mean (across all trials and animals) of the cosine of the turning angle, as a function of
varying temporal time steps. Figure 19C shows the results from 33 rats. The correlation is close to
1.0 at small timescales, meaning that the rat tends to remain and correlate the heading to its current
heading (directional memory). The correlation drops below 0.9 at the step size of 1.5 seconds.

Therefore, the correlation time (7) of the turning angle (i.e., the lifetime that the directional

memory lasts) is:

to B 1.5
In <cos6 > In(0.9)

~ 14.2 seconds
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Figure 19: (A) Mean absolute turning angle at different unit step sizes (B) Mean squared turning angle at

different unit step sizes. The Hurst exponents are fitted at the sniffing (0.01-0.15 s, red), basal breathing

(0.25-1.0 s, orange), and macroscopic (1.25-10 s, black) timescales. (C) Mean cosine of turning angle at
different unit step sizes. Data pooled from 33 animals.
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Chapter 4. Neck muscle recruitment and modeling

In the previous chapter, we delineate the bimodal coordination of the horizontal head
movement with breathing, i.e., inspiratory inward head scanning and expiratory outward head
scanning. However, the signals from the head and torso sensors only give us the resultant
movement from the net torque exerted by all neck muscles. It’s still unknown whether the
commands of the two respiratory modes (inspiratory and expiratory) descend to the same neck
muscle or different muscles. To better understand the control of the head movement at the level of
neural circuitry, it’s crucial to delineate the pattern of the final motor outputs from the neck
musculature. In this chapter, we delineate the recruitment of the neck muscles during the foraging
and rearing states. At the end of this chapter, we discuss some computational models that provide
insights into understanding the connections and functionality of the brainstem circuitry that

patterns the head movement.

4.1 Electromyogram recordings in neck muscles

The posture and movement of the head in the three-dimensional space involve at least 14
pairs of neck muscles (Bekele, 1983). In this work, we report the electromyogram (EMGQG)
recordings from five selected muscles (Figure 20) due to the feasibility of surgical procedures and
the well-studied understanding of the locations of motoneuron pools and compositional types of
their muscle fibers (Brichta et al., 1987; Callister et al., 1987). We record EMGs from three
ventrolateral neck muscles: sternomastoid (SM), cleidomastoid (CM), and clavotrapezius (CT), as
well as two dorsal neck muscles: splenius (SP) and biventer cervicis (BC). Figure 21 shows the

example data of the EMG signals from the five neck muscles during foraging.
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Cross-correlations of the EMG envelopes with the head (or head-torso) movements
confirm the roles of all five muscles in the horizontal head control (Figure 22, Figure 23). The
coherence analysis of the neck EMG envelopes with the head yaw velocity (Figure 24) shows that
all the five muscles are phase-locked to heading in the allocentric coordinates. We find muscle SM
has the weakest coherence with the horizontal movement of the head (but is still above the 95%
confidence interval). The coherence of the neck EMGs with the head-torso yaw velocity shows
that four (CM, CT, SP, and BC) of the five muscles are coherent with the egocentric horizontal

head movement (Figure 24).

CT

Clavotrapezius
SM

Sternomastoid

Ventral

Figure 20: (Left) Illustration of ventral neck muscles sternomastoid (SM), cleidomastoid (CM) and
clavotrapezius (CT). (Middle) Illustration of dorsal neck muscles splenius (SP) and biventer cervicis
(BC). (Right) Coronal section showing the relative locations of the muscles. Figures adapted from
Brichta et al., 1987 and Callister et al., 1987. Yellow asterisks indicate the approximate locations where
the electromyogram (EMGQG) is recorded.
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Standard errors are shown. Correlation averaged from windows of size 4 seconds (SM/CM: 34 windows
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Figure 24: (Left) Coherence of neck EMG envelopes with head yaw velocity. Data pooled from SM: 7,
CM: 8, CT: 11, SP: 10, BC: 7 animals. (Right) Coherence of neck EMG envelopes with head-torso yaw
velocity. Data pooled from SM: 2, CM: 3, CT: 4, SP: 3, BC: 3 animals.

The activities of all five neck muscles are correlated with breathing during foraging and
rearing (Figure 25, Figure 26). We find that (1) the five neck muscles can be categorized into two
subgroups that are correlated with sniffing at distinct phases and (2) the preferred respiratory phase
of each subgroup shifts as the animal switches between the foraging and rearing states. The first
subgroup consists of muscles SM and CM, which are recruited at the expiratory phase of sniffing
during foraging and at the inspiratory phase during rearing. The other subgroup consists of muscles
CT, SP, and BC, which are recruited at the inspiratory phase of sniffing during foraging and at the
expiratory phase during rearing (Figure 25, Figure 26). The coherence analysis confirms that the
neck EMG envelopes are phase-locked to sniffing during both foraging and rearing (Figure 27).

The phase-locking is accompanied by (1) a change in the entrainment frequency that is

consistent with the frequency shift in sniffing between the two states (Figure 9) and (2) a shift of
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~7 radians relative to the sniffing rhythm (except for muscle CT whose phase shift is ~n/2 radians)

between the two states (Figure 27).

Foraging Rearing

"4“"3
| 2uV | 5uv
s~/ N~ s\~ |

Breathing = ot S Breathing /_\_[/_\_/"_"‘-
: 5 UV
e ' | \_jv\,—/-\— |
Breathing Breathing W
10 uv uVv
cT M |
Breathing Breathing W""“
50 uV I 10 uv
sp /\_/.\/\/' I sP /“’\}-/"J\/ |
Breathing Breathing /\_.I/\/\
50 uv i 10 uv
/\J\/\/ I BC /\/\)I/‘Af\\/— I
Breathing Breathing <« ~~_” " ——
1 1
-0.1 0 0.1 0.2 -0.1 0 0.1 0.2
Time from inspiration onsets (s) Time from inspiration onsets (s)

Figure 25: Cross-correlation of neck EMG envelopes with the inspiration onsets in the foraging (left) and
rearing (right) states. The standard errors are shown. Data from individual animals. Number of inspiration
onsets (foraging/rearing): SM (10,932/990), CM (7,513/2,645), CT: (7,486/1,658), SP: (13,686/1,572),
and BC: (14,805/473).
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Figure 26: Raster plots of the neck EMG peaks with respect to the inspiration onsets and the probability
density distributions of the phases in the sniffing cycle in the foraging (left) and rearing (right) states.

Phase

Figure 27: Coherence of the neck EMG envelopes with breathing in the foraging (left) and rearing (right)
states. Coherence averaged from segments of size 4 seconds, with half-bandwidth of 1 Hz and 7 tapers.
Data pooled from SM: 7, CM: 8, CT: 11, SP: 10, and BC: 7 animals. Number of segments
(foraging/rearing): SM (1,803/67), CM (2,039/74), CT (3,013/158), SP (2,557/110), BC (1,435, 115).
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4.2 Head scanning and orientation by neck muscles

Combined with the results in Chapter 3.3, we can illustrate the synergistic motor control
of head scanning as the rat forages in Figure 28. After the inspiration onset, muscles CT, BC, and
SP are recruited during inhalation. In the meantime, the scanning is more likely to be inward. After
maximal inhalation, the sniff cycle enters expiration, where muscles SM and CM are recruited to
drive the head during exhaling. In the meantime, the scanning is more likely to be outward. With
the completion of the sniff cycle, the rat completes a round of head scanning of its peri-personal

space (Figure 28).

CM

SM
Timescale of -:&
individual sniffs A\Bc

CT

Figure 28: Depiction of head scanning with sequential activation of the neck muscles.

We identify an additional role of the muscle cleidomastoid (CM) by plotting the cross-
correlation between the left and right muscles (Figure 29). In addition to the correlation at the time
delay of zero (bilateral co-activation), CM also shows a peak at around + 0.25 seconds, the
timescale of head orientation (Figure 8). Therefore, CM is also responsible for the control of head

orientation. At the timescale of multiple sniffing, unilateral CM is continuously activated to drive
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the head to the ipsilateral side. In the meantime, the EMG envelope consists of multiple peaks
individually synchronizing with each sniffing cycle (Figure 30). This can be observed from the
example data shown in Figure 21. All the other four neck muscles (SM, CT, SP, and BC) exhibit
bilateral co-activation (Figure 29). The net torque from all neck muscles on both sides of the rat

determines the resultant direction of the heading.

Left and right EMG cross-correlation
o

Lag time (s)

Figure 29: Cross-correlation of the left and right neck muscles. Asterisks mark the activities related to
head orientation in cleidomastoid (CM).

Timescale of
orientation

End of
| orientation

Figure 30: Illustration of head orientation with ipsilateral cleidomastoid (CM) activation.
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4.3 Model of weakly coupled oscillators: reciprocal coupling

We now turn to our experimental observation that in the neck muscles (SM, CM, SP, and
BC), there is a phase (with respect to breathing) shift of ~n radians as the rat switches between the
foraging and rearing states (Figure 27). The phase difference between the neck activities and
breathing depends on the behavioral mode and is accompanied by a shift in the sniffing frequency
(Figure 9). The phenomenon can be explained by a computational model with two weakly coupled
phase oscillators with a propagation time delay (Kuramoto, 1984; Kopell and Ermentrout, 1986;

Kopell, 1988; Schuster and Wagner, 1989; Ermentrout and Kleinfeld, 2001; Figure 31).
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Figure 31: Weakly coupled oscillators with reciprocal connections.

The model of weakly coupled oscillators has been applied to study the traveling waves in
lamprey’s spinal cord, Mollusk’s olfactory lobe, and the cortex activity in cats (Cohen et al., 1982;
Kuramoto, 1984; Kopell and Ermentrout, 1986; Delaney et al., 1994; Roelfsema et al., 1997,
Ermentrout and Kleinfeld, 2001). In the model, two oscillators are coupled reciprocally by mutual
interactions. One is the breathing oscillator, and the other is the putative neck oscillator that

patterns the activities of all neck motoneurons. We use a single variable, the phase (W5 and Wy),
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to represent the set of the oscillator’s state variables (e.g., the membrane potential and the gating
variables of the ion channels) on its limit cycle. Each oscillator has its intrinsic frequency (denoted
by fg and fn in Hz or by ws and wn in radian/s), which is the rate of the oscillation if there’s no
external perturbation. The coupling between the two oscillators is weak, meaning that the
interaction is only big enough to affect each other’s phase and timing on its limit cycle but is not
strong enough to change the shape of the limit cycle (Kuramoto, 1984; Kopell and Ermentrout,
1986; Kopell, 1988; Ermentrout and Kleinfeld, 2001).
We follow the framework and derivation by Schuster and Wagner (Schuster and Wagner,
1989) by assuming that the interaction is symmetric and takes a form that depends on the phase
difference between the two oscillators:
(W — Wy) = Tosin (W — ¥y)
[(Wy — Wp) = Tosin (Wy — ¥s)
With this form of reciprocal interaction and a propagational time delay t, we can write
down the following equations that govern the phases of the two oscillators (Schuster and Wagner,

1989):

d
quN(t) = wy + [ sin[¥(t — 1) — Py ()] (1)

%WB(Q = wg + [, sin[Py(t — 1) — P (1)] (2)

In Eq (1) and Eq (2), wy and wp are the intrinsic angular frequencies (in radian/s) of the
two oscillators. They are given by:
wy = 2mfy
wp = 2nfp

When the two oscillators are phase-locked, we have:
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dLP(t)—d‘P(t)
dt NV T de B

We use Q to denote the angular frequency at which the two oscillators are entrained. This
is the frequency that we can measure by experiments. We use o to denote the constant phase
difference of the neck oscillator relative to the breathing oscillator (¢ = W — Wp) when they are
phase locked. A positive a means the neck oscillator lags the breathing oscillator and vice versa.

With these notations, we can write (Schuster and Wagner, 1989):

Yy(t) =Qt +% 3

W, (6) = Ot —% 4)

Substituting Eq. (3) and Eq. (4) into Eq. (1) and Eq. (2), we have:
Q=wy—Tysin(Rt+a) (5
Q=wg—Tysin(2t —a) (6)

Solving equations (5) and (6) arithmetically for Q and o, we can obtain the following

expression for Q) (formatted as in Schuster and Wagner, 1989):

(l)N‘l‘O)B
2

(wy — wp)?

=0 (7

f(Q) = — Q — T, tan(27) \/cosz(Qr) —

The solution of Q can be found numerically by finding the intersection(s) of f({) in Eq.
(7) with the x-axis. Once we obtain Q, we can solve for the phase difference a based on the sign
of cos (1) (Schuster and Wagner, 1989):

If cos(2t) > 0,

Wy — Wp

2T, cos(Qr))

a = sin"I(

Otherwise,
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Wy — Wp
2T, cos(Qr))

a =1 — sin™1(

From our experiments, we observe Q ~ 22x radian/s (11 Hz) when the rat is foraging and

Q ~ 16r radian/s (8 Hz) when the rat is rearing. We note that for the phase difference between the
two oscillators to shift, we need to have the signs of cos(£27) be opposite between the two states,

ie.,

2n—-Dm
16w T <T <22nt, n=1,2,3..

When n =1 or 2, we can obtain the propagation time delays that are less than 100 msec (t
is in [22.73, 31.25] msec for n = 1 and in [68.18, 93.75] msec for n = 2). We don’t consider
propagation time delays that are longer than 100 milliseconds.

We further assume that the intrinsic frequency of the neck oscillator is 197 radian/s (9.5
Hz). We restrict the coupling strength (I)) in the range of [1, 10] (in Hz) and solve for wg and I,
with varying propagation time delays (7) such that the two oscillators can be phase locked at 8 Hz
and 11 Hz. We find that when the time delay is in the range of [22.73, 31.25] msec, we can only
generate a phase shift ranging approximately from 0.027 (t = 25.1 msec) to 0.44xn (t = 30.4 msec).
These values are not close to our experimental data, where we observe the phase shift to be about
© radians.

When the time delay is in the range of [68.18, 93.75] msec, we can generate a phase shift
ranging from 0.297 (t = 88 msec) to 0.82n (1 = 79.9 msec). We show the solution with T = 79.9
msec in Figure 32, where we plot f(Q) (see Eq. (7)) for the foraging and rearing states. The two
curves intersect with the x-axis at 11 Hz (foraging) and 8 Hz (rearing) respectively. When the
intrinsic frequency of breathing is 20.6xn radian/s (10.3 Hz) with the coupling strength I, = 3.38n

radian/s (1.69 Hz), the two oscillators are phase-locked at 11 Hz with a phase difference of -0.107x
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(two oscillators are almost in phase). When the intrinsic frequency of breathing shifts to 18n
radian/s (9 Hz) with the coupling strength Iy = 3.34xn radian/s (1.67 Hz), the two oscillators are
phase-locked at 8 Hz with a phase difference of -0.922x (two oscillators are almost in anti-phase).
The net phase shift between the two states is approximately 0.815n radians (Figure 32, bottom

panel). This phase shift is close to what we observe experimentally.
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Figure 32: A solution to the reciprocal coupling model for head movement. (Top) The function f(Q) (Eq.
7) in the foraging (blue) and rearing (red) states. Their intersections with the x-axis are the frequencies at
which the two oscillators are locked. (Bottom) The phase difference of the neck oscillator from the
breathing oscillator.
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We can infer the stability of the solutions by the linear stability analysis (Schuster and

Wagner, 1989). We add small perturbations to the equilibrium solutions:
L NOER HGERMONC)
Wy(t) = W' () +&5(0) (9)
The perturbations ¢y and ¢ take the forms:
En(t) et
Ep(t) oc et
The assumption on the form of the perturbations indicates two properties. First, with the
propagation time delay we have:
En(t—1) = e Mgy
Ep(t—1) = e Mg

Second, by taking the time derivatives,
d 1$n@®] _ , [Ev(®
zltnol =)

By substituting Eq. (8) and Eq. (9) into Eq. (1) and Eq. (2), we obtain:

OO+ %EN (£) = wy + Tosin[¥g" (¢ — D) + &5 (t = 1) = ¥y (1) — &y (1)

= wy + Ty sin [W57(t — 1) — W' () + e 4E(8) — En(B)]

Y5 (0 + %EB (£) = wp + Ty sin[y(t = 7) + &y (t = 1) — W5 (1) — £(1)]

= wp + o sin [$y(t = 1) = W57 (1) + e 778 () — £5(0)]
By assuming that the perturbation terms are small, we expand the last term in both

equations and obtain:

P wea(e) + %f,\,(t) = wy + Ty sin[¥, (¢t — 1) — ¥y ()] + Tocos[¥y(t — 1) — Wyl (6)] [e *7E5 () — En(D)]

d
75 (0) + -85 (t) = wp + Ty sin[#y7 (¢ — ) — ¥ ()] + Ty cos[Wy (£ = 1) = ¥ (O] [e™*én (6) = E5(0)]
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The equilibrium solutions satisfy Eq. (1) and Eq. (2):

d
(0 = wy + Ty sin [W57 (£ = 2) = Wi (0)]

d
Ewﬁ‘l(zz) = wp + [y sin [$E(t — 1) — WEI(t)]

We therefore have:

d
2w () = T cos[#5(t = 1) = Wy ()] [e™¢5(6) — & (0)]

d
EfB(t) =Ty COS[WI{ISq(t —-7) — W:q(t)] [e~*7&yn () — E5(D)]

With Eq. (3) and Eq. (4), we obtain:

d
—- (1) = Tocos (A7 + ) [~¢n (1) + e 77E5(0)]

d
EfB(t) = Tycos (Ot — a)[e &y (t) — &5(D)]
We can rewrite it as:

d [fN(t)] _ l
Toe *cos (At —a)  —Tycos(Qr — )

a —Tycos(Qr +a) Toe *cos (Ot + a) [{N(t)] - [EN(t)
dt [$5(t) B

$p(t) $p(t)

The stability of the above differential equations can be inferred by solving the eigenvalues
of the matrix M (Schuster and Wagner, 1989):

— _ —-At
detl Tocos(Qt+a) — 4 Tye *cos (AT + @) —0

Tye **cos (At —a) —T,cos(Qt—a)—2
Solutions with negative A are stable. Solutions of the foraging and rearing states in Figure

32 are found to be unstable. It motivated us to consider the next model (Chapter 4.4).
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4.4 Model of weakly coupled oscillators: unidirectional coupling

The previous reciprocal model relies on the assumption that the two oscillators are
coupled reciprocally. Although our data show the existence of respiratory drives in the neck
muscle activities (Figure 27), it is still unknown whether there is a projection from the neck
oscillator to the breathing center. Here we discuss a simpler model with only a unidirectional
coupling (Kleinfeld and Mehta, 2006) with a propagation time delay from the breathing

oscillator to the neck oscillator but not vice versa (Figure 33).

Breathing Weakly Putative neck
oscillator Coupled oscillator

Propagation
time delay =t

Figure 33: Weakly coupled oscillators with the unidirectional connection.

In the unidirectional model, we can write down the equations of the phases of the two

oscillators as follows:

%WN(t) = wy + [y sin[¥p(t — 1) — Py ()] (10)

d
2t Ps(0) = wp (11)

When the two oscillators are locked, we have:

d

d
EWN(t) = %WB(U = Wp
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The above equation indicates that the breathing oscillator drives the neck oscillator at the
intrinsic breathing frequency wg. Again, by assuming that the phases of the two oscillators take

the forms of equations (3) and (4), we can solve equations (10) and (11) and obtain:

Wy — W
) —wpr (12)

— oin—1
a = SIn

The solution for phase-locking exists if:

Wy — Wp

<1 (13
<1 a3)

In addition to Eq. (13), we require that the phase difference shifts by m radians between the
foraging and rearing states. The unidirectional model gives us a wide range of feasible solutions
for the time delay with varying coupling strengths I}y (Figure 34). The minimal coupling strength
is Iy =3.02n radian/s (1.51 Hz), with a time delay of 12.2 msec. As the coupling strength increases,
the time delay and the system stability (see the next paragraph) also increase. The solution Eq. (12)
can be interpreted as a straight line on the x-y plane, where the x-axis is the propagation time delay

7, and the y-axis is the phase difference o between the two oscillators. The slope of the line is —w3,

and the intercept at the y-axis is given by sin‘l(wN —8 ). Figure 34 depicts a solution with the
0

r
parameters wy = 19w radian/s (9.5 Hz), [, = 3.1n radian/s (1.55 Hz), and t = 27 msec, where the
two oscillators are phase-locked at 11 Hz during foraging with a phase delay of 0.987x radians (in
anti-phase) and are phase-locked at 8 Hz during rearing with a phase difference of -0.013xn radians

(in phase). This solution yields a total phase shift of & radians between the two behavioral states.
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Figure 34: The unidirectional coupling model. (Top) The phase difference as a function of the
propagation time delay, with the coupling strength = 1.55 Hz, intrinsic neck frequency = 9.5 Hz, and time
delay = 27 msec. (Bottom) The propagation time delay that yields a phase shift of & radians, as a function

of the coupling strength.

The stability of the solutions in the unidirectional model can be inferred by adding a small
perturbation to the equilibrium solution of the phase of the neck oscillator.
Wy (8) = Wyl (1) + &n(0)

By substituting into Eq. (10), we have, with Eq. (3) and Eq. (4):

d d d
ELPN(t) = Elpﬁq(t) + EfN(t) = wy + Iy sin[—wpT — a — &, (¢)]

We can expand the above equation to:
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d g d . _
EWN () + EfN(t) = wy + [ sin(—wgT — a) cos(fN(t)) — Ihcos (—wpT — a)sin (&y (1))

With a small perturbation (& (t) < 1):

d d
E‘Pﬁq(t) + EEN(t) = wy — [ sin(wpT + a) — [hcos (wpT + @)éy(t)

Finally, because the equilibrium solution by its definition satisfies:

E‘Pﬁq(t) = wy — I, sin(wpT + @)

We can obtain the following equation for the perturbation:

d
%fN(t) = —Tycos (wT + a)éy(t)

We can see that the solution is stable if the term cos (w7 + @) is positive and unstable if
cos (wpT + a) is negative. The solutions shown in Figure 34 are stable in both the foraging and

rearing states. The stability increases as the coupling strength increases.

4.5 Summary

By directly recording the EMG signals from the neck muscles, we show that the neck
muscles are coordinated by multiple phases in the breathing generator during foraging (Figure 25;
Figure 26). We show that the phase relationship and frequency of the phase-locking shift between
the foraging and rearing states (Figure 27). The observation can be explained by simple
computational models of weakly coupled oscillators with reciprocal (Figure 31; Figure 32) or
unidirectional (Figure 33; Figure 34) coupling. In both models, the rat can shift the phase of the
rhythm of its head movement with respect to breathing by driving its sniffing rhythm at frequencies
above or below the intrinsic frequency of the neck oscillator. The observed difference in the

sniffing rates during foraging and rearing states might be a means for the rat to switch the phase
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relationship of its neck motor outputs to meet any specific behavioral needs or goals with fixed
neuronal connections in the brainstem. We will discuss more details and the implications in

Chapter 6.
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Chapter 5. Motor control of vibrissae and nose

We have delineated the bimodal coordination of the heading control with breathing and
showed a phase shift that can be explained by simple computation models of weakly coupled
oscillators. We now ask whether there are other orofacial motor actions that also show a phase
shift with breathing that depends on the behavioral states. In this chapter, we revisit two orofacial
motor actions that have been shown to be phase-locked with breathing in past studies — whisking

(Moore et al., 2013; Deschénes et al., 2016) and nose twitching (Kurnikova et al., 2017).

5.1 Coordination of vibrissae and nose

To study whisking, we measure the EMG signal from vibrissa intrinsic muscles (VI). VI
wraps around the follicle and protracts the vibrissa (Hill et al., 2008; Figure 35). We also record
the EMG from the extrinsic muscle nasolabialis (NL), which retracts the vibrissae by pulling back
the mystacial pad (Hill et al., 2008; Figure 35). To record the motor action of the nose, we record
the EMG from deflector nasi (DN), which is the only muscle that controls the nose movement by

drawing it ipsilaterally and upward (Deschénes et al., 2015; Kurnikova et al., 2017; Figure 35).

Vlbrissae\ \
- -
Vibrissa intrins 2 \ \
-

Caudal «——— Rostral

Figure 35: Illustration of the anatomy of vibrissa intrinsic muscles (VI), extrinsic vibrissa retractor
nasolabialis (NL), and nose muscle deflector nasi (DN). The anatomical illustration of VI is adapted from
Hill et al., 2008.
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Figure 36 and Figure 37 show the example EMG data of VI, DN, and NL, along with the
head movement and breathing. Their cross-correlation plots with the inspiration onsets are shown
in Figure 38 and Figure 39. When the rat is in the rearing state, vibrissae are protracted during
inspiration and retracted during expiration, and the nose twitches during expiration. These
activation patterns and relative timings are similar to the results in head-fixed rats (Hill et al., 2008;
Moore et al., 2013; Kurnikova et al., 2017). Interestingly, as the rat switches to foraging, the
activation patterns show differently (Figure 38; Figure 39). VI is still recruited during inspiration
but with a wider EMG envelope peak that suggests a prolongation in the activity (n = 3). The
activity of NL advances when the rat is in the foraging state (n = 3). The activity in the nose muscle
DN becomes inspiratory in the foraging state (n = 7), with two peaks in the EMG envelope during
inhaling (Figure 38; Figure 39). Consistent with these findings, the coherence analysis shows that
the phase difference of DN relative to breathing shifts approximately by n/2 radians between the
foraging and rearing states, and the phase of NL relative to breathing is advanced by approximately

n/4 radians as the rat switches from rearing to foraging (Figure 40).
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Figure 36: Example data of vibrissa intrinsic (VI) and deflector nasi (DN) EMG recordings.
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Figure 37: Example data of nasolabialis (NL) EMG recordings.
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Figure 38: Cross-correlation of vibrissal and nose muscles with inspiration (4 — 14 Hz) onsets. Standard
errors are shown. Data from individual animals. Number of inspiration onsets (foraging/rearing): VI
(12,852/2,763), NL (11,702/1,133), and DN (10,791/3,450).
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Figure 39: Raster plots of the peaks in vibrissal and nose EMG envelopes with respect to inspiration
onsets and the probability density distributions in the sniff (4 — 14 Hz) cycle during the foraging (left two
columns) and rearing (right two columns) states.
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Figure 40: Coherence of VI, NL, and DN EMG envelopes with breathing in the foraging and rearing
states (4-second windows, half-bandwidth = 1 Hz, with 7 tapers). Data pooled from VI: 5, NL: 3, DN: 7
animals. Shaded areas indicate the standard errors (Jackknife). The horizontal lines show the 95%
confidence levels.

5.2 Computational models for nose-twitching

The phase difference between the EMG of the nose muscle deflector nasi (DN) and
breathing is approximate -0.062n radians at 11 Hz during foraging and 0.586m radians at 8 Hz
during rearing (n = 7, Figure 40). This gives a total phase shift of 0.648x radians between the two
states. With the same framework (Schuster and Wagner, 1989) discussed in Chapter 4.3 and
Chapter 4.4, we use computational models of weakly coupled phase oscillators (reciprocal and
unidirectional) to study the interaction of the nose and breathing oscillators.

Figure 41 shows one solution to the reciprocal coupling model with a 78.4 msec
propagation time delay, and the intrinsic frequency of the nose oscillator is assumed to be 9.5 Hz
(wy = 197 radian/s). The intrinsic frequency of the breathing oscillator is 20.4n radian/s (10.2

Hz) during foraging and 16m radian/s (8 Hz) during rearing. The coupling strength of the
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interaction is 3.22x radian/s (1.61 Hz) during foraging and 3x radian/s (1.5 Hz) during rearing.
With these parameters, the two oscillators can be phase-locked at 11 Hz with a phase difference
of -0.107x radians (nose oscillator with respect to breathing oscillator) and be phase-locked at 8
Hz with a phase difference of -0.755n radians during rearing, resulting in a phase shift of 0.648xn
radians between the two states (Figure 41). The solutions are stable in both states (the stability

analysis is discussed in Chapter 4.3).
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Figure 41: Solution of the reciprocal coupling model for nose twitching. (Top) The functional f(QQ) (Eq. 7
in Chapter 4.3) in the foraging (blue) and rearing (red) states. (Bottom) The phase difference of the nose
oscillator with respect to the breathing oscillator. The phase shift between the two states is 0.648x radians.
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By assuming that the intrinsic frequency of the nose oscillator is fixed at 197 radian/s (9.5

Hz), one of the solutions to the unidirectional coupling model is depicted in Figure 42, with 4%

radian/s (2.0 Hz) coupling strength and 18 msec time delay. We can generate a phase difference

of -0.666x radians in the nose oscillator during the foraging state (driven by 11 Hz sniffing) and a

phase delay of -0.018=n radians in the rearing state (driven by 8 Hz sniffing). The resultant phase

shift is 0.648mw radians. The phase-locking is stable in both states (see Chapter 4.4). Figure 42 also

shows the range of feasible propagation time delays as a function of the coupling strength. The

minimal time delay is 1.7 msec, with the coupling strength of 3.56mn radian/s (1.78 Hz).
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Figure 42: Solution of the unidirectional model for nose twitching. (Top) The phase difference between
the two oscillators, as a function of the propagation time delay. The solution that gives a phase shift of
0.648m is labeled. (Bottom) Solutions of the propagation time delay yielding a phase shift of 0.648x, as a

function of the coupling strength.
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5.3 Coordination between orofacial motor plants

The functional role of the nose muscle DN is well studied, where unilateral activation
draws the nose to the ipsilateral side and upward, and bilateral co-activation draws the nose
vertically upward (Deschénes et al., 2015; Kurnikova et al., 2017). To understand the functional
contexts of the nose in the foraging and rearing states, we made raster plots of the EMG peaks in
the right DN with respect to the peaks in the left DN (Figure 43). We find that in the foraging state,
there are more events where only one side of DN is activated (marked by the asterisks in Figure
43) compared to the rearing state (n = 3). It suggests that the rat engages in richer lateral
(horizontal) movements of the nose during foraging, possibly for odor localization (Kikuta et al.,
2010). The coherence analysis of the left and right DN shows that bilateral co-activation is
common in both foraging and rearing states (Figure 44).

Coherence of DN with the ipsilateral neck muscle clavotrapezius (CT) shows that nose-
twitching and head scans are phase-locked (Figure 44, n = 3). We normalize bilateral VI and DN
EMG envelopes to have zero 50" percentile and unitary difference between the 10" and 90"
percentiles. We average the normalized EMG envelopes over clockwise and counterclockwise
head scanning peaks (Figure 45). We find that VI and DN are activated during the early phase of
head scanning before the head reaches the maximal speed (n = 3 for each muscle). For both VI and
DN, the muscle has a greater activity when the head scan is ipsilateral (Figure 45). It suggests that
the initiation of head scanning is accompanied by asymmetric whisking and ipsilateral nose-

twitching.
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Figure 45: Cross-correlation of the normalized EMG envelopes of VI, NL, and DN with respect to the
counterclockwise (left) and clockwise (right) peaks in the head yaw velocity. The head yaw velocity
recorded along with the example VI and DN data is also shown (bottom).

5.4 Vibrissal touch during foraging

The observation that the activity is prolonged in VI (n = 3) and advanced in NL (n = 3) is
reminiscent of the “touch-induced pump” described by Deutsch et al. (Deutsch et al., 2012;
Bellavance et al., 2017). Upon the vibrissal touch, VI motoneurons are transiently inhibited and
followed by transient excitation by the reflex loop via the spinal trigeminal nucleus oralis (SpVO)
neurons (Bellavance et al., 2017). The advancing activity of NL (Figure 39) is also reminiscent of
the touch reflex loop via the spinal trigeminal nucleus rostral interpolaris (SpVIr) neurons that
transiently excite NL motoneurons (Bellavance et al., 2017). We hypothesize that during the

foraging state, the rat frequently makes vibrissal touches with the floor for tactile information. We
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plot the EMG envelopes of VI and NL as a function of the pitch angle of the head in Figure 46.
We find that the prolongation of VI activity and the advancement of NL activity is evident when
the pitch angle is negative. The effects diminish when the head pitch angle is positive, probably
because it becomes harder to make vibrissal contacts to the floor when the head is raised up (touch
with the arena wall is still possible). Interestingly, the EMG envelope of DN also shows a varying
pattern along the axis of the head pitch angle (Figure 46, n = 7). It suggests that the motor control

of the nose might also be modulated by the touch or olfactory response by transient excitation of
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Figure 46: Average EMG envelopes of VI, NL, and DN with respect to the inspiration onsets, as a
function of the head pitch angle. Data from individual animals. Standard errors are shown. The
anatomical illustration of VI is adapted from Hill et al., 2008.
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Chapter 6. Discussion

6.1 Neck muscles recruited by distinct respiratory phases

We delineate the coordination of head scanning with breathing in rats performing
naturalistic foraging behaviors. Our work shows that neck muscles are coordinated by different
phases in breathing. During foraging, muscles clavotrapezius (CT), splenius (SP), and biventer
cervicis (BC) are activated during inspiration, while muscles sternomastoid (SM) and
cleidomastoid (CM) are recruited during expiration (Chapter 4.1). With the muscle synergies, the
rat makes inward head scanning during inspiration and outward head scanning during expiration
(Chapter 3.3). The results support two aspects of the breathing primacy hypothesis (Chapter 1.2).

First, phase-locking between the neck motor actions and sniffing suggests that the
breathing oscillator is involved in the hierarchical control of the head motion. From the point of
view of motor output, since numerous neck muscles can contribute to the movements of the head
(Bekele, 1983), it may be more efficient to send out the motor commands to these motoneuron
pools by binding them with the breathing rhythm to ensure precise timing. From the point of view
of sensory input, many orofacial motor plants are moved by the head. Using breathing as a
reference clock to scan the head can guarantee that multimodal sensory inputs, such as olfactory
(Smear et al., 2011) and tactile signals (Moore et al., 2013), can be processed at a proper temporal
and spatial resolution (Moore et al., 2013; Kleinfeld et al., 2014; Moore et al., 2014).

Second, the observations that (1) expiratory head scanning has a faster (on average) speed
than inspiratory head scanning and (2) the outward head scanning in the egocentric coordinates
occurs during expiration (Chapter 3.3) are both consistent with the notion that in rodents the
expiratory phase is mainly used for relocating the motor plants for the subsequent sampling

“snapshot” (Uchida and Mainen, 2003; Moore et al., 2013; Kurnikova et al., 2017). The rat also
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mainly uses the expiratory phase to relocate the head vertically in the head-bobbing behavior
(Kurnikova et al., 2017). Therefore, the motor strategy of head movement is similar on both the
vertical and horizontal axes.

What neural configuration is lying behind these observations? Currently, we don’t have
enough information to answer this because of the lack of complete understanding of the neural
circuitry for the neck and its connection with the breathing oscillators. Although the distributions
of the motoneuron pools of the five neck muscles (SM, CM, CT, SP, and BC) in this work were
well studied (Brichta et al., 1987; Callister et al., 1987), the mapping of their premotor neurons in
rodents has not been fully investigated. The reticular formation is a prospective region that may
contain neck premotor neurons in rodents. Spinal cord-projecting neurons in the medial reticular
formation are crucial in head orienting in rats, and they receive inputs from the contralateral
superior colliculus (Dean et al., 1988; Dean et al., 1989). Optogenetic stimulation of spinal cord-
projecting neurons in the medial rostral medulla induces ipsilateral head turning in mice (Ruder et
al., 2021). Retrograde tracing with Cholera toxin subunit B from sternomastoid (SM) reveals
labeled neurons in the reticular formation (Hayakawa et al., 2002). These results suggest that the
premotor circuity for head-turning might reside in the reticular formation. In addition to the
reticular formation, coordination between neck motor neurons may involve the spinal interneurons
in the propriospinal networks (Sunshine et al., 2020). Intraspinal microstimulation from C2 to T1
can elicit sternomastoid activity in rats (Sunshine et al., 2018). Unraveling the promotor circuitries
of the neck motoneurons will reveal the sources and pathways of the respiratory drives that entrain
the head movement. Also, it was reported that no significant direct projections from the preBotC
to the spinal cord were observed (Tan et al., 2010). Therefore, the pathway of the respiratory drive

might involve the neck premotor circuitries, the relays of the respiratory oscillators (Dobbins and
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Feldman, 1994; Tan et al., 2010), or the high cervical respiratory group in the cervical spinal cord
(Oku et al., 2008; Kobayashi et al., 2010). In the future, retrograde labeling of the premotor neurons
of the neck muscles can help us understand the pathways of the respiratory drives.

Lastly, the dorsal neck muscle splenius, which shows inspiratory activity in head scanning
(Chapter 4.1), is also activated during expiration in the head-bobbing behavior (Kurnikova et al.,
2017). Motor commands of the horizontal and vertical head control are found to descend via
distinct pathways in cats (Isa and Naito, 1994; Isa and Naito, 1995; Isa and Sasaki, 2002). In the
future, it will be interesting to ask whether the motor commands for head movements in these two

orthogonal directions take different pathways via the breathing oscillators in rodents.

6.2 Phase shift between behavioral states

We find that as the rat changes its behavioral contexts from foraging to rearing, muscles
sternomastoid (SM) and cleidomastoid (CM) shift their phase relationship with sniffing from
expiratory to inspiratory activity, while muscles splenius (SP) and biventer cervicis (BC) shift their
phase relationship with sniffing from inspiratory to expiratory activity (Chapter 4.1, Figure 47).
The phase shift is accompanied by a frequency shift in the entrainment rhythm with breathing
(Chapter 3.2). We model these observations by computational models of weakly coupled
oscillators (Schuster and Wagner, 1989) formed by the breathing and neck oscillators (Chapters
4.3-4.4). We show that with a propagation time delay (79.9 msec) and a constant intrinsic
frequency (assumed to be at 9.5 Hz) in the neck oscillator, a reciprocal model can generate a phase
shift of ~0.8n radians when the breathing oscillator takes on different intrinsic frequencies (with a
slight change in the coupling strength) in the two behavioral states. In the meantime, the neck and

breathing oscillators can be phase-locked at 8 Hz during rearing and 11 Hz during foraging
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(Chapter 4.3). In the unidirectional model, a time delay of 27 msec can have the neck oscillator be
driven at 8 Hz during rearing and 11 Hz during foraging by the breathing oscillator, as the phase
difference shifts by m radians between the two behavioral states (Chapter 4.4). Both models suggest
that by driving the sniffing rate at different frequencies, the rat can entrain the neck muscles at
different phases in the sniff cycle to fulfill specific behavioral needs or functional goals with fixed
connectivity in the brainstem circuitry (Figure 48). This process probably also involves
neuromodulations such as the degree of hunger/satiety (Lever et al., 2006; Marder, 2012). The
question that which (reciprocal or unidirectional) model is closer to the biological world relies on

future studies on neck premotor connectomics.
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Figure 47: Illustration of the phase relationship with sniffing in the neck (SM, CM, CT, SP, and BC) and
nose (DN) muscles during foraging versus rearing.
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Figure 48: Depiction of the interaction between breathing and head (or nose) movement using the model
of unidirectionally coupled oscillators. The breathing entrains the neck (or nose) oscillator by driving the
sniffing frequency (fysot) at different rates. Feasible time delays for the interactions are shown.

We end by noting that the phenomenon where the phase relationships change with various
frequencies (or speeds) is also observed in animal locomotion formed by different gaits, such as
walking, trotting, and galloping (von Holst, 1939/1973; Maes and Abourachid, 2013; Lemieux et
al., 2016; Boije and Kullander, 2018). Models of coupled phase oscillators have been used to study
the phenomenon (reviewed in Holmes et al., 2006). The spinal segments or the limbs are modeled
as oscillators, and transitions between different modes of swimming in fish (Kopell and
Ermentrout, 1986; Kopell, 1988), or different gaits in tetrapods (Buchli and Ijspeert, 2004), insects
(Ghigliazza and Holmes, 2004), and myriapods (Golubitsky et al., 1998) can be achieved by
varying the coupling strengths among the oscillators. Our work suggests that similar computational

models might also be used to study the switching between exploratory behaviors in the rat.
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6.3 Motor control of head with nose and vibrissae

In this work, we delineate the coordination of the nose and vibrissae with breathing in the
foraging and rearing states. The vibrissa intrinsic muscle (VI), nasolabialis (NL), and deflector
nasi (DN) all show different activation patterns between the two states (Chapter 5.1).

As the rat switches from foraging to rearing, deflector nasi shifts its respiratory activity
from the inspiratory phase to the expiratory phase by ~0.648n radians (Figure 40; Figure 47). We
show that a computational model of weakly coupled oscillators, with either reciprocal or
unidirectional connection, can yield this phase shift (Chapter 5.2). Like the motor control of the
head movement, a frequency shift in the sniffing rate might be a means the rat uses to recruit
deflector nasi at different phases in the sniffing cycle (Figure 48). Premotor neurons of deflector
nasi have been identified in the reticular formation, and some of them receive the projection from
preBotC (Kurnikova et al., 2019). These findings established the connection from the breathing
oscillator to the nose oscillator. Whether the projection from the nose oscillator to the breathing
oscillator exists awaits further investigation.

Our EMG data from the vibrissae muscles (VI and NL) suggest the participation of active
touch reflex loops via SpVIr and SpVO (Bellavance et al., 2017) in the foraging process (Chapter
5.4). The latency time of the touch reflex loop for VI motoneurons was estimated to be 11 to 13
milliseconds (Mitchinson et al., 2007; Bellavance et al., 2017). This timescale is consistent with
the prolongation in VI activity we observe in the EMG data (Figure 38). The correlated movement
of vibrissae with breathing (Figure 38, Figure 39) suggests that there might exist a “preferred
respiratory phase for touch” in the rat nervous system. By precise coordination with the movement
of the head and breathing, the vibrissae can touch the floor during protraction at a specific

inspiratory phase in the sniffing cycle. Neurons in SpVO were found to send projections to the
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cervical spinal cord (Devoize et al., 2010), which might serve as the substrate for vibrissae-neck
coordination. In head-fixed mice, the phase coding in S1 during surface whisking is preferred
during protraction (Isett and Feldman, 2020). The surface coding might also be preferred at
protraction during inspiration in foraging rats, with coordinated movements of the vibrissae and
the head to ensure proper timing of the contacts (Towal and Hartmann, 2006; Grant et al., 2012;
Ranade et al., 2013; Sherman et al., 2013; Hobbs et al., 2015; Tsur et al., 2019).

Lastly, in addition to the vibrissae muscles, the activation of the nose muscle deflector nasi
also shows a dependency on the head pitch angle (Figure 46). It suggests that tactile or olfactory
signals might be the factors that modulate the motor control of the nose. Past studies have shown
that ablating the glutamatergic premotor neurons of DN in the retrofacial area affected nose
movements in response to odor (Kurnikova et al., 2019). Whether or not the advanced activation

of DN reflects the odor response or any unidentified touch reflex loop needs further investigation.
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