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Key points

¢ High-frequency (HF) sniffing represents active odour sampling and an increase in the animal’s
motivation.

o We examined how HF sniffing affects the physiological activity of the brain—body system.

¢ During HF sniffing, heart rates and the ratio of theta to delta critical local field potential power
were comparable to those observed during motion periods.

® Vagus nerve spike rates did not vary depending on HF sniffing.

e Qur results suggest that physiological factors in the central nervous system and the periphery
are not simply determined by locomotion but are crucially associated with HF sniffing.

Abstract Sniffing is a fundamental behaviour for odour sampling, and high-frequency (HF)
sniffing, generally at a sniff frequency of more than 6 Hz, is considered to represent an animal’s
increased motivation to explore external environments. Here, we examined how HF sniffing is
associated with changes in physiological signals from the central and peripheral organs in rats.
During HF sniffing while the rats were stationary, heart rates, the magnitude of dorsal neck muscle
contraction, and the ratio of theta to delta local field potential power in the motor cortex were
comparable to those observed during motion periods and were significantly higher than those
observed during resting respiration periods. No pronounced changes in vagus nerve spike rates
were detected in relation to HF sniffing. These results demonstrate that central and peripheral
physiological factors are crucially associated with the emergence of HF sniffing, especially during
quiescent periods. Behavioural data might be improved to more accurately evaluate an animal’s
internal psychological state if they are combined with a sniffing pattern as a physiological marker.
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Introduction

For rodents, sniffing is a fundamental behaviour that
controls active odour sampling (Youngentob et al. 1987;
Verhagen et al. 2007; Wachowiak, 2011). The basic sniffing
frequency of a rodent is 1-3 Hz in a resting state, but it can
transiently reach up to 12 Hz depending on behavioural
demands (Uchida & Mainen, 2003; Kepecs et al. 2007;
Verhagen et al. 2007; Tsanov et al. 2014). In behavioural
studies, such rapid bouts of nasal inhalation are considered
to represent an animal’s motivation for exploration and
social interactions (Wesson, 2013). While the functional
role of sniffing in active sensory sampling has been
extensively studied, it remains to be fully clarified how
sniffing behaviour affects the physiological activity of the
brain-body system.

The aim of this study is to understand how
systemic physiological signals in rats undergo changes
in conjunction with sniff frequency, especially upon the
transient emergence of high-frequency (HF) sniffing.
A large number of studies have utilized neck muscle
contraction and the power of brain electrical activity
as objective measures to estimate an animal’s arousal
state (Vyazovskiy et al. 2009; Hayashi et al. 2015; Oishi
et al. 2016; Watson et al. 2016). Heartbeats and auto-
nomic nervous signals are peripheral signals that are finely
tuned in response to cognitive demands and psychological
states. In particular, since the vagus nerve (VN) is a
major autonomic pathway for the transfer of signals
between the brain and the peripheral organs, there is a
possibility that changes in sniffing patterns might induce
changes in ongoing spike patterns of the VN. Unveiling
the association of these physiological factors with sniffing
behaviour will be helpful for accurately understanding the
conventionally hidden physiological activity of the inter-
nal organs during observable behavioural patterns.

To this end, we performed simultaneous recordings of
local field potential (LFP) signals from the motor cortex
and the olfactory bulb (OB), an electrocardiogram (ECG)
signal, a dorsal neck muscle electromyogram (EMG)
signal, and a VN electrophysiological signal from freely
moving rats using our recording technique (Okada et al.
2016; Sasaki et al. 2017; Shikano et al. 2018, 2019).
Conventionally, the sniff frequency of rodents is quantified
based on respiration-locked intranasal pressure or the
temperature of nasal air flow (Clarke et al. 1970; Cheung
etal.2009). In addition to these measures, LFP signals from
the OB have been shown to reflect nasal respiratory cycles
nearly perfectly, especially in awake animals (Brankack &
Klingberg, 1982; Carlson et al. 2014; Rojas-Libano et al.
2014; Jessberger et al. 2016). By utilizing the features of

the OB electrical signal, we defined sniffing events and
quantitatively analysed their relation to the dynamics of
the other electrophysiological signals.

Methods

Ethical approval

All experiments were performed with the approval of the
animal experimental ethics committee at the University of
Tokyo (approval number: P29-7) and in accordance with
the NIH guidelines for the care and use of animals. All
investigators followed the ethical principles outlined in
Grundy (2015).

Animals

A total of 10 male Sprague—Dawley rats and 3 male Long
Evans rats were purchased from SLC (Shizuoka, Japan).
Out of the 10 Sprague—Dawley rats, 5 rats were tested in a
familiar home cage and an open field and the other 5 rats
were tested in an elevated plus maze test. The Long Evans
rats were used for social defeat experiments. The animals
were 8-9 weeks old, weighed 296400 g, had free access
to water and food at all times and were maintained under
inverted 12 h light/12 h dark conditions (light from 20.00
to 08.00 h). No animals were excluded from our analyses.
After the recordings were completed, rats were killed with
an overdose of pentobarbital (300 mg kg™!, 1.p.).

Electrode preparation and surgery

An electrode assembly including recording and
stimulating electrodes was prepared as described pre-
viously (Okada et al. 2016; Sasaki et al. 2017; Shikano et al.
2018, 2019). The electrode assembly was composed of an
electrical interface board (EIB) (EIB-36-PTB, Neuralynx,
Inc., Bozeman, MT, USA) that consisted of an outer cover
and a core body, which were custom-made with 3-D
printers (UP Plus2, Tiertime, Beijing, China; formlabs
Form2, Formlabs, Somerville, MA, USA). The EIB had
metal holes (channels), including four LFP channels, two
ECG channels, two EMG channels, two VN channels, and
two earth (ground)/reference channels, for connecting
electrodes. The individual channels were connected to
insulated wires (~5 cm), and the opposite ends of these
wires were soldered to individual electrodes during the
final step of the surgery.

Anaesthesia was induced with 3% isoflurane gas and
then maintained with 1-2% isoflurane gas while the
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animals lay on their backs. Buprenorphine (0.05 mg kg™,
S.C.) was given as an analgesic. Veterinary ointment was
applied to the rats’ eyes to prevent dryness. For all steps
of an incision, the skin at the incision site was sterilized
with betadine and 70% ethanol. For each rat, an incision
was made on the left side of the neck from the larynx to
the sternum, and the left cervical VN was enclosed in a
custom-made cuff-shaped VN electrode (Unique Medical
Co. Ltd, Japan; inner diameter, 0.5-1.0 mm; electrode
area, 0.25 mm?; cathode—anode interval, 1.5-2.0 mm; and
total length, 4.0 mm; for more details, see Shikano et al.
2019). All rats then underwent surgery to implant the
ECG, EMG and LFP electrodes. Briefly, two ECG electro-
des (stainless-steel wires; AS633, Cooner Wire Company,
CA, USA) were attached to the intercostal muscles on
both sides of the chest, and two EMG electrodes were
sutured at an interval of ~1 mm to the dorsal neck
area. For EMG and ECG recordings, two electrodes were
implanted for a recording in case of an accidental inter-
ruption of either one of the electrodes. In these recordings,
signals were chosen from a normally working channel. A
mid-line incision was made over the skull, and circular
craniotomies with a diameter of 0.9 mm were made with
a high-speed drill (SD-102, Narishige, Tokyo, Japan) at
co-ordinates of 0.3 mm posterior and 1.9 mm bilateral to
the bregma for the motor cortex and 10.0 mm anterior
and 0.2-0.5 mm bilateral to the bregma for the olfactory
bulb (OB). Stainless-steel screw-shaped LFP electrodes
were implanted on the surface of these craniotomies.
In addition, stainless-steel screws were implanted on
the surface of the cerebellum (9.6 mm posterior and
0.8-1.0 mm bilateral to the bregma) as earth/reference
electrodes. Finally, the open edges of the LFP, ECG, EMG,
VN and earth/reference electrodes were soldered to the
open edges of the insulated wires protruding from the
corresponding channels on the EIB. All the wires and the
electrode assembly were secured to the skull using dental
cement. After all the electrodes had been affixed to the
animals’ heads, the animals were allowed to recover from
anaesthesia.

Post-operative monitoring

Following surgery, each animal was housed in a trans-
parent Plexiglas cage with free access to food and clean
water (or gelled water; HydroGel, ClearH2O, Portland,
ME, USA) both on its flooring and above the cage. For the
first 2 days after surgery, the animals were carefully checked
every 3 h except during the night (from 20.00 to 08.00 h).
After this time they were checked with an interval of <6 h
at least 3 times per day. While our experimental protocols
have a mandate to humanely kill animals if they exhibit
any signs of pain, prominent lethargy and discomfort, we
did not observe such symptoms in any of the 13 rats used
in this study. In addition, we continuously monitored the
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animals’ body weight every day and verified that changes
in body weight in individual animals were restricted to less
than 20 g (less than 5%) from the beginning of surgery
to the recording day, indicating that the animals were
normally feeding and drinking. The average weight before
and after surgery on the recording day was (mean 4+ SEM)
348.0 £ 9.6 g (range 296-400 g) and 347.7 & 8.9 g (range
310-390 g), respectively. Electrophysiological recordings
commenced more than 5 days (range 5-9 days) after the
surgery. During recordings, the animal’s behaviour and
health were monitored by a video camera on the ceiling.

Electrophysiological recordings

For electrophysiological recording, the EIB of the electrode
assembly was connected to a Cereplex M digital headstage
(Blackrock Microsystems, Salt Lake City, UT, USA), and
the digitized signals were transferred to a Cereplex Direct
data acquisition system (Blackrock Microsystems). LFP,
ECG and EMG signals were recorded at a sampling rate of
2 kHz, and VN signals were recorded at a sampling rate of
30 kHz.

Recordings in a home cage, open field and elevated
plus maze

Recordings were taken from Sprague—Dawley rats. All
behavioural tests occurred between 09.00 and 17.00 h,
which was during the dark phase of the rats’ inverted
light/dark cycle. The animals were not handled at all before
the start of the following procedures. One day before
behavioural tests, the animals were first placed in a trans-
parent rest box (22 cm x 38 cm) with a wall height of
20 c¢m at least once for up to 30 min. The rest box was at
least 2 m distant from the recording setups and a barrier
wall was in place so that the rats in the rest box could not
directly see the open field and the elevated plus maze. On
the recording day, the rats were habituated in the same
rest box for 2 h, after which electrophysiological recording
started in the rest box. Throughout these habituation peri-
ods 1 day before and on the recording day, the rats were
connected to the headstage to habituate them to tethering.

For recordings in a novel open field, each rat was placed
individually in an open field (75 cm x 75 cm) with a wall
height of 50 cm and allowed to move freely throughout
the field for 10 min. The floor was illuminated with an
overhead light, which produced a light intensity of 25 Ix
in the field.

For recordings in a novel elevated plus maze, the rat
was placed on the central square facing one of the open
arms and allowed to freely explore the maze apparatus for
10 min. The elevated plus maze was made of ABS resin
and consisted of a central square (10 cm x 10 cm) and
four arms (50 cm long x 10 cm wide, two open arms with
no railing and two closed arms enclosed by vertical walls



5298

40 cm in height). The maze was elevated 88.5 cm from the
floor and illuminated with four 32 W fluorescent overhead
lights, which produced light intensities of 480 Ix and 40 Ix
in the open and closed arms, respectively.

For all recordings, LED reflection tape (1 cm x 1 cm)
was attached to the outer cover of the electrode assembly,
and the position of the LED signal was tracked at 15 Hz
using an infrared video camera attached to the ceiling;
the data were sampled with a laptop computer. The rat’s
moment-to-moment position was automatically detected
from the LED reflection tape by setting a threshold of light
intensity. Rearing behaviour was manually detected by eye.

Social defeat stress

Recordings were taken from Long Evans rats. A recording
day for each rat consisted of three sessions: a 30 min pretest
session in a rest box (24 cm x 40 cm X 35 cm), a stress
session of up to 10 min in an open field (50 cm x 50 cm
x 60 cm) and a 120 min post-test session in the same
rest box. Acute stress was applied to the recorded rat as
in rat resident—intruder tests (Sgoifo et al. 1997; Marini
et al. 2006). To prepare an experimental environment for
the stress session, we housed a male and a female rat as
resident rats in the open field for at least 1 h per day for
7 days before the stress session. At the beginning of the
stress session, the female resident rat was removed from
the field, and the recorded rat was placed in the open field
as an intruder rat. During the stress session, the intruding
recorded rat was physically attacked by the resident male
rat for 10 min. While our experimental protocols have a
mandate that the social defeat stress session is immediately
terminated if rats are wounded and bleeding due to the
attack, we did not observe such symptoms in any of the
three intruder rats and two resident rats during the 10 min
stress session in this study. Before social defeat stress, the
resident male rats were selected based on the observations
that they had attack latencies shorter than 60 s when they
were exposed to several rats that were not used for the
subsequent experiments.

Data analysis

Any signal that included apparent electrical noise due to
physical collisions of the animal’s head with the walls
or the resident rats were manually removed. All of the
following factors were computed in each 1 s bin. Cortical
LFP traces were convolved using a Morlet wavelet family,
and the power of the delta (2—4 Hz) and theta (6-10 Hz)
bands was computed. OB LFP traces were convolved using
a Morlet wavelet family, and the power spectrum was
processed with a Gaussian filter (6 = 5 s). The ratio of
6-9 Hz power to 1-4 Hz power was computed as the sniff
ratio. In the spectrum, the frequencies (Freqm.x) giving
the maximum power within the frequency band, with an
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upper limit of 10 Hz, were computed. Time bins with
a Freqmay of less than 1 Hz or more than 9 Hz were
considered bins in which the sniff rate was not precisely
estimated and were excluded from further analyses (e.g.
5-10 s in Fig. 1B Example 1). In the other bins, if the
sniff ratios were less than 1, instantaneous sniff rates were
defined as the frequencies giving the maximum power
within the frequency band of 1-4 Hz. If the sniff ratios
were greater than 1, instantaneous sniff rates were defined
as the frequencies giving the maximum power within the
frequency band of 6-9 Hz. Sniff rates of 1-4 Hz and
>6 Hz were considered resting respiration (RR) and HF
sniffing, respectively. ECG signals were bandpass filtered
at 20-200 Hz, and beat-to-beat intervals (R-R intervals)
were calculated from the timestamp of the R-wave peak.
Instantaneous heart rates were computed by averaging
the R-R intervals. EMG traces were high-pass filtered at
100 Hz, and root mean square (rms) values were calculated
from the filtered EMG traces, which were used to represent
the absolute changes in EMG amplitude and define the
animal’s arousal state. For VN signals, a spike unit was
detected when the amplitude of a negative deflection of
the extracellularly recorded signals exceeded a threshold of
7-20 pV, which corresponded to five standard deviations
from the baseline of the VN signals recorded during
quiescent periods in individual animals. Burst spike units
detected within a 10 ms bin were regarded as a single spike
(Shikano et al. 2019).

All analyses were performed in MATLAB (MathWorks,
Natick, MA, USA). Comparisons of two-sample data
were analysed by Student’s ¢ test or, if the data did not
meet the assumptions of the Student’s ¢ test, they were
analysed with the non-parametric Mann—Whitney U test.
Where the numbers of samples did not match between
the two groups, as in the cases where two out of five rats
never showed ‘stop-high frequency (HF) sniffing’ peri-
ods, resulting in n = 3 samples at ‘stop-HF sniffing’ in
Figs 4C and E, 5G and 6C, they were analysed with the
non-parametric Mann—Whitney U test. Multiple groups
were compared with individual tests followed by post hoc
Bonferroni corrections. The null hypothesis was rejected
at the p < 0.05 level unless otherwise specified. All data
are presented as the mean + standard error of the mean
(SEM).

Results
Detection of sniffing rates based on OB LFP signals

Bioelectrical signals were recorded from the brain and
peripheral organs of freely moving rats, including LFP
signals from the motor cortex (Cor LFP) and the olfactory
bulb (OB LFP), an ECG signal, a dorsal neck muscle EMG
signal, and a signal from the left cervical VN (Fig. 14 and
B). OB LFP traces were convolved to a power spectrogram,

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society
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and instantaneous sniff rates were computed within a
range of 1-9 Hz, as represented by the cyan dots (Fig. 1G;
for more detail, see Methods). On the basis of the bimodal
distribution of sniff rates, peaking at 2.5 and 8.9 Hz, two
distinct periods were identified: (1) resting respiration
(RR) at a sniff rate of 1-4 Hz and (2) HF sniffing at a
sniff rate of >6 Hz (Fig. 1Band C) (Wesson, 2013; Tsanov
et al. 2014; Sasaki et al. 2017). Some periods that did not
meet the criteria were excluded from further analyses (e.g.
5-10 s in Fig. 1C Exp 1). On average, sniff rates during
RR and HF sniffing were 2.4 and 7.9 Hz, respectively.
Figure 1C Exp 1 and 2 illustrates typical cases in which
the rats showed an abrupt transition from RR to sustained
HF sniffing, whereas Exp 3 shows a case in which the rat
rapidly changed from HF to RR.

HF sniffing in a novel open field

The rats were tested in a familiar home cage and a novel
open field (Fig. 2A). Overall, instantaneous moving speed
(bin = 1 s) in the open field was higher than that in the
home cage (Fig. 2B; n = 5 rats, Dy = 0.39, P < 107%,
Kolmogorov-Smirnov test). Here, frames at a speed of
more than 10 cm s™!, between 3 and 10 cm s~ !, and
less than 3 cm s™! were classified as fast, slow and stop
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periods, respectively. Slow periods contained a mixture
of behavioural patterns such as acceleration, deceleration,
grooming, rearing and swinging. In the home cage, no
fast periods were detected due to the limited size of the
cage. Figure 2C shows example datasets depicting the
animals’ behavioural patterns, running speed and OB LFP
spectra observed in a familiar home cage and a novel
open field. To confirm how sniffing behaviour depends
on the animal’s locomotion, we plotted sniff rates against
the instantaneous moving speed of animals (Fig. 2D and
E; n = 5 rats in each condition). During the stop peri-
ods in the home cage, the rats exhibited HF sniffing for
9.3 +5.1% of the entire periods (Fig. 2D, n=5rats). In the
open field, fast frames composed 6.8 &= 3.0% of the entire
recording period (Fig. 2E). The majority (97.2 & 2.0%)
of such fast frames included HF sniffing. However, there
were several cases in which HF sniffing did not emerge
during a fast period, as shown in Fig. 2F Exp 3. During
stop periods in the open field, the rats exhibited HF
sniffing in 20.8 £ 9.4% of the stop periods. Based on
these data, individual periods were subdivided into HF
sniffing and RR periods depending on the presence of
HF sniffing. Overall, the percentage of HF sniffing was
significantly higher in the novel open field than in the
home cage (Fig. 2D and E; n =5 rats, t; = 2.98, P=0.041,
paired ttest), confirming the idea that HF sniffing emerges

A B Cor LFP Mottt Mo
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o w

2
time (s)

time (s) time (s)

Figure 1. Calculation of olfactory bulb (OB)-based sniff rates and detection of high-frequency (HF)

sniffing in rats

A, schematic illustration of the recordings. B, representative electrophysiological recordings of a motor cortex
local field potential (LFP) signal (Cor LFP, red), an OB-based LFP signal (OB LFP, orange), a 20-100 Hz filtered ECG
signal (magenta), a dorsal neck muscle EMG signal (blue), and a 500-1000 Hz filtered vagus nerve (VN) signal
(green). The vertical scale bar represents 1 mV (LFP and ECG) and 0.1 mV (EMG and VN). C, three representative
examples showing abrupt changes in sniff rates. Individual OB LFP traces were converted to the colour-coded power
spectrum shown below. Dotted boxes are magnified above. In each frame on the spectrum, the frequencies giving
the maximum power were detected as instantaneous sniff rates, as indicated by the cyan dots. Periods with a sniff

rate of more than 6 Hz were considered HF sniffing.
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Figure 2. Emergence of HF sniffing in familiar and novel contexts

A, representative 10 min moving trajectories of a rat in a familiar home cage and a novel open field. B, distribution
of instantaneous moving speed (bin = 1 s). Fast, slow and stop periods were defined based on instantaneous
moving speed. C, from top to bottom, time-dependent changes in behavioural patterns (indicated by coloured
dots), instantaneous running speed and the colour-coded OB LFP power spectrum with cyan dots showing sniff
rates. D, left, plots of sniff rates against animals’ moving speed in each 1 s frame observed in the home cage.
Based on the parameters, each frame was classified as fast-HF sniffing (magenta), slow behaviour (dark green),
stop-HF sniffing (light green), or stop-resting respiration (RR) (blue) periods. The horizontal and vertical dotted
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more frequently and animals are more strongly motivated
to explore in a novel and/or open environment than in
a closed, familiar environment such as the home cage
(Clarke & Trowill, 1971).

We further characterized the relationship between
moving speed and HF sniffing. A speed-sniff rate
correlation restricted within fast periods, which
corresponded with the plots at >10 cm s™! in Fig. 2E,
was not significant (r = 0.024, P = 0.74), implying that
sniff rates during HF sniffing are not strongly dependent
on running speed. Figure 2F presents four typical cases in
which transient increases in running speed occurred, as
indicated by the arrows, but they were not associated with
apparent changes in sniff rates during HF sniffing. These
results verify that sniff rates during HF sniffing are not
simply determined by running speed.

The other behavioural pattern associated with sniffing
behaviour is rearing (Kurnikova et al. 2017) (Fig. 2G).
Over the course of 10 min in the open field, two out of five
rats showed rearing behaviour with a duration of upto 3 s
during slow periods, in which one mouse reared 5 times
and the other mouse reared 3 times, resulting in a total
of 8 rearing periods. Consistent with the previous report
(Kurnikova et al. 2017), HF sniffing was detected in most
of these rearing periods (n = 7 times).

HF sniffing is related to emotional changes

We tested how HF sniffing events are affected by emotional
changes using an additional four rats on a novel elevated
plus maze with two open and two closed arms (Fig. 3A).
In these experiments, fast periods (1.5 + 0.6% of entire
recording periods) were rarely detected in both of the arms
and such periods were thus excluded from our analysis. In
stop and slow periods, the percentage of stop-HF sniffing
was significantly higher in open arms than in closed arms
(n = 4 rats, 3 = 3.69, P = 0.034, paired ¢ test), which
demonstrates that the duration of HF sniffing events is
increased in open environments as well as the novel open
field.

We examined how sniffing is affected by stress
experiences. Three Long Evans rats were subjected to social
defeat stress by a resident rat for 10 min. The rat was placed
in the rest box for 20 min before and 20 min after the stress
session; these recording conditions were termed ‘before
stress’ and ‘after stress), respectively. After stress exposure,
the percentage of the entire time spent in HF sniffing was
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significantly decreased (Fig. 3B, bottom right; n = 3 rats,
t, = 9.50, P = 0.011, paired ¢ test) and instantaneous
moving speed was significantly lowered (Fig. 3B, bottom
lef; n = 3 rats, Dy = 0.18, P = 55 x 107%,
Kolmogorov—Smirnov test). The concurrent decreases in
running speed and HF sniffing might imply that the
stress-associated decreases in HF sniffing were simply
accounted for by the reduction in locomotor activity. This
possibility was unlikely because the stress-related decrease
in HF sniffing was still detected even when HF sniffing was
quantified within the same speed range; the percentage of
time spent in HF sniffing during slow speed in the after
stress condition (24.4 + 9.3%) was significantly lower
than that in the before stress condition (31.4 4 10.5%)
(Fig. 3B, top right; n = 3 rats, , = 4.54, P = 0.045,
paired ttest). These results demonstrate that the decreased
moving speed alone could not explain the reduction in HF
sniffing after experiencing stressful episodes. Therefore,
the stress-induced reduction in HF sniffing is mainly
induced by changes in internal emotional states.

HF sniffing-related changes in peripheral
physiological activity

We examined how systemic physiological signals are
changed in relation to HF sniffing. In subsequent analyses,
we excluded slow periods as they contained complex
behavioural patterns. For individual behavioural patterns,
instantaneous heart rates and the root mean square (rms)
of dorsal neck muscle EMG signals with and without HF
sniffing were plotted against moving speed (Fig. 4A, B
and D). Both signals in the open field showed significant
positive correlations with moving speed (n = 5 rats, heart
rate, r = 0.43, P = 2.8 x 107'"; EMG rms, r = 0.65,
P = 2.7 x 1073%), Notably, the majority of points with
stop-HF sniffing (green dots) were located above the
linear regression lines, as shown in Fig. 4B and D, which
demonstrates that physiological activity during stop-HF
sniffing periods was markedly higher than expected from
the simple linear regressions. Indeed, statistical analyses
verified that heart rates were significantly higher during
stop-HF sniffing periods than during stop-RR periods
(Fig. 4G, n = 5 rats, t4 = 2.90, P = 0.044, paired
t test), whereas such differences were not observed in
the home cage (U = 20, P = 0.57, Mann—Whitney
U test). No significant differences in heart rates were
found between stop-HF sniffing or stop-RR periods in

lines represent 6 Hz and 10 cm s~', respectively. Right top, average durations of behaviours as percentages of
the overall recording periods in the home cage (n = 5 rats). Right bottom, the overall percentages of HF sniffing
time within the fast, slow and stop periods. A value was described as N/A if fast periods were not detected.
E, same as in D but for the novel open field (n = 5 rats). £, four representative cases showing temporal changes
in moving speed and sniff rates. The arrows indicate transient increases in moving speed exceeding 10 cm s~ '.
G, top, the percentage of HF sniffing during rearing behaviour (n = 8 rearing from 2 rats). Bottom, representative
case including rearing behaviour as labelled by the green area.
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the home cage and stop-RR periods in the open field
(stop-HF sniffing: U = 13, P = 1.00, Mann—Whitney
U'test followed by Bonferroni correction; stop-RR: U= 20,
P =0.30, Mann—Whitney U test followed by Bonferroni
correction). The same statistical results were observed
for the rms values of EMG signals; these values were
significantly higher during stop-HF sniffing periods than
during stop-RR periods in the open field (Fig. 4E; n =5
rats, t; = 3.89, P=0.018, paired ttest) but not in the home
cage (U= 25, P=0.57, Mann—Whitney U'test), and there
were no significant differences between stop-HF sniffing
or stop-RR periods in the home cage and stop-RR periods
in the open field (stop-HF sniffing: U = 11, P > 0.99,
Mann—Whitney U test followed by Bonferroni correction;
stop-RR: U=25, P> 0.99, Mann—Whitney U'test followed
by Bonferroni correction).

The results above showed that heart rates and EMG
amplitude during stop-HF sniffing in the open field were
higher than those in the home cage (Fig. 4C, ECG: U =6,
P=0.0035; Fig. 4E, EMG: U= 8, P=0.14; Mann—Whitney
U test). These increases in peripheral activity might be
explained by increased locomotion in the open field
(Fig. 2B). In particular, post-running effects on peripheral
activity might be sustained for a certain period of time
after running. To test this possibility, we classified stop
periods into two types (Fig. 4F); (1) post-run stop periods
defined as stop periods up to 20 s after the offset of slow
and fast periods, and (2) long-lasting stop periods defined
as the other stop periods. The percentage of HF sniffing
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during post-run stop periods was 78.4 + 10.4%, which
was prominently higher than that during long-lasting stop
periods (7.1 £ 3.1%) (Fig. 4G). However, no significant
differences in either heart rates or EMG amplitude were
found between post-run stop periods and long-lasting stop
periods (Fig. 4H; U=19, P=0.90; EMG, U=21, P=0.90;
Mann-Whitney U test). These results demonstrate that
post-run periods, in which the frequency of HF sniffing
become prominently higher, do not account for peripheral
activity. Possibly, changes in internal emotional states in
the open field might underlie the overall increases in peri-
pheral activity levels. Taken together, these results suggest
that HF sniffing-induced increases in heart rates and neck
muscle contraction during stop periods were prominent
in novel and/or open environments.

Next, we examined spike patterns from a fibre bundle
of the VNs. We first computed an autocorrelation of VN
spikes to test whether they had typical temporal patterns
(Fig. 5A and C). In all five animals tested, no prominent
peaks in their autocorrelograms were detected within a
temporal range of both 1 s and 10 s, revealing no apparent
temporal patterns in the spike trains of the VNs. We then
tested whether temporal changes in VN spike rates are
correlated to instantaneous running speed and heart rates
by computing their crosscorrelograms (Fig. 5B and D).
No apparent temporal structures were detected in the
correlograms of all five animals tested, demonstrating that
VN spikes were not tightly associated with instantaneous
running speed and heart rates.
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Figure 3. Emotion-related changes in moving speed and HF sniffing

A, same as in Fig. 2D but for the data from an elevated plus maze. Top, changes in the average percentages of
time spent on HF sniffing, separately analysed for the open and closed arms of the elevated plus maze (n = 5 rats).
Bottom, average percentages of time spent in different behaviours. B, effects of social defeat stress on sniffing
behaviour. Top left, representative 5 min moving trajectories of a rat before and after social defeat stress. Bottom
left, distribution of instantaneous moving speed before and after social defeat stress (bin = 1 s) (n = 3 rats). Right,
same as in A but for periods before and after social defeat stress.
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With the same analytical approach to Fig. 4, we next
tested how sniffing is related to VN spike rates (Fig. 5E
and F). The overall average VN spike rates were higher in
the open field than in the home cage (Fig. 5G; n =5 rats,
ty = 2.89, P=0.044, paired ttest). However, no significant
differences in VN spike rates were found between periods
with and without HF sniffing in either condition (n = 5
rats, home cage: U= 12, P=0.79, Mann—Whitney U test;
open field: F; 12y = 1.50, P = 0.26, one-way ANOVA).
These results imply that HF sniffing does not have a
pronounced impact on VN spike activity.

Sniffing-associated changes in cortical arousal states

Cortical LFP signals represent the neuronal activity of
the nearby neuronal population, including spiking and
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neurotransmission, and these signals can reflect a variety
of cognitive processes. We examined how changes in
sniffing rates affect the LFP power of the motor cortex,
especially for the ratio of LFP theta (6, 6-10 Hz) to delta
(8, 2—4 Hz) power (Fig. 6), which has conventionally been
used to define animal arousal/sleep levels (Vyazovskiy et al.
2009; Watson et al. 2016). In both the home cage and
the open field, LFP 6/§ ratios during stop periods were
significantly elevated when the rats exhibited HF sniffing
(Fig. 6C; n = 5 rats, home cage: U = 15, P = 0.036,
Mann—-Whitney U test; open field: ¢, = 7.94, P = 0.0028,
paired ¢ test followed by Bonferroni correction). In the
open field, HF sniffing-related LFP 6/§ ratios were not
significantly different between move and stop periods
(n = 5 rats, t; = 2.55, P = 0.13, paired f test followed
by Bonferroni correction), and the same was true of
heart rates and the rms of EMG signals. These results

A
home cage <iop-HF snifing OpPEN field et
stop-RR stop-RR
‘(G'z)gsso_ B e s s e ee se w
£ g 450+
2~ 350-
@ 600
§§ 3007 M\M
= T ! f T !
w 0 50 100 0 50 100
time (s) time (s)
i i
B home cage open field C homecage open field
550 fast-HF sniffing  ~ ’é‘500 —
< slow £ o
S sto;,»g; sniffing -g_ .E/ /_I
Qo stop-|
= =~ L 440
Q [0}
© 450 ® ; E
= h NA
E § 2380 T 5o
350 © € © £ €
0 10 20 T 5o & 5
Figure 4. Heart rates and EMG speed (cm/s) [T gu
B - e B r I 7] T I
amplitudes during sniffing @ 5% @ 5 %
A, from top to bottom, time-dependent o 8 s
changes in behaviqural patterns (as indicated D home cage E  homecage open field
by coloured dots), instantaneous heart rates, >3009:-+  fast-HF snifiing > 220 ——
and the rms of EMG. B and D, plotting S stop-HF sniffing <0 X
e . << stop-RR < P
individual instantaneous heart rates (B) and s s £
the rms of EMG (D) against moving speed in E E o
each frame (n = 5 rats). The linear regression g g E NA
; 60
lines are shown (n = 5 rats, heart rates, w w > > o
_ _ —115. 0 £ £ £ B
r=043,P=28x 10 w05 EMG rms, 0 10 20 0 10 20 g - £ L - £
r=0.65 P=2.7 x 107>"°). Cand E, average speed (cm/s) speed (cm/s) s L0 L0
. o o
heart rates and the rms of EMG signals %5z 35T
. . . . e} o
averaged over individual behavioural periods. 58 G 8
F, classification of running-related periods. A F fast G H
representative temporal change in moving ﬁﬁi”‘x‘”ﬂ?pmp <100 500 _220
speed. Periods 0-20 s after the offset of LU NI [ S E/g_I =
fast/slow periods were considered as post-run B 20 g 50 5440 g t E ]
periods (yellow). Fast, post-run stop, and § = [ o
long-lasting stop periods were indicated by Rl w § Z
upper coloured dots. G, the percentage of § 0 T 03 . 23805 . 805 .
time spent on HF sniffing during i.ndividual @ 0s 4828 4 4828 4 4828 4
behavioural patterns. H, same as in C and 5 g & 56 gn & 5o g &
E but for post-run stop and long-lasting stop 2 2 2
HF sniffing HF sniffing

periods. *P < 0.05.

© 2019 The Authors. The Journal of Physiology © 2019 The Physiological Society



5304

demonstrate that increases in LFP /8 ratios during HF
sniffing were equivalent between move and stop periods.

Discussion

By utilizing the unique ability of OB LFP signals to reflect
sniffing cycles, we classified rat sniffing patterns into two
modes: RR at a sniff rate of 1-4 Hz and HF sniffing at

A B speed vs VN spike

VN spike
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a sniff rate of >6 Hz. We then analysed how ongoing
changes in sniffing patterns were associated with changes
in brain and peripheral physiological signals that have
been widely utilized as objective measures to gauge animal
psychological states and arousal/sleep states, including
cortical LFP, ECG and EMG signals. Our physiological
data will help clarify how these factors undergo dynamic
changes depending on sniffing patterns.
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HF sniffing was observed in a novel environment but
not in a familiar home cage. Notably, the majority of
fast periods (>10 cm s™!) included HF sniffing whereas
stop periods intermittently included HF sniffing, with
the other periods accounted for by RR. In the majority
of previous studies (Uchida & Mainen, 2003; Kepecs
et al. 2007; Verhagen et al. 2007; Tsanov et al. 2014),
this speed—HF sniffing relationship has been not tested
because animals tested in these studies did not move
with such fast speed. We cannot exclude a possibility
that the speed—HF sniffing relationship is specific to our
experimental conditions. Further studies are required to
determine whether this relationship is applicable to the
other behavioural contexts.

The percentage of HF sniffing was higher in a novel
open field and an elevated plus maze than in a familiar
home cage, suggesting that HF sniffing by rodents is
induced by both the openness and the novelty of the
environment. Furthermore, the percentage of HF sniffing
in the elevated plus maze was significantly higher in the
open environment than in the closed environment. Based
on the fundamental premise that time spent in the open
arms in an elevated plus maze test evaluates anxiety and/or
motivation levels of rodent animals (Handley & Mithani,
1984; Walf & Frye, 2007; Komada et al. 2008; Schneider
etal. 2011; Okonogi et al. 2018), we suggest that HF sniffing
is highly sensitive to changes in these internal psychiatric
states. In addition, we demonstrated that rats exhibited
reduced HF sniffing after being exposed to social defeat
stress. Generally, when animals experience severe stressful
episodes and threats, they become more conservative and
less motivated to explore external environments. Such
instinctive behavioural habits are consistent with our
observations of stress-induced decreases in HF sniffing.

Instantaneous heartbeat, muscle contraction and
cortical LFP signals rapidly change with locomotor
activity, as shown by their correlation with speed of
movement. However, we showed that some activity levels
during stop periods were higher than those expected from
a simple linear correlation. This supralinear relationship
was mainly explained by the presence of HF sniffing, which
led to peripheral activity levels during stop-HF sniffing
that were equivalent to those during move periods. These
results demonstrate that the physiological signals in stop
periods are not homogeneous and suggest that the pre-
sence of sniffing during stop periods may be one of the
crucial factors influencing these physiological signals.

Using a new recording method that can monitor the
spike pattern of the VN fibres by means of a cuff-shaped
electrode, we revealed that the frequency of VN spikes
was higher in novel conditions than in familiar conditions
(Shikano et al. 2019). In addition to this finding, this
study showed that there were no prominent differences
in the frequency of VN spikes between HF sniffing and
RR. This result appears at odds with our observation
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that other peripheral organ activity, such as heartbeats
and dorsal neck muscle contraction, was rapidly altered
in synchrony with changes in sniff rates. A possible
explanation for this seeming contradiction is that the
novelty- and openness-induced peripheral activity may
be mainly transmitted via visceral sensory nerves other
than the VN. The other possibility is that, as sniffing
is a behaviour mainly controlled by the central nervous
system, there might be no need to transfer signals to the
peripheral organs through the VN during HF sniffing.

To evaluate psychological function and understand
the physiological activity patterns of the peripheral
organs, studies have analysed several major factors in
rodents, including apparent behavioural patterns. In
addition to these behavioural patterns, animals frequently
exhibit rapid bouts of nasal inhalation, represented as
transient increases in sniffing frequency. While sniffing
patterns are considered to reflect an animal’s motivation
for exploration, it remains to be fully clarified how
they undergo changes during observable emotion-related
behavioural patterns. Moreover, little is known about
how such sniffing behaviour affects the physiological
activity of the brain—body system. In this study, we have
demonstrated pronounced sniffing-related increases in
a variety of central and peripheral physiological organ
activities as opposed to a simple relationship with body
movement. The results suggest that sniffing can be a
physiological marker, in addition to behavioural tests, that
enables us to more accurately evaluate physiological states
in the central and peripheral systems in rodents.
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