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Smell and touch convey most of the information that nocturnal rodents collect in their natural environments, each via its
own complex network of muscles, receptors and neurons. Being active senses, a critical factor determining the integration
of their sensations relates to the degree of their coordination. While it has been known for nearly 50 years that sniffing and
whisking can be coordinated, the dynamics of such coordination and its dependency on behavioral and environmental
conditions are not yet understood. Here we introduce a novel non-invasive method to track sniffing along with whisking
and locomotion using high-resolution video recordings of mice, during free exploration of an open arena. Active sensing
parameters in each modality showed significant dependency on exploratory modes (“Outbound”, “Exploration” and
“Inbound”) and locomotion speed. Surprisingly, the correlation between sniffing and whisking was often as high as the
bilateral inter-whisker correlation. Both inter-whisker and inter-modal coordination switched between distinct high-
correlation and low-correlation states. The fraction of time with high-correlation states was higher in the Outbound and
Exploration modes compared with the Inbound mode. Overall, these data indicate that sniffing�whisking coordination is a
complex dynamic process, likely to be controlled by multiple-level inter-modal coordinated loops of motor-sensory
networks.

Keywords: active sensing; sniffing and whisking behavior; bi-modal sensation; motor-sensory coordination; non-invasive
tracking; freely moving mice

Introduction

Nocturnal rodents, such as rats and mice, actively

acquire information from their surroundings via behav-

iors known as whisking (Vincent 1912; Gao et al.

2001; Berg & Kleinfeld 2003; Knutsen et al. 2006;

Mitchinson et al. 2007; Grant et al. 2009; Zuo et al.

2011) and exploratory sniffing (Macrides et al. 1982;

Uchida & Mainen 2003; Kepecs et al. 2007; Wesson

et al. 2008). Touch and smell are two of the most

prominent senses of these animals and are being used

extensively in their everyday life. In contrast to the

wealth of studies addressing each of these modalities

separately for almost a century, there have been only a

handful of studies addressing their interactions

(reviewed in Deschênes et al. 2012), of which only

one was performed on freely ranging animals (Ranade

et al. 2013) and none were in a non-invasive way. In a

seminal paper, Welker described a mode of correlated

sniffing and whisking movements in rats when their

noses touched objects (Welker 1964). Relations

between whisking and sniffing have been further dis-

cussed during theta-synchronized sniffing behaviors

(Semba & Komisaruk 1984) and during odor discrimi-

nation (Kepecs et al. 2007). Recently, it was shown

that at least some of the phases of whisking and sniff-

ing are controlled by the same central pattern generator

(Moore et al. 2013), and that these two movements are

often correlated during palpations (Cao et al. 2012).

The aforementioned studies examined sensory behav-

ior in an unnatural context where the animal was head

fixed. While this approach is useful for studying well-

defined components of neural processing, often behaviors

observed in such semi-artificial conditions are not relevant

to the animal’s umwelt (i.e. the world from the perspective

of the animal’s point of view; Uexk€ull 1957). Adopting a

complementary ethological approach, where the animal is

being observed in a natural-like context, is important in

order to get more relevant and comprehensive description

of the richness, variability and complexity of innate

behavior. Such a broader perspective increases the chan-

ces that the measured behavior represents meaningful pro-

cesses. As previously shown when mice are given the

opportunity to freely explore a new terrain, they itera-

tively enter into the external area for a short while, then

return to the home-cage, showing a gradual build-up of

explorative degrees of freedom where successive entries

become more complex and less predictive (Fonio et al.

2009). This behavioral structure was described in the

more general context of the home-base behavior (Eilam &

Golani 1989) and excursions from the home-base which

are a natural building block of exploratory behavior

(Golani et al. 1993; Tchernichovski et al. 1998; Gordon

et al. 2014). However, most behavioral studies of this sort
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have been restricted to one modality (e.g. vision, touch,

smell, but see, for example, Koelewijn et al. 2010 and

Gordon et al. 2014). Studying the complex agent-environ-

ment system and analyzing multi-modal motor-sensory

behavior in natural-like conditions is thus a desirable,

though a challenging step.

Here, we utilized the ethological approach of free

exploration, using the natural segmentation of the behav-

ior into reiterated round-trips from the home-nest into the

external surroundings (Fonio et al. 2009) and combine a

natural-like apparatus, where mice and their growing pups

were allowed to freely move between their secure home-

nest and an exposed arena, with a high-resolution tracking

of bi-modal active sensing behavior of whisking and sniff-

ing. We begin this report by describing a new method for

a non-invasive, video-based sniffing tracking along with

its anatomical basis and empirical validation. We then

show that the repeated round-trips to the exposed arena

are composed of three distinct exploratory modes, and

present kinematic and spectral analysis of the behavior

with respect to the two modalities � sniffing and whisking

� and head and body motion. We show that sniffing and

whisking are usually coordinated during exploratory

active sensing, in which animals maintain correlated

active sensing, and that their coordination depends on the

exploratory mode.

Material and methods

Animals and behavioral apparatus

A family of C57BL/6 mice (a mature female and her

three pups) was raised in a “natural habitat” apparatus

in which the animals were allowed to freely traverse

between a secure shelter (nest-cage) and a novel envi-

ronment. The female and newborn pups (P4) were

housed in the special nest-cage made from Perspex

that was partitioned into two compartments (Figure 1(a),

Section 1 in the Supplemental data). The first compart-

ment (marked in yellow) contained wood-chips and

standard dry food pallets that were given ad libitum

and in the second compartment (marked in orange)

there was free access to water. A shallow angle ramp

(30 deg.) connected the two compartments.

During the first weeks, the pups huddled in the first

compartment until reaching the age of P21�23 when

they began to move around the nest-cage. At that time,

a small door (3 cm £ 3 cm) in the second compart-

ment (marked in red), leading to a novel area, was

opened, thus allowing free passage between the nest-

cage and that area, both for the pups and their mother.

The behavior during round-trips into the novel area was

recorded using a high-speed video camera (Optronis

CL600£2) at 500 frames/sec, 1280 £ 1024 pixels. The

setup was designed to allow constant high-resolution

video recording for several hours.

The behavior was recorded at night, which is the

active phase of these nocturnal rodents, and in a dark

room. A 900 £ 900 IR illuminator (Metaphase) was placed

under the transparent floor of the novel area and was used

as a uniform backlight illumination for the camera. Ani-

mal maintenance and all experimental procedures were

conducted in accordance with National Institutes of

Health and The Weizmann Institute of Science guidelines

(IACUC approval # 01400310-2).

Data acquisition

Data acquisition was initiated once the pups approached to

the door for the first time which occurred at P21 (i.e.

21 days postnatal). The data were acquired during 3 nights

at ages P21, P23 and P27. We collected in total of 304

movies of variable durations (see, for example, Video S1),

summing up to 843,401 tracked frames (1700 sec) of the

mouse behavior while they were performing round-trips

outside the nest-cage. These videos were tracked by the

BIOTACT Whisker Tracking Tool (BIOTACT consor-

tium; Perkon et al. 2011), giving for each frame relevant

information about head position, snout contour, the position

of the tip of the nose and orientation of whiskers on both

sides of the snout (Figure 1(b), Video S2). In each video,

some frames were not tracked properly, either due to verti-

cal movements of the snout or touching of the whiskers

with objects in the novel area. These frames were discarded

by using the head contour goodness-of-fit parameter

(Figure 1(d)) that is automatically calculated by the tracker

(Perkon et al. 2011). This reduced the number of analyzed

frames to 515,318 frames (126,134 in the Outbound mode,

308,528 in the Exploration mode and 80,656 in the

Inbound mode). Furthermore, in order to calculate the head

velocity, the head trajectory was smoothed by a moving

average of size 100 msec (50 frames).

Acquisition of sniffing behavior

Based on the coordinates of the snout contour and the tip

of the nose, both of which are given as output by the BIO-

TACT Whisker Tracker described above, a non-invasive

image-processing-based sniffing detection algorithm was

developed and implemented in Mathematica� (Wolfram)

and Matlab� (MathWorks). For each frame (Figure 1(b)),

the automatic tracking tool extracted the coordinates of the

snout contour and the nose tip (Perkon et al. 2011). The

snout contour (Figure 1(b) in red) was then smoothed with a

moving window of size 10 msec (5 frames) and centered on

the nose tip. For each point in the smoothed contour, the

angle between it and the two adjacent points was calculated,

aðsÞ, where s is the arc length along the snout contour.

The angle’s spatial derivative was then calculated

@saðsÞD daðsÞ=ds and smoothed with a moving window of

0.75 mm (Figure 1(c) in red). The points of contour curva-

ture were found as those in which the angle’s derivative

changed signs, cn D
�
s j @saðs¡ 1Þ£@saðsC 1Þ< 0

�
, for

nD ¡N ; . . .; ¡ 1; 1; . . .;N ; where negative n are to the left

to the nose tip and positive n are right to the nose tip, i.e.

c¡ 1; cC 1 are the two contour curvature points adjacent to

the nose tip (Figure 1(c), blue crosses). The regions between

the first and second crosses on each side were then selected.

The left and right points of the nose, gL; gR, were then cho-

sen as the maxima of the angle derivative in these regions,

96 E. Fonio et al.



Figure 1. Experimental set-up and measurement of sensory modalities. (a) An image of the home-cage; dam mouse with pups in the
nesting chamber (yellow), the transitional chamber (orange) and door area (red). (b) An image from a representative movie (Video S1),
where the mouse immerged from the home-cage and performed a round-trip into the novel area. The automatically detected snout con-
tour (red), center of snout (white), nose-tip (magenta), whiskers (left-hand side in blue and right-hand side in green) and the width of the
nose (orange) are illustrated upon the image. (c) The contour angle derivative (red), centered on the nose tip (magenta). The frames for
which the contour curves, i.e. angle derivative changes sign, are marked by blue-crosses and the zero-line is marked by a dashed black
line. The first maxima of change next to the nose tip designate the sides of the nose (orange dots). (d) The head contour goodness-of-fit
(HCGF; Perkon et al. 2011) of a representative round-trip. The dashed red line indicates the threshold, above which frames were taken
for analysis. Frames below threshold are shaded in light-gray. (e) Whiskers mean angle trace for the left (blue) and right (green) side for
the same round-trip as in (d). (f) Nose-width trace for the same round-trip as in (e). Light-gray shaded stripes in (e,f) corresponds to the
frames below threshold as presented in (d).
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gL D arg maxs2½c¡ 2;c¡ 1�@saðsÞ; gR D arg maxs2½cC 1;cC 2� @saðsÞ
(Figure 1(b) and 1(c), orange dots). The width of the

nose is calculated as the Euclidean distance between

these two points. The dynamics of this parameter, i.e.

the change of nose-width for each frame, is considered

here as a correlate of sniffing (see validations in the

Results section).

Nose anatomy

To clarify which of the anatomical structures are responsi-

ble for the changes of the nose horizontal diameter, a

series of histo-anatomical experiments was performed on

3-week-old C57BL/6 mice because their bones can be cut

with a regular microtome. Mice were anesthetized with

urethane [25% (w/v), 0.65 mL/100 g body weight, i/p],

perfused transcardially with 4% (w/v) paraformaldehyde

and 5% (w/v) sucrose in 0.1 M phosphate buffer, pH 7.4.

Nasal architecture was visualized in 40 mm thick horizon-

tal, coronal and tangential slices of the snout after staining

for cytochrome oxidase activity that was performed

according to the method described by Wong-Riley (1979)

and modified by Haidarliu and Ahissar (2001). Briefly,

the slices were incubated in 0.02% (w/v) of cytochrome c

(Sigma-Aldrich, St. Louis, MO), catalase (200 mg/mL)

and 0.05% (w/v) diaminobenzidine in 0.1 M phosphate

buffer (pH 7.4) at room temperature. The incubation was

arrested by adding 0.5 mL of phosphate buffer into each

well when the muscles became dark brown. Then the sli-

ces were mounted on slides, dried, cover-slipped with

Entellan (Merck) and examined and photographed using

Nikon Eclipse 50i microscope (Figure 2(a)).

Measurement of air pressure in the nasal cavity

In order to validate that the novel sniffing-detection algo-

rithm correctly captures the sniffing signal, we measured

the pressure in the nasal cavity while simultaneously

recording video. A hole was drilled into the thickest

region of a mouse nasal bone, and a cannula connected to

a pressure transducer was inserted through the drilled hole

to the nasal cavity (as described in Verhagen et al. 2007

and detailed in Section 2 of the Supplemental data). After

full recovery of 1 week, the mouse was free to explore a

novel arena that contained odor stimuli (detailed in Sec-

tion 2 of the Supplemental data). The pressure signal

was band-pass filtered between 3 and 25 Hz and down

sampled to 500 Hz to match the video sampling rate.

Statistical analysis

Correlations between the nose-width, chest-width and

nasal-pressure were tested for statistical significance using

a bootstrapping procedure. To generate a null hypothesis,

we randomly permuted trial ordering of nose-width,

chest-width and nasal-pressure measurements (indepen-

dently), then computed the pairwise cross-correlation

between the randomly permuted data-sets, and averaged

over all trials (using Matlab). The procedure was repeated

1000 times to generate a null distribution, from which a

p-value was drawn.

Differences between the three exploratory modes, in

any measurement, were tested for statistical significance

using, unless stated otherwise, one way analysis of variance

(ANOVA). The ANOVA tables for all the tests presented

in the paper are presented in Section 4 of the Supplemental

data. When a significant difference was found, we used

Tukey’s post hoc test in order to localize the significant

effect. Whenever the distributions were significantly

skewed, we used monotonous transformation to retain

normality. For example, for the whisking correlations

(Figure 4(f)) and for the sniffing�whisking correlations

(Figure 4(g)), we applied 3.1x transformation, that corrected

the skewed distributions (correspondingly p D 0.72 and

p D 0.80 in the Kolmogorov�Smirnov test for normality).

Smoothing

The whisker traces (Figure 1(e)) and sniffing traces

(Figure 1(f)) were smoothed with a moving window of 20

msec (10 frames).

Data analysis: pooling the data of the mother and pups

In some of the measures, the absolute values differ

between the pups and their mother, for example, in nose-

width. However, all mice shared similar variance and rela-

tions between the exploratory modes, therefore, in order

to be able to pool together all the data for the analysis, we

used a mouse-based standardized z-score: xstandardized D
(x�mean(x))/std(x).

Results

Nose-width is correlated with nasal air-flow

We first explored the anatomical basis of the nose-width

signal. In horizontal slices that were cut at the level of the

nostrils, the continuity of the nasal cartilaginous capsule

was broken by the nostrils (Figure 2(aI)). Such a gap in

cartilage continuity makes possible movement of the lat-

eral nasal wall of the nose in the lateral direction that leads

to an increase of the horizontal diameter both of the nos-

trils, as described in rats by Deschênes et al. (2014), and

of the rostral part of the nasal vestibule. Increase of the

horizontal diameter of the nostrils and of the nasal vesti-

bule can be caused by the contraction of the muscles

attached to the lateral wall of the nasal cartilaginous cap-

sule (Figure 2(aII), 2(aIII) and 2(aIV)) that pull the nasal

wall laterocaudally. When the muscles relax, the nose

restores its initial shape owing to the elastic forces of the

nasal cartilage. Given this anatomical basis, we studied

the correlation of the nose-width signal with physiological

markers of nasal air-flow.

Noticing that breathing is visible in the recorded

mouse (see Video S1) we extracted from each frame the

width of the chest, approximated by the area of a region

of interest across the mouse trunk (Figure 2(b), purple),

thus getting a “breathing signal” (Figure 2(c), purple)

98 E. Fonio et al.



Figure 2. Validation of the sniffing measurement. (a) Histoanatomy of the rostral segment of the mouse nose: (i) horizontal slice of the
snout at the level of nostrils, (ii) coronal slice of the snout at the level of nasal vestibule, (iii) superficial tangential slice of the snout and
(iv) deep tangential slice of the snout. (1) Rhinarium, (2) lateral ventral process of the septal cartilage, (3) and (4) origins of the muscles
attached to the lateral wall of the nasal cartilaginous capsule, (5) vibrissal follicles, (6) nostril, (7) atrioturbinate, (8) premaxilla, (9) inci-
sives, (10) nasal tectum (roof cartilage), (11) nasolacrimal channel, (12) pars maxillaris superficialis of the M. nasolabialis profundus
that is attached by a tendon and (13) to the nasal cartilaginous capsule. R: rostral, V: ventral. Scale bars D 1 mm. (b) Independent meas-
urements of air-flow: area of the trunk (magenta), nasal air-pressure via transplanted cannula (light blue) and nose-width (orange). (c)
Example of the output signals of the former three methods, color scheme as in (b). (d) Cross correlation between nasal air-pressure and
nose-width. (e) Cross correlation between nasal air-pressure and trunk area. (f) Manual (gray) and automatic (orange) scoring of the
nose-width.
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Figure 3. Decomposition of the round-trip trajectory into three exploratory modes and their characteristic measurements. (a) A com-
posite image of several frames from a movie of a mouse performing a single round-trip outside the nest-cage in the exposed area. The
trajectory is segmented into Outbound (solid blue), Exploration (dashed red) and Inbound (dot�dashed magenta) modes, confined by
their bounding boxes. (b) The color-coded radial distance of the trajectory presented in (a). (c) The aspect ratio (x/y) of the bounding
rectangle for all segments of the three exploratory modes. (d) Segment duration. (e) The characteristic highest head speed (quantile
0.95) in each mode. (f�h) Dependence of whisking variables on the exploratory mode: (f) whisking set-point, (g) peak-to-peak ampli-
tude and (h) frequency. (i�k) Dependence of sniffing variables on the exploratory mode: (i) nose-width, (j) peak-to-peak amplitude and
(k) frequency. Error bars denote standard error of the mean (SEM). All pair-wise correlations presented in this figure were statistically
significant except for: panel (d) (differences were significant only between Exploration and the other two modes); panel (f) (differences
were significant only between Outbound and the other two modes); panel (g) (no significant differences were found); panel (i) (differen-
ces were significant only between Inbound and the other two modes) and panel (k) (no significant differences were found). All significant
differences were highly significant (p < 0.0001, ANOVA). Data used in (e�k) was standardized (z-score) as described in the Material
and methods section.
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where the chest is periodically broadening (inhaling

phase) and contracting (exhaling phase). To probe nasal

air-flow, we implanted a pressure sensor in the nasal cav-

ity (Figure 2(b), light blue; Section 2 in the Supplemental

data). The three signals, nose-width, nasal-pressure and

chest-width exhibited a periodic, highly correlated behav-

ior (Figure 2(c)). Correlation strengths and phase relation-

ships are depicted in Figure 2(d) and 2(e). These findings

show that nose-widening is concurrent with exhaling and

nose-narrowing is concurrent with inhaling.

Finally, we calculated the correlation between the

measurements of the nose-width by our automatic algo-

rithm (see Methods section and Figure 1(b) and 1(c)) and

by human observers. A 3 sec video (1500 frames) was

manually tracked and from each frame the coordinates of

maximum curvature on both sides of the nose (orange

dots in Figure 1(b)) were extracted. The nose-width was

calculated as the Euclidian distance between these points.

The correlation between the resulting signal (Figure 2(f),

gray line) and the output of the automatic algorithm

(Figure 2(f), orange line) was high (Pearson’s r D 0.81).

Exploration behavior is composed of three modes

Gross analysis of the round-trips into the exposed arena

outside the nest-cage revealed three modes (Figure 3(a)):

(1) an Outbound portion, where the mouse emerged from

the nest-cage and progressed away from the doorway.

This mode was defined as the first period after door cross-

ing of the mouse head in which the radial distance from

the doorway monotonically increased (Figure 3(b), blue),

(2) an Exploration portion, where the mouse typically

moved in various directions, defined for every round-trip

as the period between Outbound and Inbound (Figure

3(b), red), and (3) an Inbound portion, during which the

mouse returned to the nest-cage, defined as the last period

during which the radial distance from the doorway mono-

tonically decreased (Figure 3(b), magenta). The aspect

ratio of the bounding rectangle differed significantly

between the three exploratory modes (Figure 3(c); p <

0.0001, ANOVA, Tukey’s post hoc test shows significant

differences between all modes), where Outbound seg-

ments score lowest, presenting aspect ratios smaller than

1 (i.e. radially emerging outside in a relatively straight

line), and Exploration segments score the highest, aspect

ratios larger than 1, reflecting more lateral movements.

Furthermore, the segments differed in their duration, with

the Exploration segment being the longest (Figure 3(d);

p < 0.0001, ANOVA). As previously reported (Tcherni-

chovski & Golani 1995), we found that the three modes

were significantly different in their peak (quantile 0.95)

locomotion speed (p < 0.0001, ANOVA) where in the

Inbound portion mice reached highest speeds and in Out-

bound portion � lowest speeds (Figure 3(e)).

Exploratory modes have different whisking and sniffing

characteristics

For both whisking and sniffing, we analyzed the following

variables: the set-point (the mean), the amplitude and the

central frequency within a 500 msec sequence (Table 1).

Whisking

Whisking set-point significantly decreased from Out-

bound, via Exploration to Inbound (p < 0.0001, ANOVA;

Figure 3(f)). Whisking amplitude (Figure 3(g)) showed no

significant differences for all three modes (p D 0.28,

ANOVA). Whisking frequency significantly decreased

from Outbound, via Exploration to Inbound (p < 0.0001,

ANOVA; Figure 3(h)).

Sniffing

Nose-width set-point (mean width) was similar during

Outbound and Exploration and increased during the

Inbound mode (p < 0.0001, ANOVA; Figure 3(i)). Sniff-

ing amplitude increased from Outbound to Exploration

and decreased again during the Inbound mode (p <

0.0001, ANOVA; Figure 3(j)). Sniffing frequency showed

no significant differences between locomotion modes

(p D 0.09, ANOVA; Figure 3(k)).

In summary, during the Outbound mode, mice typi-

cally pulled their whiskers forward and narrowed their

noses while whisking at high frequencies and sniffing at

low amplitudes. During Exploration, they typically bal-

anced their whiskers’ set-points and maintained narrow

noses while increasing sniffing dynamic range (i.e.

Table 1. Whisking and sniffing characteristics.

Measure name Mean SD Trimmed range Units

Whiskers left set-point angle 217.8 46.6 »(168.4�257.2) deg.

Whiskers right set-point angle 218.2 28.6 »(179.7�245.1) deg.

Nose width 4.6 0.3 »(4.2�5.2) mm

Whisking left amplitude 83.1 29.4 »(43.4�135.0) deg.

Whisking right amplitude 81.7 46.5 »(48.1�117.0) deg.

Sniffing amplitude 1.1 0.4 »(0.6�1.7) mm

Whisking left (frequency) 12.9 4.0 »(8.3�20.0) Hz

Whisking right (frequency) 12.7 4.0 »(8.3�20.0) Hz

Sniffing (frequency) 10.4 2.6 »(8.3�16.7) Hz

Head speed 125.7 60.8 »(49.7�240.2) mm/s
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amplitude). During the Inbound mode, they typically

retracted their whiskers and widened their noses, while

whisking at a low frequency.

Whisking and sniffing correlation

We analyzed the correlation between left and right whisk-

ing angles (Figure 4(a)). As can be seen, the distribution

of correlation coefficients is strongly skewed towards

strong positive correlations, though lower positive and

negative correlations also existed. No strong negative cor-

relations were found in this study.

Correlations between whisking and sniffing were in

general weaker than inter-whisker correlations, although

exhibiting a similar variability (Figure 4(b) and 4(c)). On

average, inter-whisker correlations showed significant

increase during the Exploration mode (p < 0.0001,

ANOVA; Figure 4(f)) and inter-modal correlations

Figure 4. Whisking and sniffing correlations. (a)�(c) Distribution of correlation coefficients between right and left whisking angles
(black), sniffing and left whisking angles (blue) and sniffing and right whisking angles (green). (d) An example of whisking (left � blue,
right – green) and sniffing (orange) signals. (e) Moving window correlation time series for the signals presented in (d); left vs. right side
whisking (black), left whisking � sniffing (blue) and right whisking � sniffing (green). (f) Whisking correlation dependence on
the exploratory mode; correlation during Exploration was significantly higher. (g) Whisking � sniffing correlation dependence on the
exploratory mode; correlation during Inbound was significantly lower. (h) The percentage of time spent in the high correlation
(r > 0.5) state. Percentage during Inbound was significantly lower. Error bars denote SEM. All significant differences were highly
significant (p < 0.0001, ANOVA).
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decreased during the Inbound mode (p < 0.0001,

ANOVA; Figure 4(g)). Importantly, however, a close

examination of individual trials revealed that the snif-

fing�whisking correlations and inter-whisker correlations

fluctuated together, switching between long periods

(“states”) of high correlations (r > 0.5) and shorter peri-

ods of varying correlations (Figure 4(d) and 4(e); Section

3 in the Supplemental data). Interestingly, both intra-

modal and inter-modal correlations generally changed in

general together. Yet, switching from the correlated to

uncorrelated states was often not fully synchronized (see

examples of uncorrelated signals in Figure 4(d) and 4(e)

and Section 3 in the Supplemental data). These correla-

tions of active sensing dynamics were significantly

affected by the exploratory mode. The percentage of

time spent in the high correlation state was significantly

lower during the Inbound mode (Figure 4(h); Table 2).

The results of a two-way ANOVA show both mode

effect where during the Inbound mode the correlations

were significantly lower (p < 0.0001), and modality

effect where the correlations between left and right

whisking were significantly higher (p < 0.0001), with no

interaction (p D 0.09; Table 2).

Discussion

In this study, we examined a complex agent-environment

system, wherein mice explored a novel arena. We ana-

lyzed, both separately and jointly, two major sensory

modalities in mice � whisking and sniffing. We imple-

mented an ethological approach using a free exploration

paradigm, developed an innovative sniffing detection

algorithm based on image processing that for the first time

allowed the collection of simultaneous bi-modal data of

active sensing behavior of freely ranging animals based

solely on non-invasive techniques.

We categorized the interactions of our mice with their

environment to three major categories (Figures 3(a) and 5):

an Outbound segment, characterized by a low head-speed

approach to a novel place; an Exploration segment, charac-

terized by long duration and lateral movements within a

novel area; and an Inbound segment, characterized by

high-speed returns to the home-cage. We found that mice

exhibit a highly coordinated multimodal active sensing in

the Outbound and Exploration segments. In the Exploration

segment, left�right whisking and whisking�sniffing

correlation were highest, whereas in the Inbound mode,

whisking and sniffing were less powerful and also less

correlated.

During the Outbound segment, head speed was lowest,

while the whisker set-point was highest, consistent with

previous results (Arkley et al. 2014). This may indicate a

cautious behavior, aiming at reducing the danger of hitting

unexpected objects with the nose.

Whisking�sniffing coordination was also studied in

Ranade et al. (2013), where phase-locked whisking and

sniffing was found during exploration bouts. In Cao et al.

(2012), a variability in sniffing�whisking correlation was

found in head-fixed mice, that depended on the whisking

frequency. Our findings suggest that indeed there is large

variability in sniffing�whisking correlation also in freely

moving mice and that this depends on context or explor-

atory mode.

The neural mechanism behind this whisking�sniffing

correlation is yet unknown, although the brainstem has

been suggested to play an important role (Moore et al.

2014). Given the variability of correlation we found, neu-

ral control of whisking and sniffing may be realized at

multiple levels (Moore et al. 2013). Similar conclusions

were reached in a study that measured whisking and sniff-

ing in head-fixed mice (Cao et al. 2012) as well as in a

study that examined whisking and sniffing during an

open-field reward foraging behavior and found different

modes of phase locking (Ranade et al. 2013).

The high variability of the correlation between whisk-

ing and sniffing that was revealed in our study can be also

explained by the involvement of different groups of facial

muscles in the functioning of both vibrissal and olfactory

motor plants that were described in rats and mice (Hill

et al. 2008; Haidarliu et al. 2015). Three subunits of the M.

nasolabialis profundus (Partes maxillares superficialis et

profunda, and Pars interna profunda) have their origins on

the outer wall of the nasal cartilage that surrounds nasal

atrium, and insert into the deep fibrous mat of the mystacial

pad. Contraction of these muscles has a dual effect: it pulls

the wall of the lateral nasal cartilage outward, thus dilating

the nares and nasal vestibule, and produces a retraction of

the vibrissae by pulling the deep fibrous mat rostrally,

together with the proximal ends of the vibrissal follicles

(Deschênes et al. 2014). The nasal vestibule acquires its

initial shape when the muscles relax. However, during

Table 2. Percentage of time at high correlation (r > 0.5).

Modality: exploratory
mode: Left�right Sniff-left Sniff-right

Outbound 62.7 § 24 53.9 § 24 58.9 § 24

Exploration 66.8 § 19 55.3 § 17 58.2 § 17

Inbound 56.0 § 27 43.2 § 25 43.3 § 27

Figure 5. An illustration of our interpretation of the whisking-
sniffing parameters and correlation for the three exploratory
modes. Outbound (blue): cautious mode with low head speed
and protracted whiskers, Exploration (red): whisking and whis-
ker-sniffing coordinated exploration, and Inbound (magenta):
high head speed retreat with less coordinated sensing.
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exploratory whisking, vibrissa protracting parts of the M.

nasolabialis profundus that originate similarly from the

nasal cartilage, also can be activated causing dominating

vibrissa protraction. Variation of simultaneously contracted

facial muscles can explain the variability of correlation

observed between whisking and sniffing.

The complex dynamics of exploration in the natural

settings studied here involve a freely moving agent with

several sensors with which it can learn about its environ-

ment. We have shown, using the novel non-invasive tools

we have developed, that there is an intricate interplay

between the exploratory mode of the mice, and the pat-

terns and coordination of their active multi-modal sensing.

This suggests an underlying complex neural network that

regulates information intake from the environment on sev-

eral time scales, namely, exploration segments controlled

by locomotion and, active sensing controlled by whiskers

and snout. In principle, such a complex network could be

implemented as an integration of individual networks,

each processing the output of an individual modality

(Angelaki et al. 2009). However, the tight motor correla-

tions presented here, and their modulation by the explor-

atory mode, strongly suggest that the modalities are

interacting at multiple levels. Optimal Bayesian integra-

tion of multi-modal sensory information has been sug-

gested before (Hillis et al. 2002; K€ording & Wolpert

2004), for proprioception and vision (van Beers et al.

1999), texture and motion (Jacobs 1999) and vision and

haptics (Ernst & Banks 2002). However, these open-loop

perceptual-based studies did not explore active-sensing,

whereas the results presented here suggest closed-loop

control (Deutsch et al. 2012; Saig et al. 2012), allowing

sensory�motor coordination at several levels of resolu-

tion, very much like individual pathways interact within

each modality (Ahissar & Kleinfeld 2003). The coordina-

tion of such a complex multiple-level multiple-modality

system can be done via a novelty-based management

architecture (Gordon et al. 2014); the expectation-based

tuning of the sensors and their coordination observed in

this study supports this possibility.

To conclude, we have developed a non-invasive tool to

simultaneously record whisking and sniffing in freely mov-

ing and exploring mice. We have shown that the correlation

between these modalities is variable and depends on the

context with which they are used, e.g. exploration or return

to a home cage. We propose that these tools can be used in

a wide variety of experimental designs to increase our

understanding of the behavioral as well as underlying neu-

ronal mechanisms of these important active sensory

modalities.
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