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a b s t r a c t
The behavioral state of animals is essential information for functional recordings of neuronal activity;
practically, the exact timing when animals recover from anesthesia is important information. Recordings of cortical local ﬁeld potentials and dorsal neck electromyograms (EMGs), a widely used method
to identify behavioral states, requires at least two recording electrodes, one of which also requires a
craniotomy procedure. In the present study, recordings of whisker EMGs alone are sufﬁcient to detect
the state switch from anesthesia to awakening in head-ﬁxed mice. This method uses a single electrode
and thus is technically simple and demands a less physical burden to animals. Moreover, whisker EMGs
recorded under anesthesia reﬂect respiratory rhythms.
© 2018 Elsevier B.V. and Japan Neuroscience Society. All rights reserved.

1. Introduction
Information about behavioral states, i.e., whether animals are
waking, sleeping, or anesthetized, is necessary for in vivo recordings
of neuronal activity in the brain because the spatiotemporal structures of neuronal activity change depending on the states. When
animals are awake, low-amplitude and high-frequency activity
are evident in electroencephalograms (EEGs) or cortical local ﬁeld
potentials (LFPs), whereas lower electromyogram (EMG) activity
and higher-amplitude and lower-frequency EEG activity are prominent under anesthesia, which is conﬁrmed by the loss of righting
reﬂex (Kelz et al., 2008). Researchers often use a combination of
the EMG signals in the dorsal neck muscle and neocortical LFPs
to discriminate the behavioral states of animals (Hayashi et al.,
2015; Oishi et al., 2016). Although these methods are valid to discriminate behavioral states, they involve complicated procedures,
and cortical LFP recordings are invasive. In this study, we focused
on whisker movements. A standard method for recording whisker
movements is to use high-speed videography (Clack et al., 2012;
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Grion et al., 2016), which requires a hybrid system that synchronizes electrophysiological signals and video frames. Instead of the
visual detection of whisker movements, we propose simple EMG
recordings from the muscle underlying the whisker root skin (levator labii superioris muscle) as a useful measure to determine
whether mice are awakening from anesthesia.
2. Methods
Animal experiments were performed with the approval of the
Animal Experiment Ethics Committee at The University of Tokyo
(approval number: P29-13) and in accordance with The University
of Tokyo guidelines for the care and use of laboratory animals. These
experimental protocols were conducted in accordance with the
Fundamental Guidelines for the Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions
(Ministry of Education, Culture, Sports, Science and Technology,
Notice No. 71 of 2006), the Standards for Breeding and Housing
of and Pain Alleviation for Experimental Animals (Ministry of the
Environment, Notice No. 88 of 2006) and the Guidelines on the
Method of Animal Disposal (Prime Minister’s Ofﬁce, Notice No. 40
of 1995).
All recordings were obtained from postnatal 4-to-8-week-old
male ICR mice (Japan SLC, Shizuoka, Japan). Mice were anesthetized
with (i) pentobarbital (25 mg/kg, intraperitoneal [i.p.] injection)
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Fig. 1. Whisker EMGs capture whisker movement. A, Diagram of the setup of experiments used in this study. The right inset shows one frame from a recorded movie. B,
Representative temporal changes in the deﬂection of a whisker obtained from a movie (30 Hz, top panel) and whisker EMG (middle panel) and its RMS (bottom panel), under
anesthesia. C, Cross-correlation function between the whisker deﬂection and the whisker EMG.

and xylazine (10 mg/kg, i.p.) (Fig. 1), (ii) isoﬂurane (2%) (Fig. 2), or
(iii) urethane (2.25 g/kg, i.p.) (Fig. 3). In addition to general anesthesia, lidocaine (1.0%) was subcutaneously applied to surgical regions.
Anesthesia was conﬁrmed by the lack of paw withdrawal, whisker
movement, and eye blink reﬂexes.
For whisker and neck EMG recordings, wire electrodes (AS633,
Cooner Wire, CA, USA) were used. They were not twisted or
soldered, and Teﬂon-coating was removed from their edges.
The levator labii superioris muscle and the dorsal neck muscle were transﬁxed with the wire electrodes, each of which was
inserted to the depth of approximately 1 mm from the skin.
The skin was subsequently removed from the head, and the
animal was implanted with a metal head-holding plate. For cortical LFP recordings, a craniotomy (2.5 × 2.0 mm2 ), which was
centered at 2.0 mm posterior to the bregma and 2.5 mm ventrolateral to the sagittal suture, was performed under isoﬂurane
anesthesia. The exposed cortical window was covered with 1.7%
agar at a thickness of 1.5 mm, and a tungsten electrode covered with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (DiI, 468495, Sigma-Aldrich, MO, USA) was inserted
into the primary somatosensory cortex, the location of which
was conﬁrmed by post hoc histology counterstained with 4’,6diamidino-2-phenylindole (DAPI, 12745-74, Nacalai Tesque, Kyoto,
Japan) for the neocortex and the blue ﬂuorescent Nissl stain NeuroTrace 435/455 (1:500, N21479, Thermo Fisher Scientiﬁc, MA, USA)
for the olfactory bulb. Fluorescent images were acquired using an
FV1200 confocal microscope (Olympus, Tokyo, Japan) and were
subsequently merged. The reference wire electrode for the whisker

EMG recording was inserted into the levator labii superioris muscle
on the opposite side of the signal wire electrode. For the neck EMG
recording, the reference wire electrode was inserted into the dorsal
neck muscle on the opposite side of the signal electrode. The reference electrode for the LFP recordings was placed on the agarose
above the cortex. For recordings of respiratory rhythms, following surgical implantation of the head-holding plate under urethane
anesthesia, a craniotomy was performed to create a hole (0.5 mm
in diameter) centered at 1.5 mm anterior and 1.0 mm lateral to the
bregma using a dental drill, and an electrode was inserted into the
olfactory bulb to record local ﬁeld potentials (LFPs) with the reference electrode that was inserted into the cerebellum (Sato et al.,
2018).
The simultaneous recordings of whisker EMG signals, neck EMG
signals, cortical LFPs, and olfactory bulb LFPs were ampliﬁed using
DAM80 AC differential ampliﬁers (World Precision Instruments,
Hertfordshire, UK). All signals were digitized at a sampling rate
of 20 kHz using a Digidata 1440A digitizer (Molecular Devices, CA,
USA) that was controlled by pCLAMP 10.3 software (Molecular
Devices).
We recorded movies of the whisker movements at a rate of 30
frames per second using a digital camera (EX-ZR1000, CASIO COMPUTER, Tokyo, Japan) simultaneously with whisker EMG recordings
to conﬁrm that whisker EMGs reﬂected whisker movement. Then,
the movies were line-scanned across a whisker. The root mean
square (RMS) of whisker EMGs was calculated and splined at a
rate of 30 Hz. We subsequently calculated the cross-correlation
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Fig. 2. Waking from isoﬂurane anesthesia is detectable in whisker EMGs. A, Raw traces of the neocortical LFP, the neck EMG, and the whisker EMG from isoﬂuraneanesthetized mice (top panel) and mice after withdrawal (bottom panel). B, The representative image (left) of the cortical LFP electrode trace (DiI) and the magniﬁed image
(right) of the area shown by the white square in the left. C, Distribution of the ratio of the theta power to the delta power of the cortical LFPs during and after isoﬂurane
anesthesia. D, Temporal changes in the theta-to-delta ratio (top panel), the RMS of neck EMGs (middle panel) and whisker EMGs (bottom panel) during and after isoﬂurane
anesthesia, which was withdrawn at 0 s. The dashed line indicates the threshold between anesthesia and awake states (here, means + 4 × SDs, the middle and bottom panel).
E, Latencies to awakening from isoﬂurane anesthesia detected in whisker EMGs, neck EMGs, and cortical LFPs. Each line indicates data from a single mouse. P = 0.35, F2,12 =
3.89, one-way ANOVA, n = 5 mice.

between the line-scanned whisker movement and the splined
whisker EMG recordings.
Three signals (i.e., whisker EMGs, neck EMGs, and cortical LFPs)
were divided into two behavioral states, anesthetized and awake
states, to compare the latency to awakening from isoﬂurane anesthesia. For cortical LFPs, we calculated the ratio of theta (4–10 Hz)
to delta (1–4 Hz) oscillations for a 1-s window, which was sequentially shifted at a step of 100 ms. We then normalized the ratio using
the same ratio recorded during ﬁrst 180 s when mice were fully
anesthetized. For whisker and neck EMGs, the raw signals were
high-pass ﬁltered at 15 Hz, and then its RMS was Okada-ﬁltered
(Okada et al., 2016). Awake states were considered when amplitudes of the RMS exceeded the mean + 2 to 8 standard deviations

(SDs) of the RMS across the recording period. We regarded sleep
states during a transition from anesthesia to awakening as the
anesthetized state.
We assumed that olfactory bulb LFPs were regarded as an indicator of respiration and examined whether the low-frequency
components of the whisker EMGs corresponded to the respiratory
rates by analyzing the frequency spectra obtained from the fast
Fourier transform (FFT) or the wavelet transform. We bandpass ﬁltered the raw whisker EMG and olfactory bulb LFP traces between 2
and 5 Hz and calculated the cross-correlations to evaluate the time
lag between the two signals.
Data were analyzed using MATLAB routines (MathWorks, Natick, MA, USA).
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Fig. 3. Whisker EMGs contain respiratory signals of mice under anesthesia. A, Comparison of the olfactory bulb LFP (top panel) and the whisker EMG (bottom panel). Left:
Raw traces and their bandpass ﬁltered traces. Middle panel: Wavelet spectra. Right panel: FFT power spectral densities. B, The representative image of the LFP electrode trace
of the olfactory bulb. The white arrowheads and DiI show the electrode trace. C, The linear regressions between respiratory rates recorded using whisker EMGs (abscissa) and
olfactory bulb LFPs (ordinate). D, Cross-correlograms between bandpass ﬁltered (2–5 Hz) whisker EMGs and olfactory bulb LFPs. Gray lines show data from four pairs, and
the black line shows their means. n = 4 mice.

3. Results
Whisker movement has been used in in vivo electrophysiological studies to determine whether mice are anesthetized (Funayama
et al., 2016; Matsumoto et al., 2016; Minamisawa et al., 2017).
We hypothesized that whisker EMGs encode whisker movement
and allow us to determine when animals awaken from anesthesia. First, we conducted whisker EMG recordings simultaneously
with video monitoring of whisker movement during the state
transition from pentobarbital and xylazine anesthesia to awakening to conﬁrm the consistency between whisker movement and
whisker EMGs (Fig. 1A). The RMS of splined EMG signals and the
line-scanned whisker movement contained the same number of
irregular high-amplitude events at the same time points (Fig. 1B).
Their cross-correlation revealed temporal consistency (Fig. 1C). The
maximum cross-correlation was 0.41 ± 0.20 (mean ± SD of 3 mice),
suggesting that the whisker EMG signals include the information
about whisker movement.
Next, we simultaneously recorded whisker EMGs with cortical LFPs and neck EMGs under isoﬂurane anesthesia and during
withdrawal from the anesthesia (Figs. 1A and 2A, B). The cortical
LFPs and neck EMGs serve as indicators of awake, rapid eye movement (REM) sleep, and non-rapid eye movement (NREM) sleep
states (Hayashi et al., 2015; Oishi et al., 2016). Therefore, if the
transition between the two states (i.e., anesthetized and awake
states) deﬁned by whisker EMG signals corresponds to the transition determined by cortical LFPs or neck EMGs, whisker EMGs are
useful to discriminate whether the animal is waking. We calculated

the normalized theta-to-delta ratio from cortical LFPs to quantify
the animals’ states. The distribution of the normalized theta-todelta ratio was shaped in the form of a bimodal histogram. Based
on a local minimum in the bimodality, we deﬁned 0.7 as the border
between the two states (Fig. 2C). We then calculated the RMS of
high-pass ﬁltered neck and whisker EMGs. At certain time points,
the amplitude rapidly increased and exceeded 2 to 8 SDs of the
baseline across whole recording period (Fig. 2D). We thus regarded
these time points as the time borders between the two states. We
calculated the latency from the withdrawal of isoﬂurane anesthesia to the anesthetized-to-awake transition determined using each
biosignal (i.e., cortical LFPs, neck EMGs, and whisker EMGs), yielding three types of the latencies. We did not observe signiﬁcant
differences between these latencies (Fig. 2E, P = 0.35, F2,12 = 3.89,
n = 5 mice; one-way analysis of variance (ANOVA)).
We also noticed that the low-frequency component of whisker
EMGs of urethane-anesthetized mice was likely to reﬂect the respiratory rhythm. We simultaneously recorded whisker EMGs with
olfactory bulb LFPs, an indicator of the respiratory rhythm (Sato
et al., 2018), from urethane-anesthetized mice to conﬁrm this
hypothesis (Fig. 3A, B). Time-series analyses using the FFT revealed
that whisker EMGs exhibited a peak at approximately 3 Hz (Fig. 3A),
which corresponded to the peak in olfactory bulb LFPs (Fig. 3C).
We computed the cross-correlations of these traces to characterize
their temporal features (Fig. 3D). The cross-correlations ﬂuctuated periodically at frequencies of 3–4 Hz and peaked at nearly 0 s
(10 ± 10 ms, mean ± SD of 4 mice; bandpass ﬁltered whisker EMG
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versus olfactory bulb LFP). Therefore, we concluded that whisker
EMGs were also useful for monitoring respiration.
4. Discussion
In the present study, we proposed a new and simple method to
discriminate whether head-ﬁxed animals were waking from anesthesia. Recently, head-ﬁxed, awake animals have been commonly
used in electrophysiological experiments and functional optical
imaging to investigate natural brain function. Therefore, a method
to determine whether animals are already awake or still under
anesthesia is needed. We were able to observe whisker movement
by recording whisker EMG signals. Using this technique, we succeeded in dividing the states of mice into waking or anesthetized
states. Indeed, the states corresponded to those determined using
neck EMGs or cortical LFPs, which are usually used as parameters for detecting awake/sleep states. Furthermore, respiratory
rhythms were extracted from the whisker EMGs of anesthetized
animals.
Compared with cortical LFPs or neck EMGs, which are typically
used to detect the states of animals, recordings of whisker EMGs
require a simple process of sewing the wire electrode through
the skin where the whiskers are rooted. Therefore, our method
can be combined with other electrophysiological recordings and
optical imaging experiments in head-ﬁxed animals. Our whisker
EMG signals are similar to previously reported signals observed
in mystacial or facial EMGs recorded in rodents (Ranade et al.,
2013; Schroeder and Ritt, 2013). Notably, in contrast to these studies, our method uses a single, simple wire and is technically less
complicated.
Based on our data, whisker EMGs contained respiratory rhythms
in urethane-anesthetized mice. Additionally, respiratory rhythms
could also be derived from whisker EMGs in mice under isoﬂurane anesthesia. However, in awake states, compared with the
anesthetized state, respiratory rhythms were less ﬁrmly detectable
in high-amplitude, irregular signals in neck and whisker EMGs
(Fig. 2A).
The existing method to record whisker motions in freely moving
rodents is videography (Knutsen et al., 2005; Perkon et al., 2011;
Voigts et al., 2008). Our method for recording whisker EMGs is currently only applicable to head-ﬁxed animals. If whisker EMG signals
are recorded from freely behaving animals, we will be able to determine whether animals are waking or sleeping without using the
EEG/neck EMG signals (Hayashi et al., 2015) or respiration monitoring (Sunagawa et al., 2016), and be able to detect snifﬁng or
whisking behaviors using a pair of wire electrodes and simple
analyses without camera systems. Previous studies suggest phaselocking between snifﬁng and whisking during active exploration
(Ranade et al., 2013), and the coherence between the whisking
rhythms, barrel cortex ﬁring, and hippocampal LFPs is selectively
increased during epochs in which the rat collects sensory infor-
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mation (Grion et al., 2016; Kleinfeld et al., 2016), indicating the
existence of efﬁcient mechanisms to integrate stimulus information into memory and decision-making behaviors. Our recording
methods will open a new avenue to simplify experiments designed
to investigate the relevance of sensory inputs to neuronal activity.
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