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Abstract

The details of auditory response at the subthreshold level in the rodent primary somatosen-
sory cortex, the barrel cortex, have not been studied extensively, although several phenom-
enological reports have been published. Multisensory features may act as neuronal
representations of links between inputs from one sensory modality to other sensory modali-
ties. Here, we examined the basic multisensory postsynaptic responses in the rodent barrel
cortex using in vivo whole-cell recordings of neurons. We observed robust responses to
acoustic stimuli in most barrel cortex neurons. Acoustically evoked responses were medi-
ated by hearing and reached approximately 60% of the postsynaptic response amplitude
elicited by strong somatosensory stimuli. Compared to tactile stimuli, auditory stimuli evoked
postsynaptic potentials with a longer latency and longer duration. Specifically, auditory sti-
muli in barrel cortex neurons appeared to trigger “up states”, episodes associated with mem-
brane depolarization and increased synaptic activity. Taken together, our data suggest that
barrel cortex neurons have multisensory properties, with distinct synaptic mechanisms
underlying tactile and non-tactile responses.

Introduction

The mammalian cerebral cortex is a high-level processing structure that is divided into func-
tionally distinct areas [1-3]. The primary sensory areas can be distinguished from other neo-
cortical areas because they 1) receive numerous thalamic afferents that relay inputs from a
particular sensory organ and 2) have an exquisite topographic representation of the respective
sensory organ. Physiological investigations of primary sensory areas have therefore focused on
representations of sensory information, particularly unimodal stimuli, from specific sensory
organs.

The representation and integration of multisensory information have been investigated in
higher order “associational” cortical areas and midbrain neurons of the superior colliculus [4-
10], which receive multisensory inputs. However, quantitative anatomical studies suggest that
primary sensory cortical areas are not strictly unimodal, and direct anatomical connections
between primary sensory cortices were reported in addition to the secondary connections
between primary areas via subcortical structures [11-14].
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In recent studies, multisensory responses have been observed in primary sensory cortical
areas, mainly involving audio-visual interactions in the primary auditory or visual cortices
[15-17]. Indeed, previous studies have demonstrated that the primary somatosensory area
responds to auditory cues during a task involving a combination of sound and tactile signals
[18,19]. Even in conditions that do not involve such tasks, the rat barrel cortex shows
responses to, or is modulated by, visual stimuli [20,21]. Extracellular recordings in these stud-
ies revealed that stimulation from another sensory modality (e.g., auditory or visual) did not
evoke significant firing in the primary somatosensory cortex. Extracellular and juxtacellular
recordings demonstrated that the responses of neurons receiving sensory information were
affected by neural adaptation, integration, and oscillations [22]. Cross-modal responses have
also been observed in each cortical area, including the somatosensory, auditory, and visual cor-
tices [23,24]. Furthermore, the sensitivity of multisensory processing was reported to be
affected by arousal level [25]. However, it is unclear how inputs of multimodal information to
the same neuron are processed in the primary sensory cortices. It is possible that subthreshold
responses were too small to be detected extracellularly in prior studies [26-29].

The consideration of such connections between primary sensory areas and their multi-
modal activity profiles led us to investigate the multisensory properties of barrel cortex neu-
rons. In the barrel cortex, the source of auditory responses could originate from the whisker
pad, which may vibrate based on sound-induced air movements. In this study, we examined
the basic properties of cross-modal responses in the rodent barrel cortex through occlusion
studies, including infra-orbital nerve severance and tympanic membrane destruction. Specifi-
cally, our experiment aimed to address three questions: First, what are the sources of cross-
modal sensory responses in barrel cortex neurons? Second, what are the properties of
responses to stimuli from other modalities and the synaptic mechanisms underlying such
responses? Finally, how do “non-primary” responses interact with somatosensory and ongoing
activity in vivo? Addressing these questions will provide insight into whether the multisensory
responses described in this study also occur in the human somatosensory cortex.

Materials and methods

Animals and anesthesia

All experimental procedures were approved by the ERASMUS MC animal care ethics commit-
tee, the Institutional Animal Care and Use Committee of Max Planck Institute, and Nara Insti-
tute of Science and Technology [Approval No. 4 and No. 1701]. All animals were kept in the
conventional animal facility under a 12 h light/dark cycle until they were transferred to the lab-
oratory in the daytime for experimentation.

Recordings were obtained from 38 Wistar rats of both sexes, which were raised in groups
with cage mates and chosen randomly before experimentation. In addition, recordings were
obtained from 44 SPF C57BL/6 mice of both sexes; these data are not included in the analysis
or shown in the figures. The principles of the 3Rs were adhered to while performing all animal
experiments, and the minimum number of animals necessary for appropriate statistical analy-
ses were examined.

Our quantitative analysis focused on data from rats. All data shown refer to rat experiments
unless otherwise specified. Animals were between 21 and 29 days old (average: 23.5 days).

Anesthesia and cell recordings were performed as described previously [30]. In brief, rats
were anesthetized with an intraperitoneal injection of 20% urethane (5-20 mL/kg). Body tem-
perature was maintained at 36°C using a heating blanket (Watlow). Several animals died at
37°C, which is the temperature at which animals were typically housed. From our experience,
the slightly lower temperature setting was safe and effective. We conjectured that the heating
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pad used for this experiment yielded a body temperature higher than the set temperature. Due
to blood circulation that facilitates homeostasis, the temperature of the brain is relatively resis-
tant to changes in body temperature. Indeed, it was possible to record normal sensory
responses, and the animals awakened after a couple of tens min of recording. The amplitude of
the post-synaptic potential (PSP) was 10.3 + 0.7 mV on average, and the resting potential was
72.8 + 1.8 mV. This indicated that the PSP did not reach the threshold to fire even after a single
sensory stimulus, whereas it could have occasionally reached threshold due to fluctuations. In
addition, most in vivo patch clamp recordings in the barrel cortex revealed low firing rate of
neurons in line with the literature. Brecht, Roth, and Sakmann reported that the average spon-
taneous action potential (AP) activity was low (0.068 + 0.22 APs sH [30]. They observed low
firing rate of L2/3 neurons of the barrel cortex even after principal whisker (PW) deflection
was induced. In agreement with these findings, Lee, Manns, Sakmann, and Brecht reported
relatively low firing rate (0.36 Hz) in whole cell in vivo recordings [31]. A 1-mm diameter hole
was drilled into the skull, 5.5 mm lateral to, and 2.5 mm posterior to bregma. The dura mater
was removed with a 30-gauge injection needle tip. The exposed cortex was covered with
HEPES-buffered artificial cerebrospinal fluid (ACSF) solution. The depth of anesthesia was
monitored by pinch withdrawal, eyelid reflex, corneal reflex, respiration rate, and vibrissae
movements. Under the recording conditions employed, pinch withdrawal and vibrissae move-
ments were usually absent, but weak eyelid and corneal reflexes were observed. The depth of
anesthesia during recordings was generally lower than during the initial surgery. When both
vibrissae movements and withdrawal reflexes started to appear during the experiment, an
additional dose of urethane (20% of the initial dose) was injected.

Stimuli and whole-cell recordings

Basic recording procedures were performed as described previously [22]. Recordings were
made with long taper (up to 2 mm) patch pipettes (Harvard Apparatus, MA, USA: GC150-7.5)
with resistances of 4-8 MQ pulled from borosilicate glass tubing on a Sutter puller (model P-
97: Science Products, Hotheim, Germany) in a four-stage pull. Pipettes were filled with [mM]:
potassium gluconate 130, sodium gluconate 10, HEPES 10, phosphocreatine 10, MgATP 4,
Na,ATP 2, GTP 0.3, and NaCl 4, with 0.4% biocytin at pH 7.2. To prevent tip occlusion, light
pressure (20-30 kPa) was applied to the pipette interior during insertion into the brain. Con-
ventional voltage clamp techniques were used to locate cells, and data were recorded in the
bridge-balance mode [32,33]. All data were recorded from layer 2/3 (estimated depth: 58—
494 um; average: 230 um), and 35 of the 49 cells were located in the barrel cortex. The pre-
sumed location, firing pattern (including basic properties such as resting membrane potential
and input resistance), and whisker responses were assessed for all recorded cells. Series resis-
tances were between 20 and 85 MQ. All data were corrected for a +7 mV junction potential.
Rather than using a stereotactic apparatus, a head-plate or small bolt was used to fix the head
in order to ensure auditory stimuli reached the ear.

All tactile stimulation procedures were performed as described previously [30]. Whisker sti-
muli were delivered with a piezoelectric stimulator (Physik Instrumente GmbH&CO. KG,
Germany). A glass capillary was attached to a piezoelectric bimorph wafer equipped for quan-
titative single-whisker stimulation [34]. Electrical steps from the piezoelectric device were
given as a 10-90% rise time of 1 ms to elicit activity. The deflection point of the whisker was
set between 5-10 mm from the base of the vibrissa, and the deflection to vibrissa was then
given backwards by 1 mm (approximately 6° deflection angle) for 200 ms at a frequency of 1
Hz. All cells were stimulated with piezoelectric stimulators (mainly on the whiskers in C-E
row). All displayed data refer to this type of stimulation. For tactile and auditory response
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PSPs, we classified the largest membrane depolarization at the initial 200 ms and 500 ms time
points after stimulus onset (identified as the first timing of the rising point after sensory stimu-
lation) in averaged traces, respectively. For PSP latency measurements, we determined the
time point, after whisker deflection onset, at which the PSP reached 5% of its peak amplitude.
For auditory stimulation, we played 30 ms of rectangular white noise from a customized ear-
phone system or a 5-cm diameter speaker (50 Q, 1 W) placed 5-10 cm away from the ear of
the animal.

Controlled auditory stimulation was applied in a soundproof booth. We applied sound sti-
muli via a custom-made silicon glue earphone and a calibrated TDT audio synthesizer system
(Tucker-Davis Technologies, Alachua, USA). Noise bursts were applied at 35, 50, 65, and 80
dB ranging from 8 to 12 kHz with a 5 ms rise time. Pure tones of 80 dB with a 100-ms duration
were applied at 1 to 30 kHz. Auditory stimulation was applied with 10 trials that were repeated
at an interval of 5 s for each frequency. Stimulation amplitude was ramped from 0.1-10 V (80
dB at 10 V, Fig 1) with 10 or 20 kHz pure tones. Sound pressure level was calibrated with
detectable sounds recorded with a digital sound level meter (Benetech) and given voltage to
the audio synthesizer system.

The infraorbital nerve (ION) cut was performed. Cells in the recorded area were then
checked as indicated by the whisker responses. Facial hair was shaved off to strip the skin
behind the whisker pad. A small portion of skin in that location was then cut to reveal the ION
so it could be severed. Once the nerve was ready to be cut, the cell in S1 was patched, and the
whisker and sound responses from one cell were recorded before and after the nerve was cut
in the same area.

For the tympanic membrane rupture, the cell in S1 was continuously patched to examine
whisker and sound responses before and after the tympanic membrane was cut with a 30G
needle. The success of membrane rupture was confirmed by hearing and feeling it break. The
sound responses from the same cell were continuously recorded after breaking the tympanic
membrane.

An LED flash was applied to the animal as a visual stimulus directly in front of the eye ball.
The strength of the LED was determined by eye to provide the animals sufficient brightness by
which its flashing could be easily detected even with eyes closed.

After whole-cell recordings, animals were kept deeply anesthetized with an additional dose
of urethane. The animals were then perfused transcardially with 0.1 M phosphate buffered
saline (PBS) followed by 4% paraformaldehyde. Coronal sections from the obtained brain tis-
sue were cut and then stained with cytochrome C oxidase [35] to visualize the cortical layers
and barrel structure. The slices were processed using the avidin-biotin-peroxidase method
[36] and mounted on slides with Mowiol mounting medium (Clariant, Sulzbach, Germany) to
confirm that the recorded cells were in the barrel cortex.

Outcomes

The primary outcome of this study was the subthreshold effect of auditory stimulation on the
activity of barrel cortex neurons. The secondary outcome was the origin of multisensory
responses in the rodent somatosensory cortex.

Statistical analysis

Statistical evaluation of sensory responses was performed with Student’s t-test using R software
for most of the recorded data. An ANOVA was used to analyze data for sensory responses to
sounds of various frequencies and amplitudes. Post-hoc analysis was conducted using Tukey’s
comparison to identify the difference between the conditions. Comparisons were made
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Fig 1. Typical tactile and non-tactile responses of a neuron in layer 2/3 of the barrel cortex. (A) An example of a
recorded pyramidal neuron stained with cytochrome C and biocytin after in vivo recording that was located above a
barrel. A lower-magnification image of the cortical field is shown on the top right. (B) Tactile responses to principle
(PW) and surround whisker (SuW) deflection recorded from the neuron shown in (A). Stimulation timing with a
piezo apparatus for these recordings is indicated below the traces. (C) Typical auditory and visual responses in the
barrel cortex recorded from the same cell as in (B). The timing of auditory stimulation (white noise) and visual
stimulation (LED red flash) is indicated below the traces. Auditory, tactile, and visual stimulations are indicated by S,
W, and L respectively.

https://doi.org/10.1371/journal.pone.0209266.9001

between the bottom-to-peak amplitude within 200 ms just before a sensory stimulation and at
200 ms after sensory stimulation. Statistical significance is indicated herein as * and **, which
correspond to P < .05 and P < .01, respectively.

Results

All animals met the health care criteria (including lie of hair, daily behavior, etc.) before and
during our experiments. The depth of anesthesia was monitored based on pinch withdrawal,
eyelid reflex, corneal reflex, respiration rate, and vibrissae movements. In rats, respiration
rates were usually between 70 and 100 breaths/min, indicating that the depth of anesthesia var-
ied in the animals around anesthetic state ITI-3 [37]. To examine multisensory representations
and cross-modal integration in the barrel cortex, in vivo whole-cell recordings of barrel cortex
neurons were performed and multisensory responses were examined. All recorded sensory
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responses were analyzed. The location of the recorded cells was subsequently analyzed using
cytochrome C and biocytin staining [35,36].

Tactile and non-tactile responses in the barrel cortex

Fig 1 shows representative responses of a barrel cortex neuron (Fig 1A) to tactile, auditory,
and visual stimulation. Stimulation of the PW resulted in a PSP with an amplitude of
10.3+0.7 mV (n = 17; Fig 1B), whereas stimulation of a surrounding (neighboring) whisker
evoked a smaller PSP (6.3 + 0.8 mV, n = 15; Fig 1B). This neuron also responded to auditory
stimulation, with PSPs of up to 5 mV (Fig 1C left), while no obvious response to visual stimula-
tion was detected (Fig 1C, right).

Auditory and tactile responses were examined in 68 neurons in total (38 in rat barrel cortex
and 30 in mouse barrel cortex), as determined by the recording depth and location. A subset
of cells was located in the supragranular layer of the barrel cortex. Barrel cortex cells responded
to a wide variety of auditory stimuli such as handclaps, loud voices, clicks, and pure tone sti-
muli. Our quantitative analysis focused on the effects of 30 ms broad-band noise bursts. As
expected, most barrel cortex cells (65 of 68 cells; 96%) showed statistically significant tactile
responses upon comparison of amplitudes between 200 ms pre- and post-stimulus bottom-to-
peak amplitude (see Materials and Methods). Auditory responses in the barrel cortex were
robust (P = 2.8 x 10™® in population data; Fig 2A), and 63% of tactile-responsive cells (41 of
65 cells) showed significant auditory responses. Auditory responses differed from tactile
responses, exhibiting a smaller amplitude with longer latency and duration (Fig 2B). Sound-
evoked responses reached approximately 60% of the PSP amplitude of whisker-evoked
responses (5.9 + 0.7 mV vs. 10.3 + 0.7 mV for averaged responses, P = 1.9 x 10~*), but showed
a significantly longer onset latency (106 +7 ms vs. 18 + 3 ms, P = 1.2 x 10™"") and a slower time
to peak (319 + 19 ms vs. 110 + 12 ms, P = 2.5 x 107'°). Obvious visual responses evoked by a
bright red LED were undetectable due to their small amplitude (< 4 mV) and variable (300 to
1000 ms) peak time. In mice, auditory responses had similar properties to rats but were larger
in average amplitude (12.4 + 1.2 mV).

Auditory responsive neurons in the barrel cortex included both regular-spiking (RS) and
fast-spiking (FS) cells. FS cells were identified by their shallower membrane potential (~ -60
mV), lower input resistance, and firing frequency over 100 Hz. The proportions of these cell
types were similar (62%, 33 of 53 RS cells vs. 67%, 8 of 12 FS cells). RS cells exhibited hyperpo-
larization followed by depolarization in response to auditory stimulation (Fig 3A), whereas FS
cells showed two depolarization peaks (Fig 3B). The depolarizing phase in RS cells and the
slow component of depolarization in FS cells had a similar time course, although the fast com-
ponent in FS cells reached peaks faster than did the hyperpolarization in RS cells (Fig 3C).

Sound responses are mediated by the auditory system

Loud sounds evoke twitching of the whiskers; this triggers a subsequent somatosensory
response. A series of control experiments was thus performed to identify the pathway respon-
sible for acoustic stimuli-evoked synaptic responses in the barrel cortex. The ION, the branch
of the trigeminal nerve that innervates the whisker pad, was cut in four experiments. Subse-
quently, sound responses could still be evoked, even though whisker responses were
completely abolished (Fig 4A). Auditory responses could also be evoked when auditory stimu-
lation was presented via an ear phone (Fig 5). However, auditory responses were markedly
diminished (down to 12.7%) following destruction of the tympanic membrane (three experi-
ments, Fig 4B). These findings suggested that auditory responses did not result from airborne
whisker vibrations and were indeed mediated by hearing.
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Fig 2. Properties of auditory and tactile responses. (A) Comparison of average membrane potential between pre-
and post-stimulation for sound in each cell. (B) Peak amplitude, onset latency, and peak latency of auditory and tactile
responses (n = 27 and 17 for sound and tactile responses, respectively). Filled and open circles indicate the values of
auditory and tactile responses, respectively. Asterisks indicate significant differences between groups (P < 0.05,

P <0.01).

https://doi.org/10.1371/journal.pone.0209266.9002

Frequency and amplitude tuning of auditory responses

To quantitatively assess the tuning properties of auditory responses, 14 additional neurons in
the barrel cortex were recorded. Auditory stimuli of 100 ms were applied in a calibrated set-up
at various frequencies and sound pressure levels via an earphone in a soundproof booth.
Responses to each stimulus were evaluated as the average of 10 repeated trials, including fail-
ures. Barrel cortex neurons were either unresponsive or weakly responsive to sound frequency
in the range of 1-30 kHz. The average responses of total cells (n = 10) to each stimulus were
similar (11.4-5.3 mV, Fig 6), but the variation between cells was relatively high (SD = 7.2-10.5
mV) as some neurons showed large responses to each stimulus, while others showed small
responses with a high failure rate (Fig 6A). Therefore, responses were normalized using the
maximum response of each cell. Averages of normalized responses were 0.85-0.94 (SD = 0.08-
0.16, Fig 7A). There was no significant difference between frequencies (P = 0.67). In the stimu-
lation amplitude range of 0.1-10 V (80 dB at 10 V, S1 Fig), average responses of total cells
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Fig 3. Comparison of auditory responses between regular-spiking (RS) and fast-spiking (FS) cells. (A) An example
of the auditory response of an RS cell in layer 2/3 of the barrel cortex. Responses for 20 repeated trials were averaged.
Typically, a hyperpolarizing response (arrow) was followed by depolarization. Firing pattern by square-wave current
injection is shown in the upper-left. (B) Twenty consecutive responses (upper) and their average (lower) in a
representative fast-spiking cell. Two peaks were observed in most FS cells, corresponding to fast (arrow) and slow
components. (C) Superimposed average response of RS and FS cells. The fast component in the FS cell (red arrow)
showed a fast peak compared to the hyperpolarization profile of the RS cell (blue arrow). S, auditory stimulation.

https://doi.org/10.1371/journal.pone.0209266.g003

(n = 8) of each stimulus were 9.3-16.0 mV (SD = 7.1-0.5 mV, Fig 6B). There was a tendency
for large amplitudes to evoke large responses. Averages of the normalized responses were
0.42-0.94 (SD = 0.07-0.36). A significant increase of responses with an increase in stimulus
amplitude was observed (P < 0.001, Fig 7B). The normalized responses at 0.1 and 0.2 V were
significantly smaller than that at 10 V, the maximum amplitude (P < 0.05).

Interaction between somatosensory and auditory information

To characterize the interaction between auditory and tactile responses in single neurons of the
barrel cortex, both unimodal and bimodal stimuli were applied. To compensate for the latency
differences between tactile and auditory responses, tactile stimulation was applied 100 ms after
the onset of auditory stimulation. The responses evoked by bimodal stimuli were compared,
and the linear sum of both individual auditory and tactile responses was calculated. The ratio
of the bimodal response to the calculated linear sum of unimodal responses was 95.3 + 16.1%
(n = 6; Fig 8), indicating that majority of the responses added linearly. These data suggested
that auditory and tactile information were processed in parallel in the barrel cortex.

A

ION cut

auditory response tactile response
S fl D1
5 mV|
200 ms

B

tympanic membrane rupture

before after

S n S n

10 mV|
200 ms

Fig 4. Auditory responses originate from the auditory system, not vibration of facial whiskers. (A) Auditory
responses remained intact (5.8 + 1.0 mV: n = 3) after the infraorbital nerve (ION) had been cut, although tactile
responses were abolished. A principal whisker response is shown on the right. (B) Auditory response was eliminated
after breaking of the tympanic membrane. Auditory and tactile stimulations are indicated by S and D1, respectively.

https://doi.org/10.1371/journal.pone.0209266.g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0209266 December 20, 2018 9/18


https://doi.org/10.1371/journal.pone.0209266.g003
https://doi.org/10.1371/journal.pone.0209266.g004
https://doi.org/10.1371/journal.pone.0209266

®PLOS | one

Multimodal responses in the primary sensory cortex

10 mv

200 ms

Fig 5. Auditory responses in the left hemisphere barrel cortex elicited by acoustic stimulation of the right ear with
a small earphone. Auditory response was elicited even if a short white noise (similar to that in Fig 1) was given
specifically at the contralateral side through a small earphone.

https://doi.org/10.1371/journal.pone.0209266.g005

Interaction of sound responses with ongoing cortical activity

Under urethane anesthesia, the membrane potential of cortical neurons fluctuated by 10-15
mV between depolarized (up states) and hyperpolarized (down states) membrane potentials
(Fig 9A). To understand how auditory-evoked responses interacted with ongoing cortical
activity, data were sorted into trials based on whether the auditory stimuli were presented in
the up or down state (Fig 9B). Auditory-evoked excitatory PSPs were most obvious when the
auditory stimulus was presented during a cortical down state (Fig 9B, top). In this regard, audi-
tory responses resembled tactile responses, for which a reduction in response amplitudes dur-
ing stimulus presentations in the up state has been described previously [38,39]. Concurrently,
the initial inhibition of the up-state probability observed in the auditory responses was promi-
nent when auditory stimuli were presented during an up state (Fig 9B, bottom).

Discussion

In this study, whole-cell recordings were chosen because they enable the recording of subthresh-
old activity. Robust and wide-spread auditory responses were observed in excitatory and inhibi-
tory neurons of the barrel cortex. Auditory postsynaptic responses reached approximately 60% of
the amplitude of tactile responses. Sound responses could be mediated either by the auditory sys-
tem or be generated by a variety of unconventional pathways and mechanisms. Rats were anesthe-
tized during recording of multisensory responses as sudden sensory stimulation may evoke a
startle reflex which has been reported to be sensitive to anesthetics [40,41]. One obvious possibility
is that sound can generate somatosensory cortical responses via airborne whisker vibrations [42].
We observed that auditory responses were indeed mediated by the auditory system, and bimodal
tactile-auditory responses approximated the sum of unimodal responses.

Auditory barrel cortex responses differed in three ways from somatosensory responses: (1)
alonger latency (100 ms vs. 10 ms); (2) a delayed peak response (300 ms vs. 100 ms); and (3) a
different sequence of synaptic inputs in a regular spiking cell (inhibition-excitation instead of
excitation-inhibition). Cross-modal studies combining tactile and auditory stimulation have
reported that barrel neurons evoke more firing in response to a tactile stimulus with sound
than to that without sound [28,43,44]. This modulatory effect can be explained by an increased
suprathreshold state induced by the summation of tactile and auditory responses, although the
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Fig 6. Responses to sounds of various frequencies (A) and amplitudes (B). The gray dots show averaged responses
of each recorded neuron. Responses of 10 repeated trials were averaged for each neuron. The red line shows averaged
responses of all recorded neurons. In (B), sensory evoked excitatory postsynaptic potential amplitudes are shown for
the operational signal amplitudes that were input to the earphone. The relationship between signal amplitude (V) and
sound pressure level (dB) is shown in S1 Fig; 10 V corresponds to 80 dB sound pressure level.

https://doi.org/10.1371/journal.pone.0209266.g006

auditory response itself is at a subthreshold level that is undetectable with extracellular
recordings.
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responses of each recorded neuron. The average response of 10 repeated trials was normalized to the maximum. The
red line shows averaged responses of all recorded neurons, and the error bars indicate standard deviation. In (B),
amplitudes are shown as the signal amplitudes input to the earphone. The relationship between signal amplitude (V)
and sound pressure level (dB) is shown in S1 Fig; 10 V corresponds to 80 dB sound pressure level.

https://doi.org/10.1371/journal.pone.0209266.g007

The long latency, delayed response peak, and inhibition-excitation sequence also distin-
guish barrel cortex auditory responses from the auditory responses observed in the primary
auditory cortex [45]. Multimodal responses have been reported in various areas, such as the

PLOS ONE | https://doi.org/10.1371/journal.pone.0209266 December 20, 2018 12/18


https://doi.org/10.1371/journal.pone.0209266.g007
https://doi.org/10.1371/journal.pone.0209266

®PLOS | one

Multimodal responses in the primary sensory cortex

A
Vm
w oI
vm ——— w
) [
B 20
bimodal stim. S .
m = .
[N !
: 210 I s
sum of unimodal reponses S :
N g s
S+W o
auditory stim  tactile stim 0 Y
RS
10 mV | o&’b.\@o
OQ} N

200 ms

Fig 8. Interaction between auditory and tactile responses. (A) Unimodal responses in the same cell. A regular
spiking cell in the barrel cortex responded to auditory stimulation (S). (B) Auditory and tactile (W) stimulation
combined and compared with the sum of both individual responses. Population data are shown in the insert. There
was no significant difference between the calculated sum of both modalities and combined responses.

https://doi.org/10.1371/journal.pone.0209266.9008

superior colliculus [46,47] and multimodal cortical areas [6]. Multimodal responses in primary
sensory cortical areas in the primary auditory or visual cortex have been observed in recent
studies [15-17,48]. However, such studies focusing on the barrel cortex are limited, and only
modulatory effects have been reported [20,21,24]. The present study demonstrated that major-
ity of neurons in the barrel cortex had direct subthreshold responses to sound. Anatomically,
there are several pathways through which auditory inputs may be sent to the barrel cortex.
These include projections from the auditory or multisensory thalamic area [14], corticocortical
connections from the primary auditory cortex to the barrel cortex [11,14], and feedback from
higher associational cortices to the barrel cortex [49].

Several studies have documented multimodal responses in a fraction of cells from early sen-
sory areas during extensive learning of polysensory stimuli [18,19,50,51]. The results presented
here are different as they were obtained from naive animals that had not undergone such train-
ing procedures and demonstrated polysensory responses in majority of cells. The widespread
presence of polysensory responses in naive animals may form a synaptic basis for the more
specific forms of polysensory learning observed in earlier studies.

Majority of auditory responses in the barrel cortex were weakly tuned to sound frequency
(Fig 7A). There was, however, a significant increase in response amplitudes with increasing
sound pressure levels (Fig 7B). The lack of specific tuning and the long latencies of sound
responses make it unlikely that auditory barrel cortex responses are involved in the evaluation
and interpretation of the auditory properties of sound stimuli. It is more likely that the signifi-
cance of these responses lies in the altered processing of somatosensory signals for loud
stimuli.
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Tactile and auditory information is highly relevant for nocturnal animals, including rats
[52,53]. Auditory responses may be related to a surprise/alarm value of loud auditory stimuli
that can result in startle responses in awake animals. However, it is unclear to what extent this
applies to anesthetized animals. Inhibitory effects in the early phase of the auditory response
may share a similar mechanism to prepulse inhibition (PPI). PPI is the suppression of the star-
tle response when a weaker stimulus is presented just before the intense startling sound. Both
suppression phenomena are elicited by acoustic stimulation and have a peak of approximately
100 ms. PPI is reduced by lesions of the entorhinal cortex, which results in accumulation of
dopamine in the nucleus accumbens [54]. It would therefore be worth investigating how
nucleus accumbens activity modulates sound responses in the barrel cortex.

Animals may register auditory information as an alarm or remote cue signaling the onset of
tactile information that they can subsequently sense in proximity. In a nocturnal environment,
animals need to detect the existence of conspecifics and enemies, especially signs of approach-
ing enemies that need to be detected rapidly. Being deprived of vision, sound is likely the first
warning the animal can detect, followed by tactile information. The combination of auditory
and tactile cues may thus yield effective responses to enemies, both real or imagined, suggest-
ing that such multisensory information processed in the primary cortex may occupy part of an
animal’s attention. The combined response of auditory and sensory information may be
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potentiated after conditioning with an aversive stimulus. However, only additive responses
were observed in this study.

Observations related to our findings arise from the analysis of auditory evoked potentials.
In many event-related potential (ERP)/electroencephalogram (EEG) studies, a prominent late
potential referred to as P300 or P3 has been described. The P300 potential is related to higher
order information processing [55,56]. The time sequence of inhibitory and excitatory effects
on up-and-down states elicited by auditory stimulation (Fig 9) matches the N1 and P3 poten-
tials recorded by ERP or EEG. Such auditory-evoked potentials have also been described in
rats and mice [57,58], and can even be evoked during rapid eye movement (REM) sleep [59].
The mechanisms underlying the P3 potential are being actively investigated [60,61] and may
ultimately provide insights into whether the multisensory responses described in this study
also occur in the human somatosensory cortex.

Supporting information

S1 Fig. Relationship between operational signal amplitude (V) and sound pressure level
(dB). The relationship between amplitude of the operated stimulation and the recorded sound
pressure level with the detector is indicated. Abscissa is shown with a logarithmic scale.

(TIF)

S1 File. The checklist to report that we follow the appropriate guideline for in vivo experi-
ments by using experimental animals.
(PDF)
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