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Abstract

By measuring the frequency selectivity at different intensities in the primary auditory cortex of adult rats, we found that a small
group of cortical neurons can exhibit relatively weak but robust selectivity at multiple frequencies that are different from the most
preferred frequency. Both in vivo multi-unit recordings (26/93 recordings) and single-unit recordings (16/137 neurons) confirmed
that the preferred frequencies are periodic and have an averaged bandwidth (BW) of 0.3-0.4 octaves, which leads to multi-
peaked frequency selectivity. Interestingly, the averaged bandwidth of the ripple in the frequency response tuning curve was
invariant with the sound intensity. An investigation of the synaptic currents in vivo also revealed similar multi-peaked frequency
selectivity for both excitation and inhibition. While the excitatory and inhibitory inputs were relatively balanced for most frequen-
cies, the ratio between excitation and inhibition at the peak and valley of each ripple was highly unbalanced. Since this multi-
peaked frequency selectivity can be observed at the synaptic, single-cell, and population levels, our results reveal a potential

mechanism underlying the multi-peaked pattern of frequency selectivity in the primary auditory cortex.

Introduction

At a given intensity, an auditory neuron will only respond to a lim-
ited range of frequencies, which is known as the receptive field of
frequency or frequency response area (Evans, 1972). For most audi-
tory neurons, only a specific frequency can evoke the strongest
responses in the frequency response area at a given intensity, which
is known as the best frequency (BF). Meanwhile, there are also
auditory neurons that exhibit a preference for multiple frequencies,
which have been widely observed in different species. In the pri-
mary auditory cortex of anesthetized cats, multiple response peaks
in the frequency selectivity were identified many years ago (Abeles
& Goldstein, 1970; Phillips & Irvine, 1981; Sutter & Schreiner,
1991; Sutter, 2000). The difference between the various peaks was
between 1.5 and 2 octaves for both the MUA (multi-unit activity)
and LFP (local field potential) responses (Sutter & Schreiner, 1991;
Norena et al., 2008). Similar observations were reported in the pri-
mary auditory cortex of awake marmosets, where the spiking
responses to the characteristic frequency (CF) in the presence of its
harmonics were enhanced over the response to the CF alone (Aitkin
& Park, 1993; Kadia & Wang, 2003). In the core auditory fields
(Al and AAF) of awake ferrets, a small proportion (12%) of neu-
rons shows frequency sensitivity with harmonic-like patterns (Kal-
luri et al., 2008). These results suggested that auditory neurons with
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multi-peaked frequency selectivity could be a small yet ubiquitous
population in the mammalian auditory cortex.

However, most of these studies are based on investigations of elec-
trophysiological data obtained from extracellular recording, and very
little is known about the intracellular mechanisms underlying the mul-
ti-peaked frequency selectivity (De Ribaupierre et al., 1972). Previous
studies have suggested that both the frequency and intensity tuning of
neurons in the auditory cortex are largely dependent on the integration
of different synaptic inputs. The feedforward inhibition can shape the
tuning of excitation through the iceberg effect and even generate vari-
ous types of tuning properties (Wu et al., 2008; Hromadka & Zador,
2009). It remains unclear whether similar or distinct synaptic mecha-
nisms play a role in multi-peaked frequency selectivity.

In this study, we investigated multi-peaked frequency selectivity
in the primary auditory cortex of the adult rat. We found that some
cortical neurons (16/137, 11.7%) exhibit multi-peaked frequency
selectivity. Recording of synaptic inputs (EPSCs & IPSCs) using
in vivo whole-cell patch clamp further showed that the multi-peaked
frequency selectivity can also be observed in both excitatory and
inhibitory synaptic currents. In addition, the interplay between exci-
tatory and inhibitory inputs could also contribute to the multi-peaked
frequency selectivity; the excitatory and inhibitory synaptic inputs
were relatively unbalanced in amplitude at the peaks and valleys.
With these results, we have demonstrated a potential synaptic mech-
anism that may contribute to a better understanding of the multi-
peaked frequency selectivity in the rat primary auditory cortex.
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Materials and methods
Animal preparation and sound generation

All animal procedures were approved by the Animal Care and Use
Committee of the Third Military Medical University. All experimen-
tal procedures were performed in accordance with the approved pro-
tocols. Surgeries and recordings were performed in an acoustic
room with electromagnetic shielding (Shenyang Sound Booth Fac-
tory, China). Adult female Sprague-Dawley rats (1.5 months old,
150-200 g) were anesthetized by urethane (150 mg/100 g). The
head of the animal was fixed in position using a customized appara-
tus, and a craniotomy was performed to expose the right auditory
cortex. The body temperature of the animal was maintained at
37.5 °C with a customized heating pad with a feedback circuit. A
total of 103 rats were used in this study. The number of animals
used in this study is relatively high because the only recordings
selected for statistical analysis were those that lasted longer than five
repetitions (~5 min for each repetition).

A free-field magnetic speaker (MF1, TDT Inc., USA) was placed
1 cm away from the left ear of the animal. The right ear canal was
filled with cotton. The sound was generated and calibrated by a high
speed DAQ (PCI-6251, National Instruments, USA) using cus-
tomized LabVIEW programs. More technical details can be found in
our previous publications (Lou et al., 2014). To exclude the possible
influence of distorted sound generation during recording, the sound
generation was calibrated before and after each recording session to
ensure reliable sound delivery in this study. The maximal total har-
monic distortion of generated pure tones was lower than 0.5%.

After the anatomical localization of the auditory cortex in the
adult rat (3—7 mm to the bregma) and craniotomy, a tungsten elec-
trode (2 MQ, WPI) was inserted into the supragranular layer (layer
4, 400-600 um below the pial surface) to measure the characteristic
frequency (a frequency at which a neuron can respond to the lowest
sound pressure level)) at the recording site. The primary auditory
cortex was then localized based on the gradient of characteristic fre-
quencies from 3 to 5 recording sites.

In vivo extracellular multi-unit recording

The extracellular multi-unit recording was performed using pary-
lene-coated tungsten electrodes (0.1 MQ, WPI Inc., USA). The elec-
trode was inserted into the cortex vertically by a micromanipulator
to reach a depth of 400-600 um below the pial surface. The pure
tones (25 ms pure tone plus 5 ms ramp before and after the sinusoid
signal), which consisted of different frequencies (0.5-64 kHz, 0.1
octave step) and intensities (0-70 dB, 10 dB step), were delivered
and repeated at least five times. The signals of the neural ensembles
were amplified and recorded by a TDT System 3 (10 kHz sampling
rate; 20 000x gain, TDT Inc., USA). The detection threshold for
spike activity was set at three times the standard deviation above the
baseline. Brainware (TDT Inc., USA) was used for online analysis,
and MATLAB scripts were used for offline analysis.

In vivo patch-clamp recording

After mapping the auditory cortex (Guo et al., 2012; Profant et al.,
2013), an in vivo patch-clamp recording was performed to collect
single neuron responses from layer 4 of the primary auditory cortex.
Cell-attached recording mode was used to obtain extracellular action
potentials. Voltage-clamp recording mode was used to isolate and
record excitatory and inhibitory synaptic currents by holding the
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membrane potential at —70 mV and 0 mV respectively (Wu et al.,
2006). For the cell-attached loose-patch recording, ACSF was used
as the internal solution (in mm: 2.5 NaHCO5;, 2.5 KCI, 1.2
NaH,PO,, 124 NaCl, 2 CaCl,, 1 MgCl, and 20 Glucose). For the
voltage-clamp recording, a potassium-based solution was used (in
mM: 0.3 GTP, 125 Cs-gluconate, 5 TEA-CI, 4 MgATP, 10 HEPES,
2 CsCl, 10 phosphocreatine,1 EGTA and 1.5 QX-314, pH 7.2). The
sound stimulation was the same as that used for the multi-unit
recording. The neuronal responses were amplified and recorded by a
patch-clamp amplifier (EPC-10, HEKA Gmbh, Germany). We com-
pletely compensated for the pipette capacitance (30-50 pF) was and
compensated for 45-50% of the series resistance (20-50 MQ) to
reach an effective series resistance of 10-25 MQ. The excitatory
synaptic current was recorded by holding the membrane potential at
—70 mV, which is the reversal potential for inhibitory ionotropic
ligand-gated neurotransmitter receptors that flux Cl—. The inhibitory
synaptic current was recorded by holding the membrane potential at
0 mV, which is the reversal potential for excitatory neurotransmitter
receptors that flux Na+ and K+. The neuronal signals were low-pass
filtered at 2.9 kHz and sampled at 10 kHz (Patch Master 10, HEKA
Gmbh).

Data analysis and statistics

To minimize the influence of variation in neuronal responses, all
analysis was based on data from experiments with at least five repe-
titions. The tone-evoked response (spikes or synaptic currents) was
measured within a window of 10-50 ms from the onset of the stim-
uli. The frequency response tuning curve was first smoothed using
Bayesian Adaptive Regression Splines (BARS) (Wallstrom et al.,
2008) to reduce the potential influence of response fluctuation
caused by an occasional burst of spikes. After identification of the
best frequency (BF), a nearby local minimum (in either a lower fre-
quency zone or higher frequency zone) in the frequency response
tuning curve was identified, which had to be at least 20% less than
the peak amplitude at the BF. If another peak was found with at
least a 20% increase in amplitude compared with the local mini-
mum, a ripple in the frequency response tuning curve was identified.
A MATLAB toolbox named “Peakfinder” was used for the auto-
matic detection of potential peaks and valleys with a threshold set at
20% (Yoder, 2016). If one or more ripples were detected in the fre-
quency response tuning curve measured at 70 dB, a neuron with
“multi-peaked frequency selectivity” was identified. T-test or paired
t-test were used when two groups had statistically equal variances.
Kruskal-Wallis test was used for groups with different variances
(McKight & Najab, 2010).

Synaptic conductance

Excitatory and inhibitory synaptic conductance were derived from
the following previous reports (Zhou et al., 2010, 2012):

I(t) - Gr(Vm(t) - E(r) + GE(t)(Vm(t) - EE) + Gi(t)(vm(t) - Ei)

where () represents the amplitude of the synaptic current. G, and
E. are the resting conductance and membrane potential respectively.
Vi is the holding voltage. G. and G; are the excitatory and inhibi-
tory conductance respectively. E. (0 mV) and E; (=70 mV) are the
reversal potentials for excitatory and inhibitory ion channels
respectively.
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The F, value was calculated as the ratio between the amplitude of
excitatory conductance and the total amplitude of excitatory and
inhibitory conductance at a given intensity and frequency, as previ-
ously described (Wehr & Zador, 2003).

Ge
G. + G;j

F. =

Results
Multi-peaked frequency selectivity observed in the MUA

After the anatomical and functional mapping of the auditory cortex,
a tungsten electrode was advanced into layer 4 of the primary audi-
tory cortex (Al) in the right hemisphere (Fig. 1A, see Methods for
details). Pure tones, which consisted of different frequencies and
intensities (25 ms pure tone plus 5 ms ramp before and after the
sinusoidal signal, 0.5-64 kHz, 0.1 octave step, 0-70 dB, 10 dB
step), were delivered to the left ear to probe the tonal receptive field
(TRF). We observed that besides the best frequency, which can
evoke the strongest responses, some tuning curves of the frequency
responses at relatively high intensities showed clear multi-peaked
frequency selectivity (26 of 93 recordings). Figure 1B shows an
example where a frequency response tuning curve measured at
30 dB above the threshold exhibited multiple frequency preferences
other than the best frequency. The MUA recordings showed that the
recording sites with multi-peaked patterns can have very different
best frequencies (Fig. 1C, BF from 2 kHz to 32 kHz, measured at
30 dB above the threshold). It is worth noting that the peaks of the
different neurons did not overlap at constant frequencies, which fur-
ther suggested that the phenomenon of multiple frequency selectivity
is unlikely to be caused by sound distortion.

Multi-peaked frequency selectivity observed in single-unit
activity

To better understand the nature of multi-peaked frequency selectiv-
ity, we recorded spike responses from single neurons using in vivo
loose-patch recording (see Methods for details). From the represen-
tative case shown in Fig. 2A, the multi-peaked pattern can be easily
identified at a relatively high intensity (30 dB or more above the
threshold). For example, the tuning curve of frequency selectivity at
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either 50 dB or 70 dB shows a clear multi-peaked pattern in fre-
quency tuning (Fig. 2A). A total number of 137 neurons were
recorded, and 16 showed clear multi-peaked selectivity in frequency
tuning at 30 dB above the minimal threshold. From the representa-
tive case, we noticed that the number of peaks was higher at 70 dB
than 50 dB. Similar results were obtained from 16 neurons
(P < 0.05, paired r-test for 16 neurons, Fig. 2B). To determine the
relationship between sound intensity and the number of non-BF pre-
ferred frequencies, we compared the number of non-BF preferred
frequencies and the intensity of sound stimulation. We found that
the number of peaks increased as intensity increased (R* = 0.94979,
Slope = 1.2653, Fig. 2C). Because the bandwidth of the receptive
field also expanded as intensity increased, a strong positive correla-
tion was found between the bandwidth of the receptive field and the
number of peaks (R* = 0.8281, Slope = 0.3305, Fig. 2D). The aver-
aged bandwidth of each ripple was not significantly different
between the measurements made at different intensities (P = 0.324,
paired #-test for 16 neurons, Fig 2E). We made similar observations
at additional intensities (40-70 dB, n = 16 neurons, P = 0.616,
Kruskal-Wallis test, Fig. 2F). The histogram of the averaged band-
width of the ripples shows a peak of approximately 0.3-0.4 octaves
in distribution (Fig. 2G).

In addition to the averaged bandwidth of the ripples, we also
investigated the distance between the individual ripples. Table 1
shows the distance (mean £ SD, in octaves) between the ripples
from the single-unit recordings measured at 70 dB. The distance
between nearby ripples was approximately 0.3 octaves, which is
similar to that of the averaged bandwidth. Figure 2H shows the rela-
tionship between the relative location of the ripples and the best fre-
quency and sound intensity. The locations of the ripples were
relatively stable at all intensities, with the exception of some ripples
that were far from the best frequency.

Both excitatory and inhibitory synaptic inputs show
multi-peaked patterns in frequency tuning

The interplay between excitatory and inhibitory synaptic inputs
could largely determine the spike responses in cortical neurons. To
understand the synaptic currents underlying the multi-peaked pattern
in the frequency selectivity, we directly recorded both excitatory
and inhibitory synaptic inputs using in vivo whole-cell voltage-
clamp recordings. In 63 whole-cell recordings, we identified 11

30

20 A % %AfﬁA

Recording number
>
'>l>
2F
> >
>
>
R+
D¢

A\
Y
A A A A
10 A§
AAAAA A

16 0 2 8 32
Frequency (KHz) Frequency (KHz)

FiG. 1. Experimental design and multi-peaked frequency in MUA. (A) Mapping of primary auditory cortex. Different colors represent the firing rate (in Hz).
Scale bar, 0.5 mm. (B) Example of multi-peaked frequency selectivity observed in MUA. Dashed line indicates the envelope of frequency tuning. (C) The mul-
ti-peaked frequency selectivity of MUA recorded from 26 recordings. Stars indicate the best frequency of each trial, and black triangles indicate preferred fre-

quencies other than the best frequency.
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FIG. 2. Multi-peaked frequency selectivity in SUA. (A) Tonal receptive field of an example neuron. Different colors represent the firing rate (in Hz). Thirty
superimposed spike waveforms and the peri-stimulus time histogram are shown on the right. Shaded area indicates the duration of the pure tone (25 ms pure tone
plus 5 ms ramp before and after the sinusoid signal). Frequency response tuning curves measured at 50 dB and 70 dB are shown. Dashed lines indicate the
smoothed envelopes of frequency selectivity. (B) Number of preferred frequencies measured at 50 dB and 70 dB from16 neurons. **, P < 0.05, paired #-test. (C)
Relationship between sound intensity and the number of preferred frequencies (16 neurons, R* = 0.9479, slope = 1.2653. Error bar indicates SEM). (D) Relation-
ship between the number of ripples and the total bandwidth of ripples (85 trials from 16 neurons, R* = 0.8281, slope = 0.3305). (E) Averaged bandwidth of the
ripple at 50 dB and 70 dB from one example neuron. P = 0.324, paired r-test. (F) Averaged bandwidth of ripples measured at different intensities (64 trials from
16 neurons). (Error bar indicates SEM, P = 0.616, Kruskal-Wallis test). (G) Histogram of the averaged bandwidth of the ripples (85 trials from 16 neurons). (H)
Location of the ripples measured by the relative distance to the best frequency (BF) from 40 dB to 70 dB. Ripples in the HF (higher frequency) zone have posi-
tive locations, and ripples in the LF (lower frequency) zone have negative locations. [Colour figure can be viewed at wileyonlinelibrary.com].

TABLE 1. Spacing between ripples from SUA measured at 70 dB (in octaves)

BF 1st ripple (higher band)

2nd ripple (higher band)

3rd ripple (higher band)  4th ripple (higher band)

BF 0.33 £ 0.12 (n = 16)
1st ripple (lower band) 0.32 £ 0.13 (n=16) 0.64 £+ 0.21 (n = 16)
2nd ripple (lower band)  0.60 £ 0.17 (n = 15) 091 £ 0.24 (n = 15)
3rd ripple (lower band) 087 £ 0.18 (n=13) 120 £ 0.24 (n = 13)
4th ripple (lower band) 121 £020(m=11) 155 +025®m=11)

0.66 £ 0.14 (n = 16)
0.98 £ 0.21 (n = 16)

0.94 £ 0.14 (n = 10)
1.27 £ 0.21 (n = 10)

1.25 £ 0.12 (n = 10)
1.58 £ 0.19 (n = 10)

125 £ 022 (n = 15) 1.57 £ 0.22 (n = 10) 1.88 £ 0.20 (n = 10)
1.55 £ 021 (n = 13) 1.83 £ 021 (n=9) 214 £020 (n=9)
191 £ 0.21 (n = 11) 224 £ 020 (n = 8) 253 £023(n=23)

neurons that showed multi-peaked frequency selectivity. Figure 3A
shows an example of a tuning curve of frequency selectivity of the
synaptic inputs recorded in Al and measured at 30 dB above the
threshold (Fig. 3A). For this representative case, it is clear that mul-
ti-peaked frequency selectivity can be found in the tuning curve of
both excitatory and inhibitory synaptic inputs. Similar to the spike
responses, the number of ripples found in the excitatory and inhibi-
tory currents also increased as the intensity of sound stimulation
grew (P < 0.05 for both excitatory and inhibitory, paired z-test,
n =11 neurons, Fig. 3B. R* = 0.9924, Slope = 1.3868 excitatory.
R? =0.9199, Slope = 1.4061 inhibitory, n = 11 neurons, Fig. 3C).
For the ratio between the bandwidth and the number of peaks, no
significant difference was found among the different intensities
(P = 0.921 excitatory; P = 0.537 inhibitory, paired #-test, Fig. 3D.
EPSC, P = 0.815; IPSC, P = 0.416, Kruskal-Wallis test, n = 11

neurons, Fig. 3E). A strong positive correlation was identified
between the bandwidth and the number of peaks in both the excita-
tory (R®>=0.7555, Slope=0.3055) and inhibitory currents
(R*> = 0.8724, Slope = 0.3089, n = 11 neurons, Fig. 3F). A his-
togram of the averaged bandwidth of each ripple shows a peak of
approximately 0.3-0.4 octaves in distribution for both excitation and
inhibition (Fig. 3G) which is consistent with the results of the spike
responses.

Similar to the analysis of the SUA, we also investigated the dis-
tance between the individual ripples in the frequency response tun-
ing curves of both the EPSCs and IPSCs. Tables 2 and 3 show the
distance (mean £ SD, in octaves) between the ripples from the
EPSCs and IPSCs measured at 70 dB. The distance between nearby
ripples was approximately 0.3 octaves for both the EPSCs and
IPSCs. Figure 3H shows the relationship between the relative
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Fi1G. 3. Multi-peaked frequency selectivity of excitatory and inhibitory synaptic inputs. (A) Representative excitatory (solid line) and inhibitory (dashed line)
inputs. (B) Number of preferred frequencies of the EPSCs and IPSCs measured at 50 dB and 70 dB from 11 neurons. **, P < 0.05 for both EPSC and IPSC,
paired #-test. (C) Relationship between the sound intensity and the number of preferred frequencies of the synaptic inputs (11 neurons). EPSC, star and solid
lines; IPSC, triangle and dashed lines, IPSC. Error bar indicates the SEM. EPSC, R? = 0.9924, slope = 1.3868; IPSC, R* = 0.9199, slope = 1.4061). (D) Aver-
aged bandwidth of the ripples of the EPSCs and IPSCs measured at 50 dB and 70 dB from 11 neurons. EPSC, P = 0.921; IPSC, P = 0.537, paired t-test. (E)
Relationship between the number of ripples and the total bandwidth of ripples (11 neurons, R> = 0.8724, slope = 0.3089). (F) Averaged bandwidth of the rip-
ples of the EPSCs and IPSCs measured at different intensities (11 neurons, EPSC and IPSC respectively. EPSC, P = 0.815; IPSC, P = 0.416, Kruskal-Wallis
test. The error bar indicates the SEM). (G) Histogram of the averaged bandwidth of each ripple measured from the EPSCs and IPSCs (11 neurons). (H) Loca-
tion of the ripples measured by the relative distance to the best frequency (BF) from 40 dB to 70 dB. Ripples in the HF (higher frequency) zone have positive
locations, and ripples in the LF (lower frequency) zone have negative locations.

TABLE 2. Spacing between ripples from EPSCs measured at 70 dB (in octaves)

BF Ist ripple (higher band)  2nd ripple (higher band)  3rd ripple (higher band)  4th ripple (higher band)
BF 0.33 £0.08 (n = 11) 0.61 £ 0.10 (n = 11) 095 £ 0.12 (n = 11) 1.1 £0.14 (n=2)
Ist ripple (lower band) 031 £ 0.10(mn=11) 0.64 £ 0.09 (n = 11) 0.92 + 0.13 (n = 11) 125 £ 0.13 (n = 11) 1.45 £ 0.21 (n = 2)
2nd ripple (lower band)  0.61 4+ 0.08 (n = 11) 094 £+ 0.08 (n = 11) 1.22 £ 0.11 (n = 11) 1.55 +0.14 (n = 11) 1.6(n=1)
3rd ripple (lower band)  0.94 £ 0.11 (n = 9) 126 £ 0.11 (n=9) 1.56 £ 0.14 (n=9) 19 £0.16 (n=9) 19(m=1)
4th ripple (lower band) 138 £ 0.05(n=4) 1.65 + 0.06 (n = 4) 195+ 0.13(n=4) 2225 £ 0.13 (n=4) 24 (n=1)

location of ripples to best frequency and sound intensity from
EPSCs and IPSCs. Similar to the observation in the SUA, the loca-
tions of the ripples were relatively stable at all intensities, with the
exception of some ripples that were far away from the best fre-
quency.

To better understand the contribution of the synaptic inputs to
the multi-peaked frequency tuning of the spike responses, we fur-
ther compared the averaged bandwidth of the ripples of the spike
responses and synaptic inputs at different intensities (Fig. 4A, from
40 dB to 70 dB, P = 0.674, n = 11 neurons, Kruskal-Wallis test).
The averaged bandwidths of the ripples in the frequency tuning
between single neuron responses and synaptic inputs were not sig-
nificantly different (Fig. 4B, N.S. means P > 0.1, Kruskal-Wallis
test). Then, we explored the E/I ratio (“Fe” values, see Methods
for details) in the whole receptive field to find potential explana-
tions in the synaptic currents underlying the multi-peaked pattern
(Wehr & Zador, 2003b). A large Fe value means relatively strong
excitation with weak inhibition and vice versa. As shown in
Fig. 4C, while the excitatory and inhibitory inputs were relatively

balanced (324/405 stimuli of Fe values between 0.4 and 0.7,
accounted for 80%), there was still a notable amount of unbal-
anced synaptic excitation and inhibition reflected by the extremely
low or high Fe values (less than 0.4 or greater than 0.7, accounted
for 20%). Figure 4D shows the Fe values measured at the peak
and valley of each ripple based on the frequency selectivity of the
EPSC, which is the major driving force in spike generation. The
significant difference (82 peaks and 82 valleys, P < 0.05 paired #-
test, Fig. 4D) between the Fe values suggested that unbalanced
excitation or inhibition could further shape the multi-peaked fre-
quency selectivity.

Discussion

Multi-peaked frequency selectivity in the MUA, SUA, and
synaptic inputs

In this study, we reported the multi-peaked frequency selectivity in
the rat primary auditory cortex, which was observed in both the
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TABLE 3. Spacing between ripples from IPSCs measured at 70 dB (in octaves)

Multi-peaked frequency selectivity in Rat A1 1083

BF Ist ripple (higher band)  2nd ripple (higher band)  3rd ripple (higher band)  4th ripple (higher band)

BF 0.31 £+ 0.09 (n = 11) 0.64 + 0.10 (n = 9) 093 £ 0.11 (n=9) 1.15+0.19 (n=4)
Ist ripple (lower band) 027 £ 0.10 (m=11) 058 £ 0.15(n = 11) 091 £ 0.15(n=9) 12 £0.17(n=9) 1.5m=1)
2nd ripple (lower band) ~ 0.54 &+ 0.12 (n = 11)  0.85 £ 0.16 (n = 11) 1.18 £ 0.17 (n = 9) 147 £ 02 (n=9) 1.7n=1)
3rd ripple (lower band) ~ 0.83 £ 0.12 (n = 8) 1.17 £ 0.10 (n = 6) 1.48 +£ 0.13 (n =5) 1.76 + 0.18 (n = 5) 2(m=1)
4th ripple (lower band) N/A N/A N/A N/A N/A
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Fi1G. 4. E/I ratio underlying multi-peaked frequency selectivity. (A) Averaged bandwidth of the ripples of the SUA, EPSCs and IPSCs measured at different
intensities (SUA, 16 neurons; EPSC and IPSC, 11 neurons, P = 0.674, Kruskal-Wallis test. Error bar indicates the SEM). (B) Comparison of the averaged
bandwidth of the ripples among the SUA (64 ripples from 16 neurons), EPSCs (44 ripples from 11 neurons) and IPSCs (44 ripples from 11 neurons). (C) His-
togram of Fe values measured from 11 neurons (405 stimuli in total). (D) Fe values measured at the valley and peak of each ripple (n = 82, valley and peak,

respectively. P < 0.05, paired #-test).

SUA and MUA. Generally, the response patterns observed from
single neuron activities could be different from those of the MUA
due to the averaging of responses from different types of neurons
(Gibson et al., 2012; Keller et al., 2016). Only robust and coherent
patterns can be well-maintained in the activity of neuronal ensem-
bles. Thus, the multi-peaked frequency selectivity could be a robust
feature of cortical neurons in the processing of frequency informa-
tion. Moreover, the averaged bandwidth of the ripple is consistent
(0.3-0.4 octaves), which was found to be invariant with the sound
intensity and the characteristic frequency of the recorded neuron
(Figs 1 and 2). Although it remains unclear how this multi-peaked
frequency selectivity can contribute to the coding of frequency
information, researchers have suggested that neurons with multi-
peaked frequency selectivity could be potentially involved in the
processing of pitch-related sound cues (Kadia & Wang, 2003). It is
worth noting that the spacing between nearby ripples is different
from that of previous works, where 1.0-2.0 octaves were reported
in cat and monkey, which could be a species-dependent difference
(Sutter & Schreiner, 1991; Kadia & Wang, 2003; Norena et al.,
2008).

Although the averaged bandwidth is invariant with the sound
intensity, we did observe a shift in the ripple locations as the sound
intensity changed. If there is no shift in location, then we should be
able to see clear ripples from the averaged responses across differ-
ent intensities, which we did not. However, we found that it was
difficult to measure the change in the ripple locations because we
also noticed that as the sound intensity changed, the best frequency
of many recorded neurons varied within a range of 0.1-0.2 octaves.
Since the ripples are detected based on the best frequency at each
intensity, and the distance between nearby ripples is approximately
0.3 octaves, a 0.1- to 0.2-octave variation in the best frequency
makes it difficult to measure the change in the ripple locations at
different intensities.

Synaptic contribution to the multi-peaked frequency selectivity

In the sensory cortex, the interplay between different synaptic inputs
is critical for deciding the tuning properties of cortical neurons (Tan
et al., 2004). Tuning patterns could be relayed from presynaptic
neurons (Zhou et al., 2012) or created by spatially and temporally
unbalanced excitation and inhibition (Tan er al., 2007; Kuo & Whu,
2012). In this study, we found multi-peaked frequency selectivity in
both the excitatory and inhibitory synaptic inputs, which suggested
that it could be relayed from an earlier pathway, such as medial
geniculate body (MGB). Because the response patterns observed in
the auditory cortex could be the accumulated result of responses
along the ascending pathway of the auditory system, it is difficult to
determine the various contributions. Previous studies have shown
that in some subcortical regions, such as the cochlear nucleus
(VCN) in guinea pigs (Jiang et al., 1996) and the lateral lemniscus
in bats (Portfors & Wenstrup, 2001), there are neurons that show
enhanced responses to multiple frequencies. These authors suggested
that the multi-peaked frequency preference could originate from
even earlier locations in the pathway than the MGB.

Although multi-peaked frequency selectivity was observed from
both the SUA and synaptic inputs, it is difficult to interpret the rela-
tionship between the ripples generated by the synaptic inputs and
the MUA/SUA responses because it is extremely difficult to record
both activities from the same neuron in a living animal. One alterna-
tive method we used here is the measurement of the relationship
between excitation and inhibition (E/I balance) at the peaks and val-
leys, which was represented by the Fe values. We found that the Fe
values measured at the peaks are significantly higher than those
measured at the valleys. This would make the firing at the peaks of
the excitatory inputs even higher and the firing at the depths of the
valleys even lower, which could further expand the response differ-
ence between the peaks and valleys. In other words, unbalanced
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excitation and inhibition at the peaks and valleys could sharpen the
ripples. It also worth noting that the averaged bandwidth of the rip-
ples from the synaptic inputs is not significantly different from that
of the spike responses, which suggests that the shaping is mainly
dependent on the tuning sharpness rather than the bandwidth of

ripple.
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