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This study focused on the response properties underlying selectivity for the rate of frequency modulated
(FM) sweeps in the auditory cortex of anesthetized C57bl/6 (C57) mice. Linear downward FM sweeps
with rates between 0.08 and 20 kHz/ms were tested. We show that at least two different response
properties predict FM rate selectivity: sideband inhibition and duration tuning. Sideband inhibition was
determined using the two-tone inhibition paradigm in which excitatory and inhibitory tones were
presented with different delays. Sideband inhibition was present in the majority (88%, n = 53) of neu-
rons. The spectrotemporal properties of sideband inhibition predicted rate selectivity and exclusion of
the sideband from the sweep reduced/eliminated rate tuning. The second property predictive of sweep
rate selectivity was duration tuning for tones. Theoretically, if a neuron is selective for the duration that
a sweep spends in the excitatory frequency tuning curve, then rate selectivity will ensue. Duration tuning
for excitatory tones was present and predicted rate selectivity in ~34% of neurons (n = 97). Both
sideband inhibition and duration tuning predicted rate selectivity equally well, but sideband inhibition
was present in a larger percentage of neurons suggesting that it is the dominant mechanism in the C57
mouse auditory cortex. Similar mechanisms shape sweep rate selectivity in the auditory system of bats
and mice and movement-velocity selectivity in the visual system, suggesting similar solutions to anal-
ogous problems across sensory systems. This study provides baseline data on basic spectrotemporal
processing in the C57 strain for elucidation of changes that occur in presbycusis.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction feature being selectivity for a narrow range of FM sweep rates

(Trujillo et al., 2011). The present study focused on the mechanisms

Frequency modulated (FM) sweeps are relatively simple sounds
that can serve as probes to understand fundamental mechanisms of
spectrotemporal processing in the auditory system. Beginning with
the work of Suga (1965) and Whitfield and Evans (1965), it is
established that the auditory cortex of all species examined con-
tains neurons selective for the rate and/or direction of FM sweeps
(Atencio et al., 2007; Brown and Harrison, 2009; Godey et al., 2005;
Hall et al., 2000; Heil et al., 1992; Mendelson and Cynader, 1985;
Nelken and Versnel, 2000; Razak and Fuzessery, 2006; Tian and
Rauschecker, 2004; Washington and Kanwal, 2008; Zhang et al.,
2003). Behavioral studies have shown that rodents discriminate
FM sweep direction in a sweep rate-specific manner and that the
auditory cortex is necessary for this behavior (Ohl et al., 1999;
Wetzel et al, 1998). FM sweep rate and direction selectivity is
present in the mouse auditory cortex as well, with the dominant
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underlying such selectivity.

The mouse is a useful model system to study sensory processing
due to the available genetic engineering techniques to investigate
relative contributions of activity-dependent and -independent fac-
tors in circuit formation and plasticity (Barkat et al., 2011; Galindo-
Leon et al., 2009; Holmstrom et al.,, 2010; Linden et al., 2003;
Linden and Schreiner,2003; Liu, 2006; Mataga et al.,2001; Morishita
etal., 2010; O’Connor et al., 2009; Sugiyama et al., 2008). The strong
selectivity for FM sweep rates in the mouse auditory cortex can serve
as a physiological probe to study basic circuitry as well as develop-
ment and disease models of auditory processing. An understanding
of the mechanisms underlying FM rate selectivity in the mouse
auditory cortex will facilitate inquiries of not just whether selectivity
changes during development or because of genetic disorders, but
will also provide insights on underlying cellular substrates.

The main motivation for this study was to elucidate FM rate
processing mechanisms in the young C57bl/6 strain mouse as
a baseline for future studies on how presbycusis influences spec-
trotemporal processing (Erway et al., 1993; Johnson et al., 1997,
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2000; Noben-Trauth et al., 2003). It is known based on studies of
FM sweep responses in several species that the spectrotemporal
interactions between the excitatory and inhibitory subcomponents
of the frequency receptive field predict rate and direction selec-
tivity (Atencio et al., 2007; Gittelman and Li, 2011; Gittelman and
Pollak, 2011; Gordon and O’Neill, 1998; Phillips et al., 1985;
Nelken and Versnel, 2000; Razak and Fuzessery, 2006, 2008, 2006;
Shamma et al., 1993; Suga, 1965). Given that two important changes
in presbycusis are declines in spectrotemporal processing (Frisina
and Frisina, 1997) and inhibitory neurotransmission (Caspary
et al., 2008; Martin del Campo et al., 2012; Ouda et al., 2008),
analysis of mechanisms of FM processing in the C57 strain mice will
provide a model system to determine the relationship between the
two observed deficits.

The focus of this study was on two different response properties
known to predict FM sweep rate selectivity (Gordon and O’Neill,
1998; Fuzessery et al., 2006; Razak and Fuzessery, 2006, 2008).
The first property, sideband inhibition, can be determined using the
two-tone inhibition paradigm. In this paradigm, excitatory and
inhibitory tones are presented with various delays to identify the
spectral and temporal properties of sideband inhibition (Brosch
and Schreiner, 1997; Calford and Semple, 1995; Fuzessery et al.,
2006; Razak and Fuzessery, 2006). In the pallid bat auditory cor-
tex, a delayed high-frequency sideband inhibition (inhibition near
the high-frequency edge of the tuning curve) shaped rate selec-
tivity for downward FM sweeps (Razak and Fuzessery, 2006).
Downward sweeps with fast sweep rates can reach the excitatory
frequencies before the delayed inhibition arrives, eliciting an
excitatory response. For slow downward sweeps, the delayed in-
hibition has sufficient time to arrive to the neuron simultaneously
or before the excitation and reduces responses. The timing and
bandwidth of high-frequency inhibitory sidebands predicted rate
selectivity for downward sweeps. The properties of sideband in-
hibition in relation to FM rate selectivity are unknown in any other
species, and form a key objective of this study.

The second response property predictive of FM rate selectivity is
tone duration tuning (Fuzessery et al., 2006). Tone duration tuning
is present in auditory systems across vertebrate taxa (Brand et al.,
2000; Casseday et al., 1994; Ehrlich et al., 1997; Feng et al., 1990;
Gooler and Feng, 1992). Sweeps of different rates spend different
durations within the excitatory and inhibitory components of the
frequency tuning curve. If a neuron is tuned to the duration of
excitatory tones, then sweeps of different rates may elicit different
responses. The best sweep rate may be the one that spends the
optimal duration within the tuning curve. In the pallid bat inferior
colliculus (IC) duration tuning predicted rate selectivity in nearly
50% of the neurons (Fuzessery et al., 2006) suggesting that tone
duration tuning plays a role in spectrotemporal processing under-
lying FM rate selectivity. However, this mechanism was absent in
the pallid bat auditory cortex (Razak and Fuzessery, 2006). It re-
mains unclear if the mouse auditory cortex contains tone duration
tuning that explains FM rate selectivity.

The primary aim of this study was to determine the relative
contributions of sideband inhibition and duration tuning to FM rate
selectivity observed in the mouse auditory cortex. Both primary
auditory cortex (A1) and anterior auditory field (AAF) were studied.
We show that sideband inhibition shapes FM rate selectivity in the
majority of neurons in the core fields of the mouse auditory cortex.
Duration tuning is important in a minority of neurons. A small
number of neurons exhibited both mechanisms.

2. Methods

Mice (C57bl/6 strain, age 30—83 days, n = 59 of either sex) were
obtained from an in-house breeding colony that originated from

Jackson Laboratory (Bar Harbor, Maine). Two to five littermates were
housed in each cage under a 12/12 light/dark cycle and fed ad libitum.
This strain shows accelerated age-related hearing loss (Henry and
Chole, 1980; Hunter and Willott, 1987; Mikaelian, 1979; Spongr
et al, 1997; Willott, 1986). This can begin as early as 2 months of
age, although audiometric evidence of hearing loss appears ~3
months. Taberner and Liberman (2005) compared auditory nerve
fiber responses between C57bl/6 (~4 month) and CBA strains (age
between 2 and 4 months) and found no differences in spontaneous
rates, tuning curves, rate versus level functions, dynamic range,
response adaptation, phase-locking, and the relation between
spontaneous rate and response properties. Trujillo et al. (2011)
showed no differences in FM sweep rate selectivity between 1 and
2 mo old mice and 2—3 mo old mice. Therefore, the data from ages
between 30 and 83 days were pooled in the present study. The main
reason for choosing the C57 strain for this study was to generate data
on response properties that explain spectrotemporal processing in
young mice. The ages studied here are before the onset of hearing
loss. These data will provide the baseline for future studies with ge-
netic models of human disease on this background strain, such as
presbycusis. All procedures were approved by The Institutional Ani-
mal Care and Use Committee at the University of California, Riverside.

2.1. Surgical procedures

A combination of ketamine (150 mg/kg) and xylazine (10 mg/kg)
was injected (i.p.) to induce anesthesia for surgery. Anesthesia was
maintained throughout the experiment by either supplemental
doses of ketamine-xylazine or isoflurane inhalation (0.2—0.5% in air).
Anesthetic state was assessed via the toe-pinch reflex test through-
out the experiment and supplemental anesthetic was administered
as needed. After an areflexic state of anesthesia was reached, a mid-
line scalp incision was made and the right temporalis muscle was
reflected. A dental drill was used to perform a craniotomy to expose
the auditory cortex. At the end of electrophysiological recording,
mice were euthanized with pentobarbital sodium (125 mg/kg).

2.2. Acoustic stimulation

All acoustic stimuli, including FM sweeps and tones, were driven
and data were acquired by custom software (Batlab, Dr. Don Gans,
Kent State University, Kent, OH). The rise and fall times of all sounds
used were 1 msec each. In the instances when sounds of 1 msec
duration were used, the rise and fall times were 0.5 msec each.
Sound intensities between 10 and 80 dB SPL were used and were
controlled with programmable attenuators (PA5; Tucker-Davis
Technologies, Gainesville, FL) prior to amplification by a stereo
amplifier (Parasound HCA1100) or an integrated amplifier (Yamaha
AX430). A 1 Hz repetition rate was used for all experiments. Sounds
were delivered through a free-field ribbon tweeter (LCY-K100,
Madisound, Wisconsin) located 6 inches and 45° from the left ear.
All recordings were obtained from the contralateral, right hemi-
sphere. Frequency response of the acoustic stimuli system was flat
within £3 dB for frequencies between 7 and 40 kHz as measured by
a % inch Bruel and Kjaer microphone and measuring amplifier. A
Krohn-Hite filter (Brockton, MA) was used to filter out frequencies
below 5 kHz (Butterworth, 24 dB/octave).

2.3. Electrophysiology

A stereotaxic apparatus (Kopf model 930, California) and bite
bar (Kopf model 923B) were used to secure mice for electro-
physiological recordings. Experiments were conducted in a sound-
attenuated chamber lined with anechoic foam (Gretch-Ken In-
dustries, Oregon). Neurophysiological recordings were acquired
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using glass microelectrodes filled with 1M NaCl (2—10 MQ impe-
dance). Electrodes were driven into the cortex with a Kopf direct
drive 2660 micropositioner. Single-unit recordings were obtained
between depths of 200 and 560 um (mean = 358 + 87.9 um).
Single-unit responses were identified by constancy of amplitude
and waveform as displayed on an oscilloscope and were isolated
using a time/amplitude window discriminator. Data quantification
consisted of counting the number of spikes elicited over 20 stim-
ulus repetitions (1 Hz repetition rate). Poststimulus time histo-
grams (PSTHs) were obtained over a 300 msec window relative to
stimulus onset. There is typically little or no spontaneous activity in
the anesthetized mouse auditory cortex.

2.4. Data acquisition

The A1l of the C57bl6/j mouse can be identified by vascular
landmarks (Willott et al., 1993) as well increasing characteristic
frequency (CF) in the caudal to rostral direction (Stiebler et al., 1997;
Trujillo et al., 2011). The AAF is located immediately rostral to A1 and
exhibits a reversed tonotopy relative to Al. Both A1 and AAF are
considered core auditory cortex (Cruikshank et al., 2001). The pur-
pose of the present study was to determine the mechanisms that
govern FM sweep rate selectivity in the core auditory cortex; so both
A1l and AAF neurons were studied. These neurons can be dis-
tinguished from ‘non-core’ neurons, including those from the ul-
trasonic field and secondary auditory cortex (All), based on robust
tone responses, narrow tuning and short response latencies. The
goal was not to determine if A1 and AAF differed in FM rate mech-
anisms. Therefore, no effort was made to identify the location of
neurons within these two fields. Pure tones (5—50 kHz and 2—
30 msec duration), broadband noise and up/down sweeps were
used as search stimuli to isolate single neurons. Upon isolation, tone
response properties were acquired. Pure tones with frequencies
between 5 and 50 kHz (1—5 kHz resolution, 5—10 msec duration)
were presented to determine excitatory frequency tuning curves.
The CFwas noted as the frequency at which the neuron responded to
at least five consecutive presentations at the lowest sound intensity
tested. The excitatory frequency tuning at 10, 20 and 30 dB above the
minimum threshold was then determined by increasing intensity in
10 dB steps and changing frequencies with 1 kHz resolution.

2.5. Frequency modulated sweep rate selectivity

The vast majority of neurons in A1 and AAF of the mouse exhibit
CFs <50 kHz (Willott et al., 1993; Trujillo et al., 2011). As the goal of
this study was to identify mechanisms of spectrotemporal pro-
cessing in A1 and AAF, the FM sweeps used were in the 5—50 kHz
range. Most neurons in the C57 mouse auditory cortex respond
similarly to upward and downward sweeps (Trujillo et al., 2011).
Therefore, this study focused on identifying mechanisms of rate
selectivity only for downward FM sweeps. Sweep rate selectivity
was determined by presenting linear downward FM sweeps of
fixed bandwidth and different durations. The sweep rate, defined as
the rate of change in kHz/msec, was determined by dividing the
sweep bandwidth (in kHz) by the duration (in msec). FM sweeps
were presented at a single intensity, 10—20 dB above threshold for
excitation with the CF tone. A single intensity above threshold was
not used across all neurons because in some cases a strong non-
monotonic relationship is present between intensity and
response magnitude. The intensity producing the most robust re-
sponses was chosen within the range specified above. The sweep
bandwidth was chosen to be approximately centered at the exci-
tatory range of frequencies at the amplitude tested. In addition, and
unless noted otherwise, the FM sweep bandwidth extended at least
10 kHz outside the high-frequency edge of the tuning curve. This

ensures that putative high-frequency inhibitory sidebands, which
abut the excitatory tuning curve in A1 (Razak and Fuzessery, 2006;
Wau et al.,, 2008), were included in the downward FM sweep. Sweep
durations between 2 and 200 msec were used. This allowed a broad
range of FM rates between 0.08 and 20 kHz/ms to be tested. We
have shown previously that core cortical neurons in the mouse
respond selectively to FM sweep rate and not to sweep duration or
sweep bandwidth (Trujillo et al., 2011). Also, neurons respond
selectively to sweep rates even at the very short durations used.

Neurons were classified (Fig. 1) as all-pass (AP), band-pass (BP),
fast-pass (FP), or slow-pass (SP) according to FM rate selectivity
(Felsheim and Ostwald, 1996; Mendelson et al., 1993; Poon et al,,
1991; Razak and Fuzessery, 2006; Ricketts et al., 1998; Tian and
Rauschecker, 1994; Trujillo et al., 2011). AP neurons respond at
above 50% of maximum response for all rates tested (Fig. 1A). These
are non-selective neurons and were not studied further. SP neurons
were selective for slow FM sweep rates and responses decreased
below 50% of maximal response as FM sweep rate was increased
(Fig. 1D). Relatively few SP neurons were found in this study, thus
mechanisms were not explored in SP neurons. BP neurons were
selective for a range of rates, with responses dropping below 50% of
maximal response as FM sweep rate was decreased or increased
beyond that range (e.g., Fig. 1B). FP neurons were selective for fast
FM sweep rates and responses decreased below 50% of maximal
response as FM sweep rate was decreased (e.g., Fig. 1C). This study
focused on demonstrating the extent to which high-frequency in-
hibition (HFI) and duration tuning can participate in (or contribute
to) mechanisms underlying FP and BP rate selectivity.

Neuronal selectivity for sweep rate was further quantified using
the 50% cutoff rate, best rate and rate tuning index (RTI). The 50%
cutoff rate was defined as the rate at which response fell to 50% of
maximum response. FP neurons have one value of 50% cutoff rate.
BP neurons have two such values, one at fast rates (‘50% cutoff —
fast’) and one at slow rates (‘50% cutoff — slow’). Best rate (BR) was
quantified for BP neurons as the geometric center of the range of
FM rates that produced >80% of maximum response. The RTI was
calculated as follows (Atencio et al., 2007; Brown and Harrison,
2009; Trujillo et al., 2011):

RTI = (n/n—1) x [1 — (mean/max)]

where n = the number of FM sweep rates assessed, ‘mean’ is the
average response across all rates tested and ‘max’ is the maximum
response. RTI varies between 0 and 1, with a higher values indi-
cating greater selectivity.

Following identification of neurons with BP or FP rate selectivity,
the contributions of sideband inhibition and duration tuning as
underlying response properties were assessed as follows:

2.6. Sideband inhibition

The bandwidth and arrival time of high-frequency inhibitory
(HFI) sidebands were quantified using a ‘two-tone inhibition over
time’ paradigm (Brosch and Schreiner, 1997; Calford and Semple,
1995; Gordon and O'Neill, 1998; Razak and Fuzessery, 2006). The
focus was only on HFI because downward sweeps traverse this
sideband before entering the excitatory tuning curve. In the two-tone
inhibition paradigm, an excitatory (at the CF) tone and a second tone
were presented with different delays between them. The intensities
of both tones were the same as the intensity used to determine FM
sweep rate selectivity (10—20 dB above response threshold at CF).
The CF tone was 5 msec in duration and the second tone was 10 msec
in duration. To identify inhibitory frequencies, the two tones were
presented with delays of —2 to +10 msec between them. Zero delay
indicates simultaneous onset, positive delays indicate delayed CF
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Fig. 1. Classification of FM sweep rate tuning. (A) All-pass (B) Band-pass (C) Fast-pass (D) Slow-pass. The dashed line in each panel marks 50% of maximum response. The ‘number of
spikes’ on the y-axis in this and all subsequent graphs are in response to 20 repetitions of each stimulus. The bandwidth of sweep used is indicated in each panel. CF: characteristic
frequency, RTI-out: rate tuning index calculated for sweeps with bandwidths that extended well outside the excitatory tuning curve, BR: best rate for the band-pass neuron, 50%:

the 50% cutoff rate for fast-pass and band-pass neurons.

tone relative to the second tone and negative delays indicate that the
CF tone was presented first (e.g., Fig. 2A and B).

A qualitative-quantitative sequence was used to identify the HFI
sideband. The frequency of the second tone was roved between the
highest excitatory frequency of the neuron and 50 kHz with 1—
5 kHz resolution. Preliminary data indicated that inhibitory side-
bands in most neurons lie just outside the excitatory tuning curve
(consistent with Wu et al., 2008). Therefore, frequency of the sec-
ond tone was varied with 1 kHz resolution near the high-frequency
edge of the tuning curve, and with 5 kHz resolution further away.
The frequency—delay combinations of the two tones that resulted
in a clear decrease (response to less than 2 out of 5 consecutive
stimulus repetitions) in response compared to CF tone alone were
qualitatively noted as inhibitory. The arrival time of HFI was then
quantified by holding the frequency of the second tone at the center
of this range of inhibitory frequencies and varying the delay be-
tween the two tones (e.g., Fig. 2A and B). Both tones were presented
at the same amplitude. The ‘arrival time of inhibition’ was defined
as the shortest delay between the two tones at which the response
declined below 50% of response to CF tone alone. The ‘bandwidth of
inhibitory sideband’ was quantified by holding the delay constant
and varying the inhibitory tone frequency in 0.5 kHz steps (e.g.,
Fig. 2G). The constant delay was chosen as the delay of maximum
inhibition from the arrival time plot. The range of frequencies of the
second tone that reduced responses by at least 50% of CF response
was noted as the bandwidth of HFL

2.7. Duration tuning

The response of neurons to the CF tone with durations between
1 and 200 msec was recorded to determine duration tuning. For the
1 msec tone duration, the rise and fall times were 0.5 msec each. For
all other tone durations, the rise/fall times were 1 msec each.
Neurons were classified (e.g., Fig. 3) according to duration tuning
for CF tones as all-pass-DT, band-pass-DT, short-pass-DT, or long-
pass-DT (Fuzessery and Hall, 1999; Fuzessery et al., 2006; Razak
and Fuzessery, 2006). ‘DT’ is used in this paper to distinguish
similar classification scheme for FM rate selectivity functions. All-
pass-DT neurons responded within 50% of maximum response for
all durations. Responses of band-pass-DT neurons declined to at
least 50% of maximum response for durations shorter or longer
than a preferred duration. The response of short-pass-DT neurons
decreased below 50% of maximal response as durations increased.
The response of long-pass-DT neurons fell below 50% of maximal
response as tone durations decreased.

2.8. Critical tests for sideband inhibition and duration tuning in
shaping FM rate selectivity

If HFI shapes downward FM sweep rate selectivity, then
removing the HFI from the sweep should reduce or eliminate rate
selectivity. A downward FM sweep will exclude the HFI sideband if
the sweep starts inside the high-frequency edge of the tuning
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Fig. 2. An example of delayed HFI shaping downward FM rate selectivity. (A) Schematic for the temporal relationships between excitatory and inhibitory tones used in the two-tone
inhibition paradigm. The duration of the excitatory and inhibitory tones were 5 and 10 msec, respectively. Positive delays between the two tones indicate that the excitatory (+)
tone was delayed relative to the inhibitory (—) tone. Negative delays show the excitatory tone was advanced. Zero delay indicates simultaneous onset of both tones. (B) The two-
tone inhibition plot for a HFI tone (23 kHz, 10 msec duration) and an excitatory CF tone (16 kHz, 5 msec duration). The dashed line marks the response to the CF tone presented
alone. The vertical arrow shows the delay between the two tones at which response decreases to 50% of CF tone response. This delay, termed ‘arrival time of inhibition’, was
~0.44 msec in this neuron. The PSTHs at selected delays (C—F) show the time course of two-tone inhibition. Sound onset is at 0 msec. (G) The bandwidth of HFI was determined by
changing the frequency of the inhibitory tone while the delay between the two tones was fixed at the best delay (2 msec) identified in (B). The frequency range that suppressed
response of the neuron by at least 50% of CF-alone response was considered bandwidth of HFI. The HFI bandwidth of this neuron (indicated by the vertical arrows) was 2 kHz. (H)
The neuron was strongly rate selective (RTI-out = 0.76) when the sweep bandwidth included the HFI (the 50—5 kHz sweep). The neuron lost rate selectivity (RTI-in = 0.17) when the

sweep excluded HFI (the 20—5 kHz sweep).

curve. The rate tuning index (RTI) can be used to compare rate
selectivity for FM sweeps that include and exclude the HFI. The
degree to which RTI for downward sweeps declines with the
exclusion of HFI indicates the contribution of HFI in shaping rate
selectivity for such sweeps.

Duration tuning for tones can explain FM rate selectivity
(Fuzessery et al., 2006). Duration tuning for tones is based on the
interactions between excitation and inhibition generated by the
tone (Casseday et al, 2000, 1994; Fuzessery and Hall, 1999).
Therefore, if this mechanism was acting alone, the exclusion of
putative sideband inhibition should not influence rate tuning. The
RTI values for downward FM sweeps that include or exclude side-
band inhibition should be similar if duration tuning was the
mechanism. Based on these conceptual grounds, the RTI was
compared for sweeps that included and excluded HFI to determine
whether sideband inhibition or duration tuning was involved in
shaping rate selectivity. The abbreviation ‘RTI-out’ denotes that RTI
was calculated for sweeps that started outside the tuning curve
and, therefore, included putative HFIL. The abbreviation ‘RTI-in’ in-
dicates that the sweep excluded putative HFI sidebands by starting
inside the tuning curve.

3. Results

The main aim of this study was to identify the contributions of
sideband inhibition and tone duration tuning to fast-pass and
band-pass FM rate selectivity in the core auditory cortex (A1/AAF)
of the mouse. The focus was only on downward sweeps as most
neurons in the mouse auditory cortex respond similarly to up/
down sweeps (Trujillo et al., 2011). The focus was also on sweeps
with frequencies between 5 and 50 kHz, as the vast majority of

neurons in A1/AAF exhibit CF < 50 kHz (Willott et al., 1993; Trujillo
etal,, 2011). In addition, neurons with CF < 50 kHz show FM sweep
rate selectivity (Trujillo et al., 2011). The role of high-frequency
sideband inhibition and duration tuning in shaping FM rate selec-
tivity was tested in 53 and 97 neurons, respectively.

3.1. Sideband inhibition

The high frequency inhibitory (HFI) sideband explained down-
ward FM rate selectivity in 47/53 (88.8%) neurons tested. Fig. 2
shows an example. Fig. 2A is a schematic of the two-tone inhibi-
tion paradigm. Fig. 2B shows that this neuron exhibited a maximal
decline in the two-tone response when the CF tone (16 kHz) was
delayed by 2 msec relative to the inhibitory tone (23 kHz). The
arrival time, defined as the shortest delay at which response
declined to 50% of response to CF tone alone, was ~0.44 msec
(Fig. 2B). Fig. 2C—F show PSTHs for the arrival time function
depicted in Fig. 2B. The bandwidth of inhibition was obtained by
keeping the delay between the two tones constant (at the delay of
maximum inhibition, 2 msec for this neuron) and varying the fre-
quency of the inhibitory tone. The range of frequencies that inhibit
the response to at least 50% of CF response was noted. Frequencies
between 21.5 and 23.5 kHz satisfied the 50% inhibition criterion in
this neuron (Fig. 2G). The interaction between HFI bandwidth and
arrival time can predict rate selectivity (Razak and Fuzessery, 2006).
The 50% cutoff rate is predicted by the following formula:

Predicted 50% cutoff rate = [HIF — HEF] /arrival time(kHz/msec)

where, HIF is the highest inhibitory frequency (the high-frequency
edge of the HFI sideband) and HEF is the highest excitatory
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frequency (high-frequency edge of the excitatory tuning curve) at
the intensity at which FM rate selectivity was recorded. The exci-
tatory tuning of the neuron in Fig. 2 at the intensity at which two-
tone inhibition was measured was 9—22 kHz. Therefore, the

spectral difference between HIF (23.5 kHz) and HEF (22 kHz) was
1.5 kHz. Given the arrival time of 0.44 kHz/ms, the predicted 50%
cutoff was 3.41 kHz/ms (1.5 kHz/0.44 msec). Fig. 2H shows the
observed FM rate selectivity function for this neuron. When the
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sweep included the HFI (the 50—5 kHz sweep) the actual 50% cutoff
rate was 3.41 kHz/ms, the same as the predicted value. When the
sweep excluded the HFI by starting inside the excitatory tuning
curve (the 20—5 kHz sweep), the neuron lost rate selectivity
(Fig. 2H) indicating that the HFI was necessary for rate selectivity in
this neuron.

HFI was quantified using the two-tone inhibition paradigm in 53
neurons that were BP or FP rate selective. HFI was found in the
majority of these neurons (88%, 47/53). The mean arrival time and
bandwidth of HFI were 2.62 + 2.2 msec and 4.26 + 2.4 kHz,
respectively (n = 47). There was no correlation between CF and
arrival time (° = 0.09, p > 0.05) or bandwidth (> = 0.07, p > 0.05)
of HFI sideband, suggesting that similar HFI properties are found
across the tonotopic axis. This also accounts for a lack of CF-
dependency in FM rate selectivity in the C57 mouse (Trujillo
et al,, 2011). In these 47 neurons, the actual FM rate selectivity
functions were also recorded, facilitating a comparison of predicted
and observed rate selectivity. There was a strong correlation be-
tween the predicted and observed 50% cutoff rate (Fig. 5A, Pearson
correlation, r = 0.73, p < 0.001).

In 36/47 neurons with identified HFI, the critical test for the
contribution of sideband inhibition to rate selectivity was per-
formed. That is, rate selectivity index for sweeps that included the
HFI (RTI-out) was compared with rate selectivity index when HFI
was excluded (RTI-in). The mean RTI-in was significantly lower
than the mean RTI-out (Fig. 6A, paired t-test, t = 9.22, p < 0.001,
n? = 0.84) indicating that exclusion of HFI from the sweep sig-
nificantly reduced rate tuning in these neurons. For the age range
studied (30—83 day old mice), there was no correlation between
age of mouse and HFI arrival time (12 = 0.08, p > 0.05) or HFI
bandwidth (> = 0.03, p > 0.05). Therefore, the observed data were
not influenced by possible hearing loss in this strain within the age
range studied. The lack of difference in sideband properties with
age in the young mice may also account for similarities in FM rate
selectivity observed between 30—60 and 61-90 day old mice
(Trujillo et al,, 2011). Together, these data indicate that HFI was
present in the majority of BP/FP neurons, the properties of HFI
predicted rate selectivity and exclusion of HFI reduces rate
selectivity.

3.2. Duration tuning

Duration tuning for CF tones was examined in 97 BP/FP neurons.
Fig. 3 provides examples and associated PSTHs for the four different
types of duration tuning observed in this study. All neurons
recorded in this study responded to the onset of tones in a manner
similar to the examples shown (Fig. 3). No offset responders were
found. Fig. 3E shows the distribution of the different duration
tuning types. The majority (60%) of neurons were all-pass-DT (non-
selective for tone duration). A third of the population (33/97)
exhibited short-pass-DT or band-pass-DT in the core auditory cor-
tex of the mouse. Note that this distribution is only for neurons with
FP/BP sweep rate selectivity and may not reflect duration tuning
characteristics of the core auditory cortex of the mouse.

Fig. 4 depicts a neuron in which short-pass duration tuning
predicted FM sweep rate selectivity. The neuron was selective for
the duration of the CF tone, with a best duration of ~2.2 msec
(Fig. 4A). The 50% cutoff duration was 7 msec indicating tone du-
rations longer than 7 msec elicited <50% of maximum response.

Selected PSTHs (Fig. 4B—E) show responses to different tone du-
rations. The excitatory tuning bandwidth of this neuron at the in-
tensity at which duration tuning was determined was 20—9 kHz
(inclusive excitatory bandwidth = 12 kHz). Using the method of
Fuzessery et al. (2006), the 50% cutoff sweep rate and best sweep
rate for downward FM can be predicted as follows:

Predicted 50% cutoff = [Excitatory Bandwidth

/50% cutoff duration for pure tones]

Predicted Best Rate = [Excitatory Bandwidth
/best duration for pure tones]

For the neuron in Fig. 4, the predicted 50% cutoff was 1.71 kHz/ms
(12 kHz/7 msec, dashed arrow in 4F). The predicted best rate was
5.4 kHz/ms (12 kHz/2.2 msec). The observed 50% cutoff and best rate
for the neuron depicted were 0.8 kHz/ms and 3.08 kHz/ms respec-
tively (Fig. 4F). Whether HFI was also present in this neuron was not
tested. However, exclusion of putative HFI by starting the sweep
inside the tuning curve (the 20—5 kHz/ms sweep), did not reduce
rate tuning (the RTI-in and RTI-out were similar, Fig. 4F). This in-
dicates that mechanisms within the excitatory tuning curve, and not
HFI, shaped FM sweep rate tuning in this neuron. The prediction data
suggest that duration tuning is the likely underlying mechanism.

Of the 97 BP/FP sweep selective neurons, 33 (34%) were either
short-pass-DT or band-pass-DT. In these 33 neurons, the excitatory
frequency tuning curves and actual FM rate selectivity functions
were also recorded, facilitating a comparison of predicted and
observed FM rate selectivity. Fig. 5B demonstrates that predicted
50% cutoff rate based on duration tuning is correlated with observed
50% cutoff rate (r = 0.53, p < 0.01), Fig. 5C demonstrates that the
predicted and observed best rate of band-pass neurons were also
correlated (r = 0.39, p < 0.05). These data indicate that tone dura-
tion tuning can predict rate selectivity in the mouse auditory cortex.

We predicted that across the population, the RTI-out and RTI-in
of neurons in which duration tuning predicted rate selectivity will
be similar (as in the example shown in Fig. 4). That is, in duration-
tuned neurons, HFI will play a minimal role in FM rate selectivity.
However, in the 21 short-pass-DT neurons in which RTI-in and RTI-
out were also determined, there was a reduction in RTI-in com-
pared to RTI-out (Fig. 6A, t = 2.92, p < 0.01, 7 = 0.56). This suggests
that putative HFI may contribute to rate selectivity in these neurons
as well. A comparison of effect sizes reveals that the reduction in
RTI-in compared to RTI-out is greater for neurons in which HFI
predicted rate tuning compared to neurons in which duration
tuning predicted rate tuning (n° = 0.84 versus > = 0.56). Fig. 6B
provides further support for this assessment. The difference in RTI
(RTI-out—RTI-in) was compared between neurons in which HFI
explained rate selectivity and neurons in which duration tuning
explained rate selectivity. The reduction in RTI in duration tuned
neurons was significantly smaller than in the neurons with HFI
(Fig. 6B, two-sample t-test, t = 2.56, p < 0.05). The RTI-out versus
RTI-in comparison shows that even in duration tuned neurons,
putative HFI sidebands may contribute to rate selectivity.

To measure how well sideband inhibition and duration tuning
predicted observed rate selectivity, a ‘prediction accuracy’ was
calculated as follows:

PA = |(observed 50% cutoff — predicted 50% cutoff)|/observed 50% cutoff
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p < 0.05).

The prediction accuracy did not depend on which mechanism
shaped rate selectivity (Fig. 5D, t = 1.21, p = 0.23) indicating that when
present either response property predicted rate selectivity similarly.

We conclude that sideband inhibition is the main response
property shaping FM rate selectivity simply because HFI was

present in a larger percentage of neurons (~88%) than duration
tuning (34%). The distribution of these two mechanisms was not
CF-dependent. A t-test between the CF of neurons in which dura-
tion tuning predicted rate selectivity and neurons that depended on
HFI revealed no significant difference (t = —-12, p = 0.23).
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Therefore, these mechanisms are likely to be found anywhere along
the tonotopic axis. However, neurons that depended on HFI and
duration tuning for rate tuning exhibited significantly different 50%
cutoff rates. The observed 50% cutoff rate was slower for duration
tuned neurons than for HFI neurons (Fig. 5E, two-sample t-test,
t = 2.57, p < 0.05). This indicates differences in response selectivity
shaped by each mechanism.

3.3. A minority of neurons exhibited both HFI and duration tuning

Whether both sideband inhibition and duration tuning were
present in the same neuron was assessed in 32 neurons that had
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HFI. Ten (~31%) of these neurons were also duration tuned. This
level of duration tuning was consistent with the ~34% duration
tuning found in the overall population of BP/FP sweep selective
neurons. The presence of both properties in the same neurons
raises the question of whether these mechanisms independently
predict rate selectivity or if they add to each other in some manner.
Fig. 7 shows a representative neuron with CF tone duration tuning
(Fig. 7A, best duration ~3 msec). The neuron also exhibited HFI,
with arrival time of 1.6 msec and a bandwidth of 5 kHz (Fig. 7B). The
neuron was BP selective for FM sweep rates (Fig. 7C). The predicted
50% cutoff using duration tuning (2.6 kHz/ms) or using HFI
(3.2 kHz/ms) were similar to the observed 50% cutoff rate (4.1 kHz/
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ms). An analysis of prediction accuracy for the 10 neurons using
each mechanism showed that HFI and duration tuning individually
predict similar rate selectivity in these neurons (Fig. 7D, paired t-
test, t = —1.73, p = 0.12).

4. Discussion

At least two different response properties predict downward
FM sweep rate selectivity in the core auditory cortex of the young
C57 mouse: sideband inhibition and duration tuning. Although
both properties predicted rate selectivity equally well, sideband
inhibition was found in more neurons tested (~88%) than dura-
tion tuning (34%). On average, neurons in which duration tuning
predicted rate selectivity exhibited a slower 50% cutoff rate com-
pared to neurons that depended on HFI (Fig. 5E). The 50% cutoff
rate is approximately the center of the range of rates that produce
maximal change in response magnitude in a neuron. Therefore, it
is the rate around which the neuron provides maximal informa-
tion (Harper and McAlpine, 2004). This suggests that sideband
inhibition and duration tuning result in maximum information
about FM sweep rates over different, but overlapping, ranges of
rates. In addition, the sweep bandwidth influenced rate tuning to
a greater degree in neurons that depended on HFI compared to
neurons that depended on duration tuning for rate tuning (Fig. 6).
Thus the two mechanisms produced different rate selectivity
properties.

4.1. Duration tuning for tones in the auditory system

The relative scarcity of band- and short-pass duration tuning in
the mouse A1 is consistent with similar findings in the mouse and
chinchilla IC (Brand et al., 2000; Chen, 1998), the pallid bat Al
(Razak and Fuzessery, 2006) and the cat cortical dorsal zone (He
et al, 1997). This differs from findings in little brown bat Al
(Galazyuk and Feng, 1997), pallid bat and big brown bat IC
(Casseday et al., 1994; Fuzessery et al., 2006) in which ~30—60% of
neurons exhibit short- and band-pass duration tuning. Thus,
comparative data in general point to more duration tuning in the
midbrain of bats compared to auditory cortex across species,
although the little brown bat data serve as an exception to this
generalization.

Duration tuning has been typically proposed as a temporal
feature detector for conspecific vocalizations (Brand et al., 2000;
Feng et al,, 1990; Gooler and Feng, 1992). In frogs for example,
neurons in the auditory midbrain have been postulated to code for
durations of mating calls or the amplitude modulations contained
within them (Feng et al., 1990; Gooler and Feng, 1992). Fuzessery
et al. (2006) suggested an additional role for duration tuning.
Duration tuning for tones in the pallid bat IC predicts FM rate
selectivity. According to this model, sweeps with rates that stim-
ulate the excitatory tuning curve at the optimal duration will elicit
maximum response. For slower and faster sweeps, the excitatory
tuning curve will be stimulated over non-optimal durations, and
thus such rates elicit reduced responses. This was found to be the
case in the mouse auditory cortex as well in which CF duration
tuning and width of excitatory tuning curve predicted FM rate
selectivity in ~33% of neurons. Thus, duration tuning in the audi-
tory system may serve to establish both temporal and spec-
trotemporal filters across taxa.

4.2. Sideband inhibition in the auditory system
Sideband inhibition is common in the auditory cortex across

species (Brosch and Schreiner, 1997; Calford and Semple, 1995;
Razak and Fuzessery, 2006; Suga, 1965; Sutter and Loftus, 2003;

Wu et al., 2008; Zhang et al., 2003). The role of sideband inhibition
in FM sweep rate selectivity was investigated in detail in the
auditory system of bats (Gordon and O’Neill, 1998; Fuzessery et al.,
2006; Razak and Fuzessery, 2006). In these studies, it was shown
that the spectrotemporal interactions between excitatory tuning
curve and inhibitory sidebands shaped FM sweep direction and rate
selectivity. In the pallid bat A1, this was the dominant mechanism
of sweep direction and rate selectivity. The present data on mouse
cortex indicates that similar properties shape selectivity across
auditory generalists and specialists. This study was limited to
mechanisms shaping rate selectivity for downward sweeps and
therefore focused on the HFI sideband. Most neurons in the mouse
auditory cortex respond similarly to up and down sweeps (Trujillo
et al,, 2011). Therefore, it is predicted that the properties of side-
band on the low-frequency side are similar to those on the high-
frequency side. In direction selective cells, asymmetries in prop-
erties of sidebands may be present (Razak and Fuzessery, 2006).
Wu et al. (2008) suggested that sideband inhibition is shaped by
rapid spiking interneurons commonly identified as Parvalbumin
positive. These neurons are known to be involved in shaping
selectivity for rapid temporal features of sound (Atencio and
Schreiner, 2008), consistent with the notion proposed here that
sideband inhibition shapes selectivity for fast or medium sweep
rates.

It is unclear if the observed sideband inhibition and duration
tuning are computed at the level of the cortex or whether these
properties are inherited from subcortical computations. In aging
rats, FM sweep rate selectivity is reduced in the auditory cortex but
not in the midbrain or thalamus (Lee et al., 2002; Mendelson and
Lui, 2004; Mendelson and Ricketts, 2001). This suggests that at
least some of the mechanisms shaping sweep rate selectivity in
rodent Al are local. lontophoretic application of GABAa receptor
antagonists has shown that sideband inhibition is shaped at the
level of the IC (Fuzessery and Hall, 1996) as well as in A1 (Razak and
Fuzessery, 2009). The iontophoresis data also indicate that synaptic
inhibition is an important mechanism for sideband inhibition,
although other factors such as mechanical suppression in cochlea
(Ruggero et al., 1992) and synaptic depression (Wehr and Zador,
2005) may contribute.

Sideband inhibition with the potential to influence FM re-
sponses is also present in the cochlear nucleus (Shofner and Young,
1985) and selective responses to FM type stimuli have been
observed in the cochlear nucleus (Moller, 1974). This indicates that
FM sweep rate and direction selectivity may be shaped and refined
at multiple levels of the auditory system. Therefore, even though
a response property is present at a lower level in the pathway, the
higher processing level may not simply inherit the property. This
may be necessary due to convergence of pathways that smear
selectivity (McMullen and de Venecia, 1993; Middlebrooks and
Zook, 1983) necessitating refinement using local inhibitory cir-
cuits. At least for thalamocortical pathways, this is consistent with
data from Miller et al. (2001) who showed that excitatory prop-
erties are more faithfully transmitted from thalamus to A1 com-
pared to inhibitory properties.

4.3. Comparison to previous studies of auditory and other sensory
systems

In the bat auditory system, sideband inhibition, facilitation and
duration tuning shape FM rate selectivity (Gordon and O’Neill,
1998; Razak and Fuzessery, 2006). Other mechanisms such as rel-
ative amplitudes of inhibitory/excitatory conductance of inputs and
spike threshold also contribute (Gittelman and Pollak, 2011).
Properties of sideband inhibition have also been suggested to shape
FM sweep rate and direction selectivity in the monkey, cat, ferret
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and rat A1 (Atencio et al., 2007; Nelken and Versnel, 2000; Phillips
et al,, 1985; Sadagopan and Wang, 2010; Zhang et al., 2003). The
mouse auditory cortex is similar to the pallid bat Al in that side-
band inhibition is the dominant mechanism. However, these two
systems differ in that duration tuning, largely absent in the pallid
bat cortex, is present and predicts rate selectivity in the mouse
auditory cortex.

Selectivity for FM sweep rate is analogous to movement velocity
selectivity in the visual system. Two of the mechanisms proposed
to underlie velocity selectivity are fundamentally similar to those in
the mouse and the bat auditory systems. These are spatiotemporal
asymmetries in lateral inhibition (superior colliculus — (Razak and
Pallas, 2005); visual cortex — (Duysens et al., 1985a, 1985b; Patel
and Sillito, 1978)) and tuning for the duration that a stimulus
spends in the receptive field (Duysens et al., 1996). These similar-
ities across auditory and visual systems indicate that multiple, but
similar, solutions are used to solve analogous problems.

4.4. Methodological considerations

These data have to be interpreted within the context of at least
three methodological issues. The first is that mechanisms were
assessed under ketamine/xylazine/isoflurane anesthesia. In the
auditory cortex, ketamine reduces spontaneous and sound-evoked
activity (Syka et al., 2005; Zurita et al., 1994). Thus it is likely that
response magnitudes reported in this study are under-estimates
relative to responses from awake animals. The second issue is the
use of linear FM sweeps as stimuli. Nelken and Versnel (2000)
compared ferret A1 responses to linear and logarithmic sweeps
and found that FM rate selectivity did not differ based on the type of
sweep, suggesting the sweep trajectory may not have a bearing on
the results reported here. The third issue is that the focus was only
on mechanisms underlying FP and BP selectivity for downward
sweeps. It is likely that additional mechanisms exist to shape slow-
pass FM rate selectivity.

5. Conclusions

These data show that neural selectivity for FM sweeps can be
predicted based on linear interactions between two tones (side-
band inhibition) or temporal selectivity for individual excitatory
tones (duration tuning). Because the C57 strain is a mouse model
of presbycusis, these data provide the baseline for investigations of
how basic spectrotemporal processing changes due to presbycusis.
While both duration tuning and sideband inhibition depend on
interactions between excitation and inhibition, they differ in one
fundamental way. According to the scheme of (Happel et al., 2010)
duration tuning can be thought of as arising due to on-CF and
near-CF interactions between excitation and inhibition. Sidebands,
by definition, arise from non-CF and on-CF interactions. Some of
these non-CF inputs are inhibitory and may generate the inhib-
itory sidebands (Kaur et al., 2005). Given the link between fast
temporal processing, sideband inhibition and Parvalbumin-
expressing interneurons (Wu et al., 2008; Atencio and Schreiner,
2008), and the observed reduction of Parvalbumin-expressing
cells in presbycusis (Martin del Campo et al.,, 2012; Ouda et al,,
2008), reduction in selectivity for fast temporal modulations in
presbycusis (Lee et al, 2002; Mendelson and Lui, 2004;
Mendelson and Ricketts, 2001) may be related to loss of sidebands.
In presbycusis, the loss of response to high-frequencies suggests
that the HFI-based mechanism will be more susceptible to aging
and hearing loss compared to duration tuning. The extent to
which these two mechanisms are differentially plastic in presby-
cusis and the relevance to FM sweep processing is currently being
investigated.
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