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J Neurophysiol 106: 2825-2837, 2011. First published August 17,
2011; doi:10.1152/jn.00480.2011.—Frequency-modulated (FM)
sweeps are common components of vocalizations, including human
speech. Both sweep direction and rate influence discrimination of
vocalizations. Across species, relatively less is known about FM
rate selectivity compared with direction selectivity. In this study,
FM rate selectivity was studied in the auditory cortex of anesthe-
tized 1- to 3-mo-old C57bl/6 mice. Neurons were classified as fast
pass, band pass, slow pass, or all pass depending on their selec-
tivity for rates between 0.08 and 20 kHz/ms. Multiunit recordings
were used to map FM rate selectivity at depths between 250 and
450 wm across both primary auditory cortex (Al) and the anterior
auditory field (AAF). In terms of functional organization of rate
selectivity, three patterns were found. First, in both A1 and AAF,
neurons clustered according to rate selectivity. Second, most
(~60%) AAF neurons were either fast-pass or band-pass selective.
Most Al neurons (~72%) were slow-pass selective. This distribu-
tion supports the hypothesis that AAF is specialized for faster
temporal processing than Al. Single-unit recordings (n = 223)
from Al and AAF show that the mouse auditory cortex is best
poised to detect and discriminate a narrow range of sweep rates
between 0.5 and 3 kHz/ms. Third, based on recordings obtained at
different depths, neurons in the infragranular layers were less rate
selective than neurons in the granular layers, suggesting FM pro-
cessing undergoes changes within the cortical column. On average,
there was very little direction selectivity in the mouse auditory
cortex. There was also no correlation between characteristic fre-
quency and direction selectivity. The narrow range of rate selec-
tivity in the mouse cortex indicates that FM rate processing is a
useful physiological marker for studying contributions of genetic
and environmental factors in auditory system development, aging,
and disease.

speed tuning; columnar organization; cortical areas; vocal processing

FREQUENCY-MODULATED (FM) sweeps are common components
of animal vocalizations, including human speech. FM sweeps
are important in discrimination of speech sounds (Stevens and
Klatt 1974; Zeng et al. 2005). Deficits in spectrotemporal
processing can lead to speech perception impairments, and
cognitive training programs that utilize FM sweeps can allevi-
ate some of these impairments (Merzenich et al. 1996; Smith et
al. 2009; Tallal and Piercy 1973). Presbycusis, or normal
aging-related decline in speech processing, may be related to a
difficulty in processing rapid formant transitions present in
consonants. This suggests that deficits in following frequency
transitions may cause speech processing decline (Gordon-
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Salant and Fitzgibbons 2001). The auditory cortex of all
species examined contains neurons sensitive to the rate and
direction of FM sweeps (Atencio et al. 2007; Brown and Har-
rison 2009; Godey et al. 2005; Heil et al. 1992; Nelken and
Versnel 2000; Razak and Fuzessery 2006; Suga 1965; Tian and
Rauschecker 1994; Tian and Rauschecker 2004; Washington
and Kanwal 2008). Furthermore, the mechanisms of FM sweep
selectivity have been characterized in the auditory system
(Fuzessery et al. 2006; Gittelman et al. 2009; Gittelman and
Pollak 2011; Gordon and O’Neill 1998; Razak and Fuzessery
2006, 2008, 2009; Ye et al. 2010). Collectively, these studies
suggest that an analysis of FM sweep processing is a useful
step in understanding representations of species-specific vocal-
izations.

The genetic engineering tools currently available make the
mouse nervous system a suitable model to study neural dys-
functions caused by genetic disorders and to probe underlying
mechanisms. In auditory system research, the mouse holds
significant promise in elucidating the mechanisms underlying
vocal communication disorders. To provide the foundation for
investigating mechanisms of auditory processing dysfunctions,
particularly in relation to spectrotemporally complex sounds,
the main objective of this study was to determine selectivity for
FM sweeps in the auditory cortex of the mouse.

FM sweep selectivity has been studied in the mouse inferior
colliculus (Hage and Ehret 2003), but not in the auditory
cortex. A comparison of the two areas will provide information
on how the representation of spectrotemporally dynamic
sounds changes within the ascending auditory system. In mice
and across species, relatively less is known about FM sweep
rate selectivity compared with direction selectivity. Therefore
the first goal of this study was to map FM rate selectivity in
both primary auditory cortex (Al) and anterior auditory field
(AAF) using a broad range of frequency sweep rates in the
mouse (C57bl/6 strain) auditory cortex. Al and AAF were
compared with test the hypothesis that the AAF is more
specialized for faster temporal processing (Linden et al. 2003).
Recent studies in the cat auditory cortex suggest that neurons
in deeper cortical layers are less selective for stimulus features
compared with the granular input layers, suggesting hierarchi-
cal processing within the cortical column (Atencio et al. 2009;
Atencio and Schreiner 2010). The second aim of this study was
to determine whether there are cortical depth-specific differ-
ences in FM rate selectivity in the mouse auditory cortex. The
C57 strain of mice was chosen because it forms the background
for various knockout strains used as disease models. The data
in this study can therefore serve as control for future investi-
gations of FM sweep processing in transgenic mice.
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METHODS

The Institutional Animal Care and Use Committee at the University
of California, Riverside approved all procedures. Mice (C57bl/6
strain) were obtained from an in-house breeding colony that origi-
nated from breeding pairs purchased from Jackson Laboratory (Bar
Harbor, ME). Mice were housed with 2-5 littermates under a 15:9-h
light-dark cycle and fed ad libitum. These mice were studied before
the onset of accelerated hearing loss (age <3 mo).

Surgical procedures. Mice were anesthetized with an intraperito-
neal injection of ketamine (150 mg/kg) and xylazine (10 mg/kg)
mixture and maintained throughout the experiment via either supple-
mental dosing with ketamine-xylazine or isoflurane inhalation (0.2—
0.5% in air). Anesthetic state was monitored throughout the experi-
ment using the toe-pinch reflex test, and supplemental anesthetic was
administered or isoflurane concentration was increased as needed.
Once an areflexic state of anesthesia was reached, measured by a toe
pinch, a scalp incision was made along the midline and the right
temporalis muscle was reflexed. The skull was cleaned, and then a
craniotomy was performed using a dental drill. The auditory cortex
was exposed based on skull and vascular landmarks identified by
Willot et al. (1993). Mice were euthanized at the end of the experi-
mental day via an overdose of pentobarbital sodium (125 mg/kg).

Acoustic stimulation. Acoustic stimulation and data acquisition were
driven by custom-written software (Batlab; developed by Dr. Don Gans,
Kent State University, Kent, OH) and a Microstar digital signal process-
ing board. Programmable attenuators (PAS; Tucker-Davis Technologies,
Gainesville, FL) allowed control of sound intensities before amplification
by a stereo power amplifier (Parasound HCA1100) or an integrated
amplifier (Yamaha AX430). Sounds were delivered through a free-field
speaker (LCY-K100 ribbon tweeters; Madisound, Middleton, WI) lo-
cated 6 in. and 45° from the left ear, contralateral to physiological
recordings. Frequency response of the sound delivery system was mea-
sured using a Y-in. Bruel and Kjaer microphone and measuring amplifier
and was found to be flat within = 3 dB for frequencies between 7 and 40
kHz. Frequencies 5 kHz and below were filtered out (Butterworth, 24
dB/octave, Krohn-Hite).

Electrophysiology. Mice were placed in a stereotaxic apparatus
(model 930; Kopf, Tujunga, CA) and secured in a mouse bite bar
adapter (model 923B; Kopf). Experiments were conducted in a heated
(~80°F), sound-attenuated chamber lined with anechoic foam
(Gretch-Ken Industries, Lakeview, OR). Electrophysiological record-
ings were obtained with glass electrodes filled with 1 M NaCl
(impedance 2-10 M(}). Electrodes were driven orthogonally into the
cortex (with a Kopf direct drive 2660 micropositioner). For mapping
studies, multiunit recordings were obtained between 250 and 450 wm.
For response-selectivity studies, single-unit recordings were obtained
between depths of 100 and 700 wm. For depth measurements, the zero
point was marked when the electrode first touched the surface of the
cortex (determined by changes in recording trace and audio monitor
output). The consistency of the zero point was also verified when the
electrode was pulled out from a penetration. Single-unit recordings
were identified by the constancy of amplitude and waveform dis-
played on an oscilloscope programmed into the data acquisition
software. Poststimulus time histograms (PSTHs) were obtained rela-
tive to stimulus onset. Action potentials that occurred within 300 ms
of stimulus onset were included in the PSTHs. The number of spikes
that were elicited over 20 stimulus repetitions was used for quanti-
fication.

Data acquisition. The primary auditory cortex of the C57 mouse
can be identified via vascular landmarks (Willot et al. 1993) and by
increasing characteristic frequencies (CF) in a caudal to rostral direc-
tion (Stiebler et al. 1997). The AAF is located immediately rostral to
A1 and exhibits a CF reversal relative to Al. The focus of this study
was to map Al and AAF. Other areas such as All and ultrasonic field,
although also present in young C57 mice (Bandyopadhyay et al. 2010;
Willot et al. 1993), were not sampled. The excitatory tuning curve was

CORTICAL REPRESENTATION OF FM SWEEPS

determined by presenting pure tones varying in frequency and inten-
sity. The tone duration used was optimized to maximize response to
tones as neurons showed duration selectivity (Brand et al. 2000;
Razak K, unpublished observations). The range of durations used was
between 2 and 50 ms (rise/fall time 1 ms). The CF was defined as the
frequency at which spikes were generated for at least five successive
stimulus presentations at the lowest intensity (threshold). The excit-
atory tuning curve was determined by stepping frequency up and
down between 5 and 50 kHz until no response was observed. After the
low- and high-frequency edge at a given intensity was determined,
intensity was decreased in 10-dB steps and the procedure repeated
until threshold and CF were determined.

FM rate selectivity. The first step in determining rate selectivity
was to present an FM sweep of fixed bandwidth at different durations.
The sweep rate (in kHz/ms) of the stimulus was obtained by dividing
the FM bandwidth (in kHz) by the duration (in ms). It is important to
present sweeps that not only stimulate the excitatory frequencies but
also extend beyond the edges of the tuning curve, because rate
selectivity is at least partially shaped by inhibitory sidebands (Razak
and Fuzessery 2006). Rate selectivity of a neuron will be different for
sweeps that include the sideband compared with sweeps that do not
(Razak and Fuzessery 2006). Therefore, FM sweep bandwidths were
adapted according to the CF and tuning width. Once the excitatory
tuning curve was obtained, linear FM sweeps centered approximately
at CF were presented at 10-20 dB above threshold. The sweep
bandwidths exceeded the bandwidth of the tuning curve at that
intensity by at least 5 kHz. More typically, the sweeps extended
outside the tuning curve by at least 10 kHz. Data from the pallid bat
auditory cortex (Razak and Fuzessery 2006) and unpublished data
from the C57 mouse cortex show that inhibitory sidebands, if present,
typically abut the edges of the excitatory tuning curve. Thus our
procedure of extending the sweeps outside the tuning curve will
capture at least a part of the putative sidebands. FM rates between
0.08 and 20 kHz/ms were tested. These sweep rates were generated
using bandwidths between 15 kHz (e.g., 20—5 kHz sweep) and 60
kHz (e.g., 65—5 kHz sweep) and durations between 3 and 200 ms.

Neurons were classified 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). It
must be noted that this classification applies to the range of FM rates
(0.08-20 kHz/ms) tested in this study. The classification may change
if other ranges of FM rates were used. AP neurons responded within
50% of maximum response at all rates tested. BP neurons were
selective for a range of rates, with responses decreasing below 50% of
maximum for slower and faster rates. FP neurons’ responses de-
creased below 50% of maximum as rates were decreased. SP neurons’
responses decreased below 50% of maximum as FM rates were
increased.

The 50% cutoff rate, defined as the FM rate at which the response
declines to 50% of maximum response, was measured for FP and BP
neurons. For BP neurons, two such rates exist. Only the 50% cutoff
for decreasing rate was quantified in this study. For BP neurons, the
best rate (BR) was determined as the sum of the product of the number
of spikes elicited by each FM sweep rate divided by the total spikes
elicited by all FM sweep rates (Atencio et al. 2007; Brown and Harris
2009):

BR = X (spikes X FM rate) />, (spikes)
To quantify the degree of rate selectivity, the rate tuning index
(RTI) was calculated for each neuron as follows:
RTI = (n/n — 1) X [1 — (mean/max) |
where n is the number of FM sweep rates assessed, mean is the
average response across all rates tested, and max is the maximum

response. This measure is called “speed tuning” in the literature
(Atencio et al. 2007; Brown and Harris 2009).
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FM direction selectivity. To assess a preference for upward or
downward FM sweeps of the same bandwidths and rates, a direction
selectivity index (DSI) was calculated as follows:

DSI= (D - U)/(D + U)

where D and U are the trapezoidal area under the curve for downward
and upward FM sweeps, respectively (modified from O’Neill and
Brimijoin 2002; Razak and Fuzessery 2006). DSI values near 1
indicate a preference for downward frequency modulation, and values
near —1 indicate preferences for upward frequency modulation. DSI
was assessed at three different ranges of FM rate: 0.1-1, 1.1-3, and
3.1-10 kHz/ms.

RESULTS

Single-unit recordings: classification of FM rate selectivity.
FM rate selectivity was determined in 223 neurons in both Al
and AAF with CF between 7 and 35 kHz. In 90 of these
neurons, rate selectivity was studied using both upward and
downward sweeps. In the remaining neurons, only downward
sweeps were used. FM rate selectivity was determined by first
measuring FM duration selectivity with sweeps of a fixed
bandwidth and differing durations. In 102/223 neurons, FM
duration selectivity was measured with at least two different
FM bandwidths. Multiple FM bandwidth tests facilitate differ-
entiating between FM rate selectivity and sound duration/
bandwidth tuning (Razak and Fuzessery 2006; Fuzessery et al.
2006). Figure 1, A, C, and E, shows examples of FM duration
selectivity in which two different sweep bandwidths were
tested. Note that the selectivity changes with FM bandwidth.
When FM sweep rates (in kHz/ms) were calculated by dividing
the FM bandwidth by duration and the responses were replot-
ted against FM sweep rate (Fig. 1, B, D, and F), it can be seen
that the neuron’s rate selectivity is similar regardless of the
sweep bandwidth. This indicates that the neuron was indeed
selective for FM sweep rates, and not the duration/bandwidth
of the sound used.

Figure 1G shows the 50% cutoff rates for FP, BP, and SP
neurons obtained with a narrow bandwidth and broad band-
width sweep. In the vast majority (87/102, 85%) of these
neurons, the 50% cutoff was within 1 kHz/ms of each other for
the two bandwidths. This suggests that these neurons were
selective for sweep rate, and not tuned to the sound
duration/bandwidth.

Figure 1, C and D, also addresses another important meth-
odological issue in studying FM sweep selectivity. Short-
duration sweeps (<10 ms) were used to generate rapid FM
rates. Such short-duration sweeps may appear as clicks and not
really test FM processing. However, Fig. 1C shows that the
neuron can distinguish a 3-ms sweep with a 45-kHz bandwidth
(50—5 kHz sweep) and a 3-ms sweep with a 15-kHz (20—5
kHz sweep). The important parameter for this neuron’s re-
sponse was FM rate. The fact that it responded better to a
7-kHz/ms sweep than to the faster 10-kHz/ms sweep also
precludes the possibility that these sounds were processed as
clicks because of the rapid rates used.

Figure 2 shows examples of the four types of FM rate
selectivity (AP, BP, FP, and SP) along with sample PSTHs.
The FM rate tuning type was similar regardless of whether total
number of spikes or peak firing rate was used to calculate
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response magnitude in 70% of AP, 82% of BP, 89% of FP, and
78% of SP neurons. In all subsequent analyses, response
magnitude was measured as the number of spikes.

Mouse cortical neurons are selective for a narrow range of
FM rates. FM-selective neurons in Al and AAF exhibit a
narrow range of selectivity for FM sweep rates (Fig. 3, A-D).
The narrow range of selectivity was striking given that a broad
range of FM sweep rates (0.08—20 kHz/ms) were tested. For
FP neurons (Fig. 34), ~70% of neurons had a 50% cutoff rate
between 0.5 and 2 kHz/ms for both upward (11/16 neurons)
and downward sweeps (23/33 neurons). For SP neurons (Fig.
3B), the 50% cutoff of the majority of neurons was between 0.5
and 2 kHz/ms. No difference was observed between upward
and downward sweep 50% cutoff rates for FP and SP neurons
(1-way ANOVA, P = 0.17).

BP neurons were selective for a narrow range of FM sweep
rates. BP neurons had two different 50% cutoff rates, one as
sweep rate was decreased (Fig. 3C) and one as sweep rate was
increased (Fig. 3D). The 50% cutoff rate-slow was between 0.5
and 2 kHz/ms in 74% (31/42) of neurons tested with upward
sweeps and in 87% (76/87) of neurons tested with downward
sweeps. No difference was observed between upward and
downward sweep 50% cutoff rates for BP neurons. The 50%
cutoff rate-fast (Fig. 3D) was more evenly distributed across
the rates tested, with ~80% of neurons exhibiting cutoff rates
<12 kHz/ms. The best rate of BP neurons also showed a
narrow range with best rates between 1 and 3 kHz/ms in 47%
of neurons tested with upward sweeps and in 71% of neurons
tested with downward sweeps (Fig. 3E). Almost all BP neurons
tested had best rates between 1 and 7 kHz/ms. These data show
that the vast majority of FP neurons will respond best for FM
rates faster than ~1-2 kHz/ms and that the sweep rates over
which maximum firing rate change occurs in FP neurons is ~1
kHz/ms. Likewise, the majority of SP neurons will respond
best to rates slower than ~1-2 kHz/ms, and the maximal
change in their firing rate occurs for rates ~1-2 kHz/ms. The
majority of BP cells will respond best to rates ~1-4 kHz/ms.

Rate tuning index (RTI) is a quantitative measure that shows
the degree to which a neuron is selective for a given FM sweep
rate (Atencio et al. 2007; Brown and Harris 2009). The RTI is
useful in making comparisons of rate selectivity across species.
Table 1 shows the mean (£SE) RTI for the different types of
neurons and for the two sweep directions. As expected, the AP
neurons had the lowest average RTI.

Effect of anesthetic type. In the presentation above, data
obtained from mice anesthetized with ketamine-xylazine for
both induction and maintenance (KX) were combined with
data from ketamine-xylazine for induction and isoflurane for
maintenance (KXI). The justification for combining data was
that no differences were found between the two anesthetic
groups in terms of 50% cutoff for FP neurons (n = 25 with
KX, n = 8 with KXI; t-test, P = 0.75) or RTI (P = 0.64).
Likewise, for BP neurons (n = 76 with KX, n = 11 with KXI),
no difference was found for 50% cutoff rate (z-test, P = 0.71),
RTI (P = 0.32), or best rate (P = 0.71).

Comparison of cortical data from 1- to 2-mo-old mice with
data from 2- to 3-mo-old mice. The C57 strain undergoes early
onset presbycusis, with high-frequency hearing loss starting at
~3 mo. Cochlear function and auditory responses in the C57
strain are comparable to the CBA strain at ~2 mo of age. We
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compared rate selectivity between 1- to 2-mo-old (30-60
days) and 2- to 3-mo-old mice (61-89 days) to determine
whether there are differences that may suggest abnormal pro-
cessing in the latter group. A t-test between the two age groups
of RTI showed no difference in BP (r = 1.69, P > 0.05), FP
(t = —1.45, P > 0.05), and SP neurons (t = —0.99, P > 0.05).
A t-test between the age groups of 50% cutoff rates in BP (¢t =
—0.53, P > 0.05), FP (t = —1.14, P > 0.05), and SP neurons
(t = —1.4, P > 0.05) showed no difference. Finally, a com-

BROAD BANDWIDTH (kHz)

parison of best rate of BP neurons also showed no difference
(t = —0.4484, P > 0.05). These data indicate that the narrow
range of rate selectivity observed in the C57 mouse cortex was
unlikely to be influenced by early onset presbycusis.

FM direction selectivity. FM direction selectivity was stud-
ied in 90 neurons in Al and AAF. Upward and downward
sweeps with the same bandwidth were varied in duration to
obtain FM rate selectivity functions. Direction selectivity was
quantified using the direction selectivity index (DSI). Because
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Fig. 2. Examples of FM rate selectivity functions (A—D) illustrate the rate selectivity type classification. Example poststimulus time histograms for each type of

neuron are shown below each graph. A: all pass (AP). B: BP. C: FP. D: SP.

direction selectivity can vary with the sweep rate of the
stimulus, DSI was measured at three different sweep rate
ranges: 0.1-1, 1.1-3, and 3.1-10 kHz/ms.

Figure 4A shows an example of a direction-selective neuron
that preferred downward sweeps. The DSI values at different
sweep rate ranges are shown. Figure 4B shows a neuron that
responded similarly to the two sweep directions. On average,
there was very little direction selectivity in the mouse auditory
cortex (Fig. 5). The average DSI was ~0 regardless of the
sweep rate range (Fig. SA). A one-way ANOVA of FM rate
range X DSI revealed no effect of rate range [F(2,269) = 1.13,
P = 0.3234]. Fewer than 20% of neurons showed a DSI value
greater than 0.33 or less than —0.33 (twice the response to 1
direction compared with the other). There was no relationship
between DSI and CF at any of the three sweep rates (P > 0.05,
Fig. 5, B-D). Finally, in ~86% (77/90) of neurons, there was
no difference in the FM rate selectivity type for upward and
downward sweeps.

Effects of cortical depth on FM rate selectivity. The FM rate
selectivity measures from single-unit recordings presented
above were obtained at depths between 100 and 700 um. A
one-way ANOVA of FM tuning type X depth revealed a
significant main effect of depth on FM tuning type [F(3,197) =
3.57, P < 0.05]. AP neurons were found deeper than BP and
FP neurons (Fig. 6). This suggested a depth (cortical layer)
effect on FM rate tuning.

To assess this directly, we measured FM rate properties at
multiple depths in penetrations made orthogonal to the cortical
surface. This was accomplished in 46 penetrations in both Al
and AAF. In each of these penetrations, FM rate selectivity was
measured for a neuron isolated between 250 and 400 wm
(mean depth 289 *= 63 wm) and compared with that for a
neuron isolated deeper than 400 wm (mean depth 504 * 91
pm). For the penetration shown in Fig. 7A, the neuron found at
356 wm was BP tuned. A second neuron isolated in the same
penetration at 552 wm responded with greater number of spikes
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Fig. 3. A: distribution of 50% cutoff rate for FP neurons. These neurons respond at better than 50% of maximum response for rates faster than the cutoff.
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BP neurons. UFM, upward sweep. No significant differences were found between upward and downward sweep 50% cutoff rates.

and also responded similarly at all rates tested (AP). The
neurons shown in Fig. 7B exhibited similar maximum re-
sponses, but the rate selectivity changed from BP to AP with
depth. In 38/46 penetrations, rate selectivity changed type, with
a BP-to-AP change occurring in 14 penetrations, a FP-to-AP
change occurring in 7 penetrations, and a BP-to-FP change
occurring in 7 penetrations. In 8/46 penetrations, there was no
change in rate selectivity type with depth. The neurons shown
in Fig. 7C exhibited similar rate selectivity functions indepen-
dently of their depth. Across the population, a paired #-test
revealed that neurons at shallow cortical depths had a signifi-
cantly (r = 5.8, P < 0.0001) higher RTI value than more
deeply located neurons (Fig. 7D). These results indicate FM
rate selectivity decreases with cortical depth.

Table 1.

different types of neurons and for the two sweep directions. RTI is

Mean (=% s.e.m) rate tuning index (RTI) values for

a unit-less measure

Neurons UFM DFM
AP 0.24 = 0.02 0.25 = 0.01
BP 0.54 = 0.02 0.5 £0.01
FP 0.51 £ 0.03 0.43 +£0.02
SP 0.48 = 0.02 0.45 £0.02

Values are means = SE of rate tuning index (RTI) for different types of
neurons and for the upward (UFM) and downward frequency-modulated
(DFM) sweep directions. RTI is a unitless measure. AP, all pass; BP, band
pass; FP, fast pass; SP, slow pass.

Multiunit mapping: Al and AAF show different distributions
of FM rate tuning types. Rate selectivity mapping studies were
performed such that each penetration was ~100-200 wm from
a neighboring penetration in the rostral/caudal and medial/
lateral directions. Deviations from this were typically caused
by vasculature in a given local area. For each penetration, a
two-dimensional set of coordinates were determined using the
scales on the Kopf electrode positioner, which were measured
to the nearest 100 and 10 wm in the rostral/caudal and medial/
lateral directions, respectively. The coordinates were then plot-
ted using the Voronoi function in Matlab (Kilgard et al. 2001).
Null points in which there were no penetrations were used
around the borders to preserve the relative shape and area of
the polygons. Because of the depth effects noted above, all
mapping studies were done at depths between 250 and 450 pm.
Only one recording was made per penetration in the mapping
study. Single-unit and multiunit data show that within this
depth range, rate selectivity type does not change significantly.

Figure 8 shows the CF and FM rate selectivity type maps
(Voronoi tessellation; Kilgard et al. 2001) from five animals.
Figure 8, A-C, shows maps in which both Al and AAF were
sampled. The number in each polygon indicates CF. The color
of the polygon indicates FM rate selectivity type. The dashed
contour line is the putative boundary between the two fields
based on reversal in tonotopy (this was made by visual obser-
vation and not using any quantitative method). Figure 8, D and
E, shows maps in which only the AAF was sampled as
indicated by the decreasing tonotopy in the caudorostral direc-
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tion (therefore, no dashed line). Caudal, rostral, and lateral
boundaries were determined based on lack of responses to
tones and sweeps. Medially, the boundary was determined
based on responses typical of the dorsoposterior field (Stiebler
et al. 1997) or based on lack of response. Therefore, the vast
majority of the target areas, Al and AAF, was sampled.

There was considerable interindividual variability in distri-
bution of FM rate tuning type across A1/AAF, but two trends
stood out. First, neurons with similar rate selectivity functions
were clustered (Fig. 8). Clustering was quantified using a
“neighbor analysis” wherein the percentage of sites with the
same rate selectivity type was determined for each site. This
was then compared with a neighbor analysis done on maps
with the same x and y coordinates, but in which rate selectivity
type was randomly assigned. For each randomly generated
map, 10,000 iterations were performed. In the maps recorded
from the mouse cortex, on average 53.6 £ 9.0% (mean = SD)
of neighbors were found to be of the same rate selectivity type
for any given site. In the randomly generated maps, 25 =*
0.04% (mean = SD) of neighbors were of the same type. These
values were significantly different from each other (+ = 8.9,
P < 0.0001), indicating that neurons with similar rate selec-
tivity types cluster together in Al and AAF.

The second trend observed in the maps was that Al com-
prised primarily SP neurons, with very few FP neurons. Across
animals, AAF exhibited a more even distribution of FM rate
selectivity types, with BP neurons forming the major class.
Figure 9A quantifies the distribution of FM rate tuning types in
A1l and AAF across all eight maps. There was a significant
difference in the distributions with A1 dominated by SP neu-
rons and BP neurons forming the major class in AAF ()% =
31.7, P < 0.001). Given that the precise boundary between Al
and AAF cannot be delineated based on tonotopy alone, the
analysis of distribution was also carried out after moving the
boundary line to the right or left by one tessellation (e.g., by
placing all neurons adjacent to the right of the dashed boundary
lines in Fig. 8 in Al, or by placing all neurons adjacent to the
left of the dashed boundary line in AAF). In either case, the
distributions were statistically different ()(2 test, P < 0.001),
suggesting that the differences were not an artifact of the
placement of the boundary line. Figure 9, B and C, shows that
this distribution difference is not an artifact of oversampling a
certain CF range in each area. Across the range of CFs, SP
neurons dominate Al and BP neurons form the major class in
AAF. The distribution of FM rate tuning types does not depend
on the CF range in Al (x* = 15.2, P = 0.1). In the AAF, there
is a trend for more FP neurons and less SP neurons with in-
creasing CF range, but this is not statistically significant (y* =
14.8, P = 0.1). Together, these data illustrate that neurons in
Al and AAF cluster according to FM rate tuning types. Also,
most neurons in Al respond better to slow sweep rates,
whereas neurons in AAF are selective for a narrow range of
intermediate FM sweep rates or respond better to fast rates.

DISCUSSION

This study examined the cortical organization of FM sweep
rate selectivity in the mouse. Three patterns of organization
were discovered. First, there is a significant difference in the
distribution of FM rate selectivity between Al and AAF at
recording depths between 250 and 450 wm. Al neurons prefer
slower rates than AAF neurons. Second, there are cortical
depth-specific differences, with the dominant trend being a
decline in FM rate selectivity with depth. Third, and perhaps
the most striking finding, is the narrow range of FM rate
selectivity exhibited by cortical neurons. Most of the BP
neurons responded best to a narrow range of FM rates (~1-3
kHz/ms), and most FP and SP neurons exhibited 50% cutoff
rates between 0.5 and 2 kHz/ms.

Comparison of FM rate selectivity across cortical areas and
species. Neurons in mouse AAF show faster first spike and
peak latencies, shorter receptive field durations (spectrotempo-
ral receptive fields), and narrower spectral receptive fields than
neurons in Al, suggesting more sensitivity to fast temporal
modulation in AAF (Linden et al. 2003). The finding in the
current study supports the hypothesis that AAF is specialized
for faster temporal processing compared with Al. In the cat
cortex as well, AAF is suggested to be more specialized for
faster temporal processing (Imaizumi et al. 2004; Schreiner
and Urbas 1988; Tian and Rauschecker 1994). The posterior
auditory field of the cat appears to be more similar to Al, with
mostly SP neurons and BP neurons selective for slow rates
(Tian and Rauschecker 1998). These data suggest that across
species, Al and AAF are sensitive to different FM sweep rates.
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In the mouse, the depth-effect data indicate that the difference
between Al and AAF may be limited to depths between 250
and 450 wm, because most neurons located deeper than 450
pm exhibit reduced FM rate selectivity. In deeper layers, Al
and AAF may be more similar, with mostly nonselective or SP
neurons. In the mouse cortex, depths between 250 and 450 um
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Fig. 6. Distribution of the depths at which neurons with different FM rate
selectivity types were found across primary auditory cortex (Al) and the
anterior auditory field (AAF) based on single-unit recordings. The boxes
represent the 25th and 75th percentiles. The horizontal line within the boxes
represents the median, and the vertical lines represent the standard deviation
around the mean. The data points represent the 5th and 95th percentiles.
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correspond approximately to deep layer III and layer IV (gran-
ular layers; Anderson et al. 2009). Layers deeper than 450 um
correspond to infragranular layers. Both Al and AAF receive
inputs from the ventral division of the medial geniculate body
(MGBv) (Lee and Winer 2011). Laminar analysis suggests Al
and AAF may be at the same hierarchical levels in auditory
processing (Rouiller et al. 1991). Together, these data suggest
that in the granular layers of auditory cortex, FM rate is
processed in mostly segregated pathways, with slow rates
driving Al and intermediate and fast rates driving AAF.
Whether the strong reciprocal connections between Al and
AAF (Lee and Winer 2011) play a role in shaping FM rate
selectivity remains to be determined.

These data also suggest differences in how spectral and
temporal properties of excitation and inhibition interact with
each other in Al and AAF. Studies of the pallid bat auditory
cortex have shown that FM rate selectivity of the majority of
BP and FP cortical neurons depends on interactions between
excitatory receptive fields and sideband inhibition (Razak and
Fuzessery 2006, 2008). Iontophoresis of GABA, receptor
antagonists reduces or eliminates FM rate selectivity in ~50%
of cortical neurons mainly by eliminating sideband inhibition
or delaying inhibitory inputs (Razak and Fuzessery 2009). SP
and AP neurons typically exhibit weak inhibitory sidebands,
and their selectivity is not affected by GABA , receptor antag-
onists. This suggests that more neurons in AAF, compared with
Al, exhibit stronger dependence on inhibitory sidebands in
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shaping FM rate selectivity. The interactions between spike
threshold and the magnitudes of inhibitory and excitatory
conductance (Gittelman and Pollak 2011), which in turn can
translate into timing differences, also may be different between
Al and AAF.

In the central nucleus of the inferior colliculus (ICc) of the
mouse, a concentric organization of FM rate selectivity is
present within isofrequency laminae (Hage and Ehret 2003)
such that neurons sensitive to slower rates are present in the
center and neurons sensitive to faster rates are present more
peripherally (both laterally and medially in ICc). In auditory
cortex of the mouse, a clustered organization of FM rate
selectivity is present, with A1 dominated by neurons tuned to
slow sweeps and AAF dominated by neurons tuned to fast or
intermediate ranges of rates, regardless of CF. This suggests a
reorganization of FM rate topography in the ascending auditory
system (Portfors and Wenstrup 2001). Both Al and AAF
receive inputs from the ventral division of the MGBv of the
thalamus, which in turn receives input from the ICc. It remains
to be seen whether the central part of ICc connects (through
MGB) to a larger extent to Al than AAF, with more peripheral
ICc inputs to AAF.

FM sweep direction selectivity. Fewer than 20% of neurons
in the mouse Al and AAF show DSI values greater than +0.3
or less than —0.3 at the FM sweep rate ranges tested. This is in
contrast to that reported in the mouse inferior colliculus (IC), in

which nearly one-half of the neurons exhibited direction selec-
tivity according to the above criterion (Hage and Ehret 2003).
Both studies used similar anesthetics (ketamine-xylazine), lin-
ear FM sweeps, and FM rates. The direction selectivity re-
ported in the current study is also lower than that found in the
auditory cortex of other species (44% in rats, Ricketts et al.
1998; 45% in cats, Mendelson et al. 1993). There was also no
correlation between CF and DSI in our data set. Such correla-
tions have been reported in rat and squirrel monkey A1l (Godey
et al. 2005; Zhang et al. 2003) but not in the mouse IC (Hage
and Ehret 2003) or owl monkey and cat Al (Atencio et al.
2007; Heil et al. 1992; Mendelson et al. 1993). These differ-
ences are likely explained by the undersampling of neurons
with CF <5 kHz and CF >30 kHz in our study. In the rat and
squirrel monkey A1, high DSI values were typically found at
the low or high end of the CF range sampled, particularly at
frequencies near the beginning or the end of the fixed-band-
width FM sweeps used to study sweep selectivity. A clearer
picture of FM direction selectivity in the mouse cortex requires
a broader sampling of CF range, but for regions of Al and
AAF with CF in the 7- to 30-kHz range, very little direction
selectivity or correlation with CF is seen in the mouse. The
implication of a lack of direction selectivity in most mouse
cortical neurons studied presently is that the FM sweep rate
selectivity and maps are likely to be similar for both sweep
directions.
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in these maps.

Depth-dependent changes in FM rate selectivity. Cortical
penetrations in which multiple neurons were isolated at differ-
ent depths revealed a significant depth-dependent change in
FM rate selectivity. FM rate tuning declined significantly with
depth (250-400 vs. >450 wm), with the most prominent
change being FP/BP to AP. These changes can occur with or
without changes in maximal firing rates. The finding that FM
rate selectivity declines from the granular to infragranular
layers is consistent with findings in the cat Al, based on
spectrotemporal receptive field analysis, that the infragranular
layers are less feature selective and fire with less temporal
precision than granular layers (Atencio et al. 2009). Thus,
although properties such as CF and binaural interaction are
similar at different depths (Abeles and Goldstein 1970; Imig
and Adrian 1977), responses to dynamic stimuli may undergo
significant changes across cortical layers. This may reflect

differences in intracortical interactions shaping FM rate selec-
tivity at different depths (Happel et al. 2010; Kaur et al. 2004).
This may also reflect laminar differences in intrinsic properties
in the mouse auditory cortex (Huggenberger et al. 2009).
Narrow range of response selectivity for FM rate in the
mouse auditory cortex. For the range of FM rates tested in
this study (0.08-20 kHz/ms), most SP and FP neurons had

their 50% cutoff ~0.5-2 kHz/ms. The slow-rate cutoff of

most BP neurons was also in the range of 0.5-2 kHz/ms. The
50% cutoff is approximately the center of FM rates across
which the neuron shows maximum change in response mag-
nitude. This range is therefore where maximum information
is likely to be available (Harper and McAlpine 2004;
Jazayeri and Movshon 2006). These data suggest that rates
~0.5-2 kHz/ms are best discriminated by the mouse audi-
tory cortex. The majority of BP neurons in A1/AAF re-
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selectivity types across CF ranges in AAF. C: distribution of rate selectivity types
across CF ranges in Al.

sponded best to rates between 1 and 3 kHz/ms, indicating
that BP neurons best detect this narrow range of rates. The
best FM rates reported for the mouse are considerably faster
than those reported in the owl and squirrel monkey Al
(Atencio et al. 2007; Godey et al. 2005). Although this may
reflect species differences, it must be noted that we only
report best rate for BP neurons. The monkey Al studies
report best rate (speed) for all classes of neurons. Thus, if SP
neurons, which dominate Al of the mouse, were included,
the best rate would be much lower in the mouse cortex, as
well. Likewise, the best rates reported presently are also
faster than those reported in chinchilla A1 (Brown and
Harrison 2009). However, in the chinchilla, only rates <1
kHz/ms were studied.

The functional significance of the selectivity for a narrow
range of FM rates in the mouse auditory cortex is unclear. It is
possible that these neurons discriminate sweep rates present in
the rich repertoire of vocalizations emitted by mice. On the
other hand, the narrow range of selectivity may reflect funda-
mental constraints on the mechanisms underlying FM rate
selectivity. Most of these vocalizations have spectral energy in
the range of 60—-110 kHz (Grimsley et al. 2011; Holy and Guo
2005; Panksepp et al. 2007), whereas the neurons recorded
presently had CF (and tuning) between 5 and 40 kHz. It has
been suggested that neurons with this range of CF in the ICc
indeed respond to very high-frequency vocalizations based on
the distortion products with energy in the neurons’ lower
frequency tuning curve (Holmstrom et al. 2010; Portfors et al.
2009). This is true for both the tonal and FM components of
vocalizations, which have different FM sweep rates. An exam-
ination of published sonograms of mouse vocalizations does
indicate that there are a number of vocalizations with sweep
rates between 0.5 and 2 kHz/ms (Grimsley et al. 2011; Liu et
al. 2003; Portfors 2007). In C57 mice, three of the four
dominant call types include FM sweeps (Panksepp et al. 2007).
The FM rates of these sweeps are between 0.8 and 1.2 kHz/ms,
which falls within the narrow range of cortical rate selectivity
observed in this study. Thus the range of cortical rate selec-
tivity may be relevant for processing vocalizations.

Neurons with CF extending into the 50- to 80-kHz range
have been reported in the mouse cortex, in a region termed the
ultrasonic field (UF; Stiebler et al. 1997). These neurons may
play a role in processing vocalizations, as well. Given the
differences in the distribution of FM rate selectivity between
Al and AAF, it is of interest to note that the UF connects
strongly and reciprocally with ipsilateral Al (with neurons
with putative CFs between 20 and 40 kHz) but only weakly
with AAF (Hofstetter and Ehret 1992). Thus neurons in UF and
Al may respond to calls with mostly tonal components (and
slow rates), and neurons in the AAF may respond better to calls
with rapid changes in frequencies. Both types of calls are
present in mouse vocalizations (Grimsley et al. 2011; Panksepp
et al. 2007).

Methodological considerations. The C57bl/6 strain of
mouse was studied at ages <3 mo. This strain has been studied
as a model for early onset presbycusis, and the data from this
study serve as baseline for future work on how FM processing
changes in presbycusis. However, the question arises whether
the data shown in this study for young mice may be influenced
by early onset hearing loss. Previous electrophysiological stud-
ies show that the C57 mice develop high-frequency loss from
3 to 6 mo (Henry and Chole 1980; Hunter and Willott 1987;
Mikaelian 1979; Willott 1986) with a loss of outer hair cells in
the basal 20% of the cochlea present from 3 mo of age (Spongr
et al. 1997). Comparison of cochlear morphology, auditory
brain stem responses, and distortion product otoacoustic emis-
sion responses shows that the C57 strain is similar to the
CBA/CalJ strain at 1 mo and begins to deviate at 3 mo of age
(Park et al. 2010). Auditory cortical responses and gross
tonotopy appear to be normal in the young C57 mice (Ban-
dyopadhyay et al. 2010) and start to show plasticity from 3 mo
of age (Willot et al. 1993). Taberner and Liberman (2005)
compared auditory nerve fiber responses between C57 (~4
mo) and CBA strains (age between 2 and 4 mo) and found no
differences in spontaneous rates, tuning curves, rate vs. level
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functions, dynamic range, response adaptation, phase-locking,
and the relation between spontaneous rate and response prop-
erties. The only difference found in the 4-mo-old C57 mice
was the expected elevation in high-frequency hearing at that
age. Together, these studies show most changes in the C57
auditory system compared with that of the CBA strain begin to
happen around 3 mo of age and become more pronounced
between 3 and 6 mo. These studies also suggest that the
2-mo-old C57 mouse is comparable to the CBA strain. Our
comparison of data from 1- to 2-mo-old and 2- to 3-mo-old
cortex shows no significant differences in sweep rate selectiv-
ity measures. Thus we conclude that early onset presbycusis
had minimal influence on the data and suggest that the narrow
range of rate selectivity is likely to be typical of mouse cortex.

Conclusions. Speech recognition declines with aging and
presbycusis. FM sweeps play an important role in speech
processing (Zeng et al. 2005). Cortical FM sweep selectivity
changes with age (Mendelson and Ricketts 2001). Thus FM
rate selectivity may serve as a useful physiological probe to
develop a model system in which contributions of both genetic
and experience-dependent factors in auditory cortex aging and
disease can be evaluated. The cortical mechanisms underlying
FM sweep selectivity are known based on studies in bats and
rodents (Razak and Fuzessery 2006; Ye et al. 2010). Prelimi-
nary data suggest similar mechanisms are operational in the
mouse auditory cortex, as well. Ongoing studies address if and
how cortical FM rate selectivity is altered by aging and
presbycusis.
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