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STABILITY OF SPECTRO-TEMPORAL TUNING OVER SEVERAL
SECONDS IN PRIMARY AUDITORY CORTEX OF THE AWAKE FERRET

B. SHECHTER? AND D. A. DEPIREUX®*

?Department of Anatomy and Neurobiology, School of Medicine, Uni-
versity of Maryland, Baltimore, 20 Penn Street HSF Il, Room S251,
Baltimore, MD 21201, USA

®Program in Neuroscience, School of Medicine, University of Mary-
land, Baltimore, Baltimore, MD 21201, USA

Abstract—The steady-state spectro-temporal tuning of audi-
tory cortical cells has been studied using a variety of broad-
band stimuli that characterize neurons by their steady-state
responses to long duration stimuli, lasting from about a sec-
ond to several minutes. Central sensory stations are thought
to adapt in their response to stimuli presented over extended
periods of time. For instance, we have previously shown that
auditory cortical neurons display a second order of adapta-
tion, whereby the rate of their adaptation to the repeated
presentation of fixed alternating stimuli decreases with each
presentation. The auditory grating (or ripple) method of char-
acterizing central auditory neurons, and its extensions, have
proven very effective. But these stimuli are typically used
with spectro-temporal content held fixed over time-scales of
seconds, introducing the possibility of rapid adaptation while
the receptive field is being measured, whereas the neural
response used to compute a spectro-temporal receptive field
(STRF) assumes stationarity in the neural input/output func-
tion. We demonstrate dynamic changes in some parameters
during the measurement of the STRF over a period of sec-
onds, even absent of a relevant behavioral task. Specifically,
we find small but systematic changes in duration and breadth
of tuning of STRFs when comparing the early (0.25-1.75 s)
and late (4.5—-6 s) segments of the responses to these stimuli.
© 2007 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: auditory gratings, Al, auditory cortex, neural
dynamics.

The use of broadband sounds to characterize neural re-
sponses in the auditory pathway is well established. Sev-
eral classes of stimuli have been developed to character-
ize cells in primary auditory cortex (Al) (Schreiner and
Calhoun, 1994; Kowalski et al., 1996a; deCharms et al.,
1998; Miller and Schreiner, 2000; Blake and Merzenich,
2002; Machens et al., 2004; Valentine and Eggermont,
2004). In particular, neural responses to the presentation
of auditory gratings, which are well-structured broadband
sounds whose spectro-temporal envelopes vary sinusoi-
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Neurobiology, 20 Penn Street HSF Il, Room S251, Baltimore, MD
21201, USA.

E-mail address: ddepi001@umaryland.edu (D. A. Depireux).
Abbreviations: Al, primary auditory cortex; BF, best frequency; MTF,
modulation transfer function; SNR, signal-to-noise ratio; STRF, spec-
tro-temporal receptive field; SVD, singular value decomposition;
TORC, temporally orthogonal ripple combination.

dally in (log) spectrum and in time, can be used to generate
a spectro-temporal receptive field (STRF) through reverse
correlation techniques. Using gratings of varying periodici-
ties in both spectral and temporal axes, the neural encod-
ing of dynamic spectral envelopes can be jointly charac-
terized in these two dimensions. In addition to providing a
characterization of the input—output transformation carried
out by the auditory neuron being analyzed, the resultant
STRF can be used to predict the neural response to the
same and to novel stimuli (Kowalski et al., 1996b).

As an extension to this method, Klein et al. (2000)
showed that this method of characterization can be used
with composite stimuli, or temporally orthogonal ripple
combinations (TORCs), which are sums of auditory grat-
ings. This result required only the constraint that each of
the component gratings in a TORC have a unique temporal
periodicity, i.e. the component gratings were modulated
distinctly in time. With the assumption of linearity, the
neural response to each component grating was of the
same periodicity as the grating. Therefore, the composite
response to the TORC was separable by Fourier methods
into the responses to each grating. Since multiple gratings
were being presented concurrently, the obvious advantage
of this method is in its reduction of the time necessary to
characterize a neuron. We implement this method of char-
acterization in the current study.

In this paper, cells in Al of awake ferrets (Mustela
putorius furo) were adequately characterized by a set of
grating stimuli with evenly spaced spectral densities and
temporal angular frequencies. The typical range of spectral
densities and angular frequencies that must be spanned in
order to sufficiently probe an Al neuron’s response prop-
erties is known. However, given the non-deterministic na-
ture of neural responses, the number of periods needed in
order to get an estimate of the underlying probability den-
sity function governing neural firing is not a priori known.
Given that the stimuli used are periodic, the duration of any
sound can be extended until the characterization of the
response for that stimulus is sufficiently stable.

Implementation of these sounds and other similar stim-
uli are of relatively long duration—generally seconds to
minutes, and their spectro-temporal content is either fixed
or changes slowly during the presentation. However, neu-
rons in the central part of sensory pathways are thought to
adapt in their responses to stimuli presented over ex-
tended periods of time. For instance, we have previously
shown that neurons in Al display a second order of adap-
tation, whereby the characteristics of their adaptation to
the continuous presentation of alternating long-duration
grating stimuli, that differ in their modulation depth, change
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with each step-change in the modulation depth (Shechter
and Depireux, 2006). Computation of the STRF—and its
subsequent usage in predicting responses—assumes a
time-invariant system, in other words stationary response
properties.

Evoked potentials typically contain multiple compo-
nents, some lasting up to several seconds (Wang et al.,
2006). In this study, we test the assumption of the cell’s
receptive field being stationary throughout the sound pre-
sentation used to characterize the cell. We apply previ-
ously described methods to characterize neurons in Al, but
derive two receptive fields from the responses we obtain—
which we call early and late STRFs. These STRFs are
computed from two distinct time windows of the responses,
the epoch closely following the onset of the sounds we use
to measure STRFs, and an epoch a few seconds later, at
which point the evoked potentials related to the sound onset
have died out. Namely, the early STRF is computed from
responses to the first fourth of the stimulus (0.25-1.75 s), and
we compare it to the late STRF, which is computed from
responses to the last fourth of the stimulus (4.5—6 s).

It is known that adaptation of neural output is not
restricted to occur only in response to changes in the mean
value of the input. For instance, neurons in the early visual
pathway also adapt in response to changes in the variance
(contrast) of input signals (Smirnakis et al., 1997), and
neurons in the auditory pathway adapt to changes in the
kurtosis (a higher moment statistics of the modulation en-
velope, Kvale and Schreiner, 2004). Adaptation has been
shown to occur along different stations of the visual path-
way, from the retina (Baccus and Meister, 2002) to primary
visual cortex (Crowder et al., 2006) and higher (Kohn and
Movshon, 2004). In this paper, we analyze the stability
of the steady-state characterization of primary auditory
cortical cells in response to sounds several seconds in
duration.

EXPERIMENTAL PROCEDURES
Surgical procedures

Recordings were made from six awake, 3—12 month old, domestic
ferrets (Mustela putorius furo) surgically implanted with chronic
moveable multi-electrode arrays. A detailed description can be
found in (Dobbins et al., 2007). Briefly, ferrets were anesthetized
with halothane (3% induction, 1.75% maintenance adjusted to
keep heart rate, end-tidal CO, and SpO, within limits), and affixed
within a stereotaxic frame. Body temperature was maintained at
37.5 °C with a feedback heating pad. The scalp was incised
rostro-caudally along the midline from bregma to the nuchal crest.
The temporalis muscles were partially resected bilaterally. Eight
stainless steel screws were inserted around the skull to anchor the
subsequent head post, custom multi-electrode microdrive, and
dental cement was used to fix the experimental apparatus. A head
post was positioned rostrally over the skull. A craniotomy was
made unilaterally (usually on the left) or bilaterally, over Al. To
prevent regrowth, the mitotic inhibitor 5-fluorouracil (5-FU) was
applied (Spinks et al., 2003). The microdrive was slowly lowered
into position, and affixed with dental cement. The microdrive was
previously loaded with 6 to 12 independently adjustable micro-
electrodes (12Drive-H, Neuralynx, Tucson, AZ, USA), with a cus-
tom made piece, resting on the edges of the craniotomy, to lower
the electrodes in a honeycomb pattern over Al in such a way that

the minimum distance between adjacent electrodes was 225 um.
The experimental apparatus and head post were fixed in place
with additional dental cement. After surgery, the ferrets were given
Banamine (1 mg/kg) and Baytril (0.2 mg/kg) for three recovery
days before recording began. All surgical and experimental pro-
cedures were approved by the University of Maryland Animal Care
and Use Committee and were in accord with NIH Guidelines on
the care and use of laboratory animals.

Neural recordings

Recording sessions took place inside a double-walled sound
booth (IAC, Bronx, NY, USA, noise isolation class of 70 dB). The
ferret was placed in a comfortable holder, with its head fixed using
the implanted head post to ensure the animal stayed within the
calibrated sound field and to minimize movement noises. The
animal was monitored through a closed-circuit video, and treats
(e.g. Ferretone) were given between stimulus presentations to
preserve wakefulness, as deemed needed from the emergence of
monitored slow-wave activity.

Recording sessions typically lasted 4—6 h. Neural activity was
recorded with parylene-coated tungsten microelectrodes (initial
impedance 3-6 M() at 1 kHz, shaft diameter 76 um, Micro Probe,
Inc., Gaithersburg, MD, USA). Electrodes were individually ad-
vanced by manually turning a screw (156 um per turn). All record-
ings were marked with the depth relative to when spikes were first
detected upon lowering the electrode bundle. Spike events were
obtained by a simple level-crossing, set low enough to capture all
spikes and usually some excursions of the evoked potential. Event
times were assigned to the peak of the waveform with a resolution
of 100 us or 125 us, depending on the session. The signal was
bandpass filtered with low and high cutoff frequencies of 300 Hz
and 3 kHz, respectively. After a recording session, events were
sorted into classes using a modification of the MClust package
(MClust, A. D. Redish), with the automated cluster cutter KlustaK-
wik (Harris and Redish, 2002) which uses a CEM algorithm (con-
ditional expectation maximization) for which we use the Fourier
transform, first and second principal components and energy of
each event to classify spikes. Our threshold for event detection
was set low such that we would have a large class of events we
could reject as not being measurements of a neural spike. For an
event to be classified as a neural spike, we required bi- or tri-
phasic waveforms, with small variance, clear separation from
neighboring cluster, and uniform presence throughout the duration
of the recording session.

Stimulus generation and sound presentation

All stimuli were generated digitally in MATLAB (Natick, MA, USA),
with custom software written by us, converted to an analog voltage
(TDT RX6, Tucker David-Technologies, Alachua, FL, USA) at 100
kHz sampling rate, processed with an analog attenuator (TDT
PA5), amplified (Crown DX-70) and then presented free field from
an overhead speaker (Manger Transducer, Manger, Germany)
located 1 m at zenith relative to the animal’s head. The sound field
was calibrated and equalized so as to obtain a flat response from
the loudspeaker to within 1.5 dB, at the location of the animal’s
head.

Stimulus set

STRFs were measured with a set of TORC stimuli which were
each 6 s in duration and seven octaves in bandwidth (Klein et al.,
2000; Depireux et al., 2001). As mentioned earlier, the TORC
stimuli are the sum of periodic auditory gratings—also called
ripples—each having a spectro-temporal profile modulated sinu-
soidally in spectrum and in time. The modulation of a grating is
characterized in spectrum by its spectral density () (cycles/
octave), in time by its periodicity or angular frequency w (Hz), and
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in amplitude by its excursions away from the mean level of the
stimulus (modulation depth AA, % of mean). Each of the grating
components that make up a TORC has the same spectral density
and depth, but differs in angular frequency, thus sampling a set of
points in spectro-temporal parameter space with a single, complex
sound.

The TORC stimulus is built up from 100 component tones per
octave. The amplitude S(x,t) of each component tone of frequency
f, x=log,(flf,) and f, the lower edge of the spectrum, is adjusted at
time t as

S(x,)=L[1+AA->,cos(2m(Q-x+w;t)+ )] 1)

for a linear modulation. S defines the spectro-temporal envelope
of the stimulus. L is the average level of the stimulus (measured as
the RMS of the stimulus with reference to a 1 kHz sine tone) and
¢, are the starting phases of each of the component gratings in the
TORC. Since the tones that make up a grating are logarithmically
spaced, the TORC does not elicit the perception of a pitch. The ¢;
in Eq. 1 are “optimized,” in the sense that their values are changed
by a random search in parameter space until a set of ¢, is found
that minimizes the peakiness of the envelope, as measured by the
peak to RMS ratio. Note that when both Q) and w are positive, the
corresponding grating envelope travels toward the low frequen-
cies.

Computation of STRFs

The derivation of the steady state STRF from TORC stimuli is now
standard and will not be repeated here in full (Klein et al., 2000).
Briefly, a reverse correlation method with the stimulus spectro-
temporal envelope is used to obtain the STRF from the spike
trains elicited by the stimulus. For each stimulus in the set, we
generated another stimulus with an inverted spectro-temporal
envelope (effectively, +AA is replaced by —AA in Eq. 1) so as to
compensate for even-order non-linearities such as induced by
half-wave rectification. In order to allow the responses to reach a
steady-state, the analysis was started 250 ms following the onset
of each stimulus, thereby removing the effect of level transients
present at the onset of the stimulus. By dividing the response into
four equal length segments, two STRFs were constructed using
1.5 s segments of the response: the first was taken early in the
response (early STRF: from 0.25 to 1.75 s) and the second was
taken later in the response (late STRF: from 4.5 to 6 s).

SNR computation

To determine the reliability of the STRF measured for the steady
state response, we computed a signal-to-noise ratio (SNR) of the
corresponding modulation transfer function (MTF, the two-dimen-
sional Fourier transform of the STRF). The MTF is the dual rep-
resentation of the STRF, where each ({),w) point is a complex
number which represents the response of the neuron to an audi-
tory grating with spectral density () (cycles/octave) and angular
frequency w (Hz), see Eq. 1. The amplitude of the complex
number is the corresponding amplitude of the response and the
phase is the corresponding phase lag between stimulus and re-
sponse. One hundred bootstrap estimates y{({),w) were generated
for each point of the MTF. Each 4({),w) is an estimate of the MTF
derived by choosing periods, with repetition, from the set of neural
responses. The SNR of each point (SNR, ,,) was taken to be the
average power divided by the variance of the estimates. The SNR
of the STRF was computed as the power-weighted mean of the
SNR at each (Q2,w) point. P, ,, is the power of the MTF at the point
(Q,w).

| Ebootslraps 'JJ(‘QvW) |
SNRg= - @

En,an.w'SNRQ,w 3
Eﬂywpﬂ,w ( )

Only receptive fields which had an SNR>0.5 for both the early and
late time segments were included in the later analyses. There
were no cells for which the early SNR was below 0.5 and the late
SNR was above 0.5, and conversely.

SNR=

STRF measures

We extracted several descriptive measures of the STRF features
which allow us to quantify how those features evolve during the
presentation of the TORC stimuli:

1. The peak spiking rate (the maximal value of the STRF).

2. The latency and duration of the STRF excitatory feature. The
STRF latency was taken to be the delay at which the STRF
attained its peak value, and the duration of the excitatory
feature was computed to be the width at 50% of the peak
value along the temporal cross-section containing the peak
(Fig. 1, #1 and #3).

3. The best frequency (BF) and bandwidth of the STRF excita-
tory feature. The BF was taken to be the frequency for which
the STRF attained its peak value, and its bandwidth was
computed to be the width at 50% of the peak value along the
spectral cross-section containing the peak (Fig. 1, #5 and #7).

4. The STRF envelope peak latency and duration. We computed
the envelope of the temporal cross-section containing the
peak of the STRF by taking the absolute value of its Hilbert
transform. lts latency and duration were computed analo-
gously to the measures computed in (2), only using the enve-
lope and its peak (Fig. 1, #2 and #4).

5. The STRF envelope peak frequency and bandwidth. We com-
puted the envelope of the spectral cross-section containing the
peak of the STRF by taking the absolute value of its Hilbert
transform. The envelope peak frequency and bandwidth were
then extracted from the envelope as in (3) (Fig. 1, #6 and #8).

6. The total power (P).

P=> > |STRF(x,7)|? (4)

MTF measures

Several parameters have been developed to characterize MTFs
(and their corresponding STRFs) and can be directly applied in the
current situation (Depireux et al., 2001). Specifically, calling Q>0,
w>0 quadrant 1 and <0, w>0 quadrant 2:

1. The breadth of tuning () is @ measure of how the power is
spread around the center of mass of the absolute value of the
MTF in each quadrant. The center of mass is computed in the
standard fashion, where each point in the MTF is weighted by
its power. If the cell’s tuning sharpens (or broadens), «, will
decrease (or increase), respectively:

Qi—Qou\? [wi—wey\?
ab=2 2 Pn,.w,' \/( Q CM) +( IW CM> (5)
i ] max max

where P, ,, is the power of modulation in response to a grating
of (),w) characteristics, or in other words the square of the
amplitude of the (2,w) component of the MTF; (Q¢p,Wep) is
the MTF center of mass in that quadrant, and (.4, Wmax) are
the maximum spectral density and angular frequency tested,
respectively.

2. The degree of inseparability (asyp). We decompose each
MTF into a sum of separable functions by singular value
decomposition (SVD). The SVD method is now standard and
is explained in detail in (Abdi, 2007). Briefly, the SVD of a
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199 Fig. 1. STRF measures. This figure shows an example STRF with an excitatory center and mildly asymmetric inhibitory surround. The temporal and 199
200 spectral cross-sections are plotted above and to the left of the STRF, respectively. The cross-sections of the STRF envelope are represented by the 200
201 dashed line plotted with the STRF cross-sections. The STRF temporal (1—4) and spectral (5—8) measures are shown by their corresponding numbers 201
202 on the cross-sections. The STRF is in spikes/(s - 1) and is computed per full (100%=1) modulation. 502
203 matrix produces a diagonal matrix A of the same dimension, 4. The asymmetry of the spectral («s) and temporal (o) transfer 203
204 with nonnegative diagonal elements A; in decreasing order, functions around Q=0 and w=0, respectively. To further 204
205 and unitary matrices U and V so that UXAX V7 is the original quantify the up vs. down asymmetry, we introduce these two 205
206 matrix. Specifically, SVD decomposes the MTF as indices, «¢ and «;, which quantify how the asymmetry of the 206
207 _ o transfer functions arises with respect to the down-moving 207
YAV, AT 1 A2 e e e )y Ai A quadrant 1) versus the up-moving (quadrant 2) components
MTF=U-A-V', A=diag(A4, A An)s Ai>A ( drant 1) th ( drant 2) t
208 MTF(Q,w)=2, \,G(Q)F{w) (6) of the spectro-temporal envelope of sounds. We compute the 208
209 i cross-correlation 209
21 21
21(1) Note that the columns of U are independent functions G; of > 020G1(Q)-G(— Q) 21?
spectral density (), and the columns of V are independent as=1— = -~ (9)
212 functions F; of angular frequency w. We define \/EQ>0|G1(Q)| Da-olGa(— Q)| 212
213 3
214 1-A7 214
215 QAsyp= W (7) 2W>0F1(W)'FZ(W) 215
~ a=1- > 5 (10)
216 / \/ Z ol Fo W ZoolFo(w)] 216
31; dsvD is_ therefore a fmeasure ?f hov_v much of the total MTFf where F and G are the temporal and spectral functions of the 51;
219 80(\"’2?:;? ?;Zosu?;e: ﬂ?”r b;'eth:r;{j; SI\I/In'Igl;”?/;rY:rcetgg \2 |\l/.l a!:eao_ MTF quadrants respectively, and the subscripts 1,2 indicate 219
hi P 1 indicat grsepaia) | I‘ fi bilit p the quadrant for which they are computed. Values near 0
220 .?.Loa(é Ing |nf (';.:a et‘an |nc;|reat1§|rtlg eve \7\/ Insepara "'Dy‘ th correspond to symmetric transfer functions, whereas values 220
221 totgl ec?vl\;z(? % tr']ree(%:g? SSazCrelx\::tyo(fa{jl')].e MeT?e(?;:rznsgs tg near 1 correspond to asymmetry of the corresponding spectral 221
222 down?movin ratings) gnd P, the total power in tr?e second or temporal transfer function. It has previously been shown 222
223 quadrant of ?hge MT,‘-_E’ (r’esponsze;s to up-moving gratings), and that steady state STRFs in Al of the ferret are by and large 223
. ’ quadrant separable and temporally symmetric (Simon et al.,
224 compute a, as: 2007) 224
225 P.—P The center of mass of tuning (Qcp,Wep). Complementing the 225
226 v 2 226
W=p 1 p (8) sharpness of tuning, we analyze the spectral densities and
227 e angular frequencies which elicit the best responses. The cen- 227
228 A value of 0 indicates equal power in the two quadrants and ter of mass is computed in the standard fashion, where each 228
229 therefore, no overall preference for up vs. down moving spec- point in the MTF is weighted by its power. 229
230 tral envelopes. An absolute value of 1 indicates that all the The spectral density and angular frequency bandwidths. We 230
231 power is contained in one quadrant, i.e. the cell is highly extract the absolute value of the spectral and temporal trans- 231
232 selective for direction of motion and responds only to up or fer functions for each quadrant of the MTF. The bandwidths 232

down moving spectral envelopes.

are measured at 75% the value of the peak.

Please cite this article in press as: Shechter B, Depireux DA, Stability of spectro-temporal tuning over several seconds in primary
auditory cortex of the awake ferret, Neuroscience (2007), doi: 10.1016/j.neuroscience.2007.06.027

| tapraid3/zpn-nsc/zpn-nsc/zpn02607/zpn2217d07z | mohanr | S=1 | 7/21/07 | 13:53 | Art: 9596 | |




233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291

F2

B. Shechter and D. A. Depireux / Neuroscience xx (2007) xxx 5

We extracted these measures for both the early and late
STRFs. In order to assess whether there was a significant change
between the values, we compared the measures of each STRF
with a paired t-test. A significance threshold of P<0.02 was used.

RESULTS

Proximity to neural activity was recognized online during
the recording session by monitoring the activity through an
oscilloscope and an audio monitor. Neural activity corre-
sponding to the auditory environment was first confirmed
by responses to pure tone pips. TORC stimuli were then
presented to acquire STRFs. Full analysis of the early
(0.25-1.75 s) and late (4.5-6 s) segments of the re-
sponses to the TORCs was conducted offline, and only
cells for which both early and late segments had an SNR
which was greater than 0.5 were kept for further analysis.
Since our measures are centered on the peak of the exci-
tatory features of the STRF, we rejected eight cells from
our analysis which were primarily inhibited, i.e. most of the
STRF was made up of a large negative feature. In all, we
retained 78 cells.

Fig. 2 demonstrates the nature of the changes we
measured between the early and late STRFs. Fig. 2A
demonstrates an STRF which changed in the time period
over which it was acquired. For cell 216, the feature of the
late STRF (top right) is both longer in duration and spans
a narrower bandwidth when compared with the early STRF
(top left). For cell 160 (Fig. 2B) there is no significant
difference between early and late STRFs.

Magnitude measures

We first compared the SNR of the early and late STRFs.
This allowed us to assess whether the reliability of the

A 800 Cell 216 — Early STRF
N
<
oy
C
(0]
=]
o
(O]
C SNR:1.30
0 40
Time (msec)
B %500 Cell 160 — Early STRF
N
T
oy
c 12800
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response changed with increasing the presentation dura-
tion. The SNR did not change significantly between the two

conditions (Fig. 3C). Therefore, subsequent measures of F3

the two conditions were directly comparable, and would
not be influenced by a change in the reliability of re-
sponses. While the overall power in the STRF did not
change significantly between the early and the late STRF
(Fig. 3B), the peak value generally increased, with a sam-
ple mean increase of 2.8% (P<0.02) (Fig. 3A). o, Which
measures how power is spread in the MTF, did not change
significantly between the two epochs. Two related power
measures, agyp and a4, which measure the degree of
inseparability and the degree of direction selectivity, re-
spectively, were also shown not to change significantly
from earlier to later times in the response (Fig. 3D—F).

Temporal measures

The latency to the peak of the STRF corresponds to the lag
between the occurrence of modulation at the cell’'s BF to
the corresponding modulation in neural response it evokes
or to the peak of its envelope. With increasing stimulus

time, the latency did not change significantly (Fig. 4A). F4

However, the duration of the excitatory feature (peak) in-
creased by 4.8% (P<0.02) from early to late, correspond-
ing to a longer duration in which the cell responds to
modulation at its BF (Fig. 4B). This change was also
reflected in the envelope of the STRF feature, which be-
came wider, but did not reach significance. Analogously,
the center of mass of the MTF shifted to smaller angular
frequencies by 1% (Fig. 4D); this trend, however, only
approached significance (P=0.09). The angular frequency
bandwidth of the MTF did not change significantly (Fig.
4C). Finally, there was no significant difference between
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Fig. 2. Typical early and late STRFs. (A) Cell 216 demonstrates the type of changes we see from early (left) to late (right) times in the responses to
TORC stimuli. The excitatory feature of this cell is longer in duration and narrower in bandwidth in the late STRF when compared with the early STRF.
(B) Cell 160 shows a cell for which no changes were observed between early and late time periods.

Please cite this article in press as: Shechter B, Depireux DA, Stability of spectro-temporal tuning over several seconds in primary
auditory cortex of the awake ferret, Neuroscience (2007), doi: 10.1016/j.neuroscience.2007.06.027

| tapraid3/zpn-nsc/zpn-nsc/zpn02607/zpn2217d07z | mohanr | S=1 | 7/21/07 | 13:53 | Art: 9596 | |

233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291



292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350

F5

6 B. Shechter and D. A. Depireux / Neuroscience xx (2007) xxx

STRF Peak Spike Rate [ sp/(sec-1)] STRF Total Power [ sp/(sec-1)%] STRF SNR
< 10° v 35
i o« .0
LN 2 Ed
10 ’ . . .
';9 .({‘ .
(4 ..’ . °
K ud o
i) < - g 4 ‘:»? 9 ° .7//
© : 8 s 10 Px] 5 . ..;‘ .
e wy oo &
o.o . .‘o. . .o.':."‘:. .
P o '\,Ko . <
p <0.02 .’ 05|
0.1k" 103k .
0.1 1 10 103 104 10° 05 1 35
Early Early Early
D %svp E oyl F b
1 1 0.25
. % S
" . Setn A
. ,'0.".0 . °.‘&§‘ .
) o ¥ ) . [J] 0% g® .
5 L 5 L AT
o‘:\°° ° . °0030: n :
0{9:. . . ..)...o . .
/‘o.’.:o % LT
e o e .
red CEATEN o
é e ekt o ;
hads o ’
ok o sy o 0,052
0 1 0 1 0.05 025
Early Early Early

Fig. 3. STRF magnitude measures. (A) There was a significant difference between the peak magnitude of the early STRF when compared with the
late STRF, with a mean increase of 2.8% across the entire population (P<0.02). (B—F) There were no significant changes between the early and late
STRFs with respect to the total power, SNR, the degree of inseparability ag,,,, the degree of direction selectivity «,, and the sharpness of tuning «,,.

STRF peak and power are computed per full (100%) modulation.

values of the temporal symmetry measure «, for the early
or the late STRFs (Fig. 4E). It is interesting to note that
91% of cells had values of «; which were smaller than 0.4
for both time periods, in good agreement with (Simon et al.,
2007).

Spectral measures

Between the two analysis conditions, the BF of the STRF
(the frequency at which the peak of the STRF occurred) did
not change significantly (Fig. 5A). However, the bandwidth,
which was measured at half the peak value along the
spectral cross-section of the STRF corresponding to its
latency, decreased by 5.2% (P<0.02) from the early STRF
to the late STRF (corresponding to a narrower range of
frequencies which elicit responses when modulated) (Fig.
5B). As was the case for the temporal measures, the
corresponding STRF envelope measures for peak fre-
quency and bandwidth did not change significantly. Re-
flecting the change in bandwidth, the center of mass of the
MTF shifted to larger spectral densities by 3.3% (P<0.02)
(Fig. 5D); in contrast to the angular frequency shift, this
was a significant change. With the shift in center of mass,
the spectral density bandwidth remained unchanged from
early to late time periods in the response (Fig. 5C). No

significant changes were observed for values of the spec-
tral asymmetry index a5 (Fig. 5E).

DISCUSSION

We have shown that receptive fields obtained using
sounds lasting several seconds show a systematic change
in the duration and bandwidth of their excitatory peaks.
The remaining measures examined here remained stable.

Relation between STRF and MTF measures

The analysis conducted in this paper includes measures
pertaining to the STRF and its two-dimensional transform,
the MTF. Since these are two dual spaces, there are
corollaries of the findings with regard to the STRF in the
MTF measures, and vice versa. Our main observation is
that when the latter part of the responses to TORC stimuli
is analyzed, the excitatory feature is longer in duration and
narrower in spectrum as compared with analysis of the
earlier part of those same responses. This effect could be
mirrored by changes in the MTF in a number of ways.
Ultimately, these changes would involve a shift of power in
the MTF toward lower angular frequencies and higher
spectral densities. In accord with this, we find that the
center of mass of the late MTF shifts to lower angular
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Fig. 4. Temporal measures. (A, B) While the latency to the excitatory peak of the STRF did not change between early and late STRFs, there was a
significant increase in the peak’s duration by 4.8% (P<0.02). However, neither the latency nor duration of the STRF envelope changed significantly
(data not shown). (C, E) There were no significant differences between early and late STRFs measured by the bandwidth of angular frequencies (taken
at 75% of the peak of the MTF spectral transfer function and the asymmetry of the MTF temporal transfer function.) (D) However, there was a 1%
decreasing trend in the MTF angular frequency center of mass which was approaching significance (P=0.09).

frequencies and higher spectral densities, without a
change in the spread of power around the center of mass
(as measured by «,). That «, did not significantly change
was confirmed by measurements of the angular frequency
and spectral density bandwidths, which do not change
significantly from early to late epochs.

Magnitude of changes

The changes we see in the STRF are small in magnitude
(e.g. 4.8% for duration, 5.2% for bandwidth). However,
these changes are reliable in the population, and therefore
constitute a significant effect. At the same time, many
measures characterizing the response on average remain
unchanged from earlier to later times during the stimulus
presentation. This suggests that long duration sounds (on
the order of 6 s, as presented in this study) produce
sufficiently stable responses for most applications of the
STRF. This being said, it is important to note that the
SNR—uwhich is a measure of the reliability of observed
responses—remains unchanged in the early and late ep-
ochs. This suggests that prolonged acquisition of data
does not improve (but also does not deteriorate) our re-
sults significantly. This also implies that the optimal num-

ber of sound presentations should be obtained from an
on-line continuous estimation of the SNR reaching a stable
value.

We also compare these early and late SNRs to the
SNR measured from the entire duration of the stimulus.
There is not a significant change between either early or
late SNR to the full SNR, suggesting that responses are
equally reliable at all times during the stimulus presenta-
tion. Since in electrophysiological experiments, stimulus
presentation time is a valuable resource, this has strong
implications. Shorter duration sounds should be sufficient
for characterizing the response properties of neurons in Al;
of course, this does not preclude from the use of longer
durations either. Given that the STRF is used to charac-
terize the steady-state properties of neurons, it is important
to know how steady the steady-state properties are. On the
other hand, when using short duration sounds of the order
of seconds, the analysis is started after the first period
(250 ms) following the onset of each stimulus. During this
initial time, the tuning is still stabilizing to the content of the
stimulus. Our study shows that the use of stimuli that last
several seconds is generally justified. Therefore time can
be gained by the use of these longer sounds and minimiz-
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Fig. 5. Spectral measures. (A) There was no significant difference between the BF measured in the early STRF and that measured in the late STRF.
(B) The bandwidth of the excitatory feature decreased (with a mean decrease of 5.2%) from the early to late STRFs (P<0.02). (C) No significant
differences between early and late STRFs were measured by the bandwidth of the MTF spectral transfer function. (D) The MTF spectral density center
of mass increased with a mean of 3.3% (P<0.02). (E) There were no significant changes in the asymmetry of the MTF spectral transfer function

between early and late STRFs.

ing the rejected response time during which neurons sta-
bilize their tuning (in contrast to using multiple presenta-
tions of shorter stimuli).

Inhibitory STRFs

The majority of our neurons have the “classical” STRF,
with a main excitatory feature and an inhibitory surround
which is smaller in magnitude. With the SNR criterion used
in this paper, eight cells (about 10%) displayed an STRF
for which the main feature is a prominently inhibited region.
For these eight cells, the peak of the absolute value of the
STRF corresponded to an inhibitory region of the STRF. In
all eight cases, the STRF displayed either a large inhibitory
region followed by a smaller excitation, or only inhibition.
Correspondingly, the cells’ inhibitory region was very
broadly tuned over several octaves, and all showed some
level of direction selectivity. The particular, unique, fea-
tures of these inhibitory STRFs require a separate analy-
sis; however, their small number precludes the feasibility of
a statistical analysis and therefore they were not included
the dataset.

Plasticity vs. adaptive changes

The changes we observed in the STRFs were in naive
listeners, with no behavioral paradigm. Previous literature
has examined the dynamics of auditory cortical neurons
(Irvine, 2007; Weinberger, 2007), and in particular the
changes in STRFs associated a listening task after train-
ing: in particular, Fritz et al. (2005) reported a temporal
sharpening of the excitatory peak of the STRF and a
commensurate increase in angular frequency in the MTF
center of mass, by measuring the response of a sequence
of sounds made up of TORCs similar to the ones used
here, interspersed with a target pure tone. The experi-
ments are quite different since they show a change in
STRF properties following several minutes of behavioral
response, whereas we show systematic changes over a
few seconds of continuous sound presentation, change
which resets itself between sound presentations. We note
that the magnitude of the observed changes is opposite in
direction between their plasticity and our adaptation exper-
iments. We further note that the observed effect (except for
the sign) is on the same order as the magnitude although
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we obtain ours without the introduction of a behavioral task
during the sound presentation.

CONCLUSION

In conclusion, we show that spectro-temporal tuning, as
measured by the STRF or its dual, the MTF, is relatively
stable over several seconds, although a few parameters
change in a systematic way. While details should depend
on the intended application of the STRF, the appropriate
method of characterization, and in particular sounds of
appropriate durations, should be used.
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