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Knowledge on the trigger features of central auditory neurons is important in the understanding of
speech processing. Spectro-temporal receptive fields (STRFs) obtained using random stimuli and spike-
triggered averaging allow visualization of trigger features which often appear blurry in the time-ver-
sus-frequency plot. For a clearer visualization we have previously developed a dejittering algorithm to
sharpen trigger features in the STRF of FM-sensitive cells. Here we extended this algorithm to segregate
spikes, based on their dejitter values, into two groups: normal and outlying, and to construct their STRF
separately. We found that while the STRF of the normal jitter group resembled full trigger feature in the
original STRF, those of the outlying jitter group resembled a different or partial trigger feature. This algo-
rithm allowed the extraction of other weaker trigger features. Due to the presence of different trigger fea-
tures in a given cell, we proposed that in the generation of STRF, the evoked spikes should not be treated
indiscriminately with equal weightings.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Neural coding of FM sounds

Since frequency modulation (FM) components are commonly
found in communication sounds (Doupe and Kuhl, 1999), the
knowledge on neural coding of (FM) sounds is important in under-
standing speech coding. Psychophysical and functional imaging
studies showed that the human brain is sensitive to a variety of
FM sounds (Behne et al., 2005; Chen and Zeng, 2004; Hart et al.,
2003; Husain et al., 2004; Luo et al., 2006, 2007). Electrophysiolog-
ical studies of single units in animals also revealed FM-sensitive
cells at levels of the central auditory system as low as the midbrain
(Felsheim and Ostwald, 1996; Poon et al., 1992; Poon and Yu,
2000; Qi et al., 2007; Rees and Møller, 1983; Suga, 1968). The audi-
tory midbrain has been considered an important center for FM cod-
ing because of its large proportion of FM-sensitive cells (�70%;
Poon and Chiu, 2000). One characteristic of such FM-sensitive cells
is their differential response to the direction of FM sweeps. For a
particular cell sensitive to FM sounds, this selectivity to the stimu-
lus is further characterized by FM rate and frequency range (Heil
ll rights reserved.
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et al., 1992; Rees and Kay, 1985; Whitfield and Evans, 1965). FM
selectivity has been described conceptually as the cell’s receptive
field or receptive space (Poon et al., 1991). More commonly FM
receptive fields are depicted as spectro-temporal receptive fields
(STRFs; Aertsen and Johannesma, 1981a; deCharms et al., 1998;
Depireux et al., 2001; Eggermont et al., 1983; Klein et al., 2000).
STRFs display graphically the input characteristics or ‘trigger fea-
ture’ of a given cell. To determine the trigger feature, a variety of
random stimuli are used to explore the sound preference of indi-
vidual neurons. These stimuli include dynamic ripple noise, ran-
dom chords and random FM tones (Aertsen and Johannesma,
1981b; Shechter and Depireux, 2007; Valentine and Eggermont,
2004; Poon and Yu, 2000). Using random stimuli, trigger features
can be determined efficiently (e.g., based on 2 min of spike activity,
Chiu and Poon, 2007). The analysis of STRF can hence deepen our
understanding of neural coding of speech-like complex sounds
(Andoni et al., 2007; Cohen et al., 2007; Kao et al., 1997; Sen
et al., 2001; Theunissen et al., 2000).

1.2. Spectro-temporal receptive field (STRF)

STRFs are generated by a procedure known as ‘reverse correla-
tion’ or spike-triggered averaging (Aertsen et al., 1981; Hermes
et al., 1981). Peri-spike segments of the random waveform are first
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extracted, and then the stimulus power time-locked to the spikes is
summed over a peri-spike time-versus-frequency plane to form
the STRF. Results are depicted in color-coded pixel maps to reveal
areas with high overlaps. For midbrain auditory neurons, these
areas typically appear congregated to form a grossly elongated
structure (or ‘FM band’ for simplicity) reflecting the trigger feature
of the FM cell (Fig. 1A). In such approach, each spike is given the
same weighting, assuming that there is only one trigger feature.
If there are two or more trigger features, the method of STRF gen-
eration would need modifications. For example, individual spikes
may be separated into different groups with each corresponds to
a different trigger feature. In this case, spikes should not be given
equal weights in spike-trigger averaging.
1.3. Aim of this study

In our previous study (Chang et al., 2005) we had developed an
algorithm to sharpen trigger features in the STRF using dejittering
(Fig. 1B). Similar but not identical dejittering algorithms have also
been developed for sharpening trigger features in the insect mech-
anoreceptor system (Aldworth et al., 2005; Gollisch, 2006). At the
auditory midbrain the synaptic inputs derived from the cochleae
are tonotopically structured or stacked into frequency laminae
(Clopton and Winfield, 1973; review see Malmierca, 2004). Each
lamina receives synaptic inputs confined to a narrow frequency
band. It is tempting to speculate that the trigger features of FM-
sensitive cells might contain separable components, each corre-
sponding to inputs from individual frequency laminae adjacent
to each other. We hypothesized that if spikes from a given cell
can be segregated into different groups according to some response
property, different trigger features will emerge. In the present
study, we developed a novel algorithm to test this hypothesis
and the evidence was in support of the presence of two trigger
features.
2. Materials and methods

2.1. Animal preparation

Rats (Sprague Dawley, 200–250 gm) were anesthetized with
urethane (1.5 g/kg, i.p., maintained at 0.4 g/kg for pain areflexia
when necessary) and fixed with a special head holder for record-
ing extracellular single spike activities using conventional electro-
physiological procedures. The skull overlying the occipital cortex
was first surgically opened and glass micropipette electrode
Fig. 1. Spectro-temporal receptive field (STRF) showing the trigger feature of a FM-sens
waveforms (red pixels) indicating a frequency up-sweep occurring from 10 to 20 ms befo
trigger point (white ‘+’) is typically located at the end of the ‘FM band’ (see also Fig. 2D); n
(20–70 MX) was advanced into the midbrain (or more precisely
inferior colliculus) using a stepping micro-drive (Narishige) to
hunt for single units that responded to clicks (0.1 ms pulse,
�90 dB SPL). After unit identification, we recorded its responses
to a series of acoustic signals. A computer interface (Tucker Da-
vies Technology System II) with conventional amplification and
filtering (Axonprobe 1A, PARC-5113) was used. During experi-
ment, the animal was placed inside a sound-treated chamber
(Industrial Acoustic Company) for free-field acoustic stimulations,
and its body temperature was maintained with a servo-control
heating pad. The procedure was approved by the Animal Ethics
Committee, Laboratory Animal Center, NCKU.
2.2. FM stimuli

Two sets of FM stimuli were used. The first set was three sets of
random FM tones, generated by digitally low-pass filtering a white
noise at 12.5, 25 or 125 Hz. The filtered signal was then fed to the
voltage-control–frequency input of a function generator (Tektronix
FG280) to control the instantaneous frequency of a continuous
tone. The resultant stimulus was a FM signal with frequency ran-
domly varied over time. Such sounds are powerful stimulus for
auditory neurons in the rat midbrain (Poon et al., 1991). After
determining the unit’s most sensitive frequency (or characteristic
frequency, CF), the center frequency of the FM was set at this CF,
with a modulation depth of �2 octave. Stimulus intensity was
set �30 dB supra-threshold at CF. We first collected spike re-
sponses with all the three sets of FM tones but only the dataset
with the maximal spike count was used for subsequent analysis.
Each spike dataset represented a continuous recording of 2 min.
The second set of stimulus was a family of FM ramps, consisting
of six systematically varied triangular linear frequency sweeps.
They were delivered intermittently over a period of 2 s (Fig. 2A).
The series of FM ramps had both up- and down-sweep phases,
and their modulation rates overlapped with the random FM tones
(FM rate: 9.8–63.2 octave/s, range: 1.58 octave).
2.3. Data collection

A computer interface (Tucker Davies Technology System II) was
programmed to deliver the modulating waveforms while simulta-
neously collecting spike responses (after pre-conditioning spikes
into 0.4 ms pulses). Details of electrophysiological procedures can
be found in earlier publications from this laboratory (Poon et al.,
1991; Chiu and Poon, 2000).
itive cell in response to random FM tones. A: Note the concentration of modulating
re the spike. B: STRF with a sharpened ‘trigger feature’ after dejittering. Note the FM
= number of spikes; color scale: counts modulating waveform overlap at each pixel.



Fig. 2. Determination of the ‘trigger point’ of a FM-sensitive cell. (A): Frequency profiles of six different FM ramps. (B): Corresponding spike responses shown in dot raster
(each dot represents an action potential). (C): Corresponding peri-stimulus time histograms (PSTHs) by summing dot raster in time. An arrow marks the PSTH with the
maximal spike count, and this PSTH was low-pass-filtered and overlaid with the jitter adjustment histogram (see later Fig. 4B). (D): PSTH peak delays against the periods of
FM ramp overlaid with their linear regression line. The y-intercept of the regression line represents the ‘central transmission time’ from the source to the neuron. Its slope
represents frequency point on the FM ramp at which the spike is initiated. This ‘trigger point’ is also plotted in the STRF (Fig. 1B) to shows its relationship with the trigger
feature.
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2.4. Sharpening of trigger features in STRF

Individual modulating waveforms were systemically time-
shifted to converge on a segment of the STRF which contains the
putative trigger feature. The effect on convergence of each time-
shifted modulating waveform was optimized further against the
time window of the selected modulating waveform (for details
see Chang et al., 2005). Its principle is illustrated in Fig. 3 and is
briefly explained below.

2.4.1. Mean and variance time profiles
In a typical 2-min dataset, we captured �1000 peri-spike mod-

ulating waveforms of the FM tone (40 ms pre-, 10 ms post-spike).
The ‘mean frequency time profile’ and its corresponding ‘variance
time profile’ were computed.

2.4.2. Time-shift analysis
A modulating waveform was first time-shifted at 0.4 ms steps

over a range of �5–20 ms (corresponded to a window spanning
from 20 ms pre- to 5 ms post-spike,) at a fixed time window length
(chosen systemically at 1 ms steps, from 5 to 15 ms). At each
shifted time, a ‘similarity index’ between the shifted modulating
waveform and the ‘mean frequency time profile’ was computed
(with the time window centered at the minimum position of the
‘variance time profile’). From the ‘similarity index’ versus ‘shift
time’ function, the time shift with the maximal similarity was ta-
ken as the ‘optimal shift time’. This procedure of ‘optimal shift
time’ was computed for each of the �1000 modulating waveforms,
and waveforms were finally shifted according to its individual
‘optimal shift time’. A new ‘variance time profile’ (and new ‘mean
frequency time profile’) was then obtained.
2.4.3. Comparing the new and old ‘variance time profile’
We then compared the new and the old ‘variance time profiles’

according to a ‘disparity index’.
2.5. From disparity index to ‘sharpened STRF’

Using the new ‘mean frequency time profile’, the ‘disparity in-
dex’ between two consecutive ‘variance time profiles’ was again
computed (following Sections 2.4.2 and 2.4.3) until the change in
‘disparity index’ reached a stable level. The STRF was then taken
as the dejittered result (or ‘sharpened STRF’ for simplicity).



Fig. 3. Procedure of dejittering for a FM cell. (A): A segment of the modulating waveform (blue line between arrows) and its time-shifted version (green line) showed in
systematic approximation with the mean (frequency time profile, red line). (B): Distribution of the modulating waveforms around the mean in perspective plot (pink dots
indicate the peak, same location in A and B). (C): Similarity indices of the match with the mean frequency time profile over a range of ±20 ms. The peak (green line) represents
the best match or the ‘optimal shift time’. (D): The distribution of optimal shift times shows a peak riding over a non-zero count profile.
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2.6. Match with peri-stimulus time histogram (PSTH)

Using spike responses of the same cell to the family of FM
ramps, a family of PSTH was generated (Fig. 2B and C). The peak
of PSTH represents the maximal response, and the time spread rep-
resents the response jitter. The PSTH that matched best with the
slope of the ‘FM band’ in the STRF was taken as the ‘matched PSTH’.
Based on the response peak latencies measured from the PSTHs, a
plot of delay times (y-axis) against the periods of FM ramp (x-axis)
was further generated (Fig. 2D). A linear regression of the data
points yielded an equation: y = ax + b, where slope ‘a’ represents
the phase and intercept ‘b’ the central transmission delay (or the
time taken from the stimulus source to reach the spike generator
of the cell). Phase ‘a’ gives the frequency position of the ‘trigger
point’. The position of the ‘trigger point’ also allows comparison
with the ‘sharpened STRF’ produced in the last session (Fig. 1B).
For details of this method see Poon and Yu (2000).
2.7. Grouping spikes based on their dejitter values

The ‘matched PSTH’ was overlaid on the ‘jitter adjustment his-
togram’ (Fig. 4B). Those modulating waveforms with dejitter val-
ues within the peak region of the histogram (i.e., overlapping
with the temporal extent of spike distribution in the ‘matched
PSTH’) are placed in the ‘normal jitter’ group (Fig. 4D). Those out-
liers in the jitter adjustment histogram were placed in the ‘outlying
jitter’ group (Fig. 4E). Stimulus trigger features in the respective
STRFs looked different between the two groups, even before any
sharpening of trigger features (Fig. 4G and H).
2.8. Sharpening trigger features in the dejittered groups

Using data in each group we computed ‘optimal shift time’ of
the modulating waveforms (Sections 2.4.2, 2.4.3 and 2.5 to produce
‘sharpened STRFs’, Fig. 5). Here the normal jitter time window
(±5 ms) was used for dejittering. Only modulating waveforms with
a local optimum inside this time window were used for further
analysis.
3. Results

3.1. Trigger features of the ‘normal jitter’ group

For FM-sensitive cells, about 60% of the spikes belonged to this
group. Their STRF showed close resemblance to the original STRF
(Fig. 4F and G and Fig. 5A–E).
3.2. Trigger features of the ‘outlying jitter’ group

Strikingly different trigger features showed up in the STRFs of
this group (Figs. 4H, and 5C and F). The ‘FM band’ was clearly short-
er in both frequency and time spans. It usually emerged in the
upper frequency range of the ‘normal jitter’ STRFs, resembling a



Fig. 4. Segregation of the peri-spike modulating waveforms of a FM cell into two jitter groups: normal and outlying. (A): Distribution of ‘optimal shift time’ (or jitter
adjustment histogram). (B): Overlaying optimal shift time histogram with the PSTH profile as obtained from FM ramps (see also Fig. 2C). Note their similarity at the peak
region (vertical dashed-lines mark the range of normal jitters). (C): Splitting the optimal shift times into the normal (D) and outlying (E) jitter groups. F–H: STRF for each
group before jitter adjustment. Note the different trigger features in the outlying jitter group (H).
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‘partial trigger feature’. In addition, the slope of its ‘FM band’ could
be the same or different (Table 1).
3.3. Trigger features of noise-replaced ‘outlying jitter’ group

As the sharpening procedure always tries to find a structure,
even, where there is none, what we found for the ‘outlying jitter’
group could be an artifact of the method. To rule out this possibil-
ity, the sharpening procedure was again applied to a collection of
modulating time waveforms (n > 3000) containing a mixture of
(a) 33% of stimuli from the normal peri-spike dataset from a FM
cell and (b) 67% of stimuli selected at random intervals around
the spike (i.e., non time-locked to the spikes). We found that the
triggering feature was markedly different from the original outlier
stimuli (Fig. 6, Table 1). Results ruled out artifacts of the method.

4. Discussion

4.1. Importance of jitter grouping in separating trigger features

For the first time, we were able to reveal different trigger fea-
tures of a given FM cell, by first segregating spikes into different jit-
ter groups. The ‘normal jitter’ group showed ‘full trigger feature’,
whereas the ‘outlying jitter’ group showed a weaker or ‘partial trig-
ger feature’. The triggering nature of the ‘FM bands’ is further sup-
ported by its close proximity in the STRF to the ‘trigger point’
estimated independently using the triangular FM ramps.



Fig. 5. FM trigger features after sharpening, showing two examples (A–C and D–F). Note in each example, the similarity in trigger feature between the ‘all spikes’ (original)
STRF and the ‘normal jitter’ STRF, but the greater difference between the ‘normal jitter’ and ‘outlying jitter’ (B versus C and E versus F). Horizontal lines are added to facilitate
comparison across panels. See Table 1 for a quantitative comparison of the trigger features.

Table 1
Parameters of trigger features extracted from the dejittered STRFs using thresholds
set at 20% below the peak values. Note the similarity between the normal jitter group
and the original, and its difference against the outlying jitter group. Note also the
difference between outlying jitter group and its noise-replaced counterpart.

FM cell Trigger
feature
parameter

All
spikes
(original)

Normal
jitter
group

Outlying
jitter
group

Noise-replaced
outlying jitter
group

U1456US2 FM slope
(Hz/m s)

419 454 419 550

Frequency
span (Hz)

1844 2180 1174 1760

Time span
(m s)

4.4 4.8 2.8 3.2

U15511 FM slope
(Hz/m s)

165 190 178 224

Frequency
span (Hz)

595 684 357 620

Time span
(m s)

3.6 3.6 2.0 2.8
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4.2. Comparison with other dejittering algorithms

Our algorithm of dejittering is similar to those developed by
Aldworth et al. (2005) and by Gollisch (2006), in that we share
the same goal in trying to sharpen trigger features in the receptive
field. However, their algorithms assume a Gaussian distribution of
the spike jitter times, whereas ours does not. In the insect mechan-
ical nervous system, where they applied their dejittering algo-
rithms to extract an AM-like trigger feature, the Gaussian
assumption seemed to work well. But in the rodent auditory mid-
brain, the distribution of jitter appeared skewed than Gaussian
(Fig. 2C). Our approach also revealed weaker trigger features prob-
ably not so evident in the insect nervous system. Each approach
may therefore work best for a particular system. Our experimental
approach of determining receptive field properties of central audi-
tory neurons using a variety of stimuli (e.g., random FM, triangular
FM) allowed additional characterization of the trigger point (see
Figs. 2 and 1B) which could be useful in modeling neural response
to vocalization sounds (Kao et al., 1997).
4.3. Decomposition of trigger features

The discovery an apparent partial trigger feature of the FM cells
is the most interesting finding of this study. This is consistent with
our earlier histological findings on FM-sensitive at the auditory
midbrain, showing that these cells are typically neurons of large
sizes with dendritic fields spanning across adjacent frequency lam-
inae (Poon et al., 1992). One is tempted to speculate that the short-
er segment of the ‘full trigger feature’ is the result of neural
integration of synaptic inputs within a single frequency lamina.
Our sample of neurons exhibited a preferred FM range of around
0.5 octave. This range corresponds to FM-sensitive cells with den-
dritic extent of approximately 150 m corresponding to about two
frequency laminae in thickness (Poon et al., 1992). Additional evi-
dence is required to test this conjecture, particularly with record-
ings from FM-sensitive cells of larger frequency range (e.g., 1.0
instead of 0.5 octave); such neurons presumably would have wider
dendritic fields. Our recent study in the auditory midbrain (Chiu



Fig. 6. (A and D): Two examples of sharpened trigger feature of the noise-replaced ‘outlying jitter’ group (same cells as in Fig. 5). Note the ‘FM band’ is longer in frequency and
time span (see Fig. 5C and F). (B and E): time positions of the outlying jitter group in the noise-replaced datasets (blue line: all spikes including 2/3 noise-replaced signals; red
line: outlying spikes that are used to produce A and D). (C and F): Time positions of the outlying spikes in the original datasets (see Fig. 5C and F).
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and Poon, 2007) also revealed multiple trigger features in some
wide-range STRFs.
4.4. Other non-stimulus related spikes

In some cells, we found small number of spikes that were unre-
lated to the FM trigger features. This is not surprising since central
auditory neurons exhibit spontaneous activity (Bart et al., 2005).
These spikes likely formed a noise floor in the jitter adjustment his-
togram (Fig. 3D). Spikes that occurred as inhibitory rebound might
also complicate feature extraction in the STRF. Our study on noise-
replaced datasets (Fig. 6) showed that such spontaneous activity
(even as high as 67%) did not produce the characteristic partial
trigger feature we had observed.
4.5. Complexity of FM coding mechanisms

Our results on different trigger features are consistent with the
recent reports on the non-linear properties in FM-sensitive neu-
rons at the cortex (Machens et al., 2004; Christianson et al.,
2008; Ahrens et al., 2008). One has to point out that results re-
ported at different neural stations (i.e., midbrain and cortex)
should be compared with caution due to the difference in circuit
properties. One advantage of studying the auditory midbrain as op-
posed to the cortex is that its coding mechanism is likely simpler.
Furthermore for a simple explanation of results, we used a simple
FM stimulus, mono-tone instead of multi-tone. Trigger features
that include the simultaneous presence of two or more tones
would therefore not be revealed by our present method.
5. Conclusion

Using the information derived from spike jitters, we were able
to isolate for the first time different trigger features from STRFs
of FM-sensitive cells. Results strongly suggested that in STRF gen-
eration, the possibility of more than one trigger features should be
considered and the spikes should therefore not be treated indis-
criminately with equal weightings.
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