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Abstract

Neurons in various regions of the brain generate spike bursts. While the number of spikes
within a burst has been shown to carry information, information coding by interspike inter-
vals (ISls) is less well understood. In particular, a burst with k spikes has k-1 intraburst ISls,
and these k-1 ISIs could theoretically encode k-1 independent values. In this study, we
demonstrate that such combinatorial coding occurs for retinal bursts. By recording ganglion
cell spikes from isolated salamander retinae, we found that intraburst I1SIs encode oscillatory
light sequences that are much faster than the light intensity modulation encoded by the num-
ber of spikes. When a burst has three spikes, the two intraburst ISls combinatorially encode
the amplitude and phase of the oscillatory sequence. Analysis of trial-to-trial variability sug-
gested that intraburst ISls are regulated by two independent mechanisms responding to
orthogonal oscillatory components, one of which is common to bursts with a different num-
ber of spikes. Therefore, the retina encodes multiple stimulus features by exploiting all
degrees of freedom of burst spike patterns, i.e., the spike number and multiple intraburst
ISls.
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posed of a few spikes generated within dozens of milliseconds, and individual bursts are
separated by much longer periods of silence (~hundreds of milliseconds). Recent evidence
indicates that the number of spikes in a burst, the interspike intervals (ISIs), and the over-
all duration of a burst, as well as the timing of burst onset, encode information. However,
it remains unknown whether multiple ISIs within a single burst encode multiple input fea-
tures. Here we demonstrate that such combinatorial ISI coding occurs for spike bursts in
the retina. We recorded ganglion cell spikes from isolated salamander retinae stimulated
with computer-generated movies. Visual response analyses indicated that multiple ISIs
within a single burst combinatorially encode the phase and amplitude of oscillatory light
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sequences, which are different from the stimulus feature encoded by the spike number.
The result demonstrates that the retina encodes multiple stimulus features by exploiting
all degrees of freedom of burst spike patterns, i.e., the spike number and multiple intra-
burst ISIs. Because synaptic transmission in the visual system is highly sensitive to ISIs,
the combinatorial ISI coding must have a major impact on visual information processing.

Introduction

Understanding the rules by which neuronal spike patterns encode information is essential for
investigating the complex functioning of the nervous system [1, 2]. Neurons in various brain
areas generate spike bursts, which are characterized by clusters of high-frequency spikes sepa-
rated by longer periods of silence [3-5]. Burst spikes typically occur within the temporal win-
dow of postsynaptic integration (dozens of milliseconds), and thereby induce synaptic
responses with a higher probability than isolated single spikes [6-8]. In this regard, bursts are
believed to represent an important neuronal code [7, 9, 10]. Previous analyses of burst infor-
mation coding have suggested that the number of spikes within a burst [4, 11-19], the onset
timing of a burst [5, 6, 20-22], and the duration of a burst [15, 23] all carry information.

Because a burst has multiple spikes, it has one or more intraburst interspike intervals (ISIs).
In theory, these intraburst ISIs can carry information if, for example, they are modulated by
sensory inputs. Such burst ISI coding should have significant effects on information transfer,
because the efficiency of synaptic transmission is sensitive to ISIs [24]. Consistent with this
idea, recent studies suggest that ISIs within bursts carry information [15, 19, 23, 25]. Although
these studies have shown that the first ISI and average ISI within a burst carry information,
whether multiple ISIs within a single burst carry information in a combinatorial manner has
been unclear. Theoretically, bursts with k spikes have k—1 intraburst ISIs, and these k—1 ISIs
could encode k-1 independent values that represent information. Whether burst ISIs encode
information in such a combinatorial manner is unknown.

In the vertebrate retina, retinal ganglion cells (i.e., the output neurons) generate spike bursts
[3, 4, 26]. While the number of spikes within bursts encodes the amplitude of light intensity
modulation [4], it is unknown whether intraburst ISIs encode information. In this study, using
isolated salamander retinae, we investigated whether intraburst ISIs encode information
regarding visual input. Our results indicate that intraburst ISIs encode oscillatory light inten-
sity sequences that are different from the stimulus feature encoded by the spike number.
When bursts contained three spikes, the two ISIs combinatorially encoded the amplitude and
phase of the oscillatory components. Further analysis of the trial-to-trial variability suggested
that intraburst ISIs are determined by two independent neuronal mechanisms that respond to
two orthogonal oscillatory components. Collectively, our findings demonstrate that multiple
ISIs within a retinal burst combinatorially encode multiple independent stimulus features that
are different from that encoded by the spike number.

Results
Burst spike numbers encode the amplitude of light intensity modulation

We stimulated isolated larval salamander retinae using a spatially uniform visual stimulus with
intensity modulation set at 30 Hz. Ganglion cell action potentials were recorded using a multi-
electrode array. OFF ganglion cells, constituting the majority of the larval salamander retinal
ganglion cells, generated spike bursts (Fig 1). The majority of the spikes [82.0% + 8.7%,
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Fig 1. Retinal ganglion cells generate reproducible bursts. Raster plot of a single salamander OFF ganglion cell.
Short vertical lines represent single spikes and each row shows spikes that occurred during a single repeat of the
stimulation. Spikes of different events are shown in different colors. The gray continuous line shows the normalized
light intensity of the stimulus (the mean and SD are 0 and 1, respectively).

https://doi.org/10.1371/journal.pcbi.1007726.9001

mean + SD (standard deviation), n = 41 cells] were observed in bursts comprised of two or
more spikes, indicating that multi-spike bursts represent the major retinal code.

During repeated presentation of the same stimulus, individual ganglion cells generated
spike bursts at similar time-points across repeats (Fig 1) [3, 4]. This reproducibility enabled
the identification of corresponding bursts across repeats, which we termed “events” (Figs 1
and S1, see Materials and Methods) [3, 4]. Bursts generated in the same event had similar
numbers of spikes in different repeats of the stimulus, while those in different events often had
different numbers of spikes (Fig 1). Accordingly, the number of spikes within bursts carried
information about the stimulus (1.5 + 0.3 bits per burst, mean + SD, n = 41). We next calcu-
lated the burst-triggered averages (BT As), which represent the average stimulus sequence pre-
ceding isolated spikes and bursts with two, three, and four spikes (1-, 2-, 3-, and 4-BTA,
respectively). The BT As were sequences of different amplitudes (Fig 2A). The difference
between 1-BTA and 3-BTA (3-BTA-1-BTA) had ON and OFF peaks around —170 and —40
ms relative to the burst onset (Fig 2B). The peak frequency of the 3-BTA-1-BTA was 4.7 £ 1.8
Hz (mean + SD, n = 41).

To further confirm that the number of spikes systematically encode stimulus sequences
with different amplitudes (Fig 2A), we analyzed the encoding of the stimulus component rep-
resented by the sequence 3-BTA-1-BTA (Fig 2B). For this purpose we projected the stimulus
sequences onto 3-BTA-1-BTA [27]. The projected values were normalized so that they have a
mean = 0 and a SD =1 (s5_y; the dashed line in Fig 2C shows the probability density distribu-
tion P(s3_1)). The s;_; value at the time points of isolated spikes and bursts with 2-4 spikes had
a probability distribution that was different from P(s3_;) P(s3_|1-spike), P(s3_;|2-spike), P(s;
_1|3-spike), and P(s;_,|4-spike); solid lines in Fig 2C). The mean of these distributions was
larger for a larger number of spikes (0.03 + 0.29, 0.75 + 0.32, 1.35 £ 0.35, and 1.66 + 0.36, for
isolated spikes, 2-spike bursts, 3-spike bursts, and 4-spike bursts, respectively, mean + SD,

n = 41; Fig 2C).

Fig 2C compares the projected values sampled at all stimulus time points with those sam-
pled at isolated spikes, 2-spike bursts, 3-spike bursts, and 4-spike bursts. To conduct compari-
son with the projected values sampled at all isolated spikes and bursts, we collected the
projection values at the time points of the first spikes of all bursts and isolated spikes and nor-
malized the collected values (s3_; purst)- The dashed line in Fig 2D shows the probability density
distribution P(s3_; purst)s 1-€., the distribution of s3_ . Sampled all isolated spikes and bursts.
P(s3_1 purst| 1-spike), P(s3_1 purst|2-spike), P(s3_1 purst|3-spike), and P(s3_1 purst|4-spike) were dif-
ferent from P(s3_; purst)> and the mean was larger for a larger number of spikes (-0.69 + 0.25,
0.00 £ 0.22, 0.57 £ 0.27, and 0.87 £ 0.29, respectively, mean + SD, n = 41; Fig 2D). These results
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Fig 2. The spike number within a burst encodes the amplitude of light intensity modulation. (A) 1-, 2-, 3-, and
4-BTA indicate the average of stimulus sequences preceding isolated spikes and 2-, 3-, and 4-spike bursts, respectively.
The average and standard error of the mean (SEM) were calculated across n = 41 cells. (B) Difference between 3-BTA
and 1-BTA, averaged across n = 41 cells. The thin lines indicate the SEM calculated across the cells. (C) Analysis of s3
_1» the stimulus projected onto 3-BTA-1-BTA. The dashed line indicates P(s;_;) averaged across #n = 41 cells. The SEM
calculated across for P(s;_;) cells is not shown because it was very small. The thick lines correspond to P(s;_;|1-spike),
P(s3_|2-spike), P(s3_|3-spike), and P(s;_,|4-spike) averaged across n = 41 cells. The thin lines are the SEM calculated
across the cells. (D) Similar to (C), calculated for s3_ pyrs, Which was normalized for values at all time points of isolated
spikes and bursts.

https://doi.org/10.1371/journal.pchi.1007726.9002

indicate that the number of spikes within a burst encodes the amplitude of ON-to-OFF light
intensity modulation within an interval of ~130 ms and the peak frequency of ~4.7 Hz.

Burst ISIs encode oscillatory light intensity sequences

To investigate whether intraburst ISIs carry information, we first analyzed bursts composed of
two spikes (2-spike bursts). For each ganglion cell, 2-spike bursts in the same event tended to
have similar ISIs, whereas those in different events typically had different ISIs (Fig 3A and 3B).
The mutual information about the stimulus encoded by 2-spike burst ISIs was 2.7 + 0.7 bits
per burst (mean + SD, n = 41). These results suggest that intraburst ISIs convey information
about the stimulus.

Two-spike burst ISIs exhibited little or no correlation with the average number of spikes in
events (Fig 3C and 3D; correlation coefficient = 0.0 + 0.1; mean * SD, n = 41), suggesting that
these ISIs were modulated according to stimulus features that were different from those that
modulated the spike number. To characterize the stimulus features that modulated 2-spike
burst ISIs, we extracted the stimulus sequences preceding 2-spike bursts with different ISIs
(Fig 3E and 3F). The results showed that the stimulus sequences had systematic differences
depending on the ISIs. For each cell, we determined the deviation from the 2-BTA by subtract-
ing the 2-BTA (black in Fig 3F) from the average of sequences preceding the 2-spike bursts
with long ISIs. The deviation from the 2-BTA was an oscillating sequence with two ON and
two OFF peaks (yellow in Fig 3G). The deviation from the 2-BTA for short ISIs was the same
sequence, but with the opposite sign (blue in Fig 3G). The result was similar for the majority of
the neurons, with a peak frequency of 8.2 + 3.1 Hz (mean + SD, n = 19 cells that generated at
least 1500 2-spike bursts; Fig 3H and S2A Fig).
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Fig 3. Intraburst ISIs of 2-spike bursts encode an oscillatory component of the visual input. (A-G) Data from the cell shown in Fig 1. (A) Raster plot. The colored
lines represent 2-spike bursts. The short gray lines are the remaining spikes. The gray continuous line shows the normalized light intensity of the stimulus (the mean and
SD are 0 and 1, respectively). Event IDs are shown. (B and C) Intraburst ISIs of 2-spike bursts (B) and the average and SD of the spike number (C) of the four events
shown in (A). (D) Relationship between 2-spike burst ISIs and the mean spike number. Each dot represents an event with at least one 2-spike burst. The horizontal and
vertical axes represent the mean ISI of 2-spike bursts and the mean spike number, respectively. The correlation was —0.15 for this cell. (E) Stimulus sequences preceding
2-spike bursts with an intraburst ISI of < 6.0 ms (top) and > 16.0 ms (bottom) are aligned with respect to the first spike in the bursts. (F) The thick black line indicates the
average of all stimulus sequences preceding 2-spike bursts (2-BTA). The thick colored lines indicate the average of the stimulus sequences preceding 2-spike bursts with
different intraburst ISIs. The thin lines indicate the SEM values calculated across bursts. (G) The thick yellow and blue lines indicate the deviations from 2-BTA, i.e., the
average of the stimulus sequence preceding 2-spike bursts with the longest and shortest 50% of intraburst ISIs, respectively, from which the 2-BTA was subtracted. The
thin lines indicate SEM values calculated across bursts. (H) Population analysis. The thick lines indicate the deviation from 2-BTA represented by the thick lines in (G)
averaged among 19 cells that generated at least 1500 2-spike bursts. The thin lines represent SEM values calculated among the cells. (I) Analysis of sp;,5spike> the stimulus
projected onto the deviation from the 2-BTA and collected at the time points of all 2-spike bursts and normalized to have a mean = 0 and a SD = 1. The dashed line shows
P(sp2,-spike) averaged across the 19 cells. The thick solid lines are the probability distribution of sp; > spike at 2-spike bursts with short, medium, and long ISIs, P(spz »-spike|
0-10% ISI), P(sDz,z_spike|45—55% ISI), and P(sm)z,spike|90—100% ISI), respectively, averaged across the 19 cells. The thin lines are the SEM calculated across the cells. (J)
Similar to (I), calculated for s3_; 5_gpike> the stimulus projected onto 3-BTA-1-BTA.

https://doi.org/10.1371/journal.pchi.1007726.9003

We projected the stimulus onto the deviation from the 2-BTA [27] and collected the values
at all two-spike bursts, then normalized the values to have a mean = 0 and an SD =1 (sp2>-spike>
dashed line in Fig 31). sp»-spike Values were collected at the time points of 2-spike bursts with
different ranges of ISIs (0-10, 45-55, and 90-100 percentile). The probability density distribu-
tion P(sp2,»-spike|0—10% ISI), P(sp2,>-spike|45—55% ISI), and P(sp; -gpike|90—-100% ISI), were
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shifted from each other according to the ISI range (mean = -0.56 + 0.24, —0.03 + 0.08,
0.66 + 0.23, respectively, mean + SD, n = 19; Fig 3I), suggesting that the ISIs encode informa-
tion regarding the stimulus sequence represented by the deviation from 2-BTA.

We also projected the stimulus onto 3-BTA-1-BTA and normalized the values collected at
the time points of 2-spike bursts (s3_1,5-spike)- $3-1,2-spike Showed little or no dependence on
2-spike burst ISIs (the mean of P(s3_1 >-spike|0—10% IST), P(s3_1 5-spike|45—55% ISI), and
P(53_1,2-spike|90—100% ISI) was 0.29 # 0.20, —0.07 + 0.06, 0.02 + 0.24, respectively, mean + SD,
n = 19; Fig 3]). This result suggests that 2-spike burst ISIs convey little to no information
regarding the stimulus feature encoded by the spike number, which was consistent with the
correlation analysis.

These results indicate that 2-spike burst ISIs encode the visual stimulus differently than the
spike number. The encoded feature is an oscillatory sequence with a peak frequency of ~8.2
Hz and ON-OFF intervals of ~40 ms (Fig 3G and 3H). Thus, two-spike burst ISIs encode an
oscillatory sequence that is much faster than the stimulus feature encoded by the spike
number.

The two ISIs of three-spike bursts encode the phase and amplitude of
oscillatory components

We next investigated 3-spike burst ISIs. The first and second intraburst ISIs (ISI; and ISI,)
tended to be different for different events (Fig 4A and 4B) and carried information about the
stimulus (4.6 * 1.5 bits per burst, mean + SD, n = 41). In addition, the data suggest that IS
and ISI, were modulated differently. For example, in Fig 4A, ISI; was similar between the first
(red) and second (green) events but tended to be different for the third (blue) event. In con-
trast, ISI, was similar between the second (green) and third (blue) events, but different for the
first event. Accordingly, in the two-dimensional plot of ISI; and ISI,, bursts of different events
occupied different locations, and events did not align one-dimensionally, but were located
two-dimensionally (Fig 4B).

The above results suggest that the modulation of ISI; and IS, has two degrees of freedom.
The distribution of ISI; and ISI, had features that complicate further analysis. First, events
with longer ISIs tended to have larger trial-to-trial ISI variability than events with shorter ISIs
(Fig 4C). This inhomogeneous variability suggests that shorter ISIs represent information with
a higher resolution than longer ISIs. Second, although ISI; and ISI, were modulated differ-
ently, they were not completely independent, but were correlated (Fig 4B; correlation coeffi-
cient = 0.16 + 0.14, mean = SD, n = 41).

To correct the two features, we performed a coordinate transformation of the intraburst
ISIs (see Materials and Methods). For the first feature, we calculated the mean and SD of the
ISIs for each event and determined their dependence via linear fitting (Fig 4C). Variables v,
and v, were defined as:

v, = log, (ISI,[ms] — m,[ms]), d = 1,2. (1)

where m; and m; are the intersects shown in Fig 4C. The trial-to-trial variation of v; and v, in
different events was more uniform than that of ISI, and ISI, (Fig 4D and Materials and Meth-
ods). To correct the second feature, v; and v, were linearly transformed as

O —_—
Vg = CigVqt Gy d =1,2

so that the probability distribution of v} and v; fits to the normal distribution with a mean =0
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and a SD = 1, where ¢4 and ¢,; are constants. v; and v, were further linearly scaled as follows:

h\y [P~ 4@ ct 0 P P Vi — v 2)
Uy Py 49 0 d! 9 9 V;_@ 7

where v} is the mean of v, (d = 1,2), (p,,p,) and (q1, ¢) are the unit vectors that are parallel
to the principle axes of the distribution of (vi, v}), and ¢* and d (>0, d>0) are the corre-
sponding variances. #; and u, had an approximately circularly symmetric distribution with
negligible correlation (Fig 4E; correlation coefficient = —0.01 £ 0.13, mean + SD, n = 41). Thus,
u; and u, were approximately independent, with different events occupying a similar amount
of area (Fig 4E).

Using u; and u,, we defined the “burst phase” for each burst (Fig 4E). Stimulus sequences
preceding 3-spike bursts exhibited systematic differences according to the burst phase (Fig
5A). We subtracted the 3-BTA (Fig 5B) from the sequences preceding 3-spike bursts. The
resulting deviations were oscillatory components with two or three ON peaks separated by 70-
80 ms, with OFF peaks among them (Fig 5C-5E). The intervals between these peaks were
almost constant, but their timing relative to the first spike of bursts shifted depending on the
burst phase (Fig 5C-5E). When the burst phase increased from 0° to 360°, the peaks moved
toward the first spikes of bursts (Fig 5C-5E), and the timing of the peaks showed
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Fig 5. 3-Spike burst ISI patterns encode the phase and amplitude of oscillatory components. (A-C) Analysis of the
cell shown in Fig 1. (A) Stimulus sequences preceding 3-spike bursts with different burst phases. Bursts were divided
into 12 groups according to the burst phase (bin size = 30°). Stimulus sequences preceding the bursts in each group
were averaged and are shown in each row. (B) Average stimulus sequence preceding 3-spike bursts (3-BTA). (C)
Deviation from 3-BTA calculated by subtracting the 3-BTA shown in (B) from the preceding sequences shown in (A).
(D-F) Population analyses. (D) Same analysis as in (C), averaged among 19 cells that generated at least 1200 3-spike
bursts. (E) Thick lines indicate data in (D) at the indicated burst phase. Thin lines indicate the SEM values calculated
across the cells. Peaks around —100 ms are indicated. (F) Horizontal axis: (43 4 ug)l/ ? ie., the distance of the point (u;,
u,) from the origin in the u;-u, plane in Fig 4E. Vertical axis: the root mean square of the oscillatory components
between —200 and 25 ms. The error bars indicate SEM values for the 19 cells.

https://doi.org/10.1371/journal.pcbi.1007726.9005

approximately linear dependence on the burst phase (Fig 5C-5E). These results indicate that
the phase of 3-spike bursts encodes the temporal phase of an oscillatory component. In addi-
tion, we found that the distance of the point (u;, u,) from the origin of the u;-u, plane encodes
the amplitude of the oscillatory component (Fig 5F).

We also conducted similar analyses for bursts elicited with natural scene movies (Fig 6).
The average stimulus sequences preceding bursts were slower than those observed for the spa-
tially uniform stimulus (Fig 6B-6D). Nevertheless, 2-spike burst ISIs encoded oscillatory com-
ponents (Fig 6C). Although the stimulus features encoded by 3-spike bursts with burst phases
of 0° and 90° were similar (red and green in Fig 6D), those encoded by bursts of 180" and 270°
(cyan and purple in Fig 6D, respectively) exhibited temporal shifts, similar to that observed for
the spatially uniform stimulus.

In the analyses described above, stimulus sequences preceding bursts were aligned accord-
ing to the first spike in bursts. We investigated whether the results depended on the stimulus
alignment, by aligning the stimulus sequences on the second spike, the third spike, and the
middle of the burst duration (i.e., the middle of the first and third spikes). The results obtained
for the spatially uniform stimulus were similar to that obtained by aligning the sequences
according to the first spike (S3A-S3I Fig and Fig 5). The encoding of the natural scene movie
exhibited stronger dependence on the alignment (S4 Fig). In addition, because Eq 1 cannot
define v; and v, for bursts with ISI; <m, or ISI,<m,, these bursts were removed from the anal-
yses described above. The incorporation of these bursts into the analysis with a small
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Fig 6. ISI analysis of bursts elicited by natural scene stimulation. (A) Responses of a single ganglion cell. (Right)
Raster plots. The colored dots indicate 3-spike bursts. The gray dots represent remaining spikes. (Left) Image frames
acquired at —60 ms relative to the average timing of the first spike in bursts. White ellipses show receptive field centers
determined by reverse correlation and Gaussian fitting. Bar, 1 mm. (B-D) Analyses performed using light intensity at
the receptive field center. (B) Analysis of 2-spike bursts of a single cell. The thick black line indicates the average of all
stimulus sequences preceding 2-spike bursts (2-BTA). The thick colored lines indicate the average of stimulus
sequences preceding 2-spike bursts with different intraburst ISIs. The thin lines indicate SEM values calculated across
bursts. (C) Population analysis of the deviation from 2-BTA. For each cell, the deviation from 2-BTA was calculated by
subtracting 2-BTA from the average stimulus sequence preceding 2-spike bursts with the longest and shortest 50% of
intraburst ISIs. The thick lines indicate the deviation from 2-BTA averaged across the 13 cells that generated more than
800 2-spike bursts (yellow, longest ISIs; blue, shortest ISIs). The thin lines indicate the SEM values calculated across the
cells. (D) Deviation from 3-BTA. For each cell, the deviation from 3-BTA was calculated by subtracting 3-BTA from
the average stimulus sequence preceding 3-spike bursts with the burst phase within a specific range. The thick lines
indicate the deviation from 3-BTA averaged across the 8 cells that generated more than 1000 3-spike bursts. The thin
lines show SEM values calculated across the cells. The arrows indicate the first peak before the first spike in bursts.

https://doi.org/10.1371/journal.pcbi.1007726.9006

modification of the method had little or no effect on the results (S3M-S30 Fig), suggesting
that the encoding by bursts with very short ISIs is similar to that described above.

Linear reconstruction fails to decode the burst pattern

We investigated whether 3-spike burst patterns encode stimulus sequences in a manner that
can be decoded using the simple decoding algorithm, i.e., linear reconstruction. For this pur-
pose, we calculated the spike-triggered averages (STAs) for spikes in 3-spike bursts. Linear
reconstruction was performed by aligning three of the identical STAs on the three spikes of a
burst and calculating the sum (Fig 7A and Materials and Methods). This reconstruction was
carried out for all 3-spike bursts, and the 3-BTA and the deviation from the 3-BTA were calcu-
lated using the reconstructed stimuli. The reconstructed sequences were almost the same for
all the burst phases (compare Figs 5A and 7B), and the deviation from the 3-BTA was much
smaller than that of the actual data (compare Figs 5E and 7C). To quantify the amplitude of
the deviation, the root mean square of the deviation from the 3-BTA was calculated for the
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Fig 7. Linear reconstruction of the stimulus using 3-spike bursts patterns. (A) Short vertical lines represent spikes
in an example burst where ISI; = 7 ms and ISI, = 10 ms. The three thin black lines indicate ST As calculated for 3-spike
bursts of the cell used in (Fig 5A-5C) and aligned on the three spikes. The STAs were summed to calculate the
reconstructed stimulus (thick gray line). (B) Analysis similar to (Fig 5A) conducted for stimuli reconstructed as in (A)
using the same bursts used in (Fig 5A). Color-coding is the same as in (Fig 5A). (C) Population analysis similar to (Fig
5E), conducted for the reconstructed stimuli.

https://doi.org/10.1371/journal.pcbi.1007726.9007

period between —200 and +25 ms and averaged for all burst phases. The values were signifi-
cantly larger for the actual stimuli than for the reconstructed stimuli (0.107 + 0.061 for the
actual stimuli and 0.003 + 0.002 for the reconstructed stimuli, mean + SD, n = 19 cells that gen-
erated at least 1200 3-spike bursts, P = 1.5 x 10~7, two-tailed Mann-Whitney-Wilcoxon test).
Thus, stimulus sequences encoded by the burst pattern cannot be decoded by the simple linear
reconstruction.

Two independent components of the burst patterns

The oscillatory component encoded by 2-spike burst ISIs had peak-to-peak intervals that are
similar to those of the components encoded by 3-spike bursts (~80 ms; compare Figs 3H and
5E), suggesting that 2- and 3-spike burst ISIs are modulated by related stimulus features. To
further characterize this similarity, we analyzed events in which both 2- and 3-spike bursts
were generated (e.g., Fig 4A, the second top panel). For each of these events we calculated the
average values of u; and u, for 3-spikes bursts and the average value of the 2-spike burst ISIs
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trial variations of #; and u, in each event. Each dot represents a 3-spike burst. u, and u, represent the average u; and u, in each
event. Dots with the same color are bursts in the same event. The yellow and green lines indicate the orientation of the principle
components with the smaller and larger variances, respectively. The lengths represent the SD along the axes (compare with Fig 4E).
(D) Population analyses for n = 41 cells. Each dot represents a cell. (Magenta) The direction of the steepest gradient of 2-spike burst
ISIs, determined as in (B). (Yellow and green) Principle axes of the trial-to-trial variations of #; and u,, determined as in (C). The
yellow color shows the axis with the smaller variance. Straight and curved lines indicate the circular average and SD, respectively. (E)
Distribution of u; and u,. Each dot represents a 3-spike burst. Dots with the same color are bursts in the same event. The yellow and
green lines are the principle axes shown in (C). 6 represents the angle between the u; axis and the principle axis with the smaller
variance (yellow line). The approximately independent components w; and w, are shown (compare with Fig 4E). (F) Stimulus
sequences encoded by the independent components w; and w,. For each cell, the deviation from 3-BTA were calculated by
subtracting 3-BTA from the average stimulus sequence preceding 3-spike bursts with the burst phase within the range centered by 6
(for wy) and 6 + 90° (for w,). The thick lines indicate the deviation from 3-BTA averaged across 19 cells that generated at least 1200
3-spike bursts (yellow: wy; green: w,). The thin lines show SEM values calculated across the cells. (G) The axes and circle in (E) are
plotted on the ISI;-ISI, plane. (H) The stimulus was projected onto the stimulus feature encoded by w. 5,1 3.spike Was defined by
collecting the values at the time points of all 3-spike bursts and normalizing them to have a mean = 0 and a SD = 1. The dashed line
shows P(s,1,3-spike) averaged for the 19 cells. The thin lines indicate the SEM calculated across the cells. The colored thick lines are
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the probability distribution of s,,; 3_spike at the time points of 3-spike bursts with a small, medium, and large wy, i.e., P(5,y1,3-spike|
W1<=2), P(Sy13-spike|~0.5<w1<0.5), and P(s,,13-spike|2<w1), respectively, averaged among the 19 cells. The thin lines show the SEM
calculated across the cells. (I) Similar to (H), showing P(s,,,3-spike)> P(S2,3-spike|W1<=2)> P(S2,3-spike| ~0.5<w1<0.5), and P(s,,5 5 spike|
Zgwl) (]) Similar to (H)’ ShOWil'lg P(Sw1,3—spike)’ P(Sw1,3—spike|wz<_2)> P(Swl,3—spike|_045§W2<0~5)) and P(Swl,S—spike|2§W2)~ (K) Similar
to (H), showing P(s,25-spike)s P(Sw2,5-spike| W2<=2)s P(Sy2,5-spike| ~0.5<w2<0.5), and P(s,,5,3.spike|2<W2). ~1.5% of bursts are out of the
range of the plot in (C), (E), and (G).

https://doi.org/10.1371/journal.pchi.1007726.g008

(Fig 8A). Plotting the data on the u;—u, plane showed that 2-spike burst ISIs differ systemati-
cally depending on the position of the events along the direction of ~30° (Fig 8B, arrow). The
direction of the steepest gradient of 2-spike burst ISIs on the u;—u, plane was 32.3° + 15.6°
(circular mean + circular SD, n = 41; Fig 8D, magenta). This dependence suggests that 2-spike
burst ISIs are modulated by an oscillatory component that modulates 3-spike burst patterns in
the orientation of ~32.3° on the u;—u, plane.

The above result raises the hypothesis that the retinal mechanism that modulates 2-spike ISIs
also modulates 3-spike burst patterns in the orientation of ~32.3° on the u;—u, plane. Since 1,
and u, are suggested to have two degrees of freedom, one possibility is that another independent
mechanism modulates 3-spike burst patterns in the orthogonal orientation, i.e., ~122.3°, on the
u1—u, plane. If such two independent mechanisms were present, modulation of u; and u, in the
two orthogonal orientations would have independent trial-to-trial variations, and we tested this
prediction. Although u; and u, had an approximately circularly symmetric distribution (Fig 4E),
their trial-to-trial variations within each event had an asymmetric distribution (Fig 8C). The prin-
cipal component analysis of this distribution indicated that the principal axes corresponding to
the smaller and larger variances were in the orientations of 0 = 28.6°+ 7.7° and 8 + 90° = 118.6°+
7.7° (circular mean * circular SD, n = 41; yellow and green, respectively, in Fig 8C and 8D). This
analysis indicates that modulations of u; and u, in these two orientations have approximately
independent trial-to-trial variation. Because these axes (~28.6° and ~118.6°, yellow and green,
respectively, in Fig 8D) are close to those proposed for the hypothesis (~32.3° and ~122.3°, the
former is shown in magenta in Fig 8D), the results are in accordance with the presence of two
independent mechanisms, one of which (~30°) is common to 2- and 3-spike bursts.

We defined new variables, i.e., w; = u; cos 6+u, sin 8 and w, = u; cos(6+90°)+u, sin(0
+90°), which represent the approximately independent components (Fig 8E). The stimulus
features encoded by these components (Fig 8F, and S2B and S2C Fig) were determined by cal-
culating the deviation from 3-BTA for the phases 0 and 6+90°, similarly to Fig 5E. The two
encoded features were oscillatory sequences with a peak frequency of 9.4 + 3.3 Hz for 6 and
6.9 + 4.8 Hz for 0+90° (mean + SD, n = 19 cells that generated at least 1200 3-spike bursts).
The two sequences are approximately orthogonal to each other, i.e., components with ~1/
4-cycle difference in phase (Fig 8F). As expected, the oscillatory component encoded by w;
was similar to that encoded by 2-spike burst ISIs (compare Fig 8F, yellow with Fig 3H, yellow).
The waveform of the sequences exhibited little to no dependence on whether the stimulus
sequences was aligned on the first spike, the second spike, the third spikes, or the middle of the
burst duration (Fig 8F and S3]-S3L Fig).

We projected the stimulus onto the stimulus features encoded by the two independent
components w; and w, [27], and collected the values at the time points of all 3-spike bursts
and normalized the values so that they have a mean = 0 and a SD = 0 (sy1,3-spike aNd Sw2,3-spike>
dashed lines in Fig 8H-8K). We collected s, 3.pike Values at 3-spike bursts with w; <2,
—0.5<w;<0.5, and 2<w;. The result shows that s, 3_spike depended on the w; value of 3-spike
bursts (the mean of P(sy1,3-spike| W1<=2); P(Sw1,3-spike|~0.5<w1<0.5), and P(sy13-spike|2<w1)
was —0.88 + 0.41, —0.04 + 0.06, and 1.30 + 0.38, respectively, mean + SD, n = 19; Fig 8H).
Moreover, the projection onto the stimulus feature encoded by w, exhibited a similar

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007726  November 6, 2020 12/30


https://doi.org/10.1371/journal.pcbi.1007726.g008
https://doi.org/10.1371/journal.pcbi.1007726

PLOS COMPUTATIONAL BIOLOGY Burst interspike interval coding in the retina

dependence on the w, value of bursts (the mean of P(s,5,3-spike| W2<=2); P(Sw2,3-spike| =05
<w,<0.5), and P(sy23-spike|2<W2) was —0.38 £ 0.21, 0.02 + 0.05, and 0.31 + 0.38, respectively,
mean + SD, n = 19; Fig 8K). These results confirm that w; and w, encode the information
regarding the oscillatory stimuluses features.

In contrast, the projection onto the stimulus feature encoded by w, showed little or no
dependence on the w; value (the mean of P(sy» 3-spike|W1<—2), P(Sw2,3-spike|~0.5<w;<0.5), and
P(8y2,3-spike|2<w1) was —0.11 + 0.35, 0.02 + 0.06, and 0.04 + 0.61, respectively, mean + SD,

n = 19; Fig 81), and vice versa (the mean of P(s,1,3-spike| W2<=2); P(Sy1,3-spike| ~0-5<w,<0.5), and
P(sy1,3-spike| 2<w>) was 0.28 + 0.44, —0.07 + 0.09, 0.18 + 0.40, respectively, mean + SD, 1 = 19;
Fig 8]). These results suggest that w; and w, encode two largely independent stimulus features.

w; and w, corresponded to the components with smaller and larger trial-to-trial variation (Fig
8C and 8E). Given that the total distribution of #; and u, and, thus, that of w; and w, was circu-
larly symmetric, w; was more informative than w,. Consistently, the shift in the probability density
distribution of the projection values was larger for w; than it was for w, (compare Fig 8H and 8K).

The two approximately independent components w; than w, encode oscillatory compo-
nents that are approximately orthogonal to each other, i.e., oscillatory components with ~1/4
cycles difference in phase (Fig 8F). This result suggests that the two orthogonal oscillatory
stimulus components modulate 3-spike burst patterns in the orthogonal orientations on the
u;—u, plane. This model is consistent with the above result that 3-spike burst patterns encode
the amplitude and phase of an oscillatory component, since an oscillatory sequence with an
arbitrary amplitude and phase can be approximated by a sum of two orthogonal oscillatory
components with fixed phases and the same frequency.

Discussion

Our results reveal that intraburst ISIs of retinal bursts encode oscillatory light intensity
sequences that are much faster than the sequence encoded by the spike number; The spike
number encodes a stimulus feature of ~4.7 Hz, while intraburst ISIs encode oscillatory
sequences of ~6.9-9.4 Hz. When a burst has three spikes, the two intraburst ISIs combinatori-
ally encode the amplitude and phase of the oscillatory component. These results therefore sug-
gest that a k-spike burst (k = 2, 3) encodes k different stimulus features by exploiting all the k
degrees of freedom, i.e., the spike number and k-1 ISIs. This simultaneous representation of
multiple stimulus features enables multiplexed information coding, a mechanism that greatly
increases the information transmission capacity [19, 28, 29].

Mechanisms of the combinatorial ISI coding

Fig 9 shows a coding model that is consistent with our findings. The amplitude of slow light
intensity modulation determines the spike number within a burst. Intraburst ISIs are regulated
by two independent mechanisms that are driven by orthogonal fast oscillatory stimulus com-
ponents, as suggested by the comparison between 2- and 3-spike bursts and the analysis of
trial-to-trial variation. When a burst contains two spikes, the ISI is regulated by one of the two
mechanisms, and thus 2-spike burst ISIs encode the amplitude of an oscillatory component of
a fixed phase. When a burst has three spikes, the two mechanisms combinatorially determine
the two ISIs. Because the two mechanisms are driven by the two orthogonal oscillatory compo-
nents, the two ISIs of 3-spike bursts carry information about both the amplitude and phase of
the oscillatory component. Modulation of the 3-spike ISI pattern by the common component
is similar to modulation of the burst duration, i.e, ISI; + ISI, (see yellow in Fig 8G).

The two proposed mechanisms modulating intraburst ISIs exhibit approximately indepen-
dent trial-to-trial variation, raising the possibility that the two mechanisms rely on two largely
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non-overlapping synaptic pathways. Such circuits, if present, may have different temporal
properties, considering that the two mechanisms respond to two different temporal sequences.
In the vertebrate retinae, bipolar cells have ~10 subtypes [30-33], and different subtypes have
distinct physiological properties [33-35] and varying temporal response characteristics [36-
38]. In addition, the inhibitory effect of amacrine cells on bipolar cells generates further varia-
tion of temporal properties [39]. Therefore, specific subsets of bipolar and amacrine cells may
constitute largely non-overlapping synaptic pathways underling the combinatorial coding.

Generality of the combinatorial ISI coding

Bursts with > 4 spikes were relatively rare in our experiment, which hampered the detailed
analysis of those bursts. However, the amount of information about the stimulus encoded by
the first and second ISIs in 4-spike bursts (4.6 + 1.4 bits per burst, mean + SD, n = 41) was sim-
ilar to that observed for 3-spike bursts, suggesting that the ISIs of bursts with a large number of
spikes also encode the stimulus. Further studies should clarify whether the combinatorial ISI
coding occurs also for burst with four or more spikes.

Bursts elicited by the natural scene movie exhibited a combinatorial ISI coding that was simi-
lar to that observed for bursts elicited by the spatially uniform stimulus. The temporal features
encoded by burst ISI patterns were slower than that observed for the spatially uniform stimulus.
This difference might be a result of the slow temporal correlation of the natural scene movie
(the temporal constant 7,,, was 33 ms for the spatially uniform stimulus and 88 ms for the natu-
ral scene movie). The slow temporal correlation of the natural scene movie might also underlie
the longer burst duration (3-spike burst duration: 14.4 + 4.7 ms for the spatially uniform stimu-
lus, n = 41; and 29.0 + 9.8 ms for the natural scene movie, n = 16; mean * SD).

When we aligned the stimulus sequences on the first spike, second spike, third spike, and
middle of the burst duration of 3-spike bursts, the results were similar for the spatially uniform
stimulus (S3 Fig). In contrast, the analysis of bursts elicited by the natural scene movie showed
a greater dependence on the alignment (S4 Fig), presumably because of the longer burst dura-
tion. Because the alignment on the first spike in burst resulted in a similar phase dependence
for both the spatially uniform stimulus and the natural scene movie (Figs 5 and 6), the brain
may interpret the stimulus using the first spike as the temporal reference.

Although the present study investigated the coding of the temporal patterns of visual sti-
muli, retinal ISIs also depend on the spatial patterns [40]. Therefore, it is possible that burst
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ISIs encode spatial information as well as temporal information, and that spatial information
coding underlies the differences between the ISI coding of the spatially uniform stimulus and
that of the natural scene movie.

Information transmission to the brain

It is currently unclear to what extent the burst ISI information analyzed in this study is transmit-
ted to the brain. However, in many brain regions, neuronal responses are sensitive to the milli-
second-scale temporal structure of synaptic inputs [24]. For example, in synaptic transmission
from the retina to the lateral geniculate nucleus (LGN), retinal spikes with ISIs of a few millisec-
onds are much more effective in eliciting LGN spikes than those with ISIs of > ~20 ms [41-47].
Consistently, LGN burst ISIs are sensitive to the millisecond-scale structure of current input
[19]. Similar to synaptic connections from the retina to the LGN, those from the LGN to cortical
neurons are more responsive to spikes with short ISIs than those with long ISIs [48]. Such
dependence of neuronal responses on input ISIs suggests that bursts with different ISIs have dif-
ferent transmission efficiency. In addition, the dependence on ISIs varies among individual syn-
aptic connections [46-48]. This variation suggests that individual synapses have different
preference for bursts with different ISIs and thus may function as a system to decode the infor-
mation conveyed by burst ISIs [24], which cannot be decoded by a simple linear algorithm.

Conclusions

The present results suggest that the retina employs mechanisms to regulate multiple compo-
nents of intraburst ISIs, and thereby encodes multiple stimulus features by exploiting all
degrees of freedom of burst spike patterns, i.e., the spike number and multiple intraburst ISIs.
This burst coding is likely to affect visual information transmission, as synaptic transmission is
sensitive to ISIs. Because bursts occur in various regions of the brain, analyses similar to the
present study may reveal previously overlooked information transmission in those regions.

Materials and methods
Ethics statement

All experiments were approved by the RIKEN Wako animal experiments committee (H16-
2B023) and were performed according to the guidelines of the animal facilities of the RIKEN
Center for Brain Science.

Animals

Larval tiger salamanders were provided by Charles D. Sullivan Co. Inc., Nashville, Tennessee, USA.

Recording and stimulation

Retinal recording was performed as described previously [49]. Dark-adapted retinae from lar-
val male and female tiger salamanders were isolated in oxygenated Ringer’s medium at 25°C.
A piece of the retina (2-4 mm in width) was mounted on a flat array of 61 microelectrodes
(MED-P2HO07A, Alpha MED Scientific Inc., Ibaraki, Osaka, Japan) and perfused with oxygen-
ated Ringer’s solution (2 mL/min; 25°C). Spatially uniform white light (intensity refreshment
at 30 Hz; mean and SD of the intensity were 4.0 and 1.4 mW/m?, respectively) was projected
through an objective lens using a CRT monitor (60-Hz refresh rate; E551, Dell Inc., Round
Rock, Texas, USA) controlled by the Matlab Psychophysics Toolbox [50, 51] or a light-emit-
ting diode (E1L53-AWOC2-01 5-B5, Toyoda Gosei, Japan). The light intensity sequence was a
random Gaussian sequence (65.5-183.3 s). The same sequence was repeated typically more
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than 20 times. For the natural scene stimulation, 200 s of a movie [52] was projected at 30 Hz
using the CRT monitor (64 x 64 pixels, 60.6 um/pixel; the mean intensity was 4.0 mW/m?).
The temporal constant 7y, i.e., the half-width at half maximum of the autocorrelation of the
spatially uniform stimulus and the natural scene movie was 33.3 ms and 87.8 ms, respectively.
Amplified voltage signals from the electrodes were stored and action potentials of single units
were isolated using a Matlab program (a gift from Dr. Stephan A. Baccus). Analyses were per-
formed using stable cells with mean firing rates >1.7 Hz.

Identification of bursts and events

Histograms of the ISIs were generated for each ganglion cell (S1A Fig). The histograms often
had two distinct peaks representing shorter and longer ISIs, corresponding to intra- and inter-
burst ISIs, respectively [3-5]. The threshold interval Ty, s, Was set at the trough between the
two peaks in the IST histogram (S1A Fig). Tynresh Was 38.6 = 20.0 ms (mean + SD) for 41 cells
stimulated with the spatially uniform stimulation, and 87.7 + 18.5 ms (mean * SD) for the 16
cells stimulated with the natural scene movie. If two consecutive spikes occurred with an inter-
val shorter than Ty, ,esh, they were incorporated into the same burst, while they were separated
into two consecutive bursts if the interval was longer than T, eq, (S1B Fig). The robustness of
this method was examined as follows. Bursts were defined using various threshold intervals of
~10 ms to ~100 ms, and the rates of the isolated spikes and bursts with 2-7 spikes were mea-
sured (S1C Fig). r_y, 1o, and 1, (Hz) denote the rates of the 2-spike bursts defined by the
threshold intervals Tiresh—10 mS, Tihresh, and Tipresnt10 ms, respectively. The maximum rate
change, max(|r_jo—7o||r+10—"0|)/70, was 0.021 + 0.020 (mean + SD, n = 41) for the cells stimu-
lated with the spatially uniform stimulation, and 0.022 + 0.014 (mean + SD, n = 16) for the
cells stimulated with the natural scene movie. These small values indicate the robustness of the
method. The median intraburst ISIs of the 2-spike bursts and the median of the duration (ISI;
+ ISI,) of the 3-spike bursts were 8.1 + 2.8 and 14.4 + 4.7 ms (mean + SD, n = 41), respectively,
for the cells stimulated with the spatially uniform stimulus, and 15.4 + 5.6 and 29.0 + 9.8 ms
(mean + SD, n = 16), respectively, for the cells stimulated with the natural scene movie.

Events were determined as follows. The first spikes of bursts were determined in all stimu-
lus repeats (black lines in S1D Fig, top). Let the timing of the first spikes in h-th repeat be

("6 19 .., where 1<h<N Rep and Npep, is the number of repeats; and 0 < téh) < T forall
h and the burst number g, where T is the length of one repeat of the stimulus. The first spikes
of all stimulus repeats are:

(tgl)v él)v t:(il)a o )

2 2 2
(t$)7t£)7t§)7"')

h h h
(t§)7t£)at‘§)7"')

Nrey Nrej Nrej
(t§ 9)7 té p)’ té p), . )
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A new time sequence, the merged train of first spikes, was constructed by collecting and
sorting all of the first spikes in the above sequences (S1D Fig, middle):

(1}97 ti” . t<NreP) e t§h>7 cee tgh)’ e téN'eP>7 tgl) t(2> e t<2) . t(NreP) tﬁh) R t(l) .. )
Note that the exact order depended on the data. The intervals between these first spikes in the
merged train were determined and their histogram was generated (S1E Fig). The histogram
had two peaks, suggesting that the first spikes, when merged across stimulus repeats, tend to
form discrete clusters (S1D Fig, middle). Because this clustering indicates that bursts tended to
occur with a similar timing across different repeats of the stimulus, each cluster defined an
event. Because Ty, .sn, Was located at the trough of the two peaks of the histogram (S1D Fig), it
was used to determine clusters (and thus events); if the two first spikes in the merged train
were closer than Ty, they were incorporated into the same event; otherwise, they were
assigned into two consecutive events (S1D Fig, middle and bottom). In rare cases, bursts
occurred with a large timing jitter in different repeats, and two consecutive bursts in one
repeat were incorporated into one event (S1F Fig). In this case, the two consecutive bursts in
the same event were treated as a single burst, which had an exceptionally long intraburst IST >
Tihresh- However, these exceptional bursts represented only 2.7% + 2.7% of all bursts in the
cells that were stimulated with the spatially uniform stimulation (mean + SD, n = 41), and
3.5% + 1.1% for the cells that were stimulated with the natural scene movie (mean + SD,

n = 16). These small fractions indicate that the exceptional cases were rare and that the event
identification mostly assigned at most one burst per repeat into one event.

Experimental design and statistical analyses

The number of analyzed cells and retinas was as follows; n = 41 cells in 15 retinas for the spa-
tially uniform stimulation, and n = 16 cells in 4 retinas for the natural scene stimulation. Gan-
glion cells that generated only a small number of 2- or 3-spike bursts were removed from the
analyses of 2- or 3-spike bursts, respectively (see legends of Figs 3H-3], 5D, 6C, 6D, 8F, 8H-
8K, and S2, S3, and 54 Figs).

Mutual information. The mutual information about the stimulus encoded by the spike
number was obtained as follows [1]. Let T be the length of one repeat of the stimulus. Before
receiving spikes, all stimulus time points 0<t<T were equally probable for the receiver; thus,
the prior probability distribution of the stimulus was P(t) = 1, and the prior entropy of the

T
stimulus was S[P(t)] = [, +

of k-spike bursts in response to the repeated stimulation. The rates were determined using the
first spikes in bursts, and 1-spike bursts represent isolated spikes. By denoting the average

tlog, zdt = log, T, where S[-] denotes entropy. Let r,(t) be the rate

=1 fU r,(t)dt, the conditional probability distribution of the stimulus after receiving a k-
splke bursts was P(t|k-spike) = ';Lk—;) Thus, the information about the stimulus encoded per

burst after the discrimination of spike numbers was:

Iburst‘number = ZP k Splke (t|k Splke)]

. n(t) r(t)
=log T — E P(k-spik £ Jog, X2 gy
0g2 - ( Spl e) /0 ﬁT Ogl ﬁT

where P(k-spike) is the probability that a burst has k spikes. The rate of all bursts was g
(t) = Zyri(t), and its average was 7, = >, 7. The conditional probability distribution of the

stimulus after receiving a burst was P(¢|burst) = 'b—‘ . Thus, the information about the
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stimulus encoded per burst when spike numbers were not discriminated was:

T
t
Fa = SIPC0)] = S{PUfburs)] = log, T — [ el sl g
0 rburst T T

burst

The information about the stimulus encoded by the spike number in bursts was the differ-
ence between the two types of information:

I

number Iburst,number

— 1

burst

P(t[burst)] ZP (k-spike)S[P(t|k-spike)].

This notation indicates that I,,mpe, indicates how far the stimulus entropy can be reduced
by knowing the spike number after receiving a burst.

To calculate the information encoded by 2-spike burst ISIs, ISIs were divided into temporal
bins with a width of At. Similar to above, two information values were defined:

L s (A) = S[P(£)] = > P(IAt < TSI < (I 4 1)At)S[P(t|2-spike, IAt < ISI < (I + 1)At)]

1=0

and

I

2-spike

= S[P(t)] — S[P(t|2-spike)],

where P(IAt<ISI<(l+1)At) is the probability that a 2-spike burst has an ISI within the range
IAt<ISI<(I+1)At,and [ =0, 1, 2, - - -. The difference of these two values,

ISI(At) z spike, ISI(At) - I2-spike

= S[P(t|2-spike)] — ZP(lAt < ISI < (14 1)At)S[P(t]2-spike, IAt < ISI < (I+ 1)At)]

=0

represents the information encoded by 2-spike burst ISIs with a resolution of At. The actual
information about the stimulus encoded by the ISI of 2-spike bursts is the limit

I, = lim,, I, (At). To estimate this limit, I;5;(Af) was calculated using various At values.
Because I151(At) showed a linear dependence on At in the range of At = 1.5-4 ms, I1g;(At) values
were linearly fitted within this range, and the limit At—0 was estimated using the fit. The
information encoded by 3-spike ISIs was similarly calculated by dividing ISI; and ISI, into
bins and estimating the limit.

Burst-triggered average (BTA). For each cell, the 1-BTA (Fig 2A) was calculated as fol-
lows. Let t1, t,, - - -, tyy be the time of isolated spikes of the k-th cell, where N is the number of
isolated spikes recorded from the cell. Let St(t) be the light intensity at time ¢ (mean = 0,

SD =1). 1-BTA for the k-th cell, 1-BTA4(7)(-300 ms<7<0 ms), was determined by

1-BTA, (1) .7?16*{ Z Stt—|—r}

where F; is a smoothing filter that is defined by

1 +8 ms
Fis*xg(1) = 16 ms 8msg(r+t)dt (3)
and performs temporal averaging over 16 ms to remove high-frequency noise. 2-BTA(7),
3-BTAx(7), and 4-BTA(7) were similarly calculated using the time of the first spikes of 2-, 3-,
and 4-spike bursts.
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Let N5 be the number of cells. The average 1-BT A was:

N,

cells
D 1-BTA(v).

cells k=1

1_BTA3V€ (T) =

The SEM among cells was:

1
N,

cells

1 2
N N—Z {1-BTA, (1) — 1—BTAM(7:)}21 .
cells cells k=1

1
1-BTA (1) = —

The average and SEM were similarly calculated for 2-, 3-, and 4-spike bursts and are shown
in Fig 2A.
In Fig 2B, the average 3-BTA—1-BTA was 3-BTA,y.(7)-1-BTA,(7). The SEM was:

—7%i:k#L—§%{C5BTAJT)]»BTAKTDC‘BTAWJT)]»BTAwJﬂ)f]-

cells k=1

Projection onto 3-BTA—-1-BTA. The projections shown in Fig 2C and 2D were analyzed
as follows [27]. Let St(t) be the light intensity at time ¢ (mean = 0 and SD = 1) and 1-BTA(7)
and 3-BTAi(7) be the 1-BTA and 3-BTA of the k-th cell. The raw projection values onto
3-BTA-1-BTA were:

1 0 ms
. = -BTA — 1-BTA .
) =g [ S+ BETA) (1))

The values were normalized as follows:
Sy 4(t) = {Sz—lﬁk(t) —av}/sd

where av and sd are the average and standard deviation of s;_, , (¢). The probability density dis-
tribution P(s;_; &) was calculated for all cells (k =1, 2, - - -, Neens, Where Ny is the number of
cells). The mean:

N,

cells

P(s; ) = N—ZP(S?”M)

cells k=1

and SEM:

1

N, 2

cells

1 1 |
N m; {P(s5_14) — P(sy )}

were calculated, and the mean P(s3_,) is presented as a dashed line in Fig 2C. The SEM was not
shown in Fig 2C because it was very small. Let £, £" - - | t,(\,ll) be the time of isolated spikes of
the k-th cell, where Nj is the number of isolated spikes recorded from the cell. The projected
values at the isolated spikes, i.e., s, | (f\"), sg_lrk(tél)), e 753—1,k(t1<\}|))’ were collected and their
probability density distribution P(s;_; x| 1-spike) was calculated. P(s;_; 4|1-spike) was deter-
mined for all cell k (k = 1- - -N), and the average P(s;_;|1-spike) is shown as the thickest line
in Fig 2C. The SEM is also shown. Similar analyses were performed for 2-spike, 3-spike, and
4-spike P(s3_1|2-spike), P(s3_1|3-spike), and P(s;_,|4-spike) in Fig 2C).
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Forcell k, let f,,1,,- -+ .ty bethe time of isolated spikes and the first spikes of bursts,

where Ny, is the number of isolated spikes and bursts recorded from the cell. The average
and standard deviation of s;_, ,(¢) values at the isolated spikes and bursts,

1
— _1 Noutst # _ 1 Noutst * 2|2
aVburst - Nourst Zi:l 53—1‘k(ti)’ and Sdburst - |:Nbum Zizl {SS—I,k(ti) - aVburst} > Were deter-

mined. s;_, (¢) value at the isolated spikes and bursts was normalized to define

SS—l.burst.k(i) = {5;171((@) — AV} /3 (0= 1,2, Ny P(S(?fl.burst?k)’ the probability
density of s3_1 purstx(i), was calculated for all cell k (k = 1- - -Ni.i5), and the average P(s3_1 purst)
is shown as a dashed line in Fig 2D. The SEM is also shown. For cell k, s3_1 purst k(i) values

at the time of isolated spikes were collected (note that s3_; purs£(7) is defined for all isolated
spikes and bursts), and the probability density distribution P(s3_; purst.x|1-spike) was defined.
P(s3_1 purst.k|1-spike) was calculated for all cell k and the average P(s3_1 purst|1-spike) is shown
as the thickest line in Fig 2D. The SEM is also shown. P(s3_1 purst|2-spike), P(s3_1 purst|3-spike),
and P(s3_1 purst|4-spike), were similarly calculated and shown in Fig 2D.

Correlation between the spike number and the intraburst ISIs. The correlations
between the spike number and the intraburst ISIs of the bursts were investigated using data
from ganglion cells that were stimulated with the spatially uniform stimulation, as follows. For
each event j in which at least one 2-spike burst occurred, the average number of spikes (n")
and the average intraburst ISIs of the 2-spike bursts (m%) were determined. Fig 3D shows the
2 ? and m" was then calculated

distribution of (m", n) for one cell. The correlation between n

across events, as follows:

> {(n —m)(m? —m)}

C — NEyent2

Vi S0 =) [ 5 () )"

Event2

where Ngyen, denotes the number of events in which at least one 2-spike burst occurred, the
sum X;(-) is calculated for these events, and # and 7 denote the average of n¥ and m? among
those events, respectively.

Deviation from 2-BTA. The deviation from 2-BTA was calculated for each cell as follows.
The 2-BTA of the k-th cell (2-BTA,(7)) was calculated as described above. Let N, be the num-
ber of 2-spike bursts recorded from the cell and ¢; (i = 1,- - -, N,) be the time of the first spike of
the i-th 2-spike burst. Let Ay 4 be the set of index i for which the i-th 2-spike bursts has intra-
burst ISIs longer than ISI,edian, Where IS edian is the median of intraburst ISIs of 2-spike

bursts recorded from the cell. Thus,

A, . = {i]intraburst ISI of i-th 2-spike burst of k-th cell > ISI_ ..}

The deviation from 2-BTA for bursts with the longest 50% of intraburst ISIs, Devy x(7), was
defined by the following calculation:

1
Dev, (1) = F s * i Z St(t,+ 1) p — 2-BTA, (1),

Lk icAp

where F; is the smoothing filter defined by Eq 3, #A; 4 is the number of indices in Ay x and
St(t) is the light intensity at time ¢.
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In Fig 3G, the SEM was calculated among bursts:

L | ST {(Fy % St + 1) — 2-BTA(1)) — Devy (1))

DCVSEMLJ{(T) = w #A
Lk Lk icAy

Devs (1) and DevSEMj x(7) were similarly determined for 2-spike bursts with the shortest
50% of intraburst ISIs. Fig 3G shows Devy (1), DevSEM] (1), Devs (1), and DevSEMg (1),

which were calculated for the cell used in Fig 3A.
The deviation for bursts with the longest ISIs averaged across cells was:

N,

cells

= > Dev,(0)

cells k=1

DeVL,ave (T)

1 1 Nt , 2
Dev (1) = m [N—Z {Dev, () — Dev, ,..(1)}"| ,

cells k=1

where N, is the number of cells. Devs ,y.(7) and Devg sgam(7) were similarly calculated for
bursts with the shortest 50% of intraburst ISIs. Devy ,(7), Devy sgm(T), Devs ave(7), and
Devs spm(7) are shown in Fig 3H.

The raw projection value for the k-th cell is [27]:

X 1 0 ms
5D2,k(t) = 300 ms /7300 . St(t +1) {DeVL‘k(T) - DeVs,k(T) }df-

*

The average and standard deviation of s},  (¢) values at 2-spike bursts, av, ;. =

Ny
1

SO s, (t) and sd, ke = [i P {shos(t) — avg,spike}ﬂ " were determined and the
normalized value s, . (1) = {Spyi(t) — aVy g } /5d . Was defined for all 2-spike burst
i(i=1,2,--, N,). P(Spapurstx)> the probability density of sp, purst k(i) was calculated for all
cell k (k= 1- - -Neeps)> and the average P(Spy purst) is shown as a dashed line in Fig 31. The
SEM is also shown. spj purst k(i) values for 2-spike bursts with intraburst ISIs of 0-10 percentile,
45-55 percentile, and 90-100 percentile were collected (note that sp 1, 4(7) is defined for all
2-spike burst 7). The probability density distributions of these values, P(spy,>-spike,c|0—10% ISI),
P(5p2,2-spike,k|45%—55% ISI), and P(sps,»-spike,k| 90—100% ISI), were averaged across all cells and
shown in Fig 3I. In addition, the projection onto 3-BTA(t)-1-BTA(t) was calculated. These
values were collected at 2-spike bursts and normalized (s3-1,5-spike)- $3-1,2-spike Was processed
similarly to sp purstx (Fig 3]).

Coordinate transformation of 3-spike bursts. Coordinate transformation of 3-spike
burst ISIs was performed for each cell as follows (Fig 4B-4D). For 3-spike bursts in event j,

ISI'” and SDY' represent the average and standard deviation of ISI,, respectively. Event j with
alarger ISI\" tended to have a larger SDY (Fig 4C), indicating the inhomogeneous variability
of ISIs. To reduce this inhomogeneity, the following coordinate transformation was per-
formed. SD?) was linearly fitted with 1575” ) (j=1, - -,Ngy; where Ng, is the number of events
with 3-spike bursts) as SDY = g, (ISI"’ — m, ), where a; and m; are constants (Fig 4C, top).
Using the m;,, a variable, v; = log;¢(ISI;[ms]-m;[ms]), was defined. ISI; and v; had the follow-
ing relationship: -2 = (ISI, — m,) ' (log 10) ". If ISI; and ISI,+AISI, (AISI, is small) are

dIST,

transformed into v, and v,+Av, respectively, then AAI;;I >~ (ISI, — m,) ' (log 10)"'; thus,
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Av, = 2 (Jog 10)~". Therefore, when m(lj 'and ﬁ(lj ' 4+ SDY are transformed into v, and

IS -my

v, + AV, respectively, AV, = (log 10)" =2 a,(log 10) . Because a,(log 10)™" is a con-

ﬁi))l_ "
stant and thus does not depend on the event index j, v has a similar variability for all events
(see bursts shown in different colors in Fig 4D). Because v; = log;o(ISI;[ms]—m;[ms]) cannot
be defined when ISI;—m; <0, bursts with ISI; <m; were removed from the analyses (see below
for the potential effect of the exclusion). v, was similarly defined for ISI, (Fig 4C, bottom). v,
and v, were linearly transformed as v}, = ¢, ;v; + ¢,; d = 1, 2, so that the probability distribu-
tion of v; and v} fits to the normal distribution with a mean = 0 and SD = 1, where ¢;5and c,4
are constants. A principal component analysis was then conducted on the distribution of

v and v; (Fig 4D), and the new variables #; and u, were defined as follows by scaling v; and v}
along these axes, so that the standard deviations along these axes were equal to 1 (Fig 4E). Let
(p1> p2) and (g, g») be the unit vectors that are parallel to the principal axes of the distribution
of (vi,v;), and ¢® and d” (c>0, d>0) be the corresponding variances. u; and u, were defined as

follows:
(”1><P1 %)(Cl 0 )(Pl P2><VI_W>
Uy Py 9> 0 4! 4 9 Vo=V,
where v; and v; are the averages of v; and v}, respectively. The burst phase (Fig 4E) was
Arg(u, + u,v/—1), where Arg denotes the argument of complex numbers.

Deviation from 3-BTA. The deviation from 3-BTA was calculated as follows. Let N; be
the number of 3-spike bursts recorded from the k-th cell, and #; and ¢, (i = 1,- - -, N3) be the
time of the first spike and burst phase of the i-th 3-spike burst. Three-spike bursts were divided
into 12 groups according to the burst phase; the lower and upper limit of the phase of bursts in

each group was 0°+15°,30°+15°, - - -, 330°£15°. Let By, be the set of index i for which the i-th
3-spike burst is in the M-th group (0<M<11):

By = {ilM x 30° — 15" < ¢, < M x 30° 4 15°}.

The BTA for bursts in the M-th group, BT A, (1), was determined via the following calcu-
lation:

BTAM,k(I) =Fe * { St(t, + ‘E)},

P

where F; is the smoothing filter defined by Eq 3, #B, is the number of indices in B, and
St(t) is the stimulus value at time . The BTA (1) (1<M<12) of the cell used in Fig 4A is
shown in Fig 5A. The deviation from 3-BTA is calculated as follows:

Deerk(r) = BTAMJ((’C) — 3-BTA, (1),

where 3-BTA(1) is the 3-BTA for the k-th cell. The Dev,, (1) of the cell used in Fig 4A is
shown in Fig 5C. Let N5 be the number of cells. The average and SEM of Devy, i (7) was
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calculated as follows:

1 Neells
DeVM,ave(T) = N—Z DeVM,k(T)
cells k=1
1 1 Neells 2

Devy (7)) = \/T N_Z {DeVM,k(T) - DeVM.ave(T)}2
cells

cells k=1

Fig 5D shows Devyy 4,.(7), and Fig 5E shows Devyy 4,.(7) and Devy,spm(7) for M =0, 3, 6, 9.

Test of the effect of removing 3-spike bursts with short ISIs. Whether the exclusion of
bursts with small ISIs biases the analyses was tested using a decoding scheme that included
bursts with small ISIs. For each cell, we collected all bursts that were not excluded. Among
these bursts, ISI;, and ISI,, the smallest ISI; (>m;) and smallest ISI, (>m,), were determined,
where m; and m; were the intersects determined as described for Fig 4C. The ISI; and ISI, val-
ues of all the excluded bursts were replaced with ISI;, and ISI,, respectively, and these bursts
were incorporated into the analysis by transforming their coordinates as described above. The
results (S3M-S30 Fig) were almost indistinguishable from the original findings (Fig 5A, 5D
and 5E).

Linear reconstruction. Let ti”, tg), and tél) be the time of the first, second, and third spikes
in the I-th 3-spike burst, where [ = 1,- - -, N3_gpike and N3_gpike is the number of all 3-spike bursts
recorded from a cell. Let St(¢) be the light intensity at time t (mean = 0, SD = 1). STA3_gyixe(7)
(=300 ms<7<0 ms) was determined by calculating

1 1 NS—Spike

= - ’ »
STA&spike(T) - '7:16 * {3 3N Z Zg:l St(tg + ‘E)}7

3-spike =1

where F ; is the smoothing filter defined by Eq 3. The factor § was applied so that the simplest
reconstruction, 3XSTA3_gike(7), had an amplitude that was similar to that of 3-BTA. For 7<-
300 ms and 0 ms <7, STA3_opike(7) = 0. The linear reconstruction for the [-th 3-spike burst was:

Recon(l)(r): STA (T) + STAstpike (T - (tél) - ty))) + STAstpike(T - (tgl) - til)))

3-spike

Recon”(7) for a simulated burst is shown in Fig 7A. Recon”(7) was calculated for all
3-spike bursts (I = 1,- - -,N3_gpike) and subjected to the same analysis that was applied for the
actual preceding sequences (compare Fig 5A with 7B, and 5E with 7C).

Relationship between the 2-spike burst ISI and 3-spike burst u, and u, values. For each
cell, the relationship between the 2-spike burst ISI and 3-spike burst 4, and u, values was ana-
lyzed as follows. Let Ngyent 2,3 be the number of events in which at least one 2-spike burst and
one 3-spike burst occurred. For each event j (j = 1, - -,Ngyent 2,3)> the average intraburst ISIs of
the 2-spike bursts (m"), and the average of u; and u, (%% and #,")) were determined. The
values (m%, 70, 7,0) (j =1, - -, Ny pp5) Were fitted as m¥ = o) 4 o,V + 0,71, where
0,01, and a, were constants. The direction of the steepest gradient (Fig 8B) was that of the vec-
tor (ay, ay), i.e., Arg(a, + o,v/—1), where Arg denotes the argument of complex numbers.

Approximately independent components. The approximately independent components
wy and w, were defined as follows. Let N3 be the number of 3-spike bursts recorded from the
k-th cell, and u(f) and u(;) be the u; and u, values of the i-th 3-spike burst (i=1, 2, - - -, N3),
respectively. Let j(i) be the event index of the i-th 3-spike burst (j(i) = 1, 2, - - -, Ngyen, Where
Neyent is the number of events). Let 7,7 and ;¥ be the average of 1\ and u in the j-th event.
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The trial-to-trial variation was defined as:

() — )y _ gtin)

)

where i =1, 2, - - -, N3; and its distribution is shown in Fig 8C. The principal component analy-
sis was conducted on this distribution (yellow and green lines in Fig 8C). Let 8 (0°<6<180°)
be the angle between the u; axis and the principal axis with the smaller variance (Fig 8C and
8E). The two approximately independent components, w; and w,, were as follows:

w, cost sinf u,
w, B cos(0 +90°) sin(0 + 90°) u,

Let 6, be the 0 value of the k-th cell. Let N3 be the number of 3-spike bursts recorded from
the cell, and ¢ and ¢; (i = 1,- - -,N3) be the time of the first spike and the burst phase of the i-th
3-spike burst, respectively. Let

Cx = {il0, — 15" < ¢, < 0, + 157},
Cor o = {il(0, +90°) — 15° < ¢, < (0, +90°) + 15°},
C,_, = {i|(0, + 180°) — 15° < ¢, < (0, + 180°) + 15°},and

C, . ={i|(0, +270°) — 15° < ¢, < (0, + 270°) + 15°}.

The deviation from 3-BTA for bursts with the phase 6y, ,+90°, 0;+180°, 6, +270°, were
defined using the following equations (d = 1, 2):

Dev,, (1) = F 4 * St(t;+ 1) p —3-BTA,(7) and

# Cd+,k

i€Cap

1

Dev, (1) = F 4 *
d—k 16 #Cd,,k i;}(

St(t,+ 1) p — 3-BTA (1),

where d = 1, 2, F ; is the smoothing filter defined by Eq 3, and #C,, x and, #C,_ . represent the
number of indices in Cy, x and C,_y, respectively. St(¢) is the light intensity at time ¢, and
3-BTAx(7) is the 3-BTA for the k-th cell. Dev,, x(1)-Dev,_(7) and Dev,, x(7)-Dev,_(7) are
shown in S2B and S2C Fig, respectively. The average and SEM across cells were calculated as

follows:
1 Neells
Devd+,ave(‘[) = N— Devd-%—,k(f)
cells k=1
1
1 1 Ncc]ls 9 2
Dev,, gu(t) = N m; {Dev,, ,(t) = Dev,, ..(0)} | ,

where N, is the number of cells. Devy, ,.(7), Devy, sem(7), Deva, 4ve(7), and Devy, sgm(T)
are shown in Fig 8F.
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To calculate the projection,

D1+,k = {iwk —45° < ¢; < Hk + 450}
D, = {il(0, +90°) — 45° < ¢, < (0, + 90°) + 45°}
D_,= {i|(9k + 1800) —45° < 9, < (Qk + 1800) + 450}

D, , = {i|(0, +270°) — 45" < ¢, < (0, +270°) + 45°}
were defined. Note that this definition divides all bursts into four groups. For d = 1, 2,

1
#D,,

DeVso.dﬁk(T) = Fg % St(t; +1) p — 3-BTA (1),

i€Dg

1
Z St(t, 4+ 1) p — 3-BTA, (1), and

Dev, )=F, % —
90.d7.k( ) 16 #Dd_rk ieDd77k

fa(t) = Devgg 4, (1) — Devgy i (7)

were defined, and the raw projection value [27],

1 0 ms
sso () = St(t d

o) =g [ st (o

was collected at all 3-spike bursts and normalized to define and process s,,1 3-spike, Similarly to

Sp2,burstk- Finally, 5,5 3_spike Was similarly defined using f,(1).

Supporting information

S1 Fig. Identification of bursts and events. (A-C) Identification of bursts. (A) ISI histogram.
Tinresh indicates the threshold interval, which was set at the trough between the two peaks in
the histogram. (B) Algorithm used to define bursts. The vertical lines represent spikes. When
two consecutive spikes occurred with an interval shorter than Ty, eqh, they were incorporated
into the same burst. If the interval was longer than Ty, esh, the two consecutive spikes were sep-
arated into two different bursts. (C) Rates of isolated spikes (1) and bursts with 2-7 spikes (2-
7) plotted against the threshold interval. Data from the cell shown in Fig 1. (D-F) Identifica-
tion of events. (D) Algorithm used to define events. The top panel shows a schematic raster
plot. Each row shows spikes that occurred during a single repeat of the stimulation. The first
spikes of the bursts (black lines at the top) were merged into a single train (middle). When the
two first spikes in the merged train were closer than Ty, s, they were incorporated into the
same event; otherwise, they were assigned into two different events (bottom). (E) The intervals
of the merged train of first spikes were determined and their histogram is shown. Ty, esh indi-
cates the threshold interval. Data from the cell shown in Fig 1. (F) Exceptional case of the
event identification. The top panel presents a schematic raster plot. Each row shows spikes that
occurred during a single repeat of the stimulus. The black lines in the top panel represent the
first spikes of bursts. The timing of the bursts shows a large jitter in different repeats. The aster-
isks indicate two consecutive bursts. The middle panel shows the merged train of the first
spikes. Because all intervals were < T, esh, all bursts were incorporated into the same event
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(bottom). The two consecutive bursts marked by the asterisks in the top panel were merged
into one burst. See also Materials and Methods.
(TIF)

S2 Fig. Stimulus features encoded by the burst patterns of individual neurons. (A) Stimulus
sequences encoded by 2-spike burst ISIs. Each row represents one of the 19 cells that generated
at least 1500 2-spike bursts. For each cell, the deviation from 2-BTA was calculated by subtract-
ing 2-BTA from the average of the stimulus sequence preceding the 2-spike bursts with the
longest and shortest 50% of intraburst ISIs (see yellow and blue lines in Fig 3G, respectively).
The difference in the deviation from 2-BTA for the longest and shortest ISIs are shown. (B
and C) Stimulus sequences encoded by the two approximately independent components of
3-spike bursts. Data for the 19 cells that generated at least 1200 3-spike bursts. (B). The k-th
row represents Devy, x(7)-Dev;_ (1), i.e., the difference in the average stimulus sequence pre-
ceding 3-spike bursts with the burst phase within the range centered by 8 and 0 + 180°, where
0 represents the angle between the u; axis and the principle axis with the smaller variance (see
Fig 8E). (C) The k-th row represents Dev,, x(1)-Dev,_,(7), i.e., the difference in the average
stimulus sequence preceding 3-spike bursts with the burst phase within the range centered by
0 +90° and 6 + 270°, calculated for the k-th cell. See Materials and Methods.

(TTF)

S3 Fig. Effect of the details of the 3-spike burst analysis. (A-L) Analysis of the effect of the
stimulus alignment. (A-C) Stimulus sequences were aligned on the second spike in bursts. (A)
Bursts were grouped according to the burst phase with the binwidth of 30°. Stimulus sequences
preceding bursts in each group were averaged. Data from the cell shown in Fig 5A (compare
with Fig 5A). (B) 3-BTA was calculated using preceding stimulus sequences aligned on the sec-
ond spike in bursts. The deviation of 3-BTA was calculated by subtracting the 3-BTA from the
data in (A). The panel shows the deviation of 3-BTA averaged across the 19 cells that generated
at least 1200 3-spike bursts. Compare with Fig 5D. (C) The thick lines indicate the deviation of
3-BTA at the indicated burst phases averaged across the 19 cells. The thin lines are the SEM
calculated across the cells. Compare with Fig 5E. (D-F) Analysis similar to that described in
(A-C), with the exception that the stimulus sequences were aligned on the third spike in
bursts. (G-I) Analysis similar to that described in (A-C), with the exception that the stimulus
sequences were aligned on the middle of the duration of bursts, i.e., the middle between the
first and third spikes. (J-L) Stimulus sequences encoded by the independent components w,
and w,. Stimulus sequences were aligned on the second spike (J), the third spike (K), and the
middle of the duration of the bursts (L). For each cell, the deviations from 3-BTA were calcu-
lated by subtracting 3-BTA from the average stimulus sequence preceding 3-spike bursts with
the burst phase within the range centered by 0 (for w;) and 8 + 90° (for w,), where 0 represents
the angle between the u; axis and the principle axis with the smaller variance (see Fig 8E). The
thick lines indicate the deviation from 3-BTA averaged across 19 cells that generated at least
1200 3-spike bursts (yellow: wy; green: w,). The thin lines show SEM values calculated across
the cells. (M-O) Bursts excluded from the analysis because of small ISIs were incorporated
into the analysis by replacing the ISIs with the smallest ISIs of the incorporated bursts. Analysis
similar to that described in (A-C), with the exception that the stimulus sequences were aligned
on the first spike of bursts. Compare with Fig 5E.

(TIF)

S4 Fig. Effect of stimulus alignment on the analysis using the natural scene movie. The
deviation from 3-BTA was calculated by aligning bursts on the second spike (A), third spike
(B), and middle of the duration (C) of bursts. For each cell, the deviation from 3-BTA was
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calculated by subtracting 3-BTA from the average stimulus sequence preceding 3-spike bursts
with the burst phase within a range centered by 0° (red), 90° (green), 180° (cyan), and 270°
(magenta). The average (thick lines) and SEM (thin lines) among the 8 cells that generated
more than 1000 3-spike bursts are shown. Compare with Fig 6D.

(TIF)
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