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Abstract
During adaptation to high-contrast stimulation, retinal ganglion cell’s responsiveness change is characterized by decreased firing rate and
declined sensitivity. In order to examine the modification of information transmission properties of the ganglion cell during this adaptation
process, neural activities were recorded extracellularly from the chicken retina using a multi-electrode recording system, and the information
transmission rate of the retinal ganglion cells was estimated. The results show that the response entropy and noise entropy of the ganglion
cells both decreased during the adaptation process, which resulted in a modest decline of information transmission rate of ganglion cells after
several seconds’ adaptation. However, due to the decrease of the neuron’s firing rate during the adaptation, it is revealed that the information
carried by each spike was increased as compared to pre-adaptation, suggesting that retinal ganglion cells’ information processing strategies
during contrast adaptation may reflect economical principle by promoting each spike more informative. These results also suggest that
contrast adaptation and sensitivity rescaling of the visual neurons provide an efficient manner in information transmission and save the
system’s metabolic cost in the meantime.
D 2005 Elsevier B.V. All rights reserved.
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1. Introduction
In early psychophysical studies, it was found that
exposure to a high-contrast stimulation lead to aftereffects
consisting of a decrease of contrast sensitivity as well as a
perceived fading of the contrast intensity [5]. This phenomenon was termed ‘‘contrast adaptation’’, the neural bases of
which have attracted many investigators for years, and
studies were extensively conducted from primary visual
cortex [2,7,23,24], to lateral geniculate nucleus (LGN) [28,
30], and recently expanded to retinal ganglion cells
[3,6,14,15,29].
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Electrophysiological results showed that visual neurons
had declined discharge rates during adaptation to highcontrast stimulation, together with an aftereffect of
decreased spontaneous activity levels [3,23,24]. However,
whether or not such changes in neural activity could exert
any influence on information transmission of the visual
neurons during contrast adaptation still remains unclear.
‘‘Information theory’’ approach is a potential tool for
quantitative measurement of information transmission rate
when neurons are in response to outside stimuli. It provides
a new method for quantifying the amount of messages a
neuron transmits in response to a specific stimulus by
analyzing the probability distribution of the temporal pattern
of the neural responses [12,20,31]. This method has also
been applied to analyze the information transmission rate of
retinal ganglion cell in response to visual stimulation
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[4,18,19]. In the present study, the activities of chick’s
retinal ganglion cells were recorded using a multi-channel
recording system, and the visual stimulus was carefully
defined to study the information transmission rate of
ganglion cells during contrast adaptation, using the welldeveloped direct information measure method [20,31]. We
aimed to analyze the relationship between quantitative
information rate and the neuronal firing behavior during
visual contrast adaptation, in the first stage of visual
information processing unit—the retina level.

2. Materials and methods
2.1. Electrophysiology
The preparation of the retina, recording of ganglion cell
spike trains, and spike sorting techniques were conducted as
previously described [9]. In brief, a small piece of isolated
retina from young born chicken (about 7 –14 days) was
attached with the ganglion cell side onto the surface of a
multi-electrode array (MEA, Multi Channel Systems MCS
GmbH, German) which consisted of 60 electrodes (10 Am in
diameter) arranged in an 8  8 matrix with 100 Am tip-to-tip
distances. The preparation was kept in standard perfusate
containing (in mM): 100.0 NaCl, 5.0 KCl, 3.0 MgSO4, 1.8
CaCl2, 25.0 NaHCO3, 25.0 glucose, and bubbled with a
mixed gas of 95% O2 and 5% CO2 with a pH value of 7.5 T
0.2. The perfusion was delivered at a rate of 0.8 ml/min, and
the tissue was kept at 37 -C with a temperature control unit
(Thermostat HC-X, Multi Channel Systems MCS GmbH,
Germany).
Spikes from ganglion cells were recorded by MEA
electrodes using a commercial multiplexed data acquisition
system (MCRack, Multi Channel Systems MCS GmbH,
German) with a sampling rate of 20 kHz and stored in a
Pentium-based computer for off-line analyses. Recorded
spikes from individual neurons were sorted based on principal
component analysis (PCA) [33] as well as the spike-sorting
unit in the commercial software (MCRack, Multi Channel
Systems MCS GmbH, Germany). In the present study, in
order to get precise data for information estimation, only
single-neuron events clarified by manual PCA method,
commercial softwares MCRack (Multi Channel Systems
MCS GmbH, Germany) and OfflineSorter (Demo version,
Plexon Inc. Texas, USA) were used for further analyses.
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with a medium mean intensity, i.e., I max = 0.139 AW/cm2,
I min = 0. The resulting stimuli had an entropy value of 1 bit/
frame, for a rate of 85 bits/s (Fig. 1a). A PRBS contrast
stimulus that lasted for 60 s was firstly applied to investigate
the time course of contrast adaptation in retinal ganglion
cells (see Fig. 3) [6,10,29].
In order to calculate the information transmission rate of
ganglion cells during contrast adaptation, visual stimulation
was given as 50 trials with identical statistical properties.
Each trial of stimulation consisted of stimulus that lasted for
15 s, with the interval between successive trials being longer
than 60 s to allow for adaptation recovery. The stimulus
sequences given during the 2nd, 6th, 10th, and 14th seconds
were completely identical, which were applied to estimate
the noise entropy, while the sequences given during the rest
episodes were randomly chosen, used to estimate the total
entropy (Fig. 1b).
2.3. Information analysis
In the present study, the direct measure method was
applied to estimate the information transmission rate of
retinal ganglion cells [20,31]. This approach estimates the
quantity of the visual information, which is presented in
forms of entropy rate, by analyzing the probability
distribution of the temporal pattern of the neural response.
The idea is to treat the neuron as a communicating unit,

2.2. Visual stimulation
Spatially uniform white light was projected from a
computer monitor onto the retina [10]. The stimulus
intensity was renewed every 11.8 ms (85 Hz) following a
pseudo-random binary sequence (PRBS) with high value of
I max and low value of I min. The mean intensity was (I max +
I min) / 2, the contrast was defined as (I max  I min) / (I max +
I min). In this study, we chose a simple contrast level of 100%

Fig. 1. The stimuli protocol of the experiment. (a) The intensity of the
spatially uniform white light was renewed every 11.8 ms (85 Hz) following
a random binary sequence, with high value of 0.139 AW/cm2 and low value
of 0. (b) Each repeat of stimuli lasted for 15 s, the stimuli sequence given
during the 2nd, 6th, 10th, and 14th seconds was completely identical to
measure the noise entropy, and others were randomly chosen to measure the
total entropy. A total number of 50 trials were applied.
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which sends the information about outside world to the
brain through ‘‘words’’ (spike trains) built by ‘‘letters’’
(spike events) [12,31]. The information entropy estimation
was based on the statistical results of many repeats of
neural response recordings. Following Reinagel and Reid
[20], each spike train of length T in a set of trial is built up
by words of L letters, and the average entropy H(L, h) can
be computed as:
H ð L; hÞ ¼

1
T L


TX
L
t¼1

0

@ 1
Lh

X

1
Pt ðwÞlog2 Pt ðwÞA

ð1Þ

waW ð L;hÞ

where w is a specific ‘‘word’’ constructed according to the
temporal pattern of the firings, W(L, h) is the assembly of all

possible ‘‘words’’ comprised of L bins of time scale h, and
P t (w) is the probability of a specific ‘‘word’’ w in a group of
observations. Detailed illustration of this approach for
information entropy calculation is given in Fig. 2.
The mutual information entropy between the neural
response and visual stimulus can thus be written as [26]:
H ð R; S Þ ¼ H ð RÞ  H ð RkS Þ

ð2Þ

where H(R;S) indicates the mutual information between the
stimulus S and response R; H(R) denotes the total
information entropy of the neural response, reflecting the
variability of neuronal responses to all (non-repeated)
possible stimuli in the assembly; H(R|S) is the response
entropy under the stimulus condition of S, representing the
trial-to-trial variability of neuronal responses to a repeated
stimulus, giving an estimate of noise entropy H noise [20]. A
noise-free response should always generate the same output
to identical inputs, which yields a zero value for H noise.
The visual information I (which is equivalent to the
mutual information H(R;S)) can therefore be calculated by
subtracting the noise entropy from the total entropy:
I ¼ Htotal  Hnoise

ð3Þ

In the present study, several particular episodes (the
2nd, 6th, 10th, and 14th seconds) of the firing sequence
during the adaptation to high-contrast stimulation were
chosen for analysis. Since the stimulation sequences given
during these periods were completely identical in our
experiment, the total entropy of each episode (the n th
second, n = 2, 6, 10, 14) could only be approximately
estimated by averaging the response entropy of the
preceding (n  1)th and posterior (n + 1)th seconds, while
the noise entropy of the n th second was measured directly.
Consequently, the information entropy I of the n th second
was estimated as:
Htotal ðn  1Þ þ Htotal ðn þ 1Þ
 Hnoise ðnÞ
2
ðn ¼ 2; 6; 10; 14Þ

I ð nÞ ¼

ð4Þ

3. Results
3.1. Contrast adaptation in retinal ganglion cells

Fig. 2. Estimation of mutual information entropy from a ganglion cell’s
spike trains. (a) Raster plot for neuron’s firing activities in the 50 trials. The
spike trains are binned at time size h = 1 ms, with each word length L = 8.
The spike count in each bin gives the value of the bin (1 or 0), and the
probability distribution of each words is used to calculate the information
entropy. (b) The probability distribution of words (L = 8, h = 1 ms).
Although 28 (256) patterns should be possible, only 29 actually occurred.

Visual adaptation to contrast stimulation begins in the
retina. Being consistent with previous findings reported by
other investigators [6,29], it was observed in this laboratory
that the retinal ganglion cells fired actively at the onset of
high-contrast stimulation, and the firing rate would be
progressively reduced during the following sustained (60 s)
contrast stimulus [10]. In the present study, only those cells
showed good stability and high sensitivity that lasted until
the experimental protocol finished were further investigated, these ganglion cells consisted of ON transient and

X. Jin et al. / Brain Research 1055 (2005) 156 – 164

159

dotted lines in both plots indicate the variance of Poisson
distribution for comparison. As the figure illustrates, the
neural activity elicited by random stimuli approximately
followed the Poisson behavior, while the repeated stimuli
induced more reproducible trial-to-trial responses. This
result ensures that the responses of the ganglion cell
recorded in our experiment should be stable and reliable
enough for information estimation.
3.3. Estimating the information transmission rate of
ganglion cells during contrast adaptation

Fig. 3. A typical ON – OFF transient ganglion cell’s response to 60-s
contrast stimuli, which shows a decay time constant of s = 10.0 s. The
firing rate is presented with 1-s time bins, and the black line below
indicated the stimulus onset.

ON –OFF transient subtypes. A typical response of an
ON –OFF transient ganglion cell to contrast stimulus is
shown in Fig. 3, which has a decay time constant of s = 10
s. Significant adaptation occurred during the time course of
about 15 s, after the onset of the stimulus (Fig. 3), therefore
all the analyses were focus on this period to investigate the
information transmission behavior changes in the adaptive
process.
3.2. Variability and reproducibility of ganglion cells’ spike
trains
Neural system is full of noise and highly variable
[12,17]. A typical neuron’s response to the step-in of highcontrast stimulation is shown in Fig. 4a. In this experiment,
the stimuli given during the 2nd, 6th, 10th, and 14th
seconds were identical for each episode and each repeat,
the rest were given randomly. Fig. 4b shows the peristimulus time histogram (PSTH) of the neuron given in Fig.
4a during the 5th (left panel) and 6th (right panel) seconds
of the contrast stimuli, with time bins of 10 ms. Averaged
responses were calculated across the 50 repeats. It is clearly
shown that, during the episode of the 5th second, the
ganglion cell’s PSTH presents some modest fluctuation due
to the trial-to-trial variation in the cell’s responses.
However, during the 6th second, since the identical
stimulation sequence was applied, the neuron’s activity
had a repeatable pattern, the PSTH presents some
consistent peaks. The relationship between mean spike rate
and its variance is usually used to investigate the
distribution pattern of firing activities [12,32]. Fig. 4c
shows the variance of the spike count of the ganglion cell
as a function of the mean count for all 50 random (left
panel) and unique (right panel) repeats in 5th and 6th
seconds using a 10-ms-wide sliding window, respectively.
In these plots, each data point represents a variance– mean
combination for counts across all 50 trials in a fixed time
window. Successive windows shift in 1-ms step, and the

The estimate of the information transmission rate of a
retinal ganglion cell during the adaptation process to
contrast stimuli is plotted in Fig. 5. Following the
experimental protocol designed as given in Fig. 1, the total
response entropy and the noise entropy estimated during
the first 15 s (time bin h = 1 ms, word length L = 8) are
illustrated in Fig. 5a (triangles and squares respectively),
the dotted lines are fitted to guide eyes. During the contrast
adaptation, the neuron’s total response entropy decreased
continuously as well as the neuronal intrinsic noise entropy
did. The information transmission rate of the ganglion cell
in the 2nd, 6th, 10th, and 14th seconds in response to the
contrast stimuli was computed using Eqs. (3) and (4), as
shown in Fig. 5b (the dotted line is fitted to guide eyes).
The ganglion cell’s firing rates in the 2nd, 6th, 10th, and
14th seconds are given in Fig. 5c. The average amount of
information carried by each spike was measured by
dividing the information transmission rate over the neuron’s
discharge rate, as illustrated in Fig. 5d. Since the firing rate
of the ganglion cell decreased more dramatically than the
information transmission rate did during the adaptation
process, the result was such that the information content
that each spike provided was increasing during the process
of adaptation (Fig. 5d).
Since the estimate of the information transmission rate
was dependent on the parameters [20,31], we therefore did
the calculation using various combinations of time bin and
word length, which expanded the time scale related to
behavior from 4 ms, 8 ms, 16 ms, to 32 ms. Fig. 6a showed
the information transmission rate (the same ganglion cell as
given in Fig. 5) calculated using time bin = 1 ms and L = 4
(square), bin = 1 ms and L = 8 (triangle, same as Fig. 5b),
bin = 2 ms and L = 8 (diamond), and bin = 4 ms and L = 8
(circle). It is shown that, with the use of increased time bin
size, the calculated information rate decreased dramatically
[20]. Fig. 6b illustrates the average amount of information
carried by each spike under different combinations of time
bin and word length. The result is that the comparison of
information transmission between the 14th and the 2nd
seconds gave qualitative consistency. For information
transmission rate, the ratio values were 91.0%, 88.1%,
85.3%, and 83.4% under above four combinations and for
information content per spike, the ratio values were 128.2%,
124.1%, 120.1%, and 117.5%, respectively.
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Fig. 4. A ganglion cell’s response to 50 repeated trials of 15-s contrast stimulus. (a) Raster plot of spike trains from 1st to 15th seconds (50 repeats). (b)
Averaged PSTH for the neuron’s activities during the 5th (left panel) and 6th seconds (right panel), with time bin of 10 ms. (c) Mean – variance relationship of
the neuron’s activity during the 5th (left panel) and 6th seconds (right panel), with time bin of 10 ms. The dotted lines in both plots show the mean – variance
relationship of Poisson distribution for comparison.
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Fig. 5. Estimate of information transmission rate of a ganglion cell during adaptation. (a) The total entropy value calculated for the 1st, 3rd, 4th, 5th, 7th, 8th,
9th, 11th, 12th, 13th, and 15th seconds (triangles), and the noise entropy calculated for the 2nd, 6th, 10th, and 14th seconds (squares). (b) The mutual
information estimated for the 2nd, 6th, 10th, and 14th seconds using Eq. (4) in the Materials and methods session. (c) The neuron’s firing rate during the 2nd,
6th, 10th, and 14th seconds. (d) The average information content carried by each spike during the 2nd, 6th, 10th, and 14th seconds. The dotted lines are fitted to
show the tendency of changes.

3.4. Statistical results
The analysis was performed on a total number of 17
ganglion cells recorded in our experiment, following that
explained in Fig. 5. Statistical results are given in Fig. 7.
The information transmission rate of the 14th second vs. that
of the 2nd second is illustrated in Fig. 7a. The results show
that this value is 77.8 T 14.4% (n = 8, P < 0.05, t test) for

the ON type ganglion cells and is 81.3 T 7.2% (n = 9, P <
0.05, t test) for the ON – OFF type ganglion cells, which
indicates that the information transmission rate for per
second is decreased during the adaptation process. However,
the information transmission rate for per spike is increased
(Fig. 7b), with relevant ratio being 110.8 T 19.7% (n = 8, P <
0.05, t test) and 114.8 T 17.5% (n = 8, P < 0.05, t test) for
ON and ON – OFF cells, respectively. No significant differ-

Fig. 6. Information transmission rate under different combinations of time bin and word length. (a) The information transmission rate of the ganglion cell same
as presented in Fig. 5 using time bin = 1 ms and L = 4 (square), bin = 1 ms and L = 8 (triangle, same as Fig. 5b), bin = 2 ms and L = 8 (diamond), and bin = 4
ms and L = 8 (circle). The information rate sharply decreased with increasing time bin size. (b) The average amount of information carried by each spike under
different combinations of time bin and word length. These estimations showed qualitatively similar tendency of change under various combinations of time bin
and word length. The dotted lines in panels (a) and (b) were both fitted from the result of bin = 1 ms and L = 8, same as Fig. 5 to guide the eye.
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Fig. 7. Statistical results of information rate changes of the ganglion cells during contrast adaptation. (a) The modification of the cells information transmission
during contrast adaptation, presented by comparing the transmission rates during the 14th second vs. that of the 2nd second. (b) The modification of the cells
information transmission, presented by comparing the information contents carried by each spike in the 14th second vs. that in the 2nd second.

ence between ON and ON – OFF type ganglion cells in
information transmission behavior changes during the
adaptation processes is found ( P > 0.05, t test).

4. Discussion
In the present study, the encoding performance of the
retinal ganglion cells during contrast adaptation was
investigated by measuring the neurons’ information transmission rate. For practical consideration, the information
entropy of the n th second was estimated by averaging that of
the (n  1)th and (n + 1)th seconds episodes, for
approximation. It is revealed that the information transmission rate of ganglion cells was slightly decreased during
the contrast adaptation. However, the information content
that each spike carried was significantly increased after
adaptation.

de Polavieja [13] that the rate of information transfer in
Calliphora photoreceptor was reduced during adaptation to a
prolonged dim environmental light.
It has also been reported that the direct information
estimation method can be biased because it requires
reproducibility and reliability of the neuron’s activity over
a prolonged period for repeated testing trials, which is very
difficult to achieve in real experimental recordings
[19,20,31]. In the present study, to avoid the neuron’s
response property changes due to long-lasting experiment,
we chose to shorten the experimental protocol by particular
design. Therefore, the entropy values of the examined
episodes (i.e., the 2nd, 6th, 10th, and 14th seconds) were
approximated. Although this will also introduce in some
bias in estimation, it still allows us to make comparison
between pre- and post-adaptation time periods to make
reasonable inference.
4.2. Information transmission in retinal coding

4.1. Estimation of ganglion cell’s information transmission
rate
Information theory approaches for investigating visual
neurons’ encoding behavior have been extensively applied
during the past years. Applications were performed to
analyze the reproducibility and variability of the motionsensitive H1 neurons in fly [12] and the temporal structure of
retinal ganglion cells’ spike trains in salamander and rabbit
[4]. Passaglia and Troy [19] have recently investigated the
information transmission rate of cat retinal ganglion cells
under binary contrast stimuli of various spot sizes. However,
it still remains unclear about how is the neuron’s information
transmission behavior quantitatively modulated during the
adaptation to visual stimuli. In the present study, the analysis
results show that the response entropy and noise entropy of
the ganglion cells were both decreased during adaptation to
the contrast stimuli, with the total entropy having a more
profound decrease, which resulted in a reduction in the
information transmission rate, measured for per unit time.
This result was similar to the findings reported by Juusola and

Traditionally, firing rate was assigned as an acceptable
language for neural coding [1,25]. Although it has been
recently realized that the temporal pattern of firing activities
may also be important to information coding [4,21], little
has been known about the modulation of the coding
behavior during adaptation in exposure to changing stimuli.
Contrast adaptation begins in retinal bipolar cells [22]. In
addition to the changes of bipolar cells’ signals input to
ganglion cells during contrast adaptation, the firing threshold of ganglion cells is also increased due to the reduction of
the cation channels’ excitability [14,15], which results in a
lowered firing rate in the ganglion cells. On the other hand,
the computational result of this study reveals that, as a
compensation, the ganglion cells fire more informative
spikes after adaptation, with each spike carrying over 10%
(n = 17) more information content than pre-adaptation in
average, even though the total information rate for per unit
time is decreased. This ensures that the information transmission can be reasonably maintained during the reduced
firing activity due to adaptation and is also compatible to the
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notion that the stimulus information could be stored in
retinal network [10], when the retinal ganglion cells can
regulate their coding efficiency by neuronal and circuitry
modification during adaptation.
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Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.brainres.
2005.07.006.

4.3. Adaptation, metabolic cost, and information
transmission
The functional roles of contrast adaptation in retinal
neurons have been extensively studied. Its physiological
significance is, not only to adjust the visual sensitivity to
match the temporal structure of the light input [14,27], but
also to regulate the light response kinetics of the ganglion
cells [27,29]. Since the adaptation is characterized by
decrease in firing activity, it would be reasonable to ask if
the reduced activity should reflect a reduction in information transmission. The computation results obtained in the
present study reveal that there is indeed a slight decline
of information transmission rate (per unit time) of the
ganglion cells during contrast adaptation. However,
because the neurons’ firing rate has more profound
decrease during the adaptation process, the information
carried by each spike is actually increased. This suggests
that the retinal ganglion cells’ information processing
strategies may advance economical transmission of information during contrast adaptation by promoting each spike
more informative. Physiologically, the increased information content carried by each spike was ensured by more
precise spike events for signaling contrast stimulation
during contrast adaptation. Retina will inform the brain
with the environmental light intensity changes in a more
economical and assured manner, once it has adapted to a
new environment.
Since the spikes fired by the same neuron should have
approximately equal metabolic cost (¨9 I 106 ATP per spike,
see [16]), therefore in our case, the ganglion cells could save
¨29.2 T 4.8% (1  R 14/R 2, R n represents the firing rate
during the n th second, n = 17) energy after adaptation. At the
mean time, most ganglion cells under investigation reduced
the metabolic cost for each bit of information to ¨90.9 T
15.4% (I Spi_2 / I Spi_14, I Spi_n indicates the information content
carried by each spike during the n th second, n = 17). It is
noticeable that no significant difference in the behavior
changes in information processing is tested between the ON
and ON –OFF ganglion cells, which may suggest that their
adaptation strategies for information coding are generally
similar in spite of the widely acknowledged asymmetry in
ON and OFF pathways [8,11].
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