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ABSTRACT To characterize the transfer of graded potentials and the properties
of the associated noise in the photoreceptor-interneuron synapse of the blowfly
(Calliphora vicina) compound eye, we recorded voltage responses of photoreceptors
(R1-6) and large monopolar cells (LMC) evoked by: (@) steps of light presented in
the dark; (b) contrast steps; and (c) pseudorandomly modulated contrast stimuli at
backgrounds covering 6 log intensity units. Additionally, we made recordings from
photoreceptor axon terminals. Increased light adaptation gradually changed the
synaptic signal transfer from low-pass to band-pass filtering. This was accompanied
by decreased synaptic delay and increased contrast gain, but the overall synaptic
gain and the intrinsic noise (i.e., transmission noise) were reduced. Based on these
results, we describe a descriptive synaptic model, in which the kinetics of the tonic
transmitter (histamine) release from the photoreceptor axon terminals change with
mean photoreceptor depolarization. During signal transmission, tonic transmitter
release is augmented by voltage-dependent contrast-enhancing mechanisms in the
photoreceptor axons that produce fast transients from the rising phases of the
photoreceptor responses and add these enhanced voltages to the original photore-
ceptor responses. The model can predict the experimental findings and it agrees
with the recently proposed theory of maximizing sensory information.

INTRODUCTION

Adaptation allows sensory systems to regulate their sensitivity to changes in the
environmental stimulus energy (reviewed by Koshland, Goldbeter, and Stock, 1982;
Shapley and Enroth-Cugell, 1984; Laughlin, 1989). To maximize information gath-
ering and to minimize the effects of the accompanying noise, the processing of
sensory signals requires that adaptive mechanisms operate, not only in sensory cells,
but also at other levels of sensory systems. In the blowfly compound eye, the dynamic
visual images sampled by the photoreceptors are synaptically transmitted to the large
monopolar cells (LMCs) in the form of graded potentials, and this process includes
synaptic adaptation (Autrum, Zetler, and Jérvilehto, 1970; Jarvilehto and Zettler,
1971, 1973; Zetder and Jirvilehto, 1971, 1972; Laughlin and Hardie, 1978;
Laughlin, Howard, and Blakeslee, 1987). Axons of six (R1-6) photoreceptors from
six different ommatidia, all receiving information about light intensity from the same
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spatial angle, converge on the first visual ganglion (Lamina ganglionaris), presumably
to improve the postsynaptic signal-to-noise ratio (SNR) (Kirschfeld, 1967; Strausfeld,
1971; Dubs, Laughlin, and Srinivasan, 1981; van Hateren, 1986, 1993; Laughlin et
al,, 1987). In the lamina, the image is modified before transmission to the next visual
ganglion, the medulla: the photoreceptor signals are encoded into postsynaptic LMC
responses by amplification, transient generation (phasic on- and off-responses) and
filtering, the strength of which depends on ambient light (Jirvilehto and Zettler,
1971; Laughlin et al., 1987). Most of these changes have been suggested to occur
presynaptically—at a cost of low frequencies—allowing rapid transmission of signals
across the synapse (Laughlin and Osorio, 1989; Weckstrom, Juusola, and Laughlin,
1992a).

When a fly is moving, temporal and spatial changes in the reflectance of objects
cause fluctuating voltage responses in the photoreceptors and LMCs (Laughlin,
1981a; Howard, Blakeslee, and Laughlin, 1987; Juusola, Kouvalainen, Jirvilehto, and
Weckstrom, 1994). Although the light intensity levels in the environment can vary by
as much as 10%-fold in the day time, the relative contrast remains unchanged between
different objects (Laughlin, 1987). To provide the maximum sensitivity for detecting
light contrast, photoreceptors and LMCs adjust their operations according to the
mean light intensity level, i.e. the adapting background (Laughlin and Hardie, 1978;
Laughlin, 1987; Laughlin et al., 1987; Juusola, 1993; Juusola et al., 1994). To
maximize the SNR for the transmitted band of frequencies, and to fully occupy the
limited information capacity of the channel (cf. van Hateren, 1992a,b,c, 1993) the
visual signal undergoes adaptive filtering.

We have studied how adaptational changes in early visual processing influence the
temporal properties of transmitted signals by a combination of both the time and
frequency domain analysis. To obtain virtually noise-free conditions, a pseudoran-
domly modulated light stimulation in conjunction with time-domain averaging was
the method of choice. We made reliable estimates of the synaptic transfer character-
istics and of the linearity of the system. In addition, the effects of noise were
separated from the properties of the synapse itself. Qur results lead to a descriptive
model of signal transfer in the synapse, based on a combination of tonic transmitter
release, that changes its kinetics with the mean photoreceptor potential, and axonally
enhanced photoreceptor responses.

MATERIALS AND METHODS

Principles of the Approach

The main objective was to characterize synaptic transmission by recording presynaptically
(R1-6 photoreceptors) and postsynaptically (LMCs) during controlled light stimulation. Be-
cause of the small size of the pre- and postsynaptic cells, we could not get simultaneous
recordings from them. To characterize the signal processing properties of a photoreceptor or
an LMC at a certain illumination, reproducible behavior had to be found from all cells of the
same type under the same stimulus conditions. In this paper, we have conceptualized the
synaptic interconnection as a “black box” that receives certain input signals and produces
certain output signals. This method allowed us to bypass complex biophysical events at
subcellular level and concentrate on the process of signal transmission. To achieve a reliable
model of the synaptic signal processing, the quality of both the presynaptic and the
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postsynaptic recordings had to be excellent, representing the true characteristics of the cells as
well as possible, and the recording settings of the system had to be constant so that the system
was fully adapted to the chosen background. A thorough description of the transfer function
and noise analysis is given in the Appendix and in Fig. 16.

Animals and Preparation

We used adult blowflies (Calliphora vicina) of both sexes. They were cultured in our laboratory,
where they were fed with sugar and yeast. The stock was refreshed frequently with wild flies.

Flies were attached with bees wax to a rotatable recording platform and grounded with an
indifferent electrode (Ag/AgCl) positioned inside the head. Intracellular recordings of LMCs
and R1-6 photoreceptors were performed via glass capillary microelectrodes, which were
moved with a piezoelectric microtranslator (Burleigh inchworm PZ-550) into the tissues of the
lamina and retina through a small hole made on the lateral cornea and sealed with a high
vacuum grease. The resistance of the microelectrodes, filled with either 3 M KCl or with a
mixture of 2.5 mM KCl and 1.5 M K-acetate, varied between 80 and 250 M) with the electrode
in the tissue. All experiments were conducted at room temperature (21 * 1°C) and were started
after 30 min of dark adaptation.

Light Stimuli

The light source was an LED (Stanley HBG 5666X, with peak emission at 555 nm) mounted on
a cardan arm. The LED constituted a pointlike stimulus subtending ~1.5° thus giving
negligible stimulation to the lateral inhibitory system (Laughlin, 1987). Computer aided
stimulation of cells was performed by using light steps in darkness or superimposed on a steady
light background (with step duration varied from 2 to 300 ms), and pseudorandomly
modulated light stimuli. The LED was driven by a current source, whose output range was
limited to the linear range of the current-light intensity relation. The contrast {¢) of the step
stimuli was defined as:

Al

c -

M
mean

where Al was the change in illumination and [, was the mean background. The contrast of
the pseudorandom stimulus was defined analogously, except that A represented the SD of the
intensity modulation (Fig. 1 A; see Juusola, 1993; Kouvalainen, Weckstrém, and Juusola, 1994;
Juusola et al., 1994). The pseudorandom stimulus had a Gaussian intensity distribution (Fig.
1 B) and the power spectrum was flat up to ~200 Hz (Fig. 1 C). Light was attenuated by
neutral density filters (Kodak Wratten) to provide an intensity range of more than 6 log units.
The response amplitudes of the cells were tested by steps. Cells were rejected if the amplitude
changed during the considerably long recording procedures. To have a steady increase in light
adaptation, the stimulation was performed from the weakest to the strongest adapting
background. After experiments, cells were re-dark-adapted and the recordings were rejected if
the cell’s sensitivity did not return to the initial values.

Recording Procedures

In R1-6 photoreceptor somata recordings, the corneal negative ERG and frequent microelec-
trode penetrations from one photoreceptor to another indicated the correct retinal recording
site. Penetration into the lamina was verified by the corneal positive ERG and by the alternating
impalements of photoreceptor axons and LMCs as the electrode was advanced in tissue. The
identification of LMC types was based on differences in the resting potentials and input
resistances, and on the distinct shape of L3’s responses, the off spike (Hardie and Weckstrém,
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1990). However, the main point of this study was to characterize the general principles of signal
transfer in the photoreceptor-LMC synapse, not to concentrate on the slight differences
between the responses of the LMC-types.

When light-adapted, recording of cell responses were started only well after the on transient
of a cell, arising from the initial change of light stimulation, had subsided and a steady
polarization was achieved (~2 min). After this we were able to accurately control the system’s
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adaptational state as well as use various forms of contrast stimulation. The cell responses were
transmitted via a microelectrode to a high impedance preamplifier (SEC-1L, npi Electronic,
Tamm, Germany) and filtered, together with the corresponding LED stimulus current (VBF/23
low pass dual channel elliptic filter, KEMO). Both the signals were then monitored on an
oscilloscope, sampled at 2 KHz, digitized with a 12-bit A/D converter (DT2821, Data
Translation, Inc., Marlboro, MA) and stored on hard disk or in the memory of a computer
(IBM-486 compauble with 33 MHz). The sampling process was initiated synchronously to the
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contrast signals produced by the computer, and 0.5- (step stimuli) or 8-s (pseudorandom
modulation) records of both signals were obtained during each recording cycle. After a preset
number of responses (usually 10~100) the average response was calculated (see also French,
19804a,b).

RESULTS

We investigated the properties of signal transfer in the R1-6 photoreceptor-LMC
synapse in the dark and at eight different adapting backgrounds. For this analysis we
used () pre- and postsynaptic step responses to identical stimuli, (b) responses to
pseudorandom light stimulus, (¢) transfer functions, (d) noise power spectra, and (¢)
signal-to-noise ratios. Below we follow the results of this analysis in the same order,
first examining adaptational changes on the dynamics of signal transfer, then
considering the effects of simultaneously generated noise and finally demonstrating
how these changes alter the postsynaptic signal-to-noise ratio, SNR. We also show the
signal enhancement in photoreceptor axon terminals. Altogether, over 250 photore-
ceptors, 200 LMCs, and 20 photoreceptor axon terminals were recorded from. The
transfer functions and the noise data were calculated from 30 LMCs, 40 photorecep-
tors and from three photoreceptor axon terminals. For transfer function determina-
tions we used only cells with the best possible recording stability. It was found that
stable photoreceptor impalements yielding a maximum dark-adapted response of
~ 60 mV and input resistance of larger than 30 M(} always resulted in a nearly equal
frequency response (cf. Juusola et al., 1994). The same finding applies to stable LMC
recordings, with large (>40 mV) dark-adapted response and >15 MQ input
resistance. The cell to cell variability had thus a negligible effect on the analysis (for
confidence intervals, see Appendix).

Step Responses

The photoreceptor and LMC responses were first studied after 30 min of dark-
adaptation with light steps. Only cells with adequate response amplitudes and
recording stability were chosen for further experiments. Figs. 2 and 3 compare the
step responses of a photoreceptor to those of a LMC in darkness and at an adapting
background of ~ 500,000 photons/s.

Dark-adapted cells. Photoreceptors responded to light steps of exponentially
increasing intensity with characteristic graded depolarizations that saturated between
55 and 70 mV before gradually attenuating towards the plateau potentials set by the
illumination (Figs. 24 and 3 A). The adaptational decay of the larger responses
demonstrated a damped oscillation, or a dip, ~50 ms from the initiation of the light
step. The magnitude of the dip depended on the interstimulus period (data not
shown), thus, the shorter was this duration, the smaller was the dip, vanishing totally
with periods <200 ms. In LMCs the resulting postsynaptic graded potentials were
substantially modified. Fig. 2 B shows how an LMC (here L3; identified by its low
dark resting potential and by the characteristic off spike; see Hardie and Weckstrom,
1990) responded to changes in retinal illumination with transient on-off-phasic
polarizations that were inverted from those of photoreceptor responses. The on-
transients of the LMCs were saturated even with small 2-ms light steps of 200
photons/s, which hyperpolarized LMC responses 40-58 mV below the dark resting
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potential (Fig. 3 A). In general, LMC responses had substantially more rapid time
courses than the photoreceptors; their rising phase was considerably steeper and as a
result they reached peak responses in a shorter period of time when calculated form
the light onset (cf. Jarvilehto and Zettler, 1971). Further, the slowly decaying
potentials of the photoreceptors during 300-ms steps were far less obvious in LMC
responses, whereas the dip in photoreceptors seemed to correspond temporally with
a depolarizing oscillation in LMCs (as seen in Fig. 2 B).
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FIGURE 2. Intracellular recordings from a R1-6 photoreceptor and a LMC. Voltage responses
of a dark adapted photoreceptor (4) and an LMC (B) to 300-ms light steps with a step interval
of 1.5 s, no averaging. Note the dip in the responses during the strongest illumination. Voltage
responses of a light adapted photoreceptor (C) and an LMC (E) to 2-ms contrast steps, and to
300-ms contrast steps (D and F), respectively. The adapting background was ~ 500,000
photons/s with a step interval of 0.4 s, contrast from —1.00 to 1.12. The contrast responses
were averaged 10 times. Zero on the voltage scale represents the dark resting potential of the
cell.

Light-adapted cells. The amplitudes of the photoreceptor responses in light-
adapted cells were much reduced compared to dark-adapted cells. With the back-
ground of 500,000 photons/s, the contrast responses were superimposed on a mean
depolarization of ~20 mV above the dark resting potential. Fig. 3 B shows a
characteristic relationship between different contrast steps and the peak amplitudes
of the photoreceptor responses seen in Fig. 2, C and D. As reported earlier by
Juusola (1993), regardless of the background intensity, brief contrast steps elicited
approximately linear photoreceptor responses. Moreover, as the contrast duration
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was increased, the hyperpolarizing responses increased more than the corresponding
depolarizing ones. Such nonlinear behavior results from a response compression that
increases the illumination range over which photoreceptors can operate with a good
SNR (see also Juusola et al,, in press; French, Korenberg, Jarvilehto, Kouvalainen,
Juusola, and Weckstrom, 1993). Contrary to photoreceptors, LMCs adapted to the
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change in background, i.e., contrast stimulus, within 300 ms, as their membrane
potential approached the dark-adapted values (Fig. 2 F). The response dynamics in
individual LMC recordings were similar with transient on and off transients, but there
was a fairly large variation in the peak amplitudes under identical stimulation,
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apparently not connected with recording quality. For example, the maximum on
transients varied from cell 10 cell between 7 and 22 mV. However, the size of on
transients in individual cells increased only negligibly, as the step duration was
increased from 2 to 300 ms (Figs. 2, E and F, and 3 B). This suggested that the size of
the postsynaptic on transients could be related to the fastest changes in the
photoreceptor responses. The time course of the postsynaptic responses at a given
background were independent of the step duration, yet directly proportional to the
value of contrast used, as in photoreceptors with short (1-2 ms) contrast steps (cf.
Howard et al.,, 1987; Laughlin et al., 1987; Juusola, 1993). How do these findings
correlate with time-to-peak values?

With 300-ms contrast steps, the LMC responses were significantly faster than the
corresponding photoreceptor responses. Judging from the examples (Figs. 2, E and
F), LMC responses lead photoreceptor responses by 5 ms with a contrast of +1 and
by 15 ms with a contrast of ~1 (Fig. 3 C). This superficially noncausal time course
indicates that during long contrast steps, the presynaptic peak amplitudes cannot
themselves be responsible for the maximum amplitudes of the postsynaptic re-
sponses. At this point, one might contemplate calculating the peak-voltage transfer of
the photoreceptor-LMC synapse in the light-adapted state by comparing the corre-
sponding photoreceptor response amplitudes elicited by long contrast steps to the
postsynaptic ones at the time of LMC peak responses. Unfortunately, such a method
would be inaccurate, because it completely disregards the changing delays and the
synaptic transfer function that modify the light adaptational dynamics of the signal
transfer. In addition, the synapse appears to function very nonlinearly with steplike
stimuli, but fairly linearly with noise stimulus more closely mimicking natural
conditions. It will be shown below that both the transfer delay and the synaptic
transfer functions vary in a time- and adaptation-dependent manner. Therefore,
using any fixed values for them would yield biased estimates of the synaptic gain.

As shown in Fig. 3, the time course of the LMC on-transients stayed fairly constant
as the contrast step duration was increased from 2 to 300 ms. Moreover, these
responses were nearly as fast as the photoreceptor responses to 2 ms contrast steps.
Thus, varying from one experiment to another and again without obvious connection
to impalement quality, the peaks of photoreceptor responses led the peaks of LMC
responses by 0.5-3.5 ms under the same illumination. The variations in the delay
depended almost entirely on the cells. LMCs that had larger peak responses were
generally slower than those with smaller peak-responses. However, regardless of
these differences, the causal order of pre- and postsynaptic impulse responses
(elicited by 1- and 2-ms contrast steps) (Fig. 3 B) allowed us to estimate the synaptic
gain. We found, after comparing a large number of high quality recordings from
different cells, that even at the same adapting background there is a large variation in
the calculated synaptic gain (for example, a variation of 1.5 to 4.5 at a background of
500,000 photons/s). This was mainly due to variation in the size of the LMC
responses and not of the presynaptic photoreceptor responses.

How do the dynamics of LMC responses change with increased light adaptation?
We studied this question first by introducing a fixed set of contrast steps at different
adapting backgrounds. Fig. 4 shows the records from one such experiment. At low
backgrounds, the LMC responded to 300-ms contrast steps with relatively slow
responses, but as the light intensity level was increased, the responses became more
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transient as they rapidly decayed towards the plateau potential. This decay was faster
and more prominent with hyperpolarizing on responses than with depolarizing off
responses. The peak amplitudes of the on transients remained fairly constant,
whereas the off transients (that were generally larger than the corresponding on

FIGURE 4. The effect of increased light ad-
aptation on the wave form of LMC re-
sponses. Examples of LMC responses to a
set of 300-ms contrast steps superimposed
on eight different backgrounds 0.5 log in-
tensity units apart, the highest background
of ~500,000 photons/s. The responses be-
came more transient as the background was
increased.

0 100 200 300 400 500
ms

transients) increased with the increase in the background intensity. If evaluated by
the peak amplitudes, the contrast gain of the early visual signals increases with light
adaptation. The estimates of synaptic gain will be refined in the following with the
frequency domain analysis.
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Responses to Pseudorandom Stimuli

Fig. 5 shows 30-times averaged samples of photoreceptor and LMC responses (i.e.,
signals) to a pseudorandomly modulated light stimulus (with the mean contrast of
0.32) at eight different adapting backgrounds. Unlike the responses to 300-ms
contrast steps, the pseudorandomly modulated photoreceptor signals were much
smaller than the LMC ones. This reduction in the size of the presynaptic signals can
be explained by the fairly slow photoreceptor responses. Because the photoreceptors
reach their maximum amplitudes ~ 15-30 ms after the light intensity is changed (cf.

A Presynaptic B Postsynaptic
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FIGURE 5. 250-ms samples of photoreceptor and LMC signals (30-times averaged responses)
to a pseudorandomly modulated stimulus with a mean contrast of 0.32 (the lowest trace) at
eight backgrounds, 0.5 log intensity units apart. The magnitude of both the photoreceptor and
LMC signals is increased with adaptation. Numbers indicated in the line type decoder (under
the figures) specify each mean light background, and the same line types are also used in the
successive figures throughout the paper.

Fig. 3 C; light increments and decrements, respectively), the dynamically modulated
intensity does not provide enough time for photoreceptors to generate as large
responses as with long contrast steps (cf. Juusola, 1993). Thus, the presynaptic
responses to pseudorandom stimuli exhibit mostly the raising phases of the long step
responses. Interestingly, the LMC peak-responses were approximately as large as the
ones elicited with contrast steps. In essence, this again demonstrates that small
transient changes in the presynaptic signal are sufficient to provoke maximum
postsynaptic responses.
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The effect of increased light adaptation on the dynamics of the pre- and
postsynaptic signals were next studied by calculating the amplitude distribution
histograms of the signals and comparing these to the corresponding mean potentials
of the cells.

The mean photoreceptor potential increased with background intensity and
usually saturated 20-25 mV above the dark resting potential (Fig. 6 B) (Howard et
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FIGURE 6. Changes in the distributions and means of the photoreceptor and LMC signals at
different adapting backgrounds. Photoreceptor (4) and LMC (C) signal distributions scaled
around the mean potential, 0, at different adapting backgrounds. (B) The corresponding mean
photoreceptor and LMC potentials at different adapting backgrounds. (D) Comparison of the
photoreceptor and LMC signal distributions at a background of 500,000 photons/s. The LMC
signal distribution was inverted and both the distributions were scaled in order to match their
means to demonstrate the overlap. Note how the positive contrasts overlap (amplified with
constant gain), but the negative contrasts are more larger in the postsynaptic signals. All the
histograms were smoothed with a five-point moving average.

al., 1987; Juusola, 1993). On the other hand, increasing the mean illumination
hyperpolarized the LMCs (with large responses) at low backgrounds but depolarized
the mean potential towards or beyond the dark resting potential at high back-
grounds. Both the pre- and postsynaptic probability density functions (PDF) behaved
similarly, changing from Gaussian distributions at low adapting backgrounds to
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skewed ones at higher backgrounds (Fig. 6 4). Thus, the LMC signals, although
inverted, mainly followed the photoreceptors with an amplification ratio (Fig. 6 C).
However, as seen previously with step responses (Fig. 4), the amplification of
depolarizing responses in LMCs (i.e. responses to light decrements) were often more
enhanced. This is seen in Fig. 6 D, which illustrates both the pre- and the
postsynaptic signal distributions at a background of ~ 500,000 photons/s, now scaled
to the same width around their means. The increased postsynaptic enhancement of
light decrements suggest voltage-dependent mechanisms in LMCs, i.e., larger off-
transients after strong hyperpolarization (off spikes; Hardie and Weckstrom, 1990),
or additional synaptic inputs.

Transfer Functions of the Photoreceptor and LMC

Fig. 7 illustrates the pre- and postsynaptic transfer functions, the coherence estimates
and the linear impulse responses (first order Wiener kernels) caiculated from the
pseudorandomly modulated stimuli (mean contrast of 0.32) and the corresponding
averaged voltage responses (i.e., signals) at different adapting backgrounds (Fig. 5).
Neither pre- nor postsynaptic responses saturated during stimulation. This was tested
by using smaller contrast amplitudes, which gave transfer functions of similar form
(data not shown).

As the background intensity was increased, the photoreceptor gain (Fig. 7 4)
increased its band width, shifting the 3-dB cut-off frequency towards higher values
(as reported earlier by Juusola et al., 1994). In the corresponding LMC gain (Fig.
7 B), there was an increased attenuation of low frequencies accompanied by a very
strong increase in the 3-dB cut-off frequency, reaching a value of 80 Hz at a
background of ~ 500,000 photons/s. Although the general behavior of LMC transfer
functions was consistent, the postsynaptic 3-dB cut—off frequency varied from cell to
cell at the highest background (109.3 = 28.9 Hz, mean + SD, n = 12). This variation
was somewhat related to the presence of the off spike or the oscillations in the step
responses, as in cells with these features, high frequencies were boosted even more.
At the two lowest backgrounds the shape of the photoreceptor and LMC gains were
alike, but the overall LMC gain was much higher. Indeed, the changes in the 3-dB
cut-off frequencies, (Fig. 8 A) illustrate similar pre- and postsynaptic values at these
adapting backgrounds.

Both the photoreceptor and LMC phase lags were reduced by light adaptation
(Figs. 7, B and F). At the lowest tested background the slow LMC responses followed
the presynaptic signal by ~180°. Thus, during transmission, the signal was simply
inverted with no further delay. However, the postsynaptic phase was reduced at
higher backgrounds.

The coherence function is unity in a linear and totally noise-free system, and all
nonlinearities and noise lower the value. According to the results in Fig. 7, C and G
(and also photoreceptor coherence functions in Juusola et al., 1994) the pre- and
postsynaptic signals were approximately linear (y? > 0.9) over the frequency range
from 0.5 to 150 Hz and from 5 to 150 Hz, respectively, at backgrounds > 5,000
photons/s. The drop in LMC coherence at low frequencies apparently followed the
light-adaptational reduction of the corresponding gain values. However, when we
regard that the coherence function as an estimate of the system’s linearity and
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FIGURE 7. The photoreceptor and LMC frequency responses (gain and phase), their coher-
ence functions and linear impulse responses at eight different adapting backgrounds. Photore-
ceptor data at left, LMC data at right.
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signal-to-noise ratio, and judge the amount of noise occurring both pre- and
especially postsynaptically (as will be shown below), the linearity of the light-adapted
cells was remarkable even under strong dynamic stimulation. Thus, we can say that
within the frequency and light background limits stated above, the system under
study, the synapse, behaves quite linearly. This also fully justifies the use of linear
systems analysis within the same limits. We cannot say that all significant deviations
from near unity coherence values are caused by the system’s nonlinearities. On the
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contrary, the most likely explanation for low coherence at low backgrounds and small
frequencies is the poor SNR (see below).

The linear impulse responses (first order Wiener kernels; Fig. 7, D and H)
demonstrated how both the pre- and postsynaptic responses increased as a function
of light adaptation and that the presynaptic responses reached their peak values only
few milliseconds earlier than the corresponding postsynaptic responses. Thus, the
results coincide with the ones observed with 2-ms contrast steps (Fig. 3 C; for this
particular LMC see Fig. 14 C). Here, the difference in the pre- and postsynaptic
time-to-peak values was the smallest (2-3.5 ms) at the three highest adapting
backgrounds and largest {1} ms) at the lowest background. Because the signals
reached their maxima in a causal order, we could again estimate the synaptic
amplification at different adapting backgrounds by simply dividing the postsynaptic
maximum amplitudes by the corresponding presynaptic ones. These values are
shown in Fig. 8 C. The increase of the background by 3.5 log intensity units caused
~2.5-fold reduction in the synaptic amplification (from ~ 10 to ~4). To observe
what kind of frequency-dependent changes are caused by light adaptation in the
different signal components and to estimate the average transfer delay at different
backgrounds, we calculated the synaptic transfer functions.

Synaptic Transfer Function

The synaptic transfer functions in Fig. 9 4 show the changes in the signal transfer
over a wide frequency band at different adaptation conditions. At the lowest tested
adapting background {~ 160 photons/s) there was ~13-fold amplification of low
frequency signals after which the gain rolled off down to fourfold value at 60 Hz.
Because of the low coherence value of LMCs at low intensity backgrounds, the higher
frequencies were disregarded. Interestingly, as the background intensity increased,
synaptic amplification was continuously reduced over the band of frequencies from 1
to 150 Hz (with coherence values between 0.60 and 0.98), although the greater effect
was at low frequencies (cf. synaptic gain with one background in French and
Jarvilehto, 1978). For instance, at the highest background (~ 500,000 photons/s), the
1-Hz signal had an approximately unity gain. Above this the synaptic amplification
increased steadily until ~ 150 Hz, after which the reliability of the estimate was too
low to be significant (see LMC coherence values in Fig. 7 G). The change in gain in
the synapse is in contrast with findings of Laughlin et al. (1987), who found, using
step input, no change with light adaptation.

The phase parts of the synaptic transfer function, which are the difference between
corresponding pre- and postsynaptic phases, attenuated slowly from low to high
frequencies, so that the slope was smaller at stronger backgrounds (Fig. 9 B). The
transfer delay of signals (i.e., the group delay, —d®/df) at different adapting
backgrounds was calculated from the regression lines used for fitting the phase
function (correlation coefficient varied from 0.993 to 0.998). Fig. 9 C shows how the
transfer delay reduced exponentially from 9 ms to 3.3 ms when the light background
was increased from ~ 160 to ~ 500,000 photons/s (Fig. 9 C). The “inverse” time lag
in time domain recordings with dark-adapted eye is clearly a manifestation of
nonlinearities, which are bypassed with the white-noise stimulation, thus revealing
the true synaptic lag.
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Noise Analysts

Time domain. Fig. 10, A and B, shows samples of dark noise and the signal-induced
noise in a photoreceptor and a LMC, respectively, at different adapting backgrounds.
It is easily seen that the LMC noise is larger in amplitude than the photoreceptor
noise. Yet both appear to behave similarly. The variance of the noise first increases
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then decreases with background intensity (Fig. 10 C), and finally returns near to the
values of dark adapted cells (the lowest traces in Fig. 10, A and B). This inflection
point in noise amplitude varied from cell to cell in both photoreceptors and LMCs.

Frequency domain. To see how the frequency content of the noise changed
during adaptation, the power spectra of signal-induced photoreceptor and LMC
noise were compared in dark and at different adapting backgrounds (Fig. 11). The
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noise in both cell types showed a light adaptational shift of power over a wide
frequency range. Photoreceptor noise power rose to a maximum at an adapting
background of 1.7-10* photons/s, but decreased and shifted towards higher frequen-
cies with more intense backgrounds (Fig. 11 A). This corresponds to the reduction of
duration of single photon events reported previously (e.g., Wong, 1978; Howard et
al., 1987; Roebroek, van Tjonger and Stavenga, 1990; Juusola et al., 1994). The
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power at low frequencies (0.5-5 Hz) depended partially on the amount of slow,
gradual fluctuations of the mean potential during experiment, and might have a
contribution of the screening pigment movement. The amplitude of the fluctuation
varied in different experiments and was usually <+1.0 mV.

The LMC noise consists of the amplified photoreceptor noise and intrinsic noise
associated with signal transfer (Laughlin et al., 1987). Because LMCs receive
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information from six converging photoreceptor axon terminals, one might assume
that the synaptic gain is merely due to this connectivity, and that its value must be
fixed. However, if the photoreceptor-LMC synapse had a constant amplification ratio
at all backgrounds, then the LMC noise power spectra would be parallel to the
photoreceptor noise power with a maximum at the background of 1.7-10* photons/s.
As already demonstrated by the synaptic transfer functions, this was not the case. The
LMC noise power was largest at the lowest adapting background of 160 photons/s,
above which it steadily decreased towards higher frequencies as the background was
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FIGURE 11. Noise analysis in the frequency domain. (4) Photoreceptor noise power spectra.
(B) LMC noise power spectra. (C) Synaptic noise transfer in the dark and at eight different
adapting backgrounds 0.5 log intensity units apart. (D) Transmitted photoreceptor noise. The
dark noise is marked, the continuous line is at the adapting background of 500,000 photons/s.
To recapitulate the calculation methods, the synaptic noise transfer is calculated by dividing
LMC noise by photoreceptor noise power spectra (i.e., C = B/A), and the transmitted noise is
derived by filtering photoreceptor noise by the synaptic transfer function (i.e., D is A filtered by
the function of Fig. 94).

increased (Fig. 11 B). The synaptic noise transfer in Fig. 11 C shows that in darkness,
and at the lowest tested adapting background, the synaptic noise transfer was fairly
flat but showed increased compression of lower frequencies as the mean background
was increased. The low frequency peak at 5 Hz was again related to the small
fluctuations in the mean potentials in photoreceptors during the experiments.

The power spectrum of the intrinsic noise was estimated in the following way: the
presynaptic noise was multiplied by the corresponding synaptic transfer function,
using the pre- and postsynaptic gains from the same measurements, and the result
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was divided by /6 (scales the noise of six converging photoreceptors). The presynap-
tic noise, after passing through the analogously light-adapted synapse, is shown in
Fig. 11 D. The result resembles the LMC noise power spectra. We subtracted this
estimated power of the synaptically medulated presynaptic noise from the corre-
sponding real (recorded) LMC power spectra. This procedure gave an approxima-
tion of the intrinsic noise (Fig. 12 4), at least at the highest adapting backgrounds,
where the estimate is most reliable. The intrinsic noise power was much greater than
from a single photoreceptor at the same background (Fig. 10 C). It made up ~30%
of the total power in the LMC noise spectrum. The 95% confidence intervals (see
Appendix, Eq. 9) for the photoreceptor and LMC gain estimates are ~£0.5% and
+1.5%, respectively. This means that we have ~ 2% confidence band for the
synaptic transfer functions. The subtraction of the recorded LMC noise from the
estimated transmitted noise results in a ~30% band for 95% confidence limits. Thus,
it is still relatively reliable, although the variance of its estimate is considerable.

A Power density (mv¥/Hz) B Relative power density
1o°§ 1007 :
107" 0.75 -
1072 0.50
102] 7 0.25
1074- 0.00
0.5 5 50 500 0 100 200
Frequency {Hz) Frequency (Hz)

FIGURE 12. Intrinsic noise in an LMC at different adapting backgrounds. (4) The noise as
derived by subtracting the transmitted noise from the real {measured) LMC noise (i.e., Fig. 11,
B-D). (B) The same data shown in relative linear scale. The continuous lines represent best fits
of the Eq. 11 (the gamma distribution) to the five lowest adapting backgrounds.

Fig. 12 B shows the synaptic intrinsic noise (relative) in linear scale. The continuous
lines represent the least-squares fits of the I'-distribution to the noise spectra with the
lowest five adapting backgrounds. This procedure allows us to roughly estimate the
duration of the elementary synaptic events, assuming that the events are caused by a
diffusion limited process (e.g., release of transmitter vesicles and the subsequent
diffusion in the synaptic cleft). The I'-distribution gave a good fit (correlation
coefficient >0.95) with the four lowest adapting backgrounds. With higher back-
grounds the fit was poor, and no quantitative estimates can be made. However, going
from the adapting background of 160 eph/s to 16,000 eph/s the time constant
decreased from ~ 8 ms to ~ 0.1 ms. This suggests rapid shortening of the duration of
the elementary synaptic responses as a function of the light intensity.

Pre- and Postsynaptic Signal-to-Noise Ratios

The photoreceptor and LMC SNR were calculated in the time domain from the
signal and the signal-induced noise variances, and in the frequency domain from the
power spectra of the same original data. The light adaptational increase in the SNRs
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of both cells are shown in Fig. 13 A. Both the pre- and postsynaptic SNR as functions
of background intensity seemed, as also found by Laughlin et al. (1987), to
approximately follow the relation:

SNR — k1 @)

where £ is a proportionality constant, and I is the intensity of the adapting light. The
changes in the frequency domain are illustrated in Fig. 13 B and C. At low adapting
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background, the band widths were similar, but as the SNR increased rapidly with the
background, both cell types demonstrated a characteristic reduction of the SNR at
low frequencies. In general, LMCs had a higher SNR than the photoreceptors. At
high frequencies (200500 Hz), the coherence of the signals was near zero although
the SNR was high, indicating that the system must be nonlinear at those frequencies.
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This phenomenon could be related to oscillations characteristic of LMC responses
(e.g., Fig. 2 E responses to 2 ms contrast steps and the upper trace in Fig. 4).

Recordings from Photoreceptor Axon Terminals

Responses from photoreceptor axons were identified by fast depolarizing transient
superimposed on the rising phases of the photoresponses (Fig. 14 A) (Weckstrém et
al., 1992a). When recording from fly lamina, stable microelectrode penetrations of
axon terminals are difficult to perform. Because of the axons’ small diameter (g 1-2
pm), very sharp electrodes (over 250 M) are required. However, we succeeded in
recording the axon transfer function to pseudorandom contrast modulation three
times. Fig. 14 B compares transfer functions from an axon terminal to the ones of the
photoreceptor soma and LMC, recorded at an adapting background of 1,000,000
photons/s (with mean contrast of 0.32). It demonstrates how the axonal transfer
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FIGURE 14. Photoreceptor axon recordings. (4) Responses to 2-ms light steps. (B) Frequency
response of a photoreceptor axon terminal (dashed line) is compared to the ones of photorecep-
tor soma and LMC. Note how the axonal cut-off frequency corresponds to the one of the LMC.

function differs from the photoreceptor and has a corner frequency as high as an
LMC. Indeed, the peak-to-peak responses during contrast modulation were only 8
mV. Thus, the responses in the axon were much smaller than those of LMCs, but a
little larger than in a typical photoreceptor soma.

DISCUSSION

The synaptic transmission of graded potentials from receptor cells to interneurons is
a fundamental coding process that modifies the information content of the input. We
chose to use the linear systems analysis to analyze this process. This is fully justified
within a definite band of frequencies and in a restricted range of light backgrounds,
because we could show the highly linear behavior of the synapse with the help of the
coherence functions (Fig. 7, C and G; see also Eq. 5). In the present work we
demonstrated that the photoreceptor-LMC synapse is an adaptive filter of which
transfer function changes with background intensity. At low adapting backgrounds,
the low-pass properties seem to be advantageous, but as the background is increased,
the synaptic transfer function progressively acquires more and more band-pass
properties.



138 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 105 - 1995

In the following, we will discuss pre- and postsynaptic signal enhancement and the
role that they play in maximizing the flow of information via the noisy channels of
early vision. We will introduce a new descriptive model, based on the finding that the
dynamics of tonic transmitter release change with the increased light adaptation (Fig.
12) and that contrast signals are mainly enhanced in the photoreceptor axon
terminals (Fig. 14 B). The model is consistent with the present findings and the
previous predictions (van Hateren, 19924,b, 1993) about the dynamics of synaptic
signal transfer at increased light adaptation: (a) change of synaptic transfer function
from low-pass to band-pass; (b) decrease of synaptic gain; and (c) acceleration of
postsynaptic LMC responses. We realize that there may be other synaptic inputs to
LMCs besides the R1-6 photoreceptors. There is complex neural circuitry in the
lamina, and many unknown processes may contribute to postsynaptic signal modula-
tion (Strausfeld, 1976). Although the exact function of laminar neural circuitry is
unknown, black box analysis, where photoreceptor input is the source of information,
provides one approach to this problem.

Amplification of the Signal Changes in Light Adaptation

The gain of the photoreceptor-LMC synapse depends on the background (Fig. 9 4).
Light adaptation increases the overall contrast gain of both the pre- and postsynaptic
signals (Figs. 4 and 6, A and C), but decreases both the synaptic gain and the transfer
delay (Fig. 9, 4 and C). Adaptational changes in the synaptic gain primarily affect
transmission of low frequencies. What are the mechanisms responsible for this
regulation of signal amplification?

According to Nicol and Meinerzhagen (1982) ~ 1,200 structural synapses transmit
the signals from six photoreceptors to one LMC. The summed activity of these
synaptic terminals creates the postsynaptic responses. Light increments increase, and
light decrements decrease, the release of the transmitter from the photoreceptor
axon terminals (Laughlin and Osorio, 1989; Weckstrém, Kouvalainen, Djupsund,
and Jarvilehto, 1989). Binding of the transmitter, histamine, to the postsynaptic
chloride channels modulates the chloride conductance (Hardie, 1987; Zettler and
Straka, 1987; Hardie, 1989), and is mostly responsible for the on and off responses in
LMCs (Laughlin and Osorio, 1989). To respond without saturation, the synapse must
have mechanisms which rapidly return the potentials back to the mean or resting
level (see Figs. 4 and 5 B). Our knowledge of the properties of the histamine-gated
chloride channels (Hardie, 1989), and the present results, lead to the basic assump-
tion that most information processing takes place before the chloride channels are
activated, i.e., on the presynaptic side.

Presynaptic Mechanisms

The power spectra and variance of the LMC noise indicates that, even in darkness,
there is tonic transmitter release affecting LMCs (Laughlin et al., 1987; Uusitalo and
Weckstrom, 1994). Increased light adaptation drives the synaptic transfer function
and intrinsic noise towards higher frequencies and compresses low frequencies (Figs.
9 and 11 B), suggesting that the elementary process of synaptic transmission speeds
up. The mean photoreceptor potential follows the background illumination and
probably mediates the change in tonic transmitter release. The finding that the
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intrinsic noise also shifts to higher frequencies with light background (Fig. 12)
suggests that the size of the functional transmitter packages—not necessarily equiva-
lent with physical vesicles—gets smaller. This would explain the previous finding that
the total amount of transmitter released does not seem to increase as a function of
light adaptation, as tested by measuring the input resistance of LMCs (Laughlin and
Osorio, 1989). Thus, our results indicate that the amount of transmitter released
tonically seems fairly constant, but its effective quantal size is reduced.

In our previous work we have demonstrated a fast depolarizing transient in the
photoreceptor axon terminals (Fig. 14 A), the kinetics of which well predicts the time
course of postsynaptic on transients in the dark-adapted state (Weckstrém et al.,
19924). Because of photoreceptor geometry, with a large, leaking soma connected to
a narrow axon that has a large input resistance, the fast depolarizing transient cannot
be seen in the soma recordings (cf. van Hateren, 1986; Weckstrom et al., 1992q).
Based on recent studies of other insect photoreceptors (Rubinstein, Bar-Nachum,
Selinger, and Minke, 1989; Stockbridge and Ross, 1984; Coles and Schneider-Picard,
1989; Weckstrom, Jirvilehto, and Heimonen, 1993) we presume that the spikelike
fast depolarizing transients originate from the activation of voltage-dependent
calcium or sodium channels. It is also functional when the photoreceptors are light
adapted (Fig. 14 B; see also contrast steps in Weckstrom et al., 1992a). Our findings
indicate that, since the enhancement of LMC responses coincided with the rising or
decreasing phase of the photoreceptor responses (Fig. 3 C), the activation and
deactivation of channels responsible for the fast depolarizing transient must be tuned
to respond to even small changes from the mean photoreceptor potential. The
purpose of the fast depolarizing transient mechanism is probably to amplify and
separate the contrast signals from the mean potential by generating large voltage-
changes that can transiently increase the amount of transmitter released. In other
words it could be a separate “contrast enbancer’-unit that changes transmitter
release by driving potential commands into the voltage-dependent “transmitter-
releasing” unit. Because both fast depolarizing transient and tonic transmitter release
are voltage-sensitive processes, their combined operation define the dynamics of
transmitter release. It appears that changes in transmitter release take place more
slowly at low backgrounds, where the mean photoreceptor potential is low and the
photoresponses slow.

The descriptive model of adaptive regulation in signal transfer is illustrated in Fig.
15. Presynaptic amplification is defined here as the sum of enhanced contrast
response (fast depolarizing transient superimposed on a photoreceptor response)
and the tonic rate of transmitter release. At low adapting backgrounds, where the
slow tonic transmitter release dominates LMC responses, the fast depolarizing
transient, elicited by the rising (depolarizing) photoreceptor responses, must have a
large gain to separate the contrast information from the large synaptic noise (cf. Figs.
8B and 9A [upper trace]). As the resulting signal, which now has an enhanced
presynaptic gain, goes through the synapse, the transmitter release mechanism
low-pass-filters the transmitter signal (Fig. 9A4), and removes most of the high
frequency noise (cf. Fig. 12). Contrast responses superimposed on a low mean
photoreceptor potential are so small (cf. Juusola, 1993) that, without the transient
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enhancement, they would only marginally alter the near tonic release of transmitter
and would therefore be contaminated by the intrinsic noise. Hence, the resulting
amplified LMC responses resemble those of low-pass filtered photoreceptors (cf.
lower traces of Figs. 7, 4 and E).

At high adapting backgrounds the synaptic amplification strategy is different. In
photoreceptors, the increased contrast gain enhances the signal and increases the
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FIGURE 15. Schematic representation of the presynaptic modulation of the signal transfer at
two light backgrounds (Bg), low (twilight) and high (near daylight). (Round symbols) Appearing
below the synaptic transmission figures describe the changes in the effective size of the
functional synaptic packets, not necessarily corresponding to actual vesicles.

SNR (Howard et al., 1987; Juusola, 1993; Juusola et al., 1994) so that the synaptic
low-pass filtering is no longer needed. The photoreceptor potential is increased so
that even small photoresponses, with fast depolarizing transients, can modulate the
tonic transmitter release without the signal being heavily filtered (Figs. 9 4 and 14 B).
This is because the modulation of transmitter release at high presynaptic potentials is
fast (cf. Fig. 12, the continuous line). The resulting LMC responses have a large high
frequency content, characteristic for band-passed signals (Figs. 7 E, 8 A, and 14 B).
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Further, it is essential to provide a large operation range for the postsynaptic
responses without saturating the signal. Hence, as the presynaptic contrast gain
increases (Fig. 7 A), the synaptic gain decreases as a function of light adaptation
(Figs. 8 B and 9 4). This could be due to the properties of the presynaptic Ca?*
channels. In synapses between spiking cells in vertebrates they have been suggested
to be mostly N-type channels that inactivate rapidly with depolarizing membrane
potential (cf. Miller, 1987). However, recent evidence suggests, that in graded
potential synapses the Ca?* channels do not inactivate substantially, either in
vertebrate photoreceptors (see e.g., Corey, Dubinsky, and Schwartz, 1984), bipolar
cells (Kaneko, Pointo, and Tachibana, 1989) or in barnacle photoreceptors (Hayashi
and Stuart, 1993). Thus, it does not seem likely that the synaptic gain in fly
compound eye would be caused by the properties of the Ca?* channels.

The reduction of synaptic gain seems to be a direct result of the reduction of low
frequencies when the adapting background is increased. This subtraction is an
efficient way to enhance the relative signal power at significant frequencies. At
present the only mechanism capable of doing this is the generation of low-passed
field potentials in the extracellular space inside the synaptic cartridge (Shaw, 1984).
This subtraction mechanism (Laughlin and Hardie, 1978) would obviously also
reduce the low frequencies which have the same frequency content as the field
potential.

Another contribution may come from voltage-dependent potassium channels
which effectively compress large depolarization responses, broadening the opera-
tional range for the presynaptic contrast responses (Laughlin and Weckstrém, 1989;
Weckstrom, Hardie, and Laughlin, 1991; Weckstrém, Kouvalainen, and Juusola,
1992b; Juusola, 1993; Juusola and Weckstrém, 1993). K* channels may create a
current sink near the axon origin, or they could be distributed along the axonal
membrane as well. The presynaptic compression by voltage-dependent K*-channels,
when the presynaptic potential is depolarized, should influence the on responses
preferentially. This is exactly what we have found. The adaptational change of the
synaptic gain is associated with the increased skewness of the pre- and postsynaptic
response histograms (Fig. 6, A and C).

Postsynaptic Mechanisms

The photoreceptor transmitter, histamine, activates Cl~-channels (Hardie, 1989),
which may desensitize with a slow time constant (Roger Hardie, personal communi-
cation). Thus, they probably cannot be responsible for the fast transient generation,
although the desensitization could be part of the slow gain regulation in the synapse.
However, according to Hardie (1989), there are at least four histamine sites on one
channel that must be filled before the channel can open. The high cooperativity
makes the dose-response curve very steep. With tonic transmitter release the binding
sites are always partially filled. Thus, a small modulation in transmitter release opens
or closes a large number of chloride channels, i.e., amplifies the presynaptic signal.
Additionally, the transmitter may be taken up quickly into the axons or glial
elements. The explanation of the off-transient cannot solely be based on the closing
of the transmitter-gated channels, because cutting off of the tonic transmitter release
can only depolarize the cell by <10 mV, and the off transient is also associated with
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a conductance increase (Laughlin and Osorio, 1989; Weckstrom et al., 1992q).
Therefore, off depolarizations must be enhanced by some other mechanism. One
possible candidate is a nonhistamine-gated voltage—dependent depolarizing conduc-
tance (Hardie and Weckstrom, 1990; Laughlin and Osorio, 1989; Weckstrom et al.,
1989; Uusitalo, Juusola, and Weckstrom, unpublished observations). The depolariza-
tion of the E¢ of the postsynaptic LMC’s due to intracellular Cl™-accumulation in
light adaptive conditions (Uusitalo and Weckstrom, 1994) may also decrease the
contrast responses with slow time course. This explains at least part of the drop in
coherence of the LMC signals at low frequencies.

Concluding Remarks

The present study demonstrates two important properties of the fly photoreceptor-
interneuron synapse, namely the strong adaptation of the transfer function, and the
amazingly linear transformation taking place when white-noise modulated pointlike
light stimulus is used. The skewness of the responses elicited by a Gaussian light
stimulus (Fig. 6) implies that the signal amplification may have evolved to match the
contrast distribution of natural scenes (which is also skewed, but in the opposite
direction; Laughlin, 1981b). By compressing the responses evoked by positive
contrasts (which extend to much higher values than the maximum negative contrasts
of —1) and increasing the amplification of responses to negative contrast changes,
the early visual system can map the natural contrast distribution with equal probabil-
ity. Synaptic signal processing may thus efficiently maximize the amount of sensory
information that can be transmitted to the central nervous system and select
information that is significant for the animal’s behavior (cf. animal’s motion relative
to the natural contrast distribution: van Hateren, 19924,b, 1993).

APPENDIX

Analysis of the Pseudorandom Data

Fig. 16 illustrates the signal analysis using pseudorandomly modulated stimuli. The
photoreceptor and LMC responses were recorded under identical stimulation condi-
tions (The same contrast modulation was used at eight different adapting back-
grounds). Data processing was done using ASYST 4.0 (Keithley Metrabyte, Taunton,
MA) based programs (Juusola, 1993; Juusola et al., 1994; Kouvalainen et al., 1994).
In the following, italicized text refers to the boxes in Fig. 16.

Time domain analysis. The purpose of this part of the analysis was to separate the
signal from the noise. Responses to an identical stimulus sequence were averaged,
and the averaged response were subtracted from the individual response samples to
yield sequences containing only noise. 30 photoreceptor and LMC Responses to the
same eight second stimulus sequence were recorded and stored. Averaged responses
[Sr(*) and Spmc(f)] were calculated and subtracted separately from each of the stored
nonaveraged response of the same cell [Rg(f) and Rymc(t)] to yield (30) 8-s samples of
stimulus induced noise [Ng(t) and Npmc(t); see the box between Photoreceptor noise and
the LMC noise].

Nimel®) = Romel®) — Sumc®)- (3)
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The resulting noise samples, containing both the background and the modulation-
induced noise, were stored for frequency domain analysis of the noise. The errors in
this analysis, due to the residual noise in averaged responses, can be shown to be
quite small, and proportional to noise power/y30 (Kouvalainen et al., 1994).
Frequency domain analysis of the signal. The linear dynamics of the signal transfer
in the synapse were calculated from the transfer functions of the presynaptic
photoreceptors and the postsynaptic LMCs, by treating the presynaptic signal as an

Frequency responses Synapse Noise analysis

Transmitted
Photoreceptor photoreceptor
noise noise

— M

FFT

Light stimulus Responses Averaged

A responses

Intrinsic noise

SNR
|

Signals LMC noise

FIGURE 16. Schematic drawing of the analysis performed with pseudorandom contrast stimu-
lation experiments. As indicated beside the schematic cells (lefl, bottom), continuous line is
photoreceptor data, dotted line is LMC data throughout the figure. The Appendix gives a
detailed description of the method. Shortly, the stimulus is provided by repeated sequences of
pseudorandomly modulated light. The responses are averaged in time domain to give the
Stgnals. Frequency domain data are obtained by standard FFT techniques. Transfer function
analysis (Frequency responses) is performed using the signals of both photoreceptors and LMCs,
and the synaptic transfer function (Synapse) is subsequently derived from these. Noise data is
extracted by subtracting the averaged data from the original recordings, resulting in the
estimation of the (/ntrinsic noise) of the synapse.

input to the synapse. The averaged photoreceptor and LMC responses, containing
virtually no stimulus-independent noise, were segmented for FFT analysis using a
Blackman-Harris four-term window with 50% overlap of the segments (Harris, 1978;
Bendat and Piersol, 1971). Photoreceptor and LMC Signals [Sr1-s(f) and Sumc(f)]
were calculated by frequency domain averaging of the photoreceptor and LMC
spectra of different segments. Thereafter, the photoreceptor and LMC Frequency
responses [Hy_¢(f) and Hymc(f)] with coherence estimates and the first order Wiener
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kernels (or linear impulse responses) were calculated by using the spectra of the Light
stimulus and the Averaged responses (see, e.g., French, Holden, and Stein, 1972;
Bendat and Piersol, 1971; Marmarelis and Marmarelis, 1978). The synaptic transfer
function, Synapse [Hs(f)], was estimated by dividing Hymc(f) with Hg,_6(f) recorded
at the same background with the same contrast modulation.

Hyme(f)
Hy(f)

The coherence functions were calculated as defined (Bendat and Piersol, 1971) as

Hs(f) — 4)

Goy(NG* ()
Gl NG,(f)

Yi(f) = ®)
where Gy, and G¥ are the cross-spectrum and its complex conjugate, correspond-
ingly; Gy is the input power spectrum and Gy, is the output power spectrum of the
system being analyzed (the lower indices indicating the data from which the
calculation is being made, x denotes input and y is output).

Frequency domain analysis of the noise. The intrinsic noise of the synapse, i.e., the
noise produced during synaptic transmission itself, was estimated by taking the
presynaptic noise through the synaptic transfer function, and comparing this to the
real, recorded postsynaptic noise.

We calculated the photoreceptor noise power spectrum and the LMC power
spectrum from the 30 stored samples of the signal-induced photoreceptor and LMC
noise using standard FFT methods (see above) to obtain 30 estimates of the
photoreceptor and LMC power spectra. The final estimates of the Photoreceptor noise
power spectrum [Ng(f)] and the LMC noise power spectrum [Nymc(f)] were averages
(in the frequency domain) of the individual noise power estimates. To estimate the
Intrinsic noise [N1(f);] we first estimated the Transmitted photoreceptor noise [N r(f)] by
filtering the photoreceptor noise power spectra, Ng(f ), with the synaptic transfer
function, Hs(f), (estimated at the same background) and dividing that by the square
root of six, because noise power in each LMC is reduced by uncorrelated noise input
from six identical photoreceptors). Thus,

Hg(f) - Nr(f)
Nir(f) = i\/g—"i 6)

The Intrinsic noise, Ni(f), was then calculated by subtracting the Transmitted photore-
ceptor noise power spectra, Nir(f) from the LMC noise power spectra, Nymc(f).

Ni(f) = Nome(f) — Ner(f)- )

Calculation of the synaptic SNR. The photoreceptor and LMC signal-to-noise ra-
tio, SNR, [SNRg(f)and SNRpmc(f)], at a certain adapting background was deter-
mined by dividing the signal power spectrum of the cell, Sg(f) or Smc(f), by its
noise power spectrum, Ng(f) or Npmc(f) (See Kouvalainen et al.,, 1994; Juusola et
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Smc(f)
Neme(f)

Calculation of the confidence intervals. The calculation of the noise components
involves arithmetical operations with spectral and gain function estimates. These
calculations necessarily decrease the reliability of the resulting functions, like the
intrinsic noise. Therefore, it is necessary to estimate the confidence intervals of the
relevant gain functions to find out, how useful the results are. We calculated the
confidence intervals for the gain function according to Bendat and Piersol (1971) as

SNRymc(f) = 8

2(f) = — _ oy SoD
) = g Feraall - YO GEA ©)
where 7 is the number of degrees of freedom, Fpn_9, is 100a percentage point of an
F distribution with 2 and n — 2 degrees of freedom.

Calculation of the gamma distribution. The intrinsic noise in the synaptic transmis-
sion was assumed to arise (analogously with the single photon responses in photore-
ceptors; Wong, Knight, and Dodge, 1982, Juusola et al., 1994) from a diffusion-
limited process following the I'-distribution

r Ly T 10
(trnyT)_nh_ T (2 . ( )
The two parameters, n and 7, were obtained by fitting the following to the
experimental power spectra of the noise:

(T(f; n, M = an

(1 + @urfH?!
where f'is the frequency.
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