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The Performance of Synapses That Convey Discrete Graded
Potentials in an Insect Visual Pathway

Peter J. Simmons

Department of Neurobiology, University of Newcastle upon Tyne, Newcastle upon Tyne NE2 4HH, United Kingdom

Synapses from nonspiking neurons transmit small graded
changes in potential, but variability in their postsynaptic poten-
tial amplitudes has not been extensively studied. At synapses
where the presynaptic signal is an all-or-none spike, the prob-
abilistic manner of neurotransmitter release causes variation in
the amplitudes of postsynaptic potentials. | have measured the
reliability of the operation of synapses that convey small graded
potentials between pairs of identified large, second-order neu-
rons in the locust ocellar system. IPSPs are mediated by small
rebound spikes, which are graded in amplitude, in the presyn-
aptic neuron. A transfer curve plotting amplitudes of spikes
against amplitudes of IPSPs has a characteristic S shape with
a linear central portion where IPSP amplitude is between —0.2
and —0.6 as large as spike amplitude but shows appreciable
scatter. Approximately half of the scatter is attributable to back-

ground noise, most of which originates in photoreceptors and
persists in darkness. The remaining noise is intrinsic to the
synapse itself and is usually 0.3-0.7 mV in amplitude. It limits
the resolution with which two spike amplitudes can be distin-
guished from one another to ~2 mV and, because the linear
part of the transfer curve occupies ~10 mV in spike amplitudes,
limits the number of discrete signal levels that can be conveyed
across the synapse to approximately five. The amplitude of the
noise is constant throughout the synaptic operating range,
which means it is unlikely that presynaptic membrane potential
controls transmitter release by setting a single probability level
for quantal release.
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fer curve

At chemical synapses, the rate at which neurotransmitter is re-
leased is regulated by the membrane potential of the presynaptic
neuron. The graded relationship between presynaptic and
postsynaptic potentials is normally obscured in spiking neurons
where it was first established (Katz and Miledi, 1967) but enables
nonspiking neurons to transmit small changes in membrane po-
tential to their postsynaptic targets. Neurons that use graded
potentials avoid a time-consuming spike frequency code, and
nonspiking neurons in the outer layers of the fly compound eye
can carry 2000 bits/sec (de Ruyter and Laughlin, 1996), five times
more than spiking neurons (Theunissen et al., 1996; Rieke et al.,
1997). However, noise introduced during synaptic transmission is
likely to limit the amount of information carried by graded
potentials. Noise in output synapses from photoreceptors signif-
icantly degrades the resolution with which higher-order neurons
encode information about changes in light intensity both in ver-
tebrates (Ashmore and Copenhagen, 1983) and invertebrates
(Laughlin et al., 1987). A major source of noise is the probabi-
listic manner with which quanta of neurotransmitter are released.
This has been almost exclusively studied at synapses where the
presynaptic signal is an all-or-none spike. Although at neuromus-
cular junctions several hundred quanta are released for each
presynaptic spike (del Castillo and Katz, 1954; Boyd and Martin,
1956; Johnson and Wernig, 1971), in CNSs the number of quanta
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released per spike is often so small that postsynaptic potential
amplitude varies considerably (Kuno, 1964; Korn et al., 1982;
Laurent and Sivaramakrishnan, 1992; Gulyas et al., 1993). Trans-
fer curves for a number of synapses that convey graded potential
have been plotted (Burrows and Siegler, 1978; Blight and Llinas,
1980; Angstadt and Calabrese, 1991; Manor et al., 1997) but
without measurements of variability in postsynaptic potential
amplitude.

The aim of this work is to measure variability in transmission
across a synapse that transmits graded potentials in the locust
ocellar visual system. Seven large L-neurons (Goodman, 1976)
convey graded signals about variations in light from each lateral
ocellar retina to the brain (Patterson and Goodman, 1974; Wil-
son, 1978b). The large space constants of L-neurons (Wilson,
1978b; Ammermiiller, 1986) means that signals decrement little in
traveling between presynaptic or postsynaptic sites and a record-
ing electrode. L1-3 make excitatory synapses that transmit toni-
cally both onward to large third-order neurons (Simmons, 1981),
which are involved in flight stabilization (Simmons, 1980; Rowell
and Reichert, 1986) and laterally to L4-5 (Simmons, 1982). Each
L1-3 also makes, with both its sister neurons, inhibitory synapses
that transmit phasically, usually after a presynaptic spike (Sim-
mons, 1982, 1985). These spikes are produced when light intensity
falls rapidly (Patterson and Goodman, 1974; Wilson, 1978a) and
are rebound responses to the end of a hyperpolarizing potential
(Wilson, 1978b). By collecting large numbers of measurements to
construct synaptic transfer curves, I show here that unreliability in
synaptic transmission is a major cause of variability in postsyn-
aptic potential amplitude and limits the smallest size of change in
presynaptic potential that can be transmitted faithfully across the
synapse.
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Properties of spikes in L-neurons. A, Intracellular recordings of spikes (top traces) rebounding from the end of 300-msec-long pulses of

hyperpolarizing current (bottom traces) of three different amplitudes. The dotted line indicates dark resting potential, and arrows indicate for one rebound
spike how rebound potential and spike amplitude were measured relative to dark resting potential. B, Responses to 7 nA hyperpolarizing current pulses,
100 and 200 msec long. C, D, Graphs of spike amplitude against rebound potential. Measurements in C were made in darkness and in D in steady light,
which hyperpolarized the L-neuron by 12 mV relative to its dark resting potential.

MATERIALS AND METHODS

Experiments were conducted on 84 adult male and female Schistocerca
gregaria, obtained from our own breeding colony or by purchase from
commercial suppliers. The results presented in this paper were obtained
from 56 preparations in which stable recordings were made from pairs of
L-neurons connected by inhibitory synapses. The dorsal surface of the
brain and lateral ocellar nerves were exposed, and the mandibular
muscles were dissected away before the head was removed from the
animal, taking care to maintain the tracheal supply to the brain intact.
Pins fastened the head to a wax-covered dish, which was filled with ~1.2
ml of saline to just cover the ocellar nerves. To reduce synaptic trans-
mission from photoreceptors to L-neurons in some preparations, the
neurilemma around a lateral ocellus was gently torn using two pairs of
sharpened watchmakers forceps. A 1% w/v solution of Sigma (St. Louis,
MO) Protease Type X1V in saline was applied to the surface of the brain
for 3 min to facilitate penetration of the neurilemma by microelectrodes.
The preparation was placed in a black box, and recordings were made in
complete darkness unless otherwise indicated, where light from an ul-
trabright green light-emitting diode (Radio Spares) was directed at the
ocellus.

Intracellular recordings were made with glass microelectrodes filled
with 2 M potassium acetate, DC resistances 40—60 M(), connected to an
Axoclamp 2-A or 2B amplifier (Axon Instruments, Foster City, CA)
operated in the bridge balance mode. Recordings were made from the
axons of L-neurons in either a lateral ocellar nerve or tract. Penetration
of an L-neuron was registered by brisk responses to dim 0.1-sec-long
pulses of light from the light-emitting diode, with background synaptic
noise between stimuli. A synaptic connection between a pair of
L-neurons was sought by eliciting rebound spikes in one of the pair with
pulses of negative current. Current pulses to elicit rebound spikes were
injected at a rate of one every 2 sec, which is sufficient to allow recovery
of a synapse after production of an IPSP (Simmons, 1985). Because of
this relatively low rate of stimulation, it was necessary to maintain stable
intracellular recordings for at least 15 min to collect sufficient data for
analysis, and a few recordings remained stable for >1 hr. A number of
checks were made to ensure the quality of recordings was maintained,
including stability of resting potential, level of background noise, synap-
tic gain, and maximum I[PSP size.

Intracellular recordings were collected onto computer using a 1401
interface and Spike2 Software (Cambridge Electronic Design, Cam-
bridge, UK). Some analysis was performed on-line, which helped assess
recording quality. Subsequently, measurements of membrane potentials
and event durations were made using Spike2 software, and data were
analyzed using SigmaPlot and SigmaStat (SPSS, Chicago, IL). In many
experiments, the linear section of a synaptic transfer curve was analyzed
by finding the regression line that provided the best fit between the
amplitudes of presynaptic spikes and postsynaptic IPSPs. Variation in
IPSP amplitude was expressed as the SD of the IPSP residuals about this
line. The normality of distributions was tested using the Kolmogorov—
Smirnov test, which gives values for the cumulative squared departure of
data points from a normal distribution [the Kolmogorov—Smirnov dis-
tance (K-Sd)] and for the probability that data are normally distributed
(a value of =0.05 is usually taken to indicate that data are taken from a
normally distributed population).

RESULTS

Graded spikes in L-neurons

After the end of a hyperpolarizing potential, the membrane
potential of an L-neuron overshoots resting potential to generate
a small rebound spike (Wilson, 1978b), which enhances responses
to sudden decreases in illumination and is required for transmis-
sion at inhibitory synapses between L-neurons (Simmons, 1982,
1985). Similar regenerative responses occur in lamina cells of the
arthropod compound eye (Zettler and Jéarvilehto, 1973), nonspik-
ing stretch receptors in crab legs (Blight and Llinds, 1980), and, to
a smaller extent, local nonspiking interneurons in locust thoracic
ganglia (Laurent, 1990). Stimulus parameters that influence spike
amplitude have not been described before, although there is
evidence that the voltage-sensitive conductances responsible for
L-neuron spikes are mostly inactivated at dark resting potential
(Ammermiiller and Zettler, 1986). Spike amplitude in L-neurons
depends on both the amplitude (Fig. 14) and duration (Fig, 1B)
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Figure 2. 1PSPs in one L-neuron elicited by depolarizing potentials in
another L-neuron. 4, IPSP (top trace) mediated by a rebound spike
(bottom trace) produced at the end of a pulse of hyperpolarizing current
injected into the presynaptic neuron. B, A pulse of depolarizing current
injected into the presynaptic neuron elicited a spike followed by a more
prolonged depolarizing potential and a short-lasting IPSP in the postsyn-
aptic neuron. Current pulses were added to a steady DC current injected
to hyperpolarize the presynaptic neuron from its dark resting potential
(dashed lines). In this experiment, separate electrodes were used to inject
current, to record presynaptic potential, and to record postsynaptic
potential.

of the hyperpolarizing potential from which the neuron rebounds
(the “rebound potential”). For hyperpolarizing pulses of a par-
ticular duration, there is an S-shaped relationship between the
amplitude of the rebound potential and the amplitude of the spike
(Fig. 1C,D). The effects of increasing pulse duration, up to 300
msec, were to shift curves toward smaller values of rebound
potential and to increase their gradients. Over the linear parts of
the curves in Figure 1C, each 1 mV change in rebound potential
caused an increase in spike amplitude of 0.82 mV for 50-msec-
long pulses and of 1.76 mV for 300-msec-long pulses (SDs of spike
amplitude residuals, =1.21 mV for 50 msec pulses and =1.17 mV
for 300 msec pulses). When an L-neuron was held steadily hyper-
polarized from its dark resting potential (approximately —40 mV;
Simmons, 1985; Ammermiiller and Zettler, 1986), the family of
curves of rebound potential plotted against spike amplitude be-
came steeper, so that the spikes increasingly become all-or-none
events, and peak spike amplitude reduced slightly (Fig. 1D). In
these experiments, separate electrodes were used to inject current
and record potential. Spike amplitude recorded through the two
electrodes was the same, which means that, in later experiments,
rebound spike amplitude could be measured reliably using a
single electrode attached to an amplifier operated in the bridge
balance mode.

IPSPs and background noise in L-neurons

Transmission can only be sustained for short times at inhibitory
synapses between L-neurons: IPSPs mediated by rebound spikes
(Fig. 2A4) have durations similar to those elicited by longer-lasting
depolarizing potentials (Fig. 2B). The two IPSPs had the same
rise time (6.5 msec) but different amplitudes, because there is an
extremely limited time window in which the IPSP can be gener-
ated (Simmons, 1985), and the presynaptic potential rose slightly
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Figure 3. TPSPs and background noise in an L-neuron. 4, Rebound

spike (bottom trace) in one L-neuron and IPSP in a second (top trace).
Besides the amplitude, the rise time (rf) of the IPSP was measured. B,
Background noise was measured starting 1 sec after each IPSP as the
potential difference occurring during an interval equal to the rise time of
the IPSP. C, Measured in this way, background noise varies with IPSP
rise time.

more slowly in Figure 2B than in Figure 24 (2.5 vs 10.5
mV/msec).

In three different experiments, the reversal potentials of
maximum-amplitude [PSPs were measured. Different amplitudes
of hyperpolarizing current were injected through one electrode
into the postsynaptic neuron, whereas a second electrode re-
corded potential changes, and IPSP reversal potential was mea-
sured from a regression of IPSP amplitude against L-neuron
potential. The values measured were —35, —37, and —42 mV
relative to dark resting potential, which are several times greater
than the maximum amplitudes of IPSPs recorded so that IPSP
amplitude is not limited by its reversal potential.

IPSPs were superimposed on background noise, which per-
sisted in complete darkness and often consisted of discrete hy-
perpolarizing potentials, such as the one that followed the IPSP
in Figure 34. Each IPSP measurement was paired with a mea-
surement of background noise (Fig. 34,B), which was taken as
the difference in postsynaptic potential at 1 sec after the presyn-
aptic spike and at a time equal to IPSP rise time afterward.
Background noise would vary with IPSP rise time, as shown in
Figure 3C, but, except for the smallest IPSPs, rise time was
constant for each connection and was usually between 6.5 and 8
msec. Photoreceptors are likely to be the major source of back-
ground noise in L-neurons. Wilson (1978c) showed that hyper-
polarizing potentials recorded from L-neurons in darkness are
likely to arise from photoreceptors, and the background noise
recorded in this study decreased in amplitude when an L-neuron
was hyperpolarized toward —35 to —40 mV from dark resting
potential, showing that it was probably composed of inhibitory
postsynaptic activity. Although the rate of spontaneous bump
production by a locust compound eye photoreceptor is as low as
one every 10 min (Lillywhite, 1977), several hundred photorecep-
tors can converge onto each L-neuron (Goodman et al., 1979).
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Figure 4. Transmission at an inhibitory synapse between two L-neurons. 4, Overlaid recordings of six IPSPs (top traces) in response to rebound spikes
of different amplitudes (middle traces). The background noise recorded 1 sec after each IPSP is shown on the bottom traces. B, Plot of IPSP amplitude
against presynaptic spike amplitude for 2060 IPSPs measured over 100 min. A measurement of background noise accompanied each I PSP recorded. Inset,
Plot of spike amplitude against the natural logarithm of IPSP absolute amplitude for the lower part of the transfer curve. C, Data for the linear part of
the transfer curve in B, with regression lines and 95% prediction intervals. D, Distribution of IPSP residuals for the regression line drawn in C. The data
had an SD of +0.73 mV, and the bell-shaped line is a normal distribution with this SD. E, Distribution of background noise measurements for the data
in C. The line plots the best-fitting normal distribution for this data (SD, +0.42 mV).

Transmission at a relatively high-gain

inhibitory synapse

In four preparations, IPSPs =10 mV in amplitude were recorded,
and Figures 4 and 5 show results from one of these in which the
recording was sufficiently stable to collect >2000 IPSPs. There
was a smoothly graded, S-shaped relationship between the ampli-
tudes of spikes and IPSPs (Fig. 44, B) with considerable scatter in
IPSP amplitude for each spike amplitude as well as in background
noise. No distinct threshold for transmission is apparent; the
smallest IPSP in Figure 44 (fop trace) followed a rebound in the
presynaptic neuron that failed to give rise to a spike (almost flat
trace), and rebounds in presynaptic potential that were too small
to trigger spikes consistently caused small IPSPs. The time taken
for postsynaptic potential to repolarize after an IPSP decreased
with IPSP amplitude, consistent with a shortening of membrane
time constant caused by the conductance increase during IPSP
production. For spikes up to 10 mV high, there was a good
relationship between spike amplitude and the logarithm of IPSP
amplitude (Fig. 4B, inset), with a change in spike height of 4.8 mV
causing an e-fold change in IPSP height. IPSP amplitude satu-
rated at —12.5 mV, corresponding to a presynaptic spike ampli-
tude of 22 mV.

Over the range of spike amplitudes between 5 and 15 mV, the
relationship between spike and IPSP amplitudes was approxi-
mately linear (Fig. 4C), and the best-fitting linear regression had
a slope of —0.63, which is a measure of the gain of the synapse
(R?* = 0.73; power of test, & = 0.05:1.00). Similar curves with
scatter almost identical to those in Figure 4, B and C, were
obtained when the rate of presynaptic depolarization was plotted

against the maximum rate of postsynaptic hyperpolarization.
Scatter in IPSP amplitude about the regression line had an SD of
*0.73 mV, with a distribution that was more flat than for a
normal distribution (Fig. 4 D; kurtosis, 0.75; K-Sd, 0.04; p < 0.01).
Background noise had an SD of *£0.42 mV, and its distribution
was more sharply peaked than for a normal distribution (Fig. 4E;
kurtosis, 6.3; K-Sd, 0.1; p < 0.01). The reason for the sharp peak
in this distribution is that background noise in the dark is often
composed of discrete potentials, and the probability of sampling
postsynaptic potential when one of these is not occurring is
relatively high.

Inspection of Figure 4B suggests that PSP variability is similar
in different parts of the operating curve for the synapse, and in
Figure 4C variance in IPSP amplitude about the regression line
for the linear part of the synapse was constant (p of constant
variance = 0.50). To examine IPSP variability in more detail,
IPSPs generated by spikes of almost identical amplitude were
compared (Fig. 5). In each of the series of overlaid recordings
shown in Figure 54, spike amplitude was within 0.02 of 8.29 (left)
or 7.90 (right) mV. Because spike amplitude varies from stimulus
to stimulus (Fig. 1C,D), however, very few spikes with amplitudes
as close to each other as this were recorded; so IPSPs were
gathered into groups where the presynaptic spike varied over a
range of 0.2 mV to examine I PSP variability in different regions
of the synaptic transfer curve. Each group of IPSPs had an SD
between 0.6 and 0.9 mV (Fig. 5B, unshaded histogram bars). The
mean of these SDs was 0.73 mV, the same as that of the residuals
from the regression in Figure 4D, and no trend toward larger or
smaller deviations was found as spike amplitude increased. Mea-
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Figure 5. 1PSPs mediated by particular amplitudes of presynaptic spikes, from the experiment shown in Figure 4. 4, Intracellular recordings of five

overlaid IPSPs for two different presynaptic spike amplitudes. B, Histograms to show IPSP SD and background noise SD for presynaptic spikes of
different amplitudes. The number of data points for each presynaptic spike amplitude is given. For spikes up to 9 mV amplitude, data were collected for
spikes that varied over a range of amplitudes of 0.2 mV; for 21 mV spikes, the spikes varied from 20 to 22 mV. C, D, Distribution of IPSP amplitudes
for spikes that varied between 8.2 and 8.4 mV (C) or 7.8 and 8.0 mV (D). The mean and SD of IPSP amplitude are given for each histogram, together
with the best-fitting normal distribution. The horizontal line in C indicates the range of IPSP amplitudes on the scale of the horizontal axis that would
be elicited by a change in spike amplitude of 0.2 mV if the relationship between spike and IPSP amplitudes were linear and noise-free. E, Histogram
of background noise amplitudes and the best-fitting normal distribution for the IPSP in C. F, Distribution of spike amplitudes that mediated IPSPs
between 5.2 and 5.4 mV in amplitude, together with the best-fitting normal distribution.

surements of background noise for each group of IPSPs are also
plotted in Figure 5B (shaded histogram bars) and varied between
0.3 and 0.6 mV (mean value, 0.42 mV). For all but one of the
IPSP groups, the IPSP SD was greater than the background
noise. For IPSPs recorded in the saturated region of the transfer
curve, the SDs of IPSP amplitude and background noise were
similar to those in the linear part of the transfer curve. This is
shown in Figure 5B for IPSPs mediated by spikes 20—22 mV high
(histograms on the right; IPSP SD, £0.68 mV; background noise,
+0.40; n = 26).

Distributions of IPSP amplitude for each 0.2 mV range of spike
amplitudes had a ragged appearance, often with several peaks
(Figs. 5C,D). The short horizontal line in Fig. 5C indicates the
change in IPSP amplitude corresponding to a 0.2 mV change in
spike amplitude for this synapse with gain of 0.63. Each IPSP
sample could reasonably be expected to be drawn from a normally
distributed distribution (Fig. 5C; K-Sd, 0.07; p = 0.26; Fig. 2D;
K-Sd, 0.07; p = 0.34), but samples were consistently flatter than
the corresponding normal distribution. Although IPSP amplitude
was clustered around peaks that occurred regularly spaced along
the IPSP amplitude axis, they could not be fitted well with
Poisson or binomial distributions. Also, the locations of peaks in
the distributions of IPSPs of neighboring groups did not coincide
with each other. For each group of IPSPs, the corresponding
background noise was more sharply peaked than a normal distri-
bution and had a negative skew (Fig. 5E). The distribution of

spikes which evoked IPSPs within a narrow range of amplitudes
(0.2 mV) fitted a normal distribution well (Fig. 5F; K-Sd, 0.04; p =
0.79) and had SDs between =0.69 and =1.11 mV, with a mean
value of £0.84 mV (10 samples).

Measurements of IPSP SD and background noise SD were
used to estimate the contribution of the synapse itself to variation
in IPSP amplitude. This was done by subtracting the variance of
background noise from the variance of IPSP amplitude (the
distributions of IPSP and background amplitudes are close
enough to normal for a reasonable estimate to be generated by
this method). Throughout the operating range of the synapse, the
SD of IPSP amplitude was ~0.73 mV, and background noise was
~0.42 mV, which means that the SD (square root of variance) of
synaptic noise was 0.6 mV, approximately one and a half times
the SD of background noise.

To estimate the minimum difference in spike amplitudes that
can be discriminated at this synapse, the criterion that the mean
level of a signal should be separated from that of its neighbors by
2 SDs was adopted. This criterion gives a reliability of ~80% in
distinguishing one signal from another, and this is commonly
adopted as a good compromise between reliability and number of
signal levels (Snyder et al., 1977). Although IPSP amplitudes were
not strictly normally distributed, more complex statistical tech-
niques would have been unlikely to yield improvements in esti-
mates of signal reliability. The SD of IPSP amplitude was, on
average, 0.73 mV, so two IPSPs could represent two distinct
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Figure 6. Transmission at an inhibitory synapse between two L-neurons when background noise was reduced. 4, Overlaid recordings of five IPSPs (top
traces) in response to rebound spikes of different amplitudes (middle traces). The background noise recorded along with each IPSP is shown on the bottom
traces. B, Plot of IPSP amplitude against presynaptic spike amplitude for 680 IPSPs measured over 20 min. A measurement of background noise
accompanied each IPSP recorded. C, Data for the linear part of the transfer curve in B, with regression lines and 95% prediction intervals. D, Distribution
of IPSP residuals for the regression line drawn in C. The data had an SD of =0.36 mV, and the bell-shaped line is a normal distribution with this SD.
E, Distribution of background noise measurements for the data in C. The line plots the best-fitting normal distribution for this data (SD, +0.14 mV).

amplitudes of spike if they differed by ~1.5 mV. Dividing this
value by the linear gain of the synapse (0.63) gives a difference of
2.4 mV in the amplitudes of presynaptic spikes that can be
discriminated. If background noise is subtracted, the perfor-
mance of the synapse improves slightly to give discriminations of
1.2 mV in IPSP amplitudes or 1.9 mV in spike amplitudes. For
this synapse, IPSPs in the linear part of the transfer function
spanned a range of 6.5 mV, so the number of signal levels that
could be transmitted at 80% reliability was just greater than four
with background noise (6.5/1.5 mV), or ~5.5 without background
noise (6.5/1.2 mV).

For this relatively high-gain synapse, variability in IPSP ampli-
tude is attributable partly to variability within the operation of the
connection itself, and partly to background noise originating in
other input synapses to the postsynaptic neuron. Therefore, back-
ground noise was reduced in some subsequent experiments either
by interfering with the normal operation of the ocellus or by
increasing illumination.

Transmission with background noise reduced

Because the major source of synaptic input to an L-neuron is
from photoreceptors in the ocellar retina, background noise
should be reduced if synaptic transmission within the retina is
blocked. This can be done by bathing the ocellar retina with
cobalt (Wilson, 1978c; Simmons and Hardie, 1988), but it often
takes 40 min for cobalt to have a significant effect on transmission
in the retina, which made this technique impractical. However, I
found that gently tearing the ocellus could reduce background
noise substantially compared with preparations in which it was
undamaged, although quite large responses by L-neurons to light

stimuli persisted (mean background noise, 0.14 = 0.09 mV; n =
9, in torn preparations; 0.34 = 0.08 mV; n = 8§, in preparations
with undamaged ocelli). A possible explanation is that damaging
the ocellus might cause photoreceptors to become coupled elec-
trically to one another. Only one of the torn preparations pro-
duced IPSPs as large as 10 mV, and many produced very small
IPSPs, but three produced IPSPs >5 mV in amplitude, and five of
the remaining six produced IPSPs >3 mV. Mean synaptic gain
was only slightly lower in the preparations with torn ocellar
sheaths (—0.35 = 0.18 vs —0.37 % 0.16), indicating that, in the
best preparations, damage to the ocellus did not interfere with the
operation of the inhibitory connections between L-neurons. Re-
sults from these preparations (Figs. 6—8) were similar in nature to
those obtained from the high-gain synapse described above.

In the experiment illustrated by Figures 6 and 7, the number of
IPSPs collected from the linear part of the synaptic transfer curve
was maximized by eliciting most spikes in the range of amplitudes
between 7 and 12.5 mV. Recordings of presynaptic spikes, I PSPs,
and background noise are shown in Figure 64. Variation in spike
shape was particularly marked in this experiment, but no effect of
this was found on I PSP shape or size, emphasizing the speed with
which transmission adapts at this synapse. Measurements of the
amplitudes of IPSPs and background noise are plotted in Figure
6B. Over the linear range of the transfer curve (Fig. 6C), data
were fitted by a linear regression with a slope of —0.35 (R? =
0.59). Residuals of individual IPSPs had an SD of +0.36 mV from
the regression line and gave a slightly flatter than normal distri-
bution (Fig. 5D; kurtosis, 0.35; K-Sd, 0.04; p = 0.04). Background
noise had a significantly smaller scatter (SD, =0.14 mV) and was
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Figure 7. 1PSPs mediated by particular amplitudes of presynaptic spikes, from the experiment shown in Figure 6. A, Intracellular recordings of five

overlaid IPSPs for two different presynaptic spike amplitudes. B, Histograms to show IPSP SD and background noise SD for presynaptic spikes of
different amplitudes. The number of data points for each presynaptic spike amplitude is given, and data were collected over spikes that varied in
amplitude over a range of 0.4 mV. C, D, distribution of IPSP amplitudes for spikes that varied between 9.6 and 10.0 mV (C) or 8.8 and 9.2 mV (D).
The mean and SD of IPSP amplitude are given for each histogram, together with the best-fitting normal distribution. The horizontal line in C indicates
the range of IPSP amplitudes on the scale of the horizontal axis that would be elicited by a change in spike amplitude of 0.4 mV if the relationship between
spike and I PSP amplitudes were linear and noise-free. E, Histogram of background noise amplitudes and the best-fitting normal distribution for the IPSP
in C. F, Distribution of spike amplitudes that mediated IPSPs between 2.1 and 2.3 mV in amplitude, together with the best-fitting normal distribution.

more strongly peaked than a normal distribution (Fig. SE; kur-
tosis, 18.8; K-Sd, 0.16; p < 0.01).

As described for the high-gain synapse in Figure 5, IPSP
amplitude varies for a particular amplitude of spike (Fig. 74), and
this variation is consistently greater than the background noise
(Fig. 7B). In Figure 7B, each group of IPSPs was mediated by
spikes within a 0.4 mV range of amplitudes (equivalent to a 0.14
mV change in IPSP amplitude; Fig. 7C, short horizontal line). For
each spike amplitude, IPSPs had SDs between =0.3 and 0.46 mV,
and the corresponding background noise was consistently less,
between =0.08 and 0.22 mV (Fig. 7B). Samples of two distribu-
tions of IPSP amplitudes are plotted in Figure 7, C and D. They
both had slightly flatter shapes than normal distributions (Fig. 7C;
kurtosis, 0.26; K-Sd, 0.1; p = 0.073; Fig. 7D; kurtosis, —0.43;
K-Sd, 0.08; p = 0.31). Background noise was strongly peaked near
0 mV (Fig. 7E). The distribution of spike amplitudes that elicited
IPSPs within a 0.2 mV range was normal (Fig. 7F; K-Sd, 0.06; p =
0.74) with an average SD of +0.85 mV (n = 5; range, =0.71 to
+1.00 mV).

The IPSPs at this synapse had an SD of 0.36 mV (Figs. 6D, 7B),
and background noise was 0.14 mV, so that the SD attributable to
synaptic transfer was ~0.33 mV (square root of 0.36>-0.14 7). For
discrimination with 80% reliability, two IPSPs would need to
differ by 0.72 mV with background noise or by 0.66 mV without
it, equivalent to differences in the amplitudes of two spikes of 2.1
and 1.9 mV. The synapse had an operating range spanning 10 mV
in spike amplitudes (or 3.5 mV in IPSP amplitudes), which

translates to approximately five signal levels (5.0 with background
noise or 5.3 without it).

The lowest level of background noise recorded in this study was
+0.07 mV, in an experiment in which the ocellus was torn (Fig.
8). Recordings of spikes and IPSPs from this experiment are
shown in Figure 84, and the synaptic transfer curve together with
background noise are plotted in Figure 8B. The SD of IPSP
amplitudes for a particular presynaptic spike amplitude was con-
sistently greater than background noise in all parts of the transfer
curve, and the SD of IPSP amplitude was +=0.12 mV. Because of
the relatively low background noise in this experiment, small
IPSPs elicited by very small presynaptic rebound responses could
be seen in intracellular recordings. The smallest presynaptic
potential in Figure 84 depolarized the neuron to 2 mV from dark
resting potential and elicited a small IPSP, <0.1 mV in the
postsynaptic neuron. For 14 spikes up to 2 mV in amplitude, 10
elicited clear IPSPs, and 3 of these are shown superimposed in
Figure 8C (second trace, arrows). In the remaining 4, no IPSP was
apparent (two overlapping records; Fig. 8C, top trace), but it was
impossible with certainty to determine the smallest amplitude of
IPSP elicited. These observations indicate that the threshold for
transmitter release at this synapse was below or at the dark resting
potential of the presynaptic neuron, and that the smallest size of
IPSP that could be elicited was <0.1 mV. For slightly larger
presynaptic depolarizing potentials, IPSP amplitude clearly
increased in a graded manner but varied from trial to trial
(Fig. 8D,E).
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Figure 8. Transmission at a synapse where small IPSPs were recorded.
A, Overlaid recordings of four different spike amplitudes (bottom traces)
and the IPSPs they mediated (top traces). B, Transfer curve for the
synapse. Background noise was £0.07 mV, and the SD of PSP residuals
for spikes between 5 and 10 mV was =0.12 mV. C, Intracellular record-
ings of IPSPs (top two pairs of traces) produced by rebound spikes 2 mV
in amplitude (bottom two traces). No IPSPs were apparent in the top pair
of traces, but an IPSP ~0.1 mV in amplitude is clear in each of the second
pair of traces (arrow). D, E, Arrows indicate IPSPs mediated by spikes of
4 (D) or 5 (E) mV in amplitude.

Data from all synapses that were analyzed in detail are given in
Table 1. Preparations with torn ocelli showed significantly less
variation both in background noise and in IPSP amplitude than
preparations with undamaged ocelli (Mann—Whitney tests, back-
ground noise, p < 0.001; IPSP variation, p = 0.016). In all
preparations, variation in IPSP amplitude was greater than back-
ground noise: on average, for undamaged ocelli synaptic SD was
0.47 mV, and for damaged ocelli synaptic SD was 0.31 mV. The
minimum difference between two spike amplitudes that could be
resolved at 80% reliability was almost always ~2 mV. Although
many other parameters of transmission, including gain and max-
imum IPSP amplitude, varied considerably from preparation to
preparation, they were consistent and stable within each prepa-
ration that yielded good, long-term recordings.

Effects of illumination on IPSPs and on

background noise

Illuminating an ocellus caused a sustained hyperpolarizing po-
tential and a change in background noise, which increased rela-
tive to dark level for dim illumination but then decreased as light
intensity increased (Simmons, 1993). The amplitudes of IPSPs
(relative to current resting potential) decreased, largely because
of the increase in L-neuron conductance arising from increased
input from photoreceptors (Fig. 9).

The intracellular recordings in Figure 9, 4 and B (undamaged
ocellus) each show three IPSPs from the saturated part of the
transfer curve. In the dark (Fig. 94), the postsynaptic neuron had
a relatively high level of background noise, =0.35 mV; the mean
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amplitude of IPSPs was —3.6 = 0.69 mV (rn = 170). Illumination
(Fig. 9B; ~2 mW/cm? at the ocellus) hyperpolarized the neuron
by 8 mV, decreased background noise to =0.19 mV, and changed
the IPSP amplitude to —1.4 = 0.44 mV (n = 76).

Measurements from the linear part of the transfer curves in
another undamaged preparation are shown in Figure 9, C and D.
In the dark, the regression line for the linear part of the synaptic
transfer curve had a slope of —0.38 mV, and the IPSP had a
maximum amplitude of —6 mV. Illumination, which hyperpolar-
ized the L-neuron by a steady 7 mV from dark resting potential
after 5 min, reduced the slope to —0.10 and the maximum IPSP
amplitude from —6 to —2 mV. At the same time, [PSP variability
decreased: residuals from the regression line had an SD of +0.65
mV in the dark and *+0.31 mV in the light. Background noise
decreased from +0.38 to £0.19 mV.

Variation in IPSPs at different output synapses from a
single L-neuron

In three experiments, IPSPs in two different postsynaptic neurons
were recorded at the same time as the spikes that mediated them,
and in two of the experiments recordings were sufficiently stable
to plot synaptic transfer curves and analyze the distributions of
IPSPs. For each spike in the recording, the residual of the IPSP
from its regression in one neuron was plotted against the corre-
sponding residual in the second postsynaptic neuron (Fig. 10).
There was no significant correlation between the residuals for the
IPSPs in the two neurons; the best fit regression line had an R? of
0.008. Background noise in the two neurons was also not well
correlated: the regression for this had an R? of 0.019. This
indicates that each IPSP varies in amplitude independently of the
other, so that variation is localized to particular synaptic
terminals.

DISCUSSION

Synaptic performance

The graded relation between presynaptic and postsynaptic poten-
tials was first demonstrated for synapses that relay large spikes
(Katz and Miledi, 1967), and it is exploited to transmit signal
levels directly and rapidly at synapses where the presynaptic
neuron does not produce all-or-none spikes. The smallest change
in presynaptic potential that can be transmitted reliably is a
measure of resolution, and, at the inhibitory synapses between
L-neurons, unreliability in transmission limits the number of
discrete signal levels they can convey to ~5 at best. In contrast, in
fly compound eyes recordings of responses to light stimuli from
photoreceptors or second-order large monopolar cells (LMCs)
(Laughlin et al., 1987; Juusola et al., 1995) indicate a performance
an order of magnitude better, enabling LMCs to resolve 2%
modulations in light intensity (Laughlin, 1989). In daylight, the
photoreceptor to LMC synapse contributes 50-70% of the noise
in the LMC, the remainder originating in photoreceptors
(Laughlin et al., 1987). The level of synaptic noise is, therefore,
similar at synapses between L-neurons and between photorecep-
tors and LMCs. The superior performance of the latter is due to
a greater operating range. These two types of synapses might
represent standards of performance at different ends of a spec-
trum for graded potential synapses, perhaps related to their
different roles. All the information the visual system obtains
passes through the photoreceptor to LMC synapse, so any loss of
information here would degrade the ability of the fly to see and
react to objects. The function of the inhibitory synapses between
L-neurons is not so obvious; they will function to reduce the
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Table 1. Summary of synapses analyzed

IPSP variation Background noise Synaptic noise Spike resolu- IPSPs
[mean (range), [mean (range), [mean (range), Gain [mean tion [mean [mean
mV] mV] mV] (range)] (range), mV] (range)]
Intact ocellus (n = 8) 0.58 0.34 0.47 -0.37 25 631
(0.5-1.3) (0.29-0.54) (0.43-1.2) (—0.24 to —0.63) (1.9-5.3) (228-20060)
Torn ocellus (n = 9) 0.34 0.14 0.31 —-0.35 1.8 385
(0.24-0.88) (0.07-0.34) (0.21-0.81) (0.20 to —0.60) (1.6-6.3) (154-680)

IPSP variation was measured as the SD of the residuals in IPSPs from the best-fitting regression for IPSP amplitude against spike amplitude in the linear part of each synapse.
Synaptic noise was the square root of (IPSP SD)?> — (background noise)?, and spike resolution was 2 X synaptic noise/synaptic gain. Data are given for those experiments

in which synaptic gain was >0.2 and the maximum IPSPs were =4 mV.
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Figure 9. Effects of illumination on transmission at an inhibitory synapse
between two L-neurons. 4, B, Recordings of IPSPs (top traces, three
IPSPs overlaid) and spikes (bottom trace, single spike) from the saturated
part of the transfer curve recorded in darkness (A4) and in bright illumi-
nation (B). C, Linear parts of the transfer curve in another preparation
under two different conditions of illumination. A linear regression line is
drawn for each set of data. D, Histograms of the distribution of IPSP
residuals for the regression lines drawn in C together with the best-fitting
normal distributions.

likelihood that a spike in a postsynaptic neuron will immediately
follow a spike in a presynaptic neuron, suggesting that it is
important that excitation in the three L1-3 neurons after a sud-
den decrease in light should be short-lived, perhaps marking
precisely the time of a sudden decrease in illumination.
Synapses work in diverse ways (Walmsley et al., 1998), and
arthropod visual systems offer a good opportunity to relate dif-
ferences in performance to differences in function. The inhibitory
synapses between L-neurons are low in gain and resolution,
transmitting phasically. Synaptic gain here is usually <0.5, in
comparison with 20 at output synapses from ocellar photorecep-
tors (Simmons, 1995), which makes L-neurons extremely sensi-
tive to changes in light (Wilson, 1978a). A high gain is a important
for improving signal-to-noise ratio (Laughlin et al., 1987) and is
characteristic of synapses from photoreceptors: it is 6 in the fly
compound eye (Laughlin et al., 1987), 2.5 for barnacle ocelli
(Hayashi et al., 1985), and perhaps as great as 100 for outputs
from photoreceptors in the vertebrate retina (Shiells, 1995). Else-
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Figure 10. Lack of correlation between IPSPs mediated by the same
presynaptic L-neuron in two different target L-neurons. Measurements
were taken over the linear region of the transfer curve for each synapse
and for each spike; the residuals of the two IPSPs from their linear
regression lines are plotted against each other. There was little correlation
between the amplitudes of the residuals for the two IPSPs (regression
R? = 0.008). Background noise in the two neurons was also not signifi-
cantly correlated (R? = 0.019). The scatter in IPSP amplitudes between
the two neurons was larger than would be expected from background
noise alone.

where, synaptic gain is lower: for example, ~1 at outputs from
nonspiking neurons in locust thoracic ganglia (Siegler, 1985),
between motion-sensitive neurons in the locust brain (Rind,
1984), and between a proprioceptor and a motor neuron in the
crab (Blight and Llinds, 1980). A consequence of high gain is that
a synapse only operates over a narrow range of presynaptic
potentials, so that adaptation is necessary to remove any sus-
tained signal proportional to mean intensity that the photorecep-
tor produces (Laughlin and Hardie, 1978; Hayashi et al., 1985,
Simmons, 1995).

The synapse from an L-neuron onto a third-order neuron has
a gain of ~1 (Simmons, 1981, 1993). This is lower than the
synapse from a photoreceptor to an L-neuron (Simmons, 1995),
which is associated with the task the third-order neuron performs
in integrating postsynaptic potentials from the ocellar pathway
with those from wind-sensitive hairs (Simmons, 1980). This exci-
tatory synapse transmits tonically without decrement or adapta-
tion. However, its threshold for transmission is only 5 mV hyper-
polarized from dark resting potential, so the operating range of
the synapse is sixfold less than the range of voltages available to
an L-neuron for signaling increases in light intensity. This feature
has also been found for the second synapses in the ocellar path-
ways of barnacles (Stuart and Oertel, 1978) and cockroaches
(Mizunami and Tateda, 1988). If it also occurs at output synapses
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from compound eye LMC:s, it will severely limit the number of
signal levels that can be passed on to third-order neurons in the
medulla.

Control of transmitter release

For a synapse to transmit graded potentials with good resolution,
it requires both a small quantal amplitude and a mechanism that
ensures the rate of release is accurately regulated by presynaptic
potential. The smallest responses that could be distinguished
from background noise when a presynaptic L-neuron was stimu-
lated were <0.1 mV. This means that individual quanta of neu-
rotransmitter generate responses <0.1 mV, which is smaller than
the quantal size for synapses from spiking neurons in the insect
CNS. Laurent and Sivaramakrishnan (1992) measured quantal
amplitude at just <0.3 mV for synapses from locust thoracic local
interneurons, with six quanta per spike on average; and Sosa and
Blagburn (1995) measured quantal amplitudes at 0.2-0.27 mV for
synapses from cockroach cercal mechanoreceptors. In leg motor
neurons of a crab, Blight and Llinas (1980) suggested that small
0.1 mV jitters in potential could be responses to individual quanta
of transmitter released by a nonimpulsive mechanoreceptor. At
the inhibitory synapses between L-neurons, a 5 mV IPSP would
consist =50 quanta if the quantal amplitude of the synapse is
<0.1 mV. The number of signal levels that can be transmitted,
however, is 5- or 10-fold fewer than this, which emphasises that
the mechanism coupling presynaptic voltage to transmitter re-
lease is a major source of unreliability in signal transfer.

Each inhibitory synapse between a pair of L1-3 neurons is
composed of ~50 discrete contacts, each with its own presynaptic
density and population of synaptic vesicles (Littlewood and Sim-
mons, 1992). The lack of correlation between deviations in IPSP
amplitudes at two outputs from a single L-neuron implies that
different discrete synaptic zones in a neuron can act indepen-
dently, as has been demonstrated a number of times previously,
for example, in leech ganglia (Muller and Nicholls, 1974), for
local spiking neurons in the locust thoracic ganglia (Laurent and
Sivaramakrishnan, 1992), and for neurons in Aplysia (Gardner,
1991). The number of discrete synapses at a connection between
two L-neurons is of the same order of magnitude as the number
of discrete events underlying an IPSP: a 5 mV IPSP could be
composed of 50 events of 0.1 mV. The SD of the IPSPs is usually
between 0.4 and 0.5 mV, or four or five discrete events. In a
Poisson process, the variance of a number of events is equal to the
mean; consequently, if transmitter release is a Poisson process, an
SD of 5 events would predict a mean of 25 events, a number also
of the same order of magnitude as the number of discrete ana-
tomical contacts.

If presynaptic potential is related in a simple way to the prob-
ability of release, we would expect to find that when the mean
amplitude of a postsynaptic potential increases, its SD also in-
creases. This was not found at the inhibitory synapses between
L-neurons: the SD of IPSP amplitude was constant in different
parts of the transfer curve, indicating there is unlikely to be a
uniform increase in the probability of the release of individual
vesicles at synaptic contacts between two L-neurons. Instead,
presynaptic potential might somehow influence the availability of
vesicles for release, or the number of discrete contacts that are
active. This has been proposed before for a synapse that conveys
graded potentials between hair cells and large afferent auditory
fibers of the goldfish ear (Furukawa et al., 1978, 1982), where
increases and decreases in the intensity of sound are encoded as
a graded receptor potential in the hair cells and as summed
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EPSPs in their postsynaptic neurons. The differences in EPSP
amplitude after increases or decreases in sound were better
described as changes in the binomial parameter n, which is
normally considered to be a measure of the amount of transmitter
available for release, than changes in p, a measure of the proba-
bility of release of each vesicle. Furukawa et al. (1978, 1982)
suggested that each synaptic site within a single hair cell has a
different voltage sensitivity for release and a different rate of
vesicle replenishment. For the fly compound eye lamina synapse,
Laughlin and de Ruyter van Steveninck (1996) have also briefly
proposed that each of the 220 distinct contacts (Nicol and Mein-
ertzhagen, 1982) acts independently and has a distinct threshold
voltage for release of a single vesicle. The same type of scheme
can also operate for spiking neurons, such as tonic motoneurons
in lobsters, where a single neuron makes output synapses that
release transmitter at different rates, and an increase in spike
frequency recruits additional contacts rather than increasing ac-
tivity in all synaptic sites uniformly (Quigley et al., 1999). Clearly,
a key step in improving our understanding of the mechanisms of
graded synaptic transmission will be to elucidate how membrane
potential influences the rate at which synaptic vesicles are re-
leased at individual synaptic contacts.
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