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Spike Width Reduction Modifies the Dynamics of Short-
Term Depression at a Central Synapse in the Locust
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Short-term synaptic depression is an important component of computation within neural networks, but little is known of its contribution
to information processing during synaptically generated spike trains. We analyzed short-term synaptic depression at a synapse between
two identified motoneurons innervating the hind leg of the locust: the FETi–FlTi synapse (fast extensor tibiae-flexor tibiae). Brief
electrical stimulation of a single hind leg proprioceptor, the lump receptor (LR), led to prolonged sequences of spikes in FETi, similar in
number and frequency to those during natural kicking movements. Depression at the FETi–FlTi synapse during LR-evoked spike bursts
was compared quantitatively to that during antidromic spike trains evoked by electrical stimulation of FETi in the extensor tibiae muscle,
and by modeling. The magnitude of the short-term depression was significantly greater during LR-evoked spike trains. On the basis of the
model parameters required to fit the depression, the FETi–FlTi synapse is predominantly used for transmitting the timing of the onset of
FETi spiking rather than its spike rate. During LR-evoked spike trains, there was a rapid reduction in presynaptic spike width that did not
occur during antidromic spike trains under physiological calcium concentrations. This produced a concomitant reduction in the ampli-
tude of the FlTi EPSP, suggesting that it contributed to the differences between the two stimulation regimes. Differences in the short-term
depression between synaptically evoked and antidromic spike trains emphasize that the properties of synaptic information transfer are
dependent on the in vivo conditions at the synapse and may not be reproduced by in vitro spike trains.
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inhibition

Introduction
Many chemical synapses undergo short-term frequency-
dependent changes in their efficacy, resulting in depression or
facilitation (Eccles et al., 1941; Feng, 1941; Zucker, 1989).
Changes in synaptic efficacy influence the information trans-
ferred between neurons and contribute to cortical processing
(Thomson and Deuchars, 1994; Abbott et al., 1997; Tsodyks and
Markram, 1997), motor pattern generation (Combes et al., 1999;
Parker, 2000), and muscle activity (Del Castillo and Katz, 1954;
Sen et al., 1996). This form of synaptic plasticity is often studied
in vitro in pairs of cells by generating constant frequency spike
trains in the presynaptic cell and recording the postsynaptic re-
sponse. Although this approach is useful for examining the
mechanisms underlying synaptic plasticity, these properties may
not be congruent with those of the in vivo synapses. During nat-
ural spike trains in vivo, the presynaptic and postsynaptic neu-
rons receive synaptic inputs that may profoundly alter the effi-
cacy of a synaptic connection (e.g., presynaptic inhibition). How
do these synaptic inputs interact with frequency-dependent
mechanisms to determine the efficacy of a synapse?

A monosynaptic connection exists between the fast motoneu-

ron (FETi) innervating the extensor tibiae muscle of the hind leg
of the locust and the flexor motoneurons (FlTi) innervating the
antagonistic flexor tibiae muscle (Hoyle and Burrows, 1973; Bur-
rows et al., 1989). During antidromic spike trains, this synapse
undergoes frequency-dependent depression (Parker, 1995). A re-
duction of the FETi spike height and width correlates with de-
pression in the amplitude of the FlTi EPSP (Parker, 1995). At
several synapses, the presynaptic spike waveform influences the
opening of voltage-activated Ca 2� channels and, hence, vesicle
release at the presynaptic terminal, enabling changes in it to con-
tribute to short-term synaptic depression (Siegelbaum et al.,
1982; Wheeler et al., 1996; Sabatini and Regehr, 1997).

Stimulation of a particular joint proprioceptor, the lump re-
ceptor (LR) (Heitler and Burrows, 1977), triggers bursts of spikes
in FETi closely resembling its activity (spike number and fre-
quency) during kicking, but does not evoke synaptic inputs in a
subpopulation of FlTi motoneurons. The lack of synaptic inputs
to the FlTi motoneurons enabled a comparison of depression at
the FETi–FlTi synapse generated by antidromic spike trains with
that generated by LR-evoked spike trains during which spikes are
evoked by synaptic inputs to FETi. Synaptic depression was sim-
ulated during LR-evoked spike trains and used to predict depres-
sion under constant frequency antidromic spike trains using a
model in which the probability of neurotransmitter release is
updated at each spike (Tsodyks and Markram, 1997; Markram
et al., 1998; Finnerty et al., 1999). The dynamics of short-term
depression during LR-evoked and antidromic spike trains was
markedly different, and model parameters obtained under one
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stimulation regime could not predict the depression during the
other regime, suggesting that synaptic inputs to FETi modify the
dynamics of depression at this synapse. Such modification of
depression/facilitation by presynaptic inputs may be widespread
in neurons, preventing the prediction of in vivo synaptic proper-
ties from artificially generated spike trains.

Materials and Methods
Preparation and electrophysiology. Adult desert locusts (Schistocerca gre-
garia; Forskål) of either sex were taken from a crowded colony main-
tained in the Department of Zoology, University of Cambridge. They
were mounted ventral surface uppermost in modeling clay (Plasticine),
and the femur and tibia of each leg was fully restrained, with the excep-
tion of the tibia of the left hind leg, which was able to extend fully. During
experiments in which the lateral nerve (LN), or one of its branches, which
contain the axons of the LR, was stimulated, the tibia was not allowed to
flex to angles of �20° to prevent damage to stimulation electrodes. The
metathoracic ganglion was exposed by cutting a window in the ventral
thorax and removing surrounding air sacs while leaving the main trachae
intact. The mesothoracic and metathoracic ganglia were stabilized on a
wax-coated silver platform to prevent movement during the experiment.
The thorax was continually perfused with physiological saline (Usherwood
and Grundfest, 1965) at room temperature (22–24°C). The connectives link-
ing the metathoracic ganglion to the mesothoracic and fourth abdominal
ganglia and peripheral nerves were cut to prevent descending, ascending,
and peripheral inputs from modulating depression at the FETi–FlTi (fast
extensor tibiae-flexor tibiae) synapse. Nerve 5 branch B2 and branch B1,
proximal to the innervation of the extensor muscle, remained intact, allow-
ing the identification and stimulation of the motoneurons studied here. The
sheath of the ganglion was treated with protease (Sigma type XIV) for �45
sec to facilitate penetration with thick-walled borosilicate glass microelec-
trodes (40–80 M�) filled with 2 M potassium acetate.

A window was cut into the ventral posterior surface of the distal femur
to reveal the LN, which was recorded or stimulated extracellularly with
two 100 �m silver hook electrodes. The electrodes were placed either on
the whole nerve or on the nerve branch innervating only the lump recep-
tor (LRN). This allowed the LR to be stimulated independently of other
F-T joint proprioceptors. Electrical stimulation (0.5–1 msec; 120% of
threshold) of the LN or LRN at 7Hz or more (up to 50Hz) reliably evoked
bursts of spikes in FETi that continue beyond the duration of the stimu-
lation. Stimulation was stopped once a burst of spikes was evoked, and
sequential bursts were evoked at least 2 min apart to enable the FETi–FlTi
synapse to recover fully after a spike burst.

Intracellular recordings were made from motoneurons controlling
tibial extension and flexion, which were identified in the following ways:
electrical stimulation of the extensor muscle with a pair of 50 �m steel
wires excited the peripheral terminals of FETi and evoked an antidromic

spike. Flexor motoneurons were identified by a short latency monosyn-
aptic EPSP that followed each antidromic FETi spike (Hoyle and Bur-
rows, 1973; Heitler and Burrows, 1977). Individual flexor motoneurons
were identified according the criteria described in Parker (1995). Up to
three flexor motoneurons were recorded from a single animal.

Intracellular recordings were stored on a Racal FM tape recorder and
were subsequently analyzed offline using a Cambridge Electronic Design
A/D conversion interface and Spike 2 software. All statistical tests were
performed using MINITAB and Microsoft Excel. The results are based on
46 recordings from 33 animals. Here, N refers to the number of animals
used and n to the number of repeats within a single animal.

Analysis and modeling. The model used to characterize depression at the
FETi–FlTi synapse was based on the three-parameter model proposed by
Tsodyks and Markram (1997): (1) the absolute response if all transmitter at
the synapse was released (A); (2) the fraction of available transmitter that is
used after a spike (U); and (3) the time course of recovery at the synapse
between spikes (�Rec). The model is formulated so that after a spike, a fraction
(U) of the absolute amount of transmitter available (A) is released that
evokes an EPSP in the postsynaptic neuron. The released transmitter is un-
available to subsequent spikes and recovers with a time constant of �Rec.

Additional parameters were added to determine any possible effects of
underlying facilitation on the depression at the FETi–FlTi synapse. U
applies only to the first spike in a train, and u is the updated value of U.
The updated value of u incorporates facilitation at the synapse via a single
exponential, �facil, by which u decays to its starting value U. R is the
fraction of total remaining transmitter available for release when any
spike occurs.

The transmitter released after the first spike is A*U and R0 � 1, because
the maximum amount of transmitter is stored before the spike. Imme-
diately after this spike, the remaining transmitter is r � 1 � U, and at the
occurrence of the next spike, the remaining transmitter will be this plus
the amount of transmitter recovered. Hence, the amount of transmitter
remaining is dependent on the timing of subsequent spikes and is:

Rn�1 � Rn�1 � un�1�exp��	t

�Rec
� � 1 � exp��	t

�Rec
�

where 	t is the time interval between the nth and (n � 1)th AP where:

un�1 � unexp��	t

�facil
� � U�1 � unexp��	t

�facil
��

During spike trains in which there is no contribution from facilitation
�facil approaches 0 and the model simplifies to un � U (for review, see
Tsodyks and Markram, 1997; Markram et al., 1998).

Data fitting. Only FlTi motoneurons in which there were no discern-
able synaptic inputs (other than those inputs from FETi) during LR

Figure 1. DepressionattheFETi–FlTicentralsynapseduringsynapticallyevokedspiketrains.A,BriefelectricalstimuliappliedtotheLNevokesburstsofspikesintheFETithatcontinueaftertheterminationofthestimuli.
Spikes in FETi evoke an EPSP in antagonistic FlTi via a monosynaptic connection. Inset, A schematic of the circuit generating the bursts of spikes in FETi and their corresponding FlTi EPSPs. B, A single FETi spike evokes a
monosynapticEPSPinaFlTi.StimulationoftheLNevokesEPSPsinFETi(indicatedbyasterisk)thatevokespikesbutdoesnotevokeinputstoasubsetofFlTimotoneurons,whichreceiveinputsonlyfromtheFETiandnotfrom
local interneurons. C,Aschematicdiagramoftherelativepositionsof input(blackarrows)andoutput(grayarrows)synapses inFETi.Dashedlines indicatetherestingpotential inall traces.
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stimulation were used for analysis. EPSP amplitudes in all FlTi motoneu-
rons were measured from the baseline to peak, reducing the trains of
EPSPs to a series of amplitudes and times. Similarly, AP amplitude was
measured from the baseline to peak, and its width at half height. Exper-
imentally derived data were fitted by iterating the parameters (A, U, and
�Rec) of the basic model (i.e., un � U ) and minimizing (EPSPExp. �
EPSPModel)

2 for all EPSPs in a spike train. The additional parameters
enabling facilitation were then introduced, and new values were calcu-
lated for A, U, and �Rec. The starting parameters for the model were
chosen at random, and the model was iterated to produce a global min-
imum. The fit of the model to the data and its ability to predict novel
spike trains was assessed by comparing the standard error of the estimate
divided by the mean (a unitless measure) for each fit. This method is
more reliable than the SE of the estimate when comparing regressions
(Zar, 1996).

Results
Depression and recovery at the FETi–FlTi synapse during
natural spike trains
Electrical stimulation of the nerve innervating the LR evoked
prolonged spike trains in the single FETi that outlasted the dura-
tion of the stimulus (Fig. 1A). Simultaneous recordings of FETi
and FlTi motoneurons showed that some FlTi motoneurons did
not receive synaptic inputs after electrical stimulation of the LR
(Fig. 1B). The LR-evoked FETi spike trains contained similar
numbers of spikes with a similar frequency distribution to those
occurring during kicking. The bursts typically lasted for 1– 4 sec,
with each burst consisting of 10 – 40 spikes at frequencies up to 70
Hz (cf. Burrows, 1995). Each FETi spike was followed by an EPSP
in FlTi motoneurons transmitted by a monosynaptic connection
(Fig. 1A,B). The central output synapses of FETi are intermin-
gled with its input synapses on neuropilar processes that branch
from the primary neurite (Watson and Burrows, 1981; Burrows
et al., 1989). At this region, there is a transition between active
and inactive membrane along the primary neurite, and spike ini-
tiation takes place (Gwilliam and Burrows, 1980) (Fig. 1C).

During LR-evoked spike trains, the am-
plitude of the FlTi EPSPs depressed to �6%
(6.43 
 0.65%; N � 19; n � 6; mean 
 SE;
where N refers to the number of animals and
n to the number of repeats per animal) of
their initial amplitude (Figs. 1A, 2Ai). The
depression at the FETi–FlTi synapse was fit-
ted by a single exponential decay with a rate
constant of 1.39 sec�1 (Fig. 2Aii). Most of
this depression occurred over the initial four
to six spikes, during which the instantaneous
spike frequency (ISF) of FETi increased lin-
early before reaching a plateau phase of
�40Hz on which fluctuations of up to 30 Hz
were superimposed (Fig. 2Ai,Aii). These
fluctuations had little effect on the amplitude
of the FlTi EPSP (Fig. 2Ai). At the end of this
plateau phase, the FETi spike frequency
slowed, allowing recovery in the EPSP ampli-
tude within 1 sec (Fig. 2Ai).

Frequency dependence of depression at
the FETi–FlTi synapse
Figure 2B shows the relationship between
ISF and the FlTi EPSP amplitude for three
successive spike trains recorded from the a
single FETi–FlTi pair. During the first four to
six spikes (i.e., before the onset of the plateau
phase), the frequency of FETi spikes accu-

rately predicted the EPSP amplitude; spikes with similar ISFs
occurred at similar times within each spike train, and they, there-
fore, contained information about the preceding number of
spikes in the train and their interspike intervals. Once the ISF had
plateaued, there was little or no further depression in the FlTi
EPSP, and large fluctuations in the FETi ISF had little effect on
EPSP amplitude (indicated by the flattening of the exponential
decay in Fig. 2B).

Depression at the FETi–FlTi synapse is dependent on the
initial EPSP amplitude
Synaptic depression is often generated by presynaptic mecha-
nisms that are affected by changes in the initial release probability
(Zucker, 1989). If depression at the FETi–FlTi synapse is pro-
duced by a presynaptic mechanism, the final level of depression
may be dependent on the amplitude of the first EPSP in a train.
Larger initial EPSPs may indicate that more of the available syn-
aptic vesicles have been released. The amplitude of the first FlTi
EPSP varied from 11.1–20.5 mV (N � 18; n � 6), a similar range
to FlTi EPSPs evoked by antidromic spikes in FETi (Burrows et
al., 1989; Parker, 1995). During bursts of spikes with larger initial
EPSP amplitudes, the final level of depression was greater ( p �
0.05; t test) (Fig. 2C). The relationship was, however, weak (r 2 �
0.34) possibly because of variation in the spiking pattern during
the burst. During antidromic spiking at this synapse, the final
level of depression was also dependent on the initial EPSP ampli-
tude (Parker, 1995).

Comparison with depression during antidromic trains of
spikes in FETi
Despite the differences in the waveform of antidromic and syn-
aptically generated spikes in FETi (Gwilliam and Burrows, 1979),
they evoked EPSPs with similar amplitudes and time courses in
FlTi motoneurons (Fig. 3A). During antidromic stimulation at

Figure 2. The dynamics of depression at the FETi–FlTi synapse during natural-like synaptically evoked spike trains. Ai, The FETi ISF
and posterior fast FlTi EPSP amplitude corresponding to each spike during a burst. Aii, The mean (
SE) of 19 FFlTi motoneuron EPSPs
during bursts of spikes in FETi fitted by a single exponential. The shaded area indicates the plateau region of the FETi ISF. B, The
relationship between the FETi ISF and FlTi EPSP amplitude for a single FETi-FlTi pair (n � 6) could be fitted by a single exponential
decay. C, The relationship between depression at the FETi–FlTi synapse and the initial FlTi EPSP amplitude. The level of depression after
15 spikes was dependent on the initial FlTi EPSP amplitude; depression was greater after larger initial EPSPs than after smaller initial
EPSPs.
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frequencies up to 70 Hz, the maximum spike frequency that oc-
curred during LR-evoked spike trains, the level of depression at
the FETi–FlTi synapse did not drop below 20% (20.36 
 0.33%;
N � 19; n � 10; mean 
 SE) of the initial amplitude (Fig. 3B).
The relationship between the antidromic spike frequency and the
steady-state EPSP amplitude, at which there is no further reduc-
tion in EPSP amplitude, was fitted by a single exponential with a
rate constant of 6.21 sec�1. Depression during antidromic spike
trains never exceeded depression during synaptically generated
spike trains, even when the frequency of the antidromic spikes
was greater than the maximum frequency of synaptically gener-
ated spikes.

Modeling short-term depression at the FETi–FlTi synapse
A model was used to compare the dynamics of depression at the
FETi–FlTi synapse during synaptically and antidromically gener-
ated spike trains. The model produced an accurate fit of the de-
pression at the FETi–FlTi synapse during a synaptically driven
FETi spike burst (N � 1; n � 6) (Fig. 4A), shown by plotting the
observed against the predicted EPSP amplitudes (Fig. 4B). The
mean error in the fit of the model to LR-evoked spike trains was
0.16 
 0.06 (N � 19; n � 6; for details of the calculation of the
mean error, see Materials and Methods). To ensure that a more
accurate fit could not be obtained from the model using addi-
tional parameters, a facilitation time constant was added. This
produced only a small improvement in the fit (0.004 
 0.0004)

(Fig. 4C,D), suggesting that any underlying facilitating mecha-
nisms make only a small contribution.

The model was tested further by producing predictions to
novel spike trains (individual spike trains) (Fig. 4E,F). Errors
between the model predictions of novel LR-evoked spike trains
and the observed EPSP amplitudes were greater than the errors in
the fit of the model to specific data sets, although this increase in
the error was small (0.05 
 0.02) and fell within the variation in
the fitted model spike trains (Fig. 4E,F, compare with Fig. 6B,D).

For constant frequency antidromic spike trains, the model
consistently predicted a faster rate of depression and a smaller
EPSP amplitude for a given spike frequency than was observed
(Fig. 5A,B). There was a significant increase in the mean error of
model predictions for antidromic spike trains at frequencies
above 10 Hz (0.99 
 0.14; p � 0.001; N � 17; n � 10). To test
whether the model could accurately fit the antidromic data, both
with and without the additional facilitation parameter, it was
allowed to iteratively fit the antidromic data (Fig. 5C–F). The
model was then able to fit the antidromic spike trains, although
its parameters were significantly different from those used to fit
the LR-evoked spike trains (Fig. 5C,D). The addition of a facili-
tation parameter, as for the synaptically evoked spike trains, did
not affect the fit of the model (Fig. 5E,F).

The model was able to fit the depression at the FETi–FlTi
synapse for all types of FlTi motoneurons observed during simul-
taneous recordings and during sequential recordings, including

Figure 3. Depression at the FETi–FlTi synapse during antidromically generated spike trains.
A, EPSPs evoked in FlTi motoneurons have similar amplitudes and durations after antidromic
spikes (left) and synaptically generated spikes (right) in FETi. B, Steady-state EPSP amplitudes
after depression at the FETi–FlTi synapse during antidromic spike trains in FETi calculated after
the first 10 spikes (mean 
 SD; N � 12; n � 10) fitted with a single exponential. Inset, Mean
steady-state EPSP amplitudes at 0.5 and 5 Hz from a single FlTi motoneuron (n � 10).

Figure 4. Modeling depression at the FETi–FlTi synapse during LR-evoked spike bursts. A,
Averaged FlTi motoneuron responses during FETi spike bursts (n � 6) were fitted by a simple
three-parameter model of synaptic depression (U � 0.61; A � 159.59; �Rec � 505.32). The
timing of each spike in a train was measured from the first spike in the train, and the observed
(black) and predicted (gray) FlTi EPSPs are plotted for each spike. B, Plotting the model against
the data show the fit of the model to the data. Points lying on the diagonal indicate a perfect fit.
C, The addition of a facilitating parameter to the model did not improve the fit of the model to
the data (U � 0.62; A � 158.07; �Rec � 504.02; �Facil � 13.18). D, As in B. E, The parameters
derived from fitting the model to the data enabled the model to accurately predict the responses
of the same FlTi motoneuron to single FETi spike bursts not used to calculate the original model
parameters. F, As in B.
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both fast and intermediate FlTi motoneurons. The model param-
eters were unique for each FlTi motoneuron, although all of a
particular class (e.g., fast FlTi motoneurons) had parameters
clustered around similar values. Figure 6A–D shows two FlTi
motoneurons recorded sequentially from the same preparation
as the FlTi motoneuron in Figure 4. Two (Figs. 4, 6C,D) were fast
FlTi motoneurons whereas the third (Fig. 6A,B) was an interme-
diate motoneuron. This suggests that, although there is some
variation between FlTi motoneurons, the dynamics of depression
at the FETi–FlTi synapse occurs within a restricted range.

One prediction made by the model is that if a presynaptic
neuron spikes above a certain frequency, known as the limiting
frequency, the amplitude of the EPSP evoked by each spike will
decrease in proportion to the frequency (1/f). Therefore, above
the limiting frequency, the mean postsynaptic depolarization
from the resting potential saturates (i.e., as the spike frequency
increases, the EPSP frequency increases but the individual EPSP
amplitude decreases). Above the limiting frequency, increases in
spike rate do not increase the mean level of depolarization in the
postsynaptic neuron. Hence, the limiting frequency sets the fre-
quency above which synapses are unable to transmit information
about the presynaptic spike rate (Tsodyks and Markram, 1997).
Before reaching this stationary level of mean postsynaptic depo-
larization, synapses can still transiently affect the level of postsyn-
aptic depolarization. At the FETi–FlTi synapse, the limiting fre-
quency was below 5 Hz, suggesting that it does not transmit
information about the FETi spike rate over the majority of the

natural spike frequency range and is more suited to transmitting
information about the onset of spiking in FETi (Fig. 7A). Cou-
pled with high values of U (0.52– 0.89), this suggests that the
FETi–FlTi synapse primarily transmits temporal information
about the onset of spiking in FETi (Fig. 7B).

Presynaptic mechanisms
Changes in the height and width of the FETi spike were measured
during synaptically evoked spike trains to determine whether
changes in these parameters could account for the increased lev-
els of depression relative to those during antidromic spike trains
(Fig. 8A). The FETi spike height was reduced to �79% of its
initial height (78.8 
 4.3%; N � 12) and was accompanied by a
reduction in spike width to �55% of the initial width (54.7 

7.6%; N � 12) (Fig. 8A,B). These changes in the FETi spike
waveform occurred with the same time course as the initial de-
pression of the FlTi EPSP (Fig. 8A). Changes in the FETi spike
height and width correlate with changes in both the ISF (Fig. 8C)
and FlTi EPSP amplitude (Fig. 8D), decreasing spike height and
width correlating with depression in the FlTi EPSP and increasing
spike height and width correlating with recovery of the EPSP
amplitude.

In antidromically induced trains of spikes, there was a smaller
reduction in the FETi spike height to �82% (82.1 
 3.2%; N �
12) of the initial height at 70 Hz (Fig. 9A). However, spike height
continued to decrease as the ISF of the antidromic spike trains
increased, although there was no accompanying drop in the FlTi
EPSP (Fig. 9B, shaded area). In contrast, there was almost no
change (95 
 3.4%; N � 12) in the spike width during anti-
dromic spike trains at frequencies of up to 70 Hz (Fig. 9A).

The FETi spike width during the synaptically evoked spike
trains correlated strongly with the membrane potential of FETi
immediately preceding a spike, increasing membrane potential
leading to narrower spikes (Fig. 10A). To test whether changes in

Figure 5. Model predictions do not fit observed antidromic spike trains. A, Parameters de-
rived from fitting the model to FlTi responses during FETi spike bursts could not predict the
responses of the same FlTi motoneurons to constant frequency antidromic spike trains at 20 Hz.
B, Plotting the model against the data show the fit of the model to the data. Points lying on the
diagonal indicate a perfect fit. C, The model could produce fits to constant frequency antidromic
spike trains (U � 0.25; A � 394.31; �Rec � 1420.70). The gray bar indicates a 1-sec period of
recovery. D, As in B. E, The model with an additional facilitating time constant produced more
accurate fits to the constant frequency antidromic spike trains (U � 0.43; A � 219.90; �Rec �
1057.71; �Facil � 226.94). F, As in B.

Figure 6. Modeling depression in multiple types of FlTi motoneurons. A, The model accu-
rately average response of an intermediate FlTi motoneuron during FETi spike bursts but with
different parameters to the PFFlTi motoneuron shown in Figure 4 (U�0.72; A�97.04; �Rec �
729.24). Inset, FETi makes monosynaptic connections to a population of nine FlTi motoneurons,
up to three of which were recorded sequentially in a single preparation. B, Plotting the model
against the data show the fit of the model to the data. Points lying on the diagonal indicate a
perfect fit. C, The fit of the model to a second FFlTi motoneuron (anterior position) recorded in
the same preparation (U � 0.67; A � 109.11; �Rec � 508.87). D, As in B.
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the width of synaptically evoked spikes had a causal effect on the
FlTi EPSP, hyperpolarizing current was injected into FETi before
the first spike of a LR-evoked spike train, increasing the spike
width. The increased spike width and height produced a concom-
itant increase in the FlTi EPSP amplitude, implying a causal rela-
tionship between the presynaptic waveform and the FlTi EPSP
(Fig. 10B). Reduction in the FETi spike width with increasing
depolarization suggests that synaptic inputs may be responsible
for this spike width modulation. Additionally, reduction in spike
width could also be induced during antidromic spike trains by
evoking synaptic inputs to FETi, providing evidence that synaptic
inputs are sufficient to account for the differences in spike width
between LR-evoked and antidromic spikes (Fig. 10C). This re-
duction in antidromic spike width was accompanied by a con-
comitant reduction in the amplitude of the FlTi EPSP (Fig. 10D),
suggesting that the reduction in FETi spike width evoked by syn-
aptic inputs is sufficient to generate the enhanced level of depres-
sion at the FETi-FlTi synapse during LR-evoked spike trains.

Discussion
The importance of short-term depression in synaptic informa-
tion transfer has been shown both experimentally and theoreti-
cally in many systems; yet despite this, the role of short-term
depression during synaptically generated natural spike trains re-

mains largely unknown. By making use of a circuit that trans-
forms sensory input from a proprioceptor (LR) into a motor
output, we have compared short-term depression elicited by syn-
aptically or antidromically driven spike trains at a synapse be-
tween two identified motoneurons (FETi–FlTi synapse). The two
stimulation regimes produced markedly different dynamics of
short-term depression; during LR-evoked spike trains, both the
rate and magnitude of depression was greater than during anti-
dromic spike trains at similar spike frequencies. Moreover, the
synaptic depression during LR-evoked spike trains could not be
estimated from the antidromic, constant frequency spike trains.

Several factors could have contributed to differences between
the stimulation regimes, including the spiking statistics, spike
waveform, or presence/absence of synaptic inputs. Modeling the
depression at FETi–FlTi synapse showed that increased levels of
depression during LR-evoked spike trains compared with anti-
dromic spike trains were not because of the different spiking
statistics. Additionally, despite differences in the overall shape of
the spike waveform, single antidromically or synaptically gener-
ated spikes in FETi evoke similar amplitude EPSPs in FlTi mo-
toneurons. This suggested that depolarizing synaptic inputs dur-
ing LR-evoked spike trains in FETi were responsible for the
increased depression at the FETi–FlTi synapse. Depolarizing syn-
aptic inputs to FETi correlated with spike width changes during
LR-evoked spike trains that did not occur during antidromic
spike trains. Manipulating the FETi spike width showed that it
contributed to FlTi EPSP amplitude and, therefore, may have
contributed to the dynamics of short-term synaptic depression
observed in FlTi motor neurons during LR-evoked spike trains.

How do synaptic inputs affect the efficacy of transmission at
the FETi–FlTi synapse?
The presence of depolarizing synaptic inputs during LR-evoked
spike trains correlates strongly with a 40% reduction in the FETi
spike width. During constant frequency antidromic spike trains,
there is only a 5% reduction in spike width under physiological
conditions, suggesting that reduction in spike width may be re-
sponsible for the increased level of depression during LR-evoked
spike trains. This is supported by two observations: (1) anti-
dromic spike width is reduced in the presence of depolarizing
synaptic inputs; and (2) FlTi EPSP amplitude is increased when
FETi spike width is increased by hyperpolarizing current injec-
tion. Changes in spike width may affect the presynaptic calcium
entry, thereby affecting the amount of neurotransmitter released
at a synapse; small increases in spike width (�20%) at both cer-
ebellar synapses and in the squid produce large (twofold) in-
creases in the postsynaptic current (Augustine, 1990; Jackson et
al., 1991; Sabatini and Regehr, 1997).

Several possible mechanisms could explain the spike width
reduction induced by synaptic inputs in FETi. Electron micros-
copy studies of the FETi–FlTi synapse have revealed that the in-
put and output synapses in FETi are in close proximity in a region
of neuropil that lacks voltage-gated Na� channels (Gwilliam and
Burrows, 1980; Burrows et al., 1989). Additionally, the spike ini-
tiation zone occurs in the region of the primary neurite that bears
arborizations containing input synapses, potentially enabling
them to modulate spike properties (Gwilliam and Burrows,
1980). This suggests that synaptic inputs reduce the FETi mem-
brane resistance, reducing the membrane time constant through-
out the neuropil and in the primary neurite close to the spike
initiation zone. Consequently, the width of a spike propagating
into this low resistance membrane would be reduced before
reaching the output synapses activating voltage-gated Ca 2�

Figure 7. Predictions from the model suggest a behavioral role for depression at the FETi–
FlTi synapse. A, Model predictions of steady-state EPSP amplitude fit a 1/f relationship for
frequencies above 5 Hz (see Results for details). B, Model predictions of the steady-state EPSP
amplitude for all the FlTi motoneurons analyzed. The gray lines indicate the upper and lower
limits of the model predictions determined by the parameters for individual FlTi motoneurons,
and the mean is shown by the bottom black line. The top black is the mean steady-state ampli-
tude for a typical FlTi motoneuron during antidromic spike trains.
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channels for shorter periods of time, leading to smaller FlTi
EPSPs. In addition, increasing numbers of depolarizing inputs
evoked by LR stimulation would increase the FETi spike fre-
quency and further reduce the spike width. This suggests that at
the FETi–FlTi synapse presynaptic inputs reduce the spike wave-
form, thereby contributing to the dynamics of short-term
depression.

Presynaptic inputs may affect synaptic output via changes in
the spike waveform in both vertebrate and invertebrate neural
networks (Nusbaum et al., 1997; Rudomin et al., 1998). For ex-
ample, at afferent terminals in arthropods, shunting is primarily
responsible for inducing changes in the presynaptic waveform
that correlate with reduced postsynaptic responses (Cattaert et
al., 1992; Burrows and Matheson, 1994; Cattaert and El Manira,
1999). Additionally, neurons in which graded membrane poten-
tials reach output synapses, the presynaptic membrane potential
may affect the PSP amplitude. For example, at inhibitory inter-
neuron synapses (heart interneuron– heart excitor motoneuron)
in the leech, presynaptic membrane potential affects the ampli-
tude of PSPs (Nicholls and Wallace, 1978). The interaction of
presynaptic inputs with the dynamics of short-term depression
provides an additional level of plasticity for information process-
ing in neural networks. Potentially presynaptic inputs could tune
the dynamics of short-term depression or facilitation by modu-
lating the shape of the spike waveform, enabling information to
be transmitted not only by spike rate or interspike interval but
also by spike width or spike height.

Mechanisms underlying depression and recovery at the
FETi–FlTi synapse
Depletion of the releasable transmitter store explains many of the
features of short-term depression at several synapses (Liley and
North, 1953; Elmqvist and Quastel, 1965; Rosenthal, 1969; Ku-
sano and Landau, 1975), however, at other synapses, changes in
the presynaptic spike waveform (Dunlap and Fischbach, 1978;
Klein and Kandel, 1980; Augustine, 1990; Sabatini and Regehr,
1997), inactivation of the presynaptic calcium current (Forsythe
et al., 1998; Patil et al., 1998), or the inhibitory action of neuro-

modulators on presynaptic calcium chan-
nels (Yawo and Chuhma, 1993; Scanziani et
al., 1997) may all contribute to the observed
depression.

At the FETi–FlTi synapse, the depletion
model accounts for several features of de-
pression during antidromic spike trains, al-
though it cannot account for the inability to
produce depression below 20% despite a
fivefold increase in spike frequency (Parker,
1995). In contrast, there is no such limit on
the steady-state level of depression during
LR-evoked spike trains. However, depres-
sion during LR-evoked spike trains is un-
likely to fit the depletion model because
during depression there are changes in the
presynaptic waveform. The reduction in
both FETi spike width and height during
LR-evoked spike trains produces a concom-
itant reduction in the FlTi EPSP amplitude,
possibly because of a reduction in the lev-
els of presynaptic calcium (Augustine,
1990; Jackson et al., 1991; Sabatini and Re-

Figure 8. Changes in the presynaptic waveform during natural-like bursts of spikes in FETi. A, The spike height and width varied
during synaptically evoked bursts of spikes in FETi. B, Three FETi spikes aligned at their onset show clear changes in both spike height and
width. C, Correlation of the FETi spike height and width with the frequency of spiking during bursts of spikes as shown in A. D, Correlation
of the FlTi EPSP amplitude with the FETi spike height and width during synaptically evoked bursts of spikes.

Figure 9. Changes in the presynaptic waveform during antidromically generated spike
trains in FETi. A, The steady-state spike height (black diamonds, calculated after the initial 10
spikes) and steady-state spike width (open circles) plotted against the antidromic spike fre-
quency. Inset, The steady-state spike heights at 0.5 and 20 Hz. B, Relationship between the
steady-state EPSP amplitude and the steady-state spike amplitude. The shaded region shows
the plateau in the FlTi EPSP amplitude despite a continued drop in the FETi spike amplitude.
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gehr, 1997). Depression at the FETi–
FlTi synapse occurs during antidromic
spike trains in the absence of presynap-
tic waveform changes, suggesting that
during LR-evoked spike trains several
mechanisms combine to produce the
observed depression.

Behavioral significance of depression at
the FETi–FlTi synapse
The central synaptic connection between
FETi and the FlTi motoneurons is thought
to be a specialization for the generation of
the jumping and kicking motor programs;
FETi is usually activated only during kick-
ing or jumping at the same time as the
antagonistic FlTi motoneurons are active
(Burrows, 1996), whereas during walking
antagonistic tibial muscles are not coacti-
vated and spikes are rarely observed in
FETi (Burns and Usherwood, 1979). Al-
though the FETi–FlTi synapse was origi-
nally postulated to increase FlTi muscle
tension during the co-contraction phase
of the kick (Heitler and Burrows, 1977),
the rapid depression of this synaptic con-
nection during antidromic spike trains
suggested that inputs from this synapse
could not be solely responsible for main-
taining FlTi muscle tension (Burrows et
al., 1989; Parker, 1995). Yet, the residual FlTi EPSP amplitude of
20% during antidromic spike trains of up to 100 Hz suggests that
even after maximum depression inputs from FETi would still
contribute to the FlTi spike frequency. This clearly is not the case
during LR-evoked spike trains, during which the FlTi EPSP de-
presses rapidly to just 5% of its initial amplitude. The increase in
both the rate and magnitude of the depression at the FETi–FlTi
synapse are reflected in the model. The U parameter and the
limiting frequency determine whether the FlTi postsynaptic re-
sponse reflects the rate of spiking or the onset of spiking in FETi.
U is the fraction of neurotransmitter used after a spike, hence,
high values of U will cause the synapse to depress rapidly to its
steady-state amplitude (Tsodyks and Markram, 1997). The lim-
iting frequency sets the upper limit to the frequency range over
which the synapse can transmit information about the presynap-
tic spike rate; above the limiting frequency, synapses mainly
transmit temporal information. The high U parameter at the
FETi–FlTi synapse was consistent between synaptic connections
in different individuals (0.52– 0.89). Coupled with the high spike
frequencies during LR-evoked spike trains (up to 70 Hz) and the
low-limiting frequency (�5 Hz), this suggests that the FETi–FlTi
synapse may be crucial for signaling the onset of FETi motoneu-
ron activity at the start of co-contraction rather than contributing
to the spike rate of the FlTi motoneurons during co-contraction.

Depression of the FETi–FlTi synapse may allow FETi activity
to contribute to FlTi activity at the onset of co-contraction but
enable uncoupling of their activity later in co-contraction, allow-
ing other inputs to determine the pattern of FlTi activity. It may
also enable FETi to continue to spike during the period of FlTi
motoneuron inhibition that precedes tibial release without excit-
ing the FlTi motoneurons, thus preventing contraction of the
FlTi muscle that would reduce the velocity of the tibia once
released.
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