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Inputs from glutamatergic excitatory interneurons (EIN) to mo-
tor neurons in the lamprey spinal cord locomotor network
exhibit activity-dependent depression during spike trains. The
mechanism underlying this depression has been examined
here, and its relevance to transmitter release during rhythmic
activity has been investigated.

The depression of EIN inputs was greater after larger initial
EPSPs and reduced in low-calcium Ringer’s solution, effects
that are consistent with depression caused by depletion of
releasable transmitter stores. However, the depression was
greater at lower stimulation frequencies and could be reversed
by increasing the stimulation frequency. In addition, high-
calcium Ringer’s solution and the slow intracellular calcium
chelator EGTA-AM, which both failed to affect the amplitude of
low frequency-evoked EPSPs, reduced and increased the de-
pression, respectively. These results are inconsistent with a
simple depletion mechanism but suggest that ongoing activity
and calcium-dependent mechanisms oppose depletion.

The network relevance of this mechanism was examined
using physiologically relevant bursts to simulate EIN spiking
during rhythmic activity. Although considerably more EPSPs
were evoked than during spike trains, burst-evoked EPSPs did
not depress. However, single EPSPs evoked at the interburst
interval depressed, and burst transmission was disrupted by
EGTA-AM, again suggesting the involvement of activity and
calcium-dependent mechanisms. By responding to the calcium
changes evoked by increased interneuron activity, this mecha-
nism can monitor transmitter requirements caused by EIN spik-
ing, allowing reliable transmission across different patterns of
network activity. However, not all types of spinal interneurons
exhibit reliable burst transmission, suggesting specificity of this
mechanism to a subset of neurons.
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Short-term activity-dependent synaptic plasticity could contribute
to the cycle to cycle patterning of rhythmic network activity
(Getting, 1989; Parker and Grillner, 1999). Rhythmic networks
can be active over prolonged time periods. Thus, mechanisms
must exist to ensure that synaptic transmission, and where appro-
priate its plasticity, occurs consistently over a range of burst
frequencies and patterns, if stable, prolonged activity is to be
generated.

Activity-dependent synaptic depression has been suggested to
contribute to the patterning of network activity. For example, it
may underlie the timing of spontaneous episodes of rhythmic
activity in the embryonic chick spinal cord (Fedirchuk et al.,
1999) and epileptiform activity in the hippocampus (Staley et al.,
1998), and computer simulations suggest that short-term depres-
sion may contribute to cyclical activity in cultured spinal neurons
(Senn et al., 1996). Depression of graded synaptic transmission
also occurs in response to physiologically relevant stimulation in
the stomatogastric system (Manor et al., 1997). I have recently
examined the activity-dependent plasticity of synaptic transmis-
sion from excitatory and inhibitory interneurons in the lamprey
spinal cord locomotor network (Parker and Grillner 1999; my

unpublished observations). Inputs from excitatory glutamatergic
interneurons (EIN), which provide excitatory drive at the seg-
mental network level (Buchanan et al., 1989) to motor neurons
exhibit short-term depression during spike trains at frequencies of
5–20 Hz (Parker and Grillner, 1999). In this study, the mechanism
underlying the depression of EIN synaptic transmission, and its
network relevance, has been examined. The plasticity of inputs
from glycinergic crossed caudal interneurons that has also been
examined previously (Parker and Grillner, 1999) has not been
analyzed further here, because the role of these interneurons in
the segmental network, which currently forms the focus of this
work, is uncertain (Buchanan, 1999; Buchanan and Kasicki, 1999;
my unpublished observations).

Several mechanisms can contribute to activity-dependent syn-
aptic depression. Presynaptic mechanisms include the modulation
of action potential conductances (Klein, 1995; Parker, 1995),
autoreceptor-mediated inhibition of transmitter release (Forsythe
and Clements, 1990), depletion of the releasable vesicle pool
(Liley and North, 1953; Kusano and Landau, 1975), modulation
of calcium entry (Man-Song and Zoran, 1989; Forsythe et al.,
1998), or modulation of the transmitter release machinery (Dale
and Kandel, 1990; Shupliakov et al., 1995; Hsu et al., 1996; Miller,
1998). Postsynaptic mechanisms, such as receptor desensitization
(Trussell et al., 1993; Otis et al., 1996; Jones and Westbrook,
1996) or voltage-activated dendritic conductances (Johnston et
al., 1996; Cash and Yuste, 1999; Cook and Johnston, 1999) could
also influence the amplitude of synaptic inputs.

The results of this study suggest that the depression of EIN
inputs is attributable to the gradual depletion of the releasable
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vesicle pool, which is opposed by an ongoing activity and calcium-
dependent mechanism. This mechanism helps to maintain trans-
mitter release during physiologically relevant spike bursts by
monitoring the increases in intracellular calcium levels resulting
from synaptic activity. It can thus adapt transmitter release to
changes in interneuron spiking underlying different patterns of
network activity.

MATERIALS AND METHODS
Adult male and female lampreys (Lampetra fluviatilis) were anesthetized
with tricaine methane sulfonate (MS-222; Sandoz, Basel, Switzerland),
and the spinal cord and notochord were removed. Pieces of the rostral
region of the spinal cord were isolated from the notochord, and the
connective tissue and meninx primitiva were removed from the dorsal
and ventral surfaces. The spinal cord was then placed ventral side up in
a Sylgard (Sikema, Stockholm, Sweden)-lined chamber. A plastic net was
placed over the cord and pinned into the Sylgard to keep the cord stable.
The cord was superfused with Ringer’s solution containing (in mM): 138
NaCl, 2.1 KCl, 1.8 CaCl2, 1.2 MgCl2, 4 glucose, 2 HEPES, 0.5
L-glutamine, which was bubbled with O2 with the pH adjusted to 7.4.
Calcium levels in the Ringer’s solution were reduced to 50% in low-
calcium Ringer’s solution and increased to 200% in high-calcium Ring-
er’s solution, the concentration of NaCl being adjusted accordingly to
maintain osmolarity. The experimental chamber was kept at a temper-
ature of 8–12°C.

Paired intracellular recordings were made from the somata or axons of
EINs (Buchanan et al., 1989) and the somata of ipsilateral motor neurons
in the gray matter region of the spinal cord, using thin or thick-walled
glass micropipettes filled with 4 M potassium acetate and 0.1 M potassium
chloride (resistances of ;40–100 MV). Motor neurons were identified by
recording orthodromic spikes in the adjacent ventral root after current
injection into their somata. EINs were identified by their ability to elicit
monosynaptic EPSPs in motor neurons. Monosynaptic potentials were
identified by their short, constant latency after presynaptic stimulation at
frequencies of 10–20 Hz. EINs were impaled in the same or up to two
segments rostral to the postsynaptic motor neuron, the location of the
EIN not influencing the plasticity of their inputs (my unpublished ob-
servation). Strychnine (5 mM) was usually added to block polysynaptic
glycinergic inhibitory inputs that can be elicited during spike trains (my
unpublished observation). Postsynaptic motor neurons with a high level
of spontaneous EPSPs were not used because this activity made mea-
surement of the evoked EPSP difficult.

Spikes were evoked in EINs either by injecting 1 msec depolarizing
current pulses of 10–60 nA, or, where possible, on rebound from hyper-
polarizing current pulses (2–5 msec, 10–60 nA). A previous study
showed that EINs often failed to spike during glutamate-evoked network
activity, although in some cases bursts of several spikes occurred
(Buchanan et al., 1989, their Fig. 8; my unpublished observations). The
EINs are small and thus easily damaged, making it difficult to obtain
direct information on their spiking during network activity and leaving
uncertainty as to whether the recorded activity mirrors that occurring
physiologically. Because of this uncertainty, it seemed reasonable to base
the present analysis on the assumption that EINs behave in the same way
as other excitatory and inhibitory network interneurons, which fire up to
five spikes at frequencies of 5–30 Hz (Buchanan and Cohen, 1982;
Buchanan and Kasicki, 1995), an assumption that has also been used in
computer simulations of network activity (Hellgren et al., 1992). The
upper frequency usually used here was 20 Hz because this limited EPSP
summation and thus facilitated the measurement of individual EPSP
amplitudes. Where responses to spike trains were examined, 20 or 100
spikes were evoked at 5–20 Hz (Parker and Grillner, 1999). Test pulses
were given at the end of the 20 spike trains to measure the recovery from
depression (Parker and Grillner, 1999). Graphs plot stimulus number,
and thus the test pulses are EPSPs numbered 21–25, corresponding to
latencies of 200 msec, 700 msec, 1.2 sec, 2 sec, and 3 sec after the end of
the train, respectively. Spike trains were evoked at 1 min intervals. The
stimulation frequency during the train was varied to prevent possible
order effects on the plasticity. The initial EPSP in the train was used to
provide a measure of the amplitude of low frequency-evoked EPSPs.

An Axoclamp 2A amplifier (Axon Instruments, Foster City, CA) was
used for amplification and in discontinuous current-clamp mode for
current injection. Unless stated otherwise, the membrane potential of the

postsynaptic cell was kept constant by injecting depolarizing or hyper-
polarizing current. Axon Instruments software (pClamp6) was used for
writing and triggering stimulation protocols and data acquisition and
analysis, using a 486 personal computer equipped with an analog-to-
digital interface (Digidata 1200; Axon Instruments).

EPSP amplitudes were measured as the peak amplitude above the
baseline immediately preceding the spike. EIN EPSPs only rarely have
an electrical component (Buchanan et al., 1989), and thus this did not
complicate the analysis of the chemical EPSP. Unless stated otherwise,
the significance of the plasticity during spike trains was examined by
dividing the train into three regions, the initial region covering the
second to fifth EPSPs (Train2–5), the mid region covering the sixth to
tenth EPSPs (Train6–10), and the final region from the eleventh to
twentieth EPSPs (Train11–20). The EPSPs during each part of the train
were averaged, and the average values were compared to the amplitude
of the initial EPSP. In burst stimulation experiments, the summed input
during each burst was measured by averaging the EPSPs. In some
experiments, the EIN axonal action potential spike amplitude (the peak
potential reached above the prespike baseline), spike duration (at half-
height), and afterhyperpolarization (AHP) amplitude (the peak hyper-
polarized membrane potential reached after the spike) were measured.

All drugs were applied by bath application. In the text, n refers to the
number of pairs examined. Several EIN to motor neuron pairs were
examined in each piece of spinal cord. However, only one experiment
was performed in each piece of spinal cord when modified Ringer’s
solution or drugs were used, and no more than two examples of any type
of experiment was obtained from a single animal. Unless stated other-
wise, EPSP amplitudes and spike properties have been normalized on the
graphs. Values in Results are mean 6 SEM. Unless stated otherwise,
statistical significance was examined using two-tailed paired or indepen-
dent t tests. All values, whether an effect was seen or not, were included
in the statistical analysis.

RESULTS
The amplitude of glutamatergic EPSPs evoked in motor neurons
by EINs exhibits short-term activity-dependent depression during
trains of 20 spikes at frequencies of 5–20 Hz (Parker and Grillner,
1999). This depression is not associated with any significant
changes in the EPSP width, rise, or decay time ( p . 0.1, n 5 10;
data not shown). The depression of the EPSP amplitude occurs
between the fifth and tenth spikes in the train, and in some cases
can develop from an initial facilitation at 20 Hz. The depression
is greater at lower stimulation frequencies, the order of the
depression being 5 Hz $ 10 Hz . 20 Hz (Fig. 1). By itself, this
frequency dependence suggests that the depression is not simply
caused by depletion, because depletion should increase with in-
creasing stimulation frequencies. The initial analysis of the mech-
anisms underlying the depression examined the potential role of
depletion in detail.

Examination of the effect of stimulation duration and
frequency on depression
The depression of EIN inputs at 5–20 Hz appears to reach its
maximum level by the tenth spike in the train (Parker and
Grillner, 1999). However, with the trains of 20 spikes used pre-
viously, it was not possible to determine with certainty if the
depression reaches a plateau level or if it increases throughout the
spike train, as would be expected if the depression was caused by
depletion. Trains of 100 spikes were thus used to determine if the
depression plateaued. As in the previous study, the depression
was greater with lower stimulation frequencies (5 Hz $ 10 Hz .
20 Hz; Parker and Grillner, 1999), and at each frequency, a
significant level of depression (50–70% of control) was reached by
the tenth spike ( p , 0.05; Fig. 1A–D), the depression not increas-
ing significantly from this level during the remainder of the spike
train (n 5 5 of 5; p . 0.1). The fact that the depression reached
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a plateau level early in the spike train provides further evidence
against a simple depletion mechanism underlying the depression.

The inverse relationship between stimulation frequency and
depression (Fig. 1A–D; Parker and Grillner, 1999) suggests that
depression is opposed by higher frequency activity. If so, it should
thus be possible to reverse the depression by increasing the
stimulation frequency. This was examined using a continuous
train of spikes in which the stimulation frequency alternated
between 5 and 20 Hz every 20 spikes (n 5 5). Five hertz stimu-
lation evoked the usual significant plateau level of depression to
;50% of control by the tenth spike in the train. In each case,
however, the depression was reversed when 20 Hz stimulation
began, the EPSP typically recovering to the control value within
the first three spikes (mean, 2.4 6 1.1 spikes; Fig. 1E). The EPSP
amplitude during the 20 Hz train stayed at the 20 Hz plateau level
but returned to the 5 Hz level when 5 Hz stimulation resumed
(Fig. 1E). This pattern continued essentially unaltered over 1000
consecutive EPSPs (Fig. 1E) and effectively rules out a simple
depletion model of depression, because this would prevent the
reversal of the depression.

Dependence of the depression on changes in
intracellular and extracellular calcium levels
Because depletion alone cannot account for the depression, other
potential contributory mechanisms were investigated (see intro-

ductory remarks). The calcium dependence was examined ini-
tially, to investigate the role of direct calcium-dependent effects,
as well as those caused by associated changes in release probabil-
ity (Katz, 1966). Low-calcium Ringer’s solution (see Materials
and Methods) reduced the amplitude of low frequency-evoked
EIN EPSPs to 55 6 17% of control (n 5 7; p , 0.001), consistent
with a reduction in release probability. During spike trains, how-
ever, low-calcium Ringer’s solution significantly reduced the de-
pression at each frequency ( p , 0.05) and could cause significant
facilitation over Train2–5 at 10 and 20 Hz ( p , 0.05; Fig. 2Ai,Aii;
note that the traces are adjusted so that the initial EPSP ampli-
tudes are the same) but nonsignificant facilitation over Train2–5 at
5 Hz ( p . 0.05; data not shown). Although the facilitation at 10
and 20 Hz had recovered to control by the end of the spike train,
no significant depression developed, thus preventing examination
of the effect of low-calcium Ringer’s solution on recovery. De-
pression, albeit at a significantly reduced level, was evoked over
Train11–20, at 5 Hz, the recovery from depression being reduced
to ;80% of that in control (Fig. 2D).

Although the results shown in Figure 1 rule out a simple
depletion model of depression, the effect of low-calcium Ringer’s
solution is consistent with a potential contribution of depletion,
because lowering the release probability will reduce the amount
of transmitter released by each spike, thus delaying depletion and

Figure 1. The depression of EIN inputs
reaches a plateau level during spike trains.
Trains of 100 spikes were delivered at 20 (A),
10 (B), and 5 (C) Hz. At each frequency (n 5
5), the depression reached a plateau level by
approximately the tenth spike in the train. D,
Traces of EIN inputs evoked at frequencies
of 5–20 Hz, showing the initial EPSP in the
train and average EPSP amplitudes measured
over EPSPs 15–20, and 95–100, showing the
stability of the depression once it had devel-
oped. Note that the depression is greater at
lower stimulation frequencies. In all figures,
the EIN input is onto a postsynaptic motor
neuron. E, Increasing the stimulus frequency
reverses the depression of EIN inputs. Alter-
nating trains of 20 spikes at 5 and 20 Hz were
given to give a total number of 1000 EPSPs.
During each 5 Hz burst, depression devel-
oped to the 5 Hz plateau level, but was re-
versed when 20 Hz stimulation began. The
graph shows the activity over the 500th to
1000th EPSPs in a single experiment. Traces
are average EPSP amplitudes from the region
of the graph below the trace. The bars indi-
cate the duration of 5 (bottom bars) and 20 Hz
stimulation (top bars).
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the associated depression. The relationship between release prob-
ability and depression was thus examined further by investigating
the influence of the initial EPSP amplitude (assumed to reflect
release probability) on the plasticity expressed during different
parts of the spike train (Fig. 3Ai–Ci; see Materials and Methods).
At each frequency (n 5 35 pairs), the correlations were weak and
usually insignificant, reflecting depression with smaller initial
EPSPs and facilitation or reduced depression with larger initial
EPSPs (Train2–5: 20 Hz, r2 5 0.12, p . 0.05; 10 Hz, r2 5 0.08, p .
0.05; 5 Hz, r 2 5 0.05, p . 0.05; Train6–10: 20 Hz, r2 5 0.12, p .
0.05; 10 Hz, r2 5 0.15, p . 0.05; 5 Hz, r2 5 0.20, p , 0.05;
Train11–20: 20 Hz, r2 5 0.13, p . 0.05; 10 Hz, r2 5 0.22, p , 0.05;
5 Hz, r 2 5 0.13, p . 0.05). In addition to examining the depres-
sion over different parts of the spike train, the influence of release
probability was also examined using paired pulse stimulation. In
contrast to the relationship between the initial EPSP and the
plasticity during spike trains, paired pulse stimulation resulted in
significant correlations at each frequency (20 Hz, r2 5 0.19, p ,
0.05, n 5 55; 10 Hz, r2 5 0.20, p , 0.05, n 5 38; 5 Hz, r 2 5 0.28,
p , 0.05, n 5 34; Fig. 3Aii–Cii).

The relationship between the initial EPSP amplitude and sub-
sequent plasticity shown above suggests a relationship between
low-calcium/low-release probability and depression. This could
support the contribution of depletion to the depression or an
active calcium-dependent inhibition of transmitter release. To

investigate these possibilities further, the slow intracellular cal-
cium chelator EGTA-AM (20 mM) was used to reduce intracel-
lular calcium levels. These experiments were complicated by the
incubation time required for EGTA-AM levels to increase to a
level where it exerts significant effects (;1 hr; Parker et al., 1998).
Because stable EIN recordings lasting $1 hr are rare, in all but
one case (Fig. 2Bii) control and EGTA-AM responses were
examined in different pairs. Although not ideal because the plas-
ticity of EIN inputs to motor neurons in control occurs reason-
ably consistently (Parker and Grillner, 1999; my unpublished
observation), a significant effect of EGTA-AM should be appar-
ent. The amplitude of low frequency-evoked EPSPs, and presum-
ably release probability, was not significantly affected by
EGTA-AM (mean control, 0.92 6 0.06 mV vs mean EGTA,
0.88 6 0.075 mV; p . 0.1, n 5 5), supporting its proposed lack of
effect on fast synaptic transmission (Adler et al., 1991; Parker et
al., 1998; but see, Borst and Sakmann 1996). However,
EGTA-AM significantly enhanced the depression during the
spike train, and in some cases could cause EPSP failures (data not
shown), significant effects developing at each frequency by the
end of Train2–5 ( p , 0.05, n 5 5; Fig. 2Bi,Bii). EGTA-AM also
significantly reduced the recovery from depression ( p , 0.05, n 5
5; Fig. 2D). Thus, although failing to affect release probability,
reducing intracellular calcium levels enhanced the depression, an

Figure 2. The effects of altering intracellular
and extracellular calcium levels on the depres-
sion of EIN inputs. Ai, Graph of the plasticity of
EIN inputs evoked at 20 Hz in control and in the
presence of low-calcium Ringer’s solution, show-
ing reduced depression/facilitation of EIN inputs
when calcium levels were lowered (n 5 7). In all
graphs, control is indicated by black circles, and
the relevant treatment by white squares. EPSPs
numbered 21–25 are test EPSPs used to measure
the recovery from depression. These were given
200 msec, 700 msec, 1.2 sec, 2 sec, and 3 sec after
the end of the spike train. Aii, Traces showing the
first ten spikes in a train in control (thick line),
and in low-calcium Ringer’s solution (thin line).
The amplitude of the initial EPSP in low-calcium
Ringer’s solution has been scaled to match that in
control, to aid comparison of the plasticity during
the train. The scale bar is 0.5 mV for control, and
0.3 mV for low-calcium. Bi, Graph of EIN inputs
to a motor neuron at 5 Hz, showing enhanced
depression during the train in the presence of the
intracellular calcium chelator EGTA-AM (20
mM; n 5 5). Bii, The first ten EPSPs in a 20 Hz
train are displayed, showing the enhanced de-
pression in the presence of EGTA-AM (thick
line). Note that in this experiment, in which the
recording from the EIN was kept for .1 hr, the
amplitude of the initial EPSP in the train was not
affected by EGTA-AM. C, Graph of EIN inputs
at 10 Hz in control and in high-calcium Ringer’s
solution, showing the reduced depression when
extracellular calcium levels were increased (n 5
7). Note also the faster recovery from depression
in high-calcium Ringer’s solution. D, Graph
showing the effects of low-calcium Ringer’s solu-
tion (n 5 7), EGTA-AM (n 5 5), and high-
calcium Ringer’s solution (n 5 7) on the recovery
from depression. To measure recovery, EPSP
amplitudes in response to the test pulses at the
end of the stimulation train were averaged, and
the recovery expressed as percentage of that that
occurred in control.
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effect that suggests against active calcium-mediated inhibition of
transmitter release.

As a final step in the analysis of the calcium dependence of the
depression, the effect of increased extracellular calcium levels was
examined. Although high-calcium Ringer’s solution typically in-
creases release probability (Katz, 1966), it did not significantly
affect the amplitude of low-frequency EIN-evoked EPSPs (mean,
104 6 11% of control, n 5 7; p . 0.1; data not shown). This
suggests that the initial release probability was at a ceiling level, at
least over the limited change in extracellular calcium levels used
here. High-calcium Ringer’s solution, however, slightly, but sig-
nificantly, reduced the depression over Train6–10 and Train11–20

at 5 and 10 Hz ( p , 0.05; n 5 7; Fig. 2C), but not at 20 Hz ( p .
0.05; n 5 7; data not shown). In addition, high-calcium Ringer’s
solution significantly increased the recovery from depression at
each frequency ( p , 0.05, n 5 7; Fig. 2D). These effects again
argue against active calcium-dependent inhibition underlying the
depression.

To summarize these results, although the effects of low-calcium
Ringer’s solution and the influence of release probability suggest
a contribution of depletion to the depression, the reduced or
reversed depression at higher frequencies and the failure to in-
crease depression with longer spike trains rules out a simple
depletion mechanism. Instead, increased activity and intracellu-
lar calcium appear to actively oppose depression. Depletion may
thus occur, which is countered by an activity and calcium-
dependent mechanism, possibly reflecting the replenishment of

releasable transmitter stores (Stevens and Wesseling, 1998), the
balance between these effects presumably determining the pla-
teau level of depression.

Contribution of changes in action potential properties
to depression
To provide further support for the proposed activity and calcium-
dependent mechanism underlying the depression, the contribu-
tion of other potential mechanisms were investigated (see intro-
ductory remarks). EIN action potentials during spike trains were
examined to determine whether their activity-dependent modu-
lation contributed to the depression (Klein et al., 1980; Bourque,
1990, 1991; Parker, 1995). This was done by recording from EIN
axons within 50 mm of the postsynaptic motor neurons (n 5 7).
Although the synaptic inputs depressed in each case (Fig. 4A,
inset), there was no significant effect on the axonal spike ampli-
tude ( p . 0.05), duration ( p . 0.05), or AHP at any frequency
( p . 0.05; Fig. 4A, inset). Thus, although it is not possible to be
certain that action potential modulation does not occur directly at
release sites, there is no evidence to suggest that axonal spike
modulation contributes to the plasticity of EIN inputs.

mGluR-mediated inhibition of transmitter release
Activation of metabotropic glutamate receptors (mGluR) can
depress glutamatergic inputs (Forsythe and Clements, 1990). To
test whether presynaptic mGluR activation affects the depression,
the type III mGluR antagonist MAP4 (1 mM), which blocks

Figure 3. The influence of initial release
probability (assumed to be related to the ini-
tial EPSP amplitude) on the depression of
EIN inputs. In Ai–Ci, the initial EPSP ampli-
tude was plotted against the averaged EPSP
over the second to fifth (Train2–5), sixth to
tenth (Train6–10), and eleventh to twentieth
(Train11–20) EPSPs in the train (see Fig. 2 for
the stimulus protocol). Data from 35 pairs are
shown for stimulation at 20 (Ai), 10 (Bi), and
5 (Ci) Hz. Relationship of the initial EPSP
amplitude to the amplitude of the second
EPSP during paired pulse stimulation at 20
(n 5 55; Aii), 10 (n 5 38; Bii), and 5 (n 5 34;
Cii) Hz. The traces on the inset in Aii show the
stimulus protocol and examples of the paired
pulse effects.
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L-AP-4-mediated inhibition of reticulospinal synaptic transmis-
sion in the lamprey (Krieger et al., 1996), was used. MAP4 failed
to affect the depression of synaptic inputs during the spike train
at 5–20 Hz (n 5 4; p . 0.1; Fig. 4B), suggesting that mGluR-
mediated modulation via type III receptors does not affect EIN
inputs under these conditions. However, MAP4 could increase
the amplitude of low frequency-evoked EIN inputs (n 5 3 of 4),
supporting the presence of endogenous mGluR-mediated modu-
lation in the spinal cord (Krieger et al., 1998).

Role of glutamate receptor desensitization in
the depression
In addition to the presynaptic effects examined above, postsynap-
tic contributions were also examined (see introductory remarks).
AMPA receptor desensitization can depress glutamatergic EPSPs
(Trussell et al., 1993; Otis et al., 1996). Because depression is
inversely related to the stimulation frequency, desensitization is
unlikely to contribute to the depression. Its role was examined
directly, however, by blocking AMPA receptor desensitization
with cyclothiazide (CTH; Vyklicky et al., 1991). CTH (100 mM;
n 5 7) did not affect the amplitude or duration of low frequency-
evoked EPSPs ( p . 0.05; n 5 7; Hjelmstad et al., 1999) or the
plasticity of EIN inputs during spike trains ( p . 0.05; n 5 7; Fig.
4C), suggesting that significant desensitization does not occur
under these conditions.

Contribution of postsynaptic voltage-dependent
conductances to the depression
Finally, dendritic voltage-activated conductances can influence
synaptic inputs during spike trains (Johnston et al., 1996; Cash
and Yuste 1999). The potential involvement of dendritic conduc-
tances in the plasticity of EIN inputs was thus investigated. This
was initially examined by current injection (62 nA) into the
somata of postsynaptic motor neurons (mean soma depolariza-
tion, 27 6 7 mV; mean hyperpolarization, 32 6 5 mV). Current
injection did not significantly affect the plasticity of EIN inputs
(n 5 8; p . 0.05; data not shown), suggesting that postsynaptic

conductances do not contribute to the depression. Because it
could be argued that current injection did not significantly affect
the membrane potential at distal input sites, the glutamate recep-
tor antagonist NBQX was also used. NBQX (1 mM) reduced the
amplitude of low frequency-evoked synaptic inputs to 59 6 4% of
control ( p , 0.05; data not shown), and will therefore reduce the
postsynaptic depolarization during the train. Unless there was a
marked differential distribution of NMDA and non-NMDA re-
ceptors between the dendrites and soma, of which there is no
evidence for in the lamprey, NBQX should affect the activation of
voltage-dependent dendritic conductances (Varela et al., 1997).
NBQX did not, however, significantly affect the plasticity during
spike trains (n 5 4; p . 0.05; Fig. 4D). This result, and that of
experiments using current injection, thus suggests that dendritic
conductances do not contribute to the plasticity of EIN-evoked
EPSPs.

The plasticity of EIN inputs during spike bursts
The above results rule out a role for action potential- and mGluR-
mediated modulation or postsynaptic voltage or AMPA receptor
desensitization in the depression, supporting the presence of the
combined depletion and activity- and calcium-dependent mecha-
nism proposed above. However, although the above analysis
provides information on the depression of EIN inputs and its
possible underlying mechanism, the single spike trains used above
do not mimic interneuron spiking during network activity, where
repetitive bursts of spikes are evoked at frequencies of 5–30 Hz
(see Materials and Methods). In addition, to cover the physiolog-
ical range of the network output, these bursts need to be evoked
at interburst intervals of ;50 ms to 2.5 sec (Brodin et al., 1985).
Although significant depression of EIN inputs to motor neurons
does not usually develop over the first five spikes in a 20 spike
train (Parker and Grillner, 1999), it was important to determine
whether depression accumulated over repeated spike bursts
(Manor et al., 1997). This analysis also allowed the relevance of
the proposed activity- and calcium-dependent mechanism to be
examined further.

Figure 4. A, The plasticity of EIN inputs is not
associated with modulation of the presynaptic
axonal action potential amplitude, duration, or
AHP (n 5 7). For clarity, only every other action
potential or EPSP is shown on the inset on the
graph. B, The plasticity of EIN inputs to motor
neurons is not associated with metabotropic glu-
tamate receptor-mediated inhibition, shown by
the failure of the mGluR antagonist MAP4 (1
mM) to affect the synaptic input during a 20 Hz
train (n 5 4). C, Desensitization of AMPA re-
ceptors does not contribute to the depression of
EIN inputs, because blocking desensitization
with cyclothiazide (100 mM) did not significantly
affect the depression during a 20 Hz spike train
(n 5 7). D, The plasticity of EIN inputs is not
associated with voltage-dependent changes in
synaptic input sites. The graph shows 20 Hz EIN
stimulation in control, and in the presence of the
non-NMDA glutamate receptor antagonist
NBQX (1 mM; n 5 4), which reduced the EPSP
amplitude to ;60% of control, and thus reduced
the postsynaptic depolarization during the spike
train.
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Experiments were initially performed using bursts of five
spikes at 5, 10, and 20 Hz, which were evoked at interburst
intervals of 2 sec, 1 sec, and 500 msec, respectively. Although
EPSP amplitudes could fluctuate, trains of 50 bursts at 20 Hz did
not evoke significant accumulative depression of the amplitude of
the first EPSP in each burst (n 5 26 of 28; p . 0.05) or of the
summed EIN input during each burst (n 5 25 of 28; p . 0.05), the
latter result reflecting the lack of an effect on the synaptic input
over each burst. This stability of EIN inputs was maintained even
when up to 500 bursts were given (i.e., 2500 spikes; n 5 3; Fig.
5Ai,Aii). The initial EPSP and summed synaptic input also did not
depress significantly with spike bursts at lower stimulation fre-
quencies (250–2500 spikes; 10 Hz, n 5 9 of 10, p . 0.05; 5 Hz, n 5
9 of 13, p . 0.05; Fig. 5Bii), although at 5 Hz gradual depression
could develop in some experiments (n 5 4 of 13; Fig. 5Bi). These
results show that in contrast to single spike trains, EIN inputs
during repetitive burst stimulation show little depression, even
though many more EPSPs are evoked. To examine the limit to
which reliable synaptic transmission could be maintained, the
upper end of the interneuron and network activity range was
simulated. Bursts of two spikes at 30 Hz (the upper limit for the
frequency of interneuron spiking during network activity;
Buchanan and Cohen, 1982; Buchanan and Kasicki., 1995) were
evoked every 120 msec (i.e., ;9 Hz, the upper limit for the
frequency of network burst activity; Brodin et al., 1985). Al-
though the input could vary during bursts, this stimulation again
failed to evoke gradual accumulating depression of the EPSP

when delivered over 200 successive bursts (n 5 400 EPSPs; p .
0.05, n 5 5; Fig. 5Ci,Cii).

The lack of depression with burst stimulation supports the
presence of an activity-dependent mechanism that maintains
reliable transmitter release. This was examined further by evok-
ing single spikes at the relevant interburst interval (i.e., 2 Hz at 20
Hz, 0.5 Hz at 5 Hz) and comparing the amplitude of these EPSPs
to the initial EPSPs over successive bursts at 20 or 5 Hz. Single
spikes tended to result in significantly greater depression by the
end of the train than the initial EPSPs in repetitive spike bursts
(20 Hz burst compared to 2 Hz train, p , 0.05, n 5 14, Fig.
6Ai,Aii; 5 Hz burst compared to 0.5 Hz train, p , 0.05, n 5 7, Fig.
6Bi,Bii), suggesting that burst activity is important to the main-
tenance of transmitter release. This can also be seen when com-
paring the lack of depression over 400 EPSPs evoked in 30 Hz
bursts at ;9 Hz (Fig. 5Ci,Cii), to the significant depression
evoked by 10–20 spikes delivered in single spike trains at 5–10 Hz
(Fig. 1).

Bursting, and thus interneuron activity, contributes to the
maintenance of reliable synaptic transmission, accumulating de-
pression over repetitive spike bursts presumably being prevented
by the replenishment of transmitter stores in the interburst inter-
val. To determine if this process is calcium-dependent, as sug-
gested from the analysis of spike trains (Fig. 2), the effects of the
slow intracellular calcium chelator EGTA-AM (20 mM) were
examined on burst-evoked inputs. In most of the experiments,
different EINs again had to be compared in control and in

Figure 5. Effects of burst stimulation on the plas-
ticity of EIN inputs. Bursts of five EIN spikes
evoked at 20 and 5 Hz are shown, the interburst
interval being 500 msec and 2 sec, respectively. Ai,
Reliability of EIN inputs during 20 Hz bursts. The
data on this graph is from one experiment in which
500 bursts were evoked. In this and subsequent
graphs, the average of the first five (black circles) and
last five (white squares) bursts is indicated, together
with the average of all bursts (dashed line), to show
the reliability of the input over repeated bursts. Aii,
Traces showing EIN bursts from a different experi-
ment to that shown in Ai. The numbers at the side of
the traces indicate the number of the first burst in
each sweep. Note the remarkably little variation in
EPSP amplitudes over repeated bursts in this exper-
iment. Bi, Amplitude of EPSPs evoked during 5 Hz
burst stimulation. In this experiment, the EPSP am-
plitude depressed somewhat over repeated bursts.
The data are from an experiment in which 200 bursts
were evoked. Bii, Traces from another experiment,
in which 5 Hz burst stimulation did not result in any
gradually accumulating depression. The numbers at
the side of the trace indicate the number of the burst.
Ci, Graph showing the effects of burst stimulation
(n 5 200) of two spikes at 30 Hz every 120 msec.
This approximates the upper end of the interneuron
spiking and bursting range. This stimulation also
failed to cause depression of the EIN input to a
motor neuron. Cii, Traces showing the failure of
depression to develop during 30 Hz burst stimulation
in a different experiment to that shown in Ci.
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EGTA-AM, although in three experiments the same pair could
be examined in both conditions. EGTA-AM again failed to sig-
nificantly affect the amplitude of low frequency-evoked EPSPs
(i.e., the initial EPSP in the first burst; see above). However, it
significantly depressed synaptic transmission during bursts at 5
Hz (n 5 7 of 9, p , 0.05) and 20 Hz (n 5 8 of 11, p , 0.05; Fig.
7Ai,Aii), and in extreme cases caused many EPSP failures (Fig.
7C). Synaptic transmission usually became depressed or dis-
rupted between the fifth and tenth bursts, i.e., between the
twenty-fifth and fiftieth EPSPs (Fig. 7B; but see Fig. 7C). This is
a longer time than that required for the development of depres-

sion during single trains of 20 spikes and may reflect residual
replenishment occurring during the interburst phase caused by
incomplete buffering of calcium by EGTA.

The role of calcium-activated second messengers in
the maintenance of burst transmission
The effect of EGTA-AM supports the calcium dependence of
reliable EIN synaptic transmission. Calcium could either act
directly to maintain transmitter release or through second
messenger-mediated pathways. For example, protein kinase C
(PKC; Smith, 1999), myosin light chain kinase (MLCK; Ryan,

Figure 6. The maintenance of burst transmission is
activity-dependent. Ai, Graph showing the ampli-
tude of the initial EPSP in each burst from an ex-
periment in which 20 Hz burst stimulation was
evoked (white squares) and the amplitude of 200
successive EPSPs evoked every 500 msec (i.e., 2 Hz,
the interburst interval of 20 Hz burst stimulation;
black circles). Two hundred EPSPs are shown in
each condition for comparison. The initial EPSP of
each burst fluctuates, but does not gradually depress,
whereas single EPSPs evoked at 2 Hz depressed over
the first 50 bursts. Aii, Traces showing the amplitude
of sample initial EPSPs from a 20 Hz burst stimula-
tion experiment, with the first and last initial EPSPs
labeled. Aiii, Traces showing sample EPSPs from a 2
Hz train, again with the first and last EPSPs labeled.
Bi, Graph showing the amplitude of the initial EPSP
in each burst over 100 5 Hz bursts (white squares) and
the amplitude of successive EPSPs evoked every 2
sec (i.e., the interburst interval of 5 Hz burst stimu-
lation; black circles). Notice again the initial EPSP in
the burst depressed less than that over the 0.5 Hz
train. Bii, Traces showing the amplitude of initial
EPSPs in the bursts, with the first and last initial
EPSP labeled. Biii, EPSPs during the 2 Hz train, with
the first and last EPSPs in the train labeled. The lines
on the graphs are linear regressions.

Figure 7. The effect of EGTA-AM on EIN inputs
in response to burst stimulation. Ai, Control re-
sponse to 20 Hz burst stimulation (n 5 50 bursts).
Aii, The same EIN–MN pair in the presence of the
intracellular calcium chelator EGTA-AM (20 mM).
Note that the amplitude of the EPSPs during the
first burst were not affected by EGTA-AM (com-
pare the traces indicated by black circles on both
graphs), but that there was a gradual reduction of
the EPSP amplitude over successive bursts in
EGTA-AM (n 5 50 bursts). B, The initial EPSP in
each burst from the graphs in Ai and Aii are shown
in control and in EGTA. The amplitudes of the
initial EPSPs in the first bursts have been normal-
ized. In control, the EPSP fluctuates around the
amplitude of the first EPSP, whereas in
EGTA-AM the EPSP successively depresses to
reach a plateau level of ;50% between the fifth
and tenth bursts. C, Traces showing the synaptic
input in a motor neuron after 20 Hz burst stimu-
lation in the presence of EGTA-AM in a different
experiment to that shown in A and B, but again in
an experiment where the recording from the EIN
was held in excess of 1 hr. The synaptic input
during the burst in this experiment was severely
disrupted by EGTA-AM. The first trace in each
case shows the initial two bursts. Subsequent traces
show two bursts taken at different times during
repetitive burst stimulation. The numbers at the
side of each trace indicate the number of the first
burst in the sweep.
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1999), and calmodulin-dependent protein kinase (CAM kinase;
Llinas et al., 1991), are all activated by calcium and have been
suggested to contribute to the regulation of releasable transmitter
stores in neurons and endocrine cells, and could thus provide a
link between calcium entry and the maintenance of EIN-evoked
transmitter release. The contribution of these second messengers
was examined using specific inhibitors. The PKC inhibitor chel-
erythrine at a concentration that blocks PKC-mediated effects in
the lamprey (10 mM; Parker et al., 1998) did not significantly affect
the amplitude of low frequency-evoked EPSPs or the pattern and
reliability of synaptic inputs during bursts (n 5 4 of 4, p . 0.1; Fig.
8Ai,Aii). The specific MLCK inhibitor ML-7 (10 mM; Ryan, 1999)
also failed to significantly affect the amplitude of low frequency-
evoked EPSPs or the reliability of synaptic transmission during
spike bursts (n 5 4 of 5, p . 0.05; Fig. 8Bi,Bii), although in one
case the amplitude of low frequency-evoked EPSPs was signifi-
cantly reduced, and burst transmission was disrupted (data not
shown). Finally, the CAM kinase inhibitor KN62 (10 mM) also did
not significantly affect the amplitude of low frequency-evoked
EPSPs (n 5 4; p , 0.05) or synaptic transmission during spike
bursts ( p . 0.05; Fig. 8Ci,Cii). These results thus fail to support
a role for these second messengers in the maintenance of trans-
mitter release, suggesting that calcium may act directly to regulate
transmission.

In addition to examining the role of calcium-activated second
messengers, the source of calcium required for maintaining trans-

mitter release was examined. As in most other systems (Dunlap et
al., 1995), transmitter release in the lamprey spinal cord appears
to be mediated by N, P/Q, or R-type calcium channels, with
L-type channels playing no role (Krieger et al., 1999). Calcium
entry through L-type channels, however, has been suggested to
contribute to posttettanic potentiation in cultured hippocampal
neurons (Jensen et al., 1999). The L-type calcium channel antag-
onist nimodipine (10–25 mM; Krieger et al., 1999) did not affect
the amplitude of the initial EIN-evoked EPSP in the bursts or the
summed synaptic input during bursts (n 5 5 of 5, p . 0.1; data not
shown), thus suggesting that L-type calcium channels do not
underlie or maintain transmitter release from EINs. The calcium
signal that promotes reliable transmitter release is thus linked to
the calcium entering through N, P/Q, or R-type channels to
promote transmitter release, although potential release from in-
tracellular stores cannot be ruled out.

The plasticity of connections made by other
interneurons during spike bursts
The final aspect examined was how general the reliability of
synaptic transmission was from other network interneurons dur-
ing burst stimulation. The first connection examined was from
EINs to inhibitory crossed caudal (CC) interneuron (n 5 4; Fig.
9A). In a proportion of cells, this connection exhibits significant
activity-dependent facilitation or depression over the first five
spikes in a 20 spike train (my unpublished observation). Synaptic

Figure 8. The effects of second messenger an-
tagonists on bursting transmission. Ai, Graph
showing the plasticity of EIN inputs to a motor
neuron in response to burst stimulation of the
EIN at 20 Hz in the presence of the protein
kinase C antagonist chelerythrine (10 mM; com-
pare with Figs. 5Ai, 7Ai). Aii, The amplitude of
the initial EPSP in each burst from a different
experiment to that in Ai, again showing no sig-
nificant depression of the initial EPSP amplitudes
in the presence of chelerythrine. Bi, Graph show-
ing the plasticity of EIN inputs during bursts of
EPSPs at 20 Hz in the presence of the myosin
light chain kinase inhibitor ML-7 (10 mM). Bii,
Data from a different experiment to that in Bi,
again showing no significant effect of ML-7 on
the amplitude of the initial EPSP in the bursts.
Ci, Twenty hertz burst stimulation in the pres-
ence of the CAM kinase inhibitor KN-62 (10
mM). Cii, The amplitude of the initial EPSP in
each burst in the presence of KN-62, again show-
ing no effect on the amplitude of the initial
EPSPs. The lines drawn on the graphs in Aii–Cii
are linear regression lines.
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transmission over 20 Hz bursts did not occur consistently, how-
ever, significant depression developed between the tenth and
twentieth bursts (n 5 4; p , 0.05) and then continued to gradually
increase. The development of depression over subsequent bursts
will make this connection functionally weak during even rela-
tively short bursts of network activity. Connections from excita-
tory crossed caudal interneurons to motor neurons were also
examined (Buchanan, 1982). This connection depresses markedly
during single spike trains (Parker and Grillner, 1999). The input
from these interneurons depressed to an even greater extent
during burst stimulation, with plateau depression developing over
the first 5–10 bursts ( p , 0.01; Fig. 9B).

Connections from small ipsilateral inhibitory interneurons
(SiIN) to motor neurons (n 5 7) were also examined (Buchanan
and Grillner, 1988). These neurons could play a significant role in
the generation of segmental network activity (Rovainen, 1983;
Buchanan and Grillner, 1988). Synaptic inputs occurred consis-
tently during burst activity (Fig. 9C), no significant depression of
the IPSP occurring with respect to the initial IPSP in each burst
or the summed input during single bursts, when up to 200 bursts
were given ( p . 0.05). As with EINs, transmitter release from
these interneurons will thus presumably occur reliably during
prolonged rhythmic network activity.

The final connections examined were those made by small
crossing interneurons with short axonal projections (ScIN; Ohta

et al., 1991; Fagerstedt and Wallén 1992, 1993) onto motor
neurons. Rovainen (1983, 1986) predicted that such neurons
would play a role in the patterning of segmental activity, being
likely candidates to mediate segmental reciprocal inhibition. The
plasticity of these interneurons has been examined during single
spike trains, excitatory inputs depressing markedly, whereas in-
hibitory inputs were not affected (my unpublished observations).
As with the CC interneurons, with repetitive spike bursts, excita-
tory ScIN-evoked EPSPs depressed markedly over the first two
bursts (n 5 3 of 5; Fig. 9D), a plateau level of depression being
reached between the fifth and tenth bursts. In the other two
experiments, depression took longer to develop, only becoming
significant between the twentieth and thirtieth bursts. Although
inhibitory inputs showed no significant change during single
trains of 20 spikes (my unpublished observations), this was not the
case with spike bursts. Instead, the input consistently facilitated
over repetitive bursts, significant effects developing to reach a
plateau between the fifth and tenth bursts (n 5 4; Fig. 9E). Note
that excitatory and inhibitory ScIN inputs were much larger than
is usual for network interneuron synaptic inputs.

DISCUSSION
The activity-dependent depression of glutamatergic inputs from
EINs, which mediate excitation at the segmental level in the
lamprey spinal cord (Buchanan et al., 1989), has been examined in

Figure 9. Responses of other spinal synaptic con-
nections to burst stimulation. A, Plasticity of EIN
inputs to an ipsilateral crossed caudal interneuron in
response to spike bursts at 20 Hz. The insets on all
graphs show the amplitude of the initial EPSP in
each burst, showing the accumulation of plasticity
over repeated bursts. B, Plasticity of an excitatory
crossed caudal interneuron in response to 20 Hz
burst stimulation. The input depresses markedly
over the initial bursts. Note on the inset graph the
rapid and marked depression of the initial EPSP
amplitude over successive bursts. C, Graph showing
the input from an SiIN to a motor neuron during 20
Hz burst stimulation. Note the absence of depression
over repeated bursts. D, Input from a small crossing
interneuron to a contralateral motor neuron. As with
excitatory CC interneurons, the input from the ScIN
depresses rapidly over successive bursts. E, Input
from an inhibitory ScIN to a contralateral motor
neuron. In this case, the input facilitates over re-
peated bursts. Note that the inputs from the ScINs in
these experiments were much larger than other in-
terneuron connections.
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this study. The results suggest that depression is caused by initial
depletion of releasable transmitter stores, an effect that is op-
posed by an activity- and calcium-dependent mechanism at higher
frequencies. This mechanism contributes to the maintenance of
synaptic transmission during simulated network activity. By mon-
itoring interneuron and synaptic activity, it can thus adapt trans-
mitter release to different network outputs.

Mechanisms underlying EIN depression
Several factors could evoke the depression of EIN inputs. Of
these, action potential modulation (Klein et al., 1980; Bourque,
1990, 1991; Parker, 1995), mGluR-mediated inhibition of trans-
mitter release (Forsythe and Clements, 1990), AMPA receptor
desensitization (Trussell et al., 1993; Jones and Westbrook, 1996;
Otis et al., 1996), and voltage-dependent dendritic conductances
(Johnston et al., 1996; Cash and Yuste, 1999; Cook and Johnston,
1999) do not appear to be important. However, the depression
was reduced in low-calcium Ringer’s solution and enhanced after
larger initial EPSPs. These effects support transmitter depletion
because low-calcium Ringer’s solution reduces release probability
(suggested by the reduced initial EPSP amplitude), thus delaying
depletion of the releasable vesicle pool, whereas larger initial
EPSPs (assuming they reflect increased transmitter release)
should enhance depletion by using a larger proportion of the
releasable pool.

Depletion alone, however, cannot account for the depression.
The failure to increase depression with longer spike trains, the
reduced or reversed depression at higher stimulation frequencies,
the reduced depression in high-calcium Ringer’s solution, and the
enhanced depression when cytosolic calcium levels are reduced by
EGTA-AM, are all incompatible with a simple depletion model.
Active calcium-dependent inhibition of transmitter release, pre-
synaptic calcium channel inactivation (Forsythe et al., 1998), and
inhibition of the transmitter release machinery (Hsu et al., 1996)
are also not compatible with these results. However, the results
are consistent with initial depletion opposed by an ongoing activ-
ity and calcium-dependent mechanism, possibly related to the
replenishment of the releasable transmitter pool (Zucker 1989;
Stevens and Wesseling, 1998). Activity dependence is supported
by the reduction or reversal of depression at higher stimulation
frequencies, whereas calcium dependence is supported by the
reduced depression in high-calcium Ringer’s solution, but en-
hanced depression with EGTA-AM. The plateau level of depres-
sion during spike trains presumably reflects the equilibrium be-
tween depletion and maintenance mechanisms.

Activity-dependent mechanisms appear to promote reliable
transmission during bursts that approximate assumed EIN spik-
ing during network activity. In contrast to the depression during
single trains of 20 spikes (Parker and Grillner, 1999), burst
transmission occurred reliably over 500–2500 EPSPs. Bursts thus
ensure reliable transmitter release (Lisman 1997). This reliability
was also activity- and calcium-dependent, shown, respectively, by
the depression evoked when single EPSPs were elicited at the
interburst interval and the disruption of synaptic transmission by
EGTA-AM.

Although the molecular mechanisms underlying the mainte-
nance of EIN-evoked transmitter release are unknown, there is as
yet no evidence to suggest the involvement of calcium-activated
second messengers (for review, see Kamiya and Zucker, 1994).
Calcium, apparently related to the calcium signal underlying
transmitter release (i.e., through N, P/Q, and R channels; Krieger
et al., 1999), may thus act directly. Calcium-mediated replenish-

ment could occur either through vesicle mobilization from a
reserve pool (Ryan, 1999) or endocytotic recycling (Klingauf et
al., 1998). Although calcium triggers endocytosis in endocrine
cells (Artalejo et al., 1994), action potential-evoked calcium entry
is not necessary for endocytosis in lamprey glutamatergic reticu-
lospinal axons (Gad et al., 1998), and in some systems, increased
activity can actually reduce endocytosis (Thomas et al., 1994; von
Gersdorff and Matthews 1994; Wu and Betz, 1996). Mobilization
of vesicles from a reserve pool may thus be more relevant,
although endocytosis presumably must also occur.

Increasing extracellular calcium levels did not affect low
frequency-evoked EPSP amplitudes, suggesting that transmitter
release operates at or near maximal sensitivity to calcium, at least
over the calcium range used here. This is consistent with the
absence of PSP failures from EINs and other network interneu-
rons (my unpublished observations). Maximally efficient trans-
mitter release at physiological calcium levels would be advanta-
geous in rhythmic networks, where precise timing and
coordination requires reliable transmitter release. High-calcium
Ringer’s solution also failed to affect the plasticity of EIN inputs
at 20 Hz, presumably because of the more effective replenishment
at this frequency (Fig. 1).

The time course of the proposed
replenishment mechanism
Depression during spike trains usually developed to a plateau
level over Train5–10. A significant enhancement of the depression
developed by the end of Train2–5 in EGTA-AM (Fig. 2Bi), with a
similar delay occurring before significant effects of high-calcium
Ringer’s solution were seen (Fig. 2C). In addition, although there
was no significant correlation between release probability and
depression by the end of Train2–5, there was with paired-pulse
stimulation, suggesting that replenishment may occur sometime
during Train2–5. However, with alternating stimulation frequen-
cies (Fig. 1E) recovery of the depression occurred faster, between
the second and third spikes in the train. However, in this case, the
lack of an interval between trains may cause the proposed replen-
ishment process to be activated at the start of 20 Hz stimulation.
The proposed replenishment mechanism can thus develop by the
fifth spike after the start of network activity, but may be faster
during ongoing activity. Because network interneurons are as-
sumed to fire up to five spikes during network activity (see
Materials and Methods), this mechanism is tailored to the net-
work requirements.

Generality of the reliability of synaptic transmission
No significant plasticity of EIN inputs to motor neurons occurs
over Train2–5, suggesting little contribution of plasticity to the
patterning of network activity during locomotion (Parker and
Grillner, 1999). Other synaptic connections, however, exhibit
significant activity-dependent depression or facilitation during
Train2–5 (my unpublished observations). Activity-dependent syn-
aptic plasticity could thus contribute to the coordination of loco-
motion if these connections form part of the locomotor network
(Getting, 1989). However, depression must not accumulate over
repetitive bursts, because this would result in changes, or even
termination, of the network output over time. This may be useful
under some conditions, but not for prolonged regular network
activity. Although EIN and SiIN input to motor neurons exhib-
ited consistent responses during burst stimulation, this was not
true of all connections. In particular, inputs to and from CC
interneurons depressed over repeated bursts. CC interneurons
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are proposed to mediate reciprocal inhibition in the locomotor
network (Buchanan and Grillner, 1987; Grillner et al., 1998),
although their role was, and is, uncertain (Rovainen, 1983, 1986;
Buchanan, 1999; Buchanan and Kasicki, 1999; my unpublished
observations). The accumulating depression over repetitive bursts
further suggests against this role for CC interneurons in the
segmental network. In contrast, large inhibitory inputs from
ScINs (Fagerstedt and Wallén, 1992, 1993), which were suggested
as potential candidates for segmental reciprocal inhibition
(Rovainen 1983, 1986), facilitated over repeated spike bursts, a
stable significant plateau being reached by the tenth burst. Exci-
tatory inputs from these neurons, however, depressed rapidly with
repeated bursts, and thus would not be expected to contribute to
maintained network activity. Preliminary results suggest that
excitatory ScINs receive monosynaptic inputs from sensory dor-
sal cells (n 5 2; my unpublished observations). They may thus be
sensory interneurons that transmit cutaneous inputs to the loco-
motor network (Rovainen, 1967).

The reliability of burst synaptic transmission may identify in-
terneurons involved in patterning rhythmic network activity. If
so, the results of this study support the proposed role of EINs in
ipsilateral segmental excitation (Buchanan et al., 1989), SiINs in
ipsilateral segmental inhibition (Buchanan and Grillner, 1988),
and the ScINs in segmental reciprocal inhibition (Rovainen, 1983,
1986). As suggested by Rovainen (1983), this would suggest
intersegmental, not segmental, roles for the LINs and CC
interneurons.

Contribution of replenishment mechanisms to
network activity
The lamprey locomotor network is active over a frequency range
of ;0.5–10 Hz during actual and fictive swimming (Wallén and
Williams, 1984). Network interneurons typically fire up to five
spikes at frequencies of 5–30 Hz. Longer bursts of spikes can
occur (Buchanan et al., 1989, their Fig. 8; my unpublished obser-
vations), which may be relevant to different network outputs, for
example postural adjustments, or motor programs during mating.
The duration of network activity can vary from a few seconds
when disturbed, hours when seeking prey, to weeks during mi-
gration. The EIN burst frequency, the intraburst frequency, and
the intraburst and interburst duration, can thus vary markedly
during the same or different network outputs. EINs, and other
network neurons, must thus cope with a wide range of frequen-
cies, patterns, and durations of network activity. Although extrap-
olating from the analysis of a single type of synapse in vitro to in
vivo behavior is difficult, and other regulatory mechanisms may
also contribute, the regulation of synaptic efficiency through a
negative feedback mechanism activated by interneuron and syn-
aptic activity, as suggested here, will evoke greater replenishment
of the releasable vesicle pool when release is increased. By mon-
itoring changes in synaptic activity, reliable transmitter release
can thus occur over a wide range of EIN and network outputs.
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