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Although synaptic properties are specific to the type of synapse examined, there is evidence to suggest that properties can vary in
individual synaptic populations. Here, a large sample of monosynaptic connections made by excitatory interneurons (EINs) onto motor
neurons in the lamprey spinal cord locomotor network has been used to examine the properties of a single class of spinal synapse in detail.

The properties and activity-dependent plasticity of EIN-evoked EPSPs varied considerably. This variability occurred at convergent
inputs made by several EINs onto single motor neurons. This suggests that it was an intrinsic network property and not simply related to
differences between animals or experiments. The activity-dependent plasticity of EIN-evoked EPSPs could be negatively or positively
related to the initial EPSP amplitude (P1 and P2 connections, respectively). This reflected the development of facilitation and depression
from either small or large initial EPSPs.

To identify differences in presynaptic properties that could contribute to the synaptic variability, the quantal amplitude, release
probability, number of release sites, and size of the available vesicle pool were examined. This analysis suggested that the variable
amplitude and plasticity of EPSPs at P1 and P2 connections reflected an interaction between the release probability and the size of the
available transmitter store.

There is thus significant functional variability in EIN synaptic properties. Synapses ranged from strong (evoked postsynaptic spikes)
to weak (small depressing EPSPs). The selection of interneurons with different synaptic properties could provide an intrinsic mechanism
for modifying excitatory network interactions and the locomotor network output.
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Introduction
The output of a neural network depends on the types of neurons
it contains and the pattern of their synaptic connections (“net-
work architecture”). To understand how a network output is
generated, information is required on the cellular and synaptic
properties of its component neurons (Selverston, 1980; Getting,
1989; Marder and Calabrese, 1996). Network cellular properties
have been studied in some detail (Marder and Calabrese, 1996).
Although the synapse is the site of information transfer, network
synaptic properties have not been examined to the same extent.
Potential synaptic influences on network activity include the sign,
amplitude, and time course of PSPs, as well as activity-dependent
changes in synaptic properties (Selverston, 1980; Getting, 1989).

Activity-dependent synaptic plasticity is a ubiquitous phe-
nomenon. Its analysis has focused primarily on long-term effects
associated with development and learning and memory (Byrne
and Kandel, 1996; Feldman et al., 1999; Malenka and Nicoll,
1999). This plasticity can be considered as extrinsic, because it
acts on the network to tonically alter its output. Plasticity could
also develop during network activity to alter the strength of net-
work synapses and thus act as an intrinsic mechanism for pat-
terning rhythmic network activity (O’Donovan and Rinzel, 1997;
Nadim and Manor, 2000; Fortune and Rose, 2001).

I have begun to examine intrinsic activity-dependent synaptic
plasticity in the lamprey locomotor network (Parker, 2000a).
This analysis requires information on the network architecture
and the functional properties of network neurons. In particular,
paired recordings must be made from identified presynaptic and
postsynaptic neurons, and presynaptic cells must be stimulated at
network-relevant spike frequencies. These requirements can be
met to some extent in the lamprey locomotor network
(Buchanan, 2001). As in other systems (Thomson, 2000),
activity-dependent plasticity is specific to the type of synapse
examined (Parker, 2000a). Connections made between specific
classes of network interneurons will thus have characteristic
activity-dependent effects when the network is active. The prop-
erties of individual connections can vary, however, which sug-
gests that specific network synapses do not necessarily form ho-
mogenous functional units. Although this variability is an
important component to our understanding of how synaptic
properties contribute to the patterning of network activity, the
small sample sizes obtained in previous analyses have prevented
its relevance from being examined.

Here, a large sample of connections made by glutamatergic
excitatory network interneurons (EINs) onto motor neurons has
been used to examine the properties of this connection in detail.
The results show considerable variability in the properties and
plasticity of this single class of synapse. The variability was asso-
ciated with differences in presynaptic release properties at differ-
ent connections. The variability occurred at convergent inputs to
single motor neurons. It thus cannot be accounted for by differ-
ences between animals or postsynaptic motor neurons, but in-
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stead represents an intrinsic property that could contribute to the
patterning of the network output.

Materials and Methods
Adult male and female lampreys (Lamptera fluviatilis) were anesthetized
with MS-222, and the spinal cord and notochord were removed. The
spinal cord was isolated from the notochord and placed ventral side up in
a Sylgard-lined chamber where it 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. The Ringer’s solution was bubbled with O2,
and the pH was adjusted to 7.4 with 1 M NaOH. The experimental cham-
ber was kept at a temperature of 10 –12°C.

Paired recordings were made from EINs and motor neurons using
thin-walled micropipettes filled with 3 M potassium acetate and 0.1 M

potassium chloride. Motor neurons were identified by recording ortho-
dromic extracellular spikes in the corresponding ventral root after cur-
rent injection into their somata. EINs were identified by their ability to
elicit monosynaptic EPSPs in motor neurons (Buchanan, 1993). These
were identified by their reliability and constant latency after presynaptic
stimulation at 20 Hz (Berry and Pentreath, 1976). To minimize potential
differences attributable to the location of cells in different regions of the
spinal cord, all experiments were performed in the rostral trunk region
(i.e., the first 20 segments of the spinal cord immediately caudal to the last
gill). To reduce the possibility of differences caused by the relative posi-
tions of cells, the EIN was either in the same segment or one segment
rostral to the motor neuron. There were no consistent differences asso-
ciated with EPSPs evoked by EINs in the same segment or one segment
rostral to the motor neuron (my unpublished observations). Reticulospi-
nal axons were recorded in the lateral region of the ventromedial column.
Reticulospinal axons were identified by their conduction velocities of at
least 2 m/sec and by recording antidromic and orthodromic extracellular
spikes on the caudal and rostral ends of the spinal cord. An Axoclamp 2A
amplifier (Axon Instruments, Foster City, CA) was used for voltage re-
cording and current injection. In all experiments, the membrane poten-
tial in control and in altered Ringer’s solutions was kept constant by
injecting depolarizing or hyperpolarizing current using single electrode
discontinuous current clamp. Data were acquired, stored, and analyzed
on computer using an analog-to-digital interface (Digidata 1200, Axon
Instruments) and Axon Instruments software (pClamp 8).

Single EPSPs were evoked at 0.1 Hz to examine basic synaptic proper-
ties. No activity-dependent plasticity occurred at this frequency. EIN
spikes were evoked either by injecting 1 msec depolarizing current pulses
of 10 – 60 nA or, where possible, on rebound from hyperpolarizing cur-
rent pulses (2–5 msec, 1–5 nA) to avoid stimulation artifacts on the
action potential. The plasticity of inputs during spike trains was exam-
ined by stimulating the presynaptic EIN at frequencies of 5, 10, and 20
Hz. These frequencies are within the range reported for interneuron
spiking during network activity (Buchanan and Cohen, 1982; Buchanan
and Kasicki, 1995). Four to 20 spike trains were evoked at 30 sec intervals
at each frequency. These were averaged to determine the properties of the
connection. In some cases the initial EPSPs in the trains were used as a
measure of low-frequency-evoked inputs. Twenty spikes were evoked in
each train. Network interneurons spike up to five times during network
activity (Buchanan and Cohen, 1982; Buchanan and Kasicki, 1995). The
initial part of the spike train allowed network-relevant plasticity to be
examined, whereas the latter part of the train was used to examine the
mechanisms underlying the plasticity. Calcium was reduced to 75 or 50%
in low-calcium Ringer’s solution and increased to 150 or 200% in high-
calcium Ringer’s solution.

EPSP amplitudes were measured as the peak amplitude above the
baseline immediately preceding the spike. At the frequencies used there
was little summation of EPSPs during spike trains. The initial EPSP, the
paired-pulse (PP) plasticity, and the plasticity over the 2nd-5th spikes
(Train2–5), the 6th-10th spikes (Train6 –10), and the 11th-20th spikes in
the train (Train11–20) were measured. Paired-pulse plasticity was ex-
pressed as EPSP2/EPSP1, and plasticity over different regions of the spike
train was expressed as EPSPTrain/EPSP1. Low-frequency-evoked EPSPs
or the initial EPSPs in the trains were used to measure EPSP rise times,
amplitudes, and half-widths. Where stimulation artifacts did not obscure

action potentials, their rise times, peak amplitudes, and half-widths were
also measured.

Statistical significance was examined using two-tailed paired or inde-
pendent t tests or one-way ANOVA. When an ANOVA was used, a Tukey
test was used for post hoc analysis of differences between groups. n in the
text refers to the number of connections examined. Up to seven connec-
tions were examined in a single animal (n � 163 animals). All values
given refer to mean � SEM.

Results
Properties of low-frequency-evoked EPSPs
This analysis is based on a sample size of 278 monosynaptic EIN
connections to motor neurons. In some connections (n � 26),
polysynaptic excitatory and inhibitory inputs reliably followed
the evoked EPSP. These connections have been examined sepa-
rately and are not included in this analysis (my unpublished
observations).

The mean amplitude of low-frequency-evoked EPSPs was
1.5 � 0.05 mV (range, 0.32 to 4.2 mV) (Fig. 1A). The mean rise
time was 3.7 � 0.18 msec (range, 0.6 –11.9 msec; n � 100) (Fig.
1B), and the mean half-width was 10.2 � 0.4 msec (range, 3.4 –
27.5 msec; n � 100) (Fig. 1C). These rise times and half-widths
resemble those of non-NMDA-mediated and mixed NMDA and
non-NMDA–mediated EPSPs in the lamprey (Dale and Grillner,
1986). There was no correlation between the EPSP amplitude and
rise time (r 2 � 0.01). Slower rise times were associated with

Figure 1. The properties of EIN-evoked EPSPs. Histograms of EPSP amplitudes ( A), rise times
( B), and half-widths (C ) are shown. Di, Dii, An example of an electrical connection between an
EIN and a motor neuron. Notice that the chemical component varies, but the electrical compo-
nent is constant. The chemical but not electrical component was blocked by cadmium (200 �M).
E, An example of a connection in which EIN stimulation at 20 Hz consistently evoked spikes in the
postsynaptic motor neuron. F, The relationship of the coefficient of variation to the initial EPSP
amplitude. Each symbol represents a single connection.
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longer half-widths in some cases (r 2 �
0.28), possibly reflecting asynchronous
transmitter release from several sites (Jutt-
ner et al., 2001). A moderate correlation
between the EPSP amplitude and half-
width (r 2 � 0.35) may reflect the influence
of the NMDA component on the EPSP. An
inflection on the rising phase of the EPSP
suggestive of an electrical component was
present in 38 of 252 connections (15%)
(Fig. 1Di,Dii). The presence of an electri-
cal connection was verified in five of these
connections by the depolarization that
persisted after blocking chemical trans-
mission with cadmium (200 �M) (Fig.
1D).

In a small proportion of connections
(n � 8), EIN-evoked EPSPs reliably
evoked spikes in the postsynaptic motor
neuron (Fig. 1E). All cells were held at
resting potentials of between �65 and
�70 mV, and thus spiking was not caused
by a relatively depolarized membrane po-
tential in some motor neurons. The EPSP
amplitude, measured by hyperpolarizing
the motor neuron by 10 –20 mV to prevent
spiking, was significantly larger at connec-
tions in which spikes were evoked (2.1 �
0.20 mV; p � 0.05; n � 6) than the overall mean EPSP amplitude
(1.5 � 0.05 mV). However, this could reflect the influence of the
relatively hyperpolarized membrane potential on the EPSP. Also,
because EPSPs larger than 2.1 mV did not necessarily evoke
spikes, the EPSP amplitude alone cannot account for the spiking.
There was no significant difference in the rise times of EPSPs that
did or did not evoke spikes (3.2 � 0.7 msec, n � 6, and 3.7 � 0.18
msec, n � 100, respectively), and thus the inputs presumably did
not differ in their location relative to the postsynaptic spike-
initiating zone. In one experiment, spikes were evoked by two of
three EINs that converged onto a single motor neuron. Because
the probability of finding EINs that evoked spikes was low
(�3%), this suggests that spiking reflected a property of the
postsynaptic motor neuron.

Although their basic properties varied, a constant property of
EIN inputs to motor neurons was that they were very reliable;
EPSP failures were absent in normal Ringer’s solution (my un-
published observations). Although EPSPs did not fail, the ampli-
tude of successive low-frequency-evoked EPSPs could fluctuate.
The coefficient of variation (CV) (SD/mean) of low-frequency-
evoked EPSPs ranged from 0.06 to 0.94 (n � 169). EPSPs of
�1.5 mV had lower CVs (0.14 � 0.05) than EPSPs of �1.5 mV
(0.27 � 0.07), although the variability, particularly of small
EPSPs, weakened the relationship between the EPSP ampli-
tude and CV (r 2 � 0.12).

Plasticity over spike trains
In a previous analysis of the activity-dependent plasticity of EIN
inputs to motor neurons, EPSPs usually depressed over spike
trains (Parker and Grillner, 2000). However, the onset of depres-
sion over the train could vary, and facilitation occurred in a pro-
portion of connections. The small sample size (n � 27) (Parker
and Grillner, 2000) prevented the significance of this variability
from being examined. This has now been possible with the large
number of connections obtained here.

There were four responses over spike trains: depression, facil-
itation, biphasic, and unchanged (no significant plasticity over
the train) (Fig. 2). As in the previous analysis, depression was the
usual effect at 20 Hz, where it was seen in 103 of 225 connections
(46%). The depression reached a plateau at �60% of control
between the 10th and 20th spikes in the train. Facilitation oc-
curred in 61 connections (27%). It developed to its maximum
level of �160% of control by the second spike in the train. It was
maintained at this level over Train6 –10, but some recovery (be-
tween 10 –20%) occurred later in the train. Biphasic responses
(n � 33 of 225) consisted of an initial facilitation to �120% of
control over Train2–5 and depression to 75% of control over
Train10 –20. There was no significant plasticity in 26 connections
(12%).

Depression was marginally the most frequent effect at 10 Hz
(34% depressed, 33% unchanged, 18% facilitated, 15% biphasic;
n � 134). Facilitation developed to 160% of control by the second
spike, with modest recovery occurring again later in the train.
Biphasic connections facilitated to �130% of control before de-
pressing over Train6 –10 to reach a plateau of 70% of control.

At 5 Hz, 52% of connections depressed, 27% were unchanged,
13% facilitated, and 8% were biphasic (n � 97). Peak facilitation
to 150% of the initial EPSP was reached by the third spike in the
train (Fig. 2B). Biphasic connections facilitated to 110% of con-
trol before depressing over Train6 –10 to reach depression of 60%
of control.

The same type of plasticity was usually evoked when single
connections were examined at each frequency (n � 69 of 95).
Relatively consistent features in connections where the plasticity
differed at different frequencies were facilitation at 10 and 20 Hz
but depression or no plasticity at 5 Hz (n � 6), and depression at
20 Hz but unchanged responses at 10 and 5 Hz (n � 4).

Significant depression or facilitation occurred over Train2–5

( p � 0.05) (Fig. 2A,B). The plasticity could thus develop during
network activity and influence the patterning of the network out-

Figure 2. The plasticity of EIN inputs over trains of 20 spikes at 5–20 Hz. Graphs show summed data at depressing ( A),
facilitating ( B), biphasic (C), and unchanged connections ( D). Insets on the graphs show examples of each type of plasticity over
the first five spikes during a 20 Hz spike train.
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put (Buchanan and Cohen, 1982; Buchanan and Kasicki, 1995).
Overall, where depression occurred the plateau level was signifi-
cantly greater ( p � 0.01) at 10 Hz (46 � 3%) than at 20 or 5 Hz
(66 � 4 and 64% �3% of control, respectively) (Fig. 2A). There
was no frequency-dependent difference in the peak facilitation,
although at 5 Hz it did not reach a stable plateau (Fig. 2B). The
peak facilitation and depression at biphasic connections did not
differ significantly at different frequencies ( p � 0.05) (Fig. 2C).

The initial EPSP amplitude was significantly larger at depress-
ing connections (1.66 � 0.11 mV) than at facilitating (1.08 � 0.1
mV), biphasic (1.10 � 0.13 mV), or unchanged connections
(0.96 � 0.08 mV; p � 0.05; one-way ANOVA). Differences in
EPSP rise times and half-widths were not associated with differ-
ent forms of plasticity ( p � 0.05; ANOVA). Activity-dependent
changes in rise time and half-width were studied in 23 pairs in
which EPSPs were free of stimulus artifacts. Because depression
was the usual effect (n � 18 of 23), only depressing connections
were examined. The half-width and rise time were usually un-
changed over spike trains (n � 14 of 18), but in four connections
the half-width was reduced at 20 Hz (data not shown).

Convergence and divergence
These results show that monosynaptic EIN-evoked EPSPs in mo-
tor neurons differ in their properties and plasticity. This is a
common finding at spinal and supraspinal synapses (Koerber
and Mendell, 1991; Markram et al., 1998; Thomson, 2000). The
variability may reflect differences in presynaptic properties, for
example, release probability or the available synaptic resources,
or postsynaptic properties such as receptor desensitization or
voltage-dependent dendritic conductances (see below). In spinal
and supraspinal systems, convergent inputs onto single postsyn-
aptic cells are often similar, whereas divergent outputs from sin-
gle cells can differ in different postsynaptic targets (Koerber and
Mendell, 1991; Markram et al., 1998). This suggests that the
postsynaptic cell determines the presynaptic release properties.
As an initial step in the analysis of the variability of EIN inputs,
the properties of divergent and convergent connections were
examined.

In a previous analysis using triple intracellular recordings, di-
vergent inputs from a single EIN to two motor neurons were rare
(n � 2 of 21) (Parker and Grillner, 2000). Although the number
of triple recordings has been increased more than twofold, the
proportion of EINs that made divergent connections onto both
postsynaptic motor neurons was approximately the same (n � 5
of 47 triple recordings). The initial EPSP amplitude evoked by a
single EIN in two postsynaptic motor neurons could vary mark-
edly (range, 0.37–2.5mV), in one case by a factor of three. In three
of the five divergent connections the plasticity during the train
was similar in the two postsynaptic cells, but in two of five the
initial EPSP amplitude and plasticity differed (data not shown).
The small sample size makes it difficult to make definite conclu-
sions about the properties of divergent connections.

In contrast to divergence, convergent EIN inputs from two or
more EINs to a single motor neuron were common. Up to seven
EINs could connect to a single motor neuron (n � 44). This does
not necessarily reflect the maximum number of convergent in-
puts a motor neuron can receive, but the number found before a
motor neuron recording was lost. There were varying patterns of
convergent inputs. The initial EPSP amplitude and plasticity over
the train could differ (Fig. 3Ai,Aii); both the initial EPSP ampli-
tude and plasticity could be the same (data not shown); the initial
EPSP amplitude could differ, but the plasticity over the train was
the same (Fig. 3Bi,Bii); the initial EPSP amplitude was similar,

but the plasticity differed (Fig. 3Ci,Cii); and both the initial EPSP
amplitude and plasticity could differ, but in this case the different
plasticity equalized the input during the spike train (Fig. 3Di,Dii).

The initial amplitude and plasticity of convergent EIN inputs
to single motor neurons can thus vary. This suggests that the
presynaptic EIN and not the postsynaptic motor neuron essen-
tially determined the properties of the synapse. Importantly, the
properties of convergent inputs to single motor neurons show
that the synaptic variability is not simply related to differences
between animals, experiments, or inputs to different classes of
motor neurons (Rovainen, 1979; Wallén et al., 1985), but that it is
an intrinsic property of the locomotor network.

Locus of plasticity
Although postsynaptic voltage, AMPA receptor desensitization,
or properties or the presynaptic action potential do not contrib-
ute to the plasticity of EIN inputs (Parker, 2000b; and my unpub-
lished observations), the locus of the plasticity is unknown. It has
been investigated here by examining changes in the mean quantal
content (m) over PP responses using the inverse of the coefficient
of variation (m � 1/CV 2) (Malinow and Tsien, 1990; Selig et al.,

Figure 3. The properties of convergent EIN inputs to single motor neurons. The graphs and
traces show inputs made by two different EINs onto a single motor neuron. Ai, Aii, Two conver-
gent inputs to a single motor neuron in which the initial EPSP amplitude and plasticity differed.
Bi, Bii, Convergent inputs in which the same type of plasticity developed from different initial
EPSP amplitudes. Ci, Cii, Convergent inputs that evoked different plasticity from two EPSPs with
similar initial amplitudes. Di, Dii, Convergent inputs where EPSPs with different initial ampli-
tudes and plasticity resulted in the input equalizing during the spike train.
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1995). The CV� 2 of the second EPSP should be reduced relative
to the CV� 2 of the initial EPSP (EPSP1) if PP depression is caused
by a presynaptic reduction of transmitter release (reduced m),
but increased relative to the CV� 2 of EPSP1 if PP facilitation is
associated with increased transmitter release (increased m).

The PP CV� 2 was increased relative to the control CV� 2 in 38
of 46 facilitating connections at 20 Hz (83%) (Fig. 4A), in 20 of 24
connections at 10 Hz (83%) (Fig. 4B), and in 11 of 13 connec-
tions at 5 Hz (85%) (Fig. 4C). These results essentially support a
presynaptic increase in the mean quantal content (m) during
facilitation. At depressing connections, the PP CV� 2 was re-
duced relative to the control CV� 2 in 43 of 85 connections (51%)
at 20 Hz (Fig. 4A), in 59 of 92 connections at 10 Hz (64%) (Fig.
4B), and in 63 of 85 (74%) connections at 5 Hz (Fig. 4C). Only
50% of the connections at 20 Hz thus showed the reduced CV� 2

expected of presynaptic depression, although the proportion in-
creased at lower stimulation frequencies.

An increased CV� 2 would paradoxically suggest an increase
in the mean quantal content during depression. However, it
could also reflect a change in postsynaptic responsiveness (Mali-
now and Tsien, 1990). Depression is not associated with AMPA
receptor desensitization (Parker, 2000b), and because the input
depresses the reduced EPSP, variability cannot be accounted for
by the saturation of postsynaptic receptors. These features sug-
gest against a change in the properties of postsynaptic glutamate
receptors. Depressing connections in which the CV� 2 increased
tended to have relatively large EPSP amplitudes (mean 1.96 �
0.53 mV). A larger postsynaptic conductance can reduce the vari-
ability of subsequent PSPs in a train, thus accounting for the
increased CV� 2 with depression (McLachlan and Martin, 1981).

The effect of the synaptic conductance was compensated for us-
ing the correction factor of McLachlan and Martin (1981). As-
suming a quantal value of 0.12 mV (see below), resting mem-
brane potentials of between �60 and �70 mV, and EPSP
amplitudes of 3– 4 mV, the upper range of EIN-evoked inputs,
the correction added 0.05– 0.1 mV to successive EPSPs in the
train (n � 14). Although this reduced the CV� 2, it was not suf-
ficient to remove the increased CV� 2 with depression (Fig.
4D,F).

As synapses are examined in an intact network, evoked inputs
can occur on a certain amount of background synaptic noise. In
quantal analyses this noise reduces the EPSP variability and could
thus also account for the increased CV� 2 with depression. The
baseline synaptic noise should be the same at all frequencies and
thus would not account for the frequency dependence of the
increased CV� 2 with depression. In some cases, however, EIN
stimulation resulted in frequency-dependent polysynaptic inhib-
itory and excitatory inputs (an example is shown in Fig. 4G). This
presumably reflects the feedforward activation of neurons that
converged onto the postsynaptic cell. These inputs would not be
accounted for by the correction factor used above. Although con-
nections with obvious polysynaptic inputs were not included in
the analysis (n � 26) (my unpublished observations), it was pos-
sible that in some cases a reduced polysynaptic input was present
that increased the background synaptic noise and affected the
evoked EPSP. This possibility was examined using low-calcium
Ringer’s solution. This Ringer’s solution reduced the amplitude
of the evoked EPSP by �50% and blocked polysynaptic inputs
(my unpublished observations), presumably by preventing EIN-
evoked EPSPs from reaching spike threshold in interposed neu-

Figure 4. Examination of the locus of plasticity using the CV � 2. Graph showing the relationship of the CV � 2 (CV � 2
PP /CV � 2

Init ) to paired pulse plasticity (EPSP2 /EPSP1 ) at 20 Hz ( A), 10 Hz
( B), and 5 Hz (C ). Each symbol represents a single connection. With a presynaptic mechanism the CV � 2

PP /CV � 2
Init should increase with facilitation but reduce with depression. As can be seen from

the graphs, facilitation tended to follow a presynaptic mechanism. However, with depression the response was more variable, and at higher frequencies there was an increase in the number of
responses in which the CV � 2

PP /CV � 2
Init increased with depression. The increase in the CV � 2 with depression was not removed by correcting for the effect of driving force resulting from the initial

EPSP ( D) but was reduced in low-calcium Ringer’s solution (E ). F, Graph showing the CV � 2
PP /CV � 2

Init at depressing connections in control, after correcting for driving force, and in low-calcium
Ringer’s solution. G, Example trace showing a significant polysynaptic inhibitory input evoked in a motor neuron by EIN stimulation.
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rons. Low-calcium Ringer’s solution usually reduced the depres-
sion, and in some cases converted it into facilitation (Parker,
2000b). Only connections in which depression still occurred were
examined. Low-calcium Ringer’s solution reduced the number of
connections in which the CV� 2 was increased, and overall de-
pression was associated with a reduction in the CV� 2 (n � 9)
(Fig. 4E,F). This effect could not be accounted for by the reduced
depression in low-calcium Ringer’s solution, because this would
increase the CV� 2. It instead suggests that the depression was
mediated presynaptically, but that polysynaptic inputs to the
postsynaptic cell can influence the EPSP variability.

The influence of the initial EPSP amplitude on plasticity
The activity-dependent plasticity of EIN inputs thus appears to be
mediated presynaptically. Presynaptic influences on plasticity are
often associated with differences in the initial release probability
(Zucker, 1989). There was previously a weak relationship be-
tween the initial EPSP amplitude (assumed to reflect release
probability) and the plasticity of EIN inputs (Parker, 2000b).
However, as with the plasticity over spike trains (see above), this
relationship could have been influenced by variability in the small
sample size. The influence of the initial EPSP amplitude on plas-
ticity was thus reexamined.

Overall, plasticity was negatively related to the initial EPSP
amplitude, the relationship expected of a release probability-
dependent mechanism (Fig. 5A) (Zucker and Regehr 2002).
However, r 2 values were low at all frequencies and all parts of the
train (0.16 � 0.03; range, 0.03– 0.27), again suggesting a weak
influence of the initial EPSP amplitude on plasticity (Waldeck et
al., 2000).

The low r 2 values reflected the development of facilitation and
depression from both small and large initial EPSPs. To examine
further the relationship between the initial EPSP amplitude and
plasticity, connections in which the plasticity was positively re-
lated to the EPSP amplitude (i.e., small depressing and large fa-
cilitating connections) were removed from the grouped data and
plotted separately. Only PP responses were examined. At 20 Hz,
110 of 252 pairs (44%) were removed (Fig. 5B). Of these, 74
(67%) were EPSPs of �1 mV that facilitated. The remainder were
small (�1 mV) depressing EPSPs. At 10 Hz, 86 pairs were re-
moved and plotted separately (44%). Of these, 76 (88%) were
facilitating EPSPs of �1 mV (data not shown). At 5 Hz, 76 pairs

were removed and plotted separately (39%), of which 69 (91%)
were large initial EPSPs that facilitated (data not shown).

Separating the connections in which plasticity was positively
or negatively related to the initial EPSP amplitude not surpris-
ingly resulted in higher r 2 values over the different regions of the
train (P1, 0.28 � 0.03, range, 0.16 – 0.42; P2, 0.39 � 0.09, range,
0.06 – 0.77). However, with EPSPs of �2 mV there was a reduced
range of plasticity and little influence of the initial EPSP ampli-
tude over a 2 mV range in both groups (Fig. 5B). The different
responses at connections in which plasticity was negatively or
positively related to the initial EPSP amplitude presumably re-
flect differences in the synaptic properties at these connections.
For convenience, in the subsequent analysis connections in
which plasticity was negatively related to the initial EPSP ampli-
tude (i.e., small facilitating and large depressing EPSPs) will be
termed P1, and those in which there was a positive relationship
(small depressing and large facilitating EPSPs) will be termed P2.

Variance–mean analysis of synaptic properties
The basic properties and plasticity of EIN-evoked EPSPs thus
varied, suggesting that EINs do not form a functionally homog-
enous interneuron population. The plasticity appears to mostly
be mediated presynaptically. Differences between connections
should thus be reflected in differences in their presynaptic release
properties. These properties are usually examined using a quantal
analysis. However, this analysis can be difficult to apply at central
synapses (Korn and Faber, 1992). Discrete peaks in histograms of
EIN-evoked EPSP amplitudes indicative of quantal transmission
were lacking (my unpublished data). This could reflect the influ-
ence of electrical or synaptic noise on EPSP measurements or the
location of inputs at varying distances from the soma. A tech-
nique for examining synaptic parameters that is less sensitive to
the effects of recording noise and makes fewer assumptions about
synaptic properties has recently been introduced (Clements and
Silver, 2000). This method examines the PSP variance and mean
under conditions of altered release probability (V–M analysis).
At low release probabilities fewer sites release transmitter, and the
EPSP amplitude and variance are reduced. At high release prob-
abilities almost all sites release transmitter. This increases the
EPSP amplitude but again reduces the variance. At intermediate
release probabilities the number of sites that release transmitter
fluctuates from trial to trial. This results in intermediate EPSP

Figure 5. The relationship of PP plasticity (EPSP2 /EPSP1 ) to the initial EPSP amplitude. A, Graph showing PP plasticity at different frequencies. For clarity only PP plasticity with values of �2.5
is shown. B, The relationship of PP plasticity to the initial EPSP amplitude is shown at 20 Hz, when connections that show an inverse relationship between initial EPSP amplitude and plasticity (P1
connections, f) are plotted separately to connections that have PP plasticity positively related to EPSP amplitude (P2 connections, �). Notice that above 2 mV the EPSP was not related to PP
plasticity in either type of connection. The inset shows sample traces of paired-pulse plasticity from P1 and P2 connections at 20 Hz.
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amplitudes and an increased variance. The
relationship of the variance to the mean at
different release probabilities can be ap-
proximated by a parabola (Clements and
Silver, 2000): y � Ax � Bx2, where y is the
PSP variance and x is the mean amplitude.
A and B are free parameters that are ad-
justed to optimally fit the parabola to the
V–M data. The quantal amplitude (qw), re-
lease probability ( pw), and number of re-
lease sites (nmin) can then be calculated as:
qw � A/(1 � CV 2), pw � x(B/A)(1 �
CV 2), and nmin � 1/B, where qw and pw are
weighted averages, i.e., they emphasize ter-
minals with larger quantal amplitudes and
release probabilities, and nmin is the mini-
mum number of release sites.

Release probability was altered by
changing Ringer’s solution calcium levels
or by using cadmium to block calcium en-
try. In the best cases (n � 3), two low (50
and 75%) and two high (150 and 200%)
calcium Ringer’s solutions could be used
before a recording was lost, but usually
only 50 and 200% calcium Ringer’s solu-
tion could be used (n � 26). At least 100
EIN-evoked EPSPs were evoked at a fre-
quency of 0.2 Hz under each condition
(Fig. 6A). Stimulation at this frequency
did not usually evoke any plasticity (Fig.
6B), but if this occurred (n � 3) the connection was not included
in the analysis.

The mean quantal amplitude (qw) was 0.12 � 0.01 mV (range,
0.06 – 0.22 mV; n � 29) (Fig. 6Di). This is less than half the
amplitude of TTX-resistant miniature EPSPs (mEPSPs) (range,
0.3– 0.55 mV) (Parker, 2000c). The discrepancy may reflect the
difficulty in identifying mEPSPs of �0.1 mV in the baseline re-
cording noise. In addition, TTX-resistant mEPSPs are clearly
seen in only a proportion of experiments (approximately one in
seven) and could represent spontaneous release from a specific
population of synapses. The minimum number of release sites
(nmin) was 25 � 3 (range, 16 – 48; n � 15) (Fig. 6Dii), and the
release probability ( pw) was 0.46 � 0.05 (range, 0.32– 0.73; n �
15) (Fig. 6Diii). These values of nmin and pw give a mean quantal
content (m � nminpw) of 11 (range, 5–35). With a quantal ampli-
tude of 0.12 mV, this value of m gives a mean EPSP of 1.32 mV
(range, 0.6 – 4.2 mV). This approximates the mean and range of
all evoked EPSPs (1.50 mV; range, 0.32– 4.2 mV; see above).

The pw ranged from moderate (0.32) to relatively high values
(0.73). However, the evidence suggests a wider range of pw than
this. First, in some cases the relationship of the EPSP mean to
variance was linear (n � 14). In these cases only qw can be deter-
mined (Clements and Silver, 2000). Although pw cannot be cal-
culated, a linear relationship reflects a low release probability
(�0.3) (Clements and Silver, 2000). Second, high-calcium Ring-
er’s solution, which should increase the release probability, failed
to increase the EIN-evoked EPSP amplitude in some connections
(n � 9 of 42). The lack of effect of high calcium on the EPSP
amplitude suggests that the release probability was already high at
these connections (see below) (Murthy et al., 1997) and presum-
ably greater than the maximum pw of 0.73 obtained in the V–M
analysis.

To determine the role of synaptic properties in the plasticity of

EIN inputs, the qw, pw, and nmin were compared at depressing and
facilitating connections. The qw was 0.08 � 0.01 mV at depressing
connections and 0.10 � 0.04 mV at facilitating connections (Fig.
6Ei). The nmin was 23.5 � 2.1 at depressing connections and
28.3 � 10 at facilitating connections (Fig. 6Eii). The pw was
0.67 � 0.1 at depressing connections and 0.32 � 0.08 at facilitat-
ing connections (Fig. 6Eiii). Only pw differed significantly be-
tween depressing and facilitating connections ( p � 0.05), sug-
gesting that, as in other systems (Zucker, 1989; Thomson, 2000),
activity-dependent synaptic plasticity is influenced by the presyn-
aptic release probability. Interestingly, high-calcium Ringer’s so-
lution had a smaller potentiating effect on the EPSP amplitude at
depressing connections (126 � 11% of control) than at facilitat-
ing connections (247 � 19% of control; data not shown), sup-
porting the suggestion above that the absence of a potentiating
effect of high-calcium Ringer’s solution on the EPSP amplitude
reflects the influence of a high initial pw.

For comparison with EIN-evoked EPSPs, glutamatergic in-
puts from reticulospinal axons to motor neurons were also ex-
amined using a V–M analysis (Fig. 6A,Di–Diii) (n � 9). The qw of
reticulospinal inputs was 0.14 � 0.04 mV (range, 0.03– 0.23; n �
9). This is a mean and range similar to that of the EINs and thus
suggests that reticulospinal axons are not the source of larger
TTX-resistant mEPSPs (see above). The pw was less than the EINs
(0.38 � 0.025; range, 0.33– 0.49; n � 6). In three connections the
V–M relationship was linear, again suggesting release probabili-
ties of �0.3. However, high-calcium Ringer’s solution potenti-
ated reticulospinal-evoked EPSPs in every case (n � 9 of 9), sug-
gesting a reduced upper range of pw compared with the EINs.
Finally, the mean number of release sites (nmin) was greater than
at the EINs (85 � 56; range, 12–250; n � 6), and consequently the
mean quantal content (m � nminpw) was larger (32; range, 5–95).
With a quantal amplitude of 0.14 mV, evoked EPSP amplitudes

Figure 6. Variance–mean analysis of EIN synaptic transmission. A, Traces showing 100 EIN (top traces) or reticulospinal
(bottom traces)-evoked EPSPs (evoked at 0.2 Hz) in control and in high- and low-calcium Ringer’s solution. B, Graph showing EPSP
amplitudes over the stimulation train in different calcium levels (F, control; �, high calcium; ƒ, low calcium). C, Plot of the EPSP
variance against the EPSP mean in control and in high- and low-calcium Ringer’s solution. Di–Diii, Histograms of the qw, Nmin, and
pw of EIN and reticulospinal (RS) inputs to motor neurons. Histograms showing the quantal amplitude (qw) (Ei ), minimum number
of release sites (Nmin) (Eii ), and release probability ( pw,) (Eiii ) at facilitating and depressing EIN connections.
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could theoretically range from 0.7 to 13.3 mV. This is a much
greater range than EIN EPSPs. It is consistent with the observa-
tion that reticulospinal inputs typically have larger amplitudes
than EIN-evoked EPSPs, although the theoretical upper range is
greater than that observed experimentally (observed range, 0.57–
8.5 mV) (my unpublished observations).

Number of available synaptic vesicles
The difference in pw at facilitating and depressing connections
could account for the negative relationship between the initial
EIN-evoked EPSP amplitude and plasticity at P1 connections. A
high pw will release a large proportion of the available transmitter
store. This will result in a large initial EPSP that could subse-
quently depress because of transmitter depletion. A low initial pw

will release less transmitter. It will thus evoke a smaller initial
EPSP but could provide the potential for a subsequent increase in
pw and facilitation over the train (Zucker, 1989). Although con-
sistent with the plasticity at P1 connections, release probability
alone cannot account for the plasticity at P2 connections, where
large initial EPSPs (presumed high release probability) facilitate
and small initial EPSPs depress.

The release probability acts on or is influenced by the available
synaptic resources (Schikorski and Stevens 1999; Zucker and
Regehr, 2002). To examine whether differences in synaptic
resources contributed to the variable properties of EIN-evoked
EPSPs, the number of available synaptic vesicles was examined
using the model of Wang and Zucker (1998). This model is based
on the depression of synaptic inputs. It assumes two vesicle pools,
available or unavailable. The available pool includes release-
ready and reserve vesicles. Depression is assumed to be caused by
the depletion of this pool. The number of vesicles in the available
pool (Nves) is given by: Vo

2�d/q(Vo � V�), where Vo is the initial
EPSP amplitude, �d is the inverse rate constant of EPSP decay
(expressed as the number of presynaptic spikes needed for the
EPSP to drop to 1/e of the initial value), q is the mean quantal
amplitude, and V� is the EPSP amplitude at the plateau level of
depression (Fig. 7A).

With the quantal amplitude of 0.12 mV estimated from the
V–M analysis, the mean number of available vesicles at these
connections was 257 � 92 (range, 34 –954; n � 57) (Fig. 7B).
There was no significant difference between the number of avail-
able vesicles calculated from depression at 5, 10, or 20 Hz ( p �
0.05; one-way ANOVA). This is expected, because the stimula-
tion frequency should not affect basal vesicle numbers. However,
the model assumes the absence of activity-dependent replenish-

ment, which may not be the case at connections between EINs
and motor neurons (Parker, 2000b). Activity-dependent replen-
ishment will reduce the plateau level of depression (V�) caused
by depletion, thus resulting in an overestimation of the number
of available vesicles. Whereas there was no overall difference in
vesicle numbers at different frequencies, the estimated number of
vesicles was greatest at 20 Hz in nine pairs (data not shown),
which could reflect the influence of activity-dependent replenish-
ment (Parker, 2000b).

The number of available vesicles varied 30-fold between dif-
ferent connections. To determine whether this variability was
related to functional differences in synaptic properties, the num-
ber of vesicles was compared at depressing P1 and P2 connections
(Fig. 7B). Depressing P1 connections had significantly more ves-
icles (374 � 70; p � 0.05; n � 38) than depressing P2 connections
(175 � 33; n � 19). Although there was a twofold difference in
the size of the available vesicle pool, in connections where a V–M
analysis was also performed the pw was similar at both types of
connection (P1, depressing pw � 0.63, n � 3; P2, depressing pw �
0.56, n � 4).

Discussion
This study shows variable properties at an individual synapse in
the lamprey spinal cord. The variability occurred at convergent
inputs onto single motor neurons and is thus an intrinsic network
property.

Small sample sizes in previous analyses prevented synaptic
variability from being examined. Large sample sizes are thus re-
quired if synaptic properties are to be examined in detail. Al-
though possible at interneuron connections onto motor neurons,
this will be difficult at connections between network interneu-
rons where stable recordings are rare.

The analysis has been performed only in quiescent prepara-
tions. It is possible that activity-dependent synaptic properties
are altered during network activity, for example, as a result of
rhythmic presynaptic inputs (Alford et al., 1991). At some point,
activity-dependent synaptic plasticity will have to be examined
during network activity. However, these experiments are compli-
cated by the difficulty in separating the synapse under study from
other convergent inputs onto the postsynaptic cell (my unpub-
lished observations).

EPSP properties and plasticity
EIN-evoked EPSPs are reliable and essentially never fail. How-
ever, EPSP amplitudes, rise times, half-widths, and plasticity dif-
fered between connections. These properties were weakly corre-
lated, suggesting a potential continuum of functional properties
that could influence the strength and integration of synaptic in-
puts. Further variability is suggested by the presence of electrical
components in some connections and the ability of some EINs to
reliably evoke postsynaptic spikes.

For plasticity to influence network activity it must occur over
Train2–5 (Buchanan and Cohen, 1982; Buchanan and Kasicki.,
1995). Although its onset could vary between connections, sig-
nificant depression or facilitation usually occurred over paired-
pulse responses (Fig. 2A,B) and could thus influence the pattern-
ing of the network output. The early development of plasticity in
this study contrasts with the previous analysis in which signifi-
cant plasticity in the grouped data occurred only over Train6 –10.

The delayed onset to plasticity in the previous analysis presum-
ably reflected the influence of variability in the small data set
(Parker and Grillner, 1999).

Figure 7. The releasable vesicle pool size in EINs. A, Graph showing the depression of an
EIN– evoked EPSP in a single connection, illustrating the parameters used to estimate the
available vesicle numbers. B, Histogram showing vesicle numbers in all depressing connections
and in P1 and P2 connections. The estimated releasable vesicle pool was significantly larger at
P1 than at P2 connections.
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Plasticity mechanisms
Depression and facilitation could develop from small and large
initial EPSPs. Plasticity could thus be negatively or positively re-
lated to the initial EPSP amplitude (P1 and P2 connections, re-
spectively). Despite the weak relationship between the initial
EPSP amplitude and plasticity in the grouped data, release prob-
ability could account for the properties of P1 and P2 connections.

The measured pw ranged from 0.3 to 0.73, although there is
evidence to suggest that it extends above and below this range
(Hanse and Gustafsson, 2001). As in many systems (Zucker,
1989; Thomson, 2000), the pw was larger at depressing than at
facilitating connections. This could account for the negative re-
lationship between the initial EPSP amplitude and plasticity at P1
connections: a high release probability will evoke a larger initial
EPSP that subsequently depresses, possibly caused by depletion,
whereas a low release probability will evoke a smaller initial EPSP
that has the potential to facilitate (Zucker, 1989; Thomson,
2000).

Release probability alone cannot account for the positive re-
lationship between the EPSP amplitude and plasticity at P2 con-
nections, where facilitating (presumed low release probability)
connections have large initial EPSPs and depressing (presumed
high release probability) connections have small initial EPSPs.
The difference between P1 and P2 connections appears to reflect
an interaction between release probability and the available
transmitter store. The size of the available vesicle pool was exam-
ined using the model of Wang and Zucker (1998). This model
could be applied only to depressing connections. Although Wang
and Zucker (1998) applied it to the depression that followed
initial facilitation, this was not possible here, because facilitation
does not decay into depression over the trains used. The model
also assumes that release and replenishment occur at constant
rates. This is probably not valid for the EINs, because replenish-
ment is activity and calcium dependent (Parker, 2000b). This
replenishment mechanism could reduce depression during spike
trains and thus result in an overestimation of the vesicle pool size.
Despite these caveats, the estimated vesicle pool obtained using
this model could account for some of the differences between P1
and P2 connections. P1 connections had a larger available vesicle
pool than P2 connections. The size of the available vesicle pool
has been suggested to influence the release probability (Schikor-
ski and Stevens 1999) (but see Xu-Friedman et al., 2001; Millar et
al., 2002). However, the pw was similar at depressing P1 and P2
connections. The twofold difference in the available vesicle pool
but similar pw at P1 and P2 connections suggests that pool size
does not influence the EIN release probability. Assuming that pw

reflects the release of a proportion of the available transmitter
store (Zucker and Regehr, 2002), the large proportion of vesicles
released on the initial EPSP at depressing P1 and P2 connections
could deplete the pool and cause subsequent depression. How-
ever, the difference in the size of the available vesicle pool means
that depression will develop from a larger initial EPSP at P1 con-
nections than at P2 connections. A similar effect could account
for the facilitation at P1 and P2 connections, but in this case P2
connections, where the initial EPSP amplitude is relatively large,
would be expected to have the larger vesicle pool.

Interacting influences on network synaptic transmission
An interaction between the release probability and the available
vesicle pool thus presynaptically influences the EPSP amplitude
and plasticity. There is also evidence that suggests that postsyn-
aptic properties could also influence the integration of synaptic
inputs. For example, the CV� 2 analysis suggests that synaptic

noise evoked by polysynaptic inputs during spike trains influ-
enced the synaptic variability. This could be equivalent to sto-
chastic resonance and may increase signal detection or reduce the
influence of the location of the synaptic inputs (Stacey and Du-
rand, 2001). The ability of some EIN inputs to evoke spikes also
appears to reflect a postsynaptic property.

Network interneurons generate repetitive bursts of spikes
during swimming. As a result, the replenishment of transmitter
stores will also influence transmission over repetitive spike
bursts. The summed depolarization over a train of five spikes, the
upper number of spikes during a locomotor burst (Buchanan and
Cohen, 1982; Buchanan and Kasicki, 1995), is �5.8 mV at de-
pressing connections and 8.5 mV at facilitating connections.
Over the range of quantal amplitudes determined here (0.06 –
0.22 mV), this requires the release of between 26 and 97 vesicles
(10 –38% of the mean available vesicle pool) at depressing con-
nections and between 39 and 142 vesicles (15–55% of the mean
pool) at facilitating connections. A large proportion of the vesicle
pool could thus be released during a single locomotor burst, and
without replenishment total depletion will occur after several
bursts or within �10 sec at low burst frequencies. This depletion
is prevented by an activity- and calcium-dependent replenish-
ment mechanism that is activated over Train2–5 (Parker, 2000b;
and my unpublished observations).

Presynaptic influences during an episode of network activity
will thus reflect an interaction between the release probability, the
size of the available transmitter store, and the efficiency of trans-
mitter replenishment. For example, decreasing the release prob-
ability by modulating calcium entry will reduce the initial EPSP
amplitude and consequently reduce depression caused by deple-
tion. Increasing the release probability could release a larger pro-
portion of the available transmitter store, which will result in an
increase in the initial EPSP amplitude and enhance depression
caused by depletion. Because replenishment appears to be cou-
pled to calcium entry and transmitter release (Parker, 2000b), it
could maintain transmission at a set level by compensating for
variations in the proportion of transmitter released from the
available store. However, changing the ratio of release to replen-
ishment will affect the size of the available transmitter store and
thus alter synaptic properties over spike bursts. For example,
increasing calcium entry will have little effect on connections
with high initial release probabilities, but if calcium-dependent
replenishment were enhanced, the size of the available transmit-
ter pool would be increased, and a depressing P2 connection
would be converted into a depressing P1 connection.

Function of interneuron variability
Synaptic properties vary at synapses made between different
classes of interneurons in the lamprey spinal cord (Parker,
2000a). This is a common property of network synapses (Thom-
son, 2000). Variability has now also been shown at a single class of
synapse. EIN inputs to motor neurons ranged from functionally
strong (reliably evoked postsynaptic spikes) to weak (small de-
pressing EPSPs). Function thus cannot be inferred from the anat-
omy, axonal projections, or transmitter content of interneurons
(Gupta et al., 2000; McBain and Fisahn, 2001). The variability
could reflect the modulation of properties in a homogenous in-
terneuron pool or a heterogeneous population of interneurons
with different functional roles.

The properties of synapses made between different classes of
network interneurons could contribute to the specific role that
these neurons have in patterning network activity. The variability
at individual connections could instead provide an intrinsic
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mechanism for modifying the network output (Aradi and Solt-
esz, 2002). For example, the selection of different functional types
of EINs will alter the excitatory drive to the network and thus
modify the network output. The variation in EIN synaptic prop-
erties could also contribute to state-dependent influences on the
plasticity of EIN transmission. Mechanisms that increase the re-
lease probability will have little effect on the initial EPSP ampli-
tude at connections where the release probability is already high,
but by influencing the available synaptic resources, the input dur-
ing spike bursts could be altered. An effect of this sort could
provide a basis for the metaplasticity of EIN-evoked synaptic
transmission (Parker, 2000a).
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