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SYNAPTIC MECHANISMS
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Abstract
For all nervous systems, motoneurons are the main output pathway. They are involved in generating episodic motor activity as well
as enduring motor rhythms. To determine whether changes in cytosolic Ca2+ correlate with motor performance, we studied the
spatiotemporal dynamics, mode of entry and role of free intracellular Ca2+ in cricket (Gryllus bimaculatus) front leg tibial extensor and
flexor motoneurons. Synaptic activation or intracellular depolarising current injection uniformly increased Ca2+ with the same
dynamics throughout the primary and secondary branches of the dendritic tree of all motoneurons. Ca2+ rise times (mean srise, 233–
295 ms) were lower than decay times (mean sdecay, 1927–1965 ms), and resulted in a Ca2+ plateau during repetitive activation, such
as during walking. The neurons therefore operate with a different Ca2+ level during walking than during episodic leg movements. Ca2+
enters the dendritic processes of motoneurons via a voltage-activated mechanism. Entry is driven by subthreshold excitation, and is
largely independent of the neurons’ spiking activity. To what extent ligand-activated mechanisms of Ca2+ entry operate remains
uncertain. We found no evidence for any prominent Ca2+-activated secondary currents in these motoneurons. Excitatory
postsynaptic potentials evoked by extracellular stimulation of descending neurons were unaffected by the level of free intracellular
Ca2+. The activity of tibial motoneurons therefore appears to be only weakly dependent on the level of free intracellular Ca2+ in
dendrites. This is different to what has been found for many other neurons studied, and may represent an essential prerequisite for
insect motoneurons to support a wide range of both episodic and rhythmic motor sequences underlying behaviour.

Introduction
Ca2+ in neurons may act in a plethora of ways to support and regulate
neuronal processing (Borst & Egelhaaf, 1992; Sobel & Tank, 1994;
London & Häusser, 2005), signalling, and cellular processes
(Berridge, 1998; Bootman et al., 2001). Through binding to secondary
proteins, it may contribute to membrane potential, regulate synaptic
transmission both presynaptically and postsynaptically, or affect gene
transcription and translation. Owing to precise regulation of the
spatiotemporal Ca2+concentration within neurons (Albritton et al.,
1992; Berridge, 1998; Bootman et al., 2001; London & Häusser,
2005), Ca2+ can play different roles in different regions of the same
neuron at the same time (Augustine et al., 2003). To understand
neuronal processing, it is therefore critical to identify the source,
spatiotemporal distribution and functional role of Ca2+ within neurons.
Several studies have investigated the role of free intracellular Ca2+
in insect sensory neurons during the presentation of behaviourally
relevant stimuli in vivo (Borst & Egelhaaf, 1992; Sobel & Tank, 1994;
Single & Borst, 1998; Galizia et al., 2000; Ogawa et al., 2001;
Baden & Hedwig, 2007).
In insect motoneurons, Ca2+ currents have been investigated on
isolated (Hayashi & Levine, 1992; Mills & Pitman, 1997) and nonisolated (Worrell & Levine, 2008) somata in vitro, using electrophysiological methods, and Ca2+dynamics at insect neuromuscular junction

terminals have been investigated in great detail using optical imaging
(Guerrero et al., 2005; Mank et al., 2006; Hendel et al., 2008). Duch
& Levine (2002) studied dendritic Ca2+ currents during different subadult stages of an identiﬁed insect motoneuron of Manduca sexta
in vitro. However, there are no data on the spatiotemporal distribution
and role of free cytosolic Ca2+ in the dendrites of adult insect
motoneurons in vivo. In the dendrites of vertebrate motoneurons (Sah &
McLachlan, 1992; Hounsgaard & Kiehn, 1993; Bonnot et al., 2002),
as well as in crustacean motoneurons (Kloppenburg et al., 2000), Ca2+
may control various secondary currents supporting motor pattern
generation.
To investigate the role of Ca2+ in insect motoneurons, we analysed
the mode of entry, the spatiotemporal distribution and the role of free
intracellular Ca2+ in the cricket (Gryllus bimaculatus) front leg tibal
motoneuron dendrites in vivo during rhythmic activity, synaptic
activation, and intracellular current injection. The functional properties
of motoneurons are of great importance, as they are the output
channels of any nervous system. The cricket front leg tibial
motoneurons are of additional behavioural relevance, as they are
recruited during phonotactic steering (Baden & Hedwig, 2008).
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Materials and methods
Female crickets (G. bimaculatus) with intact front legs were selected
from the colony kept at the Department of Zoology, University of
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Cambridge, which is maintained on a 12 : 12-h light ⁄ dark cycle. Prior
to dissection, animals were cold anaesthetised at 4C for 10–20 min.

Electromyogram (EMG) recordings
Animals were placed dorsal side up in Plasticine, with only the left
front leg free to move. Left is referred to as ipsilateral. The front leg
was ﬁxed with beeswax to a holder at the proximal femur, to allow
free movement of the tibia and tarsus. Two varnish-coated steel wires
(diameter 30 lm) were placed into the extensor tibia muscle through
two small holes in the dorsal distal femur. The electrodes recorded
extensor muscle potentials at 2–15-mV amplitude and ﬂexor muscle
potentials at 0.2–3 mV. EMG signals were recorded using an
extracellular ampliﬁer (Differential AC Ampliﬁer Model 1700; A–M
Systems, Sequim, WA, USA).

Dissections
Following a dorsal incision, the gut was removed and the prothoracic
ganglion, which houses the front tibial motoneurons, was exposed.
The thoracic cavity was ﬁlled with insect saline (140 mm NaCl,
10 mm KCl, 4 mm CaCl2, 4 mm NaHCO3, 6 mm NaH2PO4). A small
metal platform with an optic ﬁbre embedded in it was placed
underneath the ganglion. The optic ﬁbre was coupled to a cold lightsource, and was used for illumination during electrophysiological
recordings. The connectives between the prothoracic and mesothoracic
ganglia were cut, but the connectives towards the suboesophageal
ganglion, as well as all side nerves, were left intact. Experiments were
performed at room temperature (21–23C). A total of about 200
crickets were used, of which 51 yielded the presented data.

(Leica, Wetzlar, Germany). The wide-ﬁeld illumination used covered
the whole prothoracic ganglion. Indicator ﬂuorescence emission in
the range of 515–560 nm was detected by a cooled charge-coupled
device camera (Andor iXon DV887, Belfast, UK; back-illuminated,
90% quantum efﬁciency with single-photon sensitivity at )65C)
operating at 50 Hz with 256 · 256 pixel resolution (·2 binning). At
64 · 64 pixel resolution, the camera operated at 140 Hz (·8
binning). Owing to the slow Ca2+ kinetics observed, we judged
50-Hz video data acquisition to be sufﬁcient to accurately reﬂect
Ca2+ changes. This allowed a better spatial resolution than the fast
recording mode. A 10 · dry objective (Leica; numerical aperture,
0.25; 19.5-mm working distance) was used to allow space for the
microelectrode. Imaging data were sampled using aqm Advance 6
software (Kinetic Imaging–Andor, Belfast, UK) and synchronised
with electrophysiological recordings using camera-generated trigger
pulses. All imaging analysis included primary and secondary neurites
(diameter > 3 lm) and the summed activity of adjacent smaller
branches. Owing to light scattering, we could not speciﬁcally resolve
the Ca2+ signal in individual small-diameter secondary and tertiary
neurites.

Electrical stimulation of descending connectives
A small bipolar hook electrode was placed under the ipsilateral
connective between the pro-oesophageal and suboesophageal ganglion, and insulated with a mixture of 90% Vaseline and 10% parafﬁn.
Electrical stimuli to activate the axons were generated using a
Stimulus Isolation Unit (WPI A360; SIU, Stevenage, UK), triggered
by a custom-built pulse generator.

Pharmacological stimulation
Electrophysiological recordings and dye injection
Thick-walled sharp micropipettes (outer diameter 1 mm, inner diameter 0.58 mm) were used to intracellularly record from the main
neurites of tibal motoneurons. Tips of electrodes were back-ﬁlled with
400 lm Oregon Green BAPTA-1 (Molecular Probes, Eugene, OR,
USA) dissolved in 400 lm potassium acetate, and shafts were ﬁlled
with 1 m potassium acetate. Resistances were 60–120 MX, and
recordings lasted for up to 1:00 h. Cells were ﬁlled with the Ca2+
indicator by applying a 1–9-nA hyperpolarising current for
10–30 min, and left for at least 30 min to allow for diffusion of the
dye. This sometimes required re-penetration after the diffusion period.
To conﬁrm the identity of stained motoneurons following re-penetration, we observed Ca2+ changes following intracellular depolarising
current injection, and also compared the amplitudes and waveforms of
elicited muscle potentials. To minimise chelating artifacts, care was
taken to achieve the lowest possible intracellular dye concentration
that yielded detectable ﬂuorescence with our single-photon-sensitive
camera. We could not determine the exact concentration of the dye in
the cell, and this may have introduced variability into time courses of
Ca2+ dynamics. Values given indicate the most typical examples of
responses. Intracellular signals were measured using an SEC-10L
ampliﬁer (NPI, Tamm, Germany).

The ganglion was bathed in the muscarinic agonist pilocarpine
(10)3 m in saline) for the entire duration of pharmacological
stimulation. Increased motor activity was commonly observed after
20–30 s, and persisted until the entire thoracic cavity was washed in
saline.

Data sampling and analysis
All electrophysiological data were digitised at 10 kHz using an AD
board (PCI-MIO-16E4; National Instruments, Austin, TX, USA)
linked to custom-built software running under LabView 5.01
(National Instruments), and analysed off-line in Neurolab (Hedwig &
Knepper, 1992). Video frames were precisely aligned with electrophysiological data using camera-generated transistor–transistor logic
pulses for every frame taken. Imaging data were ﬁrst converted in
AQM Advance 6, to be read by ImageJ 1.33u (US National
Institutes of Health, Bethesda, MD, USA). Grey levels over time could
be calculated for arbitrary regions of interest. Values given are changes
in ﬂuorescence intensity relative to background intensity (DF ⁄ F ).
Time constants of Ca2+ rise and decay were calculated from single
exponential ﬁts through the relevant sections of DF ⁄ F traces. Further
data analysis was performed using MatLab 6.5 (Mathworks, Natick,
MA, USA).

Optical recordings
Monochromatic light at 488 nm with 10-nm bandwidth (Optoscan
Monochromator; CAIRN Research, Faversham, UK) was applied
through the epiﬂuorescence port of a Leica DMLFS microscope

Results
We studied the spatiotemporal Ca2+ dynamics in the dendrites of
cricket front leg tibial motoneurons, and linked them to simulta-
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neously measured membrane potential and muscle activity. We further
analysed the mode of entry and role of free intracellular Ca2+, and
related them to both episodic and rhythmical activity patterns of these
motoneurons.

Quality of stainings
Tibial motoneurons were intracellularly identiﬁed and their functional
role in steering was described in a previous study (Baden & Hedwig,
2008). Their dendrites are located close to the dorsal surface in the ﬁrst
thoracic ganglion. We recorded from all ﬁve types of these tibial
motoneurons: the fast extensor tibiae (FETi, n = 6), the slow extensor
tibiae (SETi, n = 22), the fast ﬂexor tibiae 1 (FFTi1, n = 8), the group
of fast ﬂexor tibiae 2–5 (n = 6), and the group of slow ﬂexor tibiae
1–3 (n = 9). After staining with Oregon Green BAPTA-1, all primary
and several secondary branches were discernable during in vivo
conditions, but owing to light scattering in the superﬁcial tissue,
tertiary neurites could not be individually resolved. However, all

neurons could be clearly identiﬁed on the basis of the structure of the
primary and secondary neurites, the position of the axon in the nerves,
the amplitude of elicited EMG potentials, and the direction of tibial
movement elicited by depolarisation of the motoneuron. The optical
signal quality allowed measurement of free intracellular Ca2+ in all
main branches without the need for averaging, and also simultaneous
recording and manipulation of the membrane potential of the
motoneurons. The ventral location of somata meant that these were
outside the focal plane.

Ca 2+ dynamics during pharmacologically elicited spike activity
Front tibial motoneurons receive excitatory inputs from prothoracic
sensory and motor networks. Fast and slow extensor and ﬂexor
motoneurons act as antagonists in controlling tibia movements. The
different functions of the motoneurons might be reﬂected in their Ca2+
signalling. To characterise and compare the spatiotemporal Ca2+
dynamics within different motoneurons, we elicited motor activity by

Fig. 1. Ca2+ in the slow extensor tibiae (SETi) motoneuron during pharmacological activation. (A) Morphology of SETi. (B) SETi stained with Oregon Green
BAPTA-1 under wide-ﬁeld epiﬂuorescence illumination. Three regions of interest (ROIs) were deﬁned: the primary neurite, the main medial neurite, and the main
posterior neurite. (C) Peak relative (DF ⁄ F) ﬂuorescence changes during activity in SETi. (D) Application of pilocarpine (10)3 m) elicited burst activity with a spike
rate of up to 150 Hz in SETi. Bursts were accompanied by large Ca2+ elevations at all ROIs of up to 25% ﬂuorescence change. The Ca2+ rise times were faster than
the decay times, and were similar for all ROIs (see Fig. 3). (E) Enlarged electromyogram (EMG) trace showing the activity of different motor units innervating tibial
muscles. Motor units were discriminated by their amplitude (Baden & Hedwig, 2008). The very large EMG peaks attributed to fast extensor tibiae (FETi)
motoneurons were cut. FFTi, fast ﬂexor tibiae; SFTi, slow ﬂexor tibiae.
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bathing the ganglion in the muscarinic receptor agonist pilcocarpine
(10)3 m) (Ryckebusch & Laurent, 1993; Büschges et al., 1995). The
intracellular electrode was withdrawn after staining, and the EMG
activity was used as a monitor of the motoneuron spike activity. The
structure of SETi and an image obtained under wide-ﬁeld epiﬂuorescence illumination of the stained motoneuron in vivo are given in
Fig. 1A and B. Changes in relative ﬂuorescence throughout the main
neurites of SETi during a burst of spike activity are shown in Fig. 1C.
On the basis of each neuron’s morphology, we deﬁned three key
regions of interest: the primary neurite, the main medial neurite,
including its tertiary branches, and the posterior main neurites
including tertiary branches (Fig. 1B). Pilocarpine elicited highly

irregular bursts of activation in both extensor and ﬂexor motoneurons
of up to 2-s duration, which were monitored using an EMG recording
of the extensor tibia muscle (Fig. 1D). An enlarged burst illustrates how
different motor units could be discriminated in the EMG recording, on
the basis of previous ﬁndings (Baden & Hedwig, 2008) (Fig. 1E).
Individual motor bursts were accompanied by Ca2+ elevations of up to
30% relative ﬂuorescence change that were salient without averaging
(Fig. 1D). The amplitude of Ca2+ elevations was always highest in
the primary neurite, followed by the main posterior neurite, which
exhibited slightly higher amplitudes than the main medial neurite. Ca2+
elevations measured in the axons of all neurons were less than 5%
relative ﬂuorescence change, and were not considered. Ca2+ kinetics

Fig. 2. Ca2+ in the fast extensor tibiae (FETi) and fast ﬂexor tibiae 1 (FFTi1) motoneurons during pharmacological activation. (A) Morphology, (B) wide-ﬁeld
epiﬂuorescence illumination image and (C) relative ﬂuorescence changes during activity of the FETi motoneuron. Three regions of interest (ROIs) were deﬁned,
corresponding to those used for slow extensor tibiae (SETi). (D) Burst activity with up to 50 Hz in FETi was accompanied by Ca2+ elevations of up to 25%
ﬂuorescence change, which were temporally uniform across all ROIs. (E) Morphology, (F) wide-ﬁeld epiﬂuorescence illumination image and (G) relative ﬂuorescence changes during activity of the FFTi1 motoneuron. ROIs were deﬁned as indicated in F. (H) Ca2+ amplitudes and kinetics during pharmacologically elicited
motor activity were similar to those for both SETi and FETi. FFTi burst spike rates reached up to 100 Hz (see also Fig. 3). EMG, electromyogram.
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were similar in all main neurites, with distinctly faster
rise times than decay times (SETi: srise,main neurite, 295 ± 76 ms;
srise,medial neurite, 233 ± 69 ms; srise,posterior neurite, 264 ± 73 ms;
sdecay,main neurite, 1965 ± 216 ms; sdecay,medial neurite, 1927 ± 407
ms; sdecay,posterior neurite, 1962 ± 417 ms; n = 10) (Fig. 3A and B).
This resulted in temporal summation of Ca2+ levels between bursts
occurring in close succession, for example Ca2+ increases in Fig. 1D,
top trace.
Application of pilocarpine also activated FETi (Fig. 2A–D) and
FFTi1 (Fig. 2E–H). Pharmacologically elicited activity bursts had
different ranges of spike rates in different motoneurons. FETi exhibited
the lowest mean burst spike rates (49.9 ± 7.6 Hz, n = 6; Figs 2D and
3C), followed by FFTi1 (82.2 ± 13.8 Hz, n = 8; Figs 2H and 3C), and
SETi (118.3 ± 10.6 Hz, n = 10; Fig. 1D). These differences in spike
rates between different motoneurons were not reﬂected in the
amplitude differences of the respective elicited Ca2+ elevations (peak
Ca2+ DF ⁄ F during bursts: FETi, 23.1% ± 6.2%, n = 6; FFTi,
22.9% ± 4.2%, n = 8; SETi, 22.3% ± 4.4%, n = 10) (Fig. 3D). This
indicated that Ca2+ inﬂux mechanisms are not matched to spike activity
in the same way in every motoneuron. Extended burst durations led to
no further increase in the Ca2+ signal after a stable level was reached.
Ca2+ dynamics in the three regions of interest of all motoneurons were
very similar, and exhibited faster rise times than decay times
(FETi: srise,main, 301 ± 57 ms; srise,medial, 264 ± 78 ms; srise,posterior,
287 ± 62 ms; sdecay,main, 1984 ± 345 ms; sdecay,medial, 1845 ± 412 ms;
sdecay,posterior, 1967 ± 334 ms; n = 6) (FFTi1: srise,main, 278 ± 45 ms;
srise,medial, 296 ± 94 ms; srise,posterior, 245 ± 87 ms; sdecay,main,
2012 ± 294 ms; sdecay,medial, 1988 ± 461 ms; sdecay,posterior, 1949 ±

395 ms; n = 8) (Fig. 3A and B). In the following, we present data only
from SETi, which were the easiest to identify and record from. Only
ﬂuorescence changes of the primary neurite are shown for clarity in
most of the following results.

Ca 2+ dynamics during depolarising current injection
Ca2+ in neurons may control secondary currents, such as Ca2+-gated
hyperpolarising K+ currents or Ca2+-dependent depolarising Ca2+ or
Na+ currents (McLarnon, 1995; Berridge, 1998; Harris-Warrick,
2002). Furthermore Ca2+ is a cation, and therefore directly contributes
to membrane potential. Spike frequency adaptation or after-stimulus
hyperpolarisation effects can be an indication of the action of Ca2+ on
K+ channels, whereas plateau potentials and after-stimulus depolarisations can be an indication of a Ca2+-activated depolarising current or
of a signiﬁcant direct contribution of free intracellular Ca2+ to
membrane potential (e.g. Viana et al., 1993). We therefore studied
possible links between free intracellular Ca2+ and spike frequency
adaptation, after-stimulus hyperpolarisation, or after-stimulus depolarisation (Fig. 4A). Intracellular recordings were obtained from
different dendritic locations between experiments. Injection of a 1-s,
2-nA depolarising current pulse into labelled motoneurons reliably
evoked spikes in SETi and gave rise to a pronounced Ca2+ elevation
(Fig. 4A, n = 20). Injection of a 2.5-s, 2-nA hyperpolarising current
had no effect on the Ca2+ level (n = 11). Although Ca2+ was maximal
at stimulus offset, no after-effect on membrane potential was obvious
(Dmembrane potential, )0.25 ± 1.77 mV, n = 20; Fig. 4A and B). Depolarising current injection gave rise to a phasic–tonic response in spike
rate. An initial peak discharge rate (spike rate 1, up to 350 Hz) was
followed by a lower tonic discharge rate (spike rates 2 and 3,
130 Hz). The initial peak in spike frequency (spike rate 1) occurred
within less than 30 ms of stimulation, while Ca2+ was still near resting
levels. Neither the gradual increase nor the rate of change (not shown)
of free intracellular Ca2+ levels throughout stimulation was accompanied by a gradual decay in spike rate (spike rate 2, 130 ± 62 Hz;
spike rate 1 relative to spike rate 2, 176 ± 51%; spike rate 3 relative to
spike rate 2, 99 ± 11%; n = 20; Fig. 4C). This indicated that Ca2+ had
no pronounced impact on spike frequency. However, during current
injection, the amplitudes of spikes decreased while the Ca2+ levels
increased.

Rhythmical depolarising current injection

Fig. 3. Ca2+ rise and decay times. (A) Ca2+ rise times and (B) decay times in
regions of interest as indicated for slow extensor tibiae (SETi), fast extensor
tibiae (FETi) and fast ﬂexor tibiae 1 (FFTi1) during pharmacological
stimulation (Figs 1 and 2). None of the pairs of means of rise times, or pairs
of decay times, was signiﬁcantly different (t-test). (C) Mean spike rate during
pharmacologically elicited motor bursts in SETi, FFTi1 and FETi (t-test:
TSETi ⁄ FFTi1 = 1.09, TFFTi1 ⁄ FETi = 1.12, TSETi ⁄ FETi = 2.88, T0.95 = 2.13). (D)
Peak Ca2+ DF ⁄ F elevations during motor bursts as in C. Error bars denote one
standard deviation.

Cricket leg motoneurons are rhythmically activated during walking.
Natural stepping rhythms range between 2 and 5 Hz (Laurent &
Richard, 1986; Baden & Hedwig, 2008). To investigate the Ca2+ levels
that are likely to occur in front tibial motoneurons during walking, we
used rhythmical depolarisation patterns (100-ms, 2-nA pulses at 1, 2, 3
and 5 Hz) (Fig. 5A–D, n = 6). Up to six spikes were elicited per pulse.
Even at stimulus repetition rates below natural stepping patterns
(1 Hz), Ca2+ did not decay towards baseline levels between stimuli.
Instead, a clear summation of the Ca2+ signal occurred (Fig. 5A). This
degree of summation increased for higher pulse repetition rates
(Fig. 5B–D). Above 3-Hz stimulation, a Ca2+ plateau was established
within 2–4 s, with Ca2+ responses to individual current pulses
oscillating around the plateau (Fig. 5C and D). At these highest
depolarisation rates, spike generation frequently failed during the later
current pulses, without affecting the Ca2+ responses to these particular
pulses (Fig. 5D). As also indicated by pharmacologically elicited motor
activity (Figs 1 and 2), this suggests that spikes may play only a minor
role in contributing to the Ca2+ signal.
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Fig. 4. Ca2+ levels during current injection. (A) Injection of a 1-s, 2-nA depolarising current evoked spike activity in slow extensor tibiae (SETi). The Ca2+ level at
the primary neurite gradually increased towards 30% ﬂuorescence change (srise, 285 ms), and decreased towards resting levels after stimulation (sdecay, 1930 ms).
Injection of a 2.5-s, 2-nA hyperpolarising current had no effect on the Ca2+ level. Spike frequency in response to depolarising current injection followed a phasic–
tonic time course. (B) There was no signiﬁcant change in the membrane potential measured immediately after the end of stimulation as compared to the membrane
potential immediately prior to stimulation (t-test: t = 0.63, T0.95 = 2.09). (C) Spike rates 1 and 3, as indicated, normalised to the corresponding spike rate 2 of each
experiment (n = 20). Spike rate 3 was not signiﬁcantly different from tonic spike rate 2 (t-test: t = 0.35, T0.95 = 2.09). Error bars denote one standard deviation.

Stimulation of descending inputs
Cricket auditory steering is likely to be controlled by interneurons
descending from the brain (Pollack & Hoy, 1980). Extracellular
electrical stimulation of descending pathways reliably evokes compound excitatory postsynaptic potentials (EPSPs) in all front tibial
motoneurons of G. bimaculatus (Baden & Hedwig, 2008). To investigate Ca2+ signals in response to synaptic activation, we therefore
electrically activated these pathways, while intracellularly recording
membrane potential and optically measuring free intracellular Ca2+ in
SETi (Fig. 6A, n = 4). Extracellular stimuli were sequences of 31 pulses
of 2-ms duration at 50 Hz (total time, 602 ms), with an amplitude
between 1 and 40 lA. With low-amplitude stimulation, each pulse gave
rise to a compound EPSP in SETi, which summated towards a
subthreshold depolarisation (2–4 mV) during the stimulation period
(Fig. 6A, inset 4). Already at this depolarisation level, small Ca2+ signals
(1–2% ﬂuorescence change) were elicited (Fig. 6A, asterisks). Increasing the stimulation amplitude raised the membrane potential above spike
threshold for some pulses (Fig. 6A, inset 5). At higher amplitudes, more
current pulses elicited single action potentials (Fig. 6A, insets 7 and 9).
The gradual change from subthreshold to suprathreshold responses
offered the chance to determine the contribution of spike activity to the
Ca2+ increase. We therefore compared the number of spikes with the
elicited peak Ca2+ level at each stimulation trial (Fig. 6B). Peak Ca2+
levels followed the increasing stimulus amplitudes and did not show
any obvious additional increase with the ﬁrst occurrence of spikes.
This indicated that the contribution of spike activity to the overall Ca2+
signal is small. The kinetics and spatial distribution of free intracellular Ca2+ changes in response to activation of descending pathways
were very similar to those observed during pharmacological activation
(srise, 265 ms; sdecay, 1987 ms).
The mode of Ca 2+ entry into motoneurons
The mode of entry into a neuron of Ca2+ reﬂects a fundamental property
of cellular function. Ca2+ may enter the cytosolic phase of neurons
through voltage-activated or ligand-activated mechanisms (Berridge,

1998). Elevated Ca2+ levels in response to depolarising current
injection (Figs 4 and 5) indicated the presence of a voltage-activated
mechanism. Activation of descending pathways (Fig. 6) indicated that
the impact of spike activity on Ca2+ inﬂux (Hofmann et al., 1994) is
minimal. However, this experiment did not distinguish between Ca2+
inﬂux via low-voltage-activated mechanisms (Huguenard, 1996) and
inﬂux through ligand-activated mechanisms due to synaptic activation.
We therefore tested the effect of subthreshold depolarisation on Ca2+
elevation. Injection of a 500-ms, 0.5-nA depolarising current gave rise
to a distinct Ca2+ elevation, despite the absence of synaptic or spiking
activity (Fig. 7A, n = 6). This strongly pointed towards the presence of
a low-voltage-activated mechanism of Ca2+ entry.
To test for a mechanism of Ca2+ entry as a direct result of synaptic
activation, we stimulated descending pathways during injection of a
strong hyperpolarising current (5 nA). An absence of any detectable
Ca2+ increase would argue against the presence of a ligand-gated
mechanism. However, clear Ca2+ elevations in response to activation
of these synaptic inputs were recorded (Fig. 7B, n = 5). It therefore
remains uncertain to what extent ligand-gated mechanisms of Ca2+
entry operate.

Ca 2+ and excitatory postsynaptic potentials
Ca2+ in neurons is involved in presynaptic transmission, and
frequently also regulates a multitude of postsynaptic processes related
to changes in synaptic efﬁcacy (Berridge, 1998; Bootman et al., 2001;
Augustine et al., 2003). We therefore tested the effect of dendritic
Ca2+ on EPSP shapes and sizes. We continuously stimulated
descending pathways with 2-ms, 30-lA pulses at 10 Hz. This gave
rise to large (4–6-mV) subthreshold compound EPSPs in response to
each pulse in SETi while preventing temporal EPSP summation
(Fig. 8, n = 4). This low rate of stimulation did not affect EPSP
amplitudes or waveforms, as compared to EPSPs elicited in isolation
(Parker, 1995a,b). We then intracellularly applied a 1200-ms, 3-nA
depolarising current pulse. The elevation of Ca2+ in response to this
depolarisation was estimated on the basis of time constants determined
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previously (Fig. 8A, top trace). Accordingly, Ca2+ would have been
maximal immediately after the end of depolarising current injection.
We ﬁnally compared the amplitude and shape of the evoked
subthreshold EPSPs before and immediately after depolarisation.
Superimposing EPSPs before and immediately after current injection
revealed no changes in EPSP amplitudes (paired t-test, four experiments: t = 0.5, t = 0.48, t = 0.58, t = 0.14; T0.95 = 1.73, 10 traces
each) between EPSPs (Fig. 8B). This indicated that an increase of the
postsynaptic Ca2+ level has no effect on synaptic efﬁcacy in this
pathway.

Non-spiking interneurons
To compare our measurements of the spatiotemporal Ca2+ dynamics in
motoneurons with those of other neurons of the prothoracic motor
system, we also recorded from several unidentiﬁed non-spiking
interneurons (n = 6). Such neurons may form part of a local premotor
network involved in sensorimotor integration, as in locusts and stick
insects (Burrows & Siegler, 1976; Siegler & Burrows, 1979; Wolf &
Büschges, 1995) or in cockroaches (Pearson & Fourtner, 1975).
Classiﬁcation of non-spiking interneurons was based on their very
large postsynaptic potentials (PSPs) (up to 12 mV), the absence of any
obvious axonal processes, and the absence of spikes even during
strong depolarising current injection. A wide-ﬁeld image of a stained
non-spiking interneuron in the prothoracic ganglion and the relative
changes in free intracellular Ca2+ in response to depolarising and
hyperpolarising current injection are given in Fig. 9A–C. At rest, the
non-spiking interneuron exhibited frequent PSPs of 7–12-mV amplitude (Fig. 9D and E). Bursts of EPSPs during motor activity were
accompanied by pronounced Ca2+ elevations (Fig. 9D and H). PSPs
reached only 1–5 mV during depolarising current injections (Fig. 9D
and F), but increased to up to 50 mV during hyperpolarising current
injections (Fig. 9D and G). As in tibial motoneurons, injection of a
depolarising current (2 s, 4 nA) gave rise to a spatially uniform
elevation in free intracellular Ca2+ of up to 20% relative ﬂuorescence
change in all major processes of the neuron (Fig. 9B and D). However,
injection of a 2-s, 4-nA hyperpolarising current gave rise to a Ca2+
decrease of 15% ﬂuorescence change below resting levels (Fig. 9C
and D). A decrease in free intracellular Ca2+ in response to
hyperpolarising current injection was never observed in any tibial
motoneuron (Fig. 4A). These ﬁndings are clearly different from our
measurements in motoneurons, and highlight the probably different
cellular processes underlying the distribution and role of Ca2+ in these
non-spiking interneurons.

Discussion
We analysed the spatiotemporal Ca2+ dynamics, mode of entry and
possible links between the Ca2+ dynamics and electrical activity
patterns in cricket front tibial motoneurons.

Fig. 5. Rhythmical depolarising current injection. Depolarising current pulses
of 100-ms duration and 2-nA amplitude were injected into slow extensor tibiae
(SETi) at repetition rates of 1, 2, 3 and 5 Hz. (A) 1-Hz stimulation. Each pulse
gave rise to ﬁve or six spikes, and there was no spike frequency adaptation.
Clear temporal Ca2+ summation occurred at all regions of interest between
pulses. (B and C) Stimulation at 2 and 3 Hz, respectively. Faster pulse
repetition rates gave rise to further temporal summation of Ca2+ levels between
pulses, but not to spike frequency adaptation. (D) At 5-Hz stimulation, spike
generation failed during some but not all pulses. Nonetheless, clear Ca2+
elevations occurred in response to each current pulse. EMG, electromyogram.
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Fig. 6. Ca2+ and descending synaptic inputs. Descending pathways were electrically stimulated using a hook electrode. Series of 2-ms, 1–40-lA pulses were
applied at a 50-Hz repetition rate over 602 ms (31 pulses). (A) Increasing stimulation amplitude elicited ﬁrst only excitatory postsynaptic potentials, and then also
spikes, in slow extensor tibiae (SETi) (insets 4, 5, 7, and 9), and gave rise to Ca2+ elevations of increasing amplitude. Clear Ca2+ elevations occurred even in the
absence of spike activity (asterisks; inset 4). Stimulation artifacts were cut off for clarity in the insets. (B) Peak Ca2+ elevations and spike number in response to each
stimulation series, averaged over four traces of the same experiment. Ca2+ levels linearly increased with stimulation amplitude. There was no additional Ca2+
elevation with the occurrence of spikes. Error bars denote one standard deviation.

Ca 2+ dynamics in motoneurons and non-spiking interneurons
In all ﬁve types of tibial extensor and ﬂexor motoneurons, Ca2+
changes during activation reached up to 25% relative ﬂuorescence
change, and could be clearly identiﬁed in single trial recording. The
temporal Ca2+ dynamics were slow (mean srise, 233–295 ms; mean
sdecay, 1927–1965 ms), temporally uniform over all main neurites, and
very similar between different motoneurons (Figs 1–3). In contrast, the
dynamics of Ca2+ decay in the cricket auditory Omega neuron-1 were

faster, with a time constant for dendritic Ca2+ decay of only 237 ms
(Baden & Hedwig, 2007). High-afﬁnity ﬂuorescent Ca2+ indicators,
such as Oregon Green BAPTA-1 (Kd, 170 nm), have been used to
analyse the dynamics of Ca2+ changes in single neurons of the ﬂy
visual system (Single & Borst, 1998) as well as the cricket cercal
system (Ogawa et al., 2001) and auditory system (Sobel & Tank,
1994). These introduce chelating artifacts; therefore, the measured
decay time constants, in particular, may be overestimated. However, in
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Fig. 7. The mode of Ca2+ entry. (A) Injection of a 0.5-nA subthreshold
depolarising current into slow extensor tibiae (SETi) gave rise to a clear Ca2+
elevation (3% ﬂuorescence change) at all regions of interest, indicating the
presence of a low-voltage-activated mechanism of Ca2+ entry. (B) Stimulation
of descending pathways during 5-nA hyperpolarising current injection gave rise
to a small (1.5% ﬂuorescence change) elevation of Ca2+ in SETi. Artifacts due
to descending pathway stimulation are shaded grey for clarity. EMG,
electromyogram; EPSP, excitatory postsynaptic potential.

a systematic comparison, both the low-afﬁnity Ca2+ indicator Calcium
Green-5N (Kd, 14 000 nm) and the high-afﬁnity indicator Calcium
Green-1 (Kd, 190 nm) revealed different cell-speciﬁc Ca2+ dynamics
in ﬂy visual interneurons (Haag & Borst, 2000).
There was no difference in the Ca2+ dynamics occurring within
motoneurons in response to either depolarising current injection or
synaptic activation via prothoracic or descending pathways. However,
we cannot exclude the possibility that potentially different Ca2+
changes in tertiary neurites may occur that could not be resolved by
our system (Kloppenburg et al., 2000).
In both tibial motoneurons and non-spiking interneurons, depolarising current injection gave rise to a prolonged uniform elevation of
free intracellular Ca2+. Only in non-spiking interneurons did hyperpolarising current injection result in a Ca2+ decrease to below resting
levels (Fig. 9A). A decrease in Ca2+ to below resting levels has been
reported upon inhibitory synaptic activation in ﬂy visual interneurons
(Single & Borst, 1998) and in the cricket Omega neuron-1 (Baden &
Hedwig, 2007). The Ca2+ decrease in these latter neurons was small as
compared to their Ca2+ elevation during activation. However, in the
non-spiking neurons recorded in this study, the decrease in Ca2+ upon
4-nA hyperpolarising current injection was almost as pronounced as
the increase in Ca2+ in response to 4-nA depolarising current injection.
This implies that Ca2+ is maintained at high resting levels in these
neurons. In leech heart interneurons, large uniform Ca2+ elevations
drive graded synaptic transmission (Ivanov & Calabrese, 2000, 2003,
2006), and Ca2+ in cricket non-spiking interneurons may contribute to
synaptic processing in a similar way.

The mode of Ca 2+ entry
Ca2+ may enter neurons via voltage-activated or ligand-activated
mechanisms (Berridge, 1998). Vertebrate (Sah & McLachlan, 1992;

Hounsgaard & Kiehn, 1993; Bonnot et al., 2002) and invertebrate
(Hayashi & Levine, 1992; Mills & Pitman, 1997) motoneurons have
been shown to express both low-voltage-activated and high-voltageactivated Ca2+ channels. In cricket tibial motoneurons, subthreshold
depolarising current injections resulted in clear Ca2+ elevations in all
main neurites (Fig. 7A). This suggests the existence of a low-voltageactivated mechanism of Ca2+ entry in these neurons. Through voltageactivated mechanisms of Ca2+ entry, a neuron’s electrical activity
directly drives the level of free intracellular Ca2+, possibly allowing
for the spatially uniform dendritic Ca2+ dynamics in cricket
motoneurons. Spike activity drives Ca2+ inﬂux in the somata of
cockroach dorsal unpaired median cells (Grolleau & Lapied, 1996;
Amat et al., 1998), in leech heart interneurons (Angstadt & Calabrese,
1991; Ivanov & Calabrese, 2000), in the hawkmoth MN5 motoneuron
(Duch & Levine, 2002), and in rat spinal motoneurons (Viana et al.,
1997). In contrast, two of our ﬁndings argue against a major
contribution of spike-driven mechanisms of Ca2+ entry in cricket tibial
motoneurons. First, even when spikes failed during rhythmical
depolarising current injections, the amplitude of Ca2+ increases in
reponse to the corresponding current pulses was unaffected (Fig. 5D).
Second, gradually increasing EPSP amplitudes upon stimulation of the
descending pathways did not give rise to any additional increase in
Ca2+ signals when spikes were elicited (Fig. 6B). Interestingly, Ca2+
elevations in leech heart interneurons are, as in tibial motoneurons,
remarkably uniform throughout all of the main neurites, and are
primarily driven by low-voltage-activated Ca2+ mechanisms (Ivanov
& Calabrese, 2000, 2003, 2006). Similarly the soma of the cockroach
fast coxal depressor motoneuron expresses low-voltage-activated Ca2+
channels (Mills & Pitman, 1997). It remains uncertain to what extent
ligand-gated mechanisms and Ca2+ release from intracellular stores
contribute towards the level of free intracellular Ca2+ in cricket
motoneurons (Fig. 7B). However, we did not observe any clear
additional increase in dendritic Ca2+ levels due to synaptic activation
(Figs 1, 2 and 5) as compared with activation through intracellular
current injection (Figs 3 and 4), suggesting that Ca2+ inﬂux through
ligand-gated mechanisms is probably low.

The role of Ca 2+ in motoneurons
Ca2+ in neurons can have many different effects on signal processing,
cell gene transcription and translation, homeostasis regulation, or
even apoptosis (Berridge, 1998; Bootman et al., 2001; Augustine
et al., 2003; London & Häusser, 2005). Common roles for Ca2+ in
neuronal signal processing include activation of secondary currents
(Sah & McLachlan, 1992; Sobel & Tank, 1994; McLarnon, 1995;
Sah & Faber, 2002), a direct contribution to membrane potential
(Hounsgaard & Kiehn, 1993; Viana et al., 1993; London & Häusser,
2005), and the regulation of synaptic inputs and outputs (Ogawa
et al., 2001; Bootman et al., 2001). In contrast to what is seen for
several vertebrate motoneurons (Sah & McLachlan, 1992; Hounsgaard & Kiehn, 1993) we did not observe any after-affects on
membrane potentials following the end of depolarising current
injection (Fig. 4B), despite there being elevated Ca2+ levels for
several seconds (Figs 4A and 5). This argues against the existence of
any prominent Ca2+-activated secondary currents that may have a
major effect on membrane potential in cricket tibial motoneurons.
This is further supported by the near-tonic discharge rate upon
depolarising current injection (Fig. 4A, C and 5). Given the slow
time course of the Ca2+ rise, it seems unlikely that the rapid drop
from the initial peak in spike rate within <30 ms of the beginning of
stimulation is supported by Ca2+. During fast (5-Hz) repetitive
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Fig. 8. Ca2+ and postsynaptic potentials (A) Repetitive stimulation of descending pathways at 10 Hz (2-ms pulses) gave rise to 5–6-mV subthreshold excitatory
postsynaptic potentials (EPSPs) in slow extensor tibiae (SETi). Simultaneous injection of a 1200-ms, 3-nA depolarising current elicited spike activity. The resultant
Ca2+ elevation was estimated using the time constants of Ca2+ rise and decay determined previously. Ca2+ elevations following depolarising current injection had no
effect on EPSP amplitudes or membrane potential, when compared with resting Ca2+ levels before stimulation. (B) Superimposed sections of EPSPs before and after
current injection. Neither EPSP amplitude, EPSP shape nor membrane potential was affected by the increased Ca2+ levels.

depolarisation (Fig. 5D), spike generation frequently failed in
response to individual pulses. This spike failure does not appear to
be directly related to the elevated Ca2+ level: spike generation does
not reliably fail during Ca2+ elevations. During 5-Hz stimulation,
some current pulses do give rise to spikes (Fig. 6D). During 3-Hz
stimulation (Fig. 6C), Ca2+ levels are only slightly lower (3 Hz,
25% ﬂuorescence change; 5 Hz, 28% ﬂuorescence change), but
spike failure never occurred.
Ca2+ is a divalent cation, and therefore also directly contributes to
membrane potential. This effect is particularly important in neurons
where Ca2+ spikes occur (e.g. Hounsgaard & Kiehn, 1993; Amat
et al., 1998). These are usually of longer duration than Na+ spikes, and
are therefore easily identiﬁed in intracellular recordings. We found no
evidence for Ca2+ spikes in tibial motoneurons.
Another common effect of free intracellular Ca2+ in neurons is to
regulate the efﬁcacy of synapses (Berridge, 1998; Augustine et al.,
2003), through both presynaptic and postsynaptic mechanisms. Ogawa
et al. (2001), for example, demonstrated neurite-speciﬁc Ca2+-

controlled synaptic depression in a giant cercal interneuron of the
cricket. Similarly, in the locust, the EPSP amplitude in hind tibial
ﬂexor motoneurons in response to antagonist motoneuron activation
was dependent on the level of postsynaptic Ca2+ (Parker, 1995a,b).
Dendrites of cricket tibial motoneurons receive sensory descending as
well as local prothoracic synaptic inputs. Our tests, however,
demonstrated that the elevated Ca2+ immediately after strong depolarising current injection did not affect the amplitude of subthreshold
EPSPs evoked by descending excitatory synaptic inputs. Postsynaptic
Ca2+ levels are therefore unlikely to alter synaptic transmission in this
particular pathway.

Ca 2+ in motoneurons during behaviour
Tibial motoneurons are activated in two fundamentally different
contexts: during episodic leg movements, or continuously during
walking. Episodic leg movements will most often occur during a time
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Fig. 9. Ca2+ in a non-spiking interneuron. (A) Wide-ﬁeld image of the stained interneuron. The dye-ﬁlled microelectrode obscures the top right quadrant. Relative
Ca2+ changes during depolarising (B) and hyperpolarising (C) current injection. (D) Ca2+ changes and membrane potential. The neuron exhibited frequent
postsynaptic potentials (PSPs) at rest. During 2-s, 4-nA depolarising current injection, Ca2+ levels increased by 20% ﬂuorescence change throughout all main
neurites, and PSP amplitudes were reduced. In contrast, 2-s, 4-nA hyperpolarising current injection resulted in a 15% decrease in Ca2+ levels below resting levels of
15% ﬂuorescence change, and increased PSP amplitudes. Insets show enlarged sections of intracellular recordings during resting (E), depolarised (F) and
hyperpolarised (G) membrane potentials. (H) An isolated burst of EPSPs is correlated with a transient Ca2+ elevation.

when Ca2+ levels within the tibial motoneurons are at resting levels.
However, during walking, repetitive motoneuron activation will
maintain the elevated Ca2+ level, owing to the slow kinetics of Ca2+
decay (Fig. 5). This implies that these motoneurons operate in two
fundamentally different functional states, as deﬁned by the overall
level of free intracellular Ca2+. Similarly, lamprey spinal motoneurons
(Bacskai et al., 1995) and an auditory interneuron of the cricket, the
Omega neuron-1 (Sobel & Tank, 1994; Baden & Hedwig, 2007),
maintain elevated Ca2+ levels during continuous stimulation. In the
cricket Omega neuron-1, Ca2+ elevation in response to acoustic
stimulation functions as a noise ﬁlter through a Ca2+-activated
hyperpolarising current (Pollack, 1988; Sobel & Tank, 1994; Baden
& Hedwig, 2007). This is quite different from our ﬁndings in cricket
tibial motoneurons, where we did not see any obvious effects of Ca2+
on activity patterns, synaptic inputs, or membrane potential. The

activation patterns of motoneurons controlling limb movements are
some of the most diverse in neurons. Short, unique bursts of activity,
as required, for example, for scratching or reaching, must be
supported, as well as ongoing, stereotypic movements during continuous locomotion. From a functional point of view, it may therefore be
highly desirable for motoneurons controlling limb movements to
always remain in an unadapted state. The apparent independence of
motoneuron spike activity from dendritic Ca2+ levels may support
permanent functional readiness.
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