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Neuromodulation of Spike-Timing Precision in
Sensory Neurons
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The neuropeptide allatostatin decreases the spike rate in response to time-varying stretches of two different crustacean mechanoreceptors, the gastropyloric receptor 2 in the crab Cancer borealis and the coxobasal chordotonal organ (CBCTO) in the crab Carcinus maenas.
In each system, the decrease in firing rate is accompanied by an increase in the timing precision of spikes triggered by discrete temporal
features in the stimulus. This was quantified by calculating the standard deviation or “jitter” in the times of individual identified spikes
elicited in response to repeated presentations of the stimulus. Conversely, serotonin increases the firing rate but decreases the timing
precision of the CBCTO response. Intracellular recordings from the afferents of this receptor demonstrate that allatostatin increases the
conductance of the neurons, consistent with its inhibitory action on spike rate, whereas serotonin decreases the overall membrane
conductance. We conclude that spike-timing precision of mechanoreceptor afferents in response to dynamic stimulation can be altered
by neuromodulators acting directly on the afferent neurons.
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Introduction
Numerous studies have demonstrated that, in response to repeated presentations of an identical time-varying stimulus, neurons can generate very reproducible firing patterns in which individual identifiable spikes in the train are precisely replicated
trial-to-trial (Barlow, 1963; Bryant and Segundo, 1976; de Ruyter
van Steveninck et al., 1997). The precision of the neural response
can be quantified by calculating the standard deviation or “jitter”
in the timing of these individual spikes averaged over all spikes
and trains. Very small jitter appears to be a feature common to a
wide variety of neurons: jitter of !1 ms or smaller in response to
current injection stimuli have been reported both for neurons in
the vertebrate CNS (Mainen and Sejnowski, 1995; Beierholm et
al., 2001) and for Aplysia motor neurons (Hunter et al., 1998;
Szücs et al., 2004). Comparably small jitters have been measured
in neurons in the vertebrate retina (Berry et al., 1997; Berry and
Meister, 1998; Uzzell and Chichilnisky, 2004) and lateral geniculate nucleus (Reinagel and Reid, 2000; Liu et al., 2001; Reinagel
and Reid, 2002) in response to time-varying visual stimuli. In
response to the onset of a stimulus, the timing of the first spikes
produced by neurons in the auditory cortex also can be quite
precise (Heil, 1997; Phillips et al., 2002; Elhilali et al., 2004; Hurley and Pollak, 2005).
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Common sense dictates that, everything else being equal, decreased jitter should improve the description of the stimulus carried by a sensory spike train. Mathematical analysis confirms that
increased spike-timing precision enhances information transmission by neurons. For example, estimates of stimulus features
(Bialek et al., 1991; Rieke et al., 1997) for sensory interneurons in
the cricket cercal system improved when the spike trains were
“dejittered” (Aldworth et al., 2005). Moreover, Rokem et al.
(2006) recently showed that information transfer (Strong et al.,
1998) by grasshopper auditory receptors increased when spike
time jitter was lowered by changing stimulus statistics, primarily
because of a decrease in spike train noise entropy. They also suggested that very precisely timed spikes, having jitter as low as 0.15
ms, may encode important features of natural stimuli.
One would expect, however, that jitter should be much less
crucial when the stimulus is encoded in the mean firing rate
(Adrian and Zotterman, 1926; Redman et al., 1968) rather than in
the timing or patterns of the individual spikes (MacKay and McCulloch, 1952; Barlow, 1963; Werner and Mountcastle, 1965;
Segundo et al., 1966; Sanderson et al., 1973; Bialek and Rieke,
1992; Theunissen and Miller, 1995; deCharms and Zador, 2000).
The relative importance of jitter might vary even for a given neuron, if it encodes a stimulus that fluctuates on a number of time
scales. In particular, to describe optimally a static or slowly varying stimulus, it might be advantageous to allow jitter to increase,
if this could be accompanied by an increase in firing rate or dynamic range, and if the jitter were small compared with the time
scale over which the mean firing rate changes.
In this paper, we describe how two neuromodulatory substances affect the precision of responses of mechanosensory neurons to dynamic stimuli in two different crustacean sensorimotor
systems, the gastropyloric receptor 2 (GPR2) in Cancer borealis
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and the coxobasal chordotonal organ (CBCTO) in Carcinus maenas. In both systems, we observed that application of the neuropeptide allatostatin (AST) decreased both the spike rate and
jitter and that, in the CBCTO, these results were accompanied by
a decrease in membrane resistance. Exposure to serotonin had
the opposite effect in CBCTO, increasing membrane resistance,
spike rate, and jitter. These findings suggest that changes in jitter
and firing rate may be correlated and that neuromodulation provides a mechanism by which the balance between temporal precision and robust firing may be shifted.

Materials and Methods
Animals and solutions. Studies of GPR2 were made using adult male crabs
(C. borealis), which were obtained from local seafood suppliers in Boston, MA, and kept in aerated aquaria at 12–15°C until used. In GPR2
experiments, physiological saline with the following composition (in
mM) was used: 440 NaCl, 11 KCl, 13 CaCl2, 26 MgCl2, 5 maleic acid, and
11 Trizma base, pH 7.4 –7.5. Studies of the CBCTO were made using
adult male and female crabs (C. maenas) obtained from Ocean Resource
(Sedgewick, ME). The saline for CBCTO experiments had the following
composition (in mM): 500 NaCl, 12 KCl, 12 CaCl2, 20 MgCl2, 5 maleic
acid, and 12 Trizma base, pH 7.4. In all experiments the peptide allatostatin III type A (Bachem, Torrance, CA) was dissolved in distilled water at
10 "3 M, stored at "20°C, and diluted into saline immediately before use.
Serotonin (5-HT; Sigma, St. Louis, MO) stock solutions were made immediately before use in each experiment. Saline containing 2 # 10 "7 M
tetrodotoxin (TTX; Sigma) was used to block action potential production in the experiments in which the CBCTO current–voltage (I–V )
relationships were determined.
GPR2 electrophysiology. The GPR2 neuron is a muscle stretch receptor
(Katz et al., 1989) with a response to slowly varying (low-pass filtered
with cutoff $1 Hz) muscle movements that can be described accurately
in terms of the average spike rate (Birmingham et al., 1999). It innervates
the gm9 and cpv3a muscles [nomenclature from Maynard and Dando
(1974)] in the crab’s foregut. Preparations consisting of gm9, cpv3a, the
lateral ventricular nerve (lvn), and the gastropyloric nerve ( gpn) were
dissected as described previously (Birmingham et al., 1999) and placed
flat in 5 ml Sylgard-lined (Dow Corning, Midland, MI) dishes. During
experiments, the bath volume was !3 ml, and the preparation was continuously superfused (4 –5 ml/min) with saline cooled to a regulated temperature between 9 and 11°C. Extracellular recordings of GPR2 spikes were made
from the gpn using glass suction electrodes, amplified by an A-M Systems
(Carlsborg, WA) 1700 differential amplifier and recorded using an Axon
Instruments (Union City, CA) Digidata interface board. Analysis of GPR2
activity was done using Matlab (The MathWorks, Natick, MA) and Spike2
[Cambridge Electronic Design (CED), Cambridge, UK] scripts. GPR2
spikes are the largest sensory units on the gpn (Katz et al., 1989) and were
identified in extracellular recordings using a window discriminator on
the peak spike amplitudes. Extracellular recordings were made using a
sample rate of 10 kHz, providing a temporal resolution of 100 !s.
GPR2 stimulation. In all experiments, the cpv3a muscle was stretched
to elicit GPR2 spikes, and preparations were pinned to minimize the
movement of gm9. One insertion of cpv3a was pinned down to the dish
(Fig. 1 A) and the other was attached to a Grass (Quincy, MA) forcedisplacement transducer (Model FT03) using No. 6 silk suture thread
(FST, Foster City, CA). The movement arm of the transducer was in turn
connected to an audio speaker. Analog waveforms from the Digidata
board were used to drive the audio speaker electrically and hence stretch
cpv3a. The waveforms used in GPR2 experiments were low-pass-filtered
(20 Hz) Gaussian white noise.
CBCTO dissection. The CBCTO is a proprioceptor that monitors position, velocity, and acceleration of a joint in the crab’s leg (Bush, 1965;
Gamble and DiCaprio, 2003). In contrast to GPR2, the CBCTO is a
relatively broad band receptor which can respond to movements at frequencies up to 200 Hz with the peak gain occurring at 90 –110 Hz (Gamble and DiCaprio, 2003). The CBCTO spans the coxobasal (CB) joint in
the crab leg and consists of an elastic strand innervated by !80 afferent
neurons. Isolated CBCTO-thoracic ganglion preparations were dissected

Figure 1. Schematic diagram of the two experimental preparations. A, GPR2 preparation
from the crab C. borealis. The cpv3a muscle is attached to and stretched by the movement of a
loudspeaker while spikes from the GPR2 axon are recorded by a suction electrode on the gastropyloric nerve ( gpn). B, Isolated preparation of the CBCTO from the fifth leg of the common
green shore crab C. maenas. The elastic strand of the CBCTO is connected to an electromechanical puller monitored by an optical position sensor (opto) and controlled by a PID controller
operating in an active length feedback mode. Intracellular recordings are made from a single
chordotonal afferent axon in the chordotonal nerve distal to the thoracic ganglion, which is
partially outlined at the bottom right of the figure.
as described previously (Gamble and DiCaprio, 2003). The ganglion was
pinned to a Sylgard substrate and continuously superfused with chilled
oxygenated saline at a rate of 4 – 6 ml/min. The connective tissue surrounding the origin of the CBCTO was securely pinned to the substrate,
and the CB nerve was desheathed for most of its length with fine forceps.
The nerve was placed on a small Sylgard block and pinned by the remaining connective tissue to stabilize it for intracellular recording (Fig. 1 B).
CBCTO electrophysiology. Two types of intracellular recordings from
individual CBCTO afferents were made. In most experiments, simultaneous intracellular recordings from two CBCTO afferents were made
from the CB nerve with glass microelectrodes filled with 2 M KAc and
amplified by an NPI (Tamm, Germany) model 5L electrometer and a
WPI (Sarasota, FL) model 767 electrometer. Approximately 10 –12 of the
CBCTO afferent somata are located adjacent to the CB connective tissue
strand and were accessible for intracellular recording and current injection. In 10 experiments, somatic recordings were made from a preparation in which the chordotonal organ was dissected from the surrounding
connective tissue and pinned to a Sylgard block. In four of these 10
experiments, simultaneous recordings were also made from the axon of
the cell in the CB nerve. All signals were sampled on-line by a CED
Power-1401 interface controlled by CED Spike2 software. The sample
rate for the receptor position was 2.5 kHz, whereas the intracellular recordings were sampled at 12.5 kHz with an underlying timing resolution
of 4 !s. All programs for data analysis were written in the Spike2 script
language.
CBCTO stimulation. The distal end of the CBCTO was attached to an
electromechanical puller consisting of a 5 inch mid-range speaker with
an optical position sensor controlled by a proportional-integrodifferential (PID) controller (Hofmann and Koch, 1985) operating in
length-feedback mode. The frequency response of this puller is flat to a
bandwidth of 220 Hz over a length range of %0.8 mm (Fig. 1 B). The
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CBCTO was driven with band-limited Gaussian white noise generated by
a 32-bit pseudorandom number generator clocked at 10 kHz. The binary
output was filtered to the desired bandwidth with a variable eight-pole
active filter [Wavetek 852 (San Diego, CA)] and amplified and offset as
desired using custom-built amplifiers. Trapezoidal waveforms for identification of single afferent response characteristics were generated by a
custom-built function generator with variable duration and rise/fall
time.
Data analysis and statistics. The precision of the spike timing of GPR2
and CBCTO afferents was evaluated by calculating the jitter in the timing
of individual spikes produced by each receptor in response to multiple
presentations of the same stimulus. The data acquisition protocols were
very similar for the two preparations; the slight differences between them
are explained in the following paragraphs. In each case, the receptor was
stimulated with a short-duration random-movement sequence that was
repeated for at least 100 cycles or “trials.” A minimum of 50 cycles of the
response was used to construct a peristimulus time histogram (PSTH) of
the afferent spike trains. The cycles that were used in the analysis were
taken from the end of the total stimulus period, after slow spike rate
adaptation had concluded and the mean afferent firing rate had stabilized. The PSTH was examined and “events” were identified as features in
the stimulus that dependably (in at least 20% of the GPR2 and at least
30% of the CBCTO trials) evoked a spike in each response cycle. In other
words, events corresponded to vertical columns of spikes in the spike
time raster plots. For each of these events, the times of the associated
spikes referenced to the start of a cycle were extracted from the raw data
file. The SD of the individual spike times at each event was defined as the
jitter of the event. For each event, we defined its reliability as the fraction
of the trials in which a spike was elicited. (Thus, reliability varied from 0.2
to 1 for each GPR2 event and from 0.3 to 1 for each CBCTO event.)
Because there was no strong correlation between the jitter and reliability
of an event (see Figs. 2 E, 3F, 4 F), the analysis of jitter was not sensitive to
the particular choice of the threshold reliability.
The details of the procedures used to identify events differed slightly
for the two preparations. For the GPR2 experiments, the stimulus was 6 s
of movement generated by 20 Hz bandwidth white noise, preceded and
followed by 1 s without stretch, for a total sweep duration of 8 s. This was
repeated 100 times, and the PSTH was constructed from the last 50 cycles
of stimulation. To detect events, we applied a threshold with a narrow bin
width (4% threshold with 0.5 ms bins) to the PSTH. We found the start
and end times of each candidate event by moving backward and forward
in time until an empty bin was found. The number of spikes in this
portion of the PSTH was divided by the number of trials and, if &0.2, was
given further consideration. We observed that, on average, GPR2 events
included more than one spike in 1–2% of the trials. Of the 2786 control
spikes that were in events, 54 were doublets and one was a triplet. The
3430 AST event spikes included 47 doublets and two triplets. For event
identification and jitter analysis, only the first spike of a doublet or triplet
was used and any following spikes were discarded. In a few instances, we
observed two events that could not be separated, and we removed these
from our analysis by eliminating events where the total number of spikes
divided by the number of trials was &1.2. The extra 20% allowed for the
inclusion of occasional doublets.
For the CBCTO experiments, the stimulus was a 5 s sequence of 140 Hz
bandwidth white noise that was repeated 100 –120 times with no pause
between stimulus cycles. The identification of events with reliability &0.3
was accomplished by applying a threshold to the PSTH plot (1 ms bins)
that was in the range of 7–10 spikes. Data was extracted by searching for
spikes within 3.5 ms of this time. The minimum interspike interval measured for CBCTO spikes trains evoked by 140 Hz noise was 5– 6 ms and,
unlike in GPR2, spike doublets were never observed.
In both the GPR2 and CBCTO experiments, the same stimulus waveform was used under both control and modulated conditions. To determine whether neuromodulation significantly changed the jitter in a given
experiment, paired t tests were used to compare the jitter of events under
the two conditions. For all statistical tests, significance with respect to
control was indicated on figures using the following symbols: *p $ 0.05;
**p $ 0.01; ***p $ 0.001. Error bars correspond to SEs on plots in
Figures 2– 4 and SDs on plots in Figure 6. The total number of experi-

ments using a particular protocol is indicated by “N,” whereas the total
number of events in an individual experiment is indicated by “n.”

Results

GPR2 spike rate and jitter decrease in AST
The GPR2 neuron provides sensory feedback to the crustacean
stomatogastric ganglion (Katz et al., 1989; Katz and HarrisWarrick, 1989, 1990, 1991; Blitz et al., 2004; Beenhakker et al.,
2005). GPR2 dendrites ramify across the cpv3a and gm9 muscles,
and stretch of either muscle elicits GPR2 neuron action potentials
that can be recorded extracellularly (Fig. 1 A) in the gastropyloric
nerve ( gpn). In a previous study, we found that the GPR2 spike
rate in response to sustained stretch of cpv3a decreased in the
presence of micromolar concentrations of the peptide AST (Birmingham et al., 2003). This peptide circulates in the crab’s hemolymph as a neurohormone (Li et al., 2003; Billimoria et al., 2005),
and AST immunoreactivity has also been shown in the GPR2
neuron itself (Skiebe and Schneider, 1994).
To investigate the effect of AST on the precision of spike timing in response to a time-varying stimulus, we did a series of
experiments in which we used 100 trials of a 20 Hz low-passfiltered white noise waveform, 6 s in duration, with 2 s pauses
between repeated stimulus presentations. For this stimulus,
which varies rapidly compared with the GPR2 interspike interval,
GPR2 encodes the stimulus in the spike times rather than in the
average spike rate. The top traces of Figure 2 A are representative
extracellular recordings of spikes in response to the stimulus
shown directly below. Rasters showing the last 50 responses and
summary PSTHs are shown below the stimulus. The spontaneous
activity of GPR2 and the stimulus-evoked spike rate both decreased in the presence of 10 "6 M AST, and events are indicated
('). Figure 2 B plots the differences between the times of individual spikes and the average time of the associated event for all
spikes in nine experiments (50 trials each) and shows that the
spike timing was more precise in the peptide. The inset in Figure
2 B plots the spike time differences over all trials in control and
AST for a single event (#) in the experiment shown in Figure 2 A.
As defined in the Materials and Methods section, the spiketiming jitter is the SD of individual timing differences averaged
over all spikes. For the experiment shown in Figure 2 A, the jitter
averaged over all events was 1.37 ms under control conditions
and in 1.17 ms in AST. Figure 2C shows that over nine experiments, the average jitter decreased significantly from 1.93 ms in
control to 1.32 ms in AST (paired t test, p ( 0.009). In these same
experiments, AST also significantly decreased the average spike
rate (Fig. 2 D) during the stimulus (N ( 9; paired t test, p ( 0.013)
but did not cause a significant change in the average reliability
(N ( 9; paired t test, p ( 0.631; data not shown). We found that,
when considering all control and AST events in all experiments
(Fig. 2 E), there was not a significant correlation between the jitter
of an event and its reliability (n ( 209; CC ( 0.0878; p ( 0.205).
Because the correlation coefficient was not negative, the decrease
in jitter in AST cannot be attributed to the elimination of less
reliable, higher jitter events from the data set. However, Figure 2 F
shows that for these nine experiments there was a significant
positive correlation between jitter and mean firing rate (CC (
0.838; p $ 0.001) under both control and AST modulated conditions. In this calculation, the control and modulated data were
pooled. Positive correlations were also found when the data corresponding to each condition were considered separately (control: CC ( 0.806, p ( 0.009; AST: CC ( 0.664, p ( 0.05). Given
the positive correlation between jitter and firing rate, we cannot
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conclude that the reduction in jitter attributable to the action of AST is independent
of the decrease in firing rate.

Figure 2. Allatostatin causes a decrease in spike rate and a decrease in spike-timing jitter in response to repetitions of a constantly
varying stimulus to the GPR2 neuron. A, Extracellular recordings from the gpn during 20 Hz low-pass-filtered white noise stimulus, spike
time raster, and PSTH with 50 repetitions of the stimulus in control saline (left) and in 10 "6 M AST (right). The dashed line denotes the
thresholdforidentificationofpotentialevents;actualeventsarelabeledby“'.”B,Histogramofdeviationsofindividualspiketimesfrom
theaveragespiketimeforpreciselytimedeventsinnineexperiments(50trialseach).ThedistributionofspikesinASTisnarrowerandtaller
indicatinglowerjitterthanincontrol.GraycolorindicatesoverlapbetweencontrolandASTdistributions.Overthenineexperiments,atotal
of2730eventspikesweremeasuredundercontrolconditionswhereas3379weremeasuredinAST.Insetshowsspiketimedifferencesfor
the single event (#) in the experiment shown in A. The black and gray curves are Gaussian fits to the control and AST data, respectively. C,
Effectof10 "6 M ASTonspike-timingjitter( p(0.009;N(9).D,Effectof10 "6 M ASTonspikerate( p(0.013;N(9).E,Jitterplotted
against reliability for all events measured in the 9 experiments (96 control events, 113 AST events). There is no significant correlation
betweenjitterandreliabilitywhenconsideringallevents(n(209;CC("0.0878;p(0.205).F,Meanjitterplottedagainstmeanspike
rate for each of the nine GPR2 experiments under control conditions (filled circles) and in AST (open circles). There is a significant positive
correlation between jitter and mean rate (CC ( 0.838; p $ 0.001).

CBCTO spike rate and jitter decrease
in AST
We made a parallel study of the effects of
AST on spike-timing precision in another
invertebrate mechanoreceptor preparation, the CBCTO of the shore crab C. maenas (Fig. 1 B). The CBCTO is a typical crustacean chordotonal organ (Mill, 1976) that
spans the CB leg joint and mediates classic
negative feedback reflexes at the CB joint
(Bush, 1965). The !80 CBCTO afferents
are directionally sensitive and individual
cells respond to either stretch or release of
the receptor corresponding to depression
or levation of the CB joint (Bush, 1965).
CBCTO afferents, unlike GPR2 neurons,
can easily be studied intracellularly (DiCaprio, 2003; Gamble and DiCaprio,
2003). As in C. borealis, peptides belonging
to the allatostatin superfamily have also
been found in the CNS of C. maenas (Duve
et al., 1997).
Figure 3A shows a 100 ms segment of
intracellular recording from a single
CBCTO afferent in control saline and in
10 "6 M AST in response to a single cycle of
repeated stimulation using a 5 s duration
140 Hz bandwidth white noise stimulus,
along with raster plots of the last 60 stimulus trials and associated PSTHs. Figure
3B plots the individual differences from
the mean spike time in control and AST for
all of the events in the experiment shown
in Figure 3A. The inset shows the time differences for a single stimulus event (#) in
that experiment. The jitter for this single
event decreased from 0.50 to 0.35 ms after
application of AST. When considering all
events in this experiment (Fig. 3C), AST
application resulted in a significant decrease in jitter from 0.394 % 0.007 to
0.343 % 0.006 ms (n ( 118; paired t test,
p $ 0.001). Although the effects of AST on
CBCTO jitter and mean firing rate over all
experiments were less dramatic than what
had been seen with GPR2 neurons, the decrease in the average CBCTO jitter in AST
(Fig. 3D) was statistically significant (N (
28; paired t test, p $ 0.001), as was the
decrease in average spike rate in AST (Fig.
3) (N ( 28; Wilcoxon signed rank test, p (
0.024). In the latter case, a paired t test was
inappropriate because the data were not
normally distributed ( p $ 0.001). As with
GPR2, we found no significant correlation
between jitter and reliability in the
CBCTO experiments (Fig. 3F ) when considering all events (n ( 3877; CC (
"0.0222; p ( 0.166), and the presence of
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AST did not result in a significant change
in average reliability (N ( 28; p ( 0.484,
paired t test; data not shown).
CBCTO spike rate and jitter increase
in serotonin
The presence of serotonin affects the sensitivity of a number of crustacean stretchsensitive neurons (Pasztor and Bush, 1987;
Strawn et al., 2000) including GPR2 (Birmingham et al., 2003). In the last case serotonin, like AST, decreases the spike rate (Birmingham et al., 2003). In contrast, serotonin
increases the static and dynamic response of
crustacean chordotonal afferents (el Manira
et al., 1991; Rossi-Durand, 1993) in a dosedependent manner and also increases the input resistance of leg motor neurons that receive input from chordotonal afferents (Le
Bon-Jego et al., 2004). We repeated the
CBCTO experimental protocol described
above to test whether serotonin also modified the spike-timing precision. Figure 4A
shows a 200 ms portion of an intracellular
recording from a single CBCTO afferent in
control saline and in 10 "6 M serotonin in
response to repeated stimulation with a 5 s
duration 140 Hz bandwidth white noise
stimulus along with raster plots of the last 70
stimulus cycles and the PSTHs. Figure 4B
plots the individual differences from the
mean spike time in control and serotonin for
all of the events in the experiment shown in
Figure 4A. The jitter for the single stimulusevoked event (#) increased from 0.50 to 0.72
ms after application of serotonin (Fig. 4B,
inset). When considering all events in this
experiment, serotonin application resulted
in a significant increase in mean jitter from
0.593 % 0.018 to 0.655 % 0.020 ms (Fig. 4C)
(n ( 87; p $ 0.001, paired t test). Over all
experiments, the increases in both the average CBCTO afferent jitter (Fig. 4D) and the
mean spike rate (Fig. 4E) in serotonin were
significant (N ( 9; paired t test, p $ 0.001,
p ( 0.0016, respectively), but no significant
change in reliability was observed (N ( 9;
p ( 0.230, paired t test; data not shown). A
small but statistically significant negative
correlation between reliability and jitter was
seen (Fig. 4F) when considering all events in
all experiments (n ( 2714; CC ( "0.0392;
p ( 0.031).
Neuromodulatory effects on jitter in
CBCTO are not mediated by effects
on rate
As with GPR2, the neuromodulatory effects on jitter for CBCTO afferents were
always accompanied by changes in the
mean firing rate. To determine whether
the change in jitter might be explained entirely in terms of a change in firing rate, we

Figure 3. In the CBCTO afferent of C. maenas, allatostatin causes a decrease in spike rate and a decrease in spike-timing jitter
in response to a constantly varying stimulus. A, A 100 ms segment of the intracellular recording, stimulus, spike time raster, and
PSTH for 60 repetitions of a 5 s duration, 140 Hz low-pass-filtered white noise stretch in control saline (left) and in 10 "6 M AST
(right). The dashed line denotes event threshold. B, Histogram of deviations of individual spike times from the average spike time
for all matched events (n ( 118) in this experiment under both control and AST modulated conditions. Overlap between the two
distributions is shown in gray. In this experiment, a total of 10,132 event spikes were measured under control conditions, whereas
9603 were measured in AST. Inset, Histogram for a single event marked # in A. The black and gray curves are Gaussian fits to the
control and AST data, respectively. C, Effect of 10 "6 M AST on the spike-timing jitter in the experiment shown in A ( p $ 0.001;
n ( 118). D, Effect of 10 "6 M AST on CBCTO spike-timing jitter in 28 chordotonal afferents ( p $ 0.001). E, Effect of 10 "6 M AST
on spike rate ( p ( 0.024; N ( 28). F, Jitter plotted against reliability for 500 control and 500 AST events randomly selected from
all of the events (2003 control; 1874 AST) measured in 28 experiments. Plotting all events would have resulted in overlapping
points that would have obscured the structure of the distribution of data. There is no significant correlation between jitter and
reliability when considering all events in all experiments (n ( 3877; CC ( "0.0222; p ( 0.166).
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examined the relationship between the
CBCTO afferent mean firing rate and jitter
under both control and modulated conditions for the experiments described in Figures 3 and 4. In Figure 5, A and B, jitter is
plotted against mean spike rate for each
experiment in control (filled circles) and
modulator (AST or serotonin, open circles). There was a significant negative correlation between jitter and mean firing rate
(CC ( "0.369; p ( 0.005) for the AST
experiments, although there was no significant correlation between jitter and mean
rate for the set of serotonin experiments
(CC ( "0.201; p ( 0.423). Control and
modulator data were pooled for these calculations. The lack of positive correlations
between mean firing rate and jitter for
CBCTO afferents indicates that the effects
on jitter do not result simply from the
changes in mean firing rate.

Figure 4. Serotonin causes an increase in spike jitter and mean spike rate in response to a constantly varying stimulus in the
CBCTO. A, A 200 ms segment of the intracellular recordings, stimulus, spike time raster, and PSTH for 70 repetitions of a 5 s
duration, 140 Hz low-pass-filtered white noise stimulus in control saline (left) and in 10 "6 M serotonin (right). Dashed line
denotes event threshold. B, Histogram of deviations of individual spike times from the average spike time for all matched events
(n ( 87) in this experiment under both control and serotonin-modulated conditions. Overlap between the two distributions is
shown in gray. In this experiment, a total of 7327 event spikes were measured under control conditions, whereas 8728 were
measured in serotonin. Inset, Histogram for a single event marked # in A. The black and gray curves are Gaussian fits to the control
and serotonin data, respectively. C, Effect of 10 "6 M serotonin on the spike-timing jitter in the experiment shown in A ( p $
0.001; n ( 87). D, Effect of 10 "6 M serotonin on CBCTO spike-timing jitter in nine chordotonal afferents ( p $ 0.001). E, Effect of
10 "6 M serotonin on spike rate ( p ( 0.0016; N ( 9). F, Jitter plotted against reliability for 500 control and 500 serotonin events
randomly selected from all of the events (1322 control; 1392 serotonin) measured in nine experiments. A small but statistically
significant negative correlation between reliability and jitter is obtained when considering all events in all experiments (n (
2714; CC ( "0.0392; p ( 0.031).

AST and serotonin modify the CBCTO
somatic current–voltage relationship
Neuromodulation of a sensory neuron often occurs in one of two ways. First, the
conductance(s) associated with the transduction mechanism itself could be modulated. Alternatively, other conductances
associated with the cell’s excitability could
be modified. In the latter case, changes in
the steady-state current–voltage relationship of the neuron would be expected if the
currents affected have a persistent component. To construct CBCTO I–V curves, we
did experiments in current-clamp mode in
the presence of 2 # 10 "7 M TTX to block
action potentials. Figure 6 A shows a family of voltage responses to current injections in TTX saline and in TTX saline containing 10 "6 M AST for one experiment,
and Figure 6 B plots the current–voltage
relationship corresponding to the steadystate portions of the curves. The slope of
the I–V relationship decreased in the presence of AST, and the two I–V curves intersect at "76 mV, the reversal potential for
the affected conductance. Over four experiments, application of AST significantly decreased the slope of the I–V curve
measured in the linear range between "80
and "60 mV from 15.8 % 0.8 to 10.8 % 1.0
mV/nA (paired t test, p ( 0.042). Figure 6,
C and D, shows that the presence of 10 "6 M
serotonin had the opposite effect of AST,
increasing the slope of the I–V curve. Over
three experiments, application of serotonin significantly increased the average
slope over the same voltage range from
19.6 % 1.7 to 27.8 % 2.0 mV/nA (paired t
test, p ( 0.031).
Two comments should be made about
the current injection experiments and the
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Figure 5. The lack of positive correlations between jitter and mean firing rate for the CBCTO
afferents indicates that effects on jitter are not mediated by effects on rate. A, Mean jitter
plotted against mean spike rate for each CBCTO experiment in control (filled circles) and AST
(open circles). There is a significant negative correlation between jitter and mean rate (CC (
"0.369; p ( 0.005). B, Mean jitter plotted against mean spike rate for each CBCTO experiment
in control (filled circles) and serotonin (5-HT; open circles). There is no significant correlation
between jitter and rate (CC ( "0.201; p ( 0.423).

derived I–V relationships. First, the steady-state I–V curves, even
under control conditions, varied in shape (Fig. 6 B, D). This is not
surprising given that each of the seven experiments (four AST,
three serotonin) was made using an unidentified CBCTO cell, of
which 10 –12 are accessible in each preparation. Second, application of each neuromodulator may induce effects more complicated than simple modifications of the cell’s steady-state properties. Neuromodulation may also modify transient currents either
directly and/or indirectly through effects on excitability and
membrane resistance. For example, a transient outward current
is apparent in the most hyperpolarized trace in Figure 6C in serotonin but not under control conditions. Although these more
complicated effects of neuromodulation may play roles in
CBCTO spiking, we have focused on steady-state properties because, for the physiologically relevant range between "110 and
"40 mV, very little transient current was measured. Moreover,
the modification of the slope of the I–V curve described in the
previous paragraph was the only modulator-induced effect seen
consistently from experiment to experiment.

Figure 6. Allatostatin induces a conductance increase and serotonin induces a conductance
decrease in the chordotonal afferents. A, Current-clamp recording of a CBCTO afferent voltage
(Vm) in response to injected current (Ie) in the presence of 2 # 10 "7 M TTX (left) and in TTX and
10 "6 M AST (right). B, Steady state I–V curve showing decrease in membrane resistance (slope)
in the presence of AST. C, Current-clamp recording of a CBCTO afferent voltage in response to
injected current in the presence of 2 # 10 "7 M TTX (left) and in TTX and 10 "6 M serotonin
(5-HT; right). D, Steady-state I–V curve showing an increase in membrane resistance (slope) in
the presence of serotonin. Each I--V curve was measured three times under each condition; the
error bars correspond to SDs in the voltage measured for each current injection.
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Paired axonal and soma-axon recordings show extremely
precise timing
To determine whether axonal conduction contributed to the observed jitter in CBCTO afferents, we made paired axonal recordings from the same afferent at two positions in the axon (7–9 mm
electrode spacing). Spikes were evoked by random (140 Hz white
noise) movement of the CBCTO, and the jitter introduced by
propagation was calculated as the SD of the time interval between
spikes at the two recording sites. The average jitter over four
experiments was 7.93 % 1.07 !s (data not shown), indicating that
spike propagation contributes negligibly to the total jitter described in Figures 3 and 4. We also made paired recordings in four
preparations from the soma and axon of single CBCTO afferents.
In these experiments, it was not possible to mechanically stimulate the CBCTO without disturbing the electrode in the soma,
and so spikes were evoked by intracellular injection of sinusoidal
or 140 Hz bandwidth white noise current into the soma. As with
the dual axon recordings, the jitter in the mean latency between
spikes recorded in the soma and axon was very small ($ 30 !s),
although the mean jitter in the timing of individual spikes evoked
by the current stimulus was 0.105 % 0.020 ms (N ( 4; data not
shown). This is smaller than the mean jitter of 0.57 ms in spikes
evoked by mechanical stimulation, indicating that spike initiation is only one factor contributing to the overall jitter.
The fidelity of the movement transducer used to stimulate the
CBCTO was assessed by applying a threshold to the movement
monitor of the feedback system controlling the puller and calculating the jitter of these pseudo events. In all experiments, the
jitter in the movement system ranged from 4 to 6 !s, which is
close to the maximum timing resolution of the analog-to-digital
converter in the CED data acquisition system. This indicates that
the mechanical instability of the transducer and puller were not
important sources of temporal jitter.

Discussion
In this study, we demonstrated that the temporal precision of
spike trains generated by two different crustacean stretchsensitive neurons is comparable with that of the most reliable
neurons in any vertebrate or invertebrate nervous system. To the
best of our knowledge, this is the first investigation examining
neuromodulation of temporal jitter in a primary sensory neuron.
Previous studies of invertebrate mechanoreceptors have shown
that neuromodulation can modify neuronal firing properties
(Pasztor and Bush, 1987, 1989; el Manira et al., 1991; RossiDurand, 1993; Strawn et al., 2000; Birmingham, 2001) including
the firing rate (Birmingham et al., 2003), sensitivity (Widmer et
al., 2005), kinetics of adaptation (Zhang et al., 1992; Birmingham
et al., 2003), tonic versus phasic response, (Ramirez et al., 1993;
Matheson, 1997), and even the mode of firing (Combes et al.,
1997). In this study, we show for the first time that neuromodulators can also modify the temporal precision of spike trains produced in these neurons.
Sources of jitter in the CBCTO system
The major source of neuronal noise is thought to be the probabilistic nature of ion channel openings and closings (Schneidman
et al., 1998; White et al., 1998, 2000; Steinmetz et al., 2000; Diba et
al., 2004; Jacobson et al., 2005). These can result in variability in
cellular excitability, synaptic release, spike propagation velocity,
the timing of synaptic inputs (Maršálek et al., 1997), and in the
case of primary afferents, sensory transduction. For sensory neurons, or at least those in the visual system, noise in the stimulus
itself may possibly also affect the reliability of the neural response
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(Borst and Haag, 2001; Lewen et al., 2001; Grewe et al., 2003),
although we determined that this is not an issue in the CBCTO
experiments. Our paired axonal and soma-axon recordings also
ruled out spike propagation as contributing appreciable jitter to
the spike trains. Thus, in the CBCTO system we conclude that the
jitter must originate in the biomechanical properties of the receptor, the mechanotransduction process, and/or channel noise in
the soma-dendrite compartment.
Biophysical mechanism responsible for jitter modification
The jitter in a spike train is not only a property of the neuron; it
also depends on the stimulus. Rapidly varying, large amplitude
stimuli should produce less jitter than stimuli that slowly and
barely reach threshold. Most previous studies of precise spiking
have focused on the dependence of precision on features (amplitude, frequency, contrast, and velocity) of the stimulus (Mainen
and Sejnowski, 1995; Berry et al., 1997; Nowak et al., 1997;
Hunter et al., 1998; Cecchi et al., 2000; Beierholm et al., 2001;
Fellous et al., 2001; Hunter and Milton, 2003; Diba et al., 2004;
Szücs et al., 2004). In our investigations we manipulated not
stimulus parameters, but rather properties of the neurons themselves through the application of neuromodulators. Of more direct relevance to our work are an investigation of the effects of
BDNF on spike jitter in cultured hippocampal cells (Fujisawa et
al., 2004) and studies in Aplysia (Szücs et al., 2004) and the prefrontal cortex (Schreiber et al., 2004) using the dynamic-clamp
technique (Sharp et al., 1993; Prinz et al., 2004). In all three cases,
jitter decreased with increased conductance. Our CBCTO results
similarly showed that AST increased the membrane conductance
of the stretch receptors and that this was accompanied by a decrease in jitter. In contrast, serotonin decreased conductance but
increased the jitter. Although the effects of each modulator are
likely more complicated, the correlated changes of rate and jitter
we observed could result from modulation of a single channel
type. The measured I–V relationships show that neither neuromodulator induced a large shift in the membrane resting potential. This suggests that one major effect of each substance is simply to change the membrane resistance, perhaps through
modification of a Cl " conductance. Assuming that the modulators do not affect the transduction channels and the overall transduction current, a decreased membrane resistance in the presence of AST would lower the firing rate by reducing the receptor
potential. In addition, the decreased membrane resistance would
also decrease the integration time, resulting in increased sensitivity to faster transients in the stimulus, which could bring about
better defined threshold crossings and decreased jitter. Increased
membrane resistance in serotonin would have the opposite effect
on the receptor potential and membrane potential noise, producing an increase in firing rate and jitter. What we can say with some
certainty is that the change in temporal jitter in the CBCTO system induced by either neuromodulator does not result solely
from a modification of the firing rate. Previous work in neocortex
suggested that there is a strong positive correlation between jitter
and spike rate (Tang et al., 1999). Whereas we saw exactly this
correlation in the control data for the GPR2 neurons, the reverse
was true for the CBCTO neurons. From this we conclude that the
relationship between jitter and spike rate may depend on the ion
channel composition in an individual neuron, and there may be
no general relationship that holds for all neurons.
Functional significance of neuromodulatory effects on jitter
Naively, one might expect that the reduction of the firing rate of
a sensory neuron via some biophysical mechanism would result
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in a decrease in performance. Our results, however, show that this
is not necessarily true when the decrease in firing is accompanied
by increased precision in the timing of each individual spike.
Whether reduced jitter in the spiking of a neuron has functional
significance will depend on the time scale over which input is
integrated by cells postsynaptic to that neuron. In particular, if
the membrane time constant of the postsynaptic neuron is relatively small, and if the postsynaptic neuron is integrating inputs
from multiple presynaptic neurons, the modulation of jitter
could be very important for the temporal integration of information. However, if the membrane time constant of the postsynaptic neuron is relatively long, small changes in jitter may be less
crucial. If neuromodulation results in additional changes to the
spiking properties of a neuron in addition to modifying the jitter,
the effect on coding fidelity will undoubtedly be more complicated. Nonetheless, we show that jitter, like many other properties important for circuit dynamics, is subject to modulation.
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