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Dopamine modulation of spike dynamics in bursting
neurons
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Abstract

The pyloric network of the lobster stomatogastric ganglion is a prime example of an oscillatory neural circuit. In our previous study on
the firing patterns of pyloric neurons we observed characteristic temporal structures termed ‘interspike interval (ISI) signatures’ which
were found to depend on the synaptic connectivity of the network. Dopamine, a well-known modulator of the pyloric network, is known
to affect inhibitory synapses so it might also tune the fine temporal structure of intraburst spikes, a phenomenon not previously
investigated. In the recent work we study the DA modulation of ISI patterns of two identified pyloric neurons in normal conditions and
after blocking their glutamatergic synaptic connections. Dopamine (10-50 um) strongly regularizes the firing of the lateral pyloric (LP)
and pyloric dilator (PD) neurons by increasing the reliability of recurrent spike patterns. The most dramatic effect is observed in the
LP, where precisely replicated spike multiplets appear in a normally ‘noisy’ neuron. The DA-induced regularization of intraburst spike
patterns requires functional glutamatergic inputs to the LP neuron and this effect cannot be mimicked by simple intracellular
depolarization. Inhibitory synaptic inputs arriving before the bursts are important factors in shaping the intraburst spike dynamics of
both the PD and the LP neurons. Our data reveal a novel aspect of chemical neuromodulation in oscillatory neural networks. This
effect sets in at concentrations lower than those affecting the overall burst pattern of the network. The sensitivity of intraburst spike

dynamics to preceding synaptic inputs also suggests a novel method of temporal coding in neural bursters.

Introduction

The stomatogastric ganglion (STG) of crustaceans contains several
compact circuits of oscillatory neurons known as central pattern
generators (CPGs). These networks and particularly the pyloric CPG
have been prime experimental models of neuromodulation (Harris-
Warrick et al., 1992). Although the synaptic connectivity of the neural
circuit and the underlying neurochemical mechanisms are relatively
simple, the system is capable of producing a wide variety of activity
patterns and displays remarkable flexibility. Neuromodulators inclu-
ding monoamines are central players in the dynamic regulation of the
neural network (Harris-Warrick et al., 1998). While monoamines are
not produced by neurons within the STG, these substances can reach
the pyloric neurons via the stomatogastric nerve which is the main
pathway of modulatory inputs to the pyloric network. The biophysical
mechanisms underlying the actions of monoamines have been well
documented in the pyloric system (Johnson et al., 1993; Kloppenburg
et al., 1999; Peck et al., 2001; Johnson et al., 2003). By adjusting the
amplitude and timing of burst oscillations, monoamines exert
characteristic changes in the operation of the pyloric network. Indeed,
the modulation of voltage output of pyloric neurons by monoamines
has received much attention. Because the timing of bursts and the
number of spikes in bursts are among the most important determinants
of the motor output (Morris & Hooper, 1997) and these parameters are
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effectively modulated by monoamines, virtually all earlier studies
focused on the effects on these gross parameters of pyloric activity.

Results from our laboratory, however, showed that the fine structure
of burst and spike patterns is subject to synaptic modulation in the
pyloric CPG (Sziics et al., 2003). The synaptic connectivity of the
network and the activity level of presynaptic neurons have a strong
impact on the spike dynamics of the postsynaptic neurons. The
changes in the regularity of spike timing by synaptic factors have been
demonstrated by analysing the serial dependence of interspike
intervals (ISIs). We identified cell-specific and characteristic ISI
patterns within the bursts, referred to as ISI signatures of the neurons.
Considering the known synaptic effects of neuromodulators on the
pyloric network we can also expect the modulation of spike timing and
ISI signatures of the component neurons.

Bursts are not limited to motor pattern generating neurons only.
Recent experiments and theoretical studies have been accumulating
evidence for the idea that the spike timing within bursts is regulated in
such a way as to provide efficient and reliable information transmis-
sion between neurons (Fanselow et al., 2001; Balasubramanian &
Berry, 2002; Derjean et al., 2003). Neuromodulators, while demon-
strably affecting the overall activity of oscillatory neural networks
(Ruskin et al., 1999; Svensson et al., 2003), probably play an
important role in the regulation of the envelope and temporal structure
of bursts, too.

This latter aspect of chemical neuromodulation is the subject of
the current work. We analyse the modulation of intraburst spike
dynamics of selected pyloric neurons by dopamine (DA), a potent
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neuromodulator of the pyloric system. We show that this monoamine
exerts robust and cell-specific effects on the spike dynamics of the
neurons.

Materials and methods
Animals

Panulirus interruptus were obtained from Don Tomlinson Commer-
cial Fishing (San Diego, CA, USA). The animals were kept in aerated
seawater at 15-16 °C. Prior to dissection the animals were cold-
anaesthetized by packing them in ice for 30—40 min.

Solutions

In experiments involving normal circuitry of the pyloric CPG we used
the standard Panulirus physiological saline composed of (in mm)
NaCl, 483; KCl, 12.7; CaCl,, 13.7; MgSO,, 10; NaSO,, 4; HEPES, 5;
and TES, 5; pH was set to 7.40. Partial isolation of the pyloric neurons
was achieved with picrotoxin (PTX; 8 pM). PTX effectively blocked
fast glutamatergic synapses (Bidaut, 1980; Marder & Eisen, 1984)
while not affecting cholinergic connections. DA (Sigma) was
dissolved in distilled water and kept frozen in stock solutions
(1072 M). DA (10-50 pM final concentration) was bath-applied using
a continuous microperfusion at a rate of 2-3 mL/min.

Preparation

The complete stomatogastric nervous system containing the STG and
the anterior commissural and esophageal ganglia was separated from
the stomach (Mulloney & Selverston, 1974) and pinned in a silicone
elastomer (Silgard 184, Dow Corning, Midland, MI, USA)-lined Petri
dish. Interconnecting nerves as well as the output motor nerves of the
STG were left intact. The connective sheath of the STG was removed
using sharp forceps to facilitate access to the somata of the neurons.
The STG was enclosed in a small well of petroleum jelly that served as
a separate perfusion chamber of ~2 mL volume. DA was applied in
the STG chamber while the anterior ganglia were bathed in normal
physiological saline. Care was taken to maintain a stable and smooth
flow in the perfusion chamber. The temperature of the preparation was
held at 16—18 °C using a thermoelectric Peltier cooler attached to the
bottom surface of the preparation dish.

Electrophysiology

Intracellular recordings were made using Neuroprobe 1600 bridge
amplifiers (A-M Systems Inc., Carlsborg, WA, USA). Microelectrodes
were filled with 3 M K-acetate plus 0.1 M KCI solution and had a
resistance of 12-15 MQ. Cell identification was achieved by
comparing intracellular membrane potential traces with simultaneous
extracellular recordings from nerves leaving the STG. Extracellular
signals were measured using an A-M 1700 differential AC amplifier
(A-M Systems).

Data acquisition

Voltage traces of the pyloric neurons (Fig. 1A) were acquired at
20 kHz by a computer equipped by a PCI-MIO-16E4 data acquisition
board (National Instruments, Austin, TX, USA) and running the
DASYLab 5.6 program (Datalog GmbH, Germany). Action potential
(spike) occurrences were detected in real time by calculating the first
time-derivative of the intracellular membrane potential and observing
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F1G. 1. Characterization of the spike timing and serial dependence of ISIs in a
bursting pyloric neuron. (A) Two bursts in the membrane voltage waveform of
the PD neuron. (B) The sequential ISI plot obtained from the spike times of
the same neuron. The insert shows the population of intraburst ISIs.
(C) The return map constructed from the short ISIs (long ISIs are not
displayed). (D) Density plot of the return map (joint ISI probability distribu-
tion) in a grayscale-coded form (colour-coded on line).

its local maxima. The arrival times of spikes of each recorded neuron
were saved sequentially in separate ASCII files. The error in
measurement of spike times was 0.05 ms. Care was taken to monitor
the reliability of the spike detection. We excluded data from the
analysis acquired during transient disruptions of the pyloric oscillation
by cardiac sac episodes. Control firing patterns (before application),
DA-modulated patterns and the washout were all recorded in the same
files, each epoch lasting 200-400 s. The typical length of the spike
trains was 1000 s per experiment (DA application), each file
containing at least 1000 bursts per neuron.

Data analysis

Detailed quantitative analysis was performed using the spike trains
{t:} = {t;, t5 t;...ty}, where t; < ¢, < t; ... are successive spike
arrival times available for each neuron recorded. Timing of the spikes
relative to the preceding one was characterized by the interspike
interval (ISI, first-order): ISI; = t;.; — t;. ISI sequential graphs were
constructed by plotting interspike intervals IS/; as a function of the
elapsed time (Fig. 1B). Relations between successive ISIs were
graphically demonstrated by ISI return maps, also called joint
interspike interval plots or Poincaré maps (Dekhuijzen & Bagust,
1996; Segundo et al., 1998; Fitzurka & Tam, 1999; Faure et al., 2000).
Here, ISI;;; was scatter-plotted against IS/; for each i< N -2
(Fig. 1C). Consequently, points in these plots correspond to pairs of
consecutive ISIs among three adjacent spikes. The return maps
typically contain thousands of points forming an attractor. We have
earlier shown that the shape of such attractors is cell-specific and it
also reflects the synaptic inputs received by the neuron (Sziics et al.,
2003). To characterize the local density of the return maps we
calculated joint-interval probability density histograms using a
two-variable Gaussian kernel (Parzen estimation; Sanderson & Kobler,
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1976; Sziics et al., 2003). These histograms appear in the figures in a
gray-scale-coded form (colour coded on line) (Fig. 1D). Areas with
warmer colours (toward red) indicate higher local density of points.
These histograms appear in the figures in a grayscale-coded form
(Fig. 1D). Gradually darker areas (or gradually warmer colours)
indicate higher local density of points. Zero-density areas are coloured
as a light-grey background for better visualization and separation of
the nonempty areas.

As a general rule, ISI graphs of periodically bursting neurons
display two main populations. Short ISIs (< 0.1 s for most pyloric
neurons) correspond to the spike events within bursts while long ISIs
(> 0.2 s) separate the last spike of the recent burst from the first spike
of the following one (Fig. 1B). In the paper we focus on the analysis of
spike patterns within bursts (intraburst ISIs). Moreover, ISI return
maps of such neurons contain three clusters of points, with the
intraburst ISIs located in the cluster closest to the origin of the graph.
We display only the intraburst clusters in the figures, so the other two
clusters corresponding to interburst intervals are omitted.

Results

DA is well known as an effective modulator of the voltage output and
the overall burst pattern of pyloric neurons (Flamm & Harris-Warrick,
1986a; Ayali & Harris-Warrick, 1999). DA and other monoamines
exert differential and cell type-dependent effects. Importantly,
monoamines not only change the intrinsic membrane properties of
the neurons but they also act on the synaptic connections among them
(Harris-Warrick et al., 1998). Therefore, DA-induced modulation of
intraburst spike dynamics, if observed, can be a consequence of
modulation on several targets. However, pharmacological manipula-
tion of synaptic connectivity prior to DA application can be used to
distinguish between different types of modulatory action. In the
present study we describe DA modulation of spike patterns in two
neurons of the circuit from a total of 16 preparations. The lateral
pyloric (LP) and the pyloric dilator (PD) neurons are important
components of the network. There are two electrically coupled PDs
and together with the anterior burster (AB) neuron they form the
pacemaker group. The LP and PD neurons, when normally bursting in
the intact circuit, mutually inhibit each other through glutamatergic
(LP) and cholinergic (PD) synapses.

DA effects on the burst temporal parameters of pyloric neurons

Figure 2 demonstrates the modulatory effect of DA (20 pum) on these
neurons. DA exerted differential effects on these cells: the LP was
depolarized and the onset of the bursts became steeper (Fig. 2A) while
the opposite was seen in the PD neuron (Fig. 2B). At the same time,
we observed characteristic changes in the number and temporal
distribution of the intraburst spikes, too. Local spike frequency (fp),
defined as the number of spikes in bursts divided by the burst duration,
showed marked changes during DA application. The LP neuron fired
more rapidly during the bursts (Fig. 2D) while the PD displayed the
opposite behaviour (Fig. 2E). The changes in the local firing rate of the
cells appeared more significant than those in the overall burst
parameters. When plotting the instantaneous burst frequency (f,),
defined as the reciprocal of the burst cycle period against the elapsed
time, we found only a slight increase during DA application (Fig. 2C).
Commonly, the neurons displayed more dramatic changes in the
parameters of their intraburst dynamics than in the parameters of the
overall bursting pattern (10-50 pM concentrations). We noted that
marked changes in the overall burst parameters could be expected at
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FiG. 2. DA alters both the membrane potential waveform and the burst
temporal parameters of pyloric neurons. Burst oscillations of (A) the LP and
(B) the PD neurons are compared in control and during the application of
20 uMm DA (N.S., normal saline). DA clearly alters the voltage slope especially
at the onset phase of the burst oscillations. (C) Frequency of the pyloric
oscillation (reciprocal of the burst cycle period of the PD neuron) as a function
of the elapsed time during the entire experiment (1000 s). (D and E) Local
spike frequency fg, of the LP and PD neurons, respectively. The local spike
frequency of the LP neuron slightly increased and displayed smaller variations
during the application of DA. The application began at t = 270 s followed by
washout at t = 560 s. The effect was reversible in both neurons.

100 puM and higher concentrations, as demonstrated in earlier studies
(Flamm & Harris-Warrick, 1986a; Ayali & Harris-Warrick, 1999).
To address the role of fast inhibitory synaptic connections in the
DA-induced modulation of intraburst spike patterns we used a reduced
configuration of the pyloric neurons. Picrotoxin (PTX) is an effective
blocker of glutamatergic neurotransmission in the stomatogastric
nervous system (Marder & Eisen, 1984). Typically, PTX removed fast
inhibitory postsynaptic potentials (IPSPs) from the voltage traces of
the neurons, hence their oscillations became smoother (Fig. 3A and
B). In a normal circuit with full connectivity the LP neuron receives
multiple phasic synaptic inputs during its burst oscillations but the
IPSPs disappeared when the PTX saline was applied. The PD neuron,
on the other hand, received only one phasic inhibitory input, the one
from the LP neuron. This inhibition, being a glutamatergic one, could
be blocked with PTX. The action of DA seen in normal saline was

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 763772
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FiG. 3. DA effects on (A) the LP and (B) the PD neurons with their
glutamatergic inputs blocked. The preparation was held in PTX-containing
saline but inputs from anterior centres were left intact. DA (20 pM) exerted
relatively weak effects on the voltage output and burst temporal parameters of
the two neurons when compared to Fig. 2. (C) The burst frequency of the
pyloric thythm was barely changed during the DA application. (D and E) Both
neurons displayed a weak decrease in their local spike frequency. The effect on
the LP neuron’s spike frequency was markedly different form that seen in
normal saline (Fig. 2D).

greatly reduced when using a PTX-containing solution (of the same
DA concentration). While the general depolarizing effect on the LP
neuron and the hyperpolarization of the PD neuron was still
identifiable, the voltage waveforms during DA application were
remarkably similar to the control ones. The local spike frequency of
the LP and PD neurons (Fig. 3D and E) was less affected by DA than
in the normal saline and the overall burst frequency of the pyloric
rhythm was virtually unchanged (Fig. 3C). These observations suggest
that DA exerts its effect on the temporal parameters of firing patterns
at least in part by acting through glutamatergic synaptic connections.
Once the glutamatergic connections were blocked, and could not be
modulated by DA, the effects were somewhat reduced. These finding
are further supported by our data on the ISI structures described below.

DA modulated the ISl signatures of pyloric neurons

The sequential plots of ISIs of pyloric neurons typically display two
main populations, those of ISIs within bursts (< 0.05 s) and those
between bursts (> 0.2 s). Hence, onsets of burst could be easily
detected by finding episodes when a long ISI is followed by a short

one. The distinction between intraburst and interburst ISIs is
straightforward when the neurons display a stable oscillatory pattern,
i.e. transient extrinsic synaptic inputs such as cardiac sac episodes are
not present. Cardiac sac episodes temporally disrupt the pyloric
rthythm and induce irregular firing in the neurons (Ayali &
Harris-Warrick, 1998). Therefore, cell-specific ISI patterns (signa-
tures) can be observed only in pyloric neurons with stable bursting and
receiving no interfering synaptic inputs (Sziics et al., 2003). We also
note that stable bursting requires intact descending modulatory inputs
from anterior centres, hence sucrose block on the stomatogastric nerve
(Flamm & Harris-Warrick, 1986a) was not used in any of the
experiments.

DA induced characteristic changes in the temporal patterns of
intraburst spikes in the two types of pyloric neurons we used. ISI
sequences recorded during the application show gradual changes as
the modulatory effect of DA developed (Fig. 4A). In control
conditions the LP neuron produced a firing pattern with a typical
comet-like ISI return map (Fig. 4B). The attractor occupied the upper
left half of the map relative to the diagonal indicating the continuous
increase of ISI durations as the burst developed. In such conditions the
LP neuron behaved as an irregular (noisy) burster with low
reproducibility of bursts. Remarkably, in the presence of DA the
comet-like cluster collapsed into very compact and separated densities
(Fig. 4C). The regularity of spike timing in successive bursts increased
dramatically: dispersion (jitter) of the intraburst ISIs dropped (Fig. 5).
DA exerted a very specific and robust effect on the LP neuron: it made
it a regular and precise burster with very low spike jitter in the
successive bursts. The DA-induced regularization of the LP neuron
was highly reproducible and observed in 12 different preparations.
The effect was so robust and characteristic that the emerging ISI
pattern clearly identified the LP neuron under DA modulation; it could
be called the DA signature of the LP neuron.

DA, while exerting a hyperpolarizing effect on the PD neuron,
also affected its intraburst spike dynamics. The F-shaped return map
with slightly overlapping clusters (a typical PD signature) was
observed under control conditions (Fig. 4E). Here, separated
clusters indicate recurrent spike patterns in the successive bursts
of the PD neuron. Another distinctive feature of the PD signature
was that the clusters were located below the diagonal of the return
map corresponding to gradually decreasing ISI durations. DA not
only shifted the point clusters (ISIs prolonged) but also clearly
separated them (Fig. 4F). Four compact clusters are present,
indicating very reliable repetition of ISIs and small jitter in spike
arrival times. Hence, DA modulated the spike dynamics of the PD
neuron and induced more reliable and precise repetition of bursts,
an effect similar to that in the LP neuron. This regularizing effect
was observed in 16 preparations.

As we noted above, DA exerts differential effects on the pyloric
neurons: some of them are depolarized, others inhibited. Bursts of the
LP neuron became more compact and intense during DA application
while the PD responded the other way. Nevertheless, the dispersion of
intraburst spikes was markedly decreased in both the excited (LP,
Fig. 5A) and inhibited (PD, Fig. 5B) neurons. Another notable aspect
of the DA-induced regularizing effect is that it set in at a lower
concentration (below 10 pum for the LP) than that affecting the overall
burst frequency or burst phases. Evaluating data from several
preparations showed that the mean burst frequency of the overall
motor pattern increased only by 8.9 + 12.6% (n = 12) when using
20 pM DA and by 14.1 + 10.7% (n = 11) when using 50 pM DA
(both relative increments = SD; see also Table 1 for absolute values).
These can be considered weak effects compared to those observed in
the intraburst spike patterns.

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 763—772
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FIG. 4. DA effectively modulates the intraburst firing patterns of pyloric neurons. (A and D) Sequential plots of the ISIs in the LP and PD neurons, respectively.
Note the well separated populations of short (intraburst) and long (interburst) ISIs. DA (20 um) exerted differential effects in the neurons: average intraburst ISIs of
the LP were decreased while those of the PD were increased. Note the banding of points during the application of DA. Density plots of the ISI return maps are
compared for the two neurons (B and E) before and (C and F) during the application of DA. The breakup of the attractors and emergence of compact separated
clusters can be observed. The frequency of pyloric bursting was 1.92 + 0.06 and 2.00 + 0.03 Hz before and during DA application, respectively.
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FiG. 5. DA dramatically decreases the disperison (SD) of ISIs in the pyloric neurons. ISIs between the first second and third pairs of spikes within the bursts of
(A) the LP and (B) the PD neurons (both n = 6) were compared in control and during DA application (10 pm). The SD of the ISIs dropped in both neurons
especially in the LP. Note the tendency in control conditions for the spike jitter of the LP to become greater with increasing ISI number but the opposite to occur
under the action of DA. *P < 0.05.

DA was less effective in a reduced configuration of the pyloric

neurons

Because DA alters both intrinsic membrane conductances (Harris-
Warrick et al., 1998; Kloppenburg er al., 1999) and synaptic
connections (Harris-Warrick et al., 1992; Johnson & Harris-Warrick,

1997; Peck et al., 2001), the observed effect on the ISIs could be a
consequence of modulatory actions on both types of targets. To
estimate how the two kinds of modulation contribute to the observed
changes in the ISI signatures, we used a reduced configuration of the
pyloric network (using PTX). In PTX saline fast glutamatergic
synapses are not functional, hence DA modulation of such inputs can

© 2005 Federation of European Neuroscience Societies, European Journal of Neuroscience, 21, 763772
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TABLE 1. Parameters of the firing patterns of the LP and PD neurons in normal conditions and under the modulatory action of DA

Normal saline PTX saline
DA
concentration fy, (Hz) Ny, Lp Ngp, D n f, (Hz) N, Lp Ngp, D n
DA (0 um) 1.88 £0.2 52+14 99+1.5 25 1.89 £ 0.15 8.1+23 106 £2.4 13
DA (10 pm) 2.12 £0.35 6.1+0.2 78+ 14 4 1.91 £0.10 89+34 89+13 3
DA (20 pm) 2.03 + 0.37* 6.6 + 1.6* 6.1 + 1.4 12 1.99 +0.19 104 +26 6.4 +1.7" 7
DA (50 pm) 2.15 +0.32% 7.6 £2.0* 45+22" 9 1.96 + 0.40 10.1 £ 2.7 5.4 £2.4% 3

‘Normal saline’ and ‘PTX saline’ in the headings correspond to the two network configurations used in our study (full connectivity vs. blocked glutamatergic
connections). Abbreviations are as follows: fi,, frequency of the pyloric oscillation; Ny, p and N, pp, number of spikes per burst for the LP and PD neurons,
respectively; n, number of experiments. Values are given as mean = SD *P < 0.05, *P < 0.005, Student’s #-test for paired data, 0-uM data as controls.

be ruled out. However, voltage-gated membrane conductances
(e.g. transient or sustained K-currents; Kloppenburg et al., 1999) of
the individual cells as well as nonglutamatergic synaptic connections
are still affected by DA, similar to that seen in normal conditions.
The effect of DA on the ISI patterns was found to be much weaker
in PTX solution than under normal conditions. In striking contrast to
the effect seen in normal saline, we find no regularization or reshaping
of the ISI signature of the LP neuron when its glutamatergic synapses
were blocked (n = 6). The return map of the LP is virtually
indistinguishable before (Fig. 6B) and during (Fig. 6C) the application
of DA. Dense and separated clusters, signs of precisely replicated ISI
patterns, are not observed in the return maps; rather we see slanted and
diffuse comet-like shapes. This is an indication of DA being
ineffective in changing the dynamics of intraburst spiking of the LP
neuron when glutamatergic connections were blocked. The PD
neuron, when its glutamatergic input from the LP was blocked,
displayed an ISI signature somewhat more compact and less clustered
than that in normal conditions (compare Figs 6E and 3E). Hence, PTX
itself changed the spike dynamics of the PD neuron (Sziics et al.,
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2003). At the same time, when observing the ISI return map of the PD
in PTX saline and during DA application, we found clearly separated
clusters and the characteristic 7 shape (Fig. 6F). DA induced slight
changes in the position of the clusters, and the typical PD signature
(like that in normal saline) became more distinct. As a result, the effect
of DA was similar to that observed in normal saline. As for the burst
temporal parameters, DA in PTX saline exerted a minor effect: the
relative increase in the mean burst frequency was 5.0 + 7.7% (n = 7)
with 20 uM DA and 5.4 £+ 11.9% (n = 3) when using 50 uM DA.

Simulating the effect of DA with current injection

DA is a modulator of both intrinsic membrane properties such as
voltage-gated ionic channels and the synaptic connections between the
neurons. Each of the multiple target-specific actions of DA might, to
some degree, contribute to the observed effects on the voltage output
and spike dynamics of the cells. It is therefore very difficult to
simulate experimentally the DA effect. Nevertheless, the general
depolarizing and hyperpolarizing action of DA can be crudely
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FIG. 6. DA is a less effective modulator of spike timing when applied in picrotoxin-containing saline. (A and D) Sequential plots of ISIs. (B and E) Return map
density plots show the serial dependence of ISIs when only PTX was present (as control). (C and F) The corresponding graphs during DA (20 um). Changes in the
attractors are less apparent than those in Fig. 4. The intraburst spike dynamics of the LP was barely modulated by DA (C vs. B). The reshaping of the PD signature,
however, was similar to that observed in normal saline (see Fig. 4). The pyloric bursting frequency was 2.04 + 0.04 Hz before and 2.09 +0.04 Hz during DA

application.
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FIG. 7. Effect of intracellular current injections on the ISI signatures of bursting pyloric neurons. (A) Panels in the top row show the effect of the injected
depolarizing current on the LP neuron. Gradually increasing levels of current resulted in a slight shift of the attractor toward longer ISI values but its overall
appearance is similar to that in control conditions (I = 0 nA, left panel). (B) The bottom row shows the effect of hyperpolarizing current injection on the PD
neuron. Here we observe clear clustering and the shape of the attractor strongly depends on the amount of injected current. The data were collected from two different
preparations. In the experiment shown in (B) the pyloric oscillation was exceptionally periodic and stable.

mimicked by intracellular current injection. We used gradually
increasing or decreasing steps of DC current each lasting 100 s to
depolarize the LP neuron and to hyperpolarize the PD neuron.
Figure 7 shows the data from two such experiments. The ISI signature
of the LP neuron displayed some changes with increasing levels of
current. Nevertheless, the characteristic DA signature could not be
reproduced by current injection. We observed important differences
between the return maps of the LP neuron under DA and when
depolarized with DC current injection; the joint ISI map of the LP was
still fuzzy and comet-shaped when DC current was used (Fig. 7A)
while it contained very compact and separated densities during DA
application. Furthermore, the ‘mass centres’ of the return maps shifted
in different directions. DA produced short and precisely replicating
ISIs in the LP (densities shifted toward the origin of the map) while
the depolarizing current injection elicited an opposite effect. This
finding is somewhat unexpected because in most neurons a depolar-
izing current tends to increase the firing rate, i.e. decreasing the ISIs.
‘We note that in experiments with negative current injection into the LP
neuron (—0.5 to —3.0 nA) the mean ISIs were actually decreased, i.e.
the local spike frequency became higher. At the same time the
clustering of the return map, a characteristic feature of DA modula-
tion, was never observed. Injection of a constant depolarizing current
therefore failed to reproduce the effect of DA on the LP neuron in
normal saline. As for the PD neuron, hyperpolarization by negative
current injection worked better in reshaping its ISI signature toward
that observed under DA. Remarkably, increasing levels of the constant
hyperpolarizing current resulted in different ISI return maps and
relocation of the clusters (Fig. 7B) but the overall shape of the attractor
(the V form) was still specific for the PD neuron. Tight and well-
separated clusters in the return maps indicate precise replication of
ISIs during the bursts. As an example, dispersion (SD) of the ISIs
corresponding to the tight clusters in the return map at —2 nA current
level was <0.5 ms. Hence, DA-induced reshaping of the intraburst
spike dynamics of the PD neuron could be well mimicked by

intracellular current injection. Note that the clusters were shifted
toward the upper right part of the return maps as the magnitude of
hyperpolarizing current was increased, similarly to that with
increasing concentration of DA.

Discussion

The data presented here demonstrate neurochemical modulation of
spike patterns in the bursting neurons of the crustacean nervous
system. While the effects of monoamines and peptides on the overall
pyloric burst pattern have been extensively studied, chemical modu-
lation of the intraburst spike dynamics has not yet been investigated.
This type of neuromodulation is a novel phenomenon and there has
been only one similar report describing the modulation of burst
patterns in the locust frontal ganglion (Zilberstein et al., 2004).

The neuromodulator DA reshapes the fine structure of spike
patterns while affecting the frequency of pyloric rhythm to a lesser
degree. Picrotoxin, a potent blocker of the fast glutamatergic
inhibitory neurotransmission, abolishes the modulatory effect of DA
on the lateral pyloric neurons’ firing pattern. At the same time, PTX
has a weak effect on the DA-induced reshaping of the ISI signature of
the PD neuron.

Possible biophysical mechanisms in the modulation of pyloric
spike patterns

The effects of monoamines on the overall network activity (Flamm &
Harris-Warrick, 1986a; Harris-Warrick et al., 1992; Johnson et al.,
1995; Ayali et al., 1998; Ayali & Harris-Warrick, 1999) as well as
the synaptic and intrinsic properties of the component neurons
(Flamm & Harris-Warrick, 1986b; Johnson & Harris-Warrick, 1997;
Kloppenburg et al., 1999; Peck et al., 2001) have been extensively
studied. These studies have revealed a variety of motor output patterns
for the pyloric network induced by various monoamines. Monoamines
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are capable of reconfiguring the network output by altering voltage-
gated conductances of the cells and, at the same time, tuning chemical
synapses. In our experiments DA exerted novel effects, namely the
modulation of spike dynamics within bursts, appearing especially
strongly in the LP neuron. Here we observed the appearance of
precisely replicating spike patterns in a normally ‘noisy’ neuron. It is
important to say that there are several (usually two or three) tight
clusters in the return maps of the LP neuron during DA application. A
single density (a fixed point along the diagonal of the return map)
would indicate the repetition of equal ISIs, like those appearing in a
periodically spiking neuron. Considering the biophysically possible
highest frequency firing (saturation) during the burst plateaus one
would observe the replication of the shortest possible ISIs with a tight
single cluster in the return map. As we see, the LP neuron produces
spike dynamics far more complex than this kind of saturation during
the action of DA. Multiple clusters during DA indicates a temporally
structured but precisely repeating firing pattern. This is a very
characteristic feature of DA modulation on the LP and similar
clustering effects were not found to such a degree in other pyloric
neurons.

In normal conditions the LP neuron receives potent synaptic signals
before and during its burst plateau potential. The characteristic DA
signature of the LP neuron is certainly related to these synaptic inputs
because PTX block of glutamatergic connections abolishes the DA
effect. Several glutamatergic inputs have been identified on the LP
neuron. PY neurons are intrinsic components of the pyloric network
and, being glutamatergic, they produce fast IPSPs in the LP neuron
(Russell & Hartline, 1982). DA exerts a strong depolarizing effect the
PY neurons (Flamm & Harris-Warrick, 1986a) so the IPSPs arriving
from the PYs become more frequent. In addition to the PY neurons,
the LP receives inputs from neurons extrinsic to the STG. P-cells have
been described as important modulatory inputs to the pyloric network
and they deliver potent phasic excitation to the LP neuron (Russell &
Hartline, 1982). There is evidence that the P-cell in the Homarus is a
GABAergic modulatory interneuron and its effect on the postsynaptic
pyloric neurons, including the LP neuron, can be blocked by
picrotoxin (Nagy et al., 1994); however, this requires higher
concentration of PTX than used in our experiments.

To explain the dramatic DA-induced increase in spike timing
regularity in the LP we inspected the neurons’ voltage waveforms. In
normal conditions the bursts of the LP are influenced by potent IPSPs
arriving from the PY neurons. These IPSPs tend to arrive more
frequently during the second half of the bursts, but a few can be
detected even during the early phase. The IPSPs influence the
generation of spikes, hence the regularity of spike timing is reduced.
Therefore, the noisy and comet-shaped ISI signature of the LP (in
normal saline) is a consequence of the frequent and irregular IPSPs
from the PY neurons. Among the multiple effects of DA the shifting of
the LP-PY burst phase plays a crucial role in regularizing the spike
dynamics of the LP neuron. As reported earlier (Harris-Warrick et al.,
1998) and also illustrated in Fig. 8, the IPSPs from the PY neuron
appear later in the burst of the LP neuron when DA is present. Hence,
the spike emissions of the LP neuron are not disrupted by the IPSPs
from the PY neurons. This results in a more regular spiking. At the
same time, the regularization of spike dynamics of the LP neuron
cannot be explained by the shift of the LP-PY phase alone. Remember
that such DA-induced regularization is not observed in PTX saline,
when the IPSPs from the PYs are entirely absent. In normal conditions
DA also enhances the activity of the AB neuron. The AB neuron
delivers phasic inhibition to the LP and this action is enhanced by DA
(Johnson et al., 1995; Harris-Warrick et al., 1998). Moreover, the
AB-LP burst phase becomes shorter which makes the LP’s
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F1G. 8. The regularity of spike timing in the LP neuron strongly depends on
the synaptic inputs and was modulated by DA. The top panels show six
overlapping bursts in (A) control conditions and (B) during the application of
50 uM DA. In control conditions the late part of the burst displays ‘noisy’
voltage fluctuations (IPSPs) and jitter in spike timing (A). DA shifted the IPSP
backward; thus the spike emissions during the early phase of the bursts become
very regular. (C and D) The average instantaneous firing frequency (reciprocal
of the ISIs) along the burst of the LP neuron in normal conditions and with DA,
respectively. The values show greater SDs in control than during DA
application. The number of successive bursts used to calculate the graphs
was n = 190 (C) and n = 147 (D).

postinhibitory rebound steeper. The enhanced preburst inhibition by
the AB neuron and the increased delay of the IPSPs from the PY
neurons both contribute to the reshaping of the spike dynamics of the
LP neuron. Note that PTX blocks the inhibition from the AB neuron
(being glutamatergic), hence the preburst inhibition is not affected by
DA in such conditions. This explains why DA is ineffective in
regularizing the spiking of the LP neuron when glutamatergic
connections are blocked.

The overall effect of DA on the PD is also complex. On the one
hand, it hyperpolarizes the PD (Ayali & Harris-Warrick, 1999) by
affecting intrinsic voltage-gated conductances and it also enhances the
phasic inhibition by depolarizing the presynaptic LP (Flamm &
Harris-Warrick, 1986a) and increasing the graded component of the
LP-PD synaptic inhibition (Ayali et al., 1998). As a result, the ISI
signature of the PD neuron becomes more pronounced with well
separated point clusters, a clear sign of increased reliability of burst
repetitions. Using the dynamic clamp method in our earlier study we
simulated the natural phasic inhibition of the PD neuron by the LP
(Sziics et al., 2003). We found that the strength and timing of the
LP-type inhibition were important factors in shaping the dynamics of
intraburst spiking of the PD neuron. Considering the above, the
DA-induced enhancement of the LP neuron activity probably plays a
role in the DA-induced reshaping of the PD neuron signature. At the
same time, when inhibition from LP was blocked by PTX, DA still
had an effect on the ISI signature of PD. This suggests that the
DA-induced modulation of the intrinsic properties of PD also
contributes to the changes in its spike patterns.

The AB neuron is electrically connected to the two PD neurons. The
voltage waveforms of the normal bursting PD and AB neurons are
remarkably similar and synchronized. However, synchronization is
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observed only at the time scale of bursts and the spike times of the AB
and PD neurons are virtually uncorrelated. In normal conditions, the
AB produces more spikes per burst than the PD. DA depolarizes the
AB and hyperpolarizes the PD, therefore resulting in even greater
difference between the spike numbers (and frequencies) of the AB and
the PD. Subsequently, we believe that the AB plays little if any role in
the DA-induced modulation of spike dynamics of the PD neuron.
Rather, the level of phasic inhibition (input from the LP) and the
intrinsic hyperpolarization are the key factors in shaping the spike
dynamics of the PD neuron under the action of DA.

The phasic inhibition preceding the burst of the postsynaptic neuron
is a common factor in the regularization of spiking of both the LP and
the PD neurons. Although the intrinsic properties and synaptic
connectivity of the two types of neurons are different, they both
display a similar response to preburst synaptic inhibition: regulariza-
tion and patterning of the spiking within the burst. This is clearly
shown by the clustering of the ISI return maps. As we reported earlier,
the evolution (slope) of the membrane potential at the onset of the
burst of the PD neuron strongly affects the regularity of spike timing
within the burst (Sziics et al., 2003). Our current observations with
DA reveal a similar mechanism in the LP neuron.

Neuronal signatures: consideration of functional consequences

Our recent observations further support the idea that synaptic inputs
have a significant impact on the firing pattern of a bursting neuron
during its plateau potential. Because the muscles receive discrete trains
of spikes from the neurons, it is important to understand the rules of
spike train to muscle activity transformation. While muscles tend to
act as low-pass filters of the incoming high-frequency bursts, the
degree of their contractions depends on the number and temporal
distribution of the spikes within bursts (Morris & Hooper, 1997).
Besides, due to the nonlinear nature of the neuromuscular transforma-
tion, slight changes in the timing of single spikes in the motoneuron
output have a strong impact on the muscle response (Brezina ef al.,
2000; Hooper & Weaver, 2000). Considering these, DA can fine-tune
the motor output not only by adjusting the frequencies and phases of
bursts but also by regulating the number and timing of intraburst
spikes.

The characteristic temporal patterns in bursts (the ISI signatures)
might also play an important role in tuning the overall burst pattern of
the entire CPG. While direct experimental evidence for pattern
(signature)-dependent reshaping of the overall network activity is not
yet available, computer model simulations revealed that changes in the
ISI signatures of component neurons can indeed change the overall
burst patterns of oscillatory CPGs (Latorre et al., 2004). These
findings, together with our observations on the lobster pyloric neurons,
give further support to the idea that short time-scale oscillations such
as the spikes effectively modify the output of the neural network on
the longer time scale such as that of the bursts.

The synaptic and chemical modulation of fine temporal patterns of
bursting neurons, while observed here in a relatively simple motor
pattern generating network, might be only a special case of a more
general neural mechanism: dynamic regulation of intraburst spike
dynamics. Such regulation can play an important role in sensory
processing or, in general, temporal coding of presynaptic activity.
While neurons with strong bursting properties are also common in
mammalian cortical networks their role in sensory processing is not
yet clear. However, recent studies performed on different preparations
and computational models support the idea that bursting properties are
indeed relevant and useful for information transfer and processing
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(Reinagel et al., 1999; Fanselow et al., 2001; Balasubramanian &
Berry, 2002; Derjean et al., 2003; Kepecs & Lisman, 2003; Krahe &
Gabbiani, 2004). As we showed for the pyloric neurons, synaptic
factors play an important role in shaping their intraburst dynamics.
The same can be expected for sensory neurons or interneurons in more
complex systems, especially when considering that bursts can, in
principle, transfer information more efficiently than single spikes
(Reinagel ef al., 1999; Balasubramanian & Berry, 2002) and given the
fact that the time course (envelope) of bursts is highly sensitive to the
preceding history of the membrane potential (including PSPs)
(Aizenman & Linden, 1999; Fan et al., 2000). A recent work on
hippocampal interneurons showed that neuronal signatures (cell-
specific and behaviour-related firing patterns) are present even in
complex brain networks of mammals and in vivo (Klausberger et al.,
2003). This further supports the idea that such neuronal signatures are
continuously reshaped by synaptic factors which, in turn, depend on
sensory information. In conclusion, the temporal structure of spikes
within bursts has to be taken into account to obtain a better
understanding of neural oscillations and their role in pattern generation
and information processing.
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