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Cellular, synaptic, network, and modulatory mechanisms 
involved in rhythm generation 
Ronald L Calabrese 

The membrane properties and the synaptic interactions of 

individual neurons, as well as the interactions between 

neuronal networks, all contribute to the formation of the 

complex patterns of activity that underlie rhythmic motor 

patterns and slow-wave sleep rhythms. These properties and 

interactions are potential points of modulation for further 

refining network output. Recent work illustrates the range of 

these properties and interactions and suggests how they 

may be modulated. 
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Abbreviations 
A-current 
AB 
[Ca*+li 
CBI-516 
GABA 
h-current 
HN 

IA 

k&?F 

‘cas 

‘h 

‘KF 
lntl 
IPSP 
Kvl.3 
LG 
LP 
MCNl 
non-REM 
PD 

pK’pNa 
TTX 

fast transient Kf current 
anterior burster 
internal Ca2+ concentration 
cerebral buccal interneuron 516 
y-aminobutyric acid 
hyperpolarization-activated inward current 
heart interneuron 
fast transient K+ current 
rapidly inactivating low-threshold Ca2+ current 
slowly inactivating low-threshold Ca2+ current 
hyperpolarization-activated inward current 
FMRF amide-activated Kf current 
interneuron 1 
inhibitory postsynaptic potential 
delayed rectifier Kf current 1.3 
lateral gastric 
lateral pyloric 
modulatory commissural neuron 1 
non rapid eye movement (sleep) 
pyloric dilator 
ratio of the KC permeability to the Na+ permeability 
tetrodotoxin 

Introduction 
Patterned activity generated by central neural networks 

underlies important processes - such as locomotion, 
breathing, chewing, and slow-wave sleep rhythms - in 
mammals [l-S]. Oscillation within these networks 
results from the combination of the intrinsic membrane 
properties of the component neurons and their synaptic 
interactions. These membrane and synaptic properties 
are subject to extensive neuromodulation [S-8]. This 
review will concentrate on a few membrane and synaptic 
properties that have received recent attention. It will 
also cover advances in our understanding of how oscilla- 
tory networks interact to produce complex patterns. 

Cellular mechanisms 
Hyperpolarization-activated inward currents 
Hyperpolarization-activated inward currents (Ih) appear to 
be important for pacing rhythmic activity in a number of 
neuronal networks [9]. These currents are cationic 
(PK/PNa = Z-4), with a reversal potential near -30 mV, and 
are activated at hyperpolarized potentials in the range of 
-50 to -80 mV. The role of I, (also known as h-current) in 
generating the delta rhythm of slow-wave (non-REM) 
sleep in thalamocortical neurons in mammals [lo] and in 
the central pattern generator for heartbeat in the leech [ 1 l] 
has been well documented and reviewed extensively 
[4,5,9]. In both cases, h-currents interact with low-thresh- 
old Ca2+ currents to produce rhythmic activity. In the 
former case, the hyperpolarization necessary to activate 1, 
is provided by a hyperpolarizing shift in the membrane 
potential brought about by the absence of neuromodula- 
tars (i.e. acetylcholine and norepinephrine), which 
down-modulate K+ leak channels. In the latter case, the 
hyperpolarization necessary to activate 1, is provided by 
synaptic inhibition in a half-center configuration (i.e. reci- 
procal inhibition). 

The recent cloning and sequencing of genes encoding 
h-channel proteins [l&14] has provided both new insights 
into the channels themselves and a new tool for under- 
standing h-current function in rhythmically active neural 
networks. Two recent reviews discuss these exciting devel- 
opments [9,15’]. The proteins appear to be related to 
voltage-gated K+ channels, and the functional channel is 
thought to be tetrameric. Particularly interesting is the 
demonstration that these proteins have a CAMP-binding 
domain in their putative intracellular regions [l&14]. 
Moreover, for two of the clones, the expressed channels 
show a +12 mV and a +2 mV shift in their activation curves 
in the presence of CAMP [13,14]. Thus, we can expect that 
receptors coupled to adenylyl cyclase will modulate h-cur- 
rents in neurons. In the pacemaker cells of mammalian 
heart, P-adrenergic receptors positively coupled to adenylyl 
cyclase up-modulate the h-currents and thus speed the 
heartbeat [16]. The general modulation of h-currents by 
CAMP and the observation of a CAMP-biding domain in the 
three cloned variants of this channel type led Clapham [ 1.5’1 
to call these HCN channels for hyperpolarization-activated, 
cyclic nucleotide-gated. 

Recently, L&hi and McCormick [17”] showed that the 
h-current in thalamocortical neurons is modulated by intra- 
cellular Caz+ that enters via low-threshold Ca2+ currents. 
Repeated activation of these Caz+ currents results in an 
increase of [Ca’+]; that leads to persistent activation of I, 
through a depolarizing shift in the activation of the h-current. 
Thus, h-currents appear to be modulated by both 
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activity-dependent and synaptic mechanisms. This potential 
modulation has important implications for those networks 
whose activity is known to be paced by h-currents. Moreover, 
there are a number of other networks, including the respira- 
tory-pattern-generating network of the pre-Bbtzinger 
complex of mammals [IS], in which the role of h-current is 
less defined, but in which we can expect modulation of 
h-currents to have significant physiological effects. 

In the pyloric pattern-generating network of the crustacean 
stomatogastric nervous system, an h-current is present in the 
lateral pyloric (LP) neuron identified as playing an impor- 
tant role in pattern formation [ 191. Dopamine up-modulates 
h-current in the LP neuron by shifting its activation 20 mV 
in the depolarized direction and speeding its activation rate. 
Dopamine also down-modulates 1, (the fast transient K+ 
current) in the LP neuron by shifting its activation and inac- 
tivation to depolarized potentials and reducing its maximal 
conductance. The net effect of these modulations is that the 
LP neuron fires more strongly and at an earlier phase in the 
pyloric cycle. Modeling and physiological experiments in 
which I,, was added using dynamic clamp - a hybrid tech- 
nique whereby a neuron is ‘clamped’ to a computer that 
calculates in real-time the expected current of the neuron at 
any given membrane potential and time and then injects 
that amount of current into the neuron [ZO] -show that the 
predominant cause of the increased excitability and phase 
shift of the LP neuron is the down-modulation of the A-cur- 
rent (i.e. IA) [19]. Thus, in this well-documented case at 
least, h-current and its modulation appear to play a minor 
role in a pattern-generating network. 

Slow K+ currents 

K+ currents are among the most potent regulators of cellular 
excitability. In a theoretical study, Turrigiano etal [Zl] point- 
ed out that K+ currents with long inactivation time constants 
can have profound effects on the dynamics of networks that 
produce oscillatory activity. Kv1.3 is a delayed-rectifier type 
Kf current that displays cumulative inactivation, which 
develops over several seconds and requires more than 20 s to 
recover from full inactivation [ZZ]. Kv1.3 current was intro- 
duced into cultured neurons using the dynamic clamp 
technique [Zl]. The neurons used were isolated from the 
crustacean stomatogastric ganglion; these neurons are pre- 
sumed to participate in motor pattern generation in viva. 
Depending on the culture conditions, the neurons exhibited 
a range of properties: for example, when depolarized, some 
fired tonically, whereas others exhibited bursting activity. 
When Kv1.3 was added to bursting neurons, they fired toni- 
cally in response to transient depolarization but eventually 
resumed bursting regularly during prolonged depolarization. 
Once depolarization induced bursting, the cells could be 
repolarized for a few seconds, and subsequent depolarization 
led to immediate resumption of bursting. Thus, it appears 
that the long time constant of inactivation and de-inactiva- 
tion of Kv3.1 imparts hysteretic properties to the neurons 
such that they ‘remember’ their previous history of firing and 
retain their current firing pattern unless forced into a new 

one by prolonged input. This work reveals that currents with 
long time constants, such as Kv1.3, can add short-term plas- 
ticity to the dynamics of pattern-generating networks. 

Voltage-gated K+ currents with long time constants not only 
impart memory to pattern-generating networks, but their 
effects can be integrated over several burst cycles so that 
they reach a steady state or tonic level of activation. In the 
leech heartbeat system, the interneurons that pace the beat 
rhythm are modulated by the endogenous neuropeptide 
FMRFamide. At low concentrations of the peptide, this 
modulation takes the form of speeding the cycle frequency 
of the interneurons’ oscillatory activity [23]. FMRFamide 
up-modulates a voltage-gated outward current (IKF) with 
very long activation (T = lo-12 s) and deactivation 
(‘t = 2-3 s) dynamics [24]. Repetitive voltage-clamp pulses 
lead to cumulative activation of this current. Modeling stud- 
ies show that such a current, when up-modulated, builds up 
in the heart interneurons over several burst cycles (cycle fre- 
quency is approximately 0.1 Hz) and slowly hyperpolarizes 
the cells [24]. The most important effect of this hyperpolar- 
ization is increased activation of I,,, which speeds the cycling 
of the interneurons. Thus, I,,, because of its slow dynam- 
ics, can be integrated over several cycles of membrane 
potential oscillation so that it eventually becomes essential- 
ly tonically activated. Because of its interaction with 
h-current, I,, has the seemingly paradoxical effect of 
increasing the cycle frequency in this pattern-generating 
network. 

Synaptic mechanisms: the interplay of spike- 
mediated and graded synaptic inhibition 
In many pattern-generating networks, including those that 
control leech heartbeat [ZS] and crustacean foregut opera- 
tion [26], both conventional spike-mediated and graded 
synaptic transmission take place side by side in the com- 
ponent neurons. We are now beginning to unravel the 
mechanisms that mediate the two forms of transmission in 
these networks, their modulation, functional significance, 
and interactions. 

The interneurons that pace the heartbeat in leeches form 
reciprocal inhibitory synapses that give rise to large, spike- 
mediated IPSPs [2.5]. Rebound CaZ+ plateaus also mediate 
graded synaptic inhibition. The low-threshold Ca2+ currents 
that underlie these plateaus have activation and inactivation 
ranges such that they are strongly activated by the depolar- 
ization associated with the burst phase of activity in these 
interneurons, and they are de-inactivated by the hyperpolar- 
ization associated with the inhibited phase [ZS]. The analysis 
of these currents and the associated postsynaptic currents 
using conventional step protocols under voltage clamp in the 
presynaptic cell has revealed that there are two kinetic com- 
ponents, one rapidly inactivating current (1~~~) and one 
slowly inactivating one (I,,,), that correspond to the two 
kinetic components in the postsynaptic current [ZS]. By 
imposing voltage waveforms on the presynaptic cell that cor- 
responded to the slow wave of the activity pattern, we [27] 
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demonstrated that graded inhibition is a minor component of 
the total inhibition provided: that is, spike-mediated inhibi- 
tion dominates in this system under normal conditions 
(Figure la). Graded inhibition is held in check because the 
slow trajectory from the inhibited trough of the waveform to 
the depolarized level at which a burst is ,produced inactivates 
the majority of the low-threshold Caz+ current, particularly 
ICaF. Perturbations that speed this recovery trajectory- 
such as those that result upon release from hyperpolarizing 
current injection (e.g. sudden voltage relaxations) -produce 
dramatic increases in graded transmission (Figure la). The 
recovery trajectory in these neurons is determined, in large 
part, by activation of the h-current. Modeling studies in this 
system indicate that up-modulation of the h-current can 
speed the trajectory enough to increase graded transmission 
significantly [28,29]. A modulator for the h-current has not 
yet been found in this system. Recent studies indicate that 
spike-mediated and graded transmission are mediated by 
high-threshold and low-threshold CaZ+ currents, respectively 
[30’]. The difference between these two modes of transmis- 
sion opens the possibility that they may be modulated 
separately by selective modulation of the respective under- 
lying Caz+ current (see e.g. [31,32]). 

In the pyloric network of the lobster stomatogastric gan- 
glion, the dynamics of graded and spike-mediated 
synaptic inhibition between the LP neuron (presynaptic) 
and the pyloric dilator (PD) neuron (postsynaptic) [33”] 
and their modulation [34”] have been studied in detail; 
however, the underlying Caz+ currents have not been 
characterized. lJsing voltage-clamp waveforms corre- 
sponding to the slow wave of activity in the LP neuron 
(Figure 1 b), Manor et a/. [33”] showed that under normal 
conditions of rhythmic activity, graded synaptic interac- 
tion is always partially depressed. The extent of this 
depression depends both on the period of the cycle and 
LP’s duty cycle. Over most of the dynamic range of 
pyloric frequency (i.e. 0.1-2.5 Hz), a speed-up of the 
pyloric cycle further depresses the interaction, whereas a 
slow-down partially relieves the depression (Figure lb); 
at very low frequencies (i.e. below 0.3 Hz) depression 
increases. Thus, the strength of graded inhibition is a 
smooth (albeit non-monotonic) function of pyloric fre- 
quency. Similarly, depression is influenced by the duty 
cycle whereby an increased duty cycle increases depres- 
sion. Thus, synaptic strength is a decreasing function of 
duty cycle. These results have been interpreted in terms 
of putative low-threshold Caz+ currents that mediate 
graded release with dynamics similar to those of leech 
heart interneurons. 

Ayali et al. [34”] have shown that dopamine differentially 
affects spike-mediated and graded transmission at 
LP synapses in the pyloric network of lobster. Dopamine 
reduces the input resistance of the postsynaptic PD neu- 
ron and thus reduces the size of spike-mediated IPSPs 
resulting from either spontaneous or evoked (current puls- 
es) single spikes in the absence of observable graded 

transmission (Figure lc). One would expect dopamine 
similarly to reduce graded transmission (evoked with cur- 
rent pulses in the absence of spikes), but, in fact, it 
substantially increases graded transmission (Figure lc). 
Therefore, in the LP to PD synapse of the pyloric pattern 
generator, spike-mediated and graded synaptic transmis- 
sion are modulated independently. This observation 
suggests that different Ca2+ currents may mediate these 
forms of transmission, as has been indicated for leech heart 
interneurons [30’], and that dopamine predominantly 
affects low-threshold Caz+ currents. 

The spikes recorded in the cell body of the LP neuron are 
attenuated potentials (S-10 mV) that have spread passive- 
ly from the axonal spike initiation site. When .such spike 
potentials were added to the voltage-clamp slow waveform 
in the experiments of Manor et al. [33”], they observed 
discrete IPSPs associated with the spike potentials. The 
increased inhibition associated with the ‘spikes’ could be 
obtained using a slow waveform with the same average 
amplitude as the original slow waveform plus ‘spikes’. 
This observation suggests that graded and spike-mediated 
transmission are tightly linked and not independent, as 
suggested in the experiments of Ayali et al. [34”]. It is 
unclear, however, whether soma depolarizations that 
mimic attenuated soma spikes invade synaptic terminals in 
the same way as axon spikes and are thus able to activate 
the same species of CaZ+ current. 

While in no one system is the picture complete, it is 
becoming increasingly clear that both spike-mediated and 
graded synaptic transmission are important in motor pat- 
tern generating networks, at least in invertebrates. Like 
spike-mediated transmission, graded transmission is plas- 
tic and dynamic. Moreover, graded transmission may be 
self-adjusting, so that its strength is commensurate with 
the demands of changing duty cycle and/or cycle frequen- 
cies. These forms of transmission may employ different 
species of Ca2+ currents, and this independence of mecha- 
nism may afford the possibility of differential modulation. 

Network mechanisms: interactions between 
pattern generating networks 
The review by Skinner and Mulloney in this issue 
(see pp 725-732) focuses on segmentally iterated pattern- 
generating networks, which interact to produce traveling 
waves of activity that underlie such behaviors as undulato- 
ry locomotion in both vertebrates and invertebrates. In 
these and other systems, the pattern-generating networks 
have similar cycle frequencies, and their interaction leads to 
a mutual entrainment whereby all the segmental networks 
assume the same cycle frequency. I will focus here on cases 
in which pattern-generating networks with sufficiently dif- 
ferent cycle frequencies interact so that the networks retain 
different cycle frequencies; for example, in the heartbeat 
rhythm of the leech, a slow pattern generator periodically 
switches the output of the fast beat pattern generator (dis- 
cussed above) so that motor neurons to the two hearts are 
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Figure 1 

(a) Leech heart interneurons (b) Dynamics of graded inhibition in lobster 
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In insects, the fast flight pat- 

tern generator interacts with and modulates the slow 

respiratory pattern generator ([36]; see also [37]). In gener- 

al, such interactions are only poorly understood, but in a 

few systems, the mechanisms involved and the functional 

consequences are beginning to be characterized. 
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Crustacean stomatogastric nervous system 

The crustacean stomatogastric nervous system produces 
three different rhythms of activity that control the move- 
ments of the three different chambers of the foregut: the 
cardiac sack, gastric mill, and pylorus [38]. The pyloric 
(average cycle frequency about 1 Hz) and gastric mill 
(average cycle frequency about 0.1 Hz) rhythms interact 
directly in the crab, Cancer borealis, and the cellular basis of 
this interaction has been defined precisely [39,40,41”]. 

The pyloric network is paced by the anterior burster (AB) 
neuron, which under normal conditions is an inherent 
burster. The gastric mill rhythm exists in several forms 
defined by the descending modulatory inputs into the stom- 
atogastric ganglion that activate it. The form that is activated 
by the input neuron MCNl (modulatory commissural neu- 
ron 1) involves reciprocally inhibitory interactions between 
two neurons, interneuron 1 (Intl) and the lateral gastric 
(LG) neuron (Figure Za). MCNl plays a crucial role in gen- 
erating this rhythm, however, because its terminals in the 
stomatogastric ganglion are inhibited presynaptically by the 
LG neuron [6,39,40]. MCNl’s modulatory output onto both 
the LG neuron and Intl is necessary for them to be suffi- 
ciently active to produce oscillation. Descending activity in 
MCNl activates both the LG neuron and Intl, but Intl 
responds much more quickly and fires rapidly, strongly 
inhibiting the LG neuron. Eventually, the LG neuron is suf- 
ficiently excited by MCNl that its from Intl 

and starts fire. LG then strongly 
Intl and inhibits modulatory 

mitter release MCNl. In absence of 
transmitter from LG eventually firing, reliev- 

postsynaptic inhibition Intl and 
inhibition of Intl now as MCNl 
excitation resumes the cycle [39,40]. 

The neuron strongly Intl (Figure so that 
the pyloric is active, activity is 

odically inhibited the pyloric [41”] (Figure 
LG is disinhibited at pyloric frequency 

it is by Intl 2b). During 
gastric rhythms, transition to activity 

(i.e. apparent escape Intl inhibition) occurs 
during disinhibition. Thus, gastric fre- 

is directly by the frequency 
because this periodic Experimentally, this 

is observed a fixed between the of AB 
(in response LG disinhibition) the start LG 

activity a broad of pyloric [41”]. The 
of this is that period will be 

an multiple of pyloric period, least for 
gastric rhythms. it appears 

the pyloric generator governs gastric mill 
generator’s frequency. modeling studies 
these conclusions This example indicates that 

interaction between generating networks 
synchronize their so that phases of 
in the rhythms are precisely. In case of 

pyloric network, activity always at the time 
after beginning of AB phase pyloric activity, 
functionally synchronizing pylorus and mill. This 

affords the to modulate fre- 
quencies the two independently while 

their fixed or modulating fre- 
quencies step, by the governing 

generator. 

The between these pattern generators not 
one however; MCNl also speeds pyloric 
frequency, by modulating AB neuron well 
as pyloric neurons [42] (Figure When the 

is active MCNl-evoked gastric this 
modulation AB is by presynaptic of 
MCNl release. During LG burst, 
pyloric rhythm and weakens 2~). The 
ic slowing timed precisely the LG’s activity, 
which have important for the 
of these chambers of foregut. While pyloric pat- 

generator governs period and fixed 
timing the AB LG activity of the 
rhythms, the pattern generator down- 
modulates pyloric pattern at the 
frequency. This interaction results, part, from 
involvement of a modulatory that is a 
critical of the pattern-generating network 

MCNl-evoked rhythms least) and action 
cannot substituted by modulation [6,39,40]. 
receiving presynaptic feedback locally the 
pattern-generating MCNl’s modulatory is 
itself thus producing oscillation and 
ically modulating frequency. While intrinsic 
neuromodulation been noted other systems it has 

viewed primarily having tonic and its 
odic nature not been 

Molluscan feeding 
Pattern-generating networks consist of subcir- 
cuits normally must in concert in some 
must work Recent studies the molluscan 

circuit illustrates this may accomplished 
[43,44]. pattern-generating networks the lips 

a bilateral of networks, here as 
and the mass exist the cerebral buccal ganglia, 

Under different these pattern-gen- 
networks can in unison independently [43]. 

though all details of these networks 
have yet described, one (CBI-S/6) that to 
be has recently identified as unique 
physiological [44]. CBI-S/6 the 
cerebral buccal ganglia. receives input the cerebral 

during activation the cerebral pattern gen- 
and in buccal ganglion activation of 

buccal mass pattern generator. processes in 
buccal ganglion spikes at frequency, and 
conduct towards soma in cerebral ganglion 
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Finure 2 

Interactions between the gastric (MCNl, LG, 
and Intl) and pyloric (ABIPD) pattern 
generators of the crab stomatogastric 
ganglion. (a) Circuit diagram showing the 
inhibitory synaptic connections (black balls) 
among the gastric and pyloric neurons. MCNl 
also makes modulatory excitatory connections 
to lntl, LG, and AB (horizontal bars) and is 
electrically coupled to LG (omitted for 
simplicity). Cell bodies are represented by 
clear circles, and processes are represented 
by cylinders. Nerve terminals making synaptic 
contacts are represented by lines. (b) An 
MCNl -induced gastric rhythm, as recorded 
from the gastric neurons, lntl and LG. Note 
the AB-mediated inhibition in lntl and 
disinhibition in LG, which occurs in pyloric 
time. Adapted from Nadim et al. [41”1. 
(c) An MCNl -evoked rhythm, as recorded 
from LG, a gastric neuron, and PD, a pyloric 
neuron that is tightly coupled to the pyloric 
pacemaker AB. Note the slowing of the 
pyloric rhythm during LG bursts caused by 
LG’s presynaptic inhibition of MCNl. Adapted 
from Bartos and Nusbaum 1421. 
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influence the cerebral pattern generator. Input in the cere- 
bral ganglion influences the neurons locally but has 
minimal effects in the buccal ganglion because spikes initi- 
ated here are only at very low frequency. Moreover, these 
local inputs in the cerebral ganglion or indeed spikes arriv- 
ing in the cerebral ganglion from the buccal ganglion can 
have their effects amplified by triggering a robust plateau 
potential that greatly augments local synaptic output. 

- 

Because this linking neuron is compartmentalized in its 
input and output, it can link the buccal and cerebral pattern 
generators when the buccal generator is active and yet 
allow the cerebral generator to function independently of 
the buccal generator. More such cases of flexible linkage 
between pattern-generating networks are to be expected, 
as we further explore the interactions between pattern gen- 
erators in this and other systems. 
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Thalamocortical interactions 
Slow-wave sleep is characterized by two different rhythms: 
delta waves (0.54 Hz), as described above, and spindle 
waves [4,9]. Spindle waves are 6-14 Hz oscillations that 
occur in periodic bouts on a background of delta waves. The 
bouts are l-3 s in duration and recur every few seconds 
(3-10 s). These periodic bouts result from the interaction of 
GABAergic neurons of the reticular nucleus of the thalamus 
with thalamocortical neurons [4,9]. The reticular neurons 
produce oscillations at the spindle frequency consisting of 
low-threshold Ca2+ spikes superimposed on a periodic 
slow-wave of depolarization. The oscillations are synchro- 
nized through reciprocal inhibitory interactions (axonal 
and/or dendrodendritic). The reticular nucleus puts out 
periodic synchronized activity at the spindle frequency. 
This output is inhibitory and is widely distributed to thala- 
mocortical neurons. As a result of the interaction between I, 
and the low-threshold Ca2+ current, the relay neurons are 
primed to express delta wave activity at 0.5-l Hz. The 
arrival of IPSPs from reticular neurons at 6-14 Hz results in 
the generation of rebound Ca2+ spikes in individual relay 
neurons at a rate of one every two to four IPSPs (i.e. the 
delta wave frequency). Over the population of relay neu- 
rons, these rebound spikes occur at the IPSP frequency (i.e. 
the spindle frequency). The rapid IPSPs activate 1, [45], 
and the rebound Caz+ spikes shift Ih’s activation to more 
depolarized potentials through increases in [Caz+]i [17”]. 
The net result is that after a few seconds (l-3 s) of spindle 
activity in relay neurons, 1, is so strongly activated that the 
cells depolarize beyond the point where low-threshold Ca2+ 
currents can be de-inactivated by the IPSPs, and a period of 
quiescence ensues [ 17”,45]. The duration of this quiescent 
period corresponds to the inter-spindle interval and is gov- 
erned by the slow deactivation of I,, which, in turn, is 
governed to a large extent by Ih’s down-modulation through 
the reduction of [Caz+]; [17”]. 

This example illustrates the complexity of interactions 
between rhythmically active neuronal networks. The charac- 
teristic frequency of a network can be harnessed by periodic 
input from another network operating at a higher frequency, 
so that the population of neurons in the harnessed network, 
as a whole, expresses activity at the higher frequency even 
though individual elements express their characteristic fre- 
quency. Nevertheless, the intrinsic properties of neurons 
within the harnessed network may themselves impose peri- 
odicity on the interaction by rendering the neurons 
insensitive to the harnessing input on a periodic basis. 

Conclusions 
A truism that has emerged from the theoretical analysis of 
rhythmically active neural networks is that all the interest- 
ing dynamics arise from the interplay of short and long time 
constants. This truism is apparent in much that has been 
discussed above. Thus, the slow dynamics of currents such 
as I,, from leech heart interneurons or I, in thalamocorti- 
cal neurons lead to actions such as the acceleration of an 
ongoing rhythm or the emergence of spindle waves from a 

l of special interest 
**of outstanding interest 

1. Harris-Warrick RM: Pattern generation. Gun Opin Neurobiol1993, 
3:982-966. 

2. Rossignol S, Dubuc R: Spinal pattern generation. Gun Opin 
Neurobiol 1994, 4:894-902. 

3. Dean J. Cruse H: Motor oattern aeneration. In The Handbook of 
Brain Theory and Newa; Networks. Edited by Arbib MA. Cambridge, 
Massachusetts: MIT Press; 1995:600-605. 

4. Sejnowski TJ, McCormick DA, Steriade M: Thalamocortical 
oscillations in sleep and wakefulness. In The Handbook of Brain 
Theory and Neural Networks. Edited by Arbib MA. Cambridge, 
Massachusetts: MIT Press; 1995:976-960. 

5. Marder E, Calabrese RL: Principles of rhythmic motor pattern 
generation. Physiol Rev 1996, 76:687-717. 

6. Nusbaum MP: Presynaptic control of neurones in pattern- 
generating networks. Curr Opin Neurobiol 1994,4:909-Q 14. 

7. Katz PS, Getting PA, Frost WN: Dynamic neuromodulation of 
synaptic strength intrinsic to a central pattern generator circuit. 
Nature 1994, 367:729-731. 

6. Dickinson PS: Neuromodulation in invertebrate nervous systems. 
In The Handbook of Brain Theory and Neural Networks. Edited by 
Arbib MA. Cambridge, Massachusetts: MIT Press; 1995:631-634. 

9. 

10. 

11. 

12. 

Liithi A, McCormick DA: H-current: properties of a neuronal and 
network pacemaker. Neuron 1998,21:9-l 2. 

Steriade M, McCormick D, Sejnowski T: Thalamocortical 
oscillations in the sleeping and aroused brain. Science 1993, 
262:679-685. 

Angstadt JD, Calabrese RL: A hyperpolarization-activated inward 
current in heart interneurons of the medicinal leech. J Neurosci 
1989, 9:2846-2857. 

Gauss R, Seifert R, Kaupp UB: Molecular identification of a 
hyperpolarization-activated channel in sea urchin sperm. Nature 
1998, 393:583-587. 

delta wave background. Viewed in this context, the differ- 
ence between spike-mediated and graded synaptic 
transmission is not only one of threshold and gradation but 
also of dynamical time scale. The fact that both these two 
forms of transmission can coexist, display plasticity with 
complex dynamics, and be modulated independently 
increases the dynamical richness that can be displayed by 
neural networks. Lastly, networks themselves affect one 
another through both fast synaptic and neuromodulatory 
interactions. When these interacting networks operate at 
different time scales, as in the case of the pyloric and gas- 
tric mill pattern generators of the stomatogastric nervous 
system or the reticular nucleus of the thalamus and thalam- 
ocortical neurons, then complex and often unexpected 
dynamics can result. Future progress in understanding pat- 
tern-generating networks and their modulation will require 
not only detailed physiological analyses of membrane, 
synaptic, and network properties, but also theoretical analy- 
ses that will permit us to see how the diverse time constants 
within these networks interact and how they are modulat- 
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