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Abstract The motor program for heartbeat in the me-
dicinal leech is produced by a central pattern generator
that regularly switches between two alternative coordi-
nation states. A pair of switch heart interneurons re-
ciprocally alternate between rhythmically active and
inactive states to e�ect these switches. During sponta-
neous switches in the activity state of switch interneu-
rons, there was no correlation between the duration of a
particular activity state and beat period, indicating that
the timing networks for the switch cycle and the beat
cycle are relatively independent. Simultaneous record-
ings from two switch heart interneurons showed that a
perturbation in the electrical activity of one does not
in¯uence switching of the other and that there is no
synaptic interaction between them. Using voltage clamp,
we characterized an L-like Ca2+ current (measured as
Ba2+ currents), inactivating and non-inactivating K+

currents, a persistent Na+ current, and a hyperpolari-
zation-activated inward current in switch interneurons.
Dynamic clamp experiments show that ``subtraction'' of
an arti®cial switch leak conductance (described previ-
ously by Gramoll et al. 1994) from a switch interneuron
when it is in the inactive state causes it to display activity
associated with the active state. We discuss how the
switch leak conductance may interact with the intrinsic
currents of switch interneurons to control their activity
state.

Key words Motor pattern switching á Dynamic
clamp á Single-electrode voltage clamp á Leech

Abbreviations CP commisural pyloric neuron á CPO
commisural pyloric oscillator á DCC discontinuous
current clamp á HN(R/L, x) heart interneuron on the
right/left side of ganglion #x á HE(R/L, x) heart motor
neuron on the right/left side of ganglion #x á HEPES
N-[2-hydroxyethyl]piperazine-N¢-[2-ethanesulfonic
acid] á NMDG N-methyl-D-glucamine á TEA
tetraethylammonium

Introduction

Rhythmic motor patterns such as locomotory move-
ments, chewing, and breathing are controlled in part by
central neural networks called pattern generators (Dean
and Cruse 1995). These networks can respond dynami-
cally through modulatory synaptic inputs and produce
di�erent motor patterns that meet the current needs of
the organism (Dickinson 1995). In some cases a motor
pattern switches between two alternative forms, either in
response to sensory input, e.g., ingestive feeding versus
rejection (egestive feeding) (Morton and Chiel 1993), or
regularly as in the pattern generator we study, that
controls heartbeat in the medicinal leech.

Blood circulation in the leech is driven by two
muscular lateral ``heart tubes'' which run the length of
the animal (Boro�ka and Hamp 1969). The heart tubes
are alternatively coordinated so that one heart tube
constricts with a rear-to-front peristalsis, whereas the
other constricts synchronously along its length
(Thompson and Stent 1976a; Krahl and Zerbst-Bor-
o�ka 1983). The coordination state of the hearts
switches every 20±40 heartbeat cycles (Thompson and
Stent 1976a; Calabrese 1977; Calabrese and Peterson
1983). The peristaltic coordination mode is associated
with high systolic blood pressure, while the synchro-
nous coordination mode is associated with low systolic
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blood pressure (Krahl and Zerbst-Boro�ka 1983).
Hence the switch is thought to have important physi-
ological signi®cance for circulation. The heartbeat
motor pattern is produced by a heartbeat pattern gen-
erator in the ventral nerve cord (Calabrese et al. 1995).
It comprises seven identi®ed pairs of rhythmically ac-
tive, inhibitory heart interneurons (HN cells) located in
the ®rst seven segmental ganglia (Fig. 1B). The heart
interneuron pairs in the 3rd and 4th ganglia (oscillator
heart interneurons) each form reciprocal inhibitory
synapses and produce alternating oscillatory bursts,
while heart interneurons in the 1st and 2nd ganglia
(coordinating heart interneurons) synchronize the ac-
tivity of the oscillator heart interneurons. These four
pairs of heart interneurons can reset and entrain the
heartbeat motor pattern; thus, they compose the timing
network for heartbeat (Peterson and Calabrese 1982).
This timing network controls the other heart interneu-
rons. The larger network of heart interneurons in turn
controls, via inhibitory synapses, the segmental heart
motor neurons (HE cells), which innervate the hearts
and entrain their rhythmic beating (Thompson and
Stent 1976a,b).

The heart interneurons of the ®fth segmental gangli-
on have been implicated in the control of coordination
mode switching (Calabrese 1977). These switch inter-
neurons (HN(5) neurons) receive inhibitory input from
ipsilateral HN(3) and HN(4) cells and make bilateral
inhibitory connections to the HN(6) and HN(7) cells. It
is the HN(3), HN(4), HN(6) and HN(7) cells that pro-
vide the inhibitory input to heart motor neurons. At any
given time only one switch interneuron is active and
producing rhythmic bursts timed by periodic inhibition
from the timing network [i.e., ipsilateral HN(3) and
HN(4) cells; Fig. 1A]. The other switch interneuron is in
an inactive hyperpolarized state (Fig. 1A). Thus, the
active switch interneuron dictates the activity phase of
the HN(6) and HN(7) interneurons bilaterally (Fig. 1B).
A switch in coordination modes of the hearts occurs
when the activity states of the two switch interneurons
switch reciprocally so that the active switch interneuron
assumes the hyperpolarized inactive state, while the in-
active switch interneuron depolarizes into the active
state (Fig. 1A, arrowheads). Now the activity phase of
the HN(6) and HN(7) cells is controlled by the opposite
switch interneuron. This change in the activity phase of
the HN(6) and HN(7) interneurons partially accounts
for the change in coordination of the heart motor neu-
rons and thus of the coordination modes of the two
heart tubes.

Gramoll et al. (1994) found an outward current in
switch interneurons that is present in the inactive state
and absent in the active state and appears to be re-
sponsible for switching their activity. This switch current
is not voltage sensitive and has a reversal potential
around )60 mV. Dynamic clamp (Sharp et al. 1993a,b)
experiments show that adding an arti®cial conductance
with a linear voltage-dependence and reversal potential
of )60 mV to an active switch interneuron is su�cient to

cause it to enter the inactive state for the duration of the
arti®cial conductance (Gramoll et al. 1994).

The neural control mechanism of this reciprocal
switch in the activity of the two switch heart interneu-
rons is unknown. An important question that remains is
whether the switch is endogenous to the switch

Fig. 1 A1 Simultaneous intracellular recordings from the two switch
heart interneurons (HN interneurons) of the ®fth (5) midbody
ganglion show that only one is rhythmically active at any given time.
The large arrowheads indicate a spontaneous reciprocal switch of their
activity states. A2 An expansion of the region indicated by the bar in
A1 is shown, so that the active and inactive state of the two HN(5)
switch heart interneurons can be more closely compared. B Circuit
diagram of heartbeat pattern generator and the phase relations among
the heart interneurons (HN interneurons) before and after the switch
illustrated in A. Large circles represent HN interneurons (each
identi®ed by the number of its ganglion). Small ®lled circles represent
inhibitory synapses and the lines represent major neurites and axons.
Neurons with similar input and output connections are lumped
together. Neurons that are stippled ®re in phase with one another and
in antiphase with those that are not stippled. The system has two
di�erent coordination states, depending on which of the two HN(5)
switch heart interneurons is active and which is inactive (dashed line)
(Calabrese and Peterson 1983). The coordination of motor neurons
anterior to ganglion 7 is also controlled by the switch interneuron,
which unilaterally drives an unidenti®ed premotor interneuron in a
quasi one-to-one fashion (Calabrese 1977)
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interneurons and their synaptic interactions. Moreover,
the switch interneurons are di�erent from the other
heart interneurons in terms of their functions and
membrane properties (Calabrese 1979). Thus, charac-
terization of the membrane currents of a switch heart
interneuron can help to determine how these currents
contribute to the switch mechanism through their
interaction with the previously identi®ed switch current.
A quantitative description of active membrane proper-
ties of switch heart interneurons will also permit us to
incorporate them into a conductance-based model of the
heart interneuron network (Nadim et al. 1995; Olsen
et al. 1995) leading to a deeper understanding of this
pattern generator as well as shaping future experiments.

Materials and methods

Leeches, Hirudo medicinalis, were obtained from Leeches USA
(Westbury, N.Y.) and kept in aquaria at 15 °C. Most experiments
used a preparation consisting of a chain of ganglia; for the bio-
physical experiments this was midbody ganglia 3 through 6 and
other experiments used chains as indicated in the text. The gang-
lionic chains were dissected from leeches anesthetized in ice-cold
saline and then pinned down in a sylgard-coated (Dow Corning,
Midland, Mich.) Petri dish. The sheath on the ventral or dorsal
surface of the recorded ganglion was removed with ®ne scissors or
micro-scalpels. The preparation was continually superfused with
normal leech saline (Nicholls and Baylor 1968) containing (in
mmol á l)1): NaCl 115; KCl 4; CaCl2 1.8; glucose 10; HEPES bu�er
10: adjusted to pH 7.4 with NaOH or HCl. The switch heart in-
terneurons were identi®ed from either the ventral or dorsal surface
by the posterolateral position of their somata at the very edge of
the ganglion and by their characteristic pattern of rhythmic
bursting and switching. The cells were penetrated with sharp mic-
roelectrodes made from thin-walled (1 mm outer diameter,
0.75 mm inner diameter) borosilicate glass (A-M Systems, Everett,
Wash.). For recordings of normal activity and for most current-
and voltage-clamp experiments, microelectrodes ®lled with 4-
mol á l)1 K-Acetate, 20 mmol á l)1 KCl (unbu�ered, pH 8.4) were
used. In other experiments, microelectrodes were ®lled with
2 mol á l)1 K-acetate, 20 mmol á l)1 KCl, and 2 mol á l)1 tetra-
ethylammonium acetate (TEA-acetate) (unbu�ered, pH 7.9) to
block outward currents.

Current-clamp recordings were made with either an NPI SEC-
05L (Adams & List Associates, Westbury, N.Y.) or an Axoclamp
2 A (Axon Instruments, Foster City, Calif.) electrometer used in
discontinuous current clamp (DCC) mode (sampling rate 20 kHz
for the NPI and >2.5 kHz for the Axoclamp) or in bridge mode
(similar results were obtained with both electrometers). All current
clamp data were recorded on video tape and digitized using Axo-
scope software (Axon Instruments, Foster City, Calif.). Additions
and subtractions of arti®cial conductances with Dynamic Clamp
(Sharp et al. 1993a,b) were performed in DCC mode.

Voltage-clamp recordings were made using an NPI SEC-05L
(Adams & List Associates, Westbury, N.Y.) electrometer used in
single-microelectrode voltage-clamp (SEVC) mode with a sampling
rate of 20 kHz. All voltage-clamp data were acquired and voltage
protocols generated using the pCLAMP program CLAMPEX
(Axon Instruments, Foster City, Calif.). The usual voltage-clamp
protocol consisted of voltage pulses from a holding potential of
)70 mV to various depolarizing voltages. All currents shown were
automatically leak subtracted by using the following protocol, ex-
cept when stated otherwise in the text. Each of the positive pulses
was preceded by four negative pre-pulses of one-fourth magnitude
and equal duration. The interval between the pre-pulses in the se-
quence, the delay between the pre-pulse sequence and the test pulse,
and the interval between pre-pulse and test pulse episodes were all

adjusted for each di�erent test pulse protocol so that the holding
current returned to baseline between all test pulses and/or pre-
pulses, by monitoring the holding current on-line with a chart re-
corder. The sum of the currents for these four pre-pulses was used
as a measure of leak current. After a voltage-clamp experiment,
microelectrodes were withdrawn from the cell. The data of those
experiments in which the microelectrode was within �5 mV of
bath potential (0 mV) were accepted.

To block Na+ currents, a Na+-free (0 Na+) saline was used, in
which Na+ was replaced with an equimolar concentration of
N-methyl-D-glucamine (NMDG) titrated to pH 7.4 with HCl. For
recording of Ba2+ currents, 37.5 mmol á l)1 Ba2+ was added to
0 Na+ solution replacing 54 mmol á l)1 NMDG and 1.8 mmo-
l á l)1 CaCl2. To block Ba2+ current, Cd2+ (100 lmol á l)1) was
added to the 0 Na+, 37.5 mmol á l)1 Ba2+ saline. To block Ca2+

current in the h current study, equimolar Mn2+ or Cd2+ replaced
1.8 mmol á l)1 Ca2+ in normal saline. Cs+ (2±4 mmol á l)1) was
added to 1.8 á mmol á l)1 Mn2+ containing saline to block the h
current. In some experiments characterizing the persistent Na+

current, Ca2+ was replaced in 115 Na+ saline or 0 Na+ saline by
an equimolar concentration of Co2+. All physiological salines were
adjusted to pH 7.4, and experiments were carried out at room
temperature. All beat oscillations and switching activity were
suppressed in salines where Ca2+ was substituted with Co2+, Cd2+,
or Mn2+ and/or in which all Na+ was removed.

Results

Is switching endogenous to switch interneurons
and their synaptic interactions?

An important question that remains to be answered
concerning switching of coordination state in the heart
interneuron network is whether the switching is endog-
enous to the switch interneurons and their synaptic in-
teractions. We sought to resolve this issue in two ways:
by determining the parameters of spontaneous switching
and by testing whether perturbations in the electrical
activity of these interneurons in¯uence switching. We
also determined whether there are any synaptic inter-
actions between these interneurons.

It was important to determine the relation between the
number of beat cycles, the beat cycle period, and the total
duration of the activity state of a switch interneuron, both
as a backdrop for understanding the perturbation ex-
periments, and because correlation between pairs of these
parameters might suggest whether switching and beat
cycle timing were interdependent. During prolonged re-
cording from a rhythmically inhibited switch interneu-
ron, it regularly switches between its active and inactive
state (Fig. 2A). For chains consisting of ganglia 4
through 6, for example, Gramoll et al. (1994) reported a
mean of 28 � 12 cycles (�SD, n = 9), but within a
preparation the variation was only a few cycles.

The processes of the oscillator heart interneurons
HN(3) and HN(4) have in addition to their dominant
spike initiation sites in the 3rd and 4th ganglion, re-
spectively, secondary initiation sites in the 5th ganglion,
which become rhythmically active whenever the con-
nective between ganglia 4 and 5 (C4±5) is cut (Calabrese
1980). There is also a secondary initiation site for the
HN(3) interneuron in ganglion 4 which is expressed
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when C3±4 is cut. Therefore a rudimentary, yet stable
beat rhythm can be recorded in the switch interneurons
in truncated preparations.

The mean beat cycle period was 16.2 � 6.75 s
(n=18) for preparations of the 5th ganglion (C4±5 se-
vered), 12.6 � 5.48 s (n=11) for preparations of the 4th
and 5th ganglion (C3±4 severed), and 10.7 � 3.3 s
(n=16) for preparations of the 3rd, 4th, and 5th gan-
glion. The distribution was normal in each case and
there was an apparent trend to shorter period for shorter
preparations (i.e., number of ganglia included). How-
ever, there were no clusters in the distribution when the
data of all experiments were considered together (Ko-
lmogorov-Smirnow test). We were thus able to compare
switching in preparations of various lengths, which

allowed us to observe switching over a wider range of
periods than if we restricted our analysis to preparations
of ®xed length.

We wanted to know whether there was a relation
between the beat rhythm and the switch rhythm in
switch interneurons. Thus, we compared three parame-
ters of the activity pattern of the switch interneurons:
mean beat period (calculated from ten successive peri-
ods), number of beat cycles in an activity state, and
duration of an activity state (Fig. 2B±D). The number of
beat cycles and the duration of an activity state are
correlated (correlation coe�cient: 0.7, r<0.0005: Pear-
son-Bravais statistical test). The number of beat cycles in
a given activity state and the mean beat period are
less strongly correlated (correlation coe�cient: 0.6,

Fig. 2 A Continuous
recording from an HN(5)
switch interneuron demon-
strating its switching activi-
ty. At the beginning the
neuron was in the inactive
state. It then switched spon-
taneously to the active state
where it remained for 240 s
(31 beat cycles), before
switching to the inactive
state again. The methods for
measuring the activity state
duration and demarcating a
beat cycle and measuring its
period are indicated. B±D
Correlations between the
number of beat cycles, the
beat period and the activity
state durations for 45 di�er-
ent HN(5) neurons (45 dif-
ferent animals, correlation
after Pearson-Bravais). The
correlation coe�cients and
their signi®cance were: B
r=0.68, r<0.0005; C
r=)0.61, r<0.0005; D no
signi®cant correlation. Sym-
bols: squares ± preparations
without ganglia anterior to
ganglion 5; triangles ± prep-
arations with only ganglion
4 attached to ganglion 5;
circles ± preparations with
both ganglia 3 and 4 at-
tached to ganglion 5
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r<0.0005: Pearson-Bravais statistical test), and the pe-
riod and the state duration are not correlated. Because
these correlations are similar for all preparations, data
from all preparations are plotted together in Fig. 2B±D,
but they are distinguished by di�erent symbols. The
relations indicate that the switching mechanism, which
determines the activity states of the switch interneurons,
``counts'' the duration of an activity state rather than the
number of inhibitory cycles in a state. Thus, the beat
rhythm, which is determined by the beat timing network,
and the switching rhythm seem to be independent.

Our previous work (Calabrese 1977; Gramoll et al.
1994) had shown that current pulses did not seem to
perturb the activity state of a given switch interneuron
beyond the duration of the pulse. These experiments had
two limitations which made their interpretation equiv-
ocal. First, they did not assess whether the perturbations
in¯uenced the duration of an activity state. Second, and
most important, they did not determine whether per-
turbations in the activity state of one switch interneuron
in¯uenced the activity state of the other switch inter-

neuron or the coordination of the entire heartbeat net-
work. Figure 3 shows a continuous record of a
simultaneous recording from both switch interneurons
in the same preparation. Only one other such simulta-
neous recording where the integrity of switching was
intact has been reported in which two reciprocal
switches were observed, but perturbation experiments
were not performed (Calabrese and Peterson 1983). All
other direct observations of switching involved record-
ings and perturbations of a single switch interneuron. At
the beginning of the record the right switch interneuron
had been in the inactive state and the left switch inter-
neuron in the active state for 347 s (23 cycles), before a
spontaneous reciprocal switch in activity states at the
®rst upward-pointing arrow. A second spontaneous
switch occurred, at the second upward-pointing arrow,
374 s (23 cycles) later. During those 374 s illustrated, the
inactive interneuron was made active by depolarizing it
with injected current (underline #1) and the active
switch interneuron was made inactive by hyperpolariz-
ing it with injected current (underline #2) without any

Fig. 3 Simultaneous record-
ing of two switch heart in-
terneurons shows a lack of
e�ect of perturbations in
their electrical activity (cur-
rent injection ± bridge mode)
on switching. There is also
no evidence of any synaptic
interactions between the in-
terneurons. The numbered
underlines indicate when
currents were injected
(0.2 nA during underlines 1
and 3, )0.2 nA during un-
derline 2). The upward-
pointing arrows indicate
spontaneous reciprocal
switches in the activity states
of the interneurons. Neither
``turning an on-cell o�'' nor
``turning an o�-cell on'' has
any apparent e�ect on the
duration of a switch inter-
neuron's activity state or on
the activity state of the other
switch interneuron
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apparent e�ect on switching or on the activity of the
opposite interneuron. After the second spontaneous
switch (second upward-pointing arrows), the converse
experiment was performed (only partially illustrated)
with similar results, and a third spontaneous reciprocal
switch occurred after 333 s (20 cycles). Two other cycles
of switching with similar perturbations in the same
preparation failed to show any e�ect on either the ac-
tivity of the unperturbed switch interneuron or duration
of its activity state. Similar experiments were performed
on one other preparation with similar results. All eight
spontaneous switches in these two preparations were
reciprocal, i.e., the two switch interneurons switch ac-
tivity states concurrently. These results show that there
is no synaptic interaction between the switch interneu-
rons. They also demonstrate that, regardless of state,
perturbation with injected current to alter activity does
not in¯uence the state (switching) of the other switch
interneuron. Figure 4 demonstrates that the activity
perturbations of the type illustrated in Fig. 3 do not
alter the coordination of motor neurons on the opposite
side, although they dramatically alter the coordination
of motor neurons on the perturbed side. Thus, the net-
work as a whole is not altered by perturbation of a
switch interneuron's activity state, indicating that per-
turbation of the activity of one switch interneuron does
not in¯uence the activity state of the other.

Membrane currents in switch interneurons

Using SEVC methods we explored the various voltage-
dependent currents present in switch interneurons.

High threshold Ba2+ current and its sensitivity to Cd2+

We conducted a study of Ca2+ currents in switch heart
interneurons. After initial experiments, which involved
holding cells at )40 mV or )70 mV and applying
various voltage pulses, we found that switch heart
interneurons possess Ca2+ currents only of the high-
threshold type. Moreover, these currents were usually
contaminated by outward currents in our recordings. To
reveal these high-threshold currents, we used Ba2+ as a
charge carrier, because a high concentration of Ba2+ not
only blocks outward current well in leech but also pro-
duces a large Ba2+ current (Lu et al. 1997). TEA mic-
roelectrodes were used to further eliminate outward
currents. A switch heart interneuron was then held at
)70 mV, and depolarizing voltage pulses revealed a high
threshold Ba2+ current (Fig. 5). The current activated
from )20 mV and reached peak around 0 mV (Fig. 5A).
It inactivated slowly, with a kinetic pattern similar to L-
type Ca2+ currents (Janis and Triggle 1991). The L-like
Ba2+ current is very sensitive to Cd2+ (Figs. 5B and
5C). After 3 min superfusion of 100 lmol á l)1 Cd2+

containing saline, Ba2+ currents were eliminated over all
voltage pulses tested. Figure 5C shows the di�erence

current in the presence and absence of Cd2+, indicating
the Ba2+ currents are blocked by Cd2+. Current/voltage
(IV) plots (Fig. 6) summarize data from ®ve di�erent
switch heart interneurons. The peak current for each
voltage pulse (Figs. 5A and 5B) was measured. High
threshold Ba2+ currents started to activate around
)20 mV, and reached a maximum current of about
)1.5 nA at 0 mV (n=5).

Outward currents and their sensitivity
to TEA microelectrodes

We next studied outward (K+) currents. The prepara-
tion was superfused with 0 Na+, 0 Ca2+ solution

Fig. 4 Perturbation of the activity state on a switch interneuron alters
the coordination of motor neurons ipsilaterally but not contralater-
ally. Simultaneous recording from two heart (HE) motor neurons on
opposite sides (R and L) of ganglion 4 and the switch interneuron on
the right side (HN(R,5)). The coordination of anterior heart motor
neurons can be discerned from the pattern of IPSPs that they receive:
concurrent small and large IPSPs indicates the peristaltic coordination
state and intense small IPSPs (thick bars) followed by large IPSPs (thin
bars) indicate the synchronous coordination state (Calabrese 1977). At
the beginning of the experiment the switch interneuron (right) was in
the active state; the left motor neuron was receiving the peristaltic
IPSP pattern and the right was receiving the synchronous IPSP
pattern (not illustrated). When the record starts up, the switch
interneuron had been silenced by steady hyperpolarizing current
injection ()0.3 nA) (bridge mode); both motor neurons showed the
peristaltic IPSP pattern. The switch interneuron was then released
from hyperpolarization (®rst arrow head) and displayed its active state;
now the right motor neuron showed the synchronous IPSP pattern
and the left motor neuron retained the peristaltic IPSP pattern.
Renewed suppression of the switch interneuron's activity with injected
current ()0.3 nA) (second arrow head) caused the right motor neuron
to show the peristaltic IPSP pattern, without a�ecting the IPSP
pattern of the left motor neuron. Note the strong correspondence of
the small IPSPs in the ipsilateral motor neuron and the activity of the
switch motor neuron. Close inspection of the records showed that
these IPSPs followed spikes in the switch interneuron in a quasi one-
for-one fashion as reported by Calabrese (1977)
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(1.8 mmol á l)1 Cd2+ or 1.8 mmol á l)1 Co2+ replaced
Ca2+ ± we found no obvious di�erence between the two
substitutes in our experiments). The voltage-clamp ex-
periments revealed outward currents (Fig. 7) similar to
those reported for oscillator heart interneurons in their
kinetic properties (Simon et al. 1992). In the oscillator
heart interneurons three components of outward current
have been recognized (Nadim and Calabrese 1997): IA,
which activates rapidly and inactivates rapidly (inacti-
vation time constant at 0 mV was approximately 50 ms),
IK1, which activates rapidly and inactivates slowly (in-
activation time constant at 0 mV was approximately
500 ms), and IK2, which activates slowly and does not
inactivate (approximately 30% of the total current). The
switch interneurons similarly showed inactivating and
non-inactivating components in their outward currents,
but their activation ranges are shifted to more positive
potentials by approximately 20 mV compared to the
oscillator heart interneurons. Figure 8 illustrates the
activation curves for the peak outward current (inacti-
vating plus non-inactivating currents) and the current at
the end of the step (1500 ms; predominantly non-

inactivating current) obtained from ®ve di�erent exper-
iments. These outward currents were observed regularly
regardless of whether a switch heart interneuron was in
the active state or inactive state when we started to su-
perfuse the preparation with 0 Na+, 0 Ca2+ solution.

The outward currents of switch heart interneurons,
like those of oscillator heart interneurons (Simon
et al. 1992), are insensitive to external TEA (up to
25 mmol á l)1) or 4-aminopyridine (4-AP) (up to
5 mmol á l)1). Internal TEA, however, which was intro-
duced into the cells by di�usion from TEA microelec-
trodes, blocked almost all outward currents (Fig. 7B).
Averaged IV-plots from ®ve di�erent experiments
(Fig. 8) show that internal TEA blocked both inactivat-
ing and non-inactivating outward currents at all mem-
brane potential tested.

For three of the ®ve neurons (no TEA) illustrated in
Fig. 8 we were able to ®t the inactivation phases of the
traces (®ts illustrated in Fig. 7C) to a double exponential
function with a Chebyshev method in CLAMPFIT
(Table 1). Their inactivation phases had two distinct time
constants and a steady o�set, e.g., at membrane voltage
of 10 mV; inactivation time constants of 75 ms
(�0.9 SE) and 450 ms (�36 SE) were observed, and
approximately one-third of the total current did not in-
activate. These data are consistent with the interpretation

Fig. 5A,B Ba2+ currents in switch heart interneurons and the e�ect
of Cd2+(100 lmol á l)1) on these currents. A, B Currents were elicited
from a holding potential of )70 mV by pulse depolarizations ranging
from )30 mV to 20 mV (10-mV increments) in single electrode
voltage clamp (SEVC) (potentials listed next to each current trace) in
control saline (0 Na+ saline with 37.5 mmol á l)1 Ba2+) and in
control saline with 100 lmol á l)1 Cd2+ added, respectively. Voltage
traces are shown above. C The currents in B were subtracted from
those in A to reveal the currents blocked by Cd2+. Vh holding
potential. All records are from the same cell

Fig. 6 Current-voltage plots showing control Ba2+ currents and the
e�ect of Cd2+ (100 lmol á l)1) on these currents. The currents were
obtained under SEVC from a holding potential of )70 mV by pulse
depolarizations ranging from )30 mV to 20 mV in switch heart
interneurons in 0 Na+, 37.5 mmol á l)1 Ba2+ saline. The plots were
constructed from averaged peak currents in the absence (®lled circles)
and presence (®lled squares) of Cd2+ from ®ve di�erent switch heart
interneurons. Error bars indicate standard errors
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that like oscillator heart interneurons, the switch inter-
neurons possess three outward currents, IA, IK1, and IK2.

The existence ofCa2+-dependentK+current in switch
heart interneuron was also tested. There were no obvious
changes in outward currents (as determined by di�erence
currents) in the presence of 1.8 mmol á l)1 Ca2+ as com-
pared with saline containing 0 Ca2+, 1.8 mmol á l)1

Co2+ (data not shown). Therefore, the Ca2+-dependent
K+ current may not exist in switch heart interneurons or
may be too small to detect (when contaminated by Ca2+

currents). Similar results were obtained for oscillator
heart interneurons (Simon et al. 1992).

The reversal potential of outward currents

During voltage pulses, IKA was completely and IK1

partially inactivated after 400 ms; thus, outward cur-
rents observed after 400 ms consisted mainly of IK2.

Hence, the reversal potential of IK2 could be estimated
by examining tail currents (Fig. 9). The cell was held at
)70 mV, and the maximal outward currents were in-
duced by application of voltage pulse to 0 mV. The
pulse was sustained for 400 ms during which IKA and
IK1 were allowed to inactivate, various voltage pulses
were then applied and the deactivating tail currents were
measured. Figure 9A shows the outward currents
evoked by this voltage protocol (inset). The currents
were not leak subtracted. The tail currents were mea-
sured after determining that the new membrane

Fig. 7A±C K+ currents in switch heart interneurons and the e�ect of
2 mol á l)1 tetraethyllammomium (TEA) in the recording microelec-
trode on these K+ currents. Currents were obtained from a holding
potential of )70 mV by pulse depolarizations ranging from )30 mV
to 30 mV (10-mV increments) under SEVC. A, B Currents were
elicited using normal microelectrodes and TEA microelectrodes,
respectively. A K+ currents activated between )20 mV and )10 mV
and consisted of inactivating and non-inactivating components. B
Both inactivating and non-inactivating currents were blocked by TEA
microelectrodes. Voltage traces shown above. Vh holding potential.
Vm membrane voltage. C The currents from A for voltage pulses to
10, 20, and 30 mV are duplicated and the inactivation phase of each
trace is shown ®tted with a double exponential function
�A2 � expfÿ�t ÿ k�=s2g � A1 � expfÿ�t ÿ k�=s1g � C�. In the case of
the middle (+20 mV) trace, e.g., A2=0.35 nA, A1=0.30 nA,
C=0.29 nA, s2=87 ms, s1=817 ms

Fig. 8 Current-voltage plots showing control K+ currents and the
e�ect of 2 mol á l)1 TEA in recording microelectrode on the K+

currents. Currents were obtained from a holding potential of )70 mV
by pulse depolarizations ranging from )30 mV to 30 mV in switch
heart interneurons in SEVC in 0 Na+, 0 Ca2+ (1.8 mmol á l)1 Cd2+)
saline. The plots were constructed from averaged currents from ®ve
cells each using normal microelectrodes: ®lled circles for the IK(peak),
which includes both inactivating and non-inactivating current, ®lled
triangles for IK(1500 ms), which was measured at the end of the 1500-
ms pulse and includes predominantly non-inactivating currents, and
using TEA microelectrodes: open circles for IK(peak) and open
triangles for IK(1500 ms), respectively. Both inactivating and non-
inactivating currents were blocked by TEA microelectrodes over the
entire voltage range tested. Error bars indicate standard errors

Table 1 Inactivation time constants of outward currents in switch
interneurons. n=3. Time constants from ®tting the equation:
�A2 � exp fÿ�t ÿ k�=s2g � A1 � expfÿ�t ÿ k�=s1g � C�
Voltage pulse
(mv)

s2 s1

Mean (ms) SE Mean (ms) SE

10 75 0.9 450 36.0
20 70 10.4 589 124.0
30 63 3.5 475 40.7
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potential was stable (10 ms ± indicated by vertical dotted
line in Fig. 9A). A total of four experiments were carried
out. The average reversal potential of such tail currents
for four cells from di�erent preparations was )62.5 mV
(Fig. 9B). This value is comparable to that given by Si-
mon et al. (1992) for IK2 measured in oscillator heart
interneurons using a similar protocol.

Hyperpolarization-activated inward current
and its sensitivity to Cs+

Another important current found in oscillator heart in-
terneurons is the hyperpolarization-activated inward

current, Ih (Angstadt and Calabrese 1989). Ih contrib-
utes to escape from inhibitory inputs during normal
bursting and helps maintain normal oscillations. Here
we tested for the existence of h current in switch inter-
neurons. A preparation was bathed in 1.8 mmol á l)1

Mn2+ saline (1.8 mmol á l)1 Mn2+ replaced 1.8 mmo-
l á l)1 Ca2+; in a few cases 1.8 mmol á l)1 Cd2+ was used
instead of 1.8 mmol á l)1 Mn2+) to eliminate Ca2+

currents. Under DCC, a cell was held at about )40 mV
and hyperpolarizing current pulses were applied to in-
duce the h current. The membrane potentials showed
slowly developing depolarizing sags after prolonged
hyperpolarizing stimuli, indicating the build up of Ih
(Fig. 10A). Cs+ was found to block h current in oscil-
lator heart interneurons in leech (Arbas and Calabrese
1987; Angstadt and Calabrese 1989). After 3 or more
min superfusion of 2 mmol á l)1 Cs+ containing saline,
such sags were eliminated (Fig. 10B). For the same cell,
voltage clamp was also applied. The preparation was
superfused with 1.8 mmol á l)1 Mn2+ saline, and while a
cell was held at )40 mV various hyperpolarizing voltage
pulses were delivered. The currents were not leak sub-
tracted. Inward currents (h currents) corresponding to
the sags observed in current clamp gradually built up.
The currents activated from )60 mV (Fig. 10C). After 3
or more min superfusion of saline containing 2 mmol l)1

Cs+, h currents were blocked (Fig. 10D). The h current
could be recorded regardless of whether the switch in-
terneuron was in the active state or in the inactive state,
prior to superfusion of the preparation with Mn2+

containing saline.

Persistent Na+ current (P current)

A persistent Na+ current has been observed in oscillator
heart interneurons (Opdyke and Calabrese 1994), which
is thought to promote burst formation. Here we tested
for the existence of P current in switch interneurons.
TEA microelectrodes were used to reduce outward
currents. Switch interneurons were held at )70 mV in
voltage clamp, and voltage pulses from )40 mV to
)10 mV in 10-mV increments were delivered (Fig. 11).
With normal Ca2+ (1.8 mmol á l)1) in the saline, inward
currents were obtained with voltage pulses to )40 mV,
but at higher pulse potentials these currents were con-
taminated with outward currents (Fig. 11A1). The
preparation was then superfused with 0 Na+, normal
Ca2+ (1.8 mmol á l)1) and the voltage protocol repeat-
ed, yielding only outward currents (Fig. 10A2). The
currents in Fig. 11A2 were then subtracted from corre-
sponding currents in Fig. 11A1. The di�erence currents
revealed Na+-dependent currents uncontaminated with
outward currents (Fig. 11A3); these inward di�erence
currents are persistent currents (P currents), carried by
Na+, which are similar to the P currents observed in
oscillator heart interneurons (Opdyke and Calabrese
1994). The spikes in the records are due to fast Na+

currents, which could not be clamped.

Fig. 9A,B Outward currents show a reversal potential at )62.5 mV
as determined from tail currents. A A switch heart interneuron was
stepped from a holding potential of )70 mV to 0 mV for 400 ms to
induce maximum currents, and then stepped to various potentials
ranging from )10 mV to )100 mV to examine the deactivating tail
currents. Currents were measured at 10 ms after the ®nal step (dotted
line). In all of the cells used in this analysis, 10 ms was su�cient time
for the membrane potential to settle to its ®nal value. Inset: voltage
traces. B Tail currents were plotted against deactivating step voltage in
four cells using the same protocol as in A. A linear regression method
was used to ®t each set of data. The average reversal potential was
)62.5 mV. Vh holding potential
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P currents were also studied in the absence of Ca2+, by
using a 0 Ca2+, 1.8 mmol l)1 Co2+ saline. Figure 11B1
shows inward currents evoked in normal Na+

(115 mmol á l)1) and 0 Ca2+ saline. The inward currents
were eliminated after 0 Na+, 0 Ca2+ superfusion
(Fig. 11B2). In some experiments, outward currents were
not as e�ectively blocked as in the experiment illustrated,
therefore a di�erence current analysis was performed in
all these experiments as described above. The di�erence

currents, obtained from the subtraction of Fig. 11B2
from Fig. 11B1 (Fig. 11B3), were inward, persistent (P
currents) and carried by Na+. The P currents started to
activate around )40 mV, reached peak at about )20 mV,
and decreased with further depolarization.

The IV plots of Fig. 12 summarize di�erence current
data from ®ve di�erent cells in normal Ca2+ saline
(Fig. 12A) and from three di�erent cells in 0 Ca2+ saline
(Fig. 12B). Both sets of experiments demonstrate that P
currents are voltage dependent and start to activate
around )40 mV.

Su�ciency of the switch current in determining
the activity state of a switch interneuron

Using dynamic clamp techniques (Sharp et al. 1993a) we
had shown that addition of an arti®cial leak conduc-
tance with a reversal potential of )60 mV was su�cient
to force reversibly an active switch interneuron to

Fig. 10A±D Evidence for a hyperpolarization activated inward
current (Ih) in a switch heart interneuron. Current clamp and voltage
clamp recordings were obtained from a holding potential of )40 mV
using a series of hyperpolarizing pulses in discontinuous current clamp
(DCC) and SEVC, respectively, while the preparation was bathed in
saline in which 1.8 mmol á l)1 Mn2+ replaced 1.8 mmol á l)1 Ca2+.
A Under current clamp, slowly developing depolarizing sags in the
membrane potentials were observed after application of prolonged
hyperpolarizing current pulses (6 s). B The depolarizing sags were
eliminated after 3 mins of superfusion of saline to which 2 mmol á l)1

Cs+ was added. Cm current monitor. Vm membrane voltage. C For
the same cell under voltage-clamp (SEVC), a series of pulse
hyperpolarizations ranging from )50 mV to )120 mV (6 s, 10-mV
increments) were delivered. Slowly activating inward currents,
corresponding to the depolarizing sags of the cell membrane potential
observed in DCC, started to activate around )60 mV. D The inward
currents were eliminated after superfusion of saline to which
2 mmol á l)1 Cs+ was added. Voltage traces shown above. Im:
membrane current. The currents shown were contaminated with spike
currents that cannot be controlled or selectively blocked in leech heart
interneurons

Fig. 11 A1±B3 A persistent, Na+-dependent inward current (IP)
found in both normal saline and 0 Ca2+ (1.8 mmol á l)1 Co2+) saline.
Currents were obtained from a holding potential of )70 mV by pulse
depolarizations ranging from )40 mV to )10 mV (10-mV increments)
in SEVC. TEA microelectrodes (2 mol á l)1) were used to block
outward currents. A Currents recorded from a switch heart
interneuron in normal saline (A1) and 0 Na+, 1.8 mmol á l)1 Ca2+

saline (A2). B Currents recorded from a switch heart interneuron in
115 mmol á l)1 Na+, 0 Ca2+ saline (B1) and 0 Na+, 0 Ca2+ saline
(B2). A3, B3 The currents in A2 and B2 were subtracted from those in
A1 and B1, respectively, to reveal the IP as a di�erence current. The
currents shown were contaminated with spike currents that cannot be
controlled or selectively blocked in leech heart interneurons. Vh

holding potential
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assume a pattern of activity similar to the inactive state
(Gramoll et al. 1994). Such a leak conductance
[13.5 � 3.5 nS (�SD, n = 6), reversal potential
)60.3 � 11.3 mV (�SD, n = 10)] was observed as a
di�erence current between the inactive and active states
of individual switch interneurons (Gramoll et al. 1994).
Results from the repeat of this experiment are illustrated
in Fig. 13. To demonstrate that an inactive switch in-
terneuron has available the full complement of voltage-
gated currents necessary to sustain the active state, but
was suppressed from assuming this state by the switch
leak current, we performed the reverse experiment. We
created an arti®cial ``negative switch leak conductance.''
A negative conductance is created with dynamic clamp by
injecting the exact opposite current that would be injected
by adding an arti®cial conductance. The results of this

experiment are illustrated in Fig. 13C and D for two
values of the negative conductance. This negative con-
ductance reversibly forced the inactive switch interneuron
to assume an activity pattern similar to the active state.

Discussion

During normal operation of the heartbeat pattern gen-
erator in leeches, one switch heart interneuron exists in
an active state and the other in a hyperpolarized inactive
state. A spontaneous switch in coordination mode of
heartbeat in leech occurs when the activity states of a
pair of HN(5) neurons switch reciprocally. How is this
switch implemented?

The neural network for switch control

It is unlikely that the switch heart interneurons switch
activity states by an endogenous mechanism, because
perturbing their membrane potential in either the active
or the inactive state with injected current does not in-
duce switching (Fig. 3). Perturbations of varying dura-
tion, amplitude, and phase were not exhaustively
applied due to the di�culty of ®nding and working with
switch interneuron pairs, but the perturbations were of
su�cient duration, intensity, polarity and phase, that
given the lack of even a hint of an e�ect, this conclusion
seems justi®ed. The lack of correlation between beat
period and activity state duration also makes an en-
dogenous mechanism less likely. One might imagine a
mechanism where periodic inhibition from the beat
timing oscillator might somehow be integrated by the
switch interneuron to terminate the inactive (and/or
active) state, e.g., by periodic build-up of a slow h
current. Such a mechanism has been proposed to ac-
count for the regular repeating periodicity of 7- to 14-
Hz spindle oscillations in thalamic relay neurons (Bal
and McCormick 1996; Lee and McCormick 1996).
Under such a mechanism, activity state duration would
be negatively correlated with beat period.

Spontaneous switches in activity states are always
reciprocal (Fig. 3, see arrows). Thus, if the switch heart
interneurons do switch activity endogenously, they must
interact synaptically (directly or indirectly) to assure the
reciprocity. Here we show that intracellular current in-
jection into a switch interneuron alters its activity but
only for the duration of current injection, and it does not
change the activity of the other switch interneuron.
Therefore, an endogenous mechanism for switching
seems unlikely. We suggest that there is a separate neural
network that exerts reciprocal synaptic actions on the
two switch heart interneurons. Gramoll et al. (1994)
found an outward current in switch heart interneurons
which appears to be responsible for switching the activity
of the switch heart interneurons and hence the coordi-
nation mode of the hearts. This switch current is voltage
independent (leak-like). We suggest that it is this current

Fig. 12A,B Current voltage plots for IP currents of switch heart
interneurons recorded from a holding potential of )70 mV. IP (after
subtraction as shown in Fig. 11) was measured at the end of 1500-ms
voltage pulses ranging from )40 mV to )10 mV in normal saline
(n = 5) (A) or 0 Ca2+ (1.8 mmol á l)1 Co2+) saline (n = 3) (B),
respectively. Error bars indicate standard errors
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that is alternately imposed on the switch interneurons by
the independent switch network postulated above.

Intrinsic membrane currents in switch heart
interneurons

A major goal of this study was to survey the voltage-
dependent currents in switch interneurons and thus as-
sess their inherent membrane properties. Because the
altered salines that are necessary for isolation of speci®c
currents (Ca2+ substituted with Co2+ or Mn2+ and/or
all Na+ substituted with NMDG), suppress beat oscil-
lation and switching, it was not possible to compare
these currents in the active and inactive states. None of
the currents that we measured were dependent on the
activity state of the switch interneuron when we started
to superfuse the cell with such saline.

The outward currents of switch heart interneurons
that we examined here were all voltage dependent, un-
like the switch current discovered by Gramoll et al.

(1994). The currents that we did measure appear to
correspond well to those recorded in oscillator heart
interneurons, IKA, IK1, and IK2 (Simon et al. 1992; Na-
dim and Calabrese 1997), and thus they may have sim-
ilar roles. The h current found in switch heart
interneurons is also comparable to that found in oscil-
lator heart interneurons (Angstadt and Calabrese 1989).
The Ca2+ current that we found in switch interneurons
appears to correspond to the high-threshold Ca2+ cur-
rents (Lu et al. 1997) and not to the low-threshold cur-
rents Ca2+ currents (Angstadt and Calabrese 1991)
previously described in oscillator heart interneurons. In
oscillator heart interneurons the low-threshold Ca2+

currents support plateau formation and graded synaptic
transmission (Angstadt and Calabrese 1991) and the
high-threshold Ca2+ currents appear to support spike-
mediated synaptic transmission (Lu et al. 1997).

The persistent current (P current) found in switch
interneurons is very similar to that found in oscillator
interneurons (Opdyke and Calabrese 1994). In those
interneurons, P current is crucial for burst formation
and oscillation. We suggest that the P current may play a
similar in burst formation in switch heart interneurons.

How does the switch occur?

In this study, several currents have been discovered in
switch heart interneurons (ICa, IKA, IK1, IK2, Ih, IP, and
fast INa). We can present a plausible explanation of how
these intrinsic membrane properties, the inhibitory syn-
aptic inputs from oscillator heart interneurons, and the

Fig. 13 DCC recording from a switch heart interneuron [HN(R,5)]
during the active and inactive states (spontaneous switch from active
to inactive state shown in B). Dynamic clamp was used to add (A) or
``subtract'' (C and D) an arti®cial conductance based on the measured
switch leak conductance (Gramoll et al. 1994) with a reversal
potential of )65 mV. Addition of the arti®cial conductance when
the switch interneuron was in the active state (A) caused the neuron to
display reversibly the activity associated with the inactive state.
``Subtraction'' of the arti®cial conductance when the switch interneu-
ron was in the inactive state (C and D) caused the neuron to display
reversibly the activity associated with the active state
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switch current interact to produce oscillation and
switching in switch heart interneurons.

When a switch heart interneuron is in the active state
(i.e., no switch current present), the cell membrane is not
hyperpolarized and the cell is active in rhythmic bursts.
The burst phase is mainly controlled by IP because of its
low activation threshold. In the absence of inhibition
from the oscillator heart interneurons, IP depolarizes the
cell above spike threshold, and a burst of Na+-dependent
(fast INa) spiking occurs. Synaptic inhibition from oscil-
lator heart interneurons [ipsilateral HN(3) and HN(4)
cells] terminates the burst of the switch heart interneuron
and the switch heart interneuron is now in its inhibited
phase. During the inhibited phase, the cell membrane is
hyperpolarized, which activates h currents. The termi-
nation of inhibition from oscillator interneurons and h
currents gradually depolarize the membrane of switch
heart interneuron, which in turn activates IP, the cell
again enters the burst phase, and another cycle begins.

After a few hundred seconds, a neural network for
switching turns on the outward switch current, and the
membrane potential becomes hyperpolarized. This switch
current is voltage insensitive and probably mediated via a
modulatory synaptic input. The switch heart interneuron
is now in the inactive state. During the inactive state, the
switch heart interneuron still receives periodic inhibition
from oscillator heart interneurons so it still has an in-
hibited phase. Since the membrane is hyperpolarized by
the switch current during the non-inhibited phase, there is
less IP activated and the level of depolarization reached is
insu�cient to support burst formation. The h current
activated during the inhibited phase is presumably too
small to support burst formation during the non-inhib-
ited phase in the presence of the switch current. The dy-
namic clamp experiments of Fig. 13, in which a leak
current was added or ``subtracted'', support such a sce-
nario, because they show that such a leak current is suf-
®cient to mediate a change in activity of a switch
interneuron without concomitant up-modulation or
down-modulation of voltage-dependent currents.

The threshold for ICa appears too depolarized for it
to be directly involved in burst formation and rhythmic
activity, but it is probably activated by axonal spikes
and may mediate synaptic transmission. The outward
currents IK1 and IKA probably mediate spike repolari-
zation and regulate the spike frequency, respectively.
The outward current IK2, being non-inactivating, could
regulate the degree of depolarization during a burst.

Mechanisms of motor pattern switching
in other systems

The cellular mechanisms for motor program switching
have been explored in other animals. In the rock lobster,
Homarus gammarus, the commissural pyloric (CP) neu-
ron is a member of the commissural pyloric oscillator
(CPO), a higher-order neural oscillator entraining the
pyloric network of the stomatogastric ganglion, which

controls the lobster's foregut (Cardi and Nagy 1994).
The CP neuron can switch spontaneously from a non-
oscillating to an oscillating state. The CP neuron and
other follower commissural neurons, the F cells, receive
a common excitatory postsynaptic potential from an-
other commissural neuron, the large exciter (LE). The
LE neuron has not been directly identi®ed electrophys-
iologically. It has been suggested that the switching of
activity states of CP neuron is controlled by a modula-
tory input (possibly from the LE cell), because such
modulation is common in the stomatogastric nervous
system (Bal et al. 1988). The switch interneurons of the
heartbeat central pattern generator in leech are similar
to the CP neuron in that they also spontaneously switch
from a depolarized active state to a hyperpolarized in-
active state or vice versa. Like the switch heart inter-
neurons, an unidenti®ed separate neural network
appears to control switching in the CP neuron.

Another switch neuron that has been identi®ed and
studied is RSi1 from the gill ventilation pattern gener-
ator of the crab, Carcinus maenas (DiCaprio 1990). This
pattern generator generates two motor patterns which
program forward and reverse water ¯ow, respectively,
during irrigation of the gills. The RSi1 cell is depolarized
by 15±20 mV and ®res when the ventilatory motor
output spontaneously switches from forward to reverse
ventilation (DiCaprio 1990). The membrane potential of
RSi1 repolarizes below spike threshold with the spon-
taneous resumption of forward ventilation. Current in-
jection can alter the activity state of RSi1 and in turn the
ventilatory coordination mode, for the duration of cur-
rent injection. The two distinct activity states of RSi1 are
similar to those of switch heart interneurons in leech.
Like these neurons, the RSi1 directly determines the
coordination mode of a pattern generator. The neural
network responsible for switching the activity states of
RSi1 is unknown.

The best understood (mechanistically) example of
switching in the activity state of neurons, albeit not from
a motor pattern generator but from thalamic relay neu-
rons (McCormick et al. 1992), illustrates the important
role that intrinsic membrane properties play during
switching of activity states in neurons. Mammalian tha-
lamic relay neurons display two basic activity states:
rhythmic bursting, during which the neurons are rela-
tively insensitive to synaptic input, and single-spike ac-
tivity or tonic activity, during which the neurons respond
readily to synaptic input (McCormick et al. 1992). Ex-
tracellular and intracellular recordings in vivo reveal that
the two activity states correspond to sleep and wakeful-
ness, respectively. In vitro studies (McCormick and
Prince 1987) show that neuromodulatory inputs (such as
acetylcholine, norepinephrine, and histamine acting on
muscarinic, a1, and H1 receptors, respectively) all
strongly depolarize thalamic relay neurons through re-
duction of a linear (voltage insensitive) K+ conductance.
The depolarization switches the activity state of thalamic
relay neurons from the rhythmic bursting mode into the
single-spike mode. In the absence of these
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neuromodulatory inputs, the neurons hyperpolarize and
re-enter the bursting state. The hyperpolarization pro-
vided by the linear K+ conductance brings the mem-
brane potential into a region where h current is activated
and where inactivation is removed from low-threshold
(T-type) Ca2+ current. These two currents support
rhythmic bursting (Sejnowski et al. 1995). The modula-
tory reduction of this K+ conductance depolarizes the
cell out of the range where h current can be activated and
into a range where the T-type Ca2+ current is inacti-
vated; the cell now spikes tonically or in response to
synaptic input. In contrast, in switch heart interneurons,
a linear (presumably modulatory and possibly a K+)
conductance hyperpolarizes the cell into a range (Gra-
moll et al. 1994) where a voltage-gated inward current
(IP) can not be activated to support burst formation.

The network that controls switching in switch heart
interneurons is still unknown. Identi®cation of the ele-
ments of this network is a crucial next step for under-
standing the mechanism of motor pattern switching in
the leech heartbeat system.
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