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Pacemaker Mode to Drive Movement by Activating
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Rhythmic activity is central to brain function. In the vertebrate CNS, the neuronal circuits for breathing and locomotion involve inhibi-
tion and also neurons acting as pacemakers, but identifying the neurons responsible has proven difficult. By studying simple hatchling
Xenopus laevis tadpoles, we have already identified a population of electrically coupled hindbrain neurons (dINs) that drive swimming.
During rhythm generation, dINs release glutamate to excite each other and activate NMDA receptors (NMDARs). The resulting depolar-
ization enables a network mechanism for swimming rhythm generation that depends on reciprocal inhibition between antagonistic right
and left sides. Surprisingly, a surgically isolated hemi-CNS without inhibition can still generate swimming-like rhythms. We have now
discovered that activation of NMDARs transforms dINs, which normally fire singly to current injection, into pacemakers firing within the
normal swimming frequency range (10 –25 Hz). When dIN firing is blocked pharmacologically, this NMDAR activation produces 10 Hz
membrane potential oscillations that persist when electrical coupling is blocked but not when the voltage-dependent gating of NMDARs
by Mg 2� is removed. The NMDA-induced oscillations and pacemaker firing at swimming frequency are unique to the dIN population and
do not occur in other spinal neurons. We conclude that NMDAR-mediated self-resetting switches critical neurons that drive swimming
into pacemaker mode only during locomotion where it provides an additional, parallel mechanism for rhythm generation. This allows
rhythm generation in a half-CNS and raises the possibility that such concealed pacemaker properties may be present underlying rhythm
generation in other vertebrate brain networks.

Introduction
Rhythmic activity is widespread in the vertebrate CNS control-
ling functions like locomotion, respiration, sleep, and memory
consolidation (for review, see Buzsáki and Draguhn, 2004;
Ramirez et al., 2004). Rhythm generating networks rely on both
synaptic connections between network neurons and the cellular
properties of the neurons (Getting, 1989; Harris-Warrick, 2002;
Arshavsky, 2003; Ramirez et al., 2004; Guertin, 2009; Brocard et
al., 2010). Vertebrate locomotion requires rhythmic patterned
activation of trunk and limb muscles. Although spinal networks
can organize such locomotor rhythms, it is generally assumed
that descending excitation from hindbrain reticulospinal neu-
rons is necessary to activate NMDA receptors (NMDARs) and
turn on the spinal rhythms (Arshavsky et al., 1984; Atsuta et al.,
1990; Noga et al., 1991). To investigate whether pacemaker prop-
erties are involved in rhythm generation, tetrodotoxin (TTX) has
been used in many preparations to block impulses. NMDA in-
duces slow (typically �1 Hz) membrane potential oscillations in

motoneurons and some interneurons, which may contribute to
their rhythmic firing during locomotion (Grillner and Wallén,
1985; Wallén and Grillner, 1985, 1987; Hochman et al., 1994a,b;
Sillar and Simmers, 1994; Rioult-Pedotti, 1997; Guertin and
Hounsgaard, 1998; Reith and Sillar, 1998; Prime et al., 1999; Tre-
sch and Kiehn, 2000; Wilson et al., 2005).

In hatchling Xenopus tadpoles, we have recently established
that one type of reticulospinal neuron (dINs) provides the exci-
tatory synaptic drive to spinal neurons during swimming loco-
motion. The reliable generation of the swimming rhythm
depends, first, on dINs exciting each other by releasing glutamate
to activate AMPA receptors (AMPARs) and NMDARs; second,
on rebound firing in the dINs after reciprocal inhibition (Li et al.,
2006; Soffe et al., 2009); and third, on the dINs being electrically
coupled to each other (Li et al., 2009). However, a swimming-like
rhythm of motor activity at 15–25 Hz can also be produced by a
single, surgically isolated side of the CNS (hemi-CNS) even
when inhibition is blocked by antagonists (Soffe, 1989).
Single-sided swimming rhythms have also been found in the
lamprey (Cangiano and Grillner, 2003, 2005). Similarly, the
pharmacological block of glycinergic transmission does not
stop the generation of rhythmic activity in either intact cord or
hemicord preparations in the mouse (Droge and Tao, 1993;
Cowley and Schmidt, 1995; Ozaki et al., 1996; Kremer and
Lev-Tov, 1997) and adult frog (Rioult-Pedotti, 1997). These
results suggest that other, possibly cellular pacemaker mecha-
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nisms are present that do not depend on
inhibition. Our aim is to reveal pace-
maker properties in the tadpole swim-
ming circuit that could contribute to
normal network rhythm generation and
also allow a single side of the CNS to
generate rhythm.

We found that the application of
NMDA can indeed transform the reticulospi-
nal dIN neurons that drive swimming into
pacemakers. Since dINs synapse with each
other and release glutamate to activate
NMDARs, this suggests a novel role for
NMDAR activation to self-reset the firing
properties within a neuronal population
while it is in an active state.

Materials and Methods
Preparation. Human chorionic gonadotropin
injections were performed regularly in our Xe-
nopus colony to induce mating. Embryos were
collected and incubated at different tempera-
tures to alter their developmental rates. All ex-
periment procedures have been approved by
local Animal Welfare Ethics committee and
comply with United Kingdom Home Office
regulations. Xenopus tadpoles [stage 37/38
(Nieuwkoop and Faber, 1956)] were briefly
anesthetized using 0.1% MS222 (3-amino-
benzoic acid ester) (Sigma-Aldrich), and then
immobilized using 10 �M �-bungarotoxin
(Tocris Bioscience) and mounted onto a small
Sylgard stage using fine tungsten pins for dis-
section as described previously (Li et al., 2002).
The saline had the following concentrations (in
mM): 115 NaCl, 3 KCl, 2 CaCl2, 2.4 NaHCO3, 1
MgCl2, 10 HEPES, adjusted to pH 7.4 with
NaOH. Once the CNS was exposed (see Fig.
1 A–C), the hemi-CNS preparation was made
by cutting through the cord caudally at the
eighth to ninth muscle segment and the hind-
brain at the level of the ear vesicle (fifth to sixth
rhombomere segments). The left side of the
hindbrain and spinal cord was then removed
between these cuts (see Fig. 1 D). The nervous
system was then opened and tissue removed to
expose neuronal somata to allow access of
whole-cell recording electrodes.

Recordings. After dissection, whole-cell current-clamp recordings
were made from exposed neuronal somata using patch pipettes filled
with 0.1% Neurobiotin (Vector Laboratories) in the intracellular solu-
tion (concentrations in mM: 100 K-gluconate, 2 MgCl2, 10 EGTA, 10
HEPES, 3 Na2ATP, 0.5 NaGTP, adjusted to pH 7.3 with KOH). Pipettes
had DC resistances ranging from 10 to 20 M�. Whole-cell recordings
were mostly made using Axon Multiclamp 700B, digitized with Digidata
1440A, sampled with pClamp 10 software (Molecular Devices). Some
whole-cell recordings were made with Axon-2B amplifier, CED 1401
plus digitizer, and Signal software (Cambridge Electronic Design). Tip
potentials were corrected before making recordings. Microperfusion of
NMDA or L-glutamate (Sigma-Aldrich) was done by using a glass pipette
with an opening of 10 �m at the tip positioned as close as 30 �m to the
recorded soma. To test the effects of NMDA on dIN properties (firing,
oscillations), the level of NMDAR activation was adjusted by changing
either the perfusion pressure or the distance of the microperfusion pi-
pette from the recorded neuron somata. In this case, the actual concen-
tration of NMDA reaching its sites of action can vary from trial to trial
and will be lower than the concentration in the pipette because of dilu-

tion with saline. In a few experiments, NMDA or L-glutamate (both at
100 mM prepared with equimolar sodium hydroxide) was applied by
microiontophoresis. The microiontophoresis electrodes had DC resis-
tances of 150 –200 M� when filled with 3 M potassium acetate and were
placed within 50 �m upstream to the recording site. Pulses of negative
current �2.5 nA were configured using pClamp10 and injected through
the second channel of the MultiClamp 700B. Simply positioning the
microiontophoresis electrode close to the recorded neuron did not cause
a membrane potential change so holding currents were not used. In
immobilized tadpoles, fictive swimming was evoked by 1 ms current
pulse stimulation to the skin, dimming the microscope light, or, in some
hemi-CNS preparations, stimulating the hindbrain directly. Motor nerve
recordings were made by placing a suction electrode on the segmented
swimming muscle clefts to monitor spinal cord outputs. In preparations
in which TTX (Sigma-Aldrich) or Cd 2� was used to block action poten-
tial triggered synaptic transmission, the half-hindbrain was left intact so
light dimming could be used to evoke swimming-like rhythms so active
dINs could be found using extracellular recording. In many hemi-CNS
preparations, NMDA was microperfused onto the caudal hindbrain/ros-
tral spinal cord region to initiate rhythmic activity. Such activity was

Figure 1. Diagrams of the tadpole, experimental setup, activity during swimming, and dIN anatomy. A, Tadpole at stage 37/38.
B, Tadpole in a side view to show CNS (shaded). The asterisk (*) marks caudal end of hindbrain. C, Top view of tadpole CNS and
swimming myotomes. D, Hemi-CNS preparation. Electrodes and pipettes: stim., stimulation; dIN, whole cell; mp, microperfusion;
m.n., motor nerve; s.c., spinal cord. E, dIN activity during light dimming evoked swimming-like rhythm recorded directly from the
caudal spinal cord in normal saline. The dotted line in this and other figures indicates resting membrane potential. The record in the
gray areas (a) in this and other figures are expanded. F, Low-power tracing of CNS from side showing the dIN in E and high-power
photo of the boxed area (same dIN as in Fig. 2C). The dashed line at asterisk separates midbrain and hindbrain. G, A dIN firing
reliably at the onset of square current injections (left) fails to fire any spike to slowly rising depolarization (middle) but can fire after
a reduction of slow sinusoidal current injection ( I) for 25 ms.
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monitored either by making motor nerve recordings or by recording
directly from the caudal hemicord using a suction electrode (see Fig. 1).
When 18-�-glycyrrhetinic acid (18-�-GA) (Sigma-Aldrich) was used to
block the electrical coupling, 100 �M NMDA was bath-applied to induce
oscillation. In this case, pairs of dINs were recorded in perforated whole-
cell recording mode using amphotericin B (100 �g/ml; Merck4Biosciences)
to facilitate stable recordings in both neurons. Electrical coupling coefficient
was defined as the percentage of voltage response in the uninjected neuron
relative to the response in the injected neuron. Neuronal anatomy revealed
by Neurobiotin filling was used for final neuronal identification. Transmitter
antagonists (full name; receptor type) used included the following: strych-
nine (GlyR); 6-imino-3-{4-methoxyphenyl}-1{6H}-pyridazinebutanoic
acid hydrobromide (SR95531; also called gabazine) (GABAARs); 2,3-
dihydroxy-6-nitro-7-sulfamoylbenzo-[f]quinoxaline (NBQX) (AMPAR);
D-(�)-2-amino-5-phosphonopentanoic acid (D-AP5) (NMDAR) (Tocris
Bioscience); and dihydro-�-erythroidine (DH�e) (nAChRs) (Research Bio-
chemicals International).

Data analyses. These were performed with Dataview (version 6.1,
courtesy of Dr. W. J. Heitler, University of St. Andrews, St. Andrews, Fife,
UK) and SPSS. To classify neuronal responses to NMDA application in
the presence of TTX, autocorrelation was applied to the recordings to

extract the oscillation frequency [the inverse of
the time ( T) to the first autocorrelation peak]
and measurements of the first autocorrelation
peak and trough. Cluster analyses using oscil-
lation amplitude, frequency, and the difference
between the first autocorrelation trough and
peak measurements were used to classify neu-
rons using SPSS. Power spectrum analyses
were performed using dIN recordings to com-
pare the frequency composition of the oscilla-
tions. Phase plots were used to evaluate the
synchronicity of oscillations in the simulta-
neously recorded dINs. To evaluate rhythmic-
ity of either motor nerve or spinal cord bursts,
the records were rectified first. Then a thresh-
old amplitude was set to trigger events and
histograms of intervals between these events
produced using Dataview. Coefficients of
rhythmicity were calculated as follows: Cr �
(a1 � a2)/(a1 � a2), where a1 and a2 are the
sizes of the second peak and first trough of the
histogram, respectively (Thörn Pérez et al.,
2009) (see Fig. 9B). Similar measurements
were made of events triggered by action poten-
tials in whole-cell recordings from individual
neurons. Means were compared using t tests
unless stated otherwise.

Results
Neurons in the caudal hindbrain were
identified as reticulospinal dINs during
experiments by their unusually long dura-
tion action potentials and single spike per
cycle firing during swimming-like activity
(Fig. 1E) (Li et al., 2006). They were filled
with Neurobiotin and the identification
confirmed if they possessed a descending
ipsilateral axon (Fig. 1F). The dINs re-
corded in this paper shared the same
properties, physiology, activity during
swimming, and anatomy as dINs and
hdINs (hindbrain dINs) already exten-
sively documented (Li et al., 2004, 2006,
2009; Soffe et al., 2009). Significantly,
they typically fire just a single action po-
tential at the onset of a step depolarizing
current injection, even well above thresh-

old (Figs. 1G, 2A). Only interrupting the depolarization with
negative current or synaptic inhibition can make them fire
again on rebound (Soffe et al., 2009). However, these dINs do
not fire to slowly rising depolarization. When tested in eight
dINs, slowly rising ramp or 0.5 Hz sinusoidal current injection
did not produce spikes even when neurons were depolarized
to membrane potentials (�10.5 � 6.3 mV) well above their
firing thresholds measured in response to square current
pulses (�30 � 4.5 mV) (Fig. 1G). Firing could still be induced
in slowly depolarized dINs on rebound from a negative shift in
potential.

NMDA induced repetitive firing to current in
reticulospinal dINs
During swimming, reticulospinal dINs in the caudal hindbrain
receive glutamatergic excitation from other dINs, which activates
both AMPAR and NMDAR and summates to provide a sustained
background excitation (Li et al., 2006). Here, we tested whether

A

B

C

D

E

Figure 2. dINs fire repetitively to NMDA and glutamate application. A, At rest, a dIN fires single action potentials to current
injections. B, dIN in A fires repetitively when 100 �M NMDA applied by microperfusion depolarized the membrane potential by�5
mV from rest (dotted line). C, Repetitive dIN firing response to microperfusion of NMDA alone. D, Another dIN fired repetitively to
microperfusion of 1 mM glutamate. In C and D, saline contained 1 �M strychnine, 20 �M SR95531, 5 �M NBQX, 2 �M DH�e, and 150
�M Cd 2�. E, The responses of a dIN to L-glutamate applied via a microiontophoresis electrode (�0.8 nA,�20 �m away from dIN)
before, during, and after antagonist mixture (D-AP5, etc.: 50 �M D-AP5, 1 �M strychnine, 20 �M SR95531, 5 �M NBQX, 2 �M DH�e)
dropped into a small well upstream to the recording chamber. Saline contained 150 �M Cd 2�. Shaded area records a– e and f are
expanded on the right.
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NMDA application could additionally induce any pacemaker-
like properties in dINs.

We examined the effects of NMDAR activation by using a
pipette with �10 �m tip opening to microperfuse 100 �M

NMDA onto dINs (Fig. 1D) with 1 �M strychnine and 20 �M

SR95531 in the saline. By adjusting the microperfusion pressure
and pipette distance from the recorded cell body, we were able to
microperfuse sufficient NMDA to slightly depolarize the mem-
brane potential (typically by 5�10 mV). This small depolariza-
tion makes it clear that at the dIN resting potential, NMDARs
are not fully blocked by Mg 2� (cf. Mayer et al., 1984; Soffe and
Roberts, 1989). Interestingly, when this was done, 15 of 16 single
firing dINs started to fire repetitively in response to current in-
jection (Fig. 2B). In seven dINs, a series of currents were injected
to investigate the firing frequency range. This was very narrow
and lay mainly within the normal tadpole swimming frequency
range (7–27.4 Hz; mean, 17.8 � 1.7 Hz; one dIN with a wider
range of 19 – 44 Hz) (Fig. 3B). Bigger NMDA depolarization even
without current injection always led to repetitive dIN firing (n �
15 dINs) often followed by rhythmic network activity. To avoid
such activity and test whether the NMDA was acting directly on
dINs to induce repetitive firing, we used 150 �M Cd 2� to
globally block synaptic transmission and 1 �M strychnine, 20
�M SR95531, 2 �M DH�e, 5 �M NBQX to block specific iono-
tropic receptors. In this case, NMDA induced dIN firing with
frequency ranging from 5 to 30 Hz (mean of averages: 16.9 �
2.6 Hz, n � 7 dINs, 1192 spikes analyzed) (Figs. 2C, 3A).
Although dINs were previously shown to corelease ACh along
with glutamate (Li et al., 2004), repetitive firing in the pres-
ence of the antagonist DH�e demonstrates that nicotinic re-
ceptor activation is not necessary for the transformation of
dIN firing properties.

Since dINs release glutamate, we microperfused 1 mM

L-glutamate while using 1 �M strychnine, 20 �M SR95531, 2 �M

DH�e, 5 �M NBQX, and 150 –200 �M Cd 2� to block other iono-
tropic receptors. When glutamate-induced depolarizations were
small, dINs started to fire repetitively to injected current. Larger
glutamate-induced depolarizations made dINs fire repetitively
without additional current (Fig. 2D). The dIN firing frequencies
to glutamate applications (mean of average: 16.4 � 1.9 Hz, n � 5
dINs, 680 spikes analyzed) are similar to those seen with NMDA
applications (Fig. 3A) ( p � 0.74). L-Glutamate (n � 5) or NMDA
(n � 1, �0.05 to �2.5 nA) applied by microiontophoresis also
revealed that repetitive dIN firing can be evoked within �200 ms
(from microiontophoresis current onset to first spike peak:
179 � 95 ms; shortest, 81 ms) (Fig. 2E), equivalent to a few
swimming cycles. When 50 �M D-AP5 was included in the antag-
onist mixture, glutamate-induced membrane depolarization was
mostly blocked and glutamate could not make dINs fire (n � 7)
(Fig. 2E), further confirming that the activation of NMDARs
rather than other ionotropic or metabotropic glutamate recep-
tors is necessary to induce repetitive dIN firing.

The NMDA-induced firing of dINs has two significant fea-
tures for their possible role as conditional pacemaker neurons in
the swim rhythm generator: first, the firing rates of dINs in
NMDA were restricted and were increased little by increasing
current injection, and second, the firing rates lay mostly within
the natural 10 –25 Hz range of swimming frequencies seen in the
tadpole (Fig. 3B) (Kahn et al., 1982). In contrast, other spinal
neurons that are active during swimming (n � 9) fired repeti-
tively to positive current injections at frequencies up to 200 Hz,
which are considerably higher than those of swimming (Fig. 3C)
(Sautois et al., 2007). These neurons also fired repetitively at high

frequencies to current injection when their membrane potential
was depolarized by microperfused NMDA (Fig. 3C) (5.2–14.4
mV from rest). So, unlike dINs, firing characteristics of other
spinal neurons are not noticeably changed by NMDA.

NMDA induced oscillations in reticulospinal dINs
Our next step was to examine what happens in the presence of
NMDA to make single-firing dINs into potential pacemakers that
fire repetitively within the swimming frequency range. Previous
work on embryonic Xenopus spinal neurons had revealed NMDA
induced fast membrane potential oscillations when action poten-
tials were blocked by TTX (Prime et al., 1999). We therefore used
0.4 �M TTX to exclude spikes and therefore spike-evoked chem-
ical synaptic transmission and then applied NMDA to see
whether oscillations were induced. Both microperfused and
bath-applied NMDA (20 –100 �M) induced clear membrane po-
tential oscillations in 75 of 77 dINs recorded (Fig. 4A). When

Figure 3. The frequency range of NMDA-induced firing. A, Comparison of dIN firing fre-
quency distributions evoked by NMDA and glutamate applications in the presence of 1 �M

strychnine, 20 �M SR95531, 2 �M DH�e, 5 �M NBQX, and 150 –200 �M Cd 2� (NMDA, 1192
spikes from 7 dINs; glutamate, 680 spikes from 5 dINs). Counts of spikes per frequency bin were
normalized to percentages for each neuron and averaged across the sample. B, C, Effects of
current level on neuronal firing in the presence of NMDA in dINs (red symbols and lines in B) and
non-dINs (blue in C). The gray symbols in C show non-dIN firing in control saline. The green area
shows normal swim frequency range (10 –25 Hz).
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NMDA was applied, the dIN membrane
potential depolarized and often passed
through a region where oscillations oc-
curred before reaching a depolarized pla-
teau. In these cases, we used negative
current injection to bring the membrane
potential down to a level at which oscilla-
tions were present and stable. Lowering
the concentration of NMDA by carefully
reducing microperfusion pressure or in-
creasing microperfusion distance (see
Materials and Methods) showed that it
was not necessary to limit the depolariza-
tion by negative current injection for os-
cillations to be produced (n � 21 dINs
examined).

The TTX-resistant oscillations were
seen over a wide range of membrane po-
tentials. Broadly, the peak-to-trough am-
plitude of the oscillations was biggest at
membrane potentials between �25 and
�30 mV, when amplitude could reach
�30 mV, and became smaller when the
membrane potential was either more or
less negative than this (Fig. 4C) (n � 6
dINs). Oscillation frequency changed
very little when current injection was
used to set membrane potential (Fig.
4 D), typically varying �1 Hz over a 100
mV range (linear regression coefficients:
0.008 � 0.015 Hz/mV, n � 5 dINs). This
insensitivity of frequency to membrane po-
tential was very similar to that reported
for presumed motoneurons by Prime et
al. (1999).

The observation that membrane po-
tential oscillations were reliably evoked by
NMDA in the presence of TTX suggested
that fast sodium channels are not essential
for their generation. From a wide range of
previous studies, and the membrane po-
tential range at which their amplitude was
largest, it seemed very likely that the
voltage-dependent unblock and block of
NMDARs by Mg 2� could contribute to
the oscillations. When Mg 2� was re-
moved from the saline (containing the
inhibitory transmitter blockers 1 �M

strychnine and 20 �M SR95531), NMDA
application sufficient to produce a small
depolarization below dIN firing threshold
[around �28 mV (Sautois et al., 2007)]
was no longer able to transform single-
firing dINs to repetitive firing in response
to depolarizing current (n � 10) (Fig.
5A,C). When the NMDAR depolariza-
tion was above dIN firing threshold, dINs
in 0 Mg 2� saline also failed to fire repeti-
tively in contrast to those in saline with 1
mM Mg 2� (n � 9) (Fig. 5B,D). When
TTX was present, NMDA application in 0
Mg 2� saline depolarized dINs but no
longer produced oscillations of mem-

A

B C D

Figure 4. NMDA-induced dIN oscillations in TTX. A, Depolarization and membrane potential oscillations in a dIN during NMDA appli-
cation (bar) in TTX. Shaded areas a– c are expanded below to show oscillations. B, Frequency distribution of TTX-resistant oscillations in
dINs evoked by microperfused NMDA (1589 cycles from 10 dINs). Counts of cycles per frequency bin were normalized to percentages for
each neuron and averaged across the sample. C, The relationship between the amplitude of NMDA-induced TTX-resistant oscillations and
membrane potential changed by current injections. D, The relationship between oscillation frequency and half-oscillation height mem-
brane potential levels when NMDA was bath-applied. The different symbols indicate different dINs.

A

C

E

D

B

Figure 5. Removal of Mg 2� from the saline abolished both NMDA-induced repetitive firing and TTX-resistant oscillations in dINs. A, In
saline containing Mg 2�, dIN fired repetitively to current injection during NMDA application. B, When NMDA leads to larger depolarization,
dIN also fires repetitively. C, When Mg 2� was removed from saline, the dIN only fired once to current injection during NMDA application.
D, In 0 Mg 2�, another dIN failed to fire any spikes when depolarized only by NMDA. E, In 0 Mg 2�and TTX, NMDA application did not evoke
oscillations in a dIN even during negative current injection. a– c records are expanded.
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brane potential (n � 6) despite varying
the membrane potential over a wide range
using current injection (Fig. 5E). These
observations suggested that the voltage-
dependent Mg 2� block of NMDARs plays
a critical role in the generation of NMDA-
induced oscillations and pacemaker firing
in dINs.

To determine whether other spinal
neurons that are active during swimming
showed similar TTX-resistant NMDA-
induced oscillations, we examined the
activity of 31 non-dIN neurons (13 mo-
toneurons and 18 non-dIN interneurons)
after the microperfusion of 100 �M

NMDA in the presence of TTX. To pro-
duce comparable activation of receptors
in different cell types, we adjusted the per-
fusion of NMDA to produce similar levels
of depolarization. Generally, closer and
higher pressure NMDA perfusion was
needed in the non-dINs than in dINs.
Some of these neurons (seven motoneu-
rons and four non-dIN interneurons) re-
sponded with a sustained depolarization
and an increasingly noisy membrane po-
tential but no sign of oscillations (Fig. 6A).
The remaining 20 neurons showed some
form of oscillatory response (Fig. 6B,C).
However, their oscillatory responses ap-
peared to differ significantly from those in
dINs and so the two were compared in
detail.

To compare NMDA-induced oscilla-
tions, autocorrelation analyses were ap-
plied to activity from 21 dINs and the 20
other spinal neurons showing some oscil-
latory response. We measured the follow-
ing: the main oscillation period (P) and
converted this to frequency; the stability
of the oscillation (the difference between
the first autocorrelation peak and trough)
(Fig. 6D); and mean oscillation ampli-
tude. Cluster analyses using the three
measures resolved three groups of neuron
(Fig. 6E). Twenty-one dINs formed a sin-
gle cluster characterized by �10 Hz oscil-
lations of high amplitude (9.6 � 2.1 Hz;
34.0 � 9.4 mV). This cluster also con-
tained a single motoneuron, although the
oscillations in this motoneuron were rather slower and weaker
than most of the dINs in the same cluster (6.9 Hz; 7.2 mV). A
second cluster contained two motoneurons and six interneurons
and was characterized by a much lower oscillation frequency than
the dINs but a high amplitude (2.2 � 1.1 Hz; 27.4 � 10.0 mV)
(Fig. 6B). A third cluster containing three motoneurons and
seven interneurons had relatively weak �5 Hz oscillations (5.2 �
2.6 Hz; 6.2 � 4.3 mV) (Fig. 6C). A single interneuron with unre-
liable oscillations at much higher frequency (47.5 Hz; 29 mV) was
close to the dIN cluster but formed a lone dendrogram branch
(Fig. 6E, asterisk). The oscillations shown by the dIN group (in-
cluding the single motoneuron) were significantly different in
most measured parameters from the other two groups (Fig. 6F).

Overall, this analysis shows that reliable, strong (�10 Hz) mem-
brane potential oscillations in the presence of NMDA are almost
exclusively a feature of dINs, and not of other spinal neuron types
(summarized in Fig. 6G). At �10 Hz, these oscillations lie at the
lower end of the normal range of swimming frequencies in the
hatchling tadpole. The variability of dIN oscillations, reflected in the
distances between individual cells of the dIN cluster in the dendro-
gram, appears to be smaller than for the other two groupings.

Effects of a gap junction blocker on NMDA-induced
oscillations
An important factor to consider is that the dINs form an electri-
cally coupled population. Gap junctions and electrical coupling

Figure 6. Comparison of responses of dINs and non-dIN neurons active during swimming to NMDA in TTX. A, A motoneuron only
produced depolarization and increased noise. B, A non-dIN interneuron produced big, slow oscillations during NMDA-evoked
depolarization. C, In another motoneuron, there were only small �10 Hz oscillations. The dashed lines indicate resting membrane
potentials. D, Autocorrelation of oscillations in a dIN. The first autocorrelation peak period ( P) and peak–trough difference are used
for cluster analysis in E. E, Dendrogram of a cluster analysis result showing three clusters of neurons with oscillations at 10, 2, and
5 Hz. The asterisk (*) marks the one non-dIN interneuron with high-frequency unreliable big oscillations. F, Comparing the
oscillation frequencies, amplitudes and autocorrelation peak-to-trough differences in the three clusters in E (**p � 0.01, ANOVA).
G, The proportion of dINs, motoneurons, and non-dIN interneurons with oscillatory responses. The color coding in G also applies to
F. For details, see main text. Error bars indicate SD.
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play a role in neuronal network rhythm generation and mem-
brane potential oscillations in many other systems. We recently
reported electrical coupling between dINs in the tadpole (Li et al.,
2009). It was therefore important to explore the significance of
this electrical coupling in TTX-resistant NMDA-induced oscilla-
tions in dINs. In this same recent study, we assessed a range of gap
junction blockers in the tadpole and found 40 �M 18-�-GA to
provide the best combination of potency and specificity. 18-
�-GA was therefore used to block the electrical coupling in five
simultaneous recordings from 10 dINs. To maintain long and
stable whole-cell recordings, the perforated patch-clamp method
was used. Simultaneous recordings allowed us to monitor di-
rectly the timing and effectiveness of electrical coupling block.
18-�-GA reduced coupling coefficients from 8 � 3.2 to 1.6 �
0.3% (78% block) after application for �30 min. When the elec-
trical coupling block stabilized, the ability of dINs to generate
TTX-resistant �10 Hz oscillations to bath-applied NMDA
persisted (Fig. 7A). However, synchronization between the si-
multaneously recorded dIN pairs was significantly weakened in
18-�-GA (Fig. 7B). Cross-correlation analysis showed that
NMDA-induced oscillations were highly regular and synchro-
nized in control (peak cross-correlation coefficients: 0.88 � 0.07,
n � 5 pairs). In 18-�-GA, cross-correlation peak coefficients fell
significantly (0.51 � 0.15; n � 5; paired t test, p � 0.012). This
weakening of synchronization is clearly shown in polar plots of

the mean phase differences between oscil-
lations in pairs of dINs (Fig. 7C). Power
spectrum analysis showed that, with the
weakening of synchronization, the range
of oscillation frequencies increased while
peak frequencies significantly decreased
(from 10.6 � 2 to 7.5 � 1.3 Hz; n � 10
dINs; paired t test, p � 0.001) (Fig. 7D).
These results show that gap junctions play
a significant role in synchronizing oscilla-
tions between coupled dINs, and presum-
ably across the whole dIN population, and
by doing so also increase and stabilize os-
cillation frequency (Soto-Treviño et al.,
2005). There was an increase in oscillation
amplitudes after 18-�-GA block (28.7 �
11.4 to 38.8 � 6.7 mV; paired t test, p �
0.016), which could result from electrical
coupling block. However, differences in
oscillation amplitudes are very sensitive to
average membrane potential levels (Fig.
4C) and are also affected by the progress of
amphotericin perforation of patch mem-
brane at the beginning of recordings.

Swimming-like rhythms in
hemi-CNS preparations
If the conditional pacemaker properties of
dINs induced by NMDA play a role in the
generation and maintenance of swim-
ming activity, then there are two predic-
tions: first, swimming-like activity should
be present when the inhibition that leads
to postinhibitory rebound firing in dINs is
blocked (Soffe, 1989); second, swimming-
like activity should be blocked by treat-
ments that block NMDA-induced dIN
pacemaker properties (NMDAR antago-

nists and 0 Mg 2� saline). To test these predictions in hemi-CNS
preparations, we used 20 �M SR95531 and 1 �M strychnine to-
gether to block GABA and glycine inhibition. To initiate
swimming-like motor activity without application of NMDA,
three or four 1 ms current pulses at 30 – 40 Hz were applied to the
hindbrain region (approximately seventh rhombomere region).
These stimuli evoked sustained rhythmic motor nerve bursts in
all 10 hemi-CNS preparations tested (Fig. 8A,C) (mean episode
length, 5.3 � 3.7 s; range, 1.4 –21.1 s).These episodes were shorter
than fictive swimming episodes seen in intact tadpoles. The fre-
quency of motor nerve bursts fell quickly at the start of each
episode (Fig. 8E). The average frequency was 20.6 � 0.8 Hz (5
tadpoles, 17 episodes), similar to that seen in the first 5 s in intact
tadpole fictive swimming (19.1 � 1.8 Hz; n � 6 tadpoles; 15
episodes; p � 0.21) (Fig. 8F).

When 25 �M of the NMDAR antagonist D-AP5 was bath-
applied for 5 min, these episodes of rhythmic motor nerve activ-
ity were shortened by 98.4 � 2.4% (mean episode length: 0.12 �
0.19 s; p � 0.002, paired t test; n � 5 tadpoles) (Fig. 8A,B). There
was partial recovery after washing for 15 min (mean episode
length: 2.0 � 2.3 s; 29 � 35.6%). Critically, the rhythmic activity
was also significantly shortened by 90.6 � 15.1% when tadpoles
were bathed in saline with 0 Mg 2� (mean episode length: 0.38 �
0.39 s; p � 0.005, paired t test; n � 5 tadpoles) (Fig. 8C,D) with
partial recovery after washing for 10 min (63.9 � 48.5%). These

Figure 7. Blocking gap junctions desynchronizes the oscillations evoked by NMDA application in TTX. A, Simultaneous recording
from two dINs shows their oscillations in control and in 18-�-GA. B, Desynchronization of NMDA oscillations in 18-�-GA. Stretched
1 s oscillations marked by gray bars in A to show the synchrony of oscillation in the two dINs. Amplitudes of oscillations (blue from
25.4 mV in control to 39.8 mV, red from 26.8 to 39.2 mV) were normalized and records overlapped for easier comparisons in A and
B. C, Polar plots of the mean relative phase of oscillations in five pairs of simultaneously recorded dINs before (black arrows) and
after 18-�-GA application (green arrows, 5.5 s of oscillation analyzed in each record). D, Power spectrum of 5.5 s of oscillation in
control and during the coupling block in A.
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data suggest that both NMDAR activation
and Mg 2� are important in the generation
of rhythmic activity in the simplified
hemi-CNS preparation in the presence of
inhibitory transmitter blockers.

NMDA induced hemi-CNS rhythmicity
Direct recordings previously showed that,
when active, dINs release glutamate to ex-
cite each other (Li et al., 2006). The above
results have now shown that NMDAR ac-
tivation by glutamate or NMDA can mod-
ulate the firing properties of these dINs,
making them able to fire repetitively at
frequencies similar to rhythmic swimming
and therefore to act as conditional pace-
makers. In addition, our extracellular
recordings from intact spinal cord and
hemi-CNS preparations showed that
swimming-like rhythmic activity, after
removing inhibition, depended on
NMDAR activation. To test our conclu-
sion that the conditional pacemaker activ-
ity of dINs provides a mechanism for
rhythm generation, we checked that di-
rect microperfusion of NMDA onto a
hemi-CNS preparation led to rhythm
generation even when inhibition was
blocked. This also allowed us to directly
examine the activity of dINs during rhyth-
mic activity and test the quality of the
rhythm generated. One hundred micro-
molar NMDA was microperfused onto
the caudal hindbrain with inhibitory
transmitter blockers (1 �M strychnine and
20 �M SR95531) in the saline. A suction
electrode was placed on the caudal spinal
cord to record spinal network activity.
NMDA application resulted in reliable
rhythmic activity, which, unlike the re-
sponses to electrical stimulation described above (Fig. 8A,C),
could persist as long as NMDA was present (tested up to 260 s) in
13 of 13 tadpoles (�300 trials) (Fig. 9A,C).

Whole-cell recordings were made from nine dINs during
NMDA-induced hemi-CNS rhythmic activity. All these dINs
were depolarized and fired reliably throughout rhythmic net-
work activity. However, very often (108 of 162 trials), rhythmic
dIN firing began before the hemi-CNS rhythm, consistent with
its initiating the network rhythm. During hemi-CNS rhythmic
activity, dINs reliably fired a single spike in phase with each
rhythmic spinal cord (s.c.) burst (Fig. 9A). In contrast, recordings
from 22 non-dIN interneurons showed a different form of re-
sponse in that most (7 of 7 motoneurons; 11 of 15 non-dINs)
responded to microperfused NMDA with a relatively weak depo-
larization (6 � 3.89 mV; range, 0 –15 mV) and never fired until
the whole spinal cord network had become active (n � 191 trials)
(Fig. 9C). The remaining four non-dINs belonging to the two
types of inhibitory interneuron in the swimming circuit some-
times (14 in 26 trials) responded to NMDA with a stronger de-
polarization and occasional firing (5–38 Hz) (not illustrated).

The whole-cell recordings, which suggest that firing occurs
exclusively in dINs before the onset of hemi-CNS rhythmic ac-
tivity and show that they fire reliably throughout rhythmic activ-

ity, again focused attention on the central role of the dINs. If
conditional pacemaker activity in dINs was driving the hemi-
CNS rhythm, we might expect that the quality of rhythm (stabil-
ity and consistency) would be stronger in the dINs than in other
neurons. However, we might expect the quality to be less strong
than in the intact tadpole with inhibition and therefore postin-
hibitory rebound firing present. To address these questions, we
used the coefficient of rhythmicity (see Materials and Methods)
to assess the quality of fictive swimming generated after sensory
stimulation in the intact tadpole and the swimming-like rhythms
in the hemi-CNS in response to NMDA. This comparison ap-
pears reasonable given that the frequencies of spinal cord
rhythms in the hemi-CNS induced by NMDA microperfusion
(21.1 � 3.3 Hz; n � 7 tadpoles) were very similar to those in the
first 5 s of fictive swimming in intact tadpoles without inhibitory
transmitter blockers ( p � 0.73).

We first compared the coefficient of rhythmicity (Cr) of spikes
in individual whole-cell recordings and Cr of motor nerve bursts
(monitoring motor output) in intact tadpoles. These were then
compared with similar measurements in hemi-CNSs without in-
hibition. The value of Cr for dIN firing in the intact tadpole was
very high (1.00; n � 6). Values for non-dINs and for motor nerve
activity in the intact animals were almost as high (0.94 � 0.07 and

A B

C D

E F

Figure 8. Endogenous swimming-like activity in hemi-CNS without inhibition relies on NMDAR activation and Mg 2�. A, An
example of motor nerve (m.n.) records showing swimming-like activity episodes before, during, and after D-AP5 application (25
�M; 5 min). B, Time series plots showing changes in episode durations in five experiments when hindbrain was stimulated every
100 s. C, D, Effect of 0 Mg 2� saline on swimming-like activity. E, Frequency of swimming-like m.n. activity in hemi-CNS after
stimuli at time � 0. The gray symbols are from 17 episodes in five tadpoles, and the black dots are moving averages. F, The
hemi-CNS m.n. rhythm frequency is similar to that in the first 5 s of that in intact tadpole fictive swimming. In A and C, insets a– c
show m.n. at expanded timescale. Error bars indicate SD.
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0.98 � 0.01; n � 6 tadpoles analyzed). Surprisingly, values of Cr
for dIN firing in hemi-CNS rhythms induced by NMDA were
also very high, even in the presence of inhibitory transmitter
blockers and therefore in the absence of postinhibitory rebound
(1.0; n � 6). In contrast, the values for non-dINs and for spinal
cord bursts (monitoring network activity) in the hemi-CNS were
significantly lower (0.61 � 0.16, n � 18 non-dINs; and 0.70 �
0.16, n � 7 tadpoles; see above; p � 0.01). This reduction in the
quality of the motor rhythm compared with the firing of dINs was
not surprising given that the blockers were likely to have removed
precise inhibitory timing information.

Overall, these results together with those of the previous sec-
tion indicate that, in the presence of normal extracellular Mg 2�

and with inhibition removed, NMDAR activation alone can be
sufficient to induce and maintain rhythmic activity in dINs,
which drives rhythmic activity in the whole spinal cord motor
network.

NMDA-induced conditional pacemaker activity of dINs not
only appears to provide an additional mechanism for rhythm
generation within each side of the CNS, and not requiring inhi-
bition, but it can produce rhythmic activity equivalent to that

seen during swimming in the intact ani-
mal. It should therefore be possible to
simply remove inhibition from an intact
CNS and reveal independent rhythms on
the two sides. To test this, we applied
30 –50 �M NMDA to a �700 �m length of
spinal cord isolated by transecting at the
third and seventh post otic segments and
removed inhibition by using 1 �M strych-
nine and 10 –20 �M SR95531 or 20 �M

bicuculline (Fig. 10A, diagram). Soon af-
ter introducing the inhibitory transmitter
blockers, NMDA application induced
rhythmic swimming activity, which alter-
nated between the two sides (mean fre-
quency, 22.9 � 5.2 Hz; n � 5 animals)
(Fig. 10A,B). Left–right coupling then be-
came lost indicating a significant reduc-
tion of inhibition between the two sides.
Despite this, rhythmic activity contin-
ued independently on each side at similar
frequencies (right side, 22.4 � 3.1 Hz; left
side, 22.8 � 3.7 Hz) (Fig. 10C,D). These
independent rhythms were presumably
not attributable to postinhibitory re-
bound but were most plausibly attribut-
able to conditional pacemaker activity in
spinal cord members of the dIN popula-
tions on each side of the CNS. In support
of this, it has been shown previously that
little rhythm can be generated in the spi-
nal cord by applied NMDA when in 0 mM

Mg 2� (Soffe and Roberts, 1989).

Discussion
This paper describes a novel type of iono-
tropic receptor-mediated self-resetting
within a defined population of brainstem
neurons. Intrinsic modulation of neuro-
nal and synaptic network properties by
other network members occurs in inver-
tebrates (Katz and Frost, 1996; Sakurai
and Katz, 2003), mediated by neuro-

modulators such as serotonin or peptides, and can be state de-
pendent, altering according to presynaptic and postsynaptic
activity. Intrinsic modulation has also been described in verte-
brates, primarily involving metabotropic transmitter receptors
[e.g., metabotropic glutamate receptors (El Manira et al., 2002;
Lieske and Ramirez, 2006; Chapman et al., 2008)]. However, here
we describe a self-resetting role for ionotropic NMDA receptors.
We have shown that the agonist NMDA, or the likely transmitter
L-glutamate, can transform the reticulospinal dIN neurons that
drive tadpole swimming (Li et al., 2006; Soffe et al., 2009) into
pacemakers that fire repetitively within the swimming frequency
range. With spiking blocked, NMDA application produces oscil-
lations in these neurons at similar frequencies. Since dINs syn-
apse with each other and release glutamate to activate NMDARs
(Li et al., 2006), they can modulate the firing properties of their
own population, specifically while in an active state. This targeted
self-resetting allows one particular neuron type, the excitatory
dIN neurons driving swimming, to be transformed rapidly
(equivalent to a few swimming cycles) into pacemaker mode only
while rhythm generation is occurring. One consequence is that

Figure 9. Network activity in hemi-CNS induced by local microperfusion of NMDA onto the hindbrain in saline containing 1 �M

strychnine and 20 �M SR95531. A, dIN is depolarized and starts to fire before rhythmic s.c. activity starts. B, Distribution histogram
of the intervals between s.c. burst triggered events in A. a1 and a2 are peak and trough counts respectively used for calculating
coefficient of rhythmicity (Cr � 0.99 for record in A). T is used for calculating rhythm frequency. C, A motoneuron is only slightly
depolarized and starts to fire when rhythmic s.c. activity starts.
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the pacemaker properties of neurons during activity are not re-
vealed when studied at rest.

Many rhythm-generating networks controlling movement
comprise symmetrical half-centers coupled by reciprocal inhibi-
tion (Arshavsky et al., 1993; Marder et al., 2005; Feldman and Del
Negro, 2006; Marder and Bucher, 2007; Brocard et al., 2010).
Inhibition may play a role in rhythm generation, but many net-
works can operate without it (Droge and Tao, 1993; Cowley and
Schmidt, 1995; Ozaki et al., 1996; Kremer and Lev-Tov, 1997;
Rioult-Pedotti, 1997; Stein et al., 1998; Cui et al., 2004, 2005;
Cangiano and Grillner, 2005; Samara and Currie, 2008). The new
self-resetting mechanism we describe provides one mechanism to
explain this. The simple central pattern generator (CPG) network
for tadpole swimming only contains dINs, two types of glyciner-
gic inhibitory interneurons and motoneurons, greatly facilitating
analysis of rhythm generation (Roberts et al., 2008). The current
“emergent network” hypothesis is based on network connections
in which dINs feed back glutamate excitation, depolarize each
other by activating NMDARs, and then fire on rebound after
reciprocal inhibition from the other side of the CNS (Li et al.,
2006; Roberts et al., 2008; Soffe et al., 2009). With inhibition
blocked pharmacologically and by removing one side of the CNS,
some rhythm remained (Kahn and Roberts, 1982; Soffe, 1989).

This suggested that pacemaker neurons were present but they
remained elusive, even though the hemi-CNS with inhibition
blocked simplified the CPG network to just dINs and motoneu-
rons. Based on in situ whole-cell recordings, Xenopus tadpole
swimming CPG neurons were proposed to be conditional oscil-
lators because they could fire repetitively (Aiken et al., 2003).
However, our much larger sample of recordings showed that
most CPG neurons either fire repetitively at much higher fre-
quencies than the normal swimming range (Sautois et al., 2007)
or singly (dINs) to current injections (Li et al., 2006). Little evi-
dence supported the conditional oscillator proposal. Our present
results show that dINs are transformed by NMDAR activation
into pacemakers, firing at frequencies seen during swimming. In
contrast, NMDA application has little effect on the high-
frequency firing of other spinal CPG interneurons. Because only
dINs fire at swimming frequencies during NMDAR activation
and because they provide the excitatory input onto motoneu-
rons, they are the clear candidates to drive hemi-CNS rhythms
after either NMDA application or hindbrain stimulation. The
hatchling Xenopus tadpole swimming CPG therefore uses a curi-
ous new mechanism, self-resetting, to allow rhythm generation
without inhibition.

What is the role of NMDAR-dependent oscillations in rhyth-
mic systems? The oscillations we have described in tadpole dINs,
in TTX, could directly drive their NMDAR-induced pacemaker
firing, as suggested by their similar (�10 Hz) frequencies.
However, it is more likely that the currents responsible for the
oscillations normally interact with fast spike currents and fast
ligand-gated synaptic currents in a more complex way to in-
fluence dIN rhythmic firing during swimming, perhaps stabi-
lizing and constraining the frequency range. Since dINs appear
to be the only tadpole spinal neurons showing fast, NMDA-
induced oscillations [those described from presumed motoneu-
rons by Prime et al. (1999) may actually have been from dINs], it
should be possible to discover their role. This is important given
the compelling evidence that hindbrain and spinal dINs provide
the synaptic excitation that drives tadpole swimming (Li et al.,
2006; Soffe et al., 2009). The functional significance of the much
slower (�1 Hz) NMDA-induced, TTX-resistant oscillations
reported in other animals, from neurons including spinal mo-
toneurons and some interneurons, remains unclear. In mo-
toneurons of lamprey, frog tadpoles, and adult frogs (Grillner
and Wallén, 1985; Wallén and Grillner, 1985, 1987; Sillar and
Simmers, 1994; Rioult-Pedotti, 1997; Reith and Sillar, 1998;
Prime et al., 1999), oscillation frequencies are somewhat slower
than the locomotor rhythm. In motoneurons of turtles (Guertin
and Hounsgaard, 1998) and mammals (Hochman et al., 1994b;
MacLean et al., 1997; Tresch and Kiehn, 2000), oscillation fre-
quencies are closer to those during fictive locomotion. However,
it is uncertain whether the motoneurons are necessary for rhythm
generation (Cowley et al., 2005), since motoneurons are not gen-
erally considered part of vertebrate CPGs, or whether the oscilla-
tory mechanisms help pattern motoneuron firing (Brocard et al.,
2010). In neonatal rat, slow (�1 Hz) TTX-resistant, NMDA-
induced oscillations are seen in interneurons lying around the
central canal (Hochman et al., 1994a). Some of them may be
counterparts to Hb9-positive glutamatergic neurons in mice
(Wilson et al., 2005; Ziskind-Conhaim et al., 2008), which are
possible components of the spinal rhythm-generating network
(Brownstone and Wilson, 2008; Kwan et al., 2009; Brocard et al.,
2010). Faster TTX-resistant, NMDA-induced oscillations seem
less common but are found in some interneurons surrounding
the neonatal rat central canal (Hochman et al., 1994a), as well as
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Figure 10. Network activity in the spinal cord induced by bath perfusion of NMDA. A, Sus-
tained swimming rhythm recorded from motor nerves (m.n.) on opposite sides of a �700 �m
length of spinal cord. B, Phase plot showing activity alternates between the two sides (also see
shaded cycle in A). C, Rhythm continues despite phase uncoupling produced by 1 �M strychnine
and 20 �M SR95531. D, Phase plot for record in C.

16618 • J. Neurosci., December 8, 2010 • 30(49):16609 –16620 Li et al. • Neurons Switch into Pacemaker Mode



some adult Xenopus spinal motoneurons (Rioult-Pedotti, 1997),
hippocampal pyramidal cells (Ganong and Cotman, 1986), and
midbrain dopaminergic neurons (Deister et al., 2009). However,
their roles are not known.

In this study we have shown that Mg 2� is necessary for the
NMDA-induced, TTX-resistant dIN oscillations, repetitive dIN
firing, and hemi-CNS rhythms when inhibition was blocked.
However, without Mg 2� dINs do not fire to slow depolarizations
and only fire once at the onset of depolarizing current injections
even when NMDA is present. Experiments in TTX have shown
that Mg 2� in some way promotes the generation of membrane
potential oscillations, presumably by voltage-dependent block-
ing and unblocking of NMDARs but the role of other currents
(like Ca 2�-dependent K�) is not yet clear. When dINs act as
pacemakers to drive hemi-CNS rhythms, similar mechanisms are
presumably operating but remain to be investigated. The role for
Mg 2� here may be more complicated because Mg 2� can also
block other currents like L-type calcium currents (Kuo and Hess,
1993). In lamprey, it has been proposed that Ca 2�-dependent
K� currents, low-voltage-activated Ca 2� currents and Na�-
dependent K � currents could interact with TTX-resistant
NMDA oscillations to mediate undulating motoneuron mem-
brane potential changes during fictive swimming (for review, see
Grillner, 2003). Investigation of such currents in Xenopus dINs is
hampered by their mutual electrical coupling (Li et al., 2009) and
the lack of satisfactory, coupling blockers. Electrical coupling is a
feature of many other rhythm-generating networks, and there is
debate about whether it contributes to rhythm generation (for
review, see Kiehn and Tresch, 2002; Connors and Long, 2004). In
the tadpole, significant block of electrical coupling desynchro-
nizes but does not stop NMDA-induced oscillations, although it
makes the normal swimming rhythm less reliable (Li et al., 2009).
The coupling makes direct investigation of the cellular mecha-
nisms of oscillations difficult. For example, hyperpolarizing a
single dIN does not change oscillation frequency or block oscil-
lations as it should in an uncoupled neuron (Fig. 4C,D). If repo-
larization depends on Ca 2�-dependent K� currents, then
intracellular BAPTA injection might prevent it but oscillations
can still spread in from other dINs. Transformation of dINs into
pacemakers by NMDAR activation requires an inward current
activated as the partial Mg 2� block becomes reduced by depolar-
ization, and then a repolarization process after the spike. Other
currents may contribute to pacemaker properties, for example,
the persistent sodium current (INaP) identified in mammalian
locomotor CPG neurons (Tazerart et al., 2008). All of this re-
mains to be investigated.

In conclusion, our evidence shows that NMDA-induced
10 –25 Hz repetitive firing of excitatory reticulospinal neurons
(dINs), in the presence of Mg 2�, can generate a swimming-like
rhythm in both the half- and intact CNS when inhibition is
blocked. This rapid intrinsic self-resetting acts exclusively be-
tween members of a single homogeneous population of excita-
tory premotor interneurons and is mediated by an ionotropic
transmitter receptor. It may give the rhythm-generating network
additional robustness in life in which many such networks have
multiple rhythm generation mechanisms (Marder et al., 2005).
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