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The V2a class of Chx10-expressing interneurons has been implicated in frequency-dependent control of left–right phase during locomo-
tion in the mouse. We have used the Chx10::CFP mouse line to further investigate the properties and locomotion-related activity of V2a
interneurons in the isolated neonatal spinal cord. V2a interneurons can be divided into three classes, based on their tonic, phasic, or
delayed-onset responses to step depolarization. Electrical coupling is found only between neurons of same class and helps to synchronize
neuronal activity within the class. Serotonin (5-HT) excites isolated tonic V2a interneurons by depolarizing the neurons and increasing
their membrane input resistance, with no significant effects on action potential properties, a mechanism distinct from 5-HT excitation of
commissural interneurons. During NMDA-/5-HT-induced locomotor-like activity, patch-clamp recordings and two-photon calcium
imaging experiments show that approximately half of V2a interneurons fire rhythmically with ventral root-recorded motor activity; the
rhythmic V2a interneurons fired during one half of the cycle, in phase with either the ipsilateral or the contralateral L2 ventral root bursts.
The percentage of rhythmically firing V2a interneurons increases during higher-frequency fictive locomotion, and they become signifi-
cantly more rhythmic in their firing during the locomotor cycle; this may help to explain the frequency-dependent shift in left–right
coupling in Chx10::DTA mice, which lack these neurons. Our results together with data from the accompanying paper (Dougherty and
Kiehn, 2009) reinforce earlier proposals that the V2a interneurons are components of the hindlimb central pattern generator, helping to
organize left–right locomotor coordination in the neonatal mouse spinal cord.

Introduction
Neural networks in the ventral spinal cord called central pattern
generators (CPGs) organize locomotor behavior in the absence of
supraspinal and sensory inputs (Kudo and Yamada, 1987; Cazalets
et al., 1995; Kjaerulff and Kiehn, 1996; Cowley and Schmidt,
1997; Kremer and Lev-Tov, 1997; Whelan et al., 2000; Kiehn,
2006). Recently, genetic and developmental tools have been de-
veloped to help identify the interneurons that comprise the loco-
motor CPG network, and a number of different genetically
defined neuronal types have been investigated (Jessell, 2000;
Lanuza et al., 2004; Hinckley et al., 2005; Gosgnach et al., 2006;
Wilson et al., 2007; Crone et al., 2008, 2009; Zhang et al., 2008).
The V0 interneurons, comprising a large population of inhibitory
commissural interneurons (CINs), are necessary to maintain
left–right alternation, while the ipsilaterally projecting inhibitory

V1 interneurons regulate the speed of locomotor behaviors
(Lanuza et al., 2004; Gosgnach et al., 2006). V3 interneurons help
to maintain robust and stable locomotor output (Zhang et al.,
2008). These studies provide a framework to study the relation-
ship between electrical properties of individual neurons in each
class and their role in generating patterned locomotor activity.

In this paper, we address the properties of V2a interneurons.
The V2 population generates two subgroups, of which the V2a
group can be detected by its selective expression of the transcrip-
tion factor Chx10 (Briscoe et al., 2000; Peng et al., 2007). The V2a
interneurons are glutamatergic, ipsilaterally projecting neurons
and are activated (as seen by activity-dependent c-fos labeling)
during fictive locomotion (Al-Mosawie et al., 2007; Lundfald et
al., 2007; Crone et al., 2008, 2009). Their role in locomotion has
been studied in Chx10::DTA mice, whose V2a interneurons are
selectively ablated (Crone et al., 2008, 2009). V2a interneurons
are not essential for locomotor-like rhythm generation but play
an important role in left–right alternation (Crone et al., 2008).
Our previous study showed that the loss of the V2a interneurons
affects the left–right phase in a locomotor frequency-dependent
manner (Crone et al., 2009). At low locomotor frequencies, the
left–right phase is well maintained in some Chx10::DTA mice,
while at high frequencies, the left–right phase shifts toward syn-
chronous left–right limb coordination (Crone et al., 2009). How
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the V2a interneurons participate in the locomotor CPG to regu-
late left–right coordination remains largely unanswered.

In this study, we used the isolated neonatal Chx10::CFP spinal
cord to characterize the membrane properties, synaptic interac-
tions, serotonergic modulation, and firing properties of identi-
fied V2a interneurons during fictive locomotion evoked by
application of NMDA and serotonin (5-HT). We found that
these neurons have heterogeneous electrophysiological proper-
ties and exhibit electrical coupling only between neurons within
the same electrophysiological class. Serotonin excites a majority
of the tonically firing Chx10 interneurons. When fictive locomo-
tion is activated, only approximately half of the V2a interneurons
fire rhythmically with the ventral root bursts. However, the per-
centage of rhythmically firing V2a interneurons increases at
higher cycle frequencies, and the neurons become more rhythmic
in their firing pattern. These results together with data from the
accompanying paper (Dougherty and Kiehn, 2009) reinforce ear-
lier proposals that the V2a interneurons are components of the
hindlimb CPG, helping to organize left–right coordination in the
neonatal mouse spinal cord.

Materials and Methods
Generation and care of Chx10::CFP mice. As shown in Figure 1, the
Chx10:LNL:CFP targeting vector was constructed by inserting a stop
sequence flanked by loxP recombination sites, a Kozak translation initi-
ation sequence (GCCGCCACC), the coding sequence for enhanced cyan
fluorescent protein (CFP), and a Simian Virus 40 (SV 40) polyadenyla-
tion site into the chx10 locus at the translation initiation site (ATG).
Additionally, 176 bases were removed between the SacII restriction sites
flanking the ATG start codon in exon 1. The stop sequence is composed
of a neomycin resistance cassette, a false translation initiation sequence, a
5� RNA splice donor site, and SV40 polyadenylation sequences. Homol-
ogous DNA arms of 4.2 kb and 4.6 kb flank the inserted sequences. The
targeting construct was introduced into mouse embryonic stem cells
(Primogenix) via electroporation. Following selection with G418, homolo-
gous recombinants were identified by Southern blot of BglII-digested
genomic DNA using a 505 bp XbaI/PstI 5� external probe (wild-type frag-
ment: 6.4 kb; targeted allele: 5.6 kb) and confirmed with a 746 bp SacII/NcoI
3� internal probe (wild-type fragment: 6.4 kb; targeted allele: 2.8 kb).

Chx10::CFP mice were generated by breeding Chx10:LNL:CFP mice to
Protamine-Cre mice. Recombination in the germline of male F1 mice
having the Chx10:LNL:CFP and Protamine-Cre alleles removes the LNL
cassette in F2 offspring of ICR females to generate heterozygous mice
with one recombined Chx10::CFP allele and one wild-type Chx10 allele.
These heterozygous mice have normal locomotor behavior, and their
neonatal spinal cords generate normal locomotor-like activity during
NMDA and serotonin creatinine sulfate (5-HT) application, implying
that the loss of one copy of Chx10 allele does not significantly affect the
spinal locomotor network. Mice were genotyped by PCR of tail DNA
[common forward primer: 5�-GTTTCACCTCTGTCCCTGCAAG-3�,
wild-type reverse (Rev) primer: 5�-CTCCCGACTGTGACTTTCC-3�,
CFP Rev primer: 5�-ACGCTGAACTTGTGGCCGT-3�].

Immunohistochemistry. Postnatal day 0 (P0) Chx10::CFP pups were
anesthetized and perfused with 4% paraformaldehyde. Spinal cords
were dissected out, postfixed for 2 h in 4% paraformaldehyde, and
washed overnight in PBS. Tissue was cryoprotected in 30% sucrose
for 2– 4 h and mounted in OCT medium (Tissue Tek) for cryosection-
ing. Transverse sections (14 �m) of lumbar spinal cord were stained
with antibodies to GFP/CFP (Invitrogen, rabbit, 1:4000) according to
the methods described in the study by Crone et al. (2008). Biotinyl-
ated secondary antibodies (donkey, 1:500) followed by ABC amplifi-
cation (Vector Laboratories) and DAB color reaction (Sigma) were
used visualize staining. Slides were dehydrated in graded concentra-
tions of ethanol and then xylenes and mounted in Permount media
(Fisher Scientific). Images were obtained with a Zeiss Axioplan II
microscope and a Zeiss Axiocam digital camera and analyzed with
OpenLab 3.1 software (Improvision).

Whole-cord preparations. Experiments were performed using the iso-
lated spinal cord from neonatal (P1–P4) Chx10::CFP mice. The ani-
mal protocol was approved by the Institutional Animal Care and Use
Committee at Cornell University and was in accordance with Na-
tional Institutes of Health guidelines. The dissection was performed
as described previously (Zhong et al., 2007). Briefly, neonatal mice
were decapitated and eviscerated in cold oxygenated (95% O2 and 5%
CO2) low-calcium Ringer solution composed of the following (in
mM): 111 NaCl, 3.08 KCl, 25 NaHCO3, 1.18 KH2PO4, 3.5 MgSO4, 0.25
CaCl2, and 11 glucose. The spinal cord extending from T8/T9 to S3/4
was removed and pinned dorsal side up in a recording chamber su-
perfused with oxygenated Ringer solution composed the following (in
mM): 111 NaCl, 3.08 KCl, 25 NaHCO3, 1.18 KH2PO4, 1.25 MgSO4,
2.52 CaCl2, and 11 glucose. All experiments were performed at room
temperature (20 –23°C).

Slice preparations. Spinal cords from Chx10::CFP mice were isolated in
low-calcium Ringer solution. Transverse spinal cord slices (350 �m)
were made with a vibrating microtome (Leica Microsystems) and trans-
ferred to regular mouse Ringer solution at 30°C for 30 min before record-
ing at room temperature with constant perfusion (�3 ml/min) of mouse
Ringer. CFP-expressing interneurons were identified under epifluores-
cent illumination and visualized using differential interference contrast
optics (Axioskop 2FS plus, Carl Zeiss). Drugs were added by perfusion as
described above.

Figure 1. Targeting CFP expression to V2a neurons. A, The targeting construct used to insert
the coding sequence for CFP and a LoxP-flanked selectable marker (Neor) into exon 1 of the
wild-type chx10 locus. The recombined Chx10::CFP allele results from breeding Chx10:LNL:CFP
mice to Protamine-Cre mice. B, Southern blot of embryonic stem cell DNA demonstrating ho-
mologous recombination of the Chx10:LNL:CFP targeting vector into the chx10 locus. C, Immu-
nohistochemistry using antibodies to CFP labels cell bodies and processes of V2a neurons in the
lumbar spinal cord of Chx10::CFP mice. V2a neurons are located in the ventral spinal cord and
their axons project within the ventral lateral funiculus (arrowhead). V2a neurons with both
large-diameter cell body (filled arrow) and small-diameter cell body (open arrow) are observed.
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Patch-clamp recording. V2a interneurons are located along the dorsal–
ventral midline, far from either the ventral or the dorsal surface of the
cord (Fig. 1C). The CFP-expressing interneurons could not be visualized
from either surface, making it impossible to make whole-cell recordings
in the isolated whole spinal cord. To solve this problem, we removed the
dorsal half of the L2 segment with fine scissors during the dissection. This
allowed us to visualize and record from the L2 V2a interneurons during
NMDA-/5-HT-induced fictive locomotion. As originally described by
Kjaerulff and Kiehn (1996), we found that the whole cord with the L2
dorsal horn removed is still capable of generating regular fictive locomo-
tion, characterized by left–right and flexor– extensor alternation. Whole-
cell recordings were made with electrodes pulled from thick-wall
borosilicate glass (WPI) on a vertical puller (Narishige) with resistances
of 6 –10 M�, which were lowered through the cut dorsal surface of the L2
segment. The pipette solution contained the following (in mM): 138
K-gluconate, 10 HEPES, 5 ATP-Mg, 0.3 GTP-Li, and 0.0001 CaCl2 (pH
7.4 with KOH). The seal resistance obtained before recordings was always
�2 G�. Patch-clamp recordings were made with a Multiclamp 700B
amplifier (Molecular Devices) and were driven by Clampex (pClamp 9,
Molecular Devices). Data were filtered at 20 kHz.

Fictive locomotor activity was evoked by bath application of NMDA
(6 –10 �M) and 5-HT (6 –10 �M) in normal Ringer solution. Suction
electrodes were placed on the ipsilateral L2 (iL2), ipsilateral L5 (iL5), and
contralateral L2 (cL2) ventral roots. Rhythmic burst activity from ventral
roots was bandpass filtered (100 Hz to 1 kHz). One hundred percent of
control experiments (n � 10) made from cords with the dorsal horn
removed from the L2 segment showed the expected alternation between
ipsilateral and contralateral (iL2– cL2) bursts and between ipsilateral
flexor (L2) and extensor (L5) bursts during NMDA- and 5-HT-evoked
fictive locomotion. Thus, in many whole-cord preparations with the
L2 dorsal horn removed, we monitored fictive locomotion using only
one suction electrode on the iL2 ventral root to characterize NMDA-/
5-HT-induced locomotor-like activity while monitoring V2a inter-
neuron activity with either patch-clamp recording or two-photon
calcium imaging. The following drugs were purchased from Sigma:
5-HT, D(�)-2-amino-5-phosphonopentanoic acid (AP-5), 6-cyano-7-
nitroquinoxaline-2,3-dione disodium salt (CNQX), strychnine, picrotoxin,
and kynurenic acid.

Data analysis. Locomotor-like activity was recorded from the intact
spinal cord preparation during bath application of NMDA and 5-HT.
Clampfit 9.0, Excel, and Spike 2 were used for data analysis. A cycle of
motor nerve activity started with the onset of an iL2 ventral root burst
and ended at the onset of the next iL2 burst; these onsets were determined
by a custom-made program in Spike2 to detect when the rectified signal
exceeded the average noise level between bursts by a preset amount. Data
were analyzed only in preparations that showed stable rhythmic ventral
root activity in iL2 and in which the Chx10 neuron action potential
overshoot was �0 mV. Individual V2a interneurons were recorded for
�20 min during NMDA- and 5-HT-induced locomotor-like activity. To
determine the preferred firing phases of V2a interneurons, the phase of
each spike during �35 cycles was normalized by the onset of the iL2
burst. A double-normalization process was used (Shefchyk and Jordan,
1985; Zhong et al., 2007; Berkowitz and Stein, 1994), in which the nor-
malized cycle periods were subdivided into 10 bins, the first 5 represent-
ing the phase of iL2 bursting and the last 5 equivalent to the cL2 phase
(see Fig. 6 B, F ). The mean firing rate was established by dividing the
number of action potentials in a bin by the duration for at least 35 cycles
of activity. The average firing frequencies in each bin were used to create
an activity histogram. Circular statistics were used to determine the sig-
nificance of the phasing of V2a interneurons firing during fictive loco-
motion (Kjaerulff and Kiehn, 1996; Zar, 2000). The latency to each spike
was measured relative to the beginning of the iL2 ventral root burst. The
phase of individual spikes was determined by the latency divided by the
cycle length. In each V2a interneuron, the phase of �30 spikes was mea-
sured to plot the mean vector (see Fig. 6 B, F ). The direction of a mean
vector represents the average preferred phase of firing of the neuron,
while its length, r, is a measure of statistical significance of the peak
preferred phase, indicating the sharpness of the tuning of the spikes
around their mean. Vectors with a phase in the range of 0.0 – 0.5 corre-

sponded to cells firing in phase with iL2. p values for the significance of r
were calculated as described by Kjaerulff and Kiehn (1996) and Zar
(2000). V2a interneurons were defined as rhythmic if p � 0.05 by the
Rayleigh test.

Two-photon calcium imaging. Cells within whole isolated spinal cords
were labeled by bolus injection of Fluo-3 AM calcium indicator dyes as
previously described (Stosiek et al., 2003; Garaschuk et al., 2006; Kwan et
al., 2009), with one major difference: the dye-injecting pipette was in-
serted from the cut dorsal surface, with the dorsal surface of the cord at L2
segment removed as described above. Two-photon calcium imaging was
performed using a custom-built multiphoton microscope based on a
Bio-Rad Radiance 2000 scanning unit, which has been described in detail
(Kwan et al., 2009). To detect CFP fluorescence (Wilson et al., 2007), the
excitation laser was tuned to 900 nm and emission of �500 nm was
collected behind an optical filter (BGG22, Chroma) with a bialkali pho-
tomultiplier tube (HC125– 02, Hamamatsu). To detect Fluo-3 fluores-
cence, the excitation laser was tuned to 800 nm and emission of �500 nm
was collected behind an optical filter (575/150, Chroma) with a GaAsP
photomultiplier tube (H7422, Hamamatsu). This spectral separation
scheme is similar to the one described for separating GFP and Fluo-3
fluorescence (Wilson et al., 2007; Kwan et al., 2009). Compared with
GFP, a significant portion of the CFP fluorescence emission is �500 nm
so it is easier to image CFP-expressing neurons in deeper regions. Two-
photon calcium imaging data were analyzed by routines written in
MATLAB (Mathworks). The time-lapse fluorescence trace of a cell, F(t),
was measured by defining the regions of interest, each consisting of one
cell with significant Fluo-3 fluorescence, and then summing the pixel
values within each region in each image frame. The baseline of the fluo-
rescence trace, Fo, was defined to be the mean of F(t) over the first 10
imaging frames. The change in fluorescence, dF/Fo, is defined to be
(F(t) � Fo)/Fo. In the presence of transmitters, fictive locomotion is
continuous so the baseline fluorescence may be constantly fluctuating;
therefore, the calculated dF/Fo values are only an estimate. To calculate
the mean firing phase of a cell, the period of the fictive locomotion, T, was
calculated by taking the Fourier transform of the ventral root recording
and then locating the peak �0.2 Hz. The raw dF/Fo was smoothed with a
moving average of three imaging frames and the raw ventral root record-
ing was low pass filtered and rectified. Cross-correlation of the processed
dF/Fo and root recording was calculated. The mean phase was calculated
by dividing the time of the first cross-correlation peak by T, the period of
the fictive locomotion. To estimate the significance of the mean phase,
we calculated the value of the Fourier transform of dF/Fo at the period of
fictive locomotion, dF/Fo( f � 1/T ), which was then normalized to the
largest of such values from all the cells within one experiment. A histo-
gram of these normalized dF/Fo ( f � 1/T ) values shows no clear cutoff
value so we arbitrarily assign cells to be significantly rhythmic if the
normalized dF/Fo ( f � 1/T ) value is �0.25. We note that this estimate of
significance is different from the conventional r values used for plotting
circular plots, which carry actual statistical significance, and so should be
interpreted accordingly.

Firing properties of isolated V2a interneurons. V2a interneurons were
isolated from most rapid synaptic inputs with a combination of AP-5
(15–20 �M) and CNQX (10 �M) or kynurenic acid (2 mM) to block
glutamatergic synapses, picrotoxin (5 �M) to block GABAergic synapses,
and strychnine (10 �M) to block glycinergic synapses in the lumbar spinal
cord slices. Some of the neurons fired spontaneously, while others were
silent at rest and required depolarizing current pulses to evoke action
potentials. To assure uniformity of the measurements, all neurons were
held below threshold at �60 mV with a bias current. To determine the
F–I plot, 1 s current injections of increasing amplitude were delivered,
and the average spike frequency was determined by counting the number
of spikes during the 1 s step, or instantaneous frequency measured by the
first interspike interval during a step; these were plotted against the in-
jected current amplitude. The slope of the F–I curve was linearly fitted.
The voltage threshold for action potential generation was measured as
the peak of the second derivative of voltage with time during the rising
phase of the action potential. The spike afterhyperpolarization (AHP)
amplitude was measured from the action potential threshold to the min-
imal voltage after the action potential. Additionally, we measured the
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peak AHP, the minimal voltage after the action potential, with respect to
ground. The spike amplitude was measured from the peak AHP to the
peak of the action potential. The action potential half-width was estab-
lished at the voltage halfway from the spike threshold to the peak of the
action potential. The minimal amount of current necessary for spike
generation was defined as rheobase in our measurements. Input resis-
tance was estimated by averaging the response to small hyperpolariz-
ing current pulses. We used one-way ANOVAs with post hoc Tukey
tests to compare the membrane properties of different types of V2a
interneurons. The effects of serotonin on the membrane properties were
analyzed by paired two-tailed Student’s t test. Results were considered statis-
tically significant at p � 0.05. Data are expressed as mean � SD.

Results
Fluorescent labeling of V2a interneurons
To visualize V2a interneurons in the spinal cord, transgenic mice
from the ICR stain were generated in which V2a interneurons are
fluorescently labeled by inserting the coding sequence for CFP
into the chx10 locus. Figure 1A shows the targeting construct
(Chx10:LNL:CFP) containing the coding sequence for CFP and a

LoxP-flanked selectable marker which
blocks expression of CFP. Homologous
recombination of the Chx10:LNL:CFP
targeting construct in embryonic stem
cells was demonstrated by Southern blot
(Fig. 1B). To remove the selectable marker
and activate CFP expression in Chx10-
expressing (V2a) neurons, Chx10::CFP
mice (Fig. 1A) were generated by breed-
ing Chx10:LNL:CFP mice to Protamine-
Cre mice (see Materials and Methods for
details); this results in heterozygous mice
with one intact copy of Chx10 and one
copy in which the Chx10 gene has been
replaced by CFP. In Chx10::CFP mice, the
cell bodies and processes of V2a INs can
be identified by immunohistochemistry
(Fig. 1C) using antibodies to CFP or di-
rectly by CFP fluorescence (Fig. 2A).

V2a interneurons show heterogeneity
based on intrinsic firing properties
As a first step to examine the intrinsic fir-
ing properties of V2a interneurons, we
characterized their membrane properties
in slice preparations from Chx10::CFP
lumbar spinal cords. Electrophysiological
recordings of CFP	 V2a interneurons
were performed after isolating them from
most synaptic input with blockers of rapid
synaptic transmission (glutamate, GABA
and glycine). One hundred twenty-one
V2 neurons were recorded for the intrin-
sic membrane properties analysis from 51
newborn (P2-P4) Chx10::CFP mice. V2a
interneurons could be divided into three
major groups based on their firing re-
sponses to depolarizing current steps (Fig.
2A1–A3). Sixty-seven percent of V2a in-
terneurons (82/121) displayed tonic firing
throughout a suprathreshold step (Fig.
2A1). Twenty-four percent of V2a inter-
neurons (29/121) fired only phasically:
they fired action potentials at the begin-
ning of the depolarizing step, but the spike

amplitude quickly dropped and the neurons fell silent for the
duration of the current step (Fig. 2A2). The remaining 8% (10/
121) of V2a interneurons showed a significant delay at the begin-
ning of the current step before starting to fire tonically (Fig. 2A3).
We compared the first spike latency from tonic, phasic and delay
V2a interneurons when the average frequency was 4 Hz. Figure
2B shows that the delay V2a interneurons had a significantly
longer first spike latency. The excitability of the neurons during a
series of depolarizing current steps was determined by generating
F–I plots of their average and instantaneous first spike frequen-
cies (Fig. 2C,D). The average and instantaneous F–I curves of the
tonic and delay V2a interneurons both displayed an approxi-
mately linear relationship. However, the delay V2a interneurons
had a much higher rheobase than both tonic and phasic interneu-
rons (Fig. 2D) (tonic: 14.8 � 7.9 pA; phasic: 12.5 � 10.1 pA;
delay: 24.1 � 14.3 pA; ANOVA; p � 0.005) (Table 1). The instan-
taneous F–I relation for the phasic V2a interneurons showed a
linear relationship (Fig. 2D), while its average frequency did not

Figure 2. Intrinsic membrane properties of V2a interneurons. A, Responses of three different V2a interneurons to a series of
increasing depolarizing current pulses from a holding potential of �60 mV. The fluorescent pictures are shown in the left.
B, Comparing the first spike latencies of delay-like (30 pA) and tonic (10 pA) V2a interneurons when the average frequency is 4 Hz.
The average results are shown in the right. C, Relationship for the average spike frequency as a function of increasing current
amplitude for the three V2a interneurons from A. D, Relationship for the instantaneous spike frequency as a function of increasing
current amplitude for the three V2a interneurons from A.
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vary linearly with the injected current amplitude, reflecting the
inability to fire continuously during high current steps (Fig. 2C).

We further analyzed the membrane properties of the three
classes of V2a interneurons (Table 1). All three classes had similar
resting potentials; however, significant differences were observed
in the input resistance of each neuron class (Table 1) (ANOVA;
p � 0.01). Phasic V2a interneurons had a significantly higher
input resistance than tonic and delay V2a interneurons (Tukey
tests; p � 0.01). The low input resistance of delay V2a interneu-
rons is consistent with the high rheobase in these neurons.
Finally, we analyzed the action potential properties of V2a inter-
neurons, including the amplitude, half-width, threshold, and
AHP amplitude. These were for the most part very similar, but
the spike half-width varied significantly across cell types (Table 1)
(ANOVA; p � 0.05). Phasic V2a interneurons had a wider action
potential half-width than both tonic and delay neurons (Tukey
tests; p � 0.05).

Because the hyperpolarization-activated inward current (Ih) is
often found in neurons participating in rhythmic neural net-
works (Angstadt and Calabrese, 1989; McCormick and Pape,
1990; Lüthi et al., 1998; Thoby-Brisson et al., 2000; Harris-
Warrick, 2002; Grillner, 2003), we examined whether this current
is found in the three classes of V2a interneurons. Evidence for Ih

is detected in current-clamp recordings by a depolarizing sag
voltage during a maintained hyperpolarizing current step, and a
depolarizing rebound at the end of the step. Both phasic and tonic
V2a interneurons displayed a variety of different responses to
subthreshold current steps. Thirty-eight percent of tonic V2a in-
terneurons (31/82) displayed little or no sag voltage (�2 mV at
�120 mV) or rebound potentials (Fig. 3A, top). Sixty-two per-
cent of tonic V2a interneurons (51/82) had sag voltages and re-
bound potentials when measured at the minimum voltage
around �120 mV (Fig. 3A, middle and bottom). The sag ampli-
tude grew with increasing hyperpolarization and was related to
the rebound potential amplitude (Fig. 3B). In approximately a
third of all tonic interneurons (27/82), the rebound potential
passed the action potential threshold and generated spikes (Fig.
3A, bottom). With regard to the phasic V2a interneurons, we
found that 90% (26/29) had detectable sag voltages and postin-
hibitory rebound potentials when measured at the minimum
voltage at around �120 mV. The sag amplitude grew with in-
creasing hyperpolarizations, as did the associated rebound po-
tentials. In 28% of the phasic V2a interneurons with sag
potentials (6/26), the rebound potential passed the action poten-
tial threshold and generated spikes. The remaining 10% of phasic
neurons (3/29) had no detectable sag voltages or postinhibitory
rebound potentials. Neurons in the delay interneuron group con-

sistently displayed sag voltages and rebound potentials when
measured at the minimum voltage around �120 mV, but none of
them rebounded sufficiently to fire an action potential. Thus, the
majority of V2a interneurons have an h-current-induced sag
voltage and postinhibitory rebound, but there are members of
both tonic and phasic classes that do not express Ih.

Electrical coupling between V2a interneurons of the
same class
We used dual whole-cell recordings in slice preparations pre-
pared from neonatal Chx10::CFP lumbar spinal cords to investi-
gate whether V2a interneurons form electrical synapses with
other V2a interneurons. These experiments were performed in
the presence of blockers of glutamate, GABA and glycine
(kynurenate, picrotoxin, strychnine) in the bath to eliminate po-
tential chemical synapses. We found that when the two recorded
V2a interneurons were in the same electrophysiological class (i.e.,
tonic or phasic), 29% of recorded pairs (16/54) were electrically
coupled. Figure 4A shows an example of electrical coupling be-
tween two phasic V2a interneurons, in which injection of either
depolarizing or hyperpolarizing current into one neuron resulted
in a smaller de- or hyperpolarization in the second neuron. The
coupling was reciprocal and of similar strength in both direc-
tions, showing that this was a nonrectifying junction (Fig. 4A).
Three of 7 pairs of phasic V2a interneurons showed detectable

Table 1. The membrane properties of three different populations of V2a
interneurons

Tonic
(n � 82)

Phasic
(n � 29)

Delay-like
(n � 10) p value

Em (mV) �46.4 � 4.6 �48.7 � 5.2 �50.1 � 6.3 0.112
Rin (Mf1) 1034 � 243 1603 � 378 713 � 147 0.008
Cf (pF) 23.6 � 16.2 19.5 � 10.4 25.6 � 11.8 0.105
Rheobase (pA) 14.8 � 7.9 12.5 � 10.1 24.1 � 14.3 0.004
AP amplitude (mV) 26.7 � 6.9 21.8 � 8.7 23.9 � 9.5 0.143
AP half-width (ms) 2.4 � 0.5 3.4 � 0.7 2.6 � 0.8 0.032
AP threshold (mV) �32.2 � 4.4 �29.6 � 6.8 �27.5 � 5.4 0.096
AHP amplitude (mV) 18.7 � 4.1 15.8 � 6.1 16.1 � 6.4 0.168

p values indicate the level of significance of one-way ANOVAs. Results of post hoc Tukey tests are indicated in Results.
AP, Action potential; Em, membrane potential; Rin, input resistance; Cf, membrane capacitance.

Figure 3. Responses of tonic V2a interneurons to hyperpolarizing current steps. A, The re-
sponse to increasing hyperpolarizing 1 s current pulses from three tonic V2a interneurons with
most fast synaptic transmission blocked. The fluorescent pictures are shown in the left. B, Left,
Relationship between the rebound potential and minimum membrane potential; right, rela-
tionship between rebound potential and sag amplitude from V2a interneuron.
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electrical coupling. The mean coupling coefficient from recorded
phasic pairs was 0.13 � 0.02 (n � 3 pairs). When tonically
depolarized above threshold, the two phasic V2a interneurons
fired action potentials synchronously; the cross-correlogram
shows a strong peak near 0 ms and evenly spaced smaller peaks
indicative of the regular firing of these neurons (Fig. 4 B).

Similar results are seen with pairs of tonic V2a interneurons
Twenty-eight percent (13/47) of tonic V2a interneuron pairs dis-
played detectable electrical coupling in slice preparations. The
coupling was reciprocal and of similar strength in both direc-
tions, as we found in phasic pairs. The mean coupling coefficient
from tonic pairs was 0.14 � 0.03 (n � 13 pairs). As found in
phasic V2a pairs, these coupled tonic V2a interneurons fired syn-
chronous action potentials when tonically depolarized above ac-
tion potential threshold (Fig. 4D). Since these measurements were
made from slice preparations, which could eliminate longer con-
nections that leave the slice, the fraction of coupled neurons
could be even higher. Electrical coupling between V2a interneu-
rons was significantly reduced by bath application of the gap
junction blocker, 100 �M carbenoxolone, while the input resis-

tance did not change (Fig. 4E) (n � 3).
The delay V2a interneurons are suffi-
ciently rare that we did not find any pairs
to measure electrical coupling within this
class.

We have not observed electrical cou-
pling in any pair of V2a interneurons from
different electrophysiological classes. For
example, if one neuron fired phasically
while the other neuron fired tonically dur-
ing depolarizing current pulses, no cou-
pling was observed (Fig. 4F) (n � 7 pairs).
Additionally, we never detected any fast
chemical synapses between V2a interneu-
rons when the antagonists of glutamate,
GABA and glycine receptors were left out
of the Ringer solution (n � 61 pairs).
However, these results do not completely
exclude the possibility of chemical syn-
aptic transmission between V2a inter-
neurons in vivo, since we used slice
preparations that could result in a loss of
neuronal processes and synapses. Overall,
our results indicate the existence of elec-
trical synapses among V2a interneurons
with similar electrophysiological proper-
ties, which would help to synchronize the
activity within each class.

Serotonin increases the excitability of
V2a interneurons
Serotonin (5-HT) plays an important role
in enabling the generation of the locomo-
tor rhythm in rodents (MacLean et al.,
1998; Madriaga et al., 2004; Christie and
Whelan, 2005; Liu and Jordan, 2005;
Pearlstein et al., 2005). Thus, we exam-
ined the effects of bath-applied 5-HT on
the firing properties of tonic V2a inter-
neurons in neonatal mice. To maintain all
cells below threshold before application of
5-HT, the membrane potential was adjusted
to �60 mV with bias current injection.

Sixty-seven percent of tonic V2a interneurons (14/21) were re-
versibly depolarized (7.3 � 3.2 mV) by application of 10 �M

5-HT (data not shown) in the presence of fast synaptic blockers.
Serotonin evoked small membrane perturbations in 24% of V2a
interneurons (5/21), which are likely to be truncated action po-
tentials from electrically coupled neurons (data not shown).

Next we investigated the effects of 5-HT on the excitability of
V2a interneurons in the presence of blockers of fast synaptic
transmission. In these experiments, all the V2a interneurons were
of the tonic firing type. Serotonin increased the excitability of
61% of recorded V2a interneurons (11/18). Figure 5A shows a
typical response of one tonic V2a interneuron to a series of in-
creasing amplitude current steps before and during serotonin
application. Holding currents were adjusted to maintain the
membrane potential at �60 mV between steps in the different
conditions. Serotonin increased the number of action potentials
per step in the presence of synaptic transmission blockers.

We quantified the responses of 18 tonic V2a interneurons to
current steps which evoked �10 Hz firing responses under con-
trol conditions. In the presence of 5-HT, the firing frequency

Figure 4. Electrical coupling between V2a interneurons with similar membrane properties. A, Left, Responses of phasic V2a
interneuron-1 (P1) to a series of current injections while the activity of the phasic P2 was monitored. Right, Responses of phasic P2
to a series of current injections while the activity of the phasic P1 was monitored. B, Left, When both neurons were depolarized
above action potential threshold with bias current, they tended to fire action potentials synchronously. Right, Cross-correlogram of
data taken from left trace. There was a positive peak at time 0. C, Left, Responses of tonic V2a interneuron T1 to a series of current
injections while the activity of the tonic T2 was monitored. Right, Responses of T2 to a series of current injections while the activity
of T1 was monitored. D, Left, When both neurons were depolarized above action potential threshold with bias current, they tended
to fire action potentials synchronously. Right, Cross-correlogram of data taken from left trace. E, The electrical coupling between a
different tonic pair was significantly reduced by 100 �M carbenoxolone. F, Left, Responses of tonic V2a interneuron1 to a series of
current injections while the activity of the phasic interneuron-2 was monitored. Right, Responses of phasic V2a interneuron-2 to a
series of current injections while the activity of the tonic interneuron-1 was monitored. No coupling was detected.
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significantly increased in these neurons
(control: 9.7 � 0.6 Hz; 5-HT: 13.1 � 1.24
Hz; n � 18; p � 0.001) (Fig. 5A). We gen-
erated F–I plots of the average and instan-
taneous first spike frequency over a range
of current step amplitudes; serotonin
caused an upward shift in the frequency
response to the current steps (Fig. 5B). As
can be seen from the F–I plots, the rheo-
base value for spike generation was signif-
icantly reduced by serotonin from 26.4 �
12.5 to 11.8 � 12.6 pA ( p � 0.001), but
there was no significant change in the
slope of the f/I relationship (control:
238 � 17 Hz/nA; 5-HT: 246 � 23 Hz/nA;
n � 18; p � 0.05).

We measured the effects of 5-HT on
subthreshold responses of V2a interneu-
rons. The input resistance, as measured by
the voltage response to a small hyperpo-
larizing current step from a constant
holding potential of �60 mV, was in-
creased by 11% during 10 �M 5-HT appli-
cation (control: 1023 � 243 M�; 5-HT:
1139 � 189 M�; n � 18; p � 0.05) (Fig.
5C,E). During prolonged hyperpolarizing
steps, 5-HT had no effect on the depolar-
izing sag potential amplitude, but it did
increase the rate of V2a interneuron firing
rebound to fire an action potential. Dur-
ing 5-HT application, the time latency to
the rebound action potential was short-
ened by 12 � 7% (n � 4; p � 0.05)) (Fig.
5D). 5-HT did not significantly change
the amplitude of the rebound potential
before reaching action potential thresh-
old, implying that its main effect was on
the acceleration of onset of the rebound
action potential rather than any effect on
the h-current.

Finally, we looked for effects of 5-HT
on individual action potential properties,
including amplitude, half-width, thresh-
old and afterhyperpolarization. In contrast
to our earlier work on 5-HT modulation of
commissural interneurons (Zhong et al.,
2006a and b), we did not detect any statisti-
cally significant effects of 5-HT on action
potential parameters of V2a interneurons.

Firing patterns of V2a interneurons during NMDA- and
5-HT-induced locomotion
Previous work has shown that the ablation of V2a interneurons in
Chx10::DTA mice markedly affects locomotor patterns in neona-
tal and adult mice (Crone et al., 2008, 2009). However, whether
these neurons are rhythmically active during locomotion was not
determined. To answer this question, we recorded the activity of
CFP-expressing V2a interneurons from Chx10::CFP neonatal
mouse spinal cords during fictive locomotion. These neurons are
located in a band along the dorsal–ventral midline, and are not
readily accessible from the surface (Crone et al., 2008). Accord-
ingly, we removed the dorsal half of the spinal cord from the L2
segment which allowed us to visualize the CFP-expressing Chx10

neurons (Fig. 6A). The locomotor CPG is located in the ventral
half of the cord, and fictive locomotor-like activity can be in-
duced by superfusion of the ventral half of the cord with 5-HT
and NMDA (Kjaerulff and Kiehn, 1996). These transmitters
evoked a typical pattern of left–right ventral root burst alterna-
tion, as well as alternation between the ipsilateral L2 (flexor-
dominated) and L5 (extensor-dominated) ventral roots in this
L2-dorsal horn-removed preparation.

We found that the V2a interneurons were not homogeneous
in their firing patterns during fictive locomotion induced by
5-HT and NMDA. Forty-four percent of V2a interneurons (34/
78) showed significantly rhythmic activity, while the remaining
56% (44/78) were either tonically active or silent during fictive
locomotion. In the example shown in Figure 6A, the V2a inter-
neuron fired rhythmically, with bursts of action potentials in

Figure 5. 5-HT increases the excitability of V2a interneurons. A, Responses of a V2a interneuron to three depolarizing current
steps during control conditions and in the presence of 5-HT (10 �M) with most fast synaptic transmission blocked. B, Effects of 5-HT
on the F–I relationship in V2a interneurons. C, Responses of a V2a interneuron to a series of hyperpolarizing current steps
during control conditions and in the presence of 5-HT with most fast synaptic transmission blocked. D, One sweep amplified
from C. E, Responses of a V2a interneuron to �5 pA hyperpolarization pulse before and during 5-HT application, showing
an increase in input resistance with 5-HT.
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phase with the ipsilateral L2 ventral root burst. Circular plot anal-
ysis (Fig. 6B) showed that the neuron fired broadly throughout
the ipsilateral L2 burst, with a mean vector of activity in the first
half of the iL2 burst. When the membrane potential was hyper-

polarized by current injection, the membrane oscillation ap-
peared to be driven by excitatory synaptic inputs that were
correlated to the iL2 ventral root burst. This was verified by
voltage-clamp recordings (Fig. 6C). This V2a interneuron re-

Figure 6. Firing patterns of V2a interneurons during locomotor-like activity. A, Intracellular recording from a rhythmic V2a interneuron firing in phase with iL2 ventral root bursts during NMDA-
and 5-HT-induced fictive locomotion. Identification of the fluorescent neurons is shown on top. B, Circular plot analysis showing that the V2a interneuron from A fired rhythmically during the iL2
firing phase; this is confirmed by a histogram comparing mean firing frequency of the cell in A in relation to the normalized locomotor cycle phase. C, During voltage-clamp recording, the V2a
interneuron from A received bursts of EPSCs, in phase with iL2 ventral root burst. The right traces show the time from the open box. D, Histogram of EPSC and IPSC frequency as a function of
normalized cycle period. The axis is the bin number. The first five bins represent the iL2 ventral root activity and the remaining five show the rest of one cycle. EPSC frequency increased during the
ipsilateral phase while IPSC frequency was lower and did not vary during the cycle period. E, Intracellular recording from a rhythmic V2a interneuron firing out of phase from iL2 VR bursts during
NMDA- and 5-HT-induced fictive locomotion. The fluorescent neurons are pictured on the top. F, Circular plot analysis showed that the V2a interneuron from E fired rhythmically during the cL2 firing
phase; this is confirmed by the histogram comparing mean firing frequency of the cell in E in relation to the normalized locomotor cycle phase. G, Voltage-clamp recording shows that the V2a
interneuron from A received bursts of EPSCs, out of phase from the iL2 ventral root burst. The traces to the right were from the open box. H, A histogram of EPSC and IPSC frequency as a function of
normalized cycle period. EPSC frequency increased during the contralateral phase while IPSC frequency was low and did not vary during the cycle.
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ceived periodic bursts of EPSCs in phase with the iL2 ventral root
bursts (represented by the first five bins) when the membrane
potential was held at �60 mV (Fig. 6C,D). This neuron received
few IPSCs, and these were not temporally correlated with the
motor pattern (Fig. 6D); the recordings were repeated at a hold-
ing potential of �45 mV to facilitate IPSC detection, but there
was still no rhythmic inhibition of this cell. All recorded rhythmic
V2a interneurons were driven predominantly by phasic bursts of
EPSPs. Seventy-six percent of the rhythmically active V2a inter-
neurons (26/34) fired in phase with the iL2 ventral root activity.

The remaining 24% (8/34) of the rhythmically active V2a in-
terneurons fired in antiphase with iL2 ventral root activity, with
broad patterns of activity throughout the contralateral ventral
root burst. Figure 6E illustrates one example of a rhythmically
active V2a interneuron, with bursts of action potentials out of
phase from the iL2 ventral root bursts. When the mean phase of
activity was calculated by circular plot analysis, this V2a interneu-
ron showed a peak near the center of the cL2 ventral root burst,
again reflecting its broad firing throughout the contralateral
burst. When the membrane potential was hyperpolarized by cur-
rent injection, the membrane oscillation was inversely correlated
to the iL2 ventral root burst, with apparent bursts of EPSPs de-
polarizing the neuron during the cL2 burst phase. During
voltage-clamp recording at �60 mV, this V2a interneuron re-
ceived periodic bursts of EPSCs in phase with the cL2 ventral root
burst (Fig. 6G,H). This V2a interneuron did not receive phasic
inhibition, as seen by the relatively uniform and low frequency of
IPSCs throughout the cycle (Fig. 6H); this was also confirmed at
�45 mV. These neurons all appeared to be driven primarily by
bursts of EPSPs in phase with the contralateral ventral root
bursts.

Figure 7A shows a summary in circular plot form of the rhyth-
mic activity of all the V2a interneurons we recorded (n � 65),
except for silent neurons. Rhythmic V2a interneurons were active
in two groups, with peaks of activity near the center of either iL2
or cL2 bursts. The rhythmic V2a interneurons were active
throughout their half of the locomotor cycle. All three electro-
physiologically defined classes of V2a INs (phasic, tonic, delay)
were capable of firing rhythmically during fictive locomotion.
However, we did not record enough V2a interneurons to further
characterize the relationship between membrane properties and
rhythmicity.

In our previous study demonstrating the effects of ablat-
ing V2a interneurons in Chx10::DTA mice, we found that
Chx10::DTA mice show a frequency-dependent change in loco-
motor behavior (Crone et al., 2009). They walk normally at low
speeds on a treadmill, with normal alternation of left and right
hindlimbs; however, as the treadmill speed was accelerated, the
walking was disrupted and eventually replaced by a synchronous
“galloping” gait with synchronous movements of the left and
right hindlimbs at high speeds. A similar frequency-dependent
switch from left–right alternation toward left–right synchrony
was observed in the isolated spinal cord (Crone et al., 2009). This
suggested the possibility that the V2a interneurons may be selectively

Figure 7. V2a interneuron phasing and speed-dependent rhythmicity during fictive loco-
motion. A, Circular plot showing the mean phase of all the active V2a interneurons during
NMDA-/5-HT-induced fictive locomotion (n � 65, silent neurons are not included). Each point
represents the tip of the vector of mean activity for one V2a interneuron. The direction of the
vector represents the preferred phase of firing of the neuron, and the distance from the center
indicates the statistical significance of the rhythmicity of the neuron. Black circles represent
rhythmically active V2a interneurons with peak activity in phase with iL2 VR bursts; black
squares show rhythmic V2a interneurons with peak activity in antiphase with iL2 VR bursts;

4

open circles represent nonrhythmic V2a interneurons. The dotted circle indicates the level of
statistical significance of the rhythmicity ( p � 0.05). Gray-shaded areas represent the ipsilat-
eral L2 flexor phase. B, A histogram comparing the number of rhythmic (black) and nonrhyth-
mic (white) V2a interneurons during fictive locomotion at different cycle frequencies.
C, Histogram comparing the percentage of rhythmic V2a interneurons during fictive locomotion
at different cycle frequencies. D, Relationship between the cycle frequency and the rhythmicity
of V2a interneurons, as determined by their r values in the circular statistics analysis.
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more active at high speeds to drive the commissural interneurons
that maintain left–right alternation, while another, as yet unidenti-
fied, pathway may play the major role in controlling alternation
at low speeds. To test this idea, we measured the rhythmicity of
V2a interneurons during fictive locomotion as a function of the
cycle frequency. Bath application of 5HT- and NMDA-evoked
locomotor activity in the neonatal spinal cord with somewhat
different cycle frequencies in different spinal cords. We arbi-
trarily defined fictive locomotion at �0.25 Hz as slow locomo-
tion, from 0.25 to 0.4 Hz as medium locomotion and �0.4 Hz as
high speed locomotion. As shown in Figure 7B, we found that V2a
interneurons could be either rhythmic or nonrhythmic at all these
frequency ranges. Thus, V2a interneurons are not silent at low cycle
frequencies and are not exclusively recruited at high cycle fre-
quencies in neonatal mouse spinal cords.

We investigated whether the ratio of rhythmic to nonrhyth-
mic V2a interneurons is different at different cycle frequencies of
fictive locomotion. As shown in Figure 7C, only 40% of V2a
interneurons were rhythmic at low or intermediate frequencies;
however, at �0.4 Hz, this percentage increased to 64%. We also
tested whether the cycle frequency was related to the rhythmicity
of V2a interneurons by looking for a correlation between the
cycle frequency of the preparation and the rhythmicity of the
recorded V2a interneuron; this was determined by its r value
from the circular statistical analysis. The r value reflects the
tightness of clustering of spikes during the cycle; neurons that
fire diffusely over one half of the cycle will be significantly
rhythmic, but with a lower r value than those that fire reliably
at a fixed point in the cycle. As illustrated by Figure 7D, there
was a significant positive correlation between the cycle frequency
and r value (r � 0.13 	 1.11f; r � 0.42; p � 0.001; n � 65). Thus, a
larger percentage of V2a interneurons are rhythmic during
high-frequency fictive locomotion than at low or intermediate

frequencies, and these neurons show
more tightly regulated rhythmic activity
as the frequency increases.

Two-photon calcium imaging of Chx10
interneurons during fictive locomotion
To investigate the spatial relationship be-
tween rhythmic and nonrhythmic Chx10
interneurons during fictive locomotion,
we used two-photon calcium imaging to
record the activity of multiple neurons
within the in vitro spinal cord. Two-
photon microscopy (Denk et al., 1990;
Zipfel et al., 2003) enables deep-tissue im-
aging, and in the neonatal mouse spinal
cord, cells expressing fluorescent proteins
can be visualized up to a depth of �200
�m (Kwan et al., 2009). As described
above, the V2a interneurons are located
more deeply than this in the neonatal spi-
nal cord, necessitating removal of the dor-
sal surface of the L2 segment of the cord.
However, recording from cells located
deep beneath the cut dorsal surface allevi-
ates concerns about possible damage re-
sulting from the dorsal cut used to expose
the V2a interneurons. We have previously
shown via combined whole-cell recording
and two-photon calcium imaging that
large calcium peaks reflect suprathreshold

activity of mouse spinal interneurons (Kwan et al., 2009), so cal-
cium imaging can reveal the spatial relationships between cells
with different mean phases of activity.

In the whole in vitro spinal cord with the L2 dorsal surface
removed, CFP-expressing V2a interneurons were clearly visible
from the dorsal surface (Fig. 8A). Multiple bolus injections of the
calcium indicator dye Fluo-3 AM resulted in the labeling of many
cells in the injection sites. Near the dorsal surface, many Fluo-3-
labeled cells emitted extremely bright fluorescence, indicating
poor cell health; however, more than �50 �m beneath the cut
surface, the labeling pattern was similar to that observed in intact
whole in vitro spinal cord preparations without any cuts (Kwan et
al., 2009). During fictive locomotion elicited by NMDA and 5HT,
some V2a interneurons were silent, whereas others displayed
rhythmic calcium transients with periodicity similar to the rhyth-
mic motor output recorded from the ipsilateral ventral root in
the same lumbar segment (Fig. 8B). As shown in Figure 8C,
rhythmic neurons can be identified by sharp peaks at the same
frequency (near 0.4 Hz) in the Fourier transform of the calcium
fluorescence signals and ventral root recordings (Fig. 8C). Direct
comparison between neighboring rhythmic V2a interneurons
within the same field of view revealed that neighboring cells could
have significantly different phases relative to the motor output.
There was also no obvious spatial grouping of V2a interneurons
that were active or silent during fictive locomotion.

To characterize the mean phases of V2a interneuron activity,
we computed the cross-correlation between the fluorescence
traces and the ventral root recordings. The significance of a mean
phase was then evaluated by calculating the value of the Fourier
transform of the fluorescence trace at the period of fictive loco-
motion as measured from the ventral root bursts (Fig. 8C, peak
values near 0.4 Hz, for example). From 48 V2a interneurons, the
mean phases and their significances distributed widely when

Figure 8. Two-photon calcium imaging of V2a interneurons. A, CFP and Fluo-3 fluorescence can be spectrally separated to
identify V2a interneurons in a whole in vitro spinal cord with the dorsal horn removed at L2. The CFP panel is a maximal projection
stack 10 �m thick, whereas the Fluo-3 panel is a single image, so some of the CFP-expressing neurons appear to have no Fluo-3
fluorescence. B, Calcium transients of multiple V2a interneurons during fictive locomotion elicited by 9 �M 5-HT and 9 �M NMDA.
Both the raw data (dots) and the low-pass-filtered fluorescence trace (lines) are displayed and compared with the locomotor cycle
from the contralateral L2 VR. Some V2a interneurons are rhythmically active (1, 2, 4, and 5) whereas others are silent (3).
Neighboring V2a interneurons can have different peak phases of activity relative to motor output. C, Fourier transforms of the
ventral root recording and the five fluorescence traces from B. Distinct peaks at the same location suggest that both the ventral root
recording and the calcium transients are rhythmic with the same periodicity. D, Mean phases of 48 V2a interneurons were
estimated by calculating the cross-correlation between the fluorescence traces and the ventral root recording. Each dot represents
one V2a interneuron. Distance from the origin reflects the normalized peak value of the Fourier transform of the fluorescence trace,
i.e., from C.
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graphed on a circular plot (Fig. 8D). Strongly rhythmic V2a in-
terneurons had peaks of activity from �90° to 270°, relative to the
beginning of the ipsilateral ventral root burst. Thus, different V2a
interneurons were rhythmically active during the peak of both
the ipsilateral and the contralateral ventral root activity. As was
seen with whole-cell recordings, 77% of the significantly rhyth-
mic V2a interneurons were active during the ipsilateral phase
(24/31) as opposed to the contralateral phase (23%; 7/31). These
results reinforce our data with whole-cell recording, and show
that a significant percentage of the V2a interneurons are rhyth-
mically active with either the ipsilateral or contralateral ventral
root bursts during fictive locomotion. The spatial intermixing of
rhythmic, tonically firing, and inactive V2a interneurons in this
preparation suggests that there is no clear anatomical distribu-
tion of these neurons in the neonatal mouse spinal cord.

Discussion
Our present study adds evidence to our previous studies (Crone
et al., 2008, 2009) that the spinal V2a interneurons, characterized
by their expression of Chx10, participate in the CPG (defined as
the network driving both rhythm generation and pattern forma-
tion) for locomotion in the neonatal mouse spinal cord. To better
understand the role of the V2a interneurons in the locomotor
CPG, we have here characterized their electrophysiological prop-
erties, electrical coupling and serotonin responsiveness, and
their firing pattern during fictive locomotion in the newborn
Chx10::CFP mouse spinal cord.

Distinct populations of V2a interneurons in the neonatal
mouse spinal cord
We found that the V2a interneurons are not a homogeneous
class. We identified three major classes of V2a interneurons,
which fire tonically, phasically, or with a significantly delayed
onset during depolarizing current steps. Within each major class
of V2a interneurons, subpopulations could be further defined
(Dougherty and Kiehn, 2009). All three major classes include
neurons showing a hyperpolarization-induced sag component,
but there was heterogeneity in each class, and not all tonic or
phasic neurons showed evidence of Ih. There were also differ-
ences in threshold and spike properties between classes. We do
not yet know whether these different types of V2a interneurons
have different functions in locomotor behavior, but all three
classes can be rhythmically active during fictive locomotion.

As final evidence for separate subclasses of V2a interneurons,
we detected a significant amount of electrical coupling during
paired V2a interneuron recordings, but only within their class;
thus, tonic V2a interneurons show coupling to other tonic V2a
interneurons but not to phasic V2a interneurons, and vice versa.
The coupling coefficients were large enough to synchronize the
spike activity of the coupled V2a interneurons when they were
both active, suggesting a physiological role to coordinate neuro-
nal activity within each class. Our results are in agreement with
previous studies showing that electrical coupling plays an impor-
tant role in generation of the locomotor pattern in the neonatal
rodent spinal cord (Tresch and Kiehn, 2000; Personius et al.,
2007). However, in the accompanying article, Dougherty and
Kiehn (2009) did not detect electrical coupling between V2a in-
terneurons in either slice or whole-cord preparations. There are
several possible reasons which could lead to these differing re-
sults. First, different mouse strains with distinct genetic manipu-
lations were used in the two studies (Richter et al., 2009). Our line
was generated in ICR strains, while Dougherty and Kiehn used a
line based on FVB/N-Swiss Webster mice. Our Chx10::CFP line

was generated by homologous recombination to replace one copy
of Chx10 with CFP. Dougherty and Kiehn used a BAC-based
vector, inserted into an unknown location in the genome. An
alternative methodological explanation for the discrepancies that
our paired recordings were made with fast synaptic transmission
blocked, while Dougherty and Kiehn recorded V2a pairs without
synaptic blockers. The lower input resistance and chemical syn-
aptic inputs could make the detection of weak electrical coupling
more difficult in the absence of synaptic blockers.

Modulation of V2a interneurons by serotonin
Serotonin plays a central role to enable locomotor rhythm genera-
tion in many species (MacLean et al., 1998; Schmidt and Jordan,
2000; Zhang and Grillner, 2000; Brustein et al., 2003; Madriaga et al.,
2004; Liu et al., 2005, 2009; Pearlstein et al., 2005). To help under-
stand how this occurs, we studied the effects of 5-HT on the mem-
brane properties of Chx10::CFP interneurons.

Our whole-cell recordings show that 5-HT directly depolar-
izes and excites the majority of tonic V2a interneurons. 5-HT did
not affect the spike properties, but it increased the membrane
input resistance by �10%; 5-HT also shortened the postinhibi-
tory rebound spike latency, which cannot be explained by the
increase of input resistance. One possibility is that 5-HT may
reduce a low threshold IA-type current which normally slows the
rate of repolarization after an action potential. In the accompa-
nying paper (Dougherty and Kiehn, 2009), 5-HT was reported to
decrease the Rin and thus increased the rheobase of V2 neurons,
but their measurements were made without fast synaptic trans-
mission blocked, and during coapplication of 5-HT with NMDA,
and sometimes DA, which depolarize the neurons and enhance
synaptic inputs. This makes it difficult to isolate the direct effects
of 5-HT on the V2 interneurons but gives a better idea of how the
firing properties of these neurons change under conditions of
fictive locomotion.

Interestingly, 5-HT excites CINs by a very different mecha-
nism, with no effect on input resistance; instead, it changes the
properties of action potentials to allow these neurons to fire at
higher frequencies and with a lower rheobase (Zhong et al., 2006a
and b). Thus, the effects of 5-HT are not uniform on all spinal
interneurons, but vary with the interneuron type.

Locomotor-related rhythmic firing of V2a interneurons
A previous study gave anatomical evidence that V2a interneurons
synapse on and excite the functionally inhibitory CIN system,
including the V0 interneurons (Crone et al., 2008). An activity-
labeling study showed that V2a interneurons are activated during
locomotion in adult mouse spinal cord (Al-Mosawie et al., 2007),
but their pattern of activity could not be determined.

Our whole-cell recording and calcium imaging results show
that a significant percentage of V2a interneurons fire rhythmi-
cally during fictive locomotion. They are broadly active during
one half of the cycle, in phase or antiphase with iL2 root activity.
On average, though, over half of the V2a interneurons were not
rhythmic in the isolated spinal cord preparation.

We previously showed (Crone et al., 2009) that mice lacking
V2a interneurons display normal alternating locomotor move-
ments at low treadmill speeds, but this is disrupted at intermedi-
ate speeds and eventually replaced by left–right synchronous
“hopping” at higher treadmill speeds. Similar results were seen
during fictive locomotion in the isolated spinal cord. We hypoth-
esized that the V2a-V0 system is the predominant regulator of
left–right alternation at high locomotor speeds, but is either silent
or redundant with another unidentified functionally inhibitory
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CIN pathway at low speeds. We recorded V2a interneurons’ ac-
tivity in the isolated spinal cord with only the L2 dorsal segment
removed which can generate locomotor like activity with a broad
range of cycle frequencies during NMDA and 5-HT application.
When we correlated rhythmic activity with cycle frequency, we
found immediately that a subset of V2a interneurons do fire
rhythmically during fictive locomotion at low frequencies. Thus,
the simplest hypothesis, that the V2a interneurons are silent at
low frequencies but specifically recruited at high frequencies, is
not correct. However, the percentage of rhythmically firing V2a
interneurons was higher at high frequencies (64%) than at lower
frequencies (40%). V2a neurons also showed significantly higher
rhythmicity at higher frequencies, as measured by their larger r
values from the circular statistical analysis; this suggests that
they are clustering their action potentials into a smaller por-
tion of the cycle, which could enhance synaptic facilitation
and temporal summation in their follower cells. These results
support the hypothesis that the V2a neurons may play a
greater role in the rhythmic CPG output at higher frequencies
than lower frequencies.

We do not know whether the same or different neurons, or
classes of V2a neurons, are active at different speeds, as we have
not yet been able to manipulate locomotor frequency in a single
spinal cord with the dorsal horn-removed to allow individual V2a
interneuron recording at different cycle frequencies. In the ze-
brafish spinal cord, McLean et al. (2007, 2008) showed that neu-
rons expressing the Chx10 homolog, alx, comprise several classes
that are differentially active at low and high swim speeds. Ven-
trally located alx-expressing neurons are more active at lower
speeds, and reduce or cease firing at higher speeds, while dorsally
located alx-expressing neurons are silent at low speeds and pref-
erentially recruited at higher speeds. Whether this differentiation
is evolutionarily conserved in mice will require more experimen-
tation under conditions in which we can independently alter the
cycle frequency in a single spinal cord.

In summary, our results show that V2a interneurons are het-
erogeneous in their firing properties. The majority of tonic V2a
interneurons are directly excited by serotonin, which helps
enable the onset of fictive locomotion. A subset of the V2a inter-
neurons fire rhythmically during NMDA- and 5-HT-induced
locomotor-like activity. The percentage of rhythmically firing
V2a interneurons increases with high cycle frequencies, and these
neurons become more rhythmic in their firing at higher speeds;
this may help to explain the frequency-dependent locomotor def-
icit in the Chx10::DTA mice (Crone et al., 2009). Our results
together with data from the accompanying paper (Dougherty and
Kiehn, 2009) reinforce earlier suggestions that the V2a interneurons
are components of the hindlimb CPG, helping to organize left–right
coordination during high-frequency fictive locomotion in the neo-
natal mouse spinal cord.
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