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Activity of Hb9 Interneurons during Fictive Locomotion in
Mouse Spinal Cord

Alex C. Kwan,'* Shelby B. Dietz,>* Watt W. Webb,' and Ronald M. Harris-Warrick>
1School of Applied and Engineering Physics and 2Department of Neurobiology and Behavior, Cornell University, Ithaca, New York 14853

Hb9 interneurons (Hb9 INs) are putative components of the mouse spinal locomotor central pattern generator (CPG) and candidates for
the rhythm-generating kernel. Studies in slices and hemisected spinal cords showed that Hb9 INs display TTX-resistant membrane
potential oscillations, suggesting a role in rhythm generation. To further investigate the roles of Hb9 INs in the locomotor CPG, we used
two-photon calcium imaging in the in vitro isolated whole neonatal mouse spinal cord preparation to record the activity of Hb9 INs, which
were subsequently stained for unambiguous genetic identification. We elicited fictive locomotion by transmitter application or by
electrically stimulating the caudal tip of the spinal cord. Although most Hb9 INs were rhythmically active during fictive locomotion, their
activity was sparse and they failed to fire with each cycle of the episode. If Hb9 INs are the principal pacemakers of the CPG in the
hemisegment in which they arelocated, they should direct the firing of motor neurons, with their activity preceding that of their ipsilateral
segmental ventral roots. Instead, during each locomotor cycle, onset of Hb9 IN activity lagged behind the onset of the ipsilateral ventral
root burst by a mean phase of 0.21 during electrical stimulation and 0.28 during transmitter application. Whole-cell recordings in intact
and hemisected spinal cords confirmed the imaging results. Our data suggest that Hb9 INs participate in fictive locomotion, but the
delayed onset of activity relative to ipsilateral motoneurons suggests that Hb9 INs are unlikely to be the sole intrasegmental rhythm-

generating kernel of the CPG.

Introduction

Central pattern generators (CPGs) are neural networks that pro-
duce a regular rhythmic output to drive a repetitive motor activ-
ity (Marder and Bucher, 2001, 2007). Interneurons that
coordinate the rhythm and pattern of motoneuron outputs are
components of the CPG. In vertebrate systems, a fictive locomo-
tor pattern can be elicited in isolated spinal cords in vitro (Grill-
ner, 2003; Kiehn, 2006) by transmitter application or electrical
stimulation and recorded as motoneuron burst firing in ventral
nerve roots. Lesion studies (Kudo and Yamada, 1987; Kjaerulff
and Kiehn, 1996) suggest that the hindlimb CPG is distributed
and each lumbar spinal segment alone is capable of rhythmogen-
esis. Although the cellular components of the locomotor CPGs
have been characterized in lampreys, Xenopus tadpoles, and ze-
brafish (Roberts et al., 1998; Sillar et al., 1998; Grillner, 2003;
Fetcho et al., 2008), studies in mammals have been hindered by
the difficulty of identifying cell types. Transgenic mouse strains
now make it possible to visualize and record from putative CPG
neurons that express fluorescent proteins driven by promoters of
different transcription factors (Kiehn, 2006).
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The HbY interneurons (Hb9 INs) are a set of excitatory, ven-
tromedial interneurons expressing the Hb9 transcription factor
(Thaler et al., 1999; Wichterle et al., 2002; Hinckley et al., 2005;
Wilson et al., 2005). They have several rhythmogenic character-
istics: they fire rhythmically in phase with the ipsilateral ventral
root during chemically induced rhythmic activity in the isolated
hemicord (Hinckley et al., 2005) and can display TTX-resistant,
voltage-dependent membrane potential oscillations in the pres-
ence of NMDA, serotonin (5-HT), and dopamine (DA) in slices
(Wilson et al., 2005; Gordon and Whelan, 2006; Ziskind-
Conhaim et al., 2008b). Because they were the first genetically
identified neurons that have oscillatory properties in the spinal
cord, Hb9 INs are attractive candidates for participation in the
intrasegmental rhythm-generating kernel of a pacemaker-driven
CPG (Kiehn, 2006; Brownstone and Wilson, 2008; Ziskind-
Conhaim et al., 2008b). However, none of these results were ob-
tained in whole spinal cords with intact locomotor networks.

Calcium imaging can monitor the activity of neurons in an
isolated whole spinal cord during fictive locomotion (Bonnot et
al., 2002, 2005). In collaboration with the Brownstone group, we
have shown that ventromedial interneurons can be labeled with
membrane-permeant calcium indicator dyes, and their activity
monitored relative to the ventral root bursts (Wilson et al.,
2007a,b). In this study, we have studied the activity of identified
Hb9 INs during fictive locomotion evoked by both transmitter
application and electrical stimulation of the caudal tip of the
spinal cord. We found that, although the majority of Hb9 INs are
rhythmically active during fictive locomotion, the mean onset
phase of Hb9 activity trails that of the ipsilateral ventral roots in
the same spinal segment, both when a bout of fictive locomotion
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starts and on a cycle-by-cycle basis during fictive locomotion.
Hb9 INs also fire sparsely and usually fall silent during a continu-
ing bout of electrically stimulated fictive locomotion. Our results
argue against a model of Hb9 INss as the sole pacemaker cells for
the intrasegmental networks that drive locomotion.

Materials and Methods

In vitro spinal cord preparation. Hb9—green fluorescent protein (GFP)
(mHB9-gfp 1b) and Hb9—lacZ (Hb9"“***/*) transgenic mice were gen-
erated by Dr. Thomas Jessell’s laboratory (Columbia University, New
York, NY), donated to us by Dr. Robert Brownstone (Dalhousie Univer-
sity, Halifax, Nova Scotia, Canada), and then bred in mouse facilities at
Cornell University (Ithaca, NY). Crossing of the two heterozygous trans-
genic lines led to Hb9-GFP/lacZ mice that express both GFP and
B-galactosidase (LacZ). These mouse lines were described previously
(Arber et al., 1999; Wichterle et al., 2002; Wilson et al., 2005). All prep-
arations were performed in accordance with Cornell University Institu-
tional Animal Care and Use Committee and National Institutes of Health
guidelines. Neonatal [postnatal 1 (P1) to P3] Hb9—GFP and Hb9-GFP/
lacZ mice were used in this study. Mice were killed by decapitation, and
their spinal cords were removed by laminectomy (Kudo and Yamada,
1987; Jiang et al., 1999) in ice-cold (4°C), oxygenated (95% O,/5% CO,)
sucrose-based Ringer’s solution (in mm: 206 sucrose, 2 KCl, 2 MgSO,,
1.25 NaH,PO,, 1 CaCl,, 1 MgCl,, 26 NaHCO;, and 10 p-glucose) or
low-calcium Ringer’s solution (in mm: 111 NaCl, 3.08 KCl, 25 NaHCO;,
1.18 KH,PO,, 3.8 MgSO,, 0.25 CaCl,, and 11 p-glucose). The ventral
meninges were removed near the midline in segments T11 to L3 but left
the ventral roots intact. The spinal cord was pinned, ventral-side up, in a
Sylgard-filled dish and superfused with oxygenated (95% O,/5% CO,)
normal mouse Ringer’s solution (in mm: 111 NaCl, 3.08 KCl, 1.25
MgSO,, 2.52 CaCl,, 25 NaHCO;, 1.18 KH,PO,, and 11 p-glucose) at a
flow rate of ~6 ml/min. After dissection, the spinal cord was incubated at
room temperature for 1 h before whole-cell recording or calcium indi-
cator dye loading and imaging.

Fictive locomotion and ventral root recordings. Fictive locomotion was
elicited using one of two methods: bath application of transmitters or
electrical stimulation of the caudal tip of the spinal cord. In the chemical
stimulation method, transmitters or their agonists (9 um NMDA, 12 um
5-HT, and 18 um DA, unless otherwise specified) were added to the
superfusing normal Ringer’s solution. In the electrical stimulation
method, a blunt, fire-polished stimulation electrode was used to suck up
the caudal tip of the spinal cord including the coccygeal roots and stim-
ulated using a battery-operated stimulus isolator (A365; World Precision
Instruments) driven by a 30's, 1 Hz train of 1-ms-duration square pulses
generated using a function generator (DS345; Stanford Research Sys-
tems). The threshold current to reliably elicit fictive locomotion episodes
was empirically determined, typically 10-50 wA, and the spinal cord was
allowed to rest for at least 3 min between consecutive stimulation epi-
sodes. To record motoneuron activity extracellularly from the ventral
roots, suction electrodes were attached onto two ventral roots, typically
left and right L1 or L2. Electrical signals were sent to an alternating
current amplifier (1700; A-M Systems), filtered between 100 Hz and 1
kHz, and recorded by a digitizer (Digidata 1322A; Molecular Devices)
using the pClamp 8 software (Molecular Devices).

Calcium indicator dye loading. A dye solution of Fluo-3 AM was pre-
pared as described by Garaschuk et al. (2006). Briefly, a solution of 10 mm
Fluo-3 AM (Invitrogen) and Pluronic F-127 (20% by weight; Invitrogen)
was prepared in DMSO (Sigma-Aldrich). This solution was diluted 10-
fold with a HEPES-based buffer solution (in mm: 150 NaCl, 2.5 KCI, and
10 HEPES, at pH 7.3), filtered with a 0.22 uwm centrifugal filter unit
(Ultrafree-CL; Millipore Corporation), and backfilled into glass pipettes
(with filaments, 1-4 M{); Sutter Instruments). To label the spinal cord, a
pipette was inserted 100—200 wm under the ventral surface using a mi-
cromanipulator (Burleigh) and under visual guidance using oblique il-
lumination. During entry, a holding pressure of 4 psi was controlled by a
Picospritzer (PV820; World Precision Instruments). To eject dye, 10 s
pressure puffs at 10 psi were repeated four to eight times. A total of 6-12
injection sites labeled the ventromedial region between T13 and L2. An
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optimal labeling pattern was typically observed after 1 h, when imaging
began, and persisted for >6 h.

Two-photon microscopy. Our two-photon microscope is based on a
Bio-Rad Radiance 2000 scan head mounted on an upright microscope
(BX50WTI; Olympus). Excitation was focused with an Olympus 40X/
numerical aperture 0.8 W infrared objective. The average excitation laser
intensity was 20—40 mW. Epifluorescence was separated into two chan-
nels by a long-pass dichroic mirror (DCLP500; Chroma Technology)
and emission filters (BGG22 and 575/150; Chroma Technology). Fluo-
rescence below 500 nm was detected by a bialkali photomultiplier tube
(HC125-02; Hamamatsu), and fluorescence above 500 nm was detected
by a GaAsP photomultiplier tube (H7422; Hamamatsu). We used a
method described previously to distinguish Fluo-3 from GFP fluores-
cence (Wilson et al., 2007b). Briefly, to image calcium transients, both
Fluo-3 and GFP fluorescence were excited at 800 nm and collected in the
>500 nm channel. The change in Fluo-3 fluorescence would therefore
reflect only qualitative changes in intracellular calcium concentration
but could be easily imaged because GFP expression in these mice was
relatively low. To identify GFP-labeled cells, the laser was tuned to 900
nm, at which the two-photon action cross-section of Fluo-3 is low, and
GFP fluorescence was collected exclusively in the <500 nm channel.
Cascade blue was excited at 800 nm and detected using a different emis-
sion filter (390/60; Chroma Technology). In time-lapse imaging, the field
of view was reduced to 128 X 128 pixels to facilitate a scan rate of 4—9 Hz.
To synchronize the images with electrical recordings, we used pClamp
software to record transistor—transistor logic (TTL) pulses that were gen-
erated by the Radiance control unit after each image frame was acquired.

Whole-mount staining of neurons that express LacZ. GFP expression in
the Hb9 —GFP line is leaky, with expression not only in Hb9-expressing
motoneurons and interneurons but also in ectopically labeled interneu-
rons that do not themselves express Hb9 (Hinckley et al., 2005; Wilson et
al., 2005). The Hb9—-lacZ mouse is a homologous recombinant such that
LacZ expression is confined only to Hb9-expressing neurons (Arber et
al.,, 1999). To confirm the identity of the true Hb9 INs, after photograph-
ing the GFP fluorescence, the whole spinal cord from Hb9—-GFP/lacZ
double transgenic mice was stained for LacZ activity. An iron buffer
solution (in mm: 5 potassium ferricyanide crystalline, 5 potassium ferri-
cyanide trihydrate, and 2 magnesium chloride, in PBS) was prepared and
stored in a light-protected container at 4°C. A stock 5-bromo-4-chloro-
3-indolyl- B-p-galactopyranoside (X-gal) solution (20 mg/ml X-gal, in
dimethylformamide) was prepared and stored at —20°C. Both stock so-
lutions were warmed to 37°C before use. To make the staining solution,
the stock X-gal solution was diluted 1:10 in the iron buffer solution (final
X-gal concentration, 2 mg/ml), and sodium deoxycholate (0.01% by
weight) and NP-40 substitute (0.02% by weight) were added. The spinal
cord was covered with a lid to reduce evaporation and incubated in the
staining solution overnight at room temperature to let the X-gal pene-
trate the whole spinal cord. Optimal staining occurred after 6-18 h. This
staining resulted in cell-sized, blue precipitates that were clearly visible
up to 200 wm below the ventral surface. We have tried other methods to
stain LacZ-expressing cells in whole spinal cord by pressure injecting or
incubating with fluorescent LacZ substrates (ImaGene Red or ImaGene
Green; Invitrogen) or by replacing the iron buffer solution with nitroblue
tetrazolium, all of which resulted in too much background staining. To
correlate GFP and LacZ expression patterns, before X-gal staining, we
took a mosaic image of the GFP fluorescence, with depths in 10 um
increments and an overall width of at least two lumbar segments, using
two-photon microscopy. Next, without moving the spinal cord, the
X-gal staining solution was added. Later, the X-gal reaction was imaged
with a color CCD camera (CV-S3200; Israel Aerospace Industries) at
different depths in the same lumbar regions. One-to-one correspon-
dence of GFP and LacZ expressions could be determined by comparing
the mosaic projection images (Fig. 1). Sometimes, cells would overlap in
projection images, and, in those cases, the depth information was used to
resolve the ambiguity.

Whole-cell recordings. Whole-cell recordings were made from spinal
cords dissected as above. In some preparations, cells were exposed in a
hemicord by cutting the entire spinal cord along the midline as described
by Hinckley et al. (2005). Patch recordings were made with standard
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Figure 1.

of one lower thoracic or upper lumbar segment (i.e., L1).

techniques as described by Zhong et al. (2007). Briefly, borosilicate glass
pipettes with a tip resistance of 5-7 M{) were filled with an internal
solution containing (in mm): 138 K-gluconate, 10 HEPES, 5 ATP-Mg, 0.3
GTP-Li, and 0.0001 CaCl,, pH 7.4 with KOH. Pipettes were visually
guided to GFP-positive (GFP ™) cells identified by fluorescence illumi-
nation. A Multiclamp 700A amplifier and Clampex pClamp 9 software
(Molecular Devices) were used. Fictive locomotion was evoked as in the
imaging preparation. We attempted to identify the authentic Hb9 neu-
rons in these recordings using the physiological criteria proposed by Han
et al. (2007) based on observations by Wilson et al. (2005). However, as
Han and colleagues also found, these physiological criteria do not clearly
fractionate the neurons into two groups, and we found that neurons that
were identified as Hb9-like or non-Hb9-like had similar rhythmic prop-
erties. Thus, we present electrophysiological data on all the GFP-labeled
interneurons.

Data analysis. Analysis of imaging data was performed with routines
written in MATLAB (MathWorks). All fluorescence traces shown in the
figures are unfiltered raw traces. Fluorescence data from Bio-Rad-
formatted images and electrophysiology recordings from pClamp data
files were imported as data arrays. Using the recorded TTL trigger signals
from the Radiance control unit, time-lapse fluorescence data were inter-
polated and matched in time to the electrophysiological data. Cells were
outlined manually based on their Fluo-3 and GFP fluorescence. The
fluorescence of a cell, F(t), was the sum of all pixel values within the cell
outline. The change in fluorescence, AF/F,, was calculated as (F(t) —
F,)/F,, where F(t) is the fluorescence at time ¢, and F,, is the baseline
fluorescence, the mean of F(f) from the first 10 imaging frames of the
time-lapse series. During electrical stimulation, the baseline reflects flu-
orescence during a prestimulus resting state, but, during transmitter ap-
plication, the baseline is measured during continuous activity. Therefore,
the values of AF/F measured during transmitter application are qualita-
tive. For each cell, calcium signal peaks were identified by a routine that
checks for rising fluorescence edges that increase in fluorescence by >3
SDs over the baseline fluorescence. This peak-picking routine can pro-

Identification of Hh9 interneurons. A, Spinal cord of an Hb9 —GFP/lacZ mouse after an overnight X-gal stain. Hb9-
expressing cells, including columns of motoneurons and small clusters of interneurons near the midline from T12—L2, appeared as
blue precipitates because they were LacZ *. The T13-L2 ventromedial region had a slight orange tint as a result of the calcium-
sensitive fluorescent dyes used for imaging experiments. B, Mosaic of projection images of the ventromedial region of a different
spinal cord with X-gal-stained LacZ ™ interneurons. Black lines indicate the approximate location in the spinal cord in which these
images were taken. C, The corresponding mosaic of projection images of GFP fluorescence taken with a two-photon microscope
before X-gal stain. D, By comparing the spatial distribution of the X-gal and GFP fluorescence mosaics over multiple lumbar
segments, we can identify post hoc GFP-labeled interneurons that were either Hb9 INs (GFP */LacZ ™, red circles) or ectopically
labeled. The locations of the midline and lumbar segments areillustrated by dotted white lines. The width of thisimage is the width
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duce false positives, so edges that did not re-
semble a sharp rise followed by an exponential
decay were manually deleted from analysis. In
~59% of the data, we had to correct for lateral
motion of the images in the x—y plane by
thresholding the time-lapse fluorescence im-
ages into black-and-white frames and then
finding the x-y shifts between consecutive
frames that gave maximum cross-correlation.
Motion correction for time-lapse images never
exceeded *5 pixels for x—y shifts, or the dataset
was discarded. None of the figures in this study
came from motion-corrected fluorescence im-
ages or traces, although those data were in-
cluded in calculating population statistics.

To analyze the temporal relationship between
calcium activity and fictive locomotor activity re-
corded from the ventral roots, we used a double
normalization procedure (Berkowitz and Stein,
1994; Zhong et al., 2007) to generate circular
plots. Ventral root recordings were rectified
and then smoothed with a time constant of 750
ms. The beginning of a fictive locomotor cycle,
0.0 on the circular plot, was defined as the mo-
ment when the ipsilateral ventral root activity
became stronger than the contralateral ventral
root activity. Similarly, the middle of a fictive
locomotor cycle, 0.5 on the circular plot, was
the moment when ipsilateral ventral root activ-
ity became weaker than the contralateral root
activity. Using this double-normalized time-
scale, onsets of calcium peaks or action poten-
tials from a single cell were plotted over the
range from 0 to 1. An arrow represents the vec-
tor whose direction was the mean phase of on-
sets of calcium or action potential activity and
whose length reflected the r value; this r value is a measure of correlation
between the timing of onsets of calcium peaks or action potentials, which
indicates whether the activity is significantly rhythmic and coordinated with
the ventral root bursts (Kjaerulff and Kiehn, 1996; Zar, 1996). The absolute
value of the locomotor cycle period was calculated by finding the largest
frequency component above 0.2 Hz in the Fourier transform of ventral root
recordings.

Whole-cell recording results were analyzed using custom routines
written in MATLAB (MathWorks), Clampfit (Molecular Devices), and
Spike2 (Cambridge Electronic Design), as in the study by Zhong et al.
(2007). Ventral root bursts were defined, and the phase of each action
potential was calculated as in the imaging preparation.

Statistics. All statistical tests are taken from Zar (1996). We classified
imaged cells as rhythmically active if they showed an n of at least six
calcium peaks over four locomotor episodes and had r > 0.5, and p < 0.05in
the Rayleigh’s test using the approximation equation for p described by
Zar (1996). All intracellularly recorded cells had an # of hundreds of
action potentials, and the cells were classified as rhythmic if they had r >
0.5, and p < 0.05 in the Rayleigh’s test. Mean phase angles of many cells
were averaged, and the resulting population mean angles were compared
using the two-sample Hotelling test for whether the two population
means are significantly different, with a confidence level of p < 0.05.
Errors for phase angles are expressed with 95% confidence limits
calculated by Batchelet’s test for second-order mean angles. Statistical
significance of some distributions was measured with a Wilcoxon’s signed-
rank test or a one-way ANOVA. All errors are expressed as the SEM,
unless otherwise specified.

Results

Hb9 interneurons can be positively identified in
Hb9-GFP/lacZ double transgenic mice

Past studies of the role of Hb9 INs in the spinal locomotor net-
work (Hinckley et al., 2005; Wilson et al., 2005, 2007a,b; Hinckley
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and Ziskind-Conhaim, 2006; Han et al.,, 2007; Ziskind-
Conhaim et al., 2008b) used the Hb9—GFP transgenic mouse
line (Wichterle et al., 2002), in which the Hb9 promoter drives
expression of GFP. However, immunocytochemical colabeling
for Hb9 protein revealed that, in this strain, GFP is expressed not
only in Hb9 INs but also ectopically in other cells that do not
express the Hb9 transcription factor protein (Hinckley et al.,
2005; Wilson et al., 2005). As a result, whole-cell recordings from
a GFP-labeled cell may reflect activity of an Hb9 IN or an ectopi-
cally labeled cell that is genetically undefined. To distinguish be-
tween these two possibilities, numerous electrophysiological
criteria for Hb9 IN have been suggested (Han et al., 2007; Wilson
et al., 2007a, 2008; Ziskind-Conhaim and Hinckley, 2008a).
However, it is not clear which set of criteria is best or whether they
can discriminate between the Hb9-expressing and ectopic popu-
lations of neurons (Han et al., 2007). An alternate strategy for
identifying Hb9 INs is to use an Hb9—lacZ transgenic mouse line
in which the knocked-in transgene produces LacZ. It has been
demonstrated using Hb9 antibody staining that all of the LacZ-
expressing cells are Hb9 ™ (Arber et al., 1999). Therefore, by
cross-breeding Hb9—GFP and Hb9-lacZ transgenic lines, it is
possible to identify Hb9 INs via GFP fluorescence and subse-
quent LacZ stains. Indeed, this Hb9—lacZ approach works well in
thin slices for immunohistochemistry (Wilson et al., 2005).

We have further pursued the GFP/LacZ strategy by staining
for LacZ activity in whole spinal cords from Hb9—GFP/lacZ mice
(Fig. 1 A). Our optimized whole-mount staining protocols, based
on an overnight incubation with X-gal, resulted in round, cell-
sized, blue precipitates across multiple thoracic and lumbar seg-
ments. The stained Hb9-expressing cells included the columns of
motoneurons as well as clusters of Hb9 INs located in the ventro-
medial region of the T12-L2 segments. Cells located as deep as
~200 wm below the ventral surface were stained and imaged with
a color CCD camera. By comparing image mosaics of the X-gal
stain with the GFP fluorescence captured before LacZ staining
(Fig. 1B, C), we can identify which GFP-expressing cells are also
LacZ ™ and therefore are true Hb9 INs (Fig. 1D, red circles). We
found no correlation between cell size and identity. There were
more Hb9 INs near the midline, but some ectopically labeled cells
were in the same region. In one representative stain of two ipsi-
lateral lumbar segments centered at L1 in a P2 Hb9—-GFP/lacZ
mouse, we found that 59% (40 of 68) of the GFP-labeled cells
were Hb9 INs. This percentage is comparable with the numbers
reported in two previous studies [~55% (Wilson et al., 2005); 74%
(Hinckley et al., 2005)] and highlights the importance of avoiding
the numerous ectopically labeled cells in Hb9—GFP mice.

Rhythmic calcium transients can be recorded from multiple
Hb9 INs during fictive locomotion in the intact spinal cord
Most experiments (Hinckley et al., 2005; Wilson et al., 2005;
Hinckley and Ziskind-Conhaim, 2006; Han et al., 2007; Wilson et
al., 2007a; Ziskind-Conhaim et al., 2008b) studied putative Hb9
INss in slices or in hemisected spinal cords because the cells lie
relatively deep beneath the ventral surface and cannot be visual-
ized with wide-field fluorescent microscopy. Here, we used two-
photon laser-scanning microscopy (Denk et al., 1990; Stosiek et
al., 2003; Zipfel et al., 2003; Wilson et al., 2007b) to image inter-
neurons 50-200 wm deep within whole spinal cords (Fig. 2A).
Multiple bolus injections of the membrane-permeant calcium-
sensitive fluorescent dye Fluo-3 AM at sites along the midline in
T13-L2 segments labeled hundreds of cells in the ventromedial
region. Fluo-3 AM was chosen because a previous survey in our
group found that this dye showed the most uniform labeling
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pattern and fluorescence responses with good signal-to-noise ra-
tios (Wilson et al., 2007b). Time-lapse images recorded calcium
transients from the internalized AM-ester dye, which have been
shown previously to reflect action potential activity with high
fidelity (Kerr et al., 2005; Sato et al., 2007).

To verify this calcium peak-action potential correlation for
spinal interneurons and also to determine the sensitivity of our
microscope, we performed simultaneous whole-cell recording
and calcium imaging of unidentified interneurons in the ventro-
medial region of the spinal cord (n = 3 cells). The pipette was
visualized with dextran-conjugated Cascade Blue, which also in-
tracellularly labeled the interneuron (Fig. 2A). Because the cal-
cium indicator dye washed out quickly, recordings were done
within 5 min of break-in. In current clamp, incremental current
injection steps led to membrane potential depolarizations with
increasing numbers of action potentials. Simultaneously, we im-
aged the Fluo-3 fluorescence transients from the recorded inter-
neuron (Fig. 2 B). With a small amount of injected current, the
interneuron depolarized but did not spike and showed no detect-
able fluorescence transient. With larger amounts of injected cur-
rent, the interneuron fired one or more action potentials, which
evoked a fluorescence peak whose amplitude correlated linearly
with the number of action potentials (Fig. 2C) (linear fit R* =
0.79-0.91).

For this study, it was essential to determine the timing of the
calcium peaks relative to the action potentials. The imaging rate
of the laser-scanning microscope (typically 7 Hz in our experi-
ments) limits the temporal resolution at which we can measure
calcium peaks. Actual calcium influx is known to occur within
milliseconds of action potentials (Markram et al., 1995), but,
because a barrage of action potentials during fictive locomotion
can last for seconds and the fluorescence can continue to sum for
many frames, the time of the fluorescence peak may be consider-
ably delayed relative to the start of firing. Thus, we chose to iden-
tify the frame before the fluorescence sharply rises (defined by
AF/F, > 3 SDs of F) as the earliest time that an action potential
could cause an increase in fluorescence. As seen in Figure 2D,
each action potential is followed by a fluorescence peak in the
next imaging frame. Preceding each significant fluorescence peak
is a sharp rising edge whose local minimum point (Fig. 2D, red
arrow) was used to estimate the earliest time when an action
potential driving the fluorescence peak could occur. This “onset
of fluorescence peak” was measured for 103 current injection
steps that resulted in one to seven action potentials; as expected,
we found that the onset of fluorescence peak preceded the first
electrophysiologically recorded action potential by 0.15 = 0.1 s
(£SD), i.e., within one image frame, when imaging at 7 Hz. To-
gether, these results demonstrate that the fluorescent peaks re-
flect suprathreshold activity and scale linearly with the number of
action potentials. Moreover, the earliest possible time for begin-
ning of interneuron spiking activity can be determined using the
onset of rise in fluorescence to discrete peaks, with an accuracy of
approximately the time to obtain one image frame (0.14 s). This
calculated onset time precedes the actual onset time of the action
potential burst (by up to the time of one frame), but it cannot
follow it.

We proceeded to investigate the activity of identified Hb9 INs
in Hb9—GFP/lacZ mice. From the Fluo-3 AM-labeled cell popu-
lation, we identified Hb9 INs by their GFP fluorescence and the
subsequent X-gal stain (Fig. 3A, B). During imaging, fictive loco-
motion was elicited by one of two methods: (1) electrical stimu-
lation of the caudal tip of the spinal cord (Gordon and Whelan,
2006; Zhong et al., 2007), and (2) chemical stimulation by bath
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AM-ester calcium indicator dye accurately reflects the number and timing of spikes from spinal interneurons.
A, Interneuronsin the ventromedial region of in vitro isolated whole neonatal mouse spinal cord were loaded with Fluo-3 AM. After
the spinal cord was hemisected, whole-cell recording was made using pipette filled with dextran-conjugated Cascade Blue. B,
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supplemental material). This suggests a
common origin for the early increase in
fluorescence, and we conjecture that it
arises from out-of-focus fluorescence
from dye-labeled superficial axonal affer-
ents, which would respond to the electri-
cal stimulation of the caudal tip of the
spinal cord. During chemically evoked
fictive locomotion, the Hb9 INs had cal-
cium peaks that were in phase with the
ipsilateral ventral root activity, whereas the
ectopically labeled cell showed peaks that
were not rhythmically in phase with the
ventral root bursts. Bath application of
NMDA/5-HT/DA caused a 19 £ 5% in-
crease of baseline fluorescence intensity in
all Fluo-3 AM-labeled cells (n = 12 cells;
p < 0.01, Student’s ¢ test). This fluores-
cence increase applied to cells with or
without GFP and reflected an overall in-

4 4 5APs

AF/Fo 20%

I 40mV
10s

vm crease in calcium concentration when the
AF/Fo 20% spinal cord was excited by transmitters,

I 10mv which returned to the original baseline in-

= tensity after transmitter washout. These

results demonstrated our ability to im-
age calcium transients of multiple, identi-
fied Hb9 INs in a whole spinal cord during
fictive locomotion.

Within 5 min of break-in, current injection steps elicited membrane potential depolarization and fluorescence transients. A small

current step led to depolarization without action potential (AP) and no detectable fluorescence change, whereas larger steps
resulted in spikes and fluorescence peaks, demonstrating that fluorescence reflects suprathreshold activity. ¢, The intensity of
fluorescence peak scales linearly with the number of spikes evoked, although there were some variation among three interneurons
from the same cord and dye preparation. D, Individual fluorescence data points (red rectangles) are shown with the corresponding
electrical recording during one current step. Fluorescence transient peaks in the imaging frame after an action potential. The
measured onset of fluorescence peak (red arrow) appears to occur before the start of spiking activity because of our limited imaging

frame rate.

application of 9 um NMDA, 12 uMm 5-HT, and 18 um DA. Both
methods produced robust fictive locomotion with rhythmic ven-
tral root bursting and left-right alternation, which was recorded
using suction electrodes from upper lumbar ventral roots. Figure
3C shows one representative set of calcium transients from a
group of four GFP * interneurons [three of which were subse-
quently shown to be Hb9 ™, whereas one was Hb9 negative
(Hb9 7)] (Fig. 3B) during fictive locomotion. The cells were at the
border of the L1 and L2 segments, whereas the extracellular re-
cordings were made from the ipsilateral L1 and contralateral L2
roots. During fictive locomotion elicited by electrical stimula-
tion, the three Hb9 INs, but not the ectopically labeled cell,
showed sharp calcium peaks at the onset of fictive locomotion, as
well as detectable peaks during later cycles of the locomotor epi-
sode. Fluorescence also slightly increases uniformly across many
Fluo-3 AM-labeled cells at the beginning of electrical stimulation,
with no peaks, as seen shortly after electrical stimulation in the
ectopically labeled Hb9 ™ cell 4 in Figure 3C. This early increase in
fluorescence in Fluo-3 AM-labeled cells is likely not attributable
to spiking activity for two reasons. First, the early increase is
gradual and does not resemble the spike-related calcium peak
that has a sharp rise and an exponential decay (Fig. 2). Second,
this slow, gradual signal can also be detected with similar ampli-
tude and form in all neighboring non-Hb9 interneurons and
even in neighboring neuropil regions that lack visible neuronal
somata (supplemental Fig. 1, available at www.jneurosci.org as

At the beginning of a fictive locomotion
episode, onset of Hb9 IN spiking
activity occurs after the onset of
ipsilateral ventral root activity
Transmitter-elicited fictive locomotion is
well characterized (Kjaerulff and Kiehn,
1996; Jiang et al., 1999; Whelan et al,
2000) and provides a sustained period of
fictive locomotion but is not useful for studying the initial onset
of a locomotor bout. In contrast, electrical stimulation of the
caudal tip of the spinal cord evokes episodes of fictive locomo-
tion, which can be repeated >20 times in a single preparation
(Lev-Tov et al., 2000; Whelan et al., 2000). Each episode consists
of robust fictive locomotor patterns lasting ~30 s with rhythmic
bursting and left-right alternation; it has a distinct initiation
point, allowing us to study the events that occur at the beginning
of a bout, during the transition from a resting state to fictive
locomotion. To more closely investigate the possible role of Hb9
INs as the pacemaker kernel that drives the intrasegmental loco-
motor circuit, we looked at the timing of the initial onsets of Hb9
IN calcium peaks relative to the ipsilateral ventral root activity of
that segment. We found that, at the start of fictive locomotor
episodes elicited by electrical stimulation, onsets of Hb9 IN cal-
cium peaks lagged behind the beginning of ipsilateral ventral root
activity (Fig. 4A). The mean time lag for each Hb9 IN was calcu-
lated, and the values for all Hb9 INs were summarized in a histo-
gram (Fig. 4 B). The mean lag was 1.4 = 0.3 s (n = 25 cells) and
was significantly delayed compared with ipsilateral motor output
(p < 0.001, Student’s ¢ test). This lag is much greater than the
error introduced by the imaging frame rate (~0.15 s) and there-
fore cannot be explained by the slow calcium imaging rate. Some
neurons failed to fire at all during the first ventral root burst (Fig.
4 B). Of 25 neurons tested, only three had their average onset of
calcium peak before the onset of the ipsilateral ventral root burst,
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Two-photon calcium imaging of Hb9 interneurons during fictive locomotion. A, Experimental setup. AM-ester calcium-sensitive fluorescent dyes were pressure injected into the

ventromedial region of an in vitro spinal cord from a neonatal Hb9 —GFP/lacZ mouse. Suction recording electrodes were used to record extracellular electrical signals from ipsilateral and contralateral
ventral roots (e.g., iLToriL2 and cL1 or cL2). Fictive locomotion was evoked by either bath application of NMDA, 5-HT, and DA, or electrical stimulation of the caudal tip of the cord. B, Two-photon
projection images show cells near the injection sites that were indiscriminately loaded with Fluo-3 AM and several cells that were expressing GFP. The GFP-labeled interneurons were subsequently
identified to be either Hb9 INs or ectopically labeled by the post hoc X-gal stain. , Typical fluorescent traces show calcium transients inindividual GFP-labeled interneurons during fictive locomotion.
Electrical stimulation of the caudal tip of the cord elicited fictive locomotor episodes lasting ~30's. Extracellular recordings of ventral roots and their corresponding low-pass-filtered traces showed
the signature left—right alternation of fictive locomotion. Hb9 INs, cells 1-3, had calcium peaks when ipsilateral ventral root was active (shaded gray), whereas the ectopically labeled cell, cell 4, did
not have calcium peaks. Onsets of calcium peaks are indicated (triangles; black if in phase with ipsilateral root activity, red if out of phase). For the same set of cells, calcium transients were also
imaged during fictive locomotion evoked by 9 um NMDA, 12 wum 5-HT, and 18 um DA. In chemically induced fictive locomotion, Hb9 INs fired in phase with ipsilateral ventral root activity, whereas

ectopically labeled cell fired tonically in both ipsilateral and contralateral phases of fictive locomotion.

and the mean onset was significantly later than the ventral root
burst onset (p = 6 X 10 ~°, Wilcoxon’s signed-rank test). These
data suggest that Hb9 INs are rarely active before or at the onset of
ipsilateral ventral root activity; rather, most become active well
after the onset of ipsilateral motoneuron bursting.

Our analysis looked at the timing of Hb9 activity in the
T13-L2 spinal segment relative to the ipsilateral flexor-related
ventral root activity in the same or an immediately adjacent seg-
ment. It is conceivable that, instead of driving the flexor mo-
toneurons, the Hb9 INs may drive ipsilateral extensors. However,
our data argue against this possibility. During caudal cord elec-
trical stimulation, onsets of activity from ipsilateral extensors
(recorded in L5) and from the contralateral L2 flexors typically
occur synchronously (G. Zhong and R. M. Harris-Warrick, un-
published observations), allowing us to monitor ipsilateral exten-
sor activity with the contralateral L2 bursts. During some
stimulations, fictive locomotion began with an ipsilateral flexor
burst, whereas in others it began with the contralateral flexor
(and thus the ipsilateral extensor) burst. If Hb9 IN activity were
linked to the ipsilateral extensor/contralateral flexor, the lag time

of onset at the beginning of an evoked locomotor episode, as
measured from the ipsilateral flexor, would be different in those
fictive locomotion episodes beginning with a contralateral com-
pared with an ipsilateral flexor burst. In contrast, if Hb9 IN ac-
tivity were linked to the ipsilateral flexor, we would expect no
difference in lag times between the two groups. Our data showed
no difference between the distributions of lag times of the two
groups ( p = 0.24, Student’s t test); both groups are evenly dis-
tributed around the mean of 1.42 ( p > 0.1, Wilcoxon’s test).
We conclude that there is no evidence suggesting that the
timing of activity of the Hb9 IN onset is associated with the
activity of the contralateral flexor and therefore the ipsilateral
extensor motoneurons.

During ongoing bouts of fictive locomotion, rhythmic
activity and timing of Hb9 INs also lag behind ipsilateral
ventral root activity

To evaluate the rhythmicity of Hb9 INs during ongoing fictive
locomotion, we used circular statistics. Circular plots show the
relative phase between the onset of the Hb9 IN calcium peak and
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Onset of Hh9 interneuron calcium peak lags the onset of ipsilateral motor output. 4, Fluorescence trace shows the calcium transient of an Hb9 IN (GFP */LacZ ™) at the beginning of a

fictive locomotor episode elicited by tonic electrical stimulation of the caudal tip of the spinal cord. Fictive locomotion followed seconds after electrical stimulation began. The onset of the calcium
peak clearly lagged the beginning of ipsilateral ventral root activity. B, The lag time between onset of calcium peak and ipsilateral ventral root activity was averaged over multiple fictive locomotor
episodes for each Hb9 IN. The distribution of the mean lag times are summarized in a histogram. C, Circular plot shows the onsets of calcium peaks (triangles; black for electrical stimulation, white
for chemical) from one Hb9 IN relative to the locomotor cycle (ipsilateral half-cycle shaded gray). Most calcium peak onsets lie in the first quadrant of the circular plot, indicating that they lagged
behind the beginning of ipsilateral motor output (labeled 0.0). Vector shows the mean phase and r value, which is statistically significant and indicates that this Hb9 IN was rhythmically active. The
inner circleindicates r = 0.5, the threshold for rhythmicity. The locomotor cycle periods were 2.4 s for electrical stimulation and 4.7 s for chemical stimulation. D, Population circular plot summarizes
the phase of spiking activity from all Hb9 INs that had calcium peaks during fictive locomotion. Each dot represents the end of a mean phase vector from a single Hb9 IN, i.e., from a single-cell plot
such as € (black for electrical stimulation, white for chemical). contra., Contralateral; ipsi., ipsilateral.

the onset of ipsilateral motor output. In Figure 4C, the onsets of
calcium peaks are shown for a single Hb9 IN during electrically
and chemically evoked fictive locomotion. The mean phase is
plotted as a vector, in which the vector length reflects the r value,
indicating the statistical significance of the rhythmicity. This neu-
ron was significantly rhythmic during both types of stimulation.
Significantly, it had a mean onset phase in the first quadrant, after
the onset of the ipsilateral ventral root burst; 89% of the onsets of
calcium peaks were in the first and second quadrants of the plot,
whereas only 11% were in the fourth quadrant in which they
would be leading the ventral root burst. As a population, 83% (25
of 30) of the imaged Hb9 INs responded with multiple calcium
peaks during electrically evoked fictive locomotion episodes and
63% (19 of 30) during chemical stimulation. The onset phase of
their activity during the cycle is summarized in a population
phase plot (Fig. 4 D); the vectors of 80% of these responsive Hb9
INs lie outside the r = 0.5 inner circle, and thus they are rhyth-
mically active. The mean onset phase of the significantly rhyth-
mic Hb9 INs during fictive locomotion was 0.21 [r = 0.58; 95%
confidence intervals (Cls) of +0.03, —0.04] for electrical stimu-
lation and 0.28 (r = 0.52; 95% CIs of +0.08, —0.07) for chemical
stimulation; both values are significantly later than 0, the onset of
ipsilateral ventral root bursting (electrical stimulation, p < 4 X
10 ~3; chemical stimulation, p < 0.01; Wilcoxon’s test). The onset
phases in the two conditions were not significantly different from
one another ( p < 0.25, Hotelling test). Again, these delays are far
too long to be explained by the slow calcium imaging rate.
Because phase plots can be skewed by some Hb9 INs that were
only weakly activated during electrically evoked fictive locomo-
tion, with only a small number of calcium peaks, we further in-
vestigated the set of the most active Hb9 INs that responded with
at least six calcium peaks over all fictive locomotor episodes dur-
ing electrical (n = 18) and chemical stimulations (n = 15).
Within this subset of cells, we found that 78% of Hb9 INs (14 of
18) were rhythmically active during electrical stimulation (aver-
age r = 0.71) and 73% (11 of 15) during chemical stimulation
(average r = 0.66). Even for these most strongly rhythmic cells, the
mean onset time vector was significantly >0 for both electrical stim-
ulation (0.19, CIs of +0.04, —0.05; p = 6 X 10 ~3, Wilcoxon’s test)
and for chemical stimulation 0.24 (CIs of +0.17, —0.06; p =

0.0005). There was no relationship between the segment in which
a cell was located and its onset phase relative to its ipsilateral
ventral root (one-way ANOVA, p = 0.83 for electrical stimula-
tion, p = 0.55 for chemical stimulation). Previous reports, which
examined multiple lumbosacral segments with millisecond reso-
lution, found rostrocaudal waves of activation for motoneurons
(Bonnot et al., 2002) and dorsal spinal interneurons (Cuellar et
al., 2009). Because we imaged in smaller regions with slower tem-
poral resolution and because the reported average delay along a
single segment in the in vitro mouse spinal cord (Bonnot et al.,
2002) is on the order of tens of milliseconds, we would not nec-
essarily detect similar rostrocaudal waves if they exist in Hb9 INs.
The existence of such waves may also depend on cell type and
should be investigated in future experiments. All Hb9 INs that
were rhythmically active during chemically induced fictive loco-
motion were also rhythmically active during electrical stimula-
tion, but some Hb9 INs that were rhythmic during electrical
stimulation were not rhythmic during chemically induced fictive
locomotion. However, calcium imaging might have underesti-
mated the number of interneurons with calcium peaks during
chemical stimulation because the fluorescence changes during
chemical stimulation tended to have smaller amplitudes, possibly
attributable to additional tonic activity and calcium elevation in
the presence of excitatory transmitters. Our data suggest that
most Hb9 INs showed rhythmic and well timed calcium peaks
during both electrically and chemically evoked fictive locomo-
tion, but the onsets of the calcium peak activity consistently
lagged the onsets of ipsilateral ventral root.

Electrophysiological recordings confirm that Hb9 IN onset
activity lags ventral root activity

Having used calcium imaging to demonstrate that the onset of
Hb9 IN activity lags behind the onset of ipsilateral ventral root
activity, we confirmed these findings using intracellular record-
ings, which offer much finer temporal resolution. Whole-cell re-
cordings were made from GFP ™ interneurons in the whole and
hemisected spinal cords of Hb9—GFP mice. Intracellular record-
ing of GFP " cells in whole spinal cord is difficult because most
Hb9 INss lie relatively deep beneath the ventral surface and are
thus impossible to visualize with standard fluorescence micro-
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Intracellular recordings in whole and hemisected spinal cords confirm that spiking activity lags ipsilateral motor output. A, Experimental setup for intracellular recording of GFP *

interneurons in the spinal cord of a neonatal Hh9 —GFP mouse. B, C, Representative intracellular recordings from one putative Hb9 IN in whole spinal cord during fictive locomotion elicited by
electrical or chemical stimulation. Note that both ventral root and intracellular activity diminish over the course of the long electrical stimulation, which is much longer than the stimulation used in
imaging experiments. D, A circular plot shows that spikes from this GFP * interneuron were mostly in phase with the ipsilateral motor output during electrical stimulation (shaded gray, black
triangles), although spikes during chemical stimulation were not rhythmic (white triangles). £, Experimental setup for intracellular recording of GFP * interneurons in a hemisected spinal cord of
a neonatal Hb9 —GFP mouse. F, Representative recording from one GFP * interneuron in a hemisected spinal cord during chemically evoked fictive locomotion. A bias current was applied to
counteract the generally excitatory effect of the transmitters and display the bursts more clearly. G, A circular plot shows that spikes from this one GFP * interneuron were mostly in phase with the
ipsilateral mator output during chemical stimulation (shaded gray, white triangles). H, Population circular plot of all GFP ™ cells recorded from hemisected spinal cords show that approximately half
of the GFP ™ cells were rhythmic, i.e., outside the r = 0.5 circle. I, The rhythmic GFP " INs have mean phases of spiking activity that lags the ipsilateral root activity. J, To compare with calcium
imaging data, the population circular plot is regraphed using only the first spike per burst (instead of all spikes). The mean phases still significantly lags the ipsilateral root activity. AP, Action

potential; contra., contralateral; ipsi., ipsilateral.

scopes. Our initial attempts to expose the neurons with slits in the
ventral surface showed that damage to the ventral surface near
the midline can significantly reduce the likelihood of eliciting
fictive locomotion via electrical stimulation of the caudal spinal
cord. We addressed this problem in two ways. First, we made
intracellular recordings from superficial GFP ™ cells in whole spi-
nal cords. Figure 5A shows one successful whole-cell recording of
a GFP " IN in the whole spinal cord. This neuron showed sub-
threshold oscillations and rhythmic spiking activity during a fic-
tive locomotor bout elicited by electrical stimulation (Fig. 5B)
but tonic activity during chemical stimulation, even when the
neuron was hyperpolarized (Fig. 5C). A circular plot of all action
potentials (Fig. 5D) showed that the neuron was rhythmically
active during electrically stimulated but not chemically stimu-
lated, fictive locomotion. During electrical stimulation-evoked
fictive locomotion, the mean firing phase for all action potentials
in this cell was 0.32 (r = 0.61). To make a comparison with the
calcium imaging experiments, which measured the onset of spik-
ing activity, we also calculated the timing of the first action po-
tential per ipsilateral ventral root burst: the mean phase for the
first action potential in each burst was 0.20 (r = 0.70) during
electrical stimulation-evoked fictive locomotion. It is interesting
that this cell was rhythmic during electrically evoked but not
chemically evoked fictive locomotion. The lack of chemically

evoked rhythmicity was not attributable to deterioration of the
cell or the spinal cord, because rhythmic bursting in response to
electrical stimulation was observed before and after neurotrans-
mitter application. We also saw, in the imaging preparation, sev-
eral cells that respond during electrically evoked but not
chemically evoked fictive locomotion. These anecdotal observa-
tions raise the intriguing possibility that, depending on how it is
evoked, fictive locomotion recruits different populations of in-
terneurons for the CPG.

To record intracellularly from more neurons, we adopted the
hemisected spinal cord preparation (Fig. 5E) (Hinckley et al.,
2005) that provided better access through the completely
transected midline surface but in which electrically evoked fictive
locomotion was not possible. Extracellular recordings from one
ventral root showed that slow rhythmic bursting activity could be
elicited by chemical stimulation. Whole-cell recordings of GFP *
interneurons revealed rhythmic spiking activity (Fig. 5F). Most
cells were highly depolarized and fired almost continuously in the
presence of NMDA/5-HT/DA, but, when a holding current was
applied to lower the membrane potential toward its natural level,
visible bursts appeared in many of the cells, as reported previ-
ously by Hinckley et al. (2005). The circular plot of one typical
GFP " IN (Fig. 5G) confirmed that its peak of activity lagged the
onset of ipsilateral ventral root activity, with a mean phase 0of 0.18
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Figure 6.  Firing patterns of Hb9 interneurons during a bout of fictive locomotion. A, Representative fluorescence trace of calcium transient from one Hb9 IN (GFP */LacZ ™) during fictive

locomotion elicited by electrical stimulation of the caudal spinal cord. Shaded area represents when ipsilateral ventral root is active, and bar represents onset of calcium peak. This is shown
schematically at the bottom of the trace. B, Calcium transients of one Hh9 IN during fictive locomotor episodes elicited by electrical stimulations that were repeated 10 times. Patterns of calcium
peaks did not repeat and were sparse compared with the number of locomotor cycles. The Hb9 INs tended to show activity at the beginning of a fictive locomotor episode and fall off sharply with
repeated bursts during a bout. These data are quantified in €, showing the probability of the neuron delivering a calcium transient for each burst in the bout (data averaged from 40 bouts). By
comparison, the integrated areas of ipsilateral and contralateral ventral root activity were relatively stable throughout the bout (bottom graph in €). a.u., Arbitrary units. D, Calcium transients of a
single Hb9 IN during fictive locomotion elicited by bath application of 5-HT, NMDA, and DA; the three lines show consecutive records of activity during 30 locomotor cycles. Calcium peaks were
observed in most but not all the locomotor cycles. E, During electrically evoked fictive locomotion, four nearby Hb9 INs show uncoordinated calcium transients. F, The frequencies of observing the
four cells in Efiring together in the same cycle are quantified using 10 bouts. A trend line shows the expected frequencies for four cells if they are independent, identical, and generate calcium peaks

with probability as shown in €. Similarity between the trend line and the observed frequency suggest that Hb9 INs were not strongly coupled.

and a mean vector value of r = 0.82. The rhythmic onset of
activity of this cell (measured by the first action potential in each
burst) lagged the onset of ipsilateral ventral root activity with a
mean phase of 0.12 ( = 0.86). As a population, 53% of the GFP *
interneurons (9 of 17) (Fig. 5H ) tested were rhythmically active,
with 7> 0.5. For these rhythmic GFP ¥ INs (average r = 0.57), if
all action potentials were counted, the mean phase of firing was
0.17 (95% Cls of +0.7, —0.11) (Fig. 5I). To make a comparison
with the calcium imaging experiments, which measured the onset
of spiking activity, we also plotted the timing of the first action
potential per ipsilateral ventral root burst. Consistent with our
imaging results, the mean onset phase of firing was 0.12 (95% Cls
of +0.07, —0.09; r = 0.64) and was significantly later than zero
(p=10.001, Wilcoxon’s test) (Fig. 5] ). Only one of nine rhythmic
GFP " INs had a mean onset of spiking before the onset of the
ipsilateral ventral root burst. The mean onset phases recorded
either electrophysiologically (in the hemisected spinal cord, 0.12)

(Fig. 5]) or by calcium imaging (0.28) (Fig. 4 D) were not signif-
icantly different from one another ( p < 0.25, Hotelling test), and
both were significantly later than zero. These electrophysiological
data corroborate our imaging results to demonstrate that the
onset of rhythmic firing by Hb9 INs lags behind the onset of
ipsilateral ventral root activity during fictive locomotion.

Activity patterns of Hb9 interneurons are sparse and variable

Because there are relatively few Hb9 INs (~100-500, 40 per lum-
bar segment near L1) (Fig. 1), if they are to drive the rest of the
CPG as the primary pacemaker neurons, they should show rela-
tively robust and consistent levels of activity during each cycle of
fictive locomotion. Electrical stimulation of the caudal spinal
cord makes it possible to repeatedly induce episodes of fictive
locomotion and see whether Hb9 IN activity is the same or dif-
ferent with each locomotor bout. During repeated episodes of
fictive locomotion elicited by electrical stimulation, we imaged
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calcium transients of single Hb9 INs (Fig. 6 A, B) and found that
the activity of each Hb9 IN was variable on a cycle-by-cycle basis.
In each episode, there were fewer calcium peaks than ipsilateral
ventral root bursts, so the Hb9 INs did not fire during every
locomotor cycle. Moreover, most calcium peaks occurred during
the beginning of a fictive locomotor episode, with the probability
of observing a calcium peak falling nearly to zero during a pro-
longed episode (Fig. 6C). In contrast, ventral root activity, quan-
tified by the integrated area of each ventral root burst, remained
stable and strong throughout the fictive locomotor episode (Fig.
6C, bottom trace). We also failed to find regular calcium peaks
from a single Hb9 IN during each cycle of chemically evoked
fictive locomotion (Fig. 6 D). As described above, most Hb9 INs
showed rhythmic activity relative to the ipsilateral ventral root
discharges but were only active in ~67% of the cycles. These data
imply that Hb9 IN activity is not required for every ventral root
burst and, moreover, that Hb9 INs may be more involved with
the initiation than in the maintenance of an electrically evoked
fictive locomotor episode.

Calcium imaging enabled us to record calcium transients
from multiple Hb9 INs at once. When comparing as many as five
Hb9 INs within the same field of view, we did not observe any
obvious spatial organization in their activation patterns. Within a
single electrically evoked fictive locomotion episode, activity of
Hb9 INs from cycle to cycle appeared uncoordinated (Fig. 6 E).
We quantified the frequencies of observing multiple Hb9 INs
firing together during the same cycle (Fig. 6 F) and compared
these with the predicted frequencies assuming that each Hb9 IN
was independent and showed activity according to the calcium
peak probability in Figure 6C. There was no significant difference
between the expected frequencies and the observed frequencies,
suggesting that these Hb9 INs were not strongly coupled and
fired independently during fictive locomotion.

Heterogeneous firing activity of ectopically

labeled interneurons

So far we have focused on the genetically defined population of
Hb9 INs. Because our X-gal stain also identifies ectopically la-
beled (Hb9 ~, GFP */LacZ ™) cells, we looked at their patterns of
calcium activity during fictive locomotion. Ectopically labeled
cells typically showed two kinds of calcium transients (Fig. 7A).
Approximately half of the cells (14 of 27, 52%) remained silent
during fictive locomotion evoked by either method (Figs. 7A,
right, 3C). The other half of the ectopically labeled cells (13 of 27,
48%) had calcium transients during chemical (7 of 27) and/or
electrical (13 0f 27) stimulation. Among all the ectopically labeled
cells, 30% (8 of 27) had calcium peaks with a distinct “sawtooth”
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Figure7. Heterogeneous types of calcium transients observed in ectopically labeled (Hb9 —,
GFP */LacZ ™) cells. A, Representative fluorescence traces of calcium transients seen in two
types of ectopically labeled cells. Approximately half of the ectopically labeled cells showed large
sawtooth-like calcium peaks during fictive locomotion, especially during fictive locomotion evoked by
bath application of transmitters. The remaining half of the ectopically labeled cells were silent in all
conditions tested. B, Magnified view shows that the sawtooth-like calcium peak onsets were not
rhythmically coordinated to the phases of fictive locomotion (triangles if in phase with ipsilateral root
activity, asterisksif out of phase). C, At higher transmitter concentrations, the frequency of occurrences
of sawtooth-like calcium peak increased. Two ectopically labeled cells within the same imaging field
of view showed calcium transients with distinctly different onset timing. D, Compared with Hb9 *
interneurons, fewer ectopically labeled cells responded to electrical and/or chemical stimulations with
calcium peaks. Population circular plot displaying only the responsive cells shows that most of them,
including the ones exhibiting sawtooth-like calcium peaks, were notrhythmically active during chem-
ical stimulation. contra., Contralateral; ipsi., ipsilateral.
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shape, including a large, sharp peak (Fig. 7A, left). Although the
frequency of sawtooth-like calcium peaks was approximately the
same as the fictive locomotion stepping cycle, the onsets of
sawtooth-like calcium peaks were not significantly phase locked
relative to the ipsilateral ventral root bursts during chemically
elicited fictive locomotion (Fig. 7B). Moreover, the frequency of
these sawtooth-like calcium peaks increased at higher transmitter
concentrations at which fictive locomotion had ceased (Fig. 7C);
note that the two ectopically labeled cells recorded simulta-
neously were not coordinated in their firing. As a population, few
ectopically labeled cells were significantly rhythmic during chem-
ically stimulated (3 of 27) or electrically stimulated (6 of 27)
fictive locomotion (Fig. 7D), and the onset times of these few
rhythmically active cells were typically in the first quadrant, after
onset of ipsilateral ventral root activity. These results show that
ectopically labeled cells (GFP */LacZ ~) have heterogeneous ac-
tivity patterns; a minority are rhythmically active in phase with
fictive locomotion, whereas the majority are silent or show rhyth-
mic activity that is unrelated to fictive locomotion.

Discussion

We used two-photon calcium imaging and electrophysiological
recording to investigate the timing of onset of spiking activity in
Hb9 INs during fictive locomotion in neonatal mouse spinal
cords. Our data suggest that Hb9 INs are likely to be components
of the spinal locomotor CPG, but, because their onset of spiking
activity lags behind that of the ipsilateral ventral root activity,
Hb9 INs are not likely to provide the major intrasegmental rhyth-
mic drive for the motor pattern.

McCrea and colleagues (Lafreniere-Roula and McCrea, 2005;
Rybak et al., 2006a,b; McCrea and Rybak, 2008) analyzed spon-
taneous motor deletions during fictive locomotion and argue for
atwo-layer model of the CPG, wherein a kernel of neurons forms
the rhythm-generating network that in turn drives interneurons
in a pattern-generating network to organize locomotion. The
structure of such a rhythm-generating kernel is unknown, but,
based on invertebrate networks, it could arise from a combina-
tion of network interactions and the intrinsic properties of the
component neurons. These interactions could vary from one ex-
treme, in which a network of non-oscillatory neurons generates a
rhythm by mutual excitation and fatigue, to the other extreme, in
which the neurons possess endogenous pacemaking oscillatory
properties (Marder and Bucher, 2001; Feldman and Del Negro,
2006; Brownstone and Wilson, 2008). Finding cell types in the
spinal cord with properties appropriate for a role in one model
will provide evidence as to which model is correct.

The Hb9 INs have elicited significant interest since their
first electrophysiological characterizations (Hinckley et al.,
2005; Wilson et al., 2005). They are rhythmically active during
transmitter-evoked fictive locomotion in the isolated hemicord
(Hinckley et al., 2005) and show TTX-resistant oscillations in the
presence of the same transmitters (Wilson et al. 2005; Ziskind-
Conhaim et al., 2008b). This raised the possibility that these neu-
rons are conditional oscillators that may play a central role in the
rhythm-generating kernel of the CPG (Brownstone and Wilson,
2008; Ziskind-Conhaim et al., 2008b).

In an insightful review, Brownstone and Wilson (2008) laid
out a set of criteria that would define a neuron as a component of
the rhythm-generating kernel of the spinal locomotor CPG. For
example, they must be positioned ventromedially in the region in
which the CPG has been located by lesion and imaging studies;
they must receive appropriate sensory and descending synaptic
inputs that can affect the rhythm; and they must be excitatory and
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have properties (synaptic or intrinsic) that support rhythm gen-
eration. Finally, they must be rhythmically active during fictive
locomotion, and future cellular knock-out studies must show
that they are necessary for the network to function. The Hb9 INs
meet many of these predictions.

We propose three additional criteria to characterize a class of
interneurons that plays a central role in the segmental CPG
rhythm-generating kernel. First, because the rhythm-generating
kernel drives the pattern-generating network and indirectly the
motoneurons in each segment, members of the rhythm-
generating network should start firing before the motoneurons of
that segment at the onset of a bout of fictive locomotion, and
their onset phase should lead that of the motoneurons during
each cycle of a locomotor bout. Second, the neurons should re-
main active throughout a bout of fictive locomotion, providing
continuous drive for the rhythm. A third and weaker prediction is
specific to the Hb9 INs: because there are so few of them in each
spinal segment (~40 per lumbar segment near L1) (Fig. 1), each
neuron should be active in every or nearly every cycle, to provide
sufficient drive to the pattern-generating networks of the CPG.

We have tested these three criteria using calcium imaging and
electrophysiological recordings. In the in vitro isolated whole spi-
nal cord preparation, we initiated repeated bouts of fictive loco-
motion by electrical stimulation of the caudal spinal cord and
recorded the timing of onset of Hb9 activity relative to the ipsi-
lateral ventral root in the same or adjacent segment. In the over-
whelming majority of measurements, the first detectable rise of
the Hb9 calcium peak lagged behind the onset of ipsilateral ven-
tral root burst activity by an amount that could not be explained
by the slow frame rate of the calcium measurements (Fig. 4).
Thus, initial activity in the Hb9 INs does not precede the first
motoneuron bursts in their segment, making it impossible for
them to initiate motoneuron activity. This alone does not dis-
qualify the Hb9 INs: it is possible that the unpatterned synaptic
input from caudal spinal cord stimulation excites many neurons,
and the motoneurons simply start firing first. However, then we
would expect that, in subsequent cycles of the motor bout, the
normal CPG network would take charge of rhythm generation,
and the Hb9 INs would begin to lead the motoneurons, providing
the rhythmic drive demanded of the rhythm-generating network.
However, this is not so. With electrically evoked bouts of loco-
motor activity, the onset of Hb9 IN activity continued to lag
behind the ipsilateral ventral root bursts throughout the bout.
Both in the intact spinal cord (with calcium imaging) and in the
hemicord (with whole-cell recording), we found that, during
transmitter-evoked fictive locomotion, the Hb9 INs almost al-
ways started to fire later in each cycle than the ipsilateral ventral
roots. Thus, the timing of onset of Hb9 activity is not appropriate
for them to provide the major intrasegmental rhythmic drive to
initiate the next cycle of motoneuron activity.

The Hb9 INs also fail the second criterion, requiring contin-
ued activity during a locomotor episode. With electrically stimu-
lated locomotor activity, we found that the Hb9 INs were most
active during the first few cycles but rapidly reduced their activity
or fell silent, so that virtually none of them were active in the final
cycles of the bout (Fig. 6). Despite this, the strength and rhyth-
micity of the motoneuron bursts was not significantly de-
creased in the later cycles of a bout. It is hard to imagine a
crucial component of the rhythm-generating kernel of the
CPG acting in this way.

The third criterion is a weaker one: based on the relative pau-
city of Hb9 INs in the spinal cord, it seems reasonable that they
should be active on each or nearly each cycle of the locomotor
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rhythm, to provide sufficient drive to the pattern-forming net-
work. Again, this is not seen, during either electrically evoked
fictive locomotion, in which the Hb9 INs rapidly decrease their
activity, or transmitter-evoked fictive locomotion, in which an
Hb9 IN on average only fires a calcium peak on ~67% of the
cycles. It is possible that only a small minority of Hb9 INs need be
active at any time, but, if so, they would have to evoke very strong
synaptic drive to their follower cells. The same paucity argument
also suggests that it is unlikely that the small fraction (3 of 25) of
Hb9 * interneurons observed with a mean onset phase preceding
ipsilateral motor activity form a subpopulation that has a pace-
maker role; given that there are only ~40 Hb9 INs per spinal
segment, this would require that four to five neurons would drive
the locomotor pattern.

Although these new criteria appear to rule out a role for the
Hb9 INs as the major pacemaking neurons in the segmental
rhythm-generating kernel of the CPG, nonetheless, they might
still contribute to the rhythm-generating component of the CPG.
For example, the Hb9 INs might still participate in rhythm gen-
eration as part of a distributed network of mutually exciting in-
terneurons. After another phase-leading interneuron initiated
the next motor burst, the Hb9 INs could be “holding” timing
information before handing the excitation off to another class of
cells, before the excitation finally returns to the phase-leading
cells, although other classes of neurons would have to share this
task because Hb9 IN activity does not last throughout a bout of
fictive locomotion.

An alternative role for the Hb9 INs could be in coordination
between spinal segments; they may be part of the pacemaker
network driving motoneuron activity in more caudal segments.
We have not tested this directly, but it would require that the Hb9
INs begin to fire before onset of the caudal motoneuron pools.
Bonnot et al. (2002) detected rostrocaudal waves of motoneuron
activation in mouse spinal cord during fictive locomotion evoked
by cauda equina stimulation, with a delay of ~28-50 ms per
segment throughout the lumbar cord. The delay from L1 to L5
would thus be ~150-250 ms. This is considerably less than the
mean delay from onset of the intrasegmental ipsilateral mo-
toneurons to Hb9 onset during caudal cord stimulation (930 ms).
Thus, it does not appear that the Hb9 INs are the pacemakers for
motoneurons in more caudal segments. However, additional
work will be required to test this directly.

Even if they are not major components of the rhythm-
generating network, their significantly rhythmic activity with a
highly uniform phase during fictive locomotion suggests that the
Hb9 INs are active components of the locomotor CPG. One pos-
sibility is that they could act as amplifiers: once the motoneurons
begin a burst, Hb9 and other cells active in the first half of the
burst could further (directly or indirectly) excite the motoneu-
rons and help push the burst to its peak intensity. Alternatively,
because the Hb9 INs are more active early than late in a bout of
electrically evoked locomotion, they may have some function in
establishing a bout of locomotion rather than sustaining it. Of
course, their uniform phase may reflect Hb9 INs being electrically
coupled to, or receiving simultaneous inputs from, a group of
presynaptic partners involved in locomotion, without Hb9 INs
being required for locomotion at all. Finally, we note that studies
of fictive locomotion in neonatal mice, which are not yet capable
of walking, must be read with the caveat that cellular and network
activity may change with increasing age. The field eagerly awaits a
method of silencing Hb9 IN activity without affecting motoneu-
ron activity, so the necessity of Hb9 INs for fictive locomotion
can be directly tested.
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