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In reduced preparations, hindlimb movements can be generated by a minimal network of neurons in the limb innervating spinal
segments. The network of neurons that generates real movements is less well delineated. In an ex vivo carapace-spinal cord preparation
from adult turtles (Trachemys scripta elegans), we show that ventral horn interneurons in mid-thoracic spinal segments are functionally
integrated in the hindlimb scratch network. First, mid-thoracic interneurons receive intense synaptic input during scratching and behave
like neurons in the hindlimb enlargement. Second, some mid-thoracic interneurons activated during scratching project descending
axons toward the hindlimb enlargement. Third, elimination of mid-thoracic segments leads to a weakening of scratch rhythmicity. We
conclude that densely innervated interneurons in mid-thoracic segments contribute to hindlimb scratching and may be part of a distrib-
uted motor network that secures motor coherence.
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Introduction
Processing in sensory neural networks arguably ranges from be-
ing local and sparse to distributed and dense (Gire et al., 2013;
Petersen and Crochet, 2013). We have previously shown that
spinal motoneurons receive intense synaptic input during func-
tional network activity (Alaburda et al., 2005). However, it is not
known whether movements are generated by local or distributed
processing. Also, the extent of the premotor network involved is
unknown. Here we address these questions.

In mammals, the thoracic spinal cord innervates trunk mus-
culature to produce supportive postural adjustments during limb
movements. The thoracic segments also mediate descending mo-
tor commands to the hindlimbs and propriospinal coordination
between forelimbs and hindlimbs. At least in neonates, the pas-
sage is not passive but involves and depends on local synaptic
circuitry in the thoracic cord (Cowley et al., 2008; Juvin et al.,
2012). Recently, recovery of voluntary hindlimb locomotor func-
tions after staggered contralateral hemisections in the thoracic
spinal cord in adult rats was shown to depend on extensive rear-

rangement of thoracic circuitry (van den Brand et al., 2012). This
use-dependent plasticity somehow enables thoracic neural cir-
cuits to fill the gap left by the disrupted direct motor projections
to the hindlimb enlargement. These findings suggest that synap-
tic circuits in the thoracic cord can acquire limb motor function
during recovery. However, it is not known whether and how
thoracic neurons normally contribite to hindlimb movements.
To answer this fundamental question, we have taken advantage
of the unique experimental circumstances offered by the adult
turtle. First, because turtles lack trunk musculature, their mid-
thoracic segments are devoid of motoneurons and direct motor
function (Ruigrok, 1984). For this reason, thoracic segments are
thought to serve sensory functions that include communicating
sensory input from thoracic dermatomes to limb motor circuits
in the hindlimb and forelimb enlargements (Currie and Stein,
1990). Second, because of unusual tolerance to anoxia in adult
turtles, neural network activity can be maintained in extensive
isolates ex vivo (Kriegstein, 1987; Hounsgaard and Nicholson,
1990). The complete spinal transformation of mechanosensory
stimulation into the motor nerve output that generates hindlimb
scratching in the intact animal is maintained functional in an
isolated carapace-spinal cord preparation (Keifer and Stein,
1983; Alaburda and Hounsgaard, 2003). Here we used the
carapace-spinal cord preparation from adult turtles to investigate
whether and how mid-thoracic circuitry is engaged in neural
network activity underlying rhythmic hindlimb movements.

Materials and Methods
Ethical approval. The surgical procedures complied with Danish legisla-
tion and were approved by the controlling body under the Ministry of
Justice.

Ex vivo carapace-spinal cord preparation. Red-eared turtles (Trachemys
scripta elegans), 10 –15 cm in carapace length, were obtained from Nasco.
Surgical procedures were described previously (Alaburda and Hounsgaard,
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2003). Briefly, turtles (n � 51) of either sex were placed on crushed ice 2 h
before surgery to induce drowsiness and reduce stress and pain by
hypothermia. In this way, the head and neck could be protracted
using minimal force. Brain functions were terminated immediately
upon decapitation by crushing the head. The blood was substituted by
perfusion through the heart with a Ringer’s solution containing the fol-
lowing (in mM): 120 NaCl, 5 KCl, 15 NaHCO3, 2 MgCl2, 3 CaCl2, and 20
glucose saturated with 98% O2 and 2% CO2 to obtain pH 7.6. Transverse
cuts were made at S2 (S for sacral) and D4 (D for dorsal) spinal cord
segments. For intracellular recordings from motoneurons, transverse
cuts were made at D9-D10 spinal cord segments. The hip flexor nerve
(HF) (innervating puboischiofemoralis internus, pars anteroventralis
muscle) was exposed and cut.

Stimulation. In the integrated carapace-spinal cord preparation (see
Fig. 1A), scratch episodes were initiated by stimulating the carapace
and/or skin innervated by afferents of D7/D6 spinal segments (der-
matomes from M8.5-M9.5) (Mortin and Stein, 1990). These der-
matomes constitute the receptive field for pocket scratching and a
transition zone between pocket and rostral scratch (Mortin et al., 1985).
In the present project, the fictive scratch activity in motor nerves evoked
by mechanical stimulation in these dermatomes is termed pocket scratching.
Stimulation was performed with a glass rod mounted on a loudspeaker and
controlled by function generator. In some experiments, the scratch reflex
was evoked by brushing or pinching pocket skin manually.

Recordings. Intracellular recordings from ventral horn interneurons in
segment D4 and motoneurons in segment D9-D10 were performed with
a Multiclamp 700B amplifier (Molecular Devices). Sharp glass electrodes
from thin-walled borosilicate glass were filled with a mixture of 0.9 M

CH3CO2K and 0.1 M KCl; 2% biocytin was added to the electrode solution to
stain neurons during intracellular recording. The electrode resistance was
40–60 M�. Data were sampled at 20 kHz with an analog-to-digital converter
(Digidata 1322A, Molecular Devices), displayed by means of Axoscope and
Clampex software (Molecular Devices), and stored on a hard disk for later
analysis.

Neurons recorded in segments D9-D10 were considered to be mo-
toneurons using the following criteria: neurons were recorded under
visual guidance from the motor nucleus in the anterolateral part of ven-
tral horn; their action potential (AP) amplitude was �80 mV and input
resistance �50 M� (Hounsgaard et al., 1988). Moreover, only neurons
with strict in-phase or out-of-phase spike activity with respect to the HF
nerve activity during scratching were selected. Because of the indirect
identification, we call these neurons putative motoneurons.

The electroneurogram (ENG) of the HF nerve was recorded with a
differential amplifier (Iso-DAM8, World Precision Instruments) using a
suction electrode. The bandwidth was 100 Hz to 1 kHz.

Biocytin labeling. During experiments, neurons were filled with biocy-
tin (2% in the electrode solution) by passing positive current steps (100 –
500 pA, 2 Hz, 250 ms) for 5–20 min. After filling neurons with biocytin,
the D4-D5 spinal segments were removed en bloc from the preparation,
kept in PBS with 4% PFA for 24 – 48 h at 4°C, and subsequently rinsed
with and stored in PBS. The fixed tissue was divided longitudinally at the
midline separating left and right hemi-cords and glued on an agar block.
Then each hemi-cord was sectioned longitudinally into 100-�m-thick
slices using a Leica VT1000S vibratome. The slices were incubated over-
night at 4°C with cyanine-3-conjugated to streptavidin (1:500, Jackson
ImmunoResearch Laboratories) in PBS with 0.3% Triton X-100 and 5%
donkey serum. After washing in PBS, the slices mounted on glass slides were
covered with coverslips on a drop of ProLong Gold antifade reagent (Invit-
rogen) and cured overnight at room temperature before microscopy.

Micrographs of neurons and their axons were produced using a con-
focal microscope, Zeiss LSM 700 with diode lasers, on a Zeiss Axiolmager
M2 using 10�/0.3 EC Plan-Neofluar and 40�/0.6 EC Plan-Neofluar
objectives (Zeiss). The flourophore Cy3 was excited at 555 nm and de-
tected in the range 560 –1000 nm. Images were handled with ZEN 2009
software (Zeiss) in the LSM and 8-bit TIFF format.

Data analysis. The procedure for analyzing periodic spike activity in
terms of “preferred phase of AP” (see Fig. 1B) was adapted from others
(Berkowitz and Stein, 1994; Stein and Daniels-McQueen, 2002). To find
the onset and offset of HF bursts, ENG activity was rectified and

smoothed with a sliding 100 ms window where all data points were
weighted equally. The onset and offset were defined as the time points at
which the rectified and smoothed ENG crosses 150% level of baseline
ENG activity. Baseline ENG activity was calculated before stimulation.
We defined the onset of each HF nerve burst as 0 or 1 and the offset of
each HF burst as �0.5 or 0.5 (see Fig. 1B). The start (ON) and end (OFF)
of each burst of APs was calculated with respect to HF activity. At least 3
ON and OFF phases of bursts of APs during scratch cycles were evaluated
for each neuron. Only bursts with �3 APs were selected for analysis. The
phase of an event (ON or OFF) occurring during HF nerve activity was
defined as 0 plus the latency of the event from HF onset divided by twice
the duration of the HF nerve burst. The phase of an event (ON or OFF)
occurring during HF quiescence was defined as 0.5 plus the latency of the
event from HF offset divided by twice the duration of HF nerve quies-
cence. If an event (ON) preceded HF onset, then it was defined as �0.5
plus the latency of the event from HF offset divided by twice the duration
of HF nerve quiescence. The mid-phase activity was defined as the arith-
metic mean between ON and OFF phases. To evaluate the phase shift
between scratches (ipsilateral vs contralateral), the difference between
mid-phases was calculated.

Conductance of D4 neurons was evaluated from membrane potential
(Vm) deflections induced by hyperpolarizing 250 ms current pulses ap-
plied at 2 Hz frequency. To reduce the influence of slow changes in Vm

during the scratch cycle, a reference Vm was obtained before and after
each hyperpolarizing current pulse. Vm was averaged during the interval
125–225 ms of the pulse. To avoid the inherently increased inaccuracy in
conductance estimates with increasing conductance, we did not evaluate
conductance when Vm during the injected current step deflected �10%
from the reference value. This caused us to remove 5 data points in 4 cells
(3 data points were �10 times and 2 data points were �0) in total. In
network reduction experiments, scratch reflex activity was quantified by
the number of HF nerve bursts and the frequency of HF bursts. Scratch
episodes in preparations containing D3-S2 segments are labeled as “con-
trol,” and scratch episodes in preparations containing D6-S2 segments
are labeled as “D3-D5 cut.” In each preparation, scratch episodes were
evoked at least 5 times by using the same mechanical stimulus and with a
recovery time of 5 min. To evaluate the change in scratch activity after
eliminating mid-thoracic segments, the “control” state was compared
with the “D3-D5 cut” state.

Data were analyzed statistically using a Student’s paired t test (Origin
software; Microcal Software). Data are presented as mean � SD.

Results
Mid-thoracic ventral horn interneurons activated during
hindlimb scratching
Mechanical stimuli in dermatomes around the hindlimb evoke a
rhythmic motor behavior called scratching (Mortin et al., 1985).
This transformation of mechanosensory stimuli into the motor
nerve output that generates hindlimb scratching in the intact
animal continues to function in an isolated carapace-spinal cord
preparation (Fig. 1A) (Keifer and Stein, 1983; Alaburda and
Hounsgaard, 2003).

The majority of ventral horn interneurons in the “motoneu-
ronless” mid-thoracic segment D4 receive scratch-related synap-
tic input during scratch episodes. Although receptive field
afferents project to segments D6-D7 (Mortin and Stein, 1990)
and hindlimb motor efferents emerge from the hindlimb enlarge-
ment D8-S2 (Ruigrok and Crowe, 1984), we found that the syn-
aptic activity increased in 83 of 86 D4 ventral horn interneurons
recorded from during scratching. As illustrated in Figure 2A, the
level of synaptic fluctuations in Vm was clearly elevated in these
cells throughout the scratch episode. Even more striking, slow
waves of depolarization were superimposed on the rapid synaptic
fluctuations in 60% of the neurons (49 of 83). As illustrated in
Figure 2B, the slow rhythmicity in D4 neurons was correlated
with the rhythmic ipsilateral HF motor nerve activity. The sug-
gestion that D4 ventral horn interneurons are integrated in the
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scratch motor network was further strengthened by the observa-
tion that hip extensor (HE) deletions (Stein, 2008) were clearly
reflected in their activity. Figure 2C illustrates one of these rare
(n � 3) spontaneous deletion episodes observed during the in-
tracellular recordings from the 49 rhythmically active D4 neu-
rons. In the HF motor nerve recording (Fig. 2C, middle), an HE
deletion is identified by the fused and prolonged fourth and fifth
HF cycles of ENG (black arrow). This deletion is directly reflected
in the D4 neuron recorded in parallel by the aborted hyperpolar-
ization and uninterrupted firing between the fused fourth and
fifth wave of slow depolarization (gray arrow).

The intimate involvement of D4 ventral horn interneurons in
hindlimb scratching was also supported by their response during

contralateral scratching. In 47 of 50 D4 neurons tested, the syn-
aptic input increased during contralateral scratching as judged
from the increased fluctuations in Vm. Rhythmic depolarizing
waves, correlated with the contralateral HF motor nerve activity,
were observed in 26 of these neurons (Fig. 2D). To relate activation
of D4 neurons during ipsilateral and contralateral scratching, we first
analyzed the activity of putative HF and HE motoneurons during
ipsilateral and contralaterally induced scratching.

Putative HF and HE motoneuron activity during ipsilateral
and contralateral scratching
Hindlimb motor neuron activity during ipsilateral and contralat-
eral fictive scratching has been analyzed in vivo (Stein et al., 1995),

Figure 1. Experimental schematic and scratch phase analysis. Sketch of stimulation and recording arrangement in the integrated carapace-spinal cord preparation from the adult turtle (A).
Intracellular recordings in segment D4, scratch rhythm recorded from HF nerve, and stimulation in D6-D7 dermatomes. Evaluation of preferred phase of neuron activity during scratching (B). Onset
and end of HF nerve bursts (vertical lines) defined by 150% of baseline (threshold) of the rectified ENG (middle) of the HF nerve recording (bottom). Intracellular recording of membrane potential
(Vm) of neuron in segment D4 (second from top). Top, Filled circles represent onset; open circles represent end of AP burst. Open boxes represent the active phase of neuron during scratch episode.

Figure 2. Mid-thoracic ventral horn interneurons activated during hindlimb scratching. Increase in synaptic input during ipsilateral scratching (A). Phasic scratch-related activity (B) and scratch
episode with HE deletion (C) during ipsilateral scratching. Phasic scratch-related activity during contralateral scratching (D). Top sweep, Intracellular recording from D4 ventral horn interneuron.
Middle sweep, HF nerve recording. Bottom sweep, Stimulation signal. C, Black arrow indicates HE deletion observed in HF recording; gray arrow indicates the closely related activity in D4 interneuron
(no hyperpolarization) during HE deletion. cHF, Contralateral HF.
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but it is not known to what extent motor pool coordination re-
mains in our ex vivo preparation. In this section, we present in-
tracellular recordings from putative HF and HE motoneurons
from D9 and D10 segments during ipsilateral and contralateral
pocket scratching. Our findings are summarized in Figure 3.

Putative HF motoneurons (i.e., motoneurons activated in
phase with the ipsilateral HF nerve activity during ipsilateral
scratching) fired vigorously during ipsilateral scratching. Spike
trains riding on slow depolarizing waves overlapped the rhythmic
nerve activity recorded in the ipsilateral HF nerve (Fig. 3Bi). As
illustrated in Figure 3Bii, the slow depolarizing waves were much
weaker or absent in all 15 HF neurons tested during contralateral
scratching, and spikes were observed in only one of them. In
contrast, 12 of 13 putative HE motoneurons (i.e., motoneurons
activated out of phase with the ipsilateral HF nerve activity during
ipsilateral scratching) fired vigorously during both ipsilateral and
contralateral scratching with spike trains riding on slow depolar-
izing waves (Fig. 3Ci,Cii). The depolarizing waves and the spike
activity in putative HE motoneurons alternated out of phase with
the ipsilateral HF nerve activity during ipsilateral scratching (Fig.
3Ci,Di) with a mid-phase activity of 0.68 � 0.03, n � 9. However,
the same putative HE motoneurons fired in phase with the con-
tralateral HF nerve activity during contralateral scratching (Fig.
3Cii,Dii) with a mid-phase activity of 0.19 � 0.04, n � 9. Our
sample putative HE motoneurons were all rhythmically active
during ipsilateral and contralateral scratching with a phase shift
of 	0.5 with respect to HF nerve activity (0.48 � 0.04 in phase
shift, n � 9). Unilateral stimulation evokes activity in the ispilat-
eral HF motor nerve with minimal activity in contralateral HF
motor nerve (Fig. 4A,B). However, simultaneous stimulation of
the left and right receptive fields evokes bilateral scratching with
left–right alternating HF nerve activities (Fig. 4C). These findings
are in agreement with the out-of-phase interlimb coordination
during rostral and pocket scratch forms in vivo (Stein et al., 1995;
Field and Stein, 1997). It seems that basic features of the motor
pattern during ipsilateral, contralateral, and bilateral scratching
are shared by in vivo and ex vivo preparations of the turtle spinal
cord. In summary, out-of-phase interlimb coordination during

pocket scratching is preserved in the integrated carapace-spinal
cord preparation.

D4 ventral horn interneuron activity reflects scratch
motor patterns
The phase relationship between AP activity in D4 ventral horn
interneurons and HF motor nerve activity during ipsilateral and
contralateral scratching was distinctly different from the pattern
just described for putative HF and HE motoneurons. The active
period of each rhythmic D4 neuron occurred with a cell-specific

Figure 3. Activity of putative HF and HE motoneurons during ipsilateral and contralateral scratching. Ai, Aii, Experimental arrangement for ipsilateral (Ai) and contralateral (Aii) scratching.
Putative HF motoneurons activated during ipsilateral (Bi) and contralateral (Bii) scratching. Putative HE motoneurons activated during ipsilateral (Ci) and contralateral (Cii) scratching. Phase
relationship of 9 putative HE motoneurons to HF nerve during ipsilateral (Di) and contralateral (Dii) scratching. B, C, Top sweeps, Intracellular recordings of neurons. Bottom sweeps, HF nerve
recordings. Filled circles represent onset of D4 neuron firing; open circles represent end of D4 neuron firing. Open boxes represent periods of neuron firing during scratching. Error bars indicate SD of
onset and end of neuron firing.

Figure 4. Out-of-phase interlimb coordination during scratching. Unilateral stimulation of
scratch receptive fields evokes activity in the ipsilateral HF motor nerve (A, B). Simultaneous
bilateral stimulation induces alternating activity in the HF nerves (C), demonstrating out-of-
phase interlimb coordination. A–C, Left, Stimulation and recording. A–C, Right, Activity of HF
motor nerves.
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phase lag to the HF nerve activity. We performed an activity
phase analysis for the rhythmically active D4 interneurons (34 of
49) with clearly separated spike activity during depolarizing
waves (see Materials and Methods). Figure 5A shows the distri-
bution of active periods for a sample of 34 D4 neurons for ipsi-
lateral scratching. It is apparent that the activity periods
normalized to HF nerve cycles (see Materials and Methods) are
distributed rather than clustered in a particular phase of the nerve
activity. Similar results were obtained for contralateral scratch-
ing. In a sample of 15 D4 ventral horn interneurons, the activity
periods during contralateral scratching normalized to the con-
tralateral HF nerve cycles also distributed throughout the scratch
cycle without obvious clustering (Fig. 5B). Finally, in a sample of
12 D4 interneurons that were rhythmically active during both
ipsilateral and contralateral scratching, the active period shifted
relative to the normalized HF nerve cycle by 0.5 in 11 cells and
was unchanged in 1 (Fig. 5C) (mid-phase shift was 0.5 � 0.15,
n � 12, n � number of cells). These findings show that rhythmic
activity in the majority of D4 ventral horn interneurons during
pocket scratching stays phase-locked to the ipsilateral HF and HE
motor pools during ipsilateral and contralateral scratching.

Conductance of D4 neurons during scratching
During scratching, a substantial increase in conductance attrib-
uted to intense synaptic activity has been reported in extensor
motoneurons in the cat (Perreault, 2002) and in HF motoneu-
rons and interneurons in the hindlimb enlargement of turtle
(Alaburda et al., 2005). In the present study, we noted that the
increased synaptic fluctuations in Vm during scratching were as-
sociated with increased conductance as qualitatively judged from
the voltage response to small hyperpolarizing current pulses in-
jected through the recording electrode (Fig. 6Ai,Bi). This was
quantified for 23 phasically active D4 neurons during ipsilateral
scratching (Fig. 6Aii) and for 9 phasically active D4 neurons dur-
ing contralateral scratching (Fig. 6Bii). We found that conduc-
tance significantly increases by 47 � 34% during ipsilateral
scratching (Student’s paired t test, p � 1.5 � 10�6, n � 23, n �
number of cells) and by 72 � 55% during contralateral scratching
(Student’s paired t test, p � 4.6 � 10�4, n � 9, n � number of

cells). We noted that the scratch-induced conductance increase
in D4 interneurons was comparable with the increase observed in
D9-D10 interneurons (Alaburda et al., 2005). This strongly sug-
gests that synaptic intensity during scratching is of similar mag-
nitude in the two populations of interneurons.

Projections of rhythmic D4 neurons
Does the rhythmic AP activity in D4 interneurons, seemingly
generated by intense ascending synaptic activity during
scratching, contribute to the motor network in the hindlimb
enlargement or is it an efference copy destined to higher spinal
and supraspinal targets? A first crude indication was observed
from the axonal projections obtained by biocytin injections in
rhythmically active D4 interneurons during scratch network
activity. Fourteen D4 interneurons were injected in five prep-
arations. Stained cell bodies and dendrites near the cut rostral
end of the spinal cord were observed from 11 of the 14 cells
injected (Fig. 7 A, Bi). We do not know whether injection failed
in the remaining three cells or they were lost during process-
ing. In five preparations, eight descending axons were ob-
served �1 mm from the rostral cut end (illustrated in Fig.
7Bii,Biii). The identification of descending axons demon-
strates that D4 neurons not only receive input from the scratch
network in the hindlimb enlargement but also send their ax-
ons back toward neural networks in the hindlimb enlarge-
ment. These findings strengthened the possibility that D4
interneurons contribute directly to the generation of hindlimb
motor activity.

Contribution of mid-thoracic segments to scratching
We tested whether elimination of mid-thoracic segments changes
scratching as observed in the rhythmic activity recorded in the
ipsilateral HF nerve. In four D3-D10 preparations, alternating
left and right side scratch episodes were evoked at 5 min intervals
by a test stimulus in the hindlimb pocket region innervated by
afferents of spinal segments D6-D7 (Fig. 8A). After several con-
trol scratch episodes, D3-D5 spinal segments were eliminated at
once by transecting the spinal cord at the intersegmental borders.

Figure 5. Activity periods of D4 neurons track ipsilateral and contralateral scratching. Phase of activity for 34 D4 neurons during ipsilateral scratching (A) and 15 D4 neurons during contralateral
scratching (B), relative to the normalized HF nerve recording (bottom sweep). Most D4 neurons (11 of 12) are phase-locked to the ipsilateral hip motor cycle during ipsilateral and contralateral
scratching (C). Filled circles represent onset of D4 neuron firing; open circles represent end of D4 neuron firing. Open boxes represent periods of neuron firing during ipsilateral scratching; gray boxes
represent periods of neuron firing during contralateral scratching. Error bars indicate SD of onset and end of D4 neuron firing. n � number of cells.
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After a transection, several left and right scratch episodes were
elicited again. Scratching was evaluated by measuring the num-
ber of HF cycles in each episode and average frequency of HF
cycles. The findings are illustrated by recordings from the HF
motor nerve in Figure 8Bi, Bii and summarized quantitatively in
Figure 8Ci, Cii for the parameters extracted from all four exper-
iments. Elimination of mid-thoracic segments caused a signifi-
cant decline in the frequency of scratch cycles (Fig. 8Ci) and in the
number of scratch cycles (Fig. 8Cii). In conclusion, elimination
of mid-thoracic spinal segments reduces rhythmicity during
scratching.

Discussion
In this study, we found that a majority of mid-thoracic ventral
horn interneurons are intensely involved in hindlimb scratch
network activity in an ex vivo carapace-spinal cord preparation
from the adult turtle. Most of the neurons were rhythmically
active during fictive scratching, each with its own characteristic
phase relationship to the scratch cycle. The phase of activity of the
population of rhythmic D4 neurons covers the entire scratch
cycle without distinct flexor and extensor clusters. Axons of a
majority of our sample of mid-thoracic neurons involved in
hindlimb scratching descend toward the hindlimb enlargement,

Figure 6. Conductance of D4 neurons during scratching. Conductance increases in rhythmically active D4 neurons during ipsilateral (Ai) and contralateral (Bi) scratching. Changes in conductance
were quantified for 23 D4 neurons during ipsilateral scratch (Aii) and for 9 D4 neurons (Bii) during contralateral scratch. Conductance increased during scratching (A, B, open circles) compared with
rest (A, B, filled circles). Ai, Bi, Recording from the same D4 neuron. Ai, Bi, Top, Conductance of D4 neuron, Vm of D4 neuron, injected current, HF nerve activity. ***p � 0.001. n � number of cells.

Figure 7. Descending axons from scratch-activated, biocytin-filled D4 neurons. An example of sagittal longitudinal section of D4-D5 spinal segments (A). Cell body (Bi) at the rostral border of slice
depicts recording site. Long-range descending axons were recovered from labeled D4 neurons as illustrated in Bii and Biii. Scale bars: A, 1 mm; B, 0.1 mm.
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and elimination of mid-thoracic segments reduces scratch rhyth-
micity. These findings show that the hindlimb scratch network in
the turtle extends far beyond the hindlimb enlargement and en-
gages in dense distributed processing during functional network
activity.

Much effort aimed at defining a core circuit for cyclic
hindlimb movements suggests that the minimal rhythmogenic
network resides within the hindlimb enlargement (Grillner and
Zangger, 1979; Mortin and Stein, 1989; Cazalets et al., 1995). This
is supported by increased metabolic activity in neurons of the
hindlinmb enlargement during fictive locomotion and scratch-
ing (Dai et al., 2005; Mui et al., 2012). It is more difficult, how-
ever, to delineate the network that actually contributes to
rhythmic limb movements. Obviously, limb movements in intact
animals involve posture and tail and interlimb coordination,
which makes it difficult to interpret the contribution of network
activity beyond the hindlimb enlargement to hindlimb move-
ment per se. However, the rigid trunk and absence of mid-
thoracic motoneurons in the turtle (Ruigrok, 1984) effectively
exclude that the scratch-related activity we report for D4 neurons
serves local segmental motor function. Furthermore, the reduced
scratch activity after eliminating mid-thoracic segments supports
extra-hindlimb enlargement involvement in fictive scratch gen-
eration. D4 ventral horn interneurons are not just erratically en-
gaged in the scratch activity. They receive intense synaptic activity
during scratching as indicated by a similar rhythmicity, increase
in synaptic conductance, and fluctuations in Vm as previously
reported for interneurons in the hindlimb enlargement during
scratching (Alaburda et al., 2005).

A large fraction of interneurons in the hindlimb enlargement
projects ascending axons beyond the hindlimb enlargement (Nis-
sen et al., 2008). There is also ample evidence for direct ascending
and descending pathways between the hindlimb enlargement and
thoracic segments not only in the turtle (Kusuma and ten Don-
kelaar, 1980) but also in the cat (Molenaar and Kuypers, 1978;
Matsushita et al., 1979) and in the rat (Menétrey et al., 1985; van
den Brand et al., 2012). The activation of D4 neurons during
hindlimb scratching presented here demonstrates a functional
ascending pathway. Moreover, scratch-activated interneurons in
mid-thoracic segments project descending axons. Substantial in-
terconnectivity between thoracic and hindlimb-innervating seg-
ments provides a substrate for a widely distributed network for
hindlimb movements.

Even if ventral horn interneurons in mid-thoracic segments
are fully integrated in the scratch circuit, our data offer no direct
clues as to their function. It is not known whether they are inhib-
itory or excitatory, and their postsynaptic targets also remain
unknown. However, as a population, they bear striking resem-
blance to population behavior of interneurons recorded in the
hindlimb enlargement during scratching and locomotion. The
activity periods of D4 neurons, locked to the hindlimb motor
cycle with a cell-specific preferred phase, are shared with in-
terneurons and descending propriospinal axons recorded in the
hindlimb enlargement during scratching in the turtle (Berkowitz
and Stein, 1994; Stein and Daniels-McQueen, 2002) and the cat
(Berkinblit et al., 1978) and during locomotion in the rat (Tresch
and Kiehn, 1999) and the cat (Orlovskiı̆ and Feldman, 1972; AuY-

Figure 8. Mid-thoracic segments contribute to hindlimb scratching. Sketch of stimulus and recording arrangement during elimination of thoracic segments (A). Scratch episodes monitored from
HF nerve in response to mechanical stimulation in hindlimb pocket region. Examples of reduced scratching in response to elimination of segments D3-D5 in Bi and Bii. The same mechanical stimulus
evokes fewer and longer HF bursts after removal of thoracic segments (Bi). In some cases, the network responded with a tonic HF activity to mechanical stimulus after removal of thoracic segments
(Bii). Elimination of thoracic segments reduced HF burst frequency per scratch episode (Ci) and number of HF bursts per scratch episode (Cii). HF burst frequency and number of HF bursts throughout
experiments in left of Ci and Cii, respectively. Average HF burst frequency and number of HF bursts in control and after removal D3-D5 segments of all experiments in right of Ci and Cii, respectively.
“Control” indicates control scratching in D3-S2 preparation; “D3-D5 cut” indicates scratching in D6-S2 preparation. Filled circles represent mean in “Control”; open circles represent mean in “D3-D5
cut” state. Error bars indicate SD of mean. **p � 0.01.
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ong et al., 2011a). Like interneurons and descending propriospi-
nal axons in the hindlimb enlargement (Berkowitz and Stein,
1994; Berkowitz, 2001), most D4 interneurons active during ip-
silateral and contralateral scratching maintain their preferred
phase of activity locked to the ipsilateral motor cycle during ipsi-
lateral and contralateral scratching. Given the similar firing pat-
terns during scratching, it is quite possible that D4 ventral horn
interneurons contribute to the axons recorded from the
hindlimb enlargement in experiments in vivo (Berkowitz and
Stein, 1994; Stein and Daniels-McQueen, 2002).

The wide rostrocaudal distribution and the lack of segmen-
tally specialized firing patterns for rhythmic interneurons in the
hindlimb enlargement during scratching and locomotion has
been noted (Berkowitz, 2001; Auyong et al., 2011b). The pre-
ferred firing phase in mid-thoracic D4 interneurons was evenly
distributed over the scratch cycle without clustering. In this sense,
they seemingly track rhythmic hindlimb motor network activity
as well as interneurons in the hindlimb enlargement (Alaburda et
al., 2005; AuYong et al., 2011a). This supports and extends the
suggestion that a longitudinal network of interneurons over
many segments may constitute a distributed rhythm generator
(Rybak et al., 2006; Auyong et al., 2011b). Several observations
argue in favor of a distributed rather than local origin of the
rhythmic activity in D4 neurons during scratching. First, cutane-
ous stimulation induced sustained rather than rhythmic firing in
descending propriospinal axons in the isolated D4 segment in
vivo (Currie and Stein, 1990). Second, elimination of caudal or
rostral segments from the scratch network leads to strikingly sim-
ilar progressively reduced scratch rhythmicity in vivo (Mortin
and Stein, 1989) as observed here for elimination of rostral seg-
ments ex vivo. These findings are in agreement with the observa-
tion that rhythm frequency scales with network size (Mortin and
Stein, 1989; Sillar and Roberts, 1993; Wolf and Roberts, 1995).

In conclusion, hindlimb scratching in the turtle engages neu-
rons far beyond the hindlimb enlargement. Our results provide
evidence for the idea that rhythm generation in the spinal cord is
a distributed global network property (Grillner, 1974; Getting,
1988; Rybak et al., 2006; Auyong et al., 2011b) rather than seg-
mental modules with clockwork-like interactions. A distributed
spinal network for rhythmic limb movements offers a substrate
for flexible coherence between otherwise disjointed pools of mo-
toneurons and a frame for recovery after spinal lesions. This may
offset the high cost of dense distributed processing in large-scale
networks (Gire et al., 2013).
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