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Saltiel, Philippe, Kuno Wyler-Duda, Andrea d’Avella, Robert J.
Ajemian, and Emilio Bizzi. Localization and connectivity in spinal
interneuronal networks: the adduction—caudal extension—flexion
rhythm in the frog. J Neurophysiol 94: 2120-2138, 2005. First
published May 31, 2005; doi:10.1152/jn.00117.2005. We have previ-
ously reported that focal intraspinal N-methyl-p-aspartate (NMDA)
iontophoresis in the frog elicits a motor output, which is organized in
terms of its constituent isometric force directions at the ipsilateral
ankle and its topography. Furthermore, the associated EMG patterns
can be reconstructed as the linear combinations of seven muscle
synergies, labeled A to G. We now focus on one of the most common
NMDA-elicited outputs, the adduction—caudal extension—flexion
rhythm, and examine the relationship between the different force
phases in terms of synergies and topography. Two distinct EMG
patterns produce caudal extensions, and only one of the two patterns
is used at most sites. The key synergy combinations for the two
patterns are B + e and D + c (strongest synergies capitalized). These
two patterns map at distinct locations in the lumbar cord. Within
individual sites rhythms, we find linkages among the synergies used to
produce adductions, the onsets of flexions after caudal extensions, and
the synergy pattern producing the caudal extensions. For example, the
synergy composition of adductions at B + e caudal extension sites is
dominated by E + b and at D + ¢ caudal extension sites by C + d.
The two types of adductions map at distinct locations, situated
between the two caudal extension regions. Specifically the linked
patterns of caudal extension—adduction interleave rostrocaudally in a
CE2-ADDI1-ADD2-CE1 sequence, where 1 and 2 refer to the two
pattern types. The implications of this topography and connectivity
with respect to motor systems organization and behaviors are
discussed.

INTRODUCTION

One question of interest is to characterize the topography of
spinal interneuronal networks, and more generally, the neural
substrate of different phases of a complex movement.

A related question is whether, for a single phase of move-
ment, there could be one or a few spinal cord regions primarily
responsible for its production. Knowledge regarding this ques-
tion is limited. For example, in the cat, the existence of distinct
interneuronal systems producing extensions is suggested by the
lack of spatial facilitation of vestibular inputs and inputs from
group I afferents from knee and ankle extensors, two classes of
inputs separately able to excite extensors (Leblond and Gos-
sard 1997; Leblond et al. 2000). However, very little is known
about a potential topographic segregation of these interneu-
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rons. It is also not known to what extent the EMG patterns
underlying extensions produced by these different inputs
differ.

Similarly, although central pattern generators (CPGs) intrin-
sic to the spinal cord are known to exist, they are still not well
understood in terms of localization of function (encoding of
specific phases) or specific connectivity that might underlie the
construction of rhythms. In fact CPGs have long been consid-
ered to be diffusely organized (Kjaerulff and Kiehn 1996),
apart for a rostrocaudal gradient of excitability (Bertrand and
Cazalets 2002). In the turtle, it has been difficult to distinguish
an interneuronal topography related to specific types of wipe or
to specific phases shared by different wipes (Berkowitz
2001a,b), even though evidence for modularity has been found
for example by examining hip extensor deletions (Stein and
Daniels-McQueen 2002, 2004). Other recent research, how-
ever, points out at the possibility of a more precise topography
of spinal cord interneuronal function (reviewed in Tresch et al.
2002). For example, in cat locomotion, focal microinjections
have revealed the specific importance of mid-lumbar segments
in rhythmogenesis (Marcoux and Rossignol 2000). In mud-
puppy forelimb locomotion, stimulation and recording studies
suggest a significant tendency for flexor-related interneurons to
be located rostral to extensor-related interneurons in the cer-
vical cord (Cheng et al. 1998, 2002). The recent distinction
between different categories of descending commissural inter-
neurons in rodent locomotion constitutes evidence for the
possibility of identifying specific patterns of connectivity in the
spinal cord (Butt and Kiehn 2003).

Similarly, the topographic organization of the motor systems
remains incompletely understood for the motor cortex. While it
is clear that a small cortical locus is able to activate several
muscles innervated by different motoneuron pools through
divergence, and that this changes across the cortex (Park et al.
2001, 2004; Schieber 2001), the role of the extensive intrinsic
horizontal connections between motor cortical regions in the
organization of movement remains unclear. It has been sug-
gested that these connections may be involved in coordinating
the different phases of a movement (Keller 1993).

One of the main classes of rhythms obtained with focal
NMDA iontophoresis in the spinal frog is the adduction—
caudal extension—flexion (ADD-CE-FL) rhythm. Among these
force directions, N-methyl-p-aspartate (NMDA) can also pro-
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duce adductions and caudal extensions as single tonic forces.
These tonic forces map at distinct locations, which include two
different locations for caudal extensions. The sites producing
the ADD-CE-FL rhythm (or fragments of it) in turn map close
to these locations, suggesting that the neural substrate of the
tonic regions for caudal extension and adduction participate in
the construction of this rhythm (Saltiel et al. 1998).

In this paper, we studied the synergy combinations under-
lying the EMG patterns that produce the caudal extensions and
adductions in particular, and we map these patterns onto the
spinal cord. Our results emphasize that there are two distinct
types of caudal extensions and that these are linked to different
types of adduction. We find correspondingly distinct topogra-
phy for the different types of caudal extensions and adductions.
Mapping the linked patterns further suggests that connectivity
between distantly located rather than between adjacent cord
regions underlies the rhythm construction. Our results there-
fore support a topographic organization of spinal motor inter-
neuronal systems and cast it in the framework of connectivity
between specific cord regions to orchestrate different phases of
a complex movement. These results should be behaviorally
relevant, because caudal extensions are part of many natural
behaviors in the frog, such as swimming, jumping, hind-limb
wipe, and some types of kicks.

METHODS
Surgery

This has been described in detail previously (Saltiel et al. 1998,
2001). The frogs used in this paper are the same as those in our 2001
paper (n = 10), except for the maps where the frogs of the 1998 paper
(n = 13) were used in addition. A few illustrations (Figs. 1B and 3A,
right) also come from the 1998 set of frogs. All procedures were
approved by the Animal Care Committee at Massachusetts Institute of
Technology. Briefly, after anesthesia with 1 ml of Tricaine methane-
sulfonate subcutaneously supplemented by ice, the frog (Rana cates-
beiana) was spinalized at the level of the obex. Twelve muscles of the
hindlimb were implanted with bipolar EMG electrodes: rectus inter-
nus (RI), adductor magnus (AM), semitendinosus (ST), sartorius
(SA), vastus internus (VI), rectus anterior (RA), vastus externus (VE),
iliopsoas (IP), biceps femoris (BF), semimembranosus (SM), gastroc-
nemius (GA), peroneus externus (PE). Most of these muscles are
biarticular. However, their actions have been characterized as force
fields by electrically stimulating the individual muscles and recording
the forces they produce at the ankle in different isometric limb
configurations (Loeb et al. 2000). Accordingly, the RI and AM force
fields are hip extensor and knee flexor, SM hip extensor, ST predom-
inantly knee flexor, IP and RA hip flexor, VI, VE and PE knee
extensor, BF and SA hip flexor and knee flexor. GA is a knee flexor
and plantarflexor. After laminectomy of the 4th, 5th, and 6th verte-
brae, the dura was opened with electrocautery and scissors and the pia
with fine scissors to expose the dorsal surface of the right side of the
lumbar spinal cord from above the 7th root to below the 10th root. A
detailed drawing was made of the exposed spinal cord vasculature and
dorsal root entry zones, which later served to document the points of
entry of the micropipette within each segment.

lontophoresis

A 2.5-um tip three-barrel pipette was used. Besides the NMDA
barrel, one barrel was for current balancing, and the third was
available for electrical stimulation. Another pipette was glued to the
side for recording. NMDA was iontophoresed with parameters (—100
nA, for a maximum of 30 s or up to the time of onset of EMG

activity), which should be associated with a spread of 150-270 wm
radius by the average time of onset of EMG activity (Saltiel et al.
1998).

Data recording

The spinalized frog was immobilized on a moistened molded stand
with body and pelvis clamps. The ipsilateral hindlimb was placed in
a force sensor apparatus and held isometric in a standard position (hip
and knee angles of 74° and 79°, ankle at the same vertical position as
the hip). EMGs, amplified 25,000 times, and forces in three dimen-
sions were simultaneously recorded at 2,000 Hz for 60 s starting with
the onset of NMDA iontophoresis. In one frog (F162), they were
recorded for two 60-s periods separated by a brief interruption.
NMDA was generally applied at depths of 500, 800, and 1,100 wm,
200-400 pwm from the midline. Our previous study has shown the
focality and the reproducibility of this method and provided evidence
from simultaneously applied TTX that the effects of NMDA represent
interneuronal stimulation (Saltiel et al. 1998).

Data analysis

After down-sampling simultaneously the recorded forces and
EMGs to 1,000 Hz, we parsed them independently into responses of
stable force direction and of stable EMG pattern. We intersected the
times derived from the force and EMG parsing to further subdivide
the force intervals, both stable and unstable, on the basis of any
intervening transition from the EMG parsing. This is necessary
because a given force direction may be produced by more than one
EMG pattern.

Force angle parsing

The first second of each force record was subtracted as the passive
force to yield the active force. For each sample, the horizontal force
direction was computed with the notation: 0° rostral, =180° caudal,
90° lateral, —90° medial. The force angle was further down-sampled
by retaining every 10th value and smoothed using Tukey’s method
(1977), which we adapted for circular data. Forces were parsed using
a computer algorithm (Saltiel et al. 1998), which defined stable forces
as intervals, where each sample differed by no more than 4° from the
sample 130 ms earlier, and had a magnitude above the noise level of
2 force units (22.24 mN). Stable forces separated by gaps of <160 ms
were subsequently bridged into a single stable force, because in force
angle plots, no transition between clearly different stable force angle
levels occurred faster than in 160 ms. Visual inspection of stability of
automatically detected responses showed a very good agreement. For
weak responses, corrections were sometimes necessary when exces-
sively parsed. Finally we multiplied the onset and offset times of all
stable force direction intervals by 10 and subtracted 9 ms to return to
the same time scale as the EMGs. This corrected for the down-
sampling step where we had retained every 10th value of the force
angle.

EMG parsing

The first second of the EMG records was averaged and subtracted
as the baseline to remove any possible tonic noise bias. The records
were parsed as successive EMG responses, using interactive software
from Matlab. Any visually significant change in the ongoing EMG
activity from the 12 muscles was marked as a different response. In
this way, we hoped to avoid forced grouping of muscles. We have
shown previously that this method of parsing did not introduce a bias
when subsequently applying the synergy extraction algorithm to EMG
data (Saltiel et al. 2001).
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Intersection of EMG and force angle parsing

We subtracted 50 ms from the force times to take in account the
EMG to force delay. A program was written to intersect the force
times with those from the EMG parsing, as explained previously.
Thus an individual stable force interval could typically consist of
several parsed EMG responses (see Figs. 1 and 4). To avoid excessive
parsing, force and EMG parsing lines that were <15 ms apart were
fused into a single line at the time of the EMG line.

Determining the average force and EMGs during each
individual response

For each EMG response with a stable force direction, the average
force angle was determined. Because force angle values ranged from
—180 to 180°, it was not possible to simply average the individual
sample angle values (e.g., the average of +175 and —175° should be
a caudal force of *180°, not 0°). Therefore we normalized the
response consecutive force samples to unit vectors (Fx* + Fy* = 1),
and these will contribute equally to the calculated average force
direction. The average force angle was then obtained with the notation
as above by computing the angle between the summed Fx and Fy
values of the unit vectors (taking the arctangent of these sums). Force
magnitude was computed by averaging the square roots of the sum of
squares of Fx and Fy across the force samples of the response. A
histogram of the distribution of the force directions showed clusters
similar to those previously reported (Saltiel et al. 1998). On the basis
of this histogram, we defined a caudal extension as =165 or
=—142.5°, adduction as =—52.5 and =—97.5°, and flexion as =0
and =—45°.

EMGs were rectified, and the first second of the records was
subtracted again to remove any oscillatory noise about zero that could
have remained uncorrected after the first unrectified baseline subtrac-
tion. Each rectified EMG response associated with a stable or a
changing force direction was averaged between its time of onset and
offset to a single value for each of the 12 muscles. In each frog, these
EMG values were subsequently normalized for each muscle to the
maximal EMG activity recorded in that muscle from any response
from that frog. This was done to correct for possible electrode
sampling differences between frogs.

Reconstruction of EMG responses as synergy combinations

To characterize the EMG patterns underlying caudal extensions,
adductions, and flexions, we want to express them as combinations of
the seven synergies (labeled A—G) that we have extracted in previous
work from all NMDA-elicited EMG responses (without consideration
of force direction). We have also previously reported that preferred
combinations of the seven synergies A—G exist that can be found in a
simple manner by extracting a smaller set of four synergies and
expressing them as combinations of the seven synergies (Saltiel et al.
2001). This method has the advantage that it becomes possible to
describe the EMG patterns with only a small number of coefficients of
activation (=4) of these synergy combinations.

Synergy combinations for caudal extensions

We considered the EMG responses associated with stable force
directions =97.5 or =—142.5°, which comprises all extensions (both
caudal and lateral). To these we added the EMG responses associated
with a transition to these stable force directions from a different stable
force direction; the reason for including these responses is because we
generally observed similar EMGs when the limb was driven to a new
stable force direction as when this direction was maintained. We
applied 150 iterations of our previously described nonnegative least-
squares factorization algorithm (Saltiel et al. 2001; Tresch et al. 1999)
to extract four synergies whose linear combinations best accounted for

these responses and to simultaneously find the coefficients of synergy
activation for these responses. To express these four synergies as
combinations of the seven NMDA synergies (A-G), we used the same
algorithm, initialized with the seven synergies, and without iteration,
to fit the four synergies. These synergy combinations are A, B + e,
D + ¢, and F + G, where the capital letters indicate the more strongly
activated synergies (see Fig. 2).

Synergy combinations for adductions and flexions

In a similar way, we considered the EMG responses associated with
stable force directions =—52.5 and =—97.5° or =0 and =—45°,
which comprises all adductions and flexions, to which we again added
the EMG responses associated with a transition to these stable force
directions from a different stable force direction. From these re-
sponses we again extracted four synergies and their coefficients of
activation and expressed the four synergies as combinations of the
seven NMDA synergies. These synergy combinations are A + F + ¢,
E +b,C + d,and F + b (see Fig. 5, A and B).

Criteria for identifying a site with caudal extensions of pure
B +eorD + ctype

We determined the subset of spinal cord sites where the NMDA-
elicited caudal extension responses remained of the B + eor D + ¢
type throughout the record, i.e., conformed to a single pattern. This
was done by plotting for each site the coefficients of the synergy
combination B + e against those of the synergy combination D + c,
as they reconstructed the stable caudal extension responses as well as
the responses bringing the limb to a stable caudal extension from
another stable force direction, and fitting a least squares line to the
plotted coefficient data. Because synergy combinations B + e and
D + c are independent variables, we used a perpendicular offset least
squares fitting method that minimizes the sum of squares of the
perpendicular distances from the data points to the fitted line, rather
than the distances along the y-axis (Weisstein 2003). We also deter-
mined the intercept of the fitting line. We are particularly interested in
sites with least squares lines close to the B + e or D + ¢ axes. The
distributions of perpendicular offset least squares lines slopes and
intercepts were examined in histograms to establish criteria for saying
that a site’s caudal extensions remained of pure B + e or D + c type
throughout (see Fig. 3, B and C).

Adduction composition at pure B + e and D + ¢ caudal
extension sites

To examine for possible linkages between the synergy composition
of caudal extensions and adductions, we averaged at each pure B + e
and each pure D + c caudal extension site the coefficients of the four
synergy combinations, reconstructing the EMG responses producing a
stable adduction or bringing the limb to a stable adduction from
another stable force direction. Each average was expressed so that the
sums of the four coefficients equaled 100% (see Fig. 5C). A
MANOVA was run to determine whether there was a statistically
significant difference between the adduction synergy composition
averages from B + e versus D + c caudal extension sites.

Composition of flexion onset after caudal extension at pure
B + e and D + c caudal extension sites

We first compared the synergy composition of flexions after caudal
extensions at B + e versus D + ¢ caudal extension sites. Because
flexions are typically produced by a multiphasic sequence of EMGs,
we focused on the flexion onsets. They were defined as beginning
when the force direction changed toward a stable flexion from a stable
caudal extension and ending when the line joining the synergy
composition of successive responses changed direction by >22.5° in
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the four-dimensional space of the four synergy combinations recon-
structing the flexions. A change in line direction over three successive
responses when two are very close would not be meaningful. Thus if
the first response was away from the origin <5% of the range
(maximum value of the flexion responses coefficients at the site), the
first of the consecutive lines began with that first response instead of
from the origin. Similarly, when two consecutive responses were
separated by <5% of the range, the change in line direction was
examined with the next consecutive response >5% away in distance.
Once the responses constituting the onsets of flexions after caudal
extensions were determined, the four synergy coefficients reconstruct-
ing these responses were averaged at each site in a similar way to the
adductions above, and each average subsequently was expressed so
that the sums of the four coefficients equaled 100% (see Fig. 7A).

Combined adduction and flexion onset composition at pure
B + e and D + c caudal extension sites

At each site where caudal extensions were of pure B + e or D +
¢ type and where NMDA also elicited both adductions and flexions,
the average synergy composition of the adductions and of the flexion
onsets, each expressed so that the sums of the four coefficients
equaled 100%, were averaged together (see Fig. 7F). The combined
adduction/flexion onset synergy composition averages from B + e
versus D + ¢ caudal extension sites were statistically compared by
MANOVA.

Mapping initial caudal extension sites

To map the caudal extension B + e and D + c patterns, we
determined among the caudal extension sites of pure B + eor D + ¢
type, the subset where a caudal extension was the first force produced
by NMDA iontophoresis. We mapped this subset with two different
symbols according to whether caudal extensions were of the B + e or
the D + c type. To increase the number of mapped sites, we added
another group of frogs (the one reported in Saltiel et al. 1998). For
adding initial caudal extension sites from these frogs to the map, we
similarly requested that the caudal extensions remained of the pure
B + e or D + ¢ type throughout the record, as assessed by the
perpendicular offset least-squares method outlined above.

Mapping initial adduction sites

To map the adductions of the type linked to B + e orto D + ¢
caudal extensions, we determined the sites where NMDA iontophore-
sis produced an adduction as the initial force. The earlier group of
frogs was again included. For each initial adduction site, the four
synergy coefficients reconstructing the EMG responses of the initial
adduction were averaged, and the average was expressed so that the
sums of the four coefficients equaled 100%. Sites where none of the
initial adduction EMG responses produced an adduction force greater
than the noise level of two force units in magnitude (22.24 mN,
criterion of Saltiel et al. 1998) were excluded. We used the k-means
clustering algorithm (Hartigan and Wong 1979) to cluster the initial
adduction synergy compositions in two groups, according to whether
they resembled most the adductions from sites with B + e caudal
extensions or resembled most the adductions from sites with D + ¢
caudal extensions, which were therefore chosen as the two initial
k-means centers (Fig. 5C). Initial adduction sites whose initial adduc-
tion synergy composition was at a large distance (computed as 1 —
normalized dot product) from both of these k-means centers were
excluded as outliers before clustering (Fig. 9, left inset). The k-means
algorithm assigns each data point (here an initial adduction synergy
composition) to the cluster with which center it has minimal distance.
In the next step, it recalculates the centers by averaging the members
of its cluster. This process is repeated until the mean of the distances
between the elements of the clusters and their centers decreases by

<0.1%. Once the clustering done, we mapped with two different
symbols the initial adduction sites belonging to the two clusters of
initial adduction synergy composition. The hypothesis that, within the
seventh to ninth root segments, the initial adductions of the type
linked to B + e caudal extensions map more rostrally than the initial
adductions of the type linked to D + ¢ caudal extensions was tested
statistically both by Mann-Whitney and by #-test.

Mapping linked synergies

To study the topography of linked synergies, we represented those
synergies that are linked in the rhythms with the same symbol. Thus
we combined in the same map the sites producing either initial caudal
extensions of D + ¢ type or initial adductions of the type linked to
D + c caudal extensions, all shown with the symbol @, and the sites
producing either initial caudal extensions of B + e type or initial
adductions of the type linked to B + e caudal extensions, all shown
with the symbol O. We focused on whether the spinal cord showed
several regions of either @ or O predominance, which could be
thought of as constituting a network of @ or O synergies linked in the
rhythms. This was determined by two methods: visual inspection and
Gaussian analysis.

With visual inspection, we traced parsimonious boundaries around
nonoverlapping regions containing a predominance of @ or O sites
(Fig. 104).

In the second method, we smoothed the topography by representing
each site as a Gaussian (area under the curve equal to 1), according to
the equation fix) = 1/[c V/(2m)] exp[—(x — s5)*/207] (Weisstein
2004), where s is the center of the Gaussian at the site’s rostrocaudal
location, o is its width, and x is a continuous variable along the
rostrocaudal extent of the lumbar cord, which like s and o is expressed
as a percentage of mid-DR6 (0%) to mid-DR10 (100%). We used o
values of 3, 2.5, and 2% as Gaussian widths. The o of 3% seems
reasonable, given that the SD of the difference between location
measurements derived from the spinal cord diagram documenting the
pipette site of entry and postmortem microdrive measurements was
equal to 7.46% of mid-DR7 to mid-DR9 (n = 8§ DR7-DRO sites),
which corresponds to 3.45% of mid-DR6 to mid-DR10. We then
summed the Gaussians of the @ and O sites separately, normalized the
sums to an equal number of sites, and plotted them as two curves
along the length of the lumbar cord to identify the location of the
peaks of @ and O topography. The intersections of the two curves
between these peaks define the boundaries between regions of @ and
O predominance (Fig. 10B). With o of 2%, there were smaller peaks
between the major peaks, resulting in more intersections between the
two curves. To define the boundaries, we assigned the regions of weak
® or O predominance between the major peaks, to the neighboring
major peak of the same predominance.

RESULTS
Two distinct EMG patterns produce caudal extensions

Figure 1 shows representative examples of two different
patterns producing caudal extensions, which were initially
identified by visual inspection. While they share activation of
GA,pe, one pattern (Fig. 1A) also activates muscles ri,SM,
ip,ra,BF,VE (capital letters for the more strongly activated
muscles), whereas the other pattern (Fig. 1B) also activates
muscles RILAM,SM,st,ip,SA. Thus with respect to the seven
synergies extracted from all NMDA EMG patterns (Saltiel et
al. 2001; reproduced in Fig. 2B), one pattern appears defined
by the activation of synergies D + c (capital letters for the
more strongly activated synergies) and the other pattern by the
activation of synergies B + e, whereas the two patterns share
synergy A.
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