The Journal of Neuroscience, March 1995, 15(3): 2203-2217

Field Potential Mapping of Neurons in the Lumbar Spinal Cord
Activated following Stimulation of the Mesencephalic Locomotor

Region

B. R. Noga, P. A. Fortier,® D. J. Kriellaars,” X. Dai, G. R. Detillieux, and L. M. Jordan
Department of Physiology, Faculty of Medicine, University of Manitoba, Winnipeg, Canada, R3E O0W3

The spinal neurons involved in the control of locomotion
in mammals have not been identified, and a major step that
is necessary for this purpose is to determine where these
cells are likely to be located. The principal objective of this
study was to localize lumbar spinal interneurons activated
by stimulation of the mesencephalic locomotor region
{MLR) of the cat. For this purpose, extracellular recordings
of MLR-evoked cord dorsum and intraspinal field potentials
were obtained from the lumbosacral enlargement during
fictive locomotion in the precollicular-postmammillary de-
cerebrate cat preparation. Potentials recorded from the
dorsal surface of the cord between the third lumbar (L3)
and first sacral (S1) segments typically showed four short-
latency positive waves (P1-P4). These P-waves were larg-
est between the L4-L6 segments. The amplitude of the P2—
4 waves increased with the appearance of locomotion and
displayed rhythmic moduilation during the locomotor step
cycle. Microelectrode recordings from the L4-L7 spinal
segments during fictive locomotion revealed the presence
of both positive and negative short-latency MLR-evoked in-
traspinal field potentials, and were used to construct iso-
potential maps of the evoked potentials. Positive field po-
tentials were observed throughout the dorsal horn of the
L4-L7 spinal segments with the largest amplitude
potentials occurring in laminae lll-VI. Negative field poten-
tials were found in laminae VI-X of the lumbar cord. The
shortest latency negative field potentials were observed in
lamina Vil and at the border between laminae VI and Vil
and were considered to be evoked monosynaptically from
the arrival of the descending volley. Short-latency mono-
and disynaptic negative field potentials were also observed
in lamina VIll. Longer latency, tri- and polysynaptic field
potentials were observed in laminae VIl and VIil. Many of
the longer latency negative waves observed in laminae VIl
and VIil followed shorter latency negative potentials re-
corded from the same location. Laminae VIl and Vlil nega-
tive field potentials were largest in the L5-6 and L4-5 spi-
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nal segments, respectively. Negative field potentials were
also evoked in the motor nuclei of the L4-7 spinal seg-
ments. The segmental latencies for these potentials indi-
cate that they were evoked di- and trisynaptically. Di- and
trisynaptic negative field potentials were also observed
near the central canal (in lamina X and the adjacent medial
lamina VIl) of the L5 and L6 segments. The MLR-evoked
negative field potentials were modulated during fictive lo-
comotion. These results suggest that stimulation of the
MLR produces a descending volley that activates interneu-
rons in the intermediate zone and ventral horn throughout
the lumbosacral segments of the spinal cord, but predom-
inantly between L4 and L6. We propose that the neurons
giving rise to MLR-evoked cord dorsum and negative field
potentials form part of the spinal circuitry responsible for
the initiation and/or maintenance of locomotion.

[Key words: field potentials, interneurons, spinal cord,
fictive locomotion, mesencephalic locomotor region]

The pioneering studies of Shik and co-workers (1966, 1967)
provided a preparation that has been useful in the study of the
central pathways and neuronal mechanisms involved in the ini-
tiation and control of locomotion. They demonstrated that stim-
ulation of the mesencephalic locomotor region (MLR) in the
precollicular-postmammillary decerebrate cat resulted in the
initiation of a locomotor rhythm that persisted throughout the
period of electrical stimulation. Subsequent investigations using
this preparation combined with the local application of putative
transmitters have shown that the locomotor effects observed
with stimulation of the MLLR may result from the activation of
cells and not fibers passing through this region (Garcia-Rill et
al., 1985). Neurons within the MLR receive descending afferents
from a number of areas including the motor cortex and basal
ganglia (Shik et al., 1968; Garcia-Rill et al., 1981; see Arm-
strong, 1986; Garcia-Rill, 1986, for review) and may, thus, serve
as an integration center from higher brain centers for the initi-
ation of locomotion,

The MLR projects mainly to the medial reticular formation,
in the vicinity of gigantocellular and magnocellular reticulospin-
al cells (Garcia-Rill et al., 1983; Steeves and Jordan, 1984) and
does not project directly to the spinal cord. Although the MLR
has been shown to project to other areas (Garcia-Rill et al,
1983), recent experiments have established that the pathway to
the medial reticular formation is the essential component of the
descending pathway to the spinal cord responsible for the initi-
ation of locomotion (Noga et al., 1988, 1991a). Reticulospinal
cells within the medial reticular formation that are involved in
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the initiation of locomotion project to the spinal cord via the
ventrolateral funiculus (Steeves and Jordan, 1980; Jordan, 1986,
1991; Noga et al., 1991a). Stimulation of the MLR produces
postsynaptic potentials in lumbar motoneurons, and the latencies
of the excitatory postsynaptic potentials produced in this manner
suggest a di- or trisynaptic segmental linkage (Shefchyk and
Jordan, 1985; Noga, 1988). Although recordings from rhythmi-
cally active spinal neurons during evoked locomotion have been
described in several studies (Arshavskii et al., 1972; Orlovsky
and Feldman, 1972; Feldman and Orlovsky, 1975; Edgerton et
al., 1976; Baev et al., 1979; McCrea et al., 1980; Arshavsky et
al., 1986; Noga et al., 1987a; Pratt and Jordan, 1987; Hishinuma
and Yamaguchi, 1990; Terakado and Yamaguchi, 1990; Ichika-
wa et al., 1991; Viala et al., 1991; Yamaguchi, 1991, 1992), only
a few types of spinal neurons have been examined in relation to
synaptic activation by stimuli applied to the MLR or coextensive
structures such as the cuneiform nucleus (Kazennikov et al.,
1983; Edgley et al., 1988; Jankowska and Noga, 1990; Shefchyk
et al., 1990; Jordan and Noga, 1991).

The spinal cells that are necessary for initiation of locomotion
elicited by MLR stimulation have not been identified. The ob-
jective of the present study was to document the locations of
lumbar interneurons that are activated by stimulation of the
MLR. These cells could be activated because they are interposed
in the pathway from the MLR to motoneurons (Shefchyk and
Jordan, 1985; Noga, 1988) or because they form part of or re-
ceive inputs from the locomotor rhythm generator. For this pur-
pose, an analysis of evoked potentials in the spinal cord, which
are produced by electrical stimulation of the MLR, was carried
out.

The presence of cord dorsum potentials and extracellular focal
negative field potentials recorded intraspinally can be used to
locate interneurons activated by a discrete pathway (e.g., Skinner
and Willis, 1970; Fu et al., 1974; Skinner and Remmel, 1978;
Edgley and Jankowska, 1987a). Isopotential mapping techniques
(see Willis, 1980, for review) were used in this study to aid in
localizing focal negative field potentials evoked by stimuli ap-
plied to the MLR. The results show that MLR stimulation pro-
duces field potentials at latencies consistent with the activation
of interneurons in the short-latency pathway to the hindlimb mo-
toneurons. These field potentials were present throughout the
lumbar segments examined (L4-7). The largest negative field
potentials were found in the L4-L6 segments and appeared to
originate from cells in Rexed’s laminae VI-X.

Preliminary reports of some of this data have been published
(Fortier et al., 1988; Jordan, 1991).

Materials and Methods

Animal preparation

Experiments were carried out on 16 adult cats weighing between 1.9
are 4.0 kg. Each cat was initially anesthetized with halothane in a mix-
ture of 70% nitrous oxide and 30% oxygen delivered through a face
mask. The trachea was then intubated for direct administration of the
anesthetic. The left common carotid was cannulated and connected to
a pressure transducer for blood pressure monitoring. The right external
jugular and the left brachial veins were cannulated for the administration
of fluids. Each animal was given 2—4 mg of dexamethasone (Hexadrol,
phosphate, Organon) to reduce tissue swelling. A bicarbonate solution
(100 mm NaHCO, with 5% glucose) was infused at 5 ml/hr throughout
the experiment to help maintain a normal pH balance. The laminae from
L4-7 segments were removed to expose the underlying spinal cord. A
number of hindlimb nerves were dissected free bilaterally. These in-
cluded nerves to anterior and medial biceps (AB), posterior biceps (PB),
semimembranosus (SM), semitendinosus (ST), medial gastrocnemius
(MG), lateral gastrocnemius-soleus (LG), and tibialis anterior (TA) mus-

cles. Branches of the femoral nerve ipsilateral to the side of recording
(left) were also cut and mounted in a cuff electrode. These included
vastus lateralis, intermedialis, and medialis (Vast), and sartorius anterior
and medialis (SA). The contralateral femoral nerve was cut in order to
provide similar denervation bilaterally.

The cat was placed in a Transvertex headframe and suspended with
all four limbs pendant. The sciatic nerves were placed in custom-made
horizontal nerve trays filled with mineral oil and mounted on bipolar
electrodes. The spinal cord was covered with mineral oil maintained at
37°C using a feedback-controlled heating lamp. Following a cranioto-
my, the anesthesia was discontinued and a precollicular-postmammillary
decerebration was performed on each animal. The animals were para-
lyzed with gallamine triethiodide (Flaxedil, Rhone-Poulenc; ~4 mg/kg/
hr) and artificially ventilated. The end tidal CO, was maintained
between 3.5 and 4.5%. Blood lost during the decerebration (1-3 ml)
was replaced with a perfluorocarbon blood substitute, Oxypherol-E.T.
(Alpha Therapeutic Corp., Los Angeles, CA). Dextran (Travenol) was
also administered intravenously as necessary to maintain blood pressure
at or above 80 mm Hg. Body temperature was maintained at approxi-
mately 37°C.

Stimulation, data collection, and analysis

Following a recovery period of 1-1.5 hr after the decerebration, loco-
motion was evoked by electrical stimulation of the MLR (0.5~1.0 msec
square wave pulses, 14-25 Hz, 100-220 wA) using a monopolar stim-
ulating electrode (SNE-300; David Kopf Instruments). The strength of
stimulation was adjusted to a level that was suitable to maintain loco-
motion for prolonged periods during the recording of spinal cord field
potentials. The lowest threshold sites were located dorsal to the bra-
chium conjunctivum in the vicinity of the cuneiform nucleus in four
out of five animals in which the brainstem was processed for routine
histology. In one case, the lowest threshold site was localized to an area
immediately ventral to the brachium conjunctivum. The rhythmic activ-
ity of the hindlimb peripheral nerves (electroneurograms or ENGs) were
used as monitors for fictive locomotion.

Spinal cord potentials and ENG activity were recorded during MLR-
evoked locomotion (Fig. 14). The ENG activity was amplified, rectified,
and low-pass filtered during each trial of locomotion before it was sam-
pled continuously at 200 Hz by a Masscomp (MC563) computer. Spinal
cord evoked potentials were recorded using two methods: (1) a mono-
polar silver ball electrode placed on the dorsal surface of the spinal cord
near the dorsal root entry zone was used to record cord dorsum poten-
tials along the spinal cord; and (2) a glass microelectrode with a tung-
sten filament was used to record intraspinal potentials. The spinal po-
tentials were AC coupled (0.1 Hz high-pass filtered; 10 kHz low-pass
filtered) and sampled at 5 or 10 kHz for a period of 50 msec following
each MLR stimulus.

Spinal cord surface potentials. Cord dorsum potentials were sampled
at regular 5 mm intervals across the lumbosacral segments (1.3-S1)
during bouts of fictive locomotion (Fig. 2B). The latency of onset and/
or of the peak of the different positive (P1—4) and negative (N) waves
was measured from the averaged potentials recorded at each site (Fig.
1C). The amplitude of each wave was measured relative to either the
baseline (for P1) or to the potential at its onset (for P2—4),

The amplitude modulation of the P2 and P3 waves during the fictive
step cycle was also determined from measurements obtained from the
electrode position showing the largest P2 or P3 wave. The step cycle
was normalized and divided into equal time intervals or bins. The onset
of each fictive step cycle was defined as the onset of activity of an
ipsilateral flexor or extensor ENG. The cord dorsum traces recorded in
each bin of the normalized step cycle were then averaged and the am-
plitude of each wave measured and subsequently plotted against the
normalized step cycle. Averaged cord dorsum potentials were usually
obtained from 10-15 step cycles, typically yielding 20-30 averages for
each bin.

Intraspinal field potentials. Averages of intraspinal field potentials
were produced as described above for the cord dorsum surface poten-
tials. Frames containing spiking activity of single spinal neurons syn-
chronized to the MLR stimulus were detected by a window discrimi-
nator in software and excluded from the averages. Latencies of
intraspinal negative field potentials were calculated as follows: total
latency was measured from the onset of the MLR stimulus; segmental
latency was measured from the peak of the first potential recorded from
the surface of the cord dorsum. The amplitude modulation of the neg-
ative field potentials during the fictive step cycle was determined from
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Figure 1. Method used to record spinal cord extracellular field potentials during MLR-evoked fictive locomotion and to generate isopotential
contour maps. A, Fictive locomotion evoked by stimulation of the MLR. Bottom trace indicates depth of recording microelectrode measured from
the surface of the spinal cord from the most medial track (first track in B). Lines (top) indicate the sampling periods for MLR-evoked spinal
potentials at each depth. B, Matrix of microelectrode recordings made at 250 pwm intervals with each electrode track through the spinal cord.
Microelectrode penetrations were made sequentially from medial to lateral with the zero depth for each track kept horizontal to the surface contact
of the electrode in the most medial track. C, Triggered averages generated at each point of the matrix for the indicated track in B during MLR-
evoked fictive locomotion. The amplitudes of the field potentials are measured at a specific latency(ies) (open arrowhead) following stimulation
of the MLR (closed arrowhead). The latencies chosen correspond to the peak of the positive waves (P2—4) recorded from the cord dorsum surface
potential (top trace) or to peaks of negativity observed in the intraspinal records (lower traces). Field potential amplitudes were determined relative
to a level poststimulus baseline (arrow). D, Isopotential map of the amplitude of the intraspinal potentials recorded from each point of the matrix
at a latency of 5.3 msec following the MLR stimulus. Isopotential lines in this and other figures are drawn at intervals of 20 pV. SAm, medial
sartorius; AB, anterior biceps; LG, lateral gastrocnemius; TA, tibialis anterior; i, ipsilateral; co, contralateral. MLR stimulation parameters: 220 pA,

19.5 Hz, 1.0 msec duration.

measurements obtained at maximum current sinks in some experiments
(see Spinal Cord Surface Potentials, above).

Isopotential maps. The intraspinal microelectrode recordings were
made at the evenly spaced coordinates of a matrix (Fig. 1B). The matrix
was obtained by making vertical (or near vertical) penetrations through
the spinal cord and recording MLR-evoked potentials in steps of 250
pm. Tracks were equally spaced (every 250 wm) and were made suc-
cessively from a point 250 wm lateral to the midline.

The matrix values were used to generate isopotential contour maps
of MLR-evoked potentials. Isopotential maps were generated in two
steps: (1) calculation of isopotential lines from the intraspinal potentials
and (2) overlay of the histological outline onto the coordinates of the
matrix. For the first step, a computer average was produced of MLR-
evoked potentials sampled for each coordinate of the matrix (Fig. 1B,C)
during MLR-evoked locomotion (Fig. 14). The amplitude of the poten-
tial at a specified latency after the MLR stimulus was measured for each
coordinate. The latencies chosen for measurement of the intraspinal
potentials corresponded to the peak of each positive wave (P1-4) from
the cord dorsum surface potential or to peaks of negativity observed
from'the intraspinal records. Using a bicubic interpolating spline func-
tion (Spith, 1974), a matrix of higher resolution was generated by fitting
a continuous surface through the given points over the entire area of
the matrix. Regions of equal potential were then connected to form
isopotential lines (Fig. 1D). As a result, the isopotential lines do not
necessarily pass through the actual recording coordinates. For the sec-
ond step, camera lucida drawings of cross sections of the spinal cord
containing the reconstructed electrode tracks were entered into the com-
puter using a digitizing tablet. The most dorsal or ventral points of the
most medial and lateral electrode tracks were identified, and the contour

mapping program then fitted the corners of the matrix to the points
identified on the computer image. The most dorsal point was identified
from the surface of the spinal cord, the most ventral point from a lesion
made with the microelectrode at the end of the mapping series in each
segment (L4-7).

Two types of contour maps were generated. The first was obtained
from averages of MLR-evoked potentials spanning the entire step cycle
and, therefore, included the responses obtained from each point of the
matrix during both flexion and extension (50-100 samples/average).
The second was obtained from averages of MLR-evoked potentials col-
lected from each point of the matrix during the flexion or extension
phase of the step cycle as defined by the activity of the respective nerves
(20-60 samples/average).

Results

The results described in this study were obtained from a total
of 16 cats that exhibited rhythmic ENG activity typical of MLR-
evoked fictive locomotion (Fig. 14). In all experiments, the
MLR stimulus evoked bilateral locomotor activity.

MLR-evoked cord dorsum potentials

Profile along the lumbosacral segments. The cord surface po-
tential evoked by stimulation of the MLR and recorded from the
surface of the caudal lumbar spinal cord consisted of four pos-
itive (P) waves (Figs. 1C, 2A) in all experiments. The amplitude
of these potentials depended upon the site of the recording elec-
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lumbosacral segments L3-S1 during
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mum peak amplitude. N, Negative cord
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strengths: A, 220 wA, 19.5 Hz, 1 msec
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duration.

trode and were found to be largest when recorded from the mid-
dle of the dorsal columns or from the dorsal root entry zone
(Fig. 2B). At more lateral locations the P2 and P3 components
of the cord surface potential disappeared and were replaced by
a negative wave. This was in contrast to the Pl wave, which
retained its basic shape when recorded from the lateral funiculus.
The P1 wave was the earliest signal to be recorded following
the MLR stimulus in 12 of 16 experiments. However, in four
experiments a smaller potential, possibly a volley, was observed
immediately prior (within 1.0 msec) to the P1 wave. The P2
wave was always larger than the P1 wave. The P3 wave often
peaked at a more positive level than the P2 wave (see Figs. 14,
2A, 4B), although less positive peaks were not infrequent (Figs.
3A, 4A). The relative amplitudes of the P-waves recorded along
the lumbosacral spinal cord (from L3 to S1) were measured in
13 experiments (Fig. 2C). P2, P3, and P4 were largest in the
L5-L6 segments. The P1 wave was largest in the more rostral
segments and decreased in amplitude in more caudal segments.
Latencies of onset and peak of cord dorsum potentials. The
latencies of onset and peak of the various P-waves were mea-
sured at the L5/6 segment where they had their maximum am-
plitude. The minimum volley/P1 peak latency (3.4 msec) can be
attributed to the arrival of the descending volley if the synaptic
delay within the caudal brainstem is assumed to be 1 msec (Or-
lovsky, 1969), and the most rapidly conducting fibers in this
pathway have a conduction velocity in excess of 120 m/sec.
Similarly, longer latency P1 waves (up to 4.8 misec) can be at-
tributed to fibers with conduction velocities approximating 80
m/sec. Subsequent P-waves appear to be produced by sequential
synaptic activation; e.g., the onset of the P2 wave occurs ap-
proximately 0.8 msec (= 0.5 msec, SD) after the peak of the
volley/P1 potential. The onset of P3 occurs 0.6 msec after the
peak of P2 and with a mean segmental latency of 24 + 0.5
msec. Both P2 and P3 peaked within 1 msec of their onset.

L3 L4 LS L6 L7 8

The latency of onset for the P4 wave was more difficult to
determine since it followed an extended negative wave, the de-
cay of which influenced the measurement of the P4 onset laten-
cy. Therefore, the latency of the peak was measured. These la-
tencies were found to vary considerably (16.8 + 5.3 msec).

Evidence for a relationship between MLR-evoked cord dor-
sum potentials and fictive locomotion. Two lines of evidence
indicate that the MLR-evoked cord dorsum potentials are related
to locomotor processes. First, the amplitude of the MLR-evoked
cord dorsum P waves (P2-4) increased concomitant with the
appearance of fictive locomotion (Fig. 3). Second, the MLR-
evoked cord dorsum potentials (P2-4) were rhythmically mod-
ulated during the fictive step cycle. This amplitude modulation
was strongly related to the phase of the step cycle. This is il-
lustrated in Figure 4 for two different experiments. In Figure 44,
the P2 wave was largest at the onset of extension, whereas the
P3 and P4 waves were largest during flexion. The modulations
were different for the experiment illustrated in Figure 4B, where
the P2 wave was largest during flexion and the P3 and P4 waves
peaked both in flexion and extension. The P-waves were mod-
ulated in every experiment by at least 15%, and peak amplitudes
were observed in either or both phases of the step cycle. The
P2 wave was approximately equally modulated during flexion
(six experiments) and extension (seven experiments), or both
(three experiments). P3 was largest during flexion in 10 exper-
iments and showed peaks in both phases in 6 experiments. P4
showed a similar pattern of modulation (flexion, seven experi-
ments; extension, one experiment; both, eight experiments). Dif-
ferences between experiments may be due to differences in ros-
trocaudal placement of the electrode and to its placement relative
to the various subsets of interneurons beneath. It is unlikely that
the same sets of interneurons have different phase relationships
with the locomotor cycle in different animals.
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Figure 3. Changes in L5-6 cord dorsum surface potentials evoked by stimulation of the MLR prior to and during fictive locomotion. The MLR
was stimulated at a strength of 160 pA, throughout (13 Hz, 1.0 msec duration). A, Averages (n = 26) of right cord dorsum potentials (ipsilateral
to the stimulated MLR) for the indicated time periods throughout the trial. B, Raw traces of MLR-evoked cord dorsum surface potentials recorded
at the indicated periods prior to and during MLR-evoked locomotion. ENGs of the indicated nerves are shown beneath. The timing of the MLR
stimulus is indicated by the closed arrowheads at the bottom of the averaged or to the right of the raw cord dorsum potentials. SA, sartorius; SMAB,
semimembranosus/anterior biceps; TA, tibialis anterior; L, left (contralateral); R, right (ipsilateral).

MLR-evoked intraspinal field potentials and isopotential maps

Intraspinal field potentials and the subsequent isopotential maps
were generated from data collected in six experiments (two L4
maps, four L5 maps, five L6 maps, and one L7 map). Both
positive and negative field potentials were observed in all seg-
ments examined. Negative field potentials were observed in lam-
inae VI through X. In contrast, positive field potentials predom-
inated in the dorsal horn.

Negative field potentials. Stimulation of the MLR-evoked
negative field potentials in laminae VI-X of the L4-L7 spinal
segments (Figs. 5, 6). In many experiments, two negative field
potentials were observed from the same or similar recording
sites in laminae VII and VIII and are designated as “early” and
“late” potentials.

Laminae VI/VII. The earliest field potential evoked by elec-
trical stimulation of the MLR was localized to lamina VII and
occasionally to the lateral border region between laminae VI and
VII. This field potential occurred first in the lateral aspect of
laminae VI/VII and progressively later towards the midline (Fig.
SA,C: traces b, c). This field potential was also earliest in the
most rostral (I.4) segment and was observed slightly later in the

more caudal segments as the volley was propagated more cau-
dally (Fig. 5A,C: trace b). Most early laminae VI/VII field po-
tentials began within 1.0 msec of the peak of the volley/P1 wave
and were considered to be evoked by monosynaptic activation
of interneurons from the descending fibers (Fig. 7). The “early”
laminae VI/VII field potential was often maximal during the
peak of the P2 cord dorsum potential (Figs. 1C, 5A-C). The
mean segmental and total latencies of onset of the early laminae
VI/VII field potentials were 0.9 *+ 0.7 and 4.4 + 0.9 msec,
respectively. The segmental latency was thus similar to that ob-
served for the onset of the P2 wave.

A second or “late” laminae VI/VII field potential was ob-
served 1.5-3.4 msec following the earliest VI/VII field potential
in the L4-6 spinal segments, indicating that some neurons at the
same location may have been depolarized a second time follow-
ing stimulation of the MLR (Figs. 5, 6). The onset of this po-
tential occurred approximately at the onset of the P3 cord dor-
sum potential and had a latency of 6.6 % 0.8 msec after the
MLR stimulus. The segmental latencies of later laminae VI/VII
field potentials (Fig. 7) are primarily indicative of a tri- or po-
lysynaptic linkages (3.0 = 0.5 msec), although the possibility
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Figure 4. Modulation of cord dorsum
surface potentials during MLR-evoked
fictive locomotion. ENG data for two
different experiments are indicated sep-
arately in A and B. The averaged cord
dorsum potentials (middle panel) are

sorted according to the occurrence of 0
each evoked potential during the nor-
malized step cycle (top panel). Each
trace is recorded over a 30 msec period.
Lower panels indicate the relative am-
plitude of the P2—4 waves sorted ac-
cording to their occurrence in the step
cycle. Values are expressed as a per-
centage of the maximum peak ampli-
tude. The flexion (f) and extension (e)
phases of the step cycle are indicated.
SA, sartorius; SAa, sartorius anterior;
AB, anterior biceps; GS, gastrocnemius;
i, ipsilateral to side of MLR stimulation
and cord dorsum recording. MLR stim-
ulation strengths: A, 160 pA, 25 Hz,

iSA/iAB vs step cycle

2 0 1 2
iSAa/iGS vs step cycle

cord dorsum

0.5 msec duration; B, 160 pnA, 16 Hz,
1 msec duration.

% max vs cycle

that these are evoked by slower conducting descending fibers
cannot be excluded. In some cases, even later lamina VII neg-
ative waves that peaked at the same time as the P4 cord dorsum
potential could be seen (Fig. 6A).

In experiments where multiple isopotential maps were made,
the largest lamina VII negative field potentials were found in
the L5/6 segments. The amplitude of the “early’” and “late”
field potentials ranged from 44-180 wV (mean, 96 *= 43 V)
and 31-230 pV (mean, 80 = 61 V), respectively.

Isopotential maps were generated to provide a graphical rep-
resentation of the probable locations of the neurons producing
the laminae VI/VII field potentials (Figs. 6, 8). Single or multiple
current sinks could be found in these laminae (see Figs. 6, 8).
The relative amplitudes of the different current sinks could differ
substantially (Fig. 6A).

Lamina VIII. Short-latency, MLR-evoked field potentials were
observed in lamina VII of the 147 spinal segments (Figs. SA—
C, 6A). The segmental latency of the earliest lamina VIII poten-
tials showed mono- and disynaptic linkages (Fig. 7) ranging be-
tween 0.2 and 3.4 msec from the peak of the volley/P1 potentials
(1.4 = 0.8 msec, mean and SD). The onset of the earliest lamina
VIII field potentials was usually at or just after the onset of the
P2 cord dorsum potential and the onset of the earliest laminae
VI/VII negative field potentials (Figs. 5A,C; 6A). The latency
from the time of the MLR stimulus was 5.0 = 1.0 msec. The
monosynaptic lamina VIII field potentials peaked at the apex of
the P2 or P3 cord dorsum potentials, whereas the disynaptic VIII
fields peaked after the apex of the P3 wave. The latencies of
onset of the earliest lamina VIII field potentials in the most
rostral segments were either shorter or approximately the same
as those occurring in more caudal segments. Where the latencies
are similar, a slowing of conduction in the terminal branches in
the rostral segments may be the explanation.

A second or “late” lamina VIII negative field potential was
sometimes observed 2.1-3.2 msec following the first lamina VIII
field potential in the L4-6 spinal segments. The locations of the
current sinks of these later lamina VIII field potentials were the

same or similar to the early lamina VIII potentials, indicating
that some neurons at the same location may have been depolar-
ized a second time following stimulation of the MLR. Alterna-
tively, this depolarization could be due to activation of different
sets of interneurons in a similar location. The onset of the late
lamina VIII field potential usually occurred at the onset or peak
of the P3 cord dorsum potential and always peaked after the
apex of the P3 wave. The total latency to onset was 6.7 + 0.7
msec. The segmental latencies of the late lamina VIII field po-
tential (Fig. 7) are indicative of a polysynaptic linkage (3.5 +
0.3 msec). In some cases, very long latency lamina VIII negative
potentials that peaked at the same time as the P4 cord dorsum
potential could be seen (Fig. 64, trace d).

The early lamina VIII field potentials were approximately the
same amplitude as the lamina VII field potentials (mean, 113 *+
75 1V; range, 31-290 wV). The largest early field potentials
were found in the L4/5 segments. The late lamina VIII field
potentials were generally smaller (mean, 55 * 15 pV; range,
40-77 pV).

Isopotential maps of lamina VIII negative field potentials are
illustrated in Figures 6 and 8. In some cases, summation with
the lamina VII field potentials prevented a clear focus of nega-
tivity in lamina VIII.

Lamina IX. Negative field potentials were observed within
lamina IX of the ventral horn. These field potentials character-
istically exhibited a rapid onset and gradual decay. The segmen-
tal latency for the lamina IX field potentials ranged from 1.5 to
3.4 msec (Fig. 7), with a mean of 2.2 * 0.5 msec, the earliest
ones possibly being evoked disynaptically and the later ones
showing trisynaptic (or polysynaptic) linkages. The onset of the
lamina IX field potential was usually around the peak of the P2
or onset of the P3 cord dorsum potential and had a total latency
of 5.8 = 0.8 msec. The lamina IX field potential usually peaked
after the apex of the P3 cord dorsum potential (Fig. 5B) although
some potentials peaked at the apex of the P3 wave (Figs. 5C,
6A). The peak amplitude of the lamina IX field potential ranged
from 66 to 380 wV and was the largest MLR-evoked negative
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field potential (mean, 152 + 98 pV). Small, longer latency field
potentials were occasionally observed superimposed upon the
gradual decay of the first negative field potential. A second wave
of negativity that peaked at the apex of the P4 cord dorsum
potential was observed in one experiment. Isopotential maps il-
lustrating lamina IX field potentials are shown in Figures 64
and 8.

Lamina X and medial lamina VII. Stimulation of the MLR
also evoked short-latency negative field potentials in a region
near the central canal of the L5 and L6 segments of the spinal
cord. The field potentials were localized to either lamina X or
to the adjacent medial aspect of lamina VII. This was observed
in three of the nine isopotential maps made of the L5/6 spinal
segments. The segmental latency of these field potentials ranged
from 1.5 to 3.2 msec (mean, 2.4 + 0.9 msec). They were evoked
di-, tri-, and polysynaptically, assuming that they were evoked
by the fastest conducting reticulospinal neurons (Fig. 7). The
onset of these negative field potentials occurred at or between
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Figure 5. Averaged cord dorsum (top
trace) and intraspinal field potentials
(lower traces) recorded in the L4 (A),
L5 (B), and L6 (C) spinal segments
during fictive locomotion evoked by
stimulation of the ipsilateral MLR (220
RA, 19.5 Hz, 1.0 msec duration). Lo-
cation of the recording sites for all trac-
es are indicated in the spinal cord re-
constructions to the right. Negative (N)
field potentials were recorded in lami-
nae VII-IX in all segments as indicated
to the left of each trace. Positive field
potentials were observed throughout
the dorsal horn in all segments and are
indicated in trace a in A-C for laminae
IV and VL Isopotential maps (see Fig.
8) were made at the indicated (num-
bered) latencies (open arrowheads)
following the MLR stimulus (solid ar-
rowhead). Arrow, baseline reference
point. Amplitude measurement laten-
cies of lines 2, 3, and 5 are measured
at the peaks of the P2, P3, and P4 cord
dorsum positive potential. These and
other latency measurements (lines 1
and 4) may also correspond to the la-
tencies of the peaks of various intras-
pinal negative field potentials. See text
for further details. Calibration: 100 pV
(for AC traces), 2 msec.

the peaks of the P2 or P3 cord dorsum potentials—at the same
time as or slightly later than the lamina IX field potential (the
mean total latency for the lamina X field potentials being 5.7 +
0.5 msec and, thus, similar to the lamina IX field potentials).
The lamina X field potentials peaked after the apex of the P3
cord dorsum potential. The peak amplitude ranged from 92 to
130 wV (mean, 107 = 20 wV). Thus, the lamina X field poten-
tials were as large or larger than all but the lamina IX MLR-
evoked negative field potentials. An isopotential map illustrating
a lamina X field potential is shown in Figure 6B.

Distribution of field potential foci (current sinks) in the lumbar
segments. Figure 9 summarizes the distribution of all field po-
tential foci detected in field potential maps. The current sinks
were confined to laminae VI-X. Monosynaptic field potentials
were primarily observed in laminae VI, VII, and VIIIL. Disynap-
tic field potentials were primarily observed in lamina VIII in the
L6/7 segments and in the motor nuclei (lamina IX) of all seg-
ments. A second wave of excitation (tri- and polysynaptic seg-
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mental latencies) was observed in laminae VI-VIII in all seg-
ments.

Modulation of negative intraspinal field potentials during fic-
tive locomotion. Isopotential maps were made of MLR-evoked
field potentials occurring during the flexor or extensor phase of
the step cycle, and examples of these are illustrated in Figure
10. Slight differences in the overall amplitude and location of
the early and late current sinks were observed during flexion
and extension, indicating that the excitability of the neurons in
these areas was modulated during the step cycle. This is further
evident in Figure 10 (lower panels), which show the amplitude
modulation of the current sinks illustrated in the upper panels
relative to the phase of the step cycle. Both single (Fig. 10B) or
double (Fig. 104) peaks (during flexion and/or extension) were
observed for the different field potentials. A total of 11 negative
foci such as those illustrated in Figure 10 were analyzed to de-
termine any modulation during the step cycle. In all of these
cases, discernable modulation was observed. This may be inter-
preted as evidence that the evoked responses are produced in
cells that are part of the locomotor circuitry. In general, the
locations of foci of negative potentiais evoked during flexion
were similar to those of the foci evoked during extension, in-
dicating that flexor- and extensor-related neurons are intermin-
gled.

Positive field potentials. Stimulation of the MLR also evoked
positive field potentials throughout the dorsal horn of the L4-
L7 spinal segments (Figs. 1, 5, 6). In general, the shape of these
potentials resembled the cord dorsum potentials recorded more
dorsally. Thus, foci of positivity were generally largest during
the P3 wave (and occasionally the P2 wave) of the cord dorsum
potential. Foci of positivity were found most frequently in lam-
inae III-VI and rarely in lamina VII (Figs. 6, 8).

Discussion

This study demonstrates that cord dorsum and intraspinal poten-
tials evoked by stimulation of the MLR may be useful for lo-
cating neurons involved in locomotion. The modulation of the
cord dorsum and intraspinal negative field potentials in phase
with the locomotor cycle, along with the fact that the cord dor-
sum potentials increase in amplitude coincident with the ap-
pearance of locomotion, suggest that the responsible interneu-
rons are part of the locomotor circuitry. It is also possible that
the modulation is due, at least in part, to activity in interneurons
that receive input from the locomotor circuitry without having
a direct influence on the neural processes involved in locomo-
tion.

Electrical stimulation of the MLR appears to activate more
than one population of spinal neurons, since negative field po-
tentials were distributed through laminae VI-X of the lumbar
spinal cord. This suggests that populations of neurons that form
different components of the locomotor circuitry (such as exci-
tation of extensor vs. flexor motoneurons, interlimb coordina-
tion, etc.) receive input from the MLR.

«—

The Journal of Neuroscience, March 1995, 15(3) 2211

X % 1 I ] I 1 —
8 -
IX 41
)]
8 -
VII 44
N
20 4
16
12
VII 1
8
o
0] [ ]
01-1.0 1.1-2.0 2130 3140 msec
mono di tri poly

Figure 7. Segmental latencies of negative field potentials measured
from the L4-7 spinal segments. Latencies were measured from the peak
of the first recorded cord dorsum potential to the onset of the field
potential in the various spinal laminae. Latencies for monosynaptic ex-
citation are considered to be up to 0.9 msec (allowing for a conduction
time from the arrival of the volley to the terminal of the descending
fiber of 0.1-0.6 msec and a synaptic delay of 0.3 msec). Each additional
interneuronal relay would require a delay of about 0.2 msec between
the onset of the interneuronal epsp and the action potentials that they
evoke, 0.2-0.6 msec for conduction of the action potential to the syn-
apse and 0.3 msec for another synaptic delay; i.e., approximately 0.7-
1.1 msec. Segmental linkages are indicated at the bottom of the histo-
gram. Ordinate, number of observations.

The results described here suggest that the interneurons relat-
ed to the initiation of locomotion are most numerous in the L4-
L6 spinal segments (see Fig. 2C). This is consistent with the
results of Grillner and Zangger (1979), who showed that the
ability to initiate locomotion in spinal animals is lost after spinal
transections below caudal L5. Furthermore, it is consistent with
the results of Deliagina et al. (1983), who provided evidence for
the possibility that the L3-L5 segments are the ‘“‘leading” ones
for the production of rhythmic activity in the lumbar spinal cord.
On the other hand, Viala et al. (1988) found that locomotion
increased metabolism of rabbit spinal cord cells in the inter-
mediate gray matter from L6 to S1. It should be noted, however,
that the animals in this latter study were spinalized and that
locomotion was induced by injections of L-DOPA. Further ex-
periments are needed for a direct comparison of the two prep-
arations. Barajon et al. (1992) examined c-fos expression in the
lumbosacral enlargement induced by scratching and found that
activity-dependent labeling using this marker was abundant in
the L7 and S1 segments. They did not describe c-fos expression

Figure 6.

Intraspinal field potentials and isopotential maps observed in the L5 spinal segment during ipsilateral MLR-evoked fictive locomotion

in two additional experiments (A and B). Amplitude measurement latencies following the MLR stimulus (closed arrowhead) are indicated by
numbered open arrowheads and correspond to the numbered isopotential maps illustrated on the right. Large negative current sinks are evident in
laminae VII-X. The earliest field potentials were generated in the intermediate areas (laminae VI and/or VII) with later field potentials being
generated in laminae VIIL, IX, or X as cells in the ventral horn and around the central canal displayed increased activity. In A, the foci of positivity
were localized to the medial aspect of laminae 1II, IIL, IV, and VI and to the dorsal columns. In B, foci of positivity were apparent to the medial
part of lamina VI and to the middle aspect of lamina VIL The baseline reference point is indicated by the arrow. MLR stimulation parameters: A,
220 pA, 17 Hz, 0.5 msec duration; B, 160 nA, 19 Hz, 1.0 msec duration. Calibration: A, 100 pV, 2 msec; B, 200 pV, 2 msec.
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in more rostral segments, however. Other evidence favoring con-
centration of rhythm generating elements in the rostral segments
of the lumbosacral enlargement comes from work on turtle
(Mortin and Stein, 1989) and chick spinal cord (Ho and O’Don-
ovan, 1993).

Figure 9 summarizes the laminar distribution of MLR-evoked
negative field potential foci detected with the isopotential map-
ping procedure used here. The cells that receive the earliest input
appear to be concentrated in lamina VII and, to a lesser extent,
in lamina VIII. Presumptive disynaptic responses were observed
largely in laminae VIIL, IX, and X. What appears to be “re-
bound” excitation of the same cells activated earlier can be seen
at trisynaptic and later latencies in laminae VII, VIII and also
in lamina IX. Skinner and Willis (1970) used cord dorsum and
isopotential mapping methods as a means to detect the locations
of interneurons activated by stimulation of the ventrolateral
white matter. The cord dorsum potentials and intraspinal field
potentials that they detected were similar to those evoked by
stimulation of the MLR. This is consistent with the observation
(Steeves and Jordan, 1980) that locomotion is initiated from the
MLR by a pathway that descends through the ventrolateral fu-
niculus of the spinal cord.

There is considerable evidence in the literature supporting the
notion that cells in the regions displaying negative field potential
foci are involved in rhythmic motor activity. The negative field
potential foci observed here partly overlap the laminar distri-
bution of c-fos—labeled cells in decerebrate cats in which uni-
lateral scratching was induced (Barajon et al., 1992). In this case,
most c-fos—labeled cells were located in the dorsolateral part of
the ventral horn and in the intermediate zone (lamina VII), with
some labeled cells in the medial part of lamina VII and in lamina
VIII. C-fos expression produced by fictive locomotion in decer-
ebrate cats revealed labeled cells largely in lamina VII, especial-
ly the medial part, in lamina VIII, and in lamina X (Dai et al.,
1990). Jasmin et al. (1994) used a Rota-Rod walking task to
induce c-fos expression in rats. They did not describe the ros-
trocaudal distribution of the labeling in their experiments, but
most of the labeling occurred in the dorsal horn. Ventral horn
labeling was observed in lamina VII and lamina X of the cer-
vical and lumbar spinal cord. These authors used a deafferen-
tation strategy to reveal the sensory components of the c-fos
expression, and this procedure dramatically reduced labeling in
both the dorsal and ventral horns. Labeling in the area around
the central canal persisted, however. Kjaerulff et al. (1994) used
sulfrhodamine labeling to determine the distribution of cells in
the neonatal rat spinal cord, which are activated during chemi-
cally induced fictive locomotion in vitro. Labeled cells that are
likely part of the motor component of locomotor movements
were localized in the intermediate zone and around the central
canal. The uptake of 2-deoxyglucose during L-DOPA-induced
fictive locomotion in low-spinal rabbits was found to be mainly
localized in the intermediate gray matter along L6-S1 (Viala et
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al., 1988), although individual cells cannot be detected with this
method.

Transneuronal labeling has been used to localize last-order
interneurons that are active during locomotion in intact cats (Al-
stermark and Kummel, 1986; Jankowska, 1986; Jankowska and
Skoog, 1986), and they were confined to laminae V-VII, ipsi-
lateral to the filled motoneurons and lamina VIII, contralaterally.
Injections of fluorescent microspheres into hindlimb motor nu-
clei (Hoover and Durkovic, 1992) revealed a similar distribution
of retrogradely labeled interneurons, but labeled neurons were
also observed in lamina V and lamina X. Transneuronal labeling
with pseudorabies virus injections in the rat medial gastrocne-
mius muscle was observed in laminae I, II, IV-VIII, and X
(Rotto-Percelay et al., 1992). Preliminary results (Noga et al,,
1987b) using transsynaptic labeling with WGA-HRP in the
MLR-evoked locomotion preparation revealed last-order inter-
neurons projecting to anterior biceps motoneurons in the ipsi-
lateral intermediate gray matter (laminae VI, VII, and X) and in
contralateral lamina VIIL

The physiological roles of most of the cells in the areas of
negative field potentials evoked by stimulation of the MLR have
not yet been established. Results from ongoing studies (Jordan
and Noga, 1991; Carr et al.,, 1994) have shown that neurons in
laminae VI, VII, VIII, and X, which are rhythmically active
during fictive locomotion, are activated by MLR stimulation at
latencies that are consistent with those observed for negative
field potentials in the present study. Lesion studies on the chick
embryo have led to the conclusion that the critical neurons in-
volved in alternating activity in flexor and extensor motoneurons
are located close to and dorsomedial to the motoneurons (Ho
and O’Donovan, 1993). Similar studies in the in vitro neonatal
rat preparation show that the medial portion of the ventral horn,
including the intermediate zone and lamina X, are necessary for
rhythmicity (Kjaerulff and Kiehn, 1994).

Some neurons in laminae VI and VII in the midlumbar seg-
ments have been shown to be activated by stimulation of the
cuneiform nucleus at monosynaptic and disynaptic segmental
latencies (Edgley et al., 1988). In decerebrate animals, cells sim-
ilarly identified are excited at similar latencies by stimuli applied
to the MLR and are rhythmically active during MLR-evoked
fictive locomotion (Shefchyk et al., 1990). These interneurons
have been shown to receive monosynaptic group II muscle af-
ferent input from various hindlimb muscle nerves as well as
inputs from group Ia muscle spindle, articular, and cutaneous
afferents (Cavallari et al., 1987; Edgley and Jankowska,
1987a,b; Edgley et al., 1988). Other MLR-activated interneurons
within laminae VI and VII of the mid- and caudolumbar seg-
ments may also contribute to the production of these and other
(late) negative field potentials (Jordan and Noga, 1991). In ad-
dition, ascending spinal border neurons (possibly ventral spi-
nocerebellar tract neurons; see Hubbard and Oscarsson, 1962;
Burke et al., 1971) that have axonal collaterals to spinal gray

Figure 8.

Isopotential maps of intraspinal field potentials recorded in the L4-L6 spinal segments during MLR-evoked fictive locomotion. Maps

are obtained at various latencies following stimulation of the MLR. The latencies are numbered to correspond to the numbered open arrowheads
in Figure 5. The latencies 5.3, 6.5, and 18.3 msec (from lines 2, 3, and 5 of Fig. 5) correspond to the peaks of the P2, P3, and P4 cord dorsum
potentials, respectively. The earliest field potentials were evident at 4.3 msec (immediately after the peak of the P1 cord dorsum potential) in lamina
VII or near the border of lamina VI and VII (in the L6 segment). At the peak of the P2 cord dorsum potential, negative field potentials were largest
in laminae VII and VIII in all three spinal segments and in the lateral part of laminae VI and VII in the L6 segment. At 6.5 msec, negative field
potentials were also observed in lamina IX. Peak amplitudes occurred around 9.1 msec for longer latency field potentials in laminae VI-VIII and
for lamina IX negative potentials. During the peak of the P4 cord dorsum potential, negative field potentials were still apparent but at substantially

reduced amplitudes. See text for further details.
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Figure 9. Distribution of all MLR-
evoked negative field potential foci
(current sinks) detected in field poten-
tial mapping experiments. Segmental
latencies of onset for each field poten-
tial foci are plotted according to the in-
dicated symbols.
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areas within the same segment (Bras et al., 1988) may also con-
tribute to excitation of spinal neurons during fictive locomotion
since they are rhythmically active during MI.R-evoked fictive
locomotion and receive short-latency MLR excitation (Carr et
al., 1994).

The focus of electrical activity in lamina VIII of mid- and
lower lumbar spinal segments may be due to activity in lamina
VIII cells activated by cuneiform nucleus stimulation (Jankows-
ka and Noga, 1990) and which have been shown to be interposed
in crossed reflex pathways (Harrison et al., 1986). This would
be consistent with the observation that many spinal interneurons
in lamina VIII that are activated by MLR stimulation show
rhythmic activity that is phase-locked to the locomotor step cy-
cle of the contralateral side during MLR-evoked fictive loco-
motion (Jordan and Noga, 1991). Low strength stimulation of
the cuneiform nucleus was found to activate contralaterally pro-
jecting midlumbar lamina VII interneurons (Jankowska and
Noga, 1990) at a latency similar to that observed for the pro-
duction of early lamina VIII negative field potentials.

The physiological role of neurons located in lamina X and
the medial lamina VII of the L5-6 spinal segments, which are
activated by MLR stimulation, is not clear. Spinal interneurons
in this region are rhythmically active during MLLR-evoked fictive
locomotion and may show phase-locked activity related to the
flexor or extensor phase of the step cycle on the ipsilateral or
contralateral sides (Jordan and Noga, 1991). The recent finding
that neurons near the central canal of the in vitro rat spinal cord
exhibit N-methyl-D-aspartate—mediated bursting properties is
consistent with a role for these neurons in the generation of the
locomotor rhythm (Hochman et al., 1994). Because many cells
in this area project directly to motoneurons, their activation

L5 L6/7

could result in longer latency MLR-evoked negative field poten-
tials in motoneurons. Actions of these cells could also be di-
rected on other spinal interneurons either locally (Honda and
Perl, 1985) or distally (Molenaar and Kuypers, 1978; Matsushita
et al.,, 1979; English et al., 1985) or on cells within the brain
(e.g., reticular formation, nucleus cuneiformis, thalamus, and
cerebellum) (Snyder et al., 1978; Giesler et al., 1981; Kevetter
et al., 1982; Nahin et al., 1983).

Latency measurements of cord dorsum P-waves and MLR-
evoked intraspinal field potentials suggest that they are produced
by common synaptic events. Thus, the cord dorsum positive
waves may reflect the activation of interneurons and motoneu-
rons in the pathway that leads to locomotion. The P2 wave oc-
curs at a time that should correspond to monosynaptic activation
of interneurons from reticulospinal fibers. The P3 wave is co-
incident with the di- or trisynaptic activation of motoneurons
and other interneurons that may be responsible for longer latency
postsynaptic potentials in motoneurons (Shefchyk and Jordan,
1985; Noga, 1988). The P4 wave was sometimes accompanied
by the appearance of discrete field potentials in lamina VII or
the maintained depolarization of spinal neurons in the interme-
diate zone and ventral horn of the spinal gray. The similarity
between the pattern of activity in laminae VI-VIII during P2/3
and P4 suggests that the P4 wave may be produced by activity
in the same neurons. Such a “rebound” of interneuronal activity
is consistent with our previous suggestion (Shefchyk and Jordan,
1985) that the MLR stimulus activates a neuronal circuit with
oscillatory capability. Rebound excitation of interneurons in this
region of the spinal cord has also been observed during intra-
cellular and extracellular recording from neurons activated by
MLR stimulation (Jordan and Noga, 1991). Although the coin-
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Figure 10. Modulation of MLR-evoked intraspinal field potentials during fictive locomotion. Intraspinal field potentials are sorted according to
their occurrence during the normalized step cycle. Isopotential maps in A and B are made at latencies of 5.3 and 9.1 msec and correspond to peaks
of “early” and ‘“‘late’” lamina VII field potentials (see lines 2, 4 in Fig. 5C). Note the slight differences in the position and amplitude of the current
sink foci recorded during flexion or extension. Graphs of field potential amplitude and ENG activity are sorted according to their occurrence in the
step cycle as defined by the onset of activity in the ipsilateral TA ENG. Panels below isopotential maps indicate the amplitude of the early and
late field potentials indicated in the isopotential maps (¢ and b, above). Values are expressed in wV with the largest potentials directed downward.
The flexion (f) and extension (e) phases of the-step cycle are indicated. TA, tibialis anterior; AB, anterior biceps; i, ipsilateral to side of MLR
stimulation; fp, field potential. MLR stimulation strengths: 220 pA, 19.5 Hz, 1.0 msec duration.
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cidence of P-wave and N-wave activity suggests that they are
produced by the same processes, the possibility that later com-
ponents of the cord dorsum potential are due to activity in slow
conducting axons cannot be ruled out.

Some components of the cord dorsum positive waves may
also reflect processes giving rise to presynaptic depolarization
of the terminals of primary afferent fibers, interneurons, and/or
descending fibers. This view would be favored over the possi-
bility that stimulation of the MLR evoked inhibitory postsyn-
aptic potentials in dorsal horn interneurons and, therefore, pos-
itive extracellular field potentials, since inhibition is not
generally observed in dorsal horn neurons during stimulation of
the ventral cord pathways (Skinner et al.,, 1970). Evidence in
favor of the idea of a presynaptic control of transmission through
interneuronal and descending pathways in the spinal cord has
been recently obtained (Alford et al., 1991; Christenson et al.,
1991; Jiménez et al., 1991). Depolarization of a variety of pri-
mary afferents occurs during fictive locomotion (see review by
Sillar, 1991) possibly resulting in a depression of transmission
from muscle spindle afferents to first order spinal neurons fol-
lowing stimulation of the cuneiform nucleus (Noga et al.,
1991b).

In conclusion, this study provides electrophysiological evi-
dence for the location of the interneurons in the. short-latency
pathway from the MLR to the motoneurons for the initiation of
locomotion (Shefchyk and Jordan, 1985; Noga, 1988). Further
studies are needed for the electrophysiological and anatomical
identification of these neurons. The locations of the field poten-
tials related to the activity of cells important for the initiation of
locomotion are likely to be useful for the detection of sites where
locomotion-related neurons can be sampled with microelec-
trodes. It is expected that detailed knowledge of the functional
characteristics of these neurons will be essential to understand-
ing the spinal cord mechanism for the initiation and control of
locomotion.
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