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Abstract

Experiments were designed to answer key questions regarding the
brainstem descending pathways which, when activated, are capable of producing
locomotion.

In the first series of experiments we determined the distribution of cells in
the medial reticula¡ formation (MRF) and the pontomedullary locomotor strip
(PIS) which, when activated, can induce locomotion. Experiments were
performed on precollicular-postmamillary decerebrate cats walking on a
treadmill. controlled microinjections of neuroactive substances into the MRF or
PI.S demonstrated that these areas contained cell bodies capable of producing
locomotion. Furthermore, the PIJ was demonst¡ated to be closely related to or
synonymous with the spinal nucleus of the trigeminal nerve and is related to the
sensory activation of locomotion.

In a second series of treadmill locomotion experiments, the descending
pathways from the brainstem locomotor areas were investigated by utilizing
reversíble (cooling to block synaptic o¡ fiber transmission) and i¡¡eversible
subtotal lesions of the b¡ainstem or spinal co¡d. The results demonstrate that the
mesencephalic locomotor region (MLR) projects through the MRF and through
the spinal co¡d in the ventrolateral funiculus (VLF). Furthermore, the pLS can
produce locomotion by activation of this pathway or by another pathway which
descends through the do¡sal half of the spinal cord.

In a third series of experiments, we examined the characteristics of short-
Iatency MlR-evoked postsynaptic potentials (PSPs) observed in lumbar spinal
motoneurons and their relationship to the production of motoneuron locomoto¡
drive potentials (LDPs) and locomotion. Experiments were performed on
paralyzed, precollicular-postmamillary dece¡ebrate cats during int¡acellular
recording f¡om lumbar motoneurons. Evidence is presented that MlR-evoked
PSPs a¡e highly related to the process of locomotion and that LDps and pSps

observed in motoneurons with stimulation of the MLR are produced by a
common pathway which relays in the MRF and descends bilaterally through the
spinal cord in the VLF. Spinal interneurons that may be related to the production
of MlR-evoked PSPs are desc¡ibed.
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Introduction

It has been demonstrated that the spinal cord contains a network of cells
capable of generating locomotion when appropriately activateá (Grillner and
Zangger,1979), Two brainstem systems have been described which a¡e capable of
activating this netwo¡k. Both systems are fundamentally different in thei¡ i¡ternal
organization and their descending trajectories. One is thought to initiate
locomotion by a fast conducting, relatively direct pathwa¡ whereas, the other is
thought to initiate locomotion via a slower conducting, polysynaptic pathway. A
controversy has arisen concerning the contribution and independence of the two
systems to the production of locomotion. Central to the ¡esolutíon of this
controversy is a better understanding of their inte¡nal organszation, inte¡action
and b¡ainstem origin. The proposed resea¡ch is designed to answer many of these
questions in order to better understand the b¡ainstem-spinal cord pathways by
which locomotion may be initiated.

The MLR.MRF-YLF System

Stirnulation of the classical mesencephalic locomotor region or MLR
(Shik et a1.,7967), of the midbrain (stereotaxic coordinates: P2,lA,H-I; Berman,
1968) produces locomotion in decereb¡ate cats placed on a treadmill. Descending
fibe¡s from this site terminate in the gigantocellular (FTG) and magnocellular
(FTM) tegmental fields of the medial pontomedullary reticular formation (MRF)
and do not project directly to the spinal cord (Steeves and Jordan, 1984). As
summarized by Jordan (1986), reticulospinal cells in the MRF then produce
locomotion by a pathway travelling in the vent¡al lateral funiculus (WF) of the
spinal cord. This projection is a fast conducting and direct pathway to the spinal
cord.

The evidence in favor of this pathway comes from a number of
observations. Anatomical studies in the cat have demonst¡ated that the MLR
projects to the FTG and FTM of the reticular formation and doeso not project
directly to the spinal cord (Steeves and Jordar¡ 1984). This has also been
confirmed in the rat (Garcia-Rill et al., 1986), Garcia-Rill et al. (1983b) have also

demonstrated a small projection to the MRF from an area situated slightly medial
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to the MLR which is also capable of producing locomotion when electrically
stimulated, Moreover, pronounced locomotor deficits have been described

following lesions in the FTG and FTM (Zernlan et a1., 1983).

The reticular formation sites which receive projectíons from the MLR
have been previously shown to p¡oject to the cervical and lumbar enlargements in
the spinal cord through the VLF (Kuypers and Maiske¡ 1977;Martn et aL,7978;
Peterson et al., 1975). This supports tbe observation that the VLF is the only
essential quadrant of the spinal cord that is required for MlR-evoked locomotion
(Steeves and Jordaq 1980) or for locomotion in otherwise intact animals,

including man (Afelt, 1974i Alelt et at,7975; Eidetberg, 1980, 1981; Eidelberg et
al., 1981a,b; Sholomenko and Steeves, 1987), Electrical stimulation of the VLF in
the decerebrate cat (Yamaguchi, 1986, 1987) or the intermediate portions of the

lateral funiculus of the spinal cord in the decerebrate chick (Jacobson and
HollydaS 1982) or the spinal stingray (Williams et al., 1984) also can initiate
locomotor movements,

Electrophysiological evidence also points to the MRF as the mediator of
MlR-evoked locomotion, For example, Mori et al. (1978a, 1980b) demonstrated
that stimulation of the ventral aspect of the MRF, in sites later conlirmed to
receive projections from the MLR (Steeves and Jordan, 1984), could produce
hindlimb or quadrupedal locomotion or facilitate locomotion produced by MLR
stimulation. The capacity of the MRF to produce locomotion when electrically
stimulated has subsequently been confirmed in a number of different species

(Garcia-Rill and Skinner, 1987a; Livingstort 1986; Ross and Sinnamon, 1984;

Steeves et al,, 1987), In addition, stimulation of the MRF has heen shown to be

capable of resetting the locomotor rh¡hm (Drew and Rossignol, 1984).

In an early series of papers, Orlovsþ demonstrated that stimulatio¡ of the

MLR could orthodromically activate reticulospinal neurons bilaterally (1970a)

and increase the activity of pathways within the ipsilateral and contralateral VLF
(1969). Furthermore, he demonstrated that reticulospinal neu¡ons became

rh¡hmically active during locomotion produced by stimulation of the MLR
(Orlovsþ, 1970b). These initial studies have recently been conlirmed and

extended. Both MLR cells (Garcia-Rill et al., 1983a) and reticulospinal cells

(Drew et al., 1986; Petet, 1976; Shimamu¡a et al., 1982; Shimamura and Kogure,
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1983) have been shown to be rh¡hmically active during spontaneous locomotion
(chronic intact or thalamic cats). Furthermore, these studies demonstrate that the
activity of many of these cells can been correlated to the excitation of specific
muscle groups in one or more limbs (Drew et al., 1986; Garcia-Rill.et al., 1983a;

Shimamura et al., 1982). Shimamura et al. (1984a) have also shown the presence

of descending volleys in the VLF during spontaneous forelimb locomotion in
thalamic cats which can be cor¡elated to the activity of forelimb flexors o¡
extensors. Garcia-Rill and Skinner (1987b) have demonst¡ated that stímulation of
the MLR may activate reticulospinal cells located ipsilaterally and/or
contralaterally to the side of stimulation. They have also demonstrated that the
reticulospinal cells may descend unilaterally or bilaterally in the ipsilateral or
contralateral VLF. Cells in the MRF also show increased metabolic activity
during MlR-evoked fictive locomotion (Kettler and Jordan, 1984). While these

studies indicate that cells in the MRF may be involved in the mediation of MLR-
evoked locomotior¡ they provide only indirect evidence. The direct evidence
implicating the involvement of cells in the MRF in the mediation of locomotion
includes the observation that cooling ¡estricted areas in the MRF to block
synaptic transmission can reversibly abolish both spontaneous and MlR-evoked
locomotion (Shefchyk et al,, 1984). In additio4 injections of substance p or
cholinergic agonists into the MRF can elicit locomotion and injections of
cholinergic antagonists into the MRF abolish MlR-evoked locomotion (Garcia-
Rill and Skinner, 1987a). While this and another study (Garcia-Rill et al., 1987)

indicate the importance of acetylcholine and substance P in MLR or MRF-evoked
locomotion, the involvemetrt of othe¡ putative neurotransmitters in the
locomotion produced by activation of the MLR is indicated by a number of recent
findings. Cholinergic activation is not required for initiation of locomotion
because intravenous injection of cholinergic antagonists do not block the
inititation of locomotion from the classical MLR (Noga et al., 1987a; Noga et al.,

unpublished). Furthermore, few ACh (Iæe et al., 1986; Rye et al., 1987) or
substance P-containing cells ([æger et al,, 1983) are found within the region of the
classical MLR.

While the evidence summarized ubou. ,ur*"rr, that the MLR mediates its
effects via the reticulospinal pathways in the VLF of the spinal cord, it has been

suggested that other spinal cord pathways may mediate some of the locomotion
produced by stimulation of the MLR (Yamaguchi, 1986). It was claimed that
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forelimb locomotor movements could be evoked by MLR stimulation if bilateral
lesions spare either the dorsolateral funiculus (DLF) or the VLF on one side with
t¡ansection of both the DLF or the VLF on the opposite side. On the basis of
these ¡esults it was concluded that the descending pathways for the'activation of
the spinal locomotor network of the single forelimb are located ipsilaterally in the
DLF as well as in the VLF. Thus, it was suggested that the activity of a

polysynaptic propriospinal chain (see next section) was important in the initiation
of forelimb locomotion by stimulation of the MLR. While there is no doubt that
stimulation of the DLF of the spinal cord may initiate locomotion in a number of
different species (Jacobson and Hollyday,7982;Kazemikov et a1., 1983b, 1985;

Iæn¡ra¡d and Stein, 1977; Williams et al., L984; Yamaguchi, 1987) the relationship
of this area to the MLR is unresolved (see next section for further discussion). It is
difficult to accept the conclusions made by Yamaguchi (1986) on the basis of the
presented evidence. Examination of the lesions depicted indicate that the VLF
was not entirely transected. In fact, these experiments indicate that following the
destruction of the DLF and VLF on the opposite side, any further destruction of
the DLF on the ipsilateral side (in the presence of the incomplete transection of
the WF) is without any additional effect on MlR-evoked locomotion.

The PLS.DLF-Propriospinal System

Electrical stimulation of anothe¡ region known as the pontomedullary
Iocomotor strip (PI-S) has also been shown to produce locomotion in decerebrate

cats (Kazennikov et al,, 7979, 1983a; Mori et a1.,7977,7978a,b; Selionov and Shik,

1981, 1984; Shik and Yagodnitsyr¡ 1977, 1978) and swimming in turtles
(Kazennikov et al., 1980b; Selionov and Shik, 1982). The type of locomotion
produced by the PL.S is similar to MLR locornotion but is often accompanied by

spastic hindlimbs (Mori et a1., 1977). The PLS is a very small, discrete area 0.5-1.0

mm in diameter (Mori et al., 1977, 1978b; Shik and Yagodnitsyn, 1978) and

extends throughout the lateral tegmentum of the pons and medulla medial and

ventral to the spinal nucleus of the fifth nerve (Mori et a1.,7977,1978a; Shik and

Yagodnitsyn, 1977, 1978). However, in some experiments the PI-S may be

dorsolateral or lateral to the spinal nucleus (Shik and Yagodnitsyn, 1977), Ttre
PI,S extends to the Cl spinal cord level to the border of gray matter and

dorsolateral funiculus (DLF) where it produces, when stimulated, ipsilateral
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hindlimb (Shik and Yagodnitsyr¡ 1977; Mon et al., 1978b) or quadrupedal
locomotion (Budakova and Shilq 1980).

While the evidence summarized above i¡dicates that the MLR projects to
cells in the MRF which then project through the spinal cord via the VLF, others
(Mori et a1., L917, 1978b; Shik and Yagodnitsyn, 1978) have claimed thar the
MLR projects via the PIJ. The evidence, based primarily on electrophysiological
techniques, is inconclusive. For example, while stimulation of the pI.S produces

field potentials in the MLR, stimulation of the region between the pl.S and
midline, wbere locomotion cannot be produced, also gives rise to field potentials
in the MLR (Mori et al., 7977). Although subth¡eshold stimulation of the MLR
and the PI,s will generate locomotion when delivered together (Mori et a1.,1977),

and stimulation of the PLS and the regíon surrounding it facilitates MlR-evoked
locomotion (Mori et al., 1978a), it is not necessarily true that this facilitation is

due to a projection of the MLR via the lateral tegmeûtum. The best evidence to
implicate the MLR as the origin or rostral pole of the PIJ comes from the results
presented by Mori et al. (1977). They mapped the b¡ainstem areas caudal to the
MLR that could produce locomotion when electrically stimulated and concluded
that the MLR was continuous r¡¡ith the PI-S. However, a site medial (p2,12.7,H-
0.5) to the classical MLR, which includes the mesencephalic nucleus of the fifth
nerve and the periaqueductal grey, has also been shown to produce locomotion
when electrically stimulated (Garcia-Rill et a1., 1983b; Shefchyk et at., 1984). This
site, referred to as the "medial MLR" (Shefchyk et al., 1984) may produce
locomotion by a pathway which travels throügh the PL-S, The evidence for this is

twofold. Firstl¡ descending projections of the medial MLR region terminate
rvithin the lateral tegmentum in the region of the PIJ (Garcia-Rill et al., 1983b;

Ski¡rne¡ et al., 1984). Secondly, cooling ofthe PI-S reversibly abolishes locomotion
produced by stimulation of the medial MLR but does nor affect the locomotion
produced by stimulation of the classical MLR (Shefchyk et al., 1984). Thus, it is

possible that Mo¡i et al. (1977) could have been stimulating fibers projecting from
the medial MLR sites to the PLS region. This may also explain the results

obtained by Shik and Yagodnitsyn (1978), who showed that stimulation of regions

somewhat caudal to the MLR (P4,U) could acrivate cells within the PIJ.

On the basis of electrophysiological recording techniques, it has been
suggested that the lateral tegmental locomotor region is a polysynaptic pathway
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with the cells of origin located eithe¡ within the PI-S (Shik and Yagodnitsyr¡ 197g;

Selionov and Shiþ 1984) or located medial and ventral to the pIJ (Selionov and
Shilq 1984). While it is thought that activity may propagate through the cells in the
strip (Shik and Yagodnitsyn, 1978) the fact that continuity of the plj is not
essential for PlJ-evoked locomotion (stimulation at more rostral levels) has led
to the suggestion that the cells located outside the strip may also mediate the
effects of PLS stimulation (Budakova and Shilç 1980). These cells, which are
located in the adjacent lateral reticular formation (Selionov and Shiþ IIBL, I9BZ,
1984; Kazennikov et al., 1980b), have been termed the pontomedullary locomotor
column or PLC (Selionov and Shi( 1984). Activity is said to propagate
polysynaptically along the colûmn through their axonal collaterals located within
the locomotor strip (Kazennikov er al., 1980b; Selionov and Shik, 1984). The cells
are thought to project for only short distances (a-9 rnm) in the rostro-caudal
direction (Selionov and Shik, 1984), It is assumed that when repetitive stimulation
achieves a threshold for locomotion the propagation occurs without decrement
and as a result, spinal stepping generators are activated (Selionov and Shiþ 1984).

Cells of the PLC show monosynaptic and polysynaptic activation to stimulation of
the ipsilateral (Kazennikov et al,, 1980b; Selionov and Shi\ 1982, 1984) and
contralate¡al (Kazennikov et al., 1980b; Selionov and Shiþ L984) locomotor strip
and have been shown to have both descending and ascending projections
(Selionov and Shik, 7982, 1984). While locomotion may be produced by
stimulation of the PIS, it is thought that stirnulation of the PI-C is ineffective fo¡
producing locomotion because the cells are too diffusely distributed (Selionov and
Shih 1984). Otbers (Garcia-Rill et al,, 1983b) have claimed thar the pI,S

corresponds to Probst's tract, a fiber pathway descending from the mesencephalic
nuclcus of the trigeminal nerve (Corbiq 1942). However, the only direct evidence
suggesting that cell bodies in the PIJ region are actually involved in the
production of locomotion comes from the observation that cooling to abolish
synaptic transmission of a restricted portion of the PIS reversibly abolishes
locomotion elicited by stimulation of the "medial MLR" (Shefchyk et al., 1984).

The spinal pathway of the PIJ is not known with certainty although two
possible routes have been described on the basis of electrophysiological
experiments. One possible route is via the MRF of the medulla since the caudal
PI-S has been shown to activate cells located in the this region (Mori et al., 1986;

Selionov and Shilq 1981, 1984). These cells are located in the same area that have
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been suggested to be involved in the mediation of MlR-evoked locomotion
(Shefchyk et al., 1984; Steeves and Jo¡dan, 1984) and may thus project through the
VLF of the spinal cord. However, this has not been p¡oven. If this is the case, then
an alternate explanation fo¡ the observation that continuity of the pIJ is not
essential fo¡ PlJ-evoked locomotion (Budakova and Shik, 1980) may be that the
signal activates the spinal centers for locomotion via the projection to the MRF.

The PIJ is also thought to continue through the spinal cord in the DLF
(Kazennikov et al., 19804 1983a,b). It has been suggested that the pI_S may
activate the pattern generator fo¡ locomotion in the cat spinal cord via a column
of propriospinal neurons located primarily within the do¡sal ho¡n of the spinal
cord (Kazennikov et al., 7979, l983a,b; Shik, 1983). Activiry is thought to
propagate polysynaptically along this column of propriospinal cells, referred to as

the "spinal stepping column" (Kazennikov et al., 1985). It has been suggested that
the axons of the propriospinal cells in the upper cervical segments (Kazennikov et
a1., 1983a) are located i¡ the DLF of the spinal cord at a spot that corresponds to
the "stepping point" described by Sherringon (1910). Evidence for this spinal
organization is provided by the following observations:

1) The PLS has been traced as a continuous strip to the spinal cord DLF
(Shik and Yagodnitsyn, 1977, 797 8).

2) Electrical stimulation of the DLF, unilaterally, throughout the spinal
cord (C1-L1) can induce stepping in spinal or dece¡ebrate animals (Jacobson and
Hollyday, 1982; Kazennikov et al,, 1983b, 1985; Iænnard and Stein, 1977;
Williams et al., 1.984; Yamaguchi, 1986).

3) The upper cervical propriospinal cells respond to stimulation of a
number of different locomotor points including the bulbar locomotor strip
(Kazennikov et al,, \979, 1983a) and MLR (Kazennikov et al., 1983a, 1985).
Responses are primarily polysynaptic (some monosynaptic from the pIJ and
possibly f¡om the MLR), and repetitive stimuli are needed to generate responses
in some cells (Kazennikov et a1,, 1979, 1983a). These cells project primarily for
distances of 3-5 mm but do not project to low cervical or upper lumbar segments
directly (Kazennikov et a1., 7979).
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4) Propriospinal neurons of the low thoracic and upper lumbar region
(Tl2-L1) respond synaptically to stimulation of the stepping strip in the DLF
(Kazennikov et a1,, 1985).

The evidence which supports the hypothesis that the DlF-propriospiral
pathway mediates the production of locomotion by PI-S stimulation is that
destruction of the gray matter at Q-3 for a distance of 4-6 mm is required to
make induction of walking by the PLS impossible, despite preservation of the
lateral and ventral funiculi (Kazennikov et al., 1980a). As the propriospinal cells
typically project caudally to simila¡ grey matter levels for 3-5 mm (Kazennikov et
aL, 1979) they are unable to bypass the lesion (Kazennikov et al., 1980a).

However, the results of this experiment are unclear. For example, it has been
demonstrated that stimulation of the caudal PI,S activates cells located in the
MRF (Mori et a1., 1986; Selionov and Shilq 1981, 1984) in a¡eas implicated ín the
mediation of MlR-evoked locomotion (see above). If the MRF cells activated by
PIJ stimulation are ¡elated to the production of locomotion, why does stimulation
of the PIJ following the spinal lesion fail to produce locomotion? In addition, if
the MLR produces locomotion by a pathway which projects via the pLS (Mori et
a1.,7977, 1978b; Shik and Yagodnitsyr¡ 1978), and PlS-evoked locomotion is
abolished by lesions of the dorsal cord (Kazennikov et al., 1980a), why does
locomotion produced by stimulation of the MLR only require the integrity of the
VLF of the spinal co¡d at the cervical spinal level (Steeves and Jordan, 1.980)?

\ilhile a number of explanations are possible, the results of the dorsal cord lesion
experiment must be interpreted with caution since the capacity fo¡ PIJ- evoked
locomotion following the extended spinal grey lesion may simply reflect a
gcncralizcd dctcrioration in the health of the experiurental auirual and not
necessarily represent an interruption of the descending pathway. While the
available data concerning the descending spinal pathway(s) of the PI,S are
suggestive, the pathway(s) mediating the effect of PIJ stimulation remain(s)
unclear.

In the lower segments, the spinal organization of the propriospinal
pathways is very complex. Stimulation of the stepping strip at these levels does not
activate the hindlimb spinal centres for locomotion directly (Kazennikov et al.,

1983b, 1985). Rather, it is thought that the activation is mediated by propriospinal
cells which project caudally to the lumbar segments via the ventral funiculi
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(Kazennikov et a1., 1983b, 1985). Furthermore, the propriospinal neurons must be
activated over a considerable length of the spinal cord (rninimum of 120 mm) in
order to activate the spinal centres for locomotion (Kazennikov et al., 19g3b).
Propriospinal neuron activation is achieved by both ascending and descending
projections of the stepping strip in the DLF (Kazennikov et al., 1983b, 1995).

1þs þ¡ainsfsm and spinal organization for the pI_S described above is in
sharp contrast to the relatively direct pathway (MRF- VLF) thought to mediate
MlR-evoked locomorion (see above), The fact that rhe ventral half of the spinal
co¡d contains the pathways required fo¡ the initiation of locomotion in all
mammalian species studied (Eidelberg, 1981) suggests that the pLS-DLF system
may be involved in functions other than the initiation of locomotion from higher
brain (rnotor) centers. An alternate intelp¡etation of the pLS-DLF in the
production of locomotion may be that it is part of a sensory pathway which has

access to the locomotor systems. It has been known since the time of sherrington
that sensory pathway activation may induce locomotion (Sherrington, 1910). For
example, stimulation of the flexion reflex affe¡ents induces locomotor-like activity
in spinal animals (Jankowska et al., l967b), and do¡sal root o¡ dorsal column
stimulation can induce locomotion in mesencephalic or spinal animals (Budakova,
1972; Grìllner and, Zangger, 7979). In addition, mechanical stimulation of the
do¡sal root entry zone in the upper cervical cord (Huang et al. 1970) and
stimulation of the pinna in mesencephalic cats (Aoki and Mori, 1981) are also
sufficient in producing locomotion. While DLF stimulation can produce
locomotion in spinal and decerebrate animals (Jacobson and Hollyday, 1.9g2;

Kazennikov et al., 1983b, 1985; Iænnard and Steiq 1977; Williams et al., 19g4;

Yamaguchi, 1986, 1987), ¡ecent evidence suggests that this pathway may be
involved in sensory activation of locomotion. Shimamura et al. (19g4b) found that
bilateral lesions of the DLF could abolish locomotion produced by stimulation of
joint afferents in the thalamic cat. Although the neural elements comprising the
P[.S have not been defined, the effective stimulus sites are always in close
proximity to the trigeminal system (Garcia-Rill et al., 1983b; Shik and
Yagodnitsyn, 1977, 1978). While there .is evidence available which shows that
peripheral stimuli within the trigeminal receptive field can induce locomotion
(Aoki and Mori, 198i), no studies have been carried out to distinguish between
PIJ structures and the brainstem trigeminal system, Taken together, the plJ
would therefore be a likely candidate for mediating locomotion produced by
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bestimulation of the trigeminal receptive field. In this case, the pI-S could
considered to be analogous to the flexion reflex afferent system for the limbs.

Activation of the Spinal Centers for Locomotion by the MLR

During locomotion, limb alpha motoneurons (flexor and extensor)
undergo periodic depolarization and hyperpolarizatior¡ termed locomoto¡ drive
potentials (LDPs), during the step cycle (Edgerton et al., 1976; Jordan, 19g3;

Jordan et al., 1981; Perret and Cabelguen, 1980; perret, 19g3). Motoneuron
memb¡ane conductance measurements (Jorda4 1981; Jordan et al,, 19g1;

Shefchyk and Jordar¡ 1985b) and intravenous injections of strychnine (pratt and
Jordar¡ 1987) during fictive locomotion produced by stimulation of the MLR has

demonstrated that these membrane oscillations are due to alte¡nating excitatory
and inhibitory synaptic i:rput during the appropriate phase of the step cycle.
Rhythmic inribition of motoneurons during fictive locomotion has also been
verified using intracellular current or chloride injection to reverse the
hyperpolarized phase of the LDP (Edgerton et al., 1976 perret, 1983; Orsal et al.,
1986). The relative importance of the excitatory input to the generation of the
rhythmic activity of motoneurons is emphasized by the obsewation that the
hyperpolarized phase of the motoneuron can be removed by intravenous
administration of strychnine (Pratt and Jordan, 1987), without abolishing the
rh¡hmic firing of the motoneuron. During the removal of the rh¡hmic inhibitory
input by strychnine administratior¡ large excitatory posts),naptic potentials
(EPSPs) are also revealed in the motoneuron during MlR-evoked locomotion
(Pratt and Jordan, 1987). It is reasonable to assume that the spinal interneurons
involved in the production of motoneuron LDPs are also activated by MLR
stimulation. A system of spinal neurons has been described in cats which may be
part ofthe spinal centres fo¡ locomotion (Jankowska et al., l967a,b), and evidence
has been provided which shows that the pathways which activate these neu¡ons
may be facilitated during MlR-evoked locomotion (Grillner and Shik, 1973).
Unidentified rhythmically active neurons in the cat spinal cord have been
described before during MLR-evoked locomotion (Baev et al., L979; Orlovsþ and
Feldman, 1972). While some of these cells could conceivably be part of the
locomotor generator or part of the output stage of the generato¡, they could be
ascending tract cells o¡ cells driven by other rhythmically active descending
pathways such as the vestibulospinal or rubrospinal tracts (Orlovsþ , 1972) since
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they were not shown to be synaptically driven by MLR stimulation and their
trajectory is unknown. Direct evidence fo¡ the activation of identified last order
spinal interneurors in the 4th lumbar segment by MLR stimulation has recently
been obtained (Shefchyk et al., 1987). Furthermore, unidentified last-order
interneurons which may participate in the production of locomotion have also
been localized in the 5th, 6th, and 7th lumbar segments (Noga et al., 19g7b),

A recent paper has shown that stimulation of the MLR (in a site which is
maximally effective for the initiation of locomotion) produces both short latency
excitatory and inhibitory postsynaptic potentials (EPSps and IpSps) in alpha
motoneurons (Shefchyk and Jordarl 1985a). Since the amplitude of these pSps

increase when the motoneuron LDP (and locomotion) appears and since they are
strongly modulated during the locomoto¡ step cycle it has been suggested that
they are linked to the process of locomotion (Shefchyk and Jordar¡ 19g5a),
Evidence i¡ favor of this hypothesis comes from the demonstration that the
pathr,vay involved in the production of these PSPs converge on interneurons
mediating the effects of flexion reflex afferents (Shefchyk and Jorda4 19g5a).
Interneurons receiving FR,A' input have previously been implicated in the
production of locomotion (Jankowska et a1,, 7967a,b). If the MlR-evoked pSps

are linked to the process of locomotion, then they may reflect processes in the
spinal cord which are responsible for the production of the LDps and locomotion
(i.e., output of last order excitatory and inhibitory inte¡neu¡ons of the CpG). The
latencies of EPSPs suggest that they are transmitted from the MLR through a few
synaptic delays (the IPSPs may arrive after an additional synaptic delay). Thus
they probably reflect passage through the MLR-MRF-VLF pathway to the spinal
corcl with an additional 1 or 2 sy'naptic delays within the cord. In order to establish
their potential role in the genesis of locomotion it is crucial that the psps be
demonstrated to be inexorably linked to the initiation of locomotion. while this is
difficult without actually recording from identified interneurons and then showing
that they are synaptically activated by the MLR and produce pSps of the
appropriate latencies in motoneurons, further evidence may be obtained by
procedures which can perturb the process of MLR- evoked locomotion (reversible
cooling of the descending pathways, for example). If the pSps a¡e related to the
process of locomotion one would expect that they share a common pathway in the
spinal cord and covary with the amplitude of the LDP as locomotion is abolished,
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Anatomical tracing studies have shown that the MLR projects bilaterally
to the MRF (Garcia-Rill et al., 1983b; Steeves and Jordan, 19g4). Unilateral
stimulation of the MIR has also been shown to activate cells in the MRF
bilaterally (Kettler and Jordan, 1984) as well as reticulospinal cells wLich descend
in the VLF of the spinal cord bilaterally (Garcia-Rill and Skinner, 19g7b;
orlovsþ, 1970a). Evidence fo¡ a crossed spinal influence in the production of
locomotion is also available. For example, while acute loss of locomôtor function
occurs on the same side as a unilate¡al hemisections (Brown-sequard syndrome),
recovery of locomotor function occurs in the chronic situation in otherw.ise intact
animals (Eidelberg, 1981; Eidelberg et al., 1986; Kamishim4 197g; Sholomenko
and steeves, 1987). Partial locomotor recovery has also been reported following
chronic staggered bilateral hemisections (Jane et al., 7964; Kato et at., l9g4).
V/hile acute hemisections of the spinal co¡d in cats results in the loss of MLR-
evoked locomotion on the side of the lesion (Steeves and Jordarq 19g0); and
stimulation of the lateral funiculus of the cervical spinal cord produces
monopodal locomotion (on the side of stimulation), rh¡hmic excitation of the
contralateral forelimb extensors has also been observed (yamaguchi, Lgs6, rgg7).
In birds, stimulatio¡ of the MRF may produce bilateral hindlimb locomotion after
acute spinal hemisections (sholomenko and steeves, 19g7). unilateral stimulation
of the spinal cord may also induce stepping or swimming of the contralate¡al limbs
in a numbe¡ of other animals (Jacobson and Hollyday, l9g2; I_ennard and Stein,
1977; Williams et al., 1984). If unilateral stimulation of the MLR produces a
bilaterally descending signal and an intraspinal crossover, it is ¡easonable to
expect that this may be detectable in the MLR- evoked psps during cooling to
abolish locomotion. This would provide further evidence for the hypothesis that
these sho¡t latency PSPs are ¡elated to the production of LDps during MLR-
evoked locomotion.

Research Outline

Experiments were designed to investigate key questions regarding the
organization of the pathways descending from the brainstem that can produce
locomotion when stimulated. The specific objectives were:

I) to confirm the presence of neuron somata in the MRF and pLS which
can produce locomotion when stimulated and to map their distribution in the
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brainstem. To accomplish this a technique for the selective activation of cell
bodies by the localized injection of small quantities of putative neurotransmitters
(Goodchild et al,, 1982) was adapted. It was assumed that selective activation of
cell bodies in the MRF and Pls by a variety of neuroactive substances would be
effective in the initiation of locomotion in the precollicular, postmamillary
decerebrate cat, indicating that these sites may serve as relays for descending
systems capable of initiating locomotion;

II) to establish a relationship between the brainstem trigeminal system
and the pontomedullary locomotor strip by determining whether stimulation of
the trigeminal receptive field could produce locomotion after injection of
chemical agents into the PLS. As the PI.S is anatomically coextensive \¡¡ith the
b¡ainstem trigeminal sensory nuclei it was hypothesized that chemical activation
of the trigeminal sensory nuclei and subsequent stimulation of the trigeminal
peripheral receptive field would be capable of producing and facilitating drug-
induced treadmill locomotio4 respectively;

. III) to determine the descending trajectories of the MLR and pl.S. It was
hypothesized that the classical mesencephalic locomotor region produces
locomotion by a pathway which descends in the ventral funiculus of the spinal
cord and does not require the lateral tegmentum of the brainstem (plf) nor a
pathway descending in the dorsal half of the spinal cord. Fu¡the¡more it was
hypothesized that the descending pathway of the pl.S may conve¡ge, in part, on
the medial reticular fo¡mation and produce locomotion by a pathway which
descends in the ventral fr¡niculus of the spinal cord. Alternatively, the pLS may
produce locomotion by a pathway which requires the continuity of the do¡sal
funiculus and is not dependant on the integrity of connections to the MRF or
pathways within the ventral funiculus. These hypotheses were tested by examining
the effect of reve¡sible (cooling) and irreversible lesions of the brainstem and/or
the spinal cord on locomotion produced by stimulation of eithe¡ the MLR o¡ the
PIs.

IV) to determine the relationship between the short latency postsynaptic
potentials and locomotor drive potentials observed in spinal motoneurons during
MlR-evoked locomotíon. To examine this relationship a detailed
characterization of the PSPs during fictive locomotion was necessary. It was
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hypothesized that the transition between depolarization and hyperpolarization of
the LDP should always be accompanied by sirnilar rapid amplitude changes in the
MlR-evoked PSPs if they are related to the production of locomotion. Changes in
overall amplitude of the LDPs should also be co¡related to similar c.hanges in the
amplitude of the MlR-evoked PSPs. As it has been suggested that MlR-evoked
PSPs are produced by the activity of spinal neurons (Shefchyk and Jordan,
1985a), it was hypothesized that stimulation of the MLR should activate spinal
neurons at latencies appropriate for the production of MlR-evoked PSPs. It was
hypothesized that if the short- latency PSPs are related to MlR-evoked
Iocomotion, a gradual decline in peak amplitude and eventual removal of both the
short- latency MlR-evoked PSPs and LDPs should occur concurrently to the loss

of MlR-evoked locomotion. Furthermore, it was hypothesized that this would
occur during reversible cooling of the MRF or the VLF of the spinal cord. This
positive correlation would suggest a common pathway for the production of the
short latency PSPs, LDPs, and locomotion and would stress the importance of the
MLR- MRF-WF pathway i¡ the initiation of locomotion. In contrast, cooling of
the do¡sal half of the spinal cord should have no effect unless the signal
responsible for the production of PSPs, LDPs and the initiation of locomotion
produced by MLR stímulation travels through the dorsal fasciculus or
propriospinal system. Our current understanding of the descending pathway from
the MLR suggests that the signal for the initiation of locomotion from unilate¡al
stimulation of the MLR descends bilaterally in the VLF and that a crossover of
the signal involved in the production of locomotion may occur at the spinal level
(see above). Therefore, cooling of the VLF will be done ipsilateral and
contralateral to the sites of MLR stimulation and of intracellular recording to
distinguish the relative contribution of a bilaterally descending signal and a spinal

crossover to MlR-evoked short-latency PSPs, LDPs, and hindlimb locomotion.
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Materials and Methods

The experiments were carried out on cats using two types of preparations.
T¡eadmill locomotor preparations were used to determine a) the location of cell
bodies within the brainstem capable of producing locomotion (Series I) and the
relatíonship between the PIJ and the trigeminal sensory nuclei (series tr), and b)
the descending trajectories of the brainstem sites that can produce locomotion
when elect¡ically stimulated (Series trI). "Fictive" locomotion experiments were
used to characterize the MlR-short latency pSps and to establish the li¡l<
between MLR- evoked short latency PSPs, LDps, and locomotion (Series IV).

Treadmill I¡comotion Preparations:

The experiments were car¡ied out on 46 (32 + 14) adult cats weighing 2,0
to 4.0 kg. Animals were initially anesthetized with a mixture of nitrous oxide and
halothane. The trachea was intubated, the left common carotid was cannulated,
and blood pressure was monito¡ed with a pressure transducer. Each animal was
given 4 mg of dexamethasone (Hexadrol phosphate, organon) intravenously to
reduce tissue swelling. The head of each animal was fixed in a stereotaxic
headframe with all fou¡ limbs free to step on a treadmill belt. The hindquarters
were suspended by a sling unde¡ the abdomen or by pins attached to the iliac
crests. The animals we¡e dece¡ebrated rrith a precollicular-postmamillary
transection of the b¡ainstem and the anesthesia was subsequently terminated. All
wound margins were anesthetized with topically applied rylocaine ointment or by
small injections of rylocaine hydrochloride. Following a recovery period of
approximately I - 1.5 hours, the cerebellum and b¡ainstem were exposed by an
extended craniotomy,

Series I and II

32 cats were used in order to demonstrate that cells within the projection
sites of either the classical (steeves and Jordan, 19g4) or medial (Garcia-Rill et
al., 1983b) MLR are capable of producing locomotion and to examine the
relationship between the Pl,S and the trigeminal sensory nuclei. An assembly
consisting of an insulated monopolar stimulating electrode (tip diameter 0.1 mm,
0.25 mm exposed tip length) glued alongside a 30 gauge can¡ula was used for
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electrical stimulation and drug injection. After exposure of the ce¡ebellum and
brainstenr, the junction of the superior and inferior colliculi (ApO), the obex (p14)
and the midline (I-0) were visualized (coordinates from Berman, 196g). The
electrode-can¡rula assembly was lowered through the cerebellum and
stereotaxically positioned in the brainstem. A region extending from p3-p14 and
L,0-6 was stimulated at a variety of depths (square wave pulse, 0,5 msec duration,
20-30 }Jz, 70-275 u1^) to induce locomotion on the treadmíll. The t¡eadmill belt
was maintained at a constant speed of 0.4 m/sec. A "locomoto¡ movement,' was
considered to be any limb movement which shows a rhythmical alternation
between flexion and extension resulting in a characteristic swing and stance phase
of the limb on the treadmill. Any limb which illustrates this type of movement is

considered to be in the process of locomotion regardless of the presence of
Iocomotor activity in any other limb, I¡comotion was scored as quadrupedal,
bipedal, monopedal, and so forth on the basis of visual observations using this
crite¡ion. [¡comotion was monitored in all four limbs by using electromyographic
(EMG) electrodes placed into the following muscles: biceps brachii (BB); triceps
brachü (TB); tibialis anterior (TA); and, lateral gastrocnemius (LG). The EMGs
were amplified and reco¡ded on an 8- track FM analog magnetic tape recorder
(bandpass: 10 Hz to 2.25 KHz) for later analysis.

Drugs were infused in those sites where electrical stimulation could
produce locomotion consistently, The various drugs dissolved in 0.9vo saline and
maintained atp}J7.2-7.5 included gamma amino butyric acid (CABA) (0.005-0.01

M), muscimol (MUS) (0.005-0.01 M), picrotoxin (pIC) (0,005-0.01 M), D_L
Homorysteic acid (DLHCA) (0.1 M), Lgtutamic acid (GA) (0,005M- 0.1 M),
glutamic acid diethyl ester (GDEE) (0.005-0.1 M), and substance p (Sp) (0.74

mM), Concentration ranges were chosen on the basis of previous successful
experiments using drug injections for the initiation of locomotion (Garcia-Rill et
al., 1985). The excitatory compounds DLHCA and GA we¡e infused on the
assumption that they would produce effects similar to those seen with electrical
stimulation, since iontophoresis of these compounds is k¡own to excite cells in
both the MRF and PLS regions (Greene and Carpenter, 19g5; Henry et al, 1977;
Tebecis, 1973). SP has been shown to excite cells within the region of the pl,S

(Henry et al., 1977) and to induce locomotion after injection into either the MRF
or MLR (Garcia-Rill and Skin-ner, 1987a). PIC was used because it has been
sho\¡m to be effective in inducing locomotion after infusion into the MLR (Garcia-
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Rill et al., 1985). GABA and MUS we¡e used to reverse rhe actions of pIC while
GDEE was used to atrtagon;ze the action of GA The electrode and cannula
assembly was removed and rinsed thoroughly rvith saline between applications of
drugs. Drugs were usually infused at a rate of 1 ul/min for 1 to 5 ririnutes. Flow
was controlled by a Model 341 Syringe Pump (sage Instruments) with a Hamilton
10 or 50 ul syringe attached to the camula by pE 60 polyethylene tubing. control
injections of 0.9vo Nacl at similar infusion pa¡ameters we¡e also given in some
sites.

In some experiments drugs were infused into sites 1..5 mm lateral o¡
medial to sites producing locomotion with electrical stimulation in order to
evaluate the extent of drug diffusion to suûounding tissue, An assessment of drug
spread could only be made if locomotion could be produced by a subsequent
injection of the same drug into the adjacent ,'locomotor,' region.

The relationship of the PIJ to the trigeminal sensory nucrei was examined
in 5 experiments. Attempts were made to induce treadmill locomotion before and
after drug infusion by stimulation of various parts of the face, neck and chest
regions by gentle or brisk rubbing, pinching, or with a calib¡ated mechanical
stimulus (Rowan aesthesiomete¡ RA-100).

The locations of effective stimulus and/or infusion sites were determined
at the end of each experimeût. In most cases sites were marked etectrol¡ically (2-
5 mA for 3 sec) or with a dye injection of lvo procion Rubine or 10zo Fast Green
at volumes equal to the drug injection. The locations of effective sites within the
brainstem were also estimated stereotaxically after removal of the cerebellum by
repositioning the electrodes and noting the depth of the electrode with respect to
the floor of the IVth ventricle. At the end of most experiments the brainstem was
removed and placed in Lillies' neutral buffered formalin overnight. Frozen
sections (30 um) were cut and stained according to the method of Kluver and
Barrera (1953).

Ten second periods of full wave rectified and low pass filtered EMG
signals were analyzed with a Hewlett Packard 9836 computer at the end of each
experiment. The EMG linear envelope signals from all muscles were digitized at
100 Hz and the data stored on floppy disk. The signals were then plotted for visual
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inspection. All calculated 6sens (thresholds for electrically induced locomotion,
drug infusion volumes, etc.) for series I and II, include standard deviations of the
mean,

Series III

Fourteen cats were used in this experimental series. In order to establish
the descending trajectories of the MLR and PIJ, the ability of electrical
stimulation of these sites to produce locomotion was assessed before and after
various lesions (reversible or irreversible) of the brainstem or spinal cord.
Stimulating electrodes were ste¡eotaxically positioned in the MLR and pI.S (and
sometimes in the MRF) regions of the brainstem following the decerebration and
recovery period. Control bouts of locomotion of 10 to 30 seconds followìng
electrical stímulation of the MLR and PIJ were obtained using the stimulation
parameters listed in Series I (above). All stimulation parameters were noted as

well as the electrical threshold for the initiation of locomotion (determined by
slowly increasing the strength of stimulation until locomotion ensues).
l¡comotion was monitored in all four limbs using electromyographic (EMG)
elect¡odes placed bilaterally in the LG, TA TB and BB muscles. The EMG
signals were amplified and recorded using an 8-track FM analog magnetic tape
reco¡der (bandpass: 70Hz to 2,25 KHz) fo¡ later analysis and the channels
calibrated with a premeasured pulse.

Reversible lesions of the brainstem were made by cooling a localized area
with a coaxial 18 gauge stainless steel probe (Shefchyk et al., 1984) through the
inner shaft of which cooled alcohol was circulated. Cooling probe temperatures
we¡e monitored by a tissue implantable thermocouple microprobe (Type IT-23,
Bailey Instruments) glued to the outside surface of the probe tip. To provide
information concerning the extent of cooling, tissue temperatures around the tip
of the cooling probe were determined in separate experiments using a

thermocouple attached to a hypodermic needle placed at various distances from
the probe. Control isotherms produced during cooling of the MRF are illustrated
in Fig. 1. Probe tip temperatures were kept at that which will effectively block
synaptic (18-20 degrees C) but not axonal (4-10 degrees C) transmission (Brooks,
1983). Probe tip temperatures of 13-15 degrees were sufficient to block synaptic

transmission in the brainstem for distances of 1-2 mm from the probe. The
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temperature of the region was allowed to return to normal control by stopping the
flow of cold alcohol,

In some experiments the cervical spinal cord was exposed by removal of
the c2, or c3 verteb¡al lamina. Reversible lesions of various areas of the cervical
spinal cord were obtained by cooling (intraduralþ) the surface of the spinal cord
with a specially designed cooling probe through which cooled alcohol was
circulated, Probe tip and tissue temperatures were monito¡ed with a
thermocouple as described above. Probe tip temperatures were kept at that which
would effectively block axonal (4-10 degrees C) transmission (Brooks, 19g3), in
the immediately adjacent spinal cord quadrant (see discussion of ísotherms
produced during spínal cord cooling, below).

Irreversible brainstem and spinal cord (C2-C3) lesions were made using
surgical methods. To prevent movement during this procedure, a temporary
paralysis was obtained by iatravenous injection (0.5-1.0 nrl of 20mg/ml) of
succinylcholine chloride (Quelicin chloride) and the animals artificially
respirated. The spinal cord was cooled prior to the lesion by application of frozen
artificial cerebrospinal fluid to the do¡sal and lateral surfaces of the cord. once
neuromuscular transmission was restored (usually 10-20 minutes) the artificial
ventilation was discontinued. Intravenous injection of diluted norepinephrine was
given only in those cases whe¡e the blood pressure dropped below 60 mm Hg.

The location of the brainstem stimulus sites were marked electroþically
(2-5 nA for 3-5 sec) at the end of each experiment. The brainstems were then
¡emoved and placed in Lillies' neutral buffered formalin overnight. Frozen
sections (30 um) were cut and stained according to the method of Kluve¡ and
Barrera (1953).

10 to 20 second periods of full wave rectified and low pass filtered EMG
signals were analyzed with a Masscomp MC563 computer at the end of each
experiment. The EMG linear envelope signals from all muscles were digitized at
200 Hz using a TMHz 16 chan¡el analogue to digital (A/D) converter and stored
on computer hard disk. The signals were then plotted fo¡ visual inspection.
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Fictive l¡comotion Experiments

The experiments were carried out on 31. adult cats weighing 2.0 to 3.g kg.
The data was obtained from precollicular postmamillary decerebrárte cats, similar
to a prepa¡ation described previously (Jordan et al., 7979). The animals were
anesthetized, cannulated, and intubated as described fo¡ the treadmill locomotion
experiments (see above). In some experiments a constant infusion of 5zo glucose -
sodium bicarbonate was used to replace fluid loss and help maintain a normal pH
balance in the animal. Branches of the sciatic nerves \ryere dissected free
bilaterally and mounted (after decerebration) on bipolar stimulating/recording
electrodes submerged in a mineral oil bath contained in a specially designed
plastic horizontal tray. The nen¡e branches included anterior biceps (AB),
semimembranosus (SM), posterior biceps (pB), semitendinosus (ST), medial
gastrocnemius (MG), lateral gastrocnemius-soleus (LG), flexor digitorum longus
(FDL), tibialis anterior (TA), and common peroneal (Cp). In addition, branches
of the femoral nerve \¡/ere unilaterally dissected free, cut, and nerve cuff
electrodes were placed around them for stimulating and recording. These nerve
branches included vastus (Vast) (lateralis, intermedialis, and medialis), and
sartorius (sart) (lateralis and medialis). The contralateral femoral nerve was cut
because it has been observed that symmetric tonic afferent input to the spinal
co¡d eniances the efficacy of MLR stimulation in producing fictive locomotion.
Following a T12 (or T13) and alA-L1 laminectomy each animal was suspended in
a stereotaxic frame with its limbs hanging vertically, A back pool (over the Lt to
L7 laminectomy area) was formed, filled with mineral oil, and the temperature
maintained at 37 degrees Celsius by a feedback cont¡olled heating lamp.
Following the decerel¡ratior\ termination of the anaesthesia, and a recovery
period of about 1-1.5 hours, the animals were paralyzed with gallamine
t¡Íethiodide (1-2 rnl, 8 mg/ml, i.v., Flaxedil, Rhone-Poulenc). The animals were
artificially ventilated and the end tidal carbon dioxide maintained berween 2.5
and 5.ÙVo, Periodic injections of Flaxedil we¡e used throughout the experiment to
keep the animals in a state of flaccid paralysis. In some experiments, an extended
craniotomy was performed to expose the ce¡ebellum and brainstem,

I¡comotion was initiated by electrical stimulation (0.5-1.0 ms square wave
pulses, 10-20 H2.,30-220 uA) of the MLR as described by Jordan et al. (1979).

The rh¡hmic activities of aL7 ventral root fïlament and/or one or more nerves
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(electroneurogram or ENG) (unilaterally or bilaterally) were used as monitors for
locomotion. Since no actual movement occurs, locomotion elicited i¡ this manner
is known as ifïctiven (or fictitious) locomotion.

Int¡acellular recordings from alpha motoneurons i¡ the I-6 and L7 spilal
cord segments were obtained using single-barreled glass mic¡oelectrodes filled
with 2 to 3 M potassium citrate (1- 10 Mohms resistance, 1-2 um tip diameter).
cells were identified as motoneurons using antidromic activation from the cut
ventral ¡oots or peripheral nerves. In additíon, the cells were usually characterized
by their pattem of synaptic input from the peripheral nerves. In cases where
antidromic or synaptic characteriz¿tion r,vas not definitive, the motoneurons were
classified as extensor- or flexor-coupled by comparing their activity during the
fictive step cycle to that of the identified ventral root or the peripheral nerves.
Activity of unidentified spinal neurons in the L6 and L7 spinal segments we¡e also
recorded from (intracellularly and extracellularly) using potassium citrate
microelectrodes. These cells were distinguished from motoneu¡ons on the basis of
their high rate of discharge, their repetative response to seperate stimulation of a
numbe¡ of peripheral nerves, their very fast spike rise time and short spike
duration, their low capacitance, and their inability to be activated antidromically
with peripheral nerve stimulation (Hunt and Kuno, 1959). The cells were
classified as extensor- o¡ flexor coupled in a man¡er similar to that described for
motoneurons. Their responses to peripheral nerye stimulation were not
sytematically investigated. During each experiment, high gain AC-coupled and
low gain DC-coupled intracellular signals were captured along with the cord
dorsum potential (negative indicated by upward deflection on co¡d dorsum
traces), ventral root filament activity, ENG activity, and a timing pulse, on an g-

track FM magnetic tape recorder (bandwidth 0-2.25 y,Í12) or collected directly
through 1 MHz 16 channel analogue to digital (A/D) converter and stored on
computer (Masscomp MC563) disk. Tape recorded data was subsequently
transfer¡ed to computer. Capture rates (A/D digitization) were usually at 5-10
kHz fo¡ the DC trace, 5 kHz for the high gain AC trace, 10 kHz fo¡ the timing
pulse, 3.3 kHz for the cord dorsunr, 5 KHz for raw ENGs, and 200 Hz for the full
wave rectified and low pass filtered ENGs. while the DC trace and ENG activity
was collected continuously throughout each locomotion trial, the AC and cord
dorsum signals were time-locked to each MLR stimulus and collected for a 30-50
msec period (triggered by each timing pulse). The co¡d dorsum electrode was
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placed ipsilateral and immediately above the intracellula¡ recording elect¡ode
site.

Series [V

In order to demonstrate that the MLR stimulus-locked short latency pSps

observed in motoneurons are related to the production of both motoneuron LDps
and locomotion, the activity of single motoneurorls recorded intracellularly and
groups of motoneurons recorded extracellularly (ENGÐ were examined during
fictive locomotion produced by stimulation of the classical MLR. The onset of
each fíctive step cycle was dete¡mined (start of the rising phase of the LDp or in
some cases as the beginning of activity in the ventral root or ENG). The step cycle
was then no¡malized and divided into equal intervals or bins. The motoneuron
membrane potential (Em) levels occurring during the same bin in each
normalized step cycle were then averaged together. The averages obtained ove¡
50-100 bins were then displayed with respect to the normalized step cycle. The
MlR+riggered AC and cord dorsum recording electrode t¡aces occurring during
the same bins of each normalized step cycle were also averaged together,
Tþically, fo¡ these averages, the normalized step cycle was divided into 5-10 bins.
The shape of PSPs f¡om a wide variety of motoneurons during MLR locomotion
were compared to each other and to LDPs in orde¡ to determine their
characteristics. A comparison between the short latency PSps and LDps observed
from the motoneuron was made before, during, and after local cooling of the
MRF or spinal cord. Measurements of the MLR stimulus-locked pSps included
latency for arrival of the descending volley at the cord dorsum recording electrode
(descending volley latency), latency between a¡rival of the descending volley to
the onset of the PSP (segmental latency), and peak amplitude modulation with
respect to step cycle and membrane potential (Em) during locomotion.
Measurements of the averaged LDP included amplitude and duration þroportion
of step cycle that the LDP occupied) during the normalized step cycle. The
p¡esence of locomotion was monito¡ed by unilateral o¡ bilateral ENGs,

The activity of unidentified spinal neurons was also examined during
fictive locomotion produced by stimulation of the MLR. The presence of short-
latency synaptic activation by stimulation of the MLR was determined by
examination of individual or averaged MLR stimulus-triggered responses.
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l¿tencies of activation by stimulation of the MLR were also determined. The
location of some cells was estimated by stereotaxic measurements of electrode tip
position: spinal segment, position of electrode entry point into the spinal cord
(mm from midline), angle of electrode relative to the vertical, and.depth within
the spinal cord,

Reversible lesions of the b¡aínstem we¡e made by cooling a locarized a¡ea
of the MRF as described above (control isothe¡ms are illustrated in Fig. 1).
cooling to block synaptic transmission was done in regions previously shown to
receive projections from the classical MLR (steeves and Jordan, i9g4) and which
could either produce or facilitate MlR-evoked locomotion when electrically
stimulated. cooling of the spinal cord was done at the ventral lateral funiculus
(unilaterally) or dorsal half of the spinal cord (bilaterally) at rhe tho¡acic level
(Tl2 or 13). Reversible lesions were made by cooling the surface of the spinal
cord (extradurally) with a specially designed cooling probe as described above.
control isotherm mapping during cooling of the vLF (Fig. 2) indicates that probe
tip temperatures approaching 0 to -1 degrees C completely block fiber
t¡ansmission in the vLF unilaterally and synaptic transmission in the spinal grey
bilaterally. cooling of the vLF (to these same probe tip tempe¡atures) was shown
to block the t¡ansmission of a signal th¡ough the ventral quadrant of the spinal
cord (produced by stimulation of the VLF with an insulated monopolar
stimulating electrode and recorded from the ventrolateral surface of the spinal
cord) (Fig. 2B). cooling ofthe vLF to these probe temperatures reduced but did
not abolish the transmission of a signal through the do¡sal quadrant of the spinal
cord þroduced by stimulation of the do¡solate¡al funiculus and recorded from the
dorsal surface of the spinal cord) (Fig. 2c), DLF surface temperatures were
always 10-12 degrees warmer than cooling probe tempe¡atures (measured in three
additional cooling trials). Fig. 2D and E show the changes in probe tip and ventral
horn temperature (ipsilateral and contralateral to the cooling probe) during a
vLF cooling trial. Plateau temperatures occur approximately 2 minutes into the
cooling trials. These control trials indicate that fiber transmission may be blocked
in specific areas adjacent to the cooling probe with probe tip temperatures of
approximately 0 to -1 degree. Further cooling may result in block of fiber
transmission in the ipsilateral DLF and contralateral vLF. In a few cases, cooling
of the spinal cord was done intradurally. The probe tip temperatures sufficient for
complete blockage of fiber transmission in the adjacent spinal quadrant were
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app¡oximately 4-8 degrees C. Examination of Fig. 2A indicates that fiber
transmission fo¡ a distance of 1-1.5 mm f¡om the cooling probe may be blocked
during cooling of the VLF to probe temperatures of 0 to -1 degree. Similarl¡
blockage of fiber transmission wìthin the dorsal half of the spiñal cord would
occur during cooling of the dorsal aspect of the spinal cord to similar
temperatures (during placement of the cooling probe over the do¡sal surface of
the cord, the spinal cord 'flattens' and accommodates itself to the shape of the
probe). In addition, intraspinal tempe¡atu¡es will be lowered sufficiently to block
synaptic transmission throughout the cord region adjacent to the cooling probe.
However, dorsal cord cooling will not affect fibe¡ transmission through the ventral
funiculi, as this region is too distant from the cooling probe and is adjacent to the
the body of the animal which provides a large heat 'sink'.

Cooling of the VLF was done ipsilateral and contralate¡al to the sites of
MLR stimulation and of intracellular recording to distinguish the relative
contribution of a bilaterally descending signal in the VLF (Garcia-Rill et al.,
1987b; Orlovsþ, 1969, 7970a,b; Steeves and Jordan, 1980) to hindlimb
locomotion, LDPs and PSPs produced by stimulation of the MLR unílaterally.
The role of synaptic transmission through the grey matter þropriospinal neurons)
to the production of locomotior¡ LDPs and PSPs during stimulation of the MLR
was tested with a dorsal cord cooling control trial,
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Results

Series I and II

Electrically Induced I¡comotion

Treadmill locomotion could be produced by electrical stimulation (25-225
uA) of the medial pontomedullary reticular formation and the pontomedullary
locomotor strip (Figs. 3,4). The region of the MRF which was capable of
electrically induced locomotion extended f¡om p4 to p14 and L0 to 12 and
included the FTG, FTM, inferior central raphe nucleus (CI) and posçyramidal
nucleus of the raphe (PPR) (Fig. 4). This region is more extensive than the p3-p10

MRF regions previously shown to be capable of producing locomotion when
electrically stimulated (Garcia-Rill and Skinner, 1987a; Mori et al., 197ga, 19g0b).
The effective PIJ sites included the lateral tegmental field (FTL) medial and
ventral to the spinal nucleus of the fífth nerve as previously described (Mori et al.,
1977; Shik and Yagodnitsyn, 7977) bttt also included the spinal nucleus of the fifth
nerve (5SM, 5SP). These effects were obtained in t¡ials throughout the
longitudinal extent of the brainstem from P3 to p13.

The brainstem sites where treadmill locomotion was produced by
electrical stimulation are illustrated in Fig. 3. The MRF and pl-S are separated by
areas that were relatively ineffective for producing locomotion. stimulation of the
region bounded by I3.5 to 5.5 (PI,S) produced locomotion in 62Vo (n=7g4) of the
trials, while stimulation of the region bounded by L0 to 1.5 (MRF) was effective in
49Vo of trials (n=103). In contrast, stimulation of the area between these two
regions (12.0-3.0) evoked locomotion in only lTVo of trials (n=41).

The locomotion produced by stimulation of the MRF and pIJ was often
preceded by increased extensor tonus of the limbs, whereas stimulation of areas 1

to 2 mm do¡sal to the effective MRF sites often decreased extenso¡ tonus as

described by Mori et al. (1982). Extensor tonus \¡r'as not evaluated systematically in
the present study, however. A significantly higher (p<0.001, Students' t+est)
threshold for electrically induced locomotion was observed for the MRF
(mean=145.0 + /- 53.7 uA; n=26) as compared to the pl-S (95.1 + /- 43J uA;
n=51).
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Stimulation of the MRF or P[5 produced quadrupedal locomotion in
73,5Vo of. the trials. However, other stepping pattems during locomotion we¡e also
observed (Fig. 3A), including: bilateral forelimb (47.4Vo); ípsilateral (with
reference to síte of stimulation) forelimb Qa,6vo); contralateral forelimb (s.9vo);
bilateral hindlimb (7.0Vo); ipstlateral hindlimb (LBVo); contralateral hindlimb
(0.6Vo); ipsilateral fore- and hind-limb (4.7Vo); and bilate¡al fo¡elimb and
ipsilateral hindlimb (2.3V0). The remaining 2.2Vo displayed, various combinations
of the above categories. A somatotopic organization was not apparent when data
from all animals was grouped together: stimulation of a similar site in different
animals could produce different stepping pattems during locomotion. However,
within the same animal slightly dífferent stepping patterns could be seen with
stimulation of adjacent areas within the brainstem.

Drug-Induced I¡comotion

Drug infusions we¡e made in sites that could reproducibly elicit
locomotion with electrical stimulation. control saline injections in the MRF and
PIJ at all rates used for test drug infusions did not produce any obsewable
changes in EMG activity or influence the threshold for electrically induced
locomotion.

Extent of Drug Diffusion

To estimate the extent of drug diffusion with injections into the brainstem,
procion rubine (lvo) and fast green (lÙvo) wcte infi¡sed in volumes similar to the
drug infusion trials. Infusions of 3 ul and 5 ul of procion rubine produced
detectable spread (total diameter) of 0.5-1 and 7-2 mm, respectively. Infusions of
1 ul and 3 ul of fast green produced spread of I and 2 mm (total diameter),
respectively. With both dyes an additional 0.5 mm vertical spread (along the
cannula tract) was also observed. Additional erperiments were conducted to
determine whether the diffusion pattern of PIC was comparable to that seen after
injections of similar quantities of procion rubine or fast green. A site where
electrical stimulation did not produce locomotion, 1.5 mm medial o¡ lateral to a
PIJ site (see Fig. 8: P7.1 and P12.1), was intused with 3 ul (15 nmol, 0.005 M)
PIC, No locomotion was observed after 30 minutes of the pIC injection. In
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additio4 no change was observed in the threshold for electrically induced
locomotion produced by stimulation of the pIJ site. subsequent i¡fusion into the
PLS site, however, lowered the th¡eshold for electrically induced locomotion in
one case and produced locomotion by itself in the other (Fig. 9). This indicates
that fo¡ injections of 3 ul PIÇ drug difhrsion was on the order of < 1..5 mm (total
diameter) and thus comparable to the diffusion pattem observed with infusions of
3 ul procion rubine or 1 ul fast geen.

MRF Drug Infusions

Infusions of various drugs into the MRF courd inJluence the locomotor
capability of the animal by either initiating stepping or by decreasing the threshold
for electrically induced locomotion. Glutamjc acid was the only compound tested
that produced locomotion after infusion into the MRF. Fig. 5A-B illust¡ates the
quadrupedal locomotion produced by electrical stimulation or by injection of 500
nmol GA (5 ul, 0.1 M) into a rridline site (ppR and FTM) 2 mm rost¡al to the
obex and 3'8 mm ventral to the floor of the 4th ventricle (Fig. 5E) in one animal.
within 17 minutes of drug infusion the th¡eshold for electrically induced
locomotion decreased from 100 uA to 20 uA and muscle tonus inc¡eased in
forelimb extensors (as determined by passive resistance to Iimb flexion and EMG
activity). rilithin 30 minutes of drug infusion spontaneous quadrupedal locomotion
(Fig. 58) began in an episodic fashion (1-3 minutes duration) separated by periods
of quiescence (0.5-2 minutes). During quiescent periods locomotion could be
reestablished by swinging the forelimbs backward and releasing them (Fig. 5C).
Although the forelimb and hindlimb flexors (BB,TA) were phasically active
during electrical and drug-induced locomotion, the activity of forelimb and
hindlimb extensors (TB,I-G) was diffe¡ent following GA: the right and left TB
became phasically active whereas the phasic activity of the right and left LG
ceased. Although efficient uptake systems for GA have been desc¡ibed (cf. Mayer
and westbroolç 1987), episodes of drug-induced locomotion continued to occu¡
for 100 minutes after the infi¡sion, possibly due to the large quantity of GA
injected. At this time, infusion of the quisqualate receptor antagonist GDEE
(Mayer and Westbrook, 1937) (500 nmol in 5 ul, 0.1 M) into this site decreased
the vigour and duration of the GA-induced locomotion within 3 minutes and
locomotion completely ceased after 12 minutes. Forelimb swinging was
completely ineffective in ínitiating locomotion during this period (Fig. 5D).
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However, the effects of the antagonist were short-lasting, and locomotion began
again within 15 minutes of the infusion of GDEE.

In a different animal, infusion of 500 nmol GA (5u1, 0.lM) into the MRF
(P9, L0, H-8.3) produced episodic forelimb locomotion after 8 minutes for a
period lasting 20 minutes. Muscles demonstrating phasic activity during the
control remained phasic following G,A. During the period in which episodic GA-
induced locomotion was evident, stimuli previously unable to evoke stepping
(forelimb swinging and rubbing of the maxillary region of the face) were found to
induce locomotion.

Infusions of smaller amounts of GA (40-80 nmol in 8ul, 0.005-0.01 M) into
the MRF of 4 othe¡ animals were ineffective in producing locomotion in 6 trials.
However, a 40-66vo decrease in the threshold for electrically induced locomotion
in sites 0.5-1 mm lateral to the midline (Y1.7 and P10.0, Fig.8) was observed in
two of these trials.

Infusions of DLHCA in rwo of fou¡ trials (200 nrnol in 2 ul, 0.1 M) (2
animals) and PIC in three of six trials (15 nmol in 3 ul, 0.005 M) (6 animals) also
reduced the threshold for electrically induced locomotionby 20-z7vo and 53-6lvo,
respectively. Extensor muscle tonus increased following drug infusion but no
stepping movements were produced. Afte¡ 15-25 ¡ninutes electrical thresholds
began to return to pre- infusion values. No effect was observed in the remaining
trials even when 300-800 nmol DLHCA or 25-50 nmol pIC was infused.

Injection sites rvithin the MRF are illustrated in Figs, 7 and 8, Effective
sites were found from P6toP72, t.0 to Ll 1/2 and within the CI, ppR, FIG, F.IM
in the ventral half of the brainstem,

PLS Drug Infusions

A variety of compounds were capable of either producing locomotion or
decreasing the threshold for electrically induced locomotion after infusion into the
PIJ. l¡comotion was produced by infusions of Gd DLHCd pIC, and Sp into
the PIs. Increased extenso¡ muscle tonus \{as seen (visual observations) prior to
the onset of drug-induced locomotion,
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Fig, 6A illustrates foreümb locomotion typically produced by electrical
stimulation (150 uA) of the PIJ. Fig. 68 illustrates the locomotion produced by
infusion of 100 nmol GA (in 1 ul, 0.1 M) into the ventromedial a5pect of 5 Sp at
P7 (Fig, 6G) in a different animal. After infusion of 300 nmol into this site,
periodic episodes of spontaneous locomotion lasted for 15- 20 minutes. Infusions
of 40-80 nmol GA (in 8 ul of 0.005-0.01M) produced 35-67Vo dec¡eases in rhe
threshold for electrically induced walking (Fig. 8: P7.7). In one case the infusion
of 40 nmol was sufficient to maintain locomotion for up to 8 seconds afte¡ the
termination of electrical stimulation. In contrast, locomotion stopped upon
termination of the electrical stimulus in the control situation. The location of this
latte¡ infusíon site was within 5SM (Fig, 8: P6.0). In 6 other cases, GA (50-g0
nmol) was ineffective other than occasionally increasing the discharge of motor
units. In an additional case, infusion of 300 nmol GA produced convulsive
movements but did not induce locomotion.

Infusion of 700 nmol DLHCA (in 7 ul, 0.1 M) produced locomotion
within 4 minutes of injection into a site 4 mm lateral ro the midline (Fig. 6C), but
no accurate depth measurement w¿rs obtained for this trial. Injections of smaller
quantities 300 nmol in 3 ul, 0.1 M) in two other trials we¡e ineffective.

Injections of PIC (0.005-0,01 M) into the pI-S produced threshold
decreases and eventually spontaneous locomotion in 11 trials (g cats).
I-ocomotion could be produced after injection of 10-50 nmol (mean = 30,0 + /-
13.8 nmol). The mean infüsion volume was 5.5 + /- 2.6 ul. At high concentrations
(0.01M) a smaller infusion volume was required to produce locomotion, and in
one case locomotion was induced befo¡e lul (10 nmol) had been inJused. The
threshold for electrically induced locomotion dec¡eased by 24-40Vo of the original
values in three other trials after injection of 15-30 nmol (mean = 21,.7 + /- 7.6

nmol) PIC, but locomotion was not produced by the drug infusion. pIC was
without effect in 17 othe¡ trials at similar quantities (3I.7 + /- 11.0 nmol, range 25-
60 nmol). Infusions of PIC produced locomotion within 8,4 + /- 7.1 minures
(range 2-20 minutes).

Fig. 6D illustrates the spontaneous forelimb locomotion produced after
intusion of 25 nmol PIC (in 5 ul, 0.005 M) into the PIJ at P6 (Fig. 6G). During
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the infusion a dec¡ease (from 150 to 50 uA) in the threshold for elect¡ical
activation of stepping occurred prior to the drug-induced locomotion. The
stepping sequences lasted from 10 seconds to 1.5 minutes and were separated by
quiescent periods lasting 1 to 2 minutes, This periodic drug-induced locomotion
occurred for about 20 minutes. A second i¡füsion i¡to this site produced an even
greater EMG output, but stepping ceased when the animal began to display a
tegmental response (Ingram et al., 7932), In other pLS sites, plC-induced

locomotion lasted for periods of up to 60 minutes with injections of 15 nmol (in 3
ul, 0.005 M) PIC and up to 90 minutes with injections of 30 nmol (in 6 ul, 0.005
M). Stepping episodes gradually ceased or were replaced by convulsive
movements,

PlC-induced locomotion and elect¡ical stimulation control trials showed
the same stepping pattern in 8/11 trials. However, in one experiment electrically
induced quadrupedal locomotion was replaced by ipsilateral fore- and hindlimb
locomotion and in two other erperiments bilateral forelimb and contralateral
hindlimb locomotion was replaced by forelimb locomotion when pIC was infused.
No consistent differences in step cycle rate and the EMG amplitudes during
stepping were observed between electrical and PlC-induced locomotion.

The presence o¡ absence of rh¡hmic EMG activity was assessed from
recordings of locomotion produced by electrical stimulation or pIC injection into
the Pt-S. In 65Vo of the EMG records, rh¡hmic activity ¡emained during pIC-
induced locomotion. In contrast, loss of activity was observed n I6Vo of the
recorded muscles, and recruitment of phasic activity occurre d in lgvo of the
¡ecorded muscles during PlC-induced locomotion. we found no relationship
between injection site and the pattern'of loss or gain of phasic muscle activity
during drug-induced locomotion.

PlC-induced locomotion was antagonized by infusions of eithe¡ GABA
and MUS. Injections of MUS completely blocked plC-induced locomotion
whereas the effects of GABA we¡e transient. A decrease in the frequency and
vigour of PlC-induced locomotion was usually apparent within 5 minutes of
infusion of an equivalent (nmol) dose of GABA As illustrated in Fig. 6E,
locomotion induced by forelimb swinging was reduced to a short stepping
sequence (2-3 steps) after infusion of GAB.d within 10 to 15 minutes, however,
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the frequency, length, and intensity of the locomoto¡ episodes gradually
approached their original levels.

Injection of 2 nmol SP (in 3 ul, 0,74 mM) into the pI-S (Ég. g) produced
locomotion (Fig. 6F,G) simila¡ to that produced by electrical stimulation of the
same site in the two animals tested, Periodic episodes of walking we¡e observed
shortly after drug infusion (within 1-2 minutes) and were maintained for periods
of up to 30 minutes. During periods with no spontaneous locomotion, the
threshold cu¡rent for producing locomotion decreased f¡om 60 uA (pre-drug
value) to 20 ud unlike the pre- drug trials, locomotion was also maintained for 5-
10 seconds after termination of the elect¡ical stimulus.

Injection sites into the PIS are shown in Figs 7 and 8. Injections producing
locomotion or decreases in the threshold for electrically induced locomotion were
found from P5 to P13, I3 to 15 and within or just ventral and medial to 5SM, 5Sp
in the adjacent FTL. Most ineffective sites were located vent¡ally in the FTL.

Trigeminal Receptive Field-Induced [¡comotion

Following PIC infusion into the area of the pIJ, mechanical stimuli
applied to the receptíve field of the trigerninal nerve could induce locomotion.
Stimulation of the trigeminal field was attempted prior to drug adrninistration.
These stimuli never produced locomotion by themselves, Fig. 9 illust¡ates
examples of these effects found after a 15 nmol (in 3 ul, 0.005 M) injection of pIC
in the site illustrated in Fig. 9N. stimulation of the trigeminal receptive field
ipsilateral to the injection site was more effective for initiating locomotion than
stimulation of the contralateral side. stimuli of greater intensity also produced
more vigorous locomotion than did gentle stimuli, Ipsilateral mandibular
stimulation (D) immediately and invariably induced locomotion whereas a 2 and 5
second latency period was observed for ipsilateral maxillary (E) and pinna (F)
stimulation, respectively. Ipsilateral corneal stimulation (G) produced locomotion
within 2 seconds in 1 out of 3 trials but locomotion was not maintained for the
du¡ation of the stimulus. Similarly, jaw opening (H) produced 4 to 5 steps in2 of 6
trials. A longer latency (7 seconds) and weaker stepping ¡esponse was produced
with stimulation of the contralateral maxillary regíon (I). stimulus sites which
failed to produce any locomotion included: contralateral pinna (J), contralateral
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cornea (K), nape of neck (L), chest (M) and perianal regions. Injection of j.5 nmol
PIC (in 3 ul, 0.005M) into a site (which could not produce locomotion when
electrically stimulated) 1.5 mm lareral to the PLS (Fig. 9N) was withour effect.
Inñ¡sion sites from 4 othe¡ experiments which showed similar locomotion
production by trigeminal field stimulation are illustrated by an asterisk in Fig. 8
including a GA i¡Jusion site in the MRF. In one experiment (Fig. 8: p9.2, left
side) a 14 gm stimulus applied to the ipsilateral pinna induced locomotíon but was

ineffective when applied to the contralateral pinn¿,

Series III

As described in the "Introduction" two differing views have emerged
concerning the descending trajectories of the MLR and PlS. On the one hand,
evidence has been presented which shows that the classical MLR projects through
the VLF of the spinal cord via a ¡elay in the MRF (Shefchyk et al., 1984; Steeves

and Jordan, 1983). On the other hand, it has been claimed that the MLR relays
via the lateral tegmentum (PI-S) which then projects through the spinal cord DLF
as a polysynaptic propriospinal pathway with the cells of origin located primarily
in the do¡sal horn (Mori et al., 1977; Kazennikov et al., 1980a,b, 1983a, 1985;

Shih 1983). While the data presented in Series I and II demonstrate that the
proposed relay sites (MRF and PIS) contain cell bodies capable of generating
locomotion when chemically activated, the anatomical (and functional)
relationship between these two areas remain unclear. Experiments using subtotal
spinal cord or brainstem lesions were therefo¡e conducted to dete¡mine the
anatomical trajectories of the MLR and P[,S.

The responses to stimulation of either the MLR or the PIJ before and
after various lesions to either the brainstem or spinal cord we¡e examined in 14

cats. Only those lesions which did not totally abolish the ability of the animal to
produce locomotion with b¡ainstem stimulation are reported since it is difficult to
determine with certainty whether loss of the capacity to produce locomotion
following an irreversible lesion and a recovery period of 1 to 2 hrs is due to the
lesion itself or to a general deterioration in the state of health of the animal. This
selection of data is designed to remove the possibility of the spontaneous loss in
the capacity of a brainstem site to produce locomotion which normally occurs

during the course of locomotion experiments. The loss in the capacity of a site to
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produce locomotion when stimulated during a ¡eversible lesion (cooling) is
acceptable, however,

Spinal Cord Iæsions

A number of different spinal cord lesions (C2-C3) were made to
determine the spinal trajectories of the MLR and pLS. Two basic ¡esults were
obtained from acute spinal cord lesions experiments: 1) the MLR does not require
the continuity of the dorsal half of the spinal cord; 2) the pIJ may also produce
locomotion in the absence of the dorsal half of the spinal cord but also shows loss

of locomotion with these spinal lesions more often than that seen with MLR
stimulation. These results are presented in Figures 10-12.

Figure 10 shows the effect of an extended (B r¡un) dorsal hemisection at
the Q-c3 level on MlR-evoked locomotion. Following this extensive lesion
stimulation of the MLR (either side) could still produce quadrupedal locomotion
that was essentially the same as that seen in the control situation. No essential
change in the threshold for the production of locomotion by electrical stimulation
of the MLR was observed. The effect of this lesion on pls-evoked locomotion is
illust¡ated in Fig. 11, In this experimènt, stimulation of the left or right pI^S was
capable of producing bouts of hindlimb or fo¡elimb locomotion, respectively. No
consistent diffe¡ences in the th¡eshold for the production of this locomotion was
observed. However, in both cases, the locomotion observed following the lesion
was bipedal compared to the quadrupedal control locomotion. Interestingly,
stimulation of the right PL.S following the dorsal hemisection was also capable of
producing ¡ight hindlimb locomotion but it was not observed simultaneously with
the bilateral forelimb locomotion. Some rh¡hmic activity was also observed in the
left triceps brachii muscle with stimulation of the Ieft pLS following the spinal
lesion but no locomoto¡ rnovements were observed in the left foretimb.

Figure 12 summarizes the effect of various spinal cord lesions on
locomotion produced by stimulation of either the MLR o¡ pl,S. In general,
stimulation of the MLR could produce locomotion similar to that seen in the
control situation following the disruption of the dorsolateral funiculus, dorsal
horns, or the dorsal aspect of the spinal cord by either simple transections or
extended lesions (5/7 experiments and 9 tested MLR sites) (dB,D,F,I). No
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consistent differences in the thresholds for the production of locornotion by
electrical stimulation of the MLR we¡e observed in these experiments (cf. Fig.
10), Changes in MlR-evoked locomotion following lesions to the dorsal spinai
cord were observed only in 3 sites (2/7 experiments) (G,H). In'oire additionat
experiment, transection of the VLF ipsilateral to the MLR stimulation site,
¡esulted in the loss of ipsilateral hindlimb locomotion and disrupted flexion-
extension alternation in the ipsilateral forelimb and contralateral hindlimb (C).

Fo¡elimb or hindlimb locomotion could also be produced with stimulation
of the PIJ following hemisection of extended portions of the dorsal aspect of the
spinal cord (Fig. 12H,I,J), These results show that PLS stimulation may produce
locomotion by pathways travelling in the vent¡al half of the spinal cord at the A-
C3 level. This was supported by the observation that following a unilateral
transection of the VLF (C), stimulation of the ipsilateral pIS (in multiple
locations throughout the brainstem) was incapable ofproducing locomotion (even
though stimulation of the ipsilateral MLR could still produce contralateral
forelimb locomotion and some ipsilateral forelimb and contralateral hindlimb
Iocomotion). Furthermore, in one additional experiment, intradural cooling of the
spinal cord at C2 region (over a length of 1 cm) to temperatures sufficient for the
block of fiber transmission in the unilateral VLF þrobe temperature of 10

degrees C) reversibly abolished locomotion produced by stimulation of the
ipsilateral PI-S. On the other hand, cooling of the spinal cord (intradurally) to
temperatu¡es which block fiber transrnission within the DLF and synaptic
transmission throughout the C2 spinal cord level þrobe temperatures of -4

degrees C) only decreased the vigour of PLS- evoked locomotion (EMG
amplitude and limb displacement). The contribution of the dorsal aspect of the
spinal cord to the production of PI-S locomotion is more difficult to assess. While
lesions of the dorsal cord may have no noticeable effect on pIJ locomotion in
some cases (Fig. 12A,F,G) the observation that lesions of the dorsal spinal cord
affected PIJ locomotion (6/9 experiments) more often than MLR locomotion
(see above) suggests that the DLF or dorsal horn may mediate the production of
locomotion by P[5 stimulation in some cases (Fig. 12B,D,E).

Brainstem Iæsions



35

The results of the spinal cord lesion experiments demonstrate that the
PIJ can produce locomotion (forelimb or hindlimb) via pathways descending in
the ventral half of the spinal cord. one candidate fo¡ the mediation of this
locomotion is the reticulospinal system originating in the MRF. Cáil's in the MRF
have been shown to receive projections f¡om the MLR (Garcia-Ríll and skinner,
1987b; Orlovsþ, 1970a; Steeves and Jordan, 1984), abolish MlR-evoked
locomotion when cooled (Shefchyk et al., 1984) and produce locomotion when
chemically activated (see "MRF Drug Infusions,', above). In addition,
electrophysiological studies have demonstrated that the caudal pI,S may project
to the MRF (Selionov and ShiI(, 1981, 1984).

A total of 5 reversible MRF cooling trials we¡e obtained during pLS-

evoked locomotion in one animal. Figure 13 demonstrates that cooling of the
MRF to temperatures sufficient for the block of synaptic transmission þrobe
temperature of 14.7 degrees C) reversibly abolished plJ-evoked quadrupedal
locomotion. cooling of this same site also reversibly abolished MLR locomotion
at temperatures similar to that described previously (Shefchyk et al., 19g4). The
PIJ site (D) was located 3-3.5 mm lateral to the midline, in a region slightly more
medial and ventral to ones which could produce locomotion with injection of pIC
or SP (Fig. 8) and may therefore comprise part of the medially di¡ected projection
of the PIS on its cou¡se to the reticular formation (Selionov and Shik, 19g1,
1e84).

The spinal co¡d lesion and brainstem cooling experiments indicate that
PIS stimulation activates reticulospinal pathways projecting through the ventral
aspect of the spinal cord, but do not prove that the PI-S may produce locomotion
via a projection that is independent of the medial reticular formation (Kazennikov
et a1,,7979,1983a,b; Shik, 1983), Furthermore the results do not demonstrate that
the MLR can produce locomotion independently of the pL-S. While evidence has

been presented which demonstrates that cooling of the pI,S to temperatures
which block synaptic transmission do not abolish MlR-evoked locomotion
(Shefchyk et al., 1984), it is possible that locomotion produced by MLR
stimulation may have occu¡red via a fibe¡ projection which bypassed the cooled
P[5 area. These questions may be addressed by experiments which isolate the
lateral tegmentum from both the MLR and more medial brainstem areas (MRF).
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The effects of isolation of the late¡al tegmentum of the brainstem on
locomotion produced by stimulation of the MLR and the pli was assessed in two
experiments. The results from one of these experiments is illustrated in Fig. 14.
unilateral separation of the late¡al tegmentum at the level of the pons and
medulla (P 4-12) did not abolish the capacity of the MLR to produce quadrupedal
locomotion when electrically stimulated. Furthermore, stimulation of pl^S within
the lateral tegmental area (P 9.0) w¿ìs still capable of producing locomotion in the
absence of direct connections to the MRF region implicated in the production of
locomotion. while increases in the electrical threshold for the initiation of
locomotion were observed fo¡ both the MLR and pl-S sites they were not
un¡easonable considering the extensive b¡ainstem lesion performed (the change
in MLR threshold is not outside the normal variation seen during prolonged
experimental procedures). In the second experiment, surgical isolation of the
lateral tegmentum also did not abolish the ability of the ipsilateral MLR to
produce quadrupedal locomotion when stimulated, although the electrical
th¡eshold for the initiation of the hindlimbs inc¡eased fron 115-170 uA
stimulation of the PIJ within the isolated tegmental region was i¡effective in
initiating locomotion following the lesion. However, the lesion also destroyed the
main blood supply to the late¡al tegmental area and any loss of locomotor
capability could have been due to the death of this region and not to the
interruption of any descending pathways from the pl^S.

Series [V

ShortJatency MlR.evoked PSPs

As described in the "Introduction,', it has been suggested that the short_
latenry PSPs produced in spinal motoneurons by stimulation of the MLR are
involved in the production of motoneuron LDps during fictive locomotion
(Shefchyk and Jordar¡ 1985a). Furthermore, it has been suggested that the
MlR-evoked PSPs are produced by a pathway with a minimum of two synaptic
relays: one in the MRF and one on interneurons in the spinal cord (Shefchyk and
Jordan, 1985a). The results of the spinal cord and braínstem lesion experiments
desc¡ibed in the previous "Results" section are consistent with this concept and
rule out the possibility that a polysynaptic propriospinal pathway is involved in the
mediation of MlR-evoked locomotion (cf. shi\ 1983). However, to establish the
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role of the short latency MlR-evoked psps in the generation of LDps and
locomotior¡ further characte¡ization is necessary.

Shapes

The shapes of short-latency pSps produced by stimulation of the classical
MLR were examined in 69 motoneurons (16 SMAB, 12 LGs-MG, 1 Vast, 6 pBS!
5 FDI" 1.9 unidentified extensor motoneurons, 7 Td and 3 unidentified flexor
motoneurons). Table 1 summarizes the distribution of psp types (observed within
a 30 msec triggered period) with respect to motoneuron type and side of MLR
stimulation during locomotion, The shortJatency stimulus- locked pSps were
classified into 4 groups: excitatory only (E) (single or multiple) (Fig. 16F, 1gC,
19.\E); excitatory followed by símilarly sized intribitory pSp and possibly by a
longer latency excitatory PSP [EI(E)] (Fig. l7D, 18H, 20G); small excitatory_large
inhibitory PSP followed possibly by another excitatory psp tel(E)l (Fig. 208,
23c); and inhibitory possibly followed by an exciratory psp II(E)]. Tabre I and tI
i¡dicate that the E and EI(E) PSps a¡e the 2 most common types of short- Iatency
PSPs produced by stimulation of the MLR, comprising 33.3 and 42.7Vo of the
observed types of PSPs, respectively. In contrast, the eI(E) and I(E) types were
observed much less frequently (14.2 and 9.3vo, respectively). while a total of 69
cells we¡e sampled, the responses to stimulation of mo¡e than one MLR site were
¡eco¡ded in some cells (see below), These cells are indicated in Table I (common
superscript indicate same cell),

In flexor motoneurons (TA and unidentified) the short_ latency MLR_
evoked PSPs are predominantly excitatory in nature (63,6vo) although longer
latency inhibitory PSPs [EI(E),I(E)] were also found in 36.4vo of the flexo¡
motoneurons (see Fig. 18H). while the majority of short-latency MlR-evoked
PSPs in extensor motoneurons (bifunctional motoneurons groups were considered
as extensofs when their activìty pattems were predominantly or entirely extensor-
related) are excitatory and possibly followed by similarly sized inhibitory or
excitatory PSPs [E=28.17a; EI(E)=45.3Vy], some also show short-latency pSps

which are predominantly ínhibitory in nature lel(E)=17.2Vo. l(E)=g.aVo1. O
discussion of these latter t)?es is given below



38

Table tr also groups the percentages of PSP type seen in flexor and
extensor motoneurons with stimulation of either the ipsilateral (i) or contralateral
(c) MLR, In extensor (and bifunctional extensor-related) motoneurons,
stimulation of the iMLR produced a slightly lower percentage of E 9r EI(E) pSp

types and a higher percentage of eI or (E) PSP types than that seen with cMLR
stimulation. A comparison is slightty mo¡e difficult to make for the flexor
motoneuron group as the total number sampled for each side is low,

Latency

While determiration of the total latency for the production of MLR-
evoked PSPs is relatively simple, the dete¡mination of the descending volley and
segmental latency is much more difficult. An estimate may be obtained, however,
by examinatíon of the spinal potentials produced following MLR stimutation with
cord dorsum recording electrodes. It must be stressed at thís point that the
info¡mation content of the cord dorsum potential recording is not known with
certainty. While an initial descending volley is clearly seen in many cases, at other
times the volley is not well diffe¡entiated from the rising phase of the first
negative wave. While blocking of locomotion by cooling of the spinal cord always
affects the size of the first negative wave of the cord dorsum recording, the initial
volley is also affected in some cases. Thus, as the first volley may be related to the
production of locomotio4 latenry measurements were made from its onset.

Figure 15E,F illustrates an example of the measuring technique used to
dete¡mine the descending volley latency and the segmental latency for the first
EPSP in a TA motoneuron. The descending volley latenry was determined by
measuring the time between stimulus artifact (line 1) and the a¡rival of the fi¡st
descending volley at the cord dorsum recording electrode (line 2). The segmental
latency was determined by measuring the time between the a¡rival of the
descending volley at the co¡d dorsum recording electrode (line 2) and the onset of
the first EPSP (line 3).

Table III summarizes the MlR-evoked PSP latency measurements

obtained from all motoneurons. The mean latency ftom stimulus artifact to cord
do¡sum (CD) produced by stimulation of 39 diffe¡ent MLR sites (both iMLR and

cMLR) was 4.0 + /- 0.6 msec (range 2.9 - 5.2 msec). Assuming a 1 msec delay for
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activation of reticulospinal cells in the b¡ainstem medial reticular formation
(Orlovsþ 1969) and a distance of 32 + /- 2 cm (measured in 7 cats) from the
MLR to the lumbar cord dorsunr, an average conduction velocity of 103.3 m/sec is
obtained for the fastest signals descending to the lumbar cord dorsum recording
elect¡ode by reticulospinal cells activated by the MLR (assuming a maximum
caudal distance of the reticulospinal cells of approximately 1 cm from the MLR).
Ttre latency for ar¡ival of the descending volley at the cord dorsum recording
electrode was not significantly diffe¡ent þarametric unpaired T-test) for
stimulation of the iMLR (4.1 + /- 0.6 msec) compared with stimulation of the
cMLR (3.9 +/- 0.6 msec) when data from all cats was grouped together. When
the latencies fo¡ arrival of the descending volley at the cord dorsum recording
elect¡ode for iMLR or cMLR stimulation were compared in the same animal
(n=3), no essential differences were noted: the latency fo¡ iMLR and cMLR was
equal in 1 experiment, the cMLR latency was shorter in 1 experiment, and the
iMLR latency was shorter in 1 experiment. In any particular experiment, differing
latencies were also observed for stimulation of different MLR sites on the same
side of the brainstem. Measured from 11 erperiments (and from 27 different
unilateral MLR sites) the latencies fo¡ the ar¡ival of the descending volley at the
cord dorsum recording electrode could vary by as much as 1.3 msec. While the
latency for arrival at the cord do¡sum of the descending volley produced by
stimulation of any particular MLR site (for unperturbed locomotion trials) usually
remained constant during intracellular recording from the same cell, this latency
could change slightly over prolonged periods of stimulation of the same MLR site
throughout an experiment. For this reason, the latency measurements from each
MLR site tabulated for Table III were obtained from the earliest (and most
consistent) unperturbed locomotion trials during each erperiment.

As seen in Table III, the mean segmental latency to the first EpSp for aI
motoneurons (stimulation of either iMLR or cMLR) was 2.3 +/- 0.7 msec
(range: 0.9-3.0 msec), This indicates that one (Shefchyk and Jordan, 1984) or
more spinal inte¡neurons may be involved in the relay of this excitatory input to
spinal motoneurons during MlR-evoked locomotion. The segmental latency was

significantly (p < 0.04) longer (0.4 msec) for activation of extensor motoneurons
during stimulation of the cMLR as opposed to that seen with iMLR stimulation.
This significance was maintained when the latencies of cMLR and iMLR
stimulation fo¡ all motoneurons (extensors plus flexors) were compared. No
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significance diffe¡ence in the excitation of flexor motoneurons was seen when the
segmental latencies obtained with stimulation of the iMLR and cMIR were
compared. similarl¡ the segmental latency for activation of flexor motoneurons
compared to extensor motoneurons þroduced by stimulation of the iMLR or
cMLR) was not significantly different (p<0.1). However, the flexor motoneuro'
sample size was small.

The total latency to the first MlR-evoked EpSp for all motoneurons
averaged 6,5 + /- 0,8 msec (range 4.1 - 8.6 msec), Unlike that seenwith segmental
latenry measurements, no significant diffe¡ence in the total latency was found
between iMLR or cMLR stimulation, This may have been due to the added
variability for the arrival of the descending volley to the cord dorsum recording
elect¡ode. sinrilarly, no significant difference was found between activation of
flexor o¡ extensor motoneurons (for stimulation of either iMLR or cMLR)
although a longer latency for activation of flexor motoneurons approached the
p < 0.08 level of confidence.

shortJatency MLR stimuluslocked lpSps were characte¡istically observed
in many motoneurons. As the IPSP follows MlR-evoked EpSps in most cases, it
is difficult to establish the onset of the IPSP with any certaínty. Thus, latency
measurements were made to the onset of membrane hyperpolarization following
each MLR stimulus: hyperpolarization onset was defined as the point of
intersection between the Em baseline and the slope of the lpsp. (It is recognized
that this method overestimates the onset of the MlR-evoked IpSp). The mean
latency from cord do¡sum to the first measu¡able hyperpolarization for all
motoneurons (stimulation of either iMLR o¡ cMLR) was 4.4 + /- 1.4 msec (range
2.2 - 8.7 msec) (see Table III). The mean latenry from stimulus artifact to the
onset of the first measurable hyperpolarization for all motoneurons (stimulation
of either iMLR o¡ cMLR) was 8.5 +/- 1,3 msec (range 6.5 - 12.5 msec). The
segmental and total latency for the onset of the hyperpolarization (in all
motoneurons grouped together) was significantly longer þ<0.01) than that seen
fo¡ the EPSP (for iMLR and cMLR compared separately or together). These
¡esults indicate that additional spinal interneurons (interposed between the MLR
and spinal motoneuron) may be required to produce the MLR stimulusJocked
IPSPs than are required for the production of stimulus-locked EpSps. A
significantly (p<0.01) longer segmental (1.2 msec) and total latency (0,9 msec) for
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forthe onset of the füst MlR-evoked hyperpolarization was also observed
stimulation of the cMLR when compared to that seen with iMLR stimulation.

PSP Characteristics During Iæcomotion

PSP and LDP Amplitude Modulation in the E or EI(E) Tlpe

Figures 15 and 16 show typical examples of PSPs tE, E(E)l produced by
stimulation of the MLR. As the motoneuron goes through its characteristic
depolarization and hyperpola¡ization (LDP) during locomotion produced by
stimulation of the MLR (Fig. 158-Ç 168-C), the PSPs change in amplitude. As
shown in Fig. 15D and 168 the shortlatency EPSPs are largest during the
depolarized phase of the LDP and occur with nearly every stirnulus. The slightly
longer latency IPSPs occu¡ primarily during the hyperpolarÞed phase of the LDp.
Averages of these responses over a numbe¡ of step cycles are shown ín Fig. 15F-G

and 16D,F,H, Comparison of the averaged PSP amplitude measurements (Fig.
15G, 16F,H) to the LDP avetages (Fig. 15C, 16C) illustrates the strong corelation
between the MlR-evoked EPSPs and IPSPs to the depolarized and
hyperpolarized phase of the LDP, respectively, In these examples, the mean

amplitudes of the EPSPs we¡e observed to vary throughout the step cycle between
1-5 mV (Fig. 15G) and 0.3-0.9 mV (Fig. 16F). In addition, the amplitude of the
EPSPs were found to sometimes vary in size with respect to theh occurrence
during the depolarized phase of the LDP: individual EPSPs could be of slightly
diffe¡ent size although they were evoked at similar Em levels during the LDp
(Fig. 15D, 16E). Despite these minor changes in amplitude throughout the LDp,
the overall amplitudes of the EPSPs were positively correlated (larger) to
membrane depolarization (Fig. 15H, 16G), The mean IPSP amplitudes were
found to vary from 0 to -1.2 rnV during the step cycle, being largest during the
hyperpolarized phase of the LDP (Fig. 16H). The IPSPs also showed a positive
correlation (larger) to membrane hyperpolarization (Fig. 16H). These results
indicate that the amplitude of the stimuluslocked EPSPs and IPSPs are not
simply determined by changes in the Em (Eccles, 1968) during the LDP.

In many cells the EPSPs were significantly reduced in size but not
abolished during the hyperpolarized phase of the LDP (Fig. 15F,G; 16D,F). In
other cells, the EPSPs were only present in the depolarized phase of the LDP
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(Fig. 17C). The same feature applies for MlR-evoked IpSps: in some cells, IpSps
were only apparent during the hyperpolarized phase of the LDp (Fig. 17H), while
in others, they were present during the depolarized phase of the. LDp but at
significantly reduced amplitude to that seen during the hyperpolarized phase (Fig.
16D).

The peak (mean) EPSP amplitude in the E subtype during MLR- evoked
locomotion ranged from 0.5-7.2 mY. In all cases (25/25), the EpSp was
significantly modulated during the step cycle being maximal during the
depolarÞed phase of the LDP and thus positively cor¡elated rvith Em
depolarization. similar ¡esults rflere seen n 27 /29 cells of the EI(E) type. In one
cell, the EPSP was not significantly modulated throughout the step cycle and not
significantly correlated to Em depola¡ization or hyperpolarization. The peak
(mean) EPSP amplitude i¡ the EI(E) subrype ranged from 0.5-4.0 mV. In two
measured cases, long latency EPSPs (visible within the 30 msec triggered window)
were found to be significantly modulated during the step cycle and positively
cor¡elated to Em depolarization. The peak amplitude of these longer latency
EPSPs ranged ftom 3.2 and 3.5 mV. During the step cycle, peak (mean) IpSp
amplitudes were found to vary between -0.5 and -4.2 my, being largest during the
hyperpolarized phase of the LDP and thus positively correlated to Em
hyperpolarizati on (2L/23). In the remaining two cells, no significant step cycle
modulation or Em dependence of the IPSP was observed.

The transition between depolarization and hyperpolarization of the LDp
is accompanied by rapid amplitude changes in the EpSps and Ipsps (at the same
part of the normalized step cycle), respectively. These sirnilar cycle-related
amplitude transitions fo¡ MlR-evoked LDps and pSps indicate that the psps are
strongly related to the duration of each phase of the LDp. This feature is apparent
for a TA motoneuron in Figure 17 for locomotion produced by stimulation of the
MLR site indicated in E. Higher strength stimulation (F-I) of the MLR produced
a slightly shorter step cycle duration, a prolonged depolarized phase of the LDp,
and a prolongation of the occu¡rence of the short-latency EpSp (H) compared to
that seen with lower strengths of stimulation (A-D).

A relationship between the amplitude of the LDps and EpSps during
stimulation of the same MLR site but at differing strengths of stimulation was also
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apparent in Fig 17. Higher strengths of stimulation produced larger amplitude
LDPs and larger amplitude EPSPs than that seen with lower stimulation strengths
(compare panel B with G and panel D with I). Increasing the strength of MLR
stimulation (same site) during locomotion increased the size of the LDp and
short-latency EPSPs in 3/3 cells examined lwith E or EI(E) pSps]. In two cells
with the eI(E) type, increased strength of stimulation of the same MLR site also
increased the size of the short-latency EPSp (see below). In 2 additional cells,
stimulation of the MLR at strengths subthreshold for locomotion did not produce
LDPs nor any large shorhlatency EPSPs, However, increasing the MLR
stimulation to strengths suprathreshold for the production of locomotion resulted
in the appearance of LDPs and large, well modulated EpSps.

Effects of Different MLR Stimulation Sites

WhìIe the PSP modulation paralleled the LDp duration during the
no¡malized step cycle, a link between the amplitude of the EpSps and the LDps
\{¿ìs not as apparent during stimulation of different MLR sites. Fig. 1g shows
locomotion produced by stimulation of a more caudal MLR site (E) for the same
cell that is illustrated in Fig. 17. A shorter step cycle length was observed for the
t¡ial of locomotion illustrated in Fig. 18, tühile the averaged LDp amplitude was
smaller for stimulation of this caudal MLR site (Fig. 1g), the Epsps were larger in
amplitude than those seen with stimulation of the rostrally located MLR site
(compare Fig, 17C,H ì¡¡ith 18C). However, a longer latency IpSp (in the
hyperpolarized phase of the LDP) (Fig. 18C: arrow) was also present during
stimulation of the caudal MLR site. The fact that a different descending volley
and segmental latency was observed (an overall 1 msec shorter latency), indicates
that different brainstem and spinal interneurons may have been activated during
stimulation of this more caudal MLR site, Thus, comparisons of pSp and LDp
amplitude changes with variation in stimulation strength are valid only with
stimulation of the same MLR site.

Figures 17 and 18 thus illustrate a general finding: stimulation of different
MLR sites may produce PSPs of varying shape and/or latency in the same
motoneuron. Of the I tested motoneurons, differences in latency were observed in
7 of them and differences in the shape of the PSPs (segregated on the basis of pSp

type) were observed in 4. Two additional examples of this site dependency are



44

shown in Figs. 19 and 20. In Fig. 19, slight differences in the descending volley and
segmental latencies between the two sites are seen resulting in a 0.3 msec longer
total latenry (MLR stimulus artifact to onset of the first EpSp) for the
contralate¡al MLR EPSP. while contralateral MLR stimulation prðduces single
EPSPs in this TA motoneuron (A), stimulation of the ipsilateral MLR ¡esults in
multiple EPSPs (D). In Fig. 20, stimulation of the ipsilaterat (E) or contralateral
(J) MLR produced e(I) and EI PSPs, respectively. While LDps were observed in
this SM motoneuron during stimulation of the ipsilateral MLR, the amplitude of
the IPSPs were largest during the depolarized phase of the LDp þossibly
determined by Em) and the amplitude of the EpSps were too small and variable
to show any significant modulation during the step cycle (see next section below).
In contrast, stimulation of the contralateral MLR (J) produced well modulated
EPSPs and IPSPs which were largest during the depolarized and hyperpolarized
phase of the LDP, respectively.

eI(E) and I(E) PSPs . Ä Special Case?

'The fact that stimuluslocked PSPs of the eI(E) type may be observed in
the same cell during locomotion produced by stimulation of one MLR site and not
necessarily observed by stimulation of another site (Fig. 20) leads one to conclude
that this PSP type is not necessarily due to poor health of the motoneuron. In fact,
many of the cells illustrating this PSP type were found to have good resting Em
potentials. The observation that the modulation of the pSps may not reflect
modulated excitatory or inhibitory drive but rather postsynaptic membrane
properties (Em) (Fig. 20D) necessitates a mo¡e detailed examination of this pSp

type if one is to determine whether these PSPs are related to locomotion, or not.

As seen from Table II, the eI(E) and I(E) type make up a small
percentage of the total stimulus-locked PSP types observed in motoneurons with
stimulation of the MLR (14.7 and 9.3Vo, respectively). The averaged peak
amplitudes of the first excitatory PSP in the eI(E) type are generally very small
(0.2- 0.6 mV). However, this small averaged amplitude measurement may not just
reflect the production of a small EPSP with every stimulus delivered to the MLR.
As seen in Fig. 204 (*), large EPSPs were seen following some MLR stimuli but
not in others. A lowered response index (measure of the one-to-one
correspondence of stimulus to response), indicating a failure to produce a
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response with every stimulus or a greater variability than that seen with the E o¡
EI(E) type' may resulr in a small and highly variable averaged Epsp. As a result,
the early (averaged) EPSP was not significantly modulated in amplitude during
the normalized step cycle n 90,9vo of the cases (L0/ll). A positive correlation
between the amplitude of the first Epsp on the strength of MLR stimulation was
also observed for two cells. In contrast, the Ipsp of this type showed significant
modulation throughout the normalized step cycle in gl.gvo of the cases (9/11).
However, in 6 of the 9 significantly modulated lpsps, the Ipsps were larger during
the depolarized phase of the LDP and appeared to be simply determined by Em
during the LDP. These IPSPs were generally very large: averaged peak amplitudes
ranged from '2 to '72.8 mv. In 3 of the 9 cases, significantly modulated Ipsps
were larger during the hyperpolarized phase of the LDp and thus possibly related
to the production of the hyperpolarized phase of the LDp. These IpSps we¡e
small: -1.0 to -1.6 mv (averaged peak amplitude). It is unclear from these
observations whether o¡ not locomotor-related inhibitory input is present (but
masked by another non-locomotor ¡elated inlibitory input) i¡ those cases where
the amplitude of the IPSPs appear to simply follow changes in the Em (Eccles,
1957). A long-latency EPSP was observed ín the 30 msec AC trace window in two
cases. In both cases, this EPSP þeak amplitude: 0,g-1.g mv) was significantly
modulated during the normalized step cycle and largest during the depolarized
phase of the LDP.

Fig. 21 illustrates two additional features concerning the shortJatency
eI(E) PSP type. Panel A demonstrates that in many instances, spike initiation
would occur on the MlR-evoked sho¡t- latency EpSp (see section on MLR_
evoked spiking, below). The substantially large EpSps, which were generating the
action potentials, were not included in the pSp averages illust¡ated in c. coupled
with this selective removal of large Epsps and a low response index, the averaged
EPSPs showed small amplitudes and very small modularion (with high variability)
during the step cycle (D). This figure also shows that long latenry Epsps outside
of the 30 msec AC trace window were capable of producing locomotor-related
spiking in this cell. of the 98 action potentials observed in this sM motoneuron
during this trial of locomotion, 7 were produced by the short-latency Epsp and 29
were generated by the longJatency EPSp. panel c (bottorn trace) also shows (at
least in this case) that the shorhlatency Epsp was not a due to an extracellula¡
field potential.
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The shortJatency IPSPs in the I(E) type were significantly modulated
during the normalized step cycle n only 42.9vo of the cases (3/7 different MLR
t¡ials in 6 different cells), of these, 2 of the 3 were largest ouring itrè depolarized
phase of the LDP and may ¡uus simply been determined by changes in Em).
These IPSPs were very large (-4.0 mv averaged peak amplitudeÐ. onry 1 of the 3
modulated IPSPs were largest during the hyperpolarized phase of the LDp (-1.0
mv averaged peak amplitude) indicating that it may be related to the production
of locomotion. During locomotion trials in 4 of the 6 cells (which showed either
IPSPs which were largest during the depolarÞed phase of the LDp or non-
significantly modulated IPSPs during the step cycle) locomotion was not evident in
recordings from ENGs on the ipsilateral side. Although the cells possessed LDps,
the normal excitatory and inhibitory drives upon motoneurons (Jordan, 19g3)
present during well-formed locomotion may not have been optimal o¡ at least well
synchronized to the delivery of the MLR stimulus. In one cell, a long latency
EPSP of 0.6 mV þeak amplitude) was observed within the 30 msec triggered AC
trace wi¡dow. It was significantly modulated during the step cycle and largest
during the depolarized phase of of the LDP. In this cell, spontaneous (non-
stimulus triggered) firing and LDP amplitude modulation was very pronounced.

MLR-evoked Spiking and the Issue of Reciprocity

During fictive locomotion produced by stimulation of the MLR, two basic
firing patterns (intracellular recording of single motoneurons or extracellular
recording of ENGs) we¡e observed. This is best illustrated in Fig, 22 for
intracellular and extracellular recordings obtained f¡om different experiments.
comparison of the position of the action potentials to the delivery of each MLR
stimulus for the sMAB motoneuron plotted in A shows that the motoneu¡on
spiking does not (for the most part) occur at any fixed latency past the MLR
stímulus. Thus, the firing is not dependent upon any particular Epsp produced by
the MLR stimulus and may, therefore, be termed stimulus-independent firing.
This type of firing is consistent with the idea that with this form of MlR-evoked
locomotion, stimulation of the MLR is insufficient in synchronizing the firing of
the spinal interneurons interposed between the MLR and the spinal motoneuron.
Even though stimuluslocked EPSPs may be obsewed in the motoneurons they
may not be large enough in amplitude to elicit action potentials. In contrast, the
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spiking produced in the TA motoneuron illustrated in panel B occurs on the rising
phase of an EPSP at a fixed latency from the MLR stimulus. Thus, the firing is
timed to the MLR stimulus and may be termed stimuluslocked or stimulus-
dependent füing. This type of MlR-evoked locomotion is consistent.with the idea
that the MLR stimulus is sufficiently st¡ong to result in the synchronous firing of
the spinal inte¡neurons interposed between the MI_R and the spinal
motoneu¡ons. In this case, the interneurons produce fixed-latency Epsps of
sufficient amplitude to result in the production of action potentials in the spinal
motoneurons. Examples of stimulus-independent and -dependent spiking (and an
intermediate stage between) recorded from a large number of motoneurons
(ENGÐ can be seen nEig.22c-8. The synchronization of the motoneuronal pool
to the MLR stimulus is indicated by the appearance of bu¡sts of activity in D and
E, Just as increasing the strength of stimulation to a particular MLR site will
result in larger EPSPs and LDPs in a particular motoneuron (see above),
increasing the strength of stimulation to the MLR may also result in greater
stimulus-dependent spiking.

The fact that stimulation of the MLR may produce stimulus- dependent
firing which is modulated (phasic) during locomotion may provide clues
concerning the organization of the cells within the spinal cord which may be
related to the generation of locomotion. This is illustrated in Fig. 23 for
recordings from two unidentified extensor motoneurons and various ipsilateral
agonist and antagonist ENGS. It is clear in these examples that stimuluslocked
spiking (ENGs) and PSPs (intracellular records) are well developed and that this
activity is highly modulated during the step cycle. For the extensor motoneuron
shown in A-C, stimulus-locked EIE PSPs a¡e present during the hyperpolarized
phase of the LDP (c). Taking into consideration the time that would be required
for conduction of the large unit action potential (bottom trace) to reach the TA
ENG recording electrode, the activity in this single unit in an antagonist ENG
may be strongly correlated to production of either the stimuluslocked EpSp o¡
IPSP' Evidence to suggest that activation of the TA single unit is related to the
appearance of the IPSP, rathe¡ than the EPSP, comes from the observation that
other TA units (B) show activity when only lpSps a¡e present in the extenso¡
motoneuron. In addition, in other step cycles (not illustrated) activity in the large
TA unit was always associated with the presence of an IpSp and independent of
the presence of any EPSP in the extensor motoneuron.
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Figure 23D-F illustrates the high correlation of stimulus- locked pSps and
spiking in a group of ipsilateral agonists during locomotion produced by
stimulation of the MLR. Examination of the latencies of onset ioi each of the
events shown in F and taking into conside¡ation the time required for conduction
of the action potentials to the sM ENG and the even more distally located MG
ENG' indicate that these extensors are probably activated at a similar latency
during this trial of locomotion, The similar activation of this group of agonists
further relates the stimulus-locked EPSPs to the process of locomotion.

The behaviour of MlR-evoked pSps duríng locomotion presented in the
above results sections indicate that they are highly related to the production of
LDPs and locomotion. Indeed, the reciprocal organization between intracellularly
recorded MLR- evoked IPSPs during the hyperpolarized phase and the spiking of
antagonist motor units and the common excitation of agonist moto¡ units (Fig. 23)
suggests that the MlR-evoked PSPs are somehow related to the activity of the
spinal neurons generating the locomotion. While the demonstration of a
reciprocal organization between antagonists during the locomoto¡ step cycle does
not necessitate a causal relationship between the two events this interpretation is
greatly strengthened in light of the evidence presented inFig.24.In this example
of MlR-evoked fictive locomotioq the hype¡polarized phase of the LDp appears
to spontaneously 'drop out' during the locomoto¡ step cycle. This phenomenon
occur¡ed following an extensive condition-test stimulation paradigm between the
MLR and the medial reticula¡ formation. This 'drop out' does not simply reflect a
prolonged depolarized phase of the LDP. Rather, examination of the spiking
pattern of the MG motoneuron indicates that the cell still receives a rh¡hmic
excitatory drive which is separated by a period of reduced or abolished spiking.
Examination of the bottom trace reveals that in the reduction o¡ absence of
rh¡hmic inhibition to the MG motoneuron, rhythmic excitatory drive to the TA
ENG (antagonist at the same joint) is likewise reduced or abolished. This strongly
suggests that the the MLR-evoked IPSP observed during the hyperpolarized phase
of the LDP in the motoneuron in Fig. 23 and the spiking in the antagonist ENG
are causally related and strengthens the idea that the MlR-evoked psps are not
un¡elated phenomena which are merely coincidental with the generation of LDps
and locomotion,
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Spinal Neurons and Their Activation from the MLR

The segmental latency results presented in Table Itr indicate that the
excitation and inhibition of spinal motoneurons from stimulation-of the MLR is
accomplished by the activation of at least 1 (and possibly more) interposed spinal
interneurons. This conclusion is supported by recordings made from spinal
neurons located in the same lumbar spinal segments f¡om which motoneulon
recordings were obtained (cf. Baev et al., 1979; Feldman and Orlovsþ, 1975;
McCrea et al., 1980; Orlovsþ and Feldmaq 1972; pratt and Jordan, 19g7).
Recent work using the transneuronal labelling technique (Jankowska, 19g5) has
demonstrated that many of the last-o¡der spinal interneurons which are active
during the process of locomotion project to spinal motoneurons located in the
same lumbar segments (Noga et al., 1987b),

The activity of 23 spinal neurons in the lÁ-L7 spinal segments was
examined during locomotion produced by stimulation of the MLR. Many of these
cells were synaptically activated or i¡hibited by stimulation of various peripheral
nerves (sural, saphenous, tibial, vastus, etc,) although no systematic attempt was
made to identiff these cells on the basis of their activation p¡operties from
peripheral stimulation, MlR-stimulus-evoked responses were measured in 13

cells' Average latencies for activation of these cells by stimulation of the MLR
ranged from 5'5 to 8,1 msec, These latencies are appropriate for the role of these
spinal neurons in mediating MlR-evoked PSPs in motoneurons found in the same
Iumbar segments. The responses fo¡ some cells were highly variable (one cell was
not synaptically driven by MLR stimulation at I Hz although it was driven at 20
Hz stimulation). The location within the spinal cord for some of the spinal
neurons is shown inFig.27D.

All recorded cells were rhythmically active dwing locomotion produced by
stimulation of the MLR. An example of the activity of a spinal neuron from the
rostral L7 spinal segment is illustrated in Fig. 25. This cell was rhythmically active
and out of phase with the activity of the ipsilateral TA ENG. As seen in the raw
reco¡d and the averaged record in B and c, respectively, this cell was activated
from the MLR after a 6.6 msec latency, The time cou¡se of excitation in this
extensor-related cell was nearly identical to that seen for excitation of an LG
motoneuron in the same experiment (6.7 msec), indicating that the two cells may
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have been receiving excitation f¡om common interneurons (segmental latency for
activation of either cell was calculated as approximately 1.g msec). With
termination of the MLR stimulus, this extensor-related neuron (like one other
recorded from in this experiment) showed an after-discharge whióh was inhibited
by stimulation of the ipsilateral sural nerve (not illustrated). This indicates that
this cell may have been related to the inhibition of flexor activity during
locomotion produced by stimulation of the MLR.

Further evidence which relates the activity of these spinal neurons to the
process of locomotion is shown in Fig 26. As illustrated in d stimulation of the
MLR produced rh¡hmic activity in a flexo¡-related inte¡neuron, stimulation of
the MLR also produced a shortJatency response (mean latenry of g.1 msec). In
additior¡ this cell responded to stimulation of the ipsilateral FD! sural (Fig.
26A3) and posterior tibial nerves and to stimulation of the contralateral sural and
superficial peroneal nerves (not illustrated). InngJasting discharges to
stimulation of some of these neryes \ as also observed. An interesting feature of
the cell illustrated in panel B was that it showed long bursts of activity (separated
by relatively less active periods) when a t¡ain of 4 stimuli we¡e delive¡ed to the
MLR (this r,vas in addition to the rh¡hmicity which could be induced with tonic 20
Hz stimulation of the MLR). when this stimulation paradigm (train of 4 stimuli to
the MLR) was given in a repetitive fashion (every second), locomotorJike activity
was observed, C illustrates that tonic stimulation of the MLR (20 H2,200 u,A, 1

msec duration) can produce tonic activation of a flexor-related spinal neuron
during the interburst period of the step cycle (total latenry for the stimuluslocked
spike was 6.7 + /- 1,3 msec), Thus the presence of small stimulus-locked EpSps
during the hyperpolarized phase of the LDp (cf Fig. 15) in many motoneurons
may be the result of the maintained (but reduced) activity of some spinal neurons
during their interburst period. This is consistent with the idea that the large
EPSPs present during the depolarized phase of the LDp are produced by the
same spinal interneurons that produce the smaller EpSps during the
hyperpolarized phase of the LDp.

Brainstem and Spinal Cord Cooling During Fictive I¡comotion

The descending pathways mediating the production of short- latency
MlR-evoked PSPs and the relationship of these pSps to the production of LDps
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and locomotion were investigated by reversible cooling of selective quadrants of
the spiaal co¡d or specific regions of the brai¡stem. As shown in Fig. 1,

temperatures required to block synaptic t¡ansmission could be. achieved by
cooling specific regions of the brainstem. Likewise, temperatures required to
block nerve fibe¡ transmission in the ventrolateral funiculus (wF) of the spinal
cord could be achieved by cooling of the vLF (Fig. 2). These temperatures were
also shown to be cool enough to block synaptic transmission, bilaterall¡ and
reduce (but not completely block) fiber transmission through the ipsilateral
dorsolateral funiculus at the level of cooling. Temperatures sufficient to block
fibe¡ t¡ansmission in the dorsal half of the spinal cord (and synaptic transmission,
throughout) could also be attained by dorsal cord cooling.

Cooling of the Brainstem During MLR-Evoked l¿comotion

coolíng of the MRF was performed in areas that either facilitated MLR-
evoked locomotion (same experiment) during concurrent stimulation or in areas
that could produce locomotion when stimulated (cf. Fig. 4), that have been shown
to receive projections from the MLR (steeves and Jordan, 19g4) and that abolish
MlR-evoked treadmíll locomotion when cooled (shefchyk et al., 19g4). cooling
was performed during intracellular recording from 4 motoneurons (3
experiments). A total of 6 cooling t¡ials we¡e obtained. cooling of the MRF to
probe temperatures of 9-14 degrees c could either abolish (2 trials f¡om different
cells) or significantly reduce (remaining trials) MlR-evoked fictive locomotion as
measured by LDPs and ENG recording. These effects were ¡eversed upon rewarm
of the MRF. In 3 cells exhibiting MLR- evoked Epsps without the presence of
spiking, the EPSP was decreased in amplitude concurrent to the ¡eduction in LDp
amplitude (5 trials) and we¡e lost in the same trial in which locomotion was
abolished (1 trial), In one cell MlR-evoked psp data was not obtainable as the
motoneuron spiked throughout the cooling trial.

Reversible loss of MlR-evoked locomotion with cooring of the MRF for a
SMAB motoneuron is illustrated in Fig. 27. L,ocomotion was aborished (c) at
cooling probe temperatures of 11 degrees c, At an intermittent probe
temperature (B) (13 degrees c), a temporary decrease in the step cycle length and
concurrent reduction in the numbe¡ of motoneuronal spikes/burst (decrease from
25.4 + /- 6.6 to 7,4 + /- 1,0) was observed. ENG amplitudes we¡e also reduced



52

during this trial of locomotion. upon MRF rewarm, the number of spikes/burst
approached control levels (D). It should be noted that the step cycle length
increased in the other five MRF cooling trials.

concur¡ent decrease in the amplitude of the LDp and MLR- evoked psps
in an FDL motoneuron during cooling of the MRF is ilrustrated in Fig. 2g. A
decreased ENG amplitude and an increased step cycle length was âlso observed
during cooling of the MRF (B). These changes were reversed upon rewarm of the
MRF. As shown in D-F, the amplitude of the MlR-evoked Epsp was reversibly
decreased during cooling and rewarming of the MRF. only small amplitude
EPSPs and IPSPs remained following cooling. At probe temperatures of 1.2.5

degrees, the PSP amplitudes were so decreased that modulation during the step
cycle were insignificant. with rewarming of the MRF, the locomotion was more
vigourous (larger amplitudes of the LDp and ENGs). concurrentl¡ larger
amplitude EPSPs than that seen in the precool control trial we¡e observed.
Throughout the cooling trial, no change in the descending volley latency was
found.

The hyperpolarized phase of the LDp was sometimes observed to 'drop
out' during cooling of the MRF. This is illustrated in Fig. 29 for an I-G
motoneuron. concur¡ent to the loss of the hyperpolarized phase of the LDp, the
rh¡hmic excitatory output of the antagonist motoneuron pool across the same
joint (TA ENG) was abolished. Rh¡hmic excitation of the LG motoneuron
during this prolonged depolarized phase of the LDp was still present since the cell
still showed small Em oscillations, In addition, the vR filament (extensor agonist)
was rhythmically active. It should be noted during this loss of rhythmic inlibition,
the interburst period of the vR filament was reduced in duration compared to
that observed during the presence of the hyperpolarized phase of the LDp. This
reciprocal organization of excitation and inlibition between antagonists at the
same joint was similar to that seen following an extensive stimulation paradigm of
the MLR and the MRF in a different experiment (Fig.ZÐ.

' As the cells in the MRF region capable of generating locomotion when
chemically stimulated are widely distributed (Fig. 7), complete abolition of MLR-
evoked locomotion will depend upon the placement (and subsequent area of
synaptic block) of the cooling probe within the MRF region. The state of vascular
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perfusion surrounding the cooling probe may also determine the temperatures
required for abolition of MlR-evoked locomotion during cooling of the MRF.
This would be expected to fluctuate with time after placement of the cooling
probe into the brainstem. This was observed in multiple cooling triaÍs of the same
MRF site in one experiment: probe tip temperatures sufficient to abolish MLR-
evoked locomotion increased with prolonged placement of the cooling probe in
the sarne site,

Cooling of the Spinal Cord During MLR-Evoked I¡cornotion

Reversible cooling of selected regions of the spinal cord (T12 region)
during MLR stimulation was found to be an effective method by which one could
investigate the location of descending pathways required to produce locomotion.
In general, cooling of the vLF was found to be an effective method to block
locomotion as monitored by extracellular and int¡acellular recordings. In contrast,
cooling of the do¡sal half of the cord (blocking synaptic transmission throughout
the cooled r12 spinal cord segment) never abolished locomotion and on]y rarely
affected the amplitude of the ENGs or LDPs.

ENG Recordings

An example of the effect of cooling of the VLF on MlR-evoked
locomotion is illustrated in Fig. 30. l¡comotion was monitored bilaterally with
ENG electrodes. cooling of the right vLF abolished locomotion on the right side
of the animal and ¡educed the amplitude of the ENG activity on the left side. In
this case, the rhythmic activity of the L MG was also lost, In 25 extradural VLF
cooling trials in which ENG activity was monitored, MLR- evoked locomotion (as
monito¡ed by the amplitude of the ENG ¡ecordings) began to decrease at
temperatures around 12-5 degrees and was abolished at temperatures of 4.3 + /-
3.2 (range 10-0 degrees). (Temperatures required for the ¡emoval of ENG phasic
activity during intradural VLF cooling were slightly higher: 7.2 + /- I.6 (range 9-6
degrees). In many cases, extensor activity was abolished slightly sooner than flexor
activity on the same side,
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The effects of cooling of the VLF on ENG activity during MlR-evoked
locomotion suggest that the signal for the production of locomotion descends
bilaterally in the vLF of the spinal cord, Regardless of the side of stimulatíon or
the side of VLF cooling, locomotion as monitored by the ENG recording
electrodes was always abolished on the side of cooling. However, in some cases,

locomotion observed with ENG recording electrodes was also abolished on the
contralate¡al side during unilateral cooling of the vLF. However, it is not clear
from ENG recordings alone whether or not the reduced or abolished activity in
the hindlimb nerves contralateral to the cooling site is the result of the removal of
a crossed descending signal on the cooled side, It should be noted that in some
cases the loss or reduction of contralateral locomotion with unilateral VLF
cooling may depend upon the functional integrity of the pathways involved in the
production of locomotion on that side. For example, in one experiment cooling of
the left VLF abolished right-sided (and left-sided) locomotion produced by
stimulation of the left MLR. However, stimulation of the right MLR was only
capable of producing left-sided locomotion implying that transmission in the right
side of the spinal cord was insufficíent fo¡ the production of locomotion on that
side. The observation that locomotion on both sides was abolished simultaneously
during cooling of the left vLF indicates that the generation of the locomotion was
related to a common signal descending in the left side ofthe spinal cord and does
not support the idea that the loss of locomotion was the ¡esult of the block of fiber
transmission in the contralateral side of the spinal cord. The idea that the loss of
locomotion was a result of the block of synaptic transmission at the cooling site is
not supported by the observations that cooling of the dorsal part of the spinal cord
to temperatu¡es that block synaptic transmission throughout the spinal cord
cooling area never abolished MlR-evoked locomotion (see below).

Intracellular Recordings

A total of 40 (32 VLF and 8 dorsal cord) reversible spinal cord cooling
trials during MlR-evoked locomotion we¡e obtained during intracellular
recording from 21. lumbar motoneurons. From these cooling trials, an analysis of
the relationship between the LDP and the MlR-evoked pSps was completed.
During cooling of the VLF, the latency for arrival of the descending volley at the
cord dorsum recording electrode was usually increased by 0.3 msec but rarely
more (range 0-0.5 msec). On some occasions, no change was observed, During
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cooling of the vLF, the loss of locomotion as monitored with ENG recordings was
accompanied by a reduction i¡ the size of the LDp. concurrent to the reduction
in size of the LDP, the amplitude of the MlR-evoked Epsps and the amount of
amplitude modulation seen during the normalized step cycle were.decreased. The
complete abolition of the LDp was dependent upon the side of the spinal cord
which was cooled and evidence for a crossed spinal pathway capable of generating
LDPs (and PSPs) was obtai¡ed. In most cases, the complete loss of the LDp was
associated with the complete loss of MlR-evoked Epsps although ¡esidual lpSps
were sometimes seen. In cases where LDps we¡e not abolished, modulated MLR-
evoked PSPs ¡emained. cooling of the do¡sal part of the spinal cord did not
abolish MlR-evoked locomotion, LDps or MlR-evoked pSps,

of the 32 vLF cooling trials completed, LDps were completely aborished
in 22 of the attempts. Probe temperatures required for the comprete brock of
LDPs with extradural cooling of the vLF was 2.g + /- 3.2 degrees (range 9 to -2
degrees). Probe temperatures required for complete block of the LDp with
intradural cooling of the vLF was 7.0 + /- 1..4 degrees (range g to 6 degrees). In
19 of the trials in which LDPs were abolished, residual pSps were found. In cases
whe¡e EPSPs ¡emained (9), the amplitude of the Epsps were reduced (compared
to the peak size in the control depolarized phase of the LDp) 47-96vo and in all
cases were equal or smaller in amplitude than that seen during the hyperpolarized
phase of the control LDP. In 14 cooling trials, IpSps \¡r'e¡e not abolished
completely wíth the loss of LDPs. In l0 of these trials the residual Ipsp was
reduced n size (38-86vo) from that seen in the control LDp (hyperpolarized
phase), However, in 3 trials (1 cell) the residual Ipsps we¡e as large as that seen
during the control locomotion trials, ln the 22 trials in which LDps were
abolished, MlR-evoked EPSPs were completely abolished in g of the cases and
IPSPs in two of the cases. Thus with the loss of the LDp during cooling of the
vLF, the g¡eatest effect on MlR-evoked pSps seems to be the removal o¡
¡eduction in their amplitude. while Ipsps may be completely abolished with
cooling of the vLF in some cases, they are more often than not, left as residual
PSPs with the loss of MlR-evoked LDps. while a reduction in Ipsp amplitude is
often seen with cooling of the vLF, some residual lpSps are as large as that seen
in the control locomotion trials,
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complete removal of the LDP and shortlatency MlR-evoked Epsps with
cooling of the VLF of the spinal cord is show¡ in Figs. 31. and 32. In Fig. 31,
cooling of the left (ipsilateral) vLF to probe temperatu¡es of 1,7 degrees
abolished left MLR- evoked locomotion (LDps and ENG rhythmib activity). In
addition, the modulated, MlR-evoked EpSps seen during control trials of
locomotion (middle and lower panels in A) were completely lost with cooling of
the vLF (lower panel in B), This effect was ¡eversed with rewarming of the vLF
(c). It should also be pointed out that r¡¡ith lower MLR stimulation strengths in
the rewarm locomotion trial, smaller amplitude LDps and short-latency Epsps
(with a smaller amplitude of modulation) we¡e observed. In this example, cooling
of the VLF simultaneously blocked locomotion and MlR-evoked EpSps.

Figure 32 also demonstrates the loss (B) of the MlR-evoked LDp and
shortJatency EPSP (A) in a left LG motoneuror¡ with cooling of the left vLF. In
this cooling trial, the LDP was abolished at probe temperatures of 2 degrees. The
ipsilateral rA ENG showed some phasic modulation (with ¡educed interburst
inhibition) to temperatu¡es of 0 degrees, At 0 to -l degrees (B), only tonic
excitation of the TA ENG remained. No LDps were observed in the LG
motoneuron. At this temperature, the phasically modulated MlR-evoked Epsp
(which was largest during the depolarized phase of the LDp) was absent.
However, a longer- latency IPSP ¡emained. This IpSp was of simila¡ segmental
latency as that seen in the control hyperpolarized phase (latency determined from
the control traces which showed the smallest Epsp: time of onset dete¡mined as
the point of intersection of the slope of the Ipsp with the baseline Em). However,
because of the presence of a shorter latency Epsp in the control it was difficult to
determine the latency of onset of the Ipsp to an accuracy of less than 1 synaptic
delay. It is thus impossible to determine whether the ¡esidual IpSp was the result
of activation of the same interneurons producing the Ipsp in the cont¡ol situation
or the result of the activation by a newly revealed contralate¡al pathway. The
amplitude of the residual IPSP in Fig. 32 is plotted in A (bottom panel) which also
shows the amplitude of the MlR-evoked control IpSp ,¡¡ith respect to Em. It can
be seen that the amplitude of this IPSp approximates the Ipsp amplitude seen
during the hyperpolarized phase of the LDp (most negative Em levels) and at Em
potentials that are even slightly more depolarized, This Ipsp is also larger in size
than that seen at similar Em levels in the cont¡ol locomotion trial. [It is interesting
that in this same cell, cooling of the contralateral vLF was also conducted with
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similar results: locomotion (ENG modulation and LDps) was abolished, the short-
Iatency MlR-evoked EPSP was greatly reduced (but nor abolished) and an IpSp
with similar amplitudes as that seen during the hyperpolarized phase of the LDp,
left residual. In additior¡ cooling of the dorsal cord was found to have no
significant effect on the MlR-evoked locomotion o¡ psps over that seen in the
control trials.l

While cooling of the ipsilateral VLF blocked the MlR_evoked short_
latency EPSP in the LG motoneurorL it did not abolish the tonic excitation of the
L TA (as seen by the maintained MIR- evoked excitation in the ENG recording).
In fact, aside from the slight change in descending volley latency (0.3 msec longer)
caused by cooling of the spinal cord, no change was noticed in the latency for
MlR-evoked excitation of the TA ENG (10.5 msec in control) after cooling of the
ipsilateral vLF (determined by spike triggered averaging of the raw TA signal).

Another interesting feature linking the excitation of extensors and the
i¡hibition of flexors during MlR-evoked locomotion is revealed in Fig. 32. During
rewann of the ipsilateral vLF and the reestablishment of MlR-evoked
locomotion, the depolarized phase of the LDp occasionally failed to occur (Fig
32c). concurrent to the loss of excitation to the LG motoneuron, a reduced
inlibitory input to the ipsilateral rA during the step cycle was seen. This was
evidenced as a reduced interburst period (maintained low level excitation)
between the higher amplitude excitatory bursts. upon complete rewa¡m of the
ipsilateral vLF, normal locomotion (ENG modulation and LDps) was restored.
In addition, appropriately modulated MlR-evoked pSps we¡e seen. This
reciprocity is similar to that seen during MRF cooling (Fig. 29) except that the
depolarized phase rather than the hyperpolarized phase of the LDp and the
inhibition rather than the excitation of the antagonist failed to occur,

Cooling of the VLF during MlR-evoked locomotion also revealed a
composite nature to the IPSP observed in the MLR- evoked eI psp type. This was
observed in 2 of the 3 motoneurons with this psp type that we¡e tested. As seen in
Fìg' 33A2, stimulation of the MLR produced eI psps in this SM motoneuron. The
IPSPs were largest during the depolarized phase of the LDp (3) and thus
positively co¡related to membrane depolarization (4). Cooling of the VLF
decreased the amplitude of the LDPs, EpSps, and lpSps (B). No significant
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modulation or Em dependence of the MlR-evoked IPSP was seen, However,
upon rewarm (C) of the VLF the IPSPs were found to be significantly modulated
during the step cycle, being largest during the hype¡polarized phase (3). In
addition, the IPSPs were positively correlated with membrane hyperpolarization
(4). This complete ¡eversal in the behaviour of the IPSPs during MlR-evoked
locomotion and following vLF cooling indicates that in the control situation there
are either two different (except for latency) components to the IpSp or that there
may be a failure to inlibit the interneurons responsible for the production of the
IPSPs durhg the depolarizing phase of the LDP. No causal connection to either
suggestion is possible from these experiments.

While cooling of the spinal cord to temperatu¡es sufficient for the block
of fiber transmission i¡ the ipsilateral vLF always blocked the rhythmic activity of
the ENGs on the side of cooling it did not always block the LDps in the
intracellulariy ¡ecorded motoneurons. of the total 32 vLF cooling trials, 10 trials
failed to completely abolish the LDPs (all trials at equivalent probe
temperatures). Of the 12 trials during which locomotion was produced by
stimulation of the contralateral MLR (to the side of motoneuron recording)
cooling of the ipsiìateral VLF failed to abolish LDPs in 6 of the trials (50Vo).

Residual LDPs were left less frequently with other combinations of MLR
stimulation and VLF cooling: 40Vo (2/5) with ipsilateral MLR and contralate¡al
YLF; 16.7Vo (2/12) vlth ipsilateral MLR and VLF; and \Vo (0/3) wtth
contralateral MLR and VLF.

In all cases in which LDPs were not abolished with cooling of the VLF,
MlR-evoked PSPs were present. Concurrent to decreases in LDp amplitude of
50-83Vo were significant reductions in PSP amplitudes, As a result of significant
decreases in the amplitudes of the MlR-evoked PSPs (42-7lVo). the amplitude
modulations of the PSPs were not always significantly modulated during the
normalized step cycle.

Evidence for the suggestion that pathways descending from the opposite
side .of the spinal cord may contribute to the production of LDps and MLR-
evoked PSPs is presented in Figs. 34 and 35. Fig, 34 illustrates the responses of a
Ieft TA motoneuron to stimulation of the right MLR before and after cooling of
the left VLF. Cooling of the VLF (1 to 0 degrees) reduced but did nor abotish the
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LDP in this motoneuron (A). In additíon, a longer latency (1 msec) MlR-evoked
EPSP was revealed (c). Exarnination of the cord dorsum recordings in B shows
the portion of the potential that was lost during cooling of the vLF. No change in
the descending volley latensy can be detected.

Further evidence that a crossed spinal pathway may contribute to the
production of locomotior¡ LDPs and MlR-evoked psps in motoneu¡ons is
illustrated in Fig. 35. In this unidentified motoneu¡on (which received Ipsps from
stimulation of the nerve to Vast), stimulation of the left MLR produced EIE psps
(A). cooling of the right vLF decreased the amplitude of ENG modulation and
LDPs on the left side but did not completely abolish locomotion (B). In addition,
a longer-latency EPSP was abolished with cooling of the contralateral vLF. upon
rewarm of the cord (c), the longer latenry Epsp and LDp was reestablished. As
illustrated in D, no effect was observed on LDps or MlR-evoked psps with
cooling of the dorsal part of the spinal cord to temperatures of 0 to -2 degrees.

A positive correlation between LDp amplitude and the amount of MLR_
evoked PSP modulation was observed during vLF cooling trials to block
locomotion (Fig. 36). PSP modulation was determined in those motoneurons
which showed simple E or distinct EI PSP types. The degree of modulation was
determined by the difference between the maximum and minimum pSp

amplitude, In cases of EI PSPs, the amplitude modulations of the excitatory and
inhibitory components were added together to obtain an estimate of MLR-
excitatory and inlibitory input (synaptic drive) onto the motoneu¡on during the
LDP. The results plotted in Fig 36, indicate that psp modulation increases with
larger LDPs.
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Discussion

The MlR-Reticulospinal Pathway

Cellular Äctivation of I¡comotion and the MRF

The ¡esults of this study demonst¡ate that cell bodies in the pontine and
medullary medial reticular formation are capable of producing treadmill
locomotion. The location of the cell bodies in the lower b¡ainstem which are
capable of initiating locomotion corespond to the MLR fiber terminations
reported previously (steeves and Jordan, 1gg4) and to the site where cooling to
block synapse transmission reversibly abolished locomotion produced by electrical
stimulation of the classical MLR (shefchyk et al., 19g4). The present study
extends the MRF region in the cat previously shown to be capable of generating
locomotion when electrically stimulated (Garcia-Rill and skinner, 1.9g7a; Mori et
al., 1978a" 1980b) and shows that an area from the midline to I2.0 can be
stimulated electrically to induce locomotion, This conJirms the previous finding by
Mori et al. (7978a) that midline stimulation is effective for production of
locomotion, but is in contrast to the report by Garcia-Rill and skin¡er (19g7a)
who found that midline stimulation did not produce locomotion, The results of the
present study are consistent \¡¡ith the concept that rridline stimulation can produce
locomotion by activating descending MLR fibers which have been observed to
cross through and terminate within the raphe nuclei in the pons and medulla
(steeves and Jordar¡ 1984). The fact that the elect¡ical threshold for the initiation
of locomotion by stimulation of the MRF is higher than that observed for the
MLR (Mori et al., 1980b) or PIJ (this study) suggests that a rarger volume of
tissue must be stimulated to produce locomotion, possibly due to a more diffuse
distribution of neurons within the reticular fo¡mation. slight differences in the
effective MRF sites and in the relative electrical thresholds for MRF-evoked
locomotion (compared to the MLR) reported in this study and by Garcia-Rill and
skinne¡ (1987a) may simply reflect diffe¡ences in the type of stimulating electrode
used and the consequent volume of tissue activated with each pulse.

The variability in stepping patterns observed with MRF stimulation
suggests that there is a somatotopic organization for the initiation of locomotion
within the reticular fo¡mation. Although no somatotopic organization was
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apparent when data between animals was grouped together, electrical stimulation
of adjacent areas in individual animals could produce different steppíng pattems
during locomotion. A somatotopic organization for individual muscles may also be
present. The fact that some drug-induced locomotion trials showéd the loss of
phasic activity in specific muscle groups implies that the cell bodies which activate
those muscle groups are outside of the infüsion area and that thet activity in the
electrically induced locomotor trials were the result of activation of passing fibers.
similarly, recruitment of phasic EMG responses implies spread of the drug to cell
bodies outside of the electrical stimulation site. similar site-specific effects were
observed by Ross and sinnamon (1984) for electrical stimulation of the medulla in
rats and by Garcia-Rill and skinner (1987a) in cats, A locomotor somatotopic
organization within the MRF is supported by observations that some
reticulospinal neu¡ons only project to cervical spinal cord levels (peterson et al.,
1975) and that the füing patterns of reticulospinal cells may be li¡ked to the
activity of individual muscles from particular limbs during locomotion (Drew and
Rossignol, 1984). other factors, such as the excitability levels of the brainstem and
spinal cord, may affect the abitity of the brainstem to produce locomotion when
stimulated (Mori et al,, 7977,1982). How this affects the ¡ecruitment of individual
limbs or muscles during controlled locomotion is unclear,

Stimulation of the MRF by either electrical o¡ chemical means produced
postural changes prior to the onset of locomotion. our data indicate that the
postural changes occur in those monito¡ed extensor muscles that are rh¡hmically
active during electrically or drug-induced locomotion. For example, after infusion
of GA into the MRF an increase in EMG activity prior to stepping was found in
the forelimb extensors which were rhythmically active during locomotion. In
contrast, the hindlimb extensors were neither tonically nor phasically active after
infusion of GA Electrical stimulation of this area produced postural and
locomotor activity in the hindlimb extensors, possibly by activation of the fibers of
cells located more rostrally in the brainstem, This has been suggested to explain
the effects of ventral tegmental field stimulation described by Mori and co-
wo¡kers (1978a" 1980b), which produces increased hindlimb extensor activity and
locomotion when electrically stimulated. Postural adjustments prior to the onset
of locomotion have previously been reported during stimulation of the MLR
(Garcia-Rill et a1., 1985; Mori et al., 1980a) and its reticular formation projection
sites (Mori et al,, 19784 1980b, 1982). Thus, while the MLR relays its descending
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command signal for locomotion, it may also influence parallel postural systems
also located in the MRF. The degree of functional dependence or independence
of these systems ¡s¡1¿ins to be determined.

Although the present study was not intended to be an exhaustive
neuropharmacological examination of the transmitters involved in the descending
locomotor pathways, it does contribute to our understanding of them. It
demonstrates that injection of GA into the MRF was effective in the production
of locomotion, Infusion of either DLHCA or PIC onJy produced decreases in the
electrical th¡eshold fo¡ the initiation of locomotion from these same sítes. From
these results we suggest that reticulospí¡al cells related to the production of
locomotion possess receptors for excítatory amino acids and may only be partially
under the control of a GABAergic inhibitory input. (Alternatively, receptors for
excitatory amino acids may be located on the presynaptic terminals of pathways
terminating on reticulospinal cells). similar results have been reported in previous
studies on cats (Garcia-Rill and Skinner,l987a) and stingrays (Livingstoq 19g6).
This is in agreement with iontophoretic studies on medial reticulospinal neurons
(Greene and Carpenter, 1985; Tebecis,lg73). These results are different from
those obtained with drug infusions into the MLR of cats, where pIC is effective in
producing locomotion but GA is not (Garcia-Rill et al., 1985). However, infusions
of GA into the MLR of íntact ¡ats has recently been reported to substantially
increase the locomotor activity in the freely-moving animal (Brudzynski et a1.,

1986).

The identity of the neurotransmitter(s) released by the MLR at the MRF
relay is still unknown. Garcia-Rill and Skinner (1987a; Garcia-Rill et al., 19g7)
suggest that a cholinergic and/or SP input from the MLR to the reticular
formation may act to trigger locomotor events. However, recent studies using both
the fictive (Noga et al,, 1987a) and t¡eadmill locomotor preparations (Noga et al.,
unpublished) demonstrate that no significant alteration of the electrical threshold
for MlR-evoked locomotion is seen following the intravenous administration of
the acetylcholine antagonists mecamylamine and atropine. The fact that few cells
within the classical MLR contain sP (Læger et al., 1983) is also in contrast to this
proposal, Thus, fibers from the MLR locomotor region contain other
neurotransmitters which are involved in the transmission of the signal for
initiation of locomotion through relays wíth the b¡ainstem. The release of an
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excitatory arrino acid at the MRF relay site may be infe¡red from the present
results, but more evidence is needed to confirm this.

MLR Descending Pathway

The results of the present study demonstrate that extended spinal dorsal
hemisections or isolation of the lateral tegmentum caudal to the MLR does not
abolish MlR-evoked locomotion, The results also demonstrate that cooling of the
MRF can abolish MLR- evoked locomotion and thus conlirm the results obtained
by shefchyk et al. (1984). Furthermore, lesions of the vLF produce deficits in
locomotion produced by stimulation of the MLR. The importance of the vLF for
the mediation of MlR-evoked locomotion has been reported previously (steeves
and Jordan, 1980), The results thus provide evidence for the hypothesis that the
classical MLR produces locomotion by activation of reticulospinal cells in the
MRF which descend in the vLF of the spinal cord (steeves and Jordan, 19g0,
1984). In additioq these findings support the idea proposed by Orlovsþ (1970a)
that the mediating link for the initiation of locomotion is the reticulospinal
system, The reticulospinal system also has been shown to be important in the
production of locomotion in many animals (including man) subject to incomplete
spinal cord lesions (Afelt, 1974; Afelt et al., lgTÍi Eidelberg, 19g0, 19g1;
Eidelberg et al,, 1981a,b; Livingstor¡ 1986; Sholomenko and Steeves, 19g7). In
addition, lesions ín the MRF areas in othenvise intact animals produce profound
deficits in postu¡e and locomotion (Zemlan et al., 19g3).

The results of the present study demonstrate that forelimb locomotion can
be produced in the absence of the DLF or do¡sal half of the spinal cord (extended
lesion) with stimulation of the MLR, Furthermore, Iesions which disturb the vLF
of the spinal cord can abolish ipsilateral hindlimb locomotion and ¡educe the
quality of fo¡elimb locomotion ipsilateral to the lesion. This is in contrast to the
conclusions reached by Yamaguchi (1986), who stated that pathways within the
DLF may mediate some of the locomotion produced by stimulation of the MLR.
However, as indicated in the "Introduction", the ¡esults were based on
experiments in which the vLF was not completely transected. In addition, these
results were consistent with the suggestions that destruction of the DLF, in the
presence of incomplete transection of the vLF, is without any effect on MLR-
evoked forelimb locomotion on the same side as the lesion or that there is a
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crossed component in the spinal cord for pathways descending f¡om the MLR.
The results obtained in the present study support the suggestion that stimulation
of the MLR produces quadrupedal locomotion by pathways which descend in the
vLF (steeves and Jordarq 1980) and that there is a crossed spinal component for
pathways descending from the MIÀ (see later).

The ¡esults also demonstrate that the MLR does not require a pathway
projectirg through the lateral tegmentum of the brainstem or the dorsal half of
the spinal cord as has been previously suggested (Mori et aL, 1977, l97gb;
Kazennikov et al., 19804 1983a; Shilç 1983; Shik and yagodnitsyn, 1978). The fact
that no consistent changes in the electrical threshold for MlR-evoked locomotion
were observed following the spinal or brainstem lesions suggest that little (if any)
of the signal producing locomotion is transmitted through lateral b¡ainstem
pathways with stimulation of the MLR. As summa¡ized in the "Introduction,', the
evidence suggestiag that the MLR projects to the spinal co¡d via the pIJ-DLF
pathway is based primarily on electrophysiological data which is only suggestive
and not conclusive. while a region capable of producing locomotion appears to
continue caudally into the lateral tegmentum f¡om the MLR (Mori et al., 1977), it
would appear that this continuity does not ¡eflect the major descending projection
f¡om the MLR. Evidence has been provided that a region medial to the MLR
(.MLR) also capable of producing locomotion when stimurated projects through
the lateral tegmentum (Garcia-Rill et al., 1983b; Shefchyk et al., 19g4). Thus, the
results repo¡ted by Mori et al, (1977) may be due to stimulation of fibers
projecting f¡om the mMLR sites to the pli region which would overlap the
medially directed projections (to the MRF) of the classical MLR region (steeves
and Jordan, 1984). This explanation could also account for the results obtained by
shik and Yagodnitsyn (1978) who demonstrated that stimulation of areas caudal
to the MLR could activate cells within the PIJ. Altematively, some cells in the
classical MLR region may project to the lateral tegmental region in a function not
necessary for the production of MlR-evoked locomotion. Recently, Skinner et al.
(1984) have shown that some cells in the region of the classical MLR may be
labelled by injections of tracer substances into the regíon of the pl.S. The
demonstrated convergence between the MLR and pIJ (stimulation of the pI^S

facilitates locomotion produced by stimulation of the MLR) has also been used as
evidence for a projection from the MLR to the pLS (Mori et al., l97ga). However,
cooling of the MRF can abolish locomotion produced by stimulation of the pIJ
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(or MLR)' Thus the convergence may simply reflect the fact that locomotion
produced by stimulation of the PI,S may be mediated by a projection to the MRF
as demonstrated electrophysiologically (Selionov and Shilq 19g1) (see "pLS
Descending Pathways" below, for furthe¡ discussion), The fact thæ the MLR and
PI,S converge onto propriospinal cells in the c2-3 spinal segments has also been
used as evidence for the suggestion that the MLR projects via the pIJ
(Kazennikov et al, 1983a), The fact that removal ofthese cells by extended dorsal
hemisections does not abolish MlR-evoked locomotion (nor affect the electrical
threshold) demonstrates that their function is not related to the production of
locomotion by MLR stimulation. what thei¡ function is remains unclear (see
"PI-S Descending Pathways" below, for further discussion). Shik (19g3) has also
suggested that the field potentials recorded in the MLR from stimulation of the
PIj (Mori et a1., 1977) may represent ascending fibers f¡om the pIJ and that the
MLR may, therefore, be part of an ascending system: stimulation of the MLR
would evoke locomotion due to antidromic excitation of the pIS. This hypothesis
is false in light of the present results,

The Pontomedullary l¡comotor Strip

Cellular Activation of I¡comotion and the Trigeminal System

The results from the p¡esent experiments support the idea that the area
classically defined as the PIJ (Mori et al., 1977; Shik and yagodnitsy4 1977)
contains cell bodies that can produce locomotion with the appropriate chemical
stimulus, The effective drug-induced locomotor sites a¡e also located within the
spinal nucleus of the trigeminal nerve. This is in disagreement with the proposal
that the PIJ contains only axons and that its cells of origir¡ the ,'pontomedullary

locomotor columl", are located even mo¡e ventral and medial to the pIJ
(Selionov and Shi\ 1984). While \,ve were able to produce locomotion by
electrical stimulation within the 'þontomedullary locomotor column", the lack of
drug-induced locomotion in this region suggests that we we¡e activating fibers of
passage and not cell bodies involved in the generation of locomotion. with regard
to the cells of origin of the PIs, we propose that they a¡e a collection of cells
located in the spinal nucleus of the trigerninal nerve and in the immediately
adjacent lateral ¡eticula¡ formation (LRF). Both anatomical and physiological
evidence is available to support the idea that the LRF contains cells that are
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related to the trigemin¿l system, The LRF is contiguous dorsolaterally with the
trigeminal spinal nucleus and no obvious bo¡ders between them exist (Torvilq
1956). In addition, cells within and adjacent to the trigeminal nuclear complex
(within the LRF) are activated by noxious and/or non-noxious stirnulation of the
trigeminal receptive field (Azerad et al., I9B2; Nord and Kyler, 196g; Nord and
Ross, 1973; Segundo et al,, 1967) in a manner dependent upon stimulus intensity
(Biedenbach, 1977; Burton, 1968). This activation is both monosynaptic and
polysynaptic (Nord and Kyler, 1968; Nord and Ross, 1973). This has led to the
suggestion that the LRF cells are a ventromedial extension of (at least) the
trigeminal subnucleus caudalis and that this system has a integral role in the
mediation of facial pain at the bulbar level (Nord and Kyler, 196g; Nord and
Ross, 1973).

The fact that PIC injection into the PI-S region could make previously
ineffective trigeminal field stimulation initiate treadmill locomotion indicates that
the PIJ region is closely related to the physiology of the spinal nucleus of the
trigerninal nerve. Thus it may be hypothesized that the pIS region contains a
b¡ai¡stem system which provides a substrate for sensory-motor ¡eflex initiation of
locomotion. stimulation of the pinr:a" which is innervated in part by the trigeminal
nerve, has been shown to sometimes elicit quadrupedal treadmill locomotion in
the acute precollicular-postmamillary decerebrate cat (Aoki and Mori, 19g1) and
a characteristic "¡eflex posture" (Shenington, 1906) resembling a part of
locomotor movements. Since the area of the LRF may be involved in the
integration of facial pain (see above), activity in this system may thus result in
locomotor behaviour as part ofa generalized response to the appropriate stimulus
applied in the facial or trigeminal peripheral field. In this context, it is suggested
that this facial afferent initiation of locomotion is similar to initiation of
locomotion by segmental afferents. For example, stepping movements may be
elicited in cats by nociceptive stimuli applied to localized areas of the skin
(Sherrington, 1910) including the perineal region (Afelt, 1970). Furthermore,
stepping movements may also be initiated by dorsal root stimulation in
mesencephalic (Budakov4 1972), chronic spinal, and in acute spinal cats
pretreated with nialamide and DOPA (Grillner and Zangger, 1979). After
injection of DOPA into acute spinal cats stimulation of flexion ¡eflex afferents
(FRAS) also induces locomotorlike activity in spinal animals (Jankowska et al,,
1967b). Thus facial and segmental afferent systems can produce locomotion when
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app¡opdately stimulated and, in this context, the trigeminal and ERA system for
the limbs may be considered analogous.

In decereb¡ate cats the adequate stimulus for eliciting locomotion applied
to the pinna is pressure rather thatr touch (Aoki and Mori, 19g1.). However, in cars
which have received a PIC injection into the pL-S, gentle stroking ofthe trigeminal
field may also evoke locomotion. 1fti5 imFlies that the pI.S region is normally
under GABAergic intribitory control. Removal of the GABAergic i¡hibition with
an injection of PIC would produce a situation in which the afferent input would
have a greater inlluence on the ouÞut activity of tbe cells in this region. This
supposition is supported by the observation that pre- and postsynaptic inhibition
in the trigeminal sensory nuclei is depressed by pIC (Ishimine et al., 19g0;
Nakamura and Wu, 1970). One may expect, therefore, that the production of
locomotion by stimulation of various trigeminal receptive fields may be ¡elated to
the somatotopic organization of the injected area in the b¡ainstem. Aìthough the
somatotopic organization of the trigeminal a¡ea of the b¡ainstem is complex
(Azerad et al., 1982; Nord and Kyler, 1968; yokota and Nishikawa, 19g0), a
differential effectiveness in producing locomotion by stimulation of the trigeminal
receptive field was observed after injection of pIC into the pli. The response
characteristics described for the experiment illustrated in Fig. 9 would correspond
with an iajection site predominantly located in the ipsilateral mandibular
projection area of the LRF with diffusion spread partially including the maxillary
and ophthalmic zones. Locomotíon produced by contralateral trigeminal field
stimuli may be due to a contralateral trigeminal nuclear projection (Lovick and
Wolstencroft, 1983; Nord and Kyler, 1968).

The concept that the P[5 and .the trigeminal system are s]nonymous or
closely related is strengthened by a number of other observations. Both the pLS

(Shik and Yagodnitsyn, 7977) and the trigeminal sensory nuclei (Olszewski, 1950)
have similar rostro-caudal distributions. In addition, the pl,S originates from the
medial MLR (Garcia-Rill et al., 1983b) which includes the mesencephalic nucleus
of the fifth nerve, Thus locomotion produced by opening of the jaw after the
injection of PIC into the PLS observed in this study may be the result of increased
activity in the medullary projection of the mesencephalic nucleus (Corbin, 1942;
walberg et al., 1984). The fact that sP injection into the pI-S produces locomotion
also supports the idea of an close relationship between the pLS and trigeminal
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system' sP- contaidng trigerninal afferents have been shown to project to the
spinal nucleus of the trigerninal nerve and the adjacent LRF (cuello et a1.,797g)
where they may mediate the transmission of nociceptive and non-nociceptive
information (Henry et al., 1977; Salt et a1., 1993). In additio4 a calcium_
dependent release of sP in the trigeminal nuclei has been described (Jessell and
Iversen, 1977).

PLS Descending Pathways

The results of the present study demonstrate that the plJ can produce
locomotion by activation of cells in the MRF and through a pathway in the ventral
half of the spinal cord. It is suggested that the pls converges onto cells in the
MRF which mediate locomotion produced by stimulation of the MLR. These
conclusions are based on the observations that a) cooling of the MRF (in an area
which also block locomotion produced by stimulation of the MLR) can abolish
the locomotion produced by stimulation of the pLS; b) stimulation of the pl^S

may produce forelimb or hindlimb locomotion following extended spinal cord
dorsal hemisections, and c) cooling of the ipsilateral vLF can reversibly abolish
Pl5-evoked locomotion. The PIJ may thus be considered as an auxiliary route
for the initiation of locomotion. In this way, sensory activation of locomotion is
achieved via the connection between the PI,S and the reticulospinal system. This
is supported by the observation that trigeminal field stimulation produced
locomotion when GA was injected into the MRF. Thus the activation of cells i¡
the MRF by stimulation of the PIJ (Mori et al., 1986; Selionov and Shi( 19g1,
1984) or trigerninal afferents (I-amarche et al,, 1960) may be mediated by similar
pathways. The medial projections are thought to be primarily di- or polysynaptic
(Mori et al., 1986; Selionov and Shi( 1981) although some monosynaptic
responses may also occur (Mori et a1., 1986). This is consistent with anatomical
studies which demonstrate the presence of trigeminoreticular projections (Nauta
and Kuypers, 1958; Stewart and King, 1963). The fact that only electrical
stimulation of areas medial and ventral to the pl,S was effective in producing
locomotion suggests that this a¡ea consists of fibers projecting from the pLS to the
MRF. Alte¡natively, cells in this intermediate area, involved in mediating the
activation of reticulospinal cells by stimulation of the pIS, are not responsive to
the drugs that were tested,
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The observations that locomotion may be produced by a pathway which
projects to the MRF and through the VLF is in cont¡ast to the hypothesis that
locomotion produced by stimulation of the PIJ is mediated by a polyslnaptic
pathway which descends in the lateral tegmentum of the brainstem and continues
in the spinal cord in the DLF (Kazenrrikov et al., 1979, 1980a, 19g3a"b, 19g5;
Selionov and Shilç 1981, 1982, 1984; Shiþ 1983). The hypothesis was based
primarily on the report that destruction of the grey matter at C2-Cj (cells of
origin of the pathway) for distances of 4-6 mm was required to abolish pIJ-
evoked locomotion if the lateral and ventral funiculi remained intact, whereas
local (rostrocaudal length of 1 to 1.5 mm) lesions of the grey matter had no effect
(Kazennikov et al,, 1980a), It was thought that activity in the propriospinal
pathway could bypass the local lesions of the grey matter since the characte¡istic
length of axons in the polysynaptic pathway is 3-5 mm at this level (Kazennikov et
al., 1979). While it may be true that stimulation of the pIJ may project via this
pathway (see below), it is certainly not the only route of activation since
stimulation of the PLS may produce locomotion following lesions which destroy
the spinal grey or the dorsal half of the spinal co¡d fo¡ up to 8.5 mm. The reasons
for the loss of locomotor capability of the animals in the study by Kazennikov et
al. (1979) are not clear. one possibility is that the thresholds for activation of the
PI.S-MRF pathways were outside of the tested range of stimulation. Alternatively,
the loss of locomotor capability may have resulted from damage to the MRF-VLF
pathway r,vhen the spinal cord was lesioned.

The results of the present study also indicate that pl,S stimulation may
produce locomotion by a pathway which descends in the lateral tegmentum of the
brainstem and through the dorsal half of the spinal cord, This conclusion is based
on the following observations: a) stimulation of the PIJ may produce locomotion
following isolation of the lateral tegmentum of the b¡ainstem from the MRF and
the MLR; b) loss of PlJ-evoked locomotion may occur following transections of
the DLF or extended do¡sal hemisections of the spinal cord (even when MLR
stimulation can still produce locomotion). In this way sensory activation of
Iocomotion may also be achieved via a pathway descending from the pI_S through
the lateral tegmentum of the brainstem and dorsal aspect of the spinal cord.
Simila¡ results have been reported fo¡ the Atlantic stingray by Livingston (1986),
who showed that swimming may be obtained by stimulation of late¡al tegmental
areas following lesions whích isolate it from the MRF (Livingston, 19g6). The
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evidence linking the PLs to the trigeminal system (see above) suggests that the
pathway descending in the lateral tegmentum and dorsal aspect of the spinal cord
may be synonymous to the intranuclear trigemino- spinal pathways described
previously (Matsushíta et al., 1981, 1982). Whether the propriospinal system
proposed to mediate the effects of PI,S stimulation (Kazenníkov et al,, 1979,
1980a 1983a,b, 1985; Setionov and Shilç 1981, I9BZ, t9B4; Shik, 1983), is
equivalent to the pathway revealed in this study ¡emains to be shown. If it is so,
one would expect that the propriospinal pathways which are activated by
stimulation of the PLS (Kazennikov et al., 1979, 1983a,b; Shik, 19g3), should be
responsive to stimulation of the trigeninal peripheral field independently of any
possible activation via the MRF (this study; Lovick and Wolstencroft, 19g3).

Brainstem and Spinal Pathways for the Initiation of I¡comotion

The pathways which are capable of producing locomotion in the
decereb¡ate animal are summarized in Fig. 37. Briefly, the "classical MLR" relays
its signal for the production of Iocomotion in the medial pontomedullary reticular
formation (F'rG, FrM). Reticulospinal cells (which may be somatotopically
organized) then activate spinal centers for the generation of locomotion (at
cervical and lumbar levels) via a path\ryay descending bilaterally in the vLF, This
pathway is essential for the initiation of locomotion in intact animals since
locomotion may still occur after transection of all areas of the spinal cord except
the vLF (Eidelberg, 1981). The controlling elemenrs activaring this locomotor
system and the transmitte¡s released at the reticulospinal or spinal interneuronal
levels are not fully understood. However, this study suggests that these
reticulospinal cells may be partially under GABAergic control and that amino
acid receptors may participate in the initiation of locomotion. Furthermore, the
MRF may be activated by peripheral trigeminal stimuli. The pIJ consists of
trigeminal cells located in the lateral tegmentum and extends the length of the
brainstem trigeminal spinal nucleus, receiving inputs from the peripheral field of
the trigeminal nerve (5), contralateral trigerninal sensory nuclei, and from the
area of the mesencephalic nucleus o¡ "medial MLR" (mMLR) (Garcia-Rill et al.,
1983b). The nMLR has also been shown to have a small projection to the MRF
but its contribution to the initiation of locomotion during stimulation of the
mMLR remains to be elucidated. Results from this study suggest that the pl.s
system is unde¡ GABAergic control and may be activated by amino acids and sp
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to produce locomotion. sensory activation of locomotion by stimulation of the
trigeminal peripheral field may be mediated by rwo different pathways. The pL,S

may activate reticulospinal cells in the MRF (involved in mediating MlR-evoked
locomotion) which descend via the vLF of the spinal cord, Alternâtively, the pl-s
may project to the spinal cord via the DLF and possibly via poþynaptic
propriospinal pathways already described (Kazenrrikov et al., 19g0a, 19g3a,b,
1985; Selionov and Shil<, 1981,1982,1984; Shitq 1983).

MlR-evoked PSPs

Relationship to the Production of I¡comotion

The results of the present study give further evídence to support the
concept that the MlR-evoked psps are ¡elated to the process of locomotion. The
evidence is based on observations of the characteristics of the psps during
unperturbed fictive locomotion and during local cooling of the b¡ai¡stem and
spinal cord to abolish locomotion. The results confirm and extend those obtained
by Shefchyk and Jo¡dan (19S5a).

During locomotion produced by stimuration of either the ipsilaterar or
cont¡alateral MLR, LDPs and excitatory and inhibitory psps are observed in
lumbar motoneurons. In the majority of cases, the MlR-evoked psps are either
excitatory (E) or excitatory followed by an inhibitory psp (EÐ. These psps are
modulated during the step cycle, with the shortlatency Epsps being largest during
the depolarized phase of the LDp and the Ipsps being largest during the
hyperpolarized phase of the LDp. The amplitude of the LDps and psps are
positively correlated to each other and any increase in the strength of MLR
stimulation results in both larger psps and LDps. In addition, the greatest
amplitude transitions of the MlR-evoked psps and LDps occur during the same
period of the step cycle. This indicates that the occurrence of MlR-evoked Epsps
and IPSPs are highly correlated to the duration of the depolarized and
hyperpolarized phase of the LDP, respectively. Furthermore, Shefchyk and Jo¡dan
(1985a) have demonstrated that the site for the optimum production of MLR-
evoked PSPs corresponds to the area of lowest elect¡ical threshold fo¡ the
initiation of locomotion and that the psps frequently increase in amplitude at the
same time that fictive locomotion commences. Taken together, these results are



72

consistent vrith the suggestion that the excitability (and thus the output) of the
spinal interneuron pool producing the MLR- evoked pSps (see below) is
modulated during the step cycle. (Increased excitability in this context means that
each interneuron is closer to the threshold for activation and heúce generates a
larger response and/or that more interneurons in the pool are recruited rvith a
pulsed synaptic excitatory input.) The excitability of the interneurons producing
EPSPs in motoneurons is $eatest during the depolarized phase of the LDp and
they are thus easily activated (synchronized in firing) by stimulation of the MLR.
conversely, interneurons producing Ipsps in motoneurons rvith stimulation of the
MLR are most excitable during the hyperpolarized phase of the LDp. In this
context, the MlR-evoked EPSPs and IpSps during the depolarized and
hyperpolarized phase of the LDP, respectively, may simply reflect the
predominant interneuronal synaptic imput occurring on motoneurons during each
phase of the LDP. considering that the depolarized and hyperpolarized phases of
the motoneuron LDP are due to excitatory and inhibitory synaptic input,
respectively (Jordar¡ 1981; Jordan et al., 1981; penet, l9g3; pratt and Jordan,
1987; Orsal et al., 1986; Shefchyk and Jordar¡ 19g5b), it seems reasonable to
suggest that the interneurons producing the psps are linked to the process of LDp
fo¡mation, while the results from the present experiments provide support for the
suggestion that presynaptic mechanisms (changes in the excitability of spinal
interneurons) are responsible for the amplitude modulation of the MlR-evoked
PSPs, a contribution of postsynaptic factors cannot be ruled out until experiments
designed to address these issues are conducted.

The fact that stimulation of the MLR may also produce phasic, stimulus-
dependent firing in motoneurons also supports the concept that the MlR-evoked
PSPs are related to the production of locomotion. Synchronization of activity to
stímulation of the MLR has been reported previously for reticulospinal cells in
the MRF (Orlovsþ, 1970b), for fibers i¡ the VLF of the spinal cord (Orlovsþ,
1969), and for individual hindlimb motor units recorded by electromyography
(severin et al', 7967), Although this synchronization may be considered to be
artifactual to controlled locomotion experiments in which stimuli are delivered to
the MLR, there is evidence to support the suggestion that this phenomenon
reflects the natural activation of motoneurons during spontaneous locomotion.
For example, spike triggered averaging techniques have shown that during
spontaneous locomotion in thalamic cats, responses in muscles are highly
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cor¡elated to the discharge of individual cells in the MLR (Garcia-Rilt et al.,
1983a) and MRF (Drew et al., 1986; Shimamura et al, 1992). Results from the
present experiments using intracellular recording techniques demonstrate that
stimulus-dependent firing of motoneurons w¿ls onìy observed. during the
depolarized phase of the LDP and occurred during the rising phase of the MLR-
evoked EPSPs. Furthermo¡e, the stimulus- dependent activity of antagonist
motoneuron pools (ENG recordings) was shown to occur during the
hyperpolarized phase of the intracellularly recorded motoneuron and was highly
related to the occurrence of MlR-evoked Ipsps. The fact that spontaneously
occurring spikes in antagonist ENGs were also associated with the IpSps during
the hyperpolarized phase of the LDP further strengthens the concept that the
PSPs produced by stimulation of the MLR reflects a reciprocally organized
network of spinal interneurons involved in the production of motoneuron
excitation and inlibition during locomotion. This reciprocity is also observed in
the phasing between flexo¡s and extensors during the step cycle. For example, loss
of the hyperpolarized phase (inhibition) of the LDp in extenso¡ motoneurons
(Figs. 24 and 29) was always associated with the loss of excitation to antagonist
motoneuron pools (ENGs). Similarly, loss of the depolarized phase of the LDp in
extensor motoneurons was associated with the Ioss of inhibition in antagonist
motoneuron pool (Fig. 32). Quantitative analysis of the activiry of hindlimb
motoneurons during fictive locomotion indicates that the excitatory input for
flexor LDPs cova¡ies with the inhibitory input for extenso¡ LDps (Kriellaars et al.,
1987) and further strengthens the reciprocal organization ¡evealed by the present
study.

A reciprocal organization of interneurons mediating excitatory and
inlibitory action to alpha motoneurons of flexors and extensors has been
previously described in spinal cats treated with Ldopa (Jankowska et al.,
1967a,b). Evidence has been provided which shows that this organization may be
involved in the production of locomotion produced by stimulation of the MLR.
For example, the pathways which activate these neurons may be facilitated during
MlR-evoked locomotion (Grillner and shiþ 1973), In addition, the inte¡neurons
involved in the production of MlR-evoked psps are activated by flexion reflex
afferents (shefchyk and Jordan, 1985a) which also mediate the effects described
by Jankowska et al. (19ó7a,b), whether these cells are the same ones involved in
the production of MLR- evoked psps is unclear, but the demonstration of a
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reciprocal excitation atrd inhibition to flexo¡s and extenso¡s (this stud¡ Kriellaars
et al', 1987) during MlR-evoked locomotion provides evidence in favor of this
view.

Data collected during reversible cooling of the b¡ainstem or spinal cord
also support the idea that the MlR-evoked psps are related to the production of
locomotion during MLR stimulation. I-oss of locomotion was always associated
with the reduction or loss of MlR-evoked LDps and psps. complete loss of
LDPs was associated with either a significant reduction in the size or a complete
loss of MlR-evoked PSPs. In cases where LDps \¡/ere not abolished, residual
MlR-evoked PSPs remained. Furthermore, a positive cor¡elation between LDp
amplitude and the amount of MLR- evoked psp modulation during cooling of the
spinal cord was obsewed. From these results ít is suggested that there is a
common pathway for the production of psps, LDps and locomotion (see below
for further discussion).

while the data summarized above provides evidence that the interneurons
that pfoduce MlR-evoked PSPs a¡e involved in the production of motoneuron
activity during locomotior¡ it is not ce¡tain whether these cells are involved in
locomoto¡ rhythm generation, while the properties of these interneurons have not
been investigated, it is of interest that stimulation of the MLR could produce
bursts of activity in one spinal neuron tested (Fig. 26), In addition, stimulation of
the MLR produced a response in this neuron that was appropriate for it to be
intercalated in the pathway between the MLR and the motoneuron (see below for
further discussion). Bursting pacemaker neurons have been desc¡ibed previously
in spinal cord cultures (Iægendre et al., 19g5), indicating that cells endowed with
properties of this type may be present in the intact spinal cord,

The hypothesis concerning the relationship of the MlR_evoked pSps to
the production of LDPs and locomotion rests on the assumption that the psp size
¡eflects the excitatory or inhibitory input to the motoneuron during locomotion. It
is thus important to account fo¡ the fact that some cells exhibit LDps but do not
show well modulated EPSPs o¡ IpSps, i.e., the eI(E) or I(E) pSp çe. As
demonstrated in the Results section, cells which exhibited this MlR-evoked psp
type were not common. It was also shown that the averaging technique may
sometimes mask the presence of large MlR-evoked Epsps. This indicates that
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the absence of any EPSP may símply reflect the possibitity that the cells providing
the excitatory input during the step cycre cannot be synchronousry activated by
stimulation of the MLR. In this context, a number of explanations may be
forwarded. This inability may simply refrect a poor response index (low
probability of a stimulus producing a response) in the pathway from the MLR to
the motoneurons due to conduction failure of one of the interposed cells o¡ the
¡esult of small amou¡ts of neurot¡ansmitter ¡elease. Alternativery, the
interneu¡ons may not be in an excitability state that is favourable for a
synchronous activation by MLR stimulation. For example, the interneurons may
be so asynchronously active that they are somewhat reftactory to pulsed synaptic
iaput. Furthermore, the MlR-evoked Epsps may have been outside of the 30
msec window used in the analysis of the motoneuron response to stimulation of
the MLR, In this case, a slowe¡ conducting pathway or one which has a greater
numbe¡ of interposed inte¡neurons between the MLR and the motoneurons may
have been activated. In cases whe¡e stimuration of the MLR produced rarge
IPSPs, it is possible that the primary imput for the production of the LDps in
those cells, may have been inhibitory þhasic inlibition only). Evidence was also
provided indicatíng that the Ipsp was actually composed of two components, only
one of which was related to the process of locomotion (rarger during the
hyperpolarized phase of the LDp or positively correlated to membrane
hyperpolarization). In those cæes, the presence of a larger Ipsp in the
depolarized phase of the LDp Ipsp does not necessarily mean that stimulation of
the MLR was not providing an appropriately modulated inhibitory input.

Latencies of Response and Mediation by Spinal Interneurons

The ¡esults of the present experiments demonstrate that stimulation of the
MLR produces shortJatency PSps in lumbar motoneurons and thus confi¡m the
results obtained by Shefchyk and Jo¡dan (19g5a), The mean total latency from the
MLR stimulus artifact to the first Epsp was 6.5 + /- 0.g msec. Although this is
slightly longer than that reporred by shefchyk and Jo¡dan (19g5a) (mean of 5.1
msec), results sirnilar to the present study have recently been reported for
chloralose anaesthetized cats (mean of 6.5 msec) (shefchyk and Mccrea, 19g6)
during electrical stimulation of the area corresponding to the MLR (Shik et al.,
1967)' Tt,e results demonstrate that a fast conducting pathway from the MLR to
hindlimb motoneurons is activated by stimulation of the MLR (Jordan, 19g3) and
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is inconsistent with the proposal that locomotion produced by stimulation of the
MLR is mediated by a polysynaptic pathway (Kazennikov et al., 19g3a, 19g5; Mori
et al., 7977, 1978b; Shih 1983; Shik and Yagodnitsyn, 1978) (see below for turther
discussion).

The mean latency for the earliest arrival of the descending volley at the
cord dorsum recording electrode produced by stimulation of the MLR was 4.0
+/- 0.6 msec (range of 2.9-5.2 msec). The maximum conduction velocity of the
reticulospinal neurons projecting to the spinal cord was calculated at a mean of
103.3 m/sec after taking into account the approximate 1 msec delay for activation
of these cells by the MLR (orlovsþ, 1969). sirnilar shortlatency orthodromic
activation of reticulospinal neurons r¡¡ith stimulation of the MLR at rates used to
elicit locomotion have been reported (Garcia-Rill and Skinner, 19g7b; orlovsþ
1970a), It is recognized that the calculations of maximum conduction velocity for
the reticulospinal cells are based on the assumption that the first descending
volley recorded at the spinal cord dorsum elect¡ode is related to the production of
locomotion. As experiments were not conducted to determi¡e the information
content of the cord dorsum potentials, the nature of the first volley is not known
with certainty. since cooling of the v.LF of the spinal cord to abolish locomotion
sometimes decreases the size of the initial volley, it was thought necessary to base
our measurements on the arrival of this volley. The results are consistent with
conduction velocities up to 100 m/sec (Garcia-Rill and Skinner, 19g7b), 90_120
m/sec (Orlovsþ, 1969), or 90-130 m/sec (Orlovsþ, 1970a) for reticulospinal cells
activated by stimulation of the MLR, Similarly, short-latency ¡esponses correlated
to the discharge of cells in the MLR (Garcia-Rill et al., 19g3a) and MRF (Drew et
al., 1986; Shimamura et al., 1982) have been observed in EMG recordings from
hindtimb muscles.

The maximum segmental latency for the onset of the MLR- evoked EpSps
was calculated to be 2.3 + /- 0.7 msec (range of 0.9-3.0 msec). This indicates that
stimulation of the MLR activates at least one or two spinal interneurons
interposed between the MRF and spinai motoneurons as suggested by Shefchyk
and Jordan (1985a). The fact that the segmental latency for the production of
MlR-evoked hyperpolarization in motoneurons (4.4 +/- 1.4 msec: range of.2.2-
8.7 msec) is significantly longer than that observed for MLR- evoked EpSps
indicates that additional spinal inte¡neurons are probably involved in the
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production of these IPSPs (shefchyk and Jordan, 19g5a). However, as the onset of
the MlR-evoked IPSP is not known with certainty, further experimentation would
be necessary to proove this. In acco¡dance with this, stimulation of qhe MRF may
produce disynaptic and polysynaptic psps in flexor and extensor motoneu¡ons
(Peterson et al,, 197 9),

The present study demonstrates that rh¡hmically active spinal neurons
which are activated by stimulation of the MLR are found within the b-L7 lumbar
segments, These cells are also activated at latencies appropriate for their
participation in the production of MlR-evoked psps in lumbar motoneurons.
MLR- evoked activity during the interburst period has also been observed for
some of these neurons, thus accounting for the maintained presence of psps

throughout the LDP. As the projections of these cells were not determined, their
action on motoneurons (if any) are unknown, However, their location in the
inte¡mediate zone and ventral horn of the spinal grey coincides with the
anatomical projections of reticulospinal pathways (Holstege and Kuypers, 19g2;
Petras, 1967) and the physiological actions of pathways descending in the ventral
funiculus (skinner and willis, 1970; skinner et a1.,1970).In addition, recent wo¡k
using the horseradish peroxidase-wheat genn agglutinin technique (Jankowska,
1985) has revealed last order interneurons in the 5th, 6th and 7th lumbar
segments which may be involved in the production of locomotion (Noga et al.,
1987b). This indicates that these cells a¡e likely candidates for the mediation of
MLR'evoked PSPs, L¡l spinal interneurons, which receive group II afferent input
and which project monosynaptically to motoneu¡ons in the lowe¡ lumbar segments
(Edgley and Jankowsk4 1987) have recently been found to be rhythmícally acrive
during MLR-evoked locomotion (Shefcfuk et al., unpublished). In addition, these
cells have been shown to produce shortJatenry responses to stimulation of the
region corresponding ro the MLR (Edgley et al., unpublished), thus indicating
that the MLR activates spinal interneurons at a number of diffe¡ent spinal cord
levels, The results listed above are interesting in view of the evidence that the
rostral and caudal segments of the lumbar spinal cord can generate fictive
scratching sequences (Deliagina et al., 1983). whether the cells responsible for
the generation of the locomotor rh¡hm are distributed throughout the spinal cord
remains to be demonstrated, but it is certainly clear that spinal neurons that are
rh¡hmically active during locomotion (this study; Baev et al, 1979; Feldman and
Orlovsþ 1975; McCrea et al., 1980; Orlovsþ and Feldman, 1972; Noga et al.,
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1987a; orlovsþ 1972; Pratt and Jordan, 1987) and responsive to stimulation of
the MLR (this study; shefchyk et al., unpublished) are distributed over wide areas
of the lumbar spinal cord.

Descending and Segmental Pathway

The ¡esults from the present study demonstrate that the MLR produces
fictive locomotion by a pathway which projects to the MRF and through the vLF
of the spinal cord as proposed previously (Steeves and Jordan, 19g0, 19g4). This
conclusion was based on the observation that cooling of the MRF or the vLF of
the spinal cord to tempe¡atu¡es which block synaptic transmission or fiber
transmission (Brooks, 1983), respectively, could reversibry abolish MlR-evoked
PSPs' LDPs, and locomotíon. However, cooling of the dorsal aspect of the spinal
cord to temperatures that would block synaptic transmission throughout and
decrease fiber transmission in the dorsal half of the cord was without effect, The
present study confirms the observations of Shefchyk et al. (19g4), who
demonstrated that cooling of the MRF could reversibly abolish MlR-evoked
t¡eadmill locomotion. Furthermore, the results are inconsistent with the proposal
that stimulation of the MLR produces locomotion by a polysynaptic pathway
projecting via the lateral tegmentum of the brainstem and the DLF of the spinal
cord (Kazennikov et al., 19834 1985; Mo¡i et a1., 1977,1978b; Shik, 19g3; Shik
and Yagodnitsy4 1978).

The present study demonstrates that stimulation of the MLR activates a
pathway that descends bilaterally in the vLF of the spinal co¡d. This conclusion is
based on the observations that relative to the side of motoneuronal recording,
cooling of eithe¡ side of the vLF could reduce or abolish locomotion (ENG
rhythmicity or LDP) during stimulation of eithe¡ the ipsilateral o¡ contralateral
MLR. Fu¡the¡more, cooling of the contralateral vLF could abolish longJatency
EPSPs produced by stimulation of the ipsilateral MLR. Bilateral projections from
the MLR to the MRF have been described previousry (Garcia-Rill et al., 19g3b;
Steeves and Jordan, 1984). In addition, unilateral stimulation of the MLR may
activate reticulospinal pathways descending in the vLF of the spinal cord,
bilaterally (Garcia-Rill and skinner, 1987b; orlovsþ, 1970a). Anatomical and
electrophysiological studies have shown that some reticulospinal axons terminate
in the spinal cord on the side contralateral to their site of origin (peterson et al.,
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7979; Pefias, 1967). Furthermore, during spontaneous locomotion, the actívity of
cells in the MLR (Garcia- Rill et al., 1983a) and MRF may be correlared to the
activity of hindlinb motor units on either side of the animal (Drew et al., 19g6;
Shimamura and Kogure, 1983; Shimamura et al., 19g2).

The present study also provides evidence that a pathway that crosses at the
spinal level (caudal to the Tl2 cooling site) may contribute to the production of
PSPs and LDPs during locomotion produced by stimulation of the MLR. Fo¡
example, cooling of the cont¡alateral vLF specifically abolished longlatency
EPSPs without affecting shorter latency Epsps (Fig. 36). In addition, a longer
latency MlR-evoked EPSP was revealed during cooling of the ipsilateral vLF
(Fig. 35). In both cases, the LDP was reduced but not completely abolished.
Evidence for a crossed spinal influence in the recovery of locomoto¡ function has
been previously obtained following chronic unilateral (Eidelberg, 19g1; Eidelberg,
et a1,, 1986; Kamishim4 1978; Sholomenko and Steeves, 19g7) or bilate¡al
staggered (Jane et a1., 1964; Kato et al., 1984) hemisections. While recovery from
spinal cord hemisections leading to the recovery of the capacity for locomotion in
Iimbs caudal to the lesion site is usually not immediate (Eidetberg, 19g1),
stimulation of the MRF may produce bilate¡al hindlimb locomotion following
acute spinal hemisections (sholomenko and steeves, 19g7). Rhythmic activity in
contralateral limbs has also been reported with unilate¡al stimulation of the spinal
cord (Jacobson and Hollyda¡ 1982; I-ennard and steir¡ 1977, williams et al.,
1984; Yamaguchi, 198ó, 1987). The fact that MLR stimulation may produce small
LDPs by pathways crossing at the spinal level indicates that this pathway may be
involved in the normal recovery of locomotor function after chronic spinal lesions
and also in the coo¡dination of bilate¡al limb movements. previous work has
demonstrated that contralate¡al lamina vIII interneurons may be involved in
crossed reflex interactions in the spinal cord (Harrison et al., 19g6), whether
these cells mediate some of the crossed spinal effects produced by stimulation of
the MLR is unclear, although a recent study utilizing the ho¡seradish peroxidase-
wheat germ agglutinin t¡ansneuronal labelling technique (Jankowska, 1gg5) has
shown that these cells may participate in the production of overground
Iocomotion (Noga et a1., 1987b). clearly more work is required to establish their
role in the production of MlR-evoked locomotion,

Summary
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Key questions regarding the b¡ainstem and spinal descending pathways
capable of producing locomotion when stimulated were examined using treadmill
and fictivelocomotion preparations in decerebrate cats,

In the first group of experiments, we determined the distribution of cels
in the medial reticular formation (MRF) and the pontomedullary locomotor strip
(PLS) which, when activated, can induce locomotion. controlled microinjections
of neuroactive substances (Goodchild et al,, L9g2) into the MRF o¡ pls were
made in o¡der to activate cell bodies in those a¡eas. The ability of trigerninal
receptive field stimulation to induce locomotion before and after drug infusion
into the PIJ was also assessed since the pl-S and the spinal nucleus of the
trigeminal nerve are similar in their anatomical distribution. Experiments were
performed on precollicular-postmamillary decerebrate cats walking on a
treadmill.

Injections of glutamic acid (GA) (500 nmol) into the MRF produced
locomotion which was antagonized by infusion of glutamic acid diethyl ester into
the same spot. Dec¡eases in the cur¡ent threshold for locomotion produced by
electrical stimulation of the MRF were observed when the MRF was infused with
eithe¡ GA (40-80 nmol), DLhomocysteic acid (DLHCA) (200 nmol), or
picrotoxin (PIC) (15 nmol). Injections of GA (100 nmol), DLHCA (700 nmol),
PIC (10-50 nmol), and substance p (2 nmol) into the pIS also produced
locomotion, I-ocomotion produced by injections of pIC into the pL-S was blocked
by infusion of equal amounts of muscimol or ganma amino butyric acid. Effective
PI^S injection sites were all confined to the trigeminal spinal nucleus or
immediately ventral and medial to this in the adjacent lateral reticular formation.
Trigeminal newe peripheral field stimulation evoked locomotion after
microinjection of PIC into the PIS, although this same facial stimulus was not
effective prior to drug injection.

we conclude that the MRF and pl,S regions of the cat brainstem contain
cells which produce locomotion when chemically stimulated, and we suggest that
the PL.S is closely related to or synonymous with the spinal nucleus of the
trigeminal nerve. we also suggest that stimulation of trigeminal afferents is
analogous to stimulation of segmental afferent pathways in the production of
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locomotion (Idelt,7970; Budakova, 7972; Grillner and Zangger,1.979; Jankowska
et al., 1967b; Sheringto4 1910).

In another series of experiments, the descending pathways from the
brainstem locomoto¡ areas r ere investigated by utilizilg reversible (cooling to
block synaptic or fiber transmission) and i¡reversible subtotal lesions of the
brainstem or spinal cord (c2-c3 level). Experiments were conducted on
decerebrate cats induced to walk on a treadnrill by electrical stimulation of the
b¡ainstem. I¡comotion produced by stimulation of the mesencephalic Iocomotor
region (MLR) was not abolished by caudal b¡ainstem lesions which isolated the
lateral tegmentum or by extended dorsal hemisections of the spinal cord.
Iæcomotion produced by stimulation of the prJ was blocked by reversible cooling
of the MRF or the ventrolateral funiculus (wF) of the spinal co¡d. I¡comotion
could be produced by stimulation of the pLS following the removal of extended
portions of the do¡sal half of the spinal cord or following the isolation of the
Iateral tegmentum of the brainstem from fhe MRF. I-esions of the dorsal spinal
co¡d also resulted in the loss of PlJ-evoked locomotion in some cases. These
¡esults demonstrate that the MLR does not require a pathway projecting through
the lateral tegmentum of the brainstem or the dorsal half of the spinal cord as has
been previously suggested (Mori et a1.,7977,197gb ; Kazennikov et al., l.9g0a,
1983a; shiþ 1983). Rather, the MLR projects through the MRF and the ventrar
half of the spinal cord, confirming the results obtained by Steeves and Jordan
(1980' 1984) and Shefchyk et al, (1984). The results also demonstrate that the pls
can produce locomotion by activation of cells in the MRF and which project via
the ventral half of the spinal cord, However, a projection through the do¡sal half
of the spinal cord (Kazennikov et al, 1980a, 19g3a,b; Shilç 19g3) can¡ot be ruled
out.

In the final series of experiments, the characte¡istics of short-latency
MlR-evoked excitatory and inhibitory posts).naptic potentials (Epsps and lpsps)
observed in lumbar spinal motoneurons and their relationship to the production
of motoneuron locomotor drive potentials (LDps) and locomotion were
examined. Fictive locomotion experiments were conducted according to the
procedures previously described (Jordan et al., 1.979). MlR-evoked psps were
classified into a number of groups, with the most conmon ones being excitatory
(E) or excitatory followed by an similarly sized inhibitory psp (E-I). (Longer
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latency EPSPs were sometimes observed following these short-latency psps), In
flexo¡ motoneurons, the MlR-evoked psps were predominantly excitatory in
nature although slightly longer latency Ipsps we¡e also observed. MlR-evoked
PSPs in extensor motoneurons were predominantly of the E-I oi E type. MLR-
evoked PSPs were modulated during the step cycle with the Epsps largest in the
depolarized phase and the IPSPs largest in the hyperpolarized phase of the LDp.
The mean latency of the EPSps as measured from the MLR stimulus artifact
(total latency) was 6.5 +/- 0.8 msec. No significant diffe¡ence in the Epsp total
Iatency was found between ipsilateral MLR or contralateral MLR stimulation or
between flexor o¡ extensor motoneurons. segmental latencies were consistent
with a minimum segmental delay of one interposed interneuron. The total and
segmental latencies to the MlR-evoked hyperpol arbation was significantly
longer. Similar step cycle-related amplitude transitions for MLR-evoked pSps and
LDPs indicated that the PSPs we¡e strongly related to the du¡ation of each phase
of the LDP. The amplitude of the LDps and psps were positively cor¡elated to
each other and to the strength of stimulation of the same MLR site. Stimulation
of different MLR sites could produce slightly different psp types and different
descending volley and segmental latencies. During Iocomotion produced by MLR
stimulation, stimulus-locked spiking was also observed in motoneurons and
electroneurograms (ENGs) of various hindlimb nerves. Motoneuron spikes were
initiated on the rising phase of the short-latency Epsps. A reciprocal relationship
between excitation and inlibition was observed for antagonists at the same joint.
Rhythrnically active spinal neurons that showed latencies appropriate for possible
mediation of MlR-evoked excitation or inhibition of motoneu¡ons were recorded
from in the same lumbar spinal segments.

Cooling of the MRF or VLF of the spinal cord (T12-13 segment) to
temperatu¡es which block synaptic o¡ fibe¡ transmission, respectively, could
reversibly abolish MlR-evoked locomotion (ENG rh¡hmic activity). L,oss of
locomotion was associated with the reduction or loss of MlR-evoked motoneuron
PSPs and LDPs. The complete loss of the LDp was usually associated with the
complete loss of PSPs. In cases whe¡e thè LDp was not abolished, residual MLR-
evoked PSPs r¡r'ere seen, Residual IPSPs (in the absence of locomotion) were
associated with tonic excitation of the antagonist motoneuron pool (ENG).
During cooling or rewarming of the vLF, loss of the deporarizing phase of the
LDP was associated with ¡educed (or abolished) interburst inlibition in the
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antagonist ENG, cooling of the dorsal half of the spinal cord was without effect.
Evidence is accumulated that suggest that the signal for the production of
locomotion by stimulation of the MLR descends bilaterally, in the VLF.
Furthermore, evidence for a crossed segmental pathway produced by stimulation
of the MLR is provided. In general, tbe crossed segmental pathway produces
EPSPs of slightly longer latency than that seen with the unc¡ossed descending
pathway' A positive correlation was observed between LDp amptitude and the
amount of MlR-evoked PSP modulation during cooling of the VLF.

The evidence p¡esented indicates that locomotion, LDps and pSps

observed in motoneurons by stimulation of the MI-R are produced by a pathway
which relays in the MRF and descends to the spinal cord in the VLF.
Furthermore, they are consistent with the concept that the spinal interneurons
activated by MLR stimulation a¡e related to the process of locomotion.
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Figure Iægends

Figure 1. Isotherms produced during cooling of the b¡ainstem to tempe¡atures
sufficient for Iocal block of synaptic transmissíon.
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Figure 2. surface cooling of the spinal cord. A shows spinal co¡d isotherms
measured during extradural cooling of the vLF. cooling probe temperature was
maintained at -0.2 degrees c. Temperatures achieved during cooling are sufficient
to block fiber transmission in the ipsilateral vLF and synaptic transmission
throughout the spinal cord cooling area. B illustrates spinal potentials produced
by stimulation (200 u.A' 10 Hz, 0.5 msec duration) of the ipsilateral vLF (rostral
T12 spinal segment) and recorded at the ventral surface of the I5 spinal segment
during cooling of the ipsilateral vLF (caudal r12 spinal cord). Fiber t¡ansmission
is completely blocked at cooling probe temperatures of 0 to -1 degree c, partial
blockage of signal transmissíon through the DLF during cooling of the vLF is
shown in c. spinal potentials are produced by stimulation of the ipsilateral DLF
(rostral r12 spinal segment) (200 u,\ 20}j'2,0.5 msec duration) and reco¡ded at
the dorsal surface of the ró spinal segment during cooling of the ipsilateral vLF
(caudal r12 spinal cord). calibratíon bar in B and c is r.0 msec, Temperature
changes in the ipsilateral and contralateral ventral funiculi during a cooling trial
of the vLF (T12 spinal segment) are illustrated in D and E, respectively, [,ocation
of thermistor in spinal co¡d is indicated by dots. Spinal cord and cooling probe
temperatures plateau after approximately 2 minutes of cooling.
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Figure 3. A: Schematic drawing of the brainstem surface (p3 - p15; L,0 - L:-)
(cerebellum excluded for illustrative purposes) from the area indicated in the
inset to demonstrate the rostro- caudal and medioJateral distribution of sites
capable of producing locomotion when electrically stímulated. All electrode tracts
are from animals that could locomote with pIJ and MRF stimulation. Numbe¡s
of t¡ials are indicated by relative size of each circle. Limbs used during
locomotion are indicated by the shaded quadrant within each circle; open circles
represent areas ineffective in inducing locomotion when stimulated. B: histograms
indicating the distribution of locomotor (shaded) and nonJocomotor (open) trials
at diffe¡ent brainstem P levels (X axis: mm from midline; y axis: numbe¡ of
trials).
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Figure 4' Distribution of sites within the brainstem that produce locomotion when
eiectrically stimulated. Two general areas are indicated. MRF sítes a¡e found in
the raphe nuclei or adjacent magnocellular or gigantocellular tegmental fields
(FTM or FrG). At more rost¡al levels the effective sites a¡e located more
dorsally. Effective sites corresponding to the pI^S are found within the spinal
nucleus of the fifth nerve (5sp) or medial and/or ventral to it in the lateral
tegmental field (FTL). Symbols indicating limb involvement during locomotion
a¡e as illustrated in Fig. 3 except that right and left quadrants indicate right and
left sides, respectively.
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Figure 5. Electrically induced and drug-induced locomotion in the MRF. A
illustrates the EMG records during quadrupedal locomotion produced by
electrical stimulation of the site indicated in E. Injection of 500 nmol glutamic
acid (GA) (in 5 ul, 0.1 M) into the MRF also induces coo¡dinated quadrupedal
locomotion (B). A change in phasic activity of some muscles is seen during
locomotion produced by GA infusion (see text). Bouts of locomotion were
induced by swinging the forelímbs (c) during periods of quiescence. D shows
cessation of walking due to a 500 nmol (in 5 ul, 0.1 M) injection of glutamic acid
diethyl ester (GDEE) into the same site. only tonic muscle activity is evident afte¡
forelimb swing (arrow). EMG traces in B - D are in same o¡der as listed in A.
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Figure 6. Electrically induced and drug-induced locomotion in the pLS. A
illustrates typical EMG records duríng forelimb locomotion produced by electrical
stimulation of the PI^S. B, c, D, and F illustrate locomotion produced by injection
into the PI.S of GA (100 nmol in 1 ul, 0.1 M), D-LHomocysteic acid (DLHCA)
(700 nmol in 7 ul, 0.1 M), PIC (25 nmol in 5 ul, 0.005 M) and subsrance p (Sp) (2
nmol in 3 ul' 0.74 mM), respectively. E shows the loss of sustained plC-induced

locomotion produced with forelimb swinging following infusion of an equivalent
quantity (25 nmol in 5 ul, 0.005 M) of GABA i¡to the same site, G shows the
location of infusion sites as obtained from electroþic lesions in the diffe¡ent
animals tested. Symbols as in Fig, 7.
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Figure 7. Schematic drawing of the su¡face of the b¡ainstem from area (p3-pl5)
indicated in the inset to demonstrate the rostro- caudal and medio-late¡al
distribution of sites capable of producing locomotion after drug infusion. Sites
producing decreases in the threshold for electrically induced locomotion or no
response (NR) are also indicated. Sites capable of inducing locomotion a¡e found
close to the midline and also in the classically defined pIS. Injection sites
p¡oducing decreased thresholds are found somewhat more lateral to the rridline
or within the PIJ.
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Figure 8. Distribution of drug injection sites at different levels of the brainstem,
Areas producing locomotion or decreases in the threshold for electrically induced
locomotion following drug infusion are found within the raphe nuclei, FTG, and
FTM or within the trigeminal spinal nucleus or adjacent FTL. Ineffective sites are
located ventral and medial to the classically defined pI,S. Injection sites producing
locomotion with stimulation of the trigeminal receptive field (see text for
explanation) are indicated by asterics. Symbols as in Fig. 7.
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Figure 9. Picrotoxin infüsion into the pL-S facilitates rocomotion produced by
stimulation in the receptive field of the fifth nerve. A illustrates locomotion
produced by electrical stimulation of the right pls (p 12.1) in a site illustrated in
N (filled circle). B shows spontaneous locomotion produced by injection of 15
nmol (in 3 ul, 0,005M) PIC into this site, which could be initiated (c) by passive
fo¡elimb movement (swing) during periods of quiescence. paners D thru I show
locomotion induced after PIC due to trigeminal receptive field stimulation (as
índicated in each panel), onset of stimulus indicated by the arrow heads. See text
for details of onset latency for locomotion following the receptive field
stimulation. A¡eas ineffective fo¡ the initiation of locomotion included the left
pinna (J)' left cornea (K), nape ofneck (L), and chest (M). N shows that electrical
stimulation or PIC injection failed to produce any obsewable effects in a site
located 1.5 mm late¡al (open circle) to the site producing locomotion with plc
intusion (filled circle).
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Figure 10. MlR-evoked locomotion does not require the integrity of the do¡sal
spinal cord. A and C illustrate control runs of left and right MlR-evoked
quadrupedal treadmill locomotio4 respectively. Following a C2-C3 dorsal
hemisection (F), left and right MLR sites (E) maintain their abitity to produce
locomotion (B and D, respectively) and at simíla¡ stimulation parameters. The
spinal cord su¡face shown at the c3 level indicates the maximum extent of the
lesion determined histologically. The lesion spanned 8 mm in total length. MLR
stimulation parameters we¡e:40 H2,0.5 msec duration (all trials); 175 uA (A and
C); 150 

"A 
(B); and 200 uA (D). EMG reco¡dings in A-D are in same order as

listed in A (see methods for abbreviations).
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Figure 11. stimulation of the PIJ may produce locomotion followíng an extensive
dorsal hemisection of the spinal cord at the c2,-c3 level. A and D show control
bouts of locomotion produced by stimulation of the left and right pI_S,

respectively, Following the C2-C3 dorsal hemisection indicated in Fig, 10F, the
left and right PI.S still maintain their ability to produce hindlimb or fo¡elimb
locomotion (B and E, respectively) when electrically stimulated. stimulation sites
are illustrated in C and F. PlS stimulation parameters were: 40 Hz, 0.5 msec
duration (ail trials); 175 uA (A); 135 uÁ' (B); 180 uA (C); and 200 uA (D).
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Figure 12. summary of MLR and plJ-evoked locomotion before and after
various subtotal spinal cord lesions (c2 or c3 levels). Each experiment indicated
alphabetically, Iæsions in A-c (and bottom lesion in D) are simple transections of
the indicated regions. All other lesions are extended (rostral-caudal) for various
i¡dicated lengths. The maximum extent of each lesion is indicated fo¡ each
experiment. The locomotion produced by MLR or pl'S stimulation before and
after each lesion is shown in separate columns on the right of each lesion.
stimulation of the left (L) or righr (R) MLR or pl,S is also indicated. Each limb is
represented by quadrants of a circle: fo¡elimbs are located in upper quadrants,
hindlimbs in lower quadrants, left and right limbs by the left and right halves,
respectively. Limbs illustrating locomotor movements are indicated schematically
by the open areas; limbs not participating in locomotion are indicated by filled
(black) quadrants. Limbs which show disrupted (but not completely abolished)
alternation between fledon and extension movements (visually and as seen in
EMG recordings) are indicated by the stippled quadrants.
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Figure 13. cooling of the MRF to temperatures sufficient for block of slnaptic
transmission can block locomotion produced by stimulation of the prs. panels A-
c illustrate the responses produced by stimulation of the right pl.S síte in D (p
9.5), prior to, during, and following local cooling of the MRF, respectively. MRF
cooling site is indicated in D (P 12.7). PI-S stimulation parameters were: 40 Hz,
0.5 msec du¡ation (all trials); 160 uA (A); 200 uA (B); 195 uA (c). Atl EMGs are
at the same gain.
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Figure 1.4. Isolation of the lateral portion of the brainstem does not abolìsh the
ability of the MLR or the PI.S to produce locomotion when stimulated.
I-ocomotion was monito¡ed using EMG recordilgs f¡om both fo¡elimb and
hindlimb muscles, Panels A and c show the control bouts of locomotion produced
by stimulation of the right MLR (125 uA) and the right pI,S (100 uA),
respectively. stimuli delivered in both control trials we¡e at 30 Hz and 1 msec
duration. Following an extensive (P 4-lZ) longitudinal lesion placed
approximately 2 mm lateral to the midline (with a transverse section extending to
the late¡al edge of the b¡ainstem at the rostral end) stimulation of the MLR or the
PLS was still capable of producing locomotion (B and D, respectively). The
brainstem lesion is shown in E. I¡cation of the stimulation sites for the MLR (p
2) and the PIs (P 9) are shown in E. stimulation strengths for the production of
locomotion following the brainstem lesion are 150 uA (B) and 190 uA (D) (both
at 30 Hz and 1.0 msec duration).
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Figure 15. short-latency EPSPs in a TA motoneuron (antidromic activation in A)
produced by stimulation of the MLR. An 8 second trial of locomotion reco¡ded
intracellularly (top trace) and from an extenso¡ ventral root filament (bottom
trace) produced by stimulation of the right MLR (200.'A,, 17 lH',0.5 msec) is seen
in panel B. The averaged LDP triggered at the onset of each rising phase of the
LDP (self trigger) from 11 step cycles is illustrated in c (step cycle duration of
1272 + /- 128 msec). Modulation of the short-latency Epsp over 1 step cycre can
be seen in panel D (MLR stimuli indicated by dots). calibration pulse in D is 2
mV. In this example, the EPSP may be as large as 6 mV and va¡ies in size
throughout the depolarized phase of the LDp, even though the membrane
potential ¡emains at similar levels. Panels E and F show averaged signals (20 or
more traces) (over a 30 msec rvindow triggered just prior to the delivery of the
MLR stimulus) obtained from the cord dorsum (E) and the motoneuron AC t¡ace
(F) grouped into 10 bins on the basis of their occu''ence during the normalized
step cycle. Lines 1, 2, 3, a.,d 4 in panels E and F represent the MLR stimulus
artifact, arrival of the descending volley at the co¡d do¡sum recording electrode,
onset, and peak amplitude of the MlR-evoked EpSp respectively. Lines 1 and 2
are unlabelled in panel E, Descending volley and segmental latencies a¡e 4.0 and
2,3 msec, respectively. Calib¡ation pulse in F and in all subsequent AC trace
averages (unless otherwise indicated) is 2mv, 1 msec. The amplitude modulation
(mean and standa¡d deviation) of the EPSp (difference between onset and peak
amplitude) with respect to the normalized step cycle is illustrated in G. H
illustrates the peak EPSP amplitude measured on the basis of Em (r=0.97).
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Figure 1.6. ShortJatency EPSP-IPSPs in a MG motoneuron (antidromic
identification in A) produced by stimulation of the contralateral MLR. B
illustrates the LDPs produced by stimulation of the right MLR (150 uA,20 Hz, I
msec) for a 5 second trial of locomotion. The averaged LDp (setf trigger) from 1g

step cycles is illustrated in C (step cycle duration of 7g6 + /- 46 msec). D
illustrates averages of the AC-coupled intracellular recordhg ove¡ a 30 msec
window triggered just prior to the delivery of the MLR stimulus. Each trace
represents the average of 12-15 frames segregated on the basis of their occurrence
during the normalized step cycle, Lrnes 1,2,3,4,5 represent the MLR stimulus
artifact, arrival of the descendirig volley at the co¡d do¡sum recording electrode,
onset and peak amplitude of the EpSp, and peak amplítude of the IpSp,
respectively. Descending volley and segmental latencies are 3.0 and 2.3 msec,
respectively. calibration bars in D are 1 mv, 5 msec. Modulation of the short-
latency EPSP-IPSP ove¡ approximately one step cycle can be seen in panel E
(MLR stimuli indicated by dots). In this example, the EpSp shows its Iargest
amplitude in the depolarized phase of the LDp, while the IpSp is largest during
the hyperpolarized phase of the LDP. calibration pulse preceding the Epsp is 2
mV. The amplitude modulation (mean and standard deviation) of the EpSp
(difference between onset and peak amplitude) with respect to the no¡malized
step cycle and the Em (r=0.86) is illustrated in G and H, respectively. Amplitude
variation of the IPSP (difference between lines 3 and 5 in panel D) with ¡espect to
the step cycle and Em (r=0,93) is seen in panels H and I, respectively,
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Figure 17. Locomotor drive potentials and pSps elicited in a TA motoneuron
(antidromic activation in J) with va¡iation in the strengths of stimulation of the
same ipsilateral MLR site indicated ín E. stimulation strengths were 140 uA (16
flz, 0.5 msec duration) and 180 uA (13 Hz, l msec duration) for the LDps and
PSPs illustrated in A-D and F-I, respectively. Five second periods of locomotion
are shown in A and F. The averaged LDp (self trigger) from 7 step cycles is
illustrated in B and G. The average step cycle durations for A and F are 1g50 and
7702 msec, respectively. The depolarized phase of the LDp in panel B occupies 26
+ /- 2 Vo of the no¡malized step cycle, whereas that illustrated in in panel G
occupies 85 + /- LlVo of the normalized step cycle. Averages of the pSps (AC
trace) (30 msec window) with respect to thei¡ occurrence during the normalized
step cycle are illustrated in panels C and H. Lines 7,2,3,4 represent the MLR
stimulus artifact, arrival of the descending volley at the cord do¡sum recording
electrode, onset, and peak amplitude of the EpSp, respectively. The descending
volley latency and segmental latency for stimulation of this MLR site are 5.2 and
2,8 msec, respectively. Calibration bars in C and H are 1 mV, 5 msec and 2 mV 5
msec' respectively. The amplitude modulation (mean and standard deviation) of
the EPSP (difference between onset and peak amplitude) with respect to the
normalized step cycle is illustrated in panels D and I. Increasing the strength of
stimulation of the same MLR site prolongs the depolarized phase of the LDp, the
occuûence of the stimulus-locked EPSPs, and inc¡eases the amplitude of the
MLR- evoked EPSPs.
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Figure 18. I-ocomotor drive potentials and PSPs elicited in the same TA
motoneuron as in Fig. 18, but with stimulation of a different MLR site on the
same side of the b¡ainstem (220 u\ 0.5 msec duratior¡ Ig Hz), A five second
period of locomotion is illustrated in A- The averaged LDP (self trigger) f¡om 12

step cycles (step cycle duration of 1025 msec) is illustrated in B. The depolarized
phase of the LDP occupies 54 + /- 70Vo of the normalized step cycle, C illustrate
averages of the AC-coupled i¡tracellular recording over a 30 msec rvindow
triggered just prior to the delivery of the MLR stimulus. Each t¡ace represents the
average of 20-28 frames segregated on the basis of their occurrence during the
normalized step cycle. Lines 7,2,3,4 represent the MLR stimulus artifact, ar¡ival of
the descending volley at the co¡d dorsum recording electrode, onset, and peak
amplitude of the EPSP, respectively. Total latency fo¡ the MLR site indicated in
panel E is 1,0 msec shorter than that obtained for the site in Fig. 17E. A longer
latency IPSP (arrow) is also present in the hyperpolarÞed phase of the LDp
(bottom five traces) in panel C. Calibration bars in C are ZmV,5 msec. The
amplitude modulation (mean and standard deviation) of the EpSp (difference
between onset and peak amplitude) with respect to the no¡malized step rycle is
illustrated in panel D.
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Figure 19. I-ocomotor drive potentials and PSPs elicited in a TA motoneuron by
separate stimulation of bilateral MLR sites. A-C illustrates the averaged pSps and
LDPs during a period (approximately 15 seconds) of locomotion produced by
stimulation of the contralateral MLR site indicated in D (12 H4 ZZ0 ué" 1 msec).
E-G illustrates the averaged PSPs and LDPs during a period (approxímately 15

seconds) produced by stimulation of the ipsilateral MLR site indicated in H (10

Hz, 180 u.A" 1 msec). The average step cycle durations for A-C and E-G are 1,145

+ /- 274 and 631 + /- 101, msec, respectively. A and E illustrate averages of the
AC-coupled intracellular recording over a 30 msec window triggered just prior to
the delivery of the MLR stimulus (approximately 30 frames/bin). Lines I,2,3,4
represent the MLR stimulus artifact, ar¡ival of the descending volley at the co¡d
dorsum recording electrode, onset, and peak amplitude of the EPSp, respectively.
Calibration ba¡s in A and E are 2mY, 5 msec, Stimulation of the contralateral
MLR results in a 0.3 msec longer segmental latency and different EpSp shape in
this motoneuron. The amplitude modulation (mean and standard deviation) of
the first EPSP with respect to the normalized step cycle is illust¡ated in panels B
and F. The averaged LDP (self trigger) from each trial is illustrated in C and G.
While both LDPs have similar burst durations, the amplitude of the LDp
produced by stimulation of the contralateral MLR þanel C) is slightly larger.
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Figure 20. [¡comotor drive potentials and PSps elicited in a SM motoneuron by
separate stimulation of bilateral MLR sites. Two diffe¡ent psp types are observed
i¡ this cell. Responses of this cell to stimulation (16 lfr2,220 uL 1 msec) of the
ipsilateral MLR site (E) are indicated in A-D, Responses to stimularion (15.6 Hz,
200 uÁ" 1 msec) of the contralateral MLR (J) are seen in panels F-L panels A and
F illustrate the LDPs over periods of 600 rsec or 4 sec (inset). The MlR-evoked
PSPs can be see¡ following each calib¡ation pulse (2 my, I msec). During the
depolarizing phase of the LDP (A) shortJatency Epsps are only occasionally seen
(+) following each MLR srimulus (dots). B and G illust¡ate averages of the AC-
coupled intracellular recording over a 30 msec window triggered just prior to the
delivery of the MLR stimulus (25-30 frames/bin). Averages are segregated on the
basis of their occu¡rence during the normalized step cycle. Lines I,2,3,4 represent
the MLR stimulus artifact, onset of the EpSp, and peak amplitude of the EpSp
and IPSP, respectively. Total latency to the onset of the fi¡st Epsp was shorter
(0.6 msec) for the ipsilateral MLR stimulus. Calibration pulses in d B, F and G
are2 mY,1 msec, Calibration bars in B and G a¡e2 mV,5 msec. The amplitude
modulation (mean and standard deviation) of the first Epsp with respect to the
normalized step cycle is illustrated in panels c and H, No sígnificant modulation
of the EPSP with respect to the step cycle is present in c. D and I illust¡ate the
peak IPSP amplitude measured on the basis of Em. The IpSp produced by
stimulation of the ipsilateral (left) MLR is largest in the depolarized phase in
contrast to the IPSP seen with stimulation of the cont¡alateral (right) MLR.
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Figure 21. l¡comoto¡ drive potentials and psps elicited in an AB motoneuron by
stimulation (77 Hz,200 ud 1 msec) of the ipsilateral MLR. 600 msec of the onset
of the depolarized phase of one LDp is illust¡ated in A (MLR stimuli indicated
with dots). Action potentials may be seen occurring from the shortest latency
EPSP (5.9 msec) and also from a longer latency EpSp (approximately 27-30 msec
following the MLR stimulus). Iarge Ipsps may also be seen following the short-
latency EPSP in some cases. The averaged LDp (self trigger) during a 6 second
t¡ial of locomotion illustrated in B. Panel c illustrates the averages of the AC-
coupled intracellular recording over a 30 msec window triggered just prior to the
delivery of the MLR stimulus. Each bin represents the average of 20-32 frames
segregated on the basis of their occurence during the normalized step cycle.
Lines 1,2, and 3 represent the onset, and peak amplitude of the EpSp, and the
peak amplitude of the longer latency IpSp, respectively. The MLR stimulus
artifact is indicated with an ar¡ow. The averaged short latency EpSp is very small
even though large shortJatency EPSPs may be seen in raw records (see A). See
text for further explanation. Bottom trace in C is averaged (155 frames)
extracellular recording to illustrate field potentials produced during MLR
stimulation. calibration pulse in A and c is 2mv, 2 msec. calibration bars in c
are 2 mY,5 msec. The amplitude modulation (mean and standard deviation) of
the EPSP with respect to the normalized step cycle is illustrated in panels D. The
EPSP is modulated but with high variability. panel E illustrate the peak IpSp
amplitude measured on the basis of Em. The Ipsp is largest in the depolarized
phase (r=.91).
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Figarc 22. MLR stimulus-dependent and independent motoneuronal spiking as

observed with intracellular (d B) and exrracellular (ENG) (C- E) recording
electrodes. MLR stimuli (dots) are indicated ín each panel. I-ocomotion trials are
from different experiments. Recordings are from a SMAB (A) and a TA (B)
motoneuroq and from TA ENGs (C-E). ln panel A, the action potentials
primarily occur at variable latencies following the MLR stimuli (independent), In
panel B, however, each action potential occurs at a fixed latency (triggered from
the rising phase of the short-latency EPSP) following stimulation of the MLR. A
gradation from independent to dependent spiking il a group of motoneurons
(ENG) is observed in panels C-8. In D and E, spiking begins to occur in discreet
bursts of activity. Calibration pulses in A and B are 2 mV, 1 msec.
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Figure 23. Timing relationships between MLR stimulus-locked spiking (ENG)
and PSPs (intracellular) for unilateral agonists and antagonists, The top trace (A-
c) is the intracellular recordíng from an unidentified extensor motoneu¡on which
received monosynaptic EPSPs from stimulation of the pBST nerve. The bottom
trace illustrates the raw ENG f¡om L T,{. A 10 sec trial of locomotion is
illustrated in a B shows the activity observed fo¡ a 800 msec period during the
complete hyperpolarized phase of one LDP. Small stimulus-locked EpSp-pSps
can be seen following each MLR stimulus (dots). The activity of the largest single
unit from the antagonist ENG is locked to the MLR stimulus. A 50 msec window
is illustrated in c for one stimulus (arrow). I¿tencies from the MLR stimulus to
the onset of the EPSP, IPSP (estimated), and single unit (indicated by lines 1, 2, 3,

respectively) are7.4,9.0, and 1.0.2 rnsec, respectively. Note in B that the activity of
some smaller (non stimulusJocked) TA units occur at similar times that Ipsps are
observed in the intracellular record, Panels D-F illustrate the activity of an
unidentified extensor motoneuron (top trace) (received Epsps from stimulation
of the FDL nerve) and the raw ENGs from ipsilateral MG (second trace) and SM
(bottom trace) nerves, An 8 sec trial of locomotion is illustrated in D. E shows the
activity observed for a 800 msec period and includes the depolarized phase of the
one LDP. I:rge stimulus-locked EPSPs can be seen following each MLR stimulus
(dots), A 30 msec window is illustrated in F for one stimulus (arrow). I_atencies
from the MLR stimulus to the onset of the EpSp, and single units in MG and SM
(indicated by lines 1, 2, 3, respectively) are 7.6,I0.5, and 9,4 msec, respectively.
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Figure 24. Reciprocal organization between excitation and i¡libition of strict
antagonists during locomotion induced by stimulation of the MLR. Top and
bottom waveforms are intracellular recording from a left MG motoneuron (ankle
extensor) and extracellular recording from a left TA nerve (ankle flexor) during
locomotion produced by stimulation of the right MLR (10 Hz, 140 ud 1 msec
duration), respectively. I-oss (or reduction) of rhythmic inhibition (hyperpolarizing
phase of the LDP) in the MG motoneuron is associated with the loss (or
reduction) of rh¡hmic excitatory output of the TA motoneuronal pool as
recorded in the TA nerve. Rhythmic excitation (depolarizing phase of the LDp) of
the MG motoneuron is still present during these sustained plateaus of
depolarization since the cell still continues to spike in a rh¡hmic fashion
sepa¡ated by periods of non-spiking.



134

L MG motoneuron

0

40



135

Figure 25. Recording from a spinal intemeuron during fictive locomotion
produced by stimulation of the contralate¡al MLR (1g.9 Hz, 160 uA, 0.5 msec
duration). l¡cation of cell (lamina 7) in the rostral Lz spinal segment is indicated
in d rhe cell was rhythmically active and out of phase rvith the ipsilateral rA
ENG (A). The activity of this neuron during one of the bursts for a period of 200
msec is illustrated in B. c shows an averaged response over a 60 msec wi¡dow
from 210 triggered sweeps occurring within the rhythmic bursts. MLR stimulus is
indicated by dots in B and c. As observed in B and c, spiking is induced in this
cell at a fixed latency (6.6 msec) following the delivery of each stimulus to the
MLR. othe¡, variable latency action potentials are also seen in this cell following
the MLR stimulus. Calibration pulses in B and C are 2 mV, 1 msec,
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Figure 26. Responses of various spinal interneurons to stimulation of the MLR.
I-ocomotion induced by stimulation of the ipsilateral MLR (1) (10 Hz, 110 u.A, 1

msec) can be seen in A for a flexor-related spinal neuron and the ipsilateral (left)
TA ENG. The averaged response (mean total latency of 8.1 msec) of the neuron
to stimulation of the MLR is shown in frame 2. Frame 3 in panel A illustrates the
response of the cell to stimulation (10 T) of the ipsilateral sural nerye. This cell
also responded to stimulation of the ipsilateral FDL (10 T) and posterior tíbial
nerves and to stimulation of the contralate¡al su¡al and superficial peroneal
nerves. The cell shown in panel B discharged in long bursts (200-400 msec) of
activity to the delivery of a single train of 4 stimuli MLR (90}Jr2,790 uÂ 0.5 msec
pulse duration) every second (frame 1). These bursts were separated by periods of
low activity. A single bu¡st is illustrated in frame 2. MLR stimuli are indicated in
the lower trace in 81 and 82. The cell was also capable of displalng rhythmic
activity with a tonic stimulation (20 }Jz,,790 uA¡ 0.5 msec duration) of the MLR
(not illustrated). I¡cation of the cell is shown in panel D (open box). c illustrates
the responses of a flexor-¡elated spilal neuron to stimulation of the MLR (20 Hz,
200 u,\.1 msec du¡ation), The interbu¡sts periods were separated by decreased
tonic activation of this neuron, Short-latency (6.7 + /- 1.3 msec), stimulus-locked
spikes can be seen following some of the MLR stimuli (dots) (C2) during one of
these interburst periods. The locations of 9 rh¡hmically active spinal neurons in
the L7 spinal segment is shown in D.
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Figure 27. I-oss of MlR-evoked fictive locomotion by cooling of the MRF,
Locomotion is monitored by intracellular recording from a left SMAB
motoneuron (top trace), an ipsilateral extensor- related Lj ventral root (VR)
filament (middle trace), and a left TA ENG (bottom trace). l,ocomorion is
¡educed (B) and finally abolished (C) by cooling of the MRF (p9, L0, probe tip
1.5 mm from bottom) to 13 and 11 degrees C, respectively, Al1 tráces are at
constant gain, throughout. Motoneuron action potentials a¡e truncated for
illustrative purposes. I-ocomotion was produced by stimulation of the right MLR
(20 Hz, 180 uA" 0.5 msec duration; stimulation strength in C was 200 uA) (PZ,IA,
H=-1.6).
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Figure 28. Concur¡ent reduction in the amplitude of the LDP and MlR-evoked
shortlatency PSPs in a left FDL motoneuron during cooling of the MRF.
l¡comotion produced by stimulation of the right MLR (P2.8, I3.7, H=-0.8) is

shown in A, B, C (top trace: left FDL motoneuron; middle trace: ipsilateral TA
ENG; bottom trace: contralateral SM ENG). All traces are at constant gairL

throughout, MlR-evoked PSPs averaged into 5 bins on the basis of their
occurrence during the normalized step cycle is seen in D, E, and F fo¡ the MRF
precool, cool, and rewarm trials, respectively. A reduction in the amplitude of the
ENGs, LDPs and PSPs is evident with cooling of the MRF (P 10, L 0) to probe
temperatures of 14 degrees. Calibration bars in D-F are 1 mV, 5 rxec.
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Figure 29. MRF cooling demonstrates that the appearance of the hyperpolarized
phase of the motoneuron LDP is linked to excitation of the antagonist
motoneuron pool across the same joint. Top traces in A and B illustrate the
intracellular reco¡d of a left LG motoneurorL whe¡eas middle and bottom traces
show the extracellular records of a left extensor- related L7 vR filament and left
TA ENG, respectively. Panel A and B are control and MRF cooling (10.6 degrees
C), respectively. For illust¡ative purposes the gains of each trace are not equal
(amplitudes for each trace were reduced during cooling). l,ocomotion was
produced by stimulation (20 Hz, 120 uA" 0.5 msec duration) of the right MLR (p2,
IA,H=-1.6).
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Figure 30. cooling of the vLF of the spinal cotd, at ^ll2 can reversibly abolish
MlR-evoked locomotion ipsilaterally. Fictive locomotion (A) produced by
stimulation (220 uA., 20 }Jz, l msec) of the right MLR (p2, L4, H=_0.5) was
monito¡ed by right and left ENGs during extradural cooling (B) and rewarming
(c) of the left vLF. All ENG t¡aces are at constant gain throughout. Decreased
levels of activity were observed in some ENGs on the left side during cooling.
I¡ss of rh¡hmic activity in the left MG ENG was also seen. Upon rewarming,
locomotion on the right side returned.
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Figure 31. Loss of short-latenry Ml-R-evoked EPSPs is concur¡ent with the loss of
the LDP during cooling of the VLF, Upper panel in A and C shows the average

amplitude of the LDP recorded from a left TA motoneuron during locomotion
produced by stimulation of the left MLR (P 2.2,I.4,5, H=0). Middle panel in A
and C illust¡ate the amplitude modulation of the MlR-evoked EpSp (shown in
bottom panel) averaged i¡to 5 bins on the basis of its occu¡rençs d¡¡ing the
normalized step cycle. Ext¡adural cooling of the left VLF at the T12 spinal level

þrobe temperature of 1.7 degrees) abolishes MlR-evoked locomotion as

monitored in the DC trace and left Vastus ENG (top and middle panet in B). The
MLR- evoked EPSPs (averaged on the basis of Em) are abolished wíth cooling
(lower panel in B). MLR stimulation paramete¡s: A: 180 uA, 13 IJz, 1, msec; B:
180 uA, L7 }Jz, I msec; C: 175 uA 73 Hz, 7 msec. Calibration bars arc I my f S
msec (A and C) or 0.5 mV/5 msec (B).
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Figure 32. I-oss of the LDP during cooling of the VLF (T12) is sometimes
associated with the loss of the MlR-evoked EpSp and the presence of a residual
IPSP. Five second bouts of locomotion recorded from a left LG motoneuron
(upper trace) and the left TA ENG are illustrated in A-D for the control, cooled,
partial rewarr¡ and complete rewantr trials, respectively (gain is the same
throughout). At left VLF probe tip temperatures of 0 to -1 degree (B) no
locomotion (LDPs or ENG modulation) or MlR-evoked EpSps were observed.
OnIy tonic excitation of the ipsilateral TA and tonic inhibition (IpSps) of the LG
motoneuron remained. Bottom panel in A illustrates the amplitude of the Ipsp as

a function of Em during the control bout of locomotion. The amplitude of the
¡esidual IPSP seen during the cooling trial (with respect to Em) is also plotted in
A- C shows the failu¡e of production of the depolarized phase of the LDp and
corresponding reduction of inlibition in the antagonist (TA ENG) durÍng the cord
rewarming trial þrobe temperature of 17-20 degrees). With rewarming of the
cord (D), normal LDPs, ENG modulation, and pSp modulation during the
normalized step cycle (bottom panel) is apparent. I-ocomotion was produced by
stimulation (210 uA, 72 Hz, lmsec) of the L MLR (P 2.5, L 4, H = 0). Calibration
bars in d B, and D are 1 mV/5 msec.
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Figure 33. Effect of cooling of the VLF on MlR-evoked eI PSPs in a SM
motoneuron. d B, and C illustrate responses in the control, cooled and rewarm
trials, respectively. Panels I show bouts of locomotion produced by stimulation
(220 ,rA, 16 Hz, and 1.0 msec) of the L MLR (P 2.8, L 4.5, H=-1.5). Panels 2
illustrate the averaged PSPs segregated on the basis of their occurrence during the
no¡malized step cycle, Lines 1, 2, and 3 represetrt the stimulus artifact, onset of
the EPSP, and peak amplitude of the IPSP, respectively. Calib¡ation bars are 2
mV, 5 msec. Panels 3 and 4 a¡e peak amplitude measurements of the IpSp
(difference between lines 2 and 3) with respect to the normalized step cycle and
En¡ respectively. In the control bout of locomotion (A), the MlR-evoked IpSp
shows an amplitude modulation which is highly dependent upon Em (largest

during depolarization). After cooling and rewarming of the L VLF, the amplitude
modulation is reve¡sed: the IPSP is largest during the hyperpolarized phase and
smaller with Em depolarization,
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Figure 34. Longer latency MlR-evoked EPSPs are sometimes revealed upon
cooling of the VLF ipsilateral to the intracellular recording site. panel A
illustrates the averaged LDP of a left TA motoneuron with respect to the
no¡malized step cycle recorded during fictive locomotion produced by stimulation
of the right MLR (P 2.5,L 4, H=-1). Cooli¡g of the left VLF extradurally þrobe
temperature: 1. to 0 degrees) reduces the size of the LDP (bottom trace). LDps
are plotted on the same scale. Panel B shows the averaged responses of the cord
dorsum (30 msec window) during the control (top trace) and cooling (middle
trace) locomotion trials. The bottom t¡ace shows the difference between both
cord dorsum averages. Lines 1 and 2lndicate the onset of the stimulus artifact and
that portion of the cord dorsum signal removed during VLF cooling, respectively.
No change in the descending volley latency is apparent during cooling of the VLF.
Panel c illustrates the averaged MlR-evoked EPSPs sorted on the basis of their
occurrence during the normalized step cycle, After cooling of the left VLF (T12),
the latency of the MlR-evoked EPSP increased by approximately 1 msec (line 4,

bottom) f¡om that seen during the control bout of locomotion (line 3, top). MLR
stimulation parameters were 190 uA"20H2,0.5 msec.
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Figure 35. Cooling of the VLF contralateral to the recordíng side abolishes longer
latency MlR-evoked EPSPs. Cooling of the dorsal cord has no effect on MLR-
evoked locomotion or PSPs, Intracellular recording from a left unidentified
motoneuron is illust¡ated in top traces in A-D. Averaged MlR-evoked pSps

sorted on the basis of the normalized step cycle are illustrated in lower panels.
I-ocomotion on the left side of the animal (as monitored by intracellular recording
or left TA ENG) produced by stimulation (220 ug 13.8 Hz, 1 msec duration) of
the left MLR (P1.5,U, H=-0.5) is dec¡eased but not abolished after cooling of
the contralateral (right) VI.F (R VLF) þrobe temperature of -1 degree C) þanel
B). Cooling of the dorsal cord (DC) (probe temperature 0 to -2 degree C) has no
effect þanel D), Lines 1,2, and 3 indicate onset of stimulus, arrival of descending
volley at the cord dorsum recording electrode, and onset of the short- latency
EPSP, respectively. Slight increases in the descendíng volley latency are seen
during cooling of the VLF (0.4 msec) or DC (0.2 msec). No change of the
segmental latency to the first EPSP was observed during cooling. Calibration bars
in A a¡e 0.5 mV, 5 msec. Calibration bars in B,C,and D are 1.0 mv, 5 msec.
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Figure 36. MlR-evoked PSP amplitude modulation plotted ì¡/ith respect to LDp
amplitude modulation. I*rger LDP amplitudes are associated with greater
amplitude modulation of the PSPs. Values obtained from motoneu¡ons whích
showed simple E or EI MlR-evoked PSPs, PSP modulation deternined by
measurement of the absolute change in amplitude of the largest EpSp or IpSp
seen during the step cycle (minimum amplitude subtracted f¡om the maximum
amplitude for each PSP type). In cases of mixed PSPs (EI), the absolute values for
the EPSP and the IPSP modulation r.vere added together, LDp amplitude
determined by the difference between maximum and rninimum Em values
(depolarized phase and hyperpolarized phase, respectively).
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Figure 37. Organization of locomotor pathways descending from the midbrain to
the spinal cord and their possible inter¡elationships (see text for details). Two
different pathways are illustrated. Locations of cell bodies is shown by stþled
areas, fiber tracts by clear o¡ hatched areas.



160

M IDBRAIN

PONS

V3
sér \ 5sM

MEDULLA

FTM

SPINAL CORD



161,

Abbreviations

5 - trigeminal nerve

5 M - motor trigerninal nucleus

5 P - principal sensory trigeminal nucleus

5 SM - spinal trigeminal nucleus- magnocellular division
5 SP - spinal trigeminal nucleus- parvocellular division
5 ST - spiral trigeminal tract

7 - facial nerve

7L - facial nucleus, lateral division

7M - facial nucleus, medial division

CI - inferio¡ central nucleus

CP - cerebellar peduncle

FTG - gigantocellular tegmental field
FfL - lateral tegmental field
FTM - magnocellular tegmental field
IC - inferior colliculus

IFT - infratrigeminal nucleus

IOM - medial accessory nucleus of the inferio¡ olive
KF - Kolliker-Fuse nucleus

LRI - lateral reticular nucleus - internal division
P - pyramidal tract
PPR - posþyramidal nucleus of the pyramidal tract
PR - paramedian reticular nucleus

SOL - lateral nucleus of the superior olive

SOM - medial nucleus of the superior olive

TB - trapezoid body
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