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Endogenous Activation of Glycine and NMDA Receptors in Lamprey
Spinal Cord During Fictive Locomotion

Simon Alford? and Thelma L. Williams

Physiology Department, St. George's Hospital Medical School, Tooting, London SW17 ORE, England

Strychnine is shown to abolish left-right alternation in fictive
locomotion induced by sensory stimulation. Robust rhythmic
activity, characterized by left-right coactivation at each seg-
mental level, is seen in the presence of strychnine at all
doses used (0.5-20 um). The proportion of the cycle occupied
by the ventral root bursts and the rostral-caudal coordination
is similar to that seen in the absence of strychnine. Fur-
thermore, the rhythm is abolished by cis-2,3-piperidine di-
carboxylic acid (PDA), 2-amino-5-phosphonovalerate (APV),
or the removal of Mg?* from the perfusate, as in the absence
of strychnine. Voltage clamp was applied to ventral horn
neurons during stimulation in the presence of strychnine,
with holding potentials negative to the plateau potential as-
sociated with a ventral root burst but positive to the potential
in the interburst. Inward current was seen during the ventral
root burst, but no outward current was seen at burst termi-
nation or during the interburst. The results indicate that in
fictive locomotion induced by endogenous release of NMDA
receptor agonists, left-right alternation is dependent on gly-
cinergic transmission. Furthermore, evidence is provided that
in the absence of glycinergic transmission, burst termination
may depend on NMDA receptor-linked voltage-sensitive pro-
cesses.

The neuronal correlate of locomotion, fictive swimming, may
be activated in the in vitro spinal cord of the lamprey by the
application of certain excitatory amino acids (EAA) or by var-
ious means of sensory or brain stem stimulation (Cohen and
Wallén, 1980; McClellan and Grillner, 1983, 1984; McClellan,
1984). Such fictive swimming is characterized by alternating
bursts of activity in opposite pairs of ventral roots with an
ipsilateral rostral-caudal delay of approximately 1% of a cycle
per segment (Cohen and Wallén, 1980; Wallén and Williams,
1984).

Several types of neurons in the lamprey spinal cord have been
identified, and their activity has been recorded during fictive
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locomotion (see Rovainen, 1983). The motoneurons themselves
do not appear to be part of the pattern-generating circuitry,
serving only as output elements (Wallén and Lansner, 1984).
Identifiable neurons in the ventral horn that are not motoneu-
rons include lateral interneurons (Buchanan and Cohen, 1982),
crossed caudal interneurons (Buchanan, 1982), and excitatory
interneurons (Buchanan and Grillner, 1987). All are rhythmi-
cally active during fictive locomotion. They depolarize during
the ipsilateral ventral root burst and repolarize or even hyper-
polarize during the interburst interval. Excitation during the
depolarizing phase of activity appears to rely on EAA neuro-
transmission (Brodin and Grillner, 1985a, b; Dale and Grillner,
1986; Dale et al., 1986), and the pattern may be activated by
the bath application of NMDA or kainate but not quisqualate
(Grillneretal., 1981; Brodin et al., 1985; see Watkins and Evans,
1981). Dorsal cells (Buchanan and Cohen, 1982) and edge cells
(Alford and Williams, 1987a), both of which lie outside the
ventral horn, do not exhibit such oscillations.

It is not known what role voltage-dependent properties may
play in the responses to endogenous EAA release and thus in
normal rhythmic burst generation. In the presence of NMDA,
many neurons within the ventral horn continue to undergo
rhythmic membrane potential oscillations after blockade of syn-
aptic transmission with TTX (Grillner and Wallén, 1985;
Sigvardt et al., 1985; Wallén and Grillner, 1987). Such cells
display voltage-dependent conductances (Moore et al., 1987).
In those studies, fictive locomotion was induced by bath ap-
plication of EAA, which may lead to rhythmic activity in some
cells that is not seen during sensory-induced activity (S. Alford,
T. L. Williams, and K. A. Sigvardt, unpublished observations).
In the work presented in this paper, we have employed natural
stimulation to elicit fictive locomotion (McClellan and Grillner,
1983) to study the role of endogenously released transmitters
in the generation of locomotion.

Inhibition of motoneurons occurs during the interburst in-
terval, mediated by Cl conductances (Kahn, 1982; Russell and
Wallén, 1983). Furthermore, Cohen and Harris-Warrick (1984)
have shown that pretreatment of the spinal cord with strychnine
followed by bath application of EAA without strychnine may
lead to a transient episode of rhythmic burst activity in which
left and right ventral roots coactivate. This result indicates that
glycinergic transmission may be necessary for the left-right al-
ternation that characterizes locomotion. Rhythmic left-right
coactivation is not seen, however, in the presence of both strych-
nine and EAA. At concentrations of strychnine below 3.0 um,
the overall frequency of the ventral root bursts is increased
(Grillner and Wallén, 1980), but left-right alternation persists.
At higher concentrations, rhythmic activity is lost (Grillner and
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Ventral root recordings following tailfin stimulation. 4, Experimental preparation. B, Control response. C, Response in strychnine (2

uM). Recording electrodes on ventral roots: RR, rostral, right; RL, rostral, left; C, caudal, left. Rostral-caudal delay in C was 0.96 + 0.12 (SE)%
per segment. Electrodes RL and C were separated by 40 segments. In this and other figures, stimulus is applied at arrows.

Wallén, 1980; Cohen and Harris-Warrick, 1984). This result
has indicated that glycinergic transmission is necessary not only
for left-right alternation but also for the generation of the burst
pattern. Furthermore, models in both the lamprey and the Xen-
opus embryo rely on the presence of glycinergic inhibitory neu-
rotransmission across the spinal midline to produce rhythmic
bursts (Roberts et al., 1984; Grillner et al., 1987).

In this paper we show that fictive locomotion induced by
endogenous transmitter release (as opposed to bath application
of EAA) is converted in the presence of strychnine to consistent
episodes of rhythmic bursting in which ventral root activity is
synchronized in opposite pairs of spinal hemisegments. This
was true for all doses of strychnine used (0.5-20 um). Further-
more, we have taken advantage of this result to study the mech-
anisms of burst termination during sensory-induced activity in

the absence of glycinergic transmission and, thus, to investigate
the role of endogenously released excitatory transmitters in
rhythm generation.

Materials and Methods

Newly transformed adult lampreys (Petromyzon marinus, 14=15 cm)
were anesthetized by immersion in 3-aminobenzoic acid ethyl ester
(MS222; 100 mg/liter). Two types of preparation were used to induce
fictive locomotion. In the first, the spinal cord was isolated along with
the notochord (Rovainen, 1974) from approximately 25 segments be-
hind the gills to the tail. A small section of the tailfin was left attached
to the caudalmost point, such that it was still innervated (McClellan
and Grillner, 1983). The tailfin was stimulated mechanically by
compression with a pair of forceps or small tongs (applied via cable to
reduce movement artifacts) and released after the episode of activity
ended. The second type of preparation consisted of the rostral 20-40
segments of the spinal cord with the brain stem still attached. A brief



2794 Alford and Williams « Glycine and NMDA Receptors in Locomotor Activity

DH M

LM
*

VH

4

20mV

5s

A+

b

Figure 2. Membrane potential (V) of ventral horn neuron following tailfin stimulation in the presence of strychnine (2 um), with simultaneous
extracellular recording from a contralateral (coV'R) and ipsilateral (iV’R) ventral root. Inset shows path of penetration by microelectrode (M). Voltage

calibration is for intracellular record. Resting potential

chain (250 msec, 20 Hz) of electrical stimuli (20 gamp x 5 msec) was
applied to the dorsal surface of the rostral end of the spinal cord, which
led to a similar episode of fictive locomotion (R. Dubuc and S. Grillner,
unpublisked observations). The preparations were superfused at 5-9°C
with physiological saline (NaCl 104.5 mm, KCl 2 mwm, CaCl, 2.6 mm,
MgCl, 1.8 mM, p-glucose 4 mm, HEPES 2 mm) at 5-20 ml/min in order
to apply the following antagonists: strychnine (0.5-20 um), bicuculline
(2-30 um), cis-2,3-piperidine dicarboxylic acid (PDA, 50-400 um), and
2-amino-5-phosphonovalerate (APV, 10-20 um). Ventral root activity
was recorded en passant with saline-filled glass electrodes. Intracellular
micropipettes contained 1 M or 2 M potassium acetate or 0.3 M lithium
acetate and 5% Lucifer yellow. Axons penetrated during the electrode
advance were identified by the characteristics of the action potentials
(Rovainen, 1979) and avoided. Neurons to be identified by Lucifer
yellow injection (edge cells, dorsal cells) were filled with the dye by the
passage of approximately 6 x 10-7 coulombs{C) (10 nA-min) of negative
charge. At the end of such experiments, the spinal cord was isolated,
fixed in 4% formalin, dehydrated in ethanol, and cleared in methylsalic-
ylate before viewing with epifluorescence microscopy. Voltage clamp
of neurons was performed using the discontinuous single electrode clamp
technique (Finkel and Redman, 1984; DAGAN 3100) with switching
rates for current injection/sampling of between 4 and 6 kHz and a 30%
current injection duty cycle. Microelectrodes were filled with 2 m or 3
M potassium acetate and had impedances of approximately 40 MQ.

Results

Mechanisms of left-right alternation
In Figure 1 are shown the effects of strychnine on the ventral
root activity that occurs in response to sensory stimulation of
a portion of tailfin left attached to the spinal cord (McClellan
and Grillner, 1983). Before strychnine application (Fig. 1B),
such stimulation leads to an episode of fictive swimming, char-
acterized by left-right alternation of rhythmic bursts of activity.
In the presence of strychnine over a wide dose range (0.5-20
uM; 40 experiments), such stimulation still leads to rhythmic
activity, but the bursts in opposite pairs of ventral roots are
now synchronized. Rostral-caudal delay is not abolished (Fig.
1C). The same result was obtained with stimulation of the dorsal
surface of the spinal cord (see Materials and Methods).

The ease with which activity could be elicited was greatly

—70 mV. VH, ventral horn; DH, dorsal horn.

increased in strychnine. The success rate of tailfin stimulation
in the absence of strychnine is low, as has been found by other
workers (A. McClellan, personal communication; L. Brodin,
personal communication); some preparations give no response,
and those that do respond accommodate rapidly. By contrast,
in the presence of strychnine, the response is robust and repro-
ducible. Similarly, the delay between the stimulus application
and the appearance of rhythmic bursting is much more variable
in the absence of strychnine (see Figs. 1B; 3, 4, B) than in its
presence (Figs. 1C; 3, C, D).

In order to test whether the effect of strychnine could be due
to antagonism at the GABA-A receptor, in 3 preparations, tailfin
stimulation was applied before and after the application of bi-
cuculline (2-30 um). At all doses, left-right alternation was re-
tained, indicating that the effect of strychnine was specific for
glycine-receptor blockade. Furthermore, these results confirm
that activation of the GABA-A receptor is not required for the
cross-cord coordination of tailfin-induced fictive swimming, as
has been shown also for EAA-induced fictive swimming (Grill-
ner and Wallén, 1980).

Comparison with fictive swimming

A wide range of burst frequencies occurs in fictive locomotion
induced by sensory or spinal cord stimulation. In 4 animals the
average burst frequency was measured for 5 episodes of activity
induced by tailfin stimulation both before and after application
of 3 um strychnine. Consistently higher frequencies of ventral
root bursting occurred after strychnine application [2.0 Hz =
1.2 (SD)] than before [0.4 Hz = 0.2 (SD)]. All rates were, how-
ever, within those reported for fictive swimming activated by
EAAs and those for swimming in the intact animal (McClellan
and Grillner, 1983, 1984; Wallén and Williams, 1984). The
mean rostral-caudal delay in strychnine was 0.86% + 0.21%
(SD) cycle per segment, and the mean proportion of the cycle
occupied by a burst was 0.42 + 0.11 (SD). Both these values
are within the ranges described for fictive locomotion (0.94%
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Figure 3. Voltage clamp of ventral
horn neurons during fictive locomotion
induced by spinal cord stimulation. 4,
Membrane potential (V) without volt-
age clamp, no strychnine. Note that the
cell depolarizes during the phase of ac-
tivity in the ipsilateral ventral root ({ VR)
and hyperpolarizes during the inter-
burst. coVR, contralateral ventral root.
B, Current (J) recorded in same neuron
as in 4 during voltage clamp (¥) at its
resting potential (—69 mV). Note in-
ward current (downward) associated

with ipsilateral ventral root burst and
l net outward current (upward) associ-

VR ;
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1 ) ated with ipsilateral interburst and con-
tralateral burst. C, Membrane potential
of a ventral horn neuron (VHN) follow-
ing stimulation in strychnine (5 um),
with simultaneous record from ipsilat-
eral ventral root (VR). D, Current ()
recorded in same neuron as in C during
voltage clamp (V) at —55 mV, midway
between resting potential (—65 mV) and
peak of depolarization (—45 mV). Note
inward current (downward) associated
with ipsilateral ventral root burst but
absence of net outward current at any
time. Ventral root record not shown.
The smaller number of bursts in D (4)
as compared with C (13) simply reflects
the variability in the response to tailfin

20mv

+ 0.23% and 0.36 * 0.03, respectively; Wallén and Williams,
1984).

After the abolition of left-right alternation by 5 um strychnine,
all 41 ventral horn neurons examined in this study still dem-
onstrated rhythmic oscillations in membrane potential. Depo-
larization on the order of 15-25 mV occurred in phase with the
bursts of activity recorded from the adjacent ventral root and
was usually characterized by spiking of the neuron itself (Fig.

or spinal cord stimulation. Intracellular
2s electrodes filled with 2 M potassium
acetate.

2). This reflects the activity one sees in many ventral horn
neurons during fictive swimming in the absence of strychnine
(Fig. 34). As with fictive locomotion induced by bath applica-
tion of EAA, there were large variations from cell to cell in the
stability of the membrane potential, the shape and magnitude
of the oscillations, and whether or not spiking occurred (see
Figs. 2; 3, 4, C; 64). Approximately 15% of the ventral horn
neurons were positively identified as motoneurons, in that rapid
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Figure 4. Near-abolition of activity by excitatory amino acid receptor antagonism. Records from left (L) and right (R) ventral roots of same
segment following tailfin stimulation in 2 uM strychnine. 4, Control. B, During application of 200 um PDA. C, During application of 400 um PDA.

D, After washout of PDA.

trains of stimuli were followed either orthodromically or anti-
dromically by stimulation/recording in the cell body and the
adjacent ventral root. There were no systematic differences in
the intracellular records obtained from cells identified as mo-
toneurons and those from other neurons within the ventral horn.

By contrast, 3 dorsal cells showed no membrane potential
oscillations, and 4 edge cells showed oscillations of a much lower
amplitude (1-5 mV) than that recorded in ventral horn neurons.
These two cell types lie outside the ventral horn.

Mechanisms of burst termination

In all ventral horn neurons recorded from in this study, a rapid
repolarization of the membrane potential was associated with
burst termination in the ventral root (Fig. 3C). To investigate
if this was brought about by direct nonglycinergic inhibitory
transmission, we have applied voltage clamp to ventral horn
neurons during episodes of activity. Cells showed resting input
impedances of between 20 and 30 MQ. As a control, Figure 3B
shows the result of applying voltage clamp during stimulation
in the absence of strychnine. In this cell, the holding potential
was equal to the resting potential. It can be seen that inward
current is associated with the ipsilateral ventral root bursts,

outward current with the contralateral ones. Voltage clamp was
applied to 8 ventral horn neurons (of which 2 were identified
as motoneurons) in the presence of strychnine. The holding
potentials used were approximately 10 mV positive to the rest-
ing potential, i.e., approximately midway between the plateau
potential and that recorded in the interburst period. This holding
potential was chosen to prevent the development of any con-
ductance dependent on depolarization, yet to accentuate any
outward current that has a reversal potential equal or negative
to the normal resting potential. In each case, a sharp inward
current was recorded during the burst phase, and this current
did not decay to zero by the end of the burst (Fig. 3D). In none
of the 8 neurons studied was net outward current apparent at
any time during the episode. In the cell of Figure 3D, for ex-
ample, the resting potential was —65 mV, the peak of depolar-
ization during the ventral root burst was approximately —45
mV, and the holding potential of the voltage clamp was —55
mYV. The absence of net outward current at this potential in-
dicates that repolarization cannot be achieved by inhibitory
transmitter release onto the cells from which we have recorded.

Furthermore, the persistence of net inward current at the time
of the termination of the associated ventral root burst shows



The Journal of Neuroscience, August 1989, 9(8) 2797

N PTITT T TITARTIRY, TS

Control

1 R T T ARSF U MRV T

2 0uyM APV

L=t} * i

AU T N T PR O

D.

e b

Recovery

Hbesemebpo

L ‘ ' “ “ “ |“ ﬂ* imw llw .l.lrw

1[“. 1% }.IIM Jlm

25

Figure 5. Near-abolition of activity by NMDA receptor antagonism. Records from left (L) and right (R) ventral roots of same segment following
tailfin stimulation in 2 upm strychnine. 4, Control. B, During application of 10 um APV. C, During application of 20 um APV. D, After washout of

APV.

that repolarization cannot be accounted for by the turning off
of the depolarizing conductance. These results indicate that the
cell must be depolarized in order for net outward current and,
therefore, repolarization to occur. Holding potentials at or near
to the plateau potential (during the associated ventral root burst)
were not used, since they gave rise to large, long-lasting outward
current that destroyed the cell. Such outward current is presum-
ably at least partially that which normally repolarizes the cell
at the end of a burst.

The rhythmic activity induced in strychnine by tailfin or spi-
nal cord stimulation could be reduced in a dose-dependent man-
ner by bath application of EAA antagonists, as has been shown
for sensory stimulation in the absence of strychnine (Brodin and
Grililner, 1985a). Addition of the nonspecific EAA antagonist
PDA at 200 um or the specific NMDA-receptor blocker APV
at 10 uM to a preparation already bathed in 5 uM strychnine
markedly reduced the number of ventral root bursts that fol-
lowed tailfin stimulation (Figs. 4, 5). Higher concentrations (20
uM APV or 400 um PDA) abolished all but one of such bursts
(Figs. 4, 5). With both antagonists, the effect was readily re-
versible with washout. In addition, removal of Mg?* from the
medium led to almost complete elimination of rhythmic activity
(8 animals; Fig. 6). Mg?* is known to mediate the voltage sen-
sitivity of the NMDA receptor. At resting potential, the NMDA
receptor ion channel is blocked by Mg?*, and this block is re-
moved at more depolarized potentials (Mayer et al., 1984; No-

wak et al., 1984). The resistance of the first burst to these pro-
cedures, seen also in the absence of strychnine (Brodin and
Grillner, 1985a), indicates that the first burst of activity may
not be a part of the rhythmic locomotor pattern but simply may
be a generalized excitatory response to the tail pinch. This also
is consistent with the fact that the first burst normally occurs
in the caudalmost root (nearest the point of stimulation; see Fig.
10), although with subsequent bursts, there is a rostral-caudal
delay.

Discussion

This study has shown that alternation of ventral root activity
across the lamprey spinal cord during fictive swimming acti-
vated by endogenous release of neurotransmitters is abolished
by strychnine. In contrast to the results obtained with exogenous
EAA application, such left-right coactivation is robust and re-
producible and persists in the continued presence of strychnine,
even at high doses (20 um). Left-right inhibition appears to be
mediated by glycine in the Xenopus embryo preparation as well
(Kahn, 1982; Dale, 1985; Soffe, 1987), and it may be the general
case that the coordination of vertebrate spinal hemisegments
during locomotion depends on glycinergic inhibition of one side
of the spinal cord on its other half.

The abolition of all but the first burst of activity in strychnine
by PDA, APV, or the removal of Mg?* parallels that seen in the
absence of strychnine (Brodin and Grillner, 1985a), indicating
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Figure 6. Mg?* dependence of rhyth-
mic activity. Ventral horn neuron
membrane potential (¥) and simulta-
neous recording from ipsilateral (iVR)
and contralateral (coVR) ventral roots
during stimulation in the presence of 2
uM strychnine. 4, Control. B, During
superfusion with Mg?*-free solution. C,
After return to normal solution.

that the activity seen in strychnine is also generated by the
locomotor pattern-generating circuitry. This conclusion is sup-
ported also by the occurrence of appropriate values of burst
proportion and rostral-caudal delay.

This study also has demonstrated that glycinergic inhibitory
transmission is not necessary for the maintenance of rhythmic

Control

Recovery

activity in the lamprey spinal cord, as has also been shown for
the cat (Pratt and Jordan, 1987). This result contrasts with that
seen with exogenous EAA application to the lamprey spinal
cord, where doses of strychnine above that required for abolition
of left-right alternation eliminate rhythmic activity (Grillner
and Wallén, 1980).



The rhythmic oscillations of the membrane potentials of ven-
tral horn neurons in the presence of strychnine indicate the
sequential occurrence of net inward and net outward currents,
which depolarize and repolarize the cell, respectively. The ab-
sence of net outward current when a cell is voltage clamped at
a potential positive to its normal interburst value but negative
to its normal plateau value indicates that net outward current
can only occur if the cell is allowed to depolarize. Hence, it
cannot be due entirely to the release of inhibitory transmitter
on the neuron, since such release would still occur during voltage
clamp. Unless it can produce net outward current at holding
potentials positive to the interburst potential, it cannot repo-
larize the cell. The occurrence of hyperpolarization in some cells
and the rapidity of the repolarization in all cells (see Fig. 3C)
indicate that an increase in conductance to K and/or Cl may be
responsible (rather than a voltage-dependent decrease in the
conductance to Na* and/or Ca?*). The conductance could be
directly voltage dependent, or it could be indirectly activated
by, for example, Ca?* entering through a voltage-dependent
channel, possibly the NMDA receptor-mediated channel itself
(MacDermott et al., 1986).

In the intact spinal cord, release of endogenous EAA can
activate non-NMDA as well as NMDA receptors (Dale and
Roberts, 1985; Dale and Grillner, 1986). It is evident in the
present experiments that activation of non-NMDA EAA recep-
tors occurs, since inward current transients were recorded under
voltage clamp at potentials ranging from —50 to —60 mV (Fig.
3), a potential range at which Mg2* blocks the NMDA-mediated
channel (Nowak et al., 1984; Mayer et al., 1984; Alford and
Sigvardt, 1989, lamprey).

In conclusion, we are led to the following view of rhythmic
activity of ventral horn neurons in strychnine (see Moore et al.,
1987): activation of non-NMDA receptors will lead to relatively
fast short-lasting EPSPs, which will remove the Mg2* blockade
of the NMDA receptor-mediated channels, leading to a longer
lasting depolarizing response (Dale and Grillner, 1986). During
this time, Ca2* may enter via the NMDA receptor channel itself
or via voltage-dependent Ca?* channels, thus activating Ca?*-
dependent K* and/or Cl- conductances (MacDermott et al.,
1986). These conductances, together with any directly voltage-
dependent K+ and/or Cl- conductances, would ensure the rapid
termination of the burst. In the absence of strychnine, glycinergic
inhibition arising from activity on the opposite side of the cord
also may aid burst termination and further stabilize the potential
during the interburst.

Wallén and Grillner (1987) have presented evidence that the
special nonlinear properties of the NMDA receptor-gated ion-
tophore are involved in fictive locomotion induced by bath
application of exogenous NMDA receptor agonists. Our results
support the view that these special conductance mechanisms
also are involved in the rhythmic activity induced by endoge-
nous EAA transmission.
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