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CHAPTER 25

Behavior of hindbrain neurons during the transition from
rest to evoked locomotion in a newt

I. Bar-Gad, 1. Kagan and M.L. Shik*

Department of Zoology, G.S. Wise Faculty of Life Sciences, Tel Aviv University, Tel Aviv, 69978, Israel

Introduction

The transition from a resting state to locomotion
can be elicited by local electrical stimulation of the
midbrain ‘locomotor region’” (MLR) (Shik et al.,
1966). The MLR projects to the spinal cord via
hindbrain neurons, at least in mammals (Orlovsky,
1970a). A portion of the hindbrain neurons
increases their firing during walking both in the cat
and in the rough skin newt (Lowry et al., 1996).

A state transition may arise due to neuronal
interaction at the level of the hindbrain when the
input from the MLR reaches the threshold for
locomotion, similarly to transition between two
different rhythmic motor patterns (cf. Green and
Soffe, 1996). It can also result due to the shift of
individual properties of some neurons or their
connections induced by the MLR input.

The aim of this study was to monitor the
behavior of hindbrain neurons during the initiation
of locomotion. Experiments were performed on
rough skin newts. The parameters of the train of
stimuli applied to the MLR were near the threshold
for locomotion; the latency of movements was
about 10 s. This allowed us to record the impulses
of single neurons before the motion started. The
discharge of a neuron was recorded during one or a
few successive trials. If the intensity of stimulation
is just threshold for locomotion, one can expect that

*Corresponding author. Tel.: 972-3-6407390; Fax:
972-3-6409403; e-mail: mrkshik@ccsg.tau.ac.il

mainly those neurons that participate in the initia-
tion of this motor pattern would be affected. Part of
this study was reported in abstract form elsewhere
(Bar-Gad et al., 1995).

Methods

The spike trains of 44 neurons in the hindbrain of
five rough skin newts Taricha granulosa were
recorded in 10 experiments. The animals had total
body length 14 to 17 cm and weighed 12 to 15 g.
The animals were immersed in 200 ml of water
with 50 mg of MS 222 (Sigma). After 20 min, ice
was added. When spontaneous movements as well
as tactile reflexes disappeared, a parieto-occipital
craniotomy was done. The animals were kept in the
refrigerator at 7°C. The first experiment was
performed one day after surgery.

The head was fixed while the body was placed in
the bath filled with the cool water. The monopolar
stimulation was delivered through a microelectrode
introduced by a manual micromanipulator under
visual guidance. The electrode consisted of a
carbon fiber of 7 wm diameter with glass insula-
tion. A train of negative pulses of 1 ms duration
with interstimulus intervals from 80 to 120 ms was
applied through a constant-current stimulus isola-
tion unit, and the mesencephalic low threshold (3 to
12 WA, 6 A in an average) point for initiation of
locomotion was found. Usually it was located
1-1.5 mm rostral to the caudal border of the
tectum, 0.6-0.8 mm from the midline, at a depth
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0.7-1.0 mm below the dorsal surface of the brain.
Intervals between successive trials were not less
than 2 min.

The action potentials of neurons were recorded
extracellularly with a similar microelectrode
installed in the ipsilateral hindbrain, 0.2 to 0.5 mm
from the midsagittal plane using an independent
micromanipulator. Recordings were made during
the 10 s period before movements started, when
near threshold train was delivered. The action
potentials were usually biphasic. The action poten-
tial width at half-amplitude was typically about 1
ms in the first wave and nearly 2 ms for the second
wave. The output of an AC amplifier, bandpass 0.1
to 5 kHz (A-M Systems) was connected to the
Board AT-MIO-16-L-9 (National Instruments).
After sampling at 10 kHz and storing the data on
the hard disk of the PC, the action potentials of
particular neuron were identified off line by the
threshold (‘window’) discriminator and checked by
their shape. Usually units with amplitudes three or
more times higher than the mean level of noise
were recognized. Discriminated spike train and the
corresponding train of stimuli were then trans-
formed to point processes. Interstimulus intervals
(ISIs) were in the range 60 to 1000 ms, usually 200
or 100 ms. A firing ratio (FR) was defined as ISI/
w(I), where average interimpulse interval
w(=[2L])/n, k=1...n,n — number of interim-
pulse intervals in record.

Results
Direct responses

Action potentials of a neuron whose axon or body
was excited by electrical pulse in the midbrain can
be recorded at the hindbrain level. These direct
responses (11 neurons) had latencies (L) in the
range 3 to 15 ms with a standard deviation o(L)
from 0.2 to 0.5 ms at FR < 1. The median coincided
with mean latency w(L)+0.2 ms.

In records with long latencies, drift of latency
could be observed during stimulation with
ISI=100 ms and sometimes even 200 ms. The
value of drift could achieve 2 to 3 ms during 10 s
stimulation by threshold current, and o reached 0.6
ms. Nevertheless fluctuations around the sliding

average remained 0.1 to 0.2 ms (Fig. 1B). There.,
fore, we considered these as direct responsesy;
Latencies of late direct and early synaptigt
responses overlapped, but the latter varied in the,
characteristic span of 2 to 4 ms (Fig. 1C, the early
mode).

Direct responses persisted even when responses(
with longer latency and higher standard deviations
could no longer be evoked. The distance between (
sites of stimulation and recording was 2 to 3 mm, ¢
and the conduction velocity was in the range 0.2 to ¢
1.0 m/s. The latency of direct responses remained
the same at ISIs 1000 to 60 ms. These responses
could be recorded either from the dorsal (granular) -
or ventral (funicular) layer of the hind brain (Fig.
1A). ,

1
Synaptic responses 5
(
Non-direct, i.e. synaptic, responses can be subdi-
vided into three groups: time locked to stimuli,
non-locked and composite ones. The data presented
below are derived from 37 records, each of which
contained 17 or more impulses (34 impulses on
average). Responses remained unclassified when
only a few impulses were generated during 10 s of
stimulation.

The response is termed time-locked if the
impulses arise in a limited span of ISI and non-
locked if they are distributed throughout the ISI. In
composite responses, time-locked and non-locked
components coexisted. The time-locked component
expressed as narrow peak (1.2 to 4 ms wide) in the
ISI histogram was defined as a mode. Short
(mode <20 ms) as well as long latency synaptic

responses could be recognized among time locked
impulses.

Time locked responses

Pure time locked responses occurred in six neurons.
All of these neurons were silent. Poststimulus
histograms (PSTH) contained both early and late
modes, e.g. Fig. 1C, or only the late one as in Fig.
ID, dashed line. In superposition of several histo-
grams, there were two peaks, one at 17 ms, and one
at 28 ms. The early responses could alternate with
the late ones in the same record. As a rule, the late
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response arose after those stimuli in the train that
did not evoke the ecarly discharge. This suggests
that the threshold of firing is enhanced during a
certain epoch after discharge.

“Composite responses

Composite responses were observed in 13 neurons.

five of them with background discharge (BD).

S‘ome neurons generated composite responses and
either pure time locked or non-locked responses
depending on the parameters of stimulation. Fig.
2A shows that the modes persisted throughout the
trial, and the deviations in latency were due to the
non-locked responses (Fig. 2C) or BD (Fig. 2B). In
fact, the mean interimpulse interval w(I) during
stimulation (Fig. 2D) became larger than it was
during BD in this neuron.
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Fig. 1. A: Frontal 10 pm section of the hi
the direct response in the slow conductin
squares) responded to stimuli delivered at ISI=200 ms,
ms, FR=0.97. C, D: Poststimulus histogr
FR =0.37, current 3.5 pA, bin 1 ms, only first 1
64A, IS =200 ms, current 6 pA, FR =0.56. Das

2837

Superposition of histograms of composite
responses contains a hump between 18 and 31 ms.
In individual histograms either narrow peaks or
broad humps could occur apart, and the median of
latency was usually 10 to 20% shorter than p(L).
The relative expression of the time-locked and non-
locked components diverse in different
neurons, and in the same neuron the proportion of
non-locked impulses could be enhanced when ISI
was shortened from 200 to 100 ms (Fig. 3A, C).

was

Early and late firing

The PSTH for pure time-locked responses was
commonly bimodal. There was a late time-locked
component in composite responses whereas the
early mode rarely did.

Huge deviations of latency occurred in the
neuron presented in Fig. 4 during stimulation at
ISI=60 ms (A, D), but not at 100 and 200 ms (A-
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ndbrain (Nissl staining). The bar corresponds to I mm. D - dorsal. B: Drift of latency of
g axons. Abscissa indicates time of stimulation, ordinate — latency. Neuron 79A (filled
FR =0.96. Neuron 84A (open circles) fired during stimulation with ISI=100
ams of the synaptic responses. Abscissa designates time after stimulus. C: neuron 13A,
00 ms of ISI =200 ms are presented. D: bin 2 ms. Solid line (black squares): Neuron
hed line (open squares): Neuron 62B, ISI= 100 ms, FR=0.56.
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Background discharge and non-lockey respoy,
¢ . ‘("

C). In other neurons, deviations from the normal
latency could be observed even at ISI=200 ms
(Fig. 2A-C). These deviations occurred both at lm.v-
and high FR. Sometimes it was difficult to decide if
the late firing was time locked or distributed in lSl

ig solid line, and 3C) or to distinguish uni- ‘
;};ldtBillg(;(;sllllislll):is;;u(Fi?}[))_ } of I, was almost md'ependent‘ on the duratioy, Uc

Nevertheless in 11 records two or even three I, ,, and the correlation coefficient was Jegq tha,
distinct modes could be identified. The distance 0.2. Typically o(I) was enhanced from 30 to 9, m;
between adjacent modes varied from 2 to 12 ms, when p(I) increased from 80 to 250 ms and reache;.

The distribution of interimpulse intervy) in o M
background discharge (BD) was unimogy S

% “ ane -
somewhat skewed to the longer intervyg. 50 th, !

usually, the median was less than u(I). The durgg,

and the average difference was 5.1+2.2 ms. 340 ms at p(I) 500 ms. Corresppndmgly_' Cv,
Together with 12 unimodal records, 38 modes increased fr.om 0.4 to 0.7. This relflt]Qnghip.
ranged between 12 and 116 ms. Thirty of these although variable, was common for BD Of differey
modes were less than 33 ms, and their distribution, neurons, as well as the (,hStht SHaLes O.t the san
in turn, included modes at 18, 23 and 28 ms (Fig. neuron (Table 1). The points corresponding to by
3B). Hence both distances in bimodal histograms non-locked and composite responses were inter
and the distribution of modes in records of different mingled with BD points on the plane [p, o].
neurons indicate that there is a characteristic Non locked responses exhibited w(L) of aboy
minimal span near to 5 ms between consecutive ISI/2 and o(L) of nearly ISI/4. Neurons with B[
latencies. In fact, sometimes there were also the could show either non-locked or composit
earliest latency responses approximately at 13 ms. responses. Usually, both w(I) and o(I) of BL
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diminished during stimulation, but in one neuron

w() decreased while o(I) remained the same.
> Sometimes () remained unchanged whereas (1)
| increased. There was also one neuron in which both
L (D) and o (1) increased when the stimulus train was
: delivered.

between impulses for the composite response
sometimes deviated from the BD pattern.

Rate of stimulation

The probability of firing of non-locked responses
in silent neurons diminished when the ISI was
increased from 200 to 1000 ms. The distribution of
interimpulse intervals was similar to that observed
during BD of other neurons (Fig. 2D, dashed line).
Impulses could be slightly bound to stimuli at the
threshold for locomotion, but were distributed in
ISI when lower currents were applied. The diminu-
tion of the current was followed by a decrease of
the firing rate.

Histograms of intervals between impulses in
non-locked responses of both silent neurons and
neurons with BD were usually unimodal and
slightly skewed to the right. Diminished I during
non-locked responses of neurons with BD could
remain unrelated to ISI. Distribution of intervals

Three parameters of the train of stimuli effect the
threshold for locomotion: the duration of stimulus,
the current strength and ISI. They are inter-
changeable over a certain verge for both initiation
of locomotion and single neuron responses. How-
ever, the effects of changing the parameters vary for
different neurons. The synaptic response of most
neurons did not appear at ISI=1000 or 500 ms, but
did appear at ISIs of 200 or 100 ms. To evoke firing
at 1000 or 500 ms, it was usually necessary to
deliver paired shocks with a 20 or 30 ms-interval
between them. A few neurons that responded to
single pulses at ISI=1000 ms increased their FR
significantly at ISI=200 ms (e.g. the silent neuron
in Fig. 4B increased its FR by 50% to 0.76).
Several neurons generated fewer than 10 impulses
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during the 10 s stimulation period even at ISI=200
ms (FR <0.2). When ISI was diminished from 200
to 100 ms, these cells showed increased FR.
Frequency potentiation was not observed if the
neuron has already reached a high FR already at ISI

200 ms.

TABLE 1

Mean interimpulse interval and its CV of the background
discharge in four neurons, each being recorded twice

A neuron could display pure time |
responses to weak pulses at ISI=200 p unxl &
non-locked component when the currep, Ur(\"‘l
ulus frequency was increased (Fig. 1D, g0 “lmr
One neuron generated impulses time IOCdenc
stimuli at ISI=200, 100 and 60 ms. The t‘urli;’
latency mode shifted to the right (Fig. 4B-D)) ;, lh\t
cell. In the latter record, a non-locked COmPOner]]‘
appeared as well. ]

Stimulation that was subthreshold for locqp,,
tion commonly evoked the time-locked respopg,,
in neurons with low FR. When the stimulys traj;

Neuron Record wD eV reached the threshold, non-locked compone,
21A Y 70 021 developed, both FR and u(L) incrfzased, and o[,
21A 22 96 0.31 was enhanced. The behavior of almost evep
7A 9 205 0.79 neuron had its peculiarities. For example, one silep
u 7 298 0.87 neuron did not respond to single pulses of 4 ;
I 15 206 0.63 delivered with ISI=200 ms. An increase in th
107A 107 424 0.90 ;
current to 5 wA was followed by an increased Fi
]132 }Z ggg g'ié and a shortening of w(L). The average latency an
' FR almost did not change when pulses 5 pA wer
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Fig. 4. Latency of the response to stimuli 3.4 pA applied at IST=200, 100 or 60 ms. A: Neuron 98A i i

. _ : _ , CAl : Fluctuat af
ms) during a train {abscissa, s) at ISI=200 ms (filled circles) and 60 ms (open circles). B-D: Distributi‘(l)(l:l L(1)2; ;ronl;)Su(l):el: tti[;f){xg(gz)?:tn;‘f
the first 60 ms are shown. Responses at ISI=200 ms (B) and 100 ms (C) were pure time locked, and it became a composite one
ISI=60 ms (D), FR=0.76, 0.35, and 0.20, respectively. ’ P
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applied with IST either 200 or 100 g
Late impulses appearc?d at IST 200 ms when current
hulses 6 A were delivered (Fig. 1D, solig line)
The reproducibility of the neurons’ responées
seems to be an individual featyre of neurona]
behavior. A few neurons gave similar responses
kven though the ISI or stimulus current was altered
In contrast, some neurons did not retain ejther their
FR or latency and o(L) even in two consecutive
trials under the same conditions of stimulation.

(Fig. 3A.0).

Time course of firing

The time course of firing during 10 s of repetitive
stimulation was stable in a portion of cells while
the rate was augmenting or decrementing in others.
Most of augmenting neurons produced 6 to 9
impulses in the first 2 s, while decrementing
‘neurons started mainly from 3 to 6 spikes (Fig. 5A).
' The difference between the number of impulses
| produced by augmenting and decrementing neu-
irons grew during the trial twice, although the time
course of firing in individual records was almost
never me - 1otonic.

' Thea age, normalized time course of firing for

(the who  opulation of neurons was uniform, but
| activity ‘mented in most of records of non-
{locked onses, while time locked responses
Joccurrec¢ ually with decrement. The time course
|of firing ) depended on strength of stl'mulanon.
{Four co ative trials are shown in Fig. 5B at

1
(A

2+

Number of spikes
Number of spikes

—

e
3 4 5

Bins

1 2

. ; . nsecutiy
Fig.s, Time course of firing, abscissa — time, €O

(filieq circles) and 11 records with the tofallqotlj:g: 33A, cu
Produced per bin, vertical bars denote 0 B: oidinate in
dlamonds) MA were applied at 1SI =200 ms.

e .
'€ non-locked reactions.

e bins 2 § each. .
17 to 23 impulses (open cIf
t rrents 8 (open circles),

dicates number of impulses
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Llurrems 8. 7 6 and 5 pA. The first response was
the composite, others were of the non-locked type.
At the two highest currents, the number of impulses

produced in the last 2 s of the trial was larger than

In the first 2 s. The two lower currents were

subthreshold for locomotion. and the firing was
r_ather stabile during period of stimulation. Some-
times the rate of BD during stimulation or the FR of
time-locked impulses in the silent neuron was
cyclically modulated with a period of 4 to 5 s.

Discussion
Polysynaptic propagation of the input volley

The earliest latency of synaptic responses was 13
ms after the stimulus, although characteristic
modes occurred at 18, 23 and 28 ms. This suggests
that the (minimal) translation time is approximately
5 ms. This estimation is compatible with data on
synaptic delay, rise time and a half-width of
excitatory postsynaptic potential in amphibians
(Babalian and Shapovalov, 1984).

In our experiments near threshold stimuli were
used, therefore the translation time was determined
by the rise time and half-width of EPSP rather than
by the synaptic delay. A similar value was obtained
earlier by Matsushima et al. (1989) in a study in
which stimuli applied to the optic tectum evoked
monosynaptic EPSPs and spikes in the ipsilateral
medullary reticular neurons in a toad with minimal

Bins

A: 11 records with the output 38 to 51 impulses per !0 s each
‘ cles), ordinate — an average number of impulses
7 (filled circles), 6 (filled diamonds) and 5 (open
per bin. Response at 8 A was composite, others
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latencm_s 29 to 3.6 ms and 3.8 to 6.9 ms,
respectively. The mean latency of disynaptic EPSPs
n .cclls of nucleus isthmi cmkc'd by stimuli
delivered to the optic tract in toads was 'Ibt 7 ms
(Wu and Wang, 1995).

Since the mode at 13 ms was expressed weaker
than later modes and occurred in just a few records,
the number of neurons that re‘sponded disynap-
tically was - greater than those that responded
monosynaptically. This suggests propagation with
the coefficient of multiplication >1 at the second
relay. However, the wave-like propagation sharply
Fiecrements after 3-4 relays either due to the
Tn.m:eased thresholds of neurons that fired in the
%mt.lal part of ISI, or to the involvement of
inhibitory neurons (cf. McLean et al., 1995). In
other cases, the activity does not cease but rather
becomes asynchronous, in particular if the train
achieves the threshold of locomotion.

State transition

Neurons with various rates of BD can coexist at rest
because of the paucity of active neurons and their
weak interactions. During the transition from rest
to locomotion, the neurons must be unified to a
certain degree. Perhaps neurons with both decre-
menting, time-locked responses and augmenting,
composite and non-locked responses participate in
the transition. The first neurons may start, and those
with composite responses then continue processing
the input from the ‘locomotor region’. Non-
synchronized firing of reticulospinal neurons can
elicit locomotion without spasticity. The propaga-
tion and transformation of synchronous input into
this output is executed through polysynaptic inter-
actions between hindbrain neurons.

The state transition means that certain change in
the parameters of the input must a}ter the rules of
its processing. Stimulus train applied to the MLR
confers on the system the rhythm that might be
close to the intrinsic rhythm of a portion of the
neurons or neuronal circuits with the corresponding
BD. Even if the neurons were silent this input is
sufficient to change their average membrane poten-
tial slightly, and they will be recruited.

An ample number of medullary neurons dis-
charging at 2 to 7 impulses per second may be

necessary to activate the spinal generat; ‘
locomotor movements (their Chi""“t‘ri\nc”h of 1¢
duration ranges between I to 5 ) The g\de:ul
peurons and some remote ones in the hindlhnpmj
produce impulses that are locked to stimyy; “rlamfn
the near-threshold train is applied to MLR, Thl\cnu
a ‘laboratory phenomenon’ and does not dcw} “":
under natural conditions of initiation of Iommu ‘
tion. Even when stimuli are applied to one e 'u:: ne
all the directly excited neurons fire sinulltancou‘\'l\‘ (¢
only a portion of the hindbrain neurong gl\“

synaptic responses that are time-locked to stiniuli F

Comparison with the cat

Subthreshold, repetitive stimuli delivered to two |
different ‘locomotor sites’ in the feline brain ster |!
together can elicit locomotion, and they can do 5o | !
whether applied in phase or out of phase (Selionoy { !
and Shik, 1991). This suggests that the time-locked {
responses can be at least partially replaced by
responses of other types. ’
Near threshold (for locomotion) stimulation of
MLR evokes EPSPs or short latency impulses only
in a small portion of medullary neurons. Most of
sensitive neurons give di- or polysynapti
responses both in turtle (Kazennikov et al., 1980)
and in cat (Selionov and Shik, 1991), and portion of
neurons generate impulses non-locked to stimuli
Frequency potentiation is a prominent feature of
the responses of medullary neurons to near thresh-
old stimuli applied to the MLR both in the cat and
in the newt. The potentiation is expressed at lower
frequency in some neurons than in others. Fre-
quency potentiation enhances the efficiency of
weak, distributed input (Selionov and Shik, 1992)
Both non-locked reactions and Jocomotion anst
only when the frequency of stimulation is suffi |
ciently high. |
Many reticulospinal neurons give off coll‘aterals
at the bulbar level both in mammals (Mitan! etal
1988) and in fishes (Metcalfe et al., 1986 Leeel |
al., 1993). Therefore, these neurons s well a8 lh‘i
propriobulbar ones can contribute t0 inter‘dC[lonsg.
the level of the hindbrain (Kimmel €t al. i thé
McCarley et al., 1987). The diversity 0 st
behaviors of hindbrain neurons during thel [:ed (0
tion between rest and locomotion may b ™ g
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he .broadl iventory of motor patterns that can arise
-Quring stimulation of MLR in urodele (Shik, 1997)
Wi e e .
. ndividual hindbrain neurons (Rouse et al.. 1998:
y deraf’_m et.ai.. 1996). Various neurons receive non-
o Sel_mcal inputs from different brain stem centers
1 hik and -Se.llonov. 1992). Many reticulospinal
0 eurons exhibit stepping rhythm as soon as it arises
lyi(Orlovsky. 1970b).

b
'esr

i. | . :
\Functional implications

£Our data reveal the diversity of the behavior of
w(% hindbrain neurons during the transition from rest to
. locomotion. This diversity can depend on both the
s¢ individual properties and the position of a neuron in
ovthe hindbrain network, in particular on its func-
ed tional distance from MLR input.
by  There is a short pathway from MLR to the spinal
cord via the reticulospinal neurons (Orlovsky,
of 1970a). But during the transition period, at least
11y when the threshold train is applied, the processing
of of the MLR input occurs in the hindbrain. At ISI
tic time scale, multiplication and synchronous transla-
3O),’;tion is executed up to 3-4 relays. Then the
ofiwave-like propagation abruptly ceases Or trans-
li’forms into asynchronous activity provided that the
Offtrain exceeded the threshold. Non-locked firing of
514 hese neurons must be transmitted o the spinal cord

andl , elicit locomotion that is not complicated by

ve “spasticity.
re-

During the transition epoch, the portion of

O heurons with composite and non-locked response
increases in relation to those with time locked

o responses, and their firing rates increase.'Both the

) changes in the manner of firing and shift of the
Jatency of the response were observe.d. We shall

: report on these and related events in the next
communication. | '

: Excitation of a certain number of medial reticu-

Jospinal neurons is necessary to activate the spinal

Jocomotor generator from MLR. But the hindbrqm
e 1S an essential

is not just a relay station: ther . :
interaction of its neurons, which results 1n recruit-

i i opriate for
ing the reticulospinal neurons approp

’u h . s . . . . .
; ere 18 a wide distribution of properties of

203

induction of locomotion rather then postural
scratching or other movements.

Summary

Trains of electrical stimuli were delivered to the
mesencephalic ‘locomotor region” in the rough skin
newt. The current (3-12 mcA) and the inter-
stimulus interval (100 to 200 ms) were adjusted so
that locomotion arose in approximately 10 s. or so
that the train remained subthreshold for initiation of
locomotion. Impulses of single neurons in the
hindbrain were recorded during the transition
period from rest to locomotion. Time-locked syn-
aptic responses were bi- or unimodal with typical
latencies close to 18, 23 or 28 ms, and weak
irregular mode near 13 ms.

Impulses that were not locked to the stimuli
arose in some silent neurons, and the rate of firing
of neurons with background discharge was some-
times enhanced. Composite responses consisted of
both time-locked component and impulses distrib-
uted throughout the interstimulus interval. The data
suggest that short-lived, wave-like propagation of
the input volley ceases oOr is transformed into
asynchronous activity after three or four transla-
tions. The latter variant could occur if the train
reached the threshold for initiation of locomotion.
The asynchronous activity persisted throughout
interstimulus interval and could coexist with time-
locked impulses.

Some neurons generated only a few impulses,
while others remained active from beginning to end
of the train. These active neurons could either spike
at a steady rate, or decrement or augment their rate
of firing during the train. The time course of their
activity was related to the initial rate of firing. The
augmenting type of firing in a subset of neurons
may arise due to the interaction of neurons with
unstable, steady state and decrementing activity.
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