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Abstract

In lamprey, the supraspinal control of velocity is mainly accomplished by the reticulospinal (RS) system. During locomotion, RS neuron
are rhythmically active with a cycle duration corresponding to the duration of the swim cycle. While the velocity of the muscular contractic
wave changes as swimming velocity changes, the conduction velocity of RS axons remains constant. Thus, an action potential genel
during a specific phase of the swim cycle will, depending on swimming velocity, provide input to a particular downstream segment duril
different phases of its rhythmic activity. In order to investigate the importance of this effect for the control of locomotion, the temporal ar
spatial characteristics of the propagation of the population of action potentials along RS axons in the spinal cord were investigated. -
results suggest that if RS neurones are recruited independently of their sizes and conduction velocities, a phasic wave of action potenti
these fibers will reach some segments during the inhibited phase of their rhythmic activity. Such an input could hinder a smooth propaga
of the contraction wave and disrupt swimming. In contrast, by recruiting successively larger and hence more rapidly conducting neurones
successively more rapid swimming, the phasic wave of action potentials may propagate with the same velocity as that of the musc
contraction wave. Under such conditions, reticulospinal activity would support and stabilise locon@1i®88 Elsevier Science Ltd. All
rights reserved.
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1. Introduction the conduction velocity of the RS neurone and on the dis-
tance between the soma a®d Third, during constant velo-

In the lamprey, a phylogenetically ancient vertebrate, the city swimming, a wave of muscular contraction propagates
reticulospinal (RS) system forms the main pathway convey- with a constant velocity along the body and the swim velo-
ing information from brain to spinal cord. This pathway city is determined by the velocity of that contraction wave.
plays a key role in the control of locomotion, in particular In other words, the contraction wave starting in the first
in the control of swim velocity. Whereas the anatomy and segment $;) reaches theith segment $,) with a delay
synaptic physiology of RS neurones is fairly well charac- depending on the swimming velocity and on the distance
terised (Brodin et al., 1988), the mechanisms underlying the betweenS,; andS,.
generation and control of specific movements remain As a consequence, action potentials generated in one RS
unknown. The control of swim velocity, in particular, neurone inthe same phase during a slow or rapid swim cycle
poses an interesting problem which arises from three fac-reach a caudal segme8{, while its target neurones have
tors. First, the RS neurones are phasically active during reached a different state in their rhythmic activity. There-
locomotion (Kasicki and Grillner, 1986; Kasicki et al., fore, the excitatory drive provided to the segm&tmay
1989). Second, the conduction velocity of individual RS support or counteract the generation of regular rhythmic
axons remains nearly constant over the entire extent of theactivity.
cord (Rovainen, 1982). Consequently, a spike generated in A qualitative model for the control of the swimming
the soma of a RS neurone reaches a particular spinal segvelocity accounting for these observations has been pro-
mentS, with a constant delay. This delay depends only on posed by Kasicki et al. (1989). The model asserts that during

swimming RS neurones generate bursts of action potentials
meprints should be sent to Dr T. Wannier, Universitat Bern, which are phase'lOCked_ with the SWIm Cy_Cle and V_VhICh
Physiologisches Institut, Buplatz 5, 3012 Bern, Switzerland. Tel.: +4131  alternate between both sides of the brain. Since the distance
631 87 10; Fax: +41 31 631 46 11; E-mail: wannier@pyl.unibe.ch to S; is small, these bursts are still coherent when passing
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the first segments.This provides a phasic input to the rostral
spinal cord. More caudally, differences in the conduction
velocity of the RS axons induce a dispersion of the action
potentials, thereby providing a tonic input to middle and
caudal segments. According to Kasicki et al. (1989) this
tonic input increases the excitation level of the caudal seg-
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ments and activates the local networks for locomotion. In
addition, the inputs received from rostral segments via inter-
segmental connections pace the rhythmic activity of the
motoneurones. The characteristics of the spinal circuits inter-
connecting subsequent segments cause the contraction wave
to propagate with constant velocity along the whole body.

In this study we investigate the influence of the RS neu-
rones onto steady locomotion in the lamprey and find that,in |~ N\
contrast to Kasicki's suggestion (Kasicki et al., 1989), if the 1L
recruitment of RS neurones is independent of their conduc- AT B
tion velocity, a phasic wave of action potentials propagates
along the whole spinal cord. This phenomenon is particu-
larly significant for slow swimming velocities, because the
tonic activity building up caudally remains proportionnally
small and because the phasic wave of action potentialsFig. 1. (A) For a group of RS axons of conduction veloaifythe function
propagates more rapidly than the muscular contraction al(t) gives the total number of action potentials generated in the reticular
wave, rapidly reaching segments in which their target fqrmatiop as a function of time. The dgtted Iine; schematise the activity of

. S . . siximaginary RS neurones of conduction velogityuring one swim cycle,
negrpnes are passing 'through the |'nh|b|ted pOFtIOn Qf their each vertical bar symbolising the occurrence of an action potential. (B) For
activity cycle and providing them with an excitatory input.  the same group of neurones, the functiit) gives the total number of
This situation is likely to disrupt the smooth propagation of action potentials crossing segm&tas a function of time. The shape of the
the muscular contraction wave. In contrast, we found that a function is the same as for the first segment, but the action potentials arrive
recruitment by size of the RS neurones would prevent such awith a de_lay (l-Ax_)/v. Here,vis the condugtion velocity_of the RS neurones

. . . . . andn-Ax is the distance between the reticular formation (assumed to be at
perturbation. A recruitment by size |mpI.|es that 'Iarger and the place of the Oth segment) aBg
thus faster RS neurones would be recruited at higher swim-
ming velocities. In this situation, the propagation velocity of
the phasic wave of RS action potentials increases with g,(7) with period 1. The variable = t/T represents the
increasing swimming speed. We show with a model based relative time within the swim cycle. The activation func-
on biological data that the recruitment could be tuned in tionsa,(7) are assumed to be convex on the interval [0, 1/3]
such a way that both the phasic wave of RS activity and and vanishing on the interval [11/3, 1] (see Fig. 2). The
the wave of muscular contraction propagate with the same conduction velocity of RS neurones ranges frogn= 0.1
speed along the lamprey. In this case, the phasic componento v, = 3 m/s, and for each neurone this velocity is constant
observed for all swimming speeds would stabilize the glong the whole extent of the spinal cord. We assumed a
propagation of the muscular contraction wave. body length ofL = 0.3 m corresponding to the typical size
of adult specimens ofampetra fluviatilis The spread of
RS-activity will be compared with the spread of the
muscular contraction wave which is supposed to be a single
peak of activity propagating with swimming speed along the

The following assumptions based on biological observa- spinal cord.
tions were made on the RS activity. During swimming at
constant velocity, the firing behaviour of a RS neurone is
rhythmic with a cycle duration equal to the swim cydle
The motoneurones are known to be primarily active during
one third of each swim cycle, independently of its durafion The action potentials generated by the RS neurones travel
(Wallén and Williams, 1984). Most often, we assumed the alongthe segmeng;,..., Sy (N = 100) and the total number
same activity pattern for the RS neurones, but other patternsof action potentials with conduction velocityencountered
were tested as well. Let us denotedgyt) the total number  in segmeni at timet is aj(t) = aJ(t — n-Ax/v), whereAx
of action potentials generated at the reticular formation at (=3 mm) is the unit lenght of a segment. In our simulation
timet and propagating caudally with velociy(cf. Fig. 1A). we assumed 300 groups of RS neurones with equally dis-
The scaling property of the RS-activity is expressed by writ- tributed velocities fronv, to v;. The total number of action
ing it in the formaJ(t) = a,(t/T) with a periodic function potentials in segmemt at timet is the sum of the group
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2. The model

2.1. Spread of the reticulospinal activity
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Fig. 2. Examples of activity functiores,(7) = aJ(t) studied. Each surface fully describes the RS activity in the first segment as a function of the relative time
t/T within a swim cycle of duratiofl. (A) Positive half of a sine function with an activity duration of one third of the cycle duration. The same firing activity is
given to all RS groups. (B) As in (A), except that the slowly conducting neurones produce more action potentials than the rapidly conducting @oups of
neurones. (C) As in (A), except that the rapidly conducting neurones produce more action potentials than the slowly conducting groups of R@)éones.
in (A), except that only the neurones with a conduction velocity less than or equal to 1.2 m/s were recruited.

activities, since it determines when neurones at segnxelnave the
A highest chance of being activated by the descending RS-
A'(t) = Z aj(t) = Z av<t_ n_x> activity. Unfortunately,r %, iS not a linear function of the
v=Vp V=Yg locationx. Nevertheless; i is nearly linear for largecand
(n=1,...N;t e [0,T]). 1) one can estimate (see Appendix A)
TV,
With respect to the relative time= t/T the total RS-activity x 1 1 ,a71 3
in the nth segment is expressed B (r)=ZXa,[7 —n-Ax/ Tmax = T V1+ 6 te )

(Tv)], where the sum is taken over all the discrete velocities

from v, tov, and where, without superscript represents the with « > 0 and depending on the shape of the functions
RS-activity with respect to the relative time. To analyze this a,(7). According to this formula the peak activity propa-
model we replace the discrete segments by a spectrum ofgates towards the tail with nearly constant velocity, namely
continuous positionz ranging from the location of the first  with x/(T- (7 5,.x — 1/6)) = v1. Thus, the propagation velocity
segment,Ax, to the tail of the lamprey at = N-Ax. of the maximum RS activity corresponds to the highest
Moreover, the RS groups are described by a continuousaxonal conduction velocity, of the activated RS neurones.
range of axonal conduction velocities The activity at  Slower RS groups do only have a transient influence onto

locationx and relative timer is then given by the propagation speed of the peak activity. While this result
y was deduced for a homogeneous distribution of propagation
X/ \ S speeds betweew, andv,, the simulations of Eq. (1) reveal
A(n)= J a"<T T )dv, (e [ax L, 7 € [0, 1)), ) that this remains approximately true even if the relative

participation RS neurones changes witfef. Figs 5 and 6).

with a,(7) as defined above. Note that at a given zitbere
may be activity of previous swimming cycles contributing 2.2. Interference of reticulospinal and muscular activity
to the present total activity. This is the case for fast swim-
ming (smallT) and slow conduction velocity (largév) for The wave of RS-activityA(r) propagating along the
which the argument of the activation functions may be nega- lamprey must now be compared to the wave of muscular
tive, i.e.7 — X/(Tv) < 0. We shall see that it is exactly this contractionM*(r) propagating in the same direction, but not
superposition of slowly propagating RS action potentials necessarily with the same speed, along the body. Behav-
which may lead to a tonic component at high swimming ioural studies have shown that a single wave of muscular
speed in the lamprey’s tail, while for slow swimming speeds contraction propagates with constant velocity on one side of
there is less superposition and thus a phasic componenthe body per swim cycle, and that the time needed to travel
predominates. from the head to the tail corresponds to the duration of the

Next we want to estimate for each locatimthe relative swim cycle (Walle and Williams, 1984). At the ‘begin-
time 7,2 Within the swim cycle when the total RS activity ning’ of the swimming cycle{ = 1/6) the muscular activity
AX(r) is maximal. This time is physiologically relevant, reaches a peak at = 0 and propagates with swimming
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Fig. 3. Propagation of action potentials along RS axons for three swimming velocities. The firing fun¢ticassigned to all groups was the positive half of a
sine function lasting one third of the cycle duration, and had the same amplitude for all groups [see Fig. 2A]. (A) Propagation at swim frequehaieg of 1,

8 Hz. (B) Contour plots of the data presented in (A). The isoclines indicate levels where the activity reaches 20, 40, 60 or 80% of the maximal vailue. An ar
points to the curve following the maximum of the wave, and a grey line indicates the estimated position of the maximum=u6i6 in Eq. (3). Dashed

lines: maximum of the muscular contraction wave propagated on the side ipsilateral to the RS axons simulated. Dotted lines: maximum of theiiidubited p
in the activity cycle of spinal neurones positioned in the hemisegments ipsilateral to the reticulospinal axons simulated.

velocity towards the end at= L. With respect to the nor-  potentials along the spinal cord was investigated for differ-
malized time the peak muscular activity reaches the point ent hypothetical patterns of RS neurone activities. Some of
at 7 = x/L + 1/6. We thus have for the muscular activity the functionsa,(r) investigated are depicted in Fig. 2. The
M*(7) = 1if 7 = X/L + 1/6 andM*(7) = O else. In thex— 7 parameters which were varied were time course [half sine
diagram the propagation of the peak muscular activity cor- wave (Fig. 2), square wave (not shown),...] and duration in
responds to a straight line froms,& =(1/6,0) to proportion to the cycle (e.g. 33% or 50%). All groups of RS
(1,X)=(1+1/6L), wherer has to be taken modulo 1 (cf. neurones were considered to receive a similar synaptic input
Fig. 3). The propagation velocity of the muscular activity is during swimming and to fire with a function having the
L/T which corresponds to 0.3 m/s at a swimming frequency same time course. In order to account for a differential
of 1 Hz. On the other hand, Eq. (3) states that the propaga-participation of the various groups of RS neurones, due
tion velocity of the RS peak activity roughly correspondsto for instance to differences in the number of neurones
the fastest RS group which is activated, i.evie= 3 m/s.To belonging to each group, the relative amplitude of the activ-
exclude interference between the two activities these two ity function of each group could be scaled (Fig. 2B, C).
velocities should be the same. One way to achieve equality The amplitude of the firing function is determined by two
is to recruit the fast RS groups only for fast swimming. factors: first, by the number of neurones in each group, and
According to Eq. (3), a swimming speed would require second, by the activity of each neurone. Because these
the recruitment of the RS groups up to a conduction velocity parameters are unknown, the units for the amplitude of
of vs&. Only then can the coherency between the RS peakthe function are arbitrary, the relative amplitude between
activity and muscular peak activity be maintained. We, RS populations of different conduction velocity reflecting
therefore, postulate a size principle governing the RS neu-the relative participation of each population to the wave of
rones at any swimming spead and requiring that all RS RS action potentials propagating along the spinal cord.
neurones with axonal propagation speed up to that swim- We will first consider the case in which the firing activity

ming speedss are recruited. a,(7) was set to the positive half of a sine function lasting for
the first third of the cycle followed by a silent period for the
2.3. Simulation results rest of the cycle and in which all RS groups produced the

same number of action potentials (Fig. 2A). Fig. 3A depicts

Since no data are currently available on the activity of RS the total number of action potentials"(r) encountered
neurones during free swimming in lamprey, the spatio- along the cord in relation to the time in the swim cycle
temporal characteristics of the propagation of action for three swimming frequencies. All calculations were
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A and the evolution of the amplitude of the wave as it propa-
1Hz 2Hz 4Hz

gates along the cord were investigated. The peak of the
phasic wave propagates with an almost constant velocity
corresponding to the fastest recruited RS group along the
cord (Fig. 4A). Given in segments per cycle, the velocity of
the phasic wave of action potentials can easily be compared
with the propagation of the muscular contraction along the
body which in these units is maintained at 100 segments per
cycle for all swim velocities. For swim frequencies below
8 Hz, the propagation velocity of the phasic wave of action
potentials is greater than that of the contraction wave, hav-
ing a value of 748 segments per cycle at 1 Hz, 347 segments
per cycle at 2 Hz and 201 segments per cycle at 4 Hz. At

T 8 Hz, both waves propagate with the same velocity of 100
B segments per cycle. If the lamprey swims at higher frequen-
cies, the propagation velocity of the wave of action poten-
tials will then be less than that of the muscular contraction,
being 83 segments per cycle at 10 Hz.

As a consequence of the velocity differences between the
waves of muscular contraction and of action potentials, the
peak of the wave of action potentials may reach segments at
a time when the hemisegments crossed by the RS axons
bearing the action potentials are in the inhibited period of
10Hz the swim cycle (Fig. 4A).

4Hz —— In Fig. 4B, the relative maxima and minima of the num-
0 1Hz—= ber of action potentialsA™(7) met at each segment is
p (7) g
1 segments 100 depicted for various swimming frequencies. For low swim-

. . . _ ming frequencies, the maxima remain proportionally high
Fig. 4. (A) The peak propagation of the wave of action potentials for for the entire extent of the cord. For instance, for swimming
different swimming velocities is indicated by continuous lines. Note that ] . ! .
during slow swimming (1 and 2 Hz), the RS wave of action potentials at 1 Hz, in the last segment the maximum number of action
crosses segments which are inhibited on the ipsilateral side (dotted lines),potentials is still maintained at 65% of the value encoun-
and that for a swim frequency of 8 Hz, the peak of the wave of actio_n tered in the first segment. On the other hand, the minima are
potentials propggates with the_ same \{elocity as t_h_e muscular contra(?tlon kept low along the whole cord, reaching only 3% of the
wave (dashed lines). (B) Relative maximal and minimal number of action . A
potentials crossing a given segment for various swim frequencies. maximal a_CtIVIty !n th_e last segment. . .

For a high swimming frequency, the situation changes
considerably. For instance, at 8 Hz the maxima decrease
performed by means of Eq. (1) and the coordinates wererapidly in intensity over the first third of the cord, reaching
then scaled by the cycle duration and the body length, 51% of the value of the first segment in segment 30. More
respectively. It can be seen that the action potentials crosscaudally, the maxima fluctuate in a narrow interval of
the first segments in a phasic wave in both slow and rapid values, and reach 43% of the maximum value of the first
swimming conditions. A more complicated pattern evolves segment in the last segment. At the same time, the minima
in the caudal segments, where the time course with which increase from rostral to caudal, reaching up to 11% of the
action potentials cross the segments strongly depends on thenaximal activity. The presence of relatively high minima in
swim velocity. At a swim frequency of 8 Hz, the character- the last segments paralleled by relatively low maxima indi-
istics of the function becomes complex, consisting of a cates that for high swimming frequencies the caudal portion
small phasic wave superimposed on tonic activity. of the spinal cord receives a tonic input on which a phasic

The same results are shown with contour plots in Fig. 3B. wave of proportionally smaller amplitude propagates.

The isoclines depicted in the graphs indicate where along

the cord and at which time of the cycle 20, 40, 60 or 80% of 2.4. Differential participation of the various neuronal

the maximal number of spikes are encountered. From thesegroups

figures, it can be seen that for both slow and rapid swim-

ming, a phasic wave of action potentials propagates from Inthe previous section, all groups of RS neurones sharing
rostral to caudal segments. In order to characterise thethe same conduction velocity were considered to fire with
propagation of this phasic wave for different swim veloci- the same intensity. To investigate the consequences of a
ties, the timery,,, Of the swim cycle when the maximum differential participation of RS neurones of various conduc-
number of action potentials is encountered in each segmention velocity, the amplitudes of the firing functions of the
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Fig. 5. Same plots as in Fig. 3B, but with RS-activity functions depending on the conduction velgéjyPropagation of action potentials along the cord

when the relative participation of fast vs slow conducting neuronal groups was differentially weighted. In this example, the group conductedpwityr a

3 m/s was 290 times more active than the group conducting with a velocity of 0.1 m/s [see Fig. 2C]. Note that the action potentials propagate in a well
characterised wave for all swimming frequencies, providing a phasic input to all segments. (B) Propagation of action potentials along the ¢erd when t
amplitude of the firing functions was increased linearly from fast to slow conducting neuronal groups. In this example, the group conductinguiith a vel

0.1 m/s being 290 times more active than the group conducting with a velocity of 3 m/s [see Fig. 2B]. Note that for slow swimming frequencies, the action
potentials propagate as a well characterised wave. For rapid swimming, the wave is well characterised for the first segments, but rapidlydaatbatytirth

caudal segments is then rather tonic. Same figure composition as in Fig.=31),.06.

different cell groups were differentially weighted. The 2.5. Firing functions with different time course

relative amplitudes of the firing functions were linearly

varied in relation to the conduction velocity, the propor-  The influence of the time course of the firing function on
tionality factor between the maximum activity of the these results was studied by using different functions corre-
slowest to that of the fastest RS group set to up to 300 sponding to different firing behaviour of RS neurones. The
(Fig. 2B, C). A comparison of these results with those firing functionsa,(7) studied were: (a) the positive half of a
described in the previous sections indicate that if the total sine function lasting 50% of the cycle, while no action
number of action potentials produced by rapidly conducting potentials are fired during the rest of the cycle; (b) an
neurones is higher than that produced by slowly conducting early phasic activity followed by a tonic activity (respec-
neurones (Fig. 2C), the phasic character of the wave oftively 33, 63, 89 and 96% of the action potentials during the
action potentials becomes more explicit for all swim- first 10, 20, 36 and 50% of the swim cycle), and (c) square
ming velocities (Fig. 5A). The relative decrease of the waves lasting 36 or 50% of the cycle. The results were
wave amplitude along the spinal cord becomes less pro-basically similar to those described above.

nounced (Fig. 6A), but the velocity remains nearly the

same (Fig. 6B). Conversely, if the total number of action 2.6. Recruitment by size

potentials produced by rapidly conducting neurones is lower

than that produced by slowly conducting neurones (Fig. 2B), The results presented above suggest that in the absence of
the phasic character of the wave of action potentials tends toa recruitment of specific categories of RS neurones for dif-
blur for all swimming velocities, particularly in the ferent swim velocities, a phasic wave of action potentials
caudal portion of the cord at high swimming frequencies propagates along the cord with a velocity which often differs
(Fig. 5B). The relative decrease of the wave amplitude from that of the muscular contraction wave (Fig. 4A). The
along the spinal cord becomes more pronounced (Fig. 6A), excitatory input thus provided may disrupt the regular propa-
but in this case too, the velocity remains nearly constant gation of the muscular contraction wave by activating spinal
(Fig. 6B). neurones in the inhibited period of their rhythmic activity.
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Fig. 6. Different decays of maximal RS-activity along the cord. (a) For slow swimming (1 Hz), the maximal amplitude of the wave of action poteatiels rem
high along the whole cord, and virtually no tonic background activity is present in caudal segments. For rapid swimming (8 Hz), the amplitude @f the we
decreases rapidly along the first third of the cord, and the caudal segments receive high background activity during the whole cycle duratigmacTikigyfirin

for the groups of rapidly conducting neurones was higher jRequal (E) or lower (§- ) than that of the groups of slowly conducting neurones [see Fig. 2A-C). (B) The
propagation of the peak of the wave of RS action potentials was little influenced by changing the relative participation of the different groupsosfdSim¢he

case of a relative increase of the participation of slowly conducting RS neurones, at rapid swimming frequencies (8 Hz), the tonic activity égceumdsl s
becomes large and can locally surpass the wave of action potentials.

At a swim frequency of 8 and 10 Hz, the wave of action amplitude was calculated for swim frequencies of 1, 2, 4
potentials and the muscular contraction wave propagate atand 8 Hz by activating all RS neurones of conduction velo-
approximately the same velocity (Fig. 4A). Under the con- city respectively less than or equal to 0.3, 0.6, 1.2 and 2.4 m/s
ditions chosen for analysis, this velocity also roughly corre- (Fig. 2D).
sponds to the conduction velocity of the most rapid RS  Under these conditions, the characteristics of the distribu-
neurones. This suggested that the propagation velocity oftion of action potentials along the cord become similar for
the wave of action potentials and that of the muscular con- all swimming velocities (Fig. 7) and the propagation velo-
traction wave could be equated for all swim velocities by city of the wave of action potentials is similar to that of the
selectively activating RS neurones of a conduction velocity muscular contraction wave for all swim velocities (Fig. 8A).
less than or equal to that of the velocity of the muscular Moreover, the amplitude of the wave decreases from rostral
contraction wave. The effects of such a recruitment on the to caudal in a similar manner for all swim velocities
propagation of the wave of action potentials and on its (Fig. 8B). More precisely, the slope of the total RS activity

A

1Hz,V,=0.3m/s 4Hz,V,=1.2mls

8Hz, V,=24mls

8Hz, V,=2.4m/s

100
-,
,
L

~303Q0OW0

Fig. 7. Effect of a recruitment by size on the propagation of RS-activity. For the groups with a conduction velocity inferior or egulaétsituation was kept

as in Fig. 2A and the firing functioa,(7) assigned to all those groups was the positive half of a sine function lasting one third of the cycle duration and had th
same amplitude for all groups. For the groups with a conduction velocity greater;tharputa,(r) = 0. (A) propagation at swim frequencies of 1, 4 and 8 Hz.

(B) Contour plots of the data presented in (A). Same figure composition as in Fig. 3.



1012 T. Wannier, W. Senn/Neural Networks 11 (1998) 1005-1015

A increases the velocity of the phasic wave of descending
100 action potentials and increases the amplitude of the tonic
background activity observed in the caudal segments.

If recruitment of RS neurones of successively higher con-
duction velocities is postulated during successively more
rapid swimming, the velocity of the wave of action poten-
tials can be kept to the same value as the velocity of the
muscular contraction wave. Let us point out that such a size
principle is implemented in motoneurones pools where at
increasing input motoneurones with successively higher
propagation speed and size are recruited (see Henneman
and Mendell, 1981).

These results rely on the validity of the assumptions made
and therefore a discussion of their agreement with biological
data is necessary. The first assumption asserts that the RS
neurones are rhythmically active during swimming. In the
lamprey, data on the activity of RS neurones during free
swimming are not currently available, but rhythmic activity
of RS neurones is suggested by several observations. For
instance, the RS neurones receive sensory information from
the vestibular system whose components are rhythmically
active during fictive locomotion (Rovainen, 1967,
Rovainen, 1979; Wickelgren, 1977; Bussie and Dubuc,
1992a; Bussies and Dubuc, 1992b). Furthermore, affer-

~303Q0n

max [

min

8Hz = ents from the spinal cord provide a source of rhythmic

0 17~ 1Hz input, transmitting information about segmental activity
and intervening in a feedback loop to the spinal cord

! segments 100 (Kasicki and Grillner, 1986; Kasicki et al., 1989; Vinay

Fig. 8. Effects of recruitment by size on the RS maximum activity. (A) By and Grillner, 1993). Oscillations of the membrane potential
adjusti_ng the level of recruitment, thg peak of the wave of RS action in phase with the locomotor activity have been observed in
e e e e e semeseson s son D01 [arge and small RS neurones of all etcuar nucie
RS-activity and the dashed lines indicate the propagation of the muscular (KaSICkl and Grillner, 1986; Ka..SICkl etal, 1989)' II’_l Other.
contraction wave. (B) Relative maximal and minimal number of action Vertebrates, few data are available for freely moving ani-
potentials crossing a given segment for various swim frequencies. mals. In the cat, the activity of RS neurones during free
locomotion is modulated with the periodicity of the loco-
AX(7) is, up to scaling with 17, roughly independent of the  motor rhythm (Orlovsky, 1970; Drew et al., 1986)
swimming velocityv if we assume recruitment of the RS In addition to the rhythmic phasic component, a tonic
neurones up t@s (cf. Appendix A). A recruitment of suc-  background activity is expected in some RS neurones.
cessively more rapid RS neurones for controlling more rapid This activity was not integrated in the simulation reported
swimming would thereby presumably support the smooth here since tonic activity would influence all segments
propagation of the muscular contraction wave. equally and therefore not affect the existence of a phasic
wave of action potentials propagating along the cord. The
main influence of tonic activity will rather be to set a back-
3. Discussion ground activation level of the spinal cord, and thereby to
alter the ratio between the maximal number of spikes at the
This investigation suggests that under the assumption thatpeak of the phasic wave and that of the minimal activity.
during swimming the RS neurones are activated indepen- The second assumption concerns the range of conduction
dently of their conduction velocities, the descending signals velocities encountered in RS axons. The axons in the lam-
provided by supraspinal centers propagate in a phasic waveprey spinal cord are not myelinated, and their diameter
along the cord. During slow swimming, the velocity of this ranges from 0.1 to 100m (Bertolini, 1964). For unmyeli-
phasic wave exceeds that of the wave of muscular contrac-nated axons, the conduction velocity is proportional to the
tion, and may provide an excitatory input to spinal neurones square root of the diameter of the axon (Jack et al., 1975). In
during the inhibited phase of their rhythmic activity. In the electrophysiological experiments on ca. 30 cm long adults
caudal segments, the late arrival of action potentials propa-of Lampetra fluviatilisor Ichthyomyzon unicuspimost RS
gating along slowly conducting axons only provides a low neurones have conduction velocities ranging between 0.1
level of tonic activity. Increasing the swimming velocity and 3 m/s (Kasicki et al., 1989; Wannier, 1994). Higher



T. Wannier, W. Senn/Neural Networks 11 (1998) 1005-1015 1013

conduction velocities have been reported, but these appeacycle, only the action potentials travelling at a conduction
to be rather exceptional (Wannier, 1994). In the present velocity above 2.4 m/s have traversed the whole length of
model, the conduction velocities ranged between 0.1 andthe body, and the distribution of action potentials along the
3 m/s, which are realistic values for lampreys of ca. 30 cm cord during the first cycle would differ markedly from that
body length. observed when the steady state is reached. However, con-
The third assumption states that for a given RS axon, the sidering that such high velocities are presumably reached
conduction velocity of the action potentials is constant after an acceleration phase involving a gradual increase of
along the cord. Anatomical data indicate that the diameter velocity, this situation probably does not occur.
of RS axons slowly decreases as the axons extend more The relative amplitude of the function describing the fir-
caudally, and therefore the conduction velocity of RS ing behaviour of two groups of neurones is determined by
axons also decreases (Rovainen et al., 1973). Howevertwo factors: first, the number of neurones in each group, and
direct measurements have shown that the variations aresecond the firing activity of each neurone. The number of
slight, and therefore the conduction velocity can be accu- RS neurones in the brain of the lamprey has recently been
rately approximated by considering it to be constant along estimated to range from 1250 (Davis and McClellan, 1994)
the whole length of the RS axons (Rovainen, 1982). to 2500 (Bussiees, 1994). Because most of these neurones
The propagation of action potentials has been studied for are small, a dominant participation of slow conducting neu-
swim frequencies between 1 and 10 Hz. Although few data rones may prevail. However, since no data are presently
are available on the range of swimming frequencies per- available on the conduction velocities and on the proportion
formed by free swimming lampreys, this range seems repre-of neurones effectively participating in the control of velo-
sentative. In laboratory conditionlshthyomyzon unicuspis  city, the possibility exists that the participation of rapidly
swimming at frequencies between 1.5 and 7.6 Hz have beenconducting neurones predominates over that of slowly con-
observed (Walle and Williams, 1984). In thdn vitro ducting neurones. Both situations have been considered and
preparation of the spinal cord, the minimum frequency of they differ more in their strength than in the qualitative
fictive locomotion lies at ca. 0.1 Hz, while for rapid swim- aspects of the effect.
ming values above 8 Hz were not observed (Brodin et al., In the experiments of Kasicki et al. (1989), both slowly
1985). and rapidly conducting RS neurones were modulated during
The time course of the function describing the firing fictive locomotion, but the majority of those producing
activity of a RS cell group was selected in consideration action potentials were rapidly conducting neurones. Inter-
of the fact that, for most RS neurones, the firing behaviour estingly, 41% of the reticulospinal neurones located in the
is intimately related to that of the motoneurones placed posterior rhombencephalic reticular nucleus (a nucleus con-
ipsilaterally in the rostral segments (Kasicki et al., 1989). taining mainly small neurones) recorded in this study were
For the first simulations, the duration of RS activity was set not modulated during fictive locomotion (Kasicki et al.,
to one third of the cycle duration, the proportion of the cycle 1989). In the model, strong participation of slowly conduct-
duration during which motoneurones are active (\adad ing neurones determines the strength of the tonic activity
Williams, 1984). This proportion is independent of the swim reaching caudal segments during the whole duration of the
frequency (Walle and Williams, 1984). Increasing the swim cycle. If the activity of rapidly conducting neurones
burst duration to 50% of the cycle duration does not mark- prevails, the relative importance of the tonic component
edly alter the behaviour of the wave and the conclusions of decreases, and the phasic wave gains in amplitude.
this study. An important observation of the study is that in the case
The model describes the distribution of action potentials of slow swimming, a phasic wave of action potentials
along RS axons as a function of the time in the swim cycle, propagates along the whole length of the cord, at a velocity
when the system has reached a steady state of swimminggreater than that of the muscular contraction wave. Such a
This is achieved when the burst of action potentials elicited wave was found for all firing functions investigated, and
during the first swim cycle and propagating along the axons will reach levels of the cord crossing the inhibitory phase
sharing the lowest conduction velocity has reached the lastof the swim cycle. Because the majority of RS neurones
segment. Since the lowest conduction velocity considered inhave an excitatory action on their target neurones, this
this model is 0.1 m/s, an action potential travelling on an input would tend to entrain the activity of these segments
axon of this conduction velocity will need 3 s to traverse the and cause a shift in their phase in relation to the first seg-
30 cm length of the body. For swimming at 1 Hz, the steady ments. This would presumably disrupt the smooth propaga-
state is then achieved after three cycles, but is alreadytion of the muscular contraction wave along the body.
approximated during the first cycle since all the action  However, if successive recruitment of RS neurones of
potentials travelling with a conduction velocity above increasing conduction velocity is introduced for the genera-
0.3 m/s will have passed through the whole length of the tion of increasing swimming velocities, the velocity of the
body. Theoretically, for swimming at 8 Hz, the steady state wave of action potentials and that of the muscular contrac-
is achieved after 3s as well and, therefore, requires 24tion wave can be kept to similar values. Because conduction
cycles to complete. In this case, at the end of the first velocity and size of the soma are positively correlated in the
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lamprey (Kasicki et al., 1989), this recruitment order would fastest activated RS neurons corresponds to the swimming

basically correspond to the recruitment by size observed for speed. With such a recruitment, the distribution of the RS

motoneurones in many species (see Henneman andactivity over the body and a cycle scales linearly with the

Mendell, 1981). The mechanisms underlying the recruit- swimming frequency. This fact may simplify the control of

ment order of motoneurones remain a subject of debate,movement for different swimming velocities.

but those mechanisms proposed are also applicable for RS The present study suggests that, in lamprey, the supra-

neurones (Henneman and Mendell, 19871;sther and  spinal control of velocity may rely on a recruitment of RS

Clamann, 1992; Senn et al.,, 1997). A size-dependentneurones by size. Otherwise, mechanisms to regulate the

recruitment order would, therefore, provide a simple phy- effects of the descending neurones on their spinal target

siological means for controlling swimming velocities. neurones as a function of the segmental activity will have
If RS neurones are not recruited by size then alternative to be postulated.

mechanisms will have to be sought to explain how locomo-

tor activity can remain undisturbed by inputs reaching par-

ticular segments during an inappropriate portion of their Acknowledgements

swim cycle. Because no descending pathway other than

the RS system affects middle and caudal segments directly, This work was supported by the Swiss National Science

such a mechanism would presumably have to rely com- Foundation (3100-046009.95 and 5002-03793). We express

pletely on a local spinal circuit. For instance, local control our sincere gratitude to H.P. Clamann, J. Kleinle, H. Murray

of the synaptic drive of RS neurones by the segmental loco-and A. Seydoux for their helpful comments on the

motor circuit could provide a means to gate synaptic input manuscript.

and insure that its effects do not conteract the generation of

the locomotor activity. Since presynaptic inhibition of RS

neurones has been described in lamprey (see Shupliakov ef\ppendix A Peak propagation and shape invariance of

al., 1995; Cochilla and Alford, 1997) this mechanism is also RS activity

conceivable. However, in contrast to the size-dependent

recruitment hypothesis, such a mechanism requires a com- For simplicity we assume that the activation functions

plex network and would introduce new limitations in the & =a are the same for all conduction velocitiesSubsti-

control of locomotion (e.g. the system would not be acces- tuting s=x/(Tv) one calculateswd= — x/(Ts’)ds and from

sible to descending control during the whole swim cycle). EQ. (2) one gets

A(r) = Ja(r —9 % ds= J a(r — 9o (9ds=a"p"" (),
. e

4. Conclusions

We investigated the global spatio-temporal characteris- (A1)
tics of the propagation of action potentials along RS axons wherepé(s) = £/s* for s; < s < s andp®(s) = 0 else. Here
in lamprey. A common assumption derives from the model we sets; = X/(Tvy) ands, = X/(Tv,). Sincea(r) is periodic
proposed by Kasicki et al. (1989), according to which RS with period 1 we haveé\*(r + 1) = A*(7) for all 7. Since in
neurones are activated independently of their conduction addition p*(s) is monotonically decreasing ia one gets
velocity during locomotion. The present study indicates A*(s; + A7) < AX(sy) for 1/3 < A7 < 4/3 and together
that under this condition, the action potentials propagate with the periodicity we conclude that the maximal value
in a phasic wave. This wave is particularly prominent at of A*is attained in the rangs, + 1/6 < 7. = S1 + 1/3.
slow swimming frequencies, and would provide an excita- The particular boundaries are due to the fact that the positive
tory input to spinal neurones which crosses the inhibitory values ofa(7) within a periodicity domain are concentrated
phase of their swim cycle. At high swimming frequencies, a onto the interval [0, 1/3] and that the peakagf) is assumed
tonic activity builds up in the caudal segments, but a phasic to be atr = 1/6. Since for fixed swimming frequency the
component remains. These results remain valid when bio- parameters, increases linearly witkx we get the approxi-
logically realistic variations either of the duration or time mated linearity ofrj,, asserted in Eg. (3). To motivate the
course of the firing activity are made, as well as when a nonlinear term in this equation we restrict ourselves to show
weighted participation of the various groups of RS neurones that 7)., moves (monotonically) from the upper bousid+
is assumed. 1/3 to the lower bound; + 1/6 whenT increases from 0 to

If instead recruitment by size of RS neurones is assumed,«. Let us first consider the ca§e— o. Since the integral
then it is possible for each swimming velocity to adjust the over the function(s) is constant & vy, — Vo), the functions
level of recruitment in order to bring the velocity of the p*"(s) converge (up to scaling) to a Dirac delta-function at
wave of action potentials to a value similar to the velocity s=s; and the maximum of’(7) is attained at the maximum
of the muscular contraction wave. We showed that RS and of a(7) transferred bys,, i.e. at7h. = S1 + 1/6. In the case
muscular wave propagate in parallel if the speed of the that T > 0 is small, the functiono™™(s) is (again up to
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scaling) close to a step function on the intenal f 1/3,
s, + /3] with step (from 0 tov4/s;) ats=s;. The maximum
of AX(7) is, therefore, attained for a value efsuch that
a(r—9) is as large as possible for @l [sq, s + 1/3].
This value has to be,. = s; + 1/3, the smallest value for
which a(75,.x — S > 0 for the referreds. To fit 75,4, for
intermediate values of we chose an exponential which
interpolates betweesy + 1/6 < 7. = S; + 1/3. A similar
reasoning shows that the approximation Eq. (3) turns
towards equality ifx or v; tend to O and-.

Let us now infer the shape invariance of the RS-activity

AX(7) for the case that the RS neurones are activated accord-
ing to their size (and thus according to increasing conduc-

tion velocity). Thus, ifvg = L/T denotes the swimming

velocity, we assume that only those RS neurones with con-

duction velocity betweeng andvs are activated. The total
RS activity is then calculated according to Eqg. (A1) by an
integral froms; = X/(Tv;) = X/L to s = X/(TVp). For param-
eter valuesL = 0.3 m, vy = 0.1 m/s and swimming fre-
quency between 1 and 8HA (= 15, ..., 0.1255s), the
upper bounds, is 10-80 times larger than the lower
bounds,. Due to the factor & the part of the integral in
Eq. (A1) fromsy = x/vyto s i, therefore, small compared
to the integral froms; to sy’. We obtain the approximation
of the total activity by the integral from; to s¢’,

X/(Tvp) XV

A= | ar-9 %ds ~ ; J a(r—9) éds: %f (,%),
x/L x/L
(A2)
wheref (7,X) does not depend on. According to this for-
mula, the total RS activity scales roughly linearly with the
swimming frequency T/ while the particular shape remains
(cf. Figs 7 and 8).
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