Single fibre activation of central nervous activity
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In simple extero-receptive reflexes in the decerebrate animal, there is often a
gross disproportion between sensory input and motor output. For example the
Pinna reflex in the decerebrate or intact cat can often be evoked by moving
a single hair on the border of the ear with a fine bristle. Here some half dozen
sensory impulses result in a discharge by tens or hundreds of motor neurones.
Again a von Frey hair lightly touched on the web of a frog’s foot evokes an
extensor contraction in which most muscles of the leg are involved.

Much of our theory of nervous action is based on conclusions from experi-
ments in which volleys in hundreds or thousands of nerve fibres are sent into
the central nervous system and perhaps repeated at high frequency. The
transfer of results to the normal actions of the nervous system must be made
with caution.

It is long well known that nerve fibres from muscle converge at many motor
neurones and that the normal activation of these fibres consists of barrages of
impulses, so the result of stimulating a peripheral muscular nerve electrically
can be made to be not unlike the normal activation. Indeed, as Renshaw
(1940) and Lloyd (1943) showed long ago, the knee or ankle jerk and the
equivalent electrically evoked reflex are closely comparable. The thorough
studies of activation of muscle from stretch of muscle avoid many anomalies
but as Granit, Kellerth and Williams (1964) have recently shown by study of
intracellular activation noise and excitation by injected direct current, the
simple explanations need modification. Even less simple are extero-receptive
reflexes in which evidence of much greater sensitivity and functional com-
plexity are seen.

The input/output relations of the monosynaptic reflex were studied by
Lloyd, Hunt and MclIntyre (1955) but there was no output until many fibres
of the input were activated. Even gross consideration of cases such as a Pinna
reflex suggest that matters can be very different in extero-receptive reflex actions.

Here I want to examine a small facet of this problem in detail, namely the
response in the spinal frog to single impulses in single fibres. It is now recognised
that the dorsal root potential (D.R.P. V) arises in both mammals and frogs
from a depolarization of the membrane of the primary fibres. This was suggested
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Fig. 1. 4. Dorsal root potential following a single cutaneous impulse. B. Dorsal root potential
on expanded time base. Time marks 10 msec.

by Barron & Matthews (1938) nearly thirty years ago, and has recently been
put beyond reasonable doubt by much elegant work with modern techniques
(Koketsu, 1956; Wall, 1958; Eccles & Krnjevic, 1959). Recording from gross
or intracellular electrodes has shown depolarization occurs of both active and
inactive terminals, but whence the depolarising agent is derived, whether
from primary, secondary or glial structures, is still not agreed.

The present observations were made on the frog, R. temporaria, by means of
a cathode ray oscillograph with direct coupled amplifiers leading from electrodes
on the fine caudal root; this recorded both D.R.P. and also the impulses set up
by localised tactile stimulation from one or more points on the skin. This was
effected by barium titanate strips or moving coil units moving fine bristles.
They were driven from a two-channel stimulator which triggered the beam and
also activated either stimulator after a variable delay to give a single pulse or a
repeated train. All other peripheral connections were severed and the cord
sectioned cephalad of the root, thus producing a quiescent spinal cord with a
controlled inflow. In many cases the nerve was subdivided peripheral to the
electrode,

Records have been made from single fibres impaled with microelectrodes
by numerous authors, but many fibres have been activated. Here recording is
from many fibres but a single one is activated. In the first case the electrode
gives an efficient approach to the membrane potential, but requires for inter-
pretation analysis of potential within and without the fibre relative to a distant
electrode, and has the handicap of high electrode resistance. Here low resistance
electrodes allow much higher electrical resolution, but the potential is led off
inefficiently as fibre electrotonus from the sources feeding the terminal sinks.

When leading from a spinal root with high gain, considerable low frequency
noise is present emanating from the spinal cord. It is reduced by prolonged
irrigation with oxygenated ringer but is always present in normal preparations.
This leads to fluctuations in the potential recorded which may amount to + or
—159% of the unitary D.R.P. (Fig. 1). This necessitates averaging of a number
of records for quantitative comparison. As was shown earlier (Fessard &
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Fig. 2. Repetition of impulses in single fibre at
28/sec build up to a plateau.

Fig. 3. Initial build-up to plateau for three repetition
rates. Time 10 msec.

Matthews, 1939), the D.R.P. V following single fibre activation is of standard
form and the time course resembles that produced by maximal volleys. Summa-
tion can occur between D.R.P. V produced by successive impulses in a single
fibre. The same form is preserved when the spinal cord is destroyed, except
for a piece of dorsal horn about 1 mm cube at the root termination; this con-
stancy of form makes it seem improbable that the form and duration depend
on circus activity between chains of neurones; theories involving the release
and slow removal of a depolarising agent seem to accord better with these facts.

For two impulses at a short interval the potential and its integrated area is
little short of twice that evoked by a single impulse but as the number in a
group is increased the deficit from algebraic summation becomes steadily
greater. With repeated impulses the D.R.P. builds up to a plateau (Fig. 2), the
height of which is a function of frequency as is the slope by which it is reached
(Fig. 3). The height of plateau is always several-fold greater than that of a
single potential; up to fifteen times has been recorded in some experiments.
The deficit from algebraic summation of area is shown in Fig. 4. This is in
striking contrast to the D.R.P. to large volleys which shows little change with
frequency of stimulation. The D.R.P. can reach its ceiling with a single large
volley.

At no interval at which two successive impulses can be initiated in the same
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Fig. 4. Graph of plateau height with repetition at increasing rate. Left hand scale is in multiples
of unit response.

fibre, here from 3 milliseconds upward, has evidence been obtained of any great
departure from algebraic summation, though the fluctuations in size with
present technique could conceal a small change. Thus as in the volley studies
of 30 years ago, there is no evidence of major facilitation or inhibition in the
D.R.P. for two consecutive volleys in the same fibre or fibres. Occlusion only
becomes marked when a large D.R.P. has been generated by many impulses.

When single impulses are set up from muscle stretch receptors no potential
has been detected from this dorsal root but as Fuortes (1951) found in the
frog, groups of muscular impulses produce a summed potential capable of
detection from the roots. In addition some cutaneous fibres fail to produce a
detectable D.R.P. A substantial number of such fibres was seen in all experi-
ments irrespective of central dissection; this makes it improbable that they
have been damaged central to the electrodes in dissection but this cannot be
entirely ruled out. Koketsu (1956) has more decisive evidence of the absence
of D.R.P. in some cutaneous fibres in his failure to record the slow potential
intracellularly from some cutaneous fibres which carried spikes and so could
hardly be damaged at entry. This does, however, make any relation derived
from the size of summed spikes and the resulting D.R.P. impossible to inter-
pret as an input/output function, because without further evidence it is im-
possible to distinguish increases in spike which are produced by fibres which
evoke no D.R.P. It may well be that the fibres concerned run longer distances
within the spinal cord before terminating and so their depolarisation is negli-
gible near their point of entry.
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Fig. 5. Concurrence of two impulses in different fibres gives summation at all intervals. Time
scale 10 msec.

When different fibres are activated summation also occurs, but as the central
potentials recorded from the root vary in size for different individual fibres
each must be identified to interpret the record. This is not difficult to do as
each fibre spike has its own recognisable characteristics and identification
of two or three fibres is possible. Summation is at first algebraic whatever the
interval or order of the two impulses (see Fig. 5) but with repetition in each
fibre the deficit becomes increasingly greater. If a plateau is produced by repeti-
tive stimulation of one fibre, initiation of a single impulse in another fibre
adds only a fraction of the potential that it produces in quiescence. In addition
when an impulse reaches the cord already depolarised by the same or another
fibre the D.R.P. V is preceded by a deflection which is not present when the same
impulse reaches the quiescent cord. This effect appears to be the same as that
seen with volleys of impulses and studied by a number of authors. It has been
attributed to the membrane repolarisation following the impulse and to after-
potentials, before depolarisation redevelops owing to the continued presence
of the depolarising agent. Some authors attribute it to current from secondary
neurones. It occurs with single fibre activation (Fig. 2) but is very small or
absent after the first impulses entering a quiescent cord; this agrees with the
interpretation that it indicates membrane potential changes in the primary
fibres.

It is at once clear that the D.R.P. bears a highly non-linear relation to the
number of active fibres and with multi-fibre activation there is an enormous
deficit from the sum of the effect of each fibre activated separately. The physio-
logical significance of this is that very minor stimuli can produce major changes
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in D.R.P. but that when the same fibre activation forms part of a widespread
stimulus its individual significance is greatly reduced.

It is possible to construct input-activation curves for one to three or even
four fibres which have been severally identified and their central effect deter-
mined but with many fibres present evoking no central potential the relation
breaks down when carried further to volleys assessed from a summed action
potential in which the components, less or ineffective in central activation, can-
not be recognised. The curve of this relationship rises steeply at first and levels
off before all the larger fibres are activated. Indeed single fibre activation with
repeated impulses at short intervals can produce up to 25% of the maximal
depolarisation for a volley in this root.

The observations by Wall of a positive potential following C fibre activation
in the cat suggested a search for parallel phenomena in the frog; so far this
has been defeated by technical difficulties of single C fibre activation in this
preparation.

With small inputs the D.R.P. existing when an impulse arrives is even more
important in determining that impulse’s effect than the impulse itself so that the
single impulse produces a D.R.P. contribution that can vary over a very wide
range, and may be completely occluded.

A train of impulses produces a long lasting effect that is a replica of the
generator potential of the peripheral sense organ but its value is dependent
on many other impulse streams including, as several authors e.g. Lundberg,
Carpenter & Norrsell (1963) have shown, impulses descending from higher parts
of C.N.S. by several routes.

It is thus apparent that a major integration has occurred even on reception
of impulses at central afferent terminals in the dorsal horn.

If the rate of rise of D.R.P. is an index of the excitory effect on secondary
structures as it appears to be in evoking the dorsal root reflex, then the occlusion
between volleys producing D.R.P. will produce effects resembling inhibition
but not arising by hyperpolarisation.

In the dorsal horn there are processes more subtle and complex than the
statistical response of motor neuorones in monosynaptic bombardment. More-
over all impulses entering the cord have to traverse this region where widespread
effects are occurring; it is unsafe to assume that fibres can traverse this region
unaffected, particularly since Wall’s (1958) elegant demonstration of excitability
changes in terminals of many fibres exposed to the potentials of the dorsal
horn.
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Fig. 3. Intracellular records from a soleus motoneurone with a potassium citrate microelec-
trode. Antidromic identification of the cell is given in E. Conduction velocity of the axon
was 63 m/s. A single stimulus was applied to various contralateral nerves as indicated above
the records. The stimulus strengths are expressed as multiples of the threshold stimulus for
the nerve and indicated by the figures in each record. In A-D the upper traces are recorded at
a faster sweep speed than the middle. The lowermost traces are the extracellular records
obtained immediately outside the motoneurone. Each trace consists of 3-6 superimposed
recordings. Dots below the traces indicate stimulus artefacts,

course. In this preparation the excitatory actions on the gastrocnemius moto-
neurones were not sufficient to discharge them and no activity was recorded in
the medial gastrocnemius nerve (Fig. 2, D-F).

The corresponding crossed effects on soleus differed somewhat (Fig. 2, A-C).
Thus only moderate responses were recorded concomitant with the major
responses in the medial gastrocnemius nerve. Only alter a central delay of about
30 msec did excitatory actions build up, reaching a maximum at about 100
msec and then gradually subsiding. Although the increase in the test reflex
is not very impressive, the soleus motoneurones discharge during the late phase
of increased excitability (Fig. 2, B & C). This would have resulted in a muscle
contraction with long central latency, as illustrated in Fig. 1, 4 & D, had the
nerve been intact.

Intracellular recording with microelectrodes (potassium citrate) revealed
changes in the membrane potential of the type expected from the curves
illustrated in Fig. 2, A-C. Fig. 3 illustrates the crossed effects recorded from a
soleus cell in an analogous experiment. Activity in low threshold muscle
afferents did not give rise to crossed actions whereas with greater stimulus
strength activating high threshold muscle afferents there was a long-lasting
depolarization of the soleus motoneurones. The depolarization increased with
increasing stimulus strength as illustrated in Fig. 3, A-D, where the contra-
lateral plantaris-flexor digitorum l[ongus-flexor digitorum brevis nerve was
stimulated. In most cells, although not in the one illustrated in Fig. 3, the cells
usually discharged repeatedly during this depolarization. The major wave of
depolarization is preceded by a small hump, occurring concomitantly with the
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Fig. 4. For the procedure see Fig. 3. The recordings were from a medial gastrocnemius cell,
conduction velocity 102 msec. The traces to the left in C-I were obtained at faster speed
than those to the right.

main effects on the medial gastrocnemius motoneurones. So far it has not been
possible to establish any difference in threshold between these two waves of
depolarization (Fig. 3, A-D). With few exceptions the contralateral nerves
used for conditioning evoked actions were similar to those in Fig. 3, F-I,
where contralateral gastrocnemius-soleus, sural, superficial and deep peroneal,
and tibialis anterior nerves were stimulated.

In contrast to the effects on soleus motoneurones described, crossed effects
on the medial gastrocnemius motoneurones were predominantly obtained
within 30 msec. Fig. 4, C-F, illustrates how the early depolarization increased
with increasing stimulation of the contralateral quadriceps nerve. The same
applied when stimulating other contralateral nerves indicated (G-I). In some
cells the critical level for evoking an action potential was reached at the peak
of depolarization. At a corresponding interval, e.g. 15-30 msec after the
contralateral stimulation a discharge in the peripheral gastrocnemius nerve
was recorded. Had the nerve not been cut this would have given a contraction
with short central latency as in Fig. 1, D-F, I-J.

Various patterns of crossed effects on extensor motoneurones were observed
and some of the most frequent types are illustrated in Fig. 5. Records 4 and D
are typical examples of crossed actions on soleus motoneurones, The late action
previously described (Fig. 5, 4, Fig. 3) was sometimes preceded by an early
depolarization (Fig. 5, D). However, this early effect always corresponded to
that found in gastrocnemius motoneurones. This may be seen in records B
and C, obtained from a lateral and a medial gastrocnemius motoneurone in
another experiment. Analogous crossed effects were exerted on these two cell
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Fig. 5. For the procedure see Fig. 3. Intracellular records from two soleus cells, conduction
velocity 63 and 68 m/s resp., (A, D) from two different experiments. B and E are from one
lateral gastrocnemius motoneurone, conduction velocity 120 m/s and C and F from a medial
gastrocnemius motoneurone, conduction velocity 98 m/s in a third experiment. In A and Da
stimulus was applied to the contralateral popliteal nerve at 20 x threshold for the nerve. In B
and C one and in E and F six stimuli were applied to the contralateral quadriceps nerve at
40 > threshold for the nerve. Record D is a summation of about 200 traces and has a different
time base than the remaining records in the figure.

groups. However, late effects on these cells were sometimes found (cf. Fig. 2,
D-F) but usually repetitive stimulation was necessary to evoke them (E and F).
It is possible that gastrocnemius motoneurones might fire during this phase
of depolarization and evoke a crossed extensor reflex with long latency although
this was not observed in the present series of experiments.

The results of the present study of the crossed extensor reflex may be sum-
marized as follows:

1. The motoneurones supplying the red muscles were effectively depolarized
for a considerable period. The firing level was usually reached and the cells
discharged repeatedly.

2. The motoneurones supplying white extensor muscles were predominantly
depolarized early, usually before any actions were exerted on motoneurones
supplying the red muscles. This early depolarization only occasionally
reached the firing level.

This difference between cells to slow and fast contracting muscles in their
disposition to discharge has been observed for many reflexes (Denny-Brown,
1929; Granit, Henatsch & Steg, 1956; Granit, Phillips, Skoglund & Steg,
1957) and might perhaps be due not only to differences in the synaptic barrage
but to differences in the motoneurones such as cell size and membrane pro-
perties (Eccles, Eccles & Lundberg, 1958; Kuno, 1959; Sasaki & Otani, 1961;
Kernell, 1965).

At present there is no evidence whether the early crossed effects on gastro-
cnemius motoneurones and the late effects on soleus motoneurones are trans-
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mitted via two pathways. Granit and his collaborators (Granit, Henatsch &
Steg, 1956; Granit, Phillips, Skoglund & Steg, 1957) have shown that some cells
discharge repeatedly in a characteristic fashion in response to various reflexes
such as muscle stretch, “pinna twist’ and contralateral stimulation. They were
denoted ‘tonic’ (Granit ef al., 1956) and they have been associated with cells
supplying slowly contracting muscles (Eccles et /., 1958). Because of mutual
re-enforcement between these reflex actions they were assumed to converge
upon the same penultimate interneurone. Under the same conditions other
motoneurones responeded only with a few spikes, They were denoted ‘phasic’
and have been related to motoneurones supplying rapidly contracting muscles.
In this connexion it also is of interest to note that Sasaki & Tanaka (1964)
found strong early excitatory effects on gastrocnemius motoneurones by supra-
spinal stimulation (bulbar reticular, fastigial and dentate) but predominantly
late effects on soleus motoneurones. The time course of changes in excitability
in soleus and medial gastrocnemius motoneurones evoked by supraspinal
stimulation closely resemble those obtained in the present study. They also
found that this supraspinal stimulation activated two sets of interneurones
which appeared to be responsible for the effects. One type of interneurone was
activated after a brief latency and for a short period, while the other responded
with a sustained discharge after a long latency. As a result they concluded
that these different actions are transmitted via two pathways.

In spinal preparations, a release of early effects from flexor reflex afferents,
skin afferents and high threshold afferents on ipsilateral (Eccles & Lundberg,
19594, b) and contralateral motoneurones (Holmgvist, 1961) has been described.
However, in animals treated with DOPA (L-3, 4-dihydroxyphenylalanine, pre-
cursor of the monoamines, adrenaline, noradrenaline and dopamine), these
effects are depressed, while later ones are revealed. The excitability changes
were such as might be expected for the flexor reflex and crossed extensor reflex,
and these reflexes were in fact vigorously increased (Andén, Lundberg, Rosen-
gren & Vyklicky, 1963; Andén, Jukes, Lundberg & Vyklicky, 1964; Andén,
Jukes & Lundberg, 1964; Lundberg, personal communication). The effects
induced by DOPA are related in time to the late crossed effects on extensor
motoneurones observed in this investigation, especially in the case of soleus
motoneurones.
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