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l'

Fig. 11. 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 modem 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 neans of
a cathode ray oscillograph with direct coupled ampliflers 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

efected by barium titanate strips or moving coil units moving flne 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 lrom single fibres impaled with microelectrodes

by numerous authors, but many flbres have been activated. Here recording is

lrom 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
inefflciently as flbre 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
15 % of the unitary D.R.P. (Fig. l). This necessitates averaging of a number

of records for quantitative compadson. As was shown earlier (Fessard &

I
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Fig.4. Graph of plateau height with repetition at increasingrate. Left hand scale is in multiples
of unit rcsponse.

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 vo1leys 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 flbres 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 ol 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. lt 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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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 lrom 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

ofl before all the larger fibres are activated. Indeed single fibre activation with

repeated impulses at short interyals can produce up lo 25% of the maximal

depolarisation for a volley in this root.

The observations by Wall of a positive potential following C flbre 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 eflects 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 a1l impulses entering the cord have to traYerse this region where widespread

effects are occurring; it is unsafe to assume that fibres can traverse this region

unaflected, particularly since Wall's (1958) elegant demonstration ofexcitability

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 nricroelec-
trode. Antidromic identification of the cell is given in E. Conduction velocity of the axon
was 63 m/s. A singlc stimulus was applied to various colltralateral nerves as indicated above
the records. The stimulus strengths are expressed rs multiples of the threshold stimulus for
the neNe and indicated by the figurcs in each record. tn A D the upper lraces are recorded at
a faster sweep speed than the niddle. The loweflnost traces are the extracellular records
obtained immediately outside the notoneurone. Eilch trace consists of 3 6 superimposed
recordings. Dots beiow the traces indicate stinrulus 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 soniewhat (Fig. 2, ,4-C).
Thus only moderate responses were recorded concomitant with the major
responses in the medial gastrocnemius nerve. Only after a central delay olabout
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 lorg central latency, as illustrated in Fig. l, A & D, had the
nerve been intact.

Intracellular recording with microelectrodes (potassium citrate) revealed
changes in the membrtrne 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 longlasting
depolarization of the soleus motoneurones. The depolarization increased with
increasing stinulus strength as illustrated in Fig. 3, A-D, where the contra-
lateral plantaris-llexor digitorunr longus-flexor digitorum brevis nerve was
stimulated. ln most cells, although not in the one illustrated in Fig. 3, the cells
usually discharged repeatedly during this depolarization. The major wave ol
depolarization is preceded by a small hump, occurring concomitantly with the
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'/**

Fig. 5, For the procedwe see Fig. 3. Intracellular records from two soleus cells, conduction
velocity 63 and 68 m/s resp., (A, D) from two diffeteflt experiments. B and E are from one
lateral gastrocnemius motoneurone, conduction velocity 120 m/s and C and F from a medial
gashocnemius motoneuone, conduction velocity 98 m/s in a third experiment. In A and D a
stimulus was applied to the contralateral popliteal nerve at 20 x threshold for the neffe. Ifl B
and C one and in E and F six stimuli were applied to the contralateral quadriceps nerve at
40 x threshold lor the nerve. Record D is a summation oI 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 Ievel.

This difference between cells to slow and fast contracting muscles in their
disposition to discharge has been observed for many reflexes (Denny-Brown,
1929i Granrt, 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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