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]\IECHANISMS REGULATING THE DISCHARGE OF MOTONEURONS

small electrodes for localization of events made all the difference to
research in this field. The modern era may be said to have been intro-
duced by Renshaw (1941) when he-once more-showed that a shock
backfired into a motoneuron pool produced a depression of excitability
lasting some 40-50 ms, sometimes also an enhancement. His next step
was to push small electrodes into the spinal cord and repeat the experi-
ment. In certain places he then found cells in the spinal cord which
responded at very high initial rates of discharge, 1,000-1,500 impulses
per second, to the antidronic shock. These were the ones nowadays

Fig. 35. Diagrammatic representation
of the area studied in the lumbo-sacral
region of four cats. The diagram was
drawn so as to fit as closely as possible
the outline of all sections. Positions of
the marks are indicated by the black
dots. Broken lines delineate the extent
of the ventral root exit zone (Thomas
and Wilson, Nalr/e, 1965).

spoken of as Renshaw cells. Eccles et al. (1954) found such cells inthe
ventromedial regior of the cord.

Marking techniques for microelectrodes (glass pipettes) have since
been developed by Thomas and Wilson (1965) and Willis and Willis
(1966) for the localization of isolated Renshaw cells. Figure 35 shows
the position of markings obtained ir the experiments of Thomas and
Wiison. Both teams agree that the Renshaw cells are located in Rexed's
(1954) lamina VII which is the region where they were found in the
electrophysiological experiments of Eccles et ql. (1954) and later by
many other workers.

The most obvious effect of backfiring into a motoneuron pool is the
fanriliar depression of excitability and Eccles et ol. (1954) set out to
investigate (i) whether this was a real postsynaptic inhibition and (ii)
whether it could be correlated with the discharge of the Renshaw cell.
This rvas done by simultaneously recording from a Renshaw cell and a

near-by moto[euron, varying antidromic stimulus parameters and com-
paring pharmacological specilicities. The discharge pattern of the
Relsharv cel1 and the course of the postsynaptic inhibitory response
virried in parallel, fi'om which it was concluded that they were related as
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MECHANISMS REGULATTNG THE DISCHARCE OF I{OION'-!URONS
discharges were evoked by Gr III afferents. The effect was genuine, not
consequent upon the flring of motoneurons. Afferent .biasing' of the
Renshaw cells has since been seen by several workers (e,g. Frank and
Fuortes 1956; Curtis, Phillis and Watkins l96l; Wilson, Talbot and
Kato 1964). The pinna reflex can fire the cells (Haase and Van Der
Meulen 1961). More commonly the yarious reflexes from the skrn
produce an inhibition of the Renshaw cell, extensively studied by
Wilson and Talbot (1963) and Wilson et ql. {1964)- The time relations.
as explored in their work, necessitated the insertion ol an interneuronal

A l1lr.rrr. f--
" iil,[/t- +ilrlil]ilt-

" .J'L.n^ 
'11l*.*+
h.,\:

100 c/s

Fig.37. Decerebrate cat. A. Antidromic test shocks to gastrocnemius nerves were
adjusted so that only one or rwo discharges from nenitraw ,l"ii ii.." 

"fi.,,"j. 
e.Cerebellar- conditioning by a single shock 

-to 
the point l" tf," 

".io*J-ini"t ,"rrrt.in strong facilitation. C. After cessation of cerebellar conditioni"e o.igi;'rr," otdischarge reappeared (Haase and Van Der Meuien, "r. lv",r"piGrt., itia).--'-

Iink betrveen the afferent source and the Renshaw cell (Wilson l9oo,
and Fig. 38 below). Supraspinal effects were demonstrated by Granit,
Haase and Rutledge (1960) and Haase and Van Der Ueulen 1teOt).
These were both excitatory and inhibitory. Structures at various ler,,els
within the reticular formation and in the cerebellum were stimulated ln
those experiments. Figure 37 illustrates a cerebellar facilitation of tlre
antidromically elicited response of a Renshaw cell.

A prototype of all recurrent circuits is found in the primitive lateral
eye of the horseshoe crab Liruulus (Hartline and Ratliff 1957) in which
the large nerve fibres from each ommatidium o." p.ouid.d *ith
branches with inhibitory terminals on one another. The output discharge
to illumination ofthe eye tltus operates a built-in suppressor mechanism
that has become known as lateral inhibition. Some comparisons be_
tween the recurrent and lateral inhibitions will be made belou,, Here the
work of Hartline and his colleagues is mentioned merely in order to
emphasize the obligatory character ofthat inhibition compared with the
recurrent variety which is facultative. By this term is meant that irs
mechanism, as \ye have seen, is available for the organism to use or not
50
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MECHANISMS RECULATINC THE DISCHARGE OF I,IOTONIURONS

Renshaw
cell L6 aild upper L7
number Q SM SG FDL Per.

Mid L7
Pl. Pop. LC AB ST

Lower L7 and Sl
lG PB MC Sol.

1

2

3

4
5

6

7

8

9

10

ll
t2
l3
t4
l5
t6
t7
18

t4
6 6

6513

i

13

IO
7

7

.10
174
t6

.2

.5
2

38
33
.8
.8

5

; g

18

833
:J

322
209

i
.8
28
13
t2 I
.,1

129
.26
413
t0 2l

10

;

fi

4

Table 1. The convergence of antidromic volleys in muscle nerves on to 18 Renshaw
cells. Each muscle nerve was tested separately and in the colllnlns are the numbefi of
impulses discharged ftom the respective Renshaw cell in response to a maximal
antidromic volley in the alpha motor fibres. Numbers in bold type show the contri-
bution from the domiflant muscle neryes. The sy bols labe]ling the colllmns
correspond to the following muscle nerves: Q, quadriccpsi SM, semi-membranosus;
SG, superior gluteal: FDL, flexor digitorum longus+flexor hallucis long s; per.,
peroneal; Pl., plantaris; Pop., popliteus; LG, lateral gastrocnemius; AB, anterior
biceps;ST, semitendinosrrs; lG. inferior glureal; PB, posterior biceps: MG, medial
gastrocnemius; Sol., soleus (Eccles, Eccles, Iggo and Lundberg, J. p,[y.r/ol. l96l ).

their motoneuron nuclei which are elongated, parallel structures partly
overlapping within adjacent segments (Romanes 1951). The most
intelesting feature of the table is seen to be that proximity in the spinal
cord is an important factor determining the effect of the antidromic
shock. When several nerves cause an effect, these very evidently obey
the rule of proximity of their motoneurons.

Eccles, Eccles, Iggo and Ito (l96lb) returned to this problem by
[reasuring in 474 motoneurons the amount of IPSP that the recurrent
mechanism produced. The largest amounts were as a rule generated by
52
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trlECHANISMS RECULATING THE DISCHARCE OF MOTONEURONS

influence on the discharge rates ol motonelrrons (Eccles et ql. l96lb),
apparently directed chiefly towards the small tonic ones. Granit et a/.
(1957) regarded recurrent inhibition of the tonic motoneurons as a
mechanism stabilizing their firing rate to suit the slow muscle fibres to
r.vhich they send their axons. The strong proprioceptive control of these
motoneurons is well known to depend on the gamma executive for the
intrafusal musculature and so the recurrent circuit may also be regarded
as a natural antagonist ofthe gamma loop. The advantage ofa governor
or the efferent side lies in its independence ol irregularities in the
syflaptic response ofthe motoneuron due to excessive or highly variable
depolarizing pressures. The fuing rate, so to speak, regulates itself, as

will be shown below.
Granit et ql. (1951) also discussed the possibility that the phasic

motoneurons generally suppress their tonic partners, silencing slow
muscles during the activity of the fast musculature, but stated that they
could find no definite support for this view. However, Eccles et al.
( l96l b) have takeu it up again as one of the possible roles of recurrent
inhibition in motor control. This proposition should be tested experi-
mentally. It may well prove to be valid.

Qttantitqtiw aspects of recurrent inhibition
The illustrations of discharges of Renshaw cells to single antidromic
shocks (Figs. 36 and 37) should not lead to the conclusion that this is the
way they f,re when excited by the recurrent spikes of normally active
motoneurons. When, in imitation ol normal motor activity, the anti-
dromic shocks are delivered at frequencies from 5 to 50 per second, the
bursts disappear at rates between 5 and 10 per second and the Renshaw
cells start flring at slow rates (Haase 1963), as they do in natural motor
activity.

Granit and Renkin (1961) used antidromic tetani at different frequen-
cies to establish the quantitative relation between flring rate and the
amount of recurrent inhibition. The indicator rvas a tonically firing
moto[euron whose discharge rate was measured before, during and
after a period of recurrent inhibition. The normal flring rate (F.) ofthe
motoneuron was given as the average of the values before and alter the
period of recurrent inhibition. The value obtained during inhibition
(F;) was subtracted from F" and the difference plotted as ordinates in
Figure 39 against the frequency of the antidromic tetanus on the
abscissae. The relationship is linear and saturation takes place at a rate
of arourd 40 volleys per second.
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MECHANISMS REGULATING THE DISCHARGE OF MOTONEURONS

superimposed on the fuing cell. Sometimes a very thin filament was
found as effective as the remaining pottion of the root. The aim of the
experiment was to find out whether recurrent inhibition was algebraic-
ally additive. The experiments differ from those reported above in
being throughout extracellular and 'synaptic', instead of making use
of synaptic additions in combination with firing induced by trans-
membrane stimulation.

In Figure 40 are plotted the results of an experiment with a moto-
neuron that could be forced to flre up to rates of 38 impulses per second.

10 15 20 2b 30 35 m r,/s

Fig. 40. Frequency of discharge (F") of motoneuron plotted againsl the reduced
frequedcy (R) during a constant recurrent inhibition. The Iine above it is drawn for
the case ofF" : Fj, for the recurtent inhibition having no effect on the firing rate ol'
the motoneuron (Granii and Renkin, "L Prr.rrol,, 196l).

The discharge frequencies without inhibition (F,,) are on the abscissae,
on the ordinates those witlr recurrent inhibition superimposed (F,). Thc
upper line is at 45' and thus illustrates the case of no effect of the
inhibitory stimulus (F": Fi). The line through the readings, whose
slope with perfect algebraical summation slrould be 1.00, has a regres-
sion coefficient of 1.07, with a standard error of0.192.

In these experiments eighteen motoneurors were studied. lf all the
experiments are treated as a single one of 470 observations and tlte
regression coemcients are weighted with respect to the number N of
the individual observations in each experiment, one should obtain the
average value of the slope constant. This proved to he 0.996 ivhich is
56
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MECHANISMS REGULATINC THE DISCI]ARGE OF MOTONEURONS

recurent inhibition can do to a maintained tonic discharge. The
diagram shows that the tonically active spike in the filament (S) is
amplifled to elicit the antidromic stimulus (Stim) for the rest of the
ventral root (VR). The indicator spike (in S) is produced by stretching
the gastrocnemius-soleus muscle, and the control record 1 below the
diagram (no recurrent inhibition) illustrates that this spike really is
tonically active during the time required for the experiment. In the

-

Fig. 41. Experimental arrangement in diagram and sample of experiment on func-
tionally isolated sitrgle fibre below. Symbols, DR, dorsal root; VR, ventral rcot; S,
gingle fibre from ventral root; MN, motoneuron. Spike from single ventral root
fibr€ amplified and connected to start antidromic shock from stimulator to portion of
VR of same segneqt. Recuftent loop shown. Spikes activated by stretch of knee
extenso$ io the manner shown by record 1 below. Record 2 is same stength of pull
but with atrtidlomic shock locked to tonically discharging spike (note artifact). Rate
and leogth of pull (15 mm) indicated by length-recorder below (Gra t and Rutledge,
J. Physiol.,1960).

record 2 of Figure 4l the spike (in S) is connected up to evoke the full
recurrent efect obtainable from the root (VR). What is shown is that the
inhibition provides means of smoothly ending a tonic muscular con-
traction by the mere automatisrn of it being present. No special grading
of inhibition is required. This may well be one ofthe roles it has to play
in the normal life of an animal, i.e. smoothly stopping lingering
excitations.

In view of the results ofthe previous section, which showed recurrent
inhibition to be strictly additive, it is surprising now to find it apparently
cumulative (in Fig. 4l). Part ofthe explanation may lie in the locking of
58
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MECHANISMS REGULATING THE DISCHARGE OF MOTONEURONS

experiments of this general type it was conch.rded that the cumulative
effect of recurrent inhibition is essentially a measure of the time course
of a dwindling excitatory surplus and has less to do with the recurrent
process as such,

If this explanation of the cumulative effect of recurrent inhibition is
correct, it should be possible to prevent 'cumulation' by post-tetanic

imp/s i - j.!r-Lu.,/..iii-i5.LJ.J..J.t J4t-!..J-i.

Fig. 42. Antidromic tetanus idserted into tonic stretch reEex of functionally isolated
single fibre. Pull of 15 Irun on knee extenso$. Tetanic a[tidromic inhibitiol at ll4
per second inserted for 0.7 s at regular intervals as marked by rcctangles on abscissa
(running time). Frequency ofdischarge constant between the two parallel horizontal
lines, !, nurnber ol impulses (imp/s) during the periods of recurrent inhibition.
lnset: original records at moments marked 1, 2 atrd 3 in the diagram. Note that when
delayed recovery after recurent inhibitio4 begins, then discharge frequency fails to
reach its original level immediately (at this rate of repetition of antidromic stimula-
tion periods). Discharge stopped for good with last period of stimulation, having
been four times temporarily silenced (Granit and Rutledge,./. Pryflbl,. 1960).

potentiation of the stretch reflex. This proved to be the case (Granit
et ol. 1957). Also by electrical stimulation of the muscular atrerents it is
possible for some time to support flring well enough to prevent recur-
rent inhibition becoming cumulative.

The non-visible surplus of excitation in the stretch reflex may partly,
at least, come from maintained depolarization at the distal portion of
the dendrites. An analogy is provided by some cells in the [obster
cardiac ganglion (Hagiwara and Bullock 1957) in which the fuing zone
is far enough from the soma never to produce more than small fluctua-
tions, synchronous with the spikes, in the membrane poteLiial of the
latter. It is not necessary to assume that after-hyperpolarization restores
the membrane potential over the whole dendritic network of a moto-
neuron. We simply do not know the answer. Do the dendrites of
60
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MECTIANIS}1S REGULATING THE DISCHARGE OF MOTONEURONS

state my attitude to the material presented in this lecture. In particular it
holds for recurrent effects, as a look at the complex interneuronal
system of Figure 38 should make obvious. The recurrent collalerals may
themsclves branch witllin this system and produce effects which have
not yet been revealed or, if observed. seem difllcult to interpret (Hult-
born, Jankowska and Lindstrtim 1968a). Reourrent inhibition may, on
occasion, also reach the gamma executive (Brown, Lawrence and
Matthews 1968; Ellaway 1968; Grillner 1969) though recurrent inhibi-
tions were not found to clo so (or only exceptiorally) in the experience ol
several authors such as Granit et ol. (1957), Hunt and Paintal (1958),
Eccles et al. ( l96lb) and Voorhoeve and yon Kanten (1962), all using
arltidlomic stimulation. How are such discrepancies to be interpreted?
We do not know, but tlrey may be due to involvement of the inter-
neuronal system that makes the circuit facultative. Interneurons can, of
course, introduce numerous combinations of effects; it is indeed, their
purpose to produce flexibility and adaptability of otherwise fixed control
systems. As an example may bc mentioned the work of Hultborn e/ rl/.
( 1968b) ildicating a common irrterncuron affected by recurrent inlribition
and monosynaptic Ia excitation, likely to be the ol-le mediating la
inhibition to motoneurons. With such complex interactions a question
of primc importance always concerns the frequency oftheir employment
in the organism. This is but rarely answered.
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