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N{[CHANISMS RECULATINC TIIE DISCHARGE OF MOTONEURONS

Somjen l96l; Grarit e/ al. 1963). After-hyperpolarization was illus-
trated in the inset of Figure 12. The delayed depolarizatiou has been
interpreted as a sigr.r of invasion of the dendrites from the axon hillock
(Granit et a/. 1963; Nelson and Burke 1967). Even when the cell is
fired repetitively from that end (record 1, on the right) there is delayed
depoJarization left.

When the same spike (in records 2, Fig. 18) is elicited by depolariza-
tion with trans-membrane stimulation, after-hyperpolarization de-
velops over a few initial spikes and then remains stationary. The two
vertical records show that the depolarized cat and rat motoneurons

Fig. 19. Anaemically narcotized cat. Pentobarbitone 11 ng/kg. Popliteal motoneuron
(75 mV spike height). Membrane poteltial a.oufld 65 mV. Pull orl triceps (500 g)
maintained till last atrow; between first and second arrow pull on tibialis anterior
(4O0 g). Note excitatory and inhibitory stretch reflexes ofthe kind shown were present
for a long lime in this cell. Semitendinosus inhibition was mote powedul than the
tibialis anterior inhibition illusrrated, otherwise similar (Granit, Kellerth and
Wil]l,ams, J. Physiol., 1964a).

behave in the same way in the adapted state. This mode of fuing in fact
is characteristic of a large number of central neurons, e.g. of the Betz
cells (Phillips 1956). The rhythmic discharge is similar with trans-
membrane and natural stimulation (Fig. 19) and we shall see belorv
that these t\vo modes of liring actually are replaceable by very strict
criteria of identity. Figure 19 shows natural firing in a stretch reflex.
In the middle record inhibition by stretch of an antagonist is displayed.

There are various ways in which the spike of the axon hillock can be
isolated-e.g. bytrans-membranehypetpolarization-and Coombs et a1.

(t955a, c) have shown that this spike is followed by negligible il any
after-hyperpolarization. The axon hillock was lound by Araki and
Otani (1955) to be the firing zone. Taken in a rvider sense as the region
down to the initial segment of the motor axon it is responsible for the
spike lacking after-hyperpolarization, the IS spike of Eccles (1957,
19644). In his terminology, the normally recorded spike is the SD spike,
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I,IECHANISMS REGULATINC THE DISCHARGE OF MOTONEURONS

duced the terms primary and secondary range respectiyely for the two
branches with their different slope constants, in this experiment of t.t
and 6.7 impulses s-r nA-1. The primary range is the one hitherto
discussed and it alone is the one described in cortical pyranidal cells
(Creutzfeldt, Lux and Nacimiento 1964) and in the Clarke cells of the
dorsal spino-cerebellar path (Eide, Fedina, Jansen, Lu:rdberg and
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Fig. 21. Decerebrate cat. Hamstrjng
motoneuron ofspike height 85 mV.
recorded by 2M potassium citrate
(intracellular) electrode. The curve
shows relation between steady discharge
ftequency (measured during first 0.5 s)
and maintained transmembrane
stjmulation from tip of nicroelectrode.
This cell fues rcpetitively in the 'primary
range'from 22 inpulses s 1(minimal
firing rate) up to at least ll0 impulses
s-1. The slope ofthe straight line(by
the method ofleast squares) is 1.84
impulses s_1 nA-1. The precision of
the rhythmic threshold is indicated by
the two readjngs on zero ordinate
(Granit, Kernell and Lamarre,
J.Phrsiol., 1966a).

Vyklick! 1969). Barron and Matlhews (1938), depolarizirrg moto-
neurons through the ventral root, suggested that spike frequency and
current strength are linearly related; colvincingly this result was
demonstrated in a few motoneurons by Frank and Fuortes (personal
communication) by the intracellular method and by Shapovalov (1964).
The findings of Frank and Fuortes were briefly referred to in a study by
Fuortes and Mantegazzini (1962) devoted to a similar analysis of the
Linulus eccenlric cell. It was pointed out above that the slope constants
are much higher at the onset of the discharge, but our first concern is
now the adapted state.

The upper limit ofthe primary range can be at some 100 20 impulses
s- 1 of which an instance is given in Figure 21. More comnonly it is

30
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1\'ECHANISMS REGULATING THE DISCHARGE OF MOTONEURONS

cause technical difficulties such as large changes of electrode resistance

and possibly also blocking of the cell membrane by the very strong
currents around the tip itself. It is assumed that such factors made it
dimcult to reach the secondary range with the smaller rat motoneurons
but the point has never been explicitly tested. Another striking fact is
that it is almost always possible to reach the secondary range at the
onset of a discharge, as is well illustrated by Figure 22. It was shown in
Fjgure 8 that in this early phase of the discharge the mechanism of
after-hyperpolarization is as yet underdeveloped.

The eyents at the turnirg point are better illustrated by the records of
Figure 23. In the diagram (B) the upper curve (circles) is the analysis of

-l-- 40 mV ^ ^-luuxxulr,+$,u-"""t 
!+*u#n$ltr]]4t+}]+

50r
lB/*

,oL /tr'1.,/2301 .6 ,,'l-d,/
)/r

,"1--'- 10 20 30 40

- --til.ur.1l./11i1

O5s

Fig. 21. A and B. Pentobarbitone cat (35 mg/kg). Popliteal motoneuron o[ spike
heisht 87 mV (2M potassium citrate electrode) inhibited by high-ftequency stimula-
tion oI the cut hamstring nerve. In B, control and inhibited curves measured for
0.5 s before and 0'5 s after onset of nerve stimulation respectively. In the pdmary
range 'control' ka - 0 88 impulses s-' nA ', 'inhibiled' kA:089 impulses
s.-r nA-r. Actual records at the current strength which is indicated by an atow are
shown in A. Repetitive discharge initiated by trans-membEne cutent at 36 5 nA, as
indicated by downward deflexion of upper trace. High-frequency stimulation of
hamstring nerve added about 10s later, at arrow. Note increase of spike height
during synaptic inhibition. Above, samples of sDikes recorded simultaneously at
fasrcr sweep speeds (time, 1,000 c/s) before and after inhibition. C, Anaemically
narcotized cat. GastrocneDrius-soleus rnotoneuron otspike height 78 mV (2M potas-
sium citrate electrode) facilitated by a 10-mm stretch o[ the gaslrocnemius-soleus
muscle. Spikes recorded on upper beam together with current indicator (30 nA), on
lower beam wilh rnyogram. Lower records begin 10s after end of upper record.
Strelch from 0 to 10 mm between arrows. Note disappearance of after-hypeDolari-
zalion when facilitation pushes cell into secondary range with inactivation reducing
spike height (Granit, Kernell and Lamarre, "/. Ph)siol., 1966b).

a[ experiment on the effect of current strength on impulse frequency.
At the reading marked by an arrow the curve has entered the secondary
range. The lower curve (lilled circles) repeats the same experiment with
a constant synaptic inhibition added. The record A belongs to this
experiment and refers to the discharge at strength just before and just
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MECHANISMS RECULATING THE DISCHARGE OF MOTONEURONS

in lumbo-sacral motoneurons. The intracellular technique lvas used in
combination with a sensitive myograph. In Figure 24A, a motoneuron
is stinrilated by injected current and above this record is shown the
isometric myogram ofits motor unit. This record serves to introduce tl'te

BS

-i20nAi40 nrv

Fig. 24. Cat. A. Record showing the repetitive discharge to trans-membrane stimula-
tion ofa gastrocnemius motoneuron (lower beam) and, simultaneously, the isomelric
tension developed by its notor unit (uppet team). The whole gastrocnemius uscle
was hooked up on a myograph, and variations in its isometric tension were recotded
at high sensilivity. The motoneuron was stimulated by a steady current whose
strength is indicated by the deflexion of the middle beam. B. Frolr the same experi-
ment. Diagram showing the relatjon between the firrng rate of the lnotoneuron and
the simultaneously recorded isonetric tetanic tension of its motor unit. Tensions and
firing rates were measured at 0.1-0.2 s (circies) and at 1.7-22s (filled circles) after
the onset of each current. Tl'le discharge of a single spike elicited a muscle twitch
whose tension is indicaled by the initial horizontal part ofcurve. Arrow I shows lhe
minimal rate of steady firing ol the motoneuron. The firing raies of the moroneuron
were also plotted against current strength and from this diagran (not shown here)
the maximal flring rate witllin the primary range could be determined. This firing
rate is indicated by arrow 2. At higher discharge rates the cell fired within thc second-
ary range. The temperatLre ofthe muscle was 37.7 'C. Tlle recordings rlere taken at a
n'ruscle tension for which the single twitch ofthe whole gastrocnemids muscle had its
optimal amplitude (Kernell, Musculat Aferents arul Motor Conhol, NobeL S),lnp. I,
Stockholnr, 1966).

techrical approach to the ploblem. The motoneuron can in such
experiments be fired at all frequencies of which it is capable, and the
amount of tension obtained directly correlated with fring rates withilt
both the primary and the secondary rangqs. The outcome of such an
experiment is shown in graph B of Figure 24. Firing within the primary
34
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MECHANISMS REGULATING THE DISCHARGE OF MOTONEURONS

ore showing the discharge caused by the trans-membrane stimulatior].
The arrows on either side of P and T in record A serve to indicate
the duration of the period for which the phasic or tonic discharge
frequency was measured when the subliminal postsynaptic potential
was superposed on the discharge in B. C repeats B merely in order to
illustrate the stimulus marker by a simultaneous record on the oscillo-
graph. What is obvious in these records is that the subliminal post
synaptic potential elicited by stretch has a powerful effect on ths
discharge frequency of a liring cell. The lower records D and E show a
similar experiment in which the subliminal synaptic stimulus was pro-
duced by a hamstring tetanus.

Two questions are raised by these experiments: (i) what is the
relation between amount of potential change and the increase in firing
rate that it produces and (ii) what is the slope of the curve relatirg
current strength to firing rate with ar.d v'ithoul the added constant
synaptic stimulus?

(i) Realizing as we now do (from results mentioned above) that the
amount of potential produced by a given stimulus depends upon the
total membrane resistance, the first question makes sense only for a
relatively homogeneous population of cells. Gain, as we have seen, is

also dependent on cell size, at least within a set of closely related
motoneuro[s such as the lumbo-sacral ones used in these experiments.
The quantitative results required for answering these two questiols
exclude all but the yery best impalements and these are likely to be

obtained with the largest motoneurons. In these experiments the
average duration of their after-hyperpolarizations was 63 ms (cf. Figs.

I I and 12). Using gain as a further test of homogeneity of the popula-
tion, the average value for twenty-eight cells, 1331054 impulses
s-1nA I shows that we are justifled in working out an ayerage figure
for the number of iurpulses per second per millivolt from data such as

those illustrated in Figure 25.

The result is shown in Figure 264. in rvhich both excitatory and
inhibitory constant inputs have been used. These motoneurons thus
deliver 2.28 impulses s-1 mV-1. The same values are plotted in Figure
268 lbr current as abscissa. The slope constant for current is 106
impulses s 1 nA- 1. Assuming that it is possible to measure firing rates

with an accuracy of one impulse per second, then changes ofmembrare
potential ofthe order of0 4 mV could be detected by measuring impulse
frequencies. The frequency of 2.28 impulses mV should serve as a first
approximation to firing rates in experiments producing sublirninal post-
synaptic potentials because often one wants to know what would have
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[{ECHAT.ISMS RECULAT1NG THE DISCHARGE OF MOTONEURONS

notoneurons are used in intracellular work, measuring of gain, resis-
tarce, duration of after-hyperpolarization, etc., is available for pene-
trating all the problems that have been discussed above, not in the least
that of how motor units are matched to their motoneurons.

(ii) A large number of experiments were performed (Granit, Kemell
and Lamarre 1966a) in order to analyse the effect of a constant input
on notoneurons kept flring withinthe primary range to injected curre[ts,

60-

10 20 30 40 50
Conlrols

60 imp/s

Fig. 27. Pentobarbitone cat (35 mg/kg), Hamstring motoneuron ol spike height
75 mV (2M potassium citrate electrode). This neuron was studied for more than 3 h
and values could be obtained for both excitation (tetanus of cut hamstting nerve) and
inhibition (tetanus of deep peroneal nerve). In this graph, inhibited afld facilitated
values are plotted against their own correspoflding control values. Thus the'inhibited'
curve is found below and the 'facilitated' one above the 45' line (for excitation : 0
and inhibition :0) through origo, inserted for comparison. The perfect algebraical
summation for both excitation and inhibition by the same motoneuron is shown by
the regression coemcients of the two curves, which are 102 (excitation) afld 101
(inhibition). The difference in impolse frequency is +3 7 impulses per second for
excitalion and -7 3 impulses per second for inhibition (Granit, Kernelland Lama(e,
J. Phtsiol., 1966a).

An experiment in which both constant inhibition and constant excita-
tion were tried on the same cell is illustrated in Figure 27. Or\ the
abscissae are plotted impulses per second when no additional stimulus
was added, i.e. the effect of trans-membrane stimulation as such. On
the ordinates, the fuing rates obtained when either a constant E or a
constant I was superposed. The 45'line in the middle for which
ordinates and abscissae coincide is drawn to show the case of E: I : 0.
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MECHANISMS REGULATING THE DISCHARCE OF MOTONEURONS

l'06 (see caption) in Figure 30. In the experiments the mean difference
between inhibited values and controls was -8.4+ 1.20 (SD) impulses
per second, the range from -2 8 to -21.8 impulses per second. The
corresponding figures lor added excitations were: mean 13.6+1.95
(SD) impulses per second, the range being from 2.0 to 56.2 impulses
per second.

Some idea about the precision with which these experiments could be
done can be arrived at by regarding all thirty experiments on excitation

100

30:b

Fig. 29. Pentobarbitone cat (35 nrg/kg). Hamsiring motoneuron of spike heighr
67 mV and resling membrane potential 63 mV (2M potassium citrate electrode).
Firing inhibiled by high-frequency stimulation of deep peroneal nerve. IJpper curve
'control', as measured for 0.5 s before onset ofnerve stimulation. Lower curve (filled
circies), same inhibited during the first 0 5 s ol'peroneal nerve stimulation. .Control,
kn : 1 03 irnpulses s t nA I,'inhibited' /.a : 0 96 impulses s, nA,. The differ-
ence between the two curves is 15.7+1.6 (SD) impulses per second (Gmnit, Kernell
and Lamarre, "/. Pr),r iol., 1966a)-

(twenty-eight with linear controls) as one single experiment, plotted as
in Figure 27. The regression coefficient would then have to be I 00.
Weighted means should be used because of the varying number N oi
observations in each case. The value found was 0.985+0.157 (SD).
For the experiments on inhibition (seventeen motoneurons) the corres-
ponding figure was 0.973 +0.073 (SD). Similar experiments with extra-
cellular recording had been performed by Granit and Renkin (1961)
using a constant recurrent inhibition to diminish the firing rate of tonic
40
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MEC}IANISMS REGULATING THE DISCIIARGE OF MOTONEURONS

midal cells (Brooks, Kameda and Nagel 1968) and with the Clarke
neurons in the spinal cord (Eide et ol. 1969).In both cases algebraical
sLlmrnation was reported.

Syruptic stimtrli strperposed within the seconclarlt range
Within this rarge the characteristic flnding-when unwanted blockiug
aror.rnd the electrodes can be excluded-is shown in Figure 31. Owing
to t)re higher slope constant of the added curve (fllled circles) the two

15 25 35 nA

Fig. 31. Pentobarbitone-chloralose cat.
Hamstring motoneuron of spike height
62 mY (2M potassium citrate electrode)
facilitated by steady tetanic contraction of
gastrocnemius-soleus muscle as elicited
from peripheral stump ofcut ventral rcot.
Maximal dischaige frequency within the
primary range at about 30 impulses per
second, In the primaty range'control'
tr : l'51 impulses s 1 nA r,'facilitated'
k^ 1 59 impulses s-' nA r; dilTerence,
2 0 impulses per second. In the secondary
mnge 'facilitated' kA : 3.79 impulses
s-r nA-l ('control' kA : 1 9) indicating
increase of the s)anaptic excitatory effect
(Granit, Kernell and Latuarre, J. Physiol.,
1966b).

curves diverge in that region. Figure 32 is inserted to show that synaptic
stimulation may, on occasion, induce the secondary range at a slightly
lower rate of discharge than the one provoking this response with
injected current alone. Clearly, the rule ol algebraical summation
breaks down within the secondary range.

Ifthe views set forth above as to the nature ofthe secondary range be
correct, inactivation is induced more easily from the synapses, which are
likely to be all over the motoneuron, than from the somatic region
where the tip ofthe microelectrode is located. The excessive depolariza-
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]i,IECHANISMS RECULATINC THE DISCI{ARGE OF MOTONEURONS
point ol the curye from the primary into the secondary range is at
diflerent frequencies. This was partly ascribed to the variations of the
gain constant (that is likely to depend on the time course ol after-
hyperpolarization, Kernell 1968), but the present flndings suggest that

100 r180 r

160

120

't00

0 20 40 60nA

Fig. 33. A. Pentobarbitone cat (35 mg/kg). Hamstring motoneuron ol spike height
75 mV (2M potassium citraie electrode), inhibired by high-frequency stimulation of
the deep peroneal nerve. 'Control' and inhibited curves measured for 0.5 s before and
0 5 s after onset ofnerve stimulation. ln the primary range the two curves are parallel;
'control' kA : 1.89 impulses s 1 nA';'inhibited' tA -- 1.90 impulses s-r nA-1
and the differcnce is -7.3+0.94 (SD) jmpulses per second. In the secondary rangc,
'control'kA : 2.86 impulses s-r nA-1 and 'inhibited'tA : 1.66 impulses s 1 nA-'.
B. Pentobarbitonc cat (35 mg,'kg). Popliteal motoneuron of spike height 88 mV
(2M potassium citrate electrode) inhibited by high-frequency srimulation o[ deep
peroneal nerve. Control and inhibited curves measured for 1.0 s after and 1.0 s before
cessation ofnerve stimulation respectively.IrI the primary tange, 'control'kA : 1 25
impulses s' nA' and'inhibited' i,r : 1 23 impulses s L nA-1. The differenceis
-5 1+0 58 (SD) impuises per second. In the secondary range 'control' kA about
3.5, the 'inhibiled' ,/,:A about 1.7 impulses s-L nA-1. (Cranit, Kernell and Lamarrc,
J. Phlsiol., 1966b).

the Ioad of inhibition caried by a motoneuron probably is more impor-
tant in the end. There are well-known tonic inhibitions onmotoneurons,
such as the Schiff-Sherrington inhibition from segments below the one
recorded, the tonic cerebellar inhibitiou released by cooling the cere-
bellar cortex and the inhibition from dorsal roots on the opposite side
re,,,ealed by cutting them (Moruzzi and Pompeiarlo 1957). These inh!
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MECHANISMS REGULATING THE DISCHARGE OF MOTONEURONS

sequence of events controlling discharge rate have been pointed out
elsewhere (Granit 1970). So far, this process is not quantitative in terms
of output, as is the postsynaptic inhibition discussed above; the pre-
synaptic variety is universal and potent (Eccles 1964b) and thus one
would like to know (in terms of output frequencies) how much of a
reduction of firing rate is due to it and how much to postsynaptic
inhibition which is equally universal. One would also need to know what
proportion of any given input is curtailed by presynaptic inhibition. In
this lecture the aim has been to look for the role of a given process lD
the control of movement by the alpha executive. With regard to pre-
synaptic inhibition, the knowledge we possess is still very much at the
phenomenological level. It is not even quite convincingly shown that
presynaptic inhibition is one process only, i.e. that the various indicators
used measure the same process. As stated, the process named primary
afferent depolarization appears to be the most reliable event so far
discovered. We are entitled to expect further information on it from the
electron-microscopical approach of the anatomists.
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