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A number of differences have been described in the functional properties
of the monosynaptic reflex pathway in the lumbosacral spinal cords of
kittens and of adult cats (Malcolm, 1953, 1955; Skoglund, 1960a, b; Wilson,
1962; Eccles, Shealy & Willis, 1963; Eccles & Willis, 1963). For example,
facilitation of monosynaptic reflexes was observed to develop in kittens
over 6 days old (Malcolm, 1955). Skoglund (1960a) confirmed that young
kittens differed from adult cats in that monosynaptic reflexes were not
facilitated by homonymous afferent volleys that themselves were maximal
for producing monosynaptic reflex discharges. Sometimes there was a
relative facilitation lasting up to 10 msec (Skoglund, 1960a) but often
there was no response at brief test intervals. Furthermore, no post-tetanic
potentiation of the monosynaptic reflex could be demonstrated in young
kittens (Skoglund, 1960b; Wilson, 1962), in contrast to the findings in
adult cats (e.g. Lloyd, 1949).
The present work was undertaken to investigate further the effects of

repetitive stimulation upon monosynaptic transmission in kittens. The
evidence so far obtained suggests at least a partial explanation for some
of the differences between the behaviour of the monosynaptic pathway in
kittens and in adult cats.

METHODS

Kittens ranging in age from 10 to 41 days were anaesthetized with pentobarbital sodium
and spinalized at LI. The spinal cord and several peripheral nerves of the hind limb were
prepared as described previously (Eccles, Shealy & Willis, 1963). In very young kittens
(under 14 days), no attempt was made to record intracellularly from motoneurones; mono-
synaptic transmission was tested by recording reflex discharges from the cut central ends
of the appropriate ventral roots or, in a few experiments, from peripheral nerves. In older
animals, intracellular recording of monosynaptic excitatory post-synaptic potentials
(EPSPs) was employed as well, using standard techniques (Brock, Coombs & Eccles, 1952).
The micro-electrodes were filled with 3 m-KCl and initially had resistances of 5-10 ML.
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Because of the complication of presynaptic inhibition and the associated large dorsal

root reflexes which would be expected from the use of afferent volleys in flexor nerves
(Eccles & Willis, 1963), afferent volleys in extensor nerves were employed except for one
case (Fig. 5C and D). The names of the extensor nerves and their abbreviations are as
follows: medial gastrocnemius (MG), lateral gastrocnemius and soleus (LGS), both gastro-
cnemius nerves plus soleus (GS), semimembranosus and anterior biceps (SMAB), plantaris
(PL), and the combined flexor longus digitorum and flexor hallucis digitorum nerves
(FDHL). The only flexor nerve employed was posterior biceps-semitendinosus (PBST).
Unless otherwise stated all records illustrated consist of several superimposed traces.
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Fig. 1. The monosynaptio reflex from LGS is recorded in L7 ventral root in the
second, fourth and sixth columns at rates of lO/sec, 1/sec and 0.3/sec respectively.
In the first, third and fifth columns these reflexes were conditioned by a volley in
MG which itself evoked a reflex at the same repetition rates, i.e. 10/sec, 1/sec and
0.3/sec. The upper two rows (A and B) were recorded in a 10-day-old kitten;
potential scale 0O5 mV and time scale indicated above row A. The lower two rows
(C and D) were from a 19-day-old kitten; potential scale 0-2 mV and time scale
indicated above row C. The lower traces (in C and D) were recorded by an electrode
making contact with the L 7 dorsal root as it entered the spinal cord.

RESULTS

To explain the lack of facilitation of kitten monosynaptic reflexes by
supramaximal conditioning volleys, Skoglund (1960a) suggested that the
very long refractory period postulated for immature afferent terminals
(cf. Hursh, 1939) might prevent invasion of the terminals by the test
volley. Implicit in this proposal is a further assumption to explain the
facilitation produced when the conditioning volley is subliminal for evoking
reflex discharges. Skoglund presumed that the lowest threshold afferent
fibres are more mature than the higher threshold ones, and so their
terminals would support two successive impulses within the period
required for demonstrating the facilitation. However, this explanation
would not obtain for results such as those illustrated in Figs. 1 and 2.
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Figure 1 shows records from two similar experiments, one (A, B) from
a 10-day old kitten and the other (C, D) a 19-day-old kitten. The records
are assembled in pairs. The left trace of each pair shows two monosynaptic
reflex spikes, the right trace a single reflex spike. In A the double reflex
spikes were evoked by stimulation first of the MG and then 1*43 msec
later of the LGS nerve. The single spikes were produced by stimulation of
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Fig. 2. The reflexes partly illustrated in Fig. 1 are plotted to show the differences
in reflexes between a 10-day-old kitten (open circles) and a 19-day-old kitten (filled
circles). The LGS reflexes facilitated by MG are expressed as a percentage of the
height of the unfacilitated LGS reflex (ordinate); 100% being the control; the
interval between the MG and LGS reflexes being the abscissa. In A the reflexes
were recorded at a repetition rate of 10/sec; in B 1/sec and in a 0.3/sec. In D at a
fixed interval of 1-43 msec for the 10-day-old kitten and 1-4 mse¢ for the 19-day-old
kitten the percentage is plotted against the frequency (abscissa).

the testing LGS nerve alone. The left-hand pair of records in Fig. 1A was
evoked by stimuli repeated at a rate of 10/see, the middle pair at 1/sec
and the right-hand pair at 0.3/sec. In Fig. 1B the interval between the
conditioning MG volley and the test LGS volley was increased to 2-76 msec
and there were similar frequencies of repetition. Similarly, Fig. 1C and D
show some of the records from an extensive series in a 19-day-old kitten.
The conditioning-test intervals illustrated are 1-2 and 2-8 msec for Fig. 1C
and D, respectively.

Figure 2 summarizes graphically the results of these two experiments.
The time courses of the changes in the LGS monosynaptic reflex produced
by the action Of the MG conditioning volley are shown in Fig. 2 A-C for
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the three repetition rates illustrated in Fig. 1. The amplitudes of the
reflex spikes are plotted as a percentage of the control height for several
conditioning-test intervals, including those of Fig. 1. There was no facilita-
tion of the monosynaptic reflex of either kitten at any interval when the
repetition rate was 0.3/sec. In the 10-day-old kitten (Fig. 2 C, open
circles), there was in fact a slight depression. On the contrary, when the
repetition rate was 10/sec (Fig. 2A), there was a pronounced facilitation
in each of the experiments. At a rate of 1/sec (Fig. 2 B), there was only a,
slight facilitation with the 19-day-old kitten.
The graph of Fig. 2D shows the effect of varying the repetition rate over

a wide range of frequencies upon the amount of facilitation; the condition-
ing-test intervals in Fig. 2D were constant at 1-43 msec for the 10-day-old
kitten (open circles) and 1-4 msec for the 19-day-old kitten (filled circles).
The absence of facilitation between heteronymous synergic volleys

(Fig. 2 B, C) cannot be attributed to the long refractory period of the pre-
synaptic terminals of the afferent fibres (cf. Skoglund, 1960a). Inhibition,
either Group Ib (Laporte & Lloyd, 1952; Eccles, Eccles & Lundberg,
1957b) or recurrent (Renshaw, 1946; Eccles, Fatt & Koketsu, 1954;
Skoglund, 1960a), could be invoked to account for an apparent lack of
facilitation. However, the curves of Fig. 2A-C give no indication that
inhibitory phenomena play any important role. It is, therefore, necessary
to consider other explanations for the absence of facilitation which may
be observed in kittens. One possibility is that there might not be an
adequate subliminal fringe upon which to display a facilitation.

The proportion of the motoneuronal pool discharged by single afferent
volleys in kittens. Figure 3 illustrates an experiment designed to estimate
the proportion of motoneurones in two pools (MG and LGS) which could
be fired by single volleys in the respective muscle nerves (Jefferson &
Benson, 1953). The monosynaptic reflex discharges produced by maximal
afferent volleys in the left MG and LGS nerves were recorded from the
central ends of the cut L 7 and S 1 ventral roots on the left side of the
spinal cord (Fig. 3A and E for the MG reflexes in the S 1 and L 7 roots,
respectively; Fig. 3C and G for the LGS reflexes). The reflexes were
compared with the antidromic spike potentials recorded from the peri-
pheral ends of the cut L 7 and S 1 ventral roots of the right side of the cord
produced by stimulation of the right MG and LGS nerves (Fig. 3 B, F and
D, H). The antidromic spikes were considered to represent the total moto-
neuronal pools of the MG and LGS nerves. Any dispersion of the reflex
spikes would reduce their amplitudes, which would be against the argu-
ment. The use ofthe two sides of the body for this comparison is permissible
because of the nearly symmetrical distribution of the motor axons in the
comparable roots of the two sides (Jefferson & Benson, 1953; Eccles,
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Kozak & Westerman, 1962). A control is provided by the use of both the
L 7 and S 1 ventral roots, since most of the GS motor axons would pass
through one or the other of these roots.

Jefferson & Benson (1953) showed that, in adult cats, the reflex height
usually attained the height of the antidromic spike after post-tetanic
potentiation; whereas before potentiation only about 20-46 % of the
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Fig. 3. In a 14-day-old kitten the monosynaptic reflexes on the left side evoked
by both LGS and MG into the cut central ends of the L 7 and S 1 ventral roots are
compared on the right side to the direct antidromic spike evoked by LGS and MG
into the cut peripheral ends of L 7VR and S IVR. The inset indicates the recording
conditions on both sides. The MG reflex into S 1VR (A) is compared to the direct
axonal discharge MG into S 1VR on the right (B); similarly E and F for MG
into L 7VR;C and D for LGS into S 1VR; and G and H for LGS into L 7VR. The
reflexes were recorded at a repetition rate of 0-3 c/s and the antidromic ventral
root recordings were recorded at 2 c/s. (Alterations in frequency had no effect on
the latter unless very high repetition rates (100 c/s) were employed.) Each record
has its own potential scale. Same time scale applies for all records.

neurones in a motoneuronal nucleus fired an impulse in response to a volley
to its muscle nerve. It is significant that in three of the four pairs of
records (Fig. 3) the reflex spike was actually larger than the antidromic
spike and in the remaining pair (C and D) the reflex spike was only
slightly smaller. The values for the various combinations are as follows
(in ,uV): 765 and 670 for Fig. 3A and B; 420 and 226 for E and F; 95 and
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116 for C and D; and 855 and 515 for G and H. Not only must the reflex
spikes in kittens include discharges of most, if not all, the motoneurones
in the respective homonymous pools, but they must include discharges
in other motoneurones as well.
At least some of the motoneurones other than the homonymous ones

belonged to the motoneuronal pool of the other branch of triceps surae.
This was shown by records made in the same animal before the ventral
roots had been cut. Afferent volleys were set up in either the MG or the
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Fig. 4. In a 14-day-old kitten with all dorsal and ventral roots intact the mono-
synaptic reflex evoked by stimulation of LGS is recorded in the MG nerve (A) in
the periphery (potential scale = 0-05 mV). The surface recording of the LGS
volley is illustrated below. Similarly in B the monosynaptic reflex evoked by MG
is recorded in LGS nerve at a different potential scale (0.05 mV at the right).
Millisecond scale for A and B. The reflexes were recorded at a repetition rate of 0.3
c/s.

LGS nerve of one limb and records were made from the other of the pair
of nerves. The results are shown in Fig. 4. A volley in the LGS nerve
produced a monosynaptic reflex discharge in the MG nerve (Fig. 4A) and
vice versa (Fig. 4B). Heteronymous monosynaptic reflexes were also
observed by Wilson (1962) in young kittens, but are rare in adult cats
(Lloyd & McIntyre, 1955).
The absence of a subliminal fringe in kitten motoneuronal pools. The

apparent lack of a significant subliminal fringe in kitten motoneuronal
pools may be correlated with larger monosynaptic EPSPs of kittens
relative to adult cats (Eccles et al. 1963). For the purpose of that survey,
kitten EPSPs were elicited at a repetition rate of 10/sec, which was the
rate employed for the study of EPSPs in adult cats (Eccles, Eccles &
Lundberg, 1957a; Eccles & Lundberg, 1958; Eccles, Eccles & Shealy,
1962). However, the experiments illustrated in Figs. 5 and 6 indicate that
this procedure may have led to an underestimate of the size of kitten
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monosynaptic EPSPs relative to the adult size when low repetition rates
are involved.
The technique employed in Figs. 5 and 6 follows that used by Curtis &

Eccles (1960) in their study of the effects of repetitive stimulation upon
the size of the monosynaptic EPSPs of motoneurones in adult cats. They
found that after several successive volleys in Group la afferent fibres
the evoked monosynaptic EPSPs reached a steady-state amplitude, the
value of which depended upon the frequency of stimulation. Similarly,
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Fig. 5. In B are plotted the size of homonymous monosynaptic EPSPs in a 41-
day-old kitten evoked in a GS motoneurone (illustrated in A) and a PL motoneurone.
In A the upper traces are some of the EPSPs plotted in B at 10 mV potential scale
and at different repetition rates given in c/s on each record (open circles, GS
neurone; filled circles, PL neurone). In C are plotted the size of homonymous
EPSPs from a 31-day-old kitten (two GS, triangles and open circles, and SMAB,
filled circles) and from a 32-day-old kitten (PBST, squares) at different repetition
rates. Examples of the PBST EPSPs (5 mV, potential scale) are given in D; the
number on each record indicates the repetition rate in c/s. The lower traces in A
and D show the surface recording from the cord dorsum of the entering afferent
volley.

in Fig. 5A the upper traces show superimposed monosynaptic EPSPs
evoked by maximum Ia homonymous afferent volleys at various fre-
quencies and recorded intracellularly from a GS motoneurone in a 41-day-
old kitten. The EPSP was just at threshold for evoking discharges of the
motoneurone when the stimulus frequency was 1/sec or less. The amplitude
of the EPSP at the steady state decreased as the frequency of stimulation
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increased to 10/sec, as shown in Fig. 5A and by the plotted points in the
graph of Fig. 5B (open circles), and then remained steady with frequencies
up to 100/sec. The same pattern of response was seen in a PL motoneurone
in that experiment (Fig. 5 B, filled circles) and in an SMAB motoneurone
in another experiment (a 39-day-old kitten, shown in Fig. 6A, B).

It should be emphasized that the level of the maximum depression of
the EPSP in the 41- and 39-day-old kittens (70-80% of control) was
comparable to that reached in adult cats. However, in contrast to the
findings in adult animals, there was little or no potentiation of the EPSP
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Fig. 6. In a 39-day-old kitten the monosynaptic EPSP evoked by SMAB in an
SMAB motoneurone is recorded after reaching a steady state when stimulated at
different repetition rates (numbers on each record in A). All EPSPs recorded at 5
mV potential scale and msec time scale. In the lower traces in A are the records
of the afferent volley recorded at the entry of the L 7 dorsal root into the spinal cord.
The EPSP size is plotted in B as a percentage of the control size (taking the control
at 1/2 sec to equal 100 %), against the repetition rate from 1/2 to 100/sec. In C from
the same animal, the monosynaptic FDHL reflex into L 7VR is similarly plotted.
Examples of the FDHL reflexes are illustrated in D at 500 ,uV potential scale,
numbers give repetition rates in c/s. The lower trace represents the entering FDHL
volley.

when the stimulus frequency was increased to 30-100/sec. In younger
animals there was even a progressive decline of the EPSP as the stimulus
frequency was raised from 30 to 100/sec. This may be seen for a 32-day-old
kitten in the specimen records of Fig. 5D for the EPSPs produced in a
PBST motoneurone by various rates of stimulation of the PBST nerve.
The graph of Fig. 5 C (filled squares) indicates that the amplitude of the
PBST EPSP was depressed to about 40 % of the control height at stimulus
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frequencies of 10/sec or above. The EPSPs of three motoneurones in
another experiment in a 31-day-old kitten (triangles, open and filled
circles) were depressed to nearly the same degree.

It is well established that low frequency repetition of a monosynaptic
reflex (between 1/10 sec and 10/sec) results in its depression (Jefferson &
Schlapp, 1953; Evanson, 1956; Lloyd & Wilson, 1957; Lloyd, 1957). This
depression is explained by the reduction in the size of the EPSP which
accompanies comparable rates of stimulation (Curtis & Eccles, 1960).
'Low frequency depression' of kitten monosynaptic reflexes has been
described by Wilson (1962), and another example is shown in Fig. 6 C and
D. The FDHL nerve was employed to evoke the monosynaptic reflex,
sample records of which are shown for the indicated frequencies of stimu-
lation in Fig. 6 D. The amplitudes of the reflex spikes relative to the control
size are plotted in Fig. 6 C for the various frequencies. The experiment
was the same as that illustrated in Fig. 6 A, B. The size of the reflex
declined as well as the EPSP size when the frequency of stimulation was
increased from 1/10 sec to 10/sec. A similar relation between reflex size
and stimulus rate was seen in the records of Fig. 1, both for the mono-
synaptic reflex evoked by the conditioning MG volley and for the reflex
from the test LGS volley.
The experiments illustrated in Figs. 5 and 6A, B suggest that the

amplitudes of monosynaptic EPSPs of young kittens would be consider-
ably larger than comparable adult EPSPs when the EPSPs are evoked by
low frequency stimulation. Clearly, such large EPSPs could produce
discharges in a large proportion of a motoneuronal pool, and they could,
if present in heteronymous motoneurones, also account for the mono-
synaptic reflex discharges into the nerves of synergic muscles (Fig. 4).

DISCUSSION

The evidence obtained in this study suggests that in young kittens
maximum group I afferent volleys in muscle nerves evoke monosynaptic
reflex discharges from almost all homonymous motoneurones with the
consequence that there is very little subliminal fringe for the display of
facilitation and post-tetanic potentiation as has been reported by Malcolm
(1955), Skoglund (1960a, b) and Wilson (1962).
The reason for the small or absent subliminal fringe in kittens appears

to be the large EPSPs which are produced in their motoneurones by a low-
frequency activation of the monosynaptic pathway. There are a number
of possible explanations for these large EPSPs. The most obvious is the
smaller size of kitten motoneurones than of adult ones (R. M. Eccles and
W. D. Willis, unpublished observations). Another explanation is suggested
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by the pattern of change in the EPSP height with alterations in the fre-
quency of stimulation (Figs. 5 and 6A, B). In adult cats, the EPSP
increases in size as the frequency of stimulation is raised from 5-10/sec
to 30-100/sec (Curtis & Eccles, 1960). This is thought to reflect a process
of transmitter mobilization, perhaps by a movement of synaptic vesicles
closer to the presynaptic membrane (cf. Eccles, 1964). The failure of
kitten EPSPs to show this response might indicate a deficiency in the
mechanism for transmitter mobilization in immature presynaptic ter-
minals. However, it might equally well reflect a greater transmitter
release from the terminals, with a consequently greater transmitter
depletion than in adults. The greater transmitter release then might help
explain the large EPSPs seen when adequate time is allowed for transmitter
replenishment.

It is obviously too early to decide between these and other explanations
of the large EPSPs found in kitten motoneurones. Clearly, however,
further investigation of the role of development upon synaptic trans-
mission is an important approach to a full understanding of reflex activity.

SUMMARY

1. In kittens, 10-41 days old, the size of the reflex or the monosynaptic
EPSP evoked by a volley in a muscle nerve has been examined under
different conditions, e.g. repetition rates or responsiveness to a volley in a
synergic muscle nerve.

2. The number of motoneurones in the subliminal fringe was shown to
be extremely small or absent in very young kittens.

3. In older kittens the monosynaptic EPSPs in their response to fre-
quency, showed a gradual change towards the adult pattern.

4. An explanation in terms of 'transmitter mobilization' in the pre-
synaptic terminals is suggested for the differences between motoneurones
in kittens and adult cats.

The authors wish to thank Dr M. S. Devanandan for his assistance with some of the
experiments, and Professor Sir John Eccles for his criticisms of this manuscript.

REFERENCES

BROK, L. G., CooMBs, J. S. & Eccixs, J. C. (1952). The recording of potentials from
motoneurones with an intracellular electrode. J. Physiol. 117, 431-460.

CuRTIs, D. R. & ECCLES. J. C. (1960). Synaptic action during and after repetitive stimula-
tion. J. Physiol. 150, 374-398.

ECCLES, J. C. (1964). The Physiology of Synapses. Berlin, Gottingen, Heidelberg: Springer-
Verlag.

ECCLES, J. C., ECCLES, R. M. & LUTNDBERG, A. (1957a). The convergence of monosynaptic
excitatory afferents on to many different species of alpha motoneurones. J. Phy8iol. 137,
22-50.

320



REPETITIVE STIMULATION 321
ECCLES, J. C., ECCLES, R. M. & LUNDBERG, A. (1957b). Synaptic actions on motoneurones

caused by impulses in Golgi tendon organ afferents. J. Physiol. 138, 227-252.
ECCLES, J. C., ECCLES, R. M. & SHEALY, C. N. (1962). An investigation into the effect of

degenerating primary afferent fibers on the monosynaptic innervation of motoneurones.
J. Neurophy8iol. 25, 544-558.

ECCLES, J. C., FATT, P. & KOKETSU, K. (1954). Cholinergic and inhibitory synapses in a
pathway from motor-axon collaterals to motoneurones. J. Physiol. 126, 524-562.

ECCLES, R. M., KOZAK, W. & WESTERMAN, R. A. (1962). Enhancement of spinal mono-
synaptic reflex responses after denervation of synergic hind-limb muscles. Exp. Neurol. 6,
451-464.

ECCLES, R. AI. & LUNDBERG, A. (1958). Integrative patterns of Ia synaptic actions on
motoneurones of hip and knee muscles. J. Physiol. 144, 271-298.

ECCLES, R. M., SHEALY, C. N. & WILLIS, W. D. (1963). Patterns of innervation of kitten
motoneurones. J. Physiol. 165, 392-402.

ECCLES, R. M. & WILLIS, W. D. (1963). Presynaptic inhibition of the monosynaptic reflex
pathway in kittens. J. Physiol. 165, 403-420.

EVANSON, J. M. (1956). The presynaptic localization of the depression following mono-
synaptic reflex activity. J. Physiol. 132, 61 P.

HURSH, J. B. (1939). Conduction velocity and diameter of nerve fibres. Amer. J. Physiol.
127, 131-139.

JEFFERSON, A. A. & BENSON, A. (1953). Some effects of post-tetanic potentiation of mono-
synaptic response of spinal cord of cat. J. Neurophysiol. 16, 381-396.

JEFFERSON, A. A. & SCHLAPP, W. (1953). Some effects of repetitive stimulation of afferents
on reflex conduction. In Ciba Foundation Symposium, The Spinal Cord, pp. 99-119.
London: Churchill.

LAPORTE. Y. & LLOYD, D. P. C. (1952). Nature and significance of the reflex connections
established by large afferent fibers of muscular origin. Amer. J. Physiol. 169, 609-621.

LLOYD, D. P. C. (1949). Post-tetanic potentiation of response in monosynaptic reflex
pathways of the spinal cord. J. gen. Physiol. 33, 147-170.

LLOYD, D. P. C. (1957). Monosynaptic reflex response of individual motoneurons as a
function of frequency. J. gen. Physiol. 40, 435-449.

LLOYD, D. P. C. & MCINTYRE, A. K. (1955). Monosynaptic reflex responses of individual
motoneurons. J. gen. Physiol. 38, 771-787.

LLOYD, D. P. C. & WILSON, V. J. (1957). Reflex depression in rhythmically active mono-
synaptic reflex pathways. J. gen. Physiol. 40, 409-426.

MALCOLM, J. L. (1953). Some observations on dorsal root potentials. In Ciba Foundation
Symposium, The Spinal Cord, pp. 84-91. London: Churchill.

MALCOLMI, J. L. (1955). The appearance of inhibition in the developing spinal cord of
kittens. In Biochemistry of the Developing Nervous System, pp. 104-109, ed. WAELSCH.
New York: Academic Press Inc.

RENSHAW, B. (1946). Central effects of centripetal impulses in axons of spinal ventral
roots. J. Neurophysiol. 9. 191-204.

SKOGLUND, S. (1960a). Central connections and functions of muscle nerves in the kitten.
Acta physiol. scand. 50, 222-237.

SKOGLU-ND, S. (1960b). The reactions to tetanic stimulation of the two-neuron arc in the
kitten. Acta physiol. scand. 50, 238-253.

WILSON, V. J. (1962). Reflex transmission in the kitten. J. Neurophysiol. 25, 263-276.


