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SUMMARY

1. A hypothesis has been verified that laminae V-VI interneurones which mediate
non-reciprocal inhibition of motoneurones from group I muscle afferents have
collateral actions on other laminae V-VI interneurones. Stimulation within the areas
of projection of these inhibitory interneurones in motor nuclei and in Clarke’s column
would be expected to give rise to monosynaptic i.p.s.p.s in interneurones with
disynaptic i.p.s.p.s from group I afferents if the hypothesis were correct.

2. Intracellular records were made from eighty-five laminae V-VI interneurones
with input from group Ia muscle spindle and/or group Ib tendon organ afferents.
Weak intraspinal stimuli applied in motor nuclei in L7 and S1 segments, or in the
lateral funiculus just caudal to Clarke’s column in L4, were found to evoke
monosynaptic i.p.s.p.s in seventy-two interneurones. These i.p.s.p.s were systema-
tically correlated with disynaptic inhibition from group Ia or Ib afferents but not
from other fibres.

3. Such monosynaptici.p.s.p.sevoked by intraspinal stimuli were seen in forty-two
interneurones which themselves projected to the level of Clarke’s column and
therefore (on the basis of previous evidence) should mediate inhibition of moto-
neurones. For seven of these interneurones it was also shown directly that they
projected to motor nuclei. The inhibition of such interneurones demonstrates mutual
interactions between those interneurones which are interposed in inhibitory pathways
from group I afferents. Only indirect indications have been obtained for inhibition
of interneurones in the excitatory pathways.

INTRODUCTION

Observations described in previous papers (Hongo, Jankowska, Ohno, Sasaki,
Yamashita & Yoshida, 1983a, b; Brink, Harrison, Jankowska, McCrea & Skoog, 1983)
have shown that interneurones with group I input in Rexed’s laminae V-VI may

* Present address: Neurologische Klinik der Technischen Universitidt Miinchen, Mohlstrasse 28,
D-8000 Miinchen 80, F.R.G.

t Present address: Department of Physiology, University of Manitoba, 770 Bannatyne Street,
Winnipeg, Manitoba, R3E OW3, Canada.



362 E. BRINK AND OTHERS

inhibit both motoneurones and cells of origin of the dorsal spinocerebellar tract
(d.s.c.t.). The experiments now reported demonstrate a third type of action of these
interneurones: on their fellow interneurones.

When laminae V-VI interneurones with group I input, which most probably
included such inhibitory interneurones as well as other inhibitory or excitatory
interneurones, were stained by intracellular injection of horseradish peroxidase
(HRP), reconstruction of their axonal projections (Czarkowska, Jankowska &
Sybirska, 1976, 1981; Jankowska, Johannisson & Lipski, 1981 a) revealed that they
often terminate both on motoneurones and on other laminae V-VI interneurones.
Taking into account this observation and the fact that disynaptic inhibitory
post-synaptic potential (i.p.s.p.s) of group I origin are evoked in a high proportion
of laminae V-VI interneurones (Hongo, Jankowska & Lundberg, 1966, 1972;
Jankowska et al. 1981a), a hypothesis was put forward (Jankowska et al. 1981a, see
their fig. 13) that interneurones which mediate non-reciprocal inhibition of moto-
neurones may have collateral inhibitory action on transmission in other pathways
from muscle spindle and tendon organs, as indicated by small arrows in Fig. 1. This
hypothesis has now been tested by verifying some of its implications. One of the
implications is that if an inhibitory interneurone which projects to the motor nuclei
(neurone labelled X in Fig. 1) inhibits both motoneurones and other laminae V-VI
interneurones, then stimulation of its axon within the motor nucleus should give rise
to monosynaptic inhibition of some of the interneurones (e.g. neurones Y and Z).
Stimulation of the rostrally projecting collaterals of interneurones X in Clarke’s
column (Hongo et al. 1983b) or in the lateral funiculus at L3-L4 (see Brink et al. 1983)
should have the same effect. Another implication of the hypothesis is that the
monosynaptic inhibition evoked by these intraspinal stimuli should be associated
with disynaptic inhibition from group I afferents and with inhibition from all the fibre
systems which converge onto the same interneurones (Lundberg & Voorhoeve, 1962
Hongo, Jankowska & Lundberg, 1969, 1972; Illert, Lundberg & Tanaka, 1976;
Lundberg, Malmgren & Schomburg, 1977, 1978; Jankowska & McCrea, 1983;
Harrison, Jankowska & Johannisson, 1983 ; Harrison & Jankowska, 1982). Only the
occurrence of inhibition of group Ia and group Ib origin has been tested systematic-
ally in this series of experiments and inhibitory input from other fibre systems will
be reported separately.

METHODS

The study is based on intracellular records from eighty-five laminae V-VI interneurones in
fourteen cats anaesthetized with chloralose (50-70 mg/kg initial dose). Five of these cats were
spinalized at the Th13-L1 level. The cats were also used for other experiments (Brink et al. 1983).

Experimental procedures

The preparation, the general techniques of intracellular recording from laminae V-VI inter-
neurones, and criteria for defining group Ia and group Ib input to the interneurones were as
described by Jankowska et al. (1981a). The detailed procedure adopted for the purposes of the
present study was as follows.

(i) A micro-electrode, usually filled with 3 M-K citrate solution, was placed in the intermediate
zone in L7 or L6, at a site where large monosynaptic field potentials were evoked by group I afferents
of triceps surae and plantaris. The electrode was used subsequently for intracellular recording from
interneurones within a 2-8 mm length of the spinal cord.



INHIBITORY INTERACTIONS BETWEEN INTERNEURONES 363

(ii) Another micro-electrode filled with 2 M-NaCl solution was placed in triceps surae or plantaris
motor nuclei in L7, at the site of the largest monosynaptic field potentials from Ia afferents of one
of these muscles; it was left there or moved only up and down. It was used for stimulation in the
motor nuclei and was shielded as described by Eide (1971) and Jankowska & Roberts (1972a) to
reduce the stimulus artifacts. The stimulus intensity was monitored as a voltage drop across a
1000 Q resistor.

(iii) A third electrode (a glass micropipette filled with 2 M-NaCl, a tungsten electrode with a
2-3 um tip protruding from a glass micropipette (Stoney, Thompson & Asanuma, 1968), or a
tungsten electrode varnished except for its tip) was introduced into the lateral funiculus between
L3 and L4 segments, about 2:5 mm from the surface. The electrode was used to stimulate ascending
axonal branches of the interneurones which mediate autogenetic inhibition of motoneurones and

la and b afferents
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Fig. 1. Diagram of the hypothesized interactions between laminae V-VI interneurones.
Excitatory and inhibitory interneurones with input from group Ia and Ib afferents of
triceps surae and plantaris are represented by open and filled medium-sized circles,
respectively. Motoneurones innervating the same muscles and their synergists (extensors)
or antagonists (flexors) and dorsal spino-cerebellar tract cells (d.s.c.t.) are represented by
large circles. The pathways under investigation are indicated by small arrows. Input from
other afferents (cutaneous and joint) is indicated only for one of the interneurones. Further
explanations in the text.

inhibition of dorsal spinocerebellar tract cells from group I afferents (Hongo et al. 1983a, b; Brink
et al. 1983). The ascending branches were stimulated in the funiculus rather than in the Clarke’s
column in order to maximize the number activated. The position of the third electrode was adjusted
by monitoring antidromic responses of the first few laminae V-VI interneurones encountered in
L7, to find a site where the thresholds for their activation were minimal. The effects of constant-
current stimuli applied through this electrode (100-200 #A) were always compared with effects of a
strong (0-5-1 mA) stimulation of the lateral funiculus at Th13, to differentiate actions of neurones
projecting only within the lumbar cord from actions of long ascending and descending tract fibres.

(iv) After the second and third electrodes were positioned, the first electrode was moved until
it penetrated an interneurone with group I input. The group I input was tested using electrical
stimulation of various nerves, or adequate activation of group Ia afferents of medial gastrocnemius,
lateral gastrocnemius-soleus or plantaris, the nerves of these muscles being dissected in continuity.
The four muscles were stretched together using single muscle stretches below threshold for Ib
afferents (< 35 um; see Fetz, Jankowska, Johannisson & Lipski, 1979 and Jankowska et al. 1981 a).
Input from Ib afferents was determined by comparing the effects of electrical stimulation of the
nerves at a strength near maximal for both group Ia and Ib afferents but subthreshold for group
II afferents (1:4—1-5 times threshold for Ia afferents), with the effects of muscle stretches maximal
for group Ia afferents (60-70 um ; see Fetz et al. 1979 and Jankowska et al. 1981b).

Criteria for monosynaptic i.p.s.p.s evoked by intraspinal stimuli
1.p.s.p.s evoked from the motor nuclei. These were classified as monosynaptic when they appeared
with a latency of up to 1-2 msec after a near-threshold stimulus. The latency was expected to be
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made up by: (i) 0:1-0-3 msec of the latent period between the beginning of the stimulus and the
generation of the action potentials in the stimulated axons (see Jankowska & Roberts, 1972a;
Gustafsson & Jankowska, 1976). (ii) 0-2-0-5 msec of conduction time along the terminal branches in
the motor nucleus and in laminae V-VI, allowing for distances of 2-5 mm and conduction velocity
of 10 m/sec (see Eccles, Fatt & Landgren, 1956; Jankowska & Roberts, 1972a; Wall & Werman,
1976 ; Munson & Sypert, 1979) plus 0-1-0-2 msec of conduction time along the stem axons in the lateral
funiculus, allowing for the distances of 5-10 mm in the rostrocaudal direction and 40 m/sec
conduction velocity (see Czarkowska ef al. 1976, Hongo et al. 1983b). (iii) 0-3—0-4 msec of synaptic
delay (Eccles et al. 1956; Jankowska & Roberts, 1972b; Rapoport, Susswein, Uchino & Wilson,
1977; Hikosaka, Igusa, Nakao & Shimazu, 1978; Munson & Sypert, 1978). An alternative criterion
was that the latencies of the monosynaptic i.p.s.p. should exceed the latencies of the earliest
antidromic activation of laminae V-VI interneurones by not more than 0-9 msec, to allow one but
not two synaptic delays; the earliest antidromic latencies were 0-4—0-5 msec (see Fig. 3, ), raising
the upper limits of the latencies of monosynaptic i.p.s.p.s.

1.p.s.p.s evoked from L4. These were classified as monosynaptic when their latencies exceeded by
not more than 0'9 msec the shortest latencies of antidromic invasion of laminae V-VI interneurones
with group I input which were located in the same region of the spinal cord. I.p.s.p.s were also
considered to be monosynaptic when their latencies in relation to the descending volleys, recorded
at the surface of the lateral funiculus at L7, were 0-9 msec or less. As in the case of actions evoked
from the motor nuclei, such latencies should allow one but not two synaptic delays. Using these
criteria, 1'3 msec was set as the upper limit for the monosynaptic i.p.s.p.s.

RESULTS

Monosynaptic inhibition of laminae V-VI interneurones by stimuli applied in motor
nuclet

Figs. 2 and 4 demonstrate that monosynaptic i.p.s.p.s may be evoked in laminae
V-VI interneurones by stimuli applied in the motor nuclei. I.p.s.p.s which appeared
with latencies 0-65-1-2 msec in relation to the onset of the stimulus (Fig. 3, ) and
which were classified as monosynaptic according to the criteria discussed in the
Methods, were seen in twenty-six out of thirty-six interneurones tested. Only one
stimulating electrode was introduced into the triceps surae or plantaris motor nuclei,
and the stimulus intensity (20-30 #A) was adjusted to be effective within about
0-2-0-3 mm radius (Jankowska & Roberts, 1972a) to avoid spread of current to
interneurones located outside lamina IX. These stimuli were thus likely to excite
axonal branches of only a relatively small proportion of interneurones projecting to
the motor nuclei studied, which may extend over a distance of several mm (see e.g.
Burke, Strick, Kanda, Kim & Walmsley, 1977). Consequently only positive results
are considered of value. Records of Fig. 2.4 show to what extent presence or absence
of i.p.s.p.s in a given interneurone might have depended on the position of the
stimulating electrode. With 30 xA pulses, i.p.s.p.s followed stimuli applied at four
out of seven electrode locations 100 um apart and failed to be evoked from three
others; the track passed through tibial (depth 1-1-1-2 mm), gastrocnemius (depth
1-2-1-4 mm) and hamstring (depth 1-5-1:6 mm) motor nuclei. Since the i.p.s.p.s were
superimposed on the tail of the shock artifact, one or a few of the following tests were
used to ascertain their presence : a comparison with records taken at another position
of the stimulating electrode (as in Fig. 24), a comparison with extracellular records
(as in Fig. 4), enhancement of the i.p.s.p.s after depolarization of the cell membrane,
or reversal of the i.p.s.p.s after hyperpolarization (as in Fig. 2 B).
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Monosynaptic inhibition of laminae V-VI interneurones by stimuli applied in L4

I.p.s.p.s fulfilling criteria of monosynaptic i.p.s.p.s were found in sixty out of
sixty-eight interneurones tested for inhibition from L4. Examples of such i.p.s.p.s are
in Figs. 4-6. In fourteen interneurones i.p.s.p.s were evoked from both the motor
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Fig. 2. Monosynaptic i.p.s.p.s evoked by intraspinal stimuli applied in motor nuclei. 4,
intracellular records from an interneurone excited by I a afferents in tibial, plantaris and
triceps surae nerves; note corresponding monosynaptic e.p.s.p.s following stimuli in tibial
and medial gastrocnemius motor nuclei at depths 1:1 and 1-3 mm. The i.p.s.p.s were
evoked from within tibial (depth 1-1 mm), medial gastrocnemius (depth 1:3 mm) and
hamstring (depth 1:6 mm) motor nuclei. B, intracellular records (upper traces) from
another interneurone and records from the cord dorsum (lower traces). I.p.s.p.s were
evoked from the motor nucleus and from group I afferents of gastrocnemius-soleus (G.—s.):
the upper set of records was taken when the interneurone was depolarized and the lower
set when it was hyperpolarized, with resulting reversal of the i.p.s.p.s. The diagrams in
this and in the following Figures show parts of the diagram in Fig. 1 with the
experimental arrangement used to establish the illustrated interactions.

nuclei and from L4, so that i.p.s.p.s from either of these sites were seen in a total
of seventy-two of the eighty-five interneurones investigated.

Fig. 3 shows the distribution of latencies of i.p.s.p.s (o) and of antidromic invasion
from L4 (e) of our sample of interneurones. The latencies are plotted against
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distances from the location of the interneurones to the stimulating electrode in the
lateral funiculus. The latencies may be compared with latencies of responses evoked
from the motor nuclei, which are indicated by triangles. The Figure shows considerable
ranges of latencies of both the antidromic invasion and the i.p.s.p.s evoked from the
two sites; their variability obscures any expected increase with distance. The
conduction velocities of the stimulated fibres, calculated for antidromic invasion from

15}F
(e} (@]
oO (e} O O
A AN (®) [e]e) (@]
ﬁ A (o]
— A
§ 1-0 -AAAA AAAA A g (@] X . .
E AA ' O (] O(Q)é% o0
§ A A (@) o o 0.0.8 .
< A o %
8 s At ceo oo’
- :‘ An aAe o0 o o0
0~5-:AA . o-:o .::o
A A e oo e o0 o
0 1 1 1
0 10 20 30

Distance (mm)

Fig. 3. Distribution of latencies of monosynaptic i.p.s.p.s evoked by intraspinal stimula-
tion. Open symbols, latencies of i.p.s.p.s evoked from motor nuclei (a) and from the
lateral funiculus at L4 (o). Filled symbols, latencies of antidromic activation, similarly
from motor nuclei (a) and from L4 (@). They were obtained for the same and for different
interneurones but only those recorded intracellularly. The latencies are plotted against
distance between the stimulating and recording electrodes but without correction for
differences in depth and for the length of the terminal axonal branches in the motor nuclei.

distances of 10-30 mm, appeared to be as high as 65-70 m/sec and as low as
20-25 m/sec. Since the length of the collaterals stimulated in the motor nuclei was
an unknown factor, the conduction velocities were not calculated for shorter distances
as such calculations would be unreliable.

When stimulation of long ascending and descending tract fibres at Th13 evoked
i.p.s.p.s (in two interneurones), these i.p.s.p.s appeared with much longer segmental
latencies than the i.p.s.p.s evoked from the lateral funiculus at L4 and were much
smaller.

Evidence for mutual inhibition between inhibitory interneurones

According to the hypothesis presented in Fig. 1, both the excitatory and inhibitory
interneurones in pathways from Ia and Ib afferents to motoneurones might be
subject to collateral actions of inhibitory interneurones, but we have had a possibility
to verify this only for the inhibitory interneurones. Monosynaptic excitation from
group I afferents and axonal projection to upper lumbar segments, in addition to
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inhibition of group I origin and excitation by cutaneous afferents, were used as the
distinguishing features of interneurones mediating autogenetic and synergistic
inhibition of motoneurones (Hongo et al. 1983 and Brink et al. 1983). Seven of these
interneurones were indeed found to be antidromically activated from both L4 and
the motor nuclei (Fig. 4 4 and B). Monosynaptici.p.s.p.s evoked in such interneurones
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Fig. 4. Monosynaptic i.p.s.p.s evoked from motor nuclei (m.n.) and from the lateral
funiculus in L4 in an interneurone projecting to the two stimulation sites. Upper traces,
extracellular records before (4-C) and intracellular record, after (D-G) its penetration.
Lower traces, records from the cord dorsum. D-@ illustrate subsequent changes in
responses to the stimuli: progressive blockade of the antidromic invasion with barely
visible M spike in some of the traces in F and monosynaptic i.p.s.p.s which become more
conspicuous after the cell stopped firing and became depolarized.

by stimuli applied in L4 or in motor nuclei were, therefore, considered as evidence of
mutual inhibition between interneurones in the inhibitory pathways to motoneurones.
They were seen in forty-two interneurones.

It should be stressed in this context that the number of interneurones of our sample
projecting to the upper lumbar segments might have been larger than counted since
the spike generation mechanism often deteriorated after cell penetration, and
antidromic activation became difficult to assess as illustrated in Fig. 4. Fig. 44 and
B show unquestionable antidromic spikes from L4 and from motor nuclei (with a
collision at a shorter interval in B) while recorded extracellularly. Records in
Fig. 4C and D are just before and just after cell penetration, respectively, with clear
IS spikes in D; only M spikes can be detected in the next records (£ and F, arrows)
but even these disappeared (G) with progressive cell depolarization. The depolariza-
tion favoured, on the other hand, disclosure of i.p.s.p.s. When distinct spikes like
those in Fig. 4 D, or all-or-nothing M spikes as in Fig. 54 and E were not seen, we
did not classify the interneurones as antidromically invaded.
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Fig. 5. Monosynaptic i.p.s.p.s evoked from the lateral funiculus (4 and E) in an
interneurone antidromically invaded from L4, with disynaptic i.p.s.p.s from group I
afferents in three nerves stimulated electrically (C, F and G). Predominant inhibition was
evoked from cutaneous afferents (D). Upper traces, intracellular records. Lower traces,
records from the cord dorsum. P.b.s.t., posterior biceps-semitendinosus; Sur. sural;
Pl., plantaris; L.g.—s., lateral gastrochemius—soleus.
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Fig. 6. Monosynaptic i.p.s.p.s evoked from the lateral funiculus in an interneurone
antidromically invaded from L4, with disynaptic i.p.s.p.s from group I afferents (F, G).
The i.p.s.p.s were evoked by electrical stimulation of both Ia and Ib afferents and by
selective activation of a afferents by muscle stretch. Predominant excitation was evoked
from cutaneous afferents (D). Upper traces, intracellular records. Lower traces, records
from the cord dorsum. Lowermost trace in G, record of changes in length of triceps surae
and plantaris stretched together. Stimulus intensity was lower in E than in 4.

Correlation between monosynaptic i.p.s.p.s following intraspinal stimuli and i.p.s.p.s
evoked from group I afferents

If i.p.s.p.s described in the preceding sections were evoked by interneurones
mediating autogenetic inhibition of motoneurones, they should be matched by
disynaptic i.p.s.p.s following stimulation of group Ib or both group Ia and Ib
afferents (see Fig. 1). Fig. 5 and 6 show examples of such disynaptic i.p.s.p.s in two
interneurones with monosynaptic i.p.s.p.s evoked by intraspinal stimuli. Such group
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Ii.p.s.p.s were seen in sixty-two out of seventy-two (86 %) interneurones withi.p.s.p.s
from either the motor nuclei or L4. In about half they were evoked by Ia afferents
activated by muscle stretches, as in Fig. 6G, as well as by Ib afferents. In ten
interneurones only monosynaptic or disynaptic e.p.s.p.s were seen from the tested
nerves, or the cells were lost before it was possible to check if any i.p.s.p.s were
superimposed onto these e.p.s.p.s.

Stimulation of cutaneous, joint or high threshold muscle afferents sometimes
evoked i.p.s.p.s, alone or combined with e.p.s.p.s (Fig. 5D), but evoked apparently
only e.p.s.p.s in about half of the cells (Fig. 6 D).

Comments on e.p.s.p.s evoked upon stimulation of the lateral funiculus at L4

Stimuli applied at 1.4 and Th13 were often followed by e.p.s.p.s, usually mono-
synaptic, as illustrated in Figs. 5B and 6 B. In contrast to the i.p.s.p.s the e.p.s.p.s
evoked by L4 (intraspinal) stimuli were usually smaller than those of thoracic origin.
They were, therefore, interpreted as being due to activation of the same descending
fibres, most likely rubro- or cortico-spinal, but possibly also propriospinal (Jankowska,
Lundberg & Stuart, 1983), and so do not contradict previous evidence that ascending
projection characterizes only inhibitory interneurones with group I input (Hongo
et al. 1983a, b; Brink et al. 1983). However, the e.p.s.p.s could also be due to some
excitatory interneurones with descending or ascending projection and input from
other than group I afferents.

The previous evidence that no group I excited interneurones send ascending
collaterals with excitatory action to L3-L4 segments consisted in showing that only
i.p.s.p.s are evoked in lower lumbar motoneurones upon stimulation of single group
I excited laminae V-VI interneurones with ascending projection (Brink et al. 1983),
or by stimuli applied in Clarke’s column (Hongo et al. 1983b). Stimulation of group
I afferents after transection of the dorsal columns similarly evoked only i.p.s.p.s in
d.s.c.t. cells (Hongo et al. 1983a). In a supplementary series of experiments we have
now extended the latter observations to see whether we find other neurones in L3-L4
segments to be excited by lower lumbar interneurones with group I input.

Intracellular records were made from motoneurones (n = 22) and other neurones
(mainly laminae V-VI interneurones, n = 19) in L3 and L4 segments in four cats
following a complete lesion of the dorsal columns at the border between L4 and L5
segments (as in experiments of Hongo et al. 1983a). The completeness of the lesion was
verified histologically and by recording from the peripheral nerves during stimulation
of the dorsal columns above the lession, or from the surface of the dorsal columns
on one side of the les. ‘n, while the stimuli were applied on the other side. Any
post-synaptic potentials evoked in the tested neurones following stimulation of
peripheral nerves could then be mediated only by interneurones located caudal to
the lesion. The neurones selected for testing were those with membrane potential of
at least 50 mV or in which some e.p.s.p.s were evoked by stimulation of the dorsal
roots at the same level, or of the dorsal columns above the lesion. Motoneurones were
identified by antidromic activation following stimulation of spinal nerves just outside
the dura, and ascending tract cells by antidromic activation following stimulation
of the spinal cord at Th12. In no case was there any evidence for di- or oligosynaptic
e.p.s.p.s evoked on stimulation of hind-limb muscle nerves below threshold for group
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1II afferents, even when two or more shocks were used to increase the probability of
appearance of the tested e.p.s.p.s. If such stimuli were effective, they produced only
i.p.s.p.s. The i.p.s.p.s were evoked by stimulation of both low- and high-threshold
group I afferents, or by group Ia afferents (in four motoneurones). Stimulation of
quadriceps nerve was most effective in evoking these i.p.s.p.s, although they appeared
also upon stimulation of triceps surae and plantaris. The i.p.s.p.s were found in eight
motoneurones and in three interneurones. They appeared with latencies 1-4-2-8 msec
with respect to incoming volleys recorded from the surface of the spinal cord at L6
and are classified as disynaptic, using the same arguments as used by Hongo et al.
(1983 a) for classifying latencies of i.p.s.p.s recorded in the dorsal spinocerebellar tract
cells.

DISCUSSION

The observations reported are fully compatible with the hypothesis that the same
interneurones mediate group I inhibition of both motoneurones and laminae V-VI
interneurones, even if each observation considered separately might be given an
alternative explanation. For instance, stimuli applied in the motor nuclei might have
evoked inhibition of laminae V-VI interneurones by exciting axons of interneurones
other than those with group I input. Similarly, inhibition evoked from the L4 segment
might have been evoked by other types of interneurones with ascending axon
collaterals, or be mediated via propriospinal neurones located in the upper lumbar
segments and projecting caudally (see Hongo et al. 1983b). However, we consider it
unlikely and too coincidental that these alternative explanations are correct rather
than the single hypothesis which explains all the reported observations after having
predicted them.

In regard to the problem of which laminae V-VI interneurones are inhibited in
parallel with motoneurones, we propose that interneurones which excite motoneurones
and those which inhibit motoneurones do not differ in this respect. However, our
positive evidence is so far only for inhibitory interneurones; it is based on the
appearance of i.p.s.p.sevoked by intraspinal stimuli in cells which were antidromically
activated from L4 or L3 segments (Hongo et al. 1983a, b; Brink et al. 1983). Failure
to activate the neurones from the L4 segment could not be used as evidence that they
were excitatory but it will be noted that monosynaptic i.p.s.p.s were also found in
such interneurones.

Parallel inhibition of motoneurones and of other interneurones by laminae V-VI
interneurones might be useful in several ways. First of all it might help to select the
required pattern of Ia and Ib actions (see Hongo et al. 1967, 1972). As repeatedly
shown, actions of group I afferents of a given muscle may be either excitatory or
inhibitory, and involve many motor nuclei (Granit, 1950; Laporte & Lloyd, 1952;
Eccles, Eccles & Lundberg, 1957b; Hongo et al. 1969; Jankowska, McCrea & Mackel,
1981b,c; Harrison et al. 1983). The patterns of motoneurones excited and inhibited
must thus be adjusted for each movement (Hongo et al. 1969, 1972) and it is
postulated that these movements are subserved by separate sets of interneurones
(Harrison & Jankowska, 1982). Inhibition of some subsets of these interneurones
could serve to eliminate the unnecessary Ia and Ib actions or those actions that could
interfere with the intended movements. The release from inhibition of motoneurones
which should be activated (e.g. via interneurones Y in Fig. 1) might serve a similar
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purpose. To adjust the degree of the negative feed-back of motoneurones might be
another task of the inhibitory interactions between laminae V-VI interneurones.
Following activation of motoneurones the negative feed-back would be subserved
first by Renshaw cells and the disynaptic inhibition evoked by these cells. The
subsequent contraction of a muscle, followed by activation of laminae V-VI
interneurones, would supplement the Renshaw effects by i.p.s.p.s mediated via these
interneurones, while a release of motoneurones from their actions might leave only
recurrent inhibition operating. The interactions between interneurones may thus be
considered as a subsidiary negative feed-back in the pathways of the main feed-back
systems.

The parallel inhibitory actions of laminae V-VI interneurones on motoneurones
and other interneurones can be integrated into larger entities of motor behaviour via
several systems of control and selection. The significance of the involved afferent and
descending fibre systems has already been discussed extensively (Hongo et al. 1969,
1972; Lundberg, 1975; Lundberg et al. 1977, 1978; Jankowska & McCrea, 1983;
Pierrot-Deseilligny, Bergego, Katz & Morin, 1981; Pierrot-Deseilligny, Bergego &
Katz, 1982). It will, therefore, only be pointed out that parallel inhibition of
motoneurones and of other interneurones by the same laminae V-VI interneurones
should contribute to the control of motor synergies much more effectively than if
there were two subgroups of interneurones acting either on motoneurones or on
interneurones. A third group of interneurones would then be needed to co-ordinate
their activity. Reasoning along these lines, one might expect there to be a similar
possibility that interneurones in excitatory pathways between group I afferents and
motoneurones might influence other interneurones and be responsible for disynaptic
e.p.s.p.s of group I origin in laminae V-VI interneurones (Czarkowska et al. 1981;
Jankowska et al. 1981 a) in addition to trisynaptic e.p.s.p.s evoked in motoneurones
(Eccles et al. 1957a, b; Jankowska et al. 1981¢). However, the occurrence of such
collateral excitatory actions of laminae V-VI interneurones remains to be
investigated.

Inhibitory interaction between laminae V-VI interneurones which subserve the
non-reciprocal inhibition of motoneurones is not the first case of such interactions.
Mutual inhibition has been found within both previously identified groups of spinal
inhibitory interneurones: Renshaw cells (Ryall, 1970) and interneurones mediating
the Ia reciprocal inhibition (Hultborn, Illert & Santini, 1976). If one may generalize
features of these three groups of neurones, mutual inhibitory interactions may be
expected also between other inhibitory neurones, both in the spinal cord and in the
brain.

We wish to thank Ms R. Larsson and Ms K. Danielsson for their unfailing assistance during the
experiments and in the preparation of this paper. The study was supported by the Swedish Medical
Research Council (project no. 5648). E. Brink was a recipient of N.I.H.-Swedish Medical Research
Council Postdoctorate Fellowship.

REFERENCES

BrINk, E., HARRISON, P. J., JANKOWSKA, E., MCCREA, A. D. & Skooa, B. (1983). Post-synaptic
potentials in a population of motoneurones following activity of single interneurones in the cat.
J. Physiol. 343, 341-359.

Burkes, R. E. V., Strick, P. L., Kanpa, K., KiM, C. C. & WALMSLEY, B. (1977). Anatomy of medial
gastrocnemius and soleus motor nuclei in cat spinal cord. J. Neurophysiol. 40, 667—680.



372 E. BRINK AND OTHERS

CzZARKOWSKA, J., JANKOWSKA, E. & SyBIRsKA, E. (1976). Diameter and internodal length of axons
of spinal interneurones excited by group I afferents in the cat. Brain Res. 118, 119-122.

CZARKOWSKA, J., JANKOWSKA, E. & SyBIRsKA, E. (1981). Common interneurones in reflex pathways
from group Ia and Ib afferents of knee flexors and extensors in the cat. J. Physiol. 310, 367-380.

Eccires, J. C., EccLes, R. M. & LuNDBERG, A. (1957a). Synaptic actions on motoneurones in
relation to the two components of the group I muscle afferent volley. J. Physiol. 136, 527-546.

EccLgs, J. C., EccLis, R. M. & LUNDBERG, A. (1957b). Synaptic actions on motoneurones caused
by impulses in Golgi tendon organ afferents. J. Physiol. 138, 227-252.

EccLgs, J. C., FaTt, P. & LANDGREN, S. (1956). The central pathway for the direct inhibitory action
of impulses in the largest afferent nerve fibres to muscle. J. Neurophysiol. 19, 75-98.

Eipg, E. (1971). Stimulation and recording with closely spaced micro-electrodes. Acta physiol. scand.
82, 4-54.

FErz, E., JANKOWSKA, E., JoHANNISSON, T. & Lipski, J. (1979). Autogenetic inhibition of
motoneurcnes by impulses in group Ia muscle spindle afferents. J. Physiol. 293, 173—-195.

GranIT, R. (1950). Reflex self-regulation of muscle contraction and autogenetic inhibition. J.
Neurophysiol. 13, 351-372.

GUSTAFSSON, B. & JANKOWsKA, E. (1976). Direct and indirect activation of nerve cells by electrical
pulses applied extracellularly. J. Physiol. 258, 33—61.

HARRISON, P. J. & JANKOWSKA, E. (1982). Functional subdivision of laminae V-VI interneurones
mediating non-reciprocal inhibition from group I afferents to motoneurones. Neurosci. Lett. 31,
Suppl. 10, S234-235.

HARRISON, P. J., JANKOWSKA, E. & JoHaNNIsSSON, T. (1983). Shared reflex pathways of group I
afferents of different cat hind-limb muscles. J. Physiol. 338, 111-127.

Hikosaka, O., Ieusa, Y., Nakao, S. & SHiMazu, H. (1978). Direct inhibitory synaptic linkage of
pontomedullary reticular burst neurons with abducens motoneurons in the cat. Exp. Brain Res.
33, 337-352.

Honco, T., Jankowska, E. & LUNDBERG, A. (1966). Convergence of excitatory and inhibitory
actions on interneurones in the lumbosacral cord. Exp. Brain Res. 1, 338-358.

Hongo, T., JANKOwskaA, E. & LUNDBERG, A. (1969). The rubrospinal tract. II. Facilitation of
interneuronal transmission in reflex paths to motoneurones. Exp. Brain Res. 7, 365-391.

Hoxgo, T., JaANkowska, E. & LunpBERG, A. (1972). The rubrospinal tract. IV. Effects on
interneurones. Exp. Brain Res. 15, 54-78.

Hoxngo, T., JANKowskA, E., Ouno, T., Sasaki, S., YamasHiTa, M. & YosHipa, K. (1983a).
Inhibition of dorsal spinocerebellar tract cells by interneurones in upper and lower lumbar
segments in the cat. J. Physiol. 342, 145-159.

Hongo, T., JANKOWSKA, E., Ouno, T., Sasaki, S., YamasHITA, M. & YosHIDA, K. (19835). The
same interneurones mediate inhibition of dorsal spinocerebellar tract cells and lumbar
motoneurones in the cat. J. Physiol. 342, 161-180.

HuvtBorN, H., ILLERT, M. & SaNTINI, M. (1976). Convergence on interneurones mediating the
reciprocal Ia inhibition of motoneurones. I. Disynaptic Ia inhibition of Ia inhibitory inter-
neurones Acta physiol. scand. 96, 193-201.

ILLErT, M., LUNDBERG, A. & TaNaka, R. (1976). Integration in descending motor pathways
controlling the forelimb in the cat. 2. Convergence on neurones mediating disynaptic cortico-
motoneuronal excitation. Exp. Brain Res. 26, 521-540.

JANKOWSKA, E., JoHANNISSON, T. & L1pski, J. (1981 a). Common interneurones in reflex pathways
from group Ia and Ib afferents of ankle extensors in the cat. J. Physiol. 310, 381-402.

JANKOwsKA, E., LUNDBERG, A. & STuaRrT, D. (1983). Propriospinal control of interneurones in
spinal reflex pathways from tendon organs in the cat. Brain Res. 261, 317-320.

JANKOWSKA, E. & McCREA, D. (1983). Shared reflex pathways from Ib tendon organ afferents and
Ia muscle spindle afferents in the cat. J. Physiol. 338, 99-111.

JANKOWSKA, E., McCrea, D. & MackeL, R. (1981b). Pattern of ‘non-reciprocal’ inhibition of
motoneurones in spinal cats by impulses in group Ia muscle spindle afferents. J. Physiol. 316,
393—409.

Jankowska, E., McCrEA, D. & MackEL, R. (1981 ¢). Oligosynaptic excitation of motoneurones by
impulses in group Ia muscle spindle afferents. J. Phystol. 316, 411-425.

JaNKOWSKA, E. & RoBErTs, W. J. (1972a). An electrophysiological demonstration of the axonal
projections of single spinal interneurones in the cat. J. Physiol. 222, 597-622.



INHIBITORY INTERACTIONS BETWEEN INTERNEURONES 373

Jankowska, E. & RoBErTs, W. J. (1972b). Synaptic actions of single interneurones mediating
reciprocal Ia inhibition on motoneurones. J. Physiol. 222, 623-642.

LaporTE, Y. & LLoyDp, D. P. C. (1952). Nature and significance of the reflex connections established
by large afferent fibres of muscular origin. Am. J. Physiol. 169, 609-621.

LUNDBERG, A. (1975). The control of spinal mechanisms from the brain. In The Nervous System,
vol. 2, ed. Tower, D. B., pp. 253-265. New York: Raven Press.

LUNDBERG, A., MALMGREN, K. & ScHOMBURG, E. D. (1977). Cutaneous facilitation of transmission
in reflex pathways from Ib afferents to motoneurones. J. Physiol. 265, 763—780.

LUNDBERG, A., MALMGREN, K & ScHOMBURG, E. D. (1978). Role of joint afferents in motor control
exemplified by effects on reflex pathways from Ib afferents. J. Physiol. 284, 327-343.

LUNDBERG, A. & VOORHOEVE, P. (1962). Effects from the pyramidal tract on spinal reflex arcs.
Acta physiol. scand. 56, 201-219.

Munson, J. B. & Sypert, G. W. (1978). Latency-rise time relationship in unitary postsynaptic
potentials. Brain Res. 151, 404—408.

Muxnson, J. B. & SyperT, G. W. (1979). Properties of single central I1a afferent fibres projecting
to motoneurones. J. Physiol. 296, 315-327.

PierroT-DESEILLIGNY, E., BERGEGO, C. & KaTz, R. (1982). Reversal in cutaneous control of Ib
pathways during human voluntary contraction. Brain Res. 223, 440-403.

PierrOT-DESEILLIGNY, E., BERGEGO, C., KaTz, R. & MoRIN, C. (1981). Cutaneous depression of
Ib reflex pathways to motoneurones in man. Exp. Brain Res. 42, 351-361.

RaPOPORT, S., SussweIN, A., UcHiNo, Y. & WiLsoN, V. J. (1977). Synaptic actions of individual
vestibular neurones on cat neck motoneurones. J. Physiol. 272, 367-382.

RyaLr, R. W. (1970). Renshaw cell mediated inhibition of Renshaw cells: Patterns of excitation
and inhibition from impulses in motor axon collaterals. J. Neurophysiol. 33, 257-275.

STOoNEY, S. D. JRr., THoMPSON, W. D. & Asanuma, H. (1968). Excitation of pyramidal tract cells
by intracortical microstimulation: effective extent of stimulating current. J. Neurophysiol. 31,
659-669.

WaLL, P. D. & WERrMAN, R. (1976). The physiology and anatomy of long ranging afferent fibres
within the spinal cord. J. Physiol. 255, 321-334.



