
























































288 A, Lundberg

dorsal reticulospinal tract discussed above. The descending axons of the mono-
aminergic neurones are unmyelinated (Dahlstréom & Fuxe, 1965; Fuxe, 1965);
the inhibition through the dorsal reticulospinal has such a brief latency (Fig. 6)
that conduction must be in fairly large axons.

Part II. Inhibitory interaction between spinal reflex pathways

Reflex pathways are not only controlled from higher centres but also by in-
hibitory interaction between reflex pathways. Sherrington (1906) distinguished
between allied and antagonistic reflexes and considered the ‘compounding of
reflexes” a major problem in integration. His best known example of inhibitory
interaction is the exclusion of the scratch reflex during the flexor reflex. Two
examples of inhibitory interaction between reflex pathways will be given below
and in both it is assumed that the inhibition is at an interneuronal level.
Reflex interaction can be caused by a PAD when the giving and the receiving
afferents are different so that the presynaptic inhibition does not constitute a
simple negative feed-back (Eccles, 1964). An inhibitory interaction of this
type may have considerable functional significance, but it is important to
emphasize the very special significance that inhibitory interaction at an inter-
neuronal level may have. If it is assumed that a PAD is evoked in all terminals
of the receiving afferents it follows that presynaptic inhibition of transmission
from primary afferents can only adjust the general level of the input but not
exert an inhibitory action on a specific path from the receiving primary afferent.

A. Inhibition from the FRA of the reflex path to Ia afferents. There is extensive
interaction between the DRPs evoked from different afferent systems but in
most cases this interaction can be explained by presynaptic inhibition due to
primary afferent depolarization (Eccles, Kostyuk & Schmidt, 1962). In the
course of a study of such interactions we observed that volleys in the FRA
effectively depress the DRP evoked from Ia afferents (Fig. 9) (Lundberg &
Vyklicky, 1963 a). Yolleys in 1a afferents evoke a PAD in Ia afferents and, since
volleys in the FRA and Ia afferents are not known to evoke PAD in the same
afferents in the normal acute spinal cat (Eccles, Eccles & Magni, 1961; Eccles,
Magni & Willis, 1962; Eccles, Schmidt & Willis, 1963 a, #; Lund, Lundberg &
Vyklicky, 1965), it was not likely that the depression was due to an interaction
at a primary afferent level. A detailed analysis was therefore made of the effect
by volleys in the FRA on transmission to Ia afferents (Lund, Lundberg &
Vyklicky, 1965). By the standard technique with excitability measurement and
intracellular recording from Ia afferents it has been shown that the PAD
evoked from Ia afferents in Ia afferents is effectively depressed by volleys in the
FRA (Fig. 10). Correspondingly, there is also an effective removal from the
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Fig. 9. Depressive action by volleys in the FRA on the DRP evoked from Ia afferents of
flexors. Spinal cat under chloralose anaesthesia. The upper traces in 4—E are DRPs recorded
from the most caudal dorsal rootlet in L6, and the lower traces are recorded from the L7
dorsal root entry zone. In A there is stimulation of the sural nerve and B shows the test DRP
evoked by a train of maximal Ia volleys from PBSt. The separation in the Ia and Ib volleys is
shown in the inset record of the graph, with double volleys being employed in the left record
and the first stimulus just maximal for Ia afferents. The stimulus strength is indicated in mul-
tiples of threshold for the nerve. In C-E there is combined stimulation of the Sur and the
PBSt nerves at different time intervals. The depression of the test Ia DRP is plotted in the
graph. (Lund, Lundberg & Vyklicky, 1965.)

FRA of the presynaptic inhibition that a train of Ia volleys from flexors gives
of the 1a EPSP in motoneurones (Fig. 11). It is concluded that depression of
transmission from Ia to Ia afferents is exerted at an interneuronal level. It is
interesting that the time course of this inhibition is similar to the time course
of the PAD that volleys in the FRA evoke in primary afferents (FRA and Ib).
This similarity in time course suggests (but does not prove) that the inhibition
is presynaptic in origin and operating by depolarizing the terminals of inter-
neurones. If so, this is the first example of presynaptic inhibition operating at an
interneuronal level in the spinal cord. The functional significance of this in-
hibitory interaction will be discussed in the next section.

B. Spinal reflex actions appearing after injection of L-DOPA. It has already
been discussed in Part I that there probably are noradrenergic and 5-hydroxy-
tryptaminergic descending pathways inhibiting the transmission in some
pathways from the FRA. After injection of L-DOPA or 5-HTP in the acute
spinal animal there is an effective depression of DRPs and motoneuronal
actions evoked by a single volley in the FRA (Fig. 8). This was a surprising
finding because an enhanced flexor response from injections of these drugs was
19 — 659871 Nobelsymposium I
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Fig. 10. Intracellular recording from Ia afferent showing the depression from the FRA of the
PAD evoked by volleys in Ia afferents from a flexor. Intra-axonal recording in the inter-
mediary region in the L7 segment of an unanaesthetized spinal cat. A-C obtained with the
low amplification at different strengths, indicated in multiples of the threshold identifies the
axon as an Ia afferent from PBSt. In D—-F the upper traces are intracellular and the lower are
extracellular after withdrawal of the electrode to a just extracellular position. The PAD in D
is evoked by a train of Ia volleys in the DP nerve which displayed separation in Ia and Ib vol-
leys (G and H) The sural volley does not evoke a PAD but depresses the Ta DRP markedly in
F with combined stimulation of the Sur and the PBSt nerves. The time course of this depres-
sion is shown in the graph. (Lund, Lundberg & Vyklicky, 1965.)

found in the “intact™ spinal cat (Carlsson, Magnusson & Rosengren, 1963).
The explanation came when repetitive stimulation of the FRA was made after
the injection of these precursors (Andén, Jukes, Lundberg & Vyklicky, 1964b).
As is illustrated in Fig. 12 there appears a very intense late discharge and
correspondingly also a late long-lasting DRP. The discharge and the late DRP
is evoked from FRA. Flexor motoneurones are activated from ipsilateral
nerves and extensor motoneurones from contralateral nerves. There is activa-
tion of both «- and y-neurones, the latter often at lower thresholds.

a) The pathway to primary afferents. Surprisingly enough it was found that the
late DRP evoked from the FRA after DOPA is caused by a PAD in Ia afferents
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Fig. 11. Removal by volleys in the FRA of the presynaptic inhibition of the Ia EPSP. The upper
traces in C—-G are intracellular from a G-S motoneurone and the lower traces in those re-
cords and records A and B are from the L7 dorsal root entry zone. The homonymous test Ia
EPSP is shown in D, In E there is no effect by a conditioning volley in the sural nerve. The
presynaptic inhibition in F is evoked by a short train of maximal Ia volleys in the PBSt nerve
(Ia and Ib volleys shown in A and B). When conditioning stimulation of the sural nerve is
added in C there is removal of the presynaptic inhibition. The time relationship of the condi-
tioning and testing volleys is shown in C. Acute spinal cat. The tentative diagram below the
records shows the connection through which volleys in the FRA depress transmission from
Ia to Ib afferents. Terminals with two branches are excitatory. Circles indicate presynaptic
terminals on presynaptic endings. In the diagram a single interneurone may represent a
chain. (Lund, Lundberg & Vyklicky, 1965.)

(Fig. 13) while there is no PAD in cutaneous or in Ib afferents (Andén et al.
19645). In the normal acute spinal cat volleys in the FRA do not evoke any
PAD in 1a afferents. A late DRP is also evoked from the contralateral FRA,
also in this case in a afferents but not in Ib or cutaneous afferents (Jankowska,
Lund & Lundberg, unpublished). It is therefore clear that there exists a pathway
from the FRA to Ia afferents and this is shown diagramatically in Fig. 14.
In the normal acute spinal cat there is activity in the short latency path from
the FRA., It is assumed that from this pathway there is an inhibitory interaction
with a pathway from the same afferents to Ia afferents. As long as there is ac-
tivity in the former negative feed-back pathway the latter pathway is inhibited.
It is important that the opening of the pathways from the FRA to 1a afferents
occurs, not only after DOPA and 5-HTP but also under other conditions when
the short latency pathway is depressed. It is imperative to use the unan-
aesthetized preparation; a few mg of Nembutal will abolish the late response.
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Fig. 12. Late actions evoked from the FRA in motoneurones and primary afferents after
DOPA., The lower traces in A-D are discharges in efferents to tenuissimus, the upper traces in
these records are from the sciatic nerve. In E and F the upper traces are from the most caudal
dorsal rootlet in L6 and the lower traces from the L7 dorsal root entry zone. A short train of
volleys is given in the sural nerve in C and D and in the G-S nerve in E and F. The control
records 4, C and E were taken before and B, D and F after the injection of DOPA. The resting
discharge in 4 and B is in y-afferents. Before DOPA there is an afterdischarge in - and -
efferents in C. After DOPA the late discharge in D is in both a- and y-efferents. The late DRP
in F is evoked from high threshold muscle afferents. The experiment was made on an un-
anaesthetized decorticate spinal cat and Flaxedil was given in doses three times that required
to block transmission to extrafusal muscle fibres. Hence the late effect do not depend on a
peripheral loop. (Andén, Jukes, Lundberg & Vyklicky, 1964.)

The above interpretation rests on the postulate that DOPA and 5-HTP do not
depress transmission from the FRA by giving mono-amine release from a
pathway acting on primary afferents. This possibility has not been disproved
but in itself the finding of an alternative action from the FRA strongly suggests
that the monoamine liberation depresses the interneuronal transmission. In
the diagram of Fig. 14 the inhibition is indicated as exerted on cell bodies
but this is purely hypothetical, the important point being that it is an inter-
neuronal effect.

b) The pathway to motoneurones. The pathway giving the late long-lasting
activation of motoneurones will be dealt with only briefly. The discharge may
last very much longer than in Fig. 12, durations of more than 10 seconds have
been observed. These long durations could be explained by a release of a posi-
tive feed-back from an inhibitory control by activity in the short latency reflex
path from the FRA. It is possible that this late long-lasting activity represents
the activity in a pathway that is completely closed in the normal acute spinal
cat, but another alternative is that the late discharge partially utilizes the same
neuronal paths as the short latency effects but that some neuronal elements are
added to these paths through release from inhibition.

Intracellular recording from motoneurones have revealed that corresponding
with these discharges there are very long-lasting EPSPs evoked in motoneurones
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Fig. 13. PAD evoked from the FRA in Ia afferents after DOPA. Upper tracesin A, B, Eand F
are DRPs recorded from the most caudal dorsal rootlet in L6. Upper traces in C, D, Gand H
are discharges evoked from a microelectrode inserted into the motor nucleus of G-S and
recorded peripherally in the G-S nerve. A-D were taken before and E-F after the injection of
100 mg/kg DOPA. Before DOPA volleys in high threshold muscle afferents from ABSm
does neither evoke a late DRP (B) nor a PAD in Ia afferents (D and upper graph) but such
effects are found after DOPA in F, H and the lower graph. There is no effect in E and the
middle graph when the ABSm nerve is stimulated at a strength of 2.2 times threshold, which
was just maximal for Group I afferents, Decorticate, unanaesthetized spinal cat. (Andén,
Jukes, Lundberg & Vyklicky.)

and that there are reciprocal effects on transmission from the two hindlimbs
(Jankowska, Jukes, Lund & Lundberg, 1965). Transmission of the synaptic
action to flexor motoneurones can be inhibited by volleys in the contralateral
FRA and transmission to extensor motoneurones by volleys in the ipsilateral
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Fig. 14, Tentative diagram of connections from the FRA, showing the path from the FRA to
Ia afferents. Filled circles are inhibitory connections, but it is not known if inhibition is
postsynaptic on cell bodies or presynaptic on the terminals of interneurones. QOpen circles give
termination on presynaptic terminals. Excitatory synaptic connections are indicated by two
branches. In the diagram the pathway from the FRA to Ia afferents has a common interneu-
rone with the pathway from Ia afferents but there is no information if this is so. In the diagram
the left connection from the FRA is the short latency path from the FRA that has a negative
feed-back represented by the PAD evoked in the terminals of the FRA. Tt is assumed that
the pathway from the FRA to Ta afferents in the normal acute spinal cat is inhibited from the
short latency pathway and when activity in the latter pathway ceases, because of the descend-
ing inhibition in the noradrenergic pathway, there is release of the pathway from the FRA to
Ia afferents. An alternative more unlikely possibility is that this release is caused by removal of
presynaptic inhibition of transmission from the FRA.

FRA (Fig. 15). The inhibition of transmission of synaptic actions to moto-
neurones cannot be caused by a PAD because it is evoked when the interval
between the conditioning and testing volleys exceeds the duration of the PAD
evoked by the conditioning volleys. Hence the inhibition is exerted at an
interneuronal level. A systematic search for the interneurones that could
transmit these late effects has revealed that such interneurones are located in
the dorsal part of the ventral horn and that also here there are reciprocal actions
by volleys in the FRA from the two hindlimbs (Fig. 15). The connections
suggested by this work are summarized in the diagram of Fig. 15, in which is
shown that the interneurones supplying excitation to flexor motoneurones
inhibit those supplying excitation to extensor motoneurones, and vice versa
that the latter are inhibited from the interneurones giving excitation from
flexors. These interneuronal connexions seem eminently suited to subserve
alternate rhythmic activation of extensors and flexors and may be the neuronal
correlate of Graham Brown’s half centres (1911, 1912, 1913). Through these
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Fig. 15. The pathway from the FRA to a-motoneurones after DOPA. All records were ob-
tained in acute spinal cats after the injection of DOPA (100 mg/kg) and short trains of stimuli
were employed to evoke the effects. Lower traces in all records are from the L7 dorsal root
entry zone. Upper traces in A-C and G-I are intracellular recordings from a PBSt and a G-S
motoneurone respectively. In the flexor motoneurone there is a longlasting EPSP evoked in B
from ipsilateral high threshold muscle afferents in the G-S nerve but no EPSP from the
contralateral FRA in A. On combined stimulation in C there is inhibition from the contra-
lateral side of transmission of the EPSP. Correspondingly the interneurone in D-Fis activated
by volleys in high threshold afferents from the ipsilateral G-S nerve (E) but not from the contra-
lateral sural nerve (D). With combined stimulation in F the contralateral volleys completely
inhibit activation of the interneurones from the ipsilateral FRA.

In the extensor motoneurone there is an EPSP evoked from the contralateral FRA in H
but not from the ipsilateral FRA in G. The inhibitory effect from the ispsilateral FRA on
transmission of the EPSP from the contralateral FRA is shown in I. The interneurone in J-L
is activated from the contralateral FRA (K) but not from the ipsilateral FRA (J). In L the
ipsilateral conditioning volley inhibits transmission from the contralateral side. The interneu-
rones in which the late discharges are evoked after DOPA are located mainly within the black
area in the right diagram below the records. Observe the large interval between the conditioning
and testing volleys in C, F, I and L, which excludes that the inhibition can be due to PAD
evoked in the contralateral FRA. In the left diagram below the records is shown the organiza-
tion of the neuronal paths giving longlasting reciprocal activation of flexor and extensor
e-motoneurones, In this diagram an interneurone represents an interneuronal chain. Excita-
tory terminals are indicated by two branches, inhibitory by filled circles. Termination of
inhibitory interneurones merely indicates inhibition and there is no commitment whether
postsynaptic on cell bodies or presynaptic on the terminals of interneurones. (Jankowska,
Jukes, Lund & Lundberg, 1965.)
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connections at the spinal level stepping may be evoked, either by reflex action
or from higher centres. It is yet too early to formulate a detailed hypothesis
concerning reflexly evoked stepping, but there are other interesting details to
consider. Evidence to be presented in the full paper fails to prove that there is
reciprocal inhibition in motoneurones to antagonists of those receiving the
late long-lasting excitation (Jankowska, Jukes, Lund & Lundberg, to be pub-
lished). If this is correct reciprocal innervation could operate through the con-
nections of diagram 15 only if other “opposing reflexes” are inhibited. For
example, during a reflex activation of flexors, the cessation of the interneuronal
discharge activating the extensor motoneurones would tend to relax the ex-
tensor, but during flexion of the limb the extensor muscle would be stretched
and the Ia stretch reflex could give activation of the opposing extensor muscles.
From this point of view it is of utmost interest that at the same time as the
late activation there is a large PAD in Ia fibers that would inhibit transmission
from these afferents to motoneurones. There is still the possibility that descend-
ing pathways operating at the same time could disturb the movement if there
is no postsynaptic inhibition in antagonist motoneurones. This problem
remains to be investigated and in this connection it should be noted that
volleys in primary afferents also may inhibit descending actions (cf. Lundberg &
Vyklicky, 1965).

One further aspect on the late discharge evoked from the FRA after DOPA
will be commented upon. As mentioned above y-motoneurones are also acti-
vated, often at lower threshold than the o-motoneurones. The y-activation
should be considered in view of the hypothesis that there are static and dynamic
p-motoneurones (cf. review by Matthews, 1964). Alnaes, Jansen & Rudjord
(1965) have postulated that in the spinal cat the dynamic but not the static
py-motoneurones participate in the flexor reflex. Since Appelberg, Bessou &
Laporte (1965) found that secondary endings without dynamic sensitivity are
activated from static but not from dynamic y-fibres it should be possible to test
whether static y-motoneurones are activated during the late discharge by
recording from Group II afferents with secondary endings. This has been done
in preliminary experiments (Grillner, Hongo & Lundberg, unpublished) and
Fig. 16 shows that after DOPA there is a considerable discharge in a Group 11
afferent following a short train of volleys in a cutaneous nerve; volleys from
high threshold muscle afferents gave the same action but volleys in Group I
muscle afferents were ineffective. This effect can occur with or without the late
a-discharge giving a late contraction, but if the late contraction is considerable
there is often, as would be expected, less activity in Group II afferents. It is
suggested that static y-motoneurones are reflexly activated from the FRA after
DOPA, but the dynamic and static sensitivity of primary endings should also
be investigated (cf. Appelberg et al., 1965).
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Fig. 16. Reflex activation from the FRA after DOPA of a spindle afferent with secondary
ending. Experiment on a decorticate, unanaesthetized acute spinal cat in which the hindlimbs
were denervated except for tenuissimus on one side. An afferent with secondary ending is
isolated in the L7 dorsal root and is identified by records A-C. The lower traces in 4 and B
are from the L7 dorsal root entry zone and the arrow in B shows the time of arrival of the
Group I volley from the tenuissimus nerve. In C the lower trace records tension in the tenuis-
simus and there is a pause during contraction evoked by a single volley in the nerve to tenuis-
simus. In the middle column are resting discharges and the records in the right column show the
effects of a short train of volleys in the ipsilateral sural nerve. After DOPA there is an in-
crease in the resting discharge and an acceleration after stimulation of the sural nerve. In the
lower records the tension in the tenuissimus muscle is decreased, the left record shows a lower
frequency of resting discharge and the right the considerable accelleration reflexly evoked
from the sural nerve. (Grillner, Hongo & Lundberg.)

500msec

) The participation of Group Ia or Group I afferents in the y-loop. Since this
meeting is primarily concerned with muscle afferents it seems relevant to con-
sider specially the y-participation in the late discharge after DOPA and the
interactions between reflex pathways will now be discussed in relation to the
problem of the y-loop (Granit, 1955). The left diagram in Fig. 17 shows the
neuronal paths from the FRA in the normal acute spinal cat. Volleys in the
FRA evoke, apart from activation of dynamic y-motoneurones (Alnaes et al.,
1965), a negative feed-back to Group II afferents (Eccles et al., 1962; Lund
et al., 1965), and also, through the inhibitory action from the FRA, an inhibi-
tion of transmission to Ia afferents (Lund et al., 1965). Through the latter in-
hibitory interaction a reflexly evoked PAD in Ia afferents will be removed, i.e.
an existing presynaptic inhibition of transmission from Ia afferents to moto-
neurones is eliminated. The static y-fibres are not fired from the FRA in the
acute spinal cat (Alnaes ef al., 1965) and this would keep the discharge fre-
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Fig. 17. Diagrammatic representation of pathways giving the actions from the FRA found
before and after DOPA in the acute spinal cat. In the left diagram are shown the paths giving
the following three effects from the FRA found in the normal acute spinal cat: the negative
feed-back represented by the PAD in the FRA, inhibition of transmission from Ia to Ia
afferents, activation of dynamic y-motoneurones. The right diagram shows the pathways
giving the actions found after DOPA. After inhibition of the pathways in the left diagram there
is now a PAD from the FRA in Ia afferents and activation of static y-motoneurones.

quency in Group II afferents low, but any discharge that there may be will
have little central action because of the negative feed-back effect giving pre-
synaptic inhibition of the central actions from Group II afferents. Hence in
the normal acute spinal cat the actions from the FRA provide for a reflex
pattern tending to give optimal conditions for Ia participation in the y-
loop.

After inhibition (through activity in the noradrenergic descending pathway)
of transmission in the pathway shown in the left-hand diagram there is a release
of the pathways summarized in the right-hand diagram of Fig. 17. It is note-
worthy that there is now, coincident with activation of static y-motoneurones,
no PAD in Group 11 afferents but a considerable effect in Ia afferents. The
total purpose seems to be, through static y-activation, to evoke a discharge
in Group II afferents which are permitted to act centrally since there is no
negative feed-back giving presynaptic inhibition, while the central effects from
Ia afferents are presynaptically inhibited. In this way the two reflex patterns
from the FRA seem to be purposeful and can be fitted into a scheme of a Ia
or a Group 11 y-loop. The question whether, as drawn in the diagram, spindle
afferents with secondary endings are part of the FRA deserves some discussion.
The original supposition that this is the case was based on Hunt’s (1954) claim
that Group II afferents from G-S with only very few exceptions are spindle
afferents. Paintal’s (1960) work makes it likely that there is an appreciable num-
ber of afferents of non-spindle origin in the Group II range, but he has not
given a percentage for this ‘contamination’. There is urgent need for more re-
search in this field. In my opinion it is likely that the spindle afferents with
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secondary endings are part of the FRA, but this of course does not exclude
the possibility that these afferents may have other more private reflex lines
(so far undiscovered).

C. Postsynaptic inhibition in spinal interneurones. Several investigators have
reported that discharges in spinal interneurones can be inhibited by peripheral
stimuli (Kolmodin, 1957; Kolmodin & Skoglund, 1954, 1958). It is now clear
that such effects may be evoked not only by presynaptic inhibition of transmis-
sion from primary afferents but also by inhibition of interneurones. The findings
presented above suggest that there are inhibitory interactions between reflex
pathways. Indirect evidence suggests that the mechanism in one case is pre-
synaptic through depolarization of interneuronal terminals, but with the other
example of inhibitory interaction given there is no information regarding the
mechanism of the interneuronal inhibition. This problem of interaction between
spinal paths has been further investigated with intracellular recording from
100 cells, which were identified as interneurones in that they could not be anti-
dromically activated from ventral roots or spinal halves (Hongo, Jankowska &
Lundberg, 196556). About 75 per cent of these interneurones received IPSPs.
KCI electrodes were used in some experiments and current passage employed
to show a reversal of the response. In most cells the inhibition is evoked from
the FRA. Many cells receiving monosynaptic or disynaptic activation exclu-
sively from cutaneous afferents are inhibited from the FRA of the usual
large receptive fields (Fig. 18). Inhibition from the FRA is also found in many
of the interneurones activated from Group I afferents. Other interneurones
receive excitation from the FRA, i.e. from both cutaneous and high threshold
muscle afferents and are also inhibited from the FRA, either in that some nerves
give excitation and others inhibition, or in that excitation and inhibition is
evoked from the same nerve. The latter type of interneurones is of particular
interest with respect to the inhibitory interaction postulated in Fig. 14 through
which the same interneurones would receive excitation and inhibition from the
FRA. There are some interneurones that do not receive IPSPs from the FRA
but from low threshold cutaneous afferents or from group I muscle afferents.
From the latter afferents disynaptic IPSPs are evoked in some of the inter-
neurones that receive monosynaptic EPSPs from Group I muscle afferents.

So far no intracellular recording has been made from the interneurones in
the dorsal part of the ventral horn that presumably transmit the late long-lasting
actions to motoneurones after the injection of DOPA. However, from more
dorsally located interneurones it has been found that reciprocal action by
volleys in the FRA from the two hindlimbs may occur in that some inter-
neurones receive EPSPs from the ipsilateral FRA and IPSPs from the contra-
lateral FRA.
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Fig. 18. Spinal interneurone receiving an EPSP from cutaneous afferents and IPSPs from the
FRA. Intracellular recording (upper traces) from a cell in L7 at a depth of 2,0 mm from the
surface of dorsal column. The lower trace in 4 and the middle traces in B-F are fromthe L7
dorsal root entry zone. The middle traces in B-F were obtained after withdrawal of the tip of
the electrode to a just extracellular position. The EPSP in A is evoked from very low threshold
cutaneous afferents from the SP nerve and with stronger stimulation in B there is an IPSP
superimposed on the EPSP. In C a volley in the sural nerve evokes an IPSP, whereas the
IPSPs in D-F are evoked from high threshold muscle afferents from the nerves indicated.
(Hongo, Jankowska & Lundberg, 19655.)

These experiments with intracellular recordings from interneurones show
that inhibitory interaction between spinal paths is extremely common. Ex-
treme caution should be exercised in any attempt to identify interneurones as
belonging to a special reflex pathway, the only convincing example so far being
the Renshaw interneurones, and it is therefore not possible to link the results
from intracellular recordings in any specific way with the interactions between
reflex pathways that were discussed under A and B.

Comments

In lower animals spinal mechanisms can provide a coordinated motor behav-
iour. The encephalization of motor control in phylogenesis presumably implies
that spinal centres and reflex pathways cannot function independently but are
dependent on the control from supraspinal centres. Three descending pathways
have been found that give excitatory action on interneurones of spinal reflex
paths. One possibility is that these descending tracts utilize interneurones of
reflex paths as relay cells merely to distribute actions to motoneurones or
primary afferents, but at least with the corticospinal and rubrospinal tracts it
seems more likely that the functional significance is a facilitation of the reflex
paths so that any particular reflex can be mobilized from higher centres. The



Reflex integration 301

well-known loss of some reflexes after lesions in the corticospinal tract supports
this view. The effects from the rubrospinal tract are probably governed mainly
from the cerebellum indicating that these main integrative centres, the sen-
sorimotor cortex and the cerebellum, each has an independent path at its
disposal for mobilization of appropriate reflexes.

There is probably not less than four different descending pathways from the
brain stem that give inhibition at an interneuronal level of transmission in
reflex paths. The decerebrate tonic inhibition of transmission in the reflex
paths is presumably mediated mainly by activity in the dorsal reticulospinal
tract. It is a bewildering situation that so many pathways have inhibitory
effects on reflex transmission but the aim goes beyond the mere closure of the
pathways from a given afferent system. The neuronal connections from the
FRA (and probably also from Ib afferents) are complex (cf. Holmqvist &
Lundberg, 1961; Holmqvist, 1961; Lundberg, 1963) and descending inhibition
may be selective for one particular of the many paths from the FRA. This is
best illustrated by the effect of DOPA. The inhibition of the short latency
paths from the FRA releases an entirely different spinal reflex pattern, that is
suppressed in the normal acute spinal cat through inhibitory action from the
short latency paths from the FRA. Further experiments may well provide
other examples of a relationship between the descending control of reflex
pathways and interaction between reflex paths. The finding that a very large
percentage of spinal interneurones receive IPSPs from primary afferents sug-
gests that inhibitory interaction between interneuronal paths is very common
in the spinal cord. The detailed analysis of interactions that may occur between
specific pathways will be a difficult task, mainly because interneuronal inhibi-
tion is difficult to prove when at the same time there are effects to primary
afferents. Reference should finally be made to an important problem in reflex
integration that so far has received little experimental attention. We do not
know the degree of excitatory convergence from primary afferents on inter-
neurones of reflex paths or, in other words, to which extent interneurones are
shared between different reflex pathways. Indirect information may be obtained
from studies of the supraspinal control and from interneuronal recordings but
conclusive evidence only from studies of the spatial facilitation between reflex
paths from different afferents.

Summary

This review deals with the control of transmission in interneurones of reflex
pathways.

Part I is devoted to the descending control systems from higher centres.
Facilitatory actions are evoked from the corticospinal, rubrospinal and vesti-
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bulospinal tracts. Inhibitory actions are evoked from two reticulospinal path-
ways and presumably also from two monoaminergic pathways descending
from the brain stem.

In Part II inhibitory interactions between reflex pathways are described.
Volleys in the FRA (flexor reflex afferents) inhibit interneuronal transmission
from Ta to 1a afferents (diagram, Fig. 11). After the injection of DOPA, that
inhibits short latency reflex paths from the FRA through activation of a de-
scending noradrenergic pathway, late reflex effects are evoked from the FRA
in primary afferents and motoneurones and are caused by activity in pathways,
which presumably are inhibited at an interneuronal level in the normal acute
spinal cat because of activity in the short latency reflex pathway (diagram,
Fig. 14). These inhibitory interactions are discussed in connection with the
participation of la or Group 11 afferents in the y-loop (diagram, Fig. 17).

Experiments with intracellular recording from interncurones revealing
postsynaptic inhibition in many cells are discussed.

For permission to refer to unpublished results the author is indebted to Drs. Andén,
Engberg, Grillner, Hongo, Jankowska, Jukes, Lund, Ryall and Vyklicky.
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