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2011. First published January 27, 2011; doi:10.1152/jn.00712.2010.—It
has previously been established that ventral spinocerebellar tract (VSCT)
neurons and dorsal spinocerebellar tract neurons located in Clarke’s
column (CC DSCT neurons) forward information on actions of premotor
interneurons in reflex pathways from muscle afferents on a-motoneurons.
Whether DSCT neurons located in the dorsal horn (dh DSCT neurons)
and spinocervical tract (SCT) neurons are involved in forwarding similar
feedback information has not yet been investigated. The aim of the
present study was therefore to examine the input from premotor interneu-
rons to these neurons. Electrical stimuli were applied within major
hindlimb motor nuclei to activate axon-collaterals of interneurons pro-
jecting to these nuclei, and intracellular records were obtained from dh
DSCT and SCT neurons. Direct actions of the stimulated interneurons
were differentiated from indirect actions by latencies of postsynaptic
potentials evoked by intraspinal stimuli and by the absence or presence of
temporal facilitation. Direct actions of premotor interneurons were found
in a smaller proportion of dh DSCT than of CC DSCT neurons. However,
they were evoked by both excitatory and inhibitory interneurons, whereas
only inhibitory premotor interneurons were previously found to affect CC
DSCT neurons [as indicated by monosynaptic excitatory postsynaptic
potentials (EPSPs) and inhibitory postsynaptic potentials (IPSPs) in dh
DSCT and only IPSPs in CC DSCT neurons]. No effects of premotor
interneurons were found in SCT neurons, since monosynaptic EPSPs or
IPSPs were only evoked in them by stimuli applied outside motor nuclei.
The study thus reveals a considerable differentiation of feedback infor-
mation provided by different populations of ascending tract neurons.

spinal cord; negative feedback

ASCENDING TRACT NEURONS FORWARD various kinds of informa-
tion to their supraspinal target cells, including information on
stimuli acting on our body, on descending commands sent to
spinal neurons (the efference copy), on operation of spinal
neuronal networks mediating responses to both peripheral
stimuli and descending commands, and on the results of these
responses. Monitoring of peripheral events has been analyzed
in a number of studies and with respect to all categories of
ascending tract neurons, including spinocerebellar (Arshavsky
et al. 1978a, Arshavsky et al. 1972, Bosco and Poppele 2001,
Lindstrom 1973, Lundberg 1971, Oscarsson 1973), spinore-
ticular (Maunz et al. 1978, Menetrey et al. 1980, Oscarsson and
Sjolund 1977), or spinothalamic (Brown 1981a, Willis and
Westlund 1997) neurons. The role of feedback information on

Address for reprint requests and other correspondence: E. Jankowska, Dept.
of Physiology, Medicinaregatan 11, Box 432, 405 30 Goteborg, Sweden
(e-mail: Elzbieta.Jankowska@physiol.gu.se).

WWW.jn.org

the results of the movements has been extensively discussed in
the context of the general theory of movement, in particular in
the context of corrections based on this feedback (see Ito
2006). Monitoring of the descending commands has been
much less explored, and it was discussed primarily with respect
to spinocerebellar neurons (Arshavsky et al. 1978b, Arshavsky
et al. 1978c, Bosco and Poppele 2001, Hammar et al. 2011).
Monitoring of the spinal neuronal activity, the subject of the
present study, has likewise attracted less attention. The most
detailed studies focused to date on two subpopulations of
ascending tract neurons: ventral spinocerebellar tract (VSCT)
neurons and dorsal spinocerebellar tract (DSCT) neurons lo-
cated in Clarke’s column. They revealed that both of these may
monitor actions of inhibitory premotor interneurons on spinal
motoneurons (Burke et al. 1971, Hongo et al. 1983a and 1983b,
Jankowska and Puczynska 2008, Jankowska et al. 2010, Lind-
strom and Schomburg 1974, Lundberg 1971, Lundberg and
Weight 1971). By acting on these spinocerebellar neurons,
inhibitory interneurons in pathways between primary afferents
and hindlimb motoneurons may thus supply the cerebellum
with information on the degree of inhibition that they contrib-
ute to spinal reflexes. Based on this information cerebellar
neurons may adjust both the reflex actions and the descending
commands sent to motoneurons to optimize motor perfor-
mance. However, distinct populations of spinocerebellar neu-
rons may be specialized in processing feedback information of
different kinds. The first aim of the present study was therefore
to investigate whether another population of DSCT neurons
[dorsal horn DSCT (dh DSCT) neurons located in the dorsal
horn] (Edgley and Jankowska 1988, Edgley and Gallimore
1988) likewise forward information provided by premotor
interneurons (represented by cells X in Fig. 1A). If not, dh
DSCT neurons might be only indirectly affected by interneu-
rons acting on motoneurons (represented by cells Y in Fig. 1B)
or by interneurons that do not project to motor nuclei (repre-
sented by cells Z and ZZ in Fig. 1C). Our second aim was to
evaluate the specificity of feed-back information supplied by
spinocerebellar neurons by comparing the sources of collateral
information forwarded by spinal interneurons to spinocerebel-
lar tract neurons with that to spinocervical tract neurons (SCT)
that might be indirectly providing the thalamus with such
information (Brown 1981b, Downie et al. 1988). The compar-
ison between dh DSCT neurons and SCT neurons is particu-
larly relevant in this context because neurons of the two
populations receive similar input from primary afferents
(monosynaptic input from both group II and skin afferents)
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(Hammar et al. 1994, Harrison and Jankowska 1984) and are
located within the same areas of the dorsal horn.

These questions were addressed by comparing postsynaptic
potentials evoked in dh DSCT and SCT neurons with those
evoked in previously investigated DSCT located in Clarke’s
column (CC DSCT) and VSCT neurons by intraspinal stimuli
applied within major hindlimb motor nuclei. Monosynaptically
evoked EPSPs and IPSPs were used as a measure of actions of
premotor interneurons and oligosynaptic EPSPs and IPSPs as a
measure of actions of other interneurons, as in the studies of
Hongo et al. (1983a) and Jankowska et al. (2010).

METHODS

Preparation. The experiments were performed on 10 deeply anes-
thetized cats weighing 2.4-3.6 kg. Anesthesia was induced with
pentobarbital sodium (Apoteksbolaget, Sweden; 40—44 mg/kg ip) and
maintained with intermittent doses of a-chloralose (Rhone-Poulenc
Santé, France; 5 mg/kg; administered intravenously every 1 to 2 h up
to 50 mg/kg). Additional doses of a-chloralose were given when
increases in continuously monitored blood pressure or heart rate
occurred during surgery or any of the experimental procedures.
During recordings, neuromuscular transmission was blocked by pan-
curonium bromide (Pavulon, Organon, Sweden; about 0.2 mg/kg/h iv)
and the animals were artificially ventilated. The effectiveness of
synaptic transmission was increased by intravenous application of
4-aminopyridine (4-AP; Sigma) in doses 0.1-0.2 mg /kg iv. Mean
blood pressure was kept at 100-140 mmHg and the end-tidal con-
centration of CO, at about 4% by adjusting the parameters of artificial
ventilation and the rate of a continuous infusion of a bicarbonate
buffer solution with 5% glucose (1 to 2 ml-h™"kg '). Core body
temperature was kept at about 38°C by servo-controlled infrared
lamps. The experiments were terminated by a lethal dose of anes-
thetic. All these procedures were approved by the local Ethics Com-
mittee (Goteborgs djurforsdksetiska ndmnd) and followed NIH and
EU guidelines for animal care.

The spinal cord was exposed by laminectomy from the third to the
sixth lumbar (L3-L6) segments and at the level of the low thoracic
(Th10-Th12) segments. Records from dh DSCT neurons were ob-
tained in the L4 and L5 segments, from CC DSCT neurons analyzed
for comparison in the L3 and L4 segments, and from SCT neurons in
the L5 and L6 segments. The dura mater was left intact, except for
small holes (about 1 mm?) over the dorsal columns through which
both the stimulating and recording electrodes were inserted, at the
sites of lesions of the dorsal columns (see RESULTS) and/or at the level
of the L7/S1 segments when the stimulating electrode was inserted to
the motor nuclei via the lateral funiculus.

The caudal part of the cerebellum was exposed to allow insertion of
an electrode used to stimulate axons of DSCT neurons to activate
them antidromically. The cerebellar stimulation sites were at locations
from which distinct descending volleys were evoked by stimuli of
20-50 wA. They were just rostral to, or within, the ipsilateral nucleus
interpositus (at Horsley-Clarke coordinates about P 7, L 3.0-3.5, H 0
to —1).

Several left hindlimb nerves were dissected free, transected, and
mounted on stimulating electrodes. They included quadriceps (Q) and
sartorius (Sart) branches of the femoral nerve mounted in subcutane-
ous cuff electrodes, the posterior biceps and semitendinosus (PBST),
anterior biceps and semimembranosus (ABSM), sural (Sur), gastroc-
nemius-soleus (GS), plantaris (PL), flexor digitorum and hallucis
longus (FDL), deep peroneal (DP) including extensor digitorum
longus and tibialis anterior nerves and superficial peroneal (SP).

Stimulation and recording. Constant voltage stimuli were applied
to peripheral nerves at intensities expressed in multiples of threshold
(T) for the activation of the most excitable fibers. Axons of DSCT and
SCT neurons within the ipsilateral lateral funiculus at the Th12 level

were stimulated extradurally, with two silver ball electrodes in contact
with its surface, using 0.2-ms long constant current pulses of 100—-200
KA. Intracerebellar axonal branches of DSCT neurons were stimu-
lated by using similar current pulses at intensities <100 nwA applied
through a tungsten electrode (0.3 mm diameter, electrolytically sharp-
ened, insulated except for the tip, with 30-200 KOhm impedance).
Intraspinal stimuli were applied through similar but thinner tungsten
electrodes (0.1 mm diameter, with 100—-300 KOhm impedance). The
intraspinal tungsten electrode was introduced only after the location of
gastrocnemius-soleus and biceps-semitendinosus motor nuclei had
been defined using records from a glass micropipette filled with 2M
NaCl, as illustrated in Fig. 2.

Effects of any interneurons projecting to motor nuclei were tested
by applying stimuli of 2050 wA at several depths in the areas within,
which antidromic field potentials were evoked by stimulation of the
gastrocnemius-soleus and biceps-semitendinosus motor nuclei nerves.
Lack of effects was verified by using stimuli up to 100 pA. These
motor nuclei were selected for purposes of this study because disyn-
aptic IPSPs and EPSPs from groups I and II afferents are evoked in
high proportions of gastrocnemius-soleus and biceps-semotendinosus
motoneurons in parallel with disynaptic PSPs from these afferents in
VSCT and CC DSCT neurons (Hongo et al. 1983b, Jankowska and
Puczynska 2008, Lindstrom and Schomburg 1974, Lundberg and
Weight 1970).

Both intracerebellar and intraspinal stimulation sites were marked
by electrolytic lesions made at the end of the experiments and
reconstructed from serial frozen sections cut in the plane of insertion
of the electrodes and reconstructed histologically, with examples in
Fig. 3E.

Glass micropipettes used for extracellular and intracellular record-
ing (against the reference electrode inserted in a back muscle) had an
impedance of about 2 to 3 MOhms and 4—6 MOhms, respectively.
They were broken to about 2 or 1 uwm and filled with a solution of 2M
NaCl or KCitrate, respectively. For further details of the experimental
procedures see Jankowska et al. (2010).

Analysis. Both original data and averages of 10-30 single records
(with the time resolution of 30 ws per address) were stored online
using software for sampling and analysis developed by E. Eide, T.
Holmstrom, and N. Pihlgren (Goteborg University). Latencies of
postsynaptic potentials evoked by stimulation of peripheral nerves
were measured from afferent volleys recorded from the cord dorsum
close to the recording electrode penetration site, whereas those evoked
by intraspinal stimuli were measured from stimulus artefacts. The
reason for relating the latencies to the intraspinal stimuli was that the
ensuing nerve volleys were most often superimposed on shock arte-
facts and therefore difficult to monitor. However, when the volleys
were distinct, their positive phase occurred at about 0.5 ms latency
from the onset of the stimulus, depending on the distance from the
motor nuclei. Latencies of synaptic effects with respect to the volleys
would thus be about 0.5 ms shorter than those measured from the
stimuli.

Differences between data sets were assessed for statistical signifi-
cance by using Student’s z-test (for unpaired or paired samples
assuming equal variances and the 2-tail distribution).

Samples. Intracellular records were obtained from 33 dh DSCT
neurons located within the most lateral part of the dorsal horn in the
L4/5 segments at locations where the largest focal field potentials
were evoked from quadriceps group II muscle afferents. Of these
neurons, 25 were identified by antidromic activation from within the
region of the left nucleus interpositus in the cerebellum, at locations
indicated in Fig. 3E; by stimuli applied to the ipsilateral lateral
funiculus at the Th11-12 level (at thresholds of about 100 wA); and
by monosynaptic EPSPs from both skin and group II muscle afferents
(Edgley and Jankowska 1988). An additional eight neurons recorded
in preparations in which monosynaptic actions of peripheral afferents
on these neurons were eliminated by transection of dorsal columns

J Neurophysiol « VOL 105 « APRIL 2011 + WWW.jn.org

TT0Z ‘LT AelN uo Bio'ABojoisAyd-ul woiy papeojumoq



http://jn.physiology.org/

COLLATERAL ACTIONS OF SPINAL INTERNEURONS

(see below and RESULTS) were identified by only the first two of these
criteria.

CC DSCT neurons (21 total) analyzed for comparison were iden-
tified by antidromic activation from the cerebellum (similarly from
within the region of the ipsilateral nucleus interpositus), by stimuli
applied to the ipsilateral lateral funiculus, and by their location within
the most medial part of the dorsal horn in the L3/4 segments. The first
few cells in each experiment were also identified by monosynaptic
input from the lowest threshold muscle afferents, but this information
was lacking for the cells analyzed after the transection of the dorsal
columns caudal to Clarke’s column, made to eliminate monosynaptic
actions of group I afferents upon them (see Hongo et al. 1983a and
1983b). The transections were made because discharges of CC DSCT
neurons following the arrival of nerve impulses in fibers running in
the dorsal columns greatly interfered with the detection of small PSPs
evoked by interneurons activated by stimuli applied in motor nuclei.
Another reason was that with the dorsal columns intact it would be
impossible to distinguish monosynaptic EPSPs evoked by stimulation
of group la and II afferents from EPSPs evoked by stimulation of
terminal axonal branches of excitatory premotor interneurons. Fortu-
nately axons of premotor interneurons ascend in the lateral column
and are not affected by the transection of the dorsal columns.

SCT neurons (33 total) were identified by their antidromic activa-
tion from the ipsilateral lateral funiculus at the Th11-12 level but not
from the cerebellum; by location within the most lateral part of the
dorsal horn in the L4-L5 segments, within the regions where largest
focal field potentials were evoked from the saphenus and/or superfi-
cial peroneal nerves; and by monosynaptic input from these cutaneous
nerves. The sample was restricted to neurons in which monosynaptic
EPSPs were evoked from skin but not muscle nerves, although a
certain proportion of SCT neurons are coexcited by group II afferents
(Hammar et al. 1994, Harrison and Jankowska 1984), to decrease the
risk of including dh DSCT neurons coexcited by group II and
cutaneous afferents that were not antidromically activated from the
stimulated region of the cerebellum.

When spike potentials of neurons to be investigated were recorded
extracellularly, a collision test was used to ensure that the shortest
latency spike potentials were indeed evoked antidromically and not
synaptically (via fibers coexcited by the same stimuli); this procedure
was particularly important when the antidromic activation was evoked
by stimulation of the lateral funiculus. The spikes were classified as
evoked antidromically when they were collided by spike potentials
evoked by stimulation of a peripheral nerve at a critical time interval
[about twice conduction time from the Th segment plus refractory
period of the axons (see Asif and Edgley 1992, Fuller and Schlag
1976, Krutki et al. 2003, Lipski 1981)]. Criteria of antidromic acti-
vation in intracellular records were used short latency of the spikes,
usually coinciding with the descending volleys, or following them
within about 0.5 ms, and the appearance of these spikes at an
all-or-none fashion.

RESULTS

Figure 1A outlines pathways via which disynaptic EPSPs
and IPSPs from muscle or cutaneous afferents could be evoked
in DSCT neurons via interneurons denoted X, acting in parallel
on motoneurons and on these ascending tract neurons and
therefore be evoked monosynaptically following stimulation of
terminal branches of these interneurons in motor nuclei. Figure
1, B and C, shows that disynaptic EPSPs and IPSPs could also
be evoked by interneurons that do not project to motor nuclei
(Z and ZZ) and trisynaptic EPSPs and IPSPs via either pre-
motor interneurons (Y) and interneurons (Z) or via interneu-
rons Z and ZZ.

Considering these possibilities, we examined whether stim-
uli applied in motor nuclei evoked postsynaptic potentials in dh
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Fig. 1. Diagram of possible relays of actions of peripheral afferents on dorsal
spinocerebellar tract (DSCT) and spinocervical tract (SCT) neurons. Large
circles represent DSCT neurons projecting to the cerebellum, SCT neurons
terminating in the lateral cervical nucleus in the C3—4 segments and hindlimb
motoneurons. Smaller circles represent interneurons that might mediate disyn-
aptic or trisynaptic actions evoked by stimulation of peripheral nerves.
A: neuronal pathways via interneurons X (excitatory or inhibitory) exerting
direct actions on hindlimb motoneurons and on ascending tract neurons.
B: neuronal pathways via interneurons Y (excitatory) acting directly on
motoneurons but only indirectly on ascending tract neurons, via interneurons
Z (excitatory or inhibitory). C: neuronal pathways via interneurons Z and ZZ
(excitatory and inhibitory) that do not project to motor nuclei but might relay
disynaptic and trisynaptic effects of primary afferents, being excited by the
afferents either directly or indirectly. Arrows indicate sites of application of
stimuli to the peripheral nerves, in the motor nuclei or dorsal to them, to the
lateral funiculus at the Th 11-12 level and within the cerebellum, as indicated.
PSPs evoked via these pathways are indicated at the bottom.

DSCT and SCT neurons. If disynaptic EPSPs or IPSPs evoked
from peripheral afferents were mediated by interneurons that
inhibit motoneurons (X in Fig. 1), stimuli applied within motor
nuclei should stimulate terminal branches of these interneurons
and the ensuing nerve impulses conducted along their ascend-
ing axonal branches should evoke monosynaptic EPSPs or
IPSPs in the tested neurons. Under these conditions effects of
intraspinal stimuli should be evoked at similar minimal laten-
cies as in VSCT neurons, i.e., =1.4 ms from the stimuli (see
Jankowska et al. 2010), and follow both single and brief trains
of stimuli. However, although monosynaptic IPSPs could be
unequivocally attributed to inhibitory premotor interneurons,
monosynaptic EPSPs that were potentially evoked by excit-
atory premotor interneurons had to be differentiated from mono-
synaptic EPSPs induced by collaterals of primary afferents stim-
ulated within motor nuclei. The latter could be expected in CC
DSCT neurons with input from group Ia afferents contacting
motoneurons, but also in dh DSCT neurons with input from group
I afferents in view of projections of some such afferents to the
ventral horn (Hongo 1992, Stauffer et al. 1976). To prevent
monosynaptic EPSPs from primary afferents to be evoked in
these neurons, records from all CC DSCT and from some dh
DSCT neurons were obtained in preparations in which the
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Fig. 2. Comparison of effects of stimuli applied at different depths 2.1
along an electrode track traversing motor nuclei (MN) on DSCT

and SCT neurons. A: antidromic field potentials evoked along an
electrode track across gastrocnemius-soleus (GS) and posterior 22
biceps-semitendinosus motor nuclei (PBST); they defined the
location of the stimulating electrode. Averages of 10 single records 23
are shown. B: records of potentials evoked in a dorsal horn DSCT ’
(dh DSCT) neuron by stimuli applied along this track, with the
bottom record from the surface of the spinal cord. Averages of 20 9 4
records are shown. C: illustration of failures to evoke similar
potentials in a SCT neuron by stimuli applied along the same
electrode track; note that these stimuli were ineffective despite 2.5
their higher intensity. Records from the illustrated DSCT neuron,
including its identification, are also shown in Fig. 3. Depths at
which the stimuli were applied are indicated to the left of the
records in A and their intensities above records in B and C. Dotted
lines indicate onset of the earliest EPSPs and IPSPs. Time and 2.7
voltage calibrations are as indicated in A and C. In this and the
following figures the negativity in the microelectrode records is
downward and in records from the cord dorsum upward. The 28
largest shock artefacts are truncated.
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axonal branches of peripheral afferents ascending within
dorsal columns were transected between the L4 and L5 seg-
ments (Hongo et al. 1983a and 1983b).

If disynaptic postsynaptic potentials evoked in ascending
tract neurons were evoked by interneurons that do not contact
motoneurons (Z or ZZ), these interneurons could likewise be
activated by stimuli applied in motor nuclei, but indirectly, i.e.,
by collaterals of afferents that project to motor nuclei, or by
excitatory premotor interneurons (Y in Fig. 1B). In such cases
stimuli applied in motor nuclei should only be followed by
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e

longer latency potentials. These potentials would be evoked at
latencies corresponding to segmental latencies of disynaptic
potentials evoked from primary afferents and display strong
temporal facilitation (see Jankowska et al. 2003 and APPENDIX).
However, interneurons Z and ZZ could also be activated by
afferents that do not project to motor nuclei and are not
coexcited by premotor interneurons as outlined in Fig. 1C. If
so, stimuli applied in motor nuclei should not affect them and
such stimuli should not be followed by any postsynaptic
potentials in ascending tract neurons.

E

5 mm

Fig. 3. Comparison of IPSPs evoked in a dh DSCT neuron by stimuli of different intensities. A: IPSPs evoked in the dh DSCT neuron illustrated in Fig. 2B by
changing intensity of stimuli applied in the posterior biceps-semitendinosus (PBST) motor nucleus at the depth of 2.4 mm. Averages of 10 records are shown.
Dotted lines indicate onset of IPSPs evoked by the third 20 and 10 wA stimuli. The figures below the records indicate their latencies; note difference of 0.8 ms.
B-D: records identifying this neuron as the spinocerebellar neuron. B: records obtained just before the penetration illustrating collision between spike potentials
evoked by stimulation of the cerebellum and of the quadriceps (Q) nerve; spikes from the cerebellum are seen to the right (top traces) only when they were not
preceded by the synaptically evoked spikes (those in the middle of the lower traces). C and D: intracellularly evoked antidromic spike potentials following
stimulation of the cerebellum and synaptically evoked spikes induced in the same neuron by stimulation of Q. E: reconstruction of 3 stimulation sites in the
cerebellum in approximately the same plane; the arrow indicates the right nucleus interpositus.

J Neurophysiol « VOL 105 « APRIL 2011 + WWW.jn.org

TT0Z ‘LT AelN uo Bio'ABojoisAyd-ul woiy papeojumoq



http://jn.physiology.org/

COLLATERAL ACTIONS OF SPINAL INTERNEURONS 1585
A dh DSCT B ccosct|C scT
» 3.0 - .
£ i :
\c;; 25 A dJ Al A
S 4 3 A A :
2 N A N :
= 5 A A an : A
E 5 A ac® ! A - ABA A
-2 PN NN W A A A
g A o Al AA AAAA A A g AAAA
215 9 00000 TR At P AN
= e GRS TR S S S oooc'oﬂ ............
g 1.0 po NADAAN o) :
§ : :
£ 05 - Mt Mt i 0 EPSPs
< ; i A IPSPs
1 5 10 15 20 25 3011 5 10 15 1 5 10 15 20 25

Data for individual neurons

Fig. 4. Comparison of latencies of the earliest components of EPSP and IPSP evoked in dh DSCT and CC DSCT neurons from gastrocnemius-soleus (GS) and
biceps-semotendinosus motor nuclei and in SCT neurons from the intermediate zone or the dorsal horn. A: latencies of the earliest EPSPs and IPSPs evoked in
dh DSCT neurons after 50 or 100 pA stimuli applied at the depths corresponding to the location of the gastrocnemius-soleus and biceps-semotendinosus motor
nuclei. The 2 longest latency IPSPs (4.93 and 5.76 ms) have not been included. Arrows in A indicate PSPs recorded in 8 dh DSCT neurons after a lesion of the
dorsal columns caudal to the recording site. B: latencies of IPSPs evoked by 20—75 nA stimuli from the GS or PBST motor nuclei in CC DSCT neurons.
C: latencies of the earliest EPSPs and IPSPs evoked in SCT neurons by stimuli of 50 wA applied in laminae V-VII. Continuous lines separate data for dh DSCT,
DSCT located in Clarke’s column (CC DSCT), and SCT neurons. Circles and triangles are for EPSPs and IPSPs, respectively. The latencies are ranked from
the shortest to the longest for EPSPs in neurons in which both EPSPs and IPSPs were evoked and for IPSPs in neurons in which only IPSPs were found (the
2 sets of data are separated by vertical dotted lines). Latencies below the horizontal dotted line fulfill criteria of latencies of monosynaptically evoked PSPs. Those
above are compatible with di- and trisynaptic coupling (see DISCUSSION) but might also include longest latencies of monosynaptically evoked PSPs.

The results revealed that stimuli applied in motor nuclei
evoke both EPSPs and IPSPs in dh DSCT neurons and that the
features of these postsynaptic potentials are compatible with
disynaptic rather than monosynaptic coupling. One of their
common features was that that they often failed to be evoked
after the first stimulus but appeared after the second or third
stimulus (e.g., at depths 2.2, 2.5, 2.7, or 2.9 mm in records in
Fig. 2B) or were considerably larger after the second or third
than after the first stimuli in a train (at depths 2.3 and 2.6 ms).
They thus displayed potent temporal facilitation characteristic
for oligosynaptically evoked postsynaptic potentials, which
was even more marked when the stimulus intensity was low-
ered, as shown in Fig. 3A. Furthermore, even when single
stimuli were effective, e.g., from the depths 2.4 and 3.0 mm in
the neuron illustrated in Fig. 2B, they were followed by
postsynaptic potentials evoked only after the second or third
stimuli.

Latencies of potentials illustrated in Figs. 2 and 3 were
likewise more compatible with latencies of disynaptically than
monosynaptically evoked postsynaptic potentials. Taking 1.4
ms from the stimuli as the lowest limit of latencies of disyn-
aptically evoked postsynaptic potentials (Jankowska et al.
2010) only the latencies of the four earliest EPSPs fell within
the range of monosynaptic EPSPs evoked in dh DSCT neurons
plotted in Fig. 4A, and latencies of seven EPSPs were only 0.1
ms longer than the 1.4-ms borderline. However, the fact that
seven of these eleven earliest EPSPs appeared only after the
second stimulus speaks against the possibility that they were
evoked monosynaptically.

The latencies of the great majority of IPSPs were even
longer. Only four IPSPs were evoked at latencies that were at,
or below, the 1.4-ms borderline, but none of these were evoked
by single stimuli. We therefore cannot claim that the same
interneurons mediate disynaptic inhibition of motoneurons and
of dh DSCT neurons. This is in contrast with IPSPs evoked in
VSCT neurons, which could be unequivocally classified as
evoked monosynaptically; see examples of IPSPs evoked by

the same stimuli that induced only longer latency PSPs in
DSCT neurons in Fig. 5, C and D, and the data for the whole
population of VSCT neurons analyzed by Jankowska et al.
(2010).

One of the reasons why latencies of IPSPs evoked in dh
DSCT neurons were longer than of EPSPs might be that they
were overestimated, especially when they were preceded by
shorter latency EPSPs. However, even when IPSPs followed
EPSPs, as in Fig. 5A, the onset of IPSPs could be made more
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Fig. 5. Comparison of latencies of IPSPs evoked from motor nuclei in dh
DSCT and ventral spinocerebellar tract (VSCT) neurons. Records from 2
DSCT and 2 VSCT neurons recorded in the same experiment to compare
synaptic effects evoked by stimuli applied at the same locations within the gray
matter (in PBST motor nucleus). The stimuli were 100 wA in A and B and 50
rA in C and D. Black and gray traces are averaged records obtained during
depolarization (depolar.) and hyperpolarization of the neurons, respectively
(10 and 10 nA in A, 4 and 30 nA in B, 20 and 15 nA in C, and 20 and 20 nA
in D). The polarization was used to define points of deviation (indicated by
dotted lines) of potentials recorded when the neurons were depolarized and
reversed by hyperpolarization and thus the latencies of the IPSPs. The latencies
are indicated below the records. Bottom trace in A: difference between the
PSPs recorded during the depolarization and the hyperpolarization. Time and
voltage calibrations in D are for all records. This procedure revealed an earlier
onset of the IPSPs than defined otherwise but never as early as of IPSPs
recorded in VSCT neurons recorded in the same experiment, shown for
comparison in C and D. Shock artefacts are truncated.
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Table 1.

evoked from motor nuclei

COLLATERAL ACTIONS OF SPINAL INTERNEURONS

Comparison of proportions of dh DSCT, CC DSCT, and SCT neurons with proportions of VSCT neurons in which PSPs were

From Within Motor Nuclei

VSCT dh DSCT CC DSCT SCT From Outside SCT

n 133 33 22 28 20
IPSPs latency ranges (ms) (%)

0.7-3.0 88 88 81 0 86

0.7-1.4 73 3 54 0 3

1.4-3.0 65 85 23 0 70
EPSPs latency ranges (ms) (%)

0.7-3.0 65 64 0 0 55

0.7-1.4 48 12 0 0 42

1.4-3.0 43 55 0 0 12

PSPs evoked by stimuli applied in motor nuclei are grouped depending on the latencies of their earliest components. The range of 0.7-1.4 ms is compatible
with monosynaptic coupling, whereas PSPs evoked at 1.4-3.0 ms would include those evoked di- and trisynaptically but possibly also some monosynaptically
(see DISCUSSION). The data are for PSPs evoked by stimuli =50 wA but negative results were verified using stimuli of 100 wA. For details of data on VSCT
neurons see Jankowska et al. (2010). VSCT, ventral spinocerebellar tract; DSCT, dorsal spinocerebellar tract dh DSCT, dorsal horn DSCT; CC DSCT, DSCT

located in Clarke’s column; SCT, spinocervical tract.

distinct after the DSCT neurons had been depolarized and/or
hyperpolarized, and by using the point of deviation between
the original IPSPs and reversed IPSPs for the measurements, as
in Fig. 5, A and B.

Effects of stimuli applied in gastrocnemius-soleus and bi-
ceps-semitendinosus nuclei did not show marked differences.
Both EPSPs and IPSPs were evoked from these nuclei (EPSPs
in 20 and 14 of the 33 neurons tested and IPSPs in 27 and 17).
In only two neurons none were evoked from these nuclei.
Furthermore, comparison of latencies of EPSPs evoked within
the range of 0.7-3.0 ms from the gastrocnemius-soleus and
biceps-semitendinosus motor nuclei (1.75 * 0.10 ms and
1.67 £ 0.12 ms, respectively) did not indicate statistically
significant differences between them (Student’s z-test, P >
0.2). No statistically significantly differences were found be-
tween latencies of IPSPs evoked from the gastrocnemius-
soleus and biceps-semitendinosus motor nuclei (2.05 = 0.17
and 2.39 = 0.21 ms, respectively).

Effects of stimuli applied in motor nuclei on dh DSCT
neurons thus appear to differ from those on CC DSCT neurons
described by Hongo et al. (1983a) in two respects. One is that
both EPSPs and IPSPs were evoked in dh DSCT neurons,
whereas only IPSPs were evoked in CC DSCT neurons (see
Table 1 and Fig. 4B). Another difference appears to be in the
coupling of IPSPs. We have not found sufficient grounds to
classify IPSPs evoked in dh DSCT neurons as evoked mono-
synaptically, whereas IPSPs in CC DSCT neurons were com-
patible with direct actions of premotor inhibitory interneurons,
i.e., evoked monosynaptically. Two series of control experi-
ments described in the following sections were therefore made
to account for these differences.

Reassessment of disynaptic excitatory input to dh DSCT
neurons. Oligosynaptic actions of group I and II afferents on
CC DSCT neurons recorded after transection of the dorsal
columns just caudal to Clarke’s column were inhibitory, with
the exception of EPSPs seen in two neurons recorded in a
preparation in which the transection was not complete (Hongo
et al. 1983b, Jankowska and Puczynska 2008). They would
thus be compatible with exclusive actions of inhibitory in-
terneurons located caudal to the border between the L4 and L5
segments (where dorsal columns were transected) and any

excitatory interneurons located more rostrally (see Hongo et al.
1983b).

We therefore examined effects of stimuli applied in motor
nuclei in dh DSCT neurons recorded under conditions match-
ing conditions of recording from CC DSCT neurons, i.e., after
transection of the dorsal columns. The lesion of the dorsal
columns was performed within the most rostral part of the L5
segment; its completeness was verified by checking that no
responses were recorded in peripheral nerves to stimuli applied
rostral to the lesion. Under these conditions stimuli applied in

A

before DC
lesion
50 pA

after DC
lesion
50 pA

2ms

Fig. 6. Examples of PSPs recorded in dh DSCT neurons before and after
transection of the dorsal columns. Upper traces are from 2 dh DSCT neurons,
1 recorded from before (A) and another one after (B and C) the DC lesion in
the same experiment. PSPs were evoked in these neurons by triple, double, or
single stimuli applied in the GS motor nucleus. Lower traces are from the
surface of the spinal cord above the lesion. Averages of 30 records are shown.
Dotted lines indicate onset of EPSPs. Note similar latencies of EPSPs evoked
before and after transection of the dorsal columns, showing that both were
compatible with disynaptic coupling. Note also greater amplitude of EPSPs
evoked by the second stimulus in B than by single stimuli in C, i.e., their
temporal facilitation. Shock artefacts are truncated.
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motor nuclei evoked EPSPs in 4/8 of the dh DSCT neurons, as
compared with 17/25 of dh DSCT neurons with dorsal columns
intact, i.e., in a not much smaller proportion. They are indi-
cated by arrows in Fig. 4A. Furthermore, records in Fig. 6 show
that EPSPs evoked after transection of the dorsal columns
appeared at latencies compatible with disynaptic coupling
(2.27 = 0.18 ms), any differences between them and latencies
of IPSPs being not statistically significant (P > 0.2). These
observations lead thus to the conclusion that any EPSPs evoked
in dh DSCT neurons in preparations with dorsal columns intact
at latencies <1.4 ms (Fig. 4A) were more likely evoked by
ascending collaterals of group II afferents stimulated in the
motor nuclei than by excitatory premotor interneurons. They
indicate also that at least some disynaptic EPSPs are evoked in
dh DSCT neurons by interneurons located in the L5 or more
caudal segments that do not act on CC DSCT neurons. They
are thus in support of differences in interneuronally mediated
excitatory input to dh DSCT and CC DSCT neurons.
Reassessment of coupling between inhibitory neurons pro-
Jecting to motor nuclei and to Clarke’s column. The aim of the
second series of control experiments was to verify that IPSPs
evoked from motor nuclei in CC DSCT neurons are compatible
with monosynaptically evoked IPSPs not only on the basis of
previously used arguments (Hongo et al. 1983a) but also with
respect to the criterion of lack, or only marginal temporal
facilitation. The difference between temporal facilitation of
monosynaptically and disynaptically evoked actions of stimuli
applied in motor nuclei turned out to be much less reliable than
in previous studies (e.g., Jankowska et al. 2003). The reasons
were changes in excitability of fibers terminating in motor
nuclei following successive stimuli, as described in the APPEN-

A MN35pA

B MN18pA

2ms

1.9 ms

pix. Despite this, temporal facilitation of disynaptically evoked
PSPs was expected to exceed that of any monosynaptic actions.

Effects of triple stimuli applied in motor nuclei were ana-
lyzed in 22 neurons in Clarke’s column. As in the study of
Hongo et al. (1983a) only IPSPs were evoked in them. In
addition, these IPSPs were most often evoked by single stimuli
(in 17/22 neurons). The range of latencies of these IPSPs was
also similar (1.02-2.37 ms), and minimal latencies of =1.4 ms
from the stimuli in the majority of these CC DSCT neurons
(Fig. 4B) corresponded to latencies of about 0.9 ms or less from
nerve volleys induced by these stimuli. They would therefore
be compatible with direct actions of inhibitory interneurons
projecting to motor nuclei but not with indirectly induced
IPSPs. As illustrated in Fig. 7, A and C, IPSPs evoked at such
latencies displayed either moderate facilitation (120-151%) or
no temporal facilitation. Furthermore, small increases in peak
amplitudes of IPSPs evoked by successive stimuli at =1.4-ms
latencies would be attributable to increased effectiveness of the
stimuli rather than to temporal facilitation of activation of in-
terneurons relying less directly on evoked IPSPs (see APPENDIX). In
contrast, increases in peak amplitudes of later components of
these IPSPs and of IPSPs evoked at latencies =1.4 ms were
significantly larger (148-219%), especially after the third stim-
uli, with an example in Fig. 7, B and D. In addition data points
for the shorter and longer latency IPSPs in the whole sample of
CC DSCT neurons plotted in Fig. 7E showed clear-cut clus-
tering, and the later components of the early IPSPs and some
longer latency IPSPs were evoked only by the second or third
stimuli.

Similar effects were found in 20/24 motoneurons, including
gastrocnemius-soleus, biceps, semitendinosus, or semimem-
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Fig. 7. Comparison of latencies and amplitudes of IPSPs evoked in Clarke’s column DSCT neurons from hindlimb motor nuclei and in motoneurons from the
Clarke’s column. A and B: records of IPSPs from 2 CC DSCT neurons (upper traces) and from cord dorsum (lower traces) evoked by stimuli applied within
gastrocnemius-soleus and biceps-semitendinosus motor nuclei (at depths 2.8 mm and 3.4 mm, respectively). C and D: records of IPSPs evoked in anterior
biceps-semimembranosus (C) and posterior biceps-semitendinosus (D) motoneurons by stimulation of Clarke’s column. Vertical dotted lines indicate onsets of
early components of IPSPs in A (latency 1.3 ms), of early and later components in C (latency 1.2 and 1.9 ms), and of longer latency (2.1 ms) IPSPs in B and
D. Note that amplitudes of IPSPs evoked at short latencies were similar after the 3 stimuli, whereas amplitudes of longer latency IPSPs increased considerably.
E and F: plots of increases in peak amplitudes of IPSPs (ordinate) evoked in 17 CC DSCT neurons (E) and 20 motoneurons (F) as a function of their latencies
(abscissa). Gray and black triangles indicate increases after the second and third stimuli, respectively. Note clustering of data points in the left bottom and right
top quadrants separated by dotted lines and that temporal facilitation of IPSPs evoked at latencies =1.4 ms was weaker. Differences between mean values of
facilitation of short- and long-latency IPSPs (to the left and right of the vertical dotted lines in E and F) were highly statistically significant (P < 0.001, Student’s

t-test). MN, motor nucleus. Shock artefacts are truncated.
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branosus motoneurons following triple stimuli applied in
Clarke’s column, which were expected to activate the rostrally
projecting axon collaterals of the same inhibitory interneurons
(X in Fig. 1). These are illustrated in Fig. 7, C, D, and F.
Present results are therefore in support of the original con-
clusion that some premotor interneurons inhibit in parallel both
motoneurons and CC DSCT neurons. IPSPs attributable to
such interneurons were found in 12/22 CC DSCT neurons and
6/24 motoneurons, or totally in 39% of their total sample,
which would be an even higher proportion than that of 21% of
neurons in which IPSPs were evoked at latencies not exceeding
1.5 ms in the sample of Hongo et al. (1983a) [see Hongo et al.
(1983a) Fig. 7]. Thereby, they also show a marked difference
in the coupling of inhibitory interneurons with dh DSCT and
CC DSCT neurons reflected in different proportions of neurons
with shorter and longer latencies of IPSPs evoked from motor
nuclei (see Table 1). Provided that more marked temporal
facilitation of longer latency than of shorter latency IPSPs

100 pA

A A Cc

1 mm.— 25

B esor pesTar 26

28 A 2.8

30 |t 3.0

3.2 W 32

34 W 3.4

36 W 36

3.8 W 3.8

mm

3.9 W surface

4.0 W 7 02mv
UL —_ 4msB
e M —— 2msC

Fig. 8. An example of postsynaptic potentials evoked from outside but not
from within motor nuclei in SCT neurons. A: an electrode track along which
stimuli were applied while recording from SCT neurons. Upper circle shows
the location of an electrolytic lesion made at the depth at which maximal
antidromic field potentials were evoked from the gastrocnemius-soleus nerve.
Lower circle shows the area from which PSPs were most efficiently evoked.
B: records of field potentials evoked at different depths (indicated to the left)
by stimulation of gastrocnemius-soleus (GS) and posterior biceps-semitendi-
nosus (PBST) nerves. C: intracellular records from a SCT neuron in which
EPSPs and IPSPs were evoked by 100 wA from the depths 2.3-2.8 mm but not
from within motor nuclei. Note that the most effective stimuli were those
applied at the 2.3-2.4 mm depths, as judged both by the slopes of the rising
face of the IPSPs and effects of not only the second but also the first stimuli.
Bottom records in B and C are from the surface of the spinal cord. Top record
in C is from just outside the neuron. Dotted lines in C indicate onset of EPSPs
(latency 1.1-1.2 ms) and IPSPs (latency 1.5-1.6 ms).
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defines the former IPSPs as evoked disynaptically, our obser-
vations lead also to the conclusion that IPSPs evoked in a
considerable proportion of CC DSCT neurons might be in-
duced disynaptically. This would mean that they are evoked by
some afferents or excitatory interneurons that activate inhibi-
tory interneurons, the feature they would share with dh DSCT
neurons.

Stimuli applied in gastrocnemius-soleus and biceps-semiten-
dinosus motor nuclei failed to evoke synaptic potentials in any
of the 28 SCT neurons tested, even when the intensity of these
stimuli was twice that needed to evoke PSPs in dh DSCT
neurons recorded in the same experiment, or up to 100 pA, as
illustrated in Fig. 2E.

In contrast, stimuli applied dorsal to motor nuclei, in laminae
V-VII, evoked PSPs in all but one of the SCT neurons. Both
EPSPs and IPSPs were recorded in 14 neurons (with examples
in Fig. 8C), only EPSPs in three and only IPSPs in 10. EPSPs
were evoked at latencies 1.37 = 0.08 ms and IPSPs at latencies
1.88 = 0.06 ms from the onset of the stimuli (Fig. 4C). The
differences between latencies of EPSPs and IPSPs were statis-
tically significant (Student’s #-test; P << 0.001). Latencies of
EPSPs evoked in 13 SCT neurons were 0.9—-1.34 ms and, since
all these EPSPs were evoked by single stimuli, they fulfilled
criteria of monosynaptically induced PSPs. Longer latencies of
the remaining EPSPs and of all but one IPSP would on the
other hand be consistent with disynaptic coupling. However, as
in spinocerebellar neurons, not only the IPSPs and longer
latency EPSPs but also the shortest latency EPSPs showed
some temporal facilitation (those evoked by the first and
second stimuli in Fig. 8C).

DISCUSSION

Direct or indirect input to spinocerebellar neurons via
interneurons terminating in motor nuclei. The results of this
study show marked differences in the coupling between pre-
motor interneurons and the two populations of DSCT neurons
and even more marked differences between DSCT neurons and
SCT neurons, as well as the two populations of VSCT neurons
described by Jankowska et al. (2010). However, the interpre-
tation of these results depends to a great extent on the reliabil-
ity of differentiation between monosynaptically (directly) and
disynaptically (via additional interneurons) evoked postsynap-
tic actions of stimuli applied in motor nuclei. They are differ-
entiated taking into account both their latencies and either the
absence or only moderate degree of temporal facilitation of
postsynaptic potentials evoked by these stimuli, albeit none of
these criteria appear to differentiate in an unequivocal way
monosynaptic actions evoked at longer than minimal latencies
from disynaptic actions.

By generalization from shortest segmental latencies of di-
synaptic IPSPs from primary afferents (about 1.1 ms for IPSPs
evoked from group I afferents in Q), the earliest disynaptic
actions evoked from motor nuclei would require about 1.5 ms
from the stimuli including about 1.1 ms from the volleys that
themselves are evoked at latencies of 0.4—0.5 ms from the
stimuli. Postsynaptic potentials evoked at latencies =1.4 ms
from the stimuli may thus reasonably safely be classified as
evoked monosynaptically. However, the upper limit of laten-
cies of EPSPs evoked monosynaptically by very slowly con-
ducting collaterals of either afferents or interneurons could not
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be predicted, and they might overlap with the shortest latencies
of disynaptically evoked EPSPs. PSPs evoked at latencies
>1.4 ms could thus be evoked either mono- or disynaptically.
The probability that latencies >1.4 ms included latencies of
monosynaptically evoked PSPs would nevertheless be low in
populations of neurons in which no unquestionable monosyn-
aptic PSPs were found, or were exceptional, as in the case of
IPSPs from motor nuclei in dh DSCT neurons (see Fig. 4A).

The occurrence or lack of temporal facilitation was found to
be a very convenient means to differentiate between disynaptic
and monosynaptic actions evoked in other neurons (see
Jankowska et al. 2003). It was therefore a complicating factor
when nerve volleys in fibers stimulated in motor nuclei were
found to be larger after the second and third than after the first
stimuli. As shown in the APPENDIX, this was in contrast with the
same, or even decaying, amplitudes of volleys evoked by
successive stimuli applied to either dorsal or ventral roots.
There might be several nonexcluding explanations for this
finding. One might be longer lasting residual higher excitabil-
ity of terminal axon collaterals than of myelinated stem axons
of primary afferents following stimulation, resulting in a
greater number of fibers activated by successive stimuli (see
APPENDIX). Another might be the depolarization of terminals of
group la afferents by GABAergic interneurons forming axo-
axonic synapses in motor nuclei by intraspinal stimuli. What-
ever the explanation, this phenomenon made the use of tem-
poral facilitation to differentiate between disynaptically and
monosynaptically evoked PSPs of limited value, in particular
when the PSPs were evoked by the first as well as the second
and third stimuli. Temporal facilitation was nevertheless con-
sidered as a reasonably strong indication for disynaptic cou-
pling when the PSPs evoked at latencies =1.4 ms appeared
only after the second or third stimuli (see data points indicated
by open symbols in Fig. 4) and when temporal facilitation was
prominent. As shown in Fig. 7, E and F, temporal facilitation
of longer latency PSPs was very marked, e.g., by 200% or
more, whereas that of shorter latency PSPs was as a rule less
than 150%.

Facilitation of synaptic transmission in spinal reflex path-
ways by 4-AP might be due to broadening of action potentials
in the stimulated nerve fibers and the resulting increase in the
amount of transmitter released from terminals of these fibers,
as well as to more direct actions of 4-AP on voltage-activated
calcium channels (Qian and Saggau 1999, Wheeler et al. 1996,
Wau et al. 2009). Whatever their mechanisms, effects of 4-AP
were expected to be more marked on polysynaptic than mono-
synaptic actions. 4-AP should primarily increase the ampli-
tudes of monosynaptically evoked EPSPs and IPSPs and
thereby make them easier to detect. However, effects of 4-AP
might be critical for disynaptic excitation or inhibition of these
neurons mediated via other neurons, by increasing amplitudes
of EPSPs evoked in neurons mediating polysynaptic actions
otherwise depressed by anesthesia. Whether the probability of
disclosing di- and trisynaptic EPSPs and IPSPs under these
conditions approached that in nonanesthetized preparations
cannot be estimated.

Differences in input from spinal interneurons to dh DSCT,
CC DSCT, and SCT neurons. The results of this study reveal
marked differences between interneuronally relayed input to
DSCT neurons located in Clarke’s column and in the dorsal
horn and to SCT neurons located in the same region as dh
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DSCT neurons and with similar input from peripheral affer-
ents. The main differences are as follows. First, direct actions
of premotor inhibitory interneurons have been found in a high
proportion of CC DSCT neurons, extending the original evi-
dence of Hongo et al. 1983a, whereas only occasional short
latency IPSPs were evoked from motor nuclei in dh DSCT
neurons, indicating that any direct actions of premotor
inhibitory interneurons on dh DSCT neurons would be much
weaker. Furthermore, previous studies demonstrated that
IPSPs evoked in both dh DSCT and CC DSCT neurons are
mediated by interneurons mediating reflex actions of group
Ib and group II afferents but not by group Ia inhibitory
interneurons (Edgley and Jankowska 1988, Hongo et al.
1983a and 1983b, Jankowska and Edgley 2010). The mor-
phology and immunocytochemistry of these interneurons,
including their axonal projections and transmitter content, has
been recently investigated in detail (Bannatyne et al. 2009, Liu
et al. 2010), and the relationships between their subpopulations
and subpopulations of genetically identified interneurons are
discussed (Jankowska and Edgley 2010). Second, disynaptic
excitation following stimuli applied in motor nuclei was
evoked in a high proportion of dh DSCT neurons but in none
of the CC DSCT neurons. Third, disynaptic inhibition follow-
ing stimuli applied in motor nuclei was evoked in a higher
proportion of dh DSCT than of CC DSCT neurons. Finally,
stimuli applied in motor nuclei failed to evoke any effects in
SCT neurons.

Because negative results are generally less convincing than
positive ones, our failure to reveal directly evoked effects of
stimuli applied in motor nuclei in SCT neurons and in the
majority of dh DSCT neurons requires some comments. It may
therefore be pointed out that when the intensity of such
ineffective stimuli was increased to 100 uA they would excite
nerve fibers within a radius of about 1 mm (Gustafsson and
Jankowska 1976). Because premotor interneurons branch pro-
fusely within their terminal projection areas (see Bannatyne et
al. 2003, Bannatyne et al. 2009, Bras et al. 1989, Czarkowska
et al. 1976, Tkacs and Wurster 1991) and because numerous
interneurons contact individual motoneurons, stimuli applied at
any of the stimulation sites should excite a considerable pro-
portion of interneurons terminating within the gastrocnemius-
soleus and biceps-semitendinosus and the neighboring motor
nuclei. Furthermore, even weaker stimuli, 10-50 pA stimuli,
applied in these motor nuclei evoked IPSPs fulfilling criteria of
monosynaptic IPSPs in a high proportion of CC DSCT neurons
(Hongo et al. 1983a; present study) and VSCT neurons
(Jankowska et al. 2010).

The most plausible explanation for the differences found in
this study is thus that different effects of stimuli applied in
motor nuclei do indeed reflect differences in connections be-
tween spinal interneurons and the various spinocerebellar neu-
rons. Because CC DSCT neurons are inhibited by interneurons
in reflex pathways from both group Ib and II afferents (Hongo
et al. 1983b, Jankowska and Puczynska 2008), monosynaptic
IPSPs following stimuli applied in gastrocnemius-soleus and
biceps-semitendinosus motor nuclei in CC DSCT neurons are
in good agreement with parallel collateral actions of these
interneurons on motoneurons and CC DSCT neurons. The
same interneurons might also mediate disynaptic IPSPs evoked
from motor nuclei because input to these interneurons is
provided not only from group Ib and II afferents but also from

APRIL 2011 » WWW.jn.org

TT0Z ‘LT AelN uo Bio'ABojoisAyd-ul woiy papeojumoq



http://jn.physiology.org/

1590

group la afferents (for references see Jankowska 1992,
Jankowska and Edgley 2010) and both group la and II afferents
would be stimulated in motor nuclei. The situation would be
different in the case of EPSPs and IPSPs in dh DSCT neurons
with excitatory and inhibitory input from group II muscle and
skin afferents but not from group I afferents (Edgley and
Jankowska 1988). They should not be mediated by intermedi-
ate zone interneurons coexcited by group I and II afferents that
project to motor nuclei (Bannatyne et al. 2006, Bannatyne et al.
2009, Bras et al. 1989, Cavallari et al. 1987, Edgley and
Jankowska 1987). However, they could be mediated by dorsal
horn interneurons with input from group II and skin afferents
(Edgley and Jankowska 1987), some of which have been found
to project to motor nuclei (Bannatyne et al. 2006) and might
mediate the rare, possibly monosynaptic IPSPs evoked by
stimuli applied in these nuclei. Both inhibitory and excitatory
dorsal horn interneurons of this population could also be
activated by stimulation of group II afferents projecting to
motor nuclei and contribute to disynaptic EPSPs as well as
IPSPs. It should also be noted that dorsal horn interneurons
with input from group II and cutaneous afferents are likely to
provide input to not only dh DSCT neurons but also SCT
neurons (Hammar et al. 1994, Harrison and Jankowska 1984).
The failures of stimuli applied in motor nuclei to evoke any
postsynaptic potentials in SCT neurons would therefore indi-
cate that different subpopulations of dorsal horn interneurons
provide input to dh DSCT and SCT neurons.
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Fig. 9. Comparison of nerve volleys evoked by
stimuli applied in motor nuclei (incrementing)
and by stimulation of dorsal or ventral root
fibers (decrementing). All records are from the
gastrocnemius-soleus muscle nerve (averages
of 10 or 20 single records) A: examples of nerve
volleys evoked by 50 uA stimuli applied along
electrode tracks crossing gastrocnemius-soleus
and biceps-semitendinosus motor nuclei in
which maximal antidromic field potentials from
the gastrocnemius-soleus nerve were evoked at
1.3 mm depth, in preparation with both ventral
and dorsal roots intact. B and C: as in A but in
preparations in which dorsal (B) or ventral (C) 1.5
L7 and S1 roots were transected. Maximal
antidromic field potentials from the gastroc-
nemius-soleus nerve were evoked in them at
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Functional consequences of differences in information pro-
vided to spinocerebellar neurons by premotor interneurons.
The reported differences in patterns of actions of spinal in-
terneurons on dh DSCT and CC DSCT neurons add to the
previously found differences in the peripheral input to spino-
cerebellar neurons. In particular, actions of excitatory and
inhibitory interneurons on dh DSCT neurons would serve to
either increase or decrease the probability of activation of these
neurons, whereas the predominant inhibitory actions on CC
DSCT neurons would weaken the activation probability. Infor-
mation forwarded in this way would concern reflex actions
mediated by both premotor interneurons (represented by cells
X and Y in Fig. 1, A and B; via VSCT and CC DSCT neurons)
and interneurons activated by either primary afferents or by
premotor interneurons (represented by cells Z in Fig. 1B; via
dh DSCT neurons, albeit also VSCT and CC DSCT neurons).
However, the modulation of activity of spinocerebellar neurons
might also be used as an indicator of the likely spinal effects of
descending commands, as discussed by Jankowska et al.
(2010) and Hantman and Jessell (2010), and VSCT, CC DSCT,
and dh DSCT might be specialized in forwarding different
aspects of such information to the cerebellum. Since the most
potent actions of premotor interneurons on VSCT and CC
DSCT neurons are inhibitory, relatively frequent excitation of
dh DSCT might be of particular interest in this context.

The different effects of intraspinal stimuli on SCT and
spinocerebellar neurons show in addition that information on
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modulatory actions of premotor interneurons must be much
more essential for neurons in the cerebellum than for thalamic
target cells of SCT neurons, despite the similar information
forwarded by SCT and dh DSCT neurons on peripheral events
(Edgley and Jankowska 1988, Hammar et al. 1994). In this
context the existence of some highly specific cerebellar pro-
jection areas of CC DSCT neurons, dh DSCT neurons, and the
spinal border cell subpopulation of VSCT neurons (Matsushita
and Ikeda 1980, Matsushita and Yaginuma 1989) is particu-
larly striking and suggests that distinct cerebellar neurons
process information provided by these neurons.

APPENDIX

Two mechanisms of temporal facilitation of effects of a train of
stimuli applied in motor nuclei. Records of nerve volleys following
stimuli applied in motor nuclei, such as in Fig. 7A or Fig. 8C,
suggested that their amplitudes were larger after the second and
third stimuli than after the first stimuli. If this were the case, a
certain increase in PSPs evoked by successive stimuli could be due
to an increase in the number of stimulated fibers rather than to
temporal facilitation of transmission between these fibers and their
target cells and more effective activation of these cells. Implications
of temporal facilitation following stimuli applied in motor nuclei
would thus become less straight forward than in other cases where
they provide strong indications of indirect synaptic actions.

It is well known that electrical stimuli applied to peripheral nerves
or to axons of central neurons may result in both decrease and increase
in their excitability (see Gardner-Medwin 1972, Kress and Mennerick
2009, Swadlow and Waxman 1976, Tkacs and Wurster 1991, Wax-
man 2000, Waxman and Swadlow 1977, Wigstrom and Gustafsson
1981). A decrease in excitability occurs during the refractory period
following activation of the fibers but also after a long-lasting (e.g., for
10 min) repetitive stimulation with gradual recovery to control levels
over 15-20 min (Kiernan et al. 2004). However, tetanic stimulation
may also evoke a postactivation hyperexcitability related to K™
accumulation in the restricted diffusion space under the myelin sheath
(Kiernan et al. 1997) or to other mechanisms (Kress and Mennerick
2009, Wigstrom and Gustafsson 1981). In axon terminals and non-
myelinated fibers, albeit usually not in preterminal nerve branches,
such changes were found even after single volleys (see Tkacs and
Waurster 1991, Zucker 1974). However, in some preparations a pro-
nounced supernormal period following a single conditioning volley
was also seen in preterminal fibers (nonmyelinated parallel fibers of
the cerebellar cortex) (Malenka et al. 1983).

Since fibers stimulated in motor nuclei under our experimental
conditions would include terminal branches of fibers targeting mo-
toneurons, it was conceivable that their excitability could likewise be
increased by single stimuli and result in an increase in the number of
fibers reaching threshold following successive stimuli. This possibility
could not be tested on terminals of interneurons projecting to motor
nuclei, but it was verified on muscle afferents. To this end we
compared amplitudes of nerve volleys induced in a muscle nerve
following stimuli at the same parameters as those used to test their
effects on spinocerebellar neurons.

In four experiments in which this was done, nerve volleys in the
gastrocnemius-soleus nerve were significantly larger when they were
evoked by the second and third than after the first stimuli. As
illustrated in Fig. 9A, this was more marked when the stimuli were
applied within the dorsal or ventral parts of the nucleus, i.e., where
the density of the terminals would be lower, than within its center.
This marked amplitude increase stands in contrast with effects of
stimuli applied to distal stumps of either dorsal or ventral roots
(Fig. 9, D, E, I, and J) or to effects of stimuli applied within
descending tracts (medullary pyramid or the medial longitudinal
fascicle in previous studies), where much smaller increases in
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volleys following the second and third stimuli occurred, and less
frequently. They are seen, e.g., in Fig. 2 in Jankowska et al. (2003),
Fig. 3 in Matsuyama and Jankowska (2004), Fig. 2, E and F, in
Stecina et al. (2008), and Fig. 5 in Landgren et al. (1962) but not
in Fig. 1 in Edgley et al. (1997), Fig. 1 in Krutki et al. (2003), or
Fig. 3 in Edgley et al. (2004).

However, the excitability of terminals of primary afferents could be
increased not only by the above mentioned mechanisms but also by
their depolarization by GABAergic interneurons, such interneurons
being likely activated by intraspinal stimuli. To estimate effects of
primary afferent depolarization on volleys evoked from the motor
nuclei we have therefore compared effects of intraspinal stimuli in
preparations in which volleys in afferent fibers were eliminated by
transection of the L7 and S1 dorsal roots (Fig. 9B), and in preparations
in which the dorsal roots remained intact but the L7 and S1 ventral
roots were transected (Fig. 9C). Because similar increases in nerve
volleys recorded from the gastrocnemius-soleus nerve were found in
these preparations, the contribution of the primary afferent depolar-
ization to effects of successive stimuli did not appear to be significant.

Increases in amplitudes of volleys evoked in the GS nerve by the
second, third, and fourth stimuli applied in motor nuclei varied
between 102% and 137%, 102% and 166%, or 103% and 201%, with
respect to those evoked by the first stimuli (Fig. 9, F—H). If terminals
of interneurons (represented by interneurons X and Y in Fig. 1) were
affected in the same way, increases in the numbers of these terminals
would explain increasing amplitudes of monosynaptic IPSPs evoked
in CC DSCT neurons. This would justify the classification as evoked
monosynaptically of all IPSPs evoked at latencies compatible with
direct actions of premotor inhibitory interneurons (at =1.4 m from the
stimuli; see above) despite increases in amplitude after successive
stimuli. However, accrued effects of successive stimuli would be
expected to have an even greater impact on synaptic activation of
other interneurons (represented by interneurons Z in Fig. 1) and on
disynaptically evoked excitation and/or inhibition of DSCT neurons
on the basis of both temporal and spacial facilitation of synaptic
transmission between the stimulated fibers and these neurons. They
would therefore explain the much more marked temporal facilitation
of PSPs evoked at longer latencies, and therefore be more compatible
with a disynaptic coupling, illustrated in Fig. 7, E and F. However,
because temporal facilitation of effects of successive stimuli applied
in motor nuclei would depend on increases in the excitability of fibers
stimulated as well as more efficient synaptic actions of these fibers on
their target cells, this would restrict the value of temporal facilitation
as a means to differentiate between longer latency monosynaptically
and disynaptically evoked effects of stimuli applied in motor nuclei.

We report these observations as a separate appendix because they
are relevant not only for the present study but also for the interpre-
tation of effects of tetanic stimulation in other central structures,
including effects of intracortical stimuli, or of stimuli applied in
various subcortical nuclei.
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