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SYMPOSIUM REVIEW

Information to cerebellum on spinal motor networks
mediated by the dorsal spinocerebellar tract
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Abstract The main objective of this review is to re-examine the type of information transmitted
by the dorsal and ventral spinocerebellar tracts (DSCT and VSCT respectively) during rhythmic
motor actions such as locomotion. Based on experiments in the 1960s and 1970s, the DSCT was
viewed as a relay of peripheral sensory input to the cerebellum in general, and during rhythmic
movements such as locomotion and scratch. In contrast, the VSCT was seen as conveying a copy
of the output of spinal neuronal circuitry, including those circuits generating rhythmic motor
activity (the spinal central pattern generator, CPG). Emerging anatomical and electrophysiological
information on the putative subpopulations of DSCT and VSCT neurons suggest differentiated
functions for some of the subpopulations. Multiple lines of evidence support the notion that
sensory input is not the only source driving DSCT neurons and, overall, there is a greater
similarity between DSCT and VSCT activity than previously acknowledged. Indeed the majority
of DSCT cells can be driven by spinal CPGs for locomotion and scratch without phasic sensory
input. It thus seems natural to propose the possibility that CPG input to some of these neurons
may contribute to distinguishing sensory inputs that are a consequence of the active locomotion
from those resulting from perturbations in the external world.
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Introduction

The dorsal and ventral spinocerebellar tracts (DSCT and
VSCT) are the two main lumbar components of spino-
cerebellar pathways projecting directly from the spinal
cord to the cerebellum. The classical DSCT projects via
the dorsolateral funiculus and the VSCT projects via the
ventral funiculus at the sacral and lower lumbar levels (e.g.
Grant, 1962; Matsushita & Ikeda, 1970; Grant et al. 1982;
Xu & Grant, 1994, 2005). The axons of DSCT neurons
ascend uncrossed (i.e. same side as soma), while VSCT
axons cross the midline within a segment of the soma
and ascend in the contralateral spinal white matter. It
has been described that both spinocerebellar pathways
terminate ipsilaterally in the cerebellar cortex with respect
to the location of their cell bodies in the spinal cord,
i.e. the VSCT cross again in the cerebellum. The axons
originating from DSCT and VSCT cells generally enter
the cerebellum via the inferior cerebellar peduncle and via
the superior cerebellar peduncle, respectively as described
(Oscarsson, 1965; Bloedel & Courville, 2011); however,
there are exceptions and both peduncles carry some VSCT
and DSCT axons (Grant & Xu, 1988). In addition to their
anatomical segregation, the DSCT and VSCT tracts have
also been thought to serve different functional roles in
sensory motor integration. The DSCT neurons mainly
relay sensory input from the periphery and they are
less influenced by the activity of neurons in the central
nervous system than the VSCT cells (Holmqvist et al.
1956; Lundberg & Oscarsson, 1962; Lundberg, 1971;
Arshavsky et al. 1986; Bosco & Poppele, 2001; Bloedel
& Courville, 2011). It has been commonly accepted that
during rhythmic movements, such as locomotion, the
function of the DSCT is to relay activity of hindlimb
sensory afferents while the VSCT cells are less influenced
by the peripheral input and are driven by the output of
the circuits generating rhythmic motor activity, i.e. the
spinal central pattern generator (CPG; Arshavsky et al.
1986; Bloedel & Courville, 2011). In the first part of
this review, the lumbar subpopulations of both DSCT
and VSCT cells will be summarized and in the second
part, key observations about the activity of DSCT and
VSCT cells will be discussed in relation to rhythmic motor
output and their putative functions in sensory motor
control.

Organization of lumbar subpopulations of neurons in
feline spinocerebellar tracts

The functional subdivisions of the DSCT and VSCT cells
based on afferent input will not be discussed here in
detail as they are summarized in several excellent reviews
(Oscarsson, 1965; Mann, 1973; Walmsley, 1991; Bosco
& Poppele, 1993). It has become clear that the spino-
cerebellar tracts are comprised of more populations than
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were originally identified by their sensory inputs and
ipsilateral or contralateral ascending projections in the
spinal cord. In Fig. 1A a schematic overview of the location
of spinocerebellar tract cell somas in the lumbar spinal
cord is presented. This illustration is similar to previous
summary figures (Matsushita, 1983; Bloedel & Courville,
2011), but here we provide more details on the putative
subpopulations of the lumbar DSCT and VSCT neurons.
The subpopulations of DSCT and VSCT cells presented
here are based on multiple studies about anatomical
identification of somas, studies of sensory inputs for some
subpopulations, as well as studies of termination areas in
the cerebellar cortex [illustrated schematically in Fig. 1B
and C (Grant, 1962; Matsushita et al. 1979; Matsushita &
Okado, 1981a,b; Grant et al. 1982; Matsushita & Hosoya,
1982; Matsushita, 1983; Grant & Xu, 1988; Xu & Grant,
1988, 1994, 2005)]. Note that, (1) no consideration of
termination areas in cerebellar nuclei is made here as
in, for example, Matsushita & Ikeda (1970), and (2)
that the naming of the lumbar spinocerebellar tracts in
publications of anatomical studies is often associated with
the cell population giving rise to the axons (Matsushita
et al. 1979; Matsushita, 1983) but in our scheme in Fig. 1 A,
the names contain VSCT and DSCT labels to indicate
whether the neurons cross (VSCT) or not (DSCT) at the
spinal level.

Subpopulations of dorsal spinocerebellar tract cells

The Clarke’s column cells (CC-DSCT) are an anatomically
segregated subpopulation of spinocerebellar tract cells.
The recognition of large synapses between afferents and
CC-DSCT cells (Szentagothai & Albert, 1955) followed by
the recording of monosynaptic EPSPs in identified DSCT
cells upon stimulation of sensory afferents were major
milestones in the early understanding of the function
of this tract (Mann, 1973). These large synapses appear
to occur only on CC-DSCT even though dorsal horn
DSCT cells (dh-DSCT) also receive strong excitatory input
from the same nerves when higher threshold (e.g. group
II) afferents are activated (Edgley & Jankowska, 1988).
Stimulation of lower and then higher threshold afferents
is used as a way to differentiate between dh-DSCT cells
from the CC-DSCT cells together with stimulation of
the medial longitudinal fasciculus (MLF). The dh-DSCT
cells have no, or only weak excitation evoked from the
MLF (Hammar et al. 2011). The dh-DSCT subpopulation
in Fig. 1A includes the so-called ‘marginal neurons’ and
‘lamina V neurons’ and the ‘medial lamina V neurons
of L5-L6’ of previous classification schemes (Matsushita,
1983; Matsushita & Ikeda, 1980; Matsushita & Hosoya,
1982). This subpopulation also includes DSCT cells
described in lamina V ranging from the eighth cervical
to the sixth lumbar segments (Aoyama et al. 1973; Tapper
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et al. 1975; Matsushita et al. 1979) and cells extending
to lamina IV-VI within the lumbar segments (Grant &
Xu, 1988; Xu & Grant, 1988). Even though the lamina
V-DSCT cells are often perceived as ‘the cutaneous sub-
division’ of the DSCT (Tapper et al. 1975) they, and
the dh-DSCT, probably receive input from other sensory
receptors as has been described for cells in midlumbar
segments (Edgley & Gallimore, 1988; Edgley & Jankowska,
1988). The projection sites in the cerebellar cortex of both
CC-DSCT and dh-DSCT are ipsilateral with respect to
their soma in the anterior lobe, paramedian lobule and
posterior vermis as shown in Fig. 1 B (Matsushita & Ikeda,
1980; Matsushita & Okado, 1981b; Matsushita & Hosoya,
1982; Grant & Xu, 1988; Xu & Grant, 1988).

The DSCT cells with somas in medial lamina VI
(mVI-DSCT) were first described anatomically in the L5
and L6 lumbar segments (Matsushita et al. 1979) but
probably extend to L7 (Grant et al. 1982). Some cells in
these regions have projections to the posterior lobules of
the cerebellum with axons using both peduncles for entry

A psct

Figure 1. Putative subpopulations of
feline dorsal and ventral
spinocerebellar tract (DSCT and VSCT)
cells in the lumbar region

A, location of the somas of feline
spinocerebellar tract cells (coloured regions)
between the first and seventh lumbar spinal
segments is illustrated schematically. Dotted
lines and Roman numerals indicate an
approximate outline of the Rexed laminae
for reference. The colours indicate the
various subpopulations; DSCT: Clarke’s
column (CC-DSCT, red), dorsal horn
(dh-DSCT, dark blue), medial lamina VI
DSCT (mVI-DSCT, dark blue with an ‘m’),
lamina VIII (VI -DSCT, light blue); and
VSCT: spinal border cells (sb-VSCT, black),
dorsolateral column (dI-VSCT, grey), medial
lamina VII (mVII-VSCT, brown) and lamina
VIII (VII-VSCT, green). B, cerebellar
projection areas of spinocerebellar tract
neurons. The unfolded and flattened
cerebellar surface as in Grant (1962) is
labelled with Roman numerals to indicate
regions according to Larsell’s defined
regions (Larsell, 1953). C, a saggital section
through the vermis and the approximate
location of the indicated Larsell’s lobules for
reference.
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(Xu & Grant, 1988). The mVI-DSCT may include those
cells in the lower lumbar regions that have prominent
excitatory and/or inhibitory input from the spinocervical
tract (Kahlat & Djouhri, 2012). The DSCT cells mainly in
lamina VIII of the L5 and L6 segments (VIII-DSCT) were
categorized as a separate subpopulation because they enter
the cerebellum via the superior cerebellar peduncle unlike
other DSCT cells and they project only to the anterior lobe
(Xu & Grant, 1988).

Subpopulations of ventral spinocerebellar tract cells

Intracellular studies of VSCT cells described them to
largely populate the L3 to the L6 segments (Burke et al.
1971), but they may extend as far rostral as the L1 and
as caudal as the L7 segments (Matsushita et al. 1979).
These cells were originally grouped together (Cooper &
Sherrington, 1940; Eccles et al. 1961; Burke et al. 1971),
but there are distinctive features allowing at least four

Soma of lumbar sub-populations:

@® CC-DSCT @® SB-VSCT
@® dh-DSCT ® Ib-vSCT
© mVI-DSCT ® mVII-VSCT
® VII-DSCT ® VII-VSCT

Posterior Anterior

C Saggital section through vermis

\
v
VIIIA
1]
VIIIB
Il

Posterior

Anterior



5436

subpopulations to be identified. The VSCT cells located at
the lateral edge of the ventral grey matter are called ‘spinal
border cells’ (SB-VSCT) in Fig. 1A. The SB-VSCT cells
correspond to neurons of the ‘spinal border cells’ and cells
of the ‘lateral lumbar nucleus’ according to the grouping
by Matsushita and colleagues (1979) and neurons of
the ‘dorsolateral nucleus’ and of the ‘ventrolateral
nucleus’ according to the groups of Grant and colleagues
(1982).

Another subpopulation in Fig. 1A includes cells with
marked excitatory postsynaptic potentials from group
Ib muscle afferents, hence called ‘Ib-VSCT’ (Jankowska
et al. 2010; Shakya Shrestha et al. 2012). These cells
correspond to the ‘ventromedial nucleus’ of Grant and Xu
(1982) and the most medial region of spinal border cells
defined by Matsushita (1983). Monosynaptic excitatory
postsynaptic potentials are evoked mainly from group Ib
fibres while inhibitory postsynaptic potentials are evoked
from multiple sources in VSCT cells (Eccles ef al. 1961;
Oscarsson, 1965). The differentiation between SB-VSCT
and Ib-VSCT cells can be done by identifying the source
and relative size (or lack) of excitatory input from hind-
limb afferents (Jankowska et al. 2010; Hammar et al. 2011).
The SB-VSCT cells have excitatory input from group Ia
muscle afferents and inhibitory input from group Ia and
high threshold muscle afferents while the Ib-VSCT cells
have excitation primarily from group Ib afferents and
inhibition from the others. Both of these subpopulations
receive monosynaptic input from the MLF (Hammar et al.
2011). The Ib-VSCT cells are labelled in Fig. 1A to be
primarily located between the L3 and L5 segments around
the middle of lamina VII based on the rationale that near
this region (just medial to the dorsolateral nucleus) there
has been a group of cells described to project only to the
anterior lobe (Grant & Xu, 1988; Xu & Grant, 1988). It is
possible that SB-VSCT cells project to both the anterior
and posterior regions while Ib-VSCT cells project only to
the anterior lobe.

The neurons in medial lamina VII (mVII-VSCT)
located in the L6, L7 and more caudal segments comprise
a third VSCT subpopulation in our scheme. They
project to the anterior lobe and to lobule VIII without
projections to the paramedian lobule (Matsushita et al.
1979; Matsushita & Tkeda, 1980; Matsushita & Okado,
1981b; Matsushita & Hosoya, 1982; Xu & Grant, 1988)
and enter the cerebellum through both the inferior and
superior peduncles (Xu & Grant, 1988). The fourth sub-
population depicted in Fig. 1A are the scattered neurons
in lamina VIII from the cervical to the lower lumbar (and
even more caudal) segments with crossing projections in
the spinal cord (Matsushita ef al. 1979). These lamina
VIII cells (VIII-VSCT) enter the cerebellum via the
inferior cerebellar peduncle (Xu & Grant, 1988). The
distinction between Ib-, mVII- and VIII-VSCT cells is
purely anatomical at this point, and further studies need
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to establish more features of the mVII- and VIII-VSCT
subpopulations.

The DSCT and VSCT subpopulations presented in
Fig. 1 is admittedly a simplification to aid the reader in
understanding the organization of these tracts. Our main
goal here is to emphasize that future electrophysiological
studies need to take into consideration the subpopulation
to which the examined spinocerebellar tract cells may
belong to further our understanding on the role of these
systems. In the next part of the review, we will refer to some
of the above discussed subpopulations while discussing
the activity profile of cells comprising the DSCT and
VSCT tracts in the absence and during rhythmic motor
activity.

Activation of spinocerebellar tract neurons in the
absence of central motor activity

DSCT cells are thought to be activated mainly by
sensory afferents rather than by descending projections
or spinal interneurons (INs) while VSCT cells are
thought to be strongly activated by and convey
information on the activity of spinal IN circuits
(Lundberg & Weight, 1971; Bloedel & Courville,
2011). Morphological investigations of the excitatory
(glutamatergic) synapses in apposition with identified
DSCT and VSCT cells can contribute important
information in this relation. Myelinated primary afferents
express vesicular glutamatergic transporter-VGLUT1,
while spinal excitatory INs and most descending tracts
express VGlut2 (Varoqui et al. 2002; Todd et al. 2003;
Alvarez et al. 2004; Du Beau et al. 2012). It has recently
been demonstrated that few terminals containing VGlutl,
but a high number of terminals containing VGlut2 are in
apposition of SB-VSCT cells, while there is a more even
distribution of VGlutl and -2 terminals on other VSCT
cells like those in the dorsolateral VSCT subpopulation
(Shrestha et al. 2012). In contrast, VGlutl is strongly
dominating for the CC-DSCT cells, and somewhat less
strongly in the case of the dh-DSCT cells (Shrestha et al.
2012). These observations on the proportion of VGlut1 or
VGlut2 excitatory synaptic contacts support the idea that
CC-DSCT cells are influenced more by peripheral afferent
input than by information from spinal INs while VSCT
cells receive most of their excitatory input from spinal INs
and descending tracts.

Afferent input has been thought to underlie the back-
ground activity (i.e. tonic firing notlinked to a stimulus) of
CC-DSCT cells. The early recognition of a small subliminal
fringe in the CC-DSCT pool (Holmgqvist et al. 1956)
and weak post-tetanic potentiation were the primary
reasons for proposing a ‘one-to-one transmission’ from
afferents to CC-DSCT cells. However, background activity
also persists after partial removal of sensory input. The

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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background firing frequency of DSCT cells still ranged
from 3 to 14 Hz in preparations with the lumbar
dorsal root sectioned or with denervated ipsilateral hind-
limb nerves (Holmqvist et al. 1956; Pyatigorskii, 1970).
Background activity of about 20 Hz has been described
by chronic recordings of DSCT cells in awake cats,
which is reduced to about 12 Hz during active sleep
(Soja et al. 1995, 1996). In anaesthetized cats 34% of
the examined CC-DSCT cells had background activity
(Zytnicki et al. 1995) while in decerebrate preparations
we found background activity in 40% of the DSCT
cells without differentiating between the subpopulations
(Fedirchuk et al. 2013). The background firing rates
and percentage of active cells are probably dependent
on the type and dose of anaesthesia (Soja et al. 2002)
and/or level of decerebration. It is also possible that
background activity may be in part driven by afferent
inputs arising from sources other than the hindlimbs.
Afferents entering the lower lumbar and sacral regions
project to more rostral CC-DSCT cells (Szentagothai &
Albert, 1955; Lundberg & Oscarsson, 1960), and input
from the chest wall during respiratory movements drives
thoracic and possibly lumbar CC-DSCT cells (Hirai et al.
1988).

Background activity may also be related to intrinsic
membrane properties of DSCT cells in addition to the
afferent drive. In CC-DSCT neurons a train of stimuli to
the dorsal roots sometimes resulted in a tonic activity,
which lasted for several minutes after the onset of the
stimulus train (Holmqvist et al. 1956). Such long-lasting
bursts of action potentials and background activity
might be sustained by voltage-sensitive conductances
in the cell membrane. In motoneurons even though
they have no spontaneous activity at rest, the activation
of voltage-dependent non-inactivating persistent inward
currents (some Ca’* and Na* channels) are known to
cause long-lasting activity in response to short-lasting
synapticinputs (Crone et al. 1988; Hounsgaard et al. 1988).
These currents could certainly maintain a tonic firing
without a tonic synaptic excitation. The Cav1.3 channel
contributes strongly to these persistent inward currents
and it is activated at rather hyperpolarized membrane
potentials (Xu & Lipscombe, 2001). The CC-DSCT
cells label strongly for this channel (Zhang et al. 2008,
2012). Therefore, these intrinsic properties may contribute
significantly to the spontaneous activity in CC-DSCT cells
even in the absence of ongoing synaptic excitation. In
unanaesthetized and decerebrate preparations, a similar
proportion of VSCT and DSCT cells was found to have
tonic background activity (Fedirchuk et al. 2013) but in
previous studies background activity of VSCT cells has
not been discussed to the same extent as that of DSCT
cells. More comparative studies are necessary to determine
whether intrinsic membrane properties contribute more
to the activity of the CC-DSCT cells than the firing of other
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subpopulations, and the conditions under which these
properties are expressed (i.e. at rest or during locomotion,
or both).

Activation of spinocerebellar tract neurons during
rhythmic motor activity

During rhythmic motor actions both DSCT and VSCT
cells were found to be active; however, in early reports,
DSCT activity ceased (Arshavskii et al. 1972a,b; Arshavsky
et al. 1972) while rhythmic activity of VSCT cells
persisted following partial removal of sensory input
by deafferentation (Arshavskii et al. 1972a; Arshavsky
et al. 1978, 1986). The activity of spinocerebellar cells
has been investigated not only during ‘real’ locomotion
but also during ‘fictive’ locomotion (Orsal et al. 1988)
and scratching (Arshavsky et al. 1978). Fictive motor
activity refers to the motor output monitored by electro-
neurograms from hindlimb nerves in decerebrate animals
paralyzed by pharmacological blockade of neuromuscular
junctions. The fictive motor output closely resembles the
output during the real behaviour, but there is no actual
movement and therefore no rhythmic sensory feedback.
In this state, the rhythmic activity of spinocerebellar tract
cells would be driven by inputs from the central neuronal
networks involved in the generation of rhythmic motor
output. The VSCT but not the DSCT cells were reported
to be active during fictive scratch (Arshavsky ef al. 1978).
Work from our laboratory on the activity of VSCT and
DSCT cells during fictive locomotion and scratch reported
that during fictive locomotion 70% (57 of 81) and during
fictive scratch 69% (20 of 29) of the DSCT neurons were
phasically active as illustrated in Fig.2 (Fedirchuk et al.
2013). The activity of the two cells presented in Fig. 2A
and B were recorded in precollicular—postmamillary
decerebrated preparations in which fictive locomotion
was evoked by electrical stimulation (100 A, 20 Hz)
of the mesencephalic locomotor region (Fig.2A) and
fictive scratch was evoked by mechanically stimulating
the skin over the left ear following application of 0.1%
bicucculine on to the first cervical dorsal root on the left
side (Fig. 2B). Extracellular recordings of action potentials
from identified spinocerebellar tract cells were related
to cyclic activity (after normalizing and averaging the
cycles) and about the same proportion of DSCT cells
were active during the flexor and extensor phases of
locomotion or scratch. There were also some cells with
activity spanning across the two phases. When possible,
extracellular recordings were followed by an attempt to
penetrate the identified cell to obtain intracellular records
during another bout of motor activity. Note that in Fig. 2,
the extracellular and intracellular data are overlaid for the
sake of simplicity. After the action potential generating
Na® channels had been inactivated by injection of a
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depolarizing current, the intracellular recordings revealed
rhythmic changes of the membrane potential. Intracellular
recordings from some of the DSCT units revealed changes
in the membrane potentials similar to locomotor or
scratch drive potentials originally described for lumbar
motoneurons during fictive locomotion (Shefchyk &
Jordan, 1985) and during fictive scratch (Perreault, 2002).

In several animals both DSCT and VSCT cells displayed
locomotor drive potentials during rhythmic activity
(Fedirchuk et al. 2013). The cells examined had somas
between L1 and L5 spinal segments and there was
no relation between the phasic activity during fictive
locomotion or scratch and the type of excitatory afferent
input to a DSCT neuron. It is noteworthy that DSCT
neurons active during the extension phase of fictive
locomotion could be activated by group I afferents from

A fictive locomotion
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either extensors or flexors. These findings were contrary
to our expectations based on previous reports (Arshavsky
et al. 1986). The apparent discrepancy between the studies
in the 1960s and our recent report may be due to a
sampling bias, as 11 DSCT cells were tested by Arshavsky
and colleagues (Arshavskii 1972a) versus 81 cells by
Fedirchuk et al. (2013) during fictive locomotion. In
addition, the type of anaesthesia and level of decerebration
could contribute to the differences. None the less, strong
evidence for rhythmic input to several DSCT cells during
two types of patterned activity has been presented in
our study (Fedirchuk et al. 2013). In future studies it
will be imperative to identify to which subpopulation
the recorded DCST cell belongs, as it probably correlates
with rhythmic activity (with input from the spinal CPG
network).

B fictive scratch

Plant

TA

electroneurogram amplitude

I |
1 2
averaged normalized scratch cycle

Figure 2. Rhythmic activity of dorsal spinocerebellar tract (DSCT) neurons during fictive locomotion

and scratch

Overlay of averaged intracellular microelectrode recordings (i.c. thick red trace; membrane potential, Em) and the
averaged instantaneous firing frequency plots (e.c., thin black trace, instantaneous firing frequency, IFF) outside
two identified DSCT cells (one in A and one in B) recorded during fictive locomotion (4) and fictive scratch (B).
The averages were based on the normalized fictive step cycle (A, 12 cycles for e.c. and eight cycles for i.c.) or
scratch cycle (B, 25 for e.c. and seven for i.c.) after dividing the total cycle durations into 30 bins in which the
amplitude of the instantaneous firing frequency (IFF, in Hz on the right axis) and the membrane potential (Em,
in mV on the left axis) was measured. Dotted lines indicate the membrane potential before the evoked motor
activity. Locomotor and scratch drive potentials (depolarization within grey boxes) had a profile that was similar
to the IFF. The amplitude of the total change in the (double-headed arrows) was 3.5 mV in A and 5mV in B.
The electroneurogram amplitude traces are of rectified and filtered records after cycle-based averaging from the
bout when intracellular records were collected. Activity in the hindlimb nerves innervating the sartorius (Sart),
semimembranosus-anterior biceps (SmAB), plantaris (Plant) and tibialis anterior (TA) muscles is shown (the relative
amplitudes are without calibration). Sart and TA are active during the flexion phase while SmAB and Plant are
active during the extension phase of fictive locomotion and scratch. The soma of the DSCT cell illustrated in A was
located in caudal L1 at a depth of 2.2 mm from the spinal cord surface, and in B it was in mid L4 at a depth of

2.1 mm.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Putative spinal and supraspinal sources of input to
spinocerebellar tract neurons during fictive motor
behaviours

On the basis of combined anatomical and electro-
physiological investigations in anaesthetized cats, an
in-depth discussion on the putative neuronal connectivity
between INs mediating synaptic input from afferents and
supraspinal sources has been presented by Jankowska and
colleagues (Shakya Shrestha et al. 2012). Here we provide
a brief summary of putative input to spinocerebellar tract
cells from spinal INs and a few supraspinal projections in
relation to rhythmic motor activity.

In anaesthetized preparations, evidence for excitatory
input from INs to DSCT cells is scanty compared to that
in VSCT cells (Mann, 1973). Excitation can be evoked in
dh-DSCT cells by intraspinal stimulation within motor
nuclei innervating the hamstrings and ankle dorsiflexors
while the same stimulation evokes no excitation in
CC-DSCT cells (Hammar et al. 2011). Thus premotor
excitatory (and inhibitory) INs contact dh-DSCT cells but
not CC-DSCT cells. The phase-related excitation of many
DSCT cells was evident during fictive locomotion and
scratch as can be seen in Fig. 2 by the depolarization of
the membrane potential with respect to the ‘resting level’
(dotted lines) measured before the start of rhythmic motor
activity (about 1.5mV depolarization in the illustrated
cells). Based on extracellular recordings, it was estimated
that 24 of 33 DSCT and 13 of 14 VSCT cells with
tonic activity had increased firing frequency during fictive
locomotion, i.e. could have received excitatory input or
been disinhibited during rhythmic motor activity. Inter-
mediate zone INs with predominant group Ib afferent
input are rhythmically active during fictive locomotion
(Angel et al. 2005) and they may contact DSCT cells based
on two key observations. One is that electrical stimulation
of muscle afferents evokes disynaptic excitation in DSCT
cells during fictive locomotion (Fedirchuk and Hultborn
unpublished observations) and the other is that intra-
cellularly labelled excitatory intermediate zone INs have
been found to project to lamina V-VI (Bannatyne et al.
2009). Commissural intermediate zone excitatory INs may
control only VSCT but not DSCT cells, as the projection
areas of reconstructed commissural cells were mostly in
lamina VIII-IX (Stecina et al. 2008; Bannatyne et al. 2009).

The membrane potential changes in Fig. 2 illustrate
about 2 mV hyperpolarization during rhythmic activity
compared to the ‘resting level’ Inhibitory IN populations
that project to spinocerebellar tract cells include pre-
motor INs such as reciprocal Ia inhibitory INs (Lindstrom
& Schomburg, 1973), non-reciprocal Ib inhibitory INs
(Lundberg & Weight, 1971; Jankowska et al. 2010) and
group II inhibitory INs (Jankowska er al. 2010). No
disynaptic inhibitory inputs from reciprocal Ia inhibitory
INs or Renshaw cells were found in DSCT cells (Lindstrom
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& Takata, 1977; Hongo et al. 1983b) but all of the above
listed populations of inhibitory INs contact VSCT cells
— Renshaw cells (Gustafsson & Lindstrom, 1973); Ib
inhibitory INs (Hongo et al. 19834,b); and II inhibitory
INs (Jankowska & Puczynska, 2008). The Ib inhibitory
INs are thought to be inhibited during fictive locomotion
(McCrea et al. 1995) and fictive scratch (Perreault et al.
1999) while the Ia inhibitory (Geertsen et al. 2011) and
mid-lumbar intermediate zone group II inhibitory INs
(Shefchyk et al. 1990; Stecina, 2006) are rhythmically
active during both motor tasks. It is therefore plausible
that during rhythmic motor activity, Ib/II inhibitory INs
relay phasic inhibitory input to the DSCT cells, while
Ia inhibitory INs are responsible for rhythmic hyper-
polarization of VSCT cells. It has to be noted here that
multiple lines of evidence suggests that the non-reciprocal
Ib inhibitory and group II inhibitory INs may fall into the
same functional subdivision of inhibitory INs (Jankowska
& Edgley, 2010). Both inhibitory and excitatory group
Ib/II intermediate zone INs that project ipsilaterally and
receive input from the pyramidal tracts have been found
to project to laminae VII-IX (Stecina et al. 2008) and thus
they might exert relatively stronger control over VSCT
than DSCT cells. In contrast, the bilaterally projecting
inhibitory Ib/II intermediate zone INs have been found
to project to laminae IV-VI (Bannatyne et al. 2009),
implicating them more in the control of DSCT rather than
VSCT cells. Therefore VSCT cells maybe more likely to
receive inhibitory input from both Ia and Ib/II inhibitory
INslocated on the same side of the spinal cord while DSCT
cells may be inhibited during rhythmic motor activity by
Ib/II inhibitory INs projecting from the contralateral side.
Another distinctive feature supporting this hypothesis is
the fact that inhibition of dh-DSCT cells is seldom evoked
monosynaptically by stimulation in motor nuclei while
inhibition of VSCT cells in the same preparation is mono-
synaptic and it is partly evoked by pre-motor inhibitory
INs (Krutki et al. 2011).

Does the central pattern generator input to dorsal
spinocerebellar tract serve as an efference copy?

The work by Bosco, Poppele and colleagues (as reviewed
in Bosco & Poppele, 2001) has demonstrated that even
individual DSCT cells may carry complex proprioceptive
information on whole limb kinematics during passive
limb movements. With a convergence of this sensory
information and an input from the spinal interneuronal
network generating such movements (an efference copy)
it seems natural to propose the possibility that these
neurons (or some subdivision of the DSCT population)
may have the ability to distinguish sensory inputs that
are a consequence of the active locomotion (reafference)
from those resulting from perturbations in the external
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world (exafference) (von Holst & Mittelstaedt, 1950; see
also discussion in Hantman & Jessell, 2010). The original
concept was formulated by Hermann von Helmholtz
(1867) as he described the observation that the visual
world seems to ‘move’ if the eye ball is passively moved,
while it is perceived to stay still when actively moved by the
eye muscles. He argued that an efference copy is generated
by the motor system and used to determine the expected
re-afferent sensory input caused by the movement, thus
achieving perceptual stability. Most of the research on
neuronal (network) mechanisms underlying the efference
copy and its use in sensory perception has been performed
in insects and other invertebrate preparations (see e.g.
Crapse & Sommer, 2008). Important studies have also
been performed using single unit recordings from cortical
and spinal neurons in primates (Wurtz & Sommer, 2004;
Sommer & Wurtz, 2008; Alstermark & Isa, 2012), and
fMRI in humans (e.g. Blakemore ef al. 1998; Christensen
et al. 2007). We would argue, that further investigations,
particularly on the CPG input to DSCT cells and their
role in the gating of sensory afferent input, would
enable a more detailed and mechanistic understanding
of how an efference copy is generated and used in
vertebrates. However, such an aim would need additional
experimental work, including a comparison of the firing
pattern of classified subdivisions of DSCT cells during
fictive locomotion with unperturbed and perturbed
real locomotion. This should be possible to achieve
experimentally as Bosco et al. (2006) already has compared
the firing patterns of individual DSCT neurons during
passive (locomotor-like) hindlimb movements with actual
locomotion in decerebrate cats. The comparison of DSCT
activity during treadmill walking and passive step-like
movements revealed that about half of the DSCT cell
population investigated had different responses during
these two conditions (Bosco et al. 2006). However, that
study focused on possible differences in the afferent input
in the two situations, thus mainly keeping the discussion
to a sensory context. In some earlier work on passive
limb movement that was similar to slow walking albeit
in anaesthetized preparations it was found that both
stimulation of serotonergic neurons in the brainstem
(Bosco et al. 2003) as well as the stimulation of peri-
pheral nerves (Bosco & Poppele, 2003) can alter the phasic
responses of DSCT cells. Poppele and colleagues were
the first to argue that DSCT activity during rhythmic
movements cannot be explained simply based on limb
kinematics. The relative weighting of sensory input from
the various receptors affecting DSCT cells may account
for some of the differences found in their activity during
active and passive stepping. However, based on our recent
findings (Fedirchuk et al. 2013) we feel that the most
important question is now to define what is under the
control of the CPG. Thus the novel idea proposed here
is that the input from the CPG provides the means by
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which DSCT cells along with VSCT cells contribute to the
differentiation between exafference and reafference signals
in the cerebellum. A full identification of the recorded
neurons to ascribe them as belonging to a specific sub-
group (as discussed above) would be needed in future
studies of this kind, as it is probable that DSCT sub-
populations serve different functions.

Summary and concluding remarks

Asreviewed above, it has been known since the first studies
on feline DSCT neurons that they receive strong excitatory
inputs from segmental afferents, and only minor inputs
from descending pathways. This led to the dogma that
the DSCT acted as an ascending relay of proprioceptive
(and partly exteroceptive) sensory information. This idea
seemed to be reinforced by the work of Arshavsky and
colleagues (Arshavsky et al. 1972, 1978, 1986) suggesting
that the phasic locomotor discharge of DSCT cells was
only linked to the afferent feedback. The VSCT cells have
always been considered to be more influenced by the
activity of the spinal interneurons. The group of Arshavsky,
and colleagues (Arshavskii et al. 1972a; Arshavsky et al.
1986) interpreted the discharge of the VSCT cells as
reflecting an input ‘directly’ from the spinal CPG while
Lundberg (1971) focused on results suggesting that the
VSCT seemed to assess the transmission across last-order
INs and that the excitation from descending and spinal
motor centres would be a part of this process. Our
recent finding (Fedirchuk ef al. 2013) of a rhythmic
central input directly activating DSCT cells, and gating
the transmission of sensory information being conveyed
through the DSCT represents a shift in our thinking of
the spinocerebellar pathways. No doubt cerebellum needs
information on all these aspects to facilitate compensation
for unexpected perturbations during rhythmic motor
activity. The segmental location of the DSCT and VSCT
somas within the lumbar spinal cord and type of synaptic
input has not yet proved to be a predictor of their rhythmic
activity during patterned motor output (Fedirchuk et al.
2013), but more precise linking of subpopulations with
rhythmic activity is required to clarify this issue. As a
final conclusion, the information relayed by DSCT and
VSCT cells is not as different as it has been previously
considered.
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