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INTRODUCTION

The dorsal spinocerebellar tract (DSCT) represents one of the major projection
pathways from the spinal cord to the intermediate part of the cerebellum. The neu-
rons of origin of the DSCT receive converging sensory information from hindlimb
muscle, skin and joint receptors and their projection to the cerebellum is considered
to be the product of the spinal sensory processing of movement-related information
(1,13, 14).

In fact, earlier studies suggested that DSCT activity might relate to global rather
than to local parameters of hindlimb postures and movement (5, 6, 7, 8).
Specifically, it was proposed that DSCT neurons might elaborate a representation of
the limb endpoint kinematics. The proposal stemmed mainly from the result of a
principal component analysis of DSCT responses to step-like trajectories applied
passively to the left hindfoot of anesthetized cats (8, 15). The first two principal
component (PC) waveforms, which accounted for a large fraction of the ensemble
activity of DSCT neurons, were correlated respectively with either the waveform of
the limb axis length or orientation trajectories.

This finding was rather suggestive of separate sensory representations of limb
axis length and orientation. However, a law of intersegmental covariance that has
been found to couple the motion of limb segments (3, 7, 9, 10), because of the pas-
sive limb biomechanical properties, might produce a unique correspondence
between the limb geometry and the limb axis coordinates. As a consequence, a local
joint angle reference frame might become indistinguishable from a global limb axis
reference frame, when relating neuronal activity to the limb kinematics. In other
words, this segmental interdependence makes it unclear whether such global repre-
sentations unveiled at the level of the DSCT may result from neural processing or
from biomechanical factors alone. Moreover, it raises the question of whether
explicit representations of joint angles might also be required to encode local
changes in limb geometry.

To address these issues, in the present study we decoupled limb geometry from
endpoint position by mechanically constraining the knee joint during passively
applied movements patterned after a step cycle. Then, we used principal components
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analysis of DSCT neuronal responses to assess whether the representations of limb
axis length and orientation previously found for the first two PC waveforms might

be invariant to the local changes in limb geometry imposed by the mechanical con-

straint, or additional components might be necessary to explain the ensemble activ-

ity of DSCT neurons.

METHODS

Four adult cats were anesthetized with pentobarbital (Nembutal, Abbott Pharmaceuticals, Inc.;
35 mg/kg, I.P. supplemented as needed to maintain a surgical anesthesia level throughout the dura-
tion of the experiment). They were placed in a stereotaxic apparatus with the hips fixed in posi-
tion by pins in the liliac crests. The left hindfoot was attached to a small platform connected to a
computer controlled robot arm (Microbot Alphall+, Questech, Inc, Farmington Hills, M1.), which
moved the limb through a footpath modeled on a step cycle (Fig 1A) with a velocity profile com-
parable to that of slow walking (Fig. 1B; see also 16).

The kinematics of the limb movement was recorded by means of a digital video camera (Javelin
Model 7242 CCD camera; 60 frames/sec) which acquired the position of reflective markers placed

A

Fig. 1. - Passive step cycle foot-trajectory. B

A. Stick diagrams show hindlimb geometry for

two arbitrary points in the step foot trajectory

during unconstrained (gray stick diagrams) and 22 -
constrained (black stick diagrams) steps. The
dashed lines connecting the thigh and the shank
segments symbolize the Plexiglas bar that con-
strained the knee joint motion. A black arrow
indicates the point in the foot trajectory (start)
corresponding to the beginning of the forward
swing and used to align neuronal activity in
successive cycles. B. Footpath trajectory veloc-
ity is highest in the early portion of the forward
swing and lowest at the transition between for-
ward and backward swing. % cycle

speed (cm/sec)
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on the hip, knee, ankle and fifth metatarsal-phalangeal joints. Kinematics data were digitized off-
line using a motion analysis system (Motion Analysis, Santa Rosa, CA, model VP110).

Knee constraint.

In order to dissociate limb geometry from foot kinematics we applied a rigid constraint between
the thigh and shank that prevented angular motion of the knee joint. A rigid Plexiglas strip (repre-
sented by a dashed line in the stick diagrams in Figure 1 A) was fixed between surgically implant-
ed pins in the femur (about 5 cm from the femur head) and tibia (about 6 cm from its distal end;
see 7 for more details). The knee constraint blocked effectively the motion of the knee joint for
three cats where the maximal range of knee motion was within 5°, and reduced the knee motion
by about half for the fourth cat. Because of the biomechanical coupling among limb segments, the
angular excursion of the other hindlimb joints (hip and ankle) was also affected to some degree.

Neuronal recording.

DSCT unit activity was recorded extraaxonally from the dorsolateral funiculus at the T10-T12
level of the spinal cord using insulated tungsten electrodes (5 MQ, FHC, Brunswick, ME).
Antidromic activation from the white matter of the cerebellum and/or from the restiform body
identified units as spinocerebellar. Activity recorded continuously during series of 10-15 passive
step-like movement cycles was aligned to the reference starting point at the beginning of the for-
ward swing (black circle in the foot trajectory in Figure 1A). Cycle histograms were computed
using binned activity (binwidth: 33.3 ms) from at least 7-10 consecutive cycles.

PC analysis.

From the data-matrix of DSCT response histograms to passive and constrained step cycles we
extracted the principal components, that is a small number of linearly independent waveforms
accounting for most of the data set variance. The original elements of the data set (i.e. the his-
tograms) are related to the PC waveforms by weighing coefficients, which represent the Pearson
product-moment correlations between the elements of the original data set and each of the PCs.
PC analysis was performed using SYSTAT (17).

RESULTS

We analyzed the responses of 50 DSCT neurons to step-like movements in both
experimental conditions (control and constrained). The knee constraint had variable
effects on the DSCT responses, including no discernible effect on the responses of
24 neurons (48%), 3 of which are illustrated in Figure 2 (panels A, C and E;
Kolmogorov-Smirnov test p > 0.05). The other 26 cells (52%) were all affected to
some degree, as illustrated by the 3 examples in the right side of Figure 2 (panels B,
D and F). We also noted that most of the changes involved a major difference in
responsiveness during the latter part of the forward swing.

In an earlier study, using PC analysis, we found that the variety of DSCT step
responses could be explained, for most part, by as few as four PC waveforms.
Interestingly, these components were strongly correlated to the waveforms of limb
axis length and orientation trajectories (15). Therefore, the finding that local
changes in limb geometry imposed by the knee constraint could affect significant-
ly the activity of half of DSCT neurons raises the question of whether these activ-
ity changes could be explained by additional response components related to spe-
cific local changes in limb kinematics. Alternatively, activity changes might result



188 G. BOSCO AND R.E. POPPELE

A Cell 2727 B Cell 2661
25 -
1}
@
£
E
i Mok
0% % cycle 100% 0% % cycle 100%
C D
Cell 2653 Cell 2690
80
]
@
a8
]
0 & 1

Cell 2728 Cell 2667
120

o
(=4
'y

Imps/sec
Impsisec

1 0 T
100% 0% % cycle 100%

0% % cycle

Fig. 2. - Examples of DSCT responses to control and constrained steps.

Cycle histograms of DSCT activity over a movement cycle are aligned with the beginning of the for-
ward swing (Start position in Figure 1A). Two independent trials are plotted for each condition, control
(gray curves) and constrained (black curves). A-C-E. Each panel shows responses from individual
DSCT cells that were unaltered by the knee constraint. B-D-F. Examples of individual DSCT step
responses that showed significant changes with the limb constrained.
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Fig. 3. - Principal component analysis of response histograms.

A-D. The first four principal components (PCs) extracted from 50 control responses (thick gray curves)
and from the 26 responses that were changed by the knee constraint (black curves). The PCs are com-
pared with a set of PCs extracted from an independent sample of 160 DSCT neurons (thin gray curves).
E. Cumulative percentage of the variance in response waveforms in each data set explained by the first
ten PCs. F. Scatterplot of weighting coefficients for the first two PCs. Open symbols represent the con-
trol responses and filled symbols represent knee-constrained responses for the 26 neurons that were
affected by the knee constraint. A line joins the response representations for each individual cell.
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from different weighting among invariant response components that are related to
the limb axis.

In order to address this issue, we applied a principal component analysis (PCA)
separately to each dataset (control and constrained) of DSCT step responses. For the
50 step responses in the unconstrained condition, we found that the PC waveforms
were essentially the same as those derived from a larger (and separate) data set in
the previous study (Fig. 3A-D, thick vs thin gray traces). About 75% of the variance
was explained by the first three PCs with less than 4% of the variance accounted for
by any of the higher order components. In addition, the PC waveforms extracted
from the 26 responses that were changed by the knee constraint were basically iden-
tical (Fig. 3A-D, black traces).

Therefore, the changes in DSCT step responses observed when the limb was con-
strained cannot be accounted for by new or missing response components. This might
imply that the same basic components are activated under both experimental condi-
tions but they occur in different combinations for some cells when the knee is con-
strained. In fact, we noted that the overall cumulative variance explained by the PCs
was somewhat different for the changed responses (Fig. 3E). In particular, the contri-
bution of the second PC was larger (19.7% vs 11.5%) for the changed responses.

To examine this further we determined the distributions of the weighing coeffi-
cients for the first 2 PCs (which explain most of the data set variance) and found that
the changes in waveform that occurred when the knee was constrained were accom-
panied largely by changes in the weighting of the second PC (Fig. 3F). This is evi-
dent in the 2-dimensional distribution in Fig. 3F, where a line connecting the control
(open symbols) and constrained (solid symbols) response coefficients tracks the
behavior of each affected cell. The generally vertical orientation of the lines indi-
cates that the changes involved mostly an increase in the weighting of the second
PC, with relatively smaller changes in the first PC weighting.

DISCUSSION

In the present study we constrained the motion of the knee joint to modify the
relationship between limb geometry and limb endpoint and found that DSCT
response components were invariant, even though half of the neurons showed sig-
nificant activity changes. These activity changes could be fully accounted for by a
modified weighting of existing response components rather than by any new or
missing components.

The finding that the response components were unchanged by the knee constraint
further supports our earlier proposal, based on the strong correlations between the
PC waveforms and the limb axis trajectories, that the first PC waveform is a repre-
sentation of the limb axis orientation trajectory and the second PC a representation
of the length trajectory (8, 15). In addition, the lack of any changes in the PC wave-
forms corresponding to the changes in joint angle trajectories suggests that the
DSCT population activity has no direct relationship with specific joint angles.
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From these considerations, a general coding scheme might emerge which
accounts for DSCT behavior during passive hindlimb movements. In essence, the
neural circuitry parses a global representation of hindlimb kinematics into two inde-
pendent representations. Previous studies suggest that these are separate neural rep-
resentations of the limb axis orientation and length, including their position and
movement components (7, 8, 15). The various components of this kinematics repre-
sentation are then distributed with different weightings among the output elements
of DSCT circuitry generating the variety of DSCT responses observed experimen-
tally. Thus we propose that, within this framework, local information, such as
changes in single joint stiffness, might be encoded without requiring specific and
explicit local representations. In this way such specific information is encoded in the
context of the whole limb status.

In conclusion, it is relevant to note that this type of coding scheme found at the
lowest levels of sensory processing might be congruent with the variables, namely
the limb axis kinematics that have been proposed for the control of motor behaviors
such as gait and stance (1, 3, 9, 10, 11, 12).

SUMMARY

Earlier work from our laboratory showed that principal component waveforms
(PCs) from an ensemble of DSCT movement responses correlated with either the
waveform of the limb axis length or orientation trajectories, suggesting that DSCT
circuitry might elaborate an explicit representation of limb endpoint kinematics
independent from limb geometry. In this study, we tested this idea by decoupling
limb geometry from endpoint position with mechanical constraints that blocked the
motion of the knee joint during step-like movements applied passively to the
hindlimb of anesthetized cats. Only about half of the 50 cells studied showed statis-
tically different response patterns when the limb was constrained compared to the
unconstrained condition (control). However, the PC waveforms extracted from
responses that showed significant changes with the knee constrained were found to
be identical to those extracted from control responses. Instead, the differences
between constrained and control responses could be accounted for by changes in the
weighting of PCs suggesting a modulation of global response components rather
than an explicit representation of local parameters.
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