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The locomotion of rats with a right hemicerebellectomy (HCb) performed in adulthood was compared by means of kinematic analysis with 
the locomotion of rats with a similar lesion performed on the first postnatal day. The age at which the animals received cerebellar lesion made 
a significant difference with respect to the locomotor strategies utilized in adulthood. During stance, neonatal operate rats showed a clear hy- 
perextension of both hindlimbs but not of the forelimbs. Their locomotor posture was characterized by spinal flexion with the head held lower 
than normal. During swing, they showed a tendency towards 'high stepping'. Their steps were regular and symmetrical but bypometric. Adult 
lesioned animals displayed a marked extensor hypotonia, ipsilateral to the lesion during stance and a relevant hyperflexion affecting both sides, 
during swing. Alteration of the interlimb coordination and modified sequence of steps were also observed. Thus, a highly asymmetrical, impaired 
and unstable locomotion was displayed by this group of animals. The present findings demonstrate the importance of the age-at-lesion factor 
in determining the motor strategies in the recovery of locomotor function after HCb in the rat. This evidence is discussed in the light of the 
widespread anatomical remodelling already demonstrated following neonatal, but not adult. HCb in rats. 

INTRODUCTION 

The model of hemicerebellectomy (HCb) performed 
at different developmental stages has proved a fruitful 
way to study the relationship between recovery of motor 
function and developmental brain plasticity 12"z5"28. The 
age at which animals receive cerebellar lesions makes 
a significant difference in the behavioural outcome as 
adults. Rats with neonatal cerebellar lesions exhibit a 
slight extensor hypotonia contralateral to the lesion 
side, a normal-appearing locomotion and complex pos- 
tural adjustments. Conversely, adult lesioned rats show 
a severe extensor hypotonia ipsilateral to the lesion, a 
wide-based, ataxic locomotion and severely disrupted 
coordination 25. 

Many reports indicate that early lesioning of cere- 
bellar circuitry leads to a widespread remodelling of the 
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spared connections .... . Aberrant ipsilateral cerebello- 
rubral z~''31 and cerebello-thalamic z3 projections develop 
that maintain the topographic specificity of the normal 
contralateral projection. An anomalous increase in 
crossed sensorimotor cortico-pontine ° and diencepha- 
lo-olivary 33 projections has been also described. Fur- 
thermore, the absence of a hemicerebellum induces an 
increase of the ipsilateral spinal projection to Deiters' 
nucleus 7. On the other hand, after adult HCb the re- 
modelling of synapses is limited to motor cortex ~') and 
red nucleus 34 contralateral to the lesion. Therefore, in 
the proposed model the highest extent of functional 
recovery is exhibited by those animals that present the 
highest degree of neuronal remodelling. 

Which function is mediated by these remodelled cir- 
cuitries? In other words, can the remodelled circuitries 
sustain the reinstatement of the disrupted function or 
do they determine the development of new motor strat- 
egies, that although abnormal, might be behaviourally 
adaptive? The present study aimed to analyze the ki- 
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nematic characteristics of spontaneous locomotion in 
rats HCbed at birth or in adulthood. 

Among the different motor behaviours, the study of 
locomotion is particularly useful to assess the influ- 
ences of the newly formed cerebellar circuitries. In fact. 
although based on a spinal generator, locomotion is 
heavily controlled by supraspinal centres directly influ- 
enced by the cerebellum TM. Furthermore. this perform- 
ance appears to be an 'ensemble repertoire' in which 
central and peripheral neural components aggregate 
and integrate themselves, creating a behavioural com- 
plex highly modifiable both by learning processes and 
by neurological events. So, spontaneous walking en- 
compasses the neuronal 'history' of the animal with all 
degrees of variability, from the most minute to the most 
disrupting. 

To study the influences of the supraspinal systems on 
locomotion, kinematic analyses are particularly effec- 
tive because mechanical and electrical muscle activity 
is translated into coordinated movements such that limb 
trajectories represent the motor strategies applied. 
Therefore. the precise characterization of locomotion in 
the two experimental groups allows us to define the 
strategies employed, determining if rats HCbed neona- 
tally or as adults use normal patterns in the recovery of 
spontaneous locomotion or if novel locomotor patterns 
are used. These results will further elucidate the rela- 
tionship between developmental brain plasticity and 
recovery of function. In fact, the animals of the two 
experimental groups, though identically lesioned, have 
an organization of the spared cerebellar circuitries pro- 
foundly different such that the influences of the remod- 
elled projections on the recovered function can be re- 
ferred. 

MATERIALS AND METHODS 

In this study 34 rats were used: out of these, 12 were 
operated 24 h after birth (neonatal operate group), 11 
were operated at the 90th postnatal day (adult operate 
group), and 11 were intact adult animals, used as con- 
trois. The lesioned rats were the same animals whose 
motor development and general motor performances 
have been described previously 25'2s. Surgery was done 
under deep anaesthesia by cooling over ice in pups and 
by injection of Nembutal (40 mg/kg, i.p.) in adults. After 
removal of the right half of the occipital bone, the cer- 
ebellum was bisected midsagittally. The right side of the 
cerebellum was then aspirated through a small glass 
pipette. After recovery from the anaesthesia, pups were 
returned to their mothers until weaning; thereafter, an- 
imals were housed alone or two per cage, as were all 
adult operates. Although behavioural testing had been 

given regularly throughout the postoperative period, the 
measurements reported here were taken entirely in the 
fourth postoperative month, when no changes wereseen 
in symptomatology, indicating a stable neurological and 
behavioural state. 

Besides the locomotor studies, we also tested each 
animal for posture, muscle tone. "vestibular drop', sup- 
porting and righting reactions, and complex posturat 
adjustments such as those required during locomotion 
on an elevated horizontal bar or during rearing. These 
observations allowed us both a more thorough analy- 
sis of motor behaviour and a ~clinical' control of the 
accuracy of the lesion placement. 

Kinematic analysis 
Prior to cinematography, the rat's limbs were shaved 

and the lengths of the limb bones measured, The po- 
sition of the following joints was inked: hip, knee, ankle 
and toe (hindlimbs), and shoulder, "elbow', 'wrist' and 
toe (forelimbs). Walking patterns and joint angle tra- 
jectories were investigated during spontaneous over- 
ground locomotion. Animals were encour~.ged to walk 
straight by cookie rewards. According to the needs, the 
animal walked in front of a walt on which markinglines 
were plotted every two cm, or in front of a mirror, which 
gave a lateral view of the limbs not exposed to the di- 
rect view. The lines behind the rats were used for ref- 
erence to measure optical deviations as well as the step 
lengths of each limb and then walking speed of  the rat. 
Mirror images were used for quadrupedal analyses. Lo- 
comotor performances of the rats were recorded on 
tape made with a TELM-SCH video camera at 25 
frames/s and their kinematics were examined by single 
frame analysis of the tapes. The angular trajectories of 
the joints were detected from the position of the land- 
marks over the joints. A source of error m joint angle 
analysis derives from the slippage of the skin over pivot 
points during stepping. For the hindlimb, the skin re- 
mains closely related to the underlying joints in all 
places indicated, except at the knee. Here, considerable 
slippage of the skin occurs during stepping and the ink 
mark cannot be used as a reference for determining the 
absolute excursion of the knee. According to previous 
reports 36. a more precise definition of  the knee angle 
can be obtained through triangulation from the known 
positions of the hip and ankle joints and the measured 
lengths of the femur and tibia. The application of this 
technique reduces errors to limits acceptable for our 
protocol. A similar approach was applied to elbow angle 
calculation. Joint angles were calculated in each frame 
and then plotted in time-series. Stick figure represen- 
tations of  limb position for each portion of the step 
cycle were also drawn. 



Interlimb coordination 
To study step cycles, paw prints during walking were 

obtained while the rat walked on a sheet of white paper 
(the surface a bit rough and not slippery) after the right 
forepaw was soaked with green ink, the right hindpaw 
with red ink, the left forepaw with black ink, and the 
left hindpaw with blue ink. 

We plotted gait diagrams describing the relative tim- 
ing of swing and stance phases for all four limbs. To 
define the phases of step cycle, we mainly followed the 
accurate description by Gruner and coworkers ]5. 
Therefore, we divided the step cycle into four phases, 
two during stance, defined as E2 and E3, and two 
during swing, defined as F and El. Starting from foot 
contact, E2 lasts until the minimum knee angle is 
reached. The E3 phase lasts from that point to lift off. 
From lift off to minimum knee angle during swing is 
defined as the F phase, and the E1 phase lasts from this 
point until foot placement. Foot liftoff was chosen to 
divide stance and swing phases. The only difference 
between our phase division and that by Gruner is the 
event chosen to divide stance and swing phases. Be- 
cause hip angles were not measured in our study, we 
followed the traditional Phillipson's schema 29 that in- 
dicates foot lift off as the event separating stance and 
swing phases. As for the forelimbs, since no event 
clearly distinguished E2 from E3, the stance phase of 
the forelimb was considered as a whole. 

Strides in which blurring of the image occurred dur- 
ing the most rapid phase of flexion were discarded. The 
duration of the total stride, stance and swing durations 
for all four limbs, and intervals between successive limb 
touchdowns were calculated. Other measures included 
vertical and horizontal displacements of the limbs and 
the number of continuous alternating step cycles. 

Limb angular displacements during the step cycle 
The caudal-most position of the limb during the step 

cycle was measured as angle/~; it was calculated as the 
angle between the limbline from the greater trochanter 
of the femur (or head of humerus for the forelimb) to 
the end of the metatarsophalangeal (or metacarpopha- 
langeal) joint and the vertical axis passing through the 
greater trochanter (or head of humerus). The active 
excursion of the limb during swing phase was measured 
as the total angular displacement (angle ~p) from the 
limb's most posterior extension (end of E3 phase) to its 
most forward position (at the end of E1 phase). The 
forward displacement of the limb (angle ~) was calcu- 
lated by subtracting angle/~ from angle q~. 

Statistical analysis 
Metric unit results of neonatal and adult operate 

animals as well as of controls were first tested for ho- 
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moscedasticity of variance and then compared using 
'p x q' or 'p x q x z' analyses of variance (ANOVAs). 
Since the cell frequency was unequal, Winer's 38 model 
of ANOVA with unequal cell frequency was used. When 
significant differences were found with the overall anal- 
yses, post-hoc comparisons among groups were as- 
sessed with Duncan's multiple range or Tukey's tests. 

Histological controls 
After completion of behavioural testing, animals 

were deeply anaesthetized with Nembutal and perfused 
with saline followed by 10~; buffered formalin. The 
precise description of the lesions has been reported 
elsewhere 25"28. Although there was some variation in 
the extent of cerebellar ablation among animals, all 
hemicerebellar lesions involved the right cerebellar cor- 
tex, the white matter, and the cerebellar nuclei of the 
right side (Fig. 1). In all cases reported here, the left side 
of the cerebellum and extracerebellar structures were 
completely spared, except for the dorsal cap of the right 
Deiters' nucleus which in some cases was slightly af- 
fected. The extent of right fastigial lesion, in some cases 

,L 
A 

Fig. 1. Reconstructions of minimal (stripes) and maximal (empty 
circles) lesion damage in neonatal (N) and adult (A) HCbed groups. 
L, lateral cerebellar nucleus; I, interpositus nucleus; F, fastigial nu- 
cleus; VL, lateral vestibular nucleus; VM, medial vestibular nucleus. 
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not complete, was always greater than 60 °o of nucleus 
size. The variability in the extent of the floccular and 
vermal lesion was considered non-influencing because 
in all cases these structures were functionally discon- 
nected because of the ablation of the cerebellar pedun- 
cles and deep nuclei of the right side. 

R E S U L T S  

The gait used by the unlesioned rats was the lateral 
sequence gait, namely the diagonal couplet or the sin- 
gle foot forms s. According to these forms the sequence 
of the lift off of the limbs is: left forelimb (LF), right 
hindlimb (RH), right forelimb (RF), left hindlimb (LH). 
In the usual gait of an unlesioned rat, the body is sup- 
ported in sequence by different numbers of feet in com- 
bination. Thus, a walking rat commonly has three feet 
on the ground for an instant followed by two and then 
again three, then two, and so on (formula 22 introduced 
by Hildebrand'6). Seldom normal rats display forms of 
gait which alternate support by two, three and four feet 
(formula 3 by Hildebrand a6). 

Qualitative description (~ locomotor behaviour 

Neonatal operate animals 
Except during the most challenging tasks, the neo- 

nataUy HCbed animals appeared almost normal when 
observed as adults. During standing, a slight extensor 
hypotonia was observed in the left limbs, contralateral 
to the lesion. During stepping, very little ataxia was 
seen. The animals tended to hyperextend both hind- 
limbs so that the spine was flexed and the head was 
generally lower to the ground than normal  The char- 
acteristic cerebellar 'high stepping' or hyperflexion dur- 
ing swing was also displayed. An unduly hard place- 
ment of the feet on the ground provoked a clearly 
audible locomotion. We never observed rats dragging a 
hindpaw. The gait of these animals was usually smooth 
in appearance and suitable to achieve high speeds. The 
neonatally HCbed rats were able to walk and run with- 
out any directional bias and to rapidly turn. When 
placed on an uneven surface, they could avoid .small 
obstacles and perform simple motor tasks. During 
grooming, they were able to rear on the hindlimbs and 
maintain an upright posture. Nevertheless. as it has 
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been reported elsewhere 25"2s demanding tasks, such as 
crossing narrow paths, betrayed signs of motor defi- 
ciency: the animals often did not succeed in stepping on 
the bridge, often slipping and occasionally falling. 

Adult operate animals 
Adult HCbed animals displayed many abnormal 

movements and postures. One of the most prominent 
deficits was a marked extensor hypotonia ipsilateral to 
the lesion resulting in an asymmetrically crouched pos- 
ture with a body tilt to the lesion side. The gait of these 
animals was markedly ataxic, characterized by oscilla- 
tory movements, staggering, a wide-based support, and 
occasional falls. The adult operate animals made ex- 
aggerated extension movements during the support 
phase and hyperflexion movements during swing phase. 
Even slight spontaneous shifts of position evoked a 
series of oscillations, with a rhythmic bobbing of head 
and body. In motion these animals tended to veer to the 
lesion side and they often lost their balance. To com- 
pensate, the rats leaned against any supporting surface. 
To change direction, the right hindlimb was used as a 
pivot, remaining flexed under body weight. These def- 
icits induced a locomotion stunted and very often in- 
terrupted by brief periods of stopping so that it was 
difficult to observe more than 6-7 consecutive steps. 
Rearing was rarely observed. The adult operate animals 
met with difficulties in crossing narrow paths. They fell 
from the bridge or clung on it upside down in a four- 
legged support. 

Quantitative description 

Neonatal operate animals 
For the neonatal operates, quantitative analysis of 

joint kinematics has been performed by calculating the 

TABLE I 

Joint angle.v at phase  transition 

Statistical comparisons among groups by 'p x q x z' ANOVAs. 
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mean values of knee and ankle joint angles at phase 
transition (Fig. 2). The overall pattern displayed by both 
joints exhibited a tendency towards the hyperextension 
when compared to controls, more evident in E3 and E1 
phases. It is worth noting that greatest differences with 
respect to controls were exhibited by joint angles of left 
hindlimbs. Highly significant differences among groups 
were revealed by 3 x 2 x 4 (treatment x side x phase) 
ANOVAs (Table I). 

Figs. 3 and 4 exemplify the time course of joint an- 
gles of fore- and hindlimbs during stepping in repre- 
sentative animals. 

By calculating the degree of range of motion from the 
end of E3 phase to the end of F phase as the difference 
in the height of the toe at the apogee of the trajectory 
measured as a percentage of the overall distance from 
the ground to the hip at the hip's highest point during 
the cycle, both hindlimbs displayed a tendency toward 
'high stepping' during the swing phase (Fig. 5). In 
fact, the mean values resulted of 26°~, _+ 4 in control 
animals, while in neonatal HCbed animals were of 
43 0Jo + 9 and 36 3'o -+ 8 for the left and right hindlimbs 
respectively. 

During stance, there was little step-to-step variabil- 
ity in the joint angle values across or within animals. 
The tendency towards hyperextension in both hind- 
limbs was further confirmed by comparing the mean 
values of the sums of the three joint angles of a hindlimb 
during the stance phase for a single step in the neonatal 
HCbed animals vs. the control rats. A highly significant 
hyperextension was evidenced in the right (F1,2l = 

37.58; P=0.00003) as well as in the left hindlimb 
(Fi,21 = 28.42; P = 0.0001) of neonatal HCbed rats. As 
for forelimbs, the tendency towards hyperextension dis- 
played by the wrist joints was counterbalanced by hy- 
perflexion of the elbow joints (Fig. 3), so that the mean 
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Fig. 3. Forelimb joint angles of a selected neonatal HCbed rat dur- 
ing step cycles. F, El ,  E2, E3: step cycle phases. C, control values; 

R, right side; L, left side, 

values of the sum of joint angles of the forelimbs were 
not significantly different from control ones. 

The overall features of joint angles of hind- and fore- 
limbs during stepping can account for the typical pos- 
ture of the neonatal HCbed rats characterized by spi- 
nal flexion with the animal's head held lower than 
normal. Stick diagrams of the limb positions during 
stepping (Figs. 6, 7) indicate that the successive posi- 
tions were acquired rather smoothly. 

In the neonatal operates, a pawprint analysis dem- 
onstrated the presence of steps of reduced length. As 
clarified by limb angular displacement analysis, these 
hypometric steps were due to the reduction of both 
angle fl (caudal-most limb position) and angle ~ (total 
excursion of the step) (Fig. 8). A 3 × 2 (group x side) 
ANOVA revealed a significant effect on hindlimb an- 
gular displacements of t rea tment  (F2,62=139.23; 
P<0.001) and side (FL62 = 87.54; P<0.001). The in- 
teraction was also significant (F2,6= = 42.04; P <  0.00l). 
Post-hoc comparisons made by Duncan's test are de- 
scribed in Fig. 8. No significant differences were found 
when comparing forelimb angular displacements. 

The analysis of the interlimb coordination provides 
further details on the locomotion of neonatal operate 
rats. During walking at normal speed, the neonatal op- 
erate rats lifted the LF, with a swing phase of normal 
duration, which started in a position slightly advanced 
from normal, as demonstrated by the reduction of the 
13 angle. The limb was then put forward and wrist ex- 
tension created an increased ~ angle. The limb was then 
loaded, and after about 0-40 ms of quadrupedal sup- 
port. the RH was lifted starting from a position char- 
acterized by a reduced fl angle. The duration of the 
swing phase of this limb was normal or increased, al- 
though the total excursion (q) angle) was always re- 
duced, indicating a slow movement. The limb was then 
loaded, maintaining a knee angle more extended than 
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ing step cycles. Abbreviations as in Fig. 3, 
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normal. With a delay of about 0-40 ms, the RF was 
lifted off with a swing phase characterized by a reduced 
/3 angle and an increased :~ angle and by an extended 

K I N E M A T I C  ANALYSIS OF STEP CYCLE IN 
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during exemplar stepping in a normal animal and in selected neonatal 

and adult HCbed rats. 
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Fig. 7. Stick diagrams of the temporal sequence of hindlimb posi- 
tions during exemplar stepping in a normal animal and in selected 

neonatal and adult HCbed rats. 

wrist angle. After an inconstant period of quadrupedal 
support lasting 0-160 ms, the LH was lifted off to ac- 
complish a hypometric step, as demonstrated by its/3 
and ~ angles smaller than normal. At the end of swing 
phase of the LH, after 0-40 ms of quadrupedal support 
the LF was lifted off. And the step cycle started again. 

In summary, the neonatal operates exhibited a gait in 
which two sequences of foot placement (number 1 and 
20 by Hildebrand ~6) are mixed (Fig. 9). In fact, the foot 
formula based on alternating quadrupedal and tripedal 
support (number 1 by Hildebrand ~6) was observed only 
occasionally, because of the frequent skipping of the 
quadrupedal support period, more often before fore- 
limb lifting off. Therefore, a footfall sequence based 
only on tripedal support (formula 20 by Hildebrand]6), 
that requires more precise postural adjustments, was 
frequently observed. 

These animals were also able to increase the speed 
of their gait either by eliminating the periods of qua- 
drupedal support or by reducing the duration of stance 
phases. The gait used in this situation was again a 
mixture of two sequences of foot placement, in which 
a tripedal support was mixed with a bipedal support on 
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angles of left and right hindlimbs significantly differ from controls. No 

significant difference was found in forelimbs. 

opposite sides (formula 22 by Hildebrand]6), although 
this latter form of  support, being rather unstable, was 
often skipped. 
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Fig. 9. Footfall diagram of typical step cycles for normal, neonatal 
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walking footfall formulas according to Hildebrand t6. The initials L, 
RI H and F stand for the left, right, hind and fore feet. Dark circles 

indicate feet supporting weight; open circles, unweighted feet. 

Adult operate animals 
Quantitative evaluation of  hindlimb joint kinematics 

at phase transition demonstrates a tendency towards 
the hyperflexion, particularly evident on the right side 
(Fig. 2, Table I). 

The time course o f  joint excursions during stepping 
is described in Figs 10 and l 1. In these diagrams, the 
angular displacements in left and right limb joints in a 
representative animal during step cycle are shown. 

In the stance phase, an excessive flexion of  the prox- 
imal joints o f  the right limbs (responsible for the body 
tilt to the lesion) was accompanied by a tendency to the 
extension of  ankle and wrist angles and to the flexion 
of  knee and elbow angles of  the left limbs (Figs. 2, 10. 
11 ). By comparing the mean values of  the sums of  the 
three joint angles of  a hindlimb during the stance phase 
for a single step in the adult HCbed animals vs, the 
control rats. a highly significant hyperflexion was evi- 
denced in the RH (F,.2. = 262.36: P = 0 .0000t)whi le  on 
the LH no significant differences were present 
(F,,2o = 0.93: P = n.s, ). 
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Fig. l 1. Hindl imb joint  angles of a selected adult HCbed  rat during 
step cycles. Abbreviat ions as in Fig. 3. 

During swing phase, a characteristic of adult oper- 
ates was the hyperflexion of joint angles (Fig. 5). The 
mean percentage of hindtimb flexion during swing 
phase, calculated as already described for neonatal 
HCbed rats, reached the 58~; + 5 of stance value in 
RH and 35 }o -+ 7 in the LH. This was achieved through 
a marked reduction not only of ankle angles, as in the 
neonatal operate group, but also of knee angles 
(Fig. 11). The sharply asymmetrical joint angles be- 
tween sides caused the body to jerk up and down in- 
stead of remaining horizontal, resulting in the waddling 
gait of these animals. 

Stick diagrams of the limb positions during stepping 
showed that the different limb positions during step 
phases were acquired through highly irregular trajecto- 
ries, more evident in hind- than in forelimbs and on the 
right side more than on the left side (Figs. 6, 7). 

As regards limb angular displacements, a highly ir- 
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regular pattern was exhibited by the adult operates 
(Fig. 8). In the RH, the feature most commonly ob- 
served was an increase of/~ and c~ angles, creating a 
hypermetric step, although hypometric steps with re- 
duction of/~ and e angles were also occasionally seen. 
For the LH, angular displacements were less affected, 
with the/~ angle normal or slightly reduced, leading to 
normal or slightly hypometric steps. For the forelimbs, 
a general reduction of/3 angles was present bilaterally, 
while c~ angles showed a great variability with normal 
or increased values. Therefore, the resulting step lengths 
of the LF and RF were extremely different, creating a 
highly unstable walking. In fact, these animals showed 
an extremely simplified gait characterized by a sequence 
of foot placement based on alternating quadrupedal 
and tripedal support (formula 1 by Hildebrand 16) 
(Fig. 9), the most stable gait able to compensate for the 
extreme variance and instability of the limb movements. 
Furthermore, as clarified by paw print analysis, the 
differences in stride length between sides induced mod- 
ifications of the paw contact sequence. In fact, the nor- 
mal sequence (L F---, RH --* RF ~ LH --, L F) was period- 
ically modified by skipping the RH swing phase, so that 
LF lift off was followed by RF lift off (LF- - ,RF~  
L H ~ L F ) .  

Despite these compensatory strategies, the gait was 
still very unstable and continuous walking lasted for 
very short periods. In fact, the animals stopped every 
few cycles in a state of quadrupedal support that al- 
lowed a kind of'resetting to zero' of the different com- 
ponents affecting gait stability. 

These animals were not able to successfully increase 
their locomotion speed. 

D I S C U S S I O N  

The present study analyzes the locomotor strategies 
present in rats after HCb according to the time of le- 
sioning. Quantitative kinematic analysis allowed us to 
clarify the specific disturbances in the locomotor con- 
trol in the absence of a hemicerebellum and to deter- 
mine whether functional recovery of locomotion after 
HCb at different developmental stages involves the re- 
covery of lost functions or the appearance of new strat- 
egies. 

In adult HCbed rats the basic scheme of locomotion 
was maintained and the locomotor pattern was char- 
acterized by the following aspects: (1) a marked ipsi- 
lateral extensor hypotonia during stance, inducing a 
pronounced asymmetry between sides in the degree of 
limb extension, responsible for the sharply tilted loco- 
motion; (2) a clear hyperflexion on both sides, but 
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prevalent on the lesion side during swing; (3) a relevant 
lack of movement smoothness, especially present on 
the lesion side; (4) an alteration of interlimb coordina- 
tion, characterized by an extreme variability in the tim- 
ing of  the different step phases among limbs and by a 
modified sequence of steps with an occasional skipping 
of the RH swing; (5) a compounding of small errors 
into a complete loss of balance. 

Taken together, these features depict a locomotor 
pattern closely related to the asymmetry in the motor 
system elicited by the unilateral lack of cerebellar func- 
tion 25. On one hand. the severe extensor hypotonia 
ipsilateral to the lesion can be related to the lack of 
cerebellar input to the thalamo-cortico-spinal pathway, 
leading to a reduced fusimotor discharge ipsilateral to 
the cerebeUar lesion ~°'~3. On the other hand, the bilat- 
eral hyperflexion during swing phase could result from 
the lack of cerebellar control over reticulo- and rubro- 
spinal pathways. In fact, while a hemicerebellum influ- 
ences through the rubro-spinal system only the ipsilat- 
eral spinal cord, bilateral effects can be mediated by the 
reticulo-spinal system because of its bilateral organiza- 
tion18"30 Both reticulo -3° and rubro-spinal 2'27 neurons 
have a facilitatory influence on flexor muscles during 
swing. Therefore, the marked hyperflexion ipsilateral to 
the lesion could be the result of the interplay between 
the lack of cerebellar control on rubro-spinal cells and 
the asymmetrical cerebellar control on the reticulo- 
spinal pathways. Contralaterally, only a small degree of 
hyperflexion was present as a result of the persistence 
of cerebellar control on rubro-spinal neurons and the 
asymmetrical impairment of reticulo-spinal system. 

It is widely accepted that the suppression of the cer- 
ebellar role as comparator between central motor com- 
mands and sensory feed back provokes errors of force. 
velocity and timing of muscle contraction during loco- 
motion w. In our experimental model the cerebellar ad- 
justment of the timing of locomotor movements is lost 
on the lesion side as shown by movements decomposed 
into sequential constituents made with errors, indicat- 
ing that muscles acting on joints normally moving to- 
gether lose their synergies. The prolonged stance, with 
an excessive ~ angle, and the prolonged swing, with an 
excessive ~ angle, ipsilateral to the lesion can be inter- 
preted as the result of a prolonged action of agonist 
muscles and a delayed action of antagonists. In fact, 
this pattern has already been demonstrated electrophys- 
iologically in other paradigms of closely patterned in- 
terplay between extensors and flexors in the absence of 
the cerebellum ~7. 

On the contratateral side, ~ and/~ angles were normal 
or slightly reduced, such that a strongly asymmetrical 
pattern was present with hypermetric steps ipsilateral 

and hypomemc steps contralateral to the lesion. This 
disruption of interlimb coordination fits with electro- 
physiological results indicating a similar effect on loco- 
motion after unilateral cooling of cerebellar cortex m 
ca t s  35-36. 

Adult rats which had undergone a neonatal HCb pre- 
sented a skillful locomotion without falls and with a 
great facility to change velocit3. Nonetheless, kinematic 
analyses showed that many components were altered: 
( 1 ) during stance, a clear hyperextension of both hind- 
limbs was present. Since the forelimbs were not hyper- 
extended, the locomotor posture of this experimental 
group was extremely characterisuc, with the spine flexed 
and the head lower to the ground than normal: (2) dur- 
ing swing, a tendency towards hyperflexion was present 
in both hindlimbs, more so contralateral to the lesion: 
(3) the locomotor pattern was characterized by regular 
and symmetrical but hypometric steps. 

Therefore. in spite of the unilateral lesion of the cer- 
ebellum, these animals exhibited only slight asymme- 
tries in the locomotor performances. A possible expla- 
nation lies in the remodelling of  the spared cerebellar 
circuitries that neuroanatomically characterized the 
neonatal operates. Many studies have evidenced that. 
following a neonatal HCb. neuronal circuits develop 
that allow the spared hemicerebellum to be connected 
bilaterally with the descending motor systems 5-722- 
26.2~.33 In fact. both cerebello-cortico-ponto-cerebel- 
lar ~''23 and cerebello-rubro-olivo-cerebeIlar 26-31.33 loops 
of both sides are connected with the spared hemicere- 
bellum which can thus exert its influence on ips~- and 
contralateral movements, The hyperactivity of extensor 
muscles observed in this group of animals during stance 
can be attributed to enhanced discharge of vestibulo- 
spinal neurons that are known to have a bilateral lh- 
cilitatory influence on extensor motoneurons ~v. Tenta- 
tively, this modified activity in the vestibular nuclear 
complex might be interpreted as a consequence of the 
enhanced spinal afferents to the Deiters' nucleus ipst- 
lateral to the lesioned hemicerebellum because of the 
rerouting of the spino-cerebellar bundle 7. In our opin- 
ion. this vestibular hyperactivity cannot be simply due 
to the lack of the cerebellar Purkinje cell inhibition on 
vestibular neurons. In fact. in the adult operates, the 
lack of cerebellar inhibition, not accompanied by spino- 
cerebellar rerouting, did not elicit an extensor hyperac- 
tivity. 

This relation between enhanced bilaterality of the 
spared circuits after asymmetrical brain lesions and the 
maintenance of a higher degree of  symmetry in the 
motor performances has been described in other exper- 
imental models. In cats. a neonatal hemispherectomy 
provokes an enhanced bilaterality of the cortico- 



descending pathways accompanied with mild or absent 
postural and locomotor changes, in contrast with the 
highly asymmetrical behavioural outcome of the adult 
hemispherectomy, where no neuronatomical remodel- 
ling has been observed 4. Furthermore, unilateral motor 
cortex lesions performed neonatally in rats allow spar- 
ing of reaching movements which seems promoted by 
the spared contralateral neocortex through an aug- 
mented ipsilateral corticofugal pathway 37. All the 
above-mentioned data, though not a direct proof of the 
functional role played by the postlesional remodelled 
circuits, strongly support the hypothesis of a strict re- 
lationship between neuronal plasticity and postlesional 
behaviour. 

By comparing the motor strategies displayed by the 
two experimental groups during locomotion, some con- 
siderations can be drawn. Although the basic compo- 
nents of the movements were present in both groups, 
they were programmed into two different behavioural 
strategies. The adult HCbed animals, besides the irreg- 
ular nature of their locomotion, exhibited features char- 
acteristic of specific steps of ontogenetic development 
of spontaneous walking. In fact, they utilized a gait 
based on alternating tripedal and quadrupedal support, 
the same sequence utilized by young puppies 16 at de- 
velopmental stages in which cerebellar function is im- 
mature. Interestingly, this form of gait also character- 
izes the locomotion of ancestral tetrapods ~6. These 
animals have short and weak legs and usually a wide 
stance 16. Therefore, in view of the peculiar philogenetic 
history of the cerebellum, the comparison with the hy- 
perflexed, hypotonic and abducted limbs of the adult 
HCbed specimens appears to us very teasing. Also, in 
turning, adult HCbed rats utilized a strategy based on 
pivoting typical of a specific period of locomotor de- 
velopment 28. Taken together, these data suggest that 
the lesion of a hemicerebellum in adulthood induces the 
loss of sophisticated patterns of walking and provokes 
the reappearance of developmentally 'old' patterns 
present when cerebellar control was lacking. 

In contrast, neonatal operates displayed a locomotor 
strategy characterized by hyperextension of both hind- 
limbs during stance and by hypometric but symmetri- 
cal steps. This gait, resembling a 'tip-toe' gait, was 
unique to neonatal operates, being absent either in the 
normal adult or in the infant. This feature is, in our 
opinion, related to the already discussed specific ana- 
tomical organization ofcerebello-motor circuits. There- 
fore, in neonatal operates, the postlesional motor strat- 
egies represent the development of new function as 
consequence of the new anatomical organization. 

It can be argued 32 that any postlesional remodelling 
of circuits, besides regeneration of cut axons, will pro- 
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duce an anatomical organization that, by definition, is 
different from normal and therefore can never result in 
the precise reinstatement of the lost function. Never- 
theless, many reports 3"4'25"37, as well as the present 
study, indicate that in some experimental models a high 
extent of postlesional plasticity is associated with func- 
tionally advantageous behavioural outcomes. This gap 
can be bridged in the light of the present results. In our 
model, neuroanatomical remodelling does not allow the 
reinstatement of the lost locomotor pattern, but induces 
the appearance of a locomotor strategy that, though 
novel, appears to be extremely efficient. We are aware 
that just because of the i r  novelty, the aberrant projec- 
tions do not necesSarily elicit advantageous behav- 
iours 1. In fact, some reports support models where 
growth processes may exaggerate an imbalance in al- 
ready damaged systems, resulting in maladaptive be- 
haviours rather than in recovery of function 9"2°. Taken 
together, these evidences indicate that many factors are 
involved in determining aberrant circuit activity and 
therefore it is difficult to predict the functional proper- 
ties of a specific remodelled circuit. However, by ana- 
lyzing the models in which postlesional plasticity has 
been hypothetized as the basis of functional recovery, 
some considerations can be advanced 24. It appears that 
for a functional recovery, remodelled circuits must per- 
mit a flow of information as similar as possible to that 
utilized by the damaged system. This characteristic is 
particularly present in the circuits that are the contralat- 
eral homologue of the lesioned ones. In fact, in many 
models 425"37, when the plastic changes are sustained by 
these structures, their behavioural outcome is highly 
functional. Alternatively, when remodelling of synapses 
is prevalent in non-homologue structures, the behav- 
ioural outcome is often greatly impaired 11, suggesting 
that the 'quality' of the information flow is profoundly 
different from normal. 

Finally, another aspect cannot be discarded. When 
relocation of function does occur, there is always a cost 
associated with it. When an infant lesion induces the 
relocation of some functions, some compromises often 
occur in those brain areas which take over the functions 
of the injured structures, in terms of crowding of func- 
tions 2~. Therefore, neuronal remodelling might have 
positive as well as negative functional effects. In this 
light, it is possible to interpret the contralateral signs of 
cerebellar deficiency showed by our neonatally HCbed 
rats. The extensor hypotonia affecting the left limbs 
resulted in a tilted posture in neonatal operates that 
could be due to a crowding of functions in the spared 
hemicerebellum, which in these animals, because of 
neuronal remodelling, controls ipsi- and contralateral 
motor systems. 
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In conclusion, the present study demonstrates reap- 
pearance of old motor strategies in lesioned animals in 
the absence of  neuronal plasticity and the development 
of new ones in face of  intense neuronal remodelling. 
These data clarify some aspects of  the functional re- 
covery and of the effects of  the aberrant circuits on 
postlesional behaviour that are of  interest for a better 
comprehension of  the different factors that regulate re- 
covery of  function after brain trauma. 
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