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INTRODUCTION

A common neurodevelopmental disorder and the main cause of
physical disabilities in children is cerebral palsy (CP), a disorder
thought to originate from perinatal brain damage. CP is a varied
group of movement, posture and motor control disorders that are
related to various muscle hypo- or overactivities, paresis, spasticity
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Abstract

Motor control and body representation in the central nervous system (CNS) as well as
musculoskeletal architecture and physiology are shaped during development by sensorimotor
experience and feedback, but the emergence of locomotor disorders during maturation and
their persistence over time remain a matter of debate in the absence of brain damage. By
using transient immobilization of the hind limbs, we investigated the enduring impact of
postnatal sensorimotor restriction (SMR) on gait and posture on treadmill, age-related
changes in locomotion, musculoskeletal histopathology and Hoffmann reflex in adult rats
without brain damage. SMR degrades most gait parameters and induces overextended knees
and ankles, leading to digitigrade locomotion that resembles equinus. Based on variations in
gait parameters, SMR appears to alter age-dependent plasticity of treadmill locomotion. SMR
also leads to small but significantly decreased tibial bone length, chondromalacia,
degenerative changes in the knee joint, gastrocnemius myofiber atrophy and muscle
hyperreflexia, suggestive of spasticity. We showed that reduced and atypical patterns of
motor outputs, and somatosensory inputs and feedback to the immature CNS, even in the
absence of perinatal brain damage, play a pivotal role in the emergence of movement
disorders and musculoskeletal pathologies, and in their persistence over time. Understanding
how atypical sensorimotor development likely contributes to these degradations may guide
effective rehabilitation treatments in children with either acquired (ie, with brain damage) or
developmental (ie, without brain injury) motor disabilities.

and secondary musculoskeletal problems and associated to distur-
bances of somatosensation (25, 51). Without brain damage, diffi-
culties or impairments in the planning, execution and control of
body movements are considered developmental coordination disor-
ders (DCD) and usually coexist with deficits in executive functions
in 5%—6% of school-aged children (44). Children with autism spec-
trum disorder (ASD) also exhibit gross and fine motor
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abnormalities, motor learning deficiencies and the persistence of
primitive reflexes (11).

Most children developing these pathologies exhibit reduced
physical activity and interactions with their environment (37, 57),
as well as atypical motor development, detected as altered sponta-
neous or general movements (GMs) (20, 42). Briefly, during typical
development, the repertoire of GMs in limbs increases in variation,
fluency, amplitude and complexity into a continuous stream of
small and elegant movements. In contrast, atypical GMs corre-
spond to rigid and cramped-synchronized and stereotyped move-
ments that exhibit limited fluency, complexity and variations with
increasing age. Atypical motor development that leads in most
cases to CP (with early brain damage) or DCD (without brain dam-
age) is characterized by delays in the achievement of motor mile-
stones, deviations in muscle tone and the persistence of infantile
reactions and primitive reflexes (24, 33). Somatosensory feedback
during movements is an integrated part of motor commands and
contributes to drive muscle activation during gait; its participation
in the emergence of gait disorders is questioned (18, 45, 46).

Even without brain damage, movement impairments, musculo-
skeletal pathologies, spasticity and related paresis can be induced in
adults by either limb immobilization and disuse, or microgravity
exposure (21, 39). For instance, a 2-week immobilization or a 4-
week suspension of one leg in adults induces structural and func-
tional muscle adaptations and increases the Hoffmann reflex
(H-reflex), reflecting changes in spinal cord excitability in relation
to decreased proprioceptive inputs to the sensorimotor circuitry
(12, 13, 31). It is now understood that the development of move-
ment repertoires, motor control and body representations in the sen-
sorimotor circuitry are achieved through early spontaneous
movements, sensorimotor experience and feedback in both humans
(23, 24) and rodents (56). Although numerous studies examining
the deleterious impact of transient immobilization or disuse have
been conducted in adult animals (eg, Refs. 6, 7), very few have
been performed during development. Hind limb unloading or
restricted range of motion of young rodents induces slight yet tran-
sient gait changes (59, 61) and altered muscle physiology and phe-
notype (43, 52). In two prior studies, we used postnatal hind limb
immobilization in neonates to achieve sensorimotor restriction
(SMR) in combination with neonatal asphyxia to induce brain dam-
age, in an attempt to explain the disabling movement disorders
found in children with CP (15, 54). We extend those studies here to
investigate the impact of postnatal SMR alone in rats on locomo-
tion, musculoskeletal tissues and a possible relationship to spastic-
ity. We postulate that limited amounts and abnormal patterns of
somatosensory inputs during postnatal movement restriction may
induce atypical development and refinement of the sensorimotor
circuitry. Motor outputs and musculoskeletal structure and/or phys-
iology may also be altered subsequently. We suppose that degraded
musculoskeletal organization may also contribute to the persistence
of impaired motor outputs and atypical somatosensory experiences
in a self-perpetuating cycle.

METHODS

All experiments and animal use have been carried out in accord-
ance with the guidelines laid down by NIH (NIH Publication
#80-23) and EU Directive (2010/63/EU). The research involving
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animals has been approved by the Direction Départementale des
Services Vétérinaires—Préfecture des Bouches du Rhone, France
(permit # C13-055-8JR).

Animals and hind limb immobilization

Sprague-Dawley rat pups of either sex from different litters were
pseudo-randomly assigned to two groups: (i) a group subjected to
transient hind limb immobilization from P1 to P28 for 16 h/day,
thus producing SMR, and (ii) a control group (Cont). The feet of
the SMR pups were first gently bound together with medical tape.
Their hind limbs were then immobilized in extended position and
taped to a cast, made of hand-moldable epoxy putty sticks (Figure
1). These casts were well tolerated by the pups and mothers, and
allowed the pups to move at the hip, urinate, defecate and to receive
maternal care. After casting, pups were returned to their mother and
unrestrained littermates during the dark phase of day, correspond-
ing to daily peaks of motor activity. During the day’s light phase,
the casts were removed so that pups could move freely for 8 h/day.
After daily uncasting, the hind limb joints were passively moved
through their full range of motion. The size of the casts was
adapted to the growth of the rats from P1 to P28 (Figure 2). The
casting was simulated in control rats without taping their hind
limbs, so that all rats received comparable handling. The possible
impact of stress induced by the casting and hind limb immobiliza-
tion was minimized by similar handling of all rats (54). After wean-
ing on P30, rats of the same sex were housed by 3 in standard
plastic cages (26.5 X 42.5 X 18 cm) with sawdust on the floor and
objects. The cages were kept in a room with controlled temperature
and humidity, 12-h light-dark cycles (7:00 am to 7:00 pm) and
food and water ad libitum.

We used 16 SMR (8 females and 8 males) and 19 control rats
(10 females and 9 males). The rats that underwent gait assessment
(SMR, n = 10; Cont, n = 12) at P30 and P65 were also used for
analysis of hind limb musculoskeletal anatomy from P90 to 120.
Another set of rats (SMR, n = 6; Cont, n = 7) was used for foot-
prints measurements at P30 and in vivo electrophysiology at P60.
Gait and footprint assessment was performed at the beginning of
the light phase.

Figure 1. Young rat submitted to postnatal hind limb immobilization
leading to SMR. To restrict movements, the feet of the pup were
first tied together with medical tape and then attached to a cast
made of epoxy stick. The proximal part of the hind limb was also
taped to the cast, but the hip joint was free to move at the contrary
to the knee, ankle and toe joints that were in an extended position
during casting for 16 hours a day from P1 to P28.
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3D kinematics during treadmill locomotion

Hind limb motion was acquired in 3D during automatic locomotion
on a treadmill (Columbus Instruments, Simplex II, Columbus, OH)
in the same animals at P30 and P65. Black permanent markers
were used to place dots on the shaved skin of the back (iliac crest),
hip (greater trochanter), knee, ankle (lateral malleolus) and 5th toe
(metatarsophalangeal joint; Figure 3A,C) of rats. The 3D kinemat-
ics of the right hind limb dots were collected with two high-
resolution CCD cameras (Basler A602fc, Ahrensburg, Germany) at
a sampling rate of 250 Hz (Simi, Unterschleissheim, Germany).
Briefly, offline video tracking (Simi) allowed us to reconstruct the
3D displacements of each joint of the leg (Figure 3A-D) to com-
pute 24 parameters at each age (P30 vs. P65) and to reconstruct the
movements in the form of bar diagrams (Figure 3B,D). The length
and amplitude of the swing phase was normalized in each rat rela-
tive to the tibial bone length. Hind limb joint angles were measured
on the flexor side of each joint and motion analyses were limited to
the sagittal plane. We identified three main phases during the step
cycle to calculate kinematic features: the beginning of the stance
and swing, and the maximal height of the swing (MH swing; see
17 and Supporting Information Materials and Methods). Rats’ loco-
motion abilities were assessed at two treadmill belt speeds (0.18
and 0.23 m/s). We present data from only one speed (0.23 m/s)
since we found comparable changes with the two speeds.

To assess the impact of SMR on age-related plasticity of loco-
motion, we studied changes and variations in the kinematic param-
eters and joint angles, by using paired comparisons between ages
P30 and P65 in controls vs. SMR rats. Kinematic variations in
locomotion were determined using intra- and inter-group variations
(averaged coefficient of variation or CV from each animal) for the
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Figure 2. Influence of postnatal SMR and sex on body weight from
birth to the end of SMR at P28. The body weight at birth (P0) did not
differ between control and restrained rats (F(1,30) =0.16; P=10.7, ns)
and both sexes (F(1,30)=2,61; P=0.12, ns). At P15, there was an
effect of SMR on body weight (F(1,30) =7.78; P=0.01), but no effect
of gender (F(1,30)=0.02; P=0.89, ns), nor interaction between
group and gender. Tukey’'s post hoc comparisons showed that control
males were bigger than SMR males (¥, P=0.02), but no differences
between females. Similarly at P28, there was an effect of SMR on
body weight (F(1,30) =53.53; P<0.0001), but no effect of gender
(F(1,30) =3.74; P=0.08, ns), nor interaction between the two factors.
Tukey's post hoc comparisons showed that both control females and
males were bigger than SMR females (***, P<0.0001) and males
(**, P=0.007), respectively. Mean = SEM. F, females; M, males.
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main kinematic parameters and joint angles through the different
phases of the stride on treadmill. Given a sample of N observations
for a gait parameter X {xi,...,xy}, the CV was defined as,

N Py 2
CV(X)= \/I/NZ:—(I =%

Footprints

To assess the surface area of footprints and weight load during gait,
rats at P30 were allowed to freely run across an illuminated glass
walkway floor located in the corridor (width: 5 cm; length: 100 cm)
of the Catwalk system (Noldus, Wageningen, The Netherlands). The
footprints were digitized with a high-speed camera (10 frames/s).
The maximal contact area (mm?) of the feet and weight load were
automatically computed using the Catwalk system as rats crossed the
walkway without any interruption or hitch during each of the three
required runs (28). These two measures were normalized relative to
each rat’s weight.

In vivo electrophysiological recordings

The Hoffmann reflex is commonly used to assess primary (type Ia)
afferents-mediated motor neuronal excitability (monosynaptic
reflex loop) in individuals with spasticity (4, 5, 9). The H-reflex
was measured in P60 rats from both groups under deep and con-
stant anesthesia, induced first with isoflurane and then with keta-
mine (100 mg/kg i.p.) and maintained with supplementary doses of
ketamine (20 mg/kg i.p.), as widely used (4, 5, 29). Rat temperature
was maintained around 37°C with a thermal pad controlled by rec-
tal temperature probe. A transcutaneous pair of stainless stimulating
needle electrodes was inserted adjacent to the tibial nerve about
1 cm above the ankle. For EMG, a pair of stainless recording elec-
trodes was inserted into the flexor digitorum brevis beneath the
ankle and the reference electrode into the tail’s skin (Supporting
Information Figure S1). First, we stimulated the tibial nerve for 0.2
ms at 0.2 Hz with increasing current intensities until the M, stabi-
lized, and determined the intensity required for a maximal H
response. Tibial nerve was stimulated with trains of 20 stimulations
at0.2,0.5, 1, 2 and 5 Hz with 2-minute intervals between each train
to elicit post-activation depression (PAD). To determine the level
of PAD at the different frequencies, we discarded responses to the
first three stimulations required for the depression to occur. The M
and H waves were rectified and the areas under the curves were
measured. The H responses were expressed as percentages relative
to the mean response at 0.2 Hz in the same series of measurements
4,95).

Musculoskeletal histopathology analyses

After the electrophysiological cortical mapping, all rats from P90 to
P120 received terminal anesthesia (thiopentobarbital, 150 mg/kg),
before transcardial perfusion with fixative and collection of hind
limbs, which were postfixed for 3 days. Hind limbs were X-rayed
and the tibial bone assayed for length and then potential articular
cartilage degenerative changes in knee joints after paraffin embed-
ding, microtome sectioning and staining; gastrocnemius (GS)
muscles were assayed for overall width, length and circumference
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Figure 3. /llustration of 3D kinematics during treadmill locomotion at
P65 and footprints in controls and rats that underwent sensorimotor
restriction (SMR). A,C. Photographs of the three phases (beginning of
the swing, maximal height of the swing—MH swing—and beginning of
the stance) to show hind limb joint angles in representative control and
SMR rats, respectively. B,D. Stick reconstruction of the right hind limb
movements in the lateral plan during three representative swings in the
same control and SMR rats as in A and C. E-G. Plots of the main
changes in kinematic variables and joint angles induced by SMR during
treadmill locomotion. The duration of the swing was longer in SMR rats
than in control rats at P30 (t=5.54; d.f.=20; P<0.0001) and P65
(t=2.69; d.f.=21; P<0.01). At P30, the normalized lengths of the
swing (E: t=2.99; d.f.=20; P<0.01) and MH swing (F: t=4.26;
d.f.=20; P<0.001) phases were shorter in SMR rats compared with
control rats while only that of the MH swing was still shorter after SMR
at P65 (F: t=2.79; d.f. =21; P<0.01). The normalized amplitude of the
foot during the MH swing was lower in SMR than in control rats whether
of the age (F: P30, t=2.42; d.f.=20; P<0.05; P65, t=1.99; d.f. = 21;
P<0.05). Velocities showed in E and F were reduced as well in SMR
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rats compared with controls at both ages. The angle of the hip did not
differ significantly between the two groups of rats whatever the phase
and age, whereas the angles of the knee and ankle were larger in
restrained rats than in controls for both ages at the beginning of the
swing phase (G: knee at P30: t=6.14; d.f. =20; P<0.0001; ankle at
P30: t=3.04; d.f. = 20; P< 0.01). H. Footprints of controls and SMR rats
during gait in a walkway at P30. . Plots of foot contact values in the
walkway in control and SMR rats. The maximal foot contact area during
weight bearing of SMR rats was much smaller than that of controls at
P30 (U=0; P<0.001), even when the area was normalized relative to
each rat's weight (U=6; P<0.01). The weight load of rats or foot
contact intensity did not differ between both groups. After individual
weight normalization, the relative mean intensity was greater in
restrained rats compared with controls at P30 (U=0; P<0.001).
Mean = SD. Note that all kinematic values as well as footprint data are
indicated in Supporting Information Table S1. LH, left hind limb; RH, right
hind limb. P-values: *, P<0.05; ** P<0.01; *** P<0.0001, SMR
compared with control condition; a, P<0.05; b, P<0.01; ¢, P<0.0001,
P65 compared with P30.
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and then cross sectional area of individual myofibers and numbers
of Pax7-immunopositive cells after cryosectioning and staining;
and the GS tendon was assayed for length using callipers; all as
described briefly below and in detail in the Supporting Information
Materials and Methods.

Tibial bone length (mm) was determined from X-rays of the hind
limbs and used to normalize length and amplitude during locomotion
in each corresponding rat. The GS muscle and tendon was separated
from the bones. Callipers were used to measure the overall length
and width of the GS muscle at its medial, lateral and intermediate
portions and length of the GS tendon. The circumference of the GS
muscle was also assayed. The GS muscles were cryosectioned at
midbelly into 12 pm cross-sections, which were mounted onto
charged slides (Fisher Plus) and dried overnight. Subsets of muscle
sections were stained with hematoxylin and eosin (H&E). Cross-
sectional areas of individual myofibers were measured (um?), in a
blinded fashion, using a computerized bioquantification image analy-
sis interfaced with a microscope and digital camera (see Supporting
Information for more details). A mean of 146 myofibers were meas-
ured per muscle in three different non-adjacent sections (a mean of
48 myofibers per site) using 1000 X magnification, bilaterally, by a
blinded observer. Group means and standard errors (SEM) of the GS
myofiber diameters were generated for both groups.

In order to examine for indices of muscle damage or regenera-
tion, we immunostained GS muscle sections with anti-PAX7, a
marker of satellite cells and proliferating myoblasts (3). For this,
sections were blocked with 4% goat serum/PBS for 30 minutes at
room temperature, before incubating overnight at 4°C with an anti-
PAX7 antibody (anti-mouse PAX7; Developmental Studies
Hybridoma Bank at the University of lowa), diluted 1:10 in 2%
bovine serum albumin/PBS. Slides were washed and then incu-
bated with an appropriate Cy2-tagged (green label) secondary
antibody (Jackson Immuno- Research Laboratories, PA) at a con-
centration of 1:200 in PBS for 2 h at room temperature. Images
were captured using a digital camera mounted on an upright epi-
fluorescent microscope interfaced with an image analysis software
package (Bioquant, Nashville, TN). PAX7-positive cells were man-
ually counted in a 0.003-mm? area at 1000X magnification.

Tibial bones were collected, decalcified and embedded in paraf-
fin (See Supporting Information for more details). Mid-sagittal lon-
gitudinal sections (5 pm) were made of the tibia, femur and knee
joint, using a microtome. Subsets of sections were stained with
H&E, or with Safranin-O and fast green. The knee joint was
assayed using a modified Mankin scoring system of structure, cel-
lular abnormalities, matrix-safranin-O staining and tide-mark integ-
rity. The methods used were as previously described (15) and as
described in Supporting Information Materials and Methods.

Data analysis

Data normality and homogeneity of variances were determined with
the Shapiro test, Bartlett test and var.test by using R (The R Founda-
tion for Statistical Computing, Wien, Austria). We then applied either
parametric (two-tailed and paired #tests, and one-way ANOV As with
Tukey’s post hoc comparisons and two-way ANOVAs) or nonpara-
metric (Mann—Whitney, Wilcoxon and Chi square) tests using either
R or Prism (GraphPad Software, CA). The investigators were blinded
to rearing conditions throughout the different experimental sessions
until statistical comparisons were performed.

Brain Pathology 28 (2018) 889-901
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RESULTS

Physical development

Body weight was measured at three time points: birth (P0), P15
and P28 at the end of hind limb immobilization (Figure 2). The
weight at birth did not differ between both groups and sexes. By
P15 and P28, the controls weighed more than the SMR rats
(P<0.01 and P < 0.0001, respectively), but did not differ by sex at
either age (Figure 2). There was also no statistical interaction
between group and sex at either age. In adult rats, the weight meas-
ures varied from 90 to 120 days of age, compromising reliable age-
comparisons. However, the weight of P90—P120 females did differ
between the two groups while the weight of control males was
greater than that of SMR males (P = 0.04), suggestive of a differen-
tial weight gain more related to sex rather than SMR after its
cessation.

SMR disturbs locomotor kinematics

At the end of hind limb immobilization (P28), qualitative observa-
tions revealed that SMR rats exhibited irregular step cycles,
elevated hindquarters, gait disturbances related to their extended
legs, compared with controls (Figure 3A-D; Supporting Informa-
tion Videos S1 and S2). Some restrained rats dragged their feet
and/or toes behind, so that their forelimbs propelled them. Despite
slight improvements in gait and posture over time, these main defi-
cits persisted into adulthood (from P30 to P65).

The cadence of locomotion on the treadmill did not differ
between SMR and control rats at P30 and P65, nor did the cycle
duration (Supporting Information Table S1). In contrast, the dura-
tion of the swing phase was longer in SMR rats than in controls at
P30 (P <0.0001) and P65 (P < 0.01; Figure 3E). The swing dura-
tion from the beginning to its maximal height (MH swing) was lon-
ger in SMR rats than in control rats at P30 (P < 0.001), but not at
P65 (P =0.15; ns). The duration of the stance phase (ie, weight
bearing on treadmill) was reduced (P < 0.05), as was its length
(P <0.05) at P30 in SMR rats, compared with controls. Velocities
were also reduced in SMR rats compared with controls at P30 and
P65 (Figure 3E,F). At P30, the normalized lengths of the swing
(P<0.01) and MH swing (P <0.001) phases were shorter in
SMR, compared with controls, while only the MH swing remained
shorter in SMR by P65 (P < 0.01; Figure 3E,F). The normalized
amplitude (ie, height) of the foot during the MH swing phase was
lower in SMR than in control rats, regardless of age (P30/P65:
P <0.05; Figure 2F). Comparable results for raw data on lengths
and amplitude were found (Supporting Information Table S1).

The hip angle did not differ between groups regardless of the
phase or age. In contrast, the knee and ankle angles were much
larger (ie, overextension) in SMR rats than in controls for both ages
at the beginning of the swing phase (eg, knee at P30: P < 0.0001;
ankle at P30: P < 0.01; Figure 3G) and MH swing (knee at P30:
P <0.0001; ankle at P30: P <0.0001). At the beginning of the
stance phase, only the angle of the ankle was larger in SMR rats at
both ages (eg, P30: P < 0.001; Supporting Information Table S1).
Two-way ANOVA showed no effect of sex on 45 gait parameters
out of 48, only swing duration (P30: P = 0.04), z-axis velocity of
the foot (P30: P < 0.05) and cycle duration (P65: P = 0.03) showed
sex-related differences.
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Table 1. Averaged CV for kinematic parameters in controls and rats that underwent postnatal SMR at different ages (P30 and P65) for a
treadmill speed of 0.23 m/s. To ease clarity, bold numbers point out differences between SMR and control rats at the same age. Mean + SD.
AC, Age-related changes in variation; T or | or =, increase or decrease or unchanged between P30 and P65 in each group of rats.

P30 AC P65 AC
Controls SMR Controls SMR
Duration (s) 0.193+0.018 0.128 +0.084 1e 0.146 +0.039 0.229 + 0.060° =
Swing Length (m) 0.272 +0.040 0.281 +0.087 1e 0.166 * 0.052 0.229 +0.077° 1
Velocity (x-axis, m/s) 0.209 +0.071 0.320 +0.087° 1 0.161 = 0.039 0.224 + 0.080° 1@
Hip angle (°) 0.121 +0.044 0.082 +0.032° I 0.058 +0.015 0.049+0.013 1
Knee angle (°) 0.215 +0.053 0.110 +0.029° I 0.133+0.030 0.101 * 0.042° =
Ankle angle (%) 0.165 +0.039 0.112+0.021° 1e 0.126 +0.022 0.108 + 0.025° =
Maximal height Duration (s) 0.171 +0.077 0.453 +0.185° = 0.158 = 0.046 0.375 +0.160° =
of the swing Length (m) 0.307 +0.125 0.562 +0.162° = 0.317 +0.091 0.492 +0.172° =
Velocity (x-axis, m/s) 0.217 +0.075 0.390 +0.128° = 0.234+0.070 0.292 + 0.085° 1 d
Amplitude (z-axis, m) 0.200 +0.045 0.331+0.137° 1 0.162 +0.029 0.200 + 0.067° 1e
Velocity (z-axis, m/s) 0.222 = 0.065 0.694 = 0.503° I 0.186 = 0.032 0.345 £ 0.0142° 1d
Hip angle (°) 0.126 +0.044 0.078 +0.032° Lf 0.052+0.016 0.049 +0.010 1e
Knee angle (°) 0.201 +0.042 0.108 + 0.036° I 0.120 +0.034 0.105 + 0.046 =
Ankle angle (%) 0.225 + 0.060 0.092 +0.018° = 0.197 +0.085 0.085 + 026° =
Stance Duration (s) 0.271+0.103 0.353+ 0.155" = 0.256 = 0.103 0.285 + 0.090 =
Length (m) 0.307 =0.115 0.407 +0.187 = 0.288+0.121 0.314+0.119 =
Hip angle (°) 0.114 *0.035 0.080 = 0.028° Lf 0.051+0.017 0.059 +0.016 17
Knee angle (°) 0.138+ 0.035 0.117+ 0.023" 1 0.100 +0.021 0.090 + 0.032 1
Ankle angle (°) 0.170 +0.043 0.100 + 0.025° = 0.153 +0.040 0.092 + 0.028° =

aDifferent from controls, P < 0.05.
“Different from controls, P < 0.01.
°Different from controls, P < 0.001.
dDifferent from P30, P < 0.05.
®Different from P30, P <0.01.
Different from P30, P < 0.001.
"Tendency, 0.05< P <0.10.

In addition, the maximal foot contact area during weight bearing
(ie, footprint surface) in SMR rats was much smaller than that of
controls at P30 (P < 0.001), even when the area was normalized
relative to each rat’s weight (P < 0.01; Figure 3L,H; Supporting
Information Table S1). Control rats displayed a plantigrade loco-
motion (48), characterized by footprints that encompassed the
medial and/or distal phalanges of all toes and all plantar pads. In
contrast, the footprints of SMR rats were limited to the distal pha-
langes toes 2—4 and contiguous distal plantar pads, each hallmarks
of a digitigrade locomotion (Figure 3H). The weight load or foot
contact intensity did not differ between the groups. However, when
the values were normalized relative to the corresponding rat’s
weight, the relative mean intensity was much larger in SMR rats at
P30, compared with controls (P < 0.001; Figure 31).

Age-related changes and variations in
locomotion parameters after SMR

The majority of the kinematic and angle parameters (54%, 13/24)
were persistently modified in SMR rats (at both P30 and P65),
compared with controls, while 25% (6/24) of the parameters were
unchanged after SMR regardless of age, and 21% (5/24) of the
parameters were only altered at P30, suggesting enduring impact of
SMR on half of the locomotion parameters beyond the cessation
the hind limb immobilization.
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Intra- and inter-group variations (averaged CV) were assessed
for the kinematic parameters and joint angles and were compared
between P30 and P65 to evaluate age-related plasticity of gait (17,
23, 26). In controls, most (12/19) of the CVs of the kinematic
parameters and joint angles decreased from P30 to P65, although a
few remained constant (7/19). In contrast, in SMR rats, as many
CVs decreased (9/19) as remained unchanged (10/19) over time
(see AC in Table 1), suggestive of subtle differences in the gait
maturation angles between the two groups of rats. However, the
mean CVs and corresponding SDs of the kinematic parameters
evolved differently over time than those for joint angles in both
groups of rats. For the kinematic parameters, most of the CVs and
SDs were greater in SMR rats than in controls at both P30 and P65.
In contrast, most of the CVs and SDs of joint angles were reduced
or comparable in SMR rats, regardless of age (Table 1). For exam-
ple, the CVs of the ankle joint were reduced in SMR rats relative to
controls, at both ages and all gait phases examined (Table 1). We
found no specific impact of sex on the CVs of all gait parameters.

Musculoskeletal histopathology related to SMR

The experimenters were able to passively move the hind limb joints
through their full range of motion, despite some resistance, during
the daily uncasting period from P1 to P28 and after casting cessa-
tion during treadmill testing.

Brain Pathology 28 (2018) 889-901
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Tissues were collected post-euthanasia and examined for any
evidence of histopathology. We first examined the tibia radiologi-
cally and observed reductions in its length after SMR (P < 0.0001;

Brain Pathology 28 (2018) 889-901
© 2018 International Society of Neuropathology

Control

Tibial length

SMR

®

Mankin Subscore

D ) Control

2

ok

-

Circumference {(mm)

Conl SMR Cont SMR Cont SMR
Zone 1 Zone 2 Zone 3

Gastrocnemius circumference

| é

Control SMR

M Gastrocnemius myofiber CSA

2500+
20004
T *%
£ 1500
G -
Q
5004

T T
Control SMR

12

Sum of subscore:

Enduring impact of sensorimotor restriction

Total Mankin Score

Cont SMR Cont SMR Cont SMR

Zone 1 Zone2 Zone 3
K Gastrocnemius length
40+
*k
— 30+
E é
E
£ 204
o
c
et
104
0

Control SMR

N pax7 + celis in gastrocnemius
*%

g o - o
A T W

’?H

Number of pax7 cellsimm?
i

o -
b

Control SMR

Figure 4A—C). There was also a qualitative reduction in tibial bone
radiopacity in SMR rats compared with control rats (Figure 4A,B),
suggestive of reduced bone density in SMR rats. We next examined
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Figure 4. Morphological assessment of the tibial bone, femoral and
knee joints, and GS muscle in control rats and rats submitted to
postnatal sensorimotor restriction (SMR). A,B. X-ray images of tibial
bones and corresponding tibia length in representative control and
SMR rats. €. The length of the tibial bone was reduced in SMR rats
compared with controls (t=5.52; d.f.=63; P<0.0001). D. Control
knee at low power showing normal staining of articular cartilages and
well defined basophilic tidemarks. E. A SMR knee, which even at low
power, displays a general loss of the cartilage tidemark, a basophilic
line marking the boundary between calcified matrix and uncalcified
cartilage. Scale bars =100 um. F,G. Mankin scores of both structural
and cellular changes are shown for zones 1-3, showed in D and E. |-
N. Plots of various measures of the GS in the two groups of rats. L.
The width of the GS was reduced in SMR rats (t=2.52; d.f. =63;
P=0.01). J. The circumference of the GS was reduced after SMR

the knee joints and observed in SMR rats, but not in controls, mild
to moderate degenerative changes in the femoral and tibial knee
articular cartilages, subchondral bone and growth plates, indicative
of mild to moderate chondromalacia in the knee joint (Figure 4D—
H, Supporting Information Figure S2).

Several focal sites of cartilage structural damage were observed
in all SMR rats examined. Histologically, there was a general loss
of the cartilage tidemark, a basophilic line marking the boundary
between calcified matrix and uncalcified cartilage in all SMR rats
compared with controls (Figure 4D,E) and a significant loss of
articular cartilage on the femoral side of SMR rats, compared with
controls (Figure 4D,E; Supporting Information Figure S2A,B,E).
Each of these changes contributed to an increased structure change
in SMR rats, compared with controls, using the Mankin scoring
system of articular cartilage degeneration (Figure 4F). Also in
SMR rats, chondrocytes of the articular cartilage displayed hyper-
cellularity and clustering in the tibial cartilage (Figure 4G; Support-
ing Information Figure S2C,D). Specifically, with regards to
articular cartilage region, there were small but significant structural
and cellular changes in SMR rats, compared with control rats, in
zone 1 (mid-femoral articular cartilage; zones are indicated in Fig-
ure 3D,E), zone 2 (medial-tibial plateau articular cartilage) and
zone 3 (lateral tibial plateau articular cartilage), but not in zone 4
(medial meniscus; data not shown). When subscores of knee joint
degeneration were summed into a total Mankin score, mild but sig-
nificant changes were present in zones 1-3 of SMR rats, compared
with controls (Figure 4H). Additionally, the tibial epiphyseal plate
in several SMR rats showed moderate abnormalities (Supporting
Information Figure S2F).

GS muscles were assessed for morphological changes and
showed reductions in width (P = 0.01), circumference (P < 0.001)
and length (P <0.001) in SMR rats compared with control rats
(Figure 41-K). In contrast, the length of the GS tendon did not dif-
fer between the two groups (Figure 4L). Although the number of
myofibers in the GS did not differ (data not shown; P = 0.16, ns),
the cross-sectional areas (CSA) of GS myofibers were reduced in
SMR rats, compared with controls (P = 0.005; Figure 4M). Repre-
sentative images of cross-sectional myofibers are shown in Figure
40-T (note smaller myofibers in SMR rats indicated by white
asterisks; Figure 4R-T). Comparable reductions in myofiber size
were also observed in rectus femoris and tibialis anterior muscles in
SMR rats (data not shown). Sectioned GS muscles also showed
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(t=7.05; d.f.=569; P<0.001). K. The length of the GS was also
reduced after SMR (t=6.25; d.f.=63; P<0.001). L. The length of
the GS tendon was comparable between restrained and control rats
(t=0.86; d.f.=63; p=0.39, ns). M. The cross-sectional areas (CSA)
of GS myofibers were reduced after SMR (t=291;, d.f.=18;
P=0.005). N. SMR increased the numbers of PAX7-positive cells in
the GS myofibers (t=5.45; d.f.=9; P=0.0004). O,R. Images of
PAX7-positive cells in the GS of both groups. Note the presence of
smaller myofibers in SMR rats depicted by white asterisks. P,S.
Images of DAPI-positive cells in the GS of both groups of rats. Q,T.
Merged pictures of PAX7 and DAPI stainings in control and SMR rats,
respectively. Scale bars =50 um. (C,I-N) Mean = SD. (F-H) Mean =
SEM. *, P<0.05; ** P<0.01; *** P<0.0001, compared with
controls.

increased numbers of PAX7-positive cells, a marker of satellite
cells and proliferating myoblasts, in SMR rats, compared with con-
trol rats (P =0.0004; Figure 4N,0-T), suggestive of ongoing
regeneration processes. In addition, we found no effect of sex on
the different musculoskeletal measures, except for GS width
(P=10.002).

Post-activation depression of reflex loops

To evaluate the presence of spasticity after SMR, corresponding to
hyperexcitability in the spinal circuitry, we assessed the changes in
the Hoffmann reflex (H-reflex; Figure 5A; Supporting Information
Figure S1) (4, 5, 27). In adult control rats, the H-reflex was
depressed by repeated nerve stimulation at frequencies increasing
from 0.2 Hz to 5 Hz (P <0.0001; Figure 5B), corresponding to
PAD (4, 5). In contrast, the PAD was reduced in adult SMR rats
(P <0.0001), as illustrated by the lack of significant differences of
the monosynaptic H-reflex with increasing frequencies (Figure 5B).
When we compared the H-reflex PAD between controls and SMR
rats, we found significant effects of both increasing frequencies
(P<0.0001) and between-groups comparison (P < 0.0001). In
addition, for each stimulation frequency from 0.2 Hz to 5 Hz, the
H-reflex PAD was decreased in SMR vs. control rats (see Tukey’s
post hoc comparisons a to ¢ in Figure SB), suggesting the presence
of spasticity at one month after cessation of SMR, as previously
demonstrated (4, 5). There was no effect of sex on PAD.

DISCUSSION

This is the first investigation of the enduring impact of early atypi-
cal sensorimotor experience (SMR) by using postnatal movement
restriction on gait and posture, variations of locomotion parameters
to assess age-dependent process, musculoskeletal histopathology
and muscle hyperreflexia. Compared with controls, SMR induced:
(i) severely degraded gait and posture on a treadmill likely because
of knee-ankle overextension that persisted over time as well as
smaller footprints; (ii) increased variations of kinematics yet
reduced joint angle variations that persisted over time; (iii) reduced
tibial bone length and density, increased knee joint degenerative
changes and GS myofiber atrophy, yet also evidence of muscle
regeneration and (iv) muscle hyperreflexia assessed by using PAD,
suggestive of spasticity.

Brain Pathology 28 (2018) 889-901
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Figure 5. Decreased PAD of the Hoffmann reflex measured in vivo in
adult control and SMR rats. A. Representative traces of M and H
waves elicited at 0.2 Hz (used as reference) and 5 Hz in both groups
of rats. Typical EMGs exhibit two responses: an initial M wave
resulting from the direct activation of motoneuron axons by the tibial
nerve stimulation leading to a muscle contraction and a delayed H
wave resulting from the monosynaptic activation of motoneurons by
la afferents activity driven by the electrical stimulation, corresponding
to the Hoffmann reflex (H-reflex). Note the constant level of the M
wave whether of the frequency of stimulation in both groups of rats,
while the H-reflex magnitude decreased with increasing frequency in
the control rat, but not in the SMR rat. B. Depression of the H-reflex
(PAD), expressed as percentages, over consecutive stimulations from
0.2 Hz (set as reference = 100%) to 5 Hz in controls (F(1,4) =47.9;
P<0.0001) and Tukey's post hoc comparisons: * P<0.05; ***
P <0.0001; ns, non-significant differences) while the H-reflex did not
reduce significantly between consecutive frequencies of stimulation
in SMR rats (F(1,4) =6.9; P<0.0001) and Tukey's post hoc compari-
sons: ns, non-significant). When we compared the H-reflex PAD
between controls and SMR rats, we found significant effects of both
stimulation frequencies (F(1,4)=40.2; P<0.0001) and between-
groups comparison (F(1,4) =32.4; P<0.0001), as well as a significant
interaction between groups and stimulation frequencies (F(2,4) = 32.4;
P=0.02). In addition, Tukey's post hoc comparisons (a, P<0.05; b,
P<0.01; ¢, P<0.0001) show decreased PAD for each stimulation fre-
quency from 0.5 to 5 Hz between adult SMR and control rats. The
arrows depict the stimulation artefacts.

SMR degrades gait and posture on treadmill

Although cadence and stride duration did not differ, the length,
amplitude, corresponding normalized values and velocities of the
foot were lower overall in SMR rats than in controls, reductions
that persisted over time. SMR induced significant knee and ankle
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overextension during automatic locomotion, especially in the ankle
in all gait phases examined, whereas the hip angle was unchanged.
An absence of changes in the hip angles after SMR was likely
because of the preservation of hip movements during the develop-
mental hind limb immobilization. In contrast, during weight
bearing on the treadmill (ie, stance phase), only the ankle was over-
extended at all age points, showing persistent over-plantarflexion.
Using the same procedures and duration of early hind limb immo-
bilization, previous studies also reported gait and posture deficits
that persisted even after cessation of immobilization (34, 35, 54).
Such deficits appeared to contribute to impairments observed dur-
ing acrobatic walking on a narrow beam, horizontal ladder and
rotarod testing (35, 54). The absence of proprioceptive feedback
from muscle spindles in transgenic mice also degrades the temporal
patterns of gait (1). In our study, footprint analysis showed a switch
from plantigrade locomotion in controls to digitigrade locomotion
and increased intensities of foot contact after SMR. The latter sug-
gests differences in tactile and proprioceptive inputs to the central
nervous system (CNS) during and beyond movement restriction.
Taken together, these results emphasize the deleterious impact of
disturbed proprioceptive feedback on the development and control
of gait and posture.

In addition, SMR rats appeared to develop locomotor and pos-
tural features that recapitulate “toe walking” or true equinus, charac-
terized by ankle overextension and full knee extension (49). True
pes equinus is the most common symptom seen in spastic diplegic
children and adults with CP (49). SMR rats exhibited reduced gait
velocity and shorter stride lengths, also observed in subjects with
spastic CP (8, 16, 47). The interplay between gait disorders and the
presence of spasticity and muscle overactivities related to neural
plasticity has been attested in several studies, although the degree
and direction of causality is still under debate (8, 16, 18, 21, 22, 49).

Age-related plasticity of gait kinematics and
their variations after SMR

Concerning the enduring effects of SMR, hind limb unloading in
adult rats induces transient locomotor and muscular changes (6, 7).
Postnatal immobilization of one leg induces only a “slight exten-
sion bias” of the immobilized leg and an increase in the swing
duration that did not persist beyond one or two weeks after immo-
bilization termination (61). In contrast, bilateral SMR from P1
through P28 for 16 h/day led to locomotor disorders that persisted
one month after cessation of movement restriction.

We use the term “variation” (ie, coefficient of variation) for the
evaluation of the range of motor repertoires available in rats during
maturation and age-dependent plasticity of gait, different from
“variability” that corresponds to the ability for the sensorimotor cir-
cuitry to select the most appropriate motor solution within the avail-
able motor repertoire (24). Infants with typical development
produce a large and rich repertoire of spontaneous movements (ie,
GM) with abundant variation and increasing complexity with time,
representative of various motor possibilities. In a later phase of
adaptive variability, sensorimotor experience and somatosensory
feedback guide the sensorimotor circuitry to select the most adapted
motor behaviors (24). Then, typical mature gait becomes character-
ized by low variation and a high degree of symmetry from stride-
to-stride. In contrast, children with CP, DCD or ASD exhibiting
atypical motor development display scarce, monotonous and
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stereotypical patterns of GMs that show a lack of variation, com-
plexity and fluency over time (8, 23, 24, 26, 42, 47).

In the present study, the variations for most of the kinematics
and joint angles decreased in control rats from P30 to P65, corre-
sponding to typical gait plasticity in rats (20) or in humans (24, 26).
In contrast, SMR led to increased variations in gait kinematic
parameters but reduced joint angle variations; both of which per-
sisted over time compared with control rats, suggestive of differen-
ces in the development and plasticity of locomotion over time and
in the processing of somatosensory inputs (10) after SMR.

Children with CP exhibit reduced repertoires of movements and
behavioral strategies that match an overall reduction in gait varia-
tion (24, 30). However, higher variation in cadence has been
reported in children with CP (47), which leads invariably to
delayed maturation of locomotion in older children with CP (8,
30). Interestingly, children with ASD also exhibit reduced postural
stability and atypical gait, characterized by increased variations in
stride length, posture and foot placement, reflecting impairments in
the integration of somatosensory feedback (19, 41, 42, 60). In a
recent model of encephalopathy of prematurity based on intrauter-
ine hypoperfusion (14), prenatal ischemia led to increased gait var-
iations over time, suggestive of adaptive strategy and/or a process
of plasticity to increase the available repertoires of movements
(17). Such a process is likely to delay gait maturation and/or to
retain primitive reflexes and infantile gait features in children with
CP and DCD (8, 30), and may reflect delays in the development of
milestones and changes in muscle tone or spasticity (18, 24).

Musculoskeletal histopathology related to SMR

Postnatal movement restriction and enduring locomotion disorders
significantly altered joint, bone and muscle structure. First, tibial
length and bone density appeared reduced, and the knee joint carti-
lage showed moderate degenerative changes in adult SMR rats.
Previously, we found greater articular damage and eburnations in
the ankle than in the knee after SMR (15) that matched a persistent
over-plantarflexion observed in all phases of stride. Comparable
joint chondromalacia and muscle changes have been associated
with gait abnormalities in patients with CP (32, 50). Joint abnor-
malities including chondromalacia in children with CP seem due to
the imbalance in muscle forces across joints (38). Interestingly,
SMR increased the weight load of the foot during weight support
while footprint area was reduced, suggestive of unbalanced muscle
forces.

Next, SMR induced marked reductions in the width, circumfer-
ence, length and cross-sectional areas of the GS, suggestive of mus-
cle atrophy. Comparable changes were observed in the rectus
femoris and tibialis anterior muscles, indicating atrophy in several
hind limb muscles after SMR. Rats undergoing similar SMR dis-
played smaller myofiber areas in the soleus plantarflexor muscle
(34). Early hind limb unloading alters muscle phenotype toward a
persistence of immature myofibers subtypes in the soleus muscle
(43, 52). Taken together, these results demonstrate that early atypi-
cal motor experience degrades muscle structure and motor outputs,
with enduring effects into adulthood.

Lastly, increased numbers of PAX7 immunopositive cells in
SMR rats are indicative of increased regeneration or repair proc-
esses in the muscle (3, 17) and a response to the myofiber atrophy
or constraint-induced injury (17). Hallmarks of fibrotic tissue after
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muscle injury, including increased production of collagen type I
and connective tissue growth factor (CTGF) were found after a
similar SMR procedure (15). Although the GS tendon length was
not altered by SMR, the muscle atrophy and shortened tibial bone
correlated with the gait disturbances and corroborate the observa-
tions in children with spasticity (40, 62). We, thus, consider that
the joint abnormalities were secondary changes related to an imbal-
ance in muscle forces across the joints because of both atrophied
myofibers in the various muscles acting on the knee and ankle (32,
38) and digitigrade locomotion after SMR. Such enduring musculo-
skeletal histopathology likely contributed to the emergence,
persistence or aggravation of the gait and posture disorders in a
self-perpetuating cycle.

SNMR leads to muscle hyperreflexia

The presence of spasticity, hypertonicity, contractures or other-
related clinical signs is usually caused by lesions of the CNS, such
as spinal cord injury or stroke that disrupt information transmission
to spinal motor networks in humans (18, 21, 22) or animal models
(4, 5). Postnatal movement restriction induced increased stretch
reflex and muscle hyperreflexia, indicative of spasticity and related
muscle overactivity, even in the absence of brain damage. Thus,
SMR induces hyperreflexia that appears related to enduring gait
disorders, perturbations of the maturation of locomotion and vari-
ous musculoskeletal pathologies, while the full range of passive
motion of hind limb joints was preserved in SMR rats.

Abnormal proprioceptive feedback during limb disuse/immobili-
zation after stroke leads to spasticity, contractures, hypertonicity,
muscle atrophy and stiffness, various paresis and movement distur-
bances in humans (21, 22, 39). In the absence of brain damage, leg
immobilization in adults leads to atrophy and reduced force devel-
opment of the GS and clear signs of spasticity in the soleus (12, 13,
31). In the adult rat, 3 weeks of hind limb unloading increases the
H-reflex gain (2). Recently, botulinum toxin-related abolishment of
sensory feedback and motor commands leads to muscle atrophy
and passive stiffness, maximal force reduction and increased stretch
reflex in adult rats (45, 46). Taken together, these studies empha-
size the deleterious impact of abnormal somatosensory feedback on
the emergence of spasticity, muscle overactivities and related
movement impairments.

Functional implications

Based on our results, we postulate that limited amounts quantity
and abnormal patterns (quality) of movements during postnatal
hind limb immobilization provide atypical sensorimotor experience
that is likely at the origin of subsequent locomotor disorders,
increased stretch reflex and musculoskeletal tissue degradation
compared with controls (Figure 6). First, such an interplay between
these features in relation to neural plasticity has been shown,
although the degree and direction of causality is still in debate (8,
16, 18, 21, 22, 49). We can infer the existence of a self-
perpetuating cycle, in which musculoskeletal pathologies may con-
tribute to or exacerbate the degradation of locomotion and muscle
overactivity. In turn, spasticity and related muscle disorders likely
participate in musculoskeletal and locomotion disturbances (Figure
6). Second, we postulate that degraded movements because of
impaired gait and spastic muscles provide atypical somatosensory
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Figure 6. Schematic illustration of the deleterious impact of postnatal
movement restriction on gait, musculoskeletal tissues and stretch
reflex. Movement restriction during postnatal hind limb immobilization
provides early atypical sensorimotor experience that leads to gait
disorders, musculoskeletal pathologies and signs of spasticity. In turn,
gait disorders and spastic muscles provides atypical sensorimotor
feedback to the immature sensorimotor circuitry, mainly the spinal
network and the primary somatosensory (S1) and motor (M1) cortices
that intercommunicate. Such an atypical somatosensory feedback
likely degrades the functional organization of S1 and M1 maps and of
the spinal network, thus providing abnormal motor commands that
finally aggravate gait disorders, spasticity and musculoskeletal
abnormalities in a self-perpetuating cycle.

Musculoskeletal
pathologies

Gaitdisorders

reafference to the immature sensorimotor circuitry, including pri-
mary somatosensory (S1) and motor (M1) cortices connected to
other subcortical structures in the sensorimotor loop (55). We
assume that this atypical somatosensory reafference degrades the
functional organization of the S1 and M1 maps, as previously
described (15, 54). Such atypical somatosensory reafference also
effects the organization of the lumbar spinal cord circuitry,
involved in both the motor command of automatic locomotion and
the emergence of muscle overactivity and paresis (Figure 6) (8,
30). Indeed, the functional degradation of the sensorimotor circuitry
may in turn produce altered motor commands, for example, abnor-
mal muscle synergies observed in rats after hind limb unloading (6,
7) or in patients with CP (53). Further studies are needed to investi-
gate the impact of early movement restriction or disuse on the func-
tional reorganization in the sensorimotor cortex and lumbar spinal
cord to gain new insights into the plastic processes underpinning
the emergence of such disorders and pathologies.

The present study illustrates the crucial involvement of post-
natal sensorimotor experience and somatosensory feedback in the
development and persistence of abnormal movements in invalid-
ating diseases with brain damage such as CP or without brain
damage in the case of DCD or ASD. Our study emphasizes a
likely self-perpetuating cycle, in which the lack of appropriate
sensorimotor inputs during postnatal development exacerbates the
initial deficit. We think these results have key implications for
designing effective, positive and idiosyncratic interventions and
physical activities, not only for promoting recovery from brain
injury (21, 22, 36, 58), but also for preventing the secondary
consequences of the sensorimotor circuitry disorganization, pare-
sis and abnormal movement-related feedback that may result
from atypical motor development either after brain damage in the
case of CP, but also in ASD, DCD or other neurodevelopmental
disorders without CNS injury.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Table S1. Averaged kinematic parameters in controls and rats
that underwent postnatal SMR at different ages (P30 and P65)
for a treadmill speed of 0.23 m/s. The footprint surface area and
weight load during the stance was also measured at P30. To
ease clarity, bold numbers point out differences between SMR
and control rats at the same age.

Figure S1. Illustration of the electrophysiological techniques
used to measure the H-reflex in the flexor digitorum of adult
rats. A. Schematic description of the reflex loop and the elicita-
tion of the M wave and H-reflex by the electric stimulation of
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the sensorimotor nerve. Adapted from Lee et al., 2014. B. Illus-
tration of the set up that includes stimulating electrodes inserted
in the tibial nerve about 1 cm above the ankle, recording elec-
trodes implanted subcutaneously in the flexor digitorum brevis
(FDB) and a reference electrode inserted in the skin of the tail.
The black thermal pad to maintain rat’s temperature around
37°C is also shown, but not the rectal probe that control the
thermal pad. The distance between the pairs of recording and
stimulating electrodes has been optimized to well differentiate
the M wave from the H signal, as shown in A.

Figure S2. Morphological assessment of the femoral and knee
joints in controls and rats exposed to postnatal sensorimotor
restriction (SMR). Numbers in panels A and B represent the
scoring zones used for the Mankin evaluation (see text and Fig-
ure 3D,E). A. Control knee at low power showing normal stain-
ing of articular cartilages and well defined basophilic tidemarks.
B. A SMR knee, which even at low power, displays a general
loss of the cartilage tidemark, a basophilic line marking the
boundary between calcified matrix and uncalcified cartilage. C.
Control tibial cartilage showing normal organization of chondro-
cytes into isogenous groups and normal size lacuna. All but one
of the blood vessels (indicated by an arrow) are located away
from the edge of the soft cartilage (indicated by a clear tidemark
region separating the lightly stained cartilage matrix from the
dark pink stained calcified matrix). D. SMR tibial cartilage
showing chondrocytes which displayed hypercellularity and
clustering, as depicted by arrows. E. High power magnification
of a femur in a restrained rat showing a loss of articular carti-
lage. F. High power magnification of tibial bone in a SMR rat
showing the abnormal epiphyseal growth plate. G. Total Man-
kin score of both structural and cellular changes are shown for
zones 1-3. Mean = SEM. * P < 0.05, compared with controls;
¥t P<0.01, compared with controls. Cont= Controls;
F = Femur; M = Meniscus; T = Tibia. Scale bars are indicated.
Video Clip S1. Gait and posture in an illustrative control rat at
P2s.

Video Clip S2. Example of movement and posture impairments
related to knee and ankle hyperextension in a representative
SMR rat at P25.
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