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Hindlimb motor responses to unilateral brain
injury: spinal cord encoding and left-right
asymmetry
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Mechanisms of motor deficits (e.g. hemiparesis and hemiplegia) secondary to stroke and traumatic brain injury remain poorly
understood. In early animal studies, a unilateral lesion to the cerebellum produced postural asymmetry with ipsilateral hindlimb
flexion that was retained after complete spinal cord transection. Here we demonstrate that hindlimb postural asymmetry in rats is
induced by a unilateral injury of the hindlimb sensorimotor cortex, and characterize this phenomenon as a model of spinal neuro-
plasticity underlying asymmetric motor deficits. After cortical lesion, the asymmetry was developed due to the contralesional hind-
limb flexion and persisted after decerebration and complete spinal cord transection. The asymmetry induced by the left-side brain
injury was eliminated by bilateral lumbar dorsal rhizotomy, but surprisingly, the asymmetry after the right-side brain lesion was re-
sistant to deafferentation. Pancuronium, a curare-mimetic muscle relaxant, abolished the asymmetry after the right-side lesion sug-
gesting its dependence on the efferent drive. The contra- and ipsilesional hindlimbs displayed different musculo-articular resistance
to stretch after the left but not right-side injury. The nociceptive withdrawal reflexes evoked by electrical stimulation and recorded
with EMG technique were different between the left and right hindlimbs in the spinalized decerebrate rats. On this asymmetric
background, a brain injury resulted in greater reflex activation on the contra- versus ipsilesional side; the difference between the
limbs was higher after the right-side brain lesion. The unilateral brain injury modified expression of neuroplasticity genes analysed
as readout of plastic changes, as well as robustly impaired coordination of their expression within and between the ipsi- and con-
tralesional halves of lumbar spinal cord; the effects were more pronounced after the left side compared to the right-side injury. Our
data suggest that changes in the hindlimb posture, resistance to stretch and nociceptive withdrawal reflexes are encoded by neuro-
plastic processes in lumbar spinal circuits induced by a unilateral brain injury. Two mechanisms, one dependent on and one inde-
pendent of afferent input may mediate asymmetric hindlimb motor responses. The latter, deafferentation resistant mechanism may
be based on sustained muscle contractions which often occur in patients with central lesions and which are not evoked by afferent
stimulation. The unusual feature of these mechanisms is their lateralization in the spinal cord.
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Al = the contra/ipsilesional asymmetry index; Al g = the Left/Right asymmetry index; Alsy = the asymmetry

index in the spike number; Alty,, = the asymmetry index in stimulation threshold; EDL = extensor digitorum longus; HL-PA =

hindlimb postural asymmetry; HPDCI = highest posterior density continuous intervals; Int = interrossei; MPA = magnitude of pos-

tural asymmetry; NWR = nociceptive withdrawal reflex; Py = probability to develop asymmetry; Pc = probability to flex the con-

tralesional hindlimb; PL = peroneus longus; SN = the number of spikes; TBI = traumatic brain injury; Thr = stimulation threshold;

UBI = a unilateral ablation brain injury; W = work

Encoding and left-right asymmetry of motor responses to

unilateral brain injury in the spinal cord
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Introduction

Traumatic brain injury (TBI) and stroke cause sensorimotor
impairments including muscle weakness, spasticity, and
stretch and effort-unrelated sustained muscle contractions
(Gracies, 2005; Murphy and Corbett, 2009; Grau, 2014;
Rousseaux et al., 2014; Kerzoncuf et al., 2015; Pin-Barre
and Laurin, 2015; Feldman and Levin, 2016; Jones, 2017;
Marinelli et al., 2017; Wilson et al., 2017; Lorentzen et al.,
2018). In patients, stroke and TBI are mostly unilateral
and often result in formation of postural asymmetry with
contralateral hemiplegia and hemiparesis. Clinically well-
recovered stroke survivors still have a substantial postural
asymmetry in the relative contribution of each leg to body
sway control (Roelofs et al., 2018). Plastic rearrangements
in supraspinal and spinal neurocircuitries induced by aber-
rant asymmetric activity of descending neural tracts may
underlie motor impairments or contribute to motor recov-
ery. In contrast to adaptive changes in the brain, know-
ledge of brain injury-induced spinal plasticity is limited
(Patterson, 2001; Tan et al., 2012; Wolpaw, 2012; Sist
et al., 2014; Tennant, 2014; Pin-Barre and Laurin, 2015).
Evidence for asymmetric ‘spinal memory’ was presented in
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early studies by DiGiorgio (1929, 1942) and other
researchers (Chamberlain et al., 1963; Patterson, 2001).
They demonstrated that a hemicerebellar lesion causes last-
ing changes in spinal cord functions manifested as the ipsi-
lesional hindlimb flexion and that the hindlimb postural
asymmetry (HL-PA) is retained after complete spinal tran-
section. Consistently, monosynaptic and polysynaptic
reflexes are enhanced on the ipsilateral side after lateral
hemisection of the spinal cord, and this change is sustained
after complete spinal transection performed caudally to the
hemisection level (Hultborn and Malmsten, 19834, b;
Malmsten, 1983; Frigon et al, 2009; Rossignol and
Frigon, 2011; Gossard et al., 2015). The HL-PA is an at-
tractive animal model to unravel mechanisms of pathologic-
al ‘spinal memory’, which may underlie asymmetric motor
deficits including hemiplegia and hemiparesis.

A number of clinical studies focused on changes in
monosynaptic reflexes induced by stroke or TBI whereas
there is a paucity of studies that analyse polysynaptic
reflexes (Delwaide and Oliver, 1988; Thilmann et al.,
1991; Wilson et al, 1999; Aymard et al, 2000;
Condliffe et al., 2005; Dietz et al., 2009; Hubli et al.,
2012). The polysynaptic nociceptive withdrawal reflexes
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(NWRs) may be useful tools for the investigation of
pathological changes in the spinal cord, given that these
changes are due to converging inputs from the peripheral
afferents and descending motor commands to spinal neu-
rons (Crenna and Frigo, 1984; Duysens et al, 1990;
Duysens et al., 1992; Rossi and Decchi, 1994; Andersen
et al., 1995; Spaich et al., 2004; Sandrini et al., 2005;
Spaich et al., 2006; Emborg et al., 2009). Only a few
studies have investigated changes in NWR excitability in
post-stroke hemiparetic patients with limb motor deficits
(Spaich et al., 2006; Serrao et al., 2012; Rueterbories
et al., 2013; Spaich et al., 2014). The NWR-related EMG
kinematic responses were increased and NWR modulation
impaired in stroke patients with hemiparesis (Serrao et al.,
2012; Alvisi et al., 2018). The NWR-based functional
electrical therapy was found to be useful in the rehabilita-
tion of gait in severely impaired hemiparetic patients by
improving post-treatment walking velocity and gait sym-
metry (Spaich et al., 2014; Gervasio et al., 2018). There
is a deficit of mechanistic animal studies that analysed
pathological changes in the hindlimb NWRs and their
role in sensorimotor impairments induced by brain injury.

Several neurological phenomena are differently developed
after injury to the left and right hemisphere. The right side
compared to the left-side stroke results in poorer postural
responses in quiet and perturbed balance suggesting a
prominent role of the right hemisphere in efferent control
of balance (Fernandes et al., 2018). Hemineglect and bias
of the subjective vertical are general causes of postural
asymmetry and instability (Tasseel-Ponche et al., 2015).
The serious postural impairment—the contraversive push-
ing called ‘Pusher syndrome’, which is linked to biased
verticality and hemispatial neglect, is more common
among patients with the right rather than left-hemisphere
lesions (Perennou et al., 2008). Components in trunk con-
trol may be impaired depending on the side of the lesion.
‘Postural instability’ is significantly more frequent among
patients with right-hemisphere lesions, while ‘apraxic
responses’ predominate among those with left-hemisphere
injury (Spinazzola et al., 2003). Consistently, animal stud-
ies showed that changes in locomotor behaviour and cor-
related  region-specific ~ differences in  turnover of
neurotransmitters after somatosensory TBI were dependent
on the side of brain injury (Robinson, 1979; Pearlson and
Robinson, 1981; Spinazzola et al., 2003; Perennou et al.,
2008; Sainburg, 2014; Sainburg et al., 2016; Ocklenburg
et al., 2017; Fernandes et al., 2018; Stancher et al., 2018).
Right but not left somatosensory lesions produced behav-
ioural hyperactivity and bilaterally decreased cerebral and
locus ceruleus norepinephrine concentrations.

In this study, the HL-PA phenomenon was characterized
as a model of asymmetric hindlimb motor deficits induced
by a unilateral injury of the hindlimb representation area
of the sensorimotor cortex. We examined whether a uni-
lateral ablation brain injury (UBI) induces HL-PA; whether
the fore limbs are also affected; whether the contra- or
ipsilesional leg is flexed; and whether HL-PA is encoded
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at the spinal level and persists after complete spinal cord
transection. The suction lesion was performed to restrict a
damaged area to the hindlimb sensorimotor cortex with
the aim to examine specific changes in hindlimb motor
functions and lumbar spinal circuits. Effects of the left-
and right-side lesions were studied because of lateralization
of the sensorimotor system and its differential responses to
the left- and right-side injuries (Robinson, 1979; Pearlson
and Robinson, 1981; Spinazzola et al., 2003; Perennou
et al, 2008; Sainburg, 2014; Sainburg et al., 2016;
Ocklenburg et al., 2017; Fernandes et al., 2018; Stancher
et al., 2018). In parallel with the HL-PA, we evaluated
whether the hindlimb N'WRs are affected by the UBL We
also examined whether HL-PA formation depends on sen-
sory feedback and spinal motor output. Expression of
plastic genes was analysed as a readout of neuroplastic
changes in the lumbar spinal cord induced by injury of
the hindlimb sensorimotor cortex. Genes selected for ana-
lysis were transcriptional regulators of synaptic plasticity
(cFos, Egrl and Nfkbia), regulators of axonal sprouting,
synapse formation, neuronal survival and neuroinflamma-
tion (Arc, Bdnf, Dig4, Homer-1, Gap43, Syt4 and Tgfb1),
essential components of the glutamate system critical for
neuroplastic responses (GluR1, Grin2a and Grin2b), and
all are expressed in the spinal cord.

Materials and methods

All methods and materials are described in detail in
Supplementary material section.

Adult male Sprague Dawley rats (Taconic, Denmark)
weighing 170-430g (see Supplementary Table 1) were
used in the study. The animals received food and water
ad libitum, and were kept in a 12-h day—-night cycle at a
constant environmental temperature of 21°C (humidity:
65%) and randomly assigned to their respective experi-
mental groups. Approval for animal experiments was
obtained from the Malmo6/Lund ethics committee on ani-
mal experiments (No.: M7-16), and the ethics committee
of the Faculty of Medicine of Porto University and
Portuguese Direcao-Geral de Alimentacao e Veterinaria
(No. 0421/000/000/2018). All animals were analysed in a
single test excluding 11 right-side sham and 14 right-side
UBI rats analysed in both HL-PA and EMG experiments
(Supplementary Table 1).

The rats were anaesthetized with 3% isoflurane (Abbott,
Norway) in a mixture with 65% nitrous oxide and 35%
oxygen. The hindlimb sensorimotor cortex was removed
by gentle suction through a pipette (tip diameter 0.5 mm)
(Fig. 1) (for details, see ‘Supplementary materials’).
Control (sham) animals underwent the same procedure
but cortex was not aspirated.

The localization and size of the lesion were analysed
after perfusion with 4% paraformaldehyde. Following an
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Figure | An UBI of the hindlimb representation area of the sensorimotor cortex. (A, B) Schematic representation of
somatosensory and motor cortex of the rat brain with expanded somatosensory and motor cortex [modified from (Tandon et al.,, 2007)]. Red
rectangle denotes the intended lesion area although the actual lesion area varied slightly among the rats. Vertical purple line indicates the bregma
plane. Scales on the top and on the right side indicate the distance in mm rostrocaudally relative to the bregma and mediolaterally relative to the
midline, respectively. (C) Macro anatomical image shows the lesion site in the right hemisphere. (D) Five consecutive Nissl-stained cortical
sections with equal distance show the lesion site in two-dimension from the brain shown in C. Caudal is to the left and rostral is to the right for

all the panels. Scale bar = 2 mm.

overnight post-fixation in the same fixative, the brain tis-
sue was soaked in phosphate-buffered saline with 30%
sucrose for 48h, dissected into blocks which were then
sliced into 50-pm sections with a freezing microtome.
Every fourth Nissl-stained section across the lesion site
was photographed and the rostrocaudal respective medio-
lateral
calculated.

extension as well as lesion volume were

The magnitude of postural asymmetry (MPA) and the
side of the flexed limb were assessed as described previ-
ously (Bakalkin and Kobylyansky, 1989). Briefly, the
measurements were performed under isoflurane anaesthe-
sia, or in unanaesthetized decerebrate spinalized rats. The
rat was placed in ventral decubitus (prone) position on a
millimetre-grid paper sheet. To minimize effects of tactile
stimulation during the analysis three threads were glued
to the nails of the middle three toes of each limb. The
fore or hindlimbs were gently pulled by the threads for
5-10mm to reach the same level, then set free and the
MPA was measured in millimetres as the length of the
projection of the line connecting symmetric limb points
(digits 2-4) on the longitudinal axis of the rat (Fig. 2A).
The procedure was repeated six times in immediate suc-
cession, and the mean HL-PA value for a given rat was
calculated and used in statistical analyses. For analysis in
the supine position, the rat was placed in a V-shaped

trough, a 90°—angled frame located on a levelled table
surface with the 1-mm grid sheet; otherwise, the proced-
ure was the same as for the prone position. The thresh-
old of 2mm that was the 94th MPA percentile in the
sham rats was applied to define the asymmetric rats. A
limb displaying shorter projection was regarded as flexed.

Stretching force was analysed after spinal cord transec-
tion using the micromanipulator-controlled force meter
device constructed in the laboratory. The resistance was
measured as the amount of mechanical work Wi, and
Wrighe to stretch the left- and right hindlimbs, where W
was stretching force integrated over stretching distance
interval from 0 to 10 mm.

The EMG activity of the extensor digitorum longus
(EDL), interrossei (Int) and peroneus longus (PL)
muscles from both hindlimbs were recorded as
described previously (Schouenborg et al., 1992; Weng
and Schouenborg, 1996).

The rats were exposed to the left- or right-side UBI or
the left- or right-side sham surgery (four groups; n=10/
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Figure 2 The UBI-induced formation of HL-PA and its retention after complete spinal transection and decerebration. (A)
Analysis of HL-PA. The MPA was measured in millimetres as the length of the projection of the line connecting symmetric hindlimb distal points
(digits 2—4) on the longitudinal axis of the rat. (B) Experimental design: postural asymmetry was analysed 2-3 h after spinalization in the rats
exposed to the right-side UBI (n =27 and |6 before and after transection and decerebration, respectively) or right-side sham surgery (n=11)
1-14 days before the asymmetry analysis (for the number of rats at each experimental point, see also Supplementary Tables | and 3). A day of
analysis within this observation period showed no time effects in statistical models. (C) The MPA after the UBI and sham surgery (Sh).
Horizontal line denotes the 2 mm PA threshold that was 94th MPA percentile calculated for sham surgery group. (D) Probability of postural
asymmetry (Pa; probability of a rat be asymmetric at MPA >2 mm) in the UBI group compared to the sham surgery group. (E) Probability of
contralesional flexion (Pc) in asymmetric UBI animals. The MPA, Pa and Pc are plotted as median, 95% HPDCI, and posterior distribution from
Bayesian regression. Adjusted P-values are shown if they are <0.05 for differences in MPA and PA between rat groups; and for difference in Pc
between the UBI group and the artificial 50% left/50% right flexion group of the same size. Differences were considered to be significant if 95%
HPDCI did not include zero (see Supplementary Fig. I), and adjusted P-values were <0.05.

group). The rats were sacrificed by decapitation on Day
3 after the injury, the lumbar spinal cords were dissected
into the left and right halves. RNA purification, quality
evaluation, cDNA synthesis and quantitative RT-PCR
were described elsewhere (Kononenko et al., 2018).
mRNA levels of 13 neuroplastic genes (Supplementary
Table 2) were normalized to geometric mean of expres-
sion levels of two control genes Actb and Gapdh.

Postural asymmetry, stretching force and EMG data were
analysed using Bayesian methods. Predictors and out-
comes were centred and scaled before we fitted Bayesian

regression models via full Bayesian framework by calling
Stan 2.19.2 (Carpenter et al., 2017) from R 3.6.1 R
Core Team (2018) using the brms 2.10.0 (Burkner, 2017)
interface. Models used Student’s ¢ response distribution
with identity link function unless and had no intercepts
with indexing approach to predictors (McElreath, 2020).
Default priors were provided by the brms according to
Stan recommendations (Gelman, 2019). Intercepts, re-
sidual SD and group-level SD were determined from the
weakly informative prior student_t(3, 0, 10). P-values,
adjusted using the multivariate ¢ distribution with the
same covariance structure as the estimates, were produced
by frequentist summary in emmeans 1.4 (Searle et al.,
1980) together with the medians of the posterior
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distribution and 95% highest posterior density continu-
ous intervals (HPDCI). The asymmetry and contrast be-
tween groups were defined as significant if both 95%
HPDCI did not include zero and adjusted P-value was
<0.0S.

Differences in gene expression were assessed by two-
way ANOVA (normally distributed data) or Kruskal-
Wallis test of ranks (data with non-normal distribution).
The Bonferroni procedure was used for multiple testing
adjustments. Post hoc analysis was performed by Tukey’s
HSD test (normally distributed data).

For analysis of intra- and inter-regional gene co-expres-
sion patterns, Spearman’s rank correlation coefficient was
calculated for all gene pairs in each area (N=78) and
between the areas (N=169). Sample size for each correl-
ation coefficient was 7=10 animals. Statistical compari-
son of gene-gene coordination strength between the
animal groups was performed using Wilcoxon signed-
rank test to the set of absolute values of all correlation
coefficients. Differences in the proportion of positive and
correlations  between animal groups were
assessed using the Fisher’s exact test with 2 x 2 contin-
gency table.

Details are shown in Supplementary materials.

negative

Data supporting the findings of this study are available
within the article, its Supplementary material or upon
request.

Results

In the first set of experiments, we examined whether the
UBI induces formation of forelimb or HL-PA, whether
the ipsi- or contralesional limb is flexed, and whether the
asymmetry is retained after complete spinal cord transec-
tion and decerebration (Figs 1 and 2; Supplementary Fig.
1; Supplementary Tables 1, 3 and 4). The lesion pro-
duced by unilateral ablation by suction was confined to
the hindlimb motor area (Fig. 1; Supplementary meth-
ods). The MPA, the probability to develop asymmetry
(Pa), and the probability to flex the contralesional hind-
limb (Pc) in the prone and supine positions were
analysed 1-14 days after UBI or sham surgery. The UBI-
induced asymmetry in hindlimb posture (HL-PA) was evi-
dent in anaesthetized animals before spinalization, and in
unanaesthetized spinalized at high thoracic level and
decerebrate rats (Fig. 2C). The hindlimb MPA was sub-
stantially (i.e. ~3-fold) higher in the UBI compared to
sham-operated rats analysed before and after spinal cord
transection and decerebration in the prone position; and
before the transection and decerebration in the supine
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position. In the UBI group, correlations were significant
between MPA analysed (i) before and after spinalization
and decerebration in prone position; and (ii) in the prone
and supine  positions  before these  operations
(Supplementary Table 4). The MPA in the UBI group
was stable during the observation period from the 1st to
19th day after the injury; a day of measurement included
as confounder in statistical models showed no time
effects. No apparent forelimb asymmetry was developed.

The rats showing a MPA >2mm were regarded as
asymmetric; the 2 mm threshold corresponded to the 94th
percentile of hindlimb MPA in the sham surgery group
(Fig. 2; Supplementary Fig. 1). The P, was significantly
higher in the UBI rats compared to the sham-operated ani-
mals when they were analysed before and after spinal
cord transection and decerebration in the prone position;
and before these operations in the supine position
(Fig. 2D). The Pc for asymmetric UBI rats was significant-
ly greater than 50% contra-/50% ipsilesional flexion ratio
for the prone position before and after transection and de-
cerebration; and for the supine position before these opera-
tions (Fig. 2E). Figure 2 shows data for the right-side UBI;
the left-side UBI similarly produced HL-PA with contrale-
sional hindlimb flexion (MPA, P, and Pc did not differ
between the left- and right-side UBI groups: #=10 and
16, respectively; P> 0.4 for rat groups analysed either in
the prone or supine positions, and either before or after
spinalization). Thus the unilateral focal injury to the hind-
limb representation area of the sensorimotor cortex
resulted in formation of the HL-PA with contralesional
flexion whereas forelimbs were not apparently affected.
The asymmetry persisted after spinalization and decerebra-
tion suggesting that the UBI-induced spinal neuroplastic re-
sponse underlies HL-PA maintenance.

We next sought to determine whether afferent somatosen-
sory input is required for the HL-PA formation in the
UBI rats. The HL-PA was analysed before and after bilat-
eral rhizotomy from the L1 to S2 spinal levels in the spi-
nalized rats received earlier either the left- or right-side
UBI. After the left-side UBL, the MPA and P, were
strongly, 9.0- and 3.6-fold, respectively, reduced after rhi-
zotomy (Fig. 3A-C; Supplementary Figs 2 and 3). In con-
trast, in the right-side UBI rats the MPA and P,
remained stable after rhizotomy and were substantially,
8.0- and 2.6-fold, respectively, higher than those in the
left-side UBI group. These data suggest that the HL-PA
maintenance in spinalized rats may depend on (i) afferent
somatosensory input after the left-side UBI, and on (ii)
activity of motoneurons signalling to hindlimb muscles or
changes in neuromuscular system after the right-side
injury.
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Figure 3 Effects of deafferentation and pancuronium, a curare-mimetic muscle relaxant on the HL-PA. (A-C) Effects of bilateral
rhizotomy from the LI to S2 spinal levels on MPA and Py in spinal UBI rats. Animals were exposed to the left-side (n = 5) or right-side (n=7)
UBI, and after 3—19 days later they were spinalized and then after | h subjected to bilateral rhizotomy. HL-PA was analysed before and 5, 30 and
60 min after the rhizotomy. (D-F) Analysis of HL-PA before (n=9) and 10 (n=9) and 120 (n = 7) min after pancuronium infusion. HL-PA was
analysed 3—12 days after the right-side UBI in prone position. Differences were considered to be significant if 95% HPDCI did not include zero
(see Supplementary Figs 2—4), and adjusted P-values were <0.05. For details, see legend to Fig. 2.

To examine whether the HL-PA induced by the
right-side UBI is maintained by central or peripheral
(neuromuscular) mechanism, pancuronium (pavulon), a
curare-mimetic muscle relaxant was administered in rats
displaying HL-PA to block the neuromuscular junction
(Fig. 3D-F; Supplementary Fig. 4). Pancuronium infusion
in the anaesthetized rats that received the right-side UBI
3days before the experiment, resulted in rapid decrease
of the MPA and then completely abolished HL-PA. The
MPA was stable in UBI rats given saline for at least
120min (7z=9).

We next studied whether the UBI may differently affect
biomechanical properties of the contra- and ipsilesional

hindlimbs by analysing the passive hindlimb musculo-ar-
ticular resistance to stretching in the anaesthetized spinal-
ized rats using the micromanipulator-controlled force
meter device (Fig. 4). The asymmetry in the resistance
was assessed using (i) the left/right asymmetry index for
the work (W), Alw = logy (Wier/Wrighe), Where Wi
and Wgjgne were the W applied to stretch the left- and
right hindlimbs (Fig. 4D and E); and (ii) the index for
difference in the work between the left- and right hin-
dlimbs AW = (Wi — Wrighe) (Fig. 4F and G). The
indexes were integrated for a 10-mm stretching distance.
Both the ALy and AW were statistically analysed because
they may depend differently on the resistance force and
the distance over which they are stretched.

The right (contralesional) versus left (ipsilesional) hind-
limb demonstrated greater resistance after the left-side
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Figure 4 Effects of the UBI on stretching resistance of the contra- and ipsilesional hindlimbs. (A) Experimental setup. The
micromanipulator-controlled force meter device constructed in the laboratory consisted of two digital force gauges fixed on a movable platform
operated by a micromanipulator. The rat was placed in prone position on a thermostatically controlled heating pad. Two silk threads were
hooked to the force gauges and their other ends were glued to the nails of the middle three toes of both hindlimbs. The legs were placed in
symmetric position and stretched for the |10 mm distance at | mm/s speed. Resistance was analysed as the amount of mechanical work W to
stretch a hindlimb, calculated as integral of stretching force over 0—10 mm distance. (B, C) Raw representative data show traces of the stretching
force recorded from the left and right hindlimbs of the left sham and left UBI rats. Stretching force was analysed in the spinal rats that received
left-side (n=9) or right-side (n = 9) UBI, and spinal control rats (n = 5) in 6—10 days after brain injury or sham surgery. (D, E) The UBI effects
were analysed as changes in asymmetry index Alyy = log; (Wiew/Wrigne) and (F, G) difference in stretching force between the left and right
hindlimbs AW = (W ¢—WhRighe) in gm x mm. Medians, 95% HPDCI and densities are shown. Differences of the Alyy (D) and AW (F) from
zero, and differences between UBI and control (Ctrl) groups in the Al\y (AAlw) (E) and AW (AAW) (G) were assessed in Bayesian framework
and are reported as significant if their 95% HPDCI did not include zero and adjusted P-values were <0.05 (shown by *).

UBI (Fig. 4D and F). The produced changes were signifi-
cant in both the Aly [median of the posterior distribu-
tion as estimate (median) = —0.611, 95% HPDCI =
(—1.023, —0.216), adjusted P-value (P) = 0.008, the Left
to Right ratio in resistance or L/R ratio = 0.65] and AW
[median = —19.684, 95% HPDCI = (—35.230, —3.840),
P=0.040]. No statistically significant asymmetry was evi-
dent in the right-side UBI and control groups, albeit the
median levels of both the Alyy and AW in the right-side
UBI rats exceeded those in the control group. Resistance
was significantly different between the left- and right-side

UBI groups in both the Aly [median = 0.889, 95%
HPDCI = (0.313, 1.454), P=0.006, L/R ratio was
1.85-fold larger for right-side UBI] (Fig. 4E) and the AW
[median = 31.307, 95% HPDCI = (9.070, 53.384),
P=0.015] (Fig. 4G).

Along with changes in posture, the UBI may differentially
affect the NWRs of the contra- and ipsilesional hindlimbs
producing an asymmetric pattern. We addressed this
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Figure 5 EMG examples and respective stimulation sites of three muscles of the UBI rats. (A) Left: EMG responses of the the
extensor digitorum longus EDL, peroneus longus (PL) and interossei (Int) muscles to 18 electrical stimulations. Middle: Expanded view of the
EMG spikes from the regions delimited by the rectangles. Right: Stimulation sites. (B) Peristimulus histogram of these muscles from 16
stimulations (2—17). Blue rectangle shows the time window (0.2—1.0 s) for the area analysed statistically.

question by analysis of the hindlimb NWRs evoked by
electrical stimulation of symmetric digit spots on left and
right hind paws, and recorded using EMG techniques in
unanaesthetized UBI rats after their decerebration and
complete  spinal (Figs S5 and 6;
Supplementary Tables 1 and 5). EMG responses were
recorded from the EDL, Int and PL muscles of the con-
tra- and ipsilesional hindlimbs in the rats exposed to the
left- or right-side UBIL, and the left- or right-side sham
surgery (Figs 5 and 6). EMG activity was recorded in re-
sponse to 18 stimulations (Fig. 5A); most responses were
stable across the stimulation train, however, wind-up was
sporadically observed. Peristimulus histograms denote
that a main fraction of the responses was recorded in the
0.2-1.0s interval. This fraction was included in statistical
analysis (Fig. 5B) and was likely elicited through activa-
tion of the C-fibres.

Stimulation thresholds (Thr) and the number of spikes
(SN) of EMG responses to current stimulation were

cord transection

compared between the left and right limbs using the
Left/Right asymmetry index [Al = log,(L/R), were L and
R were values for the left- and right-side muscles] for
the threshold (Aly,,) or the (Alsn)
(Fig. 6D-G; the number of analysed animals is shown in
Supplementary Table §). No asymmetry in the sham sur-
gery and UBI groups, and no significant differences be-
tween the groups were revealed for the threshold values
(Fig. 6D and F). Analysis of the sham surgery groups
revealed significant asymmetries of EMG responses in
the number of spikes for the EDL in the right-side sham
surgery group [median = -1.088, 95% HPDCI =
(—1.898, —0.265), P=0.034, L/R ratio = 0.47] and for
the Int in the left-side sham group [median = —1.914,
HPDCI = (—3.070, —0.725), P=0.005, L/R ratio —
0.27] (Fig. 6E). The median Alsy of each of these
muscles in each the left and right sham group was less
than zero. Analysis of the combined sham surgery group
demonstrated that the number of spikes was higher on

spike number
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Figure 6 Effects of the left- and right-side UBI on the left/right asymmetry index for the stimulation threshold (Aly},,) and the
spike number (Alsy) of the EDL, Int and PL muscles. (A) Experimental design. The rats with UBI or sham surgery were spinalized and
decerebrate. Analysis of EMG activity of left and right hindlimb muscles evoked by electrical stimulation of symmetric digit spots on left and right
hind paws was initiated ~3 h after spinalization and decerebration. For the number of rats see Supplementary Tables | and 5. Altogether 38 rats
including 6 left-side sham, | | right-side sham, 7 left-side UBI and 14 right-side UBI rats were analysed between 3rd and |4th day after UBI or
sham surgery. All | | right-side sham-operated rats, and 14 right-side UBI rats constituted the rat groups in the EMG experiment were analysed
for development of HL-PA (shown in Fig. 2) before the EMG experiment. The NWRs of the left and right limbs were stimulated and recorded
ipsilaterally. (B, C) Representative examples of EMG responses of the EDL muscle to electrical stimulation of digit 4 of the right-side sham and
right-side UBI rats. (D, E) The Left/Right asymmetry index for threshold (Alry,. = logy[Thr eq/Thrrighc], where Left and Right were values for the
left and right side) and the spike number (Alsn = loga[(14-SNLee)/(1 +SNrighe)])- (F, G) Difference between the UBI and sham groups (AAl =
(Alyp) — Algham)) in Al and Algy. (H) Difference in the Alsy magnitude between effects of the left-side and right-side UBI. The difference was
assessed using the contra/ipsi Al [Alc; = log,(C/l), where C and | are the number of spikes of the contra and ipsilesional muscles]. Data are
shown as AAAIl¢; = [(Al ci, r-uei — Al ¢, R=sham) — (Al o1, L-usi — Al /1, L=sham)]- Medians, 95% HPDC intervals and densities of posterior
estimates from Bayesian sampler are plotted. Asymmetry and contrast between the UBI and sham groups were defined as significant (shown by
*) if 95% HPDC intervals for Al or Algy did not include zero, and adjusted P-values were <0.05.

the right compared to the left side [EDL: median = After the brain injury, significant asymmetry in the
—1.049, 95% HPDCI = (—1.693, —0. 418), P=0.007; number of evoked spikes was identified for the EDL
Int: median = -0.923, 95% HPDCI = (-1.581, muscle in the right-side UBI rats [median = 1.147,

~0.236), P =0.040)]. HPDCI = (0.356, 1.910), P=0.015, L/R ratio = 2.2]
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(Fig. 6E). Representative examples of the UBI-induced
asymmetry for the EDL muscle is shown on Fig. 6B and
C. The UBI and sham surgery groups were significantly
different in the Alsy the EDL after the right-side injury
[median = 2.238, HPDCI = (1.111, 3.354), P=0.001,
4.7-fold difference in the L/R ratio]| (Fig. 6G). No signifi-
cant differences were revealed after the left-side UBL

We next assessed whether the magnitude of the injury-
induced changes in the spike number asymmetry signifi-
cantly differs between the left- and right-side UBI using
the contra/ipsilesional asymmetry index Alcy = [Algy =
log,(C/M)], where C and 1 were the number of spikes
of the contra and ipsilesional muscles. Differences be-
tween effects of the right-side UBI [AAlgyr =
(Alcnr-uBr—AlcR-sham)] and left-side UBI [AAlcy, o =
(Alen-usr—Alca L -sham)] were computed as AAAlc; =
(AAlcgr—AAlcqy) (Fig. 6H). The Bayesian analysis dem-
onstrated that the ratio of the Al for the right-side UBI
to the Alcg for the left-side UBI is significantly greater
compared to the ratio of the Al ¢ for the right-side
sham surgery to the Al ¢ for left-side sham surgery for
the EDL muscle [median = 2.793, HPDCI = (0.890,
4.624), P=0.003, 6.9-fold difference].

In summary, the EDL and Int NWRs were found to be
lateralized with higher responses of the right versus left
hindlimb muscles in sham rats. On this asymmetric back-
ground, the right-side UBI-induced asymmetric changes in
the EDL due to its preferential activation on the contrale-
sional versus ipsilesional side. No significant asymmetric
responses were revealed after the left-side UBL Effects of
the left-side and right-side UBI on the EDL muscle were
significantly different in the Al ¢; magnitude.

The HL-PA and asymmetry in the NWRs may persist
after spinalization and decerebration due to the UBI-
induced neuroplastic response in the lumbar spinal
domains underlined by changes in gene expression. We
assessed whether the left- and right-side UBI affects ex-
pression of 13 neuroplasticity genes that were Arc, Bdnf,
cFos, Dlg4, Egrl, Homer-1, Gap43, GIluR1, Grinla,
Grin2b, Nfkbia, Syt4 and Tgfbl in the left and right
halves of the lumbar spinal cord analysed as a readout of
neuroplastic response. Four groups including the left- and
right-side UBI, and the left- and right-side sham surgery
groups were analysed. Two-way ANOVA with operation
type (UBI versus sham) and measurement side (left versus
right) as factors revealed significant differences between
UBI and sham surgery groups for Grin2a (P adjusted by
Bonferroni correction, adj. P=0.0004), Tgfbl (adj.
P=0.0023) and Dlig4 (adj. P=0.019), and between
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measurement sides for Grin2b (adj. P=0.037). The left-
and/or right-side UBI resulted in a downregulation of
Grin2a (post hoc test: left-side UBI, P=0.0007; right-side
UBL, P=0.028) and Dlg4 (left-side UBL, P=0.0007), and
upregulation of Tgfb1 (left-side UBIL, P=0.002; right-side
UBI, P=0.025) (Fig. 7A-C). Grin2b demonstrated higher
expression in the left half compared to the right half of
the spinal cord (post hoc test: P=0.0029) (Fig. 7D) that
was replicated by analysis of intact animals (n=10;
paired #-test: P=0.0001) (Fig. 7E).

Gene co-expression patterns characterize regulatory
interactions within and across tissues (or CNS areas)
(Dobrin et al., 2009; Long et al., 2016). We examined
whether UBI affects gene—gene (i) inter-area correlations
between the left and right halves of the lumbar spinal
cord, and (ii) intra-area correlations in these halves. The
inter-area positive correlations dominated in both the left
and right sham surgery groups, while their proportion
was reduced after the UBI; the effect was statistically sig-
nificant after the left (P=5.8x10"") (Fig. 7F and H),
but not right-side brain injury (P=0.081) (Fig. 7G and I).
Proportion of the intra-area positive correlations was
decreased after the UBI in the left (left-side injury:
P=7.7x10"% right-side injury: 2.0x107°) and right
(left-side  injury: P=1.4x10""% right-side injury:
4.1x107*) halves of lumbar spinal cord (Supplementary
Fig. 5). Furthermore, the coordination strength of gene co-
expression patterns was significantly decreased after the
left UBI in the contralesional (right side) lumbar domain
(P=1.8x10"") but not in the ipsilesional (left side) do-
main (Supplementary Fig. 5); effects of the right-side UBI
were not significant.

Thus the UBI induced changes in expression of neuro-
plasticity genes and impaired coordination of their ex-
pression between and within the ipsi- and contralesional
halves of lumbar spinal segments; the effects were more
pronounced after the left-side compared to the right-side
brain injury.

Discussion

The principal findings of this study are the formation of
the HL-PA with flexion on the contralesional side, and
the asymmetric changes in hindlimb NWRs and in resist-
ance to stretching, all induced by the unilateral focal in-
jury to the hindlimb representation area of sensorimotor
cortex. These effects were evident in the rats spinalized at
the high thoracic level suggesting the brain injury-induced
rearrangement of lumbar spinal circuits prior to the tran-
section. This notion is supported by the UBI-induced
changes in expression and co-expression patterns of neu-
roplasticity genes in the lumbar spinal cord. Peripheral
biomechanical mechanisms may likely be excluded be-
cause HL-PA was blocked by pancuronium. Formation of
the contralesional flexion along with higher resistance to
stretching and activation of NWRs on the contralesional
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Figure 7 Expression of neuroplasticity genes (A-C),
lateralized expression (D, E), and inter-area co-expression
patterns (F-I) in the lumbar spinal cord of the rats exposed
to the left- and right-side UBI or sham surgery. Four groups
of rats (n = 10/group) were sacrificed on Day 3 after the injury for
tissue dissection. Shown are log,-transformed levels of Grin2a (A),
Tgfbl (B), Dig4 (C) and Grin2b (D, E) mRNAs in the lumbar spinal
cord. In (A—C), L- and R- stand for the left- and right-side UBI or
sham surgery. In (D and E), Left and Right denote the left and right
spinal half. In (D), the data combined for two UBI and two sham
surgery groups (n =40) and post hoc P are shown; these four groups
did not differ between each other in the Grin2b expression in either
the left or right domain; therefore, the data were pooled for
statistical analysis. (E) Data for intact rats (n = 10) and P-value for
left—right difference (paired t-test). The horizontal line in the box
represents the median; the box hinges represent the first (Q1) and
third quartiles (Q3). Upper and lower whiskers extend from the
hinge to the highest/lowest value that lies within the 1.53
interquartile range (IQR) of the hinge. Adjusted P-values are shown.
(F-1) Heatmaps with Spearman coefficients for correlations in
expression levels between the left and right lumbar domains for all
gene pairs in the left- (F) and right- (G) side sham operation, and
the left- (H) and right- (I) side UBI groups.

M. Zhang et al.

side suggest that neuroplastic changes in the spinal cord
are caused by asymmetric activity of pathways that de-
cussate the midline.

The ipsilateral hindlimb flexion was induced by hemi-
cerebellar lesion (DiGiorgio, 1929, 1942; Alella, 1948;
Chamberlain et al., 1963; Patterson, 2001), or hemilabyr-
inthectomy (Straka and Dieringer, 1995). In contrast,
contralesional hindlimb flexion was developed after a
focal injury of the hindlimb representation area of the
sensorimotor cortex (although a small part of the hind-
limb somatosensory cortex might have been aspirated in
some rats as also was described elsewhere (Tandon et al.,
2007)) or large injury of one hemisphere ((Varlinskaia
et al., 1984; Vartanyan and Klementiev, 1991) and the
present work). Search for neurotransmitter system
involved in HL-PA formation demonstrated that opioid
peptides and synthetic opioids (Bakalkin et al., 1980;
Chazov et al., 1981; Bakalkin et al., 1986; Bakalkin and
Kobylyansky, 1989) along with  Arg-vasopressin
(Klement’ev et al., 1986; Lukoyanov et al., 2018) may in-
duce HL-PA in spinalized animals. The striking finding
was that the response to administration of these substan-
ces was developed either on the left or right side of the
body. The x-opioid agonists dynorphin and bremazocine
induced flexion of the left hindlimb, while §-agonist Leu-
enkephalin and Arg-vasopressin caused the right hindlimb
to flex. Release of the endogenous opioid peptides in rats
exposed to stress or pain stimuli also produced HL-PA,
which was blocked by administration of the opioid an-
tagonist naloxone (Bakalkin e al., 1982). These side-spe-
cific neurohormonal mechanisms may potentially mediate
formation of the left or right hindlimb flexion after UBL

The right-side UBI-induced HL-PA was resistant to bi-
lateral deafferentation suggesting that spinal reflexes do
not contribute to asymmetry formation. In contrast, bilat-
eral lumbar rhizotomy after the left-side UBI abolished
HL-PA that thereby may be developed due to differences
between reflexes on the contra- and ipsilesional sides. In
the course of the asymmetry analysis, no nociceptive
stimulation was applied and tactile stimulation was negli-
gible; the legs were stretched by pulling the threads glued
to nails of the toes. The HL-PA magnitude was the same
and correlated between the supine and prone positions
for which effects of tactile stimulation, if any, should be
different. Application of lidocaine on the toes, which
were pulled at the stretching, did not affect the asym-
metry formation (unpublished data). It was firmly estab-
lished that the stretch and postural limb reflexes are
abolished immediately and for days after complete spinal
cord transection (Miller et al., 1996; Musienko et al.,
2010; Frigon et al., 2011) and substantially decreased
under anaesthesia (Zhou et al., 1998; Fuchigami et al.,
2011). Therefore, the NWRs and stretch reflex likely do
not contribute to HL-PA formation and/or its
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maintenance in the preparations of the unanaesthetized
decerebrate spinalized UBI rats, and spinalized UBI rats
under anaesthesia analysed in the present study. On the
other hand, responses mediated by the Group II muscle
afferents may remain active after spinalization in acute
experiments (Jankowska, 1992; Valero-Cabre et al.,
2004; Lavrov et al., 2015). Together with these observa-
tions, our findings suggest that the HL-PA is a complex
phenomenon that is developed either due to (i) a persist-
ent asymmetric activity of lumbar motoneurons not
stimulated by afferent input; or due to (ii) discharge of
proprioceptive neurons activated perhaps by Group II
muscle afferents, which are tonically active and maintain
muscle tone. These two mechanisms may differentially
contribute to formation of the left and right hindlimb
flexion. The second mechanism is supported by human
studies demonstrated that the Group II muscle afferents
are involved in the exaggerated reflexes in spastic hemi-
plegic and paraplegic patients (Eriksson et al., 1996;
Marque et al., 2001).

Our data indicate that NWRs of EDL and Int muscles
are lateralized in control animals. On this left-right asym-
metric background, the left- and right-side brain lesions
were not mirror symmetric in their effects on the hind-
limb N'WRs. After the right-side UBI, sign of the Algy
for the EDL was changed from minus to plus, but the
NWR was still significantly asymmetric—different from
zero. Thus, the right-side UBI resulted in greater activa-
tion of withdrawal EDL responses on the left (contrale-
sional) side compared to the right (ipsilesional) side. The
left-side UBI did not produce significant changes in the
EDL, Int and PL NWRs. Muscles which may be affected
by the left-side injury remain to be identified. The NWRs
have a modular organization in which each module con-
trols a single or a few synergistic muscles and each mod-
ule performs a comprehensive and functionally adapted
sensorimotor transformation resulting in appropriate acti-
vation of the target muscle(s) (Schouenborg, 2002).
Effects of the left- and right-side UBI may be interpreted
in the context of this mechanism; different sets of NWR
modules may be targeted by the left- and right-side brain
injury.

Dependence of the right hindlimb flexion formation on
afferent stimulation corroborates asymmetry of mono-
and polysynaptic segmental reflexes in intact rats and
cats (Hultborn and Malmsten, 19834, b; Malmsten,
1983) and asymmetry of NWRs in control rats, which all
display greater activity on the right body side. The
uncovered lateralization in the spinal cord may be rele-
vant as the physiological basis for several neurological
phenomena differently developed after injury to the left
and right hemisphere (see Introduction section; Spinazzola
et al., 2003; Fernandes et al., 2018). The hemisphere spe-
cific motor effects laid the basis for the general concept
of motor lateralization in which the left hemisphere
assures mechanical efficiency under predictable condi-
tions, while the right hemisphere imparts robustness
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under unpredictable situations (Sainburg, 2014). Our
results are in line with the motor lateralization concept.
They suggest that the left hindlimb motor cortex might
enable tonic, afferent stimulation independent control of
the right hindlimb postural responses while its lesion
eliminates this function. Complementarily, the right cor-
tex might control the afferent-dependent postural reac-
tions of the left hindlimb, and its injury could diminish
segmental reflex-mediated motor responses.

Besides left-right differences in segmental reflexes
(Hultborn and Malmsten, 19834, b; Malmsten, 1983;
and this study), physiological, anatomical and molecular
asymmetries in the spinal cord (Bakalkin et al., 1980;
Chazov et al., 1981; Bakalkin et al., 1986; Bakalkin

and Kobylyansky, 1989; Nathan et al., 1990;
de Kovel et al, 2017; Kononenko et al., 2017,
Ocklenburg et al, 2017; Kononenko et al, 2018;

Woytowicz et al., 2018) along with general lateralization
of motor functions (Sainburg, 2014; Sainburg et al.,
2016; Knebel et al., 2018; Stancher et al., 2018) have
been reported. Three-quarters of cervical spinal cords are
asymmetric with larger right side (Nathan et al., 1990).
Spinal neural circuits controlling activity of the left and
right hindlimb muscles may be differentially affected by
opioid agonists (Bakalkin et al., 1980; Chazov et al.,
1981; Bakalkin et al., 1986; Bakalkin and Kobylyansky,
1989). Expression of opioid receptors is lateralized in the
spinal cord, while their inter-regional co-expression pat-
terns are side-specific and intra-regional (between the dor-
sal and ventral domains) co-expression profiles are
differently affected by the left- and right-side body injury
(Kononenko et al., 2017). In human embryos transcrip-
tional maturation rates are different between left and
right spinal cord suggesting that spinal cord lateralization
is not directed from the forebrain (de Kovel et al., 2017).
The present study demonstrates that the Grin2b gene
coding for the NMDA receptor subunit, which is
involved in circuit formation and synaptic plasticity, is
expressed at higher levels in the left compared to the
right lumbar spinal cord. Interestingly, the lateralized ex-
pression of this gene underlies structural and functional
left-right asymmetries in the hippocampus (Kawakami
et al., 2003; Wu et al., 2005; Kohl et al., 2011).
Expression of the Grin2a, Dlg4 and Tgfbl neuroplas-
ticity genes in the lumbar spinal segments was altered
after the unilateral brain lesion. The Grin2a subunit of
the glutamate receptors regulates formation of neural cir-
cuits and their plasticity. The Dlg4 gene codes for PSD95
involved in AMPA receptor-mediated synaptic plasticity
and post-NMDA receptor activation events (Won et al.,
2016). Tgfbl gives rise to transforming growth factor f1
regulating inflammation, expression of neuropeptides and
glutamate neurotoxicity (Buisson et al., 2003; Santibanez
et al., 2011). The glutamate receptors may modulate spi-
nal NWRs (You et al., 2004) and flexion response in a
model of spinal learning (Joynes et al., 2004), and medi-

ate  HL-PA formation induced by electrical limb
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stimulation (Anderson and Winterson, 1995). These find-
ings suggest that glutamate receptors may have a role in
the UBIl-induced formation HL-PA and modifications of
hindlimb NWRs.

Remarkably the co-expression patterns of neuroplastic-
ity genes were strongly dysregulated after the UBI as fol-
lows from the decline in the coordination strength and
decrease in the proportion of positive inter- and intra-
area correlations. Robust changes in the inter- and intra-
regional gene co-expression patterns is a novel phenom-
enon suggesting that the UBI abolishes coordination of
gene expression between the left and right halves of ana-
tomically symmetric spinal cord, and within each of these
halves.

Ten neuroplastic genes which individual expression lev-
els were not significantly affected by the UBI were never-
theless dysregulated as the components of the inter- and
intra-area co-expression networks. These genes were a
neuronal activity-dependent transcription factor cFos;
Gap-43 coding for growth-associated protein Gap-43 that
regulates axonal growth and neural network formation;
brain-derived neurotrophic factor Bdnf regulating synap-
togenesis; activity-regulated cytoskeletal Arc gene impli-
cated in numerous plasticity paradigms; Egrl regulating
transcription of growth factors, DNA damage and
ischaemia genes; Nfkbia (I-Kappa-B-Alpha) that inhibits
NEF-kappa-B/REL complexes regulating activity-dependent
inhibitory and excitatory neuronal function; G/#R1 and
Grin2b coding for the glutamate ionotropic receptor
AMPA type subunit 1 and NMDA receptor subunit, re-
spectively, both involved in glutamate signalling and syn-
aptic plasticity; Homer-1 giving rise to Homer Scaffold
Protein 1, a component of glutamate signalling involved
in nociceptive plasticity; and Syt4 (Synaptotagmin 4)
playing a role in dendrite formation and synaptic growth
and plasticity (Hayashi et al., 2000; Adkins et al., 2006;
O’Mahony et al., 2006; Tappe et al., 2006; Vavrek
et al., 2006; Larsson and Broman, 2008; Dolan et al.,
2011; Grasselli and Strata, 2013; Harris et al., 2016;
Epstein and Finkbeiner, 2018).

Changes in the co-expression patterns were likely medi-
ated through the epigenetic and transcriptional mecha-
nisms affected by the UBIL and therefore characterization
of the co-regulation phenomenon does not require ana-
lysis of protein products of analysed genes. We did not
study UBI effects on the levels of neuroplastic proteins.
However, the identified increase in the Tgfb1 mRNA lev-
els corroborated with elevation in the levels of Tgfbl
protein in the spinal lumbar segments after the TBI, and
elevation of neurotrophins and inflammatory cytokine ex-
pression in the spinal cord after cortical stroke (Sist
et al., 2014; Tennant, 2014; Kononenko et al., 2019). It
is interesting to examine a role of protein products of
three neuroplastic genes affected by the UBI in the brain
lesion-induced changes in hindlimb functions.

M. Zhang et al.

Clinical studies demonstrated that a large fraction of
subjects with stroke and cerebral palsy do not relax their
muscles—they are tonically constricted without any vol-
untary command. This phenomenon is called spastic dys-
tonia ‘stretch- and
sustained involuntary muscle activity following central
motor lesions’ (Gracies, 2005; Lorentzen et al., 2018).
This clinical phenomenon can alter posture at rest there-
by contributing to the hemiplegia (Marinelli et al., 2017)
and is regarded as a form of efferent muscle hyperactivity
(Gracies, 2005; Baude et al., 2019). Spastic dystonia may
have a central mechanism which does not depend on af-
ferent input in contrast to spasticity based on exacerbated
reflex excitability (Sheean and McGuire, 2009). It was
postulated that rhizotomy which abolished sensory input
and diminish stretch reflexes would have no effect on
spastic dystonia. The example is the absence of effects of
dorsal rhizotomy on development of muscle contractures
in children with cerebral palsy (Tedroff et al, 2015).
A cause of spastic dystonia was experimentally addressed
in early studies by Denny-Brown (1966, 1980) who dem-
onstrated that monkeys with lesions of motor cortex dis-
play involuntary muscle activity. It persisted following
disruption of sensory input to the spinal cord suggesting
that a central mechanism but not exaggerated reflexes are
involved. Sustained involuntary muscle activity developed
in the absence of stretch and voluntary stimulation con-
tributes to body deformities in stroke patients, and there-
by it is critical to develop experimental approach for
preclinical analysis of spastic dystonia (Gracies, 2005;
Marinelli et al., 2017; Pingel et al., 2017; Lorentzen
et al., 2018; Baude et al., 2019). The HL-PA that is
induced by lesion to the hindlimb sensorimotor cortex
and that is not affected by rhizotomy may represent a
small animal model for investigation of this phenomenon.

In conclusion, the HL-PA resistance to deafferentation
in the spinalized rats may be developed due to the UBI-
induced neuroplastic changes in the efferent hindlimb
neuromuscular circuits. This finding is concordant with
the pathological non-stretch and non-effort-related sus-
tained involuntary muscle activity observed after central
motor lesions in clinical situations (Gracies, 20035; Sheean
and McGuire, 2009; Tedroff et al., 2015; Marinelli et al.,
2017; Lorentzen et al., 2018; Baude et al., 2019). The
unusual feature of this phenomenon is its association
with the right-side brain lesion. The lateralization of
mono- and polysynaptic reflexes (Hultborn and
Malmsten, 1983a, b; Malmsten, 1983) including NWRs
and the asymmetry in stretching force support hypothesis
on asymmetric organization of the spinal cord. These
findings represent a subject for further analyses essential
for understanding of motor deficits secondary to stroke
and TBI, and basic mechanisms of sensorimotor integra-
tion in the spinal cord.

and defined as effort-unrelated
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