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Effect of continuous la fibre activity
suppression on hyperreflexia-
related spasticity and maladaptive
synaptic connections in the spinal
cord after injury

Takuto Hanasaki®, Keita Hanaki®, Yukito Sako?, Yasushi Uchiyama? & Sachiko Lee-Hotta?"™"

Spasticity is defined as the velocity-dependent hyperexcitability of the stretch reflex that develops
after a central nervous system injury. Spasticity is caused by plastic neuronal changes following
injury. Current treatments that block spastic muscle contractions do not promote recovery from
motor dysfunction. We aimed to confirm that la fibre activity suppression, comprising the stretch
reflex, reduces spasticity-related hyperreflexia and improves pathological neuronal plastic changes
and motor dysfunction. In this study, we created a hemi-transected spinal cord injury mouse model
and continued la fibre suppression for 2 weeks. The effects of la fibre suppression were evaluated
electrophysiologically and histologically. In electrophysiology, spasticity-related rate-dependent
depression of Hoffman's reflex improved from 0.6 to 0.2 in terms of the rate of amplitude change with
reference to 0.1 Hz electrical stimulation. Histologically, the number of synapse buttons of la fibres
per an « motor neuron reduced from 4.2 to 2.6. However, the a« motor neuron activity was still higher
than that in the sham mice, possibly due to other residual pathological mechanisms of spasticity.
Additionally, motor dysfunction was observed in grid walk and single-reach tasks in vehicle- and drug-
administered groups. This study confirmed that continuous la fibre suppression partly improved the
maladaptive synaptic connections in the spinal cord and relieved spasticity-related hyperreflexia.
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Spasticity is the velocity-dependent hyperexcitability of the stretch reflex of skeletal muscles, Ia fibres, and a
motor neurons’?. Neuronal plastic changes after central nervous system (CNS) injuries, such as stroke or spinal
cord injury (SCI), cause spasticity. One main symptom of spasticity is involuntary muscle contraction associated
with the hyperreflexia of the spinal stretch reflex, which also inhibits motor function recovery. Approximately
40% of individuals with SCI suffer from spasticity®. Several treatments are available for spasticity, but they have
limitations. For example, the active movement inhibition due to the suppression of a motor neuronal activity
and the atrophy of the muscles to which botulinum toxin is administered*. Further, the current treatments target
symptomatic pain and limit the joint motion range during the chronic phase. During this phase, neuroplastic
changes are complete and enhance the abnormal neural networks. Radically recovering motor function during
the chronic phase is challenging. Therefore, establishing a new treatment strategy for the acute phase after CNS
injury that aims to recover motor function is necessary.

It has long been suggested that abnormal sensory input is associated with spasticity and spinal neural circuits®.
In the present study, we focused on Ia fibres, which have monosynaptic connections with a motor neuron in the
spinal stretch reflex arch, which is also the definition of spasticity. Ia fibres are proprioceptive sensory neurons.
They connect to the muscle spindle and transduce dynamic and static components such as changes in muscle
length and stretch velocity. Then, they transmit action potentials to the spinal cord. Regarding the relationship
between Ia fibre and spasticity, previous studies reported that axonal Ia fibre sprouting projecting to the o
motor neurons increases with spasticity in animal models®”. Furthermore, presynaptic inhibitory neurons in
the spinal cord adjust the gain of Ia fibres. However, this adjustment of Ia fibre axonal endings is masked or
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reduced by spasticity after SCI®. Excessive excitability input from the Ia fibres to a motor neurons may induce an
increase in axonal Ia sprouting. Additionally, spasticity may lead to excessive input to Ia fibre neurons because
hyperexcitation of the stretch reflex induces longitudinal changes and stretch velocity in the muscle.

Furthermore, Ia fibres project not only a motor neurons but also propriospinal neurons, which project
ascending pathways and o motor neurons’. Notably, the abnormal activity of these propriospinal neurons is
associated with spasticity'®!!. Moreover, one of the propriospinal neurons receives excitatory input from Ia fibre
and is associated with skilled movement!'>!3. Taken together, it is speculated that the abnormal sensory input
confirmed during spasticity is related to spasticity mechanisms and resulting motor dysfunction. Therefore,
regulation of abnormal sensory input is essential; however, there are no studies about the suppression of Ia fibre
activity for spasticity intervention.

The Ia fibre mechanosensory endings in the muscle spindle has several mechanosensory channels carrying
Na* and Ca?* currents, such as degenerin/epithelial sodium channels (DEG/ENaC) and acid-sensitive ion
channels (ASICs)'*. Additionally, synaptic-like vesicles (SLVs) have been discovered in mechanosensory endings
and confirmed to be vesicular glutamate transporter I (vGluT1), which contains glutamate'®. This receptor is
known as mGluR, and it is coupled with phospholipase D activation (PLD-mGluR) in the mechanosensory
endings. The spindle responsiveness is maintained and increased by a positive gain-control system, whereby
these vesicles release glutamate in a Ca**-dependent manner to activate the PLD-mGIuR receptor!®!”. We
focused on PLD-mGluRs at the Ia fibre mechanosensory ending to suppress their activity'®~!8. This receptor is
expressed in the spindle mechanosensory terminals and the lanceolate palisade ends of the hair follicle!®. This
function of PLD-mGluR, a homomeric GluK2 kainate receptor?, is blocked by the administration of (R,S)-3,5-
dihydroxyphenylglycine (DHPG), which is a PLD-mGluR antagonist'®. DHPG is a very unique drug because it
suppresses Ia fibre activity partially by inhibiting to combine with glutamate. Therefore, we hypothesised that
the moderation of Ia fibre activity reduces excitatory input from Ia fibres to a motor neurons in the spinal stretch
reflex arch and contributes to the reduction of spasticity. In this study, we aimed to confirm that continuous Ia
fibre activity suppression using DHPG can induce spinal neural network normalisation and reduce spasticity.

Results

Area and lesion volume in the SCI mouse model

We outlined the lesion area in a photograph of the sample, including the vertebrae and used a microscope to
confirm the area and spinal level of the lesion (Fig. 1A-C). The lesion area was detected between the fourth and
sixth vertebral arches and did not markedly cross the midline. The lesion volume was measured in a sagittal
section series using Kluber-Barrera staining for myelin and Nissl substances. In the sham group, the differences
between the white and grey matter were clear, and the cells in the grey matter were arranged orderly (Fig. 1B).
In contrast, the white and grey matter were interrupted in SCI mice. Furthermore, the relatively large cells in
the sham group were replaced with small cells at the lesion site (Fig. 1C, dotted line). The mean lesion volume
was 1.17+0.06 mm? at 4 weeks post-SCI. The difference in lesion volume was not significant in the SCI vehicles,
which were administered with phosphate-buffered saline (PBS), or SCI-DHPG (Fig. 1D, vehicle: 1.11+0.06
mm?, DHPG: 1.22+0.12 mm?).

Electrophysiological spasticity assessment

Herein, the Hoffman’s reflex (H-reflex) was monitored at the right forelimb digiti minimi muscle (Fig. 2A). The
H-reflex latency (6-8 ms) was longer than the M-wave latency (2-4 ms) (Fig. 2B,C). Under healthy conditions,
we observed a decrease in the H-reflex amplitude (Rate Dependent Depression [RDD]) following high-frequency
(5 Hz) stimulation (Fig. 2B,D). The H-reflex RDD did not weaken with spasticity after SCI (Fig. 2C,D). The RDD
of the H-reflexes at 1-week post-SCI was significantly weakened relative to that in the sham mice (p<0.001; 1,
2, and 5 Hz; Fig. 2D).

Reappearance of H-reflex RDDs due to continuous DHPG administration
Herein, we investigated whether continuous administration of DHPG, a competitive antagonist of PLD-mGluR
in Ia fibre mechanosensory endings, for 2 weeks from 1-week post-SCI led to reconfirmation of RDDs of the
H-reflex (Fig. 3A). First, we checked the suppression of Ia activation through a one-shot DHPG administration
in the muscle using an extracellular electrogram (Supplementary Fig. S1A-D). Next, we confirmed the delivery
of the drug solution, including indocyanine green (ICG), which reacts to near-infrared light, from the osmotic
pump to the right abductor digiti minimi muscle using a tube and spread it around (Supplementary Fig. S2).
At 2- and 4-week post-SCI, the H-reflex RDD in the SCI-DHPG mice was significantly higher than that
in the SCI-vehicle mice (2-week: p<0.01; 1, 2 Hz, p<0.001; 5 Hz, 4-week: p<0.001, 2, 5 Hz; Fig. 3B,C). The
H-reflex RDD in the SCI-DHPG mice was extremely attenuated under high-frequency stimulation (5 Hz) at
2 and 4 weeks after SCI; however, it did not return to normal. Compared with pre-SCI, the H-reflex RDDs
were substantially weakened in the SCI-vehicle and SCI-DHPG mice each week (Fig. 3D,E). Herein, we did
not confirm a substantial negative effect of DHPG administration on the H-reflex of sham mice (sham-DHPG)
relative to the sham-vehicle mice (Supplementary Fig. S3).

DHPG administration did not affect motor function recovery after SCI

For the grid walk test, the SCI mice administered each drug demonstrated slow recovery 3 days after SCI (Fig. 4).
No marked difference in recovery was observed between the SCI-DHPG and pre-administration mice. The
single pellet reach task may have been extremely challenging for the SCI mice, and no dynamic recovery was
observed in SCI-vehicle or SCI-DHPG mice. From the qualitative assessment viewpoint, the SCI-vehicle mice
exhibited a phased recovery of the hand joint (Data not shown). However, the SCI-DHPG mice did not, and
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Fig. 1. Area and volume of spinal injury (SCI) in the vehicle and (R,S)-3,5-dihydroxyphenylglycine (DHPG)
groups. (A) Illustration of the injury traces in all mice in spinal cords 4 weeks after spinal cord injury. Dotted
lines indicate that C4, C6 and C7 are the 4th, 6th and 7th of the cervical vertebral arches, respectively. (B,C)
Luxol fast blue staining in the sagittal section of the spinal cord in the sham (B) and SCI groups (C). Blue
represents myelinated fibres and blue-violet represents neural and glial cells. The white dotted line in C
indicates the lesion area. (D) Graph of the lesion volume 4 weeks after SCI. Data are shown as box plots. The
notches on (under) the box plots indicate the maximum (minimum) values for each group. The centreline of
each box represents the median, and the x-mark represents the average. SCI-vehicle, n=8; SCI-DHPG, n=38.
Shapiro-Wilk test, Student’s t-test. n.s.=not significant.

their recovery appeared to plateau or slightly decline. The significantly negative effect of Ia suppression on sham-
DHPG mice was not confirmed.

Functional assessment of free walking using three-dimensional motion analysis revealed that none of the
drugs administered inhibited recovery of functions that supported walking, such as swing speed or clearance,
and slow improvement was observed after administration. Substantial recovery was not observed after DHPG
administration (Data not shown).

la-a synaptic connection returns to normal because of DHPG administration after SCI
Subsequently, we confirmed whether the number of synaptic connections between the Ia fibres and a motor
neurons (Ia-a connections) was altered post-SCI after DHPG administration. The Ia-a connections were
detected using laser microscope Z-stack imaging, with the positive regions of the vGIuT1 considered as the Ia
fibre axonal terminals and choline acetyltransferase (ChAT) considered as the a motor neuron (Fig. 5A-P). The
number of Ia-a synaptic connections in the SCI-DHPG mice was markedly less than those in the SCI-vehicle
mice (SCI-vehicle; 4.2 £0.1, SCI-DHPG; 2.6 + 0.1, Fig. 5Q). No difference was observed between the SCI-DHPG
and sham mice (sham-vehicle and sham-DHPG). Additionally, no difference was observed between the sham-
vehicle and sham-DHPG (sham-vehicle; 2.7 £0.1, sham-DHPG; 2.6 £0.1, Fig. 5Q).

Furthermore, to confirm whether the increased synaptic connections are stable, the number of triple merges
of vGluT1, ChAT, and the post synapse density-95 (PSD-95), which is a stabile post-synapse maker, were
compared between each group. No difference was observed in the number of stabile Ia-a synaptic connections
between each group (sham-vehicle; 1.2 +0.2, sham-DHPG; 1.3+0.2, SCI-vehicle; 1.1 0.1, SCI-DHPG; 1.1£0.2,
Fig. 5R). Therefore, the Ia-a increased connections of SCI-vehicle are considered to be unstable synapses.

No changes were observed in the a« motor neuronal activity after DHPG administration

We measured c-Fos, which is an early gene that is dependent on intracellular calcium concentration. We also
determined the immunoreactivity in o motor neurons labelled for ChAT, whether the activity of a motor
neurons in SCI mice increased, and whether drug administration affected a motor neuronal activity (Fig. 6A-
D). The ratios of c-Fos- and ChAT-co-positive cells to all ChAT-positive cells were calculated. The ratio of c-Fos
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Fig. 2. Confirming spasticity using Hoffman’s reflex(H-reflex) Rate Dependent Depression (RDD). (A)
Hlustration of methods for Hoffman’s reflex. Recording electrodes were inserted to right forelimb abductor
digiti minimi muscle, and recorded electromyogram after stimulation of ulnar nerve. (B,C) Raw data of

M wave and H-reflex. Black lines are waves when 0.1 Hz stimulation, and red lines are ones when 5 Hz
stimulation. (D) Graph of H-reflex’s change in depression comparing sham and the spinal cord injury (SCI)
1 week after establishing SCI model. Data are represented as mean = S.E.M. sham n=13 SCI n=18. Shapiro-
Wilk test, ANOVA, Tukey-Kramer (***p <0.001).

expression in ChAT-labelled a motor neurons was substantially upregulated in both SCI mice relative to the
sham mice (Fig. 6E). However, no difference was observed between the vehicle and DHPG groups of the SCI
mice. Ia fibre activity suppression did not affect motor neuronal activity.

Discussion

In this study, we demonstrated that continuous Ia fibre activity suppression induced the reduction of spasticity-
related hyperreflexia and restored the overconnected synaptogenesis to normal. To confirm the decreased effect
of spasticity in Ia inhibition in spastic muscle, DHPG was locally administered to the right forelimb around
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Fig. 3. (R,S)-3,5-dihydroxyphenylglycine (DHPG) group reappear Hoffman’s reflex (H-reflex) Rate Dependent
Depression (RDD). (A) Scheme of experience schedule. Drugs were administered for 2 weeks at 1w post-spinal
cord injury (SCI). (B,C) Graph of H-reflex’s change in depression comparing SCI-vehicle (blue) and SCI-
DHPG (red). SCI-vehicle n=9, SCI-DHPG n=9. (D,E) Graph of H-reflex’s change in depression comparing
pre-SCI (D,E, white), SCI-vehicle (D, blue), and SCI-DHPG (E, red). Data are represented as mean + S.E.M.
Pre-SCI n=18, each drug group n=9. Shapiro-Wilk test, ANOVA, Tukey-Kramer (**p <0.01, ***p<0.001).

the forelimb abductor digiti minimi muscle as the spastic muscle using an osmotic pump and plastic tubes.
It is thought that PLD-mGluR is responsible for dynamic and static muscle stretch because it depends on
Ca?*. However, a previous study reported that glutamate release from SLV and its binding with PLD-mGluR
mainly affect Ia fibre response to static stretch!®. Further, the response to stretch stimulation, principally after
muscle stretching, was suppressed by DHPG administration in this study (Supplementary Fig. S1). Ia fibre
activity suppression was confirmed to relieve spasticity-related hyperreflexia after SCI by measuring the RDDs
in the H-reflex. The continuous Ia activity suppression via DHPG administration was targeted at inducing
the normalisation of Ia-a synaptic connections; however, this was not observed in the SCI-vehicle mice. We
demonstrated an increase in the number of hyperexcited a motor neurons, which may project to the spastic
muscle, in 4-week post-SCI mice relative to the sham mice?!. However, no changes were observed in the a motor
neuron activity or motor functional recovery following DHPG administration after SCI.

Scientific Reports |

(2025) 15:23764 | https://doi.org/10.1038/s41598-025-09397-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A grid walk test

it HH# diif HitH HH#

_.
o =N ) =
S S S S
T T T "

(=]
S
T

Ratio of success step (%)

S

pre 3day 1week 2week 3 week 4 week

w

Single pellet reach task

soskok sdokk kK sk sHoskok sokk

i HH HiHt i it

3] W B w
S (=} S (=}
T T T 1

Success ratio (%)

—_
(=}
T

pre 3day 1week 2week 3 week 4 week

——sham-vehicle ——sham-DHPG ——SClI-vehicle ——SCI-DHPG

Fig. 4. (R,S)-3,5-dihydroxyphenylglycine (DHPG) administration didn't affect motor function recovery. (A)
Ratio of success step during grid walk test. The ratio was calculated by success steps in all steps. A success step
was defined as the right forelimb step without dropping. Data are represented as mean + S.E.M. sham-vehicle
n=3, sham-DHPG n =3, spinal cord injury (SCI)-vehicle n=>5, SCI-DHPG n = 5. Shapiro-Wilk, Kruskal-
Wallis, Steel-Dwass (***p <0.001: vs SCI-DHPG, *#p <0.001: vs SCI-vehicle). (B) Success ratio of single pellet
reach task. The ratio was calculated using the number of that mice could grasp and eat pellets in 30 times. Data
are represented as mean +S.E.M. sham-vehicle n= 3, sham-DHPG n =3, SCI-vehicle n=5, SCI-DHPG n=5.
Shapiro-Wilk test, Kruskal-Wallis, Steel-Dwass (***p <0.001: vs SCI-DHPG, *#p <0.001: vs SCI-vehicle).

Relieving spasticity-related hyperreflexia after SCI via DHPG administration

H-reflex RDD is indicated in the spasticity model for the assessment of symptoms in various spastic models,
such as those for SCI, stroke, and cerebral palsy>®*1-24. The pathological features of spasticity are described
in the spinal stretch reflex circuit. For example, the presynaptic inhibition connecting the Ia fibres is reduced
after SCI, and a motor neuron hyperactivity is exacerbated®?!. In the present study, the stimulus frequency-
dependent depression in H-reflex amplitude was closer to normal in the SCI mice after DHPG administration
than in the vehicle; however, this did not return to normal. This repetitive synapse firing results in a transient
decrease in synaptic strength, which decreases presynaptic Ca?* currents, depletion of vesicles, desensitisation
of the postsynaptic receptor, activity-dependent decreases in the neurotransmitter release probability, and failure
of action potential conduction in the postsynaptic neuron®>%. In this study, vGlut1 was used as a marker of Ia
fibre axonal endings. vGlutl is also a marker in the corticospinal tract (CST)®. A previous study reported that
vGlutl-positive fibres of the CST project to laminae VII and those of the RST project to laminae III and VI*?7:28,
The vGlut1-positive fibres of Ia fibres project to laminae VII and IX and connect to a motor neurons directly?*3C.
Herein, the number of vGlutl boutons per a motor neuron were calculated as means and were sham-vehicle;
2.7+0.1, 2.6 £0.1, 4.2+0.1, 2.6+ 0.1 for the sham-vehicle, sham-DHPG, SCI-vehicle, and SCI-DHPG groups,
respectively. In the SCI-vehicle mice at 4 weeks post-SCI, Ia-a connections were substantially increased relative
to those in the SCI-DHPG, sham-vehicle and sham-DHPG mice. In a previous study, the number of vGlutl
boutons per a motor neuron increased to 3.5+0.1 from 7 days after stroke with spasticity®. Thus, Ia activity
suppression by DHPG administration may prevent excessive synaptic connections and/or promote the pruning
of excessive synaptic connections.

Interestingly, no difference was observed in the number of stable synaptic connections that were double
positive for vGluT1 and PSD-95 in a motor neurons between each group. PSD-95 is scaffold protein of excitatory
synapses and is expressed in stable synapses. A previous study reported that PSD-95 is required for activity-
dependent synapse stabilization after the initial phase of synaptic potentiation, and PSD-95 knockout induces
high turnover of synapse®!. Therefore, synapses without PSD-95 can be described as unstable synapses; however,
they are reported to be functional®2. In this study, the number of unstable synapses increased in SCI-vehicle

Scientific Reports |

(2025) 15:23764 | https://doi.org/10.1038/s41598-025-09397-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

o

The number of vGlutl

sham-vehicle

A
R
T
of
!
<
z

©
&
T
R
@)
)

/ oL motor neuron

SCI-vehicle

PSD-95

—

=

Stable and unstable Ia-o connections Unstable Ta-o connections

5 r ook ok olok 5 r n.s.

N
T

/ oL motor neuron
\S}

0

The number of vGlutl (PSD-95+)

sham SCI sham SCI

Ovehicle @mDHPG

Fig. 5. Ia-a synaptic connections in sham and spinal cord injury (SCI) after vehicle and (R,S)-3,5-
dihydroxyphenylglycine (DHPG). (A-P) Immunofluorescence staining for post synapse density (PSD-95)
(green), vesicular glutamate transporter 1 (vGluT1) (red) and choline acetyltransferase (ChAT) (cyan).
White arrows show Ia-a connections. (Q) Number of Ia—a connections comparing vehicle group (white) and
DHPG group (black). Data are represented as mean + S.E.M. sham-vehicle n (mice) =6, sham-DHPG n=6,
SCI-vehicle n=8, SCI-DHPG n =7, sham-vehicle N (a motor neurons) =302, sham-DHPG N =292, SCI-
vehicle N =384, SCI-DHPG N = 344. Shapiro-Wilk test, ANOVA, Tukey-Kramer (***p <0.001). (R) Graph of
number of Ta (PSD-95 positive)-a connections comparing vehicle group (white) and DHPG group (black).
Data are represented as mean + S.E.M. sham-vehicle n (mice) =3, sham-DHPG n =3, SCI-vehicle n=3, SCI-
DHPG n=3. each group N (a motor neurons) = 150. Shapiro-Wilk test, ANOVA, Tukey-Kramer (n.s.=not
significant).
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Fig. 6. Activity of a motor neurons by c-Fos expression. (A-D) Immunofluorescence staining for c-Fos
(green) and choline acetyltransferase (ChAT) (red). White arrows show co-positive cells. Scale bar =50 um.
(E) Ratio of co-positive cells to all a motor neuron cells, comparing the vehicle group (white) and (R,S)-
3,5-dihydroxyphenylglycine (DHPG) group (black). Data are represented as means + S.E.M. sham-vehicle n
(mice) =5, sham-DHPG n =4, SCI-vehicle; n=6, SCI-DHPG n = 5. sham-vehicle N (a motor neurons) =213,
sham-DHPG N =263, SCI-vehicle N =340, SCI-DHPG N =294. Shapiro-Wilk test, ANOVA, Tukey-Kramer
(*p<0.05).

Scientific Reports|  (2025) 15:23764 | https://doi.org/10.1038/s41598-025-09397-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

and DHPG was able to decrease these unstable connections. These unstable synaptic connections may increase
during neuronal plasticity due to spontaneous responses in the acute phase after injury. In addition, there
were no differences in the number of stable Ia-a connections between each group. Therefore, Ia fibre activity
suppression by DHPG may downregulate presynaptic Ca* currents and induce vesicle depletion by optimising
the number of unstable synaptic connections. In contrast, « motor neuronal activity remained high after DHPG
administration; therefore, the RDD of the H-reflex did not completely improve. However, the detailed underlying
mechanisms and function of these synapses without PSD-95 in relation to the H-reflex RDD remain unclear.
Further studies are needed in the future to investigate these mechanisms.

DHPG administration did not cause any changes in a motor neuron activity or recovery after
sdl

One of the mechanisms underlying spasticity is increased excitability of the a motor neurons*'?2. A previous
study using a stroke model revealed an increase in the a motor neuronal activity in spastic mice?!'; however,
studies reporting this in SCI mice are absent. Dendritic spine density and abnormal morphology in the a motor
neurons were recently reported to be substantially increased at 4 weeks after SCI**. Dendritic spines are involved
in synaptic and neuronal activities. In our study, the expression ratio of c-Fos and ChAT double-positive neurons
was markedly increased in the vehicle and DHPG in 4-week post-SCI mice relative to sham-vehicle and sham-
DHPG mice. Increased a motor neuron activity is one of the strongest mechanisms underlying spasticity
development in SCI. We hypothesised that hyperexcitability of the a motor neurons increases inputs from the Ia
fibres in addition to their own increased excitability. However, no change was observed in the hyperexcitation of
the a motor neurons in SCI due to Ia activity suppression. The hyperexcitation of a motor neurons underlying the
spasticity mechanisms was reported to be caused by factors such as the downregulation of K*-Cl cotransporter
2 (KCC2) on a motor neurons®? and persistent inward currents®*. In other words, motor neurons after SCI are
excited. In the present study, Ia activity suppression lowered the input to motor neurons; however, it did not
inhibit the motor neuron activity. In addition to the increased activity of the a motor neurons, this could also be
due to the increasing activity of the cells of Ia fibres in the dorsal root ganglion or to inhibitory neuronal circuits.
In particular, the spinal inhibitory neural circuit has been reported to exhibit the possibility of functional decline
after central nerve injury>!3>.

Additionally, it did not lead to marked recovery from motor dysfunction and did not block motor functional
recovery caused by Ia suppression after SCI in this study. The muscle administered DHPG was the little abductor
digiti minimi muscle (Supplementary Fig. S2). This muscle was chosen because it is the forelimb muscle for
which spasticity symptoms can be measured using the H-reflex RDDs. The lack of motor functional efficacy
was possibly due to the limited extent of drug administration, which was limited to finger muscles. Additionally,
Ta suppression ameliorated maladaptive neuronal networks, such as Ia-a over connections. A recent study
reported that rehabilitation induces the reorganization of CST and spinal neural networks, and this required
normal proprioceptive input®**’. A previous study using knockout mice with muscle spindle function reported
that motor function recovery after SCI was inhibited by blocking proprioceptive sensory information. Thus,
sensory information in the muscle spindle is important for the recovery from motor dysfunction in SCI. In this
study, DHPG administration showed no effect on normal motor function and motor function recovery. DHPG
administration may not induce oversuppression of Ia fibre activity. DHPG is a partial inhibitor of Ia fibres in
the muscle spindles. Therefore, motor recovery following DHPG administration may not be blocked because Ia
fibres can be activated even if DHPG is used. In the future, attempting that combination with rehabilitation after
normalization of the spinal neural network by Ia suppression to further restore motor function will be expected.

Possible adverse effects of DHPG

Interestingly, DHPG affects not only PLD-mGIuR as an antagonist but also mGluR group I (mGluR1 and
mGluR5), which is a subtype of metabotropic glutamate receptors, as an agonist'®!#3%. These receptors differ
in their localisation. PLD-mGIuR is expressed in the hippocampus, amygdala, and hair follicles in addition to
the skeletal muscle spindle!®40-44, However, mGluR group I is widely expressed throughout the CNS**~%. In
a previous study targeting mGIuR group I, the ventricular administration of DHPG caused epileptic seizure
and neuronal damage®. In this study, DHPG was intramuscularly administered to the right abductor digiti
minimi muscle locally; however, these adverse effects did not occur. As a preliminary experiment, a high dose
of DHPG was also administered intraperitoneally to wildtype mice, and there were no visually adverse effects in
any experiments. Therefore, if DHPG is administered intraperitoneally or intramuscularly and enters the blood,
it might not penetrate the blood-brain barrier (BBB). However, there are no reports on whether DHPG can cross
the BBB or on its haemodynamics.

These results imply that continuous Ia fibre activity suppression using DHPG partly changes spinal neural
network recovery and reduces spasticity. This approach is expected to become a new treatment option along with
rehabilitation in the future. This study also focused on the acute phase after SCI. To date, spasticity interventions
have been mostly initiated in the chronic phase. In recent years, interventions in the acute phase to manage
spasticity symptoms, prevent secondary disability caused by spasticity, and achieve independence in activities of
daily living have been attempted®'. In the acute phase, the neural plasticity is high. Furthermore, in this study,
we confirmed that suppression of Ia fibre activity from the acute phase after SCI causes spasticity symptom
reduction and synaptic connection changes. This finding, together with the inhibition of Ia fibre activity, is an
important point that can be expanded into clinical practice.

Limitations
This study had certain limitations that may affect the generalisability of the research. Only female mice were
used in this study. DHPG is administered locally; however, it has not been confirmed whether it circulates
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systemically. Furthermore, only the SCI model was used in this study. It remains unclear whether suppression of
Ia fibre activity is effective in all cases of spasticity because the mechanism of spasticity differs from that in other
central nerve system injuries, such as stroke and cerebral palsy.

Conclusion

This research confirmed that the continuous suppression of Ia fibre by DHPG administration induced spasticity
reduction and prevented overexpression of Ia-a synaptic connections in the spinal cord. However, this Ia fibre
suppression did not affect recovery and/or restriction of motor function. Furthermore, the activity of a motor
neurons was still high. There are two possibilities for the future of this research. First is confirming the effect
of concurrent treatments for Ia fibre suppression and rehabilitation, which aim to enhance normal neuronal
networks. Second is investigating the relationship between Ia fibres and the mechanism of spasticity (For
example, changes in the activity of Ia fibres in the dorsal root ganglion and sensitivity at the mechanosensory
endings).

Methods

Animals

All methods and procedures were approved by the Nagoya University Animal Experiment Committee (Approval
No. D230013-002, D230012-003) and conducted accordance with the regulations of Nagoya University for
Handling Experimental Animals. Adult female C57BL/6] mice (n=>50, 8-10 weeks old, 18-24 g; SLC, Shizuoka,
Japan) were housed in standard cages with food and water and maintained under a 12-h light/dark cycle. Female
mice were chosen to simplify post-SCI care, such as urinary drainage and infection. All methods are reported in
accordance with ARRIVE guidelines.

SCl model

The SCI model was constructed as follows: The mice were deeply anaesthetised (sedation, analgesia, and muscle
relaxation) with a solution containing medetomidine hydrochloride (0.3 mg/kg, Nippon Zenyaku Kogyo Co.,
Fukushima, Japan), midazolam (4 mg/kg, Sand Co., Yamagata, Japan), and porphyrin tartrate (5 mg/kg, Meiji
Seika Pharma Co., Tokyo, Japan). The fifth vertebral arch was removed, and the right sixth cervical cord was
hemi-transected. Specifically, the right sixth cervical cord was completely damaged to the extent of 1 mm?. In
this SCI model, spasticity onset occurred in the right forelimb. A Sham group was also established in which only
the vertebral arch was removed. Mice in each group were randomly selected.

Electrophysiological recordings

Electrophysiological recordings were conducted as described in previous studies®?!. Briefly, the mice were
anaesthetised with ketamine (200 mg/kg, CS Pharmacology Co., Aichi, Japan). A pair of stainless needle
electrodes (EKA2-1508, Bioresearch Centre Corporation, Aichi, Japan) fixed with a micromanipulator (SM-15,
Narishige, Tokyo, Japan) was inserted into the nerve bundles, including the ulnar nerve, and stimulated using a
stimulator (1-3 mA in 0.1-mA increments, single pulse, SEN-7103, Nihon Kohden, Aichi, Japan). For recording,
a pair of stainless needle electrodes fixed with a manipulator (YOU-2, Narishige) was transcutaneously placed
into the forelimb abductor digiti minimi muscle and the recordings were obtained using an amplifier (high
pass: 0.1, SS-201]J, Nihon Kohden) and an A/D converter (low pass: 1 kHz, PowerLab, ADInstruments, Sydney,
Australia) (Fig. 2A). After determining the intensity necessary to obtain the maximal H-reflex, the mice were
stimulated with 23 trains at 0.1, 0.5, 1, 2, and 5 Hz (with 2-min intervals between each train) to measure the
RDD. H-reflexes were recorded at 1, 2, and 4 weeks after spinal cord injury and expressed as percentages relative
to the mean response at 0.1 Hz in the same measurement series.

Drug administration

Drug administration was blinded from administration to the end of statistical analysis by a third party. The
pumps were incubated in sterile saline at 37 °C for 48 h. Before implanting, the pumps were filled with 10 mM
DHPG (0342/1, Tocris Bioscience Co., Bristol, UK) or PBS (a solvent of DHPG). After confirming spasticity in
1 week, an osmotic pimp (ALZET, Cupertino, CA, USA) was implanted in the backs of the mice under deep
anaesthesia. Pumps were connected to 2 polyethylene tube types (SP55; I.D. 0.8 mm, O.D. 1.2 mm, SP 31; I.D.
0.5 mm, O.D. 0.8 mm, Natsume Seisakusho Co., Tokyo, Japan) and a cannula tube (ID. 0.1 mm, O.D. 0.25 mm,
ReCath Co., Allison Park, PA, USA), and each drug was flowed (0.11 pl/h) to the right paw under the skin.
Drug administration was continued for 2 weeks, starting 1 week after SCI or sham injury. Mice were randomly
selected, and the groups were named SCI-DHPG, SCI-vehicle, sham-DHPG, or sham-vehicle. When conducting
the extracellular electrogram of Ia activity, DHPG was administered intramuscularly directly to the right digiti
minimi muscle by one shot. Furthermore, in a simplified check of the effects of DHPG on wildtype mice, DHPG
was administered by intraperitoneal injection.

Motor function analysis
All analyses were performed before SCI and 3 days and 1-4 weeks after SCI to confirm the changes in motor
function.

Grid walk test

The grid walk test assessed coordinated movement®>3. The mice were allowed to freely walk on a grid and
recorded for 2 min using a high-speed camera (EX-FH100, CASIO, Tokyo, Japan). The speed of all videos was
changed tox0.25 and the forelimb success steps on the affected side were counted. The successful step was
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defined as the right forelimb stepping without dropping the forelimb between the grids. For the quantification
assessment, the success of all steps was calculated for 2 min.

Single pellet reach task

A single pellet reach task can be used to assess skilled movement. The diet of mice was restricted to 80-90% of
the free diet before initiating training™. The mice were placed in a plastic chamber (20 cm x 8.5 cm x 15 cm) and
trained to perform the reach task. The mice attempted the pellet grasping trials (F05684, Bio-Serv, Flemington,
NJ, USA) 30 times or for a maximum of 20 min during each training session. The training was continued once
a day for 10 days until the injury was administered. From the SCI model creation to 4 weeks after SCI, training
was continued three times per week. During each test, reaching was recorded using a high-speed camera, and
the ratio of successful reaches to all reaches was calculated. Training and analyses were blinded.

Histochemical analysis

After 4 weeks of SCI or sham, mice were deeply anaesthetised with sodium pentobarbital (Schering-Plough,
Kenilworth, NJ, USA) and transcranially perfused with 4% paraformaldehyde (PFA) dissolved in 0.1 M PBS. The
region of the spinal cord from the fourth cervical to the second thoracic was removed and incubated in 4% PFA
at 4 °C overnight. Subsequently, they were cryoprotected in 30% sucrose. The tissues were embedded in optimal
cutting temperature compound (Tissue-Tek, SAKURA Finetek, Tokyo, Japan) and stored at — 80 °C.

Analysis of the injury area

A cryostat was used to prepare the sagittal sections of the fourth to sixth vertebral arches (20 pm thick). The
tissues were washed in water and 70% ethanol and subsequently incubated in Luxol fast blue stain solution at
57 °C for 2 h. After incubating, the tissues were washed in 70% ethanol and incubated in Cresyl violet solution
at 37 °C for 10 min.

Immunostaining

A cryostat was used to prepare the coronal sections of the seventh cervical cord to the second thoracic cord
(20 pm thick). vGlut1-ChAT and c-fos-ChAT were stained while semi-floating on glass slides and free-floating,
respectively. Briefly, proteolytics-induced epitope retrieval (PIER) was performed to stain vGlutl and PSD-95.
For vGlutl, PIER included incubating the tissue in 0.01% trypsin for 5 min at 37 °C after washing in PBS®. For
PSD-95, PIER included incubating the tissue in 4 mg/ml pepsin in HCI (pH=1.12) for 10 min at 37 °C. After
PIER, they tissues were pre-incubated in blocking buffer (5% normal donkey serum and 0.1% for vGlut1-ChAT
staining section or 0.5% for c-Fos-ChAT staining section, Triton X-100 in PBS) for 2 h at room temperature.
This was followed by incubation with each antibody, anti-vGluT1 antibody (1:500, 135304, Synaptic Systems,
Goettingen, Germany), anti-ChAT antibody (1:200 or 500, AB144P, Merck Millipore, Billerica, MA, USA), anti-
PSD-95 antibody (1:200, AB2723, Abcam, Cambridge, UK), and anti-c-Fos antibody (1:1000, ab190289, Abcam)
in blocking buffer at room temperature or 4 °C overnight. After washing in PBS-T, the tissue was incubated for
2 h at room temperature in a solution containing secondary antibodies, which included donkey anti-goat IgG,
donkey anti-rabbit IgG (1:1000, A11055, A21206, Thermo Fisher Scientific, Waltham, MA, USA), and donkey
anti-guinea pig IgG (1:1000, 706-585-148, Jackson ImmunoResearch, West Grove, PA, USA). All sections were
examined using confocal laser scanning microscopy (magnification, x 60; A1Rsi, Nikon, Tokyo, Japan) and/or
fluorescence microscopy (magnification, x 60 BZ-X810, KETENCE, Osaka, Japan). Each section was double-
stained for vGlutl-ChAT and c-fos-ChAT. The region of interest was set on the ventral and lateral horns, on
which the motor neurons for the forelimb abductor digiti minimi muscles are located, based on previous
studies®?*. vGluT1 positive boutons were defined as those with diameters of > 1 mm, and ChAT-positive neural
cells were defined as those with diameters of approximately 50 pm. For quantification assessment, c-Fos-positive
motoneurons stained with ChAT were counted in 10 cross-sections. Each section contained more than 5 motor
neurons. The motor neurons were differentiated by x and y coordinates.

Statistical analyses

Data are represented as mean +S.E.M. The Shapiro-Wilk test was used to confirm the normality of the data.
Student’s t-test or a one-way analysis of variance (ANOVA) followed by Tukey-Kramer post-hoc test or the
Kruskal-Wallis test was conducted. This was followed by the Steel-Dwass test. The a level was set at 5%.
Statistical significance was set at P <0.05.

Data availability
Additional information required to reanalyse the data reported in this paper is available from the corresponding
author [S. L.-H.] upon request.
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