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Abstract

Spasticity is a hyperexcitability disorder that adversely impacts functional recovery and
rehabilitative efforts after spinal cord injury (SCI). The loss of evoked rate-dependent
depression (RDD) of the monosynaptic H-reflex is indicative of hyperreflexia, a
physiological sign of spasticity. Given the intimate relationship between astrocytes and
neurons, i.e., the tripartite synapse, we hypothesized that astrocytes might have a
significant role in post-injury hyperreflexia and plasticity of neighboring neuronal
synaptic dendritic spines. Here, we investigated the effect of selective Racl knockout in
astrocytes (i.e., adult male and female mice, transgenic cre-flox system) on SCI induced
spasticity. Three weeks after a mild contusion SCI, control Raclwt animals displayed a
loss of H-reflex RDD, i.e., hyperreflexia. In contrast, transgenic animals with astrocytic
Racl1KO demonstrated near-normal H-reflex RDD similar to pre-injury levels. Reduced
hyperreflexia in astrocytic Rac1KO animals was accompanied by a loss of thin-shaped
dendritic spine density on a-motor neurons in the ventral horn. In SCI-Rac1" animals,
as expected, we observed the development of dendritic spine dysgenesis on alpha-
motor neurons associated with spasticity. As compared with wild-type, SCI animals with
astrocytic Rac1KO expressed increased levels of the glial specific glutamate
transporter, GLT-1 in the ventral spinal cord, potentially enhancing glutamate clearance
from the synaptic cleft and reducing hyperreflexia in astrocytic Rac1KO animals. Taken
together, our findings show for the first time that Racl activity in astrocytes can
contribute to hyperreflexia underlying spasticity following SCI. These results reveal an
opportunity to target cell-specific molecular regulators of H-reflex excitability to manage
spasticity after spinal cord injury.

Significance Statement

Spinal cord injury leads to stretch reflex hyperexcitability, which underlies the clinical
symptom of spasticity. This study shows for the first time that astrocytic Racl
contributes to the development of hyperreflexia after SCI. Specifically, astrocytic
Racl1KO reduced SCl related H-reflex hyperexcitability, decreased dendritic spine
dysgenesis on a-motor neurons and elevated the expression of the astrocytic glutamate
transporter, GLT-1. Overall, this study supports a distinct role for astrocytic Racl
signaling within the spinal reflex circuit and the development of SCI related spasticity.
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Introduction

A common consequence of spinal cord injury (SCI) is clinically significant spasticity,
which can disrupt rehabilitation and negatively impact quality-of-life (Skold et al., 1999;
Walter et al., 2002; Holtz et al., 2017). A key mechanism driving spasticity after SCI is a-
motor neuron hyperexcitability within the spinal stretch reflex circuit (H-reflex) (Lance,
1980). Multiple factors have been implicated in H-reflex and motor neuron
hyperexcitability including loss of descending cortical and local spinal segment
inhibition, ion-channel misexpression, e.g., KCC2, and maladaptive CNS plasticity
(Finnerup, 2017). Astrocytes also react to SCI and have the capacity to alter synaptic
and circuit excitability (Blanco-Suarez et al., 2017; Andersen et al., 2021). In this study
we reasoned that targeting the neuron-astrocyte relationship might provide an effective
strategy to reduce motor neuron hyperexcitability and spasticity associated with SCI
(Tan et al., 2011; Tan and Waxman, 2012).

The tripartite synapse consists of the astrocytic process, post-synaptic dendritic spine
and pre-synaptic terminal. This concept of a three-part synapse arose from the close
contact and bidirectional signaling between neurons and astrocytes (Ventura and
Harris, 1999; Savtchouk and Volterra, 2018). Astrocytes can detect extrasynaptic
glutamate triggering astrocytic Ca?* elevation that result in a variety of cellular
processes including the release of signaling molecules, structural reorganization, and
increased glutamate reuptake (Savtchouk and Volterra, 2018; Verkhratsky and
Nedergaard, 2018). In the latter, astrocytes express glutamate transporter-1 (GLT-1)
which contribute to homeostatic clearance and recycling of glutamate from the synaptic
cleft (Peterson and Binder, 2020). Impaired astrocytic GLT-1 leads to an accumulation
of free glutamate levels within the synapse and abnormal post-synaptic AMPA and
NMDA receptor signaling (Ji and Strichartz, 2004; Hefferan et al., 2007; Tenorio et al.,
2013). Reduced GLT-1 expression has been associated with a number of
neurodegenerative diseases, neurotrauma, and the presentation of neuropathic pain
(Higashimori et al., 2013; Piniella et al., 2018).

The close contact between astrocytes and neurons can also influence the function,
formation, maturation, and deletion of synapses and dendritic spines (Ventura and
Harris, 1999; Loov et al., 2012; Broadhead et al., 2020). The way that astrocytes and
neurons interact with each other is largely influenced by Ras-related C3 botulinum toxin
substrate 1, also known as Racl. Racl is a small GTPase molecule which rearranges
actin filaments, resulting in changes to astrocyte motility and shape. Blocking Racl has
been shown to prevent the astrocytic movement required for normal tripartite synapse
function (Ziegenfuss et al., 2012; Fan et al., 2021).

Our previous work has indicated that Racl dependent dendritic spine dysgenesis on
spinal cord motor neurons contributes to the development of hyperreflexia after SCI
(Bandaru et al., 2015; Benson et al., 2021). In these studies, SCI animals treated with
the small molecule Rac1l inhibitor, NSC23766, or with a conditional Rac1KO in alpha-
motor neurons displayed reduced H-reflex hyperexcitability, i.e.., less spasticity. The
Racl targeted physiological effects were associated with a reduction in abnormal
dendritic spines profiles on a-motor neurons (Bandaru et al., 2015; Benson et al., 2021).
Notably, these studies did not investigate the possible role of astrocytic Racl on
neighboring alpha-motor neurons and post-SCI hyperreflexia.
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To understand the specific contribution of astrocytic Racl in the development of
spasticity following SCI, in the present study we generated a selective Racl knockout
(KO) in astrocytes using a cre-lox system (GFAP-cre/Rac11o/oX) in a mouse model of
spasticity. Our results demonstrate for the first time that Racl activity in astrocytes is
associated with hyperreflexia and spasticity following spinal cord injury. These findings
highlight the need to consider glial cells as well as neurons while developing treatment
regimens to manage post-traumatic spasticity.

Methods

Animals

Experiments were performed in accordance with the National Institutes of

Health Guidelines for the Care and Use of Laboratory Animals. All animal protocols
were approved by the Yale University/Veterans Affairs Institutional Animal Use
Committee. Animals were housed under a 12-h light-dark cycle with food and water
provided ad libitum. Eight- to ten-week-old male and female mice (c57/bl6) underwent
either sham or SCI surgery. A total of 56 animals were used between sham-Rac1™ (n =
8), sham-Rac1KO (n = 9), SCI-Rac1" (n = 19) and SCI-Rac1KO (n = 20) groups (see
Study Design in Fig. 1A). An additional 4 uninjured animals (WT n = 2, astrocytic
RaclKO n = 2) were used for tissue culture. Experimental animals were conditional
tdTomato reporter Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Jackson labs, stock #
007909) crossed with Rac1°x (Jackson labs, stock #005550) and GFAP-Cre (Jackson,
stock #024098) (RaclKO). Control animals were littermates with conditional GFAP-Cre
tdTomato expression and wildtype Racl (Racl"). The genotype of each animal was
confirmed by PCR prior to study inclusion.

Astrocyte Cultures

To confirm the knockout of Racl, spinal cord astrocytes were isolated from 8-week-old
Racl1"'or Rac1KO animals and immunolabeled for Racl expression. The isolation

and culture of adult spinal cord astrocytes was adaptive from the protocol describe in
(Beaudet et al., 2015). Briefly, the spinal cord was dissected out into cold Neuronal
isolation medium (NIM) containing Leibovitz’s L-15 medium (Life Technologies, cat. No.
21083027), 2% B27, 0.5mM Glutamax and 100 U/mL penicillin, and 100 mg/mL
streptomycin. Subsequently, the spinal cord was transferred to digestion medium made
up of NIM containing papain (25 U/ml; catalog #LS003126, Worthington Biochemical),
and Dnase | (2000U/ml; catalog #0453628001). Incubated at room temperature for 5
minutes while dissecting the isolated spinal cord into 4 approximately equal pieces
using a scalpel followed up with incubation in digestion medium at 37C for 30 min.
Following incubation, 3 ml of ice cold NIM was added and centrifuged at 4C for 10 min
at 280g. The disassociated cells were washed by removing supernatant, adding cold
NIM and triturating 3X, followed by centrifugation at 4C for 10 min at 300g. The pellet
containing glial cells was plated and incubated at 37C in C2C12 cell conditioned
Neurobasal A medium (Life Technologies, cat. No. 12349-015) containing 2% B27, 0.5
mM L-glutamine (Life Technologies, cat. No. 21051-024), 100 U/mL penicillin, and 100
mg/mL streptomycin, NT3, GDNF, BDNF, and CNTF.
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Immunolabelling, Image Acquisition of Cultured Astrocytes and Quantification
For immunolabelling of Racl, astrocyte cultures were fixed with 4% PFA in PBS with
0.1% Triton x-100 for 10 min. Fixed tissue was permeabilized with 0.1% Triton X-100 in
PBS for 5 min. Cells were washed three times in PBS then blocked at room
temperature (RT) with gentle shaking for 1 h in 2% bovine serum albumin and 5%
normal donkey serum. After blocking, cells were incubated with 1:100 mouse anti-Racl
(cytoskeleton, Inc. Cat#ARCO03) at 4°C overnight. The next day cells were washed three
times with PBS and incubated with donkey anti-mouse 647 (Jackson Labs, 711-496-
152), at RT for 1 h. Images were captured with the same acquisition settings across
groups using an Andor spinning disc confocal microscope (Oxford Instruments) and a
20x water immersion Nikon objective. Racl immunofluorescence intensity in astrocytes
was quantified using the NIH ImageJ software. Both Rac1KO and Rac1"animals
express GFAP-cre dependent tdTomato. Here, the detection of tdTomato was used as
a marker of astrocytes and the presence of active cre-recombinase. In ImageJ, the
particle analysis function was used to automatically select and outline individual
tdTomato expressing astrocytes. We measured the florescence intensity of Racl
immunolabelling in these outlined astrocytes. To account for intracellular
autofluorescence, Racl fluorescence intensity was normalized to the average intensity
of astrocytic nuclei (i.e., no Racl present) for each culture. In cases where the average
autofluorescence was brighter then Racl immunofluorescence, these cells were given a
value of zero. Note that any residual florescence in Racl KO astrocytes was due to
background noise. A total of n = 238 (WT n=156, astrocytic Rac1KO n=82) neurons
were analyzed from 4 cultures (WT n = 2, astrocytic Rac1KO n = 2).

RNAscope Florescence in situ Hybridization

The gene expression of Gfap and Slcla2 (GLT-1) was analyzed using RNAscope
fluorescence in situ hybridization (FISH) technigque from Advance Cell Diagnostics
(ACD). Briefly, three weeks after SCI/Sham surgery, animals were euthanized under
ketamine/xylazine anesthesia (100/10 mg/kg, i.p.) and then subjected to intracardial
perfusion with ice-cold PBS followed by 4% paraformaldehyde (PFA; 0.01 M PBS). The
lumbar enlargement spinal cord tissue (L4-L5) was extracted and post-fixed in 4% PFA
at 4°C overnight. Tissue sections were cut into 20um thickness using a cryostat (Leica;
Bannockburn, IL) and directly mounted on Superfrost+ slides (Fisher Scientific;
Pittsburgh, PA). The spinal cord tissue sections were pretreated and hybridized with
probes specific to mouse Gfap or Slcla2 (Advanced Cellular Diagnostics) following the
manufacturer's protocols in the RNAscope Multiplex Fluorescent V2 Assay kit
(Advanced Cellular Diagnostics). Fluorophores Opal520, Opal570, and Opal650 were
obtained from Akoya Biosciences. Finally, the sections were mounted with Prolong
Diamond Antifade mountant with DAPI (ThermoFisher Scientific).

Quantification of RNAscope

To quantify the RNAscope results, images of the spinal cord tissue were captured using
an Andor BC43 benchtop confocal microscope (Oxford Instruments). Image stacks were
obtained at 2048 x 2000 pixels resolution using a Nikon 40x 1.3NA oil immersion
objective. The RNA expression, represented by the number of fluorescence puncta, was
guantified using the open-source image analysis software QuPath (Bankhead et al.,
2017). For detailed instructions on analyzing RNAscope images using QuPath v0.4.3, a



211 technical note is available on the Advanced Cell Diagnostics website. In summary, to
212  create a single-plane image, the image stacks were opened in ImageJ (National

213 Institutes of Health). To minimize overlapping cell nuclei, only a 5um range of the total
214  image stack was projected into a single plane. Next, the "cell detection” function in

215  QuPath was used to automatically outline the DAPI-stained cell nuclei. Subsequently,
216 the "subcellular detection” function was utilized to count the number of Gfap or Sicla2
217  fluorescence puncta within each segmented nucleus. The expression of Slcla2 was
218 then quantified within nuclei expressing more than 10 Gfap puncta, i.e., astrocytes. The
219 changes in the expression of Slcla2 were reported as a percentage of Sham-Raclwt
220 levels (% control) across the sham and SCI groups. A total of 2 tissue sections were
221  analyzed per animal, with the following group sizes: Sham-Raclwt n=4, Sham-Rac1KO
222 n=4, SCI-Raclwt n=4, SCI|-Rac1KO n=4.

223  Spinal Cord Injury

224  For SCI, we followed a similar protocol to our previous studies, which has been shown
225 to produce spasticity beginning 3 weeks after SCI (Bandaru et al., 2015; Benson et al.,
226  2021). In brief, mice were anesthetized with 1-3% isoflurane and the 12%" thoracic

227  vertebra (T12) was partially removed to expose the L2 spinal cord surface (Hebel,

228 1976). A mild severity spinal contusion injury model was performed with the Infinite
229  Horizon impactor (Precision Systems and Instrumentation, LLC) (Nishi et al., 2007). A
230 metal rod (diameter: 1.3 mm) was applied to the exposed dorsal surface with a 60kDyn
231 impact force. We measured biomechanical data for actual impact force and spinal cord
232 displacement (um) (Fig. 2A-B). For Sham, animals underwent the same procedures,
233 but without SCI. Following surgeries, muscle, fascia, and skin were closed with 6-0
234  monofilament sutures. Postoperative treatments included twice daily monitoring and
235  post-operative injection of 0.9% saline solution (3.0 ml sc) and Baytril (0.3 ml, 3.5

236 mg/kg).

237 Behavioral Assays

238 Basso Mouse Scale: To validate equivalent injury across SCI animals and overall

239  locomotor ability, blinded investigators monitored animals using the Basso Mouse Scale
240 (BMS) (Basso et al., 2006). The BMS grades locomotor function with 0 to 9 scores: 0
241 indicates complete paralysis of the hindlimbs; 9 indicates normal locomotor ability.

242  Following baseline BMS measurements, animals with SCI were scored weekly and the
243  average score in each week was compared across groups.

244  Open Field Assay: Exploratory behavior was assessed using the open field assay.

245  Animals were placed in an opaque plastic container (width: 29 cm; length: 44 cm;

246 < height: 17 cm) in a dimly lit room and video recorded for a 30-minute period. The total
247 . distance travelled was analyzed using open-source software ToxTrac (Rodriguez et al.,
248 2018). The ratio of pixel size to cm was calibrated for each video compensating for any
249  changes in camera and open field position.

250 Hindlimb Clasping Reflex: Hindlimb clasping, a behavior observed in several models of
251 neurological disease and injury (Lalonde and Strazielle, 2011), has been suggested by
252 multiple studies to be an indicator of spasticity (Qiang et al., 2019; Loy et al., 2021). To
253  quantify hindlimb clasping reflex behavior, we adapted previous methods that

254  implement an ordinate scoring system (Cabhill et al., 2019; Svensson et al., 2020). In this
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approach, we suspended SCI animals by their tail for 15 seconds, and the reflexive
positioning of their hindlimbs was quantified. SCI animals were scored on a 4-point
scale as follows: 0: normal splaying of the hind limbs, 1: clasping of one hindlimb for
less than 50% of the observation period, 2: clasping both hindlimbs for less than 50% of
the observation period, 3: clasping one hindlimb for more than 50% of the observation
period, 4: clasping both hindlimbs for more than 50% of the observation period.
Additionally, we recorded the time spent in a clasping event as a percentage of the total
observation period (15 seconds). Because Sham animals without SCI, i.e., WT and
Rac1-KO, did not exhibit any clasping reflex behavior, we excluded them appropriately
from any comparisons with SCI animals.

EMG H-Reflex Testing

SCI-Rac1" and SCI-Rac1KO animals underwent EMG testing under anesthesia.
Animals were anesthetized with 100/10mg/kg, i.p. dose of ketamine and xylazine and
maintained on ketamine alone (20 mg/kg, i.p.), as we and others published previously
(Ho and Waite, 2002; Hosoido et al., 2009). To record electromyogram (EMG) data,
which included the motor response (M wave) and the monosynaptic reflex (H reflex), we
used a percutaneous needle preparation (Schieppati, 1987; Thompson et al., 1992;
Valero-Cabre et al., 2004; Boulenguez and Vinay, 2009; Lee et al., 2009). This
minimally invasive procedure is analogous to methods used to study H-reflex in humans
(Schieppati, 1987; Palmieri et al., 2004), and also permitted longitudinal study while
maintaining tissue integrity for postmortem histology performed at experimental
endpoint.

For stimulation, a pair of Teflon insulated stainless steel wire electrodes (0.002”
diameter; A-M Systems, Inc., Carlsborg, WA) were threaded through a 32 G syringe
needle. The wire ends were bent into sharp barbs. The insulation was removed with
heat (exposed tips ~1mm), and the needle/wire was then transcutaneously inserted with
the tip near the tibial nerve. The needle was retracted, and the wire remained in place.
A second electrode was inserted similarly ~2mm away from the first electrode (Ho and
Waite, 2002; Hosoido et al., 2009; Bandaru et al., 2015). Stimulating electrode
placement was adjusted until square wave stimulating pulses (0.2 ms duration given at
a rate of 1 every 3 seconds) elicited visible motor twitch responses, i.e., plantar flexion
(Valero-Cabre et al., 2004; Lee et al., 2009). To record EMG data (e.g., plantar reflex),
an electrode was inserted into the plantar muscles within the hind paw palmar/ventral
surface, proximal to the ankle. A reference electrode was placed subcutaneously in the
dorsolateral surface of the hind paw. EMG responses were filtered, amplified, and
analyzed offline using Spike 2 software (version 7.08; CED Software, Cambridge, UK).
Threshold (T) was defined as the minimum intensity required for an M-wave response
~50% of the time. We used a stimulation intensity that produced consistent M- and H-
wave responses (~1.4-1.8T). To measure rate-dependent depression (RDD) of the H-
reflex, we applied a paired-pulse stimulation paradigm: a control pulse and test pulse
(0.2msec square) separated by a range of interpulse intervals (10-2000ms). Three trials
(10 sweeps'trial) were recorded for each interpulse interval. We quantified the M and H
wave amplitudes from rectified and averaged waveforms (Boulenguez et al., 2010; Tan
et al., 2012). For comparisons, the maximum amplitudes of the H and M response to the
test pulse were converted into a percentage of the maximum amplitude response to the
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control pulse (test/control x 100). M and H waveforms were measured from baseline-to-
peak amplitude. To normalize for any changes in muscle activity we calculated the H/M
ratio by dividing the %H-reflex by the %M-wave. All H-reflex testing was performed
acutely (i.e., recordings lasted <1 hour per animal), and we ensured that all animals
underwent similar H-reflex testing protocols.

Immunohistochemistry and Image Analysis

At experimental endpoint, 3-weeks post-SCI/Sham surgery, animals were euthanized
under ketamine/xylazine anesthesia (100/10 mg/kg, i.p.) via intracardial perfusion with
ice cold PBS followed by 4% paraformaldehyde (PFA; 0.01 M PBS). Lumbar
enlargement spinal cord tissue (L4-L5) was removed and post-fixed in 4% PFA at 4°C
overnight. For cryoprotection, we submerged tissue in 30% sucrose for ~48 hours.
Tissue sections were cut at a thickness of 20um using a cryostat (Leica; Bannockburn,
IL) and directly mounted on Superfrost+ slides (Fisher Scientific; Pittsburg, PA). For
immunohistochemistry, sections were blocked for 1 hour at 25°C in 4% normal donkey
serum, 2% bovine serum albumin; 0.1% Triton-X100; 0.02% 0.01 M PBS. Tissue was
incubated in primary antibodies using guinea pig anti-GLT-1 1:500 (Millipore, AB1783).
Secondary antibodies included donkey anti-guinea pig 647 (Jackson Labs, 711-496-
152).

Immunofluorescent Z-stack images were captured with the same acquisition settings
across groups using an Andor spinning disc confocal microscope (Oxford Instruments)
and a 40x water immersion Nikon objective. Tissue image analysis was conducted by
blinded investigators using Image J software (National Institutes of Health free
download: http://rsbweb.nih.gov/ij/). To analyze GLT-1 expression, z-stack images were
compiled into a single plane. Within the ventral horn of the spinal cord the mean pixel
intensity of threshold-adjusted levels of GLT-1 florescence immunoreactivity with
subtracted background was compared as a percent of Sham-Rac1" levels (% control)
across SHAM and SCI groups.

Golgi-staining and Histelogy

Tissue was stained by the Golgi-method, as described previously (Bandaru et al., 2015;
Guo et al., 2018). Briefly, mice were euthanized by decapitation without fixation. Fresh
spinal cord tissues from the lumbar enlargement (L4—L5) were rapidly dissected

(<5 min), rinsed in distilled water, and processed using a commercial kit (using
manufacturer’s instructions; FD Neurotechnologies). Twenty days later after incubation
in the Golgi kit's impregnation solutions, 200-micron thick coronal sections were cut on
a vibratome (Leica VT1200S; Leica Biosystems) and mounted on gelatinized glass
slides. Mounted sections were developed, rinsed in distilled water, dehydrated, cleared,
and cover-slipped using Permount medium. Golgi-stained sections were visualized with
a transmitted light microscope (Nikon Eclipse 80i). Images were captured with a HQ
Coolsnap camera (Roper Scientific; Tucson).

In total, 122 a-motor neurons (Sham-Rac1" n= 30, Sham-Rac1KO n= 41, SCI-Rac1™
n= 25, SCI-Rac1KO n=26) from 20 animals were traced by blinded observer using the
Neurolucida software suite (version 9.0; MicroBrightfield). The dendritic spine density of
each neuron was averaged per animal and compared across groups (Sham-Raci" n =
4, Sham-RaclKO n =5, SCI-Rac1" n = 5, SCI-Racl1KO n = 6).
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To identify a-motor neurons, we followed a screening workflow based on data from our
previous study and others (Crockett et al., 1987; Friese et al., 2009; Tan et al., 2012;
Bandaru et al., 2015). A-motor neurons were identified based on their location in ventral
horn Rexed lamina IX, with soma diameters >25 ym, and cell body cross-sectional
areas >450 ym? (Bandaru et al., 2015). As a refinement step for analysis a priori, we
only included a-motor neurons for analysis that had a visible cell body and with greater
than one dendritic branch. We analyzed the completed three-dimensional
reconstructions of motor neurons for dendritic spine density and distribution. Dendritic
spine types (thin spines and mushroom spines) were located and marked on each
reconstructed dendritic branch. Classification into only thin- and mushroom-spines
allowed us to use strict rules to classify spine morphology: thin spines had head
diameters that were less than or equal to the length of the spine neck, whereas
mushroom spines had spine head diameters that were greater than the length of the
spine neck. Dendritic spine density was expressed as dendritic spine number per yum
dendrite length. To determine any changes in spatial distribution of dendritic spines
relative to the cell body, we used a Sholl’s analysis (Tan et al., 2008). Dendritic spine
density within proximal (0-40um), medial (40-80um), and distal (80-120um) regions from
the cell body were averaged within each group and compared across groups.

Statistical Analysis

All statistical tests were performed at the a-level of significance of 0.05 by two-tailed
analyses using parametric or nonparametric test, as appropriate. Normality assumptions
of each data set was determined using a Shapiro-Wilk test. As appropriate, we applied
the unpaired t-test, Mann-Whitney U Test, or two-way ANOVA in cohort comparisons.
Following the detection of statistical differences using two-way ANOVA, pairwise
comparisons were analyzed using post-hoc Bonferroni tests. Data management,
statistical analyses and graph generation were performed using Sigmaplot 13.0
(Systat), GraphPad Prism 9.5.1 and Microsoft Office Excel. All data is presented as
mean = SEM (graphs and text).

Results
Astrocytic Racl knockout does not impair gross locomotor recovery following SCI

To confirm the absence of Racl, we cultured adult spinal cord astrocytes and
immunolabeled for Racl (Fig. 1B). Racl was absent from tdtomato positive astrocytes
taken from GFAP-cre/Rac1fo/lox (Rac1KO) animals, whereas Racl expression
measured as mean florescence intensity was readily detected in astrocytes from Rac1"™t
animals (t(236) = 6.237, p < 0.001; Raci" vs. Rac1KO; 237.6 + 20.18 vs. 58.4 + 9.7
mean intensity; unpaired t-test) (Fig. 1B-C). Note that prior to inclusion in the study,
animal genotype was also determined using PCR to detect the presence or absence of
GFAP-cre and Racl-flox in the genome (data not shown).

To confirm equivalent SCI severity across experimental groups, we analyzed the
applied impact force and maximum spinal cord displacement from the Infinite Horizon
device (Fig. 2A, 2B). These metrics predicts the amount of tissue sparing in this model,
and correlates well with locomotor recovery (Scheff et al., 2003). There was no
difference in the amount of applied impact force between Rac1™ (n = 19) and Rac1KO
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(n =20) groups (U =153.5, p =0.307; Raci"™ vs. RaclKO; 62.4+0.7 vs. 64.9+ 1.5
kDyn; Mann-Whitney U test) (Fig. 2A). In addition, we observed no difference in the
maximum spinal cord displacement between groups (t(37) = 0.898, p = 0.375; Rac1™
vs. RaclKO; 712.8 £ 25.0 vs 757.0 £ 41.6; unpaired t-test) (Fig. 2B).

To determine whether astrocytic Rac1KO influenced locomotor ability, animals
underwent weekly BMS open-field testing (Basso et al., 2006). Over the course of the
study, there was no difference in motor recovery between, Rac1" and astrocyte
Racl1KO groups (Fig. 2C). As expected, one day after SCI, animals display hindlimb
paralysis with minimal ankle movement (t(37) = 0.440, p = 0.662; SCI-Rac1" vs. SCI-
RaclKO 0.7 £0.4 vs. 0.5+ 0.2 BMS Score, unpaired t-test) (Fig. 2C). Three weeks post
SCI, both Rac1* and Rac1KO animals recovered equally (t(26) = 0.652, p = 0.520; SCI-
Rac1" vs. SCI-Racl1KO; 4.1 £ 0.6 vs. 3.5+ 0.8 BMS Score, unpaired t-test) (Fig. 2C).

In addition, we analyzed gross locomotor function and exploratory behavior using the
distance traveled in an open field over a 30-minute period (Fig. 2D, 2E). Over the three
weeks following SCI, both Rac1" and Rac1KO groups displayed a similar total distance
travelled during the 30 minute open field test (day 1 post SCI distance: t(7) = 0.054, p =
0.958; SCI-Rac1" vs. SCI-Rac1KO, 3808.5+445.1 vs 3781.5 £ 270.6 cm, unpaired t-
test: Wk 3 post SCI distance: t(8) = 0.015, p = 0.988; SCI-Rac1" vs. SCI-Rac1KO;
4476.4 £ 793.9 vs 4462.1 + 514.9 centimeters, unpaired t-test) (Fig. 2F), which
indicates that Rac1KO in astrocytes did not influence locomotor recovery after SCI.

To investigate whether Rac1KO affected non-gross motor-related reflex function, we
monitored hindlimb clasping reflex behavior following SCI. Multiple studies have noted
abnormal hindlimb clasping, in various models of neurological pathology and trauma
(Qiang et al., 2019; Loy et al., 2021), including Huntington’s disease, Alzheimer’s
disease, and Rett Syndrome (Lalonde and Strazielle, 2011; Cahill et al., 2019). Animals
were monitored weekly for the development and severity of the hindlimb clasping reflex
behavior using a 4-point severity scale (ordinate scoring system adapted from (Cahill et
al., 2019) and recorded the time within a clasping event. Note that hindlimb clasping
reflex behavior was absent in both Sham animals with wildtype Racl (Sham) and Sham
animals with astrocytic Rac1KO (Sham-Rac1KO) and were not included in the analysis
(Fig. 2G-I). At 2- and 3-weeks post-injury, SCI-Rac1" animals spent a significantly
greater amount of time displaying clasping reflex (SCI-Rac1" vs. SCI-Rac1KO: week 2;
t(7) = 2.549, p = 0.038, 70.0 £ 23.4 vs. 12.0 £ 8.6; week 3; t(7) = 2.399, p = 0.048, 65.4
+ 18.7 vs. 19.4 + 8.7 time within clasping event; unpaired t-test) (Fig. 2H). In addition,
the SCI-Rac1KO reduced the severity of the clasping reflex at 2- and 3-weeks post SCI
compared to Rac1"animals (SCI-Rac1" vs. SCI-Rac1KO: week 2; t(7) = 2.428, p =
0.046,3.0+1.0vs. 0.6 £ 0.4; week 3; t(7) =2.707,p=0.03,3.25+0.75vs. 1.0+ 0.5
reflex clasping severity score, unpaired t-test) (Fig. 2I).

Astrocytic Racl KO reduces H-reflex hyperexcitability after SCI

A loss of RDD is indicative of hyperreflexia and spasticity, and is observed after SCI in
humans and animals (Nielsen et al., 2007). To determine whether Racl knockout from
astrocytes could reduce hyperreflexia after SCI, we performed longitudinal EMG

recordings to measure evoked M-wave and H-reflex response following percutaneous
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stimulus of the tibial nerve (Bandaru et al., 2015) (Fig. 3A). To measure H-reflex RDD,
we used a paired-pulse paradigm which consisted of a control and test stimulus,
separated by interpulse intervals ranging from 50-2000 msec. RDD was quantified as
%H-reflex, where the amplitude response from the test stimulus was compared to the
amplitude response of the control stimulus and expressed as a percent (Fig. 3B).
Representative EMG traces at baseline and after SCI demonstrate that the stimulation
protocol produced quantifiable M-wave and H-reflex responses (Fig. 3A). At baseline,
the shorter interpulse intervals (i.e., 50 msec) produce the expected loss of H-wave
response in the test pulse (orange line) compared to the control pulse (black line) (Fig.
3A).

To determine whether astrocytic Rac1KO alone altered H-reflex excitability, we
analyzed EMG recordings prior to injury (baseline). At baseline, we observed a subtle
hyperexcitability phenotype H-reflex response of animals with astrocytic Rac1KO.
Specifically, baseline-Rac1KO animal displayed an increase in %H-reflex at the shorter
50 msec interpulse interval compared to baseline-Rac1" (t(32) = 2.207, p =0.034;
baseline-Rac1™ vs. baseline-Rac1KO; 50 msec: 26.0 £5.0 vs. 41.4 £5.0 %H-reflex;
unpaired t-test) (Fig. 3B). The M-wave response is a measure of the direct stimulation
of the muscle. There was no difference in %M-wave at baseline between Rac1"tand
Rac1KO groups (Baseline-Rac1" vs. baseline-Rac1KO; at 50 msec: t(34) = 0.191, p =
0.49,81.7+5.5vs. 101.2+13.0; at 100 msec: £(37) = 0.317, p=0.91,93.5+ 4.3 vs.
91.4+5.1; at 150 msec: t(37) = 1.221, p=0.230; 93.8+2.7 vs. 100.8 +5.1; at

300 msec: t(36) = 1.256, p=0.217; 98.0+ 1.0 vs. 94.2 + 2.8; at 500 msec: t(37) = 0.901,
p=0.20; 101.3+1.8 vs. 96.1£2.4; at 1000 msec: t(37) = 0.901, p=0.371; 99.3+1.8
vs. 97.0+£1.7; at 2000 msec: t(37) =0.337, p=0.737, 100.0 £ 3.7 vs. 98.7 £ 1.0;
unpaired t-test). There was no difference in the H/M ratio between baseline-Rac1" and
baseline Rac1KO. Both groups displayed a positive correlation between increasing
interpulse intervals and H/M ratio, indicative of RDD (linear regression: baseline-Rac1":
p <0.0001, slope: 0.00028, y-intercept: 0.38, baseline-Rac1KO: p < 0.0001, slope:
0.00021, y-intercept: 0.52) (Fig. 3D).

To assess the effect of astrocytic Rac1KO on the development of SCI related
hyperreflexia, we tested M-wave and H-wave responses 3 weeks after SCI (See study
design in Fig.1A, Fig. 3A). In agreement with our previous studies, SCI-Rac1" animals
displayed an exaggerated %H-reflex at 50, 100 and 500 msec interpulse (Fig. 3E),
indicating hyperreflexia 3-weeks post-SCI. In contrast, in animals with astrocytic
RaclKO, we detected reduced %H-reflex activity compared to SCI-Rac1" animals
(SCI-Rac1" vs. SCI-Rac1KO; at 50 msec: t(35) = 3.471, p = 0.001, 70.9 £ 9.3 vs.
34.2+£5.7; at 100 msec: t(36) = 3.305, p = 0.002, 74.9+ 7.4 vs. 44.9 £ 5.4; at 500 msec:
t(36) = 2.228, p = 0.032, 81.1 £4.9 vs. 63.5 £ 6.1; %H-reflex; unpaired t-test) (Fig. 3E).

We also measured the direct activation of spinal motor neurons, i.e., M-wave, and
observed no difference in %M-wave at any interpulse interval between, SCI-Rac1" and
SCI-Racl1KO (SCI-Rac1" vs. RaclKO; at 50 msec: t(34) = 1.204, p = 0.237,
103.6+22.0vs. 77.9+ 7.7 ; at 100 msec: t(36) = .472, p = 0.639, 85.4+8.8vs.80.5 %
6.0; at 150 msec: t(36) = 0.410, p = 0.687, 99.3 £ 8.7 vs. 95.6 *+ 3.9; at 300 msec: t(36) =
0.441,p =0.662, 100.2+9.4 vs. 96.1 + 2.9; at 500 msec: t(36) = 0.832, p = 0.411,
111.2+£18.1 vs. 96.9 + 2.3; at 1000 msec: t(36) = 0.531, p = 0.598, 111.6 + 18.9 vs.
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101.5 + 6.3; at 2000 msec; t(36) = 0.222, p = 0.825, 103.6 £8.1 vs. 101.8 + 2.0; %M-
wave, unpaired t-test) (Fig. 3F).

The H/M ratio also demonstrated a significant loss of RDD in SCI Rac1*animals. A
linear regression analysis of the H/M ratio in SCI-Rac1" revealed no correlation
between increasing interpulse intervals and H/M ratio, an indication of RDD loss and
hyperreflexia (linear regression: p = 0.671, y=1.132 + 0.000004x) (Fig. 3G). In contrast,
SCI animals with astrocytic Rac1KO displayed a positive correlation between interpulse
interval and H/M, indicating the presence of RDD, i.e., near-normal H-reflex response
(linear regression: p<0.001, y=0.56 + 0.0002x) (Fig. 3G).

Astrocytic Rac1KO reduces a-motor neuron dendritic spine density.after SCI

SCl-induced hyperreflexia is associated with dendritic spine dysgenesis on a-motor
neurons, which form part of the monosynaptic reflex loop and drive muscle tissue
contraction (Bandaru et al., 2015; Benson et al., 2021). As shown previously, an
increase in dendritic spine density is associated with neuronal hyperexcitability after SCI
(Tan et al., 2009). To determine whether astrocytic Rac1KO altered the profile of
dendritic spines after SCI, we analyzed spinal cord motor neurons using Golgi staining
techniques. We identified a-motor neurons based on previously described
morphological criteria, which includes the soma size and location in lamina IX of the
spinal cord ventral horn (Fig. 4A) (Crockett et al., 1987). Neurons were reconstructed
using Neurolucida software and dendritic spines were categorized into thin or
mushroom shaped (Fig. 4B). Thin-shaped spines are indicative of immature, less stable
synaptic structures; whereas mushroom-shaped spines are considered mature
structures with more durable synaptic efficacy (Halpain et al., 2005; Bosch and Hayashi,
2012; Benson et al., 2020). The physiological impact of thin- and mushroom-shaped
spines on bio-electrical transduction and neuronal excitability has been well studied
(Yuste et al., 2000; Tan et al., 2009; Stratton and Khanna, 2020). To determine the
effect of astrocytic Rac1KO on dendritic spines, a morphological correlate of spinal
reflex function (Bandaru et al., 2015; Patwa et al., 2019; Benson et al., 2021) we
analyzed the density of total-, thin- and mushroom-shape dendritic spines on a-motor
neurons of Sham, Sham-Rac1KO, SCI-Rac1" and SCI-Rac1KO animals (Fig. 5).

Specifically, we compared Golgi-stained motor neurons from Sham animals with
astrocytic Racl KO (Sham-Racl1KO) to Sham animals with wildtype Racl (Sham). We
observed a significant increase in the density of total- and thin-shaped spines on a-
motor neurons from Sham-Rac1KO animals as compared to Sham wildtype (Sham vs.
Sham-Rac1KO; total spines: t(16) = 2.742, p = 0.015; 0.10 £ 0.01 vs. 0.18 + 0.03 total
spines/um ; thin spines: t(16) = 3.13, p = 0.007, 0.08 £ 0.02 vs. 0.16 = 0.03 thin
spines/um; two-way ANOVA with Bonferroni post-hoc test) (Fig. 5A, 5B). Sham-
Racl1KO had no effect on the density of mushroom shaped spines (Sham vs. Sham-
Racl1lKO; mushroom spines: t(16) = 0.001, p = 0.998, 0.017 + 0.003 vs. 0.017 + 0.004
mushrooms spines/um; two-way ANOVA with Bonferroni post-hoc test) (Fig. 5C).
Importantly, this observation agrees with studies that found that astrocytic Racl KO
selectively increases thin-shaped dendritic protrusions on hippocampal neurons
(Nishida and Okabe, 2007).
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To investigate changes in the distribution of dendritic spines along neuronal branches,
we used a modified Sholl’s analysis to compare dendritic spine densities within three
distinct radii from the soma: proximal (0—40 um), medial (40-80 um) and distal (80—
120 um) (Fig. 5D-F). Compared to Sham, astrocytic Rac1KO increased the total density
of spines within the medial region and distal regions (Sham vs. Sham-Rac1KO; medial:
t(16) = 2.683, p = 0.016; 0.10 £ 0.02 vs. 0.22 £ 0.04 total spines/um; distal: t(16) =
2.334, p =0.033; 0.1 £ 0.02 vs. 0.19 + 0.03 total spines/um; two-way ANOVA with a
Bonferroni post-hoc test) (Fig. 5D). When compared to Rac1* the increase in thin spine
density observed with astrocytic Rac1KO was localized to the medial and distal region
(Sham vs. Sham-RaclKO, medial: t(16) = 2.842, p = 0.012; 0.09 £ 0.02 vs. 0.2 + 0.04
thin spines/um; distal: t(16) = 2.696, p = 0.016, 0.08 + 0.02 vs. 0.17 + 0.03 thin
spines/um; two-way ANOVA with Bonferroni post-hoc test) (Fig. 5E). Astrocytic
Racl1KO did not affect the distribution of mushroom shaped spines when compared to
Rac1" (SHAM vs. SHAM-Rac1KO, proximal: : t(16) = 0.589, p = 0.564; 0.017 + 0.004
vs. 0.011 £ 0.002 mushroom spines/um; medial: t(16) = 0.181, p = 0.859; 0.016 + 0.002
vs. 0.018 + 0.005 mushroom spines/um; distal: t(16) = 0.248, p = 0.807; 0.017 + 0.004
vs. 0.012 £ 0.004 mushroom spines/um; two-way ANOVA with Bonferroni post-hoc test)
(Fig. 5F).

Moreover, as expected with our previous studies (Bandaru et al., 2015; Benson et al.,
2021), SCI increased total- and mushroom-spine density on a-motor neurons compared
to Sham (Sham vs SCI-Rac1"; total spines: t(16) = 2.847, p = 0.012, 0.10 + 0.01 vs.
0.18 £ 0.02 total spine/um; mushroom spines: t(16) = 3.130, p = 0.001, 0.017 + 0.003
vs. 0.052 + 0.008 mushroom spine/um; two-way ANOVA with Bonferroni post-hoc test)
(Fig 5A, 5C). SCI Animals with astrocytic Rac1KO had a total spine density that was not
statistically different from Sham (Sham vs. SCI-Rac1KO; t(16) = 1.322, p = 0.205; 0.10
+ 0.01 vs. 0.14 + 0.02 total spine/um; two-way ANOVA with Bonferroni post-hoc test)
(Fig. 5A). The reduction in total spine density observed in SCI-Rac1KO animals
appeared to be driven by the significant decrease in the number of thin spines (SCI-
Rac1"vs. SCI-Racl1KO; t(16) = 2.208, p = 0.042; 0.13 + 0.02 vs. 0.08 + 0.01 thin
spine/um; Sham-Racl1KO vs. SCI-Racl1KO; t(16) = 3.537, p = 0.003, 0.16 = 0.03 vs.
0.08 * 0.01 thin spines/um, two-way ANOVA with Bonferroni post-hoc test) (Fig. 5B).
SCI-Racl1KO animals had a elevated density of mushroom shaped spine compared to
both Sham and Sham-Racl1KO (Sham vs. SCI-Rac1KO; mushroom spines: t(16) =
3.770, p =0.002, 0.017 + 0.003 vs. 0.057 + 0.01, Sham-Rac1KO vs. SCI-RaclKO;
mushroom spines: t(16) = 4.017, p = 0.001, 0.017 + 0.004 vs. 0.057 + 0.01; two-way
ANOVA with Bonferroni post-hoc test) (Fig. 5C).

The spatial distribution of dendritic spines along the dendritic branches has a weighted
preferential effect on postsynaptic neuronal excitability—e.g., excitatory synapses on
dendritic spines located closer to the cell body are more likely to generate an action
potential. To investigate changes in the distribution of dendritic spines along neuronal
branches, we used a modified Sholl's analysis to compare spine densities within three
distinct radii from the soma: proximal (0—40 um), medial (40-80 um) and distal (80—
120 pum) (Fig. 5D-F). Compared to Sham, SCI-Rac1" elevated the total spine density
within the proximal and distal regions (Sham vs. SCI-Rac1"; proximal: t(16) = 3.011, p
= 0.008, 0.080 + 0.004 vs. 0.17 £ 0.03 total spine/um: distal: t(16) = 2.891, p = 0.01;
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0.10 £ 0.02 vs. 0.21 + 0.03 total spines/um; two-way ANOVA with Bonferroni post-hoc
test) (Fig. 5D). The reduction in thin-spine density observed in SCI-Rac1KO animals
was localized to the proximal and distal region compared to SCI-Rac1" (SCI-Rac1" vs.
SCI-RaclKO; proximal: t(16) = 2.162, p = 0.046, 0.15 + 0.03 vs. 0.08 £ 0.02; distal:
t(16) = 2.273, p = 0.037, 0.15 £ 0.03 vs. 0.08 £ 0.02 thin spine/um; two-way ANOVA
with Bonferroni post-hoc test) (Fig. 5E). SCI in Rac1KO led to a decrease in thin spine
density when compared to Sham-Rac1KO within the medial and distal regions (Sham-
RaclKO vs. SCI-Racl1KO: medial: t(16) = 3.170, p = 0.006, 0.20 + 0.05 vs. 0.09 £ 0.02
thin spine/um; distal: t(16) = 2.963, p = 0.009, 0.17 £ 0.03 vs. 0.08 £ 0.02 thin spine/um;
two-way ANOVA with Bonferroni post-hoc test) (Fig. 5E). Both SCI groups, SCI-Rac1™
and SCI-Racl1KO, produced an increase in mushroom shaped spine density in all three
regions as compared with Sham (proximal: Sham vs. SCI-Rac1"; t(16) = 3.167, p =
0.006, 0.017 + 0.004 vs. 0.050 = 0.007; Sham vs. SCI-Rac1KO; t(16) = 3.557, p =
0.003, 0.017 £ 0.004 vs. 0.053 + 0.009 mushroom spine/um; medial: Sham vs. SCI-
Rac1"; t(16) = 2.862, p = 0.011, 0.016 + 0.002 vs. 0.052 + 0.006; Sham vs. SCI-
RaclKO; t(16) = 3.546, p = 0.003, 0.016 + 0.002 vs. 0.059 £ 0.012 mushroom
spine/um; distal: Sham vs. SCI-Rac1"; t(16) = 2.787, p =0.013, 0.017 + 0.004 vs. 0.052
+ 0.006; Sham vs. SCI-Racl1KO; t(16) = 3.472, p =0.003, 0.017 £ 0.004 vs. 0.059 +
0.012 mushroom spines/um; two-way ANOVA with Bonferroni post-hoc test) (Fig. 5F).
Compared to SHAM-Rac1KO, SCI-Rac1KO animals displayed an increase in
mushroom spine density across the length of the dendrite (Sham-Rac1KO vs. SCI-
RaclKO; proximal: t(16) = 4.444, p < 0.001, 0.011 + 0.002 vs. 0.053 = 0.009; medial:
t(16) = 3.580, p = 0.003, 0.018 + 0.005 vs. 0.059 £ 0.012; distal: t(16) = 4.109, p <
0.001, 0.012 £ 0.004 vs. 0.063 + 0.014 mushroom spines/um; two-way ANOVA with
Bonferroni post-hoc test (Fig. 5F).

Reduced GLT-1 expression in the spinal cord ventral horn of astrocytic Racl KO
animals

A key function of the astrocytes within the CNS is glutamate transport and recycling,
e.g., neurotransmitter clearance (Danbolt, 2001; Andersen et al., 2021). After SCI,
dysregulation of the glutamate signaling can adversely alter neuronal excitability
(Hefferan et al., 2007; Andersen et al., 2021). To determine whether Racl KO in
astrocytes could potentially influence glutamate homeostasis in the spinal cord reflex
circuit, we measured the levels of the astrocytic glutamate transporter, GLT-1 (Fig. 6A).
GLT-1 is expressed in astrocytes and mediates the reuptake of extracellular glutamate
from the synaptic cleft (Perego et al., 2000). To analyze the relative change in GLT-1
expression, we compared the levels of immunofluorescence intensity as a percent of
Sham-Rac1" control. Comparing Sham and Sham-Rac1KO indicated that astrocytic
Racl1KO did not alter the expression the GLT-1 in uninjured animals (t(7) = 1.447,p =
0.174, Sham vs. Sham-Rac1KO 100.0 £ 10.0 vs. 84.3 £ 6.1 % control; n=4 animals per
group, two-way ANOVA with Bonferroni post-hoc test) (Fig. 6B).

A two-way ANOVA revealed that SCI led to an overall increase in GLT-1 expression
and that there was a significant interaction between genotype and SCI (SCI vs SHAM:
F(1,12) = 33.2, p < 0.001, genotype (Rac1"/RaclKO) vs. SCI: F(1,12) = 7.6, p = 0.018,
two-way ANOVA) (Fig. 6B). Specifically, pairwise comparisons demonstrated an
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increase in GLT-1 expression in SCI-Rac1"tanimals as compared with Sham-Rac1KO
(t(7) = 3.575, p = 0.023, Sham-Rac1KO vs. SCI-Rac1" 84.3 + 6.1 vs. 123.0 £ 8.5 %
control; n=4 animals per group, two-way ANOVA with Bonferroni post-hoc test). Animals
with astrocytic Rac1KO had the greatest expression of GLT-1 immunofluorescence
intensity in the ventral spinal cord as compared with SCI-Rac1"t, Sham, and Sham-
RaclKO (Sham vs. SCI-Racl1KO: t(7) = 4.568, p=0.004, 100.0 £ 10.0 vs. 149.5+ 4.9
% control; t(7) = 6.014, p < 0.001; Sham-Racl1KO vs. SCI-Rac1KO 84.3 + 6.1 vs 149.5
+ 4.9 % control; p = 0.031; SCI-Rac1"vs. SCI-Rac1KO; 123.0+ 8.5 vs. 149.5+4.9 %
control, n=4 animals per group two-way ANOVA with Bonferroni post-hoc test) (Fig.
6B). This finding suggests a Racl-dependent role for GLT-1 expression in astrocytes
within the spinal cord ventral horn.

To further investigate the effect Rac1KO on GLT-1 after SCI we assayed levels of GLT-
1 gene expression (Slcla?) in Gfap positive nuclei (i.e. astroctyes) within the ventral
horn of the spinal cord with and without injury (Fig. 6C). We utilized RNAscope to
fluorescently label Sicla2 and Gfap mRNA, which allowed us to specifically investigate
the levels of GLT-1 gene expression within individual astrocytes across animals with
and without SCI. Contrary to our investigation of GLT-1 using immunofluorescence
labeling, a two-way ANOVA revealed that injury and genotype had a significant effect on
Slcla2 expression (SCI vs. SHAM: F(1,12) = 141.6, p < 0.001, Rac1" vs. Rac1KO:
F(1,12) = 9.564, p = 0.009, n = 4 animals per group, two-way ANOVA) (Fig. 6D).
Pairwise comparisons revealed that SCI led to a decrease in the expression Slcla2 in
both Rac1" and Rac1KO groups (SHAM-Rac1" vs. SCI-Rac1™: q(12) = 13.25,p <
0.001,100 £ 6.1 vs. 35.4 + 1.9; SHAM Rac1" vs. SCI Rac1KO: q(12) = 8.808, p =
0.002, 100 + 6.1 vs. 57.0 £ 5.4; SHAM Rac1KO vs. SCI Rac1": q(12) = 14.99, p <
0.001; 108.5 +4.9vs. 35.4 + 1.9, SHAM Racl1KO vs. SCI Racl1KO: g(12) = 10.55, p <
0.001, 108.5 £ 4.9 vs. 57.0 = 5.4 % control; two-way ANOVA with Tukey post-hoc test)
(Fig. 6D). Despite the SCl-related reduction in Slcla2, SCI animals with Rac1KO had a
greater astrocytic Slcla2 mRNA expression compared to SCI-Rac1" (SCI-Rac1" vs.
SCI-Racl1KO: q(12) = 4.440, p = 0.037, 35.4 + 1.9 vs. 57.0 £ 5.4 % control, two-way
ANOVA with Tukey post-hoc test) (Fig. 6D).

To examine whether SCI led to change in the number of astrocytes within the ventral
horn of the spinal cord, we compared the number of Gfap positive nuclei normalized for
the total number of cells within the analyzed area. As expected, this analysis revealed
that SCI led to increase in the number of astrocytes within the ventral horn of the spinal
cord (SCl vs. SHAM: F(1, 12) = 19.6, p = 0.001 n = 4 animals per group, two-way
ANOVA) (Fig. 6E). Comparing the groups indicated that the number of Gfap positive
nuclei in SCI-Rac1"twas greater then both SHAM-Rac1* and SHAM-Rac1KO, however
there was no difference compared to SCI-Rac1KO (SHAM-Rac1" vs. SCI-Rac1": q(12)
=4.912, p=0.02, 100 + 41.5 vs. 330.1 + 69.3, SHAM-Rac1KO vs, SCI-Rac1"; q(12) =
5.980, p = 0.006, 28.0 + 12.8 vs. 330.1 + 69.3, SCI-Rac1" vs. SCI-Racl1KO; q(12) =
2.037, p = 0.500, 330.1 + 69.3 vs. 234.7 + 45.8 % control; two-way ANOVA with Tukey
post-hoc test) (Fig. 6E). Thus despite, there being a decrease in the expression of
astrocytic Slcla2 mRNA, there is an overall increase in astrocyte number after SCI,
which may account for the increase in GLT-1 protein detected using immunolabelling.
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Discussion

Astrocyte activity can directly influence neuronal circuit function after CNS trauma and
contribute to chronic hyperexcitability disorders, including central sensitization and
hyperreflexia (Hefferan et al., 2007; Ji et al., 2019; Verhoog et al., 2020). As one part of
the tripartite synaptic-complex, astrocytes have a crucial role in regulating neuronal
excitability through glutamate homeostasis and modulating synaptic plasticity. Racl
activity governs part of these cellular functions through its action on cell motility, ion
channel/receptor trafficking, synaptic plasticity, and dendritic spine reorganization
(Nishida and Okabe, 2007; Higashimori et al., 2013; Zeug et al., 2018). Injury-induced
astrocyte reactivity along with Racl could contribute to pathological synaptic
transmission and potentiate basal excitability within spinal cord circuits.

Our present study investigated the specific contribution of astrocytic Racl in the
development of hyperreflexia associated with spasticity following SCI. To investigate the
relationship between Racl in astrocytes and hyperreflexia, we performed a mild-SCI in
GFAP-cre/Rac1fo¥iox gnimals (i.e., astrocyte Rac1KO) and assessed for hyperreflexia
3-weeks after injury. As expected from our previous work, 3-weeks after contusion SClI,
we observed an abnormal increase in H-reflex response and the loss of RDD, i.e.,
hyperreflexia (Bandaru et al., 2015; Benson et al., 2021). Animals with astrocytic
RaclKO retained RDD following SCl—exhibiting less hyperreflexia—as compared with
injured Rac1™ animals.

To support our electrophysiological findings and further investigate the effect of
astrocytic Rac1KO on motor reflex function, we tested SCI animals for hindlimb clasping
reflex behavior. Currently, there are no firmly established behavioral assays for
detecting spasticity in rodents following SCI (Wieters et al., 2021). Although studies in
rat models of SCI have suggested that spasticity may be detectable in an open
swimming test paradigm, such observations have not been replicated in murine SCI-
models (Ryu et al., 2017). On the other hand, hindlimb reflex clasping behavior does
emerge in a broad range of CNS disease models, including Huntington’s disease,
Alzheimer’s Disease, Rett syndrome, multiple sclerosis, and hereditary spastic
paraplegia (Lalonde and Strazielle, 2011; Cabhill et al., 2019). The authors from these
and other studies have speculated that he onset of hindlimb clasping behavior could
potentially serve as an early indicator of spasticity following SCI (Qiang et al., 2019; Loy
et al., 2021). The broad number of disease mechanisms associated with the hindlimb
clasping behavior limits its use as direct measure of spasticity. However, in combination
with additional behavioral testing, such BMS and H-reflex, changes in the hindlimb
clasping reflex may provide additional information about changes motor function.

In our study, we did not observe any hindlimb clasping behavior in uninjured animals
(i.e., Sham-Raclwt and Sham-Racl1KO). However, hindlimb clasping reflex was readily
detectable at 2- and 3-weeks after SCI in Rac1" animals. Interestingly, our H-reflex
testing results supported these clasping reflex observations, as we noted that animals
with astrocytic Rac1KO exhibited a significant reduction in hindlimb clasping reflex
compared to SCI-Raclwt animals. The clasping reflex is typically indicative of
disruptions within the brain and spinal cord regions responsible for motor control, with
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the specific presentation of this abnormal reflex behavior varying based on the type and
severity of trauma or disease. Studies have shown that hindlimb clasping may indicate
alpha-motor neuron malfunction within ventral spinal circuits and may be associated
with axonal injury and demyelination (Dequen et al., 2010; Morgan et al., 2022; Scarrott
et al., 2023). In our study we observed a reduction in hindlimb reflex behavior with
Rac1KO despite no obvious changes to overall motor recovery (e.g., BMS and open
field). These findings suggest that there is a distinct difference in the underlying
physiological mechanisms governing hindlimb clasping reflex and gross motor function
following SCI.

Emerging evidence from other studies along with our present work suggest a “distinct
and divergent role for Racl, depending on its tissue expression in astrocytes or
neurons. We showed in prior studies that intrathecal administration of the Rac1-
inhibitor, NSC23766, reduces both thin- and mushroom-shaped dendritic spines
(Bandaru et al., 2015); and conditional Racl knockout specifically from alpha-motor
neurons, i.e., in the cre-flox system, only reduced mushroom spine density and not thin
spine density after SCI (Benson et al., 2021). Here we show that conditional knockout of
Racl in astrocytes decreased only thin spines after SCI. Taken together, our current
work extends our previous findings and shows that the context of Racl activity, e.g.,
neuronal versus astrocytic, is important for understanding how Racl signaling operates
within the injured spinal cord.

Mushroom-shaped dendritic spines serve as the primary morphological correlate of
spinal circuit hyperexcitability (Bandaru et al., 2015; Yasuda, 2017). As such, we
expected the observed normal density of mushroom spines in uninjured astrocytic
RaclKO animals—which did not present with any hindlimb clasping events and had
normal gross locomotor function (Tan et al., 2009; Bosch and Hayashi, 2012). However,
we did surprisingly observe in uninjured astrocytic Rac1KO animals a significant
increase in thin-shaped spine density and an amplified H-reflex response at the 50msec
interpulse interval. Interestingly, after SCI in astrocytic Rac1KO animals, the initial
elevated thin-spine densities decreased which suggest an involvement of astrocytes in
a homeostatic process that maintains synaptic-dendritic spine structure. Astrocytes
regulate circuit function, in part through elimination of immature or under-utilized
synaptic structures (Nguyen et al., 2011).

In agreement, Nishida and colleagues (2007) previously reported that astrocytic
Racl1KO predominantly produced increased thin spine morphologies in hippocampal
neurons (Nishida and Okabe, 2007). In this cortical study, the lack of astrocytic Racl
impaired astrocyte motility, which prevented dendritic spine maturation via the loss of
direct astrocyte-spine contact (Nishida and Okabe, 2007). Other studies have
demonstrated that astrocytic Racl knockout (Rac1KO) impairs astrocyte-mediated
phagocytosis, largely because Racl plays a crucial role in the rearrangement of the
actin cytoskeleton, a process required for astrocytes to effectively engulf target
structures (Loov et al., 2012; Ziegenfuss et al., 2012) (Lovatt et al., 2007; Cahoy et al.,
2008). In our present study, the absence of this Racl-dependent phagocytotic
processes in astrocytic Rac1KO animals would have disrupted removal of excess
dendritic spines during CNS development. And here, a putative homeostatic mechanism
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that eliminates excess immature dendritic spines would only become apparent following
SCI (Yu et al., 2008; Loov et al., 2012).

An important question arises from our study: How does astrocytic Racl activity
contribute to hyperreflexia? Astrocytic dysfunction at synapses has been shown to alter
glutamate concentration, leading to increased amplitude and length of NMDA post-
synaptic potentials (Panatier et al., 2006; Valtcheva and Venance, 2019). Dysfunctional
expression of GLT-1 in astrocytic peri-synaptic processes, which mediates the reuptake,
clearance and recycling of glutamate at the synaptic cleft has been implicated in circuit
hyperexcitability (Rothstein et al., 1994; Perego et al., 2000; Andersen et al., 2021).
Indeed, poor clearance of glutamate can lead to hyperexcitability, excitotoxicity, and
even abnormal synaptic morphology (Lewerenz and Maher, 2015; Olivares-Banuelos et
al., 2019). For example, in an Fmrl KO mouse model of Fragile X syndrome, astrocytes
have reduced GLT-1 expression, and fmrlKO astrocytes induce abnormal synaptic
morphology in co-cultured hippocampal neurons (Higashimori et al., 2013). Global Fmrl
KO also results in longer and thinner appearing dendritic spines in the cortex, an
observation that matches our present findings in the ventral horn of astrocytic Rac1KO
animals (Pyronneau et al., 2017).

In our study, we observed a significant increase in GLT-1 protein expression after SCI
as compared with injured wildtype animals. In contrast, we observed that SCI led to a
decrease in the astrocytic expression of Slcla2 (GLT-1) mRNA. To reconcile these
seemingly contradictory findings, we examined whether there was a change in the
number of astrocytes, by analyzing the number of Gfap-positive nuclei in the ventral
spinal cord after SCI. As excepted, we detected an increase in the number of astrocytes
within the ventral horn of the injured spinal cord tissue. Therefore, despite the decrease
in per-astrocyte GLT-1 gene expression, the overall rise in the number of astrocytes
could result in a net increase of GLT-1 within the spinal cord. Furthermore, while SCI
induced a decrease in Slcla2 expression in both Racl wild-type and Rac1KO animals,
astrocytes devoid of Rac1KO exhibited higher levels of Slcla2. This amplified Slcla2
expression post-SCI could potentially account for the observed increase in GLT-1
protein within the SCI-Rac1KO group, as determined by immunolabeling techniques.
This finding supports others’ work revealing a direct interaction between astrocytic Racl
and GLT-1 protein. Blocking Racl activity with NSC23766 enhanced GLT-1 activity and
improved synaptic glutamate clearance in this model (Piniella et al., 2018). Overall,
these observations along with our current report strongly implicate astrocytic Racl
dysregulation in injury-induced amplification of synaptic excitability, postsynaptic
structural reorganization, e.g., dendritic spine dysgenesis, and the presentation of
hyperreflexia.

In summary, this study shows for the first time that astrocytic Racl contributes to the
presentation of spasticity after SCI. Specifically, astrocytic Rac1KO reduces injury-
induced evoked H-reflex excitability, partly decreases dendritic spine dysgenesis on a-
motor neurons, and elevates expression of homeostatic glutamate clearance
mechanism, GLT-1. Taken together, this study supports a distinct role for astrocytic
Rac1l signaling within the spinal reflex circuit. While much is still unknown about the
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Figures

Figure 1. Study design and confirmation of Racl knockout in astrocytes. (A) Study
design and timing of behavioral testing, EMG assessment and histological analysis. (B)
Immunofluorescent labelling of cultured astrocytes from Rac1KO and Rac1"' animals
was used to confirm the absence of Racl. Racl could not be detected in tdTomato (cre-
dependent) positive cells isolated from GFAP-cre/Rac1/o¥lox animals. (C) Quantification
of Racl immunofluorescence intensity in astrocytes from Rac1KO and Racl1" animals
(*=p < 0.05). Scale Bar in (B) = 10 um and applies to all images.

Figure 2: Rac1KO in astrocytes did not alter recovery after SCI. (A, B)
Biomechanical impact data provided by the Infinite Horizon device demonstrates that
SCI-Rac1" and SCI-Rac1KO groups received consistent injuries. (C) Blinded observers
performed BMS testing at baseline, and weekly following SCI (Wk1-Wk3). Both SCI-
Rac1" and SCI-Rac1KO groups recovered equally over a 3-week period. (D-E)
Representative images of exploratory behavior in an open field over 30 minutes. (F)
Rac1KO did not impact activity in the open field after injury, animals from SCI-Rac1™
and SCI-Racl1KO groups displayed a reduced distance travelled (n= 4-6 per group). (G-
I) SCI-Rac1KO animals displayed less reflex clasping behavior 2-3 weeks post SCI
compared to SCI-Rac1™ (n= 4-5 per group). (G) Representative images showing reflex
clasping behavior in SCI-Rac1", which was not observed in SHAM animals and
occurring significantly less in animals with astrocytic Rac1KO. (H) SCI-Rac1" animals
showed an increased severity of hindlimb clasping 2-3 weeks after SCI as compared to
SCI-Racl1KO (*=p < 0.05). (I) SCI-Rac1"tspent a greater percent of time within a
clasping event compared to SCI-Racl1KO (*=p < 0.05). Graphs are mean + SEM.

Figure 3: Knockout of Racl in astrocytes prevented the development of
hyperreflexia after SCI. Representative control (black line) and test (orange line)
traces of evoked H-reflex and M-wave responses in (A) Baseline-Rac1", Baseline-
RaclKO, SCI-Rac1", and SCI-Rac1KO. The control and test pulses were separated
with a range of interpulse latencies between 50 and 2000 msec. (B-D) Comparison of
%H-reflex, %M-wave and H/M ratio between Rac1"tand RaclKO at baseline, prior to
receiving spinal cord injury. (B) As expected at baseline in Rac1" animals, at shorter
interpulse intervals (e.g., 50 msec), the amplitude of the test pulse H-reflex was
reduced. (B) At baseline Rac1KO animals displayed a slight increase in the %H-reflex
at the 50 msec interval compared to Rac1"tanimals (*=p < 0.05). (C) There was no
difference in %M-wave between Rac1"'and Rac1KO groups at baseline. (D) In addition,
there was no difference in H/M ratio between Rac1"tand Rac1KO. Rac1"tand RaclKO
animals had similar H/M ratio across all interpulse intervals, demonstrating RDD in both
groups. (E-G) Comparison of %H-reflex, %M-wave and H/M ratio between Rac1"tand
RaclKO 3-weeks post SCI. (E) After SCI, Rac1"tanimals have an exaggerated %H-
reflex at 50 and 100 msec interpulse intervals, indicative of hyperreflexia. Rac1KO in
astrocytes restored %H-reflex to levels similar to baseline (*=p < 0.05). (F) There was
no difference in %M-wave amplitude between Rac1™, Rac1KO and baseline. (G) SCI
increased H/M ratio as demonstrated as flat linear trend line compared to a closer-to-
normal H/M ratio, with a steeper linear trend line in Rac1KO and baseline groups. Note
that on Fig. 3G and K the interpulse interval is graphed as a linear scale, to reflect the
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linear regression analysis. (*=p < 0.05). Scale bars in A-D = 2 msec (x-axis) and 0.1
spike volts (y-axis), n = 19-20 per group and graphs are mean + SEM.

Figure 4: Golgi-stained dendritic spines on spinal motor neurons from Sham-
Rac1", Sham-Rac1KO, SCI-Rac1"t and SCI-Rac1KO. (A) Golgi staining of the spinal
cord labels a-motor neuron located in Rexed lamina 1X (dashed line). (B) Reconstructed
segment of Golgi-stained motor neuron dendritic branch showing dendritic spines from
Sham-Rac1™, Sham-Racl1KO, SCI-Rac1" and SCI in astrocytic Rac1KO. Scale bars in
(A) =50um, (B) = 10um

Figure 5: Following SCI, Rac1KO in astrocytes reduces thin, but not mushroom
spine density. Analysis of dendritic spine profiles reveals differences in (A—C) spine
density and (D—F) distribution along the dendrite. (A) Total spine density, which
encompasses all spine types, was increased in SCI-Rac1" compared to Sham-Rac1"
(*=p < 0.05). Total spine density was elevated in Sham-Rac1KO compared to Sham-
Racl1" (*=p < 0.05). (B) Sham-Rac1KO displayed significant higher thin spine density
compared to Sham-Rac1™ (*=p < 0.05). Thin spine density on spinal motor neurons
was lower in SCI-Rac1KO animals compared to SCI-Rac1" (*=p < 0.05). SCI-Rac1KO
animal displayed less thin density compared to Sham-Racl1KO (*=p < 0.05). (C) There
was no difference in density of mushroom shaped spine between Sham-Rac1" and
Sham-Rac1KO. Both SCI-Rac1" and SCI-Rac1KO groups showed significantly higher
mushroom spine density compared to Sham and Sham-Rac1KO (*=p < 0.05). However,
SCI-Rac1KO was not different from SCI-Rac1™. Analysis of (D) total, (E) thin and (F)
mushroom spine density within the proximal (0-40um), medial (40-80um) and distal (80-
120um) regions from the cell body. (D) SCI increased the total spine density in the
proximal region compared to Sham-Rac1"™ (#=p < 0.05, SCI-Rac1" vs. Sham-Rac1"™).
Sham-Racl1KO displayed increased total spine density in the medial and distal region
compared to Sham-Rac1"(a=p < 0.05, Sham-Rac1"tvs. Sham-Rac1KO). (E) SCI
increased thin spine density in the proximal region compared to Sham-Rac1" (#=p <
0.05, SCI-Rac1" vs. Sham-Rac1"). Rac1KO reduced thin spine density in the proximal
to the cell body compared to SCI-Rac1™ (=p < 0.05 SCI-Rac1" vs. SCI-Rac1KO).
Sham-Rac1KO increased thin spine density in the medial and distal region compared to
Sham-Rac1" (a=p < 0.05, Sham-Rac1"'vs. Sham-Rac1KO). SCI-Rac1KO animals had
a lower thin spine density compared to Sham-Rac1KO within the medial and distal
regions (¢=p < 0.05, Sham-Racl1KO vs. SCI-Rac1KO). (F) SCI led to increased
mushroom spine density in all regions in both Rac1"t and Rac1KO groups compared to
both Sham groups (#=p < 0.05, SCI-Rac1" vs. Sham-Rac1", §=p < 0.05, SCI-RaclKO
vs. Sham-Rac1™, ¢=p < 0.05, SCI-Rac1" vs. Sham-RaclKO, ¢=p < 0.05, Sham-
RaclKO vs. SCI-Racl1KO). n = 4-6 animals per group and graphs are mean £+ SEM.

Figure 6: Rac1KO alters the expression of the glutamate transporter GLT-1 in the
ventral spinal cord grey matter. Antibody labeling for GLT-1 (A) in the ventral horn of
the spinal cord in Sham-Rac1", Sham-Rac1KO, SCI-Rac1" and SCI-Rac1KO. (B) The
expression of GLT-1 (astrocytic glutamate transporter) as a percentage of control
(Sham-Rac1") levels. The expression of GLT-1 was higher in SCI-Rac1KO compared
to both SCI-Rac1™, Sham-Rac1"and Sham-Racl1KO (*=p < 0.05). There was no
difference in GLT-1 expression between Sham-Rac1*"tand Sham-Rac1KO. (C)
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Fluorescent In situ hybridization (RNAscope) of Gfap and SIc1A2 (GLT-1) mRNA in the
ventral horn of the spinal cord in Sham-Rac1", Sham-Rac1KO, SCI-Rac1" and SCI-
RaclKO. Inset images are representative of a single Gfap+ nuclei. (D) The expression
of Slcla2 fluorescent puncta (i.e. mMRNA transcripts) in Gfap+ nuclei in the ventral spinal
cord compared between groups as a percentage of control (Sham-Rac1") levels. SCI
reduce the expression of Slcla2 mRNA compared to both SHAM-Rac1" and SHAM-
RaclKO. However, Rac1KO animals with SCI displayed higher levels of Slcla2
compared to SCI-Rac1"™ controls. (E) Total number of Gfap+ nuclei normalized to the
total number of nuclei within the ventral horn of the spinal cord compared as a
percentage of control (Sham-Rac1") levels. SCI induced an increase in the number of
Gfap+ nuclei compared to SHAM control. In addition, there was no difference in Gfap+
nuclei between SCI-Rac1"and SCI-Rac1KO. Scale bar in A = 10um and applies to
images in (A), scale bar in C = 50 um and applies to images in (C), scale bar in (C) inset
=5 um and applies to all inset images in (C) n= 4 per group and graphs are mean +
SEM (*=p < 0.05).
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