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The 5-HT2C receptor is involved in the regulation of spinal motor function, specifically 
in both volitional and involuntary motor behavior. It contributes to various aspects 
of voluntary movement, such as locomotion, gait, coordination, and muscle 
contractions. It also contributes to involuntary motor behavior (i.e., spasms), which 
affects many individuals with spinal cord injury. Despite its known involvement in 
motor function, additional research in uninjured mice is required to assess whether 
specific gait parameters and muscle contractility are directly linked to the 5-HT2C 
receptor. In injured mice, further research is needed to determine whether the 
expression of the 5-HT2C receptor is altered in the lumbar and sacral spinal cord after 
injury. It is also necessary to determine whether voluntary locomotion, involuntary 
motor behavior, or the expression of this receptor is influenced by sex, as it is 
unknown if there is a difference in 5-HT2C receptor expression between male and 
female mice. The aim of this study is to investigate volitional and involuntary motor 
behavior of male and female uninjured and spinal cord-injured knock-out mice. 
Mice that express a non-functional form of the 5-HT2C receptor were compared 
to typical-functioning wildtype mice. Volitional behavioral assessments revealed 
mild strength and stability deficits in the knock-out mice when compared to 
wildtype mice. We also compared the capacity of spinal cord tissue to generate 
sensory evoked activity, and it was revealed that male knock-out mice exhibited 
less involuntary motor behavior both ex vivo and in vivo than male wildtype mice. 
Western blot analysis revealed that injury status, sex, and genotype affected the 
relative expression of the 5-HT2C receptor in both the lumbar and sacral spinal 
cord, with female KO mice exhibiting a compensatory mechanism post-SCI via 
upregulation of the 5-HT2A receptor. Through a comprehensive approach combining 
behavioral assessments, electrophysiological experiments, and whole-tissue 
protein analysis, our findings provide strong evidence that the 5-HT2C receptor 
is differentially regulated by sex, genotype, and spinal cord injury. These findings 
underscore the importance of considering sex as a biological variable and suggest 
that future therapeutic strategies targeting the 5-HT2C receptor account for sex-
specific differences in 5-HT2C receptor expression and function.
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1 Introduction

Serotonin (5-HT) is a complex neuromodulator that has been 
implicated in a variety of physiological functions (Mosher et al., 2005). 
In motor control, descending 5-HT within the spinal cord is 
responsible for the regulation of spinal motoneuron (MN) excitability 
(Bayliss et al., 1995; Heckman et al., 2003; Lee and Heckman, 1998; 
Lindsay and Feldman, 1993; Zhang et al., 1997) through the activation 
of 5-HT2 receptors. The 5-HT2 class of receptors are G-protein coupled 
receptors, of which there are three subtypes: the 5-HT2A, 5-HT2B, and 
5-HT2C receptors (Barnes and Sharp, 1999). All three of the 5-HT2 
receptor subtypes have been shown to possess similar molecular 
structure, pharmacology, and signal transduction pathways to one 
another (Parajulee and Kim, 2023). Of the three 5-HT2 receptor 
subtypes, 5-HT2A and 5-HT2C have been the most extensively studied 
for their role in motor function.

Voltage-gated CaV1.3 L-type calcium channels are expressed on 
MNs and mediate persistent inward currents (PICs) (Binder et al., 
2011). These channels can amplify synaptic inputs and generate 
sustained depolarization in response to brief excitatory inputs 
(Bennett et al., 2004; Heckman et al., 2005). The presence of serotonin 
and the activation of the 5-HT2 receptors have been shown to 
be essential for facilitating PICs in the intact as well as in the injured 
spinal cord (Hounsgaard et al., 1988; Murray et al., 2010, 2011b). 
Despite these potent effects that 5-HT has on MN excitability, the roles 
of different 5-HT2 receptors in motor behavior are still not 
fully understood.

Previous studies have shown that pharmacologically blocking 
the 5-HT2C receptor (5-HT2CR) does not affect locomotion or 
reflexes (Majczyński et  al., 2020). However, several off-target 
effects of the pharmacological blockers might have affected this 
outcome. Research using 5-HT2CR knock-out (KO) mice has 
shown conflicting results regarding the effect on locomotion in 
intact animals (Heisler et al., 2007; Hill et al., 2011; Nebuka et al., 
2020), highlighting a need for further investigation. Importantly, 
the 5-HT2CR has been shown to be involved in the development of 
muscle spasms following spinal cord injury (SCI) (Murray et al., 
2010; Tysseling et  al., 2017), suggesting the potential for 
therapeutic interventions via manipulation or targeting of these 
receptors. It is also unknown whether these receptors mediate sex 
differences in normal motor behaviors or motor recovery after SCI, 
given the reported relationship between sex hormones (i.e., 
estradiol and testosterone) and serotonin receptor expression 
(Kugaya et  al., 2003; Popova and Amstislavskaya, 2002). 
Henceforth, the goal of the current study is to investigate the role 
of the 5-HT2CR in motor behavior in uninjured and spinal cord-
injured wildtype (WT) and genetically-modified KO mice that lack 
the functional 5-HT2CR.

Recent evidence has shown sex-specific differences in PIC 
generation between male and female human subjects (Jenz et  al., 
2023). This study found that although motor unit discharge rates did 
not differ between male and female healthy subjects, biological sex 
was a critical variable in estimating PIC magnitude. Female subjects 
were revealed to have larger PIC estimates in lower limb MNs than 
their male counterparts. In light of these findings, in combination with 
previous research that has shown a connection between 5-HT and sex 
hormones, we deemed it necessary to include sex-specific analyses 
across all experimental procedures conducted.

The second purpose of this study was to investigate potential 
differences in involuntary motor behavior post-SCI between the 
KO mice and their WT counterparts. This study is unique because 
a thoracic model of injury is used, whereas previous research has 
typically used a sacral transection, and involuntary motor 
behavior has been examined primarily in the sacrocaudal spinal 
cord. It is well understood that injury severity and recovery 
outcome are predominantly influenced by the level of SCI 
(Alizadeh et al., 2019; Coleman, 2004). Using a thoracic model of 
spinal cord transection is more clinically relevant, as approximately 
35% of all SCIs occur at the thoracic level (Alizadeh et al., 2019), 
and it allows us to examine mechanistic alterations in the lumbar 
spinal cord, as the descending pathways that project to the lumbar 
section are responsible for hindlimb locomotion in mice (Han 
et al., 2019).

To further investigate mechanistic alterations underlying 
involuntary motor behavior post-SCI, the relative protein expression 
of the 5-HT2CR (in only WT mice) and the 5-HT2AR (in both WT and 
KO mice) in the lumbar and sacral spinal cord tissue of uninjured and 
injured mice was assessed using western blot. Previous research 
regarding the upregulation of the 5-HT2CR has shown conflicting 
results. Total mRNA studies conducted in the rat have suggested that 
the 5-HT2CR does not change post-sacral transection, but the 
constitutive activity of the receptor increases (Murray et al., 2010). 
However, western blot analyses have suggested that the 5-HT2CR does 
become upregulated in the sacral cord post-sacral transection (Ren 
et al., 2013). As for the 5-HT2AR, previous research has suggested that 
this receptor is also upregulated post-sacral transection (Kong et al., 
2010). In line with the second objective of this study, we aim to clarify 
discrepancies in 5-HT2CR and 5-HT2AR protein expression within 
both the lumbar and sacral spinal cord to better understand the 
potential underlying molecular mechanisms related to involuntary 
motor behavior post-SCI.

2 Materials and methods

2.1 Animals

All procedures in this study were reviewed and approved by the 
Northwestern University Institutional Animal Care and Use Committee 
(IACUC) and were compliant with the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals. Two groups of 
adult mice, inclusive of both sexes, were used in this study. Transgenic 
knockout mice, B6.129-Htr2ctm1Jul/J (Jackson Laboratory, Bar Harbor, 
ME, USA, RRID: IMSR_JAX:002627) (5-HT2CR KO), which lack the 
functional serotonin 2C receptor (Tecott et al., 1995), were compared 
to wild-type C57Bl/6J mice (Jackson Laboratory, Bar Harbor, ME, 
USA, RRID: IMSR_JAX:000664) (WT). Jackson Laboratory confirms 
that the B6.129-Htr2ctm1Jul/J mice had been backcrossed to C57BL/6J at 
least five times. Following behavioral testing in intact animals, both 
experimental groups received SCI at 10 weeks of age and were 
compared to uninjured littermate controls. Behavioral testing was 
performed before and after SCI and was followed by terminal 
procedures in which either proteins were extracted for western blot 
analysis or the sacrocaudal spinal cord was removed for ex vivo analysis 
(see below). There were a total of 107 mice used in this study, and the 
total n of mice in each group (i.e., male WT, female WT, male KO, and 
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female KO), as well as the specific experiments each mouse underwent, 
are listed in Supplementary Tables 1–4.

2.2 Spinal cord injury

At ten weeks of age, mice were anesthetized with isoflurane, and 
a laminectomy was performed at the T10 spinal level to expose the 
T11-T12 spinal segments. The spinal cord was completely transected 
using spring scissors. Following transection, mice were evaluated for 
10 weeks using the Basso Mouse Scale (see below) to measure 
functional motor recovery. SCI was characterized as ‘chronic’ 10 weeks 
post-surgery. At this point, the test subjects underwent additional 
behavioral testing before terminal procedures.

2.3 Volitional motor behavior testing

2.3.1 Basso mouse scale
The Basso Mouse Scale (BMS) is an established open-field 

behavioral assessment used to evaluate hindlimb functional deficits 
following spinal cord injury in mice (Basso et al., 2006). Injured male 
WT (n = 5), female WT (n = 6), male KO (n = 8), and female KO 
(n = 7) mice underwent weekly evaluations beginning 1 day post-SCI 
(week 0) and continuing until the injury was chronic (week 10). The 
scoring of this assessment ranges from 0, indicating complete paralysis 
and total loss of hindlimb function, to 9, indicating standard 
functionality and locomotive ability. Sub-scales were not necessary to 
include due to low function in our mice. An average of the left and right 
hindlimb scores was taken to obtain the BMS score for each subject. All 
test subjects retained a BMS score of < 2 throughout the experiment.

2.3.2 DigiGait™
Treadmill gait analysis was conducted using the DigiGait™ 

system (Mouse Specifics Inc., Framingham, MA) to assess specific 
differences in gait between uninjured adult male WT (n = 5), female 
WT (n = 5), male KO (n = 12), and female KO (n = 11) mice. Only five 
WT mice of either sex were used due to the lack of variability within 
control mice; however, it should be considered that the WT data may 
be underpowered because of this stark difference in n. The protocol 
for this assessment has been discussed previously (Mancuso et al., 
2011). Briefly, the DigiGait™ system consisted of a transparent 
treadmill, horizontally fixed at 0 ° (5 cm in width, 25 cm in length), 
which contained the mice as they ran at a constant velocity. The 
velocity used in this assessment was fixed at 24 cm/s, a speed that mice 
maintained without veering off to one side. A high-temporal-
resolution video recording (~5 s) was captured for each mouse before 
analysis was performed using the DigiGait™ Imaging and Analysis 
software v12.2 (Mouse Specifics Inc., Framingham, MA). The software 
utilizes coding and artificial intelligence algorithms to detect the 
spatial coordinates and direction of pixels, enabling it to calculate 
either the duration spent in each gait phase or the distance between 
each paw. Data was averaged between left and right paws in both the 
forelimbs and hindlimbs.

2.3.3 Grip strength
A grip strength meter (Ugo Basile, Gemonio, Italy) was utilized to 

determine the maximum and average forces displayed by the mice in 

the forelimbs, hindlimbs, and all four limbs combined. This 
experimental procedure has been described previously 
(Papaneophytou et al., 2018). Uninjured male WT (n = 18), female 
WT (n = 19), male KO (n = 12), and female KO (n = 14) mice were 
assessed. For forelimb and all-limb testing, each mouse was held by 
the base of the tail and lowered onto the plastic grid to grip with its 
forepaws or all four paws, respectively. The mouse was then pulled 
away slowly, with the torso horizontal to the table, allowing the limbs 
to flex until the grip was released. For hindlimb testing, the mice 
gripped onto the triangle bar attachment with their forelimbs and 
were then lowered down until only the hindpaws were able to grip 
onto the plastic attachment. The same parallel pulling motion was 
used. A digital force transducer recorded the peak pull force (g). 
Tension was recorded when the mouse released the grip from the 
attachment. The order in which the mice were tested was randomized, 
and each mouse underwent five trials per grip type with about 30 min 
between each trial.

2.4 Involuntary motor behavior testing

2.4.1 In vivo flexor withdrawal testing
The flexor withdrawal reflex analysis was conducted on injured 

male WT (n = 8), female WT (n = 11), male KO (n = 8), and female 
KO (n = 9) mice to evaluate hyperreflexia and muscle spasms in the 
hindlimb. This experimental procedure has been described in detail 
previously (Tysseling et al., 2017). Briefly, electromyography (EMG) 
recording electrodes were placed in the tibialis anterior (TA) and 
lateral gastrocnemius (LG) muscles of the hindlimb under isoflurane 
anesthesia. Ball electrodes used to deliver electrical stimulation were 
then affixed to the plantar side of the hind paw to evoke the flexion 
withdrawal reflex. When the mouse was fully awake following 
cessation of gaseous anesthesia, the response threshold was 
determined by increasing the current amplitude by 10 μA increments 
until an observable movement in the hindlimb could be identified. 
After the threshold had been determined, 10 stimuli (5 pulses, 1 ms 
pulse width, 100 Hz) were applied at 5x threshold with a minimum of 
2 min of rest between stimuli, until a total of 5 viable recordings were 
obtained. A trial was considered viable when there was no substantial 
EMG activity for at least 1 s before the stimulation was applied. The 
final score was presented as the integral of the rectified EMG response 
normalized to baseline, with a magnitude of 0 indicating that no 
response was calculated above the baseline. The evoked reflex was 
divided into the short polysynaptic reflex (SPR; 0 ms – 40 ms), longer 
polysynaptic reflex (LPR; 40 ms – 500 ms), the long-lasting reflex 
(LLR; subdivided into LLR1, 500 ms – 1.5 s, LLR2, 1.5 s – 2.5 s, and 
LLR 3, 2.5 s – 3.5 s), and the total long-lasting reflex (total LLR, 500 
ms  – 3.5 s), and the total signal (summed trace; 40 ms  – 3.5 s) 
were calculated.

2.4.2 Ex vivo sacral cord preparation
Sacral cord preparation was conducted on injured male WT 

(n = 11), female WT (n = 16), male KO (n = 6), and female KO (n = 7) 
mice to evaluate spasm-like activity ex vivo. The detailed methodology 
for this experiment has been previously described (Mahrous and 
Elbasiouny, 2017). Briefly, mice were anesthetized with an 
intraperitoneal injection of urethane (≥ 0.2 g/100g). A dorsal 
laminectomy exposed the lower half of the spinal cord, and a 
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transection at L5-L6 enabled the removal of the entire sacrocaudal 
spinal cord (S1-Co2 segments) along with its attached spinal roots. 
The extracted tissue was maintained ex vivo in oxygenated artificial 
cerebrospinal fluid (ACSF) at room temperature (~21 °C) and allowed 
to rest for ~ 1 h before testing. The dorsal roots (DRs) and ventral 
roots (VRs) on both sides of the cord were mounted on bipolar wire 
electrodes. DRs were connected to an S88 Grass stimulator (A-M 
Systems), while VRs were connected to differential amplifiers (WPI, 
1000x gain, filtered between 300 Hz and 3 kHz). Trains of stimulation 
were delivered to the DRs (5 pulses, 0.1 ms pulse width, 25 Hz) at 
intensities of 2x threshold  – the minimal stimulation amplitude 
required to elicit a detectable VR response. The evoked VR responses 
were quantified by measuring the area under the curve of the rectified 
signal. To block synaptic inhibition, strychnine and picrotoxin (STR/
PTX) were added to the ACSF, and ~ 15 min were allowed to achieve 
full drug effects. Following drug application, DR stimulation elicited 
VR responses that persisted for several seconds (spasm-like activity). 
To prevent adaptation of spasm-like activity with repeated stimulations 
(Mahrous et al., 2024), a minimum 45-s period without stimulation 
was ensured. The spasm-like activity was analyzed within the long-
lasting reflex (LLR5; 500 ms – 5.5 s and LLR10; 500 ms – 10.5 s). Only 
the contralateral responses were taken for analysis, as previous studies 
have shown that evoked spasm-like activity is greater on the 
contralateral side than on the ipsilateral side (Lin et al., 2019).

2.5 Protein analysis

2.5.1 Tissue preparation
Uninjured male WT (n = 4), female WT (n = 4), male KO (n = 4), 

and female KO (n = 4) mice, as well as injured male WT (n = 4), 
female WT (n = 4), male KO (n = 4), and female KO (n = 4) mice were 
used for western blot analysis. Spinal cord tissue from the lumbar and 
sacral section of the cord was extracted following perfusion and 
separated beneath the ventral root L6. The tissue was immediately 
placed on ice and prepared for homogenization by sonication with 
T-PER (Thermo Scientific; Waltham, MA, USA) and Halt Protease 
Inhibitor Cocktail (Thermo Scientific; Waltham, MA, USA) and 
centrifuged at 10,000 g for 5-min. Supernatant was separated and 
aliquoted prior to being stored at −80 °C until ready for use.

2.5.2 Western blot
The protein concentration of each sample was determined using 

Pierce BCA Protein Assay reagent kit (Thermo Scientific; Waltham, 
MA, USA) in order to ensure equal protein loading per lane. Sample 
preparation consisted of combining the lysed and homogenized 
sample with sample buffer, reducing agent (BioRad; Hercules, CA, 
USA), and T-PER before heating the sample at 100 °C for 5-min to 
both denature the proteins and ensure that the proteins migrate based 
on size alone, as described previously (Anastasio et al., 2010; Li et al., 
2004). For each sample, 12 μg of protein extract was separated by 
10–15% SDS-PAGE (BioRad; Hercules, CA, USA) and transferred to 
PVDF membrane (Thermo Scientific; Waltham, MA, USA). 
Membranes were blocked in 5% non-fat dried milk solution for 1-h at 
room temperature before overnight incubation at 4°C with primary 
antibodies against 5-HT2CR, 5-HT2AR, and GAPDH. Each overnight 
incubation contained one primary antibody; therefore, probing for all 
antibodies took a total of 3 days. Following primary antibody 

incubation, each membrane was washed in TBS-T 3X for 5-min/wash 
before secondary incubation with the corresponding secondary 
antibody for 1-h at room temperature. Each blot had nine lanes; the 
first lane was Precision Plus Protein Dual Color Standard (Catalog 
#1610374, Bio-Rad; Hercules, CA) to visually assess and confirm the 
molecular weights of the proteins of interest, lanes 2–5 contained KO 
mouse tissue from either the lumbar or sacral spinal cord, and lanes 
6–9 contained WT mouse tissue from the same spinal cord section. A 
total of eight blots were analyzed: (1) uninjured female KO (n = 4) and 
WT mice (n = 4) (lumbar), (2) injured female KO (n = 4) and WT 
mice (n = 4) (lumbar), (3) uninjured male KO (n = 4) and WT mice 
(n = 4) (lumbar), and (4) injured male KO (n = 4) and WT mice 
(n = 4) (lumbar). The subsequent blots (5 through 8) used the same 
mice (n = 4 for each group) as the first four blots, but the sacral section 
was assessed instead of the lumbar section. The lane setup for each 
western blot can be found in Supplementary Table 7. Each blot was 
probed for 5-HT2CR (Catalog #MA5-32717, 1:1,000, Thermo 
Scientific; Waltham, MA, USA, RRID: AB_2809994) overnight on the 
first day, followed by goat anti-rabbit (Catalog #31460, 1:1,000, 
Thermo Scientific; Waltham, MA, USA, RRID: AB_228341) secondary 
antibody. The chemiluminescence kit (SKU #AC2103, Azure 
Biosystems; Dublin, CA, USA) was used to visualize and capture the 
immunoreactive band with the Azure 400 system (AZI400-01, Azure 
Biosystems; Dublin, CA, USA). The blot was then re-probed overnight 
on the second day with 5-HT2AR (sc-166775, 1:500, Santa Cruz 
Biotechnology, TX, USA, RRID: AB_2233203) primary antibody, 
followed by goat anti-mouse (Catalog #A-10668, 1:2,000, Thermo 
Scientific; Waltham, MA, USA, RRID: AB_2534058) secondary 
antibody and imaged once more. Finally, on the third day, the blot was 
re-probed overnight with GAPDH (Catalog #MA5-35235, 1:100,000, 
Thermo Scientific; Waltham, MA, USA, RRID: AB_2849138), a new 
goat anti-rabbit secondary antibody was used again, and the blot was 
imaged a final time. The western blots were analyzed using ImageJ 
software (Fiji, RRID: SCR_002285) to quantify band intensities. Both 
5-HT2CR and 5-HT2AR were normalized to the GAPDH 
signal intensity.

2.6 Statistical analysis

Statistical analysis was done using GraphPad Prism Software 
(Version 10.0.1, GraphPad, Boston, MA, RRID: SCR_002798), IBM 
SPSS (Version 29.0.2.0, IBM Corp., Armonk, NY, RRID: SCR_002865), 
and R Statistical Software (v4.1.0; R Core Team 2021, RRID: 
SCR_001905). Before analysis, data normality was assessed using the 
Shapiro–Wilk test. For DigiGait™ and grip strength data, a two-way 
ANOVA was used to test the effects of sex and injury. Diagnostic plots 
were also examined to confirm the assumptions of the two-way 
ANOVA before performing post hoc multiple comparisons using 
Fisher’s LSD test. For all other comparisons, residual plots, Q-Q plots, 
and homoscedasticity plots were examined to evaluate assumptions of 
normality and homoscedasticity. If data met normality (per Shapiro-
Wilk) and showed no evidence of violation of homoscedasticity, 
parametric t-tests were performed to compare two independent 
groups. If normality was violated, nonparametric Mann–Whitney 
U-tests were performed. Main effects and interactions were calculated 
to determine the standardized magnitude of sex and genotype 
differences: Partial Eta Squared (η2p) was reported for two-way 
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ANOVA comparisons, Cohen’s d for t-test comparisons, and the rank-
biserial correlation coefficient for Mann-Whitney U tests. The Pearson 
correlation coefficient was evaluated to assess the linear relationship 
between either mouse length or mouse width and various gait 
parameters. Actual difference values were calculated by taking the 
average value of each group and subtracting one group from the other. 
Statistical significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.

3 Results

3.1 Motor function in uninjured mice

3.1.1 KO mice exhibit decreased power and 
stability during forward locomotion

Previous reports have described conflicting results on the 
involvement of the 5-HT2CR in locomotion of uninjured mice (Heisler 
et  al., 2007; Hill et  al., 2011). Here, we  used the comprehensive 
DigiGait™ digital treadmill analysis to identify subtle differences and 
possible motor impairments in both sexes of WT and KO mice during 
normal ambulation at a fixed velocity.

The stride phase consists of the swing and stance phases, with 
stance further divided into brake (heel contact) and propulsion (toe-
off). To assess potential differences in stride composition, the 
percentage of time spent in swing, brake, propel, and stance 
(combined brake and propel) phases was analyzed in both the 
forelimbs and hindlimbs. A two-way ANOVA of the forelimb swing 
data revealed significant main effects of sex (F (1, 29) = 19.04, 
p = 0.0001, η2p = 0.396), genotype (F (1, 29) = 24.14, p < 0.0001, 
η2p = 0.455), and their interaction (F (1, 29) = 16.33, p = 0.0004, 
η2p = 0.360). Post hoc comparisons using Fisher’s LSD revealed that 

female WT mice spent 13.5 percentage points less time in swing, and 
male KO mice spent 14.4 percentage points less time in swing 
compared to male WT mice (Figure  1A) (p < 0.0001 for both 
comparisons). Correspondingly, female WT spent 8.5 percentage 
points more time in brake, and male KO mice spent 12.9 percentage 
points more time in brake compared to male WT mice (Figure 1B) 
(p = 0.0006 and p < 0.0001, respectively). Female KO mice also spent 
4.2 percentage points more time in the forelimb brake phase of stride 
than female WT mice (p = 0.0323). The forelimb data for brake also 
revealed significant effects of sex (F (1, 29) = 9.966, p = 0.0037, 
η2p = 0.256), genotype (F (1, 29) = 41.82, p < 0.0001, η2p = 0.591), and 
their interaction (F (1, 29) = 10.66, p = 0.0028, η2p = 0.269). The 
hindlimb swing two-way ANOVA revealed a significant main effect 
of genotype (F (1, 29) = 13.63, p = 0.0009, η2p = 0.320), but not sex 
nor their interaction. Fisher’s LSD post hoc comparisons indicate 
genotype-specific differences, with male KO mice spending 6.9 
percentage points less time in hindlimb swing, and female KO mice 
spending 6.1 percentage points less time in hindlimb swing than their 
WT counterparts (Figure  1E) (p = 0.0096 and p = 0.0206, 
respectively); however, no differences were revealed in the hindlimb 
analysis of brake (Figure 1F). While the percentage of time spent in 
the forelimb propel phase during stride remained unchanged across 
groups (Figure  1C), the hindlimb propel phase was significantly 
greater in female KO mice than female WT mice by 5.5 percentage 
points (Figure 1G) (p = 0.0048), and the two-way ANOVA revealed a 
significant main effect of genotype (F (1, 29) = 13.03, p = 0.0011, 
η2p = 0.310). Differences in the forelimb stance phase were sex- and 
genotype-dependent (Figure 1D), with female WT spending 13.5 
percentage points more time of the forelimb stride in stance, and male 
KO mice spending 14.4 percentage points more time of the forelimb 
stride in stance compared to male WT mice (p < 0.0001 for both 
comparisons). Additionally, the two-way ANOVA for hindlimb stance 

FIGURE 1

Male and female KO mice show altered stride phase composition compared to their respective WT counterparts. Box plots of the forelimb and 
hindlimb stride phase composition, including swing (A,E), brake (B,F), propulsion (C,G), and stance (combined brake and propulsion) phases (D,H). 
Significant differences were assessed using a two-way ANOVA, and post hoc comparisons were calculated using Fisher’s LSD test. Male WT (n = 5), 
female WT (n = 5), male KO (n = 12), and female KO (n = 11) mice were included in all analyses. The upper panels show forelimb data; the lower panels 
show hindlimb data. Solid significance lines indicate sex-specific differences, and dashed significance lines indicate genotype-specific differences. 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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revealed a significant effect of genotype (F (1, 29) = 13.63, p = 0.0009, 
η2p = 0.320), and post hoc comparisons indicate that both male and 
female KO mice spent a greater percentage (6.9 percentage points and 
6.1 percentage points, respectively) of hindlimb stride in stance 
compared to their WT counterparts (p = 0.0096 and p = 0.0206, 
respectively (Figure  1H). These results suggest mild sex- and 
genotype-specific differences in gait stride composition between male 
and female WT and KO mice.

As mentioned above, the stance phase can be further divided into 
brake and propel to provide additional information concerning the 
time at which either the heel or walking pad of the paw is contacting 
the belt. Upon independent examination of the stance phase, a 
two-way ANOVA of the forelimb brake and propel analyses revealed 
a significant main effect of genotype (F (1, 29) = 13.63, p = 0.0009, 
η2p = 0.390). Post hoc comparisons of the forelimb stance phase 
indicate that male KO mice spent 11.8 percentage points more time in 
brake (Figure 2A) (p = 0.0003), and 11.8 percentage points less time 
in propel (Figure  2B) (p = 0.0003) than male WT mice. In the 
hindlimb stance phase analyses, no differences were revealed across 
groups (Figures 2C,D). These results suggest that male KO mice have 
pronounced phenotypic alterations in forelimb stance composition, as 
the amount of time spent with the heel on the belt was greater in male 
KO mice than in male WT mice, and the amount of time spent with 
the walking pad of the paw on the belt was less in male KO mice than 
in male WT mice.

The stance width, the measured distance between either the 
forepaws or the hindpaws, of male and female WT and KO mice was 
compared to illuminate potential differences in the spatial 
arrangement of the forelimbs and hindlimbs. Sex-specific differences 
in stance width were revealed in the post hoc comparisons of the 
two-way ANOVA; however, only hindlimb stance width revealed 
significant main effects of sex (F (1, 29) = 23.37, p < 0.0001, 
η2p = 0.446) and genotype (F (1, 29) = 0.1703, p = 0.0324, η2p = 0.148) 
analyses. Post hoc comparisons show that female KO mice had a 
narrower stance width in the forelimbs by 0.23  cm (Figure  3A) 
(p = 0.0096) and hindlimbs by 0.27  cm (Figure  3D) (p = 0.0013) 
compared to male KO mice, whereas only the hindlimb stance width 
of female WT mice was more narrow than male WT mice by 0.4 cm 
(Figure  3D) (p = 0.0018). Genotype-specific differences varied 
between forelimb and hindlimb analyses, as female KO mice had a 
narrower forelimb stance width than female WT mice by 0.23 cm 
(Figure 3A) (p = 0.0390) and male KO mice had a narrower hindlimb 
stance width than male WT mice by 0.22 cm (Figure 3D) (p = 0.0321). 
Notably, these results suggest an inherent sex-specific difference in 
hindlimb stance width between male and female mice, regardless of 
whether the 5-HT2CR is functional or not, in addition to mild 
genotype-specific differences between WT and KO mice.

We next examined the paw area, or the surface area of the forepaw 
and hindpaw during peak stance, in which the largest surface area of 
the paw is in contact with the belt, to uncover differences between WT 

FIGURE 2

Male KO mice show altered stance phase composition compared to male WT mice. Box plots of stance phase composition, including brake (A,C) and 
propulsion (B,D) phases, in the forelimbs and hindlimbs of male and female WT and KO mice. Significant differences were assessed using a two-way 
ANOVA, and post hoc comparisons were calculated using Fisher’s LSD test. Male WT (n = 5), female WT (n = 5), male KO (n = 12), and female KO 
(n = 11) mice were included in all analyses. The upper panels show forelimb data; the lower panels show hindlimb data. Solid significance lines indicate 
sex-specific differences, and dashed significance lines indicate genotype-specific differences. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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and KO mice relating to the overall paw contact and toe splay during 
locomotion. Interestingly, the two-way ANOVA of forepaw area 
revealed a significant main effect of genotype (F (1, 29) = 5.630, 
p = 0.0245, η2p = 0.163), whereas the two-way ANOVA of hindpaw 
area revealed a significant main effect of sex (F (1, 29) = 12.60, 
p = 0.0013, η2p = 0.303). There were no differences in forelimb paw 
area between male or female WT and KO mice (Figure  3B). The 
hindlimb paw area of female WT was smaller than male WT mice by 
0.11 cm2, and the hindlimb paw area of male KO mice was also smaller 
than male WT mice by 0.07  cm2 (Figure  3E) (p = 0.0029 and 
p = 0.0165, respectively). These results suggest that the absence of the 
functional 5-HT2CR likely affects the paw surface area of male, but not 
female KO mice, and that there may be  a sex-specific biological 
difference in paw area between male and female WT mice.

Lastly, midline distance, the measurement of the total distance 
from the midline of the mouse’s body to its forelimb or hindlimb 
paw, was assessed to evaluate differences in paw positioning relative 
to the midline, which can reflect the mouse’s relative stability and 
posturing during locomotion. In the forelimb analysis, a two-way 
ANOVA revealed significant main effects of sex (F (1, 29) = 8.255, 
p = 0.0075, η2p = 0.222) and genotype (F (1, 29) = 20.18, p = 0.0001, 
η2p = 0.410). Post hoc comparisons reveal that male and female KO 
mice had less distance (0.91 cm and 0.63 cm, respectively) between 
the transverse midline and the forelimb paw than their respective 
WT counterparts (Figure  3C) (p = 0.0007 and p = 0.0154, 
respectively). Note that the negative midline distance on the y-axis is 
due to the directionality of the measurement. Additionally, female 

WT mice had less distance between the transverse midline and the 
forelimb paw by 0.64  cm than male WT mice (Figure  3C) 
(p = 0.0346). There were no differences in hindlimb midline distance 
between any group of mice (Figure 3H). These results suggest both 
inherent biological differences in WT mice, as well as the possibility 
that the KO mice lack the necessary muscular power and strength to 
extend the forelimbs to the extent that the WT mice are capable of, 
potentially indicating worsened stability during locomotion.

After assessing all gait parameters, we investigated whether the size 
of the mouse had any significant effect on stride length, stance width, 
and midline distance – all parameters that could be influenced by a 
longer or wider mouse. Notably, both WT and KO mice of both sexes 
had significant correlations with various parameters. There was a 
significant positive correlation between mouse length and the forelimb 
stance width of male WT mice (r (3) = 0.90, p = 0.0386), forelimb and 
hindlimb midline distance of male WT mice (r (3) = 0.91, p = 0.0297 
and r (3) = 0.98, p = 0.0032, respectively), and the forelimb midline 
distance of female KO mice (r (9) = 0.81, p = 0.0023) were significantly 
correlated with mouse length. There was a significant positive 
correlation between mouse width and the hindlimb stance width of 
male WT mice (r (3) = 0.99, p = 0.0004), the hindlimb stance width of 
male and female KO mice (r (10) = 0.73, p = 0.0073 and r (9) = 0.70, 
p = 0.0157, respectively), and the forelimb midline distance of male WT 
mice (r (3) = 0.95, p = 0.0143). These results suggest that the individual 
mouse length and width may have a significant effect on specific gait 
parameters assessed using the DigiGait™ system, regardless of whether 
the 5-HT2CR is functional or not.

FIGURE 3

Sex- and genotype-specific differences in stance width, paw area, and midline distance. Box plots of stance width (A,D), paw area (B,E), and midline 
distance (C,F) in the forelimbs and hindlimbs of male and female WT and KO mice. Significant differences were assessed using a two-way ANOVA, and 
post hoc comparisons were calculated using Fisher’s LSD test. Male WT (n = 5), female WT (n = 5), male KO (n = 12), and female KO (n = 11) mice were 
included in all analyses. The upper panels show forelimb data; the lower panels show hindlimb data. Solid significance lines indicate sex-specific 
differences, and dashed significance lines indicate genotype-specific differences. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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3.1.2 Female KO mice exhibit reduced hindlimb 
and all-limb grip strength

The average grip strength was next assessed in the forelimbs, 
hindlimbs, and in a combined all-limb measurement, as volitional 
ambulation is largely influenced by muscular strength. The peak force 
generated during a single, maximum-effort trial was also recorded 
(maximum grip strength). There were no significant differences revealed 
in the forelimb analyses (Figure 4A and 4D). In the hindlimb average 
analysis, a two-way ANOVA revealed significant main effects of both 
genotype (F (1, 57) = 22.73, p < 0.0001, η2p = 0.260) and the interaction 
between sex and genotype (F (1, 57) = 7.742, p = 0.0073, η2p = 0.120). In 
the hindlimb maximum analysis, a two-way ANOVA revealed significant 
main effects of both genotype (F (1, 57) = 8.954, p = 0.0041, η2p = 0.136) 
and sex (F (1, 57) = 4.456, p = 0.0392, η2p = 0.072). Post hoc comparisons 
revealed that female KO mice showed diminished average hindlimb grip 
strength by 20.4 g (Figure 4B) (p < 0.0001) and diminished maximum 
hindlimb grip strength by 21 g (Figure 4E) (p = 0.0043) compared to 
female WT mice, suggesting that female KO mice exhibit hindlimb 
muscle weakness compared to their WT counterparts. Additionally, 
female KO mice had lower hindlimb average grip strength by 11.1 g 
(Figure 4B) (p = 0.0131), lower hindlimb maximum grip strength by 16.6 
g (Figure 4E) (p = 0.0385), and lower all-limb average grip strength by 
29.8g (Figure 4C) (p = 0.0039) than male KO mice, suggesting a biological, 
sex-specific phenomenon exclusive to the mice that lacked the functional 
5-HT2CR. For the all-limb analyses, a two-way ANOVA revealed 
significant main effects of sex in both average (F (1, 57) = 11.95, p = 0.0010, 
η2p = 0.173) and maximum (F (1, 57) = 6.474, p = 0.0137, η2p = 0.102) 
all-limb grip strength. There were no significant differences revealed in 
all-limb maximum grip strength between any group (Figure 4F).

3.2 Motor function post-SCI

3.2.1 KO mice exhibited less spasm-like activity 
ex vivo post-SCI compared to WT mice

The reduction in hyperreflexia observed in 5-HT2CR KO mice may 
be due to a decrease in MN PICs, which are known to be facilitated by 
this specific receptor (Murray et  al., 2010; Tysseling et  al., 2017). 
We employed ex vivo ENG recording to further assess the long-latency 
response elicited from the ventral root in both SCI WT and KO mice, 
as previous research has shown that low-threshold stimulation evokes 
long-lasting reflexes (Bennett et  al., 2004; Mahrous et  al., 2024). 
We used 2x threshold stimulation of the dorsal roots on either side of 
the cord to activate low threshold and high threshold afferents, 
respectively (Figure  5A). The evoked ventral root long-latency 
response (LLR) over a period of 10 s was recorded and used for 
analysis (Figure 5B). Female WT and male KO mice had diminished 
LLR by 0.56 mV.sec and 0.92 mV.sec, respectively, than male WT mice 
(Figures 5C,E) (p = 0.0010 and p = 0.0011, respectively). Male KO 
mice also had diminished LLR compared to female KO mice by 0.30 
mV.sec (Figure 5D) (p = 0.0496). There were no significant differences 
in LLR revealed between female WT and female KO mice (Figure 5F). 
These results, which were corroborated by similar findings in the 
flexor withdrawal reflex analysis (see below), suggest that the male KO 
mice exclusively exhibit decreased spasm-like activity (or motor 
output) compared to male WT mice. The results of the WT 
comparison also suggest a difference between sex, in which female 
WT mice have less spasm-like activity than male WT mice with a large 
effect size of sex (Mann-Whitney U-test, rank-biserial correlation 
coefficient r = 0.61). These results may indicate that the sex of the 

FIGURE 4

Female KO mice exhibit reduced hindlimb and all-limb grip strength compared to female WT and male KO mice. Box plots of forelimb (A,D), hindlimb 
(B,E), and all-limb (C,F) average and maximum grip strength in male and female WT and KO mice. Significant differences were assessed using a two-
way ANOVA, and post hoc comparisons were calculated using Fisher’s LSD test. Male WT (n = 18), female WT (n = 19), male KO (n = 12), and female KO 
(n = 12) mice were included in all analyses. The upper panels show average grip strength data; the lower panels show maximum grip strength data. 
Solid significance lines indicate sex-specific differences, and dashed significance lines indicate genotype-specific differences. ****p < 0.0001, 
***p < 0.001, **p < 0.01, *p < 0.05.
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mouse and the 5-HT2CR both play a prominent role in enhancing 
spasms in male mice that have undergone chronic SCI, potentially via 
the increased facilitation of MN PICs.

3.2.2 Both sex- and genotype-specific differences 
revealed in western blot protein analysis

All three of the 5-HT2 receptor subtypes have been shown to 
possess similar molecular structure, pharmacology, and signal 
transduction pathways to one another (Parajulee and Kim, 2023). Of 
the three 5-HT2 receptor subtypes, 5-HT2A and 5-HT2C have been the 
most extensively studied for their role in motor function. It is unclear 
as to whether the 5-HT2CR or 5-HT2AR is upregulated post-SCI, 
because previous research using total protein analysis and mRNA 
analysis has presented conflicting results. Previous total mRNA 
studies examining rats that have undergone sacral transection have 
shown that the 5-HT2CR is not upregulated after sacral transection, but 
the constitutive activity of the receptors that are present is upregulated 
(Murray et al., 2010). Conversely, immunohistochemical studies and 
total protein analyses of the 5-HT2CR have shown that the 5-HT2CR 
protein is upregulated in the sacral cord 60 days post-sacral spinal 
transection as compared to sham rats (Murray et al., 2010; Ren et al., 
2013). In research conducted to investigate the closely related 
5-HT2AR, it has been suggested that the 5-HT2AR is upregulated in the 
sacral spinal cord post-sacral spinal transection (Kong et al., 2010).

To further examine possible mechanistic alterations that occur in 
WT and KO mice post-SCI, western blotting of spinal cord tissue was 

conducted to quantify the relative expression of 5-HT2CR and 5-HT2AR 
in both the lumbar and sacral spinal cord of both uninjured and 
injured WT and 5-HT2CR KO mice. A representative western blot 
showing 5-HT2C, 5-HT2A, and GAPDH expression is presented, with 
lanes 1–4 containing lumbar tissue extracted from four different 
uninjured female KO mice and lanes 5–8 containing lumbar tissue 
extracted from four different uninjured female WT mice, is shown 
(Figure  6P). Full western blot images are shown in 
Supplementary Figures 7–10. It is critical to address the presence of 
the 5-HT2C band in the uninjured female KO mice [as seen in the red 
rectangular box (Figure 6P)]. The foundational paper in which the 
specific 5-HT2CR KO mouse model was generated explicitly states that 
a nonsense mutation was introduced into exon 5 of the cognate gene, 
thereby eliminating the carboxy-terminal half of the protein. To the 
best of our knowledge, there is no monoclonal primary antibody 
available for use in which the antibody binds to the c-terminus of the 
5-HT2CR protein, and the reactive species is suitable for the mouse. 
Ultimately, it is well understood and confirmed with Jackson 
Laboratories that the 5-HT2CR is non-functional in the KO model 
used in this study, and the 5-HT2CR bands observed in the male and 
female KO mice were excluded and not considered for analysis 
because of the non-functionality of the receptor.

The following five comparisons were investigated: effect of injury 
on relative receptor quantity within each group, effect of genotype on 
relative receptor quantity within each sex, effect of sex on relative 
receptor quantity within each genotype, relative receptor distribution 

FIGURE 5

Male KO and female WT mice exhibit reduced spasm-like activity compared to male WT mice. Visual schematic of sacral cord preparation setup 
(A) and representative LLR ENG trace from sacral root over 10 s (B). Box plots compared LLR (10 s) activity between male WT and female WT (C), male 
KO and female KO (D), male WT and male KO (E), and female WT and female KO (F) mice. An unpaired t-test was used for comparison between male 
KO and female KO mice; all other comparisons used a Mann–Whitney test due to non-normal data distributions. Male WT (n = 11), female WT (n = 16), 
male KO (n = 6), and female KO (n = 7) mice were included in all analyses. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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within the spinal section (lumbar or sacral), and relative receptor 
distribution across spinal sections. All parametric western blot results 
can be  found in Supplementary Table  5, and all non-parametric 
western blot results can be found in Supplementary Table 6.

Five significant results were revealed when assessing the effect of 
SCI on the relative quantity of receptors. A full list of non-significant 
results can be found in Supplementary Tables 1, 2. Notably, four of 
these injury-related results were revealed in WT mice, while only one 
was revealed in KO mice. The relative quantity of the 5-HT2CR 
decreased after injury in the lumbar region and decreased in the sacral 
region of female WT mice (Figures 6B,C) (p = 0.0281 and p = 0.0158, 
respectively). In the lumbar region, the relative quantity of 5-HT2AR 
decreased after injury in male WT mice (Figure 6A) (p = 0.0486). In 

contrast to these results, the relative quantity of 5-HT2AR increased 
after injury in the lumbar cord of female WT mice (Figure  6D) 
(p < 0.0001) and increased in the lumbar cord of female KO mice after 
injury (Figure 6E) (p < 0.0001).

There were two significant differences revealed when the genotype 
was compared. While uninjured male KO mice had relatively less 
5-HT2AR expression in the lumbar section than uninjured male WT 
mice (Figure  6F) (p = 0.0322), uninjured female KO mice had 
relatively greater expression of 5-HT2AR in the lumbar section than 
uninjured female WT mice (Figure 6G) (p = 0.0422). These findings 
suggest that uninjured male and female KO mice have different 
baseline relative expression of 5-HT2AR relative to WT mice of their 
respective sex in the lumbar, but not sacral, section of the spinal cord.

FIGURE 6

Sex, genotype, and injury status affect the relative expression and distribution of 5-HT2AR and 5-HT2CR. The effect of injury is shown in panels (A–E); the 
effect of genotype (WT vs. KO) is shown in panels (F,G); the effect of sex (male vs. female) is shown in panels (H,I); the relative receptor distribution 
(5-HT2AR vs. 5-HT2CR) is shown in (J,K,N,O); and the spinal distribution of a specific receptor (lumbar vs. sacral) is shown in panels (L,M). A 
representative western blot (P) in which lanes 1–4 are four different tissue samples from the lumbar cord of uninjured female KO mice, and lanes 5–8 
are four different tissue samples from the lumbar uninjured female WT mice. Significant differences were assessed using an unpaired t-test Uninjured 
male WT (n = 4), uninjured female WT (n = 4), uninjured male KO (n = 4), uninjured female KO (n = 4), injured male WT (n = 4), injured female WT 
(n = 4), injured male KO (n = 4), injured female KO (n = 4) mice were included in all analyses. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Sex comparisons revealed two significant differences as well. In 
the lumbar section of both uninjured female WT and female KO mice, 
the relative expression of 5-HT2AR was reduced compared to their 
respective male counterparts of the same genotype (Figures 6H,I) 
(p = 0.0017 and p < 0.0001, respectively).

There were numerous differences revealed upon comparing the 
quantities of the two receptors to one another. This analysis increases 
our understanding of how the expression of each receptor differed 
within spinal sections, sex, and genotype. Injured male WT mice had 
greater 5-HT2CR than 5-HT2AR in the sacral cord (Figure  6J) 
(p = 0.0124), and uninjured female WT mice had greater 5-HT2CR 
than 5-HT2AR in both the lumbar and sacral cord (Figures 6K,N) 
(p = 0.0007 and p = 0.0428, respectively). Interestingly, female WT 
mice had more 5-HT2AR than 5-HT2CR in the sacral cord after injury 
(Figure 6O) (p = 0.0007).

The receptor distribution across spinal sections was also evaluated 
to identify differences between the relative quantity of 5-HT2CR and 
5-HT2AR within the lumbar and sacral spinal cord of each mouse 
group. In both uninjured female WT and KO mice, 5-HT2A expression 
was greater in the sacral cord compared to the lumbar cord 
(Figures 6L,M) (p < 0.0001 and p = 0.0155, respectively). This result 
aligns with the previous findings, in which it was suggested that the 
female mice may be  characterized by an intrinsic homeostatic 
mechanism that upregulates the 5-HT2AR post-SCI.

3.2.3 Male KO mice exhibited less hyperreflexia 
than male WT mice post-SCI

To assess whether the 5-HT2CR KO impacts the presence or extent 
of hyperreflexia following SCI, the flexor withdrawal reflex response was 
assessed in vivo by electrically stimulating the plantar side of the hindpaw 
while recording EMG activity in the LG and TA antagonistic muscle pair 
(Figures 7A,B). There was no difference in LG activity between either sex 
or genotype (Supplementary Figures 2, 3). In the TA, however, male KO 
mice had 0.0029 mV.sec less LLR EMG activity than male WT mice 
(Figure 7C) (p = 0.0379, Mann–Whitney U-test, r = 0.53). However, 
there were no significant differences in LLR revealed between female 
WT and female KO mice in the TA (Figure 7D). This suggests that the 
loss of the functional 5-HT2CR resulted in significantly reduced 
hyperreflexia in male mice, as revealed through decreased EMG activity 

from the TA muscle post-SCI. All flexor withdrawal reflex response 
results for the TA muscle can be found in Supplementary Figures 4, 5.

3.2.4 No difference in gross motor recovery 
post-SCI between KO and WT mice

The BMS open-field behavioral assessment was conducted to 
assess gross motor recovery near the chronic stage of injury. No 
differences were revealed between either sex or genotype of the mice 
(Supplementary Figure 6), suggesting that the recovery between male 
and female mice, regardless of genotype, did not differ. By week 10, no 
mouse scored above a 2, which is characterized by extensive ankle 
movement but no coordinated or consistent stepping activity, 
suggesting the transections were complete and that no mice used in 
the study regained gross motor movement post-SCI.

4 Discussion

This study was conducted to achieve a more comprehensive 
understanding of how the 5-HT2CR and sex differences are implicated 
in volitional and involuntary motor behavior in uninjured mice and 
post-SCI. In uninjured mice, the absence of the functional 5-HT2CR 
was shown to be associated with mild changes in gait kinematics and 
muscular strength. In SCI mice, the absence of the functional 5-HT2CR 
was shown to be  associated with decreased involuntary motor 
behaviors post-SCI, which was corroborated by the relative protein 
expression analyses. The protein analyses showed that the 5-HT2CR is 
primarily influenced by injury status, whereas the 5-HT2AR is more 
broadly influenced by the sex, genotype, and injury status of the mouse.

4.1 In uninjured mice, the 5-HT2CR 
marginally contributes to strength and 
stability during volitional movement

4.1.1 Genotype-specific differences in volitional 
locomotion between uninjured WT and KO mice

Comparing typical WT mice to a 5-HT2CR KO model by 
dissecting locomotion into specific gait kinematics using DigiGait™ 

FIGURE 7

Male KO mice exhibit reduced hyperreflexia compared to male WT mice. Visual schematic of the flexor withdrawal stimulating electrode and recording 
electrode placement in the mouse hindlimb (A), and representative male WT and male KO EMG traces with labeled LLR and LPR labeled (B). Box plots 
illustrating genotype-specific differences in LLR of the TA muscle between male WT and KO mice (C), and female WT and KO mice (D). Male WT 
(n = 8), male KO (n = 8), female WT (n = 11), and female KO (n = 9) mice were included in the analyses. A Mann–Whitney test was used for comparison 
between male WT and KO mice due to non-normal data distributions; an unpaired t-test was used for comparison between female WT and KO mice. 
LLR, long-latency response; LPR, longer polysynaptic response. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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is a novel approach used to achieve a greater understanding of whether 
the KO mice exhibit altered gait characteristics and stability deficits 
that have been previously unaccounted for in broader analyses of 
volitional behavior, such as open-field assessments.

Male KO mice spent 14.4 percentage points less time in forelimb, 
6.9 percentage points less time in hindlimb swing (a single-legged 
position), and more time in double-legged positions, such as forelimb 
brake (12.9 percentage points), and both forelimb (14.4 percentage 
points) and hindlimb (6.9 percentage points) stance compared to male 
WT mice. It is important to note that the combined percentage of time 
spent in swing and stance is 100% because that is a full gait cycle. 
Therefore, male KO mice spend less time in swing and an equivalent 
percentage more time in stance. Female KO mice also spent 6.1 
percentage points less time in hindlimb swing and 6.1 percentage 
points more time in hindlimb stance than female WT mice, suggesting 
that the KO mice exhibit mild proximal weakness and possibly 
compensate by increasing the amount of time spent in more-stable, 
double-legged positions as compared to male WT mice.

Male KO mice were also characterized as having a narrower 
hindlimb stance width by 0.22  cm and shorter forelimb midline 
distance by 0.91 cm compared to male WT mice, whereas female KO 
mice had a narrower forelimb stance width by 0.23 cm as well as a 
shorter midline distance by 0.63 cm compared to female WT mice. 
These findings suggest that the KO mice have a weaker foundational 
base of stability, as indicated by the tendency to keep the forelimbs 
near the midline and the hindlimb stance width closer than the WT 
mice of the respective sex. These differences in gait kinematics may 
suggest that the KO mice are unable to sustain stable positioning 
during locomotion. Recent studies conducted in aged mice have 
shown that the 5-HT2C agonist, Lorcaserin, significantly increased 
cervical motor evoked potential (cMEP) amplitude and improved 
both motor output and grip strength in mice (Kerr et al., 2025). Our 
findings provide further support that the 5-HT2CR is directly 
implicated in muscle contraction and volitional movement, as the loss 
of the functional 5-HT2CR results in marginal decreases in both 
muscular strength and stability in male mice.

4.1.2 Sex-specific differences in volitional 
locomotion between uninjured male and female 
mice

In addition to genotype-specific differences, comparisons between 
sexes within each genotype were assessed to ensure that potential 
innate biological differences between male and female mice were also 
addressed – a key difference between the current study and previous 
research. Emerging literature has shown significant differences between 
young adult (aged 18–40 years old) male and female human subjects 
regarding numerous gait parameters, including dynamic stability 
(Al-Makhalas et al., 2023). Notably, the study from Al-Makhalas et al. 
suggests that antero-posterior stability was greater in male than female 
subjects, a finding that is supported by the current study.

Female WT mice spent 13.5 percentage points less time in 
forelimb swing and 8.5 percentage points more time in forelimb brake 
and forelimb stance (13.5 percentage points) than male WT mice. 
These findings align with the genotype-specific results, in which male 
KO mice displayed mild proximal weakness and reduced stability as 
compared to male WT mice. This similarity between male KO mice 
and female WT mice may explain the lack of sex-specific differences 
between male and female KO mice. Furthermore, female KO mice 

exhibited decreased forelimb stance width by 0.23 cm compared to 
male KO mice, and both female WT and KO mice exhibited reduced 
hindlimb stance width (by 0.4 cm and 0.27 cm, respectively) compared 
to the male mice of their respective genotype. Female WT mice had a 
smaller paw area by 0.11 cm2 and shorter midline distance by 0.64 cm 
than male WT mice – once again replicating the same significant 
differences as those observed in the male KO mice. The presence of 
sex-specific significant differences suggests an inherent biological 
difference between sexes, with female mice exhibiting a more unstable 
gait during locomotion compared to male mice.

The average body length and width of each group (i.e., male WT, 
male KO, female WT, and female KO) of mice, and the correlation that 
those measurements had with the gait parameters, stride length, stance 
width, and midline distance were evaluated. It was hypothesized that 
larger mice would have different gait kinematics compared to smaller 
mice, which may be a sex-dependent phenomenon. Notably, the length 
of male WT mice had a significant correlation with forelimb stance 
width and forelimb and hindlimb midline distance. The width of male 
WT mice had a significant correlation with hindlimb stance width and 
forelimb midline distance. The length of female KO mice also had a 
significant correlation with forelimb midline distance, and the width of 
male and female KO mice also had a significant correlation with 
hindlimb stance width. These results suggest that the body size of each 
group of mice must not be ignored as a potential contributing factor to 
various gait parameters. It has been previously established that male 
mice have greater overall muscle mass as compared to female mice 
(Oydanich et al., 2019), which may explain the strong correlation with 
overall mouse length and width. Interestingly, the KO mice reflect 
similar correlations as well, suggesting that these sex differences are 
inherent regardless of the functional 5-HT2CR.

4.1.3 Genotype-specific differences in volitional 
grip strength between WT and KO mice

Although previous research has focused on investigating 
locomotive ability regarding 5-HT2CR, serotonin projection within the 
spinal cord has also been shown to regulate muscle tone (Stamm et al., 
2017). This research has suggested a strong positive relationship 
between muscle tone (tonic motor activity) and the firing rate of 5-HT 
neurons in the dorsal raphe nucleus, which has projections to the 
spinal cord (Jacobs et  al., 2002; Zhang et  al., 2024). It is largely 
unknown whether the 5-HT2CR is directly implicated in muscle tone; 
however, previous research has shown that the 5-HT2R does regulate 
motor unit discharge rates and contributes to voluntary muscle 
contraction in human subjects (Goodlich et al., 2023). Our results 
further support the connection between grip strength and the 
5-HT2CR. Female KO mice had weaker hindlimb average grip strength 
by 20.4 g and maximum hindlimb grip strength by 21 g compared to 
female WT mice, suggesting a marginal genotype-specific difference 
in distal muscular strength that predominantly appears in female KO 
mice, and is not observed in male KO mice.

4.1.4 Sex-specific differences in volitional grip 
strength between male and female mice

Female KO mice exhibited weaker average and maximum 
hindlimb grip strength by 11.1 g and 16.6 g, respectively, as well as 
weaker average all-limb grip strength than male KO mice by 29.8 g, 
suggesting that the female KO mice exhibit a mild, distal weakness in 
all limbs that is sex-dependent and is not replicated in the WT mice. 
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Female KO mice also exhibit weaker average and hindlimb grip 
strength compared to female WT mice, but this finding is not 
replicated in the male mice. As mentioned previously, it is well 
established that in the vast majority of mammalian lineages, males 
tend to have greater muscle mass than females  – i.e., sexual 
dimorphism is present regarding this characteristic (Oydanich et al., 
2019). This could contribute to the sex-specific differences observed 
in the female KO mice. Previous studies have identified two specific 
genes that are upregulated in females compared to males, growth 
factor receptor-bound protein 10 (GRB10) and activin receptor 
type-2A (ACVR2A), both of which are implicated in the regulation of 
skeletal muscle mass. However, the difference in muscle composition 
between sexes is thought to entail many more signaling pathways and 
genes than just the two identified thus far (Haizlip et al., 2015). Future 
studies assessing sex-specific differences in both volitional grip 
strength and gait kinematics between male and female mice, especially 
those that aim to understand the function of a specific gene, should 
strongly consider using ex vivo and in vivo experimental techniques 
to compare muscle fiber composition between both sexes and 
genotype to better understand sex differences in volitional 
grip strength.

In human studies, previous research has shown that administering 
the 5-HT2 antagonist cyproheptadine reduced cMEP amplitude 
during voluntary contraction of the biceps brachii during elbow 
flexion and at rest (Henderson et al., 2024; Thorstensen et al., 2021). 
These previous studies, in combination with the present study, provide 
strong evidence that 5-HT2 influences motoneuron excitability and 
motor output in both human and mouse subjects. These influences are 
particularly evident in assessments of volitional motor behavior, such 
as voluntary locomotion and grip strength.

4.2 Following SCI, KO mice exhibit less 
involuntary motor behavior ex vivo than 
WT mice

Our study utilized an SCI mouse model to evaluate potential sex- 
and genotype-specific differences in involuntary motor behavior after 
injury. We  hypothesized that the injured KO mice would exhibit 
decreased involuntary motor behaviors compared to the WT mice 
because 5-HT2CR signaling below the level of injury has been 
previously suggested to contribute to MN PIC activity and 
hyperreflexia in SCI mice (Murray et al., 2011a; Tysseling et al., 2017).

4.2.1 Genotype-specific differences in ex vivo 
hyperreflexia between WT and KO mice

Ex vivo sacral cord preparation was used to assess hyperreflexia 
and spasm-like activity in the spinal cords of SCI mice. No differences 
in hyperreflexia were revealed between female KO mice and their WT 
counterparts. However, male KO mice had significantly less 
hyperreflexia by 0.92 mV.sec compared to male WT mice. This result 
supports not only our hypothesis, but it also provides additional 
evidence in support of previous research that has shown that 5-HT2CR 
signaling below the level of injury contributes to MN PIC activity and 
hyperreflexia post-SCI.

Previous research using female rats has shown that the 
administration of the antagonist SB206553, which is used to block the 
5-HT2CR and 5-HT2BR, effectively inhibits the 5-HT2 agonist-induced 

increase in LLR, suggesting that these two specific receptors facilitate the 
LLR phase of spasms (Murray et al., 2011a). Although no differences 
were revealed between female WT and female KO mice in LLR10, the 
LLR5 (ranging from 500 ms post-stimulation to 5,500 ms) data revealed 
that the median value was greater in female KO mice (median = 0.4301, 
n = 16) than female WT (median = 0.3833, n = 7) mice 
(Supplementary Figure 1). A five-second LLR is much closer to the 
paper cited above, in which the LLR was quantified by averaging the 
response that ranged from 500 ms post-stimulation to 4,000 ms. 
Additionally, the antagonist SB206553 blocks both the 5-HT2CR and the 
5-HT2BR, the latter of which was unaccounted for in our analyses. 
Although the 5-HT2CR was genetically knocked out, we did not account 
for possible upregulation or other homeostatic mechanisms that may 
affect the expression of the 5-HT2BR. Additional research is necessary to 
distinguish between the specific roles of both the 5-HT2BR and 5-HT2CR 
to determine how spasm-like activity is mediated by each receptor.

Furthermore, it is critical to acknowledge that the 5-HT2C gene is 
X-linked, meaning that females have two copies of this gene, whereas 
male mice only have one copy (Heisler and Tecott, 2000). To the best of 
our knowledge, it remains unknown whether the second copy of the 
gene is silenced in female mice, as is typical of X-linked genes through 
the process of X-chromosome inactivation (Carrel and Brown, 2017; 
Lyon, 1961). Additional research, inclusive of heterozygous female KO 
mice, is required to fully understand whether the double copy of the 
5-HT2C gene causes additional effects on female (XX) mice, as it is 
unknown whether this gene is fully silenced and ineffective or if there are 
indeed pronounced alterations in volitional (i.e., gait and grip strength) 
and involuntary (i.e., in vivo flexor withdrawal and ex vivo sacral cord 
preparation) motor behaviors due to the presence of a double gene.

4.2.2 Sex-specific differences in ex vivo 
hyperreflexia between male and female mice

The ex vivo data also revealed that female WT mice had significantly 
less hyperreflexia by 0.56 mV.sec than male WT mice. This may suggest 
a sex-dependent phenomenon or a differing homeostatic mechanism 
between male and female WT mice. Previous research has shown 
evidence that female WT rats that have undergone an incomplete SCI 
(iSCI) have greater spontaneous locomotor recovery than male WT rats 
(Hauben et  al., 2002). Subsequent studies have shown that T cells 
involved in neuroprotection from secondary mechanisms of iSCI are 
specifically characterized by a sex-dependent phenomenon (Hauben 
et al., 2002, 2001; Moalem et al., 1999). Our findings provide additional 
evidence for a sex-dependent phenomenon regarding involuntary 
motor behavior (hyperreflexia) following complete SCI. In contrast to 
the WT data, female KO mice had greater hyperreflexia compared to 
male KO mice. However, this result may reflect a basement effect, as 
ENG activity was extremely reduced in the male KO mice.

4.3 Sex, genotype, and injury-dependent 
modulation of 5-HT2CR and 5-HT2AR 
expression in the lumbar and sacral spinal 
cord

As 5-HT2CR and 5-HT2AR have both been suggested to be involved 
in motor function, the goal of quantifying the relative protein expression 
of the 5-HT2CR and 5-HT2AR was to further examine how SCI, sex, and 
5-HT2CR KO influence the quantity and distribution of each receptor in 
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the lumbar and sacral spinal cord. Understanding potential changes in 
serotonergic signaling and receptor quantity may illuminate or provide 
supplementary evidence for the differences observed in volitional motor 
behavior in uninjured mice, and in involuntary motor behavior post-SCI.

4.3.1 Effect of injury on 5-HT2CR and 5-HT2AR 
protein expression

Our results suggest that the relative expression of 5-HT2CR 
decreased post-SCI in the lumbar and sacral spinal cord of female 
WT mice. Previous research has shown no difference in overall 
5-HT2CR mRNA expression post-SCI; however, the amount of 
RNA editing at a single site in the 5-HT2CR RNA has been shown 
to decrease after injury, leading to the increased expression of a 
specific isoform (INI), which facilitates PIC activity (Murray et al., 
2010). A possible explanation for this discrepancy is that mRNA 
expression measures the quantity of transcripts produced from a 
gene. However, it does not account for certain post-transcriptional 
or translational regulatory mechanisms that regulate functional 
protein expression that can be detected via western blot analysis. 
Our findings suggest the presence of potential changes in 5-HT2CR 
translational regulatory mechanisms or receptor degradation.

The relative quantity of the 5-HT2AR decreased after injury in 
the lumbar cord of male WT mice, but increased in the lumbar 
cord of female WT and female KO mice post-SCI. This upregulation 
in female KO mice may reflect a compensatory response to the 
absence of the functional 5-HT2CR. Correspondingly, ex vivo data 
show greater ENG activity in female KO mice compared to male 
KO mice, as well as a greater, though non-significant, median ENG 
activity than in female WT mice. These findings further support 
the presence of compensatory mechanisms involving 5-HT2AR 
expression in female KO mice. Although female WT mice also 
exhibit increased 5-HT2AR (and a decrease in 5-HT2CR) post-SCI, 
this upregulation does not translate into heightened motoneuron 
excitability in the ex vivo data. This suggests that the degree of 
5-HT2AR compensation in female WT mice is insufficient to match 
the functional compensation observed in female KO mice.

In regard to the decrease in 5-HT2AR in the lumbar cord of male WT 
mice, previous research has shown that the immunoreactivity of the 
5-HT2AR in male spinalized rats is upregulated below the lesion site 
compared to male sham rats (Kong et al., 2010). Contrarily, another 
study provided evidence that expression of 5-HT and the 5-HT 
transporter was downregulated after 2 days post-SCI, suggesting that the 
5-HT2AR may have a role in exacerbating involuntary motor behaviors 
(Kong et al., 2011). It is necessary to consider that the previous study 
visualized the S4 and Ca1 segments of the spinal cord after spinalization 
at the S2 level, whereas the current study used whole-tissue western 
blotting of the lumbar and sacral spinal cord following SCI transection 
at the T10 level, and all significant results were revealed in the lumbar 
cord, not the sacral. Notably, differences in 5-HT2AR expression between 
the present study and Kong et al. may be attributed to secondary injury 
effects such as ischemia and inflammation, which are known to impact 
regions of the spinal cord beyond the lesion site (Anjum et al., 2020).

4.3.2 Effect of sex on 5-HT2CR and 5-HT2AR 
protein expression

In uninjured mice, both female WT and KO mice had less relative 
expression of the 5-HT2AR than their respective male counterparts in 
the lumbar spinal cord. It would be  negligent to dismiss the well-
established link between serotonin and sex hormones upon discussing 

sex differences between male and female mice. Previous studies have 
shown an inconclusive involvement of the estradiol-17β (E2) receptor 
in serotonin binding and synthesis (Bendis et al., 2024). Some studies 
have shown that E2 stimulates an increase in 5-HT2AR expression in the 
dorsal raphe nucleus of female rats (Sumner and Fink, 1995), which 
may have a downstream effect on 5-HT within the spinal cord, 
stimulating increased 5-HT2AR protein expression in the lumbar or 
sacral cord. Interestingly, our western blot results show that this is not 
the case in the spinal cord; they instead suggest that the effect of sex 
gives rise to a more complicated picture. However, it is unknown 
whether there are underlying homeostatic mechanisms within the 
reticulospinal tract that would alter the 5-HT2AR quantity in the lumbar 
or sacral spinal cord, citing a need for further research on the 
relationship between E2 receptors and 5-HT within the spinal cord itself.

Furthermore, it has been widely established that the E2 receptor 
fluctuates both daily and monthly in females (Bendis et al., 2024). The 
menstrual cycle of female mice was not tracked through this study. 
The absence of this tracking is a confounding variable because the 
potential fluctuations in sex hormones that have been previously 
shown to impact the serotonergic system were not accounted for in 
our analyses. The menstrual cycle of female mice may have a 
significant impact on 5-HT2CR and/or 5-HT2AR expression, directly 
impacting the results of our western blot analyses and possibly 
extending further to affect the motor behavior results as well. Future 
studies investigating the effect of serotonergic receptors on male and 
female mouse behavior and tissue must consider tracking the 
menstrual cycle of female mice to provide further clarity on hormonal 
alterations that may directly impact their results.

4.3.3 Effect of 5-HT2CR KO mutation on 5-HT2AR 
protein expression

As discussed previously, the 5-HT2CR and 5-HT2AR are similar in 
structure, signaling, and function, as they are both subtypes of the 
5-HT2 receptor family and are both involved in motor control 
(Fonseca et  al., 2001; Halberstadt et  al., 2009; Parajulee and Kim, 
2023). Due to these similarities, it was hypothesized that the absence 
of the functional 5-HT2CR in the KO mice would cause an upregulation 
of the 5-HT2AR through a compensatory molecular mechanism. This 
hypothesis was only supported in uninjured female KO mice. 
Uninjured female KO mice had greater 5-HT2AR expression in the 
lumbar spinal cord than uninjured female WT mice, but uninjured 
male KO mice had lower 5-HT2AR expression in the lumbar spinal 
cord compared to uninjured male WT mice. These findings suggest a 
sex-dependent homeostatic mechanism possibly linking the regulation 
of the 5-HT2AR to the relative expression of the 5-HT2CR within the 
lumbar and sacral spinal cord, but additional research is necessary to 
fully understand the connection between 5-HT2CR and 5-HT2AR.

4.4 In SCI mice, male KO mice exhibit 
decreased involuntary motor behavior 
in vivo

4.4.1 Genotype-specific differences in in vivo 
hyperreflexia between WT and KO mice

An in  vivo assessment was employed to examine the flexor 
withdrawal response reflex in awake, SCI mice of each group. While 
sex- and genotype-specific differences were revealed in the ex vivo 
analysis, the in  vivo analysis revealed only genotype-specific 
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differences. There was a significant decrease in hyperreflexia by 0.0029 
mV.sec observed in the LLR of the TA muscle in the male KO mice 
compared to the male WT mice.

One explanation for this data is that female mice, having no 
difference in the amount of hyperreflexia when compared with male 
mice, may have a different internal mechanism connected to MN 
excitability and PICs after SCI. Another possible explanation for why 
the in vivo and ex vivo LLR data differ between sexes may be related 
to regional specificity within the spinal cord. Ex vivo sacral cord 
preparation involves stimulation and recording of the sacral spinal 
roots, whereas in vivo flexor withdrawal testing involves stimulation 
of sensory input to the lumbar spinal cord, and the motor output is 
recorded in the hindlimb muscle.

No differences in any phase of the response (i.e., LPR, LLR, TS) 
were revealed in the LG muscle. The TA and LG form an antagonist 
muscle pair and work in opposition to one another during the flexor 
withdrawal reflex. Following stimulation, the TA is stretched while the 
LG shortens due to the positioning of the limb and direction of the 
reflexive movement. This joint angle may preferentially engage the TA, 
contributing to the significant differences observed in this specific 
muscle, whereas the LG may have a more passive role and thereby 
limited EMG activity. There may also be a basement effect observed, 
as the overall EMG activity in the LG is much lower than the TA.

5 Future directions and limitations

The findings presented in the current study suggest that the 
5-HT2C receptor may serve as a novel therapeutic target to reduce 
involuntary motor behavior post-SCI. Future studies are necessary to 
better understand the specific mechanistic alterations that occur in the 
corticospinal circuitry following SCI, and how these alterations 
specifically affect the 5-HT2C receptor. Only the 5-HT2CR and 5-HT2AR 
were investigated in the present study; however, previous research has 
shown that both the 5-HT2BR and other noradrenergic inputs may also 
possess underlying mechanistic compensatory changes (Kiehn et al., 
1999; Lee and Heckman, 1999, p. 25; Murray et al., 2011a; Sqalli-
Houssaini and Cazalets, 2000). Without fully understanding these 
additional inputs, the role the 5-HT2CR has in motor function and 
involuntary motor behaviors post-SCI may be underestimated. Future 
research is needed to address the possible combinatorial relationship 
between noradrenergic, dopaminergic, and serotonergic input in 
spinal cord circuitry, both in uninjured and SCI subjects.

The current study is not without limitations. In the volitional 
assessments, the body weight of each mouse used was not recorded. 
Therefore, grip strength data were not normalized to body weight. 
This is a limitation in that the data collected from the grip strength 
assessment may reflect differences in mouse body weight, not true 
functional strength differences. Future studies assessing physiological 
strength should strongly consider normalization to subject weight to 
increase confidence in reporting true muscular strength differences.

Furthermore, previous human research has emerged showing that 
the initial firing rate of motor units in the vastus medialis and the vastus 
medialis oblique during an isometric ramp knee extension in female 
subjects fluctuates across the menstrual cycle (Tenan et al., 2013). The 
current study did not track the menstrual cycle of female mice; 
however, as sex differences were revealed in multiple experiments 
conducted, the lack of menstrual tracking may be  a confounding 
variable if motor unit discharge varied significantly between female 

subjects. Future studies should strongly consider tracking the menstrual 
cycle of female mice when assessing sex differences between male and 
female mice.

A prominent statistical limitation is the small sample size used in the 
western blot analyses. Only four biological replicates per group, across 
sixteen experimental conditions, were used in this experiment. This 
limited number of replicates reduces the statistical power to detect subtle 
differences, as well as increases the sensitivity to outliers or variability 
between replicates. The differences revealed in our data reached 
significance, suggesting that the significant effects are unlikely to be due 
to random variation. Regardless, increasing the sample size of mice used 
in the western blot analysis would improve both the statistical confidence 
and effect estimates. Future studies are strongly encouraged to increase 
the sample size of biological replicates to validate the findings from the 
current study and assess the generalizability of the results presented.

Importantly, the current study does not address potential 
compensatory changes in neuromodulation that arise from the birth 
of the 5-HT2CR KO mice. Due to the absence of the functional 
5-HT2CR from birth, other 5-HT2 receptors, especially those that are 
similar in molecular structure and signal transduction pathways 
(Barnes and Sharp, 1999), may compensate to adapt for any possible 
deficits observed in the 5-HT2CR KO mice. Therefore, it is challenging 
to definitively link the 5-HT2CR to the outcomes of this study without 
further analysis on both the dopaminergic and noradrenergic systems, 
as well as the other 5-HT2 receptors.

6 Conclusion

This study provides comprehensive behavioral and protein expression 
analyses that examine how the absence of the functional 5-HT2CR can 
affect volitional and involuntary motor behavior, and how the expression 
of two specific 5-HT receptors previously shown to be involved in motor 
function are altered in the sacral and lumbar spinal cord post-SCI. This 
study examined two serotonergic receptors from the 5-HT2 family, the 
5-HT2AR and 5-HT2CR, and their possible effect on MN excitability post-
SCI. However, serotonergic input is not the only input that is capable of 
mediating MN excitability post-SCI. The noradrenaline receptor, for 
example, has been shown to facilitate the recovery of PICs following a SCI 
(Heckman et al., 2009). Future research might consider additional analysis 
tailored to compare serotonergic receptors and noradrenergic receptors 
in order to determine whether one source of input has a larger effect on 
involuntary motor behavior post-SCI.

Gaining a comprehensive understanding of how the 5-HT2CR is 
involved in both volitional and involuntary movement post-SCI is 
necessary in order to determine how these receptors contribute to 
locomotive recovery and/or the severity of hyperreflexia/spasms. 
Examining how the expression and quantity of the 5-HT2CR and 
5-HT2AR are altered in the lumbar and sacral spinal cord post-SCI in 
both male and female mice may provide further insight that would 
allow for the development of novel and precise therapeutic strategies 
that target these specific receptors to assist in reducing the frequency 
and severity of muscle spasms post-SCI.
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SUPPLEMENTARY FIGURE 1

Male KO and female WT mice exhibit reduced spasm-like activity in LLR 5 
(s) compared to male WT mice. Box plots compared LLR (5 s) activity 
between male and female WT mice (A), male and female KO mice (B), 
male WT and male KO mice (C), and female WT and female KO mice (D). 
An unpaired t-test was used for comparison between male and female 
mice; all other comparisons used a Mann-Whitney test due to non-normal 
data distributions. Male WT (n = 11), female WT (n = 16), male KO (n = 6), 
and female KO (n = 7) mice were included in all analyses. ****p < 0.0001, 
***p < 0.001, **p < 0.01, *p < 0.05.

SUPPLEMENTARY FIGURE 2

No significant differences in hyperreflexia in the LG muscle between sexes 
within each genotype. Box plots illustrating sex-specific differences in LPR 
(A,D), LLR (B,E), and total signal (C,F) of the LG muscle between male and 
female WT mice (upper panel), and male and female KO mice (lower 
panel). Male WT (n = 8), male KO (n = 8), female WT (n = 11), and female 
KO (n = 9) were included in the analyses. An unpaired t-test was used for 
comparison of LPR and total signal between male and female WT mice 
and LLR between male and female KO mice; a Mann-Whitney test was 
used for all other comparisons due to non-normal data distributions. LLR, 
long-latency response; LPR, longer polysynaptic response. ****p < 
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

SUPPLEMENTARY FIGURE 3

No significant differences in hyperreflexia in the LG muscle between 
genotypes within each sex. Box plots illustrating genotype-specific 
differences in LPR (A,D), LLR (B,E), and total signal (C,F) of the LG muscle 
between male WT and KO mice (upper panel), and female WT and KO 
mice (lower panel). Male WT (n = 8), male KO (n = 8), female WT (n = 11), 
and female KO (n = 9) were included in the analyses. An unpaired t-test 
was used for comparison of LPR between female WT and KO mice and 
total signal between male WT and KO mice; a Mann-Whitney test was 
used for all other comparisons due to non-normal data distributions. LLR, 
long-latency response; LPR, longer polysynaptic response. ****p < 
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

SUPPLEMENTARY FIGURE 4

No difference in hyperreflexia in the TA muscle between sexes within each 
genotype. Box plots illustrating sex-specific differences in LPR (A,D), LLR 
(B,E), and total signal (C,F) of the TA muscle between male and female WT 
mice (upper panel), and male and female KO mice (lower panel). Male WT 
(n = 8), male KO (n = 8), female WT (n = 11), and female KO (n = 9) were 
included in the analyses. An unpaired t-test was used for comparison of 
LPR, LLR, and total signal between male and female KO mice; a Mann-
Whitney test was used for all other comparisons due to non-normal data 
distributions. LLR, long-latency response; LPR, longer polysynaptic 
response. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

SUPPLEMENTARY FIGURE 5

Only male KO mice exhibit reduced hyperreflexia compared to male WT 
mice in the LLR of the TA muscle. Box plots illustrating genotype-specific 
differences in LPR (A,D), LLR (B,E), and total signal (C,F) of the TA muscle 
between male WT and KO mice (upper panel), and female WT and KO 
mice (lower panel). Male WT (n = 8), male KO (n = 8), female WT (n = 11), 
and female KO (n = 9) were included in the analyses. An unpaired t-test 
was used for comparison of LPR, LLR, and total signal between female WT 
and KO mice; a Mann-Whitney test was used for all other comparisons 
due to non-normal data distributions. LLR, long-latency response; LPR, 
longer polysynaptic response. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p 
< 0.05.

SUPPLEMENTARY FIGURE 6

No significant difference in averaged Basso Mouse Scale (BMS) scores at 
chronicity (weeks 8–10). Box plots illustrating sex-specific differences in 
BMS between male and female WT mice (A) and male and female KO mice 
(B), as well as genotype-specific differences between male WT and KO 
mice (C) and female WT and KO mice (D). Male WT (n = 8), male KO (n = 
5), female WT (n = 7), and female KO (n = 6) were included in the analyses. 
An unpaired t-test was used for comparison of male and female WT mice 
and female WT and KO mice; a Mann-Whitney test was used for all other 
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comparisons due to non-normal data distributions. ****p < 0.0001, ***p < 
0.001, **p < 0.01, *p < 0.05.

SUPPLEMENTARY FIGURE 7

Full western blot results of 5-HT2C as shown in Figure  6P. Western blot 
analysis of 5-HT2C expression in uninjured female KO mice (bands 1 – 4) 
and uninjured female WT mice (bands 5 – 8).

SUPPLEMENTARY FIGURE 8

Full western blot results of 5-HT2A as shown in Figure  6P. Western blot 
analysis of 5-HT2A expression in uninjured female KO mice (bands 1 – 4) 
and uninjured female WT mice (bands 5 – 8).

SUPPLEMENTARY FIGURE 9

Full western blot results of GAPDH as shown in Figure 6P. Western blot analysis 
of GAPDH expression in uninjured female KO mice (bands 1 – 4) and uninjured 
female WT mice (bands 5 – 8).

SUPPLEMENTARY FIGURE 10

Full western blot results of Precision Plus Protein Dual Color Standard. The 
protein ladder was used in all western blots in lane 1 to visually assess and 
confirm the molecular weight of chemiluminescent bands from the 
protein of interest. Molecular weights (kDa) are listed on the left-hand side 
of each marker.
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