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Spinal Cord Injury Alters Spinal Shox2 Interneurons by
Enhancing Excitatory Synaptic Input and Serotonergic
Modulation While Maintaining Intrinsic Properties in
Mouse
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Neural circuitry generating locomotor rhythm and pattern is located in the spinal cord. Most spinal cord injuries (SCIs)
occur above the level of spinal locomotor neurons; therefore, these circuits are a target for improving motor function after
SCI. Despite being relatively intact below the injury, locomotor circuitry undergoes substantial plasticity with the loss of
descending control. Information regarding cell type-specific plasticity within locomotor circuits is limited. Shox2 interneur-
ons (INs) have been linked to locomotor rhythm generation and patterning, making them a potential therapeutic target
for the restoration of locomotion after SCI. The goal of the present study was to identify SCI-induced plasticity at the level
of Shox2 INs in a complete thoracic transection model in adult male and female mice. Whole-cell patch-clamp recordings
of Shox2 INs revealed minimal changes in intrinsic excitability properties after SCI. However, afferent stimulation resulted
in mixed excitatory and inhibitory input to Shox2 INs in uninjured mice which became predominantly excitatory after
SCI. Shox2 INs were differentially modulated by serotonin (5-HT) in a concentration-dependent manner in uninjured con-
ditions but following SCI, 5-HT predominantly depolarized Shox2 INs. 5-HT7 receptors mediated excitatory effects on
Shox2 INs from both uninjured and SCI mice, but activation of 5-HT2B/2C receptors enhanced excitability of Shox2 INs
only after SCI. Overall, SCI alters sensory afferent input pathways to Shox2 INs and 5-HT modulation of Shox2 INs to
enhance excitatory responses. Our findings provide relevant information regarding the locomotor circuitry response to SCI
that could benefit strategies to improve locomotion after SCI.
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Significance Statement

Current therapies to gain locomotor control after spinal cord injury (SCI) target spinal locomotor circuitry. Improvements in
therapeutic strategies will require a better understanding of the SCI-induced plasticity within specific locomotor elements and
their controllers, including sensory afferents and serotonergic modulation. Here, we demonstrate that excitability and intrin-
sic properties of Shox2 interneurons, which contribute to the generation of the locomotor rhythm and pattering, remain
intact after SCI. However, SCI induces plasticity in both sensory afferent pathways and serotonergic modulation, enhancing
the activation and excitation of Shox2 interneurons. Our findings will impact future strategies looking to harness these
changes with the ultimate goal of restoring functional locomotion after SCI.

Introduction
Spinal cord injury (SCI) compromises descending control of spi-
nal circuits below the lesion, often resulting in locomotor impair-
ments. Rehabilitation relies on the activity of spinal central
pattern generators (CPGs) that are capable of autonomously pro-
ducing the rhythmic, patterned activation of motor neurons and
muscles necessary for movement (Graham Brown, 1911). The
locomotor CPG is located below the level of most injuries and
remains relatively intact following SCI (Bussel et al., 1988;
Kjaerulff and Kiehn, 1996; Kremer and Lev-Tov, 1997); however,
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access to the CPG becomes limited. After SCI, sensory afferent
fibers which normally interact with the CPG to initiate and adapt
ongoing locomotion (McCrea, 2001; Rossignol et al., 2006;
Hultborn and Nielsen, 2007; Pearson, 2008; Akay et al., 2014) can
be activated by mechanosensory feedback or electrical stimulation
(Cote et al., 2017; Formento et al., 2018; Taccola et al., 2018).
Additionally, pharmacological manipulation of the receptors pres-
ent on spinal neurons within the CPG can induce and enhance
motor outcomes, particularly when combined with training and/
or electrical stimulation (Gerasimenko et al., 2007; Courtine et al.,
2009; Guertin, 2009). These strategies have largely focused on acti-
vating locomotor circuits as a whole, but current understanding of
spinal circuit organization allows for more precise neuronal popu-
lation targeting.

To achieve control of locomotor-related populations after
SCI, an understanding of both locomotor neuronal organization
and SCI-induced alterations is required. Plasticity after SCI is
evident at the molecular, cellular, and circuit levels (Edgerton et
al., 2004; Rossignol et al., 2008; Vinay et al., 2008). Changes to
motor neurons have been studied in great detail, where plasticity
includes alterations in membrane properties, dendritic spine
densities, persistent inward currents which mediate plateau
potentials, and sensitivity to serotonin (5-HT) (Bennett et al.,
2001a; Fouad et al., 2010; Bandaru et al., 2015). Advances in
genetics have established the identity and function of several
locomotor-related interneuron (IN) populations (Goulding,
2009; Kiehn, 2016). Despite this, cell type-specific plasticity and
the roles of IN populations in dysfunction and recovery after SCI
have only recently begun to be explored (Bui et al., 2016; Lin et
al., 2019). Changes to ion channel expression and excitability
have been observed in subpopulations of sensory processing INs
within the dorsal horn (Dougherty and Hochman, 2008; Rank et
al., 2015). However, intrinsic properties of locomotor-related
V2a INs remain unchanged after SCI but similar to motor neu-
rons, V2a INs display supersensitivity to 5-HT after SCI (Husch
et al., 2012). To date, V2a INs are the only locomotor-related
population to be examined in this manner.

Shox2 INs are of particular interest in the context of SCI as
they are involved in rhythm generation, locomotor patterning,
and receive low threshold inputs via excitatory and inhibitory
pathways (Dougherty et al., 2013; Ha and Dougherty, 2018; Li et
al., 2019). Whereas these previous studies of Shox2 INs were re-
stricted to neonatal preparations, the goal of the present study
was to determine the SCI-induced plasticity that occurs at the
level of adult Shox2 INs in terms of intrinsic and excitability
properties, serotonergic modulation, and sensory afferent con-
trol. We found that Shox2 INs in adult mouse lumbar spinal
cord receive synaptic inputs mediated by both excitatory and in-
hibitory sensory afferent pathways. Further, 5-HT modulates
Shox2 INs in a concentration-dependent manner, either reduc-
ing or enhancing excitability with activation of 5-HT7 receptors

increasing cellular excitability. Following a chronic thoracic spi-
nal transection, intrinsic properties of Shox2 INs do not change.
However, plasticity is evident within afferent pathways to Shox2
INs and 5-HT neuromodulation of Shox2 INs specifically involv-
ing 5-HT2B/2C receptors, favoring excitation. The lack of intrinsic
plasticity after chronic SCI suggests independence of CPG neu-
rons from descending control to perform locomotor functions.
However, changes at the levels of afferent and neuromodulatory
control will affect therapeutic strategies targeting these access
points to Shox2 INs to improve locomotor function. The present
work exposes important circuitry modifications to serve as an
entry point for future research aimed at improving SCI
therapies.

Materials and Methods
Mouse lines and experimental groups. Experiments were performed

using the Shox2::Cre; Rosa26-flox-Stop-flox-tdTomato (Ai9 from Jax
mice, #007909) transgenic mice (Madisen et al., 2010; Dougherty et al.,
2013). All experimental procedures followed National Institutes of
Health guidelines and were approved by the Institutional Animal Care
and Use Committee at Drexel University.

The experiments were performed in three different treatment condi-
tions: (1) mice without any surgical procedure (control mice n= 43), (2)
mice with identical surgical conditions to the SCI group (see below) but
without transection of the spinal cord (sham mice, n= 11), and (3) mice
with complete spinal transection surgery (SCI mice, n= 35). Shox2 INs
from control and sham groups did not show differences in the properties
measured (Table 1); therefore, we considered them as a single group
(uninjured mice).

SCI surgery. Male and female mice (6-10weeks old) were anesthe-
tized with isoflurane (4% induction, 2% maintenance). Dorsal skin
was shaved and sterilized with betadine and isopropyl alcohol. Incision
was performed from the thoracic to lumbar vertebral segments.
Following laminectomy, approximately one segment of spinal cord
was removed, resulting in a complete transection of the thoracic spi-
nal cord at T8-T10. In sham mice, the laminectomy was performed
with no transection of the spinal cord. Buprenorphine SR (0.5 mg/
kg) and either ampicillin (20mg/kg) or Baytril (10mg/kg) were
administrated subcutaneously perisurgically. Mice were monitored
and bladders were expressed manually twice daily. Spinal transected
mice were incapable of weight supported stepping and dragged their
hindlimbs. Terminal electrophysiology or immunocytochemistry
experiment occurred 6-10 weeks after transection. At the terminal
experiment, we visually inspected the lesion site to verify the com-
pleteness of the transection. In cases where lesions were observed to
be incomplete (n = 5), the data were excluded from analysis.

Immunohistochemistry. At the terminal experiment, 3 uninjured and
3 SCI mice were anesthetized with ketamine (150mg/kg) and xylazine
(15mg/kg) and perfused transcardially with 50 ml of 0.1 M PBS, followed
by 50 ml of 4% PFA in PBS. Spinal cords were then harvested from each
animal and fixed in 4% PFA solution for 2-3 h at room temperature.
Fixed spinal cords were subsequently maintained in 30% sucrose in PBS
for at least 24 h. Tissue was then blocked in OCT compound (Thermo

Table 1. Comparison of Shox2 in properties from naive and sham uninjured mice

Naive uninjured (mean 6 SD) Sham uninjured (mean 6 SD) Mann–Whitney U test or unpaired t test p*

Membrane potential (mV) �48.96 5 �46.66 5 t(62) = 1.4 0.1
Input resistance (MV) 731.66 372 742.26 485 U= 372 0.8
Capacitance (pF) 47.76 20 52.96 27 U= 372 0.7
Time constant (ms) 32.46 13 37.46 23 U= 337 0.9
Rheobase current (pA) 23.46 12 24.26 17 U= 356 0.6
Voltage threshold (mV) �36.96 4 �35.66 3 U= 369 0.1
AP half-width (ms) 1.16 0.4 0.96 0.3 U= 272 0.1
Spontaneous firing frequency (Hz) 0.36 0.5 0.96 1 U= 78 0.3
* p, 0.05, statistical significance.
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Fisher Scientific) over dry ice and stored at �80°. Spinal cords were sec-
tioned (25mm) transversely on a cryostat (Microm HM 505 E) and
directly mounted onto slides. For immunohistochemistry, slides were
washed in 0.1 M PBS solution for 10min (3�) before being bathed in
blocking solution containing 2.5 ml of donkey serum, 50 ml of 0.1 M

PBS, 0.8 ml of 0.3% Triton X-100 solution. Slides were incubated in rab-
bit anti-5-HT primary antibody (1:20,000, ImmunoStar) overnight at 4°
C and AlexaFluor-405 goat anti-rabbit IgG (1:400, Invitrogen) for 3-4 h,
before being coverslipped using Fluoromount-G (Thermo Fisher
Scientific). Images were acquired as sequential z stacks using a confocal
microscope (Leica Microsystems SP8). Images were focused with a 10�
objective on the regions most populated with labeled Shox2 (laminae
VII) from spinal cord hemisections, sections of 206� 206 pixels were
analyzed with custom-written MATLAB (The MathWorks) script.

Spinal cord preparations. For terminal electrophysiology experi-
ments, 10- to 16-week-old uninjured, sham, and transected (SCI) mice
were anesthetized with ketamine (150mg/kg) and xylazine (15mg/kg),
decapitated, and eviscerated. Spinal cords were then removed in ice-cold
dissecting solution containing the following (in mM): 222 glycerol, 3
KCl, 11 glucose, 25 NaHCO3, 1.3 MgSO4, 1.1 KH2PO4, and 2.5 CaCl2
and gassed with 95% O2 and 5% CO2 (Husch et al., 2012). The lumbar
spinal cord (L2-5) was sectioned transversely or parasagittally (300-350
mm) with dorsal roots attached (see Fig. 4A) using a vibrating microtome
(Leica Microsystems). Slices were next transferred to ACSF, containing
the following (in mM): 111 NaCl, 3 KCl, 11 glucose, 25 NaHCO3, 1.3
MgSO4, 1.1 KH2PO4, and 2.5 CaCl2 at 37°C for 30min and then pas-
sively equilibrated to room temperature for another 30min before re-
cording. Dissecting and recording solutions were continuously aerated
with 95%/5% O2/CO2.

Patch-clamp recordings. All recordings were performed at room tem-
perature. Fluorescently labeled (tdTomato) Shox2 INs were visualized
with a 63� objective lens on a BX51WI scope (Olympus) using LED illu-
mination (Andor Mosaic System). Patch electrodes were pulled to tip
resistances of 5-8 MV using a multistage puller (Sutter Instruments) and
were filled with intracellular solution, which contained the following (in
mM): 128 K-gluconate, 10 HEPES, 0.0001 CaCl2, 1 glucose, 4 NaCl, 5
ATP, and 0.3 GTP. Data were collected with a Multiclamp 700B ampli-
fier (Molecular Devices) and Clampex software (pClamp9, Molecular
Devices). Signals were digitized at 20 kHz and filtered at 4 kHz. Glass
suction electrodes were used to stimulate dorsal roots as distally as possi-
ble. The electrical stimulation was delivered at 0.1Hz frequency with
0.25ms pulse duration at 100-500 mA or 1-10 times the threshold in-
tensity that recruited the most excitable afferent fibers (xT) in the
dorsal root. Afferent volleys were recorded with glass suction elec-
trodes at the most proximal segment of dorsal roots (signal band-
pass filtered 1-1000 Hz; gain 1000).

Pharmacology. Stock solutions of drugs (1-10 mM) were made and
stored at �20°C until needed and then diluted in normal ACSF to experi-
mental concentration. SB206553 and ketanserin were dissolved in DMSO
and resulted in a final DMSO concentration of 0.02% in the bath. In subsets
of experiments, serotonin (5-HT, 0.01-100 mM), strychnine (10 mM), and/or
bicuculline (10 mM) were bath-applied for 8-15min each, depending on the
protocol. Cumulative dose–response curves for 5-HT were generated at
concentrations of 0.01, 0.1, 1, 10, and 100 mM. In experiments eluci-
dating the participation of specific 5-HT receptor subtypes, meas-
urements were done in three conditions: regular ACSF, 8-10min
after the application of the 5-HT antagonists SB206553 (1 mM),
ketanserin (1 mM), or WAY-100635 (10 mM), and 8-10 after a subse-
quent application of the agonist DOI (10 mM) or 8-OH-DPAT (10
mM). All drugs were purchased from Sigma Millipore.

Experimental design and statistical analyses. Data analysis was per-
formed with Clampfit (Molecular Devices) and MATLAB (The
MathWorks). Statistical tests and post hoc analyses used are stated for
each experiment and performed with GraphPad Prism (GraphPad
Software). All results were presented as mean 6 SD, unless otherwise
stated. Statistical significance was set at p, 0.05. The distribution of the
data was determined by Shapiro–Wilk normality test. The statistical
analysis used depended on the test for normal distribution and the ex-
perimental conditions. In the case of normally distributed data, we

performed paired t tests (comparison between before and after drug con-
ditions), one-sample t tests (comparison between % of control or deltas),
unpaired t tests (comparison between uninjured and SCI conditions),
repeated-measures one-way ANOVAs with Bonferroni’s post hoc test
(comparison for the effects of �3 concentrations), and two-way
ANOVAs with Bonferroni’s post hoc test (comparison between unin-
jured and SCI for the effects of �3 concentrations). In the cases where
data were not normally distributed, we performed Wilcoxon matched
pairs test (comparison between before and after drug conditions),
Wilcoxon signed rank test (comparison between % of control or deltas),
Mann–Whitney test (comparison between uninjured and SCI condi-
tions), Friedman with Dunn’s post hoc test for matched data (compari-
son for the effects of �3 concentrations), and Kruskal-Wallis with
Dunn’s post hoc test for nonmatched data (comparison for the effects
of �3 conditions between uninjured and SCI). In the experiments
considering fraction of total data, we performed binomial tests (for two
conditions) and x 2 tests (for more than two conditions). The detailed
statistical analysis for each experiment is reported in Results, figure
legends, and tables.

Results
Shox2 INs in the adult mouse
Shox2 INs are part of the locomotor CPG (Dougherty et al.,
2013). Recordings from Shox2 INs to date have been primarily
in neonatal and young mouse preparations (Dougherty et al.,
2013; Ha and Dougherty, 2018; Li et al., 2019). Therefore, we first
sought to determine the firing and cellular properties of Shox2
INs in adult mice. Fluorescent neurons in lumbar sections of
Shox2::Cre; lsl-tdTomato adult mice have a similar distribution
(Fig. 1A) to that reported in neonates (Dougherty et al., 2013),
with cells primarily located throughout lamina VII. Labeling of
afferent fibers that express Shox2 is prominent, particularly in
the dorsal horn. We performed whole-cell patch-clamp record-
ings from visually identified Shox2 INs in spinal cord slices from
adult mice. The majority of Shox2 INs in adult spinal cord dis-
played a tonic firing activity during step depolarizing currents
(Fig. 1Ci; 56 of 75 neurons). The remaining neurons fired either
with initial burst (Fig. 1Cii; 7 of 75) or with a delay (Fig. 1Ciii; 12
of 75). The mean threshold for the generation of an action poten-
tial was �36.66 4mV (n= 64 neurons). All neurons displayed
afterhyperpolarization with amplitude average of 13.96 3mV
(n= 64). These recordings show that Shox2 INs display one of
three firing properties, with most firing tonically throughout the
current step adult mouse lumbar spinal cord.

Minimal changes in Shox2 in properties following SCI
Cellular plasticity after SCI has been observed in unidentified
spinal INs and motor neurons located below the injury, affecting
their excitability (Bennett et al., 2001b; Boulenguez et al., 2010;
Bellardita et al., 2017). However, there is a rich interneuronal di-
versity in the spinal cord and cell type-specific plasticity is only
beginning to be identified (Dougherty and Hochman, 2008;
Husch et al., 2012). To identify chronic SCI-induced plasticity in
the intrinsic and excitability properties of Shox2 INs, we per-
formed a complete transection at T8/T9 spinal levels in mice,
6-10weeks before experiments (Fig. 2A). To corroborate the dis-
ruption of the supraspinal tracts to the spinal cord, we performed
immunohistochemistry with an antibody to 5-HT to label the
serotonergic axons in the lumbar cord and compared the pres-
ence of 5-HT descending axons in the uninjured and SCI mice
(Fig. 2B). The lumbar cord was devoid of 5-HT axon labeling in
sections from SCI mice (Fig. 2C), further supporting a lack of
supraspinal connections to the lumbar spinal cord. The number
of Shox2 neurons in sections from lumbar segments was not
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modified in complete spinal transected
mice (Fig. 2D; 31.3 6 5 and 35.36 4
Shox2 INs per hemisection in 3 unin-
jured and SCI mice, respectively, Mann–
Whitney test, U=3.0, p=0.7), suggesting
that Shox2 IN survival is not affected af-
ter SCI.

We measured the intrinsic proper-
ties of Shox2 INs from both uninjured
(n=64) and SCI (n= 47) mice. We did
not find differences in the resting mem-
brane potential (uninjured: �48.46
5mV; SCI: �47.86 5mV, Mann–
Whitney test, U = 1402, p = 0.54; Fig.
3A), input resistance (uninjured: 734.06
396 MV; SCI: 737.46 341 MV, Mann–
Whitney test, U=1498, p=0.7; Fig.
3B), and rheobase current (uninjured:
23.6 6 13 pA; SCI: 27.56 14 pA,
Mann–Whitney test, U=1309, p=0.08;
Fig. 3C) of Shox2 INs between the two
groups. Additionally, we found no signif-
icant difference in the whole-cell capaci-
tance (Cm), membrane time constant,
action potential half-width, and after hy-
perpolarization amplitude of Shox2 INs
between uninjured and SCI mice (Table
2). However, we found a slightly more depolarized voltage threshold
to generate action potentials in the SCI group (uninjured:
�36.66 4mV; SCI: �34.86 4mV, unpaired t test, t(110) = 2.1,
p=0.03; Fig. 3D). To determine whether the modest increase in the
threshold to produce action potentials affects the firing frequency of
Shox2 INs after SCI, we injected depolarizing current steps in these
neurons (Fig. 3E) and found that the number of spikes evoked by a
1 s injection of current increased linearly with the current in both
cases (Fig. 3F) with no changes in the slope of the fit linear regres-
sion (uninjured: 0.356 0.02Hz/pA, n=17; SCI: 0.386 0.02Hz/pA,
n=20). We observed a reduction in the incidence of tonic firing
Shox2 INs and an increased incidence of initial bursting Shox2
INs from SCI mice (tonic firing, initial bursting, and delay firing
for uninjured: 74.6%, 9.3%, and 16% and for SCI: 63.9%, 19.6%,
and 16.3%, respectively, x 2 test, x 2

(2) = 3.06, p=0.01; Fig. 3G).
Interestingly, a subset of Shox2 INs from both uninjured and SCI
mice spontaneously oscillate at resting, or more depolarized, mem-
brane potentials (Fig. 3H, uninjured: 27%, 8/29, black trace; SCI:
19%, 6/31, red trace). Together, these data show that chronic SCI
does not alter the majority of the properties related to excitability of
Shox2 INs.

SCI induces plasticity in sensory afferent pathways to Shox2
INs
Locomotor CPG networks are strongly modulated by sensory
afferent feedback, which allows for the adaptation of locomotion
to the environmental conditions (Rossignol et al., 2006;
Hultborn and Nielsen, 2007). Afferent feedback is particularly
important after SCI since the lack of supraspinal inputs to CPGs
leaves afferent fibers as the principal source of input to activate
locomotor networks (Edgerton et al., 2008; Rossignol and
Frigon, 2011; Wagner et al., 2018). Indeed, abolishing proprio-
ceptive and mechanoreceptive afferent feedback and silencing
sensory relay INs impairs locomotor recovery (Bouyer and
Rossignol, 2003; Takeoka et al., 2014; Bui et al., 2016). To eluci-
date the sensory afferent pathways to Shox2 INs and to
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determine whether changes occur in these pathways after SCI,
we used transverse (Fig. 4A) and sagittal (Fig. 4B) adult spinal
slice preparations with intact dorsal roots, to stimulate afferent
fibers while performing whole-cell patch-clamp recordings from
Shox2 INs.

In order to determine the possible afferent fiber types stimu-
lated in this preparation, we performed a set of experiments
where we stimulated the distal portion of a dorsal root while re-
cording the resulting afferent volley in the proximal segment of
the dorsal root attached to an adult slice. The stimulation
strengths were classified as a function of a threshold (T) to acti-
vate the most excitable fibers (Fig. 4C). We correlated the volley
thresholds with the stimulation current applied to the root (Fig.
4D). We found the threshold ranged from 13-80mA (mean =
38.86 29mA, n= 8).

We recorded postsynaptic potentials and currents in Shox2
INs evoked by dorsal root stimulation. The percentage of Shox2
INs receiving monosynaptic or polysynaptic sensory input was
similarly low in both uninjured and SCI mice, 12% (19 of 160)

and 17% (22 of 127), respectively (binomial t test two-tailed,
p= 0.07). This is likely to be a substantial underestimate given
the slicing procedure, which likely results in damage to some of
the afferent fibers projecting into the cord. Only Shox2 INs,
which responded to stimuli were considered for this section. We
considered Shox2 INs displaying postsynaptic potentials at stim-
ulation strengths of �100mA (corresponding to ;2.5T) to be
receiving low threshold afferent input and Shox2 INs responding
to stimuli.100mA to be receiving high threshold afferent input.
All Shox2 INs that responded to low threshold stimuli also
responded to higher threshold stimuli. We found that the per-
centage of Shox2 INs receiving low and high threshold afferent
inputs was the same between uninjured mice (24%, 4 of 17
received low threshold and 76%, 13 of 17 high threshold) and
SCI mice (24%, 5 of 21 received low threshold and 76%, 16 of 21
high threshold, binomial t test two-tailed, p. 0.9; Fig. 4E). The
limitations of the slice preparation, such as proximity of the stim-
ulus electrode to the cord, size of the roots, and slice/root integ-
rity, make it difficult to measure latency accurately. Trial-to-trial
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from uninjured (top) and SCI (bottom) mice. Gray represents tonic firing. Teal represents initial burst firing. Purple represents delay firing. H, Examples of Shox2 INs from uninjured (black) and
SCI (red) mice spontaneously oscillating in control recoding solution.

Table 2. Comparison of Shox2 IN properties from uninjured and SCI mice

Uninjured (mean 6 SD) SCI (mean 6 SD) Mann–Whitney U or unpaired t test p

Membrane potential (mV) �48.46 5 �47.86 5 U= 1402 0.54
Input resistance (MV) 734.06 396 737.46 341 U= 1498 0.7
Capacitance (pF) 48.96 21 40.36 15 U= 1392 0.05
Time constant (ms) 33.76 16 29.76 14 U= 1361 0.2
Rheobase current (pA) 23.66 13 27.56 14 U= 1309 0.08
F/I slope (Hz/pA) 0.356 0.02 0.386 0.02
AP threshold (mV) �36.66 4 �34.86 4 t(110) = 2.1 0.03*
AP half-width (ms) 1.136 0.4 1.126 0.3 U= 1436 0.8
Spontaneous firing frequency (Hz) 0.46 0.8 0.36 0.5 U= 190 0.8
sEPSP frequency (Hz) 1.36 0.3 1.46 0.5 U= 32 0.7
sEPSP amplitude (mV) 0.66 0.1 1.16 0.2 t(15) = 4.3 0.0006*

sIPSP frequency (Hz) 0.66 0.2 0.56 0.2 U= 31 0.7
sIPSP amplitude (mV) 0.56 0.1 0.96 0.2 t(15) = 4.4 0.0005*

* Statistical significance: p, 0.05.
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jitter and failures were evident in the ma-
jority of the responses evoked by dorsal
root stimulation (uninjured: 12 of 17; SCI:
13 of 19; Fig. 4F,G), suggesting that Shox2
INs primarily receive sensory afferent
input via polysynaptic pathways. However,
the possibility that some are monosynaptic
cannot be ruled out. These data demon-
strate that electrical stimulation of dorsal
roots produces synaptic inputs to Shox2
INs via predominantly polysynaptic path-
ways in similar proportions for uninjured
and SCI mice.

To determine the type of sensory affer-
ent input individual Shox2 INs received,
we recorded the postsynaptic responses at
resting membrane potential and classified
Shox2 INs as receiving excitatory (Fig. 5A)
or inhibitory input (Fig. 5B). Some of the
Shox2 INs receiving inhibitory inputs were
observed to have obvious excitatory com-
ponents at rest. Shox2 INs receiving inhib-
itory inputs were further subdivided into
exclusively inhibitory (Fig. 5Bi) or mixed
excitatory and inhibitory (Fig. 5Bii) input
based on evoked postsynaptic potentials or
currents at different membrane potentials
(Fig. 5Bi) or after fast inhibitory transmis-
sion blockade with bicuculline and strych-
nine (Fig. 5Bii); 43% (6 of 14) of the Shox2
INs from uninjured mice responded to
afferent stimulation with EPSPs; 57% (8 of
14) responded with IPSPs, and were fur-
ther subdivided into exclusively inhibitory
(21%, 3 of 14) or mixed excitatory and
inhibitory (33%, 5 of 14; Fig. 5C). After
SCI, only 1 Shox2 IN tested received de-
tectable IPSPs at rest. The remaining
Shox2 INs received EPSPs in response to
afferent stimulation (93%, 13 of 14; Fig.
5C, bottom). These data suggest that
Shox2 INs received sensory afferent input
mediated by both excitatory and inhibitory
pathways; and after SCI, there is a
significant (x 2

(2) = 14.5, p = 0.0007)
imbalance in these pathways enhancing
the excitatory response to sensory affer-
ent transmission.

One possible explanation for the lack of
evoked IPSPs in Shox2 neurons after SCI
is a change in chloride homeostasis, which may cause GABA or
glycine-mediated postsynaptic potentials to appear excitatory
because of a depolarization of the chloride reversal potential (Lu
et al., 2008; Boulenguez et al., 2010). Therefore, we examined
spontaneous synaptic inputs to a subset of Shox2 INs from both
uninjured (n=7) and SCI mice (n= 10) at the same membrane
potential at which the evoked responses were recorded (�50 to
�55mV; Fig. 5D). Shox2 INs showed similar frequencies of both
spontaneous excitatory postsynaptic potentials (sEPSPs,
1.36 0.3Hz and 1.46 0.5Hz in uninjured and SCI mice, respec-
tively, Mann–Whitney test, U=32, p= 0.7; Fig. 5Ei) and sponta-
neous inhibitory postsynaptic potentials (sIPSPs, 0.66 0.2Hz
and 0.56 0.2Hz in uninjured and SCI mice, respectively,

Mann–Whitney test, U= 31, p= 0.7; Fig. 5Ei). However, Shox2
INs from both uninjured and SCI mice received more sEPSPs
than sIPSPs (Kruskal–Wallis test, H=22.06, p, 0.0001, Dunn’s
post hoc test, p= 0.02 in uninjured and p= 0.001 for SCI; Fig.
5Ei). Interestingly, the amplitude of both sEPSPs and sIPSPs is
larger in Shox2 INs from SCI mice compared with uninjured
mice (sEPSPs: 0.66 0.1mV uninjured, 1.16 0.2mV SCI,
unpaired t test, t(15) = 4.3, p= 0.0006; sIPSPs: 0.56 0.1mV unin-
jured, 0.96 0.2mV SCI, unpaired t test, t(15) = 4.4, p=0.0005;
Fig. 5Eii; Table 2). A larger amplitude of the sIPSPs is opposite to
the result expected with a more depolarized chloride reversal
potential. Although we cannot rule out changes in the chloride
reversal potential with these recordings, our data demonstrate
that the increase in the sensory afferent excitatory inputs to
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Shox2 INs is not likely to be caused by changes in the Shox2 IN
chloride homeostasis.

5-HTmodulates the sensory afferent transmission to Shox2
INs
Serotonin reduces sensory afferent transmission to motor neu-
rons and dorsal horn INs (Hasegawa and Ono, 1996; Hochman,
2001; Honda et al., 2004; D’Amico et al., 2013; Garcia-Ramirez et
al., 2014). However, the serotonergic control of the afferent
transmission to specific interneuronal cell types is still unknown.
We sought to explore the serotonergic modulation of inputs to
Shox2 INs. To evaluate the serotonergic control of the sensory
afferent transmission and how it changes after SCI, we initially
brought Shox2 INs to ;–70 mV with bias current in current
clamp and recorded PSPs evoked by the stimulation of afferent
fibers. Following initial recordings, 5-HT (10 mM) was applied. 5-
HT significantly reduced the evoked postsynaptic potential am-
plitude recorded to 44.36 23% of the control (n= 8, Fig. 6A;
one-sample t test, t(7) = 6.6, p, 0.001). The PSP amplitude
reduction was similar in both uninjured and SCI mice (reduced

to 45.36 29% and 43.46 21% of control,
respectively, n= 4, Mann–Whitney test
U=7.0, p= 0.6; Fig. 6B). Interestingly,
the effects of 5-HT on the amplitude of
evoked EPSPs and IPSPs were different.
EPSPs recorded in Shox2 INs from unin-
jured (n=3) and SCI (n=2) mice were
reduced to 36.96 25% (n = 5) in the pres-
ence of 5-HT, while IPSP amplitudes were
similar in control and 5-HT (90.86 9% of
control, n=3 uninjured; Fig. 6C,D).
Furthermore, input resistance of Shox2
INs did not significantly change in the
presence of 5-HT in both cases (unin-
jured: 920.16 412 MV in control to
860.46 342 MV after 10 mM 5-HT, n=13;
and SCI: 576.46 297 MV in control to
688.96 377 MV after 10 mM 5-HT, n=6,
Mann–Whitney test, U=80, p=0.8 and
U=15, p=0.6 for uninjured and SCI,
respectively; Fig. 6E). These results suggest
that the 5-HT-mediated reduction in exci-
tatory synaptic transmission is primarily
because of actions presynaptic to Shox2
INs, either at the terminals of the afferent
fibers or at the INs in the pathways medi-
ating afferent transmission to Shox2 INs.

Alterations in 5-HT modulation of
Shox2 in after SCI
The supraspinal control of locomotor
networks includes pro-locomotor effects
produced by the 5-HT released from the
reticulospinal fibers (Jacobs and Fornal,
1993; Hochman, 2001; Madriaga et al.,
2004; Jordan et al., 2008). Further, CPG
neurons are expected to respond to drugs
that induce locomotion, such as 5-HT
(MacLean et al., 1995; Madriaga et al.,
2004; Dai et al., 2009). However, the cell
type-specific effects of 5-HT on CPG INs
and how this modulation changes after
SCI are only beginning to be explored

(Husch et al., 2012). To investigate the 5-HT modulation of
Shox2 INs, we performed whole-cell patch-clamp recordings of
Shox2 INs from uninjured and SCI mice and applied 5-HT at
different concentrations.

In general, low 5-HT concentrations depressed the activity of
Shox2 INs and higher concentrations enhanced the activity of
Shox2 INs from uninjured mice. These effects were also seen
in measures of membrane potential, rheobase, and evoked
firing frequency. We found that 5-HT produced a concentra-
tion-dependent change in some Shox2 IN properties (Table
3). At 0.1 mM 5-HT, excitability was reduced and produced a
significant hyperpolarization of the membrane potential
(from �54.26 5 to �56.36 5mV, repeated-measures one-
way ANOVA, Bonferroni’s post hoc test, F(19,57) = 20.99,
p = 0.0001; Fig. 7Ai, black/gray), resulting in a hyperpolariza-
tion of 2.06 1mV from control (n = 20, t(19) = 5.3,
p, 0.0001, one-sample t test; Fig. 7Aii). Similarly, at 0.1 mM

5-HT, there was a decrease in the firing frequency evoked by
injection of 1.5� rheobase current (to 69.26 47% of control,
one-sample t test, t(12) = 2.3, p = 0.03; Fig. 7Bi–Biii, black/
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Figure 5. Primary afferent-evoked inputs to Shox2 INs undergo changes following SCI. A–C, Classification of Shox2 INs depend-
ing on the type of synaptic potentials evoked by the stimulation of dorsal root afferent fibers. A, Example of a Shox2 IN receiving
an EPSP in response to afferent stimulation. B, Example of a Shox2 IN receiving an IPSP in response to dorsal root stimulation.
Neurons receiving IPSPs could be divided. Bi, Example of Shox2 IN receiving only inhibitory input, as confirmed by responses at dif-
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gray) and a reduction in spontaneous firing frequency at rest-
ing membrane potential (from 0.486 0.8 to 0.086 0.1Hz,
Friedman x 2

(3) = 21.7, Dunn’s post hoc test, p = 0.03; Fig. 7Ci,
Cii, black/gray). Measurements taken at 1 mM 5-HT were typi-
cally not significantly different from control conditions (Table
2; Fig. 7); however, 10 mM 5-HT significantly increased the
excitability of Shox2 INs and produced a depolarization of the
membrane potential (from �54.26 5 in control to �51.76
3mV, repeated-measures one-way ANOVA, Bonferroni post
hoc test, F(19,57) = 20.99, p = 0.001; Fig. 7Ai, black/gray), which
was 2.56 2mV more depolarized than control values (n = 20,
one-sample t test, t(19) = 4.3, p = 0.02). An increase in the firing
frequency was evoked by injection of 1.5� rheobase current

in 9 of 13 neurons (Fig. 7Bi–Biii, black/gray), the mean of which
(130.76 85% of control) was not significant (one-sample t test, t(11)
= 1.3, p=0.2), and an increase in spontaneous firing frequency was
observed (from 0.486 0.8 in control to 0.946 1Hz, Friedman x 2

(3)

= 21.7, Dunn’s post hoc test, p=0.01; Fig. 7Ci,Cii, black/gray).
Additionally, in a subset of Shox2 INs, we also recorded the
responses for 0.01 and 100mM 5-HT. The values at these concentra-
tions are not significantly different from control, possibly because of
the low number of Shox2 INs withstanding the full protocol (n=5);
however, a dual response is evident from the curves (Fig. 7Aii,Biii,
black).

We found that 5-HT modulation of Shox2 INs is significantly
different in chronic SCI mice. In SCI mice, the decrease in
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Figure 6. Serotonergic modulation of sensory afferent transmission to Shox2 INs. A, EPSPs evoked by stimulation of dorsal roots in control conditions (ACSF, artificial cerebrospinal fluid,
black trace) and after the application of 10 mM 5-HT (teal trace). B, PSP amplitude after 5-HT, normalized to control amplitude from uninjured (black bar) and SCI (red bar) mice. C, IPSPs
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Table 3. 5-HT effects on Shox2 in propertiesa

Control
0.1 mM 5-HT 1 mM 5-HT 10 mM 5-HT

mean 6 SD mean 6 SD p mean 6 SD p mean 6 SD p

Uninjured
Membrane potential (mV) �54.26 5 �56.36 5 0.0001* �53.26 4 0.3 �51.76 3 0.001*
Em, D from control N/A �2.06 1 ,0.0001* 1.06 2 0.1 2.56 2 0.02*
Input resistance (MV) 9016 471 8626 430 .0.9 8696 479 .0.9 8486 430 .0.9
Capacitance (pF) 41.66 14 39.56 12 .0.9 44.26 19 .0.9 41.36 13 .0.9
Time constant (ms) 39.36 24 36.26 23 0.8 38.96 22 .0.9 35.96 17 0.6
Rheobase current (pA) 24.86 15 25.26 17 .0.9 23.76 16 .0.9 22.46 18 0.1
Voltage threshold (mV) �37.46 3 �38.86 3 0.003* �40.56 3 ,0.0001* �41.76 4 ,0.0001*
Firing frequency at 1.5� rheobase (% of control) N/A 69.26 47 0.03* 99.96 44 0.9 130.76 85 0.2
Spontaneous firing frequency (Hz) 0.486 0.8 0.086 0.1 0.03* 0.406 0.4 .0.9 0.946 1.1 0.01

SCI
Membrane potential (mV) �53.96 7 �51.76 6 0.2 �49.96 6 0.01* �48.66 6 0.005*
Em, D from control N/A 2.26 3 0.05 4.06 3 0.003* 5.36 6 0.003*
Input resistance (MV) 5766 297 7006 411 0.2 6496 373 0.5 6886 377 0.2
Capacitance (pF) 43.96 11 38.16 9 0.07 39.66 12 0.5 42.96 12 .0.9
Time constant (ms) 26.46 16 28.36 19 .0.9 28.16 15 .0.9 34.46 23 0.5
Rheobase current (pA) 24.56 11 18.56 6 0.4 18.56 7 0.5 17.76 7 0.08
Voltage threshold (mV) �33.06 3 �36.86 3 0.11 �37.86 3 0.005* �38.96 4 0.001*
Firing frequency at 1.5� rheobase (% of control) N/A 167.86 88 0.02* 173.76 98 0.03* 185.36 85 0.01*
Spontaneous firing frequency (Hz) 0.246 0.3 0.666 0.7 0.7 1.16 0.9 0.02* 1.946 2.2 0.001*

a p values refer to Bonferroni’s or Dunn’s post hoc tests, as noted below. Comparisons for uninjured: membrane potential, repeated-measures one-way ANOVA (F(19,57) = 20.99) with Bonferroni’s post hoc test; Em D from con-
trol, one-sample unpaired t test (0.1 mM, t(19) = 5.2; 1 mM, t(19) = 1.6; 10 mM, t(19) = 4.3); input resistance, Friedman x 2

(3) = 0.6 with Dunn’s post hoc test; capacitance, repeated-measures one-way ANOVA (F(16,48) = 0.8)
with Bonferroni’s post hoc test; time constant, Friedman x 2

(3) = 2.9 with Dunn’s post hoc test; rheobase current, Friedman x 2
(3) = 5.4 with Dunn’s post hoc test; voltage threshold, repeated-measures one-way ANOVA

(F(16,48) = 72.1) with Bonferroni’s post hoc test; firing frequency at 1.5� rheobase (% of control), one-sample unpaired t test (0.1 mM, t(12) = 2.3; 1 mM, t(12) = 0.008; 10 mM, t(12) = 1.3); spontaneous firing frequency,
Friedman x 2

(3) = 21.7 with Dunn’s post hoc test. Comparisons for SCI: membrane potential, Friedman x 2
(3) = 12.2 with Dunn’s post hoc test; Em D from control, Wilcoxon signed ranked test (0.1 mM, W = 33; 1 mM,

W = 45; 10 mM, W = 52); input resistance, Friedman x 2
(3) = 3.4 with Dunn’s post hoc test; capacitance, Friedman x 2

(3) = 5.2 with Dunn’s post hoc test; time constant, Friedman x 2
(3) = 1.9 with Dunn’s post hoc test; rheo-

base current, Friedman x 2
(3) = 7.3 with Dunn’s post hoc test; voltage threshold, Friedman x 2

(3) = 15.2 with Dunn’s post hoc test; firing frequency at 1.5� rheobase (% of control), Wilcoxon signed ranked test (0.1 mM,
W = 32; 1 mM, W = 30; 10 mM, W = 39); spontaneous firing frequency, Friedman x 2

(3) = 14.3 with Dunn’s post hoc test.
*Statistical significance: p, 0.05.
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excitability of Shox2 INs at low 5-HT concentrations is lost,
whereas an increase in excitability is evident. As such, 0.1 mM 5-
HT did not hyperpolarize Shox2 IN after SCI (Fig. 7Ai,Aii).
Indeed, 0.1 mM 5-HT depolarized 7 of 10 Shox2 INs, although
the mean depolarization was not significant (from �53.96 7

control to �51.76 6mV, Friedman x 2
(3) = 12.2, Dunn’s post hoc

test, p=0.2; Fig. 7Ai, red). Significant depolarizations of Shox2
IN membrane potentials resulted from application of both 1 and
10 mM 5-HT (from �53.96 7mV control to �49.96 6mV, and
�48.66 6mV after 1 and 10 mM, respectively, Friedman x 2

(3) =
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Figure 7. Serotonergic modulation of Shox2 INs changes after SCI. Ai, Changes in the membrane potential of Shox2 INs from uninjured (black/gray bars) and SCI (red bars) mice after appli-
cation of increasing concentrations of 5-HT. One-way ANOVA with Bonferroni’s post hoc test to compare control and 5-HT concentrations within each group: *p, 0.05. Aii, Drug concentration-
response curves for the changes in the membrane potential in Shox2 INs from uninjured (black) and SCI (red) mice. Wilcoxon signed rank test to compare each value with control: *p, 0.05.
Two-way ANOVA with Bonferroni’s post hoc test to compare between uninjured and SCI in control and after each 5-HT concentration: #p, 0.05. Bi, Shox2 IN response to injection of 1.5�
rheobase current. Examples of Shox2 IN recordings from uninjured (left) and SCI (right) mice in control conditions and after the application of 0.1, 1, and 10 mM 5-HT. Bii, Summary of action
potential firing frequency in Shox2 INs in response to 1.5� rheobase current as a percentage of the control after the application different concentrations of 5-HT, from uninjured (black bars)
and SCI (red bars) mice. Wilcoxon signed rank test to compare each value with control: *p, 0.05. Two-way ANOVA with Bonferroni’s post hoc test to compare between uninjured and SCI in
control and after each 5-HT concentration: #p, 0.05. Biii, Drug concentration-response curves for the changes in the action potential firing frequency of Shox2 INs from uninjured (black) and
SCI (red) mice. Wilcoxon signed rank test to compare each value with control: *p, 0.05. Two-way ANOVA with Bonferroni’s post hoc test to compare between uninjured and SCI in control
and after each 5-HT concentration: #p, 0.05. Ci, Spontaneous firing of Shox2 INs from uninjured (top traces) and SCI (bottom traces) mice in control conditions and after application of increas-
ing concentrations of 5-HT. Cii, Mean spontaneous firing frequency at resting membrane potential of Shox2 INs in control conditions from uninjured (black) and SCI (red) and after the applica-
tion of different concentrations of 5-HT. Friedman test with Dunn’s post hoc test to compare each value with control: *p, 0.05. Two-way ANOVA with Bonferroni’s post hoc test to compare
between uninjured and SCI in control and after each 5-HT concentration: #p, 0.05. Error bars indicate mean6 SD. Dots represent individual cells.
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21.7, Dunn’s post hoc test, p=0.01 and p= 0.005; Fig. 7Ai, red).
When considering the depolarization of individual neurons (DEm),
1 and 10 mM 5-HT depolarized the neurons by 4.06 3 and 5.36
6mV, respectively (n=10, Wilcoxon signed rank test, W=45,
p=0.003 and W=52, p=0.003, respectively; Fig. 7Aii, red). There
was a significant increase in the firing frequency evoked by the appli-
cation of 1.5� rheobase current at 0.1, 1, and 10 mM 5-HT (to
1676 88%, 1736 98%, and 1856 85% of control after 0.1, 1, and
10 mM, respectively, Wilcoxon signed rank test, W=32, p=0.02:
W=30, p=0.03 and W=39, p=0.01; Fig. 7Bi–Biii, red).
Furthermore, there was a significant increase in the spontaneous fir-
ing frequency of Shox2 INs from SCI mice at 1 and 10 mM 5-HT
(from 0.246 0.2 in control to 1.16 0.9, and 1.96 2.2Hz for 1 and
10 mM, respectively, Friedman x 2

(3) = 14.3, Dunn’s post hoc test,
p=0.02 and p=0.001; Fig. 7Ci,Cii, red). The increase in spontaneous
firing frequency was concomitant with both a depolarization of the
membrane potential and a hyperpolarization of voltage thresholds
for action potential generation in Shox2 INs from both uninjured
and SCImice (Table 3).

The curves generated by the administration of 5-HT from 0.01
to 100 mM (Fig. 7Bii,Ciii) showed a shift in Shox2 IN from SCI
mice, suggesting 5-HT supersensitivity (leftward shift) and
enhancement of excitatory effects (upward shift). Furthermore,
there are significant differences when we compare the effects of
the same concentrations of drugs on Shox2 INs from uninjured
and SCI mice (Table 4; Fig. 7). The depolarization of individual
Shox2 INs (DEm) was significantly higher at 0.1, 1, and 10 mM 5-
HT in SCI mice compared with uninjured mice (mixed two-way
ANOVA [interaction F(2,26) = 0.7, p=0.4; groups F(1,28) = 13.6,
p=0.001; concentration F(3,56) = 13.8, p, 0.0001] with
Bonferroni’s post hoc test, �2.06 1 and 2.26 3 for 0.1 mM 5-HT
from uninjured and SCI mice, respectively, p=0.001; 1.06 2 and
4.06 3 for 1 mM 5-HT from uninjured and SCI mice, respectively,
p=0.02; and 2.56 2 and 5.36 6 for 10 mM 5-HT from uninjured
and SCI mice, respectively, p=0.05; Fig. 7Aii). Additionally, at 0.1
mM 5-HT, the firing frequency evoked by injection of 1.5� rheo-
base current was higher in Shox2 INs from SCI mice compared
with uninjured animals (69.26 88 and 167.86 88% of control
from uninjured and SCI mice, respectively, mixed two-way
ANOVA, interaction F(2,40) = 2.9, p=0.09; groups F(1,20) = 6.19,
p=0.02; concentration F(3,66) = 8.08, p=0.001, Bonferroni post hoc
test, p=0.01; Fig. 7Bi–Biii). At 10mM 5-HT, the spontaneous firing
frequency was higher in Shox2 INs from SCI mice than uninjured
mice (0.946 1 and 1.946 2 from uninjured and SCI mice, respec-
tively, mixed two-way ANOVA interaction F(3,84) = 2.39, p=0.07;
groups F(1,28) = 4.28, p=0.04; concentration F(3,84) = 8.8,
p, 0.0001 with Bonferroni post hoc test, p=0.04; Fig. 7Ci,Cii).
Together, 5-HT modulates Shox2 INs by at least two different
mechanisms in uninjured mice. The differential modulation of
Shox2 INs by 5-HT in uninjured cord suggests that the activation
of at least two different receptor subtypes is involved. After SCI,
excitatory modulation is increased and/or there is a decrease in in-
hibitory modulation.

Serotonin receptors involved in Shox2 modulation
The identity of the 5-HT receptors involved in the serotonergic
modulation of the CPG and locomotor control has been sug-
gested largely by observations of motor output, with 5-HT2 and
5-HT7 receptors producing pro-locomotor effects (Hochman,
2001; Madriaga et al., 2004; Liu and Jordan, 2005; Pearlstein et
al., 2005; Dunbar et al., 2010; Slawinska et al., 2014; Oueghlani et
al., 2020). However, recordings of motor output limits the ability
to determine differential participation of 5-HT receptors at the
pattern formation, rhythm generation, and motor neuron levels
(Liu et al., 2009; Cabaj et al., 2017; Majczy�nski et al., 2020).
Serotonin receptor agonists are used to improve locomotor out-
comes in animal models of SCI (Kim et al., 2001; Landry and
Guertin, 2004; Gerasimenko et al., 2007; Ichiyama et al., 2008;
Courtine et al., 2009; van den Brand et al., 2012; Slawinska et al.,
2014; Duru et al., 2015) and changes in the expression of 5-HT2A

and 5-HT2C receptors after SCI has been reported (Fuller et al.,
2005; Lee et al., 2007; Kong et al., 2010; Murray et al., 2010;
Husch et al., 2012; Navarrett et al., 2012; Ren et al., 2013). 5-HT1,
5-HT2A, and 5-HT7 receptor subtypes are expressed on locomo-
tor-related neurons in lamina VI and VII in cat (Noga et al.,
2009), but those involved in the serotonergic modulation of ge-
netically identified CPG neurons in uninjured and after SCI are
just starting to be elucidated (Husch et al., 2012).

In order to determine which 5-HT receptors are involved in
the excitatory modulation of Shox2 neurons, we first targeted the
5-HT7 receptors on Shox2 INs by applying the 5-HT1A/7 receptor
agonist, 8-OH-DPAT, together with the 5-HT1A receptor antag-
onist, WAY-100635 (Madriaga et al., 2004; Shay et al., 2005;
Cotel et al., 2013). In Shox2 neurons from uninjured mice, the
activation of 5-HT7 receptors depolarized the membrane poten-
tial (from�54.46 6 inWAY-100635 to�50.86 7mV inWAY-
1006351 8-OH-DPAT, paired t test, t(7) = 3.2, p= 0.01, n= 8;
Fig. 8A; Table 5). Similarly, in Shox2 neurons from SCI mice, the
activation of 5-HT7 receptors, depolarized the membrane poten-
tial (from�52.46 5 inWAY-100635 to�48.86 7mV inWAY-
100635 and 8-OH-DPAT, paired t test, t(11) = 2.9, p= 0.01,
n= 12; Fig. 8A; Table 5). The depolarization of Shox2 INs by the
activation of 5-HT7 receptors was not significantly different
between uninjured and SCI mice (see Table 8). However, the
rheobase current was also reduced in Shox2 neurons from
SCI mice (from 23.56 11 in WAY-100635 to -18.76 11 pA in
WAY-1006351 8-OH-DPAT, Wilcoxon test, W =�47, p= 0.01,
n= 12; Fig. 8B; Table 5), which represents a 22.26 20% reduc-
tion with respect to the antagonist only (n= 12, t(12) = 3.96,
p= 0.001, one-sample t test; see Table 8). Additionally, the volt-
age threshold for action potential was reduced in Shox2 neurons
from SCI mice after the activation of 5-HT7 receptors (from
�35.06 3 in WAY-100635 to �36.26 3mV in WAY-
1006351 8-OH-DPAT, paired t test, t(11) = 2.6, p=0.02, n=12;
Table 5). Sustained depolarizations indicative of plateau poten-
tials (Hounsgaard and Kiehn, 1989) became evident in 25% (5 of
20) Shox2 INs after the activation of 5-HT7 receptors (Fig. 8C).

Table 4. Comparison of 5-HT effects on Shox2 from uninjured versus SCI with mixed two-way ANOVA and Bonferroni’s post hoc testa

0.1 mM 5-HT 1 mM 5-HT 10 mM 5-HT

Uninjured SCI Post hoc test p Uninjured SCI Post hoc test p Uninjured SCI Post hoc test p

Em, D from control �2.06 1 2.26 3 0.001* 1.06 2 4.06 3 0.02* 2.56 2 5.36 6 0.05
Firing frequency at 1.5� rheobase (% of control) 69.26 47 167.86 88 0.01* 99.96 44 173.76 98 0.07 130.76 85 185.36 85 0.2
a Em, D from control: interaction, F(2,56) = 0.7, p= 0.4; groups F(1,28) = 13.6, p= 0.001; concentration F(3,56) = 13.8, p, 0.0001); firing frequency at 1.5� rheobase, % of control: interaction, F(2,40) = 2.4, p= 0.09; groups
F(1,20) = 6.1, p= 0.02; concentration F(3,66) = 8.0, p= 0.001.
*Statistical significance: p, 0.05.
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Spontaneous oscillations emerged in 3 of the 5 neurons with sus-
tained depolarizations after 8-OH-DPAT (Fig. 8D). These results
demonstrate that the activation of 5-HT7 receptors increases the
excitability of Shox2 INs both in uninjured and in SCI mice.

We next targeted the 5-HT2 receptors using the agonist, DOI,
together with the specific antagonists for either 5-HT2A receptors,
ketanserin (Hochman, 2001; Liu and Jordan, 2005; Oueghlani et
al., 2020), or 5-HT2B/2C receptors, SB206553 (Kao et al., 2006;
Fouad et al., 2010), to determine actions at 5-HT2B/2C and 5-HT2A

receptors, respectively. The effects produced by the agonist and
antagonist combined were compared with the effects produced by
antagonist alone. We found that, in both uninjured and SCI mice,
the activation of 5-HT2A receptors had no significant effect on any
of the intrinsic properties of Shox2 INs (Table 6; Table 8).

Similarly, the activation of 5-HT2B/2C

receptors did not significantly change
any of the intrinsic properties of Shox2
neurons measured from uninjured mice
(Table 7). Interestingly, the activation of
5-HT2B/2C receptors reduced the rheo-
base in Shox2 neurons from SCI mice
(from 24.36 15 in ketanserin to 18.26
12pA in ketanserin and DOI, paired t
test, t(8) = 2.58, p=0.03, n=9; Fig. 8B;
Table 7), which represents a reduction of
26.36 17% with respect to the solution
with the antagonist only (n=9, t(8) = 4.1,
p=0.003, one-sample t test; Table 8).
Further, 5-HT2B/2C receptor activation
depolarized the membrane potential
(from �55.76 6 in ketanserin to �52.66
8mV in ketanserin and DOI, paired t test,
t(8) = 2.69, p=0.02, n=9; Fig. 8A; Table 7).
The depolarization of the membrane
potential was significant in Shox2 neu-
rons from SCI compared with the
effects observed from uninjured mice
(SCI: 3.16 3mV, n= 9, uninjured:
�0.16 1 mV, n = 7, unpaired t test,
t(14) = 2.29, p = 0.03; Table 8).

Together, these data suggest that the
observed excitatory effects of 5-HT on
Shox2 neurons from uninjured mice are
mediated by 5-HT7 receptors. Further,
after SCI, activation of both 5-HT2B/2C

and 5-HT7 receptors results in excitatory
responses in Shox2 neurons, suggesting
that observed 5-HT supersensitivity is
due to the expression and activation of
5-HT2B/2C receptors, in addition to 5-HT7

receptors.

Discussion
In the present study, we demonstrate
that intrinsic excitability and firing prop-
erties of adult Shox2 INs are not altered
after SCI. Alterations are observed, how-
ever, in sensory afferent transmission to
and 5-HT modulation of Shox2 INs,
facilitating an overall excitatory response
of Shox2 INs to both afferent and neuro-
modulatory control. Further, serotoner-
gic modulation of Shox2 INs is mediated
by 5-HT7 receptors, but not 5-HT2

receptors, in uninjured and by both 5-HT7 and 5-HT2B/2C recep-
tors in SCI mice.

Adult Shox2 INs
Most previous studies examining the cellular properties, cir-
cuitry, and function of genetically identified INs were performed
in neonatal and juvenile preparations (Goulding, 2009; Kiehn,
2016). Although genetic manipulations have allowed for func-
tional identification in adults (Zhang et al., 2008; Talpalar et al.,
2013; Britz et al., 2015; Falgairolle and O’Donovan, 2019), infor-
mation on the cellular properties of adult neurons is currently
scant. One exception is the V2a INs (Husch et al., 2012, 2015),
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Table 8. Effects of 5-HT receptor activation on Shox2 in propertiesa

Uninjured SCI Uninjured vs SCI

mean 6 SD test p mean 6 SD test p test p

5-HT7 receptor activation Em, D from antagonist 3.66 3 t(7) = 3.2 0.01* 3.56 4 t(11) = 2.9 0.01* t(18) = 0.02 0.9
Rheobase current (% of antagonist) 87.06 25 t(7) = 1.4 0.1 77.86 20 t(12) = 3.9 0.001* t(19) = 0.9 0.3
Firing frequency at 1.5� rheobase (% of antagonist) 119.26 44 W= 9 0.4 101.16 39 W = �5 0.9 U= 24 0.3

5-HT2A receptor activation Em, D from antagonist 0.66 3 W = �2 0.9 0.46 2 t(9) = 0.5 0.6 U= 33 0.5
Rheobase current (% of antagonist) 98.46 29 t(7) = 0.1 0.8 91.46 26 W = �14 0.2 U= 33.5 0.5
Firing frequency at 1.5� rheobase (% of antagonist) 125.66 57 W = �14 0.4 91.06 24 t(9) = 1.1 0.2 U= 16.5 0.3

5-HT2B/2C receptor activation Em, D from antagonist �0.16 1 t(6) = 0.2 0.8 3.16 3 t(8) = 2.6 0.02* t(14) = 2.3 0.03*
Rheobase current (% of antagonist) 92.16 19 t(6) = 1.0 0.3 73.26 17 t(8) = 4.1 0.003* t(14) = 1.7 0.1
Firing frequency at 1.5� rheobase (% of antagonist) 99.36 9 W = �1 0.9 106.96 22 t(7) = 0.8 0.4 U= 20 0.6

a Uninjured and SCI, one-sample t test or Wilcoxon signed rank test (W); Uninjured versus SCI, unpaired t test or Mann–Whitney U test.
*Statistical significance: p, 0.05.

Table 6. Effects of 5-HT2A receptor activation on Shox2 in properties

5-HT2A receptor activation
a

Uninjured SCI

SB206553 SB206553 1 DOI Paired t test
or Wilcoxon (W) p

SB206553 SB206553 1 DOI Paired t test
or Wilcoxon (W) pmean 6 SD mean 6 SD mean 6 SD mean 6 SD

Membrane potential (mV) �58.76 5 �57.46 4 t(7) = 0.4 0.6 �55.26 6 �54.76 6 t(9) = 0.5 0.6
Input resistance (MV) 710.26 250 717.56 308 t(7) = 0.1 0.9 799.16 292 912.26 374 t(7) = 2.3 0.05
Rheobase current (pA) 28.26 11 26.26 8 t(7) = 0.7 0.4 24.56 11 18.56 6 t(9) = 1.5 0.1
Voltage threshold (mV) �36.96 4 �37.96 4 t(7) = 1.8 0.1 �35.76 3 �35.66 3 t(9) = 0.1 0.9
Spontaneous firing frequency (Hz) 0.046 0.07 0.176 0.25 W = 25 0.04* 0.116 0.24 0.356 0.74 W = 5 0.6
a For comparison of Shox2 in properties from uninjured and SCI mice in ACSF and the 5-HT2B/2C receptor antagonist (SB206553), see Extended Data Table 6-1.
*Statistical significance: p, 0.05.

Table 7. Effects of 5-HT2B/2C receptor activation on Shox2 in properties

5-HT2B/2C receptor activation
a

Uninjured SCI

Ketanserin Ketanserin 1 DOI Paired t test or
Wilcoxon (W) p

Ketanserin Ketanserin 1 DOI Paired t test or
Wilcoxon (W) pmean 6 SD mean 6 SD mean 6 SD mean 6 SD

Membrane potential (mV) �54.66 9 �54.76 9 t(6) = 0.2 0.8 �55.76 6 �52.66 8 t(8) = 2.67 0.02*
Input resistance (MV) 736.76 456 830.86 588 t(6) = 1.4 0.1 955.66 1057 11106 918 W= 31 0.07
Rheobase current (pA) 29.46 18 27.16 15 t(6) = 1.3 0.2 24.36 15 18.26 12 t(8) = 2.5 0.03*
Voltage threshold (mV) �33.56 4 �37.76 6 t(6) = 1.4 0.2 �37.16 5 �36.76 3 t(8) = 0.4 0.6
Spontaneous firing frequency (Hz) 0.086 0.15 0.116 0.18 W = 6 0.3 0.126 0.26 0.256 0.36 W = 22 0.07
a For comparison of Shox2 in properties from uninjured and SCI mice in ACSF and the 5-HT2A receptor antagonist (ketanserin), see Extended Data Table 7-1.
*Statistical significance: p, 0.05.

Table 5. Effects of 5-HT7 receptor activation on Shox2 in properties

5-HT7 receptor activation
a

Uninjured SCI

WAY-100635
WAY-100635
1 8-OH-DPAT

Paired t test or
Wilcoxon (W) WAY-100635

WAY-100635
1 8-0H-DPAT

Paired t test or
Wilcoxon (W)

mean 6 SD mean 6 SD p mean 6 SD mean 6 SD p

Membrane potential (mV) �54.46 6 �50.86 7 t(7) = 3.2 0.01* �52.46 5 �48.86 7 t(11) = 2.9 0.01*
Input resistance (MV) 463.86 128 490.96 156 t(7) = 1.3 0.2 660.16 318 717.06 453 W= 34 0.2
Rheobase current (pA) 32.66 17 26.06 9 t(7) = 1.8 0.1 23.56 11 18.76 11 W = �47 0.01*
Voltage threshold (mV) �36.76 3 �36.66 3 t(7) = 0.2 0.8 �35.06 3 �36.26 3 t(11) = 2.6 0.02*
Spontaneous firing
frequency (Hz)

0.126 0.17 0.426 0.5 W = 8 0.2 0.026 0.06 0.136 0.33 W = 23 0.1

a For comparison of Shox2 IN properties from uninjured and SCI mice in ACSF and the antagonist of 5-HT1A/7 receptors (WAY-100635), see Extended Data Table 5-1.
*Statistical significance: p, 0.05.
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which partly overlap with the Shox2 IN population. Shox21

nonV2a INs are implicated in locomotor rhythm generation,
and Shox21V2a INs are likely premotor INs (Dougherty et al.,
2013). Although we did not distinguish between Shox21nonV2a
INs and Shox21V2a INs, we observed oscillations in 23% of
Shox2 INs and similar oscillations were observed in V2a INs
only in the presence of 5-HT (Husch et al., 2015). Although simi-
lar firing properties were observed in V2a INs (Husch et al.,
2015) and Shox2 INs, delay and initial burst firing were more
prevalent in Shox2 INs. In addition to spontaneous oscilla-
tions, Shox2 INs share other properties displayed by CPG
neurons, including sensory afferent input and 5-HT modu-
lation (Brownstone and Wilson, 2008; Dougherty and Ha,
2019). Together, this suggests that, as in the neonatal prepa-
ration, adult Shox2 INs are part of CPG and may serve mul-
tiple roles.

Cell-specific SCI-induced plasticity
Most SCI-induced plasticity studies have focused on motor neu-
rons or unidentified INs (Guertin, 2012; Cote et al., 2017). Shox2
INs did not display SCI-induced changes in intrinsic properties
and excitability, similar to what has been shown in V2a INs
(Husch et al., 2012). Shox2 IN responses to sensory afferent stim-
ulation after SCI became predominantly excitatory, but sponta-
neous inhibitory inputs to Shox2 INs remained and were larger
in amplitude. This suggests that the lack of evoked inhibitory
responses is not because of changes in chloride homeostasis
(Boulenguez et al., 2010; Lu et al., 2018). Instead, the INs inter-
posed in inhibitory and excitatory primary afferent pathways to
Shox2 INs are affected differentially by the chronic lack of de-
scending control. This may include afferent sprouting (Krenz
and Weaver, 1998; Tan et al., 2012; Detloff et al., 2014)

increasing contacts to INs mediating the
excitatory pathways and/or changes in
the excitability of the interposed INs,
either facilitating the excitatory path-
ways and/or suppressing inhibitory
pathways (Fig. 9). These data demonstrate
that plasticity mechanisms after SCI do not
occur equally in all spinal INs and support
an overall conservation of CPG function
acted on by altered controlling systems.

Sensory afferent control of Shox2
neurons
Shox2 and Hb9 INs, populations of INs
linked to generation of locomotor rhythm
(Wilson et al., 2005; Dougherty et al., 2013;
Caldeira et al., 2017), both receive low
threshold sensory afferent input which can
perturb drug evoked locomotion in the
neonatal spinal cord (Hinckley et al., 2010;
Li et al., 2019). Similar to the neonate, adult
Shox2 INs receive synaptic inputs from
both low (presumably group I/II/Ab ) and
high threshold (presumably group III/IV/
Ad /C) afferent fibers. The adult slice prep-
aration limits the precise identification of
afferent fiber types and restricts the testable
inputs to local afferent projections so the
inputs here are likely underestimated. Both
monosynaptic and disynaptic excitatory
pathways contact rhythm generating INs

(Gossard et al., 1994; Iizuka et al., 1997; Stecina et al., 2005).
Although inhibitory pathways were not suggested in cat and rat,
Shox2 INs in neonatal mouse similarly displayed excitatory, inhibi-
tory, and mixed (both excitatory and inhibitory) responses to dorsal
root stimulation (Li et al., 2019), suggesting polysynaptic pathways
with excitatory and inhibitory INs interposed.

Sensory afferent transmission to spinal neurons is sophisticat-
edly modulated depending on circumstance and changes dynam-
ically during locomotion (Gossard, 1996; Rudomin and Schmidt,
1999; Rossignol et al., 2006; Hultborn and Nielsen, 2007). One
mechanism to control afferent synaptic transmission is through
serotonergic inhibitory actions on the terminals of afferent fibers
or INs (Wallis et al., 1993; Lopez-Garcia and King, 1996;
Jankowska et al., 2000; Dougherty et al., 2005; Garcia-Ramirez et
al., 2014). Surprisingly, we found that 5-HT selectively modulates
afferent transmission to Shox2 INs, depressing excitatory path-
ways but having no significant effect on inhibitory pathways.
This suggests an intricate 5-HT control of sensory information
during locomotion.

Plasticity of serotonergic control of Shox2 INs
5-HT induces locomotion by acting on the locomotor CPG
(Cazalets et al., 1992; Jacobs and Fornal, 1993; Madriaga et al.,
2004; Jordan et al., 2008). Here, we found that 10mM 5-HT depo-
larizes Shox2 INs and reduces the threshold for the action poten-
tial generation. However, 0.1 mM 5-HT produces the opposite
effect in uninjured mice, hyperpolarizing Shox2 INs and decreas-
ing the spontaneous firing frequency. This dual modulation sug-
gests the participation of different 5-HT receptor subtypes with
opposing actions, as occurs in motor neurons involving 5-HT1A

and 5-HT2 receptors (Cotel et al., 2013). Here, we found that
activation of 5-HT7 receptors, but not 5-HT2 receptors, results in
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Figure 9. Hypothesized SCI-induced plasticity of sensory afferent transmission to and serotonergic modulation of Shox2 INs.
A, In uninjured mice, sensory afferent transmission to Shox2 INs is mediated by both inhibitory and excitatory pathways. 5-HT
modulates Shox2 INs at a presynaptic level by the activation of inhibitory 5-HT receptors (5-HTi, i.e., 5-HT1) on the terminals of
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transmission pathway is excitatory, possibly because of an increased excitability of excitatory INs (pink) interposed between pri-
mary afferents and Shox2 INs and/or a reduction in the excitability in inhibitory INs (blue) interposed between primary afferents
and Shox2 INs and/or changes in the afferent fiber projections to interposed INs. 5-HT modulation of excitatory afferent path-
ways to Shox2 INs does not change; however, the postsynaptic modulation of Shox2 INs is mainly excitatory due to 5-HT7
receptors and an increase in 5-HT2B/2C receptor expression. Presynaptic modulation from inhibitory 5-HT receptors remains on
SCI; however, it remains uncertain if the expression on Shox2 INs is altered.

Garcia-Ramirez et al. · SCI-Induced Plasticity of Shox2 INs J. Neurosci., July 7, 2021 • 41(27):5833–5848 • 5845



excitatory actions on Shox2 INs in uninjured mice. The receptors
mediating the inhibitory actions at low 5-HT concentrations
remain to be determined, but the 5-HT1A receptors are a likely
candidate (Beato and Nistri, 1998; Cotel et al., 2013).

It is also possible that diverse receptors lead to differential
modulation of Shox2 IN subpopulations. Indeed, V2a INs, which
include Shox21V2a INs, display excitatory responses to 5-HT
(Husch et al., 2012); however, a reduction in the excitability of
V2a INs in low 5-HT concentrations was not reported. Thus, the
possibility of subpopulation-dependent modulatory properties,
particularly with regard to inhibitory modulation by 5-HT, is still
open. Differential 5-HT modulatory actions on Shox2 IN subpo-
pulations would provide one way for cell type-specific control
and gating during locomotion.

We found that there is a heightened excitatory response of
Shox2 INs to 5-HT after SCI, and our results suggest that this is
mediated mainly by 5-HT2B/2C receptors. Activation of 5-HT7

receptors increases the excitability of Shox2 INs from both unin-
jured and SCI mice, but activation of 5-HT2B/C receptors only
leads to significant effect after SCI. These findings reveal plastic-
ity at the level of 5-HT receptors on Shox2 INs. Similar 5-HT
supersensitivity effects have been demonstrated in motor neu-
rons (Kong et al., 2010; Murray et al., 2010), V2a INs (Husch et
al., 2012), and unidentified dorsal horn and intermediate zone
INs (Ren et al., 2013), were an upregulation in the expression of
5-HT2A and/or 5-HT2C receptors after SCI has been demon-
strated (Fuller et al., 2005; Kong et al., 2010; Murray et al., 2010;
Husch et al., 2012; Navarrett et al., 2012), presumably a compen-
satory response to the lack of descending excitatory drive.
Additionally, constitutively active 5-HT2C receptors are
expressed after SCI (Murray et al., 2010). The increased excita-
tion because of the activation of 5-HT2B/2C receptors was in the
presence of an agonist; however, the Shox2 INs from SCI mice
were hyperpolarized by the 5-HT2B/2C antagonist (Extended
Data Table 6-1), which suggests that constitutively active recep-
tors may be expressed. The loss of the inhibitory response of
Shox2 INs to 5-HT after SCI may correspond to an upregulation
of 5-HT2B/2C receptors masking any inhibitory effects; however,
we cannot rule out a possible downregulation of 5-HT1 receptors
and/or a reduction in 5-HT transporter (Husch et al., 2012).
Interestingly, we did not find changes in the 5-HT modulation of
afferent input to Shox2 INs after SCI, suggesting that the plastic-
ity produced by the lack of 5-HT descending control is not
global.

Therapeutic implications
Based on observations from patients with SCI and animal mod-
els, it has been inferred that CPG circuitry remains intact after
SCI (Calancie et al., 1994; Bussel et al., 1996; Barriere et al., 2008;
Guertin, 2014; Taccola et al., 2018). To circumvent the lack of
descending controls, therapeutic interventions aim to access
these circuits to activate and sustain locomotor control after
injury. Sensory afferent activation has been a primary way to
access CPG neurons in stimulation- and activity-based therapies
(Edgerton et al., 2008; Courtine et al., 2009; Capogrosso et al.,
2013; Cote et al., 2017). In animal models, administration of vari-
ous 5-HT receptor agonists in combination with activity- or
stimulation-based treatments further improves locomotor recov-
ery (Antri et al., 2005; Guertin and Steuer, 2005; Landry et al.,
2006; Musienko et al., 2011). Our results demonstrate that, after
SCI, sensory afferent inputs and descending control (5-HT mod-
ulation) change to prioritize the excitation of Shox2 INs. This is
likely adaptive and facilitates CPG activation. Future strategies

will need to balance the promotion of these beneficial changes
while restoring inhibition at these access points to regain control
of the CPG and restore locomotor function.
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