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Abstract figure legend Rhythm is an essential feature of mature locomotor behaviour, and it is encoded by spinal inter-
neurons. We utilized lumbar spinal Shox2 interneurons as a representative population of rhythmgenerating neurons
to investigate how putatively rhythmogenic conductances develop with postnatal age. Juvenile and adult mice, which
perform weight-bearing stepping, show increased diversity of intrinsic properties measured using whole cell patch clamp
compared to Shox2 interneurons from neonatal mice. We predict that there is strong interplay between the enhanced
conductances we identified in mature Shox2 INs, and we suggest that these conductances are employed dynamically to
shape and maintain robust rhythmic behaviour.

Shayna Singh received her Bachelor’s degree in biological sciences in 2019 from Drexel University. Her PhD has focused on
the intrinsic properties of and descending connections to spinal Shox2 interneurons in the context of locomotion. She aims
to continue researching motor physiology beyond her PhD. When she is not at the patch rig, she can be found on the micro-
scope looking at the neurons that she uses electricity to talk to. She values the combination of physiology and anatomy in her
examinations of the nervous system.
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Abstract Locomotor behaviours are performed by organisms throughout life, despite
developmental changes in cellular properties, neural connectivity and biomechanics. The basic
rhythmic activity in the central nervous system underlying locomotion is considered to be
generated via a complex interplay between network and intrinsic cellular properties. Within mature
mammalian spinal locomotor circuitry, we have yet to determine which properties of spinal inter-
neurons (INs) are critical to rhythmogenesis and how they change during development. Here, we
combined whole cell patch clamp recordings, immunohistochemistry and RNAscope targeting
lumbar Shox2 INs in mice, which are known to be involved in locomotor rhythm generation. Our
goal was to determine the postnatal developmental expression of voltage-sensitive conductances,
in addition to respective ion channels, in Shox2 INs. We show that subsets of Shox2 INs display
persistent inward currents, M-type potassium currents, slow afterhyperpolarization and T-type
calcium currents, which are enhanced with age. By contrast, the hyperpolarization-activated and
A-type potassium currents were either found with low prevalence in subsets of neonatal, juvenile,
and adult Shox2 INs or did not developmentally change. We show that Shox2 INs become more
electrophysiologically diverse by juvenile and adult ages, when locomotor behaviour becomes
weight-bearing. Computational modelling was used to simulate and reproduce electrophysiological
experiments for representative Shox2 INs to make predictions regarding the interactions between
experimentally recorded conductances and persistent inward currents, and bursting behaviour.
Our results suggest a developmental shift in the magnitude of rhythmogenic ionic currents and the
expression of corresponding ion channels that may be important for mature locomotor behaviour.

(Received 26 September 2024; accepted after revision 3 April 2025; first published online 2 May 2025)
Corresponding author K. J. Dougherty: Department of Neurobiology and Anatomy, Drexel University College of
Medicine, 2900 Queen Lane, Philadelphia, PA, 19129, USA.  Email: kjd86@drexel.edu

Key points

¢ The intrinsic and voltage-sensitive properties of locomotor-related neurons contribute to shaping
and maintaining activity.

e Shox2 interneurons (INs), similar to many other components of locomotor circuitry, are
well-characterized in the neonatal mouse.

e Electrophysiological recordings reveal that subsets of Shox2 INs express ‘rhythmogenic
properties; including persistent inward currents, M-type potassium currents and slow after-
hyperpolarization, as well as corresponding ion channels/RNA.

e Hierarchical clustering demonstrates that developmental changes seen are related to the
emergence of electrophysiological cell types, largely defined by strong rhythmogenic current
expression.

e Qur data suggest that Shox2 INs gain electrophysiological diversity with age, and that Shox2
INs from adult mice may employ enhanced voltage-sensitive conductances during rhythmic
locomotor activity.

J Physiol 603.10

Introduction

Rhythm generation is an essential function of the
nervous system. Rhythmic neuronal firing is vital to
nutrient intake (Marder & Calabrese, 1996; Spencer et al.,
2018), waste expulsion (Bywater et al., 1989), breathing
(Feldman, 1986) and locomotion (Dougherty & Ha, 2019).
Aberrant neuronal rhythms also arise in pathologies,
such as in neuropathic pain (Amir et al., 1999) and
Parkinson’s disease (Oswal et al., 2013). Within rhythmic

motor behaviours including mastication, respiration and
locomotion, neurons employ rhythmogenic network and
intrinsic properties to encode the timing of motor output
(Harris-Warrick, 2010). In the spinal cord, the locomotor
central pattern generator (CPG) includes dedicated
neurons for rhythmic locomotor output (McCrea &
Rybak, 2008). Neonatal rodents have been used in
many studies of neurons involved in locomotor circuitry
as a result of transgenic neuronal targeting and the

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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ability to evoke fictive locomotor activity in reduced
neonatal preparations (Cazalets et al, 1996; Cowley
& Schmidt, 1997; Dougherty et al.,, 2013; Kjaerulff &
Kiehn, 1996; Ziskind-Conhaim et al., 2010). Although
capable of producing locomotor-like behaviour, the
neonatal spinal cord is immature in its cellular and
synaptic properties (Borowska et al., 2015; Chang et al,,
1999; Ha & Dougherty, 2018; Sharples & Miles, 2021).
However, despite developmental changes within the spinal
locomotor CPG, locomotor rhythm generating neurons
are considered to remain rhythmogenic throughout
the life of the animal. Whether significant changes
developmentally occur in the intrinsic rhythmogenic
properties of locomotor CPG neurons is beginning to be
explored (Husch et al., 2015).

Spinal Shox2 interneurons (INs) are a putative
rhythm-generating population in the mouse spinal
cord (Dougherty et al, 2013) and are positioned to
be rhythm-generating in that they are ventromedially
located, excitatory and form mutual connections
(Brownstone & Wilson, 2008; Dougherty et al., 2013,
Ha & Dougherty, 2018). Furthermore, silencing these
neurons decreases the frequency of locomotor-like
activity in the isolated neonatal spinal cord (Dougherty
et al., 2013). Previous work has shown that neonatal
Shox2 INs are highly interconnected by gap junctional
coupling, with decreasing prevalence as the mouse
ages (Ha & Dougherty, 2018). Rhythmicity is evident
in neonatal Shox2 INs during fictive locomotion
(Dougherty et al., 2013) but, in the adult spinal slice,
where network connections are limited to those that are
local within the slice, a small subset of Shox2 INs display
spontaneous oscillations (Garcia-Ramirez et al., 2021).
These findings indicate that Shox2 INs are rhythmogenic
even within a limited network and potentially employ
intrinsic rhythmogenic properties which change with
age. Although lumbar spinal Shox2 INs represent a
heterogeneous population (Garcia-Ramirez et al., 2022)
and are not the only locomotor-related rhythmogenic
neuron type (Bertho et al, 2024; Chalif et al.,, 2022;
Ziskind-Conhaim et al., 2010), we use them in the pre-
sent study as a representative neuronal population for
rhythmogenic spinal CPG neurons.

Rhythmicity of CPG neurons, as in many other
rhythmogenic neuron types across the nervous system,
is maintained and shaped, at least in part, by potentially
rhythmogenic ionic currents (Harris-Warrick, 2010).
These include slowly inactivating inward currents
which maintain the sustained depolarization needed
for burst firing, such as persistent inward currents
(PICs), hyperpolarization-activated current (Iyy) and
T-type calcium current (Iy) (Harris-Warrick, 2002,
2010; Verneuil et al., 2020). To balance this, outward
or hyperpolarizing currents also shape rhythmic firing,
such as slow afterhyperpolarization (sAHP) and M- (Iy)

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.

Spinal Shox2 interneuron development 3203

and A-type (Ip) potassium currents (Harris-Warrick,
2002, 2010; Verneuil et al, 2020). These putatively
rhythmogenic currents may be employed in a myriad
of combinations across different biological contexts
(Alonso & Marder, 2020). Additionally, each ionic current
is mediated within individual neurons by a suite of
voltage-sensitive ion channels that we are beginning to
understand using genetic and histological tools. Moreover,
the rhythmic firing in neurons is determined by the
combination of passive and active cellular properties.
Within these complexities of rhythmogenic intrinsic
properties, there may be future therapeutic targets for
the modulation or restoration of rhythm in the spinal
locomotor CPG following injury (Brocard et al., 2016).
Accordingly, it is crucial to understand rhythmogenic
spinal CPG neurons in adult animals, where cellular
properties and connections have reached maturity.

In the present study, we sought to determine which
ionic currents are present in Shox2 INs and how they
change with postnatal development in mice. Using
whole-cell patch clamp electrophysiology, we found
that all examined putatively-rhythmogenic currents
are present in small or large subsets of Shox2 INs.
Strong PICs which persist onto the descending phase
of a symmetrical voltage ramp and sAHPs are largely
absent in Shox2 INs from neonatal mice. We found
that Iy, similar to PICs, increases in magnitude with
age. Furthermore, subsets of Shox2 INs across post-
natal development express channels that are known
to contribute to PICs, Iy and sAHP. Because it is the
combination of passive and active cellular properties that
determine the interactions resulting in intrinsic rhythm,
we performed unbiased hierarchical clustering of all
measured electrophysiological parameters. This revealed
electrophysiological subtypes of Shox2 INs that were
age-dependent. Computational modelling was used to
reproduce voltage ramp experiments for representative
age-specific Shox2 IN subtypes based on clustering.
These single Shox2 IN models suggest the contribution
of different currents to PICs and predicted bursting
behaviour in response to pharmacologically enhancing
PICs in adult Shox2 INs. Taken together, experimental
and modelling data suggest that the conductances pre-
sent in Shox2 INs are enhanced with postnatal age, may
interact dynamically and could contribute to bursting
behaviour.

Methods
Ethical statement

All experimental procedures followed National Institutes
of Health guidelines and were approved by the
Institutional Animal Care and Use Committee at Drexel
University (Protocols 20901 and LA-23-731). We under-
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stand and are in compliance with the animal ethical
principles under which The Journal of Physiology operates.

Mouse lines

All animal experiments were performed using the
following transgenic mouse lines: Shox2::Cre (Dougherty
et al.,, 2013); R26-Isl-tdTomato (Ai9 from The Jackson
Laboratory; #007909) (Madisen et al, 2010); and
Shox2::Cre; R26-Isl-tdTomato; Vsx2-eGFP  (Vsx2-EGFP
from Mutant Mouse Regional Resource Centre;
#011391-UCD) (Gong et al., 2003). Neonatal [postnatal
day (P)2-5, 7], juvenile (P14-21) and adult (P60-138)
transgenic mice were used for this study. Mice were group
housed under a 12:12 h light/dark photocycle, fed ad
libitum and had unrestricted access to water.

Slice preparation

To access lumbar spinal Shox2 INs in the spinal slice,
juvenile and adult mice were first anaesthetized with
ketamine (150 mg kg~!) and xylazine (15 mg kg™ ).
Following decapitation and evisceration, spinal cords were
removed from all mice in ice-cold dissecting solution.
The dissecting solution used for neonatal mice (P2-5)
contained the following (in mm): 111 NaCl, 3 KCl, 11
glucose, 25 NaHCO;3, 3.7 MgSQOy, 1.1 KH,PO, and 0.25
CaCl,. For juvenile and adult mice, the dissection solution
contained (in mm): 222 glycerol, 3 KCl, 11 glucose,
25 NaHCOs, 1.3 MgSOy4, 1.1 KH,PO,4 and 2.5 CaCl,.
The lumbar spinal cord (L1-5) was sectioned trans-
versely (300 um) in dissection solution using a vibrating
microtome (Leica Microsystems, Wetzlar, Germany).
Slices were immediately transferred to recording artificial
cerebrospinal fluid (ACSF) containing the following (in
mm): 111 NaCl, 3 KCI, 11 glucose, 25 NaHCO;, 1.3
MgSOy, 1.1 KH,PO, and 2.5 CaCl,. Slices from a subset
of juvenile and all adult mice were incubated at 34°C for
20-30 min and then rested at room temperature for 1 h
before recording. Dissecting and recording solutions were
continuously aerated with 95%/5% O,/CO,.

Electrophysiological recordings

Fluorescently labelled tdTomato™ Shox2 INs were
visualized with a 63x objective lens on a BX51WI
scope (Olympus, Tokyo, Japan) using LED illumination
(X-Cite; Lumen Dynamics, Mississauga, ON, Canada)
and targeted for whole-cell patch clamp recordings.
Electrodes were pulled to tip resistances of 5-12 M2
using a multistage puller (Sutter Instruments, Novato,
CA, USA) and were filled with intracellular solution
which contained (in mm): 128 K-gluconate, 10 HEPES,
0.0001 CaCl,, 1 glucose, 4 NaCl, 5 ATP and 0.3 GTP. In

J Physiol 603.10

experiments using riluzole or nimodipine, a cesium-based
intracellular solution was used, containing (in mm): 130
CsMeSOs;, 10 HEPES, 0.5 EGTA, 2 MgCl,, 2 ATP and 5
CsCl. In some experiments, biocytin (2 mg mL™'; Sigma,
St Louis, MO, USA) was included in the patch electrode.
All recordings were performed at room temperature.
Data were collected with a Multiclamp 700B amplifier
(Molecular Devices, San Jose, CA, USA) and Clampex
software (pClamp9; Molecular Devices). Signals were
digitized at 20 kHz and filtered at 6 kHz. Measurements
were collected and calculated from recording traces in
Clampfit 11 (Clampex; Molecular Devices).

Electrophysiological data collection and analysis

Resting membrane potential was recorded shortly
after gaining whole-cell access. Recordings in current
clamp were taken using current steps when holding
the cell near -65 mV via injecting bias current. Input
resistance was calculated from the current/voltage
slope in response to hyperpolarizing current steps in
which no voltage-gated current activation was present.
Time constant was measured as the duration of time to
reach 63% of the maximum membrane voltage change
in response to a hyperpolarizing current step. Input
capacitance was calculated by dividing input resistance
by time constant. Leak conductance was calculated as
the inverse of the input resistance. Action potential
properties (threshold, rheobase, SAHP duration and
sAHP amplitude) were measured from the first spike
elicited from the depolarizing current step at rheobase.
Voltage-sensitive currents were isolated in voltage clamp
mode. To record PICs, cells were held at -80 mV and
subjected to three sequential symmetrical voltage ramps
in which the cells were brought to -10 mV in 2.5 s, and
back down to -80 mV in 2.5 s (Dai & Jordan, 2010).
Measurements including PIC onset, area of the current
and maximum amplitudes were taken from the first
voltage ramp. To isolate and measure Iy, cells were sub-
jected to a 500 ms hyperpolarizing step from -60 mV
to —140 mV. Occasionally, a cell would not return to
steady state within the 500 ms duration, so 1 s steps
were performed in addition. To record and measure It
and I, cells were subjected to two sequential 250 ms
depolarizing steps to —30 mV; the first was from -100 mV
to deinactivate the relevant channels and the second from
-60 mV. Measurements were taken from the voltage step
that the current was maximally activated by. The tail
relaxation curve of I; was measured from recordings of
cells hyperpolarized to -60 mV from an initial holding
of -10 mV (Brown & Adams, 1980). Current magnitudes
are reported as current density, where the maximum
amplitude of the current is normalized by the cell’s input
capacitance.

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Pharmacology

The following pharmacological agents were used
in this study: 10 pm riluzole (R116; Sigma), 20 um
nimodipine (N149; Sigma), 10 um XE991 (X2254; Sigma),
100 nM apamin (A1289; Sigma) and 200 nM veratridine
(676950M; Sigma). All were dissolved in recording ACSF
except for riluzole, which was dissolved in dimethyl
sulphoxide and subsequently added to recording ACSE
The final concentration of dimethyl sulphoxide was
0.05%.

Immunohistochemistry and RNAscope in situ
hybridization

Shox2::Crelsl-tdTomato mice at P14 and P64 were
anaesthetized with ketamine (150 mg kg™!) and xylazine
(15 mg kg™ ') and perfused transcardially with 0.1 m PBS,
followed by 4% paraformaldehyde in PBS. Shox2::Cre;
R26-Isl-tdTomato mice at P2 and P7 were decapitated
and eviscerated in PBS. Spinal cords were harvested from
each animal and fixed overnight in 4% paraformaldehyde
solution at 4°C. Fixed spinal cords were subsequently
maintained in 30% sucrose in PBS for at least 48 h. Tissue
was then embedded in OCT compound (Thermo Fisher
Scientific, Waltham, MA, USA) over dry ice and stored at
-80°C. Lumbar spinal cords were sectioned (20 um) trans-
versely on a cryostat (HM 505 E; Microm International
GmbH, Walldorf, Germany) and directly mounted onto
coated (immunohistochemistry) or charged (RNAscope,
Advanced Cell Diagnostics, Newark, CA, USA) slides.
Slides were washed in PBS before being used for immuno-
histochemistry or RNAscope.

For immunohistochemistry, slides were first blocked
in a PBS solution containing 5% goat serum, 1% bovine
serum albumin, 0.2% Triton X-100 and 0.1% fish gelatin.
Slides were incubated in one of the following primary anti-
bodies overnight: rabbit anti-KCNQ2 (dilution 1:1000;
PA1-929; Thermo Fisher Scientific), rabbit anti-KCNQ3
(dilution 1:400; APC-051; Alomone, Jerusalem, Israel),
rabbit anti-SK2 (dilution 1:50; APC-028; Alomone) or
rabbit anti-SK3 (dilution 1:50; APC-025; Alomone). Slides
were then incubated for 2 h in goat anti-rabbit 647
secondary antibody (dilution 1:400; A-21245; Invitrogen,
Waltham, MA, USA). All immunohistochemistry steps
were performed at room temperature.

RNAscope was performed according to manufacturer’s
protocols (Wang et al, 2012). ACDBio probes used
include tdTomato (317041), SCN8a (434191-C2) and
CACNA1d (502591-C2). All slides from both immuno-
histochemistry and RNAscope were coverslipped using
Fluoromount-G  with  4’,6-diamidino-2-phenylindole
(Invitrogen). Images were acquired as sequential z-stacks
of 20x tile-scans on a SP8 confocal microscope (Leica
Microsystems). Cell counting was performed manually in

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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Image] (NIH, Bethesda, MD, USA) using the multipoint
tool. All Shox2 INs in each examined slice were counted.
Slices (n = 7-12 per animal), at least 200 um apart, from
lumbar segments of the spinal cord were quantified.

Agglomerative hierarchical clustering

Pearson’s linear correlation test was conducted to
exclude highly correlated electrophysiological parameters
(P < 0.0001) from the 18 which are detailed above.
Hierarchical cluster analyses were performed on the 11
electrophysiological parameters that were determined
to be not highly correlated among each other. These 11
parameters included resting membrane potential, time
constant, input capacitance, action potential threshold,
sAHP amplitude, PIC area, PIC onset voltage, PIC with
descending density, Iy area, It density and Iy density.
Hierarchical clusters were determined by the correlation
distance between pairs of observations and consideration
of an average for the distance between clusters. This
combination was used because it resulted in the highest
cophenetic correlation coefficient (0.3046). The number
of clusters was determined considering the cutoft below
the maximum inconsistency coefficient for each link.
Data were initially standardized to a mean of 0 and a SD
of 1 to be able to compare variables with different units
in MATLAB (MathWorks Inc., Natick, MA, USA) using
customized scripts.

Modelling methods

The conductance-based single-compartment model of
a neuron was developed in the Hodgkin-Huxley style
and was based on the previous models (Brocard et al.,
2013; Rybak et al., 1997, 2003, 2004). The dynamics of
the neuron membrane potential V obeyed the following
differential equation:
av
C- yri —X I = —Ina — Ive — Ik — v — IcaL
- IKCa - IL5 (1)

where C is the membrane capacitance, ¢ is time and
I; represents different ionic currents. The following
conductances were included in the model: fast sodium
(Ina), persistent sodium (Ingp), delayed rectifier
potassium (Ixgr), M-type potassium (Iy), L-type calcium
(IcaL), calcium-dependent potassium (Ixc,) and leak
conductance (I;). These currents were described as
follows:

L, = g-Na : m13\]a : hNa : (V - ENa) 5
INap = @Nap - MNP - Bxap - (V — Exa)

Ik =gk -my - (V —Ex);
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Table 1. Steady state activation and inactivation variables and time constants for voltage-dependent conductances.

Conductance Moo (V), hoo(V), V (in mV); t (V), t4(V) (in ms)
Fast sodium Moona = 1/(1 + exp(—(V +43.8)/6)) Tmna = 0 hoona = (1 + exp((V + 67.5)/10.8)) TNy =
Na 35.2/cosh((V + 67.5)/12.8)

Persistent sodium

Delayed rectifier potassium

Kdr

Potassium M

M

High- voltage activated calcium,
Cal

Meonap = 1/(1 + exp(—(V +54.6)/4.2)) tmnap = 0 hoonap = (1 4+ exp((V + 57)/5)) thnap =
NaP Thnap /cosh((V + 57)/15)

Mook = 1/(1 4 exp(—=(V + 34.5)/5)) 7 = 4/cosh((V + 34.5)/20)

Meom = 1/(1 + exp(—(V + 44)/4.3)) tpp = 7/cosh((V + 34.5)/25)

Meoca = 1/(1 + exp(—(V + 27.4)/5.7)) tmcaL = 0 hoocar = (1 + exp((V + 28.5)/6.4)) thca = 18

Im=gu -my-hu-(V—-Ex);
Icat = gcar. - Mcat - hcar - (V — Eca) ;

Ikca = gica - My, - (V — Ex);

L =g -(V—-E), (2)

where g; is the maximal conductance of the channel i, m;
and h; are the activation and inactivation variables of this
channel, and E; is the reversal potential of this channel.
Kinetics of activation and inactivation variables for all
voltage-dependent currents are described as follows:

d
Ti (V) - 7 i = Moo (V) — my; (3)

7 (V) - 4 hi = hooi (V) — hy,
dt

where mo; and hy,; are steady states for activation
and inactivation variables, and t,; and 1), are the
corresponding time constants. The expressions for
steady state activation and inactivation variables and
time constants for voltage-dependent ionic channels are
specified in Table 1.

Activation of Ixc, depends on the intracellular calcium
concentration, [Ca®>"];,, and is independent of voltage.
The kinetics of [Ca’"];, is modeled according to the
following equation:

%[Ca2+]in = —aca - lca + ([Caz+]in0 - [Caz+]in)/TCa7(4)
where « characterizes influx of Ca*" ions by Ic, with
the account of their buffereng, ¢, represents the time
constant of Ca** pump that removes Ca*" and [Ca®T ], is
the base value of intracellular Ca?>* concentration. In the
present study, Ic, represents Ic,y.

The following parameters were used for calcium
dynamics:

dca=5-10"% mM/fC; tc, = 500 ms,

[Ca”] in®=5.10"> mM.

Activation of the Ca?"-dependent potassium channels,
is described by the following equation (Rybak et al., 1997):

d
Tkea ([Ca™F i) - 7 "G ([Ca**1;y)

= McoKCa ([Caz+]in) — MKCa ([Ca2+]in) ’ (5)

where mooxca and Txc, are steady states and time constant
for the activation variable:

Mookca([Ca™ in) = axca - [Ca*T15 /([Ca* 17, + Brea): (6)
Trca ([Ca*Tin) = kica - Trcao/([Ca*T 12, + Brca)

The following parameters defining dynamics of these
channels were used:

oxca = 1.25 x 1078 Brca = 2.5mM?;

kxca = 1000mM?: Txc0 = 5ms.

The basic neuronal model parameters were the
following:

C =52pF; Ena =55mV; Ex = —80mV;
Ec, =120 mV; E;, = —62mV; g, = 1.7 nS;
gna = 2201S; gx = 150 nS.

In particular simulations, we varied some maximal
conductances:

Snep = 0.35 — 1.0nS; gy = 0.6 — 2.5nS;
gcar = 0.25 — 0.5nS; gikca = 0.4 — 2.0nS.
Simulations were performed using MATLAB R2023b
(MathWorks Inc.). Differential equations were solved
using a variable order multistep differential equation

solver odel5s available in MATLAB. In each simulation,
a settling period of 10-50 s was allowed before data

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.
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were collected. The scripts to create the simulations pre-
sented in the paper are available online (https://github.
com/RybakLab/Singh-et-al-2025).

Statistical analysis

Statistical tests and post hoc analyses were performed
with Prism (GraphPad Software Inc., San Diego, CA,
USA). All results are presented as the mean & SD, unless
otherwise stated. P < 0.05 was considered statistically
significant. The distribution of the data was determined by
the Shapiro-Wilk normality test. In the case of normally
distributed data, we performed paired ¢ tests to compare
baseline and drug conditions or one-way ANOVAs with
Tukey’s post hoc tests to compare three age groups. In
the cases where data were not normally distributed, we
performed Wilcoxon matched pairs signed ranks tests to
compare baseline and drug conditions and Kruskal-Wallis
with Dunn’s multiple comparisons post hoc tests to
compare three age groups. Comparisons between age
groups of percentages for conductance presence, RNA
presence or protein presence were performed with a
chi-squared test.

Results

Intrinsic passive and active properties of Shox2 INs
during development

Spinal Shox2 INs are part of the locomotor CPG that
generates rhythmic and patterned motor output across
the lifespan (Dougherty et al, 2013). Although mice
begin performing regular weight-bearing steps by P9
(Jiang et al., 1999a), many previous studies of locomotor
circuitry used neonatal mouse preparations in which
locomotor-like activity could be evoked in isolated spinal
cords (Anderson et al, 2012; Dougherty et al., 2013;
Hinckley et al., 2010). The general neuronal types and
connectivity structure in the neonatal spinal cord are
hypothesized to be present and similar in function to those
in adult mice (Crone et al.,, 2008, 2009; Danner et al.,
2017; Rybak et al., 2015; Talpalar et al., 2013). However,
there are some notable differences. Given that strong
gap junctional coupling in neonatal locomotor circuits
decreases by adulthood (Ha & Dougherty, 2018), we hypo-
thesized that some intrinsic rhythmogenic properties in
Shox2 INs increase in magnitude and/or prevalence with
age. Such a developmental change may compensate for
reduced gap junctional coupling and maintain locomotor
rhythm in adults. To compare properties of these neurons
at neonatal, adult and an intermediate juvenile stage, we
first examined the basic electrophysiological properties
of Shox2 INs across postnatal maturation. We recorded
passive and active properties using whole cell patch clamp
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in lumbar spinal slices targeting 35 neonatal (P2-5, mean
age 3.2 * 0.980 postnatal days), 33 juvenile (P14-21,
mean age 17.2 & 1.61 postnatal days) and 36 adult (P60+,
mean age 96.2 =+ 28.52 postnatal days) fluorescently
labelled Shox2 INs (Table 2). We found that neonatal
Shox2 INs have a more depolarized action potential
threshold voltage (-30.5 &+ 4.3 mV, n = 35) compared
to adult Shox2 INs (-33.2 &£ 4.7 mV, n = 36; one-way
ANOVA with Tukey’s post hoc test, P = 0.0279). Neonatal
Shox2 INs have a longer time constant (53.0 & 29.5 ms,
n = 35) compared to juvenile (33.4 + 12.4 ms, n = 33;
Kruskal-Wallis with Dunn’s post hoc test, P = 0.0021)
and adult (31.2 £ 17.0 ms, n = 36; Kruskal-Wallis with
Dunn’s post hoc test, P < 0.0001) Shox2 INs. We also
report a higher input capacitance in neonatal Shox2
INs (54.3 + 17.3 pE n = 35) compared to juvenile
(47.1 £ 25.3 pE n = 32; one-way ANOVA with Tukey’s
post hoc test, P = 0.0149) and adult (43.1 = 16.8 pE,
n = 36; one-way ANOVA with Tukey’s post hoc test,
P = 0.0104) Shox2 INs, which is consistent with the
findings reported for lumbar spinal V2a INs (Husch
et al,, 2015). We found no significant differences between
the age groups in resting membrane potential, input
resistance, rheobase and leak conductance. These findings
indicate relatively modest differences in active and passive
electrophysiological properties in lumbar spinal Shox2
INs across postnatal age which are consistent with pre-
viously reported developmental changes in lumbar spinal
INs (Borowska et al., 2015, Husch et al., 2015).

The hyperpolarization-activated, T-type calcium and
A-type potassium currents are found in subsets of
Shox2 INs across postnatal age

To reveal the extent to which Shox2 INs display
voltage-sensitive ~ rhythmogenic  properties  across
postnatal development, we recorded voltage-sensitive
conductances that have been previously shown to shape
bursting and firing properties in other neuron types
(Harris-Warrick, 2010). This included Iy (Fig. 1A,B),
which was present in approximately half of the recorded
neonate (n = 20/53; 57%) and adult (n = 18/36; 50%)
Shox2 INs, and a slightly larger subset of juvenile
(n = 21/32; 66%) Shox2 INs (Fig. 1C). The current
density of Iy did not change across postnatal age groups
(Fig. 1D). We also recorded I (Fig. 1E,F) and I (Fig. 11,])
in subsets of Shox2 INs across postnatal development.
Both It (Fig. 1G) and I (Fig. 1H) were present in <17% of
Shox2 INs across all three age groups. The current density
of It does increase from neonate (0.44 & 0.23 pA pF !,
n = 6) to adult (1.13 £ 0.50 pA pF~!, n = 10; one-way
ANOVA with Tukey’s post hoc test, P = 0.0179) Shox2
INs, despite being a rarely displayed property in these
neurons (Fig. 1H). The current density of I, did not
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change across postnatal age groups (n = 12) (Fig. 1L).
The I-V curves for each of these three conductances in
Shox2 INs matches what has been previously shown in
other neurons (Anderson et al., 2012; Huguenard et al,,
1991; Rivera-Arconada et al., 2013). These findings reveal
that all three tested conductances occur in subsets of
Shox2 INs from all age groups.

Shox2 INs display PICs which increase in magnitude
with age, and express RNA for PIC-related ion
channels

To record the presence of persistent depolarizing
conductances, we used voltage ramps to isolate PICs

J Physiol 603.10

in Shox2 INs (Fig. 2A, B). We found that most neonatal
(n = 27/35; 77%), juvenile (n = 29/32; 91%) and adult
(n = 31/36; 86%) Shox2 INs display a PIC in response to
slow current ramp (Fig. 2C). In addition to PICs being
present on the ascending phase of the voltage ramp, we
found that a small subset of Shox2 INs display PICs on
both the ascending and descending phases of the ramp
(Fig. 2D). In these cases, the current onset occurs on the
ascending phase of the ramp, whereas the offset occurs
on the descending phase (Fig. 2B). The PIC continued
into the descending phase of the ramp in a small subset
of PICs in juvenile (n = 6/32; 19%) and adult (n = 6/36;
17%) but this feature was largely missing from neonatal
(n = 1/35; 3%) Shox2 INs (Fig. 2D). The presence of PICs
on the descending phase of the voltage ramp may be a
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Figure 1. Iy, It and I, are found in subsets of Shox2 INs

A, inward current responses to hyperpolarizing voltage steps from —60 mV. Arrow indicates the presence of / in
an example from an adult Shox2 IN. B, I-V/ curve of Iy from all Shox2 INs with /iy (n = 59). C, 50-66% of Shox2 INs
display /4. D, Iy current densities are relatively consistent through postnatal development. Error bars indicate SD.
E, inward current response to depolarizing voltage step from =100 mV, and not from =60 mV. Arrow indicates the
presence of /t an example from an adult Shox2 IN. F, =V curve of It from all Shox2 INs with /7 (n = 20). G, <18%
of Shox2 INs display /r. H, It current density increases from neonate to adult. One-way ANOVA with Tukey’s post
hoc test. Error bars indicate SD. /, outward current response to depolarizing voltage step from =100 mV, and not
from =60 mV. Arrow indicates the presence of /5 in an example from an adult Shox2 IN. J, IV curve of /5 from
all Shox2 INs with /x (n = 12). K, <15% of Shox2 INs display /a. L, Ia current densities do not change significantly
with age. Error bars indicate the SD. [Colour figure can be viewed at wileyonlinelibrary.com]
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result of either the strength of the PIC that carries over
the duration of the voltage ramp, the time constant of the
slow inactivation of PICs or a shifted voltage dependence
of deinactivation in the subset of Shox2 INs displaying
the descending PICs.

Because PICs can be mediated by both sodium and
calcium components, we further examined the voltage
properties and pharmacological sensitivities of PICs in
Shox2 INs across postnatal development. The current
density of PICs on the ascending phase of the voltage
ramp increases from neonate (0.42 + 0.20 pA pF !,
n = 27) to juvenile (0.68 + 0.28 pA pF ', n = 29;
Kruskal-Wallis test with Dunn’s post hoc test, P = 0.0063)
and juvenile to adult (1.03 £ 0.54 pA pF !, n = 31;
Kruskal-Wallis test with Dunn’s post hoc test, P = 0.0477)
(Fig. 2E). Because PICs persisting onto the descending
phase of the voltage ramp were rarely present, particularly
in neonates (Fig. 2D), we were unable to test for a statistical
change in its magnitude with development (Fig. 2F). We
found that PIC onset is more depolarized in juvenile
(-49 £ 4.5 mV, n = 29) compared to neonatal Shox2 INs
(-53 £ 6.3 mV, n = 27; one-way ANOVA with Tukey’s
post hoc test, P = 0.0281), which are similar to the adult
Shox2 INs (-52 £ 5.2 mV, n = 31) (Fig. 2G). These
data demonstrate that there are developmental increases
in PIC magnitude in Shox2 INs. We then considered
whether PICs in adult Shox2 INs consist of persistent
sodium (In,p) and L-type calcium (Ic,1.) components. We
applied 10 um riluzole (Fig. 3A) or 20 um nimodipine
(Fig. 3B) to block these currents respectively in adult
Shox2 INs, using an intracellular solution containing
cesium to increase space clamp. With the inclusion of
cesium, all (n = 20/20) Shox2 INs displayed PICs on
both the ascending and the descending phases of the
voltage ramp. Riluzole (n = 12) and nimodipine (n = 8)
application resulted in a mean decrease of 34% and 14%
in current amplitude, respectively (Fig. 3C, D). However,
only riluzole application resulted in a decreased PIC on the
descending phase of the ramp (Fig. 3C, right).

Having observed both sodium and calcium
components of PICs, we next investigated whether
lumbar spinal Shox2 INs display channels correlated to
these conductances. We examined four postnatal ages: 2,
7, 14 and 64 days. We began with Nay 1.6, a voltage-gated
sodium channel responsible for mediating Ix,p in other
neuron populations (Katz et al., 2018; Sharples & Miles,
2021). Using immunohistochemistry, we were unable
to visualize Nay1.6 expression colocalized to tdTomato
positive Shox2 Ins, which is probably a result of pre-
dominant expression patterns in the axon initial segments
of neurons (Drouillas et al., 2023). Visualization of Shox2
IN axon initial segments is difficult because of their mixed
orientations and a lack of tdTomato expression in cellular
compartments beyond the soma. Therefore, we performed
RNAscope in situ hybridization to visualize RNA within

J Physiol 603.10

lumbar spinal Shox2 IN cell bodies at four ages. With this
method, we found that Nay 1.6 RNA is highly prevalent in
Shox2 INs at all ages examined (Fig. 3E). We next targeted
Cay1.3, a voltage-gated calcium channel which mediates
Icar (Jiang, et al., 1999b). Cay 1.3 RNA is present in a large
proportion (<67%) of examined lumbar spinal Shox2 INs
at 2, 7, 14 and 64 postnatal days (Fig. 3F).

Together, these data show that Shox2 INs display
sodium- and calcium-mediated PICs that increase in
amplitude with age, as well as RNA transcripts for
channels that can mediate In,p and Ic,;, components of
PICs.

Shox2 INs display M currents which increase in
magnitude with age and express voltage-gated
potassium channels

Iy (Fig. 4A) is the most prevalent current in Shox2 INs
among all examined ionic currents and across all three age
groups (Fig. 4B). We found that most neonatal (n = 31/35;
87%), juvenile (n = 28/32; 88%) and adult (n = 31/36;
86%) Shox2 INs display the tail relaxation curve from Iy
(Fig. 4B). We hypothesized that this property increases in
magnitude with age. We found that I; does increase in
magnitude between neonate (1.17 £ 0.44 pA pF~ !, n=31)
and adult (2.26 + 1.7 pA pF~!, n = 31; Kruskal-Wallis test
with Dunn’s post hoc test, P = 0.0173) (Fig. 4C) Shox2 INs,
with juvenile I; magnitude residing between (1.78 & 1.08,
n=28). Iy is mediated by heteromers of two voltage-gated
potassium channel subunits: Ky7.2 and Ky7.3 (Wang
et al,, 1998). We blocked Ky7.2/3 channels by applying
XE991 (Greene et al., 2017) and measured a mean 51%
decrease in Iy amplitude, confirming that this current is
mediated by Ky7.2/3 channels in Shox2 INs (mean age
4.25 £ 3.03 postnatal days) (Fig. 4D). We visualized these
channels in lumbar spinal Shox2 INs across postnatal
development using immunohistochemistry and found
that Shox2 INs express both channel subunits at all
ages examined (Fig. 4E and F). These data show that
Ky7.2/3-mediated Iy increases in magnitude across post-
natal development in Shox2 INs, and that Shox2 INs
express Ky7.2/3 channels from neonatal ages through
adulthood.

Juvenile and adult Shox2 INs display sAHP and
express calcium-dependent potassium channels

We observed biphasic AHPs, indicative of sAHP, in
current clamp (Fig. 54) in a subset of juvenile (n = 18/32;
56%) and adult (n = 20/36; 56%) Shox2 INs, and rarely
in neonatal INs (n = 1/35; 3%) (Fig. 5B). The amplitude
(Fig. 5C) and duration (Fig. 5D) of the SAHP was similar
between juvenile and adult Shox2 INs. We also found that
the sAHP in Shox2 INs is sensitive to apamin (Fig. 5E),
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a blocker for SK2 and SK3 calcium-dependent potassium
channels (Kohler et al, 1996), because it completely
eliminated the sAHP in all but one tested adult Shox2
IN (n = 9/10) (Fig. 5F, G). As sAHP increases in pre-
valence at juvenile and adult stages, we hypothesized that
the channels mediating it would also increase in pre-
valence with age in Shox2 INs. Motor neurons have been
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shown to display an apamin-sensitive SAHP mediated
by the calcium-dependent potassium channels SK2 and
SK3 (Deardorff et al., 2013), and so we examined these
channels in Shox2 INs using immunohistochemistry. We
found that SK2 (Fig. 5H) and SK3 (Fig. 5I) channels are
rarely present in examined Shox2 INs from the youngest
ages studied here, P2 (2-17%) and P7 (5-16%). However,
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Figure 3. Subsets of Shox2 INs display PICs which have both sodium and calcium components

A, representative examples of PICs from an adult Shox2 IN at baseline (black) and following riluzole application
(blue). B, representative examples of PICs from an adult Shox2 IN at baseline (black) and following nimodipine
application (orange). C, riluzole decreases the amplitudes of PICs measured in both the ascending and descending
phases of the ramp, paired t test. D, nimodipine decreases the amplitudes of PICs but not the descending phase
of PICs, paired t test. E, representative images of RNA for Nay 1.6 (cyan) and tdTomato (magenta) in the lumbar
spinal slice. >85% of tdTomato RNA-containing cells also contain NAy 1.6 RNA across all four ages examined. F,
representative images of RNA for Cay 1.3 (cyan) and tdTomato (magenta) in the lumbar spinal slice. Lumbar spinal
sections have tdTomato RNA-containing cells that also contain Cay 1.3 RNA at all three ages examined. Scale bars
for spinal sections = 200 pum, insets = 25 pum. [Colour figure can be viewed at wileyonlinelibrary.com]
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30% of juvenile (P14) and adult (P64) Shox2 INs express
SK2 channels and 31% express SK3 channels (Fig. 5H and
I). These SK channels have robust expression in other
spinal neuron types as well. Taken together, we show
that SAHP magnitude and SK2/3 channel expression are
similarly increased in Shox2 INs at juvenile and adult time
points.

Unbiased hierarchical clustering reveals age-specific
groups of Shox2 INs based on electrophysiological
properties

The numerous electrophysiological properties measured
in Shox2 INs may shape their recruitment and ability
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to fire action potentials and/or bursts. To compare sub-
groupings of electrophysiologically identified Shox2
INs and possibly reveal additional age-dependent
differences amongst this heterogeneous population, we
next considered all 104 Shox2 neurons, spanning the three
age groups, with properties measured in both current
clamp and voltage clamp. We performed hierarchical
cluster analysis (Garcia-Ramirez et al., 2022) using the
11 electrophysiological measurements recorded from
these neurons that were not highly correlated amongst
themselves. This produced eight clusters, portrayed in
the dendrogram where each leaf (individual Shox2 IN)
is shaded accordingly (Fig. 6A). The distribution of
clusters within the three age groups showed that neonatal
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Figure 4. Subsets of Shox2 INs display M currents which increase in magnitude with age and express

Ky7.2/3 subunits

A, outward current responses to hyperpolarizing voltage steps from =10 mV in an example from an adult Shox2
IN. Red dotted box and line highlight tail relaxation curve of of /\y. B, i1 is the most prevalent property (>85%) in
Shox2 INs across all age groups among those examined in this study. C, iy current density increases from neonate
(green) to adult (purple). Kruskal-Wallis with Dunn’s post hoc test. Error bars indicate the SD. D, Representative
Iv tails from baseline (black) and XE991 (pink) conditions an example from a neonatal Shox2 IN. XE991 decreases
the amplitude of /\ tails. Paired t test. £ and F, representative images and quantification of (£) Ky7.2 and (F) Ky, 7.3
expression using immunohistochemistry. Channel expression is cyan and tdTomato expression signifying Shox2 is
magenta. >50% of tdTomato™ neurons express Ky 7.2 or Ky7.3 across all ages examined. Scale bars for spinal
sections = 200 pm, insets = 25 pm. [Colour figure can be viewed at wileyonlinelibrary.com]
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Shox2 INs consisted only of three electrophysiological
subtypes, clusters 1 (54%), 2 (29%) and 3 (17%), whereas
juvenile and adult Shox2 INs consisted of seven subtypes,
clusters 2-8 (Fig. 6B). Cluster numbers were ordered
based on their prevalence in age-related groupings. The
first three clusters, which are the only groups containing
neonatal Shox2 INs, did not have a sAHP (Fig. 6E).
Clusters 4-8, composed of only juvenile and adult cells,
are characterized by similarities to cluster 3 other than

Spinal Shox2 interneuron development 3213

the presence of sSAHP (cluster 4), the presence of PICs
with descending components and high input capacitance
(cluster 5) (Fig. 6C), hyperpolarized resting membrane
potential (cluster 6), an increased Iy density (cluster
7) (Fig. 6D) and an increased Ir density (cluster 8).
These findings are aligned with what we have shown in
Figures 2-5 by comparing these properties between the
three age groups. The clustering reveals that the greatest
developmental shift in the electrophysiological properties
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Figure 5. Subsets of juvenile and adult Shox2 INs display sAHP and express SK2 and SK3

A, representative example of action potentials with sSAHP in an adult Shox2 IN in response to depolarizing current
step. Red dotted box indicates inset highlighting the sAHP, with height and duration measured as shown. B, sAHP
is rare in neonate Shox2 INs compared to juvenile (chi-squared, degrees of freedom = 2, P < 0.0001) or adult
(chi-squared, degrees of freedom = 2, P < 0.0001). C, comparison of SAHP height and (D) duration, which is
consistent between juvenile and adult stages. Error bars indicate the SD. E, example of an action potential at
baseline with a sAHP (black), and following application of apamin, which blocks the SAHP (green). F, apamin
decreases both the sAHP height and (G) duration. Paired t test. H, representative images and quantification of
SK2 and (/) SK3 expression using immunohistochemistry. Channel expression is in cyan and tdTomato expression
signifying Shox2 is in magenta. SK2 and SK3 expression is lower in neonatal (P2 and P7) Shox2 INs compared
to juvenile (P14) and adult (P64). Scale bars for spinal sections = 200 um, insets = 25 pym. [Colour figure can be
viewed at wileyonlinelibrary.com]
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of Shox2 INs occurs following the neonatal stage, leading
both juvenile and adult Shox2 INs to be relatively more
heterogenous in their electrophysiology.

Computational models of single Shox2 INs simulate
voltage clamp protocols and neuronal bursting

A single-compartment, conductance-based
(Hodgkin-Huxley style) computational model of a single
Shox2 IN was developed to simulate neuronal behaviour
in the experimental protocols used in this study. The
model included the following ionic currents: fast sodium
(Ina), persistent sodium (In,p), delayed rectifier potassium
(Ixar)> M-type potassium (Iy), high-voltage activated
potassium (Ic,), calcium-dependent potassium (Ixc,)
and leak conductance (Ir).

The populations of Shox2 INs represented in these
single-cell models represent five groups of Shox2 INs
derived from the clusters which were generated based
on electrophysiological measurements. From the eight
clusters (Fig. 6A), we considered electrophysiological

Shox2 Interneuron Cluster Tree

Neonate P2-5

J Physiol 603.10

similarities and age to condense to five groups of Shox2
INs, each representing a single neuron computational
model (Fig. 7A). The properties of Group I are those
of Shox2 INs from cluster 3, defined by relatively low
amplitude PICs. Group II represents neonatal cluster 1,
defined by relatively higher amplitude PICs. Group III is
a combination of clusters 4, 6 and 8, which are juvenile
and adult Shox2 INs defined by relatively low amplitude
PICs and low amplitude Iy. Group IV is adult Shox2
INs from cluster 7 defined by relatively low amplitude
PICs and high amplitude Iy;. Group V is adult Shox2
INs from cluster 5, defined by relatively high amplitude
PICs and low amplitude Iy;. Of note, only groups III-V,
which represent adult Shox2 INs, possess Ixc, because this
conductance is not found in neonatal Shox2 INs (Fig. 6E).
Cluster 2 was not considered in the generation of these
single neuron models because it is comprised of Shox2 INs
that contain very little or no PIC.

The maximal conductances gnap, §car and gy for each
group were calculated from the averaged experimentally
measured maximal values of these currents (Iinay), the
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Figure 6. Unbiased hierarchical clustering of Shox2 INs

A, dendrogram including 104 Shox2 INs, clustered according to 11 electrophysiological properties: resting
membrane potential, time constant, input capacitance, threshold, sAHP height, PIC and /y areas under the curve,
PIC onset voltage and current densities for PIC descending, /i and /5. B, neonatal Shox2 INs are comprised of
cluster 1 and subsets of clusters 2 and 3. Juvenile and adult Shox2 INs are comprised of subsets of clusters 2-8.
C, comparisons of current density of PIC descending, (D) /yy and (E) SAHP height between clusters, where cluster
1 has the highest percentage of neonatal Shox2 INs, and cluster 8 has the highest percentage of adult Shox2 INs.
*P < 0.05, one-way ANOVA with Tukey’s post hoc test or Kruskal-Wallis with Dunn’s post hoc test. Error bars
indicate the SD. *Significantly different from the corresponding colour-coded group. [Colour figure can be viewed

at wileyonlinelibrary.com]
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Figure 7. Simulations of voltage ramp experiments at baseline and following blockade of individual
conductances in single neuron model

A, voltage ramp simulations for groups |-V based on experimental data from Shox2 INs. Individually, /kg, (PINk), iv
(green), Ica (blue), lkca (purple) and /yap (gold) contribute to the total PIC (black) in each group. PICa, PIC on the
ascending phase of the ramp. PICd, PIC on the descending phase of the ramp. B, blockade of /yap in groups I-V.
C, blockade of Ic4. in groups I-V. D, blockade of /i in groups I-V. E, blockade of /kc, in groups llI-V. The following
model parameters were used: for group I, gnap = 0.6 NS, gcaL = 0.4 nS, gy = 0.8 nS; for group Il, Gnap = 0.39 NS,
JcaL = 0.27 nS, gm = 0.8 nS; for group Ill, nap = 0.4 NS, §caL = 0.5 NS, gy = 0.6 nS; Gkca = 0.95 nS; for group
IV, 9nap = 0.55 nS, car = 0.5 nS, gy = 2.45 NS, Gkca = 0.95 nS; and for Group V, gnap = 0.55 NS, gcar = 0.5 NS,
dm = 0.8 nS; Gkca = 0.4 nS. Maximal time constant for /yap inactivation (Tynap) Was set to 3.1 s for neonatal groups
I'and Il and 22 s adult groups IlI-V. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.

85U80|7 SUOWIWOD A0 3|edl(dde aup Aq peusenob ae ssppiie VO ‘8sn Jo seini 1oy AriqiT8uljuO A8]IM UO (SUOpUoD-pUe-SLLIRIALI0D A8 | 1M ATl 1 Bul|UO//:SANY) SUORIPUOD pue Swie | 81 88S *[6202/90/72] Uo AkiqiTaulluo A1 ‘AiseAlun pxeia Ad Z6..82dr/ETTT 0T/10p/wod Ae | Areiq1jeut|uo-aosAud)/sdny wouy papeoumoq ‘0T ‘G20z ‘€6.L69%T



3216 S. Singh and others

corresponding voltage value at which the current reaches
its maximum (Vjn.) and the descriptions of these
currents in the model (see Methods).

Ii max —
i = T a8 Vimax 'hi Vimax . 7
8= gy =6 Vi) B (Vi) )
Therefore:
5= £ : (®)

m; (Vl max) : hi (Vl max)

Because PICs in Shox2 INs can include both sodium
and calcium components (Fig. 3A and B) we considered
the experimental PICs as compositions of these two
currents. An estimation of maximal conductances of
these two currents was made after application of the
corresponding blockers.

We simulated voltage ramp experiments for groups
I-V (Fig. 7A), where coloured lines indicate individual
current contributions to the resultant PIC in black. Our
models correspond tightly to experimental data values.
We also simulated the effect of the application of blockers
of individual conductances on the total PIC (Fig. 7B-E).
Blockade of Ingp (Fig. 7B) eliminated PICs on both the
ascending and descending phases of the voltage ramp in
all groups. Blockade of I, (Fig. 7C) in groups I and II
did not have much effect on PICs. However, in groups
III-V, I¢,1, blockade had little effect of ascending PICs and
increased PICs on the descending phase of the voltage
ramp. Blockade of I; (Fig. 7D) resulted in an increased
PIC in all groups, and blockade of Ixc, (Fig. 7E) did not
affect the ascending PICs but it increased the descending
PIC in groups III-V. These results suggest a strong inter-
play of the conductances measured from Shox2 INs across
postnatal development.

Our experimental data did not include Shox2 INs which
displayed intrinsic rhythmic firing behaviour. This could
be because the recorded neurons lacked sufficiently high

gNaP =0.5nS

gNaP =1 nS

-60mV. J {

JHJJM
I
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maximal conductances of Ix,p to intrinsically burst, even
in the case of adult Shox2 INs in groups III-V (gnap<
0.6 nS). Therefore, we used our model to simulate and
predict the effect of increasing gn.p. We show that an
increase of gnap to 1.0 nS allows the simulated cell to
generated intrinsic bursting in some range of neuronal
excitability (Fig. 8A). We confirmed this experimentally
in adult Shox2 INs by applying veratridine to enhance
Inap (Fig. 8B), which converted tonic firing into rhythmic
bursting activity (n = 3). These data from modelling
and experimentation suggests that adult Shox2 INs with
realistic electrophysiological properties could be capable
of Ingp-driven rhythmic bursting behaviour.

Discussion

We investigated the changes in electrophysiological
profiles and underlying channel expression within
rhythm generating neurons in the lumbar spinal
cord during postnatal development. Our results show
that subsets of lumbar spinal Shox2 INs display
numerous voltage-dependent conductances and their
respective channels or RNA transcripts from neonates,
juveniles capable of weight-supported stepping and
adult mice. We show that currents linked to neuro-
nal bursting, including PIC, Iy and sAHP, increase
in prevalence and/or magnitude in Shox2 INs as
the mouse develops. Furthermore, the diversity of
electrophysiologically-defined subtypes of Shox2 INs
increases with age, and subtypes of mature Shox2 INs
are distinguished by the expression of voltage-gated
conductances that support neuronal rhythmicity. Thus,
the data suggest that the mechanisms by which Shox2
INs sustain the locomotor rhythm throughout postnatal
maturation are dynamic.

Baseline

-55m VoAiM "

Veratridine

—55mV,-NM

Figure 8. Emergence of rhythmic bursting activity via amplification of Iyp

A, simulation of a single Shox2 IN. Increasing gnap from 0.5 to 1 nS converts tonic spiking to bursting. Model
parameters: gnap = 220 NS, Gkgr = 150 NS, G = 0.8 nS, JcaL = 0.5 NS, Gkca =2 NS, Thnap = 22 5. B, an example of
a transition in an adult (P123) Shox2 IN from tonic to rhythmic burst firing after application of veratridine. [Colour

figure can be viewed at wileyonlinelibrary.com]
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Rhythmogenic currents gain strength with age

We report that the prevalences of RNA in Shox2 INs
for Nay1.6 and Cayl.3 and the prevalences of Ky7.2/3
in Shox2 INs do not change developmentally. The lack
of change in RNA expression was unexpected because it
has been shown that voltage-gated ion channel expression
does increase developmentally by P18 in motor neurons
(Jiang, et al., 1999b). However, our data are consistent
with the lack of change in the prevalences of currents with
age. We were limited in our ability to characterize the
membrane expression of channels which could contribute
to PICs in Shox2 INs. This is because the concentrations
of channels within axon initial segments in the case
of Nay1.6 (Drouillas et al., 2023) or distal dendrites
for Cay1.3 (Ballou et al., 2006; Carlin et al., 2000) are
difficult to detect in Shox2 neurons in that they do
not have a common orientation and levels of tdTomato
marker labelling were low beyond the soma. Our aim in
the present study was to show that Shox2 INs express
channels that are responsible for both sodium and calcium
components of PICs observed with the electrophysiology
results. We restricted our channel-specific examinations
to the channel subunits most probably contributing to
PICs (Drouillas et al., 2023; Jiang, et al., 1999b; Katz
et al,, 2018). However, there are likely to be other specific
voltage-gated ion channels contributing to PICs in these
neurons. These include Nay 1.1 (Drouillas et al., 2023) and
Cay1.2 (Jiang, et al., 1999b) for In,p and Ic,1, respectively.
Further studies with targeted pharmacology and histology
will reveal the extent to which combinations of these
channels comprise PICs in Shox2 INs. In the present
study, we saw modest attenuation of PICs in Shox2 INs
after application of riluzole or nimodipine, which is not
directly compatible with our RNAscope finding of high
prevalences of Nay1.6 RNAT and Cay1.3 RNA™" Shox2
INs. However, it is plausible that not all RNA transcripts
undergo translation into protein and that not all proteins
are then trafficked to the neuronal membrane where they
could contribute to the PICs measured and manipulated
in the present study (Solé & Tamkun, 2020). Although
RNA levels are consistent, the developmental increases in
PIC and Iy magnitudes may be caused by changes in the
localization and/or density of the respective voltage-gated
ion channels on the Shox2 IN membrane with age. Future
studies aimed at the precise identities and locations of
these channels may uncover how these intrinsic properties
develop with finer precision.

In the cases of PICs which persist onto the descending
phase of the voltage ramp and sAHP, the developmental
shifts are distinct in that these properties are largely absent
from Shox2 INs from neonatal mice. The increase in
PIC magnitude with development matches the higher
prevalence of PICs that persist onto the descending
phase of the voltage ramp in juvenile and adult age

© 2025 The Authors. The Journal of Physiology © 2025 The Physiological Society.

Spinal Shox2 interneuron development 3217

groups because a larger amplitude PIC probably persists
for longer during the voltage ramp protocol. This shift
may also be explained by higher PIC-related channel
expression in the membrane with age, which has yet to
be examined and cannot be assessed by labelling RNA. It
may also be explained by a change in channel composition
contributing to PICs because other channels such as
Nay1.1 and Cay1.2 may differentially contribute to PICs
in Shox2 INs throughout development. In the case of
sAHP, it is clear that the neonatal Shox2 INs do not yet
express SK2 and SK3 with high prevalence. The shape
of action potentials including the afterhyperpolarization
is known to dramatically change with age as a result of
changes in voltage-gated ion channels (Abbinanti et al.,
2012). This has been shown across development in V2a
INs (Husch et al., 2015), which partially overlap with the
Shox2 population (Dougherty et al., 2013). Furthermore,
neonatal V2a INs have been shown to lack biphasic
AHP compared to adult V2a INs (Husch et al., 2015).
In Shox2 INs, this biphasic AHP appears at P10, a
timepoint that may be consistent with the maturation of
descending input to lumbar circuitry (Ballion et al., 2002;
Pearlstein, 2013; Vinay et al., 2002) and is well-aligned
with the establishment of weight-bearing locomotion and
maturation of gait (Jiang, et al., 1999a).

Potential to sculpt rhythmic firing behaviour

To date, examinations of identified spinal IN types
that extend into adulthood are limited. We show that
voltage-gated currents in Shox2 INs gain strength with
age, and that Shox2 INs from juvenile and adult mice
are more heterogenous than those from neonatal mice.
A limitation of our study is that we did not assess
how the morphology of Shox2 INs changed with post-
natal development, which could have implications for
ion channel distribution as well as space clamp errors in
electrophysiological recordings (Sun et al., 2017). Future
studies including perforated patch recordings and more
detailed anatomical examinations may lead to better
estimations of the values of key neuronal conductances
and their distribution, as well as to determination
of whether morphological changes correlate with the
electrophysiological changes reported. The significant
developmental change in input capacitance reported here
may also be corroborated with detailed anatomical studies
in the future. The increases in current densities with age
in Shox2 INs may have an influence on the membrane
time constant and both the input resistance and input
capacitance. Overall, the data presented here suggests that
the intrinsic mechanisms employed by Shox2 INs to shape
their function are dynamic across development.

Both It and I, may play more pronounced roles
in mature Shox2 INs. However, these currents are
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difficult to isolate without pharmacology because of
their similar voltage-dependent properties (Huguenard
et al., 1991). It is known that specific ionic conductances
contribute to rhythmogenic neuronal oscillations in
many CPGs. Sodium-mediated PICs (Zhong et al,
2007; Ziskind-Conhaim et al, 2008), It (Anderson
et al, 2012; Ziskind-Conhaim et al.,, 2008) and Iy
(Chalif et al., 2022) have been considered essential
for pharmacologically-evoked fictive locomotor activity
to occur in the neonatal spinal cord, and Iy; has been
shown to alter locomotion in juvenile rats such that their
speed is significantly limited (Verneuil et al., 2020). It is
possible that these currents have frequency-dependent
properties in Shox2 INs, which may contribute to changes
in membrane resonance thereby generating a functional
rhythm (Matsumoto-Makidono et al., 2016). Although It
is only found in a subset of Shox2 INs from adult mice, it
may still play a pronounced role in the rhythmogenic sub-
set of Shox2 INs in adulthood. Interestingly, in reduced
spinal cord preparations from P11-12 mice, an age where
evoking coordinated motor activity in vitro is difficult,
blockade of SK-mediated conductances promotes fictive
locomotor activity (Mahrous & Elbasiouny, 2018). This
suggests that the appearance of SAHP in a subset of mature
Shox2 INs is not directly oscillation-promoting, although
it may play a more nuanced role in shaping Shox2 IN firing
behaviour in that subset. In the present dataset, no Shox2
INs showed robust spontaneous oscillations, potentially
as a result of insufficient persistent sodium conductance
because simulations suggested and experiments
demonstrated that enhancement of this conductance
led to oscillations in Shox2 INs. Previous studies suggest
that the intrinsic bursting in a small number of neurons
in the network (even 5%) may be sufficient to drive
synchronous rhythmic activity in the network (Feldman
and del Negro, 2006; Purvis et al., 2007). Our modelling
data suggest that interactions of these ionic currents,
specifically with In,p, shape oscillations of single neurons,
which can be tested in the future during spontaneous or
evoked oscillations in Shox2 INs.

In Shox2 INs from adult mice, it is still unclear which
combination(s) of electrophysiological properties are
essential for rhythmogenesis. In invertebrates including
crabs (Golowasch & Marder 1992) and lobsters (Zhang
et al,, 2003), pacemaker neurons employ many of the
conductances found in Shox2 INs, highlighting the roles
that these properties can play in endogenous rhythmicity.
These properties may be tightly linked in their influence
on rhythmic bursting, which has been demonstrated in
the case of I;y and I, in the lobster (Zhang et al., 2003)
and suggested in the case of PICs and Iy in rodents
(Verneuil et al., 2020). There are probably many over-
lapping combinations of the conductances included in this
study that may each lead to rhythmic firing in Shox2 INs
within different contexts of locomotor behaviours. This
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has been thoroughly described in identified neuron types
within other organisms and contexts (Alonso & Marder,
2020). The clustering that we report in this study begins
to highlight distinct features of Shox2 INs from juvenile
and adult postnatal ages in which locomotor circuitry
and behaviour is mature. Clusters 4-8, entirely comprised
of juvenile and adult Shox2 INs, are characterized by
the presence of slowly inactivating PICs observed in the
descending phase of the ramp, the presence of sAHP and
relatively increased current densities. This suggests that
these properties may play a role in the mature functioning
of Shox2 INs within locomotor circuitry. Furthermore,
the post-neonatal increase in heterogeneity signifies that
the processes promoting rhythmic bursting in subsets
of these mature Shox2 INs are likely to be dynamic, in
conjunction with synaptic connections, as previously
suggested by modelling studies in other neuron types
(Jasinski et al., 2013).

The subset of Shox2 INs linked to rhythm generation
(Chx107) in the neonatal mouse is ~25% of the Shox2
IN population (Dougherty et al, 2013), and whether
similarly sized clusters or current prevalences correspond
to this subset remains to be determined. Determining
whether the population size or electrophysiological profile
of this rhythmogenic subset expands in the adult animal
requires further experimentation. Nevertheless, mature
Shox2 INs likely utilize the voltage-gated conductances,
in some combination(s), including those found in this
study, during rhythmic locomotor activity. Our single
neuron models predict an interplay between conductances
found in Shox2 INs across postnatal development. Perhaps
this allows Shox2 INs to shape bursting behaviour
in context-dependent manners. Such redundancies, or
degeneracies, may lend to the robustness and resilience
of Shox2 INs in mature mice as they traverse different
biological contexts (Calabrese & Marder, 2024). Further
studies are necessary to pinpoint how each of these
voltage-sensitive properties can shape, mediate or dampen
rhythmic firing in mature Shox2 INs.
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