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lonic mechanisms underlying
bistability in spinal motoneurons:
insights from a computational
model
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Spinal motoneurons are the final output of spinal circuits that engage skeletal
muscles to generate motor behaviors. Many motoneurons exhibit bistable
behavior, alternating between a quiescent resting state and a self-sustained firing
mode, classically attributed to plateau potentials driven by persistent inward
currents. This intrinsic property is important for normal movement control,
but can become dysregulated, causing motor function deficits, like spasticity.
Here we use a conductance-based single-compartment model, together with
mouse spinal slice recordings, to investigate the ionic interactions underlying
motoneuron bistability. We show that synergistic interactions among high-
voltage-activated L-type Ca?t current (Ica). calcium-induced calcium release
(CICR) and the Ca?*-activated non-specific cation current (Ilcan) constitute a
minimal mechanistic core that produces plateau potentials and bistable firing.
Within this framework, the persistent sodium current (/n5p) promotes plateau
generation, in contrast to the Ca2t-dependent K* current (/xc,) which opposes
it. These results delineate ionic dependencies at the level of interactions rather
than spatial localization and provide a tractable basis for interpreting altered
motoneuron excitability in disease.
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Introduction

Motoneurons show a variety of non-linear intrinsic behaviors that determine their
input-output properties (Binder et al., 2020). Among them, bistability allows motoneurons
to toggle between two stable states: a quiescent resting state, and a self-sustained firing state
characterized by a regular pattern of action potentials generated in absence of synaptic
drive. A short excitatory input can trigger a transition from the quiescent state to the
active state, whereas a brief inhibitory input can induce the opposite transition (Hultborn
et al, 1975; Hounsgaard et al, 1984). The underlying mechanism of the bistability
involves formation of plateau potentials, long-lasting membrane depolarizations, during
which the motoneuron firing is maintained (Hounsgaard et al, 1988a; Hounsgaard
and Mintz, 1988). Persistent firing described in motor units in intact animals (Eken
et al, 1989; Eken and Kiehn, 1989; Kiehn and Eken, 1997) as well as in humans
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(Gorassini et al., 1998, 1999; Collins et al., 2001) provides indirect
evidence that motoneuron bistability is an important feature
of motor control contributing to many behaviors. It has been
suggested that bistability is involved in postural control lessening
the requirement for continuous synaptic drive (Hounsgaard et al.,
1988a; Lee and Heckman, 1998a; Heckman et al., 2009). Consistent
with this, limiting motoneuron bistability was shown to impair
postural control (Bos et al., 2021).

Early studies proposed that bistability primarily resulted from
a persistent component of the calcium current (Ic,z) (Hounsgaard
and Mintz, 1988; Hounsgaard and Kiehn, 1989) conducted through
Cavl.3 channels (Carlin et al., 2000; Simon et al., 2003; Zhang et al.,
2006). However, subsequent research has shown that bistability
results from a more complex interaction of several ionic currents
(Bouhadfane et al., 2013), including the calcium-activated non-
specific cation current (Icany) through the Transient Receptor
Potential Melastatin 5 (TRPMS5) channels (Bos et al., 2021) and
the persistent sodium current (In,p) via Nav1.6 channels (Drouillas
et al., 2023). The emerging picture is a causal sequence of cellular
processes: the initial membrane depolarization activates Ingp,
triggering firing and calcium influx; Ic,; increases intracellular
calcium, which then activates calcium-induced calcium release
(CICR) and recruits Ican, leading to further depolarizing of the
membrane. This cascade of depolarization and triggered currents
leads to self-sustained firing, reinforcing the positive feedback loop
underlying bistability. The contribution of these intrinsic processes
to motoneuron bistability is closely tied to cell size with larger
motoneurons exhibiting both higher current expression and a
greater propensity for bistable behavior (Harris-Warrick et al,
2024).

Bistability is modulated by neuromodulatory and biophysical
contexts. Monoamines released from supraspinal centers can
promote and unmask bistability in motoneurons with its latent or
partial expression (Conway et al., 1988; Hounsgaard et al., 1988a;
Hounsgaard and Kiehn, 1989; Perrier and Delgado-Lezama, 2005).
Temperature also modulates bistability: values above 30 °C unmask
plateau potentials by recruiting thermosensitive currents mediated
by TRPM5 channels (Bos et al., 2021).

Beyond its physiological role, bistability has critical
implications in pathology. Following spinal cord injury, excessive
bistability in motoneurones has been linked to spasticity,
a disabling condition characterized by involuntary muscle
contractions (Bennett et al., 2001; Heckman et al., 2008) arising
from dysregulated intrinsic ionic currents that amplify self-
sustained firing and disrupt motor control (Brocard et al., 20165
Murray et al., 2010).

Despite significant progress, the integration of multiple ionic
mechanisms underlying bistability remains poorly understood.
Most prior studies often examined individual currents in isolation,
such as Ingp, Icaror Icanwithout considering how their non-linear
interactions jointly generate and stabilize bistable firing. In this
study, we combine computational modeling, using a conductance-
based single-compartment motoneuron model, with mouse spinal
slice recordings to dissect how these currents, considered separately
and in combination, control the emergence, maintenance and
modulation of bistability in motoneurons. Our goal is to identify
a minimal mechanistic core of motoneuron bistability at the level
of ionic interactions.
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Methods
Modeling methods

Motoneuron model
We used a
mathematical model of a motoneuron that includes the main

conductance-based  single-compartment
spike-generating channels, fast sodium (Inyr) and potassium
rectifier (Igg4,), as well as the persistent sodium (Ingp), slowly
inactivating potassium (Igy12), high-voltage activated calcium
(Icar), Ca*T-activated, non-specific cation (Ican, associated
with TRPM5 channels) and Ca?*-dependent potassium (Ixcg,
associated with SK channels) current.

The voltage dynamics are described by the current
balance equation:

av

c.=
dt

= —Inar — INaP — Ixar — Ixv12 — Icar — Ikca — Ican

=1 + iy (1)

where V is membrane potential in mV, ¢ is time in ms, C is
membrane capacitance (C = 1 uF - cm™?), and the right hand side
of the equation contains all transmembrane currents described
as follows.

Fast sodium current (Booth et al., 1997):

INar = gNaF MNar(V)? hnar - (V — Eng);
mNap(V) = (1 + exp(—(V +35)/7.8)) "

dh
Nar(V) - lZaF = hNaroo(V) — hiar;
wNar(V) = 30 - (exp((V + 50)/15)

+exp(—(V + 50)/16)) "
hNaroo(V) = (1+exp((V +55)/7)) ",
120 mS/cm?, Eng = 55 mV.

8INaF

The persistent sodium current was assumed to be non-
inactivating. Activation was assumed instantaneous and non-
inactivating. Activation dependence on voltage was taken from
(Brocard et al., 2013):

Inap = gNap mNap(V) - hnap - (V — Eng);
mnap(V) = (1 + exp(—(V +53)/3))" 1;

Persistent sodium current is assumed non-inactivating, i.e.

Potassium rectifier current (Booth et al., 1997):

Ixar = gkarMiar” - (V — Ex);

Txar(V) - d";fdr = MKdroo(V) — mkar;
kar(V) = 7 - (exp((V + 40)/40)
+ exp(—(V + 40)/50))"";
Midroo(V) = (1+ exp(—(V 4 28)/15)) "

Skdr = 100 mS/cm?, Ex = 26.54 -log([K™],/[KT1)),
[KT]; = 140 mM, [KT], € [4,12] mM.
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Slowly inactivating potassium current (Bos et al., 2018):

Ixia = k2 Mgy 2 hkna - (V — Ex);

dxr1.2
Tr12(V) - d;

T2 5(V) = 2.44 + 18.387 - (exp(—(V — 25.645)
/21.633) + exp((V + 4.42)/45.9)) "L
Miy1200(V) = (1 + exp(—(V +46)/6.9)) "
(V) = 74.74-(0.00015 - exp(—(V + 13)/15)
40.06 - (1 + exp(—(V +68)/12))"H~!;
hi1200(V) = (1 + exp((V + 54)/7.1))7;
g2 € [0,10] mM.

Xki1.200(V) — XK1.2, X € {m, h};

High-voltage calcium L (Icqr) current (Jasinski et al., 2013):

Icar = gcar Megp-hear - (V — Eca);

dx
TaL % = XCaloo(V) — Xcar, X € {m, h};
Mcaroo(V) = (1 + exp(—(V +27.5)/5.7))7";
hcatoo(V) = (1 + exp((V 4 52.4)/5.2))7;

Ec, = 80mV, gcar = 0.05 mS/cm?, tln = 0.5 ms,

rgaL = 18 ms.

Calcium-activated non-specific cation (Icay) current
(Toporikova and Butera, 2011):
I Ca (V — Ecay)
CAN = gCAN - =+ (V — Ecan),
& Ca + Kcan

Kean = 0.74 - 1073 mM, Ecay = 0mV.

Calcium-dependent potassium current (Ixc,) (Booth et al,
1997). This current was modified to be instantaneous:

Ixca = gKCa - (V—Eg), Kg=02-10"% mM.

Ca
Ca+ Ky
Leak current:

Iy =g - (V—Ep), gL =0.1mS/cm?, E = —80mV.

The two currents described above (Ican and Ixc,) depend on
the intracellular Ca>* concentration [Ca?*]; in mM (denoted by
Ca in the equations). The Ca?" concentration increases directly
from the influx of calcium ions through calcium channels (captured
by Ic,rin the mathematical model) and indirectly from the release
of calcium ions from intracellular stores via a calcium-induced
calcium release (CICR) mechanism. Additionally, they are pumped
out by the Ca-ATP pumps.

The dynamics of intracellular calcium concentration (Ca) in
our model are described by the differential equation:

dCa
o= —f o IcaL + keicr - Ca — Ca/7ca. 2
On the right hand side of this equation, the first term
represents calcium influx through high-threshold, voltage-gated
calcium channels (I¢,z) which open during action potentials. Here f
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= 0.01 defines the ratio of entered Ca?* ions remaining unbound;
the coefficient « = (2 - F - 8)~! converts inward I, current to
Ca*>* concentration rate of change; here F is Faraday’s constant
(F = 9.648 - 10* C/mol) and 8 is the thickness (0.1 pm) of the
shell adjacent to the membrane. Based on these parameters, « =
5.1074mM - cm? - ms™' - pAL

The second term describes an increase of cytoplasmic Ca*
concentration through the CICR mechanism, where the rate
of calcium release from internal stores is proportional to the
intracellular Ca®* concentration (defined by kcrcr). The third term
describes the action of calcium pumps (both plasma membrane and
SERCA) which rapidly remove calcium from the cytoplasm, with a
time constant 7, = 10 ms.

Qualitative analysis

To investigate the bistable behavior of spinal motoneurons, we
implemented a current ramp simulation protocol designed to probe
the transitions between quiescent and self-sustained firing states.
This approach leverages a linearly varying injected current (I;) to
systematically explore the system’s response across a range of input
intensities, making it an effective tool for detecting hysteresis and
state-dependent dynamics in neuronal models.

The protocol was designed as follows: the injected current was
initially set to zero and then increased linearly to a predetermined
maximum value (ascending phase) over a specified duration.
Subsequently, the current was decreased linearly back to zero
(descending phase) at the same rate. This bidirectional ramp
allowed us to identify two key transition points: the current
threshold at which the system shifts from silence to spiking during
the ascending phase (I,;5) and the lower threshold at which spiking
ceases during the descending phase (I4,,,). Bistability is indicated
when Iy, is less than I, revealing a range of current values
where the system can stably maintain either state, depending on its
prior condition. This hysteresis reflects the non-linear properties
of the model and its history-dependent behavior. To ensure the
reliability of these thresholds, the ramp time was progressively
increased until the current thresholds for transition to spiking
(Iyp) and for return to silence (Igyy,) stabilized. , confirming
that the observed transitions were not influenced by transient
dynamics. Ramp durations of several seconds per phase were
typically sufficient; longer ramps produced nearly identical I,,, and
Ljown Vvalues, confirming that ramp velocity no longer influenced
the hysteresis width.

The results of this protocol are presented in injected current-
voltage (I-V) bifurcation diagrams. These diagrams depict the
steady-state voltage response as a function of the injected current,
delineating the regions corresponding to quiescence, repetitive
spiking, and bistability. The upward and downward branches
correspond to the ascending and descending phases of the current
ramp, respectively, thereby illustrating the distinct transition
thresholds (I, and I4,y,) and the hysteresis loop between them.
For interpretation, the I-V bifurcation diagram provides a compact
representation of how the system’s qualitative behavior changes
with input strength, serving as a graphical summary of the
underlying non-linear dynamics and the coexistence of multiple
stable states.

frontiersin.org


https://doi.org/10.3389/fncel.2025.1710893
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Molkov et al.

Equilibrium points of our single-compartment model,
which represent the steady-state solutions of the system, were
incorporated into the bifurcation diagrams. These points were
determined by setting the net membrane current (the right-hand
side of Equation 1) to zero. For each fixed value of injected current
(Iinj), the gating variables and intracellular calcium concentration
were assigned their steady-state values. The corresponding
equilibrium membrane potential was then numerically obtained
by solving the aforementioned equation for V. By collecting these
steady-state points across a range of I;,j, one or more branches of
the equilibrium voltage were formed.

To further validate the protocol’s ability to detect bistability,
we employed a complementary current step simulation inspired
by experimental approaches. Starting from a baseline of I;;; =
0, the current was stepped to an intermediate value within the
suspected bistable range (Igown < linj< lyp), then increased to
a level above I,5, and subsequently returned to the intermediate
value before returning to zero. This sequence demonstrated that, at
the intermediate current level, the system’s state, silent or spiking,
depended on its prior activation history, reinforcing the findings of
the ramp protocol.

The current ramp simulations also supported parametric
analyses by varying key model parameters and plotting the
resulting bifurcation diagrams. These diagrams mapped the
system’s equilibrium points and oscillatory regimes as functions of
Iinj, providing a visual representation of the bistable region. The
protocol’s design, with its carefully adjusted ramp duration, ensured
that the gradual variation of input current effectively captured the
boundaries of this region, offering a robust technical framework
for studying the conditions under which bistability emerges and
persists in the model.

Simulations

Simulations were performed using custom-written C+-+ and
Julia software. Integration was performed by the Dormand-Prince
5(4) method using (Boost Development Team, n.d.). Source code
written in C++ and Julia for the model and examples of the
ramping protocols can be found in the Github repository associated
with this manuscript (Jeter and Molkov, 2025).

Experimental methods

Experimental model

Mice (C57/Bl6 background) were housed under a 12h
light/dark cycle with ad libitum access to water and food. Room
temperature was kept between 21 and 24 °C and between 40 and
60% relative humidity. All animal care and use were conformed
to the French regulations (Décret 2010-118) and approved by
the local ethics committee (Comité d’Ethique en Neurosciences
INT-Marseille, CE71 Nb A1301404, authorization Nb #50133-
2024060612594852).

In vitro preparations
For the slice preparation, mice were cryoanaesthetized (P5-P7)
or anesthetized (P8-P11) with intraperitoneal injection of a mixture

Frontiersin Cellular Neuroscience

10.3389/fncel.2025.1710893

of ketamine/xylazine (100 and 10 mg/kg, respectively). They were
then decapitated, eviscerated and the spinal cord removed by
laminectomy, and placed in a Sylgard-lined petri dish with ice-cold
(44 °C) artificial CSF (aCSF) solution composed of the following
(in mM): 252 sucrose, 3 KCI, 1.25 KH;POy4, 4 MgSOy, 0.2 CaCl,,
26 NaHCOs, 25 D-glucose, pH 7.4. The meninges were removed
and the lumbar spinal cord was then introduced into a 1% agar
solution, quickly cooled, mounted in a vibrating microtome (Leica,
VT1000S) and sliced (325 um) through the L4-5 lumbar segments.
Slices were immediately transferred into the holding chamber filled
with bubbled (95% O, and 5% CO,) aCSF solution composed of
(in mM): 120 NaCl, 3 KCl, 1.25 NaH, POy, 1.3 MgSOy, 1.2 CaCl,,
25 NaHCOs, 20 D-glucose, pH 7.4, 30-32 °C. After a 30-60 min
resting period, individual slices were transferred to a recording
chamber continuously perfused with aCSF heated to 32-34 °C.

In vitro recordings

Whole-cell patch-clamp recordings were performed using
a Multiclamp 700B amplifier (Molecular Devices) from L4-L5
motoneurons with the largest soma (>400 wm?) located in the
lateral ventral horn. These cells are the most likely to correspond
to large, fast-type motoneurons, which are those most prone
to expressing bistable behavior and plateau potentials (Harris-
Warrick et al., 2024). A total of 17 motoneurons that met the
inclusion criteria described below were successfully recorded from
12 neonatal mice. Motoneurons were isolated from most rapid
synaptic inputs with a combination of kynurenic acid (1.5mM),
picrotoxin (100 wM) and strychnine (1 wM) to block glutamatergic,
fast GABAergic and glycinergic synapses, respectively. Patch
electrodes (2-4 MQ) were pulled from borosilicate glass capillaries
(1.5mm OD, 1.12mm ID; World Precision Instruments) on a
Sutter P-97 puller (Sutter Instruments Company) and filled with an
intracellular solution (in mM): 140 K+-gluconate, 5 NaCl, 2 MgCl,,
10 HEPES, 0.5 EGTA, 2 ATP, 0.4 GTP, pH 7.3. Pipette and neuronal
capacitive currents were canceled and, after breakthrough, the
series resistance was compensated and monitored. Recordings were
digitized on-line and filtered at 20 kHz through a Digidata 1550B
interface using Clampex 10.7 software (Molecular Devices). All
experiments were designed to gather data within a stable period
(i.e., at least 2 min after establishing whole-cell access).

Drug list

All solutions were oxygenated with 95% O,/5% CO,. All salt
compounds, as well as veratridine (40 nM), apamin (200 nM),
kynurenate (1.5mM), picrotoxin (100 wM), strychnine (1 wM)
were obtained from Sigma-Aldrich.

Data quantification

Electrophysiological data analyses were analyzed off-line with
Clampfit 10.7 software (Molecular Devices). For intracellular
recordings, several basic criteria were set to ensure optimum
quality of intracellular recordings. Only cells exhibiting a stable
resting membrane potential, access resistance (<20 M£2 with no >
20% variation) and an action potential amplitude (measured from
threshold to peak) larger than 40 mV under normal aCSF were
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considered. Passive membrane properties of cells were measured
by determining from the holding potential the largest voltage
deflections induced by small current pulses that avoided activation
of voltage-sensitive currents. We determined input resistance by
the slope of linear fits to voltage responses evoked by small
positive and negative current injections. The peak amplitude of
the slow afterdepolarization (slow ADP or sADP) was defined
as the difference between the holding potential and the peak
voltage deflection after the burst of spikes. The sADP area was
measured between the end of the stimulus pulse and the onset of
the hyperpolarizing pulse (delta= 7.5s). If necessary, using bias
currents, the pre-pulse membrane potential was maintained at the
holding potential fixed in the control condition. Bistable properties
were investigated using a 2 s depolarizing current pulses of varying
amplitudes (0.8-2 nA). To assess the ability of a motoneuron to
express bistability, the holding current was gradually increased in
25 pA increments thereby shifting the membrane potential (Vh)
toward more depolarized values before delivering the depolarizing
current pulse. This protocol, previously described and illustrated
in detail in our earlier work [e.g., Supplementary Figure 1C in Bos
et al. (2021)], was repeated until the neuron reached its spiking
threshold. A cell was considered as bistable when (1) the pre-
stimulus membrane potential remained hyperpolarized below the
spiking threshold (downstate), (2) the post-stimulus membrane
potential remained depolarized above the spike threshold (upstate),
and (3) the membrane potential could return to downstate after a
brief hyperpolarizing pulse. To quantify the extent of bistability,
we measured both the voltage (V) range between the most
hyperpolarized holding potential (Vh min, from which a plateau
could still be induced) and the most depolarized holding potential
(Vh max, at which the plateau could be maintained), and the
corresponding range of injected currents (AI) over which bistable
behavior was observed.

Statistics

When two conditions (control vs. drugs) were compared, we
used the Wilcoxon matched pairs test. For all statistical analyses, the
data met the assumptions of the test and the variance between the
statistically compared groups was similar. The level of significance
was set at p < 0.05. Statistical analyses were performed using
Graphpad Prism 7 software.

Results

Calcium dynamics and calcium-dependent
currents

The role of calcium-induced calcium release
(CICR) mechanism

A brief excitatory current pulse into a motoneuron triggers
a train of action potentials, causing a substantial increase in
intracellular calcium levels ([Ca?t];). This increase is driven by
influx via voltage-gated calcium channels, further amplified by
calcium-induced calcium release (CICR) from internal stores.
The resulting [Ca?T]; accumulation activates two Ca>*-dependent
currents with opposing effects: the depolarizing calcium-activated
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non-specific cation current (Icany) and the hyperpolarizing
calcium-dependent potassium current (Ixcy)-

We first tested the hypothesis that CICR is essential for
amplifying intracellular calcium to levels sufficient for activating
calcium-dependent currents underlying bistability, a key step in the
ionic cascade proposed in the Introduction. We modeled [Ca®*];
dynamics and compared scenarios with and without CICR.As
described in Methods, the [Ca?*]; dynamics in our model are
governed by the differential (Equation 2). The calcium clearance
pump operates with a time constant of tc, = 10 ms, which, in
the absence of CICR, would clear all calcium introduced by a spike
before the next spike. The term kcycr-Ca in Equation 2 captures the
CICR mechanism, where the rate of calcium release from internal
stores is directly proportional to the current calcium concentration
Ca with coefficient k¢ycg.

For simplicity, the intracellular calcium dynamics described by
Equation 2 can be expressed as:

dCa
G =—f-a-Ica — Ca/%ﬁ;
where 7,7 represents the effective time constant

Teff = (1/tca—kcicr) ™"

The gain kcicr must not exceed 1/7¢, to prevent negative 7,g,
which would lead to an infinite increase in calcium. In our model,
kcicr is set at 0.096 ms !, yielding an effective time constant T =
250 ms. This value was chosen phenomenologically to match typical
slow afterdepolarization decay rates observed in our in vitro data
and prior studies.

This prolonged 7,4 (compared to 7¢,) reflects how the CICR
mechanism substantially slows calcium clearance, resulting in
[Ca?*]; build-up during repetitive firing. As shown in Figure 1,
calcium levels sharply increase in response to a rectangular current
pulse, strongly activating Ican and Ixc,. Without CICR (kcicr = 0),
pumps clear calcium rapidly between spikes, preventing significant
accumulation during repetitive firing. Consequently, in the absence
of sustained elevations in intracellular Ca?T, neither Ican nor Ixca
currents are activated to a significant degree.

These analyses support our hypothesis, demonstrating that
CICR slows calcium clearance and is necessary for the sustained
[Ca2T]; elevation.

Interplay between Ican and lkca:
afterdepolarization vs. afterhyperpolarization
Intracellular recordings have shown that motoneurons
demonstrate  two  post-stimulus  behaviors: a  slow
afterdepolarization (sADP) after brief excitatory inputs, typical for
a bistable motoneuron type, and an afterhyperpolarization (AHP)
observed in a non-bistable motoneuron type (Harris-Warrick
et al,, 2024). We hypothesized that the balance between Ican and
Ikca determines post-stimulus behavior and bistability, with Ican
dominance favoring sSADP and bistability, while Ixc, dominance
promotes AHP, aligning with observed differences in motoneuron
subtypes. To test this, we simulated responses to depolarizing

current pulses, varying the relative strengths of these currents.

frontiersin.org


https://doi.org/10.3389/fncel.2025.1710893
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

Molkov et al. 10.3389/fncel.2025.1710893
AHP 20 mV
/ 1s
2+ 10°
[Ca®']; - [s-10 mm A\
Ifnj |4 pA/cm?
FIGURE 1
Effects of Ik, vs. effects of Icay. Membrane potential (black) and intracellular Ca?+ (magenta) in response to step current (green). Intracellular Ca?*
concentration increases during spiking activity and then slowly adapts. (A) When Ixc, is stronger than Ican(gkca= 0.5mS, gcan = 0mS), this leads to
after-hyperpolarization (AHP). (B) When Ican is stronger than lkca (9kca=0.5mS, gcan=0.7 mS), this leads to after-depolarization (ADP) immediately
following spiking activity.

Our simulations show that when Ixc, predominates, Ca*t
-dependent potassium efflux produces hyperpolarization of the
membrane and a decrease in excitability. This effect promotes
a prominent post-stimulus AHP supported by sustained [Ca’*];
elevation (Figure 1A). Conversely, when Icanypredominates, the
elevation of [Ca®*]; activates this current, leading to a depolarizing
influx of sodium, that in turn increases the firing frequency during
the pulse and yields an sADP afterward (Figure 1B). As [Ca**];
declines, the membrane potential slowly relaxes back toward its
resting values.

The sADP may be directly linked to neuronal bistability because
it provides a sustained depolarizing drive that maintains the neuron
in a high-activity state through positive feedback. Therefore, these
model behaviors support our hypothesis and provide a mechanistic
interpretation: Ic4n biases toward sADP and plateau maintenance,
whereas Ixc, biases toward AHP and termination of spiking.

Mechanisms of Ican-based bistability and
their modulation

lcan-based bistability

We then hypothesized that Ic4n provides a robust mechanism
for bistability via a positive feedback loop sustaining depolarization
post-stimulus. We tested this using ramp and step current protocols
in the model, analyzing bifurcation diagrams as gcan varied.
Ramp and step protocols were chosen because they are the
standard experimental approaches used to investigate motoneuron
bistability: ramps reveal firing hysteresis, whereas steps assess
plateau potentials and self-sustained firing (Hounsgaard and Kiehn,
1985; Hounsgaard and Mintz, 1988; Hounsgaard et al., 1988a; Lee
and Heckman, 1998b,a; Li and Bennett, 2003).

Our model simulations support that the expression of
Icanprovides a robust route to bistability. The process begins with
the opening of voltage-gated calcium channels during each action
potential. While this influx alone is insufficient to fully activate
Ican, it triggers CICR, which amplifies [Ca®t]; (see below).

The elevated [Ca?t]; activates Icanestablishing a positive
feedback loop: Icansustains depolarization, promoting continuous
firing; spikes further elevate [Ca®*]; via Ca?* entry and CICR, and
thus reinforce Icanactivation. This self-perpetuating mechanism
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allows the motoneuron to remain in a high-activity state (persistent
spiking) even after the initial stimulus is removed, creating
bistability: the neuron can operate in either a quiescent state or an
active spiking state.

The 2-parameter bifurcation diagram (Figure 2A) shows how
Ican controls the appearance and the extent of the bistability
region. For each gcan, we replicated the experimental ramp
current protocol in the model as described in Methods. To
identify bistability, we used a triangular current ramp, consisting
of two phases, ascending (“up”) and descending (“down”). These
correspond to the increasing and decreasing portions of the

injected current, respectively. No bistability is seen at gcan
0 (Figures 2A, B). It is appearing when gcan starts increasing
(gcan >0, Figures 2A, C). Particularly, at gcan = 0.5 mS/cm?,
the voltage—current relation during a linear Ij,jramp (Figure 2C)
reveals distinct up (I,p) and down (I4oy,) thresholds. At gcan
= 0, Igown and Ipcoincide (no hysteresis; Figure 2B). Once gcan
becomes large enough, the interval (I, < Iinj < Ip) opens and
bistability emerges. This is evident as the current required to trigger
spiking during the ramp-up exceeds the current at which spiking
stops during ramp-down (Figure 2C). This hysteresis widens with
further increases in gcan (Figure 2A), reflecting the strengthening
of the Ican-mediated positive feedback loop, which supports the
self-sustained spiking state.

In Figures 2B, C blue and red traces correspond to ascending
and descending phases of the current ramp, respectively. For

Iinj< Lp= 17 WA/cm?

, the system displays two attracting
regimes separated by an unstable equilibrium (saddle): a stable
hyperpolarized state corresponding to the resting state (silent) and
a stable spiking state (limit cycle) (Figure 2C). As I;y; exceeds I,p=
1.7 uA/cmz, the low potential stable branch of the V-nullcline
merges with the saddle and vanishes via a fold bifurcation, and the
system transitions to a stable limit cycle representing a repetitive
spiking regime. During the descending phase of the ramp, spiking
persists until I;;; decreases to Ijo, = 1.1 wA/cm?, which is less
than I, (Figures 2C, D), yielding a hysteresis interval (Al > 0 with
Liown< ILp), indicative of bistability.

To further probe bistability, we implemented a step protocol
inspired by experimental methods (Figure 2F). Starting at I;,j = 0
in a silent state, we applied an intermediate pulse within the bistable
range (Ijown< Iinj < Ilyp), then increased it above I,yto induce
firing, before returning to the intermediate current (Figure 2E).
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lcan-induced bistability and its disappearance after CICR blockade
(A) Parameter plane (gcan. linj) partitioned into regions of different
behaviors (gxca= gnap= 0). The upper and lower boundaries of the
bistability region represent the dependence of /,, (blue line) and
ldown (red line) on gcan, respectively. With no Ican (gcan = 0) the
transitions from silence to spiking and back occur at the same
(Continued)
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FIGURE 2 (Continued)

linj values signifying no bistability. As gcan increases, lgown becomes
smaller than /yp, with the bistability range progressively expanding.
(B, C) Bifurcation diagrams showing different behaviors of the
system at gcay = 0 and gean = 0.5 mS/cm? across a range of the
injected current values, /j,;. Black lines depict the system’s unstable
equilibrium states. Blue traces represent silence or spiking during
the ascending current ramp; red traces indicate firing during the
descending current ramp (when different from the ascending ramp).
When lip; < Iyp there is a stable hyperpolarized state (stable node). If
linj is increased over I,p, the system transitions to spiking, covering
the voltage range shown in red and blue. This stable spiking regime
exists in the range linj > lgown. When [ is reduced below lgown, the
limit cycle representing spiking disappears, and the system
transitions to the low voltage stable fixed point. Between these
bifurcation points the hyperpolarized state (silence) coexists with
the stable limit cycle (spiking) shown in red. (D, E) Bistability revealed
with ramp and step protocols. (D) /; was linearly increased from O
to 3 uA/cm? and back (green). Note that spiking started at higher
current than the transition back to silence (Iup > lgown). (E) lin; was
held piecewise constant at O first, then increased to 1.5 uA/cm?,
then to 3, then reduced back to 1.5, and, finally, to O (see the black
trace at the bottom). At ;5 = 1.5 uA/cm? the system exhibits spiking
or silence depending on whether it was active or not during the
previous stage. Note the difference in the intracellular calcium
concentration levels (green trace). (F) Same representation as in C
but with intracellular calcium release blocked (kcjcr = 0). Note lack
of bistability.

This protocol showed that, at the same intermediate current value,
the motoneuron could either continue firing or remain silent,
depending on whether it was previously activated.

The above computational findings support our hypothesis,
identifying Ican as a key determinant of the bistable behavior
through self-sustained spiking.

The role of CICR

We further hypothesized that CICR is required to raise [Ca?T];
enough for Icsn activation and bistability, as transient influx
through voltage-gated calcium channels alone is insufficient. To
test this, we set kcjcr = 0 and repeated ramp protocols. As shown
in Figure 2F, when CICR is blocked the Ican-based bistability
collapses (ramp hysteresis vanishes) because the transient rise in
[Ca**]; during spiking activity is almost completely abolished (not
shown), as Ca?" influx through voltage-gated channels alone is
rapidly cleared by pumps. Consequently, Ican is not recruited,
and the system behaves equivalently to simulations where gcan
is set to zero (Figure 2B). In other words, CICR effectively slows
Ca?t clearance (tef in the hundreds of ms) and is necessary in
this framework to maintain the Ca?*-dependent depolarizing drive
provided by Ican. This supports our hypothesis, emphasizing the
role of CICR in maintaining the Ican-driven feedback loop.

The role of lxc,; in modulating Ican-based
bistability

Hypothesizing that Ixc, opposes Ican-based bistability
by hyperpolarizing the membrane, we analyzed the models
bifurcation maps varying gxcs and gcan, and validated model
predictions with apamin experiments in slices.
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Our model supports that Ixcshas a negative effect on
Ican-based bistability. As [Ca?T];
channels (mediating Ixc,) open, allowing intracellular K™

increases, SK-type KT

ions to exit the cell. This outward current hyperpolarizes the
membrane, decreasing excitability, and preventing the self-
sustaining depolarization provided by Ican. Bifurcation analyses
(Figure 3) summarize this interplay. At low gcan, a regime
where Igc,dominates the Ca>*-dependent response, the neuron
transitions between spiking and silence at the same current
threshold during ascending and descending current ramps,
with this common threshold only weakly influenced by gcan
(Figure 3A). Increasing gcan lowers the spiking onset threshold
and, once gcan reaches approximately 1 mS/cm? (Figure 3A), a
hysteresis interval opens (AT > 0 when Ijo,, < I;), indicating
the emerging bistability. This is evident as the current required
to trigger spiking during the ramp-up exceeds the current at
which spiking stops during ramp-down, with the current range AI
supporting bistability, progressively expanding as gcan increases
further. Additionally, the specific gcan value at which this
bifurcation occurs depends linearly on gxc, (Figure 3B), suggesting
that the bistability arises when Ican begins to dominate over Ixc,.
Equivalently, reducing grc, at fixed gcany unmasks bistability
(Figures 3C-F).

We tested these predictions by performing patch-clamp
recordings of lumbar motoneurons, focusing on the effects of
apamin (200 nM), a selective blocker of Ixc,. We measured the
parameters of the sADP induced by a brief depolarization of
the motoneurons. Application of apamin significantly increased
the amplitude and area of the sADP indicating a larger
depolarizing response when Ikc, is reduced (Figures 4A-C). In
addition, apamin also enhanced the capacity of motoneurons
for bistable behavior. Specifically, motoneurons were able to
express plateau potentials from more hyperpolarized holding
potentials (Figure 4D), reflected by a significant shift in Vhmin
(defined as the most negative holding potential from which a
plateau could be induced) from —59.7mV (4/- 5.4) mV to
—61.9 (+/- 5.2) mV (p < 0.05), accompanied by increases in
— Vhpin, where Vhy.x is the
most depolarized holding potential at which a plateau could be

the voltage range (AV = Vhpx

maintained before reaching action potential threshold) from 4.9
(+/- 3.3) mV to 82 (+/- 1.5) mV (p < 0.05; Figure 4E) and
the current range (AI) over which bistability was observed from
763 (+/—25.9) pA to 109.6 (+/—46.4) pA (p < 0.05; Figure 4F).
Together, these results support the prediction of the model that
reducing Ixc, expands the bistable regime by reducing the after-
hyperpolarizing influence opposing Ican-driven depolarization
(Figures 1, 3). These results support our hypothesis, underscoring
the antagonistic interplay between Ican and Ixc, in shaping
motoneuron excitability and providing a mechanistic basis for
bistable behaviors.

Modulation of Ican-based bistability by
extracellular potassium concentration

Because Ixc, depends on the Kt driving force, we hypothesized
that elevated [K'], enhances bistability by depolarizing the
potassium reversal potential Ex and reducing Ikc,’s opposition

Frontiersin Cellular Neuroscience

10.3389/fncel.2025.1710893

to Ican. Ex is set by the Nernst equation which provides the
potassium ion equilibrium potential based on the ratio of
intracellular [K*]; to extracellular [K™], potassium concentration
Methods). [K*]o
depolarizes Ex thereby reducing the outward driving force

(see Increasing extracellular potassium
through Ixc,. This weakens the hyperpolarizing influence of Ixc,
that counteracts the Ican-mediated depolarizing feedback.

We explored this interaction by varying [K], and gcan in
the model while holding gkc, at 0.5 mS/cm?. The resulting two-
parameter map (Figure 5B) shows the bistable range (color-coded
width AI= I, - Ijoym, black indicating no bistability) as a function
of gcan and [KT],. Atlow [K*], (e.g., physiologically normal levels
of 4mM), Ek is strongly negative and Ixc, efficiently counteracts

Ican, so relatively large gcan (e.g, ~1 mS/cm?

, Figure 3A)
is required for bistability. As [K*], increases, Ex depolarizes,
weakening Ixc, and the bistable interval opens at progressively
lower gcan (Figure 5A). For instance, at gcay = 0.9 mS/cm? the
model is not bistable at [K*], = 4mM (Figure 5C), but becomes
bistable at [KT], = 8 mM (Figures 5D, E), with the hysteresis width
further expanding as [KT], rises (Figure 5B). As elsewhere, we
corroborated bistable firing behavior using a step protocol showing
different coexisting stable regimes at identical inputs (Figure 5F).
Our findings support the hypothesis, suggesting relevance
to physiological [K*], fluctuations: during sustained activity
or in certain pathological conditions, elevation of [K'], can
occur, which, by decreasing the effectiveness of Ixc,, would favor
expression of the Ican-driven positive feedback and broaden
the bistable operating range. More generally, these findings
illustrate how intrinsic mechanisms of excitability can be tuned by
extracellular milieu, here via the dependence of Ex on [K™],.

The role of Iygp in modulating Ican-based
bistability

The persistent sodium current (Ingp) is well-known for
amplifying neuronal excitability by providing a sustained
(Crill, 1996).
Hypothesizing Ingp facilitates Ican-based bistability, we examined

depolarizing drive at subthreshold voltages

its interactions with Icay using our computational model
(Figure 6). The two-parameter bifurcation map in Figure 6B
depicts the bistability range (color-coded as the hysteresis width
Al = Iyp - Ljown) as a function of gngp and gcan. Overall, the
bistable interval expands with increasing gngp, indicating that Ingp
enhances the robustness of bistability. For instance, at moderately
low gcan values (e.g., 0.9 mS/cm?; Figure 6B), where Icay alone
fails to produce bistability (Figure 6C), elevating gngp from zero to
0.45 mS/cm? uncovers a clear hysteresis interval (Figures 6B, D-F),
enabling the coexistence of silent and spiking states over a range of
injected currents.

This effect aligns with the core Ican-driven positive feedback
loop underpinning bistability: (i) spiking activity opens voltage-
gated calcium channels, leading to Ca?t influx; (i) this influx
triggers CICR, amplifying the cytosolic Ca** signal; (iii) elevated
[Ca®*t]; then activates Ican, and (iv) the resulting depolarisation
accelerates spiking promoting additional Ca?* entry and closing
the self-reinforcing loop. Amplifying any element of this loop can
elevate its overall gain, tipping the system toward bistability.
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Modulation of Icay-dependent bistability by Ixca. (A) Bifurcation diagram similar to Figure 2A, constructed for gxca = 0.5 mS/cm?. Note, that unlike in
Figure 2, bistability emerges once gcan exceeds 1 mS/cm?. (B) Bistability range Aljn; depending on gcan and gkca conductances. Bistability range
(defined as lup — lgown) is color coded. Bistability exists in the lower right part of the diagram. Note near linear dependence of gcan bistability
threshold on gxcs. White dashed line shows the value of gkc, used to construct the bifurcation diagram in (A). (C, D) Bifurcation diagrams showing
possible behaviors of the system at the parameter values labeled correspondingly in (B). (C) At higher gkc, value (gkca = 0.5) transitions from
quiescence to spiking and back occur at the same injected current value (I = lgown), indicating no bistability. (D) When gc, is lowered to 0.1, the
transition from spiking to quiescence occurs at a lower injected current than the transition from quiescence to spiking (lgown < lup). SO spiking shown
in red coexists with the silent regime. (C, D) Blue indicates activity during the ascending current ramp and red indicates activity during the descending
current ramp. (E, F) Ramp (left) and step (right) current injection protocols, illustrating bistability revealed in (D). The intermediate current step is
between lgown and Iyp. The system’s state depends on whether it was active or not at the previous step, exhibiting bistable behavior.

Here, Ingp contributes by delivering a tonic depolarizing
current that lowers the voltage threshold for spike initiation and
Ca?t entry. This facilitates the recruitment of Ic4n during the onset
of activity and bolsters its ability to sustain the high-activity state
once engaged, even at lower gcan levels. For example, at gcan =
0.9 mS/cm? and gnap = 0.45 mS/cm?, the model displays robust
bistability (Figures 6D-F), whereas reducing gngp to 0 eliminates it
(Figure 6C). However, at lower Ican expression (e.g., at gcay = 0.5
mS/cm?), Ingp-evoked depolarization is insufficient to achieve the
high-gain regime needed for bistability at any gngp.

We tested these predictions pharmacologically in patch-clamp
recorded lumbar motoneurons using veratridine (40 nM), which at
low molar nanomolar concentrations enhances In,p (Alkadhi and
Tian, 1996; Tazerart et al., 2008). Following a short depolarizing
current pulse, veratridine increased the amplitude and area of
the SADP (Figures 7A-C), indicating a larger depolarizing tail
when Ingp is enhanced. Veratridine also facilitated bistability: self-
sustained spiking activity were triggered from more hyperpolarized
holding potentials (Figure 7D), with Vh shifting from —57.5mV
(4+/-9.5) to —62.1 mV (4+/—9.0) (p < 0.01). Both the voltage range
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(AV) and the current range (AI) supporting bistability increased:
AV shifts from 3.3mV (4/- 1.9) to 7.3 mV (+/- 2.4) (p < 0.05;
Figure 7E) and AI shifts from 58.5pA (+/- 22.3) to 126.0 pA
(4+/-59.1) (p < 0.05; Figure 7F).

Taken together, these findings support the hypothesis that
increasing Ingp facilitates and broadens the operating window of
Ican-driven bistability by enhancing depolarization while Ican
remains the principal maintenance mechanism once engaged. This
synergy between Ican and Ingp helps explain how modest changes
in persistent Na® conductance can markedly reshape motoneuron
firing regimes.

Bistability based on Iy,p and the role of
[K*]o

Inap could theoretically sustain bistability independently of
Icany under conditions that maintain its activation between
action potentials. For instance, if the inter-spike membrane
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FIGURE 4
Ca’*-activated K+ current (Ixc,) limits the slow afterdepolarization and membrane bistability in lumbar motoneurons. (A) Superimposed voltage
traces recorded in the same motoneuron during a brief (2 s) depolarizing current step (bottom) under control conditions (black) and after bath
application of apamin (200 nM; red). (B, C) Quantification of the SADP amplitude (B) and area (C). (D) Superimposed voltage traces recorded from the
same holding potential (Vh) in response to a 2-s depolarizing current pulse before (black) and after apamin (red). (E, F) Quantification of bistability
through AV and Al. AV and Al represent the range of holding potentials and holding currents, respectively, over which self-sustained firing can be
observed. Each is defined as the difference between the most depolarized and the most hyperpolarized value (potential for AV, current for Al) at
which self-sustained firing is triggered or maintained (see Methods). Paired data from individual motoneurons (n = 9) are linked and overlaid on violin
and box-and-whisker plots. *P < 0.05, **P < 0.01, two-tailed Wilcoxon signed-rank test.

potential remains above Ingp’s deactivation threshold, In,p would
provide a continuous depolarizing drive, creating a self-reinforcing
loop where subthreshold depolarization promotes spiking, and
the resulting activity further engages Iny,p without full reset.
Hypothetically, this mechanism might enable the neuron to toggle
between quiescent and self-sustained firing states purely through
sodium-based persistence, highlighting a potential alternative
pathway for bistability in scenarios where calcium-dependent
processes are minimized or absent.

In our model, when gcan = 0, Ingp alone could not support
bistability in the parameter range examined (Figure 8A). The
bifurcation diagram (Figure 8D) elucidates this. At low injected
current (I;y; < 0.85 uA/cm?), the system’s sole stable state
is a low-voltage resting state (stable node). As Ij, surpasses
this threshold, the node merges with a saddle point and
subsequently ceases, leading to a stable limit cycle, which
represents a spiking regime. A strong hyperpolarization follows
each spike, dropping below the resting potential. This large
post-spike hyperpolarization fully deactivates Ingp, explaining
its inability to maintain bistability independently. Consequently,
when the injected current is decreased, the silent regime
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reappears via the same bifurcation, demonstrating an absence
of hysteresis.

The post-spike hyperpolarization is mediated by K+ outward
currents and thus can be modulated by [K*],, which sets the
reversal potential Eg. Raising [K'], depolarizes Ex , thereby
reducing the driving force of outward currents and diminishing
the post-spike hyperpolarization. Under these conditions, Ingp
is less completely deactivated, allowing bistability to emerge
(Figures 8B, E).

As shown in Figure 8F, when [KT], = 12mM and Iinj crosses
a value of 0.8 uA/cm?, the resting state is lost through the same
saddle-node bifurcation, but unlike at normal [K™],, the trajectory
joins a pre-existing spiking limit cycle with attenuated post-spike
hyperpolarization (Figures 8E, I'). When Iy; is reduced, spiking
persists down to 0.45 wA/cm?, where the limit cycle intersects with
the saddle point and disappears through a saddle-loop (homoclinic)
bifurcation, and the system returns to resting state (Figures 8E,
I). Thus when Iy falls between 0.45 and 0.85 wA/cm? both rest
and spiking coexist, indicating a bistable regime (Figure 8G). A
distinctive feature of this type of bistability is that the resting
potential lies below the voltage range of the limit cycle (spiking).
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The presence and extent of bistable behavior depends jointly
on gnep and [Kt]o. At [KT], 12mM, bistability emerges
once gngp exceeds ~0.2 mS/cm? (Figure 8B), with the current
range supporting bistability expanding as gnsp increases. Mapping
across parameters (Figure 8C) shows that for gnzp < 0.5 mS/cm?
bistability requires [K*], > 10 mM; conversely, the bistability gnap
threshold decreases as [K™], increases. For instance, with gnap =
0.25 mS/cm?, bistability emerges once [K*], exceeds ~12 mM.

Together, these results partially support the hypothesis,

indicating that while under normal conditions Inzp alone
is insufficient to produce bistability, elevated [K*], reduces
outward current-mediated hyperpolarization, potentially enabling
bistable firing.

The role of slowly inactivating potassium
current (lxy1 2)

Recent work indicates that the potassium current mediated
by Kv1.2 channels (Ix12) is prevalent in bistable motoneurons
(Harris-Warrick et al., 2024), although its direct contribution
to bistable behavior has not been fully clarified. Kv1.2 channels
inactivate very slowly during repetitive firing. In principle, such
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slow inactivation generates a positive feedback loop: as Ik12
gradually decreases during ongoing spiking, the cell becomes more
excitable and can persist in an active state. On the other hand, when
the neuron is silent, Kv1.2 channels are fully open and Ix,1, can
strongly oppose the initial depolarization. Therefore, we tested the
hypotheses that I, > alone can support bistability.

To clarify Iy contribution, we simulated our computational
model while varying both I;;; and Ix;2’ maximal conductance,
grv1.2- In these simulations, Ix1.2 alone did not produce bistability
between resting and spiking states thus invalidating the hypothesis.
Instead, the model generated a regime of periodic bursting,
alternating between spiking and quiescent phases, over an
extremely narrow range of Ip;.

A signature of I, is its effect on firing dynamics during
constant depolarization: rather than stabilizing tonic firing, it
induced a delayed excitation with ramping spike frequency (Bos
et al, 2018). To isolate this effect, we removed both Icay and
INap (gnap = gcan = 0). Under these conditions (Figure 9B),
a rectangular current pulse elicited an initial fast depolarization
followed by a slow secondary depolarization. If the stimulus was
strong enough, this slow drift brought the neuron to a spiking
threshold and then spiking began, with the firing rate progressively
accelerating. This behavior reflects very slow inactivation kinetics
of Iy Initially, Ix12 activates quickly, temporarily opposing
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depolarization, but then inactivates with a time constant of ~2.5s
(see Methods), progressively reducing its own inhibitory effect and
permitting further depolarization and firing.

By contrast, in absence of Ixy1, but with Ixc, present, the
model showed spike frequency adaptation (Figure 9A). Here, firing
decreased over time because Ixc, hyperpolarized the membrane.
When both currents (Igy12 and Ikc,) were present, the firing
dynamics (whether it shows ramping or adaptation) depended
on their relative balance. This interaction can lead to complex
dynamics where the slow inactivation of Iy 2 competes with the
calcium-dependent potassium currents tendency to stabilize or
reduce firing frequency.

Discussion

In this study, we used a single-compartment computational
model of spinal motoneurons to dissect the ionic mechanisms
underlying bistability. Our results identify a minimal core
mechanism based on the synergistic interactions among Icyr,
CICR, and Ican strongly modulated by Ixca, Inap and [KT],. These
findings offer new insights into how bistable firing is generated and
regulated in motoneurons.
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Motoneuron bistability critically depends
on the I, -CICR-Ican loOp

Early studies attributed plateau potentials and bistability
to persistent L-type calcium currents (Schwindt and Crill,
1980; Hounsgaard et al, 1988a,b; Hounsgaard and Mintz,
1988; Hounsgaard and Kiehn, 1989; Hounsgaard and Kjaerulff,
1992; Svirskis and Hounsgaard, 1997), a view reinforced by
computational models requiring dendritic I, to replicate these
bistable behaviors (Booth and Rinzel, 1995; Booth et al., 1997;
Carlin et al., 2000; ElBasiouny et al., 2005; Bui et al., 2006; Carlin
et al., 2009; Kim and Jones, 2011). Immunohistochemical data
further supported this interpretation by revealing the dendritic
distribution of L-type Cavl.3 channels (Simon et al., 2003; Zhang
et al., 2008). More recent findings have revealed a complementary
mechanism, in which I¢,; primarily acts as a trigger, while other
currents, notably the Ican, play a central role in mediating
plateau potentials and bistability (Bos et al., 2021), as observed
in motoneurons from neonatal and young adult murine models
(Harris-Warrick et al., 2024).

Our computational findings reinforce and extend this view. The
model shows that initial Ca?* entry through Ic,y is insufficient to
sustain bistability due to fast Ca** removal from the cytosol. The
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application of veratridine (40 nM; red). (B, C) Quantification of the SADP amplitude (B) and area (C). (D) Superimposed voltage traces recorded from
the same holding potential (Vh = —65mV) in response to a 2-s depolarizing current pulse before (black) and after (red) veratridine. (E, F)
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self-sustained firing can be observed. Each is defined as the difference between the most depolarized and the most hyperpolarized value (potential
for AV, current for Al) at which self-sustained firing is triggered or maintained (see Methods). Paired data from individual motoneurons (n = 8) are
linked and overlaid on violin and box-and-whisker plots. *P < 0.05, **P < 0.01, two-tailed Wilcoxon signed-rank test.
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necessary amplification arises from CICR, linking I, -mediated
Ca’* influx to intracellular stores. Accordingly, CICR surpasses
the capacity of Ca** pumps to rapidly clear cytoplasmic Ca®™,
and therefore enables sustained intracellular Ca’**, long-lasting
Ican activation and bistability. Consistent with this, motoneuron
bistability is abolished when CICR is inhibited, even though Ic4g
currents are still present (Bouhadfane et al, 2013; Bos et al,
20215 Harris-Warrick et al., 2024). Together, Ic,r, CICR, and Ican
emerge from the findings as a functional triad instrumental in
motoneuron bistability. As such, the triad may provide a general
feed-forward mechanism for plateau generation across different
structures of the CNS, owing to the fact that Ican also supports
motor, sensory and memory-related plateaus (Fraser and MacVicar,
1996; Morisset and Nagy, 1999; Di Prisco et al., 2000; Yan et al.,
2009; Toporikova and Butera, 2011; Jasinski et al., 2013).

Suppression of Ican -based bistability by
lkca

The model adds a key regulatory layer to motoneuron
bistability by clarifying the interplay between Ican and Ikcs.

Frontiersin Cellular Neuroscience

Ixca dominance, thought to be driven by Ca?* influx through
dendritic L-type calcium channels (Mousa and Elbasiouny, 2020)
inhibits Ican-driven plateaus and prevents their formation. In
line with the model, reducing Ixc, with apamin facilitates the
expression of bistability and can unmask latent plateau potentials
(Hounsgaard and Mintz, 1988; Hounsgaard and Kiehn, 1993).The
relative contributions of Ican and Ixc, may tune the propensity
to bistability across motoneuron subtypes. Bistability appears more
frequently observed in large motoneurons (Harris-Warrick et al.,
2024), a finding that, according to the assumption, would reflect a
higher Ican/Ixca ratio. This interpretation aligns with established
physiological distinctions where large motoneurons, in line with
size-dependent differential expression of SK channels (Deardorft
et al, 2013), display brief AHPs, whereas small motoneurons
exhibit prolonged AHPs (Kernell, 1965; Gustafsson and Pinter,
1984). In addition, large motoneurons generate stronger Ican than
small motoneurons (Harris-Warrick et al., 2024).

Our model also identifies [KT], as a critical factor influencing
Ixca efficacy. Elevating [K*], depolarizes Ex, weakening Ixc, and
shifting the balance toward Ican, thereby enhancing bistability
(Figure 4). Disruption of K* buffering through astrocytic Kir4.1
dysfunction in spinal cord injury (Olsen et al., 2010; Benson et al.,
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FIGURE 8

Bistability based on In.p and the role of [K*],. (A) Activity regimes of the model neuron depending on the injected current (/i) and the conductance
of persistent sodium current (gnap) at baseline Kt extracellular concentration ([K*], = 4 mM). At all values of gnap as the injected current changes, the
model transitions from silence to spiking and back with no hysteresis which indicates no bistability. (B) Activity patterns of the model neuron
depending on the injected current and gnap conductance at [K*], = 12 mM. Once gn.p exceeds approximately 0.15 mS/cm?, bistability emerges. (C)
Adjusting the sodium persistent inward current (/y,p) conductance (gnap) and extracellular potassium concentration ([K*],) in @ model neuron reveals
bistable regimes. The range of injected current where bistability occurs is shown in color, with black indicating no bistability. Higher [K*], levels
require smaller gnap for bistability, suggesting that increased [K*], can induce bistability in neurons with otherwise insufficient gnap expression. (D) At
gnap= 0.4 mS/cm? and [K*], = 4 mM no bistability is observed. (E) However, as [K*], is increased to 12 mM, bistability emerges, as illustrated by ramp
(F) and step current protocols (G). (D, E) Blue indicates activity during the ascending current ramp and red indicates activity during the descending
current ramp.
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FIGURE 9

Ramp/delayed excitation vs. spike frequency adaptation in response to rectangular current injection. (A) Model response with lxc, alone (gxv12 =0,
gkca = 1 mS/cm?, gnap = gean = 0), displaying spike frequency adaptation as Ikc, activation hyperpolarizes the neuron, reducing firing rate over time.
(B) Model response with lxy1.2 alone (gky12 = 2 mS/cm? gxca = 0, gnap = gean = 0), showing delayed excitation and a ramping firing rate due to slow
inactivation of Ix,12. The membrane potential exhibits an initial jump followed by gradual depolarization, leading to progressively increasing spike
frequency.

2023; Barbay et al., 2025), is likely to elevate [K*],, paralleling ~Facilitation of Ican -mediated bistability by
findings from epilepsy studies (Djukic et al., 2007; Tong et al, |\ gp

2014). A subsequent shift toward Ican is predicted to strengthen

bistability and worsen spasticity (Bennett et al., 2001; Brocard et al., While Icay is the main driver of bistability, Iysp acts as
2016). an essential modulator, extending the conditions under which
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bistability occurs. In our simulations, increasing Insp lowers
the threshold for Ican-mediated bistability, enabling sustained
firing even when Ican alone is insufficient (Figure 6). Due to
subthreshold depolarization (Crill, 1996) that enables repetitive
spiking (Kuo et al., 2006), Ingp biases the system toward I,z -CICR-
Ican engagement and plateau generation. In line with this role,
riluzole, an established inhibitor of Ingp, reliably suppresses self-
sustained firing in bistable motoneurons (Bouhadfane et al., 2013;
Drouillas et al., 2023). At first glance, this might imply that plateau
potentials depend directly on In,p. However, the persistence of
TTX-resistant SADP after rizulole application (Bouhadfane et al,
2013; Drouillas et al., 2023) suggests that Ican provides the essential
substrate for bistable behavior, while In,p serves as a facilitator.
The Ingp and Icay interaction extends beyond motoneurons; in the
preBotzinger complex, for example, the two currents cooperate to
produce rhythmic bursting (Jasinski et al., 2013; Phillips et al., 2019,
2022).

Under physiological conditions, In,p alone unlikely supports
bistability because hyperpolarizing potassium currents deactivate
Ingp between spikes (Figure 8). Elevating [K*], mitigates this
hyperpolarization by depolarizing Ex, and allows Ingp to create
bistability at higher gnzp (Figure 8C). This has been clearly
demonstrated in our simulations, where a pure Iy,p-based
bistability emerges as [K*], approaches or exceeds 12 mM. This
scenario may be relevant in spinal cord injury (SCI), where
Ingp is enhanced (Bennett et al, 2001; Li et al, 2004; Harvey
et al, 2006; Brocard et al, 2016). In conjunction with high
[K™]o, this enhancement can strengthen bistability and promote
spasticity. Consequently, riluzole (Rilutek®), originally developed
for amyotrophic lateral sclerosis (ALS), is being explored to target
spasticity in SCI patients (Cotinat et al., 2023).

The role of slowly inactivating potassium
current (Igy1.2)

In spinal motoneurons, Ik imposes an initial brake on
excitability and then relaxes over seconds, yielding delayed
spiking and a characteristic ramping of discharge during sustained
depolarization (Bos et al, 2018). Because this property scales
with motoneuron size, larger a-motoneurons show stronger
delayed excitation and ramping (Harris-Warrick et al, 2024).
Yet, despite the greater prevalence of bistability in larger
motoneurons, evidence for a generative role of Kvl.2 remains
elusive. Our simulations clarify this point. Varying Igy2in
isolation never produced robust switching between silent and
self-sustained firing states. Instead, it generated narrow-band
bursting around a tight input window, while the hallmark
hysteresis of bistability was absent. Mechanistically, Ix1.lacks
the positive feedback needed to maintain a depolarized up-
state. It is an outward conductance that weakens with use,
modulating access to the plateau regime but not providing
the sustaining inward drive. In contrast, stable bistability in
both our model and experiments requires the Ic,-CICR- Ican
triad, a view reinforced by the identification of Trpm5 as the
principal Na™-permeable carrier of Icay underlying motoneuron
plateaus (Bos et al, 2021). When TRPM5/Ican is suppressed,
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slow afterdepolarization and plateaus collapse even though Ik 2is
intact, directly demonstrating that Kv1.2 is permissive rather than
generative for bistability.

Serotonin and bistability

Brainstem-derived monoamines are central to motoneuron
excitability and bistability (Heckman et al., 2008). In decerebrate
cats, bistability depends on descending monoaminergic drive
(Conway et al., 1988; Hounsgaard et al., 1988a; Lee and Heckman,
1998b, 1999). Acute spinalization removes these inputs and thereby
reduces bistable properties of motoneurons, whereas monoamine
reintroduction restores plateau potentials (Hounsgaard et al,
1988a). Among these modulators, serotonin is especially effective.
In vertebrates, exogenous serotonin enhances excitability and
bistability (Hounsgaard and Kiehn, 1985, 1989).

Mechanistically, serotonin acts primarily through 5-HT,
receptors to amplify ionic currents that promote bistability.
By increasing dendritic L-type calcium currents (IHounsgaard
and Kiehn, 1989; Perrier and Hounsgaard, 2003; Perrier and
Delgado-Lezama, 2005; Perrier and Cotel, 2008) it can promote
calcium build-up and Ican activation as described in our model.
Serotonin also shifts Inyp activation toward hyperpolarized
potentials, thereby amplifying neuronal excitability (Li and
Bennett, 2003; Harvey et al, 2006). The shift enhances Ingp
and thus facilitates Ican-mediated bistability. Finally, serotonin
also reduces outward currents, notably Ixc,, thereby facilitating
high-frequency firing (Grunnet et al, 2004). This serotonin-
evoked reduction of Ixc, may lead to bistability in spinal
motoneurons (Hounsgaard et al, 1988b; Hounsgaard and
Kiehn, 1993), as demonstrated in our present modeling and
experimental results.

The role of serotonin becomes especially evident during SCI,
not because of its direct action, but rather because of its sudden
loss following disruption of descending inputs. Initial serotonin
depletion produces motoneurons hypofunction, otherwise known
as “spinal shock” (Schadt and Barnes, 1980), mirroring the loss
of bistability in our model upon blockade of Ican or CICR.
However, with time, excitability and plateau potentials re-emerge,
representing an electrophysiological correlate of chronic spasticity
and hyperreflexia (Bennett et al., 2001). The rebound is attributed
to plasticity in serotonin receptor signaling. Most notably, 5-HT>p
and 5-HT),¢ receptors become constitutively active which restores
persistent inward currents (e.g., Inyp) and plateau firing even
without serotonergic input (Li and Bennett, 2003; Murray et al,
2010, 2011; D’Amico et al., 2013; Tysseling et al., 2017). Consistent
with this, our model shows that increased Ingp strengthens Ican-
driven bistability.

Limitations and future research directions

Dendritic calcium currents have been repeatedly linked to
motoneuron plateaus and bistability (Booth et al,, 1997; Carlin
et al., 2000; Simon et al., 2003; ElBasiouny et al., 2005; Bui et al,,
2006; Zhang et al., 2008). Our single-compartment computational
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model reproduces key features of motoneuron bistability, yet its
simplified architecture cannot capture the full spatial complexity of
motoneurons. By collapsing dendrites into one compartment, our
results indicate that a simplified representation can nevertheless
sustain bistability (Booth et al., 1997; Carlin et al., 2000; ElBasiouny
et al., 20055 Bui et al,, 2006) Indeed, dendritic Ic,; may amplify
calcium signaling and could shape the expression and robustness of
plateaus. On the other hand, this simplification does not preclude
physiological relevance, as somatic L-type calcium channels can
themselves generate prolonged tail currents in motoneurons
(Moritz et al., 2007). Such findings support the view that critical
aspects of motoneuron bistability can also emerge from intrinsic
soma-based mechanisms.

Our future work will thus include the construction and
use of multi-compartment models to explore the role of spatial
distribution of Ic,r, CICR, and Ican for testing how dendrite-
vs. soma-localized mechanisms affect bistability. In this context,
establishing the precise subcellular localization of Ican channels
remains a priority but progress is limited by the lack of highly
specific antibodies to TRPM5, the presumed molecular correlate
of Ican (Bos et al., 2021). Our analysis centers at L-type calcium
channels only, but motoneurons also express T-type and N-
type calcium channels (Umemiya and Berger, 1995; Hivert et al,
1995; Viana et al, 1997). Since these currents can complement
or replace L-type currents in generating plateaus (Bouhadfane
et al, 2013), future models may be instrumental in evaluating
their contributions.

In addition to SK-mediated AHPs, motoneurons also display
an ultra-slow afterhyperpolarization (usAHP) generated by the
electrogenic Na®/K"-ATPase pump. This current, activated
by intracellular Na™ accumulation during repetitive firing,
produces a long-lasting hyperpolarization that transiently decreases
motoneuron excitability. Such pump-mediated usAHPs have been
described in lumbar motoneurons (Picton et al., 2017a,b; Sharples
et al,, 2025). Although not included in the present model, it would
be interesting to test in future work how the inclusion of a Na*/K*-
pump component could influence plateau potentials and bistability
in motoneurons.

In summary, our minimal model captures the core features of
bistable firing, with the I,z -CICR-Ican triad emerging as a central
mechanism, while leaving open the contribution of dendritic
processes. Future anatomically detailed models and experiments
will be needed to resolve the effects of channels’ spatial distributions
across motoneuron compartments.
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