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Abstract

A single-compartment conductance-based computational model to mimic the behavior of

rat tail motoneurons after acute and chronic spinal cord injury (SCI) was developed. The

model includes a calcium-dependent potassium current, IKðCaÞ; that contributes to after

hyperpolarizations. In the chronic SCI model, the presence of sodium and calcium persistent

inward currents (PICs) causes plateau potentials resulting in prolonged self-sustained firing.

The interaction between the calcium PIC and IKðCaÞ affects the magnitude and duration of

plateau potentials as well as the hysteresis seen during injected current ramps. The model

responses mimic experimental observations and may explain the spasticity observed after

chronic SCI.

r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Spasticity is a major complaint of people with chronic spinal cord injury (SCI) as
well as an impediment to the recovery of functional locomotion after SCI [7,8,14],
see front matter r 2004 Elsevier B.V. All rights reserved.
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but the mechanisms underlying spasticity are poorly understood. Recent studies with
a rat sacral spinal cord transection model suggest that after chronic SCI, changes in
the membrane properties of spinal motoneurons lead to plateau potentials that may
play a large role in spasticity [1–3]. Although normal motoneurons may use plateau
potentials to amplify synaptic input and have been shown to develop plateau
potentials in response to the application of certain neurotransmitters [9,10], after
acute SCI, rat motoneurons lose the endogenous ability to generate plateaus [3].
After chronic SCI in rats, plateau potentials appear in almost all motoneurons and
have been found to be caused by voltage-dependent calcium and sodium persistent
inward currents (PICs) [2,3,13]. In the presence of these PICs brief stimuli can trigger
prolonged self-sustained firing [13], much as spasticity increases following sensory
stimuli in human SCI patients [7]. Recent evidence indicates that plateau potentials
are also present in human motoneurons [5].
Here, we have developed a computational model to mimic the behavior of rat

motoneurons after acute SCI as seen in Ref. [3]. We utilize this model to examine the
effects of calcium and sodium PICs in altering the behavior of the motoneurons after
chronic SCI.
2. The model

A single-compartment conductance-based model is developed to mimic the
behavior of rat motoneurons after acute SCI by modifying a previous vertebrate
motoneuron model [4]. The current balance equation for this ‘‘acute model’’ is given
by

Cm
dV

dt
¼ �INa � IK�dr � ICa � IKðCaÞ � IL þ Iapp; (1)

where Cm is the membrane capacitance and V is the membrane voltage. INa and
IK�dr are Hodgkin–Huxley-like sodium and potassium delayed rectifier currents that
produce action potentials. ICa and IKðCaÞ are calcium and calcium-dependent
potassium currents, respectively, that have been found to contribute to after
hyperpolarizing potentials (AHPs) in rat motoneurons [6,15]. IL is a leak current and
Iapp is an applied (injected) current that takes the form of slow (0.5 nA/s) ramps or
pulses. The currents are modeled as

INa ¼ gNam
3
1ðNaÞðV ÞhNaðV � ENaÞ; (2)

IK�dr ¼ gK�drn
4ðV � EKÞ; (3)

ICa ¼ gCam
2
CahCaðV � ECaÞ; (4)

IKðCaÞ ¼ gKðCaÞ

½Ca�

½Ca� þ SCa
ðV � EKÞ; (5)

IL ¼ gLðV � ELÞ; (6)
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where gx is the maximum ionic conductance, mx; hx; and nx describe the gating
kinetics, Ex is the reversal potential, ½Ca� is the intracellular calcium concentration,
and SCa is the half-saturation concentration of calcium. The sodium current is
modeled as having an instantaneous activation. The intracellular calcium
concentration is modeled as

d½Ca�

dt
¼ f ð�aICa � rCa½Ca�Þ; (7)

where f is the ratio of free to bound calcium, a is a conversion factor that changes
the calcium current into a calcium concentration, and rCa represents the calcium
removal rate. The parameter a implicitly involves cell membrane surface area and
cell volume, though these values are not explicitly calculated.
The acute model is then modified to a ‘‘chronic model’’ in order to mimic the

behavior of rat motoneurons after chronic SCI. This is accomplished solely by
including calcium and sodium PICs based on Ref. [13] and changing the calcium
concentration equation, Eq. (7), to include the calcium PIC. The additions to the
chronic model are described by

ICa�P ¼ gCa�PmCa�PðV � ECaÞ; (8)

INa�P ¼ gNa�PmNa�PðV � ENaÞ; (9)

d½Ca�

dt
¼ f f�a1ICa � a2ICa�P � rCa½Ca�g; (10)

where ICa�P is the persistent calcium current, INa�P is the persistent sodium current,
and all other symbols are the same as above. Separate conversion factors, a1 and a2;
for the two calcium currents are included because in motoneurons of other species,
persistent calcium currents have been localized to dendrites, thus making it
reasonable to assume that the two calcium currents affect the calcium concentration
in the soma differently (i.e. the calcium PIC, ICa�P; contributes less to intracellular
calcium concentration) [11,12]. The parameters of the persistent currents, as well as
the value of a2 are determined such that the behavior of the chronic model
approximates the behavior of rat motoneurons after chronic SCI, as reported in Ref.
[3].
We examine the responses of these models to injected ramp currents and injected

pulse currents and investigate the role of the calcium PIC, the calcium-dependent
potassium current, and the conversion factor a2 in the development of plateau
potentials.
3. Results

3.1. Response to current injection

The behavior of the acute and chronic models during current injections is
reasonably similar to behavior seen experimentally in acute and chronic SCI rat
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Fig. 1. Acute and chronic model behavior during injected current. Acute Model: (A) response to ramp

current with interspike frequency illustrated above spiking; (B) frequency vs. ramp current shows lack of

hysteresis; (C) response to pulse current shows constant interspike frequency. Chronic Model: (D)

response to ramp current with interspike frequency illustrated above spiking shows prolonged spiking; (E)

frequency vs. ramp current shows pronounced hysteresis; (F) response to pulse current shows altered

frequency profile due to plateau potential.
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motoneurons (compare Fig. 1 here with Figs. 2 and 3 in Ref. [3]). On injection of
increasing and decreasing ramp currents in the acute model the membrane voltage
depolarizes as a ramp, resulting in spiking that begins and ends at approximately the
same applied current (Fig. 1A). The frequency vs. current curve (Fig. 1B) is linear to
slightly clockwise, with recruitment and derecruitment frequencies approximately the
same. During a current pulse, the acute model demonstrates a constant frequency
response (Fig. 1C). No plateau potentials are observed in either case. In the chronic
model, during increasing and decreasing ramp currents, spiking ends at a lower
current value than when it started (Fig. 1D). The frequency vs. current curve is
counterclockwise, with derecruitment generally occurring at a lower frequency than
recruitment (Fig. 1E). During a current pulse (Fig. 1F), the chronic model displays
spiking that increases in frequency during the pulse, with prolonged self-sustained
spiking that decreases in frequency after the pulse ends. The differences between the
acute and chronic model are due to the fact that the PICs in the chronic model cause
a plateau potential to develop. The plateau potential can be seen clearly when
spiking is eliminated (Fig. 2).

3.2. Calcium PIC and calcium-dependent potassium current affect plateaus

In order to examine the contribution of the calcium PIC to the plateau potentials,
spiking in the model was eliminated by setting the sodium conductances to zero. This
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Fig. 2. Effect of calcium concentration conversion factor ða2Þ on plateau potential with sodium

conductances inactive in chronic model. Decreasing a2 results in plateau potentials with higher magnitudes
and longer durations.
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Fig. 3. Effect of calcium PIC conductance ðgCa�PÞ on hysteresis in frequency vs. ramp current relationship

in the chronic model. Increasing gCa�P results in increased hysteresis.
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is equivalent to applying the sodium channel blocker tetrodotoxin (TTX)
experimentally (compare Fig. 2 here with Fig. 2B in Ref. [13]). The magnitude
and duration of the plateau potential in the chronic model depends on an interaction
between the depolarizing calcium current and the repolarizing calcium-dependent
potassium current. The conversion factor a2 determines the amount of the calcium
PIC available to induce the calcium-dependent potassium current. As such,
decreasing the value of a2 leads to plateau potentials of greater magnitude and
duration (Fig. 2). With sodium conductances active, this would equate to a higher
initial spiking frequency and a more prolonged self-sustained firing. Decreasing the
magnitude of the calcium PIC by decreasing its conductance ðgCa�PÞ results in
exactly the opposite effect: plateau potentials with lower magnitudes and shorter
durations. In Fig. 2, an a2 value of 0.00125 was found to produce behavior most
similar to experiments [13] and was set as the default value. Note that this is much
lower than the value for a1 (0.009), thereby simulating the dendritic origin of the
calcium PIC.

3.3. Calcium PIC affects hysteresis during injected current ramps

Hysteresis in the frequency vs. current curves during injected ramp currents is also
affected by the magnitude of the calcium PIC in the chronic model. At low values of
gCa�P; and thus low magnitudes of ICa�P; the hysteretic effect is less obvious. As the
magnitude of gCa�P increases, however, the degree of hysteresis increases
dramatically (Fig. 3). This is due to a positive feedback cycle: the depolarizing
calcium PIC increases spiking frequency, which increases the average cell membrane
potential, which increases the magnitude of the calcium PIC. This cycle is interrupted
when the intracellular calcium concentration rises high enough to fully activate the
repolarizing calcium dependent potassium current. In Fig. 3, a gCa�P value of 0.05
was found to produce behavior most similar to experiments [13] and was set as the
default value.
4. Conclusions

The goal of this modeling effort was to reproduce experimental behavior from the
motoneurons of rats with acute and chronic spinal cord injuries. The behavior of
acute SCI rat motoneurons was reasonably modeled with a small number of
currents, including a calcium-dependent potassium current to reproduce AHPs. To
reproduce the behavior of chronic SCI rat motoneurons it was only necessary to add
the recently discovered calcium and sodium PICs. The calcium PIC and the calcium-
dependent potassium current influence the magnitude and duration of plateau
potentials as well as the hysteresis in the frequency vs. current relationship during
injected current. Plateau potentials result in prolonged self-sustained firing. Such
firing in response to brief stimuli is likely to be responsible for the spasticity
developed after SCI. The computational models developed here could, in later
studies, be included in simple networks in order to examine spinal reflexes and
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explore the role of intrinsic motoneuron properties in altering supraspinal-spinal
sensorimotor integration after SCI.
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