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Abstract

Under many conditions spinal motoneurons produce plateau potentials, resulting in self-sustained
firing and providing a mechanism for translating short-lasting synaptic inputs into long-lasting
motor output. During the acute-stage of spinal cord injury (SCI), the endogenous ability to
generate plateaus is lost; however, during the chronic-stage of SCI, plateau potentials reappear
with prolonged self-sustained firing that has been implicated in the development of spasticity. In
this work, we extend previous modeling studies to systematically investigate the mechanisms
underlying the generation of plateau potentials in motoneurons, including the influences of
specific ionic currents, the morphological characteristics of the soma and dendrite, and the
interactions between persistent inward currents and synaptic input. In particular, the goal of these
computational studies is to explore the possible interactions between morphological and
electrophysiological changes that occur after incomplete SCI. Model results predict that some of
the morphological changes generally associated with the chronic-stage for some types of spinal
cord injuries can cause a decrease in self-sustained firing. This and other computational results
presented here suggest that the observed increases in self-sustained firing following some types of
SCI may occur mainly due to changes in membrane conductances and changes in synaptic activity,
particularly changes in the strength and timing of inhibition.
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1 Introduction

Shortly after spinal cord injury (SCI), a cascade of cellular responses is initiated. In addition
to the immediate consequences of the impact on axonal damage, this cascade contributes to
further tissue damage, including inflammation, accumulation of free radicals, and swelling.
The acute-stage following SCI refers to the hours or days after the injury when continued
deterioration or tissue damage may occur. In contrast, the chronic-stage refers to the months
or years following the initial injury (Ramer et al. 2005). Spasticity, characterized by
hyperreflexia, clonus and hypertonic musculature, often develops in the muscles innervated
by nerves distal to the injury site during the chronic-stages after SCI and can interfere with
normal motor function and strongly affect the quality of life (Adams and Hicks 2005).
Spasticity is also observed in multiple sclerosis, cerebral palsy, ischemic brain damage, brain
trauma and metabolic diseases, where the degree of spasticity may vary from mild muscle
stiffness to severe, painful, and uncontrollable muscle spasms (NINDS-NIH 2009).

To generate movements, spinal motoneurons must integrate received motor commands and
generate sufficient output to produce muscular contraction, where the relation of input to
output is determined by neuronal excitability. Spinal cord injury results in changes to both
motoneuron morphology and electrical behavior; however, it is not clear how these changes
are related or how these changes might interact to affect cell excitability and motor function
including spasticity (Lynskey et al. 2008).

In intact animals, spinal motoneurons can produce plateau potentials or sustained
depolarizations in order to amplify brief synaptic inputs. The plateau potentials not only
amplify synaptic inputs but also provide sustained excitation, allowing motoneurons to
exhibit repetitive firing following brief or reduced synaptic excitation (Hounsgaard et al.
1988a; Eken and Kiehn 1989). This bistable behavior endows motoneurons with a
mechanism for translating short-lasting synaptic inputs into long-lasting motor output
(Heckman et al. 2005) and occurs in normal motor behaviors such as locomotion (Shapiro
and Lee 2007; Heckman et al. 2003). A characteristic feature of plateau potentials is that
they can be readily interrupted by brief injection of hyperpolarizing current or by synaptic
inhibition (Hounsgaard et al. 1988a; Kuo et al. 2003). It is known that plateau potentials are
generated by persistent inward currents (PICs) which have been shown to amplify several
different sources of sensory input including muscle spindle la activation (Lee and Heckman
2000) and inhibition (Kuo et al. 2003), cutaneous excitation (Prather et al. 2002) and
recurrent inhibition via Renshaw cells (Hultborn et al. 2003). The effects of PICs on human
motoneuron firing patterns are reviewed in Heckman et al. (2008). Functionally, PICs are
important for bistable behavior, including production of plateau potentials and self-sustained
firing in normal motoneurons (Lee and Heckman 19983, b; Schwindt and Crill 1982) and
chronic spinal animals (Bennett et al. 2001). In mammalian motoneurons, experiments
suggest that calcium and sodium PICs both contribute to plateau potentials (Li and Bennett
2003; Heckman et al. 2005; Harvey et al. 2006c), whereas in other species, sodium PICs are
thought to play a lesser role (e.g. turtle motoneurons Perrier and Hounsgaard 2003). During
the chronic-stage of SCI, voltage-dependent nimodipine-sensitive calcium and TTX-
sensitive sodium persistent inward currents are known to cause plateau potentials to reappear
(Li and Bennett 2003; Powers and Binder 2003; Li et al. 2004). Data suggest that the ion
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channels responsible for plateau potentials are located primarily in the dendrites
(Hounsgaard and Kiehn 1993; Lee and Heckman 1996; Bennett et al. 1998); however, the
precise dendritic spatial distribution of the PIC channels has not been experimentally
verified.

It has been suggested that large plateau potentials in motoneurons may play a primary role in
the development of muscle spasms and spasticity in rats following SCI (Bennett et al. 1999,
2001). In normal motoneurons, the activation of PICs and associated self-sustained firing are
regulated by neuromodulators and can occur due to direct facilitation of persistent calcium
currents (Hounsgaard and Kiehn 1989), or by reduction of opposing outward potassium
currents (Hounsgaard and Kiehn 1989; Hultborn and Kiehn 1992). During the acute-stage of
SClI, the endogenous ability to generate plateaus is lost, likely due to the removal of
descending neuromodulatory inputs from the brain stem. Plateaus occur in brain-stem intact
decerebrate cats, but after acute spinalization, motoneurons caudal to the injury lose their
ability to produce plateaus. However, plateaus reappear after application of external
neuromodulators (Hounsgaard et al. 1988a; Hounsgaard and Kiehn 1989). During the
chronic-stage of SCI, voltage-dependent nimodipine-sensitive calcium and TTX-sensitive
sodium persistent inward currents cause plateau potentials to reappear (Li and Bennett 2003;
Powers and Binder 2003; Li et al. 2004), and spasticity is observed (Schwindt and Crill
1980; Hounsgaard and Kiehn 1989; Li and Bennett 2003). A possible explanation for the
redevelopment of substantial PICs after chronic SCI is an enhanced sensitivity of the PICs to
residual monoamines such as serotonin (5-HT) or norepinephrine (NE) and associated
peptides so that their residual transmitters facilitate the PICs (Heckman et al. 2005). Calcium
and sodium PICs during chronic-stages are 30 fold supersensitive to 5-HT, appearing to
compensate for the loss of brain-stem 5-HT (Harvey et al. 2006a; Li et al. 2007).

Besides changes in membrane currents and the relative balance among different synaptic
currents, changes in motoneuron morphometry potentially could influence the development
of spasticity after chronic SCI. Features of motoneuron morphology such as size, dendritic
architecture, and the extent of arborization are known to affect excitability (Mainen and
Sejnowski 1996; Johnston et al. 1997; Jaffe and Carnevale 1999). Morphological changes in
motoneurons following SCI depend on the type of injury (transection, contusion or
hemisection) and cell location. Experimental studies in rats after S, level transection suggest
that in the acute-stage after SCI there is a transient increase in the length of primary and
secondary dendrites, which return to control levels during the chronic-stage. Irrespective of
the type of injury, there is a progressive decrease in the average number of primary,
secondary and tertiary dendrites during the chronic-stage and a significant decrease in the
total dendritic arbor (Gazula et al. 2004; Kitzman 2005; Bose et al. 2005), although a
qualitative increase in the primary dendrite diameter has been reported (Bose et al. 2005).
For example, it is estimated that the total cell surface area decreases by 11 percent following
a chronic thoracic transection (Hochman and McCrea 1994).

Previously, two-compartment conductance based models were used to examine bistable
behavior of spinal motoneurons (Booth and Rinzel 1995; Booth et al. 1997). In a later study,
a single-compartment spinal motoneuron model was developed to mimic the behavior of rat
tail motoneurons after acute and chronic SCI (Graham et al. 2005); however, this model does
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not accurately replicate some of the frequency response characteristics observed in
experimental data following chronic SCI. Data suggest that the ion channels responsible for
plateau potentials are located primarily in the dendrites (Hounsgaard and Kiehn 1993; Lee
and Heckman 1996; Bennett et al. 1998); hence, in this work a two-compartment model is
constructed to investigate the dynamics of spinal motoneuron behaviors corresponding to
experimental results for intact spinal cord, acute-stage SCI, and chronic-stage SCI (Lee and
Heckman 1998a, b; Schwindt and Crill 1982; Bennett et al. 2001). In particular, parameters
corresponding to the absence of plateaus (and absence of bistability) provide a model for the
intact spinal cord, where dendritic plateaus are seen or unmasked only when calcium-
dependent potassium currents in the dendrite are reduced or when PICs are directly
facilitated (Zhang and Krnjevic 1987; Hounsgaard and Kiehn 1989; Li and Bennett 2007).
During the acute-stage of SCI, the ability to generate plateaus is greatly diminished
corresponding to a large reduction in PICs, which can be replicated in the model. For the
chronic stage of SCI, model parameters are chosen so that plateau potentials are present with
prolonged self-sustained firing. Published experimental data for injected ramp currents and
injected pulse currents under various conditions are used to constrain the model parameters
(Hounsgaard et al. 1988a; Bennett et al. 2001; Li and Bennett 2003, 2007; Li et al. 2004;
Harvey et al. 20063, b, ). The model is constructed such that the alterations in electrical and
morphological properties seen after SCI that are discussed above can be examined by
studying the parameter space of the model. In particular, we extend previous modeling
studies of the physiological properties of motoneurons to characterize how dynamic
properties depend on morphological parameters. Computational studies are used to
systematically explore how the neuroanatomical and the neurophysiological properties of
motoneurons interact to influence the generation of plateau potentials and cell excitabilty,
with the goal of enhancing our understanding of the mechanisms that contribute to
functional deficits following SCI.

2 Methods

Mathematical models for ion channel kinetics presented in this work follow the Hodgkin-
Huxley model formalism for an excitable membrane (Hodgkin and Huxley 1952).
Experimentally derived data were used to create kinetic models that capture the essential
dynamics of specific ion channels known to exist in motoneurons. In general, each ionic
current fqp, is modeled as

Iion:gionmyhz (‘/ - Eion) (1)

where Vis the cell membrane potential (in mV), mand A are the activation and inactivation
gating variables, respectively, and yand zare small integers that determine the influence of
the gating processes on the conductance. In the case of a non-inactivating current, there is no
gating variable 4. gion is the maximal conductance for the channel type (in mS/cm?), and
Eion is the reversal (Nernst) potential for the corresponding active ion (in mV). The gating
kinetics of the ionic conductances are governed by equations of the form
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dw  we(V) —w

dt - (V) )

where Weo (V) is the steady-state activation or inactivation function and z,, (V) determines
the time scale of the exponential decay or saturation of the dynamic gating processes. The
steady state activation and inactivation functions are given by

1
Cltexp[(V = 0u)/ku]” (3)

Weo (V)

where 6, is the half-activation or inactivation voltage for the gating function (in mV), and
ki, 1s the activation or inactivation sensitivity (in mV). In some cases, ,, may be
independent of V. For more details, see Hille (2001).

Using currents modeled as discussed above, the current balance equation for the excitable
membrane is

dVv

mR: — ZIion — gL(‘/ - EL) - Isyn+Llpp7

ion (4)

where C,, denotes the membrane capacitance (in p F/cm?), kyn is the synaptic current if
present, and /ypp (in HA/cm?) simulates a current injection that mimics the application of
injected current during neurophysiology experiments. The details of the synaptic current are
described below in Section 2.2.

While the original Hodgkin-Huxley model characterizes voltage-gated ion channels, there
are many types of ion channels which are controlled by factors other than membrane
potential, including ligand-gated channels, which vary their conductance in response to
changes in the intracellular concentration of some other molecule. The most common
signaling molecule is calcium, and a widely-used simple model for the changes in
intracellular calcium concentration assumes that the concentration increases due to an
inward flux of calcium ions through calcium ion channels when calcium currents are
activated and that a linear pumping process through the plasma membrane removes calcium
ions from the cell (Fall et al. 2002). The total calcium in a cell or cellular compartment
consists of free calcium and calcium bound to a buffer. Thus, the equation that represents the
dynamics of the calcium concentration [C#] (in pM) is

2 et =A(—al,, — 1 [Ca?t]),

dt %)
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where A is the percent of free to bound calcium, a converts the ionic current, /-, to a rate of
change in calcium concentration, and 7, is the removal rate constant due to calcium pumps.
In the model, the conductance due to calcium dependent channels is modeled as an
instantaneous function of [ C#2*] using a Hill equation in the standard manner. See for
example Eq. (11).

2.1 Two-compartment model

The electrical activity of motoneurons is characterized by tonic firing, where the frequency
depends on the synaptic activation or the strength of the current injected into the soma
during an experiment. Here, a two-compartment model is constructed to aid our
understanding of motoneuron dynamics. As in the Booth—Rinzel two-compartment
motoneuron model, the two compartments represent the soma and the dendrites of the
motoneuron (Booth et al. 1997). Electrotonic coupling between the compartments is
modeled using the two parameters g, and p, where g, (in mS/cm?) represents the strength of
the coupling and p represents the ratio of somatic surface area to the total surface area of the
motoneuron (Pinsky and Rinzel 1994). Due to the lumped dendrite for this two compartment
approximation, the soma and dendrite compartments must be considered as
phenomenological compartments. Thus, the parameters g.and p cannot be derived directly
from geometric and passive electrical neuronal properties. For further discussion of this
issue, see Pinsky and Rinzel (1994).

The current balance equation for the soma is provided in Eq. (6). The soma compartment
contains a sodium current (/p;), delayed rectifier potassium current (/x_g), an N-type
calcium current (/ca-p), a calcium-dependent potassium current (/x(c), and a leak current
(/7). The current balance equation for the dendrite compartment is given below in Eq. (7),
where /¢, pdenotes a persistent calcium current and /y;,_p denotes a persistent sodium
current. Throughout what follows, subscripts Sand D correspond to the soma and dendrite
compartments respectively.

g
Cn a — IN-d - I]{fd,. ICafN - IK(Ca)S — IL+;C(‘/D — ‘/S)+Iapp(t) (6)
dv g
C"L—dtn = — IK(Cu)D — IL — ICa—P — INa—P_'_ﬁ(‘/S — ‘/D) (7)

The intrinsic currents are defined as

[Na:gNamima) (Vs)hNa(Vs - ENa) (8)
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IK—(11~:gK—(1rn4(Vq - E.) 9)

2
ICafN:gckchﬂ,NhCafN(Vs - ECa) (10)

_ [Caz*]
. e s, Ty

ICa—P:gCa—PmCa—P(‘/D - ECa) (12)

I

Na—P —9Na—p

mNa—P(VD - ENa) (13)

1,=9.(Va = Ep)  (14)

where the subscript x denotes Swhen the particular ion channel is in the soma and D when it

is in the dendrite. [ Ca2 ] is a dynamic variable representing the intracellular calcium
concentration in the soma or dendrite compartment. In each case, the equation governing the

changes in[Ca2*] mimics Eq. (5). Calcium-activated potassium channels underlying the
post-spike afterhyperpolarization are activated by N-type calcium currents and are likely to
be located very close to the location of action potential initiation (Li and Bennett 2007).
These currents are not affected by channel block that eliminates the persistent calcium

currents. Thus, in our model, [Cai*] increases due to /¢, in the soma and directly affects
Ik(ca) s In contrast, a separate calcium-activited potassium current is activated by the
persistent inward calcium current, which are likely not very distant from the calcium PICs

(Li and Bennett 2007). Thus, in our model [Cafj] increases due to /¢, pand affects /x(czp
only.

The details of the gating dynamics are discussed above in Section 2. Steady state activation
and inactivation functions for gating follow the formalism described in Eq. (3). Time scales
for the activation or inactivation of gating are independent of the membrane potential, with
the exception that

i (Ve)=120/ (exp[ (V. +50) /15 expl ~(V+50)/16]) ;9
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and
n(Vs)=28/(exp[(V;+40)/40]+exp[ —(V+40)/50]).  (16)

Many of the parameter values for the model are derived from the two-compartment Booth—
Rinzel motoneuron model (Booth et al. 1997); however, the activation and inactivation time
constants for the N-type calcium current have been adjusted to mimic experimental data
more closely (Hounsgaard et al. 1988a; Bennett et al. 2001). Since persistent sodium
currents are known to contribute to the plateaus observed after spinal cord injury, we include
a persistent sodium current with parameters derived from Li and Bennett (2003) and Li et al.
(2004). Base parameter values and units for our motoneuron model are provided in Table 1.
In Section 3, we vary many of these parameters to explore how the individual ionic currents
and their interactions contribute to cell dynamics observed in intact animals and in the acute
and chronic-stages following SCI. In many of these simulations, a current ramp is applied to
the soma compartment that is governed by the equation

Lipp(£)=0.01t+.02(t, — ) H(t —t.) (17

where £ (in ms) represents the time when the ramp switches from the up ramp to the down
ramp and A9 is the Heaviside function. The formulation of the two-compartment model is
summarized in the schematic shown in Fig. 1.

2.2 Modeling the effects of dendritic synaptic input

In addition to alterations in the intrinsic membrane properties of motoneurons, tonic synaptic
inputs are also altered following SCI. In order to investigate the interactions between PICs
and excitatory and inhibitory tonic synaptic inputs and the effects of these interactions on the
firing characteristics of motoneurons, the model includes a synaptic current

Toyn (£)=Gsyn(t)(V}, — Esyn)- (18)

The time varying synaptic conductance gsyn is defined by an alpha function (Rall 1967,
Segev et al. 1990)

Geyn (1) =Teyn (t/TSyn)e[ 1=(t/Toyn)] (19)

Here gsyn is the maximal synaptic conductance (in mS/cm?). Synaptic parameters are
constrained by published experimental data such that Egyn = 0 mV and zgy, = 0.2 ms for
excitatory synapses (Finkel and Redman 1983), and Egyn = -81 mV and zgyn = 0.65 ms for
inhibitory synapses (Stuart and Redman 1990). In the model, gsyn = 0.1 mS/cm? for both
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excitatory and inhibitory synapses, and the frequency of both excitatory and inhibitory tonic
drive are set at 50 Hz (Bui et al. 2006, 2008a, b). Because these synaptic currents represent
inputs from multiple synapses to a lumped dendrite compartment, it is not possible to relate
the maximal synaptic conductances directly to experimentally derived values.

In what follows, the numerical solutions for the two-compartment model are computed using
both MAT-LAB (Mathworks) and XPP (Ermentrout 2002). The MATLAB implementation
uses the ode15s or ode23s solver, and the XPP simulations are performed using a time step
of 0.05 ms with the QualRK method, which is an adaptive-step fourth order Runge-Kutta
method. The steady-state analysis is done using MATCONT (Dhooge et al. 2003).

Using this two-compartment model, we replicate the spiking behavior observed
experimentally in intact, acute stage and chronic stage spinal cord injured animals
(Hounsgaard et al. 1988a; Bennett et al. 2001). The model must be considered to be
phenomenological due to its reduced nature; thus, parameters are chosen so that behavioral
characteristics are reproduced rather than explicitly comparing results with quantitative
experimental recordings. The basic firing properties for our two-compartment motoneuron
model are similar to those reported for the two-compartment Booth—Rinzel motoneuron
model (Booth et al. 1997). In the model, sodium (/) and potassium (/x_g) currents
contribute to action potential generation in the standard manner. In addition, the inactivating
high threshold, N-type calcium current allows calcium influx during action potentials and
Ik(ca) s contributes to the slow afterhyperpolarization (AHP) observed following a spike.
These four currents are responsible for action potential generation and the modulation of
firing frequency. In the absence of synaptic input, the spike afterhyperpolarization
determines spike timing during repetitive firing.

First, we show the effects of PICS and of calcium dynamics in the model in order to
demonstrate that the model reproduces many of the known features of motoneurons in a
realistic manner. This is followed by consideration of the effects of morphological changes
and the interactions between morphological and electrical properties in the model. We also
examine the effects of synaptic inputs and their interactions with PICs on model behavior.

3.1 Effects of PICs

In this motoneuron model, plateau potentials are produced due to the presence of the PICs,
Icapand /yg p, in the dendrites. However, these dendritic plateau potentials are seen or
unmasked only when /(¢ is reduced or the maximal conductances for the PICs (gcs-p
and gp-p) are increased enough to counter the effects of /x5 o Reduction of /x(cz
mimics the effects of the application of the bee venom apamin during experimental studies
(Zhang and Krnjevic 1987; Li and Bennett 2007). Figure 2 demonstrates how the firing
frequency varies with different values of applied current when the ramp current in Eq. (17) is
applied to the soma compartment. These frequency-current response (f-1) characteristics are
shown in the absence of plateaus (panels a and b) and when plateau potentials are unmasked
(panels c—f). Each of the left panels shows the applied current ramp (bottom curve) which
has been shifted by —100 units for clarity, the membrane potential in the soma (middle
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curve), and the firing rate or frequency (top curve) which has been shifted by +55 units for
clarity. Currents are in pA/cm?2, membrane potentials are in mV, and firing frequency is in
Hz. In order to quantify sustained firing in the model, a measure of sustained firing time, Z,
is defined such that z= Tyt = 2 * Typ, Where Tio is the total firing time and 7y, is the firing
time during the up-ramp of the applied current as shown in Fig. 2(e). Thus, z=0
corresponds to no self-sustained firing, and an increase in zrepresents a longer period of
sustained firing, where zis measured in seconds.

For the results shown in panels (a) and (b) of Fig. 2, the motoneuron model parameters are
set to the values provided in Table 1. In the absence of plateau potentials, there is a
symmetry of response in relation to the applied current, and the f-1 characteristics show little
(clockwise) or no hysteresis. The same general results can be obtained if PICs are
completely eliminated by setting g, = 0 mS/cm? and gp,_p= 0 mS/cm2. In the acute-
stage after S, sacral spinal level injury, the plateau potentials disappear in motoneurons
caudal to the site of injury (Bennett et al. 2001); therefore, to model the acute-stage after
SCI injury, we can simply decrease the maximal conductances of the PICs in the
motoneuron model so that no plateau potentials are seen. Due to the absence of plateaus, the
maximal conductances for the calcium-dependent potassium currents only affect the firing
frequency.

In panels (c) and (d) of Fig. 2, the plateau potential is unmasked by reducing the maximal
conductances of the calcium-dependent potassium current in the dendrite compartment so
that gx(cap=0.34 mS/cm2. Note the pronounced anti-clockwise hysteresis. The upper
curve in panel (c) shows the firing frequency, and the abrupt change in slope in this curve
reveals the onset of the plateau potential. This behavior is representative of what is seen
experimentally when apamin is applied in an intact spinal motoneuron (Zhang and Krnjevic
1987; Hounsgaard et al. 1988b; Li and Bennett 2007). In panels (e) and (f), the plateau is
unmasked by increasing PIC maximal conductances. Parameter values are the same as in
Table 1, except that gczp= 0.33 mS/cm? and gp,_p= 0.2 mS/cm?2. The presence of the
plateau causes a sustained depolarization and sustained discharge with a pronounced anti-
clockwise hysteresis in the f-1 curve.

The voltage and f-1 characteristics of the motoneuron model match published experimental
data obtained from motoneurons under many experimental conditions, including after SCI.
As an example, see Fig. 2 of Bennett et al. (2001) and Fig. 5 of Hounsgaard et al. (1988a).
During the chronic-stage of SCI, in the presence of a plateau, the current value where
spiking ends is lower than where it begins, which is referred to as self-sustained firing, and
the firing frequency reveals an abrupt change in slope with the onset of the plateau potential
as replicated in Fig. 2 panels (c) and (e). In addition, corresponding experimental f-1 curves
are nonlinear with large (anti-clockwise) hysteresis. This feature is also replicated in the
motoneuron model as shown in Fig. 2 panels (d) and (f).

As introduced above, mammalian motoneurons experiments suggest that calcium and
sodium PICs both contribute to plateau potentials (Li and Bennett 2003; Heckman et al.
2005; Harvey et al. 2006c), whereas in turtle motoneurons, sodium PICs are thought to play
a lesser role (Perrier and Hounsgaard 2003). In all cases, the exact biophysically based
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parameters underlying plateau potentials and self-sustained firing in motoneurons in the
chronic-stage of SCI are unknown. In what follows, we simply choose parameters that result
in plateau potentials to model a chronic-stage SCI motoneuron. For the chronic-stage SCI
motoneuron model, gz p= 0.33 and gnz_p= 0.2, where maximal conductances are in units
of mS/cm?, and all other parameters are provided in Table 1.

Figure 3 demonstrates the generation of plateau behavior and self-sustained firing with a
depolarizing applied current pulse /5. The applied current pulse is varied to reveal bistable
behavior. The plateau and self-sustained behavior are eliminated on application of a
hyperpolarizing current pulse. At the left end of the figure, a depolarizing pulse of +20
pA/cm? results in the plateau behavior and self-sustained firing. The firing terminates when
a hyperpolarizing pulse of =70 pA/cm? is applied. A pulse of +5 pA/cm? results in only
spiking behavior but no plateaus. On increasing the magnitude of pulse to +20 pA/cm?,
plateau behavior and self-sustained firing are seen, which continue even after the pulse
magnitude is reduced to +5 pA/cm?. A hyperpolarizing pulse of =70 p A/lcm? terminates the
plateau and self-sustained firing. Similar bistable behavior is seen in Fig. 2(c) of Booth and
Rinzel (1995) for the two-compartment Booth—Rinzel model.

It is important to note that there are two types of bistability in this model. Figure 4
demonstrates the two types of bistability seen during a ramp current. The first region,
labeled bistability 1 in the figure, consists of resting and spiking states, where the spiking
occurs due to self-sustained firing seen during the down-ramp current. The rest state occurs
when the soma is at rest in the absence of a dendritic plateau; that is, when the dendrite is
off. The spiking state of this region occurs when the dendrite is on; that is, the dendritic
plateau appears and firing frequency is in the tertiary range of firing due to self-sustained
firing. The second region, labeled bistability 2 in the figure, corresponds to the classical
bistable behavior where two different stable firing states can be seen for the same level of
injected current. This region consists of primary, secondary and tertiary frequency firing
states. The primary range of firing occurs when the dendrite is off during the up-ramp, the
secondary range occurs during the transition from off to on when the dendritic plateau is
initiated, and the tertiary range of firing frequency occurs when the dendrite is on.

3.2 Calcium dynamics

Examining the calcium dynamics during simulations based on the parameters in Table 1, we
find that when g, p= 0 mS/cm?, calcium enters the cell during each spike due to N-type
calcium channel in the soma, but there is no calcium accumulation over a longer time scale
in the soma or the dendrites as shown in Fig. 5. However, in the chronic-stage SCI model,
the influx of calcium due to the persistent inward calcium current in the dendrite leads to
calcium accumulation (Fig. 5) in the dendritic compartment. The increased firing frequency
due to the dendritic plateau leads to elevated concentrations of intracellular calcium in the
somatic compartment as well, which causes increased activation of the calcium-dependent
potassium current in both soma and dendrites. The intrinsic rate of calcium removal, while
dependent on the calcium concentration, does not compensate for the increased calcium
influx.
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Increasing the maximal conductance for the persistent calcium current, gc,p increases the
amplitude of the plateau potentials, resulting in increased hysteresis. Both the shape and the
amplitude of the plateau are affected by the maximal conductance, and the effects are more
pronounced in the dendrite compartment where the calcium PIC is located. The magnitude
and duration of plateaus also depend on the hyperpolarizing /x(c)  current. The effect of
changing dendritic calcium-dependent potassium conductance values in the chronic case is
shown in Fig. 6. The left panel shows the effects in the soma compartment, while the right
panel shows the effects of variation in the dendrite compartment. Decreasing the calcium-
dependent potassium conductance value in the dendrite increases the plateaus. In the
chronic-stage SCI model, increasing the hyperpolarizing effects of /x( ¢, can cause the
disappearance of plateaus. In addition, the accumulation of calcium which activates /x(cs) p
is dependent on the calcium PIC and the calcium removal rate. For example, increasing or
decreasing the removal rate for calcium could affect the nature of plateaus, furthering them
or annihilating them due to subsequent changes in the dynamics of /x(cs)

3.3 Effects of morphological changes

As discussed in Section 1, changes in motoneuron morphology can occur after SCI,
including a reduction in the dendritic arbor and changes in soma size (Gazula et al. 2004;
Bose et al. 2005; Kitzman 2005). Dendrites make up more than 95% of the total membrane
area of a-motoneurons, and over half of the area is greater than 500 /7 from the soma
(Cullheim et al. 1987). In earlier studies, equivalent cable models have been used to
characterize a-motoneurons morphologically and electrophysiologically (Cullheim et al.
1987; Fleshman et al. 1988); however, it can be difficult to understand the effects of
parameter variation in these models. With this two-compartment model we are able to
understand some of the basic effects of cell morphology on cell excitability and how they
affect sustained firing. In the two-compartment model, the parameter p, which represents the
ratio of somatic surface area to the total surface area of the motoneuron, can be varied to
mimic experimentally-observed changes in cell morphology. Slight increases in p
correspond to small increases in the surface area of the soma and/or to small decreases in the
dendritic surface area. Because g, represents the coupling conductance between the soma
and dendrite compartments in the model, the effects of changes in pwill depend on the value
of g, Note that changes in morphology may also affect g, since an increase in the diameter
of the primary dendrite may increase the coupling conductance between the soma and the
dendrite. Thus an exploration of the roles of pand g, and their interactions in the model will
provide predictions about the effects of changes in morphology observed after SCI. As
mentioned in the Methods section, due to the lumped dendrite approach of this two
compartment approximation, the soma and dendrite compartments must be considered as
phenomenological compartments. Thus, the parameters g.and p cannot be derived directly
from geometric and passive electrical neuronal properties, and it is not possible to determine
exact values for these parameters. Hence, attempts to classify the o parameter space into
acute and chronic-stage SCI operating regions would not be accurate. Thus, the goal of these
simulation studies with variation of pis to study the effects of relative changes in the size of
soma and dendrites on self-sustained firing in order to understand interactions among the
different currents and the role of the separation of currents. With this in mind, we find that
all of the results described here are quite robust.
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As described above, plateau potentials can be unmasked by either reducing the dendritic
calcium-dependent potassium conductance value or increasing the persistent calcium and
sodium conductance values. Figure 7 shows how self-sustained firing depends on both the
morphological and electrical properties of the cell. Note that g-,p must be above a
threshold value for PIC activation and that self-sustained firing is only seen for lower values
of p (upper panel). In contrast, gx(cs) p Must be below a threshold value in order to observe
PIC activation, and self-sustained firing is only observed for lower pvalues (lower panel).
As pvaries, the relative number of the different channel types vary due to the changes in the
relative surface areas of the somatic and dendritic compartments. In both the upper and
lower panels of Fig. 7, the lack of self-sustained firing for higher values of preflects the
smaller influence of the dendrite on spiking dynamics for larger p.

A surface plot showing zas the two parameters g, and pare varied together in the chronic-
stage SCI motoneuron model is provided in Fig. 8. Figure 9 depicts a two dimensional
projection of this plot showing different firing regimes for the same parameter values. The
firing regimes correspond to a sustained firing region, a region with spikes but no sustained
firing, a region with no spiking, and a small region with a plateau potential but no sustained
firing. The threshold for classifying motoneuron behavior as sustained firing is set at z=
0.067 s instead of zero to account for the few cases where an additional spike appears just
before firing ceases. The panels below show examples of the membrane potential
characteristics in the different firing regimes.

Note that for extremely small values of p corresponding to very small relative values of
somatic surface area, the model loses its ability to spike for a large range of g, values. This
is due to the very limited surface area in the soma where spike generating currents are
located. For slightly larger p (around 0.1), there is a broad range of g, values that result in
self-sustained firing. Thus, for this narrow range of small p values, the dendritic membrane
properties dominate, and self-sustained firing is seen for both weak and strong coupling
between the compartments. Note that this result also implies that for a very limited
parameter regime, only a single compartment model is needed to see self-sustained firing.
The choice of p determines the relative values of the maximal conductances of currents in
the soma and dendrite compartments.

As pincreases and the relative size of the soma compartment increases, self-sustained firing
can only be seen with small coupling conductance values. These small coupling conductance
values ensure that the dendrite and soma compartments remain isolated so that the soma is
not able to dominate the dynamics in the dendrite. Previous modeling studies have shown
that only a weak coupling conductance value generates bistable firing behavior (Booth and
Rinzel 1995; Lee and Heckman 1996). Note that in general, an increase in p with increased
coupling conductance g, does not increase the sustained firing time, but rather has the
opposite effect as shown in Fig. 8. Thus, these modeling results suggest that changes in
morphology that are observed experimentally following some types of SCI such as increased
soma size, decreases in the dendritic arbor, and increases in the diameter of the primary
dendrites may not contribute to increases in self-sustained firing seen following SCI.
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Note that the reduced nature of the two compartment approach is not able to accurately
reflect the complexity of the changes in dendritic morphology seen after SCI. Although the
simplicity of this approach allows for a complete characterization of the role of specific
parameters, the details of branching patterns in the dendrites could have additional effects.
Recent work demonstrates that both dendritic size and topology can affect cell firing
characteristics (van Elburg and van Ooyen 2010). Studies of changes in dendritic topology
will be the subject of future work.

3.4 Mathematical structure of the model

Even though the model has only two current balance equations, it consists of ten ordinary
differential equations and 40 different parameter values. Due to the complicated nature of
the model, a detailed bifurcation analysis was not performed. However, the bistable nature of
the model can be understood by examining how the steady state varies with applied current.
The steady-state curves for the somatic and dendritic compartments for the chronic-stage
model with different p values are shown in Fig. 10. The solid portion of the curve
corresponds to stable steady state values, while the dotted portion corresponds to unstable
steady state values. The mathematical structure is similar to that of the minimal model of
Booth and Rinzel for moderate coupling (as shown in Fig. 4(c) of Booth and Rinzel 1995).
The response to the ramp input current illustrated in Fig. 2 panels (c) or (e) can be
understood by examining the S shaped steady state curve seen in Fig. 10 for small pvalues.
As in the Booth-Rinzel minimal model, if we plot the maximum and minimum membrane
potentials during repetitive firing (not shown here for clarity), we see two distinct envelopes
for low pvalues. The two envelopes correspond to the scenarios when the dendrite is off or
on as described in Section 3.1. With the motoneuron model starting from rest, as the applied
current increases, a bifurcation occurs at the lower knee of the curve and firing begins. Since
the dendritic plateau has not been initiated, the dendrite is off. As the applied current
continues to increase, the plateau is initiated, the dendrite is on, and the membrane potential
moves to the upper envelope. When the down ramp begins, the applied current decreases and
the hysteresis is seen as in the Booth—Rinzel model, resulting in self-sustained firing.

It is interesting to note that there is a change in the mathematical structure of the model as p
increases. As p increases, the steady state curves lose the characteristic S shape associated
with hysteresis. In this case, the two envelopes overlap. The same result is seen for the
model parameters associated with the acute-stage model. Thus, the difference in the spiking
region with dendrite off and dendrite on gives an explanation for the hysteresis in the
chronic-stage SCI motoneuron, while the overlapping envelopes explain the symmetry
observed in the acute-stage SCI motoneuron or for larger values of p.

3.5 Effects of synaptic inputs

Most of the synaptic inputs to motoneurons occur in the dendrites (Fleshman et al. 1988;
Fyffe 2001). The influence of dendritic synaptic input depends on the electrotonic
characteristics of the dendritic trees which in turn depends on the morphology, specific
resistivity, capacitance and cytoplasmic resistivity, where synapses effectively rescale the
cable properties of the dendritic tree (Segev and London 2000). Several interesting
experiments have focused on the interactions between tonic synaptic input and PICs. In
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particular, Bennett et al. (1998) obtained intracellular recordings from hindlimb
motoneurons in decerebrate cats to investigate how synaptic inputs affect the threshold for
activating plateau potentials when current is injected into the soma. They found that
excitatory synaptic inputs significantly lowered the threshold for plateau activation, and
conversely, synaptic inhibition raised the plateau threshold. Hence, PICs may play a critical
role in modulating the effects of synaptic inputs.

In the presence of injected current ramps in the motoneuron model with the plateau
unmasked, excitatory synaptic inputs decrease the threshold frequency for plateau activation
while inhibitory synaptic inputs have the opposite effect as shown in Fig. 11 panels a—c.
Plateau onset can be seen with the rapid rise in frequency along the up-ramps in the upper
panels. If we account for the shift on the current axis due to the different synaptic biases as
shown in panel d of Fig. 11, the duration of sustained firing is unaltered in the chronic-stage
SCI motoneuron model when either excitatory or inhibitory synaptic inputs are included
during the presentation of the current ramp. As in the experimental results described above,
dendritic PICs provide substantial amplification of excitatory synaptic inputs and can be
viewed as dramatically enhancing the efficacy of inhibition (Powers and Binder 2000). That
is, when inhibitory inputs in the dendrite prevent the activation of PICs, they dramatically
affect the firing frequency and presence of self-sustained firing of the cell.

Figure 12 demonstrates the strong modulation of PICs by inhibition. In these simulations, a
current pulse of 20 pA/cm? is applied to the soma compartment for the first 3,000 ms during
the period indicated by the solid bar along the time axis. The resulting persistent current
(=/ca-p) is shown for three different simulations. One simulation (middle black curve)
corresponds to the applied current in the soma with no synaptic input. The additional two
curves show the persistent current when the applied current is supplemented by 50 Hz
excitatory (left red curve) or inhibitory (right blue curve) synaptic input that begins at 1,000
ms as indicated by the dashed bar along the time axis. Note that without synaptic input, the
current pulse that is applied to the soma is strong enough to induce a plateau potential, and
thus self-sustained firing occurs after the applied current is removed. The excitatory input
shifts the initiation of the plateau to the left indicating a slight advancement in time of onset.
However, the inhibitory input keeps the persistent current below the threshold for plateau
initiation, eliminating sustained firing. The timing of this small inhibitory input is critically
important; if it begins after the plateau is initiated, the motoneuron still exhibits self-
sustained firing.

As the applied current in the soma increases, self-sustained firing occurs for increased range
of inhibitory conductance values. Also, the amplitude of the PIC is inversely proportional to
the strength of the inhibitory input as was shown experimentally (Kuo et al. 2003).
Simulation studies also show the effects of the duration of inhibition on self-sustained firing
by varying the the time at which the inhibition is switched on and switched off when a
current pulse of 20 pA/cm? is applied to the soma compartment. This two dimensional
parameter variation reveals that the inhibitory synaptic input must be initiated before the
plateau begins in order to prevent self-sustained firing. An example is shown in Fig. 13
where a 10 ms delay in the time at which the inhibitory pulse is initiated affects the
occurrence and persistence of self-sustained firing. The inhibitory pulse is switched on at
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1,340 ms in the left panel and at 1,350 ms in the right panel. The inhibitory pulse is switched
off at 2,500 ms in both cases. In these simulations, a current pulse of 20 pA/cm? is applied to
the soma compartment from 1,000 to 3,000 ms during the period indicated by the solid bar
along the time axis.

4 Discussion

4.1 Relation

Motoneuron dendrites are very thin and are also populated with ion channels which furnish a
rich repertoire of electrical behaviors. Thus, they function as electrically and chemically
distributed nonlinear units which has important consequences for neuron behavior (Segev
and London 2000). In addition, dendritic morphology, synapses and ion channels can
undergo activity-dependent modulation. Following spinal cord injury, the sudden loss of
descending input leads to substantial changes at the level of primary afferents, interneurons,
and motoneurons, thus dramatically influencing sensorimotor interactions. At the cellular
level, it is not known how these changes to motoneuron morphology, membrane properties,
and synaptic inputs interact to affect motor function including spasticity; however, it is
possible that the plateau potential and prolonged self-sustained firing may contribute to the
increase in spasticity following sensory stimuli observed in human SCI patients (Gianano et
al. 1998). In this work, we extend previous modeling studies of the physiological properties
of motoneurons to characterize how dynamic properties depend on morphological
parameters. Computational studies are used to systematically explore how the
neuroanatomical and the neurophysiological properties of motoneurons interact to influence
the generation of plateau potentials and cell excitabilty and to study the effects of changes in
these properties following SCI.

The two-compartment motoneuron model presented here replicates many of the firing
characteristics of motoneurons under a variety of conditions and contributes to our
understanding of the role of individual ion channels in determining motoneuron behavior
following SCI. The model also reveals the critical role of PICs in self-sustained firing. While
earlier models focus on the role that monoaminergic inputs play in inducing PICs and
bistable firing patterns (Gutman 1991; Lee and Heckman 1996; Booth and Rinzel 1995;
Booth et al. 1997), in this work we show how these patterns depend on the interactions
among PICs, intracellular calcium, and calcium-dependent potassium currents. In addition,
simulation results suggest that the morphological changes seen in motoneurons in the
chronic-stage following some types of SCI may tend to decrease self-sustained firing. The
model also provides insight into the role of synaptic inputs in modulating PICs and how
precisely timed inhibition can eliminate sustained firing. Thus, model results suggest that
increases in self-sustained firing following SCI are likely to occur due to changes in
membrane conductances and changes in synaptic activity, particularly changes in the
strength and timing of inhibition.

to previous modeling studies and assumptions

Previously, computational models of motoneurons were constructed to understand normal
firing behavior in response to intracellular current injection or synaptic activation (Schwindt
and Crill 1984; Binder et al. 1996; Vieira and Kohn 2007). Additional models have
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simulated the generation of excitatory postsynaptic potentials (Segev et al. 1990),
investigated bistable firing patterns (Gutman 1991; Booth and Rinzel 1995; Lee and
Heckman 1996), or examined complex firing patterns due to ion channel blockers and
neurotransmitters (Booth et al. 1997). Like these earlier models, the model presented here
explores the contribution of conductances in the generation of plateau potentials and bistable
firing patterns; however these earlier modeling studies do not focus on changes that occur
after spinal cord injury. Models of motoneurons following spinal cord injury include a
single-compartment model with a limited repertoire of dynamic behaviors (Graham et al.
2005) and more complex multi-compartment models that replicate certain behaviors but are
difficult to analyze mathematically (EIBasiouny et al. 2005; Bui et al. 2006).

Data suggest that the ion channels responsible for plateau potentials are located primarily in
the dendrites (Hounsgaard and Kiehn 1993; Lee and Heckman 1996; Bennett et al. 1998).
Thus, in this work a two-compartment model is constructed to investigate the dynamics of
spinal motoneurons corresponding to experimental results for intact spinal cord, acute-stage
SCI, and chronic-stage SCI. In the model, sodium and potassium currents in the somatic
compartment contribute to action potential generation in the standard manner. In addition, an
inactivating high threshold, N-type calcium current allows a calcium-dependent potassium
current in the soma to contribute to the slow afterhyperpolarization observed following a
spike, which also modulates firing frequency. As in mammalian motoneurons (Li and
Bennett 2003; Heckman et al. 2005; Harvey et al. 2006¢), calcium and sodium PICs in the
dendrite both contribute to plateau potentials. Since the calcium-activated potassium current
responsible for AHP is not affected by channel block that eliminates the persistent calcium
currents (Li and Bennett 2007), in our model somatic calcium increases only due to the N-
type calcium current in the soma compartment. Because it is known that a separate calcium-
activited potassium current is activated by the persistent inward calcium current in the
dendrite, dendritic calcium increases due to the calcium PIC and affects the calcium-
dependent potassium current in the dendrite only. In general, the bistable nature of the model
and the hysteresis in the threshold current required for repetitive firing can be understood by
examining how the steady state varies with applied current, where the mathematical
structure is similar to that of the minimal model of Booth and Rinzel with moderate coupling
(Booth and Rinzel 1995).

4.2 Predicted effects of morphological changes

We examine the dependence of model behavior on morphological parameters, where the
parameter p represents the ratio of somatic surface area to the total surface area of the
motoneuron. Thus, slight increases in p correspond to small increases in the surface area of
the soma or to small decreases in the dendritic surface area. Because g, represents the
coupling conductance between the soma and dendrite compartments in the model, the effects
of changes in pwill depend on the value of g, Note that changes in morphology may also
affect g, since an increase in the diameter of the primary dendrite may increase the coupling
conductance between the soma and the dendrite. Generally, the morphological changes
associated with many types of chronic-stage spinal cord injury such as increased soma size,
decreases in the dendritic arbor, and increases in the diameter of the primary dendrites,
correspond to increases in pand g, As mentioned above, due to the lumped dendrite for this
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two compartment approximation, the soma and dendrite compartments must be considered
as phenomenological compartments. Thus, the parameters g, and p cannot be derived
directly from geometric and passive electrical neuronal properties, and it is not possible to
determine exact values for these parameters.

Note that for extremely small values of p corresponding to very small relative values of
somatic surface area where spiking initiates, the model loses its ability to spike for a large
range of g, values. This is due to the limited surface area in the soma where spikes are
generated. For slightly larger p (around 0.1), there is a broad range of g, values that result in
self-sustained firing. Thus, for this very small region of pvalues, the dendritic membrane
properties dominate and self-sustained firing is seen for both weak and strong coupling
between the compartments. This range is consistent with the fact that a single compartment
model can exhibit self-sustained firing for a small range of parameters. As pincreases and
the relative size of the soma compartment increases, self-sustained firing can only be seen
with small coupling conductance values. These small coupling conductance values ensure
that the dendrite and soma compartments remain isolated so that the soma is not able to
dominate the dynamics in the dendrite. Previous modeling studies have shown that only a
weak coupling conductance value generates bistable firing behavior (Booth and Rinzel 1995;
Lee and Heckman 1996). Note that in general, an increase in pwith increased coupling
conductance g, does not increase the sustained firing time, but rather has the opposite effect
as shown in Fig. 8. The change in shape of the steady-state curves for the model revealed in
Fig. 10 demonstrates the mathematical basis for this result. In particular, larger p values
result in a loss of the characteristic “S” shape in the steady-state curve commonly associated
with bistability. Thus, the modeling results suggest that changes in morphology that are
observed experimentally following some types of SCI such as increased soma size,
decreases in the dendritic arbor, and increases in the diameter of the primary dendrites may
not contribute to increases in self-sustained firing.

Note that the reduced nature of the two compartment approach is not able to accurately
reflect the complexity of the changes in dendritic morphology seen after SCI. Although the
simplicity of this approach allows for a complete characterization of the role of specific
parameters, the details of branching patterns in the dendrites could have additional effects.
Recent work demonstrates that both dendritic size and topology can affect cell firing
characteristics (van Elburg and van Ooyen 2010). Studies of changes in dendritic topology
will be the subject of future work.

4.3 Predicted effects of synaptic changes

At high monoaminergic levels or after spinal cord injury, PICs dominate synaptic
integration. The model precisely replicates the results of experiments that examine the
influence of synaptic inputs on plateaus in motoneurons (Bennett et al. 1998). Further, we
are able to examine the role of PICs in modulating excitability. We find that excitatory
synaptic inputs significantly lower the threshold for plateau activation, and conversely,
synaptic inhibition raises the plateau threshold. Hence, synaptic inputs may play a critical
role in modulating the effects of PICs. Many studies suggest that inhibitory inputs have the
ability to maintain the membrane below the threshold for activating dendritic PICs. By
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examining the persistent currents in the model during somatic pulse current injection, we
show that excitatory inputs can cause an advancement in the time of plateau onset. However,
inhibitory inputs that occur before the initiation of the plateau can keep the persistent current
below the threshold for plateau initiation, eliminating sustained firing. We show that the
timing of the inhibitory input is critically important, since the same level of inhibition does
not eliminate the plateau if the input begins after the plateau is initiated. In this case, the
motoneuron still exhibits self-sustained firing. Further studies will focus on the details of the
interactions between persistent currents and inhibition in the dendrite.
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Fig. 1.
Schematic of two-compartment SCI motoneuron model. The densities of the persistent

inward currents (/c,pand /y4p) and densities of the calcium-dependent potassium currents
(/k(casand Ik(ca) p) vary for the simulation studies described in the text
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Fig. 2.

Motoneuron model response to ramp current applied in the soma compartment. Each of the
panels on the /eft show the applied current ramp (/ower curve), the membrane potential
(middle curve) and the firing rate response (upper curve), and the right panels show the
frequency of firing response (f-1 curves) in each case. Ramp characteristics are described in
Eq. (17). In the figures, the ramp is shifted —100 pA/cm? and the firing frequency is shifted
+55 Hz for clarity. In the f-1 curves, the asterisks (*) correspond to the upward ramp, and
open circles (0) denote the downward ramp. Panels (a) and (b): Motoneuron model without
plateau. Parameters values are provided in Table 1. Note the symmetry of response in
relation to current. Panels (c) and (d): Model with plateau potential unmasked by decreasing
dendritic gx(c4) values, which has been changed to 0.34 mS/cm? respectively. Plateau results
in a pronounced anti-clockwise hysteresis in f-1 curve. Panels (€) and (f): Plateau revealed by
increasing PIC maximal conductances. Parameter values are the same as in Table 1, except

J Comput Neurosci. Author manuscript; available in PMC 2016 September 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kurian et al.

Page 25

that gcs p= 0.33 mS/cm? and gy, = 0.2 mS/cm?. The presence of the plateau causes a
sustained depolarization and discharge with a pronounced anti-clockwise hysteresis in the f-I
curve. Sustained firing time, z, is measured in seconds as z= Tyt — 2 * Typ, Where Ty is the
total firing time and 7y, is the firing time during the up-ramp of the applied current.
Compare to experimental results in Fig. 2 of Bennett et al. (2001) and Fig. 5 of Hounsgaard
et al. (1988a)
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Fig. 3.

Bigstable motoneuron model behavior in response to current injection in the soma. The /ower
panel shows applied current (/pp), and membrane potentials as measured in soma (V) and
dendrite (V) are shown in middle and upper panels, respectively. At the /eft end of the
figure, a depolarizing pulse of +20 u A/cm? results in the plateau behavior and self-sustained
firing. The firing terminates when a hyperpolarizing pulse of =70 pA/cm? is applied. A pulse
of +5 pA/cm? results in only spiking behavior but no plateaus. On increasing the magnitude
of pulse to +20 pA/cm? we see plateau behavior and self-sustained firing which continues
even after the pulse magnitude is reduced to +5 pA/cm?2. A hyperpolarizing pulse of =70
HA/cm? terminates the plateau and self-sustained firing. Similar bistable behavior is also
shown in Fig. 2(c) of the two-compartment Morris—Lecar based Booth—Rinzel model Booth
and Rinzel (1995)

J Comput Neurosci. Author manuscript; available in PMC 2016 September 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kurian et al.

60 BISTABILITY 1 " BISTABILITY 2 X
50} Rest and firing states i

$

Frequency (Hz)
s 8

-
o
T

Low and high
frequency firing states

A i A

g@

Fig. 4.

20 0 20 40
Current (pA/cm?)

Page 27

Bistability in SCI motoneuron model with applied ramp current in soma. Bistability 1 is
obtained with dendrite OFF: soma at rest or dendrite ON: soma at 3° range of firing
frequency. Bistability 2 is characterized by low and high frequency firing states. It is
obtained with dendrite OFF: soma at 1° frequency range and with dendrite ON: soma at 3°
frequency range. As before, the asterisks (*) correspond to the upward ramp, and ogpen
circles (0) denote the downward ramp
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Fig. 5.

Caglcium concentration in the SCI motoneuron model with application of somatic ramp
current. Left panel shows the calcium concentration in the soma compartment, and right
panel shows the calcium concentration in the dendrite compartment. In the absence of
plateaus using parameters in Table 1, there is no buildup of calcium concentration (acute-
stage). However, in the chronic-stage SCI motoneuron model with plateau potentials, there is
calcium accumulation in both the soma and dendrite. Ramp characteristics are provided in
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Eqg. (17) and are the same as in Fig. 2
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Effects of variation of calcium-dependent potassium maximal conductance values. gp,; =0
mS/cm? and gp,_p= 0 mS/cm?2, mimicking the effects of TTX. gcsp=0.33 mS/cm? in all
figures, and all other parameters are provided in Table 1. The dashed line represents the
applied ramp current in the soma. Ramp characteristics are provided in Eq. (17). The /feft
panel shows the membrane potential in the soma compartment while the right pane/ shows
the membrane potential in the dendrite compartment as gx(c,) p is varied
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Fig. 7.

Sugstained firing time zwith different parameter values. Panel (a) shows zas gc,pand p
parameter values are varied in the chronic-stage SCI motoneuron model. Simulations were
performed for g, pvalues between 0.21 and 0.5 mS/cm? and p values between 0.01 and 0.5
at steps of 0.01. As pand gc, pincrease, the sustained firing time decreases. The g, p
values have to be above a threshold for the plateau behavior to occur. Panel (b) shows zas
9k(capand pparameter values are varied in the chronic-stage SCI motoneuron model.
Simulations were performed for gk ¢, values between 0.11 and 0.74 mS/cm? and p values
between 0.01 and 0.5 at steps of 0.01. As pand gk ¢, increase, the sustained firing time
decreases. The gk ca) p Values have to be below a threshold for the plateau behavior to occur.
In both panels, z= Tyt =2 * Typ, where Tiq is the total firing time and 7y, is the firing time
during the up-ramp of the applied current. zvalues were interpolated between calculated
values
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Fig. 8.

Sustained firing time zas g.and p parameter values are varied in the chronic-stage SCI
motoneuron model. Simulations were performed for g, values at steps of 0.02 mS/cm? and p
values at steps of 0.01. z= Ty — 2 * Tp, Where Ty is the total firing time and 7y is the
firing time during the up-ramp of the applied current. zvalues were interpolated between
calculated values. As pand g, increase, the sustained firing time decreases. Corresponding
regions of different firing characteristics are shown in Fig. 9
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Fig. 9.

g Vversus pplot. Figure shows firing characteristics of different regions as g.and pare
varied in the chronic-stage SCI motoneuron model. The side panels show examples of
somatic membrane potentials corresponding to the different parameter regions with different

firing characteristics
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Steady-state characteristics. Panel (a) and (b) show the steady-state curves in the soma and

300

400

Page 33
(b) Dendrite
40r
p=0.02
p=0.1
201 p=03
; p=04
E of
S
T
2
°
a
Q
i =
o
8
£
)
=
~100 " L " M " L
-400 -300 -200 -100 0 100 200 300

Current (uA/cm?)

dendrite respectively as the applied current in the soma is varied. g.= 0.1 in all the cases,

and pvaries as indicated in the legend. The solid curve corresponds to the stable region and

the dotted curve the unstable region
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Current (pA/cm?)

Results for chronic-stage SCI motoneuron model with both somatic applied ramp current
and synaptic input in the dendrite compartment. Panel (a): 50 Hz excitatory synaptic input.
Panel (b): no synaptic input. Ramp current only. Panel (c): 50 Hz inhibitory synaptic input.
Panel (d): results for excitatory synaptic input (left red curve), no synaptic input (middle
black curve), and inhibitory input (right blue curve) as a function of injected current for the
increasing part of the ramp only. Compare results to Fig. 2 of Bennett et al. (1998). Panels
(a)—(d): model parameters are the same as in Table 1 except ¥, = =34 mV. See text for

synaptic parameters
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Fig. 12.
Results for chronic-stage SCI motoneuron model with both somatic applied pulse current

and synaptic input in the dendrite compartment showing -/, » pA/cm? versus time. Sofid
barindicates 20 pA/cm? current applied to soma compartment. Dashed bar indicates 50 Hz
synaptic input to dendrite compartment. For excitatory input, gsyn = 0.1 mS/cm2, while for
inhibitory input gsyn = 0.05 mS/cm?2. All other parameters are the same as in Fig. 11
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Effect of timing of inhibitory synaptic input on self-sustained firing. Figure shows results for
chronic-stage SCI motoneuron model with somatic applied pulse current and synaptic input
in the dendrite compartment. Panels (a) and (b) show — /¢, p (WA/cm?) versus time (upper
curve) and membrane potential versus time (/ower curve). In both panels, the persistent
calcium current is shifted +100 pA/cm? for clarity. Sofid barindicates 20 pA/cm? current
applied to soma compartment. Dashed barindicates 50 Hz inhibitory synaptic input with
Gsyn = 0.05 mS/cm? applied to dendrite compartment. The inhibitory pulse is switched on at
1,340 ms in the /eft panel, at 1,350 ms in the right panel and switched off at 2,500 ms in both
panels. Panels (a) and (b): Model parameters are the same as in Table 1 except &, = —34
mV
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Parameter valuesfor the two-compartment model for a spinal motoneuron
Symbol  Parameter value Description
Cm 1 pFlecm? Membrane capacitance
9 0.1 mS/cm? Coupling conductance
Ina 120 mS/cm? Sodium maximal conductance
IKk-ar 100 mS/cm? Potassium delayed-rectifier maximal conductance
gcan 14 mS/cm? N-type calcium maximal conductance
9kicas  3.136 mS/cm? Calcium-dependent potassium maximal conductance
9Ixcap  0.69 mS/cm? Calcium-dependent potassium maximal conductance
i 0.51 mS/cm? Leak maximal conductance in soma and dendrites
Gcar 0.25 mS/cm? Persistent calcium maximal conductance
Ina-P 0.1 mS/cm? Persistent sodium maximal conductance
Ena 55 mV Sodium reversal potential
Ex -80 mV Potassium reversal potential
Eca 80 mV Calcium reversal potential
E -60 mV Leak reversal potential in soma and dendrites
Pmna -35mV Half activation voltage for sodium
Yna =55 mV Half inactivation voltage for sodium
¥, -28 mV Half activation voltage for potassium
Imeany  —30mV Half activation voltage for N-type calcium
Ypeany  —45mMV Half inactivation voltage for N-type calcium
Imeap —40mMV Half activation voltage for persistent calcium
Gopar  —25mV Half activation voltage for persistent sodium
Kipa -7.8mV Activation sensitivity for sodium gating function
Kipga 7mVv Inactivation sensitivity for sodium gating function
k, -15mV Activation sensitivity for potassium gating function
Kmeany — —-5mV Activation sensitivity for N-type calcium gating function
Knean 5mv Inactivation sensitivity for N-type calcium gating function
Kncap —TMV Activation sensitivity for persistent calcium gating function
Kipap — —4mV Activation sensitivity for persistent sodium gating function
Tmeany 16 Ms Activation time constant for N-type calcium
TheanN 160 ms Inactivation time constant for N-type calcium
Tncap 40 ms Activation time constant for persistent calcium
Tonap — 40ms Activation time constant for persistent sodium
Sca 0.2uM Half saturation of calcium concentration
p 0.1 Ratio of somatic surface area to total surface area
A 0.01 Percent of free to bound calcium
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Symbol  Parameter value Description

a 0.009 mol/C/cm Calcium current to calcium concentration conversion factor

Ica 2ms™t Calcium removal rate

Many of the parameter values are derived from the Booth—Rinzel motoneuron model (Booth et al. 1997). The activation and inactivation time
constants of the N-type calcium current have been adjusted to mimic experimental data more closely (Hounsgaard et al. 1988a; Bennett et al. 2001).
We also include a persistent sodium current with parameters derived from Li and Bennett (2003) and Li et al. (2004)
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