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A modelling study of locomotion-induced hyperpolarization
of voltage threshold in cat lumbar motoneurones

Yue Dai, Kelvin E. Jones, Brent Fedirchuk, David A. McCrea and Larry M. Jordan
Department of Physiology, University of Manitoba, Winnipeg, Manitoba, Canada R3E 3]7

During fictive locomotion the excitability of adult cat lumbar motoneurones is increased by a
reduction (a mean hyperpolarization of ~6.0 mV) of voltage threshold (Vth) for action potential (AP)
initiation that is accompanied by only small changes in AP height and width. Further examination of
the experimental data in the present study confirms that Vth lowering is present to a similar degree in
both the hyperpolarized and depolarized portions of the locomotor step cycle. This indicates that Vth
reduction isa modulation of motoneurone membrane currents throughout the locomotor state rather
than being related to the phasic synaptic input within the locomotor cycle. Potential ionic mechanisms
of this locomotor-state-dependent increase in excitability were examined using three five-
compartment models of the motoneurone innervating slow, fast fatigue resistant and fast fatigable
muscle fibres. Passive and active membrane conductances were set to produce input resistance,
rheobase, afterhyperpolarization (AHP) and membrane time constant values similar to those
measured in adult cat motoneurones in non-locomoting conditions. The parameters of 10 membrane
conductances were then individually altered in an attempt to replicate the hyperpolarization of Vth
that occurs in decerebrate cats during fictive locomotion. The goal was to find conductance changes
that could produce a greater than 3 mV hyperpolarization of Vth with only small changes in AP height
(< 3 mV) and width (< 1.2 ms). Vth reduction without large changes in AP shape could be produced
either by increasing fast sodium current or by reducing delayed rectifier potassium current. The most
effective Vth reductions were achieved by either increasing the conductance of fast sodium channels or
by hyperpolarizing the voltage dependency of their activation. These changes were particularly
effective when localized to the initial segment. Reducing the conductance of delayed rectifier channels
or depolarizing their activation produced similar but smaller changes in Vth. Changes in current
underlying the AHP, the persistent Na* current, three Ca** currents, the ‘h’ mixed cation current, the
‘A’ potassium current and the leak current were either ineffective in reducing Vth or also produced
gross changes in the AP. It is suggested that the increased excitability of motoneurones during
locomotion could be readily accomplished by hyperpolarizing the voltage dependency of fast sodium
channels in the axon hillock by a hitherto unknown neuromodulatory action.
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During fictive locomotion in adult cat, spinal moto-
neurones exhibit changes in intrinsic membrane properties
during the transition from the resting to the locomotor
state. These state-dependent changes include a reduction in
the post-spike afterhyperpolarization (AHP) (Brownstone
et al. 1992; Schmidt, 1994) and a change in the relation
between intracellular current injection and firing frequency
(Brownstone et al. 1992; Fedirchuk et al. 1998). Krawitz et al.
(2001) recently described another state-dependent change
in motoneurone excitability accompanying the transition to
locomotion: a hyperpolarization of the voltage threshold
(Vth) for action potential (AP) initiation. While the
mechanisms for this enhancement of motoneuronal
excitability are unknown, the authors postulated that this
effect might be mediated by neuromodulators released
duringlocomotor activity (Krawitz et al. 2001).

The primary aim of the present study was to determine
possible ionic mechanisms that might account for
hyperpolarization of Vth in cat lumbar motoneurones
during fictive locomotion. To this end, we built three
models corresponding to three biophysical types of
motoneurones (S, slow; FR, fast, fatigue resistant; FF, fast
fatigable) with properties resembling those of real
motoneurones recorded in vivo. The models were built
with five compartments (axon, initial segment, soma,
proximal dendrite and distal dendrite) of unequal size that
approximated a simplified anatomical structure of real
motoneurones. The passive membrane properties of the
models were based on data from cat spinal motoneurones.
Parameters for the 10 active conductances included in the
models were taken primarily from the literature for
mammalian spinal motoneurones. The ten conductances
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were: fast sodium (gy,), persistent sodium (gy.p), delayed
rectifier potassium (ggpr)), A-current (ggm)), calcium-
dependent potassium (gganr))> T-type calcium (gc.r),
L-type calcium (gc,1), N-type calcium (gc,n), h-current
(gn) and potassium leak current (gi..). The models were
constrained to the biophysical properties of adult cat
spinal motoneurones, and target values for the simulations
were taken from intracellular in vivo electrophysiological
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Figure 1. Single cell models and initial properties

A, three types of single cell models (S, FR and FF) with five
compartments (axon, initial segment (IS), soma, proximal
dendrite and distal dendrite) were built that retained the macro
structure of cat lumbar motoneurones important for the
generation of anti- and orthodromic action potentials. B, overlap
of the SD and initial segment spikes produced by the S-type model
motoneurone. The amplitude of the SD spike is ~67 mV and the
initial segment spike ~30 mV. C, frequency—current (f~I) relation
produced by step current injection into the soma compartments of
the three types of model cell (S, FR and FF). The frequency was
calculated by dividing the number of spikes by the duration

(500 ms) of each step current. The slopes of the primary range for
the three models are 3.4, 1.8 and 3.6 Hz nA ™', respectively (below
the horizontal dotted line), and the slopes of the secondary range
are 12,13 and 11 Hz nA™" (above the dotted line). D, truncated SD
spikes taken from the antidromic single spikes produced by the
three types of the model cell. Spikes were overlapped on the
alignment of their resting membrane potentials. The
afterhyperpolarization (AHP) durations are 100, 85 and 80 ms for
the S, FR and FF type models, respectively, and the amplitudes of
the AHP are 4, 3 and 2 mV, respectively. E, passive responses of the
models to an injection of —2 nA of current into the soma
compartment. The voltage trajectories are aligned on the resting
membrane potentials. The membrane hyperpolarizations
produced by a—2 nA currentinjection were —3.2 mV for the
S-type model cell, —2.0 mV for the FR-type and —1.2 mV for the
FF-type.

J. Physiol. 544.2

recordings of motoneurones firing during fictive
locomotion. Because the hyperpolarization of Vth has
been observed in all types of motoneurones (Krawitz et al.
2001), the FF, FR and S models of motoneurones were
constructed and used to detect common changes in active
properties that might produce the Vth hyperpolarization
during locomotion. It was shown in our recent study
(Krawitz et al. 2001) and confirmed here that the Vth
hyperpolarization occurs in both the excitatory and
inhibitory phases of the fictive step cycle. This suggests that
a modulation of ion channels during the locomotor state
was responsible for the hyperpolarization of Vth rather
than direct postsynaptic effects in only one phase of the
step cycle.

The simulation results predict that the selective modulation
of sodium and/or delayed-rectifier channels in the axon
hillock/initial segment are likely to be ionic mechanisms
through which Vth may be controlled in all types of
motoneurones. Portions of this work have been presented
in abstract form (Dai et al. 1998a,b).

METHODS

Anatomical structure

The geometry of the models was that of a simplified cylindrical
structure (Fig. 1A). Since the hyperpolarization of Vth was shown
to be not directly linked to the periodic synaptic excitation and
inhibition during fictive locomotion (see Krawitz et al. 2001 and
Results in this paper), the effects of synaptic inputs were not
further considered in the models. The dendrites of the model
motoneurones were simplified as two compartments. The
diameter and length of the proximal dendrite compartment were
adjusted to make the amplitude of the SD spike appropriate
(Coombs et al. 1957). The size of the distal dendrite was set
arbitrarily because it had a relatively small effect on spike
generation and action potential shape in these models. In addition
to the two dendritic compartments, the models had an axon,
initial segment, and soma for a total of five compartments, and
conserved the surface membrane area of initial segment and soma
(Conradi 1969; Cullheim et al. 1987). The size of the axon
compartment was adjusted to produce an appropriate initial
segment spike (Coombs et al. 1957).

Three types of model motoneurones were built based on the
assumption that the different properties of the biophysical types
of motoneurone were determined by their anatomical structure
(size) and passive and active properties. Studies by Cullheim et al.
(1987) suggested that there is little difference in the averaged soma
diameters of the F- and S-type cells, but the dendritic trees of
F-type motoneurones have more complex branching than S-type.
Our models followed the same principle. The FR-, FF- and S-type
of model motoneurones had the same size of axon, initial segment
and soma compartments. The only difference was the size of
dendrite compartments (Table 1).

Our simplification of the dendrites ignored electrotonic properties
resulting from branching and termination of the dendrites. The
total electrotonic lengths are 0.59, 0.79 and 0.89 for S-, FR- and
FF-type model motoneurones, respectively. These values are
smaller than those reported for real motoneurones and reflect the
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Table 1. Structural characteristics of the motoneurone models and their cable parameters

MN type Diameter Length Ry R4 Cu
(um)  (pm) (Qcm®) (Qcm) (uFcm™)
S-type
Axon 10 400 7000 20 1.0
Initial segment 6 100 7000 20 1.0
Soma 10 360 7000 20 1.0
Proximal dendrite 40 500 7000 60 1.0
Distal dendrite 30 400 7000 60 1.0
FR-type
Axon 10 400 5000 20 1.0
Initial segment 6 100 5000 20 1.0
Soma 10 360 5000 20 1.0
Proximal dendrite 40 700 5000 60 1.0
Distal dendrite 30 500 5000 60 1.0
FF-type
Axon 10 400 4000 20 1.0
Initial segment 6 100 4000 20 1.0
Soma 10 360 4000 20 1.0
Proximal dendrite 40 700 4000 60 1.0
Distal dendrite 30 500 4000 60 1.0

rather small distal dendritic compartments in the present models.
This reduction would hinder examination of the response to
synaptic inputs, but is unlikely to influence the spike initiation in
the initial segment and soma under investigation here.

Passive parameters

Each compartment (Table 1) had a specific membrane
capacitance (Cy) of 1.0 #F cm™. Specific membrane resistance
(Ry;) was the same in all five compartments and was set to 7000,
5000 and 4000 Q cm” for S-, FR- and FF-type, respectively. These
values were chosen to give theoretical values of the membrane
time constant (RyCy) of the model motoneurone comparable to
that of the corresponding type of cat lumbar motoneurone
reported by Hochman & McCrea (1994a,b). Specific axial
resistance (R,) was set to 20 Q c¢m in the axon, initial segment and
soma compartments for all three types of model motoneurones
and was adjusted to 60 Q cm in the dendrite compartments to
make the spike height and repetitive firing properties appropriate
(e.g. Coombs et al. 1957; Kernell 1965). These parameters are
summarized in Table 1.

Active parameters

To model the repetitive firing behaviour of motoneurones, a
variety of ionic currents were introduced into some or all
compartments. We first chose nine major active conductances
(8> Zk(DR)> 8k(A) SK(AHP) 8CaT> §Cals ZCans §h Siea) fOT the models
that have been widely found in mammalian motoneurones,
including cat, rat and mouse motoneurones (Binder et al. 1996). A
tenth conductance, a persistent sodium conductance (gy,p), was
later added to the models based on a recent report that this
conductance was essential for initiation of spikes during rhythmic
firing in cat spinal motoneurones (Lee & Heckman 2001). As the
actual kinetics of these conductances are not known in adult cat
spinal motoneurones, parameters for the equations were drawn
from a wide range of experimental and theoretical results.

. The fast sodium conductance was included in the axon, initial
segment and soma compartments. The state variable of this
conductance was based on Traub’s model (1977) for cat spinal

motoneurones (Araki & Terzuolo, 1962), where the voltage
dependency of the initial segment gy, was about 10 mV more
hyperpolarized than that of the somatic gy,. In our models, the
voltage dependency of the initial segment gy, was further shifted
to the hyperpolarizing direction by 5 mV for the S- and FR-type
and by 6 mV for the FF-type motoneurones. The density of
the maximum conductance (gn.) was set to 120, 240 and
200 mS ¢cm* for axon, initial segment and soma compartments,
respectively, in all three models. In Traub’s model (1977) the g,
of sodium channels in the initial segment compartment was set
three times larger than that in the soma compartment, resulting in a
lower Vth within the initial segment compartment. Our models
achieved the Vth difference between the initial segment and soma
compartments with a smaller difference between the g, by
negatively shifting the voltage dependency of the initial segment gy.

gior)- The delayed rectifier potassium conductance was included
in the axon, initial segment and soma compartments. The state
variable for this channel was taken from Traub (1977) for cat
spinal motoneurones, with an activation of initial segment gy pg,
also 10 mV more hyperpolarized from the somatic gipr). The
values of g, were set to 40, 110 and 35 ms cm™” for axon, initial
segment and soma compartment, respectively, in all three models.

Zi) The A-current was included in the soma compartment.
Parameters for this conductance were based on a previous report
for rat motoneurones (Safronov & Vogel, 1995). In our models,
the voltage dependency of both activation and inactivation curves
was positively shifted by 10 mV in order to match the recordings
of fast A-current from guinea-pig trigeminal motoneurones
(Chandler et al. 1994). The .., was set to 5.5 mS cm ™ for all three
models, roughly based on the report by Safronov & Vogel (1995).

gh The h-current was included in the soma compartment. The
state variable for h-current of spinal motoneurones was based on
Binder (1996). The gy, was set to 6.5, 6.5 and 4.5 mS cm ™ for S-,
FR- and FF-type model motoneurones, respectively. These
settings, along with leak current, resulted in an appropriate input
resistance in the models.
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gcar- The T-type calcium conductance was included in the soma
compartment with parameters based on Tegner et al. (1997) for
lamprey neurones. However, the voltage dependency of the state
variables (both activation and inactivation) was positively shifted
by 20 mV to approximate the recordings from neonatal rat
hypoglossal motoneurones (Viana et al. 1993a; Umemiya &
Berger, 1994) and mouse motoneurones (Mynlieff & Beam,
1992). The g was set to 4 mS cm * for all three models.

gcan- The N-type calcium conductance was included in the soma
and proximal dendrite compartments with parameters of turtle
motoneurones from Booth et al. (1997). In our models a 10 mV
shift in the depolarizing direction was made for the voltage
dependency of the conductance in order to make this channel
high-voltage activated (HVA). The gn.. was set to 12 and
1.5 mS cm? for the soma and proximal dendrite compartments,
respectively, in all three types of the model motoneurones.
Current from this channel was used to gate the AHP conductance

(gK(AHP))~

gcar- The L-type calcium conductance was included in the soma
and proximal dendrite compartments with parameters of turtle
motoneurones from Booth et al. (1997). The voltage activation
was positively shifted by 10 mV to make the channel relatively
high-voltage activated and to approximate the behaviours of
L-type calcium channels in rat hippocampal CA3 pyramidal
neurones (Avery & Johnston, 1996). The activation of L-type
calcium channels in spinal cat motoneurones was about
10-30 mV positive to the resting membrane potential (Schwindt
& Crill, 1980). The gy, was set to 2mS cm ™ for the soma and
0.33 mS cm ™ for the proximal dendrite compartment in all three
models.

gxanpy The AHP conductance was included in the soma and
proximal dendrite compartments. This conductance was
dependent on the intracellular calcium concentration, which was
determined by activation of gc,n. Parameters for this channel
were based on Traub et al. (1991) for guinea-pig CA3 pyramidal
neurones. The rate constants were adjusted to generate a small
time constant, which reduced accumulation of AHP current and
produced an appropriate repetitive firing behaviour and f~I
relationship (Kernell, 1965). The g... was set to 8, 10 and
18 mS cm ™ for the soma, and 3, 6 and 6 mS cm* for the proximal
dendrite compartment for the S-, FR- and FF-types of model
motoneurones, respectively.

Zieate The leak current was included in the soma and proximal
dendrite compartments. It was a potassium conductance, having
an effect on input resistance and resting membrane potential. The
Zimax Was set to 0.35, 0.6 and 0.9 ms cm ™ for the soma, and 0.3, 0.6
and 1.5 ms cm* for the proximal dendrite compartment for the
S-, FR- and FF-types of model motoneurones, respectively. These
settings resulted in an appropriate input resistance and resting
membrane potential.

gnap- The persistent sodium conductance was included in the
initial segment and soma compartments. gy,p activated about
10 mV negative to the fast gy, with a magnitude ~1 % of the fast Iy,
(Crill, 1996). Parameters for gy.p in our model were modified
from the somatic gy, for cat spinal motoneurones. The
inactivation of state variables was removed, and the activation
voltage was negatively shifted by 10 mV. The g, was set to
12mScm™ (~5% of initial segment gy,) for initial segment
compartment and 3 mS cm™ (~1.5% of somatic gy,) for soma
compartment in all three models.

J. Physiol. 544.2

Cable equations

The simulations were done in the GENESIS environment (Bower
& Beeman, 1998) on Pentium PCs running the Linux operating
system. The time step for all the simulations was set to 0.05 ms.
Three variations of a five compartment single cell models (Fig. 1A)
were built. In general, the cable equation for compartment k (=2, 3
or 4) can be written as:

dv,
Ck—k = etk Vier = Vi) + Zeie 1 (Vi = Vi) = Lonick + Linjectedo

dt
(1)

where Vi, Vi and Vi, are membrane potentials of the
compartmentsk — 1, kand k + 15 g, rand g, , are conductances
between the compartments k — 1 and k and compartments k and
k +1; Cy is the capacitance of the compartment k; Iyecrea is the
injected current to the compartment k and [, is the ionic
current of the compartment k. For the soma compartment [, is
written as

Tionic.soma =gNam3h(Vm — Exa) + gK(DR)n4( Vo = Ex) + geanrg(Vim — Ex)
+ gk M Pa(Vin = Ex) + Giea Vin = Ex) + gty (Vi — Ey)
+ gart(Vin— Ecy) + geartmr he(Viy — Eca)
+gCa,NmN2hN(Vm —Ec.), (2)

where gy, is the maximum conductance for fast Na* channels and
the maximum conductances through other channel types are
expressed as follows: gxpr), delayed rectifier K5 giaup), Ca*'-
dependent K gia), A-currents; gi..,, leak currents; g, h-current;
gear> T-type Ca™; gean, N-type Ca**; and ge, 1, L-type Ca*". Ey,, Ex,
Ec, and E, are equilibrium potentials for Na*, K*, Ca** and h-
currents and equal to 55 mV, =75mV, 80 mV and —-55mV,
respectively. Letters m, h, n and g (with or without subscripts) are
membrane state variables that are defined by the
Hodgkin-Huxley-type equation:

dX/dt=a(1 - X) - fX, (3)

where steady-state value X, =oa/(a+ f) and time constant
T =1/(at+f).

The intracellular calcium concentration ([Ca?*];) in the soma and
dendrite compartments satisfies the following equation (Traub et
al. 1991):

d[Ca®'Ji/dt = B, — [Ca™]/7c, (4)

where B is a scaling constant in arbitrary units and set to —17.402
in the soma compartment and —10.769 in the dendrite
compartment. 7¢, is a time constant, the rate of decay of [Ca**];. It
is set to 13.33 ms for both soma and dendrite compartments. I, is
equivalent to the N-type Ca’" current.

The passive parameters of the models are shown in Table 1, rate
constants in Table 2 and the membrane properties of the resultant
model motoneurones in Table 3.

Electrophysiological behaviour of the models

The self-imposed criteria that the model had to meet to be
accepted as a suitable representation of a spinal motoneurone
were: (1) an input resistance, a membrane time constant, AHP
and rheobase comparable to those reported for a cat lumbar
motoneurone; (2) an initial segment spike that is separable
from the somatodendritic spike (SD spike); (3) a realistic
frequency—current (f~I) relationship; and (4) a Vth within the
range of the experimental data.
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Table 2. Rate constants in Hodgkin-Huxley equations

Conductance Compartment Forward (o) Backward (8)
8Na Initial segment
S- & FR- type: 1, = O.4(5_—V) ﬁm 0.4(V_—30)
e’(P(T)"l ) exp( 5 )-1
25-v 4
Q) = 028 exp(5-) B, = v
*PT0
. 0.4(4-V) 0.4(V-29)
FF-type: &, = —3— ,Bm = -
exp(T)—l exp( 3 )-1
24-v 4
O = 0.28 exp( 20 ﬁh = IV
expl 10
0.4(175-V 04(V-45
Axon and soma a, = ¢ o ) ﬂm = %‘3)—
exp( = exp(——)-1
25-V 4
0y, = 028 exp(—5-) ﬁ, = AW
expl 10
ENaP initial segment and soma a, = —Pﬁ%i}‘/)— ,Bm = 0'4(‘/_—35)
exp( 5 )-1 exp( s )-1
8roR) initial segment a, = 002010-V) B, = o025 exp(lsg-)
exp( )-1
10
0.02(20-V 0-v
Axon and soma = ¢ — ) ﬂn = 0.25exp(—g5)
exp( )-1
10
0.032(V +54) 0.203
- soma Q,, = —vymi :B".A = T
1-exp( s ) exp( % )
B 0.05 0.05
ah,, = V¥, ﬁh = v e
1+exp( ) A 1+exp( )
10 -10
0.06 0.06
gh Soma &, = —vrs- ,B”,, = G
L+exp( ) 1+exp( )
5.3 5.3
0.02(V+38) —0.05(V+41
8car Soma &, = —vm B, = :
1~exp( _4.5) 1-exp( a5 )
~0.0001(V+43) 0.03
o, = =
he 1-exp( hi ) ﬂh,. 1+exp( * )
7.8 -4.8
8caN Soma and dendrite a, = 0‘25+ 'BmN = %
1+exp( = ) I+exp( 5 )
0.025 0.025
&y, = — vy :Bh,, = T VEn
N 1+exp( ) 1+exp( )
5 -5
gcal Soma and dendrite a, = —% ﬂmL = __.0;0;5;30_
1+exp( = ) 1+exp(T)
8k(AHP) Soma aq =10_3 [Caz*]m ﬂq =0.04
. -4
Dendrite o, =10 [Caz*’]i” ﬂq =0.04

To achieve different membrane properties for each type of model
motoneurone, the voltage dependency of the initial segment gy,
the g, of somatic and dendritic gi(anp) and g and the g, of
somatic g, were altered. The target values defining different cell
types were taken from adult cat motoneurones (Hochman &
McCrea, 1994b,c; Krawitz et al. 2001). These included input
resistance, rheobase current, time constant, AHP duration and
amplitude, AP height and Vth. The resting membrane potential
(E.,) and AP width of the models are resultant values (see Table 3).

525

Some of the resulting biophysical properties of the model
motoneurones are illustrated in Fig. 1. Figure 1B (dotted line)
shows an antidromic action potential (SD spike) elicited by
injecting a pulse of current (15nA, 1ms) into the axon
compartment. Hyperpolarization of the soma by injectinga—2 nA
current into the soma compartment blocked the SD portion of
this action potential leaving the smaller initial segment spike
(continuous line). The f~I relations are illustrated in Fig. 1C, and
the characteristics of the AHPs are shown in Fig. 1D. The response
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Table 3. Membrane properties of three motoneurone types produced by the models

Properties of model cell S-type model cell

FR-type model cell FF-type model cell

R, (MQ)* 1.6 (1.77+0.7)
Rheobase (nA) * 6.0 (4.3%25)
T (mMs)* 7.0 (7.0%2.0)
AHP duration (ms) * 100  (110.5 £ 31.5)
AHP amplitude (mV) * 4.0 (4.8 +£2.0)
AP height (mV) 67.0  (58.5+9.7)
AP width (ms) 3.7 (22+£04)
Vth (mV) —472 (—44.1 +9.3)

Resting E,,, (mV) ¥ —-65.0 (—66.8+6.2)

1.0 (0.91£0.2) 0.6 (0.62+0.1)
13.0 (11.6+3.1) 23.0 (19.7 £5.1)
50  (5.1+1.1) 40  (4.4+09)
85.0 (81.9+17.1) 80.0 (79.5+21.4)
30 (3.1+1.1) 20 (23+0.9
624 (58.5+9.7) 68.0 (58.5+9.7
34 (22+04) 33

—46.7 (—44.1+9.3)
—67.0 (~66.8 +6.2)

—49.0 (—44.1+9.3

)
)
(2.2 +0.4)
)
~70.0 (—66.8 * 6.2)

Values outside parentheses are the results from simulations in the three types of model cells. R;, was
measured from membrane hyperpolarization produced by long pulse (-2 nA, 100 ms) current injection into
the soma compartment. Vth, AP height and width were measured from an average of the spikes elicited by a
ramp of current injected into the soma compartment. AHP duration and amplitude were measured from a
single SD-spike evoked by an antidromic short pulse (1 m) to the axon compartment. Values in parentheses
are means (£s.D.) of measurements obtained experimentally in adult cat motoneurones (¥ Hochman &
McCrea 1994¢; T Krawitz et al. 2001). The method used to measure AP height and Vth in this paper was
different from that used in Hochman & McCrea (19944,b,¢). This resulted in different values of the AP height

and Vth in Table 3 from those in Hochman & McCrea.

to a —2 nA, 100 ms duration current pulse injected in the soma
compartment is shown in Fig. 1E.

To be consistent with measurements obtained from the
experimental data, Vth of an action potential was defined as the
membrane potential at which dV/dt > 10 mV ms™' (Brownstone
et al. 1992; Krawitz et al. 2001). This membrane potential was then
used as the reference value to calculate the height of the action
potential, which was considered to be the voltage difference
between the Vth and the peak value of the AP. The width of the AP
was defined as the time interval between the depolarization and
the repolarization of the membrane potentials equal to the Vth.
Table 3 shows the resulting parameter values from these
simulations.

Our recent experimental data (n =38, Krawitz et al. 2001)
reported a mean value of voltage threshold of —44.1 £ 9.3 mV,
with firing evoked by a mean depolarization of 22.6 £ 9.0 mV
from resting membrane potential (—66.8 = 6.2 mV). The voltage
thresholds for the models are —47.2 mV for the S-type, —46.7 mV
for the FR type and —49.0 mV for the FF-type. About 20 mV of
depolarization is needed above resting membrane potentials (S-
type: =65 mV; FR-type: —67 mV; and FF-type: =70 mV) to reach
the spike threshold. These values are thus within the range of those
obtained in decerebrate (Krawitz et al. 2001) and anaesthetized
cats (Pinter et al. 1983; Gustafsson & Pinter, 1984).

The repetitive firing evoked by low intensity current injection in
the models was similar to that reported for real motoneurones
(e.g. Kernell, 1965). The slope of the secondary range of the f~I
relation produced by the models did not perfectly match that of
cat lumbar motoneurones, which should be within the range of
3-8 HznA™' (Kernell, 1965). The present models produced a
relatively high firing frequency due to a saturation of AHP current
and a large depolarization produced by the L-type calcium
channels in response to high current injections (see f~I curves
above the dotted line in Fig. 1C). To avoid this affecting the
reliability of our simulation results, the currents injected into the
model cells for all simulations were maintained within the
primary range of the f~I curves. In addition, the AP width

generated by our models in the control condition (Table 3) was
about 1 ms larger than the experimental data. This did not
influence analysis of simulation results since we were primarily
interested in the changes in AP width between simulated control
and locomotor conditions.

Constraints for computer simulation of Vth
hyperpolarization

This modelling study was based on our recent observation
(Krawitz et al. 2001) of Vth hyperpolarization during fictive
locomotion (Fig. 2D) where it was noted that hyperpolarization of
Vth could occur in the absence of obvious changes in spike
amplitude or duration. To create a conservative target value for
the present simulation the three cases in which Vth was
hyperpolarized more than 19 mV were ignored, resulting in a
mean value of 6.2 + 3.9 mV (n = 35) for Vth hyperpolarization.
Experimentally, about 50% of the cells displayed a Vth
hyperpolarization of 3-9 mV (see Fig. 2D). This range was used as
the boundary within which the change in Vth (AVth) had to fall to
be considered a possible mechanism. Data from nine
motoneurones in the Krawitz et al. (2001) study were re-analysed
to evaluate changes in spike size and shape width during fictive
locomotion to provide additional data to constrain the present
simulations. During fictive locomotion AP height increased by a
mean value of 2.6 £ 6 mV (ranging from —1.6 to 17.3 mV) and AP
width by 0.5+ 0.6 ms (from —0.1 to 1.6 ms). There was no
correlation between Vth hyperpolarization and the increase in AP
height (* = 0.44, P = 0.051) and only a weak correlation between
the Vth hyperpolarization and the increase in AP duration
(r*=0.66, P=10.007). Therefore, we set less than 3 mV as a
desirable change in AP height (AH) with an upper boundary of
< 10 mV and less than 0.5 ms for change in AP width (AW) with
an upper boundary of < 1.2 ms. Thus we were most interested in
those simulations where (1) Vth hyperpolarized > 3.0 mV; (2) AP
height increased < 10 mV;and (3) AP width increased < 1.2 ms.

Modulation of conductance was simulated in a wide range by
altering the maximum conductance or shifting the state variables
of the conductance. The simulation ranges for each conductance
were: gy, increased up to 200 %; m and h left shifted up to 10 mV;
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Zxor) reduced up to 90%; n right shifted up to 10 mV; guap
increased up to 300 %; m left shifted up to 10 mV; gi(anp) reduced
up to 90 %; g reduced up to 90 %; g, increased up to 150 %;
geat> gear and e,y increased up to 200 %; and g, increased up to
200 %. The results in Table 4 were collected within these ranges
where the simulation results could be produced with minimal
amount of the conductance modulation within the constraints
outlined above.

Experimental data

Motoneurones receive excitatory and inhibitory synaptic inputs
from locomotor networks during fictive locomotion. These
alternating synaptic inputs result in membrane potential
oscillations, termed locomotor drive potentials (LDPs). In order
to test if the Vth hyperpolarization might be induced directly by
excitatory synaptic inputs, we previously measured the Vth in
both excitatory (depolarizing) and inhibitory (hyperpolarizing)
phases of the LDPs of motoneurones (Krawitz et al. 2001). Here
we analysed an additional eight cells to more rigorously examine
this issue. The Vth during the excitatory component of the LDP
was measured from the spike train induced by MLR stimulation,
and the Vth during the inhibitory component of the LDP was
measured from the spike train elicited by a single pulse with the
minimum amount of current (5-25nA, 0.2's) required for
repetitive firing. The details of the surgical procedures and data
collection methods were described in Krawitz et al. (2001).

RESULTS

Effect of synapticinputs on Vth

Experimental results from eight cat lumbar motoneurones
showed that all motoneurones displayed hyperpolarization
of Vth in both the excitatory phase and the inhibitory
phase of the LDPs compared to the Vth measured at rest
(Fig. 2E). Three of the eight motoneurones exhibited a
more hyperpolarized Vth in the inhibitory phase than that
in the excitatory phase (cells 1-3 in Fig. 2E), while four
of them displayed a more hyperpolarized Vth in the
excitatory phase than that in the inhibitory phase (cells 5-8
in Fig. 2E). One motoneurone showed no apparent
difference in Vth between the two phases (cell 4 in Fig. 2E).
See Fig. 4 in Krawitz et al. (2001) for reference.

These experimental results show that the hyperpolarization
of Vth induced by fictive locomotion is not simply a result
of periodic membrane depolarization during the fictive
step cycle. If the Vth change were dependent on the
postsynaptic depolarizations, the Vth measured in the
inhibitory phase of the LDP would have been always more
depolarized than that measured in the excitatory phase.
Instead, further analysis of the experimental data reveals a
modulation of Vth in both phases of the fictive locomotion
that supports our previous conclusion that the Vth
hyperpolarization was locomotor-state not membrane
potential dependent (Krawitz et al. 2001).

Electrophysiological basis for the simulations
Figure 2 illustrates experimental data forming the frame-
work of the simulations in this study. During the non-
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locomotion (control) condition repetitive firing of the
motoneurone was evoked by a triangular shaped current
injection (Fig. 2A). As measured at the point where the
change in membrane potential was 10 mV ms™' (see
Methods), the Vth for the first spike was —27.4 mV.
During fictive locomotion, the Vth was hyperpolarized for
all spikes, with the Vth of the first spike being —34.6 mV
(Fig. 2B). Averaged action potentials occurring in the two
conditions are overlaid in Fig. 2C. Note the small increase
in spike height (3.7 mV) and width (0.3 ms) as the Vth
hyperpolarized by 7.2 mV during locomotion (continuous
trace). The example in Fig. 2 is representative of the
experimental finding that while there is a significant
hyperpolarization of Vth, the size and shape of the action
potential are little changed. The distribution of Vth
hyperpolarization from 38 motoneurones (Krawitz et al.
2001) is shown in Fig. 2D.

A series of computer simulations were done with the
objective of identifying ionic currents likely to be
responsible for mediating the hyperpolarization of Vth
that occurs during fictive locomotion. The protocol for
these simulations was to inject a triangular-shaped current
ramp into the model motoneurones similar to that used to
evoke firing in vivo (e.g. Fig. 2). Typically the current
ramps during simulation started from a value of =2 nA and
rose to a peak amplitude of 15-30 nA with a total duration
of 5s. Responses in the ‘control’ condition were then
recorded using model neurones with the conductances
outlined in Table 2 and parameters as described in
Methods. Responses during ‘locomotion’ were those in
which a conductance was altered as described in the left
column of Table 4. The resulting effects on Vth, AP shape
and rheobase current were measured. The results are
shown in Table 4. For simplicity, all illustrations in this
paper were taken from the S-type model motoneurone.

Influence of somatic currents on Vth

Reducing AHP current. Previous experimental results
have shown that the amplitude of the post-spike after-
hyperpolarization (AHP) in spinal motoneurones is
decreased during locomotion by 18-59 % (Brownstone et
al. 1992). The current underlying the AHP is mediated by
an apamin-sensitive, Ca**-activated K* channel (Viana et
al. 1993b) and is sensitive to modulation by various
neurotransmitters (Sah, 1996). We used the motoneurone
models to test whether a reduction in the conductance of
the Ixanpy could account for both the reduced AHP and the
hyperpolarization of Vth observed in the locomotor state
(Fig. 3).

A triangular ramp of current (bottom panels in Fig. 34 and
B) was injected into the soma compartment of the S-type
model cell to induce repetitive firing under two
conditions: control (Fig. 3A) and 50 % reduction of gy up,
(Fig. 3B). Vth for each spike is plotted as a dot in the
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middle panels in Fig. 3A and B, and the averaged spikes
taken from Fig. 3A and B are overlapped in Fig. 3C. The
mean value of Vth was —47.2 + 0.3 mV in control (dotted
line in the middle panel of Fig. 3A4), and this changed by

J. Physiol. 544.2

shifts of the activation and inactivation curves of somatic
sodium conductance resulted in large increases in the
height of the action potential (not shown). In order to
maintain the size and shape of the action potential within

gxo less than 0.3 mV in the test condition. The simulation  reasonable limits (see Methods), an unequal shift of the
) results illustrate that a 25 % reduction in the amplitude of ~ activation and inactivation curves was required. Figure 4A
8 the AHP produced by decreasing Ixup) is unlikely to be  (left panel) illustrates the effect of shifting the activation
2 the mechanism responsible for hyperpolarizing Vth  curve (m) by 4 mV and the inactivation curve (h) by 6 mV
'é during fictive locomotion. in the hyperpolarizing direction. This shift produced a
S ) ) . . ) smaller product of hm® with peak activation occurring
S Increasing sodium current. Changes in somatic sodium . .
= . about 5mV more hyperpolarized than control (right
e conductance hyperpolarized Vth to some extent. Equal
g
g A Control B Fictive locomotion C Averaged spike
~
S
E
£
>
l it i
-34.6 w
1s w 2s
D Distribution of Vth hyperpolarization (n=38) E Hyperpolarization of Vth in the excitatory
and inhibitory phase of the LDPs
—~ 181
16 ] g 161
42 - < 141 M
X 3 > 124 7
211 - i O excitatory
3 S 101 @ inhibitory
5 81 8 87
E') 5 J i) 6“
BN
>
1 3 5§ 7 9 11 13 15 17 19 21 23 25 27 1 2 3 4 5 6 7 8
Hyperpolarization of Vth (mV) Cell number

Figure 2. Intracellular recording from a cat lumbar motoneurone (Krawitz et al. 2001)

Spikes were evoked by injecting triangular currents (not shown) into the motoneurone before (A) and
during fictive locomotion (B). The averaged spikes made from the firing in A and B, respectively, were
overlapped in C to show the differences in voltage threshold (Vth), AP height and AP width between control
(dotted line) and fictive locomotion (dark line). In this example, the mean Vth, averaged spike height and
averaged spike width were —27.4 mV, 52.2 mV and 2.0 ms, respectively, in control and —34.6 mV, 55.9 mV
and 2.3 ms, respectively, during fictive locomotion. The motoneurone showed a 7.2 mV hyperpolarization
in mean Vth, 3.7 mV increase in AP height and 0.3 ms increase in AP width during fictive locomotion. The
distribution of Vth hyperpolarization from 38 motoneurones (Krawitz et al. 2001) is shown in D. Sixteen per
cent of the cells displayed a Vth hyperpolarization of 1-3 mV, 47 % of the cells within 3-9 mV, 29 % of the
cells within 9-12 mV and 8 % of the cells over 12 mV. Hyperpolarization of Vth measured from eight
motoneurones in both the excitatory (open bars) and inhibitory phase (hatched bars) of the LDPs is shown in
E (see text for detail). The measurement of Vth and action potential amplitude and width is described in the
Methods section. Voltage calibration bar for A and Bis shown in A.
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Table 4. Effects of changing individual conductances on threshold properties and spike
shape of the models

AVth (mV) AH (mV) AW (ms) Al (nA)

g Change in g, S FR FF Mean S FR FF Mean S FR FF Mean S FR FF Mean
Experimental values _ - - 62 — — — 30 — — — 05 — — — N/A
Initial Segment (.S.)

g shiftm &hby—-3 mV -5.6 =5.7 =52 =55 70 93 3.0 64 1.2 1.3 05 1.0 —4.0 -7.0 -9.0 -6.7
increased by 50 % -5.5 =53 5.0 =53 80 90 7.0 8.0 0.7 09 0.7 08 -2.0 —40 -6.0 —4.0
gior) shiftnby5 mV -3.0 =35 -3.0 -3.2 42 4.7 3.0 4.0 03 07 00 03 -2.0 -2.0 -2.0 -2.0
reduced by 70 % -3.1 =3.7 -3.0 -3.3 53 7.0 50 5.8 05 09 00 05 -2.0 -2.0 -2.0 -2.0

gnvp  addedtol.S.and soma -1.7 -1.8 -1.5 -1.7 41 6.2 52 52 1.0 09 03 0.7 00 0.0 00 0.0

increased by 150 % -2.9 =34 -3.0 -3.1 69 95 7.7 8.0 1.3 1.2 06 1.0 -1.0 -1.0 -1.0 -1.0
shift mby -5 mV -3.2 -34 -3.0 3.2 6.6 85 62 7.1 16 1.3 05 1.1 -1.0 -1.0 0.0 -0.7
Soma
g shiftmby—-4&hby-6mvV -3.1 -3.7 -3.0 =33 -1.0 0.0-1.2 -0.7 07 05 00 04 -10 -1.0 -1.0 -1.0
increased by 100 % -2.0 -1.5 -1.5 -1.7 13.0 18.0 16.0 15.7 23*04 00 09 -1.0 -1.0 -1.0 -1.0
gkory shiftnby5 mV -23 =30 -2.0 -24 31 62 40 44 1.3 14 05 1.1 -1.0 -2.0 -1.0 -1.3
reduced by 50 % -1.5 -1.0 -1.0 -1.2 1.6 26 20 21 2612 1.0 1.6 00 0.0 0.0 0.0

Zxanp) reduced by 50 % 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0

g reduced by 50 % 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0

o increased by 50 % 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0

gear  increased by 100 % 00 00 0.0 0.0 0.0 0.0 0.0 0.0 00 00 00 00 -1.0 -1.0 -1.0 -1.0

gea  increased by 100 % 00 00 0.0 0.0 0.0 0.0 0.0 0.0 00 00 00 00 -1.0 -1.0 -1.0 -1.0

gean  increased by 100 % 00 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 00 0.0

Gk increased by 100 % 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 20 20 3.0 23

gvap  increased by 150 % -22 =25 -19 =22 77 89 84 83 41 32 23 32 -10 -1.0 -1.0 -1.0

shift mby -5 mV -22 =24 -1.7 2.1 57 75 59 64 36*14 04 18 -1.0 -1.0 0.0 -0.7

Combination of initial segment and soma
gna  shiftmby-3&hby-5mV -4.8 -53 —-48 -50 0.0

shiftm & hby -2 mV —-48 53 —-44 48 2.5
increased by 50 % -54 =57 -5.1 =54 15.6
gxor) shiftnby5 mV -3.5 —4.0 -3.0 =35 43
reduced by 50 % =25 -3.1 =22 =26 3.0
gvap  increased by 150 % -3.2 -3.1 -3.1 -3.1 10.1
shift mby -5 mV -3.2 =34 -3.0 -3.2 7.8
gv.  increased by 30 % and
gkor) reduced by 30 % —45 =52 —43 —47 120

gva  shiftm & hby—-2 mVand

Sxowy shift nby2 mV 62 —5.6 —43 —54 6.4

0.7 0.0 0.2 1.1 08 04 0.8 —-2.0 —5.0 —4.0 -3.7
74 55 5.1 1.2 1.0 04 09 -1.0 -3.0 —4.0 -2.7
19.4 17.0 17.3 14 1.3 05 1.1 -1.0 —-3.0 —4.0 -27
80 56 6.0 20 15 00 12 -1.0 -3.0 -3.0 -2.3
70 4.6 49 3.0*19 03 1.7 -1.0 -2.0 -2.0 -1.7
11.5 10.1 10.6 5.0* 39* 1.7 35 -1.0 -1.0 -1.0 -1.0
9.0 72 8.0 3717 05 19 -2.0 -2.0 -1.0 -1.7

16.0 13.0 13.7 3218 04 18 -1.0 -3.0 -3.0 -23

74 33 57 3.2* 3.0* 0.6 23 —4.0 -5.0 -5.0 -4.7

Changes less than 1 mV in membrane potential or 0.3 ms in AP width or 1 nA in rheobase with respect to
control were assigned to 0. g, the maximum conductance. m and h: state variables of sodium conductance;
n: state variable of potassium conductance (delayed rectifier). The persistent sodium conductance (gy.p) was
added to the models to test its effect on Vth. The simulation results for other conductances were collected in
the models without including gy.p. All values in the above table represent changes from the control condition
where the gy.p was absent. Symbol A: changes in Vth, AP height (H), AP width (W) or rheobase (I). * AP
width is measured from across a double spike as shown in Fig. 4C.

panel, Fig. 4A). Shifting the voltage dependence of the
somatic sodium conductance to the left reduced the Vth to
—50.3 mV, a 3.1 mV hyperpolarization with respect to
control Vth (Fig. 4Bb) and produced an action potential
that was 1 mV smaller and 0.7 ms wider. The inset shows
the averaged spikes from the control (dotted line) and test
condition (continuous line) superimposed.

In the second test condition (Fig. 4C) the maximum
somatic sodium conductance (gy,) was increased by
100 %. This produced a relatively small hyperpolarization

of the Vth, with changes in height and width that were
outside the simulation boundaries. Increasing gy, resulted in
a mean Vth of —49.3 mV, i.e. a 2.1 mV hyperpolarization
with respect to control but also a 13 mV increase in action
potential amplitude, a 2.3 ms increase in width and the
generation of a double spike (inset in Fig. 4Ca).

Altering other currents. The effects of modulation of
other somatic currents and the associated effects on Vth
are summarized in Table 4. Aside from changes in sodium
(gna) or delayed rectifier (gxpr)) conductances, changes in
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other somatic currents had limited effects on the Vth,
although in many cases the current threshold of the
models was altered (see right column of Table 4).

Influence of initial segment currents on Vth

The effects of changing the Iy, and Ixpg) currents in the
initial segment are shown in Fig. 5. Responses to the same
triangular current injection used in Figs 3 and 4 are shown
in the top panels, and the corresponding Vth for each spike
is shown as a dot in the middle panels. The averaged spikes
from each condition (dark lines) are overlapped on the
averaged spike of control (dotted line spikes) and shown in
the bottom panels. Figure 5A shows that a 50 % increase in

B Reducing somatic
9Kk(AHP) bY 50%

A Control

Figure 3. Reducing /i does not affect Vth

Triangular currents (15 nA, 5, starting from —2 nA; shown at the
bottom in A and B) were injected into the soma compartment of
the S-type model cell to make the cell fire in two conditions (A and
B). Each dotin the middle panels of A and Bis the Vth for the
corresponding spike in the top panels. A, in control, the mean Vth
was —47.2 £ 0.3 mV (dotted lines in top and middle panels in A
and B). B, a decrease in the maximum conductance of the Iy up) by
50 % resulted in a reduction in the amplitude of the AHP by ~25 %
(reducing ~1.0 mV) with little hyperpolarization (< 0.3 mV) of
Vth (dark line in the middle panel of B) and no changes in spike
height or width. C, the first four spikes from A and B were averaged
and then overlapped. The dotted line is for the averaged control
spike, and the darkline for the averaged spike where g aup) was
reduced by 50 %.

J. Physiol. 544.2

maximal conductance of initial segmental Iy, produced a
5.5 mV hyperpolarization of Vth, with an 8 mV increase in
amplitude and little increase (0.7 ms) in width of the
action potential. Shifting the state variables of the initial
segment gy, in the hyperpolarizing direction also resulted
in a hyperpolarization of Vth. Figure 5B shows an equal
shift in the activation and inactivation voltages of the
initial segment gy, to the left by 3 mV produced a 5.6 mV
hyperpolarization of Vth with a 7 mV increase in the AP
height and a 1.2 ms increase in the AP width. These
changes were similar to those produced by shifting state
variables for the somatic gy..

A Shifting somatic g4 State variables (m&h)
in the hyperpolarizing direction

1 0.03

m

C Increasing somatic
gNg by 100%

B snhitting m & h of
somatic gy, to left

Figure 4. Altering somatic Iy, alters Vth

The S-type model cell was made to fire under two conditions (B
and C) by injecting triangular current (the same as that used in Fig.
3) into the soma compartment. Vth for each spike shown in panels
Baand Ca was plotted as a dot in Bb and Cb, respectively. The first
four spikes in each condition were averaged and then overlapped
on the averaged spike of control taken from Fig. 3C (insets in Ba
and Ca, dotted-line spike for control). The dotted line crossing
panels Ba and Ca represents the resting membrane potential of
—65 mV, and the dotted line crossing panels Bb and Cb represents
the mean value of the Vth of —47.2 mV for the S-type model cell in
the control condition. A, curves of the state variable m and h were
shifted to the hyperpolarizing direction by 4 and 6 mV, respectively
(left panel). This resulted in a left-ward shift of product of hns’
(right panel). Dotted lines stand for control and dark lines for
shifted curves. B, Vth could be hyperpolarized by unevenly shifting
the state variables of gy, (shown in A) with small changes in spike
height and width. C, increasing the somatic max gy, resultedin a
large increase in spike height and width.
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Unlike the change in somatic ggpr), @ 70 % decrease in the
maximum conductance of ggpry in the initial segment
produced a 3.1 mV hyperpolarization of Vth with a 5.3 mV
increase in amplitude of the action potential and little
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combined modulation of both initial segment and somatic
gna O gpr) does not lower Vth much more than
modulating the initial segment gy, or gxmor) alone. These
results suggest a dominant role of initial segment

g\o increase (0.5 ms) in the AP width (Fig. 5C). A similar result ~ conductances, the sodium conductance in particular, in
) could be also produced by positively shifting the state  modulating the Vith.

) variable n of the initial segment by5 mV (Fig.5D). . . .

& & Skwr) BY (Fig.5D) The results of a combined modulation of gy, and gxpr) in
,3\ Combining changes in initial segment and somatic both the initial segment and soma are shown in the bottom
El currents two rows in Table 4. The Vth was hyperpolarized by

) The effects of altering both initial segment and somatic Iy, 4.5 mV when initial segment-somatic gy, was increased by
= and Ixpg) on Vth are summarized in Table 4. In general,a 30 % and the initial segment-somatic gipr) was reduced

=

S

= A Increasing g B shiftin C i D ifti

g gy, M&h Reducing g Shifting g n
=2 by 50% 2 by -3 mv 2 by 70% OR) by 5mv OR)
a a a a

20 mv

Rl T -47.2mV (Control, Stype)
-50 —— Nttt IO — A
— Aoty , oy -~
-55 -
1s

mV
-40

-60

2ms

Figure 5. Hyperpolarization of Vth could be produced by increasing the initial segment I, or
decreasing the initial segment /iy,

Triangular currents (as used in Fig. 3) were injected into the soma compartment of the S-type model cell to
make the cell repetitively fire in four conditions (A, B, C and D). Vth for each spike shown in Aa, Ba, Ca and
Daare plotted in Ab, Bb, Cb and Db, and the average of the first four spikes in each condition is superimposed
on the control spike (dotted line) in Ac, B, Cc and Dc. The dotted line crossing the top panels represents the
resting membrane potential of —65 mV, and the dotted lines crossing the middle and bottom panels
represent the mean value of the Vth of —47.2 mV for the S-type model cell measured in control. A, increasing
the maximum initial segment gy, hyperpolarized the Vth by 5.5 mV with moderate increases in AP height
(8.0 mV) and width (0.7 ms). B, shifting the initial segment gy, state variables #1 and h to the hyperpolarizing
direction lowered the Vth by 5.6 mV and resulted ina 7.0 mV increase in AP height and 1.2 msincrease in AP
width. C, reducing the max initial segment gxpr) produced a hyperpolarization of the Vth by 3.1 mV and
caused a small increase in AP height (5.3 mV) and width (0.5 ms). D, shifting the state variable of initial
segment gipry in the depolarizing direction hyperpolarized the Vth by 3.0 mV with little increase in AP
height (4.2 mV) and width (0.3 ms).
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by 30 %. This resulted in a 12.0 mV increase in AP height
and a 3.2 ms increase in AP width (double spike). With a
relatively small increase in AP height (6.4 mV) and width
(3.2 ms, double spike), a 6.2 mV Vth hyperpolarization
could also be produced by a 2 mV shift of the initial
segment—somatic gy, state variables (m and h) to the left
and a 2 mV shift of the initial segment—somatic g g, state
variable (1) to the right.

Effect of persistent sodium current on Vth

In addition to examining the effect of the rapidly
inactivating, low-voltage-activated sodium current (Iy,), a
persistent sodium current (Iy,p) was incorporated into the
model. Unlike the other simulations, Iy,p was set to zero in
control conditions and increased during the simulated
locomotor state. Compared to the fast Iy,, the Iy,p had a
smaller effect on Vth for the same amount of conductance

A B
Increasing initial segment g\gp  Shifting initial segment
dNap M to left

Vth=-47.2 mV
(control, S-type)

C D

Increasing somatic g ngp

Shifting somatic g ygp M to left

Figure 6. Altering gy.r affects Vth and spike shape

Repetitive firing of the S-type model cell was evoked by a triangular
current injection as shown in Fig. 3. Averaged spikes (dark line)
from each condition (A—D) are superimposed on the control spike
(dotted line). The straight dotted line crossing panels A—-D
represents the mean value of Vth (—47.2 mV) measured in control.
A, addition of gy,p to both the initial segment compartment with
Snap =12 mS cm 2 (~5 % of initial segment gy,) and soma
compartment with gy,p =6 mS cm 2 (~1.5% of somatic Na)
hyperpolarized the Vth by 1.7 mV and resulted in a4.1 mV increase
in AP height and 1.0 ms increase in width (middle trace). Increasing
the initial segment gy.p by 150 % lowered the Vth by 2.9 mV witha
6.9 mV increase in AP height and a 1.3 msincrease in width. B,
negatively shifting the activation curve of the initial segment gy,p by
5 mV hyperpolarized Vth by 3.2 mV and increased the spike height
(6.6 mV) and width (1.6 ms). C, increasing the somatic gy.p by

150 % hyperpolarized the Vth by 2.2 mV witha 7.7 mV increase in
AP heightand 4.1 ms increase in AP width. D, shifting the activation
voltage of somatic gy,p to theleftby 5 mV hyperpolarized the Vth by
2.2 mV and resulted in a double spike with a 5.7 mV increase in the
AP heightand a 3.6 msincrease in AP width.
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modulation (either enhancing the maximum conductance
or shifting the voltage dependency to the left). Addition of
the gx.p to both the initial segment and soma compartments
hyperpolarized the Vth by 1.7 mV with small changes in
AP height (4.1 mV) and width (1.0 ms) (Fig. 6A, middle
trace). Increasing the initial segment gy,p by 150 %, in an
attempt to lower the Vth further, resulted in a 2.9 mV
hyperpolarization of Vth, a 6.9 mV increase in AP height
and a 1.3 ms increase in AP width. A 3.2 mV Vth hyper-
polarization could be produced by negatively shifting the
voltage activation of the initial segment gy,p by 5 mV, but
this also caused a 6.6 mV increase in AP height and a
1.6 msincrease in AP width (Fig. 6B).

Compared to the initial segment gy.p, modulation of
somatic gy,p had a smaller effect on Vth but a larger effect
on AP size and shape. A 150 % increase in the somatic gy,p
resulted in a 2.2 mV hyperpolarization of Vth and a
significant distortion of the shape of the action potential
and (Fig. 6C). The Vth could be hyperpolarized to the
same amount by a 5 mV left-shift of the activation voltage
of the somatic gy,p causing a large change (double spike) in
shape of the spike (Fig. 6D).

Enhancing both the initial segment and somatic gy,p did
not lower Vth significantly more than modulating the
initial segment gy,p alone but resulted in a relatively larger
increase in spike size and width. The Vth could be
hyperpolarized by 3.2 mV by either increasing the initial
segment and somatic gy,p by 150 % or negatively shifting
the activation voltage of the initial segment—somatic gy.p
by 5mV (not illustrated, see results in Table 4). Both
modulations caused a large increase in spike width and
more thana7 mV increase in spike height.

DISCUSSION

Three types of cat lumbar motoneurone models (S-, FR-
and FF-type) were built using passive and active properties
based on experimental data. The input resistance,
rheobase, membrane time constant and Vth of the model
motoneurones were similar to those observed in cat
lumbar motoneurones (Hochman & McCrea 1994b,c).
Experimental results used for setting values of desirable
changes for computer simulations included a mean Vth
hyperpolarization of 6.2 mV with a favoured increase in
action potential height of less than 3 mV and a favoured
increase in action potential width of less than 0.5 ms.
Simulation results do not show qualitative differences in
the mechanisms for altering the Vth in the three different
biophysical types of model motoneurones. Simulation
results suggest that the selective modulation of sodium
and/or delayed-rectifier channels in the initial segment are
candidate ionic mechanisms for the hyperpolarization of
Vth that occurs in adult cat spinal motoneurones during
fictive locomotion.
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Mechanisms unlikely to contribute to Vth
hyperpolarization duringlocomotion

Excluded ionic mechanisms. Seven of the ionic
conductances (gkamp) gy &b geat> geal> Lean AN Gieak)
included in the models had no effect on the Vth when the
maximum conductance through these channels was
changed (Table 4). Initially we anticipated that currents
such as gy, & and gc, 1, which are active at subthreshold
membrane potentials, would have an important role in
determining Vth. However simulations show that
compared to the fast sodium current these conductances
have little effect on Vth either because their activation time
constants are relatively long or because the induced
currents are relatively small. In general increasing these
conductances had little or no effect on current threshold
(right column, Table 4). Other mechanisms excluded
because of their small effect on Vth (< 3.0 mV) or large
effect on the action potential amplitude or width were:
(1) increasing the maximum conductance of somatic gy.;
(2) decreasing the maximum conductance of the somatic
Zkor); (3) shifting the voltage dependency of the somatic
Zior) to the right; and (4) increasing the somatic gy.p-

Effect of rate of change of membrane potential on Vth.
Spike threshold in cat spinal motoneurones can be hyper-
polarized by a rapid membrane depolarization produced
by a current pulse in both anaesthetized (Powers & Binder
1996) and decerebrate cats (data from Krawitz et al. 2001).
The mechanism underlying this type of Vth hyper-
polarization was recently investigated using a single cell
model (Dai et al. 2000). The simulation results suggested
that Vth hyperpolarization produced by rapid membrane
potential changes could be due to a more rapid activation
of the fast sodium conductance, which induces a relatively
large amount of Iy, in the subthreshold range of the
membrane potential and thus results in a lowering of
the Vith. It is important to note that only the first spike in
a train shows a reduced Vth due to these rapid
depolarizations (Dai et al. 2000). In contrast, in both the
present simulations (Fig. 5) and during fictive locomotion
(Krawitz et al. 2001) Vth was lowered for all spikes.
Furthermore, the extent of Vth hyperpolarization induced
by a rapid depolarization is smaller (mean 3.8 mV;
Powers & Binder, 1996; 2.5 in data from Krawitz et al.
2001) than that observed during fictive locomotion (mean
8.0 mV, Krawitz et al. 2001). Finally, the membrane
potential oscillations occurring during fictive locomotion
are considerably slower than those produced by square
current pulses. These observations argue against the
rhythmic changes in motoneurone membrane potential
per se being primarily responsible for threshold lowering
during locomotion. Instead it is more likely that Vth
lowering during locomotion results from the actions of as
yet unknown neuromodulatory mechanisms acting on
motoneurone membrane currents.

Simulating voltage threshold modulation 533

Possible mechanisms for mediating Vth
hyperpolarization

Simulations show that Vth can be hyperpolarized by
modulations of gy, or gxpg) that either change maximum
channel conductance or shift the voltage dependency of
channel opening and closing (i.e. alter the state variables). Of
these putative mechanisms, enhancing initial segment gy,
plays a dominant role in hyperpolarizing the Vth (~6 mV)
while at the same time producing only small increases in
spike height (< 8 mV) and width (< 1ms). In contrast
increasing somatic gy, by shifting the voltage dependency
(i.e. more channels open at a hyperpolarized membrane
potential) produces only a relatively small amount of Vth
hyperpolarization (< 3.5 mV) while increasing somatic gy,
increases action potential height more than 15 mV. The four
conductance changes found to hyperpolarize the Vth to an
extent approaching that occurring during locomotion
while maintaining the action potential within acceptable
limits were: (1) increasing the initial segment maximum
conductance of gy, by 50 %; (2) shifting the initial segmental
gna Voltage dependency in the hyperpolarizing direction by
3 mV; (3) reducing the maximum conductance of initial
segment gxpr) by 70 %; and (4) shifting the initial segment
gkor) Voltage dependency in the depolarizing direction by
5 mV (Table 4). The first two increase the absolute amount
of sodium current in the subthreshold range while the other
two produce a relative increase in the inward current by
reducing the outward Iy ). All four changes increase the net
inward current at subthreshold membrane potentials and
thus hyperpolarize Vth. Previous studies on the fast
potassium conductance (delayed rectifier) showed that its
activation in cat spinal motoneurones could induce a large
(~30nA) outward current when the membrane potential
was brought 20 mV positive to the resting potential (Barrett
et al. 1980). Thus a reduction of this current during
locomotion could result in an increase in the relative amount
ofinward current and hence reduce Vth.

Neuromodulators acting on Na* or K* channels located in
the initial segment would seem to be the most effective for
threshold reduction. However, the present study does not
exclude the possibility that modulation of multiple
channel types simultaneously could produce changes in
Vth, AP height and width during fictive locomotion. The
potential for this interaction was only superficially
explored in the present study by combining modulation of
gna and gypr) in both the initial segment and soma (see
bottom two rows in Table 4)

The Iy,p in cat motoneurones activates quickly and at more
hyperpolarized membrane potentials than the fast sodium
current. Thus it could potentially contribute to sub-
threshold inward currents even though it is estimated to
make up only 1 % of the fast sodium current (Crill, 1996).
Our simulations suggest, however, that increasing Iy,p
alone is unlikely to be responsible for Vth lowering during
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fictive locomotion since it greatly affects action potential
shape with only modest reductions in Vth. The present
simulations did not explore the possibility that changes in
this conductance during locomotion might affect other
aspects of motoneurone behaviour such as the f~I gain
during rhythmic firing (Lee & Heckman 2001). In guinea-
pig brainstem motoneurones Iy, appears important in
mediating bistable membrane behaviours and evoking
plateau potentials in trigeminal motoneurones (Hsiao et al.
1998), and regulating firing rate in facial motoneurones
(Nishimura et al. 1989). Also relevant in this regard is the
report that the activation of Iy, can be shifted in the
hyperpolarizing direction by activation of protein kinase C
in mouse neocortical neurones (Astman et al. 1998).

Modulation of sodium channels

The earliest intracellular studies suggested that the initial
segment was the site of action potential initiation in
cat motoneurones (Brock et al. 1953). Simulations
summarized in Table 4 suggest that modulation of initial
segment sodium currents may play an important role in
lowering Vth during locomotion. The possible contribution
of changes in somatic gy, to decreasing Vth (Table 4) may
be an overestimation since the simulations assumed a
similar density of Na* channels in the soma and initial
segment. In cultured spinal neurones and retinal ganglion
cells the density of Na* channels in the soma is much lower
than in the initial segment (Catterall, 1981; Wollner &
Catterall, 1986). This results in about 80% of the
inactivating Na* current in dorsal horn neurones coming
from the initial segment/axon (see Safronov, 1999).

There is mounting evidence that the sodium current is a
target for modulation by neurotransmitters. Modulation
of sodium channels has been shown to control the
input—output relations in neostriatal cells and to regulate
firing patterns of pyramidal neurones (see Cantrell
& Catterall, 2001). Voltage-dependent activation and
inactivation of sodium channels can be modified by
extracellular toxin binding (Cestele et al. 1998; Catterall,
1992), raising the possibility that voltage dependency may
be amenable to physiological modulation. Azouz & Gray
(2000) suggest that in cat visual cortical neurones an
increased availability of sodium channels would be
responsible for a lowering of voltage threshold which
enhances the sensitivity of cortical neurones to synchronous
synaptic inputs. These studies raise the possibility that the
Na® channel is a potential target for modulation during
activity in several places in the nervous system (also see
Cantrell & Catterall 2001).

In both the present simulations and experimental
results (Krawitz et al. 2001) the hyperpolarization of Vth
reduces both the current and the amount of membrane
potential depolarization required to reach threshold. Such
locomotor-state-dependent changes could substantially
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facilitate motoneurone recruitment during locomotion
(Dai et al. 1999; Krawitz et al. 2001). The challenge is to
find potential neuromodulatory substances that may be
released with the onset of locomotion and mediate this
alteration of motoneurone excitability.

Conclusions

The state-dependent hyperpolarization of Vth during
fictive locomotion will increase motoneurone excitability
and is suspected to play an important role in motoneurone
recruitment during locomotion (Dai et al. 1999; Krawitz
et al. 2001). Our simulation results suggest that the
mechanisms producing this dynamic change in the
biophysical properties of spinal motoneurones may be a
receptor-activated modulation of the Na*™ and/or delayed
rectifier K* channels. Furthermore, the simulations
suggest that the most effective modulation of Vth will
occur if the receptor-activated modulation is targeted on
the initial segment. These predictions are amenable to
testing in future experiments.
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