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Simulation of Ca?* persistent inward currents in spinal
motoneurones: mode of activation and integration

of synaptic inputs

Sherif M. ElBasiouny'+?, David ]. Bennett!:** and Vivian K. Mushahwar!+?

'Department of Biomedical Engineering and * Centre for Neuroscience, Faculty of Medicine and Dentistry, and *Faculty of Rehabilitation Medicine,

University of Alberta, Edmonton, Alberta, Canada

The goal of this study was to investigate the nature of activation of the dendritic calcium
persistent inward current (Ca?* PIC) and its contribution to the enhancement and summation of
synaptic inputs in spinal motoneurones. A compartmental cable model of a cat a-motoneurone
was developed comprising the realistic dendritic distribution of Ia-afferent synapses and
low-voltage-activated L-type calcium (Ca,1.3) channels distributed over the dendrites in a
manner that was previously shown to match a wide set of experimental measurements. The
level of synaptic activation was systematically increased and the resulting firing rate, somatic
and dendritic membrane potentials, dendritic Ca, 1.3 channel conductance, and dendritic Ca**
PIC were measured. Our simulation results suggest that during cell firing the dendritic Ca?* PIC
is not activated in an all-or-none manner. Instead, it is initially activated in a graded manner with
increasing synaptic input until it reaches its full activation level, after which additional increases
in synaptic input result in minimal changes in the Ca** PIC (PIC saturated). The range of
graded activation of Ca>* PIC occurs when the cell is recruited and causes a steep increase in the
firing frequency as the synaptic current is increased, coinciding with the secondary range of the
synaptic frequency—current (F-I) relationship. Once the Ca’* PICis saturated the slope of the F-I
relationship is reduced, corresponding to the tertiary range of firing. When the post-spike after-
hyperpolarization (AHP) is blocked, either directly by blocking the calcium-activated potassium
channels, or indirectly by blocking the sodium spikes, the PIC is activated in an all-or-none
manner with increasing synaptic input. Thus, the AHP serves to limit the depolarization of the
cell during firing and enables graded, rather than all-or-none, activation of the Ca>* PIC. The
graded activation of the Ca?* PIC with increasing synaptic input results in a graded (linear)
enhancement and linear summation of synaptic inputs. In contrast, the saturated Ca>* PIC
enhances synaptic inputs by a constant amount (constant current), and leads to less-than linear
summation of multiple synaptic inputs. These model predictions improve our understanding of
the mode of activation of the dendritic Ca®* PIC and its role in the enhancement and integration
of synaptic inputs.
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The finding of voltage-gated ion channels on the dendritic
tree of spinal motoneurones has changed the classical
view of dendrites as being passive structures. This classical
view was supported by the linear summation of synaptic
inputs reported from early motoneurone experimental
recordings obtained from anaesthetized animal
preparations (Granit et al. 1966a). It is now believed
that dendrites of motoneurones are active structures that
have ionic conductances which play a fundamental role
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in shaping the motor output. The ionic conductances,
especially those mediating persistent inward currents
(PICs), when activated generate sustained depolarization
of the membrane causing plateau potentials (Hounsgaard
et al. 1988). They also amplify synaptic currents three
to six times at potentials close to the voltage threshold
for firing (Lee et al. 2003). The enhancement of synaptic
currents by these PIC-mediating channels explains the
inconsistency between the strength of synaptic current
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reaching the soma and the resulting motoneurone
firing rates (Rose & Cushing, 1999; Powers & Binder,
2001).

The question of whether PICs and plateau potentials
are activated in a graded or all-or-none manner has
recently received much attention (for example: Hultborn
et al. 2003; Lee et al. 2003); however, the answer to
this question remains unclear. The difficulty in inferring
the mode of activation of the dendritic PIC comes
from the discrepancies in experimental results leading to
inconsistent explanations of the behaviour of the PIC.
For example, synaptic input provided by smooth muscle
stretch caused a graded increase in motoneurone firing
rate before saturation (Lee et al. 2003) suggesting graded
activation of the PIC. However, in the same study, a step
increase in firing rate was also seen in some motoneurones
suggesting all-or-none activation of the PIC (Lee et al.
2003). In current-clamp experiments where the spikes
were blocked, the membrane potential was found to jump
abruptly into a state of sustained depolarization (plateau
potentials) when the PIC was activated, suggesting an
all-or-none activation of the PIC as well (Hounsgaard
et al. 1988; Bennett et al. 1998; Lee & Heckman,
1999).

Discrepancies have also been reported regarding the
role of the PIC in enhancing and integrating synaptic
inputs. In examining the enhancement of synaptic currents
by the effect of PIC, Hultborn ef al. (2003) reported
graded (variable) enhancement of synaptic inputs as the
PIC is activated in experimental recordings obtained
from decerebrate cat motoneurones. Prather et al. (2001),
on the other hand, reported constant enhancement of
synaptic inputs by the PIC (indicated by a vertical shift
in the frequency—current (F-I) relationship relative to
that predicted when the synaptic input was applied) in
decerebrate cat motoneurones as well. Because of the effect
of the dendritic PIC on the enhancement of synaptic
inputs, non-linear summation of multiple synaptic
inputs was expected (Powers & Binder, 2001). However,
linear summation (Burke, 1967; Prather et al. 2001),
less-than linear summation (Kuno & Miyahara, 1969),
and even occasionally greater-than linear summation
(Powers & Binder, 2000) of synaptic inputs have been
reported.

The primary reason for the existence of these unresolved
discrepancies in experimental reports is the inability to
record directly the dendritic currents in experimental
setups. Thus, the goal of the present study is to examine the
mode of activation of the Ca** PIC in spinal motoneurones
using computer simulations, and examine its role in
the production of cell firing, and in the enhancement
and summation of synaptic inputs. For the purposes of
this paper, we define all-or-none activation as an abrupt
transition from a state of no PIC activation to a state of full
PIC activation in response to a small increase in synaptic
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current (in steady state). In other words, a discontinuity in
the activation profile of the PIC will be seen with respect
to the change in synaptic current. In contrast, graded
activation is defined as small increases in PIC activation in
response to successive small increases in synaptic current.
To quantify the F-I relationship, we use the classical
nomenclature for describing the different piece-wise linear
ranges of cell firing in response to current injection at
the soma (primary, secondary and tertiary ranges), as
originally defined by Kernell (1965a,b). We also extend the
use of this nomenclature to describe the piece-wise linear
firing ranges in response to synaptic activation (Granit et al.
19664a,b; Heckman & Binder, 1988).

A compartmental cable model of a cat «-motoneurone
comprising the dendritic low-voltage-activated (LVA)
L-type calcium (Ca,1.3) channels and the realistic
dendritic distribution of Ia-afferent synapses, which was
previously developed and verified (ElBasiouny et al.
2005b), was used to examine these behaviours. This
made the evaluation of the dendritic Ca*" PIC possible
since dendritic recordings are generally difficult in real
motoneurones. The synaptic input to the motoneurone
was linearly increased while cell firing, somatic and
dendritic membrane potentials, dendritic Ca,1.3 channel
conductance, and dendritic Ca** PIC were simultaneously
measured. The modes of activation of the Ca** PIC
were investigated under three conditions: (1) during
spike blockage; (2) under voltage-clamp conditions; and
(3) during normal cell firing. The role of the Ca** PIC
in the enhancement and summation of synaptic inputs
was then assessed and explained in light of its distinct
modes of activation. Our simulations suggest that during
normal firing Ca*" PIC is not activated in an all-or-none
manner; rather, it is activated in two stages. The Ca’*
PIC is first activated in a graded fashion in response
to increasing synaptic input causing the cell to fire in
its secondary range. The Ca?’* PIC then becomes fully
activated (saturated) and no additional increase in its
amplitude is achieved in response to more synaptic input.
This saturated stage corresponds to the tertiary range of
cell firing (Li et al. 2004). No all-or-none activation of the
Ca”* PIC occurs during cell firing due to the subthreshold
clamping effect of the post-spike afterhyperpolarization
(AHP) on the membrane potential, which limits the
extent of Ca*" PIC activation. During the graded phase
of Ca?* PIC activation, the PIC causes a graded (linear)
enhancement of the synaptic inputs in proportion to the
level of synaptic excitation, whereas when the Ca** PIC
is saturated it enhances synaptic inputs by a constant
amount (i.e. constant current) in proportion to the level
of synaptic excitation. During the secondary range of
firing where the Ca®* PIC is graded, synaptic inputs sum
linearly. Conversely, during the tertiary range of firing
where the Ca’* PIC is saturated, synaptic inputs sum
less-than linearly. Part of this work has been previously
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presented in abstract form (ElBasiouny & Mushahwar,
2004; ElBasiouny et al. 20054).

Methods
Model description

A full description of the model morphology, biophysical
properties, and its verification is provided in ElBasiouny
et al. (2005b). Briefly, a computer-based cable model of
an adult cat a-motoneurone was developed using the
NEURON simulation environment (Hines & Carnevale,
1997). The model had full representation of the
a-motoneurone structure, and consisted of soma, axon
hillock, initial segment and dendritic tree. The model
dendritic tree was based on the three-dimensional
detailed morphology for type-identified triceps surae
a-motoneurone (fatigue-resistant (FR) type, medial
gastrocnemius (MG) motoneurone, identified as cell
43/5), labelled intracellularly with horseradish peroxidase
(Cullheim et al. 1987). The model passive properties
were set based on previous studies for the same 43/5
FR motoneurone (Cullheim et al. 1987; Fleshman et al.
1988). Voltage-gated ion channels (fast Na*, persistent
Na™, delayed rectifier K+, Ca*"-activated K* and N-type
Ca?") were then set such that the model properties
were within the 95% confidence range of experimental
data, and the model generated action potentials and
afterhyperpolarizations (AHPs) with properties similar
to experimental recordings (Table 2 in ElBasiouny et al.
2005b). Furthermore, the model exhibited adaptation of
firing rate that was similar to experimental data when long
current pulses were injected into the soma (Sawczuk et al.
1995; not illustrated).

Ca, 1.3 channels

Low-voltage-activated (LVA) L-type calcium (Ca,l1.3-
type) channels were then distributed on the dendritic tree
based on the wide band distribution previously described
in ElBasiouny et al. (2005b). In this distribution, the
Ca, 1.3 channels were localized on dendritic segments with
dendritic path distance between 300 #m and 850 pwm from
the soma, which is the dendritic region mostly covered by
the Ia-afferent synapses. With this distribution, the model
matched different and independent sets of experimental
measurements from cat motoneurones innervating the
MG muscle. These measurements were: (a) properties of
Ca?* PIC and F-I relationship; (b) changes in the somatic
plateau threshold and F-I relationship due to background
synaptic activity; (c) enhancement of Ia-synaptic current;
(d) shape and timing of tail currents seen experimentally
at the termination of long voltage pulses; and (e) changes
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in the shape of AHP after the activation of the Ca®* PIC
(ElBasiouny et al. 2005b).

Dendritic synaptic inputs and their graded activation

The monosynaptic la-afferent system was represented
in the model. The dendritic spatial distribution of
[a-afferent synapses was based on the realistic distribution
of group Ia afferent-to-motoneurone contacts from cat FR
motoneurones (Burke et al. 1979; Glenn et al. 1982; Burke
& Glenn, 1996). It is noteworthy that synaptic inputs from
other systems appear to have a similar distribution to that
of Ta-afferents (Segev et al. 1990; Fyffe, 1991; Brannstrom,
1993; Burke & Glenn, 1996). Tendon vibration was
simulated by activating the Ia-afferent synapses at 180 Hz
while adjusting the synapse conductances to give a Ia
effective synaptic current (Ialy) of 4.8 nA at resting
potential, which is the experimental value reported by Lee
& Heckman (2000). This provided the effective synaptic
conductance associated with the Ia Iy. The synapses were
activated asynchronously as described by ElBasiouny et al.
(2005D).

To allow for systematic gradation of the synaptic input,
the total number of Ia-synapses was divided into eight
nearly equal groups, randomly distributed on the dendrites
(ElBasiouny et al. 2005b). The Ia-synaptic groups were
sequentially activated (from 14 to 100%) such that the
maximum magnitude of Ia Iy was equal to that obtained
experimentally when all Ia-synapses were activated
(Ia Iy =4.8nA at 100% of synaptic excitation). This
synaptic input resulted in a linear increase in the Ia
In (measured at resting potential, —70 mV; Heckman &
Binder, 1988) reaching the soma as more synapses were
activated (Fig. 1). Given that the distribution of all synaptic
inputs appears to be effectively similar (for discussion
see ElBasiouny et al. 2005b), synaptic input from systems
other than the Ia-afferents was simulated by increasing the
synapse conductances to generate higher synaptic currents
(over 100% of synaptic excitation), and this again resulted
in a linear increase in the Ia Iy reaching the soma (Fig. 1).

Measurement of dendritic Ca2* PIC
and its conductance

While plateau potentials are commonly seen
experimentally in a variety of motoneurones, their
mode of activation and level of gradability have been
difficult to assess. To address this question, simulations
were run under three conditions: (1) during spike
blockage; (2) under voltage-clamp conditions; and
(3) during normal cell firing. For each condition, we
systematically increased the level of synaptic activation
(as described above) and then measured, from the
soma, the somatic membrane potential, firing rate,
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and the leak-subtracted Ca?’" PIC as seen from the
soma under voltage-clamp conditions (e.g. Fig.3). We
also calculated the average/filtered somatic membrane
potential during firing by applying a low pass filter
(corner frequency = 1 Hz) which effectively provides the
level of somatic membrane potential without spikes, i.e.
potential seen by the slow Ca*" PIC (e.g. Fig.4B). The
dendritic Ca>* PIC flowing in the Ca,1.3 channels of
a dendritic compartment located 695.9 um from the
soma (e.g. Figs 2A and 4D) and the dendritic membrane
potential of the same compartment (e.g. Figs 2A and 4C)
were directly measured in the model. We also assessed the
level of activation of the Ca,1.3 channels by measuring
the overall conductance of the Ca,1.3 channels on the
dendritic tree (Gg,, e.g. Fig. 4E). This overall conductance
was computed as follows:

GCa = 1/1’1 X ZgCa;
i=1

where 7 is the number of compartments that have the
Cay 1.3 channels, and gc,, is the conductance of the Ca, 1.3
channels in compartment number 1.

Enhancement of synaptic inputs

The enhancement of synaptic current by the Ca?* PIC was
examined under voltage-clamp conditions. The synaptic
current was computed as the difference between the
current—voltage (I-V) relationships during no synaptic
activity and during synaptic excitation. At the resting
membrane potential (—70 mV), the difference between
the I-V relationships was called the ‘hyperpolarized Ia I,
and represented the raw synaptic current with no Ca®* PIC
activation. The difference between the I-V relationships
was maximum near threshold (—55 mV). This was called
the ‘peak Ia I\, and represented the synaptic current
enhanced by the Ca’* PIC (Lee & Heckman, 2000). The
difference between the peak Ia Iy and hyperpolarized Ia Iy
provided the amount of augmentation in synaptic current
caused by the activation of Ca** PIC at different levels of
synaptic excitation (e.g. Fig. 6D).

Summation of synaptic inputs

We investigated the influence of activating multiple
synaptic inputs on the activation level of the Ca’* PIC, and
how these inputs summed. The cell was initially induced to
fire with a bias current to produce a steady low background
firing level. Two different approaches were used to activate
the cell to obtain background firing: synaptic activation
(Fig. 8A), and intracellular current injection at the soma
asin Prather et al. (2001; Fig. 8 D). Two additional synaptic
inputs (test synaptic inputs, termed A and B) were then
applied. The magnitude of the two test synaptic inputs A
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and B was increased incrementally. Summation was then
investigated by comparing the changein firing rate (relative
to background) evoked by the concurrent activation of the
two test synaptic inputs to the linear sum of changes in
firing rates evoked by the individual activation of each test
synaptic input (following the methods of Prather et al.
2001). The change in firing rate was computed as the
difference between the background firing rate and the
steady-state firing rate during activation of the test synaptic
inputs.

Synapses on the dendritic tree were divided into three
groups to provide the small synaptic bias current and
the two test synaptic inputs (A and B). Each group had
a dendritic distribution similar to that of the Ia-afferent
system. Synapses of each group were activated at 180 Hz
in order to provide synaptic excitation as described
earlier, and their conductance was sequentially increased
to provide an increasing effective synaptic current at the
soma.

Results

The primary goal of this study was to investigate the
nature of activation of the Ca?T PIC, and assess its role
in the generation of cell firing, and the enhancement and
summation of synaptic inputs. Our previous simulation
studies (ElBasiouny et al. 2005b) suggested that the Ca, 1.3
channels are primarily localized within the region of
synaptic territory. This raised questions about the degree
of dependence of Ca*" PIC on the level of synaptic
excitation, and whether Ca** PIC is activated in a graded
or all-or-none manner. Furthermore, the resultant effect
of PIC activation on synaptic current enhancement was in
question.

Effective synaptic current

To address these questions, we systematically increased the
level of synaptic excitation through Ia-afferent terminals
by sequential activation of the Ia-synapses, as described
in Methods. This synaptic input resulted in a linear
increase in the Ia Iy reaching the soma as more synapses
were activated (Fig. 1). The Ia Iy was measured with the
somatic membrane potential clamped at —70 mV under
voltage-clamp conditions, so that the PIC could not be
activated, thus this current represents the raw synaptic
current without activation of the Ca’** PIC. Given that
synaptic inputs from other systems appear to have a similar
distribution to that of la-afferents (for discussion see
ElBasiouny et al. 2005b), synaptic input up to 100% in
Fig. 1 represented the input from the Ia-afferent system,
whereas synaptic input over 100% represented the input
from the many other presynaptic systems converging on
motoneurones (Powers & Binder, 2000).
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Activation of the Ca2* PIC during spike blockage

We first examined the activation of the Ca?’* PIC in
the model with the sodium spikes blocked since real
motoneurones have been extensively studied in the
presence of sodium channel blockers, such as tetrodotoxin
(TTX) (e.g. Hounsgaard & Kiehn, 1989; Li & Bennett,
2003), and the lidocaine (lignocaine) derivative QX-314
(e.g. Lee & Heckman, 1999). In current-clamp mode,
we simultaneously measured the dendritic Ca*" PIC,
the somatic and dendritic membrane potential, and the
overall conductance of the Ca,1.3 channels (Gg,) at
different levels of synaptic excitation (Fig.2). Ca,1.3
channels were found to be activated in two stages during
increasing synaptic input. In the first stage, the channels
were gradually activated in response to the level of synaptic
excitation resulting in a gradual change in G¢,, Ca*t
PIC and membrane potential (traces a to b in Fig.2A
and B). The range of voltage over which the grading
occurred corresponded to the range of voltage in the -V
relationship that was subthreshold to when a negative slope
region (NSR) occurred (i.e. membrane potentials < the
onset potential, V,, of the Ca*? PIC). Once an adequate
amount of synaptic excitation was reached, an all-or-none
activation of the Ca, 1.3 channels took place, and resulted
in a step increase in G¢, (jump) and the generation of
plateau potentials (see the jump from b to ¢ in Fig. 2A and
B). After that jump, G¢, was saturated at its maximum
value causing sustained depolarization in the membrane
potential (plateau potentials; traces ¢ to d in Fig. 2A and
B). A minimum effective synaptic current of 5.4 nA was
needed to trigger plateau potentials (vertical dashed line
in Fig. 2B). Higher levels of synaptic excitation resulted
in a faster activation of plateau potentials (Fig. 2A). The
change in magnitude of G, with respect to the increase in
synaptic current showed an abrupt transition indicating
an all-or-none activation of the Ca’t PIC (Fig.2B,
lower graph). At the soma, this all-or-none activation
corresponded to the jump in membrane potential from
the 1st zero-slope point (V,,) on the I-V relationship
to point ¢ (in Fig.2C) which allowed it to cross the
unstable NSR created by the Ca*" PIC (Schwindt & Crill,
1977).In summary, without spiking an increasing synaptic
input initially activates the Ca** PIC in a graded manner,
followed by an all-or-none increase to a level at which the
Ca*™ PIC becomes saturated. This results in all-or-none
generation of plateau potentials.

Activation of the Ca2* PIC under voltage-clamp
conditions

We next investigated the mode of activation of the Ca*"
PIC under conditions where the spiking mechanism was
unblocked, but the somatic membrane potential was
controlled with a voltage clamp at the soma. Such voltage
clamp has been extensively used to measure the PICs
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directly (e.g. Lee & Heckman, 1998b), but is not equivalent
to the physiological situation where the cell is free to
fire. Two voltage-clamp commands are usually used for
experimental measurement of PICs: (1) long voltage pulses
(1 sormore);and (2) a slow ramp voltage command. Long
voltage pulses provide steady-state current responses, but
require a relatively long time to obtain the recordings,
whereas with a slow voltage ramp command (of slope
around 4mVs™') current measurements are relatively
close to steady-state values and are obtained in a much
shorter period. Figure3A (upper graph) illustrates the
difference between the I-V relationships obtained by
using these two voltage commands in our model. With
long voltage pulses, the activation threshold of the Ca**
PIC was hyperpolarized by 2 mV, on average, from that
measured during a ramp voltage command. Under these
voltage-clamp conditions, Ca,1.3 channels were found to
be activated in a graded manner. In other words, with
long voltage pulses of increasing amplitude steady-state
current responses were obtained in the NSR of the
-V relationship (Fig. 3A, filled circles), and no abrupt
activation of Ca,1.3 channels occurred within that range.
Gc, and leak-subtracted Ca?* PIC measurements from the
model also showed incremental increases in magnitude
within the NSR, and saturated afterwards (Fig. 3A, middle
and lower graphs).

The graded activation of the Ca®* PIC with increasing
somatic voltage was maintained when a steady synaptic
input was provided during the voltage-clamp simulations
(a—d in Fig.3B). When the steady synaptic input was
gradually increased, the voltage threshold for activating the
Ca?* PIC from the soma gradually decreased (horizontal
line in Fig. 3B), and the Ca*" PIC amplitude at a given
holding potential gradually increased (vertical line in
Fig. 3B). The graded activation of Ca*" PIC at a fixed
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Figure 1. Effective synaptic current, measured at resting
potential (-70 mV), reaching the soma at different levels of
synaptic excitation (14-450%)

Sequential activation of a larger number of la-synaptic groups resulted
in a linear increase in the effective synaptic current reaching the soma.
Synapses activated above 100% represent inputs from systems other
than the la-afferent system.
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potential occurred even when the membrane was in
the unstable NSR of the steady-state -V relationship.
Correspondingly, the change in magnitude of Gg, at
different membrane potentials was always graded and
no abrupt change in G¢, occurred, further (Fig.3C)
suggesting that under voltage-clamp conditions, the Ca®*
PIC could remain partially activated by synaptic inputs,
despite the presence of a NSR. In summary, when the
somatic membrane is voltage-clamped at a given potential
and the synaptic input is increased, the Ca’* PIC is always
activated in a graded manner even when the potential is in
the NSR of the I-V relationship.

Activation of the Ca?* PIC during normal cell firing

Activation of the Ca** PIC was then investigated under
physiological conditions where the spike was not blocked
and the cell was free to fire (with no current injected
into the soma) in response to increasing synaptic input.
We measured the magnitude of the dendritic Ca** PIC,
dendritic Gg,, cell firing rate, and membrane potential
from the soma and a dendritic compartment at different
levels of synaptic excitation applied for 2 s during normal
firing (Fig. 4). The cell firing behaviour was found to be
greatly affected by the activation of the Ca,1.3 channels.
For a given level of synaptic excitation, the dendritic
Ca, 1.3 channels were gradually activated (Fig. 4E) causing
a gradual increase in the magnitude of the Ca’* PIC
(Fig. 4D) that resulted in subthreshold depolarization
(Fig. 4B and C) and early acceleration of cell firing rate
just after recruitment (Fig.4A). Note that adaptation in
firing rate is not seen at relatively high synaptic inputs due
to the activation of the Ca®* PIC which tends to increase
the firing rate. Given that the Ia Iy for the Ia-afferent system
is 4.8 nA and cell firing starts at 4.9 nA (100% in Fig. 4B),
the Ta-afferent system on its own is barely able to recruit
FR motoneurones, as expected (Bennett ef al. 1998; Lee
& Heckman, 19984; Powers & Binder, 2000). Firing rates
at synaptic excitation levels larger than 100% represent
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the effect of synaptic input from systems other than the
Ta-afferents. Note that the relatively high firing rates seen
in Fig. 4A are attributable to the fact that the modelled cell
is an FR motoneurone.

The acceleration in cell firing rate (Fig. 4A) had a time
course very similar to that of the increase in dendritic
Gc. (Fig.4E) and experienced a slow increase over the
initial 800 ms. Just prior to recruitment, the G, began to
increase sharply, but upon the onset of cell firing the rate
of increase of G¢, was abruptly decreased (indicated by
the notches in Fig. 4E) due to the hyperpolarization of the
membrane potential during the post-spike AHPs. These
AHPs effectively clamped the soma membrane potential
below the firing threshold (similar to the effect of voltage
clamp described above). The clamping effect of the AHP
on the somatic membrane potential was also evident in
Fig. 4B as the filtered membrane potential was reduced
upon the initiation of cell firing. The filtered potential was
obtained by low pass filtering the membrane potential at
1 Hz to remove the spikes that do not affect the slow Ca*"
PIC.

To demonstrate that the AHP plays a critical role
in clamping the potential below the firing level, hence
limiting Gg,, the effect of the AHP on cell firing
was further examined by blocking the calcium-activated
potassium channels (K(Ca)), which are responsible for the
AHP, during simulations of synaptic activation (Fig.5).
In response to the same level of synaptic excitation
(150%), steady-state firing rate was increased from 26.4
to 197 impulsess™! after blocking the K(Ca) channels
(Fig. 5C). The acceleration in firing rate was also much
faster after blocking the K(Ca) channels indicating that
Ca?* PIC was activated more rapidly than in the presence
of the K(Ca) channels. This rapid and high activation of the
Ca** PIC is also evident from the profile of G¢, (Fig. 5D).
After blocking the K(Ca) channels, G, increased steeply
upon recruitment and saturated at nearly 93% of its
magnitude indicating full activation of the Ca*" PIC,
whereas before blocking the K(Ca) channels, G, increased

Figure 2. Direct measurements from the soma and a dendritic compartment during spike blockage at

different levels of synaptic excitation

A, simultaneous measurements from the model of the somatic (upper graph) and dendritic (2nd graph) membrane
potentials, dendritic Ca2* persistent inward current (PIC) (3rd graph), and overall Cay 1.3 channel conductance (Gca)
(lower graph) at different levels of synaptic excitation. Traces show the responses for 14-200% in an ascending
order of level of synaptic excitation (14%, 27%, 40%, 53%, 65%, 77%, 89%, 110%, 125%, 150% and 200%).
The letters a, b, c and d show the responses at 14%, 89%, 110% and 200% of synaptic excitation, respectively.
B, steady-state responses, measured at the end of a 2 s period of synaptic excitation in the traces shown in A, are
plotted as a function of synaptic excitation level. The top axis shows the percentage of activated synapses at each
level. Vertical dashed line shows the current level at which plateau potentials were triggered by synaptic excitation,
which is equal to 5.4 nA. Horizontal dashed line shows the voltage threshold at which plateau potentials were
triggered by graded synaptic excitation alone, which is equal to —60 mV. C, steady-state /-V relationship at the
soma with a NSR created by the Ca?*+ PIC. Thin continuous line shows the leak current. Vertical dashed line shows
the 1st zero-slope point, or the onset potential (Von) of the Ca2* PIC. Solid arrow shows the direction of change
in somatic current for an increasing level of membrane potential. Dashed arrow shows the jump in membrane

potential to cross the NSR.
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more gradually upon recruitment and saturated at only
40% of its magnitude indicating partial activation of
the Ca** PIC. Thus, no graded activation of the Ca’*
PIC occurred when the K(Ca) channels were blocked.
Furthermore, the filtered somatic membrane potential
was —57.5mV before blocking the K(Ca) channels and
—44.5mV after their blockage (Fig.5E). The change in
magnitude of G, with respect to synaptic current before
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and after blocking the K(Ca) channels at different levels
of synaptic excitation (from 14% to 400%) is shown
in Fig. 5F. Before blocking the K(Ca) channels, gradual
increase in Gg, was obtained in response to increasing
synaptic inputs indicating a graded activation of the Ca**
PIC (Fig.5F, triangles), whereas an abrupt transition
in Gc, was obtained after blocking the K(Ca) channels
indicating an all-or-none activation of the Ca** PIC
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Figure 3. Measurements from the soma under voltage-clamp conditions for different levels of synaptic

excitation

A, comparison of I~V relationships (upper graph) obtained by using a ramp voltage command (continuous line)
and long voltage pulses (filled circles) with no synaptic activation. Gc, (middle graph) and leak-subtracted Ca®*
PIC (lower graph) normalized to their peak values measured during long voltage pulses. B, leak-subtracted Ca2*
PIC (upper graph) and Gc, (lower graph) normalized to their peak values measured from the model during the
ascending phase of the ramp voltage-clamp command at different levels of synaptic excitation. The horizontal and
vertical dashed lines show the graded decrease in the PIC somatic activation threshold and graded increase in the
amplitude of CaZt PIC, respectively, as more synapses are activated. a, b, c and d are as defined in Fig. 2A. C, the
change in magnitude of G¢, with respect to synaptic current at different membrane potentials (=50 to =70 mV)

under voltage-clamp conditions in B.
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(Fig. 5F, circles). This all-or-none activation of the Ca*"
PIC occurred exactly upon cell recruitment (compare
Fig.5F to Fig. 6B where cell recruitment took place at
5nA). These results demonstrate that the AHP serves
a critical role in maintaining (clamping) the membrane
potential below the firing level, and preventing the Ca**
PIC from being activated in an all-or-none manner. The
conductance of the dendritic Ca,1.3 channels (Gc,) is
voltage dependent. Therefore, the induced reduction in
membrane potential during the AHP reduces Gg,, hence,
limiting the activation of the Ca** PIC. On the other hand,
the increase in spike threshold with firing allows gradual
activation of the Ca?* PIC until it eventually reaches its
saturation level (not illustrated).

To further investigate the mode of activation of the Ca®*
PIC during normal firing behaviour, the input—output F-I
relationship (synaptic F—I relationship) was obtained by
plotting the steady-state firing rate responses of Fig. 4A
against the effective synaptic current (hyperpolarized
Ialy; Fig.6A) and compared to the dendritic Gc,
profile (Fig. 6B). Prior to cell recruitment, the dendritic
Gc, gradually increased with increasing synaptic input
(Fig. 6B). Acceleration in the rate of increase in G¢, with
synaptic current was seen just before recruitment reflecting
the increase in magnitude of the Ca** PIC relative to that
of the leak current in the voltage range before the NSR
on the -V relationship (Fig. 2C). Upon the onset of cell
firing, the rate of increase of G¢, was abruptly decreased
(notch in Fig. 6B) due to the clamping effect of the AHP.
This effect of the AHP prevented an all-or-none jump
in the magnitude of G¢, (as shown in Fig. 5F, circles)
and instead forced the Gg, (dendritic Ca?*t PIC) to be
graded with increasing synaptic input (region denoted
by s in Fig. 6B). This graded increase in the Ca’>* PIC in
response to incremental increases in the effective synaptic
current resulted in a relatively steep increase in the firing
rate (gain = 6 impulses s™! nA™!), coinciding with what is
classically termed the secondary range of the F-I relation
(denoted by s in Fig. 6A; Kernell, 1965a,b). Additional
synaptic input caused the Gc, to saturate near its maximal
value leading to full activation of the dendritic Ca’t
PIC (region denoted by t in Fig.6B). Because of the
saturated Ca?* PIC, the firing rate increased more slowly
with increasing synaptic current in the region classically
termed the tertiary range of the F—I relationship (slope
2.6 impulses s~! nA~!; denoted by t range of Fig. 6A). The
tertiary range had a lower gain (slope) both because of the
lack of increase in the Ca’t PIC, and because the added
conductance of the Ca, 1.3 channels resulted in a reduction
in the cell input resistance, thus additional synaptic input
produced a smaller increase in firing rate. This firing
behaviour (synaptic F-I relation) closely matches that seen
experimentally in spinal motoneurones when activated
synaptically as opposed to being activated through intra-
cellular current injection (Fig. 7 in Heckman et al. 2005).
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In summary, during normal firing behaviour, an
increasing synaptic input initially activates the Ca** PIC in
a graded manner, followed by a saturation range in which
the Ca?* PIC is fully activated. These distinct modes of
activation lead to the secondary and tertiary firing ranges,
respectively, in the synaptic F-I relationship. Due to the
clamping of the membrane potential by the AHP during
cell firing, no all-or-none activation of the Ca** PIC takes
place.

Intracellular versus synaptic activation

The activation of the Ca*" PIC was compared during
somatic intracellular current injection to that during
synaptic activation. In Fig. 7A, the F-I relationship was
obtained under two conditions: intracellular injection of
a slow triangular current ramp at the soma (triangles),
and synaptic activation (circles). The level of activation of
the Ca, 1.3 channels during these conditions is expressed
by the Gc, profile in Fig. 7B. With intracellular current
injection, the F—I relationship exhibited the three classical
ranges of firing rates: primary, secondary, and a tertiary
range. In the primary range (denoted by p in Fig. 7A and
B), there was low activation of the Ca?>* PIC indicated
by the low magnitude of Gg, in Fig. 7B. Further current
injection gradually activated the Ca?* PIC, indicated by the
increased level of G, in the secondary range (denoted by s
with triangles in Fig. 7A and B). This increased activation
of the Ca*™ PIC lead to the steep increase in cell firing
seen during the secondary range of the F-I relationship.
At higher levels of current injection, Ca** PIC was fully
activated, indicated by the saturation in Gg,, during the
tertiary range (denoted by t with triangles in Fig. 7A and
B).Saturation of the Ca*" PIC resulted in the reduced firing
rate seen during the tertiary range of the F-I relationship.
In contrast, with synaptic activation, the F-TI relationship
exhibited only secondary and tertiary ranges (denoted by
s and t with circles in Fig. 7A and B). The Ca** PIC was
always activated before cell recruitment, thus no primary
range was seen in the synaptic F—I relationship. Note that
the slight mismatch between the firing behaviour and
Gc, (in Fig.7A and B) is due to the fact that only one
synaptic input (Ia-afferent system) is represented in the
model. Activation of the Ca, 1.3 channels is proportional
to the proximity of these channels to the Ia-synapses.
Given that the depolarization provided by this system is
inadequate to activate all the Ca, 1.3 channels, the average
Gc, underestimates the conductance of those channels
actually activated by the synaptic input and results in the
seen mismatch.

The threshold for activating plateau potentials with
somatic intracellular current injection was compared to
that with synaptic excitation. Plateau potentials were
activated at lower current and voltage thresholds with
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Figure 4. Measurements from the soma and a dendritic compartment during cell firing at different levels

of synaptic excitation

For each level of synaptic excitation, the recordings show the soma firing rate (impulses s~'; A), soma spikes (B),
dendritic spikes measured from a dendritic compartment located at 695.9 um (0.52 1) from the soma (C), dendritic
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synaptic excitation alone than with intracellular current
injection alone. Synaptic excitation that provided an
effective synaptic current of 5.4 nA was able to activate
plateau potentials, while a somatic intracellular long
current pulse of 8nA was needed to activate them
(compare the vertical dashed line in Fig.2B to that
in Fig. 7C). Furthermore, the somatic voltage threshold
at which plateau potentials were activated by synaptic
excitation alone (—60 mV) was lower than that with intra-
cellular current injection alone (—56 mV; compare the
horizontal dashed line in Fig. 2B to that in Fig. 7C).

Enhancement of synaptic current

Enhancement of synaptic current by the added PIC
and its resultant effect on the motoneurone firing rate
was previously investigated in many studies; however,
discrepancies in reports between variable (Hultborn et al.
2003) and constant (Prather et al. 2001) enhancement of
synaptic current are seen. In this section, we examined
enhancement of synaptic current by the Ca** PIC, and
explained it based on the distinct modes of activation of
the Ca?* PIC. Simulations were run under voltage-clamp
conditions at different levels of synaptic excitation.
For each level of steady Ia-synaptic excitation, the
synaptic current was computed as the difference between
the I-V relationships during no synaptic activity and
during synaptic excitation (Lee & Heckman, 2000).
The hyperpolarized Ia Iy represented the synaptic input
unaugmented by the Ca’* PIC, whereas the peak Ia Iy
included the activation of the Ca**t PIC and the hyper-
polarized Ia Iy (Fig. 6C). The difference between the peak
Ia Iy and hyperpolarized Ia Iy represented the amount of
augmentation in synaptic current (synaptic enhancement)
caused by the activation of the Ca®* PIC at different levels
of synaptic excitation (Fig. 6D). Before cell recruitment,
the Ca** PIC was activated in a graded manner and
resulted in a linear enhancement of synaptic current in
proportion to the level of synaptic excitation (from 14
to 100% of synaptic excitation; slope = 1.3, r* = 0.97 for
the left regression line in Fig. 6D). Upon cell recruitment,
activation of the Ca*" PIC was limited by the clamping
effect of the AHP and resulted in a shallower linear
enhancement of synaptic current during the secondary
range of the synaptic F-I relationship (from 100 to 200% of
synaptic excitation; slope = 0.26, r? = 0.96 for the middle
regression line in Fig. 6D). During the tertiary range,
the Ca?* PIC was saturated and resulted in a constant
enhancement of synaptic current (for synaptic excitation
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> 200%; slope = —0.016, r* = 0.33 for the right regression
line in Fig. 6 D).

Summation of synaptic inputs

Activation of the Ca®t PIC by multiple synaptic inputs
and its effect on summation of these inputs was also
investigated. The cell was initially activated with a
bias current to achieve a low background firing level.
Two additional test synaptic inputs (A and B) with
incremental strengths were then applied and changes
in firing rate relative to the background firing rate
were computed. The change in steady-state firing rate
evoked from the concurrent activation of the two test
synaptic inputs (A & B) was compared to the linear sum
of changes in steady-state firing rates evoked from the
individual activation of each test synaptic input (A 4 B).
Two different methods were used to activate the cell
to provide background cell firing: synaptic activation
(Fig. 8A), and intracellular current injection at the soma
(Fig. 8D). Figure 8B shows the F-I relationship obtained
by simultaneous application of the synaptic bias current
and the two test synaptic inputs, and Fig. 8 C compares the
changes in firing rate evoked by the concurrent activation
of the two test synaptic inputs to the linear sum of their
individual changes in firing rate. When the test synaptic
inputs A and B individually caused the cell to fire in the
secondary range, and their concurrent activation caused
the cell to also fire in the secondary range (conditions 1
and 2 in Fig. 8 B), summation of synaptic inputs was nearly
equal to their linear sum (Fig. 8 C; condition 1 & 2). When
either test synaptic input A or B caused the cell to fire
in the secondary range, but their concurrent activation
caused the cell to fire in the tertiary range (conditions 2
and 3 in Fig. 8 B), or when the test synaptic inputs A and
B individually caused the cell to fire in the tertiary range
(conditions 4 and 5 in Fig. 8B), summation of synaptic
inputs was less than their linear sum (Fig. 8C; conditions
2&3 and 4 &5). Less-than linear summation resulted
from the full activation of the Ca®* PIC leading to a tertiary
range of shallower gain. Therefore, linear summation is
seen at moderate firing rates that correspond to the range
of graded activation of the Ca*" PIC, whereas less-than
linear summation is seen at relatively high firing rates that
correspond to the saturation of the Ca** PIC.

Given that it is often difficult experimentally to induce
a cell to fire throughout its range of firing with synaptic
inputs alone, intracellular current injection at the soma
was the experimentally used method for obtaining the

root mean square Ca2t current measured from the same dendritic compartment (D), Gca (E). * Traces are shifted
up for clearer display and avoidance of overlap. Grey circles (notches) show the abrupt change in G¢a, upon firing
onset. Thick black line in B shows the filtered somatic membrane potential during cell firing.
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background firing in studying synaptic summation in
real motoneurones (e.g. Powers & Binder, 2000; Prather
et al. 2001). We thus also simulated this approach by
injecting an intracellular bias current at the soma, followed
by activation of the test synaptic inputs (Fig. 8D). With
somatically injected bias current, the F—I relationship
obtained from subsequent synaptic inputs was shifted to

Before

>

Time (ms)
0 500 1000 1500 2000
l | J
0

Somatic Membrane Potential (mV)
A
T

After

o

200—

150

100~

Firing Rate (imp/s)

Before

| l | J
0
0 500 1000 1500 2000

Time (ms)

m

0 500 1000 1500 2000
0 | | 1 J

42 After

Before

Somatic Membrane Potential (mV)

J Physiol 570.2

the right. More importantly the firing ranges were shifted
upwards (secondary range occurred at higher rates) due
to the greater difficulty in activating PICs from the soma
compared to the dendrites, and a primary range emerged
(Fig. 8E) as a by-product of this intracellular current
injection. When either test synaptic input A or B was weak
relative to the bias current thus causing the cell to fire in its
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Figure 5. Effect of the AHP on activation of the Ca2™ PIC

Somatic spikes before (A) and after (B) blocking the K(Ca) channels, cell firing rate (C), relative magnitude of Gc,
(D), and the filtered somatic membrane potential (E) in response to 150% of synaptic excitation. F, the change in
magnitude of Gc, with respect to synaptic current before and after blocking the K(Ca) channels at different levels

of synaptic excitation (from 14 to 400%).
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Figure 6. Mode of activation of Ca*2 PIC during normal firing
and enhancement of synaptic current

A, steady-state F—/ relationship evoked by synaptic excitation. The top
axis shows the percentage of activated synapses at each level. Thin
continuous lines: linear fits for secondary (s, r2 = 0.995) and tertiary
(t, r?2 = 0.994) segments. Transition point indicates change in slope
between the secondary and tertiary segments. Long dashed vertical
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primary range, but the concurrent activation of A and B
caused the cell to fire in the secondary range (conditions 1
and 2 in Fig. 8E), summation of synaptic inputs was greater
than their linear sum. However, during the secondary
and tertiary firing ranges of the F-I relationship, linear
and less-than linear summation occurred, respectively
(Fig. 8E). In Fig. 8F, greater-than linear summation is
seen at relatively low firing rates that correspond to the
range before activation of the Ca** PIC, whereas less-than
linear summation is seen at relatively high firing rates
that correspond to the saturation of the Ca®* PIC. Similar
results were obtained when different magnitudes (10 and
12 nA) of intracellular bias current were used (Fig. 8F,
filled circles and open squares, respectively).

Discussion

Model predicts that dendritic PIC has a graded
followed by saturated activation with increasing
synaptic current

Discrepancies in experimental reports regarding the
behaviour of PICs make it difficult to infer their mode
of activation and whether it is graded or all-or-none
(see Hultborn et al. 2003; Lee et al. 2003). Disparities in
the role of PICs in the enhancement and summation of
synaptic inputs are also reported (Powers & Binder, 2000;
Prather et al. 2001; Hultborn et al. 2003). However, direct
measurements of the dendritic PIC during synaptically
evoked firing to resolve these discrepancies, as we have
done with our simulations, is experimentally unfeasible
in real motoneurones for the following reasons: (1) it
is difficult to record directly from the very small and
extensive dendrites of a motoneurone; (2) it is difficult to

lines represent the point at which the cell is recruited and the point of
full activation of Ca?* PIC, respectively. The latter corresponds to the
transition from the secondary to tertiary ranges on the synaptic F—/
relationship. B, steady-state magnitude of G, at different levels of
synaptic excitation. Right axis shows the percentage increase in Gca
relative to its maximum achievable value. Thin continuous lines: linear
fits for increase in G, in the secondary (r2 = 0.98) and tertiary

(r? = 0.97) ranges. Dashed line shows the acceleration in the
magnitude of Gc during the period of graded activation of Ca* PIC.
Circle (notch) shows the abrupt change in Gc, upon firing onset.

C, hyperpolarized and peak la /Iy C, measurements from the model at
different levels of synaptic excitation, indicated by the effective
synaptic current at resting potential. At each level of synaptic
excitation, the la [y was computed as the difference between the -V
relationships during no synaptic activity and during tendon vibration at
180 Hz. D, contribution of Ca?* PIC to the synaptic current at
different levels of synaptic excitation. This was computed as the
difference between the peak and hyperpolarized la Iy traces presented
in C at each level of synaptic excitation. Thin lines: linear fits
representing PIC contribution to the enhancement of synaptic current
before recruitment (slope = 1.3, r2 = 0.97), during the secondary
range (slope = 0.26, r2 = 0.96), and during the tertiary range

(slope =-0.016, r2 = 0.33).
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activate sufficient numbers of synaptic inputs to activate
the cell fully; and (3) the net Ca?* PIC seen at the soma,
which is feasible to measure under voltage clamp, cannot
be measured during natural cell firing. Thus, computer
simulations were used in the present study to examine
the mode of activation of the dendritic Ca>* PIC during
cell firing, and to elucidate its role in the enhancement
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Figure 7. Comparison of the efficacy of intracellular current
injection in activating the PIC to that of synaptic excitation

A, comparison of F—/ relationships evoked by synaptic activation
(circles) and intracellular current injection (triangles) at the soma.

B, steady-state magnitude of Gc, measured for the F-/ relationships in
A. Right axis shows the percentage increase in Gcj relative to its
maximum achievable value. C, steady-state somatic membrane
potential in response to intracellular long current pulses injected at the
soma. Horizontal dashed line shows the somatic plateau threshold
(=56 mV). Vertical dashed line shows the current level at which the
somatic plateau threshold takes place (8 nA).
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and summation of synaptic inputs. Our modelling results
suggest that under physiological conditions (i.e. when the
cellis free to fire) an increasing synaptic input does not lead
toan all-or-none activation of the dendritic Ca*t PIC, even
when steady-state responses to increasing synaptic steps
are evaluated (Fig. 6B). Instead, the level of activation of
the dendritic Ca** PIC is initially graded with increasing
synaptic input until it reaches its saturation level, after
which further increases in synaptic input cause minimal
changes in the Ca?* PIC. The range of graded activation
of the Ca’* PIC corresponds to the secondary range of
firing (in the synaptic F-I relationship), and the range
of saturated activation of the Ca*" PIC corresponds to
the tertiary range of firing. The results of our simulations
provided an explanation for the process of dendritic
Ca’* PIC activation during cell firing. It also helped
in resolving the discrepancies in previous experimental
reports regarding the enhancement and integration of
synaptic inputs, as described below.

Previous experimental measurements from rat
motoneurones suggest that the secondary and tertiary
ranges of firing are indeed caused by the dendritic Ca**
PIC since these ranges are eliminated when the LVA
L-type Ca** channels are blocked by nimodipine, leaving
only a primary range (Li et al. 2004; Heckman et al.
2005). The graded activation of the Ca*" PIC in the
secondary range, as opposed to an all-or-none Ca®*
PIC activation, occurs as a result of the AHP forcing
(effectively clamping) the membrane potential to remain
below the firing level throughout the interspike interval.
The AHP’s effect on limiting the activation of the PIC has
been previously proposed (Hounsgaard & Mintz, 1988;
Li et al. 2004), but was directly confirmed in the present
study by demonstrating that the all-or-none activation
of the Ca** PIC for an increasing synaptic input occurs
when the K(Ca) channels mediating the AHP are blocked
(Fig. 5) or when the spikes are themselves blocked (Fig. 2;
compare to the QX-314 data of Lee & Heckman, 1999, in
cat motoneurones, the TTX data of Hounsgaard & Kiehn,
1989, in turtle motoneurones, and Li & Bennett, 2003, in
rat motoneurones). The role of the AHP in limiting the
activation of the PIC could be confirmed experimentally
by examining the effect of apamin (a specific small
conductance K* channel blocker) on cell firing during
current clamp. Furthermore, a similar graded activation
of the Ca?* PIC occurs when the motoneurone is
voltage-clamped (Fig. 3; also similar to voltage-clamp
data of Lee & Heckman, 1998b, in cat motoneurones,
Svirskis & Hounsgaard, 1998, in turtle motoneurones,
and Li & Bennett, 2003, in rat motoneurones). Because
the firing threshold gradually increases with firing rate
(Schwindt & Crill, 1982), the PIC becomes gradually
activated as the firing rate increases in the secondary
range until saturation is reached (tertiary range).
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Experimental data supporting graded Ca?* PIC
activation followed by saturation

We re-examined previously published experimental data
for rat motoneurones during current- and voltage-clamp
experiments to verify the activation ranges of the Ca®*
PIC (data adapted from Fig. 2B and C in Li et al. 2004).
The average somatic membrane potential during firing was
used as the common factor for relating the experimentally
measured firing rate evoked during current clamp to the
Ca?* PIC measured during the voltage-clamp experiment
(Fig. 9). During the ascending segment of the current ramp
command, the primary range of cell firing was found to
correspond to the range preceding the activation of the
Ca?* PIC (left range 1 in Fig.9). During the secondary
range of cell firing, the Ca** PIC corresponded to the NSR
of the I-V relationship (left range 2 in Fig. 9). Activation
of the Ca?* PIC was graded in this region because the
slope of the F-I relationship, though relatively steep, was
far from vertical. Increasing current caused an increase in
firing rate, further depolarization of the cell membrane
and further activation of the Ca’** PIC (grading). The
graded or partial activation of the Ca** PIC within this
range is probably due to the clamping effect of the AHP
described earlier. The tertiary range, on the other hand,
corresponded to the range during which the Ca*" PIC was
fully activated (left range 3 in Fig.9), and minimal PIC
grading took place in this range. The tertiary range was
maintained until the cell was nearly de-recruited on the
descending segment of the current ramp command (right
range 3 in Fig.9) due to the hysteresis in the Ca** PIC.
Thus, it is interesting to note that no PIC grading occurs
through most of the range of firing frequencies during the
down voltage ramp.

The finding that Ca®* PIC can be graded, for at least a
shortduration following cell recruitment (in the secondary
range; Fig. 6A and B), has additional support in a number
of experimental observations which are summarized as
follows. (1) Graded synapticactivation provided by muscle
stretch causes a gradual increase in firing rate. This is then
followed by a shallower tertiary range during which firing
rate increases only slightly with synaptic current (Lee et al.
2003; Heckman et al. 2005). (2) The steady-state firing of
the secondary range has been shown to be mediated by the
activation of the Ca?>* PIC in motoneurones (Schwindt
& Crill, 1982; Li et al. 2004). Moreover, Kernell (1965b)
and Schwindt & Crill (1982) have shown that steady-state
firing is possible in the middle of the secondary range;
thus, stable partial activation of the Ca’>" PIC is obtainable,
consistent with the concept of graded activation of the Ca**
PIC in this range. (3) Voltage-dependent enhancement
of synaptic current is found to be a smooth function
of the holding potential (Lee & Heckman, 2000). (4)
Under voltage-clamp conditions, stretch-evoked synaptic
current is usually graded despite the rapid acceleration in
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firing rate sometimes seen under unclamped conditions
(Lee et al. 2003). (5) Synaptic input provided by muscle
stretch causes a graded increase in firing rate prior
to saturation (Lee et al. 2003). (6) Graded (variable)
amplification of firing rates is seen in decerebrate cat
motoneurones in response to brief intermittent synaptic
activation (Hultborn et al. 2003). Conversely, all-or-none
activation of plateau potentials seen in current-clamp
experiments when the spikes are blocked is probably due
to the absence of the AHP, which limits the activation of
the PIC as shown in the present study (Fig. 2).

Previous experimental recordings from human motor
units also support an initially graded PIC activation
followed by saturation. During increasing contractions,
recordings from high threshold motor units (Romaiguere
et al. 1989) showed a steep increase in firing rate after
recruitment, in what appeared to be a fairly long and stable
secondary range of firing (as in our Fig. 6A). Following
this, further increases in contraction produced a lesser
increase in firing rate, in what appeared to be the shallower
tertiary range. This behaviour is consistent with the graded
activation of the Ca** PIC in the secondary range, followed
by its saturation in the tertiary range, as seen from the
simulations in the present study.

Exceptions, where all-or-none PIC activation
may occur

In low threshold human motor units (Romaiguere et al.
1989; Gorassini et al. 2002) as well as in many rat motor
units (Bennett ef al. 2001), firing accelerates only over
the first few spikes after recruitment, if at all, during a
slowly increasing contraction. Following that, the firing
rate increases slowly in what appears to be the tertiary
range. The brief acceleration in firing at recruitment does
not vary with the speed of the synaptic input (or rate of
rise of contraction as in Romaiguere et al. 1989), and is
thus probably due to the subthreshold activation of a large
Ca?* PIC in an all-or-none manner due to the absence
of the AHP. Shortly after cell recruitment the Ca®* PIC is
saturated, and firing occurs in the tertiary range. A similar
behaviour in which cells fire in their tertiary range shortly
after recruitment is also seen in many rat motoneurones
when activated with intracellular current injection (Li et al.
2004). No extensive secondary range occurs in these cells
because the Ca?* PIC is mostly activated at recruitment;
however, the Ca®t PIC still helps in recruiting these cells
and maintaining firing (enabling self-sustained firing; Li
et al. 2004).

Although unusual, some cat motoneurones occasionally
have an abrupt increase in firing rate in response to muscle
stretch that occurs somewhat after recruitment, unlike the
motoneurones just described (Hounsgaard ef al. 1988; Lee
et al. 2003). This behaviour appears to be unstable as it
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occurs only on some stretches, and suggests an all-or-none
activation of the PIC during cell firing (Lee et al. 2003). If
this were the case, the magnitude of the Ca*" PIC must
be very large in these motoneurones and activated in
distal dendritic regions that are not easily affected by the
clamping effect of the AHP associated with cell firing.

Enhancement of synaptic current

Previous experimental and modelling studies showed
that the amount of synaptic current from various
presynaptic systems is inadequate to cause the cell firing
levels seen during natural motor activity (Powers &
Binder, 1995, 2001; Rose & Cushing, 1999). Later, it was
shown experimentally that activation of PICs enhances
the synaptic input to motoneurones and results in the
observed amplified firing behaviour (Bennett et al. 1998;
Lee & Heckman, 2000; Prather et al. 2001; Hultborn et al.
2003; Lee et al. 2003). Our simulations suggest that during
the graded activation of the Ca>* PIC, the enhancement of
synaptic input is linearly graded in proportion to the level
of synaptic excitation, whereas following the saturation
of the Ca?* PIC, the enhancement of synaptic input is
constant.

These results could provide an explanation for the
discrepancy in reports regarding the magnitude of
enhancement of synaptic currents by Ca*" PIC. In a
study by Hultborn et al. (2003) experimental recordings
obtained from decerebrate cat motoneurones showed
graded (variable) enhancement of synaptic inputs as the
PIC was activated. This graded enhancement of synaptic
inputs may be due to the relatively small injected and
synaptic inputs used to activate the cell, and could have
resulted in partial activation of the PIC causing the cell to
fire in the secondary range of the F-I relationship. This
is comparable to the range of graded Ca?* PIC activation
that shows linear enhancement of synaptic inputs in our
results. In contrast, Prather et al. (2001) reported constant
enhancement of synaptic inputs by the PIC (indicated
by a vertical shift in the F-I relationship relative to that
predicted when the synaptic input was applied) also from
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decerebrate cat motoneurones. The constant enhancement
of synaptic inputs may be due to the relatively high current
injections (up to 40 nA) used to activate the motoneurones
in that study, which result in full activation of the PIC and
cause the cell to fire mostly in the tertiary range of the F-I
relationship. This is comparable to the range of saturated
Ca?* PIC activation that shows constant enhancement of
synaptic inputs in the present study.

Intracellular versus synaptic activation

Our simulations demonstrate that motoneurone
activation through synaptic excitation is different from
that seen through somatic current injection, which has
also been shown in previous studies (Kernell, 1965c;
Shapovalov, 1972; Brownstone et al. 1992; Bennett et al.
1998). Synaptic excitation is more efficient in exciting the
motoneurone and triggering the plateau potentials than
intracellular current injection. With synaptic excitation,
membrane depolarization is initiated in the dendritic tree
where the Ca,1.3 channels are located, and then spreads
to the soma and initial segment and causes the cell to fire.
Somatic current injection, on the other hand, initiates
the membrane depolarization at the soma and directly
triggers cell firing without PIC activation (Fig. 7B and C).
Membrane depolarization then spreads from the soma
to the dendritic tree opposite to the natural mode of
activating motoneurones. Therefore, a primary range of
firing with little Ca** PIC activation is seen in the current
injected F-I relationship (Heckman et al. 2005). This
primary range is a by-product of injecting current into
the soma (Bennett et al. 1998; Heckman et al. 2005).

Summation of synaptic inputs

Our modelling results can also provide an explanation for
the discrepancy in reports regarding the summation of
synaptic inputs in motoneurones in which greater-than
(Powers & Binder, 2000), less-than (Kuno & Miyahara,
1969) and linear summation (Burke, 1967; Prather et al.

Figure 8. Summation of synaptic inputs investigated when using synaptic (A-C) and injected (D-F) bias

currents

Measurement of change in firing rate evoked by activating one of the two test synaptic inputs when synaptic (4)
and injected (D) bias currents were used. Change in firing rate (AF) was computed as the difference between
steady-state firing rates before and after activation of the test synaptic input. In D, a bias current of 10 nA was
used to obtain background firing. Steady-state synaptic F-/ relationships evoked from simultaneous application of
the bias current and the test synaptic input when synaptic (B) and injected (E) bias currents were used. Dashed lines
in B and E represent extrapolation lines to the primary and secondary segments. 1 & 2 represents the change in
firing rate evoked by simultaneous activation of the two test synaptic inputs, whereas 1 + 2 represents the linear
sum of changes in firing rate evoked by individual activation of the test synaptic inputs represented by points 1
and 2. Comparison of changes in firing rate evoked by concurrent activation of the two test synaptic inputs and
the linear sum of their individual changes in firing rate when synaptic (C) and injected (F) bias currents were used.
Continuous line represents the line of unity at which the observed firing rate is equal to the linear sum. Data
presented in F were obtained with injected bias current of 10 nA (@) and 12 nA (D).
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2001) are reported. Our results suggest that under
physiological conditions, in which the motoneurone is
activated synaptically, no greater-than linear summation
takes place. Instead, linear summation of synaptic inputs
occurs during the graded phase of the Ca*" PIC (during
the secondary range of the F—I relationship), and less-than
linear summation occurs during the saturation phase
of the Ca?* PIC (during the tertiary range of the F-I
relationship). Linear summation results from the existence
of stable partial activation states of the PIC, while less-than
linear summation results when the PIC is fully activated
by synaptic inputs. We have shown that greater-than
linear summation observed experimentally in previous
studies (e.g. Powers & Binder, 2000; Prather et al. 2001)
is probably due to using intracellular current injection
in these experiments to produce background cell firing
prior to applying the synaptic inputs. This somatic intra-
cellular current enables the formation of a primary range of
firing, not seen with synaptic input, and when subsequent
synaptic inputs produce a transition of cell firing from the
primary range to the secondary range greater-than linear
summation occurs.
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Model considerations

One could argue that saturation of the PIC is expected
from a current whose steady-state activation is described
by a Boltzmann function. Any ionic current that has no
inactivation, like the Ca?* PIC, will reach saturation when
the membrane potential is sufficiently depolarized to have
the underlying channels fully open. However, the question
investigated in the present study is whether the PIC is
activated in a graded or an all-or-none manner until it
reaches its saturation level. We demonstrated that the
graded activation of the Ca*" PIC during cell firing is due
to the clamping effect of the AHP on membrane potential.
This was confirmed when an all-or-none activation of
the Ca** PIC was seen during the blockade of the AHP
either directly by blocking the K(Ca) channels (Fig. 5) or
indirectly by blocking the spikes (Fig.2). Moreover, the
graded activation of the Ca** PIC had different slopes
before and after the onset of cell firing, which cannot be
described by a Boltzmann function (Fig. 6B).

In the present study we used a compartmental model
for an FR motoneurone to study the mode of activation

Down voltage
ramp

5 sec

Voltage

Figure 9. Graded activation of Ca?* PIC in rat motoneurone

Overlay of the experimentally measured firing rate (centre) and Ca?* PIC (both sides) during ascending and
descending ramp current- and voltage-clamp experiments, respectively, from a real rat motoneurone (data adapted
from Fig. 2B and C in Li et al. 2004). The regions were marked as the primary, secondary and tertiary ranges of
firing, and their corresponding locations on the /-V relationship were determined by using the filtered potential
during firing (line labelled 'Average potential during firing’; 2 Hz low pass filter raw data) corresponding to the top
and bottom of each range.
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of the dendritic Ca*t PIC. However, our results could
be extended to other types of motoneurones (S- and
FF-types) and neuronal cells. A probable difference in
S-type motoneurones is that the Ca** PIC will be activated
atalower threshold (Bennett efal. 1998) and the secondary
range of cell firing with synaptic activation will be
shorter.

Concluding remarks

In summary, computer simulations in the present study
allowed direct assessment of the dendritic Ca*" PIC
during synaptically evoked cell firing. This helped in
elucidating the nature of activation of the Ca** PIC and in
resolving the discrepancies in previous reports regarding
this question. It also allowed for the reconciliation of
several conflicting experimental results on the role of PICs
in the enhancement and integration of synaptic inputs.
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