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Abstract. The origin of functional differences between mo- 
toneurons of varying size was investigated by employing 
a one-compartmental motoneuron model containing a slow 
K + conductance dependent on the intracellular calcium con- 
centration. The size of the cell was included as an explicit 
parameter. Simulations show that motoneurons of varying 
size cannot be regarded as simple 'scaled' versions of each 
other. Rather, they are expected to have intrinsic properties 
that vary with cell size. These intrinsic properties refer to 
the membrane conductances per unit area and the dynamics 
of the intracellular calcium concentration. 

1 Introduction 

With increasing excitatory drive small motoneurons are re- 
cruited prior to large ones in various stimulus paradigms 
(Henneman et al. 1965a,b). This is referred to as the size 
principle of orderly recruitment. The rank in the recruitment 
order is determined primarily by the input conductance of 
the motoneuron, which equals the mean membrane conduc- 
tance times the total membrane area. Given equal specific 
(per unit area) membrane conductances, small cells have a 
higher input resistance and consequently a higher excitability 
(Ohm's Law) compared with large ones. This was confirmed 
experimentally in cat spinal motoneurons (Kernell 1966). 

The relation between the amount of current injected in- 
tracellularly and motoneuron firing rate can be displayed in 
af-I  (frequency-current) curve. This relation can be roughly 
divided into two linear parts: the primary and secondary 
range. The primary range corresponds to a lower stimulat- 
ing current value and has a lower gain compared to the 
secondary range. An ordered variability also exists in the 
firing properties of motoneurons. The minimal firing rate 
(as well as the maximum firing rate in the primary range) 
of small motoneurons is generally lower than that of large 

* From the Graduate School Neurosciences Amsterdam, University of 
Amsterdam, Faculty of Medicine, Department of Neurology, Division of 
Clinical Neurophysiology, Academic Medical Center, Amsterdam, The 
Netherlands 
Correspondence to: L.J. Bour 

motoneurons (Kernell 1965b). The gain of the (primary) 
f-I curve tends to be steeper for large motoneurons (Bakels 
and Kernell 1993). Therefore, given an equal amount of in- 
jected current, small motoneurons generally fire at similar 
rates compared to large ones over a significant range of the 
injected stimulation current (Zwaagstra and Kernell 1980). 

The motoneuron action potential is mediated by fast Na § 
and K + conductances (Hille 1977; Kernell and SjSholm 
1972). An action potential may be immediately (5-20 ms) 
followed by a delayed depolarization, the result of a current 
primarily composed of Ca 2+ ions (Harada and Takahashi 
1983). In a one compartmental motoneuron model (Kernell 
and Sj6holm 1972) a so-called 'non specific' current type 
was introduced to account for the delayed depolarization. 
Further, it contained a voltage dependent slow K § conduc- 
tance responsible for the prolonged (50-00 ms) (Zwaagstra 
and Kernell 1980) afterhyperpolarization (AHP). In cat me- 
dial gastrocnemicus (MG) motoneurons this AHP is de- 
pendent on the intracellular calcium concentration ([Ca2+]i) 
(Harada and Takahashi 1983; Krnjevi6 et al. 1975, 1976, 
1978). The duration of the AHP is negatively correlated to 
the firing rate in motoneurons stimulated by injected current 
(Kernell 1965b), and to motoneuron size (Zwaagstra and 
Kernell 1980). Model studies of the repetitive firing prop- 
erties of motoneuron models (Kernell and Sj6holm 1973) 
showed the ability of the slow K § conductance to regu- 
late the firing frequency in the primary range. The initial 
adaptation was interpreted as a non-linear summation of this 
conductance (Kernell and Sj6holm 1973; Baldissera et al. 
1976). 

Multicompartmental motoneuron models with a slow K § 
conductance dependent on [Ca2+]i were used to demonstrate 
that in motoneuron models with non-homogeneous mem- 
brane properties and a slow K § conductance in the proxi- 
mal dendrites, a primary to secondary range transition in the 
f-I curve may be observed (Traub and Llin~is 1977). Mod- 
els with a voltage dependent AHP conductance were used 
to study the possible cause of the difference in firing rates 
between small and large motoneurons (Traub 1977). It was 
shown that this conductance type must have a different time 
course for cells of different size in order to obtain the correct 
difference in firing rates. 
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Theoretical studies on the difference in firing rates be- 
tween motoneurons of varying size are scarce and have not 
paid attention to the possible relations between the [Ca2+]~ 
dynamics, the size of the motoneuron and its functional 
properties. The aim of this study was to test hypotheses 
on these relations resulting in the correct differences in the 
firing properties of motoneurons of varying size. 

2 Methods 

We employed a one compartmental neuron model derived 
from a model of spinal neurons in the lamprey (Brodin et 
al. 1991; Ekeberg et al. 1991) for the simulation of cat spinal 
motoneurons: 

C m x  dE~dr = (Eteak - E)Grn + INa + IK + IK(Ca), (1) 

where E is the membrane potential (relative to the ground), 
Eteak the leaking current reversal potential, Gm the passive 
membrane conductance, Cm the membrane capacitance and 
the I s  denote the various membrane currents. Included is a 
voltage gated Ca 2+ conductance and a slow K + conductance 
which is proportional to the [Ca2+]i. Most parameter values 
in our model were adapted from the first reports describing 
this model (Brodin et al. 1991; Ekeberg et al. 1991). How- 
ever, the Ca 2+, K § and Na + conductances, as well as the 
membrane capacitance Gin, originally depicted total values 
for a cell. We have changed this such that in the present 
model they describe quantities per unit area. Their new val- 
ues were adapted from previous reports on cat spinal cord 
a-motoneurons (Fleshman et al. 1988; Rail 1977). The re- 
maining altered parameters were the [Ca2+]i rate parameters 
which were given values such that a realistic range in the 
firing rate of the model was observed. A summary of the 
altered parameters is presented in Table 1. 

The AHP current in this model is linearly dependent on 
the [Ca2+]i: 

IK(Ca) = (E - EK)  gK(Ca) [Ca2+]i, (2) 

where Ig(c~) is the AHP current, gK(Ca) the AHP conduc- 
tance, and E and EK the membrane and K + reversal poten- 
tial, respectively. 

A new parameter, S (size), the relative membrane area, 
was introduced to study the relation between motoneuron 
size and firing properties (0 < S < 1). Various model pa- 
rameters were varied linearly with respect to cell size. This 
will be referred to as scaling of the parameters. The amount 
of scaling will be expressed by the ratio of the maximal to the 
minimal value (max/rain ratio) that a parameter may have. 
Curves representing the f-I relation were calculated for var- 
ious model parameter configurations. The firing frequency 
was determined from the average of the 1 l th  upto the 15th 
interspike interval. This ensured that the firing frequency 
data were not distorted by effects of initial adaptation (see 
Fig. 1). The increase in current for stimulation was always 5 
nA unless stated otherwise. Several hypotheses concerning 
the scaling of parameters were examined. 

2.1 Simple scaling 

In this model configuration, the parameters for the conduc- 
tances and capacitance per unit area had identical values in 

models of all sizes. Only size (S) and consequently the to- 
tal conductances and capacitance of the model were varied. 
This is called simple scaling. 

The total capacitance and conductances of the model 
neurons were determined by: 

Cm = Am x C~p~, (3) 

where Cspec is a membrane conductance type, or capaci- 
tance, per unit area, and Cm the total capacitance or con- 
ductance. Am is the membrane area of the cell determined 
by: 

Am = Amin + S • ( A m ~  - Am~,d, (4) 

where Ami n and Amaz are the minimal membrane area and 
the maximal one, respectively. The Amin and Amax parame- 
ters are given values of 1.5 x 10 -4 cm 2 and 5.0 x 10 -4 cm 2, 
respectively, yielding a max/min-ratio of the membrane 
area of 3 1/3. The membrane capacitance had a value of 
1 # F c m  -2 (Fleshman et al. 1988; Kernell and Zwaagstra 
1989), yielding a membrane time constant of 10 ms. The rate 
parameters determining the [Ca2§ dynamics were equal for 
all models, and were modelled as follows: 

d[Ca2+li/dt = (Eva - E)pq 5 - 6[Ca2+]i, (5) 

where p is the accumulation rate, and 5 the decay rate 
of [Ca2+]i. The influence of the Ca 2+ conductance on the 
[Ca2+]i dynamics is represented by the [Ca2+]i rate parame- 
ter p. The activation of the voltage gated Ca 2§ conductance 
is denoted by qS, Eva denotes the Ca 2+ reversal potential 
and E,  the membrane potential. 

2.2 Scaling of specific membrane conductance 

A comparison of the estimated total input resistance, assum- 
ing equal membrane conductance per unit area, to experi- 
mental data of cat hindlimb motoneurons shows that large 
motoneurons have unexpectedly low input resistances (Ker- 
nell and Zwaagstra 1981, 1989). It was suggested that this 
may be the result of a higher specific resting membrane 
conductance for large motoneurons. Experimental data cor- 
respond to a max/min ratio for the specific resting membrane 
conductance of approximately 3.3 (Kernell and Zwaagstra 
1989). We have incorporated this value into our models, as 
well as a value of 9: scaling the specific resting conductance 
with respect to size. 

Mathematically this is described by: 

Gsp~c = Gm~n + S x (Gmax - Grain), (6) 

where Gsvec denotes the specific resting membrane conduc- 
tance for a cell of size S, and Gma~ and Gm~n are the ex- 
treme values. The G r n a x  and Gm~,~ parameters were chosen 
in such a way that parameter values for models of size 0.5 
correspond to the mean value shown in Table 1. The mean 
value (size = 0.5) of the input resistance was approximately 
3 MS2. All results of the present study were obtained us- 
ing models with the specific membrane resting conductance 
scaled proportional to size with a max/min ratio of 3 1/3. 



Table 1. Motoneuron model parameters 

Parameter Mean Value Unit Description 

S 
Arnin 
mmax 

Eleak 
ENa 
EK 
Eca 

gm 
Cm 
gNa 
g g  

g K ( ~ )  
P 
& 

0 < S < I  
1.5 x 10 -4  
5.0 x 10 -4  

-70.0 
50.0 
-80.0 
150.0 

1.0 
1.0 

20.0 
15.0 
0.75 
4.0 

50.0 

c m  2 

c m  2 

m V  
m V  
m V  
m V  

m S  cm -2  
/~F c m - 2  
m S c m  -2  
m S c m  -2  
r n S c m  -2  
m V - 1 8 - 1  

8--1 

Neuron model size 
Minimal membrane area 
Maximal membrane area 

Leak current reversal potential 
Sodium reversal potential 
Potassium reversal potential 
Calcium reversal potential 

Resting conductance 
Membrane capacitance 
Sodium conductance 
Potassium conductance 
Calcium dependent potassium conductance 
Calcium accumulation rate 
Calcium decay rate 
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2.3 Scaling o f  slow K + conductance 

With the suspected larger specific resting membrane conduc- 
tance for large motoneurons (Kernell and Zwaagslxa 1989), 
it is possible that other conductances may be scaled with re- 
spect to size as well. Scaling of the slow, [Ca2§ dependent 
K § conductance is self evident when considering the fir- 
ing properties of motoneurons. Moreover, calculations which 
have been reported by Bakels and Kernell (1993) based on 
experimental findings indicate that a scaling of the AHP con- 
ductance may indeed exist in rat MG motoneurons. They 
reported that absolute values for the calculated initial AHP 
conductance differed hardly at all between the slow and the 
fast motoneurons. Assuming equal total AHP conductances 
for all motoneurons, the max/min ratio for this conductance 
per unit area is equal to that for the total membrane area. 

The AHP conductance per unit area of a model of size 
S was determined by: 

Gspec  = G m e a n  + ( 0 . 5  - S )  • ( G r a a x  - G r o i n )  , (7) 

where Gspec denotes the specific AHP conductance and 
Gra~x and Grain,its maximal and minimal values, respec- 
tively. 

The slow K + conductance was scaled so that large mod- 
els have a smaller specific AHP conductance than the small 
ones. A max/min ratio of 36.0 was implemented. 

2.5 Anti-symmetric scaling 

Other hypotheses may be put forward when considering the 
differences in [Ca2+]i dynamics in small and large motoneu- 
rons. For instance, a slower increase of [Ca2+]i in large cells 
may not (solely) be due to the larger diffusion volume but 
also to an increased buffering capacity. Furthermore, larger 
motoneurons may have a smaller Ca 2+ conductance per unit 
area. With an increased buffering capacity for large cells, a 
faster decrease of [Ca2+]i in large motoneurons may be hy- 
pothesized, especially when the 'membrane component' of 
this decrease is small. 

Such considerations led us to implement other scaling 
paradigms. A slower increase and/or a faster decrease of 
[Ca2+]i in large motoneuron models was implemented. We 
will refer to this as anti-symmetric scaling of the [Ca2+]i rate 
parameters, which means that the [Ca2+]i decay parameter 

is scaled proportional to size and/or the accumulation rate 
while parameter p is scaled inversely proportional to cell 
size. 

P = Pmin + ( S  - 1) x (Pma~ - pmir~) 

6 = ~rain + S x (6raax - 6rain) 

(lO) 
(11) 

2.4 Symmetric scaling 

Large motoneurons have a larger volume to surface ratio 
than small ones. This may yield a slower increase of the av- 
erage [Ca2§ (smaller value of parameter p) in large models 
due to the larger volume in which diffusion takes place. 
Moreover, it is assumed here that the decrease of the global 
or average [Ca2§ is a mechanism physically located at the 
membrane. Hence, a slower [Ca2+]i decrease (smaller value 
of the parameter 5) may be hypothesized in large cells. We 
will refer to this as symmetric scaling of the accumulation 
and decay parameters p and 6: 

p = Pmi,~ + ( S  - 1) x (pmax -- Pmi,~), (8) 

6 = ~ m i n  + ( S  -- 1) X ( ~ m a x  --  t~rnin). (9)  

2.6 Numerical procedure 

The numerical method to solve the set of differential equa- 
tions was a one step exponential prediction method (Brodin 
et al. 1991) which takes advantage of the fact that all be 
differential equations that comprise the mathematical for- 
mulation of the model are first degree. Although accuracy 
is not fully guaranteed, this method is suitable for stiff sets 
of differential equations, and is relatively stable and fast. 
Comparison of the one-step exponential prediction method 
with a fourth order Runge-Kutta method showed the former 
to be sufficiently accurate for the purpose of this study. A 
fixed time step was used (0.01 ms). 
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Fig. la,b. Initial adaptation in the motoneuron model. The stimulation cur- 
rent has a value of 40 nA. a An increase in the value of the ICa2+]i rate 
parameters enhances the speed of initial adaptation. Moreover, a higher 
steady-state firing rate is the result, b shows the dependency on cell size 
of the speed of the initial adaptation. The mean calcium rate parameter's 
values are: p = 4.0, ~5 = 50.0 and are scaled with a max/min ratio of 3 1/3. 
The AHP conductance was also scaled with a max/min ratio of 3 1/3 in b 

3 Results 

3.1 Delayed depolarization 

The Ca 2+ current did not contribute to the depolarizing cur- 
rent in our model. It is of such small magnitude that it did 
not directly influence the firing behaviour of the model. The 
lack of this influence has been demonstrated by simulations 
that were carried out including the Ca 2+ component in the 
membrane current. A clear afterdepolarization was not ob- 
served, even at relatively high Ca 2+ conductance values. The 
time course of the Ca 2+ current is expected to be a critical 
factor in this respect. 

3.2 Initial adaptation 

All model simulations yielded firing behaviour which 
showed initial adaptation to continuously injected current. 
Figure la  and b show examples of this phenomenon in the 
motoneuron model. Here the initial adaptation is not the re- 
sult of a nonlinear summation of the AHP conductance, but 
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Fig. 2. Simple scaling. The small (S = 0.0) cells have a lower current 
threshold for repetitive firing, but exhibit higher firing rates than the large 
(S = 1.0) motoneuron models when stimulated with an equal amount of 
injected current. Also, the minimal firing rate is somewhat larger for the 
small model neurons 

rather of an accumulation of Ca 2§ ions entering the cell dur- 
ing depolarization. The total amount of Ca 2+ that enters the 
cell is dependent on the amount of depolarization and the 
Ca 2§ conductance. The decay of [Ca2+]i, however, is depen- 
dent on [Ca2+]i itself (see 5), so that the decay of [Ca2§ 
increases as the [Ca2+]i itself increases. Eventually, a steady- 
state is reached in which the Ca 2§ influx is compensated by 
the [Ca2+]~ decay term. In the steady-state the [Ca2+]i varies 
within fixed bounds, allowing for a constant firing frequency. 

3.3 Simple scaling 

Simple scaling resulted in a larger input conductance for 
the larger cells and consequently larger current threshold 
for repetitive firing. However, the large motoneuron mod- 
els fired at lower rates than the small ones, given an equal 
net amount of injected current (Fig. 2). Also the minimal 
firing frequency of the small motoneuron model exceeded 
that of the large one. This is explained by the larger current 
density per unit area in smaller motoneurons. The results 
are not in accordance with experimental findings (Kernell 
1965b), so additional assumptions about the scaling of mo- 
toneuron model parameters determining repetitive firing be- 
haviour were needed. 

3.4 Scaling of specific membrane conductance 

The specific resting membrane conductance was scaled pro- 
portionally to size. This yielded a larger range in excitability, 
i.e. current threshold for repetitive firing (1-20 nA), than on 
the basis of size differences alone (4-12 nA) (Fig. 3). The 
range in threshold current for repetitive firing for the mo- 
toneuron models scaled with a max/min ratio of 3.3 was 
similar to values reported for cat MG motoneurons (Ker- 
nell and Monster 1981). The simple scaled models showed 
a smaller range that was not in agreement with these exper- 
imental data. 
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Fig. 5. Symmetric scaling (equal max/min ratios) of the intracellular cal- 
cium rate parameters p and 6. Frequency-current relations are obtained with 
models of size 0.0 and 1.0. The simulation results with a max/min ratio of  
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Fig. 4. Frequency-current relation for models of sizes 0.0 and 1.0 in which 
the slow, [Ca2+]i-dependent K + conductance per unit area is scaled such 
that the larger cells have a smaller AHP conductance per unit area. Even 
with a very large amount of scaling (max/min ratio of 36.0), the correct 
difference in firing rates between small and large motoneuron models can 
not be obtained 

3.5 Scaling of  slow K + conductance 

A max/min ratio of 36.0 was implemented (Fig. 4). The 
results show that the differences in firing properties of the 
motoneuron models using the simple scaling paradigm have 
decreased. In particular, the minimal firing rate of the small 
motoneuron model is lower than that of the large model. 
However, the amount of scaling of the slow K § conductance 
that was necessary to obtain these results (36.0) is an order of 
magnitude larger than the values for the specific resting con- 
ductance found in experiments (3.3) (Kernell and Zwaagstra 
1989). This suggests that differences in membrane properties 
may not be sufficient to explain the variance in functional 
properties of motoneurons. In addition, mechanisms at the 
level of [Ca2+]i homeostasis may be significant. 

3.6 Symmetric scaling 

When the hypothesis that large motoneurons have slower 
overall [Ca2§ dynamics (symmetric scaling) was imple- 
mented, it yielded the correct range in excitability, but failed 
to show the appropriate differences in firing rates between 
models of varying size (Fig. 5). This failure was due to the 
fact that the steady-state firing frequency at a given current 
density strongly depends on the ratio of the accumulation 
and decay parameters (see Fig. la). Upon changing the val- 
ues of the 6 and p parameters by equal relative amounts, 
symmetric scaling allowed for a constant ratio in cells of all 
sizes. Given equal net stimulating current and thus a larger 
current density in the small model, a higher firing rate of 
the small model was the result. The time required for the 
model to reach steady-state firing, however, is affected by 
the amount of symmetric scaling (Fig. la). The results show 
that cells with faster [Ca2+]i dynamics have a faster adapta- 
tion to steady-state firing. 

3.7 Anti-symmetric scaling 

The effects of anti-symmetric scaling of the [Ca2+]~ para- 
meters were as follows. A slower [Ca2+]i accumulation or 
faster decay in large motoneurons (keeping the other rate 
parameter fixed with respect to size) was implemented. This 
was expected to result in large model neurons firing at higher 
rates than the small ones. Indeed, a slightly higher firing rate 
of the large model was observed after a sufficient amount 
(max/min ratio 9.0) of anti-symmetric scaling of the [Ca2+]i 
decay parameter ~. Anti-symmetric scaling of the [Ca2+]~ 
accumulation parameter p, using a max/min ratio of 9.0, 
proved far less efficient in obtaining the correct difference 
in firing rates. Note that p also represents the total Ca 2§ 
conductance, thus also indicating that membrane properties 
are not the primary factors in determining motoneuron firing 
behaviour. 

Results improved with anti-symmetric scaling of both the 
[Ca2+]i accumulation and decay parameters with a max/min 
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Fig. 6. Anti-symmetric scaling of both calcium rate parameters. Model sizes 
are 0.0 and 1.0 and a mardmin ratio of  9.0 was used. Top curve corresponds 
to model size 1.0. f-I curves were constructed and show that the correct 
differences in firing rates may be obtained using this scaling paradigm 

ratio of 9, as shown in Fig. 6. Although the differences in fir- 
ing rates shown here may be somewhat exaggerated (smaller 
differences are obtained using a smaller max/min ratio), it is 
clear that the model's firing properties are sensitive to scal- 
ing of the [Ca2+]i rate parameters. In addition, increased dif- 
ferences in (minimal) firing rates were obtained when anti- 
symmetrically scaling both [~Z2+]/ parameters and scaling 
of the slow K § per unit area. 

4 Discussion 

The relation between the intracellular calcium dynamics, 
membrane and functional properties of motoneurons was 
studied using a one compartmental motoneuron model. With 
the assumption of equal parameter settings and membrane 
properties per unit area, excitability differences between cells 
of varying size were too small compared with experimental 
findings. When the specific resting membrane conductance 
was scaled proportionally to cell size, threshold spacing was 
enhanced, within the range of experimental data. This en- 
hanced threshold spacing makes an orderly recruitment more 
marked, even in the absence of equally distributed synaptic 
input to the motoneuron pool. However, to account for the 
difference in firing rates between large and small cells, addi- 
tional assumptions are needed, sometimes with no obvious 
physiological correlate. 

In a model study of the human c~-motoneuron pool (Slot 
and Sinkj~er 1994), motoneuron models with a total resting 
conductance and total membrane capacitance scaled with re- 
spect to size (max/min ratio 2.0) were used, similar to what 
is called "simple scaling" in this study. An orderly (spa- 
tial) recruitment was reported. In agreement with our simple 
scaled model behaviour, the first recruited models fired at 
higher rates than the last recruited ones when stimulated 
with a static common drive. These results seem not to re- 
flect data on motoneurons stimulated with injected current, 
and it may be suspected that the temporal recruitment of a 
motoneuron pool changes when the firing properties of the 
individual motoneurons are changed. Other studies on the 

input-output relation of motoneuron pools, using motoneu- 
rons with gains of the f-I curve that were independent of 
cell size, were described by Heckman and Binder (1991). 

Symmetric scaling of the [Ca2§ parameters inspired by 
varying surface to volume ratios does not result in the cor- 
rect firing rate difference. Also, a large scaling of the [Ca2§ 
dependent K § conductance did yield quite realistic firing be- 
haviour of the motoneuron models, although at an unrealis- 
tically high max/min ratio. As to the physiological correlate 
of a scaling of the AHP conductance this is straightforward 
and suggested on the basis of experimental data (Bakels and 
Kernell 1993). Realistic firing behaviour was achieved by 
a lower accumulation and a faster decay rate of [Ca2§ 
in large motoneuron models. A correct interpretation of the 
scaling of the calcium rate parameters requires a more de- 
tailed view on the various processes involved in the calcium 
dynamics. 

Intracellular calcium is controlled by a combination of 
various buffering system components (McBurney and Neer- 
ing 1987). Also, a system for the release of buffered calcium 
may exist. A study of the calcium dynamics at the level of 
the actual membrane channels in the presynaptic terminal 
(Smith and Augustine 1988) indicates that the time course 
of the calcium concentration directly below the cell's mem- 
brane (order of 10 -7 m) differs largely from that of the 
average concentration. In contrast to the average concentra- 
tion, the local submembrane concentration is dependent on 
the single channel dynamics and not on the total amount of 
open channels. Consequently, this local increase in [Ca2+]i 
is smaller with large depolarizations, when the transmem- 
brane potential approaches the calcium equilibrium poten- 
tial (Simon and Llin~is 1985). The slower average calcium 
dynamics, however, is the result of the action of a statisti- 
cal ensemble of calcium channels, where the opening of a 
single channel may be adequately described by a probability 
function (Clay and DeFelice 1983). 

As for the physiological correlate of the calcium rate pa- 
rameters p and 6; the decay parameter 6 describes the rate 
of slow calcium buffering and excretion from the cell. As 
such, it may depend on the cell's volume (buffering) and on 
its membrane area (excretion). Note that in the mathematical 
description of the model, the [Ca2§ decay is proportional 
to [Ca2+]i itself. This suggests that the decay may be partly 
dependent on the concentration gradient over the membrane 
and, thus, proportional to the membrane area. The accumu- 
lation parameter p, too, may describe effects attributable to 
buffering and consequently have a volume dependent com- 
ponent. However, it also represents the total Ca 2§ conduc- 
tance. 

Thus, with anti-symmetric scaling, the faster calcium 
concentration decay in large model motoneurons may be 
considered to describe the effect of a buffering system 
largely proportional to the volume of the motoneuron. Faster 
decay may be the result of a larger volume to surface ratio. 
On the other hand, the membrane area dependent component 
of the calcium decay may not play such a significant role in 
determining the calcium dynamics in motoneurons with the 
time scale used in this study (seconds). 

The slower calcium accumulation in larger cells may 
also represent a large volume dependent effect (large diffu- 
sion volume). However, it may also represent a hypothetical 
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smaller Ca 2+ conductance per unit area in large motoneu- 
rons. 

In summary, a realistic variation in membrane proper- 
ties alone is not sufficient to account for the differences in 
firing behaviour. Anti-symmetric scaling of the [Ca2+]i rate 
parameters yields the correct differences in firing proper- 
ties between motoneuron models of varying size. A larger, 
specific, slow K § conductance in small motoneuron models 
enhances the effects of anti-symmetric scaling of the [Ca2+]~ 
parameters. We may conclude from this study that the dif- 
ferences in firing properties of small and large motoneurons 
could be the result of a variance in intrinsic properties refer- 
ring to intracellular calcium dynamics and not of membrane 
properties alone. 

More detailed models, based on experimental data and 
including intracellular [Ca2+]~ measurements, may provide 
further insight into the relationship between [Ca2+]i dynam- 
ics, cell size and functional properties of motoneurons. 
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