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Introduction

The mechanisms underlying the large dynamic range while maintaining high 
precision in motor systems are poorly understood. The unexpected finding that 
inhibition and excitation co-vary during rhythmic limb movements (Berg et al Science 
2007) may provide new insight. In visual areas in neocortex, the intensity of the 
background synaptic activity has been suggested to modulate the gain of sensory 
processing (Chance et al. Neuron 2002). 

We ask:

1)  Is motoneuron gain being modulated during motor activity?
2) Do synaptic correlations (Vm-fluctuations) modulate the gain?

We investigated gain modulation in motoneurons during scratch network activity in 
turtles. Recordings from motoneurons with different current injections were analyzed to 
establish the input output characteristics as a function of network activity. We find that 
the gain in motoneurons is strongly modulated with the intensity of synaptic activity 
during functional network activity.

Conclusion

• Gain in motoneurons is modulated during motor behavior

• Gain modulation is functional i.e. according to the teleological principle (∆F ≈ cF)

• Gain modulation is likely achieved by Vm correlations/fluctuations and concurrent 
inhibitory and excitatory synaptic input.
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Conclusion 1: Gain modulation is functional

Methods    
 
1) Preparation: Isolated carapace –spinal cord from Red-eared turtles (Chrysenmys scripta elegans). 
Ringer perfused spinal canal containing segments D4-D10. Limbs, guts and muscles removed. The 
motor nerves were cut but the somatosensory function intact.

2) Recording: Intracellular sharp electrode current clamp recordings obtained from the cut surface of 
segment D10 in neurons integrated in functional network activity (depth 100 – 300 µm)

3) Network motor output monitored from the hip flexor nerve.

4) The scratch motor network activated of by mechanical carapace stimulation.

5) FI - curve:  Counting spikes in each cycle for different current injection.
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Sensory perception:  Weber’s law (1834) and 
“just noticeable difference”:

Taking the limit and integrating (Fechner’s law, 1862):

Motor control:  
Recruited unit number N, with force F,

To
ta

l M
u

sc
le

 F
o

rc
e c

1

c
2

c ≈ 0.005 in humans (Milner-Brown et al 1973) 
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Functional Modulation:  
According to Hatze (1979) Weber’s law represents the most optimal utilization of 
motoneurons for the purpose of minimizing noise (maximizing precision). He calls this 
the “Teleological principle of minimum transentropy”, i.e. using the purpose of the 
system to find the most optimal law.  Therefore we have reason to believe that gain 
modulation that follows Weber’s law is “functional” and not an epiphenomenon. 

Modulation via synaptic correlations:  
Now we have established that the gain of individual motoneurons is modulated and that 
the modulation is functional, i.e. it serves a purpose. Next question is how this 
modulation is accomplished. And the evidence points towards a modulation via synaptic 
correlations and fluctuations. The standard deviation of Vm is inversely related to the 
gain as expected from theory (see eg. Burkitt 2003, Chance et al 2002, Siegert 1951).
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