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How do cells regulate their excitability? The density of channels, along with the gating 
properties of channels, determine a cell’s degree of electrical excitability, its ability to 
respond to stimuli, the patterns of activity it will generate, its computational abilities 
generally. Somehow, there must be a feedback connection from a cell’s electrical activity 
back to its membrane properties, in order to regulate the former.	
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The lateral pyloric (LP) neuron, in the stomatogastric ganglion (STG) of the crab Cancer borealis 
is a motor neuron that controls the gastric mill of the crab. It is a complex neuron shown at left 
below. The rhythm that it generates depends on its own membrane properties and the circuit of the 
ganglion. The records at right below show the bursting pattern of an LP cell and extracellular 
recordings from two inhibitory inputs (PD and PY) which participate in generating the rhythm. If 
the inhibitory inputs are blocked with picrotoxin, the result is the limit cycle in C.	



Cells in this ganglion regulate their membrane properties so as to produce a bursting pattern of 
activity, even when isolated from the rest of the ganglion. This lecture is about how that occurs..	
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Stomatogastric ganglion neurons normally produce 
a rhythmic bursting, which depends on both their 
interconnections and their intrinsic properties	



When isolated in culture, neurons are deprived 
of Ca++ and Na+ channels (on the dendrites) and 
are silent (day 1, not shown). Later, when 
depolarized, they produce a tonic discharge	



At some point, they begin to burst in response to 
depolarization.	



The transition can happen suddenly 	



Turrigiano et al, 1994	



The mode of activity is regulated, to move the cells into bursting activity	



Rebound bursts evoked by 
anode-break; a Ca++ spike, 
Na+ spikes are inactivated	



Amplitude of the Ca++ 
plateau is reduced by 
stimulation at a high 
rate. Na+ spikes return	



In a different cell, 1 hour of 
stimulation suppressed bursting 
completely and reversibly	



Turrigiano et al, 1994	
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The hypothesis: cells regulate the average Ca++ concentration in their cytoplasm. When [Ca++] is too low, Ca++ 
currents are increased and K+ currents are decreased, and vice-versa. 	



Larger GCa and GNa, 	


smaller GK	



More spiking	


activity	

 Higher [Ca++]in	



Long-term	


average of	


[Ca++]in	



+	

 +	



+	



–	



In support of this idea, intracellular BAPTA (a calcium chelater) prevents adjustments	



Voltage clamp 
analysis shows a 
number of channels 
present in the 
membrane	
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The model reproduces the activity of real neurons, when given conductance values equal to those measured 
in the three activity states of neurons in culture.	



Early: inactivating 
spikes in response 
to current steps	



Later: tonic 
discharge in 
response to a 
steady current	



Finally: bursting 
in response to a 
steady current	



Note increase in Ca/Na and	


decrease in K currents.	

 Turrigiano et al. 1995	



The nature of the activity produced 
by the model depends on the 
balance of inward (Ca++ and Na+) 
and outward (K+) currents	



Turrigiano et al. 1995	
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Most important:	


	


The type of activity shown by the cell . . .	


	


	


	


	


	


	


	


	


	


	


	


is strongly correlated with the average	


[Ca++] in the soma	



Comparison of 
[Ca] ε [0.1,0.3] 
and region of 
bursting	



So: controlling [Ca++]in is 
sufficient to regulate the cell’s 
activity type.	



LeMasson et al. 1993	



A model for the control of membrane conductances by long-term intracellular calcium:	


	


	


Each conductance is determined by a first-order equation	


	


	


	


	


where      is the all-gates-open conductance of the ith channel and τi is a time constant, set to 50 s in the 
model.	


	


The function  fi([Ca++]in)  is the target toward which the first-order system moves    . It is determined by 
the calcium concentration according to 	


	


	


	


	


CT is the calcium concentration target (say 0.2 mM, see the previous slide). A is a sensitivity parameter, 
set to 0.05 mM. The sign of the exponent is + for Ca++ and – for K+, in order to provide negative 
feedback (high calcium should reduce calcium conductance).	



� 

τ i
dg i
dt

= fi [Ca+ +]in( ) − g i

� 

g i

� 

g i

� 

fi [Ca
+ +]in( ) = Gi

1+ e± [Ca ++ ]in−CT( ) A

LeMasson et al. 1993	
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Normal	


bursting	



[K+]out is increased	


(EK goes -80 to -65 mV)	


producing tonic discharge	



Behavior of a model cell	



Model finds its	


way back to bursting	



Calcium sweet spot w/ normal [K+]out	



Calcium sweet spot with elev. [K+]out	



LeMasson et al. 1993	



Three more tests of the model, in which equal	


total amounts of electrical stimulation are	


applied to the cell to force its activity.	


	


A.  Long stimulus bouts decrease bursting	



B.  Short rapid bursts 	



	


	


	


	


C. 	

Long, infrequent stimulation	



A	



B	



C	



LeMasson et al. 1993	
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Electrical activity of cell (LP) and two important inhibitory synaptic inputs (PD and PY) are 
shown at right. If the inhibition is blocked (picrotoxin), the cell gives the limit cycle in C, showing 
the importance of network interactions in producing the bursts.	



The model in previous slides postulates a very simple kind of regulation, but real neurons have many 
more parameters to adjust. A few channel parameters seem to be regulated by mRNA, in that mRNA 
levels are correlated with channel conductances, but most are not, so how can regulation be 
accomplished? Perhaps there are electrophysiological constraints that simplify regulation? How wide 
is the parameter range that allows proper electrical activity?	



Taylor, Goaillard, Marder 2009	



Consider a model of the LP cell. The 
models has 4 compartments (below) with 
12 ion channels (those at right plus 2 
leaks).	



The model includes Ca++ accumulation, to 
drive the K(Ca) channel and has separate 
channels for the axon and the soma/
dendrites. 	



There are three inhibitory synaptic inputs, 
driven by the pyloric rhythm.  	



Taylor, Goaillard, Marder 2009	
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The models were tested for acceptability based on	



1.  Input conductance	



2.  Spontaneous activity	



3.  Activity in the presence of synaptic inputs.	



The ranges of acceptable parameters are given below.	



The analysis proceeds by generating ~600,000 models 
with random variation of the parameters as in the table 
at right.	



Taylor, Goaillard, Marder 2009	



This shows the general nature of the results, six 
examples of acceptable models.	



A - spontaneous activity (no synaptic inputs)	



	



	



	



B - activity driven by synaptic inputs	



	



	



	



C - the parameters of each model (color coded)	



	



The number of acceptable models was 1304.	



Note the wide range of parameters 
in acceptable models!	
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Very little structure is apparent in the 
parameter values of the successful 
models. 	



Only a few parameters (e.g. the red 
circles) had limited parameter 
values.	



Correlation between pairs of 
parameters was seen in a few cases 
(blue and red). Strongest for gKda 
and gNa. (These correls are too 
weak to be seen experimentally).	



The parameters with mRNA 
correlation in a previous study are 
shown in yellow.	



	



The models seemed to form a 
compact set in that lines between 
pairs of acceptable models usually 
passed through parameter values that 
gave acceptable models or were 
connected by lines drawn through 
other acceptable points. The space is 
not convex, however.	



Taylor, Goaillard, Marder 2009	



This shows the strength of each model parameter on the major electrophysiological properties of the 
models (and the experimental data). Note the large role of the A-conductances.	
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