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

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

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.
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In support of this idea, intracellular BAPTA (a calcium chelater) prevents adjustments
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Turrigiano et al. 1995

Table 1. Equations describing the activation and inactivation properties of the ionic currents of the model STG neuron
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Current (nA/nF)

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.
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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
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Most important:

The type of activity shown by the cell . . .

Spike
Burst

Silent

Comparison of
. ICal£10.103]

and region of
is strongly correlated with the average bursting

[Ca**] in the soma

Jica (1S)

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

I Burst mode

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

g

T
dt

L= f(Ca*),) - B

where g, is the all-gates-open conductance of the i channel and T; is a time constant, set to 50 s in the
model.

The function f([Ca**],,) is the target toward which the first-order system moves &.. It is determined by
the calcium concentration according to

flica™,)=——5

I+ ei([Cu”],,,—C,)/A

Cj 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).

LeMasson et al. 1993
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Behavior of a model cell

Normal [K*],, is increased
bursting (Ex goes -80 to -65 mV)
producing tonic discharge
/ 0.40 Calcium sweet spot w/ normal [K*]
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Model finds its
way back to bursting
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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.
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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

Table 1. Equations governing g currents n the LP model
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The analysis proceeds by generating ~600,000 models

with random variation of the parameters as in the table
at right.

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.
Table 3. Bounds on properties used to define the population of admissible LP
model neurons
Property Lower bound Upper bound
Input conductance (nS) 36 132
Resting membrane potential (mV) —475 —325
Resting spike rate (Hz) 131 306
Phase of burst onset (%) 320 4.0
Phase of burst offset (%) 61.7 74.9
Spike rate in burst (spikes/cycle) 16.3 302
Slow-wave amplitude (mV) 125 275
Peak slow-wave potential (mV) —47.5 —325
151 coefficient of variation in burst 0 0.25

In most cases, the bounds were chosen to contain the central ~85% of the experimental data points (see Fig. 4,
compare dashed lines, histograms). For more details, see Results, Production of LP model population. ISI, Interspike
interval.

Table 2. Range of p used in random ling of p space
Parameter Minimum Maximum Units
Soma and neurites Freak -2 -13 mV
Gleak 0.001 0.002 uS/nF
[ 0 0.2 uS/nF
aa 0 05 JS/nF
5% 0 6 um*/(ms - nf)
Gvca 0 1 uS/nF
Gy 0 0.02 JS/nF
Ty 0 0.008 uS/nF
Visor =55 =35 mV
Neurites [ 0 0.06 puS/nF
[, 0 0.06 pS/nF
Ty 0 0.02 uSiF
Axon Ercatcax =7 +3 mV
Gieak ax 0.2 045 Sk
g, 0 600 JS/nF
G 0 7 pSinF
Ona 0 100 puS/nF
For each model, each parameter was drawn i i ion with the gi 7,
the maximal conductance oiany current x, E,Mk values are leak reversal potentials in the indicated compartments,
Pe,isthe maximal i ) andv,, ,,is the half-activation potential of

the proctolin-activated conductance. During sampling, the capacitances and axial resistances were fixed. See
Results, Production of LP model population, for an explanation of how these ranges were chosen.
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This shows the general nature of the results, six
examples of acceptable models.

A - spontaneous activity (no synaptic inputs)

The number of acceptable models was 1304.

C - the parameters of each model (color coded) NMK /M“\/

Note the wide range of parameters ——— 8

in acceptable models!
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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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