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15 Noise in Membrane Voltage

15.1 Thermal Fluctuations

Ion flow across the membrane gives rise to a conductance G across the cell. This
leads to a fluctuation in the potential, known as the Johnson noise, of size
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where we used
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Another way to derive the equation for the thermal noise is to use the equipartition
theorem to equate the fluctuating energy in the membrane to the thermal energy,
ie.,
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The capacitance is given by C' = ¢, (area/thickness), so that for a thin dielectric
. . 2
sphere of thickness L and radius a, C' = ¢, 472“ . Thus
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Figure 1: Johnson noise and Gaussian amplitude distribution
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For most all cells, the ratio <= is

= %’” ~ 1.021074 — . (15.5)
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Figure 2: Johnson noise and 1/f noise
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For a neuron of radius a = 20um, the noise level is found to be 6V ~ 20uV. The
important result is that the membrane noise level for cells is much less
than the thermal voltage kpT'/e, where
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e

~ 25mV (15.6)

Only at the smallest structure, the synaptic vesicle, or synaptosome, with outer
radius @ ~ 30 to 50 nm, is the noise level likely to approach the thermal voltage.
Let’s thus look at the fluctuation in the number of ions across the cell. In synaptic
vesicles, the membrane potential AV is set by a hydrogen ion, or pH gradient. Then
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Typically, pH;, ~ 5 and pH,,; ~ 7.5. The variance in the transmembrane voltage
in terms of ion concentration is
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We equate noise level this with the expression for Johnson noise to get
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An interesting number is the value of the radius a for which the fluctuations in

ion concentration are of order unity, i.e., [[H +]]- ~ 1. We call this a..;;, where
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This corresponds to an inner diameter of 15 nm. The walls add about another 10
nm for a total outer diameter of ~ 25 nm, which is a bit less than the observed
outer diameter of vesicles. Not too bad as a limiting estimate of the smallest ”cell”.




Figure 3: Synapse loaded with vesicles

Neurofilament

: / 4 = Schematic showing the
main features of a CNS
[J g Microubules ; eynapsa.
7 Axon (axoplasm)

Glial process

Synaptic vesicles
Synaptic cleft
Presynaptic membrane
(densely staining)’

) 4 ¥ High-magnification EM of a typical synapse in the brain.
Postsynaptic membrane . = Clear, round synaptic vesicles are abundant in the presynaptic terminal;
(densely staining) ™ I\ & & - . same are ¢l i near the presynapt brane in areas called
Postsynaptic cell

active zones. The postsynaptic membrane exhibits electron densities at
two such zones (armows). A namow synaptic cleft separates the two
cell p . Mitochondria (M) with well-developed cristae are found
in both presynaptic and postsynaptic areas of the synapse and provide
ATP to meet high-energy demands. 80,000x.




