COMMENTARY

Gaps That Wake You Up

A commentary on Beck et al. Modafinil Increases Arousal Determined by P13 Potential Amplitude: An Effect Blocked by

Gap Junction Antagonists. SLEEP 2008;31(12):1647-1654.
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ALTHOUGH MODAFINIL HAS BECOME ONE OF THE
MOST WIDELY PRESCRIBED STIMULANTS AND IS AN
APPROVED TREATMENT FOR NARCOLEPSY, SHIFT
work disorder, and the residual sleepiness in treated sleep ap-
nea, its mode of action is poorly understood. It has been sug-
gested that it acts by binding to the dopamine transporter thus
inhibiting dopamine reuptake, thereby activating dopamine re-
ceptors.! Modafinil is effective in hypocretin (orexin) knockout
animals, demonstrating that, contrary to a prior claim, hypocre-
tin is not needed to mediate its effects.? One study showed that
modafinil selectively activates a localized cell group in the an-
terior hypothalamus,® however another showed that it produces
a widespread activation of many brain regions.*

Now Beck et al.’ present new data suggesting that modafinil
acts by opening “gap junctions” between neurons. The classi-
cal view of neuronal communication is that neurons interact by
transmitter release acting through receptors which either open
ion channels or activate proteins within the neuronal soma of
postsynaptic cells to produce membrane polarization changes.
However, it is now known that some groups of neurons are
electrically coupled, such that changes in membrane potential
are rapidly communicated through pores linking adjacent cells,
allowing bidirectional ion currents. Gap junctions are thought
to exist between GABAergic cells of the pedunculopontine nu-
cleus, a nucleus also containing cholinergic cells.® These cholin-
ergic cells are involved in regulating REM sleep through brain-
stem connections as well as the cortical EEG through thalamic
projections.” Gap junctions are also present in the coeruleus and
subcoeruleus nuclei, cortical cells, and nucleus reticularis of the
thalamus, which has a critical role in generating the EEG. It has
been demonstrated that the number or size of gap junctions can
be increased by neurotransmitter action.®®

One way of assessing arousal is to measure the amplitude
of an auditory evoked positive response peaking approximately
13 msec after the initiation of the stimulus, the P13 wave. Prior
work by this group’ and others has suggested that this wave
is generated by the pedunculopontine nucleus, a brainstem
nucleus containing cholinergic cells. Beck et al.’> showed that
microinjection of modafinil into this nucleus in rats increased
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the amplitude of this wave. They also showed that this effect
was blocked by gap junction antagonists (carbenoxolone or
mefloquine). An earlier study had shown that modafinil also in-
creased the electrical coupling of cortical interneurons. '

Gap junctions allow more rapid spread of membrane po-
larization changes between neurons. This synchronizes the
membrane potential of such neurons but also makes it more
difficult to trigger action potentials, since by lowering the elec-
trical resistance of the network relative to that of a single cell,
a larger current is needed to reach a voltage sufficient to trigger
action potentials, according to Ohm’s law. It is this effect that
is now hypothesized to be responsible for the arousing effect
of modafinil. Because of the increased coupling of GABA cells
in the pedunculopontine nucleus caused by modafinil, these
cells become less active, releasing adjacent cholinergic cells
from GABAergic inhibition. However, once an action potential
is triggered in cells connected by gap junctions it will tend to
occur in all cells in the network because of the rapid flow of
sodium currents between cells. This will produce an explosive
and synchronous output of the network. This effect is seen in
fish, which use gap junctions to generate synchronized action
potentials in cells mediating the tail flip and in snails, which
use synchronized action potentials to release a protective cloud
of ink.

Beck et al.’s finding does not exclude the possibility that
some of modafinil’s action is mediated by chemical synapses
including those affecting monoaminergic transport or receptor
systems, amino acid or cholinergic mechanisms. Indeed Beck
et al.’s study suggests the need for further work to determine
the extent to which systemic administration of modafinil acts
through gap junction mechanisms as opposed to more conven-
tional chemical synaptic mechanisms. It also raises the possibil-
ity that the effects of other alertness controlling drugs may be
mediated by their effects on gap junctions rather than by acting
exclusively through chemical synapses.
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