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Protects Neurons from Ischemia
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Numerous signaling molecules act by increas-
ing or decreasing cAMP levels, thereby modu-
latingtheactivityofcAMP-dependentprotein
kinase A (PKA). But PKA exerts different
downstream effects depending on where it is
located and what substrates are nearby. These
factors are regulated by A-kinase anchoring
proteins (AKAPs). AKAP1, for example, teth-
ers PKA to mitochondrial outer membranes,
whereitphosphorylatesdynamin-relatedpro-
tein 1 (Drp1), a major mediator of mitochon-
drial fission.

Mitochondrial health requires periodic
mixing of mitochondrial DNA and other
constituents, and this is achieved through mi-
tochondrial fusion. Subsequent fission is re-
quired to enable individual mitochondria
to move to sites where they are needed. Fiss-
ion also facilitates degradation of unhealthy
mitochondria.Excessive fissionisdetrimental,
however. AKAP1 prevents this by facilitating
PKA-dependent phosphorylation of Drp1,
preventing it fromassociatingwithmitochon-
drial membranes to initiate fission.

Flippo, Gnanasekaran et al. show that
this function of AKAP1 helps protect neu-
rons from ischemic damage. Drp1 phos-
phorylation was lower and its association
with mitochondria was higher in fore-
brain from AKAP1-deficient than in wild-
type mice. Furthermore, mitochondria
were smaller—suggesting fission was in-
creased—in AKAP1-deficient hippocampal
neurons and astrocytes than in controls.
In addition, the function of complex II
of the mitochondrial electron transport
chain was impaired in AKAP1-deficient
neuronal cultures.

Importantly, ischemia produced by occlu-
sion of the middle cerebral artery caused more
extensive damage in AKAP1-deficient mice
than in controls. Furthermore, glutamate—
which contributes to neuronal death after
ischemia—led to calcium deregulation more
quickly and caused greater production of su-
peroxide in AKAP1-deficient neuronal cul-

tures than in controls. Notably, enhanced
glutamate-induced excitotoxicity was rescued
in AKAP1-deficient neurons by replacing
wild-type Drp1 with a phospho-mimetic
form, and it was replicated in wild-type neu-
rons by expressing a non-phosphorylatable
form of Drp1.

These results suggest that by enabling
PKA-dependent phosphorylation of Drp1,
AKAP1 limits mitochondrial fragmentation
after ischemia,andthus limitsneuronaldeath.
This is consistent with previous, controversial
work showing that inhibiting Drp1 reduced
ischemic brain injury in rodents. Notably,
AKAP1isdegradedunderhypoxicconditions,
possibly promoting mitochondrial fragmen-
tation.SpecificinhibitorsofDrp1mightcoun-
teract this effect, thus limiting brain damage
after stroke.
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Cognitive functions require coordinated ac-
tivity among neurons in multiple brain areas.
Thiscoordinationcanbeseeninoscillationsof
thelocalfieldpotential,whichareproducedby
synchronous fluctuation in the activity of nu-
merous neurons. Synchronization across ar-
eas is thought to facilitate communication
between those areas, and oscillations at differ-
ent frequencies are thought to underlie differ-
ent functions. For example, as rats explore an
arena, slow-gamma-range (25–50 Hz) oscilla-

tions in hippocampal areas CA1 and CA3 are
coupled; this coupling has been proposed to
promote memory retrieval. In contrast, syn-
chronized oscillations in the fast-gamma
range (65–100 Hz) are thought to facilitate
communication between CA1 and the ento-
rhinal cortex, possibly to promote memory
encoding. Spiking in CA1 becomes phase-
locked to fast- instead of slow-gamma oscilla-
tions in CA3 when a rat encounters a new
object (Zheng et al., 2016 eNeuro 3:1), which
might also contribute to encoding.

The mechanisms underlying the genera-
tion and coupling of gamma oscillations in
hippocampus remain unclear. Combe et al.
showthattheintrinsicpropertiesofCA1pyra-
midal cell dendrites have a role. Stimulating
CA3afferentstoCA1atslow-gammafrequen-
cies evoked phase-locked, 1:1 spiking in CA1
pyramidal cells. In contrast, stimulating affer-
entsatfast-gammafrequenciesevokedspiking
at approximately half the stimulation fre-
quency. CA1 neurons could spike at high fre-
quency when current was injected into the
soma, however, suggesting dendritic proper-
ties limited the ability of high-frequency affer-
ent input to generate 1:1 spikes.

A computational model suggested that
activation of small-conductance calcium-acti-
vated potassium (SK) channels was responsi-
bleforthefrequencyselectivityofCA1spiking.
Consistent with this hypothesis, blocking SK
channels in hippocampal slices attenuated fre-
quency selectivity in CA1 neurons, so they
produced 1:1 spiking over a broader range of
afferent-stimulation frequencies. Intriguingly,
muscarinic acetylcholine-receptor agonists
also reduced frequency selectivity in CA1 neu-
rons, and this effect was occluded by blocking
SK channels.

These results suggest that by regulating the
activity of dendritic SK channels, acetylcho-
line—and perhaps other neuromodulators—
influences how CA1 neurons respond to
inputs from CA3. Notably, hippocampal ace-
tylcholine levels increase in novel environ-
ments. This increase might therefore allow
hippocampalcircuitstoswitchfrommemory-
retrieval to memory-storage mode. Future
work should investigate how such neuro-
modulation affects CA1 coupling with the en-
torhinal cortex.
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WhenCA3afferentsarestimulatedatslow-gammafrequencies,most
CA1neuronsspikeatthesamefrequency(redinheatmap).Butwhen
afferents are stimulated at fast-gamma frequency (marked by el-
lipses), CA1 neurons spike at half that frequency (left). This frequency
selectivity is attenuated by cholinergic agonists (right). See Combe et
al. fordetails.
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