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Critical to animals’ survival is the ability to
determine risks and respond defensively.
The periaqueductal gray (PAG) has long
been recognized as a brain structure key to
executing defensive behaviors, thanks to a
long history of research in multiple species
using lesions, pharmacology, and electrical
stimulation, as well as a recent study using
optogenetic stimulation in rats. In a new re-
port, Deng et al. now combine optogenetic
experiments in mice with electrophysiolog-
ical recordings from PAG neurons in freely
behaving animals, revealing for the first time
that neurons of the PAG differentially con-
trol individual aspects of threat detection
and defense. First, the authors infused ad-
eno-associated virus carrying the gene for
channel rhodopsin 2 (ChR2), a light-sensi-
tive ion channel that passes excitatory cur-
rents, into the dorsal PAG (dPAG) of mice.
ChR2 expression was under control of the
promoter for calcium-calmodulin kinase II
(CaMKII), which is expressed in neurons of
the PAG. Upon light-induced activation of
dPAG neurons, mice displayed defensive
behaviors including running and freezing,
as well as acute and conditioned avoidance
of the stimulation chamber. Next, the re-
searchers implanted a multi-electrode array
in wild-type mice for chronic extracellular
electrophysiological recording from dPAG
neurons. The mice were exposed to a rat—a
natural predator—in a cage with wire mesh
separating the two animals. In response,
mice displayed a posture associated with
risk assessment, avoided the rat, and ran
away. When the investigators examined sin-
gle-unit recordings from dPAG neurons,
they observed markedly increased firing of a
subset of neurons during a so-called flight
episode—when a mouse ran away from the
rat. These “flight cells” constituted about
22% of the dPAG neurons recorded. An-
other small population of neurons—about
10% of recorded neurons—was active spe-

cifically during risk assessment behavior,
and its firing rate fell as mice moved farther
from the wire mesh separating them from
the rat. Cells that fired during both defensive
behaviors were rare, suggesting that distinct
dPAG neural populations participate in two
different phases of defense. The results begin
to sketch out the specific neural activities
underlying risk assessment and defense in
the PAG.
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Cilia, tiny waving protuberances found on
many mammalian cells, help sweep fluids
past our tissues, such as the cerebral spinal
fluid (CSF) that flows through the ventricles
and aqueduct of the brain. Mutations in
genes that affect the development and func-

tion of cilia result in pleiotropic diseases—
those that have widespread effects. For
example, genes linked to ciliogenesis have
been associated with hydrocephalus, autism
spectrum disorder, and schizophrenia.
After recently identifying mutations in the
gene for Unc51-like kinase 4 (ULK4) as a risk
factor for schizophrenia, Liu et al. now show
in mice that Ulk4 is critical for functional
cilia. The authors genetically manipulated
mice to create “hypomorphs,” mice in
which Ulk4 expression was dramatically re-
duced but not entirely gone. These mice
displayed hydrocephaly and enlarged ven-
tricles that worsened during the first postna-
tal week, when cilia develop. The authors
surmised that hydrocephaly resulted from
dysfunction of the subcommissural organ
and stenosis of the aqueduct, the passage
connecting the third and fourth ventricles.
When the researchers injected the ventricles
with dye, staining indicated that functional
CSF flow was severely impaired in the Ulk4
hypomorph mice. Using a lacZ reporter
system, the authors determined that Ulk4
was expressed predominantly in ciliated
ependymal cells lining the brain’s ventricles.
Scanning electron microscopy revealed that,
compared to wild-type mice in which cilia
were organized into coordinated bundles,
the ventricular wall in Ulk4�/� mice had
sparse and disorganized cilia. Cilia length
was not affected by the loss of Ulk4, but cilia
development was delayed and structurally
disorganized at the molecular level. To de-
termine how loss of Ulk4 disrupted ciliogen-
esis, the authors performed whole-genome
RNA sequencing. Messenger RNA was sig-
nificantly upregulated for Foxj1, a “master
switch” gene controlling ciliogenesis, and
other genes implicated in ciliogenesis. To-
gether, the findings suggest that Ulk4 is crit-
ical to development of functional cilia
required for the coordinated beating that al-
lows for proper CSF flow. Ultimately, the
study identifies Ulk4 as essential for cilio-
genesis and CSF flow, which may help shed
new light on human conditions arising from
impaired cilia function.
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Highly organized cilia in ependymal cells from wild-type
mice, top, and disorganized, sparse cilia in mice lacking
Unk4. See Liu et al. for details.
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