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The ileal brake is an important reflex that ensures proper absorption of nutrients. This involves intestinal
GLP-1 release, which recruits an enteric-sympathetic-spinal pathway to inhibit gastric motility and appetite.
This visceral alarm system could be targeted to treat obesity and gastrointestinal dysfunction.

The transit of food through the gastroin-
testinal tract must be properly timed so
that nutrients can be safely and efficiently
absorbed. During a normal meal, most
macronutrients are absorbed before they
reach the most distal part of the small in-
testine, known as the ileum. However,
this normal pattern of digestion can be
disrupted by bariatric surgery, certain dis-
eases, or the rapid consumption of very
large meals. In these scenarios, the accu-
mulation of excess food in the ileum trig-
gers an alarm reflex known as the “ileal
brake” that decreases gastrointestinal
motility and powerfully inhibits appetite,
thereby allowing time for nutrients to be
absorbed (Maljaars et al., 2008). In this
issue of Cell, Zhang et al. identify the neu-
ral circuit that mediates this response to
digestive emergencies in a mouse model.
In doing so, they reveal a web of interac-
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tions between gut hormones and enteric,
sympathetic, and spinal neurons that
together regulate gastric emptying and
aversive responses to food (Zhang et al.,
2022; Figure 1).

The hormone GLP-1 is released by en-
teroendocrine cells in the intestine in
response to the detection of ingested nu-
trients and functions to inhibit gastric
emptying and food intake (Figure 1, enter-
oendocrine cells in blue). Although GLP-1
is expressed at many sites in the intestine,
it is enriched in the ileum, making it an
attractive candidate to mediate the ileal
brake (Larsson et al., 1975). Indeed,
Zhang et al. show that direct infusion of
GLP-1 into the ileum can decrease gastric
motility and appetite and cause a remark-
able doubling of stomach volume. They
further showed, using either optogenetics
or chemogenetics, that these responses

are phenocopied by direct stimulation of
the ileal cells that produce GLP-1, indi-
cating that endogenous GLP-1 release
from the ileum is sufficient to mimic the
ileal brake.

The authors next investigated how the
release of ileal GLP-1 triggers these re-
sponses. Vagal afferents, which are sen-
sory neurons that densely innervate the
intestine and provide a direct link from
the gut to brain, are thought to be the prin-
cipal gut sensors of GLP-1 (Brierley and
de Lartigue, 2022). However, Zhang
et al. show that ileal GLP-1 is instead de-
tected by enteric neurons (the resident
neurons of the gastrointestinal tract) and
specifically by a specialized subset of
enteric neurons known as intestinofugal
cells that project to the abdominal sympa-
thetic ganglia (Figure 1, shown in red).
These ganglia provide sympathetic input
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Figure 1. The gastrointestinal neural circuit mediating the ileal brake
Nutrients are sensed by enteroendocrine cells (EECs) in the ileum, which release GLP-1. GLP-1 activates local enteric neurons (red) that project to the abdominal
sympathetic ganglia (SG). The downstream SG neurons (green) in turn project to the stomach to innervate inhibitory Nos1-expressing neurons (purple) and
increase gastric volume. These gastric changes are then relayed via sensory afferents with cell bodies in dorsal root ganglia (DRG) to the spinal cord and ultimately
to the lateral reticular nucleus (LRN) in the hindbrain. This information is further transmitted to the parasympathetic nucleus (PSTn), the pontine parvocellular
reticular formation (PCRt), and then the jaw to inhibit food intake.

to the gastrointestinal tract to help coordi-
nate digestion (Furness et al., 2014).
Accordingly, the authors find that the
sympathetic neurons that receive input
from the ileum in turn project to the stom-
ach (Figure 1, shown in green), where they
target inhibitory Nos1-expressing neu-
rons, which are known to control motility
by relaxing smooth muscle (Figure 1,
shown in purple) (Costa et al., 2021).
Thus, this provides a multi-step pathway
by which the ileum and stomach can
communicate to inhibit gastric emptying.
Importantly, stimulation or ablation of
any node in this circuit either mimics or
prevents, respectively, the effects of ileal
GLP-1 infusions.

Although an enteric intestinofugal
pathway explains how ileal GLP-1 can
affect the stomach, information still needs
to reach the brain to control feeding. To
explore this, the authors used an antero-
grade viral tracer starting from the stom-
ach to map out the afferent pathway.
They first showed that spinal, but not
vagal, afferents are required for the inhibi-
tion of food intake following ileal GLP-1
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administration, revealing surprisingly that
there are two distinct neural pathways
(spinal and vagal) by which GLP-1 com-
municates with the brain to regulate
feeding. They then traced a circuit from
the spinal cord to the lateral reticular nu-
cleus in the medulla, which in turn pro-
jects to the parasubthalamic nucleus in
the hypothalamus (Figure 1). The authors
showed that both the lateral reticular nu-
cleus and the parasubthalamic nucleus
respond to gastric distension, and the
parasubthalamic nucleus also responds
to ileal GLP-1. Given that negative
visceral or sensory sensations such as
nausea or bitter taste cause animals to
display stereotyped facial expressions
like gaping (Dolensek et al., 2020), the
authors hypothesized that these brain
regions might promote similar negative
orofacial responses. Indeed, ileal GLP-1
infusion and activation of the parasubtha-
lamic nucleus both induced a gaping
response. To complete the circuit, the
authors identified a projection from the
parasubthalamic nucleus to the pontine
parvocellular reticular formation in the

hindbrain, a premotor nucleus that inner-
vates the jaw and oral cavity. Thus, this re-
veals a gut-to-jaw pathway that is linked
to the robust inhibition in feeding caused
by the ileal brake.

It is important to note that none of the
manipulations in the study affected
feeding, gastrointestinal motility, or
glucose homeostasis at baseline, indi-
cating that GLP-1 in the ileum (and the cir-
cuit it activates) are unlikely to signal
normal satiation, but rather function as a
gastrointestinal defense system against
malabsorption. Although some macronu-
trients reach the ileum following a normal
meal (Keller et al., 1997), it is unclear
whether this reaches sufficient concen-
trations to trigger ileal GLP-1 and activate
the circuitry described here. However, in
the case of bariatric surgeries, elevated
levels of nutrients do reach the ileum,
and this circuit could help explain why
these surgeries are so effective at
reducing appetite (Maljaars et al., 2008).
In addition, pharmaceutical interventions
aimed at different nodes of the enteric-
sympathetic-spinal pathway could help
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ameliorate symptoms of gastroparesis
and other disorders associated with dys-
regulated gastrointestinal motility. It will
be interesting to investigate how this cir-
cuit is modulated by the many inputs
that can affect GLP-1 release, including
circulating peptides, inflammatory stimuli,
and the vagus nerve (Brierley and de Lar-
tigue, 2022; Lebrun et al., 2017).

A unique finding of this study is that
enteric and spinal neurons can interact
with each other to control appetite and
behavior, an idea that has been proposed
but not clearly demonstrated. Althoughiitis
well established that spinal and vagal ef-
ferents can synapse on enteric neurons,
enteric neurons are not thought to
communicate directly with sensory affer-
ents (Furness et al., 2014). Zhang et al.
provide a mechanism for how this commu-
nication can occur indirectly, providing a
framework for exploring how visceral sig-
nals can reach the brain. This study also
challenges the conventional wisdom that
neural gut-brain signaling is mediated
almost entirely by the vagus nerve. Given
the complexity of these unexplored
visceral circuits, there is much that re-

mains to be learned about how they modu-
late digestive functions and feeding.
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Flaviviruses, such as Dengue and Zika viruses, infect millions of people worldwide using mosquitos as vec-
tors. In this issue of Cell, Zhang et al. reveal how these viruses manipulate the skin microbiome of infected
hosts in a way that increases vector recruitment and viral spread. They propose vitamin A as a way to coun-
teract the virus and decrease transmission.

Flaviviruses are a group of vector-borne
pathogens that cause several important
human diseases including Zika and
dengue. Because climate change is
increasing the distribution of their mos-
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quito hosts, many of these viruses pose
an increasing global health threat, and
consequently there is an urgent need to
control their spread. Both dengue and
Zika viruses use Aedes mosquitoes to

spread between hosts, including humans.
These insects transmit viruses by feeding
on an infected vertebrate host, followed
by an uninfected host, allowing the virus
to enter the host’s bloodstream and

Cell 185, July 7, 2022 © 2022 Elsevier Inc. 2395
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