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food sensory perspective.

“Tell me what you eat, and I will tell you what you are,” wrote the
French gastronome Jean Brillat-Savarin in 1826 (1).

Although at the time of Brillat-Savarin the connection between
well-being and ingested food was clear, only in recent years have
we discovered the mechanisms by which the gut senses food. With
all its folds, villi, and microvilli, the gut is arguably the largest sur-
face in the body. It is here where food is deconstructed into nutri-
ents, ultimately giving rise to signals that control a range of bodily
functions, including the desire to eat.

Because of the need to be aware of ingested food, the body
has an intricate network of electrically excitable cells, carefully
arranged into circuits and strategically distributed throughout the
gut. These circuits convert food into electrical signals coordinating
motility, secretion, food intake, and even mood and other behav-
iors. In the past, study of this network was limited to neurons of
the enteric nervous system, but in recent years it has become clear
that the neural network extends beyond enteric neurons. It is com-
prised of enteric glia, neurons of peripheral ganglia innervating
the gut, intrinsic neurons, and specialized innervated epithelial
sensors such as enteroendocrine cells. We believe it appropriate to
call this network the “gut connectome.”

Two characters of the gut connectome, the glia and enteric
neurons, arise from neural crest cells. They are immigrants to the
bowel, traveling from the neural tube. Avetisyan et al. describe
the molecular instruments orchestrating the migration of neural
crest-derived cells to the intestine (2). Receptors, cofactors, and
ligands meticulously coordinate the migration and transformation
of progenitors into enteric ganglia. Ultimately, over 20 distinct
types of neurons and accompanying glia are formed (3). These
neurons are then guided by chemical cues to develop axons and
establish synaptic connections with sensory and motor targets (4).

The gut connectome is a neural network built around food
sensing. From the moment the fetus swallows amniotic fluid, the
luminal contents of the digestive tract become a major factor in
axonal pathfinding; after all, the network has to find the correct
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The enteric nervous system has been studied thus far as an isolated unit. As researchers probe deeper into the function

of this system, it is evident that the neural network stretches beyond enteric neurons. It is formed by both intrinsic and
extrinsic neurons innervating the gut, enteric glia, and innervated sensory epithelial cells, such as enteroendocrine cells.
This Review series summarizes recent knowledge on function and disease of nerves, glia, and sensory epithelial cells of the
gut in eight distinctive articles. The timing and growing knowledge for each individual field calls for an appropriate term
encompassing the entire system. We call this neuronal ensemble the “gut connectome” and summarize the work from a

location to sense and utilize nutrients. Although there are reports
of bacteria colonizing internal organs, including the gut, before
birth (5), the gut microbiome, primarily after birth, serves as a
beacon in the development of the network by priming the immune
system and producing chemoattractants (6).

Kabouridis and Pachnis discuss how the gut microbiota increases
the density of enteric nerves (7). The mechanisms appear to involve
epithelial receptors, like those of the large family of toll-like recep-
tors. In normal conditions, microbes in the gut do not have physical
access to enteric nerves; therefore, their ability to alter the develop-
ment and function of the enteric neural network is probably medi-
ated by bacterial byproducts that sieve through the epithelium into
the lamina propria or, more likely, through direct activation of epi-
thelial sensory cells such as enteroendocrine cells. Enteroendocrine
cells are in direct contact with the gut lumen and express molecular
receptors specifically activated by bacterial ligands (8). If the integ-
rity of the epithelial barrier is compromised by infection, the func-
tion of the neural circuitry is affected, as discussed by Mawe (9).

Enteroendocrine cells are essential for normal life. In their
absence, severe diarrhea and early death occur (10). Like taste cells
inthe tongue or olfactory receptor cellsin the nose, enteroendocrine
cells are sensory epithelial cells. Recently their molecular sensing
mechanisms have been uncovered, as reported by Psichas et al.
(11). Enteroendocrine cells even express some of the same olfac-
tory and taste receptors known to mediate the sense of smell and
taste (12, 13). But unlike other epithelial sensors, they were thought
to lack synaptic connections with nerves. Historically, enteroendo-
crine cells have been studied exclusively as a source of hormones.
However, they have typical neural circuit features of sensory cells,
including electrical excitability; functional voltage-gated channels;
small, clear synaptic vesicles; nourishment from glial-derived neu-
rotrophic factors; and a neuropod (14). It is through neuropods that
enteroendocrine cells connect to nerves (15). This discovery opens
up the possibility of the gut processing sensory signals in the lumen
in a temporally precise, circuit-specific, and finely tuned manner.

Although enteroendocrine cells have a wide array of molec-
ular receptors for chemicals in the lumen of the gut, the sensing
of dietary fats has received much attention because of the obesity
epidemic. The perception of fats differs between the mouth and



The Journal of Clinical Investigation

Lumen

Gut epithelium

Wi

Mucosa

Enteric
glial cell

M _Enteric .
glial cell

Figure 1. The gut connectome: built for sensing food. Top left: A sensory enteroendocrine cell

(EEC) in the gut epithelium can be seen extending a neuropod to connect with an underlying nerve.
Bottom left: Enteric glia underneath the epithelium extend processes to contact the neuropod of an
enteroendocrine cell. Right: The innervation of enteroendocrine cells brings the possibility of affer-
ent (gut-to-brain) signaling and possible efferent (brain-to-gut; not shown) signaling, which would
allow the gut to compute sensory information from food to modulate whole-body metabolism and
behaviors such as hunger and satiety. Figures adapted from PLoS One (14) and J Clin Invest (15).

small intestine. In the mouth, the taste of unsaturated fatty acids
triggers signals to increase hunger, whereas in the small intestine,
fatty acids trigger signals of satiety (16). The difference is in the
epithelial sensory cells that transduce the chemical signal from a
digested lipid into an electrical impulse in nerves. Some dietary
fatty acids in the small intestine exert potent anorectic actions
via a mechanism in which lipids bind and activate cell surface
receptors such as GPR40, GPR41, or ILDR1 (17, 18). DiPatrizio
and Piomelli discuss how endogenous lipids produced in the gut
modulate appetitive behaviors (19). Sensory signals from fats and
other nutrients are ultimately relayed via the vagus nerve to the
brain, where fat ingestion is perceived.

An important character of the gut connectome is the enteric
glia. Discovered by Russian physiologist Dogiel in the late 1800s
(20), enteric glia were first recognized as essential for normal
gut function in 1998 (21). They are distributed throughout the
mucosa and neuronal plexus of the gut and form a syncytium that
is functionally coupled through gap junctions made of hemichan-
nels such as connexin 43 (22). In this issue, Sharkey describes
the role of enteric glia in barrier and defense functions of the gut
and gastrointestinal motility disorders (23). Enteric glial cells
also form neuro-glial junctions with neurons and, at least in the
myenteric plexus, are known to receive cholinergic innervation
(24). We have documented a physical association of enteric glia
with enteroendocrine cells, highlighting how the enteric glial cell
is a critical character in the gut connectome (Figure 1 and ref. 14).

Besides modulating the transmission of sensory information,
enteric glia appear to be an important defense against pathogenic
invasion. Pathogens like the JC virus and misfolded prion proteins
are harbored by enteric glia. Both JC virus and prion proteins gain
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entry through the gut but affect the brain
(25). This is an important observation
because enteroendocrine cells are exposed
to the gut lumen, where external viruses
and prions first arrive. In an effort to unveil
a gut-brain neural circuit, we recently used
a modified rabies virus. This neurotropic
virus infects enteroendocrine cells, and
given the right conditions, the rabies virus
spreads into the nervous system (15). This
uncovered a conduit through which patho-
gens that are able to infect enteroendo-
crine cells could access first the peripheral
then the central nervous systems. And, like
astrocytes in the brain, enteric glia may also
clear infections of the gut connectome.

The neuronal ensemble of sensory cells,
neurons, and glia is modulated and shaped
by the gut microbiome. Gut microbes can
have mind-altering effects as discussed by
Mayer et al. and, although the mechanisms
remain unknown, it is clear that the ability
of the gut connectome to process sensory
information is involved (26).

Alterations in the gut connectome
have also been observed in patients
undergoing gastric bypass surgery. The
procedure dates back to 1966, when Dr. Edward Mason first
implemented it to treat obese patients (27). The procedure has
since been refined, and there are several variations of it, the
most popular being Roux-en-y (RY) gastric bypass. Manning
et al. explain that RY gastric bypass forces food to bypass the
stomach and enter directly into the distal small intestine (28).
The effects on diabetes and body weight are remarkable. Three
years after surgery almost seven of ten patients experience
diabetes remission, and remarkably only six months after the
surgery, an average patient loses over one-quarter of his initial
body weight (29). The effects were thought to be due to the
altered anatomy, but more recently it has become clear that
neuroendocrine mechanisms are involved: in simple terms, the
bodyweight set-point is reset.

Perhaps the most remarkable observation learned from RY
gastric bypass surgery is the alteration of food perception. RY gas-
tric bypass reduces the preference for sugars and even the crav-
ings for sweets and fatty foods (30). Rewiring of the gut connec-
tome indeed alters where nutrients are sensed, how nutrients are

Afferent
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sensed, and our perception of food. Jean Brillat-Savarin was right
after all; we truly are what we eat.
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