
Brain Research 1693 (2018) 192–196
Contents lists available at ScienceDirect

Brain Research

journal homepage: www.elsevier .com/locate /bres
Review
The now and then of gut-brain signaling
https://doi.org/10.1016/j.brainres.2018.03.027
0006-8993/� 2018 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author at: Department of Medicine, Duke University, #221A,
Medical Sciences Research Building 1, 203 Research Drive, Durham, NC, USA.

E-mail address: diego.bohorquez@duke.edu (D.V. Bohórquez).
Melanie M. Kaelberer a, Diego V. Bohórquez a,b,⇑
aDivision of Gastroenterology, Department of Medicine, Duke University, #221A, Medical Sciences Research Building 1, 203 Research Drive, Durham, NC, USA
bDepartment of Neurobiology, Duke University, #221A, Medical Sciences Research Building 1, 203 Research Drive, Durham, NC, USA
a r t i c l e i n f o

Article history:
Received 15 December 2017
Received in revised form 19 March 2018
Accepted 21 March 2018
Available online 23 March 2018

Keywords:
Enteroendocrine cell
Neuropods
Sensory transduction
Neuroepithelial circuit
Sensory ganglia
a b s t r a c t

Since their very beginnings, animals had gut sensory epithelial cells. In one of the first multicellular ani-
mals, Trichoplax – a literal wandering gut – food sensing and feeding was coordinated by specialized ven-
tral sensor cells. In mammals, including humans, gut epithelial sensor cells (a.k.a enteroendocrine cells)
have been recognized for an array of neuropeptides, like ghrelin and cholecystokinin, that modulate hun-
ger or satiety. Indeed, since first described as ‘‘clear cells” by Rudfolf Heidenhain (1868), research efforts
increasingly focused on their hormone neuropeptides leading to the alphabetical classification of one
cell-one hormone (e.g. I-cell synthesizes only cholecystokinin). A recent explosion of molecular tools to
study the biology of single cells is expanding the imagination of studies and unveiling intriguing aspects
of gut sensory transduction. To mention a few: multimodal sensing, one cell expressing both ghrelin and
cholecystokinin—the yin and yang of appetite—, and synapses with nerves. This brief account examines
recent advances on gut sensory transduction to highlight how food and bacteria in the gut alter eating.
� 2018 The Authors. Published by Elsevier B.V. This is anopenaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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One of the most rewarding, albeit dangerous, tasks we engage
in on a daily basis is eating. The gut transforms food into feces
and in the process extracts nourishment for all cells of the body.
But food also triggers an array of feelings – from pleasure to pain,
to reward, to disgust, to aversion. Extensive efforts have elucidated
how those behaviors are modulated by sensory detection and
transduction of olfactory and taste cues. However, what happens
after nutrients are ingested has only began to emerge.

Up until a couple of years ago, research in the field of gastroin-
testinal chemosensation was centered around ‘‘gut hormones.”
This line of inquiry has persisted for the last 115 years since the
discovery of secretin by Bayliss and Starling (1902). The dogma is
that nutrients entering the intestine stimulate the release of gut
hormones (Psichas et al., 2015). It was built around, and largely
limited by, the available technologies over time. This idea is
reflected in the current name of the sensor cell – enteroendocrine
cell or a gut cell that secretes a hormone. That name was proposed
in 1938 by Friedrich Feyrter who pioneered the concept of a dif-
fused endocrine organ in the gut based on observations using avail-
able tools at the time (Feyrter, 1938).

But molecular biology has taken a giant leap forward in recent
years. Today, it is possible to manipulate the genome of individual
cell types, dissect the transcriptome of single cells, and unhinge
neural circuits linked by one synapse. This molecular revolution
is fueling our ability to uncover the elegant underpinnings of
how gut sensory epithelial cells make sense of the gut luminal
environment. Besides the well stablished paracrine function of
enteroendocrine cells, synaptic neurotransmission is becoming an
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additional and attractive function of these cellular transducers.
Enteroendocrine cells are electrically excitable gut transducers.
They serve as the ‘‘eyes of the gut” by converting a stimulus into
a purposeful electrical signal. Therefore, for the remainder of this
review, we refer to them as gut epithelial sensors.
1. At the beginning of cellular life was food

The gut and the brain are exchanging constantly feelings from
food and bacteria. As with anything, this entangled language was
not as complex in the beginning. Over 600 million years ago, single
cells sensed the need to aggregate as multiple cells to consume lar-
ger, more complex meals. They developed cellular junctions to co-
exist as multicellular animals. An elegant example of one of the
first multicellular organisms is Trichoplax adhaerens. The only
existing member of the phylum Placozoa (Eitel et al., 2013) and a
true ‘‘wandering gut.” It is a flat, round, 1-mm diameter, gliding
creature with 1 dorsal and 1 ventral epithelial layer.

With only six cell types, Trichoplax had already a dedicated cell
on its ventral side to sense nutrients (Smith, 2014). Although the
division of labor is clear, all cells are dedicated in one way or
another to finding and ingesting food, typically algae or bacteria.
The ventral layer has three cell types: (1) ciliated cells that beat
their cilia to propel the animal towards food; (2) lipophilic cells
that secrete enzymes to digest the food; and (3) neurosecretory
cells or ventral sensors. These neurosecretory cells have one slen-
der cilium to detect algae. This cilium has voltage-gated calcium
channels (Cav2, Cav3), and secretory vesicle-associated SNARE pro-
teins (syntaxin, synaptobrevin, SNAP-25) (Smith, 2014). In the
presence of algae, they release an endomorphin-like peptide –an
ancestor of modern mammalian neuropeptides (Senatore et al.,
2017). In humans, endomorphins are endogenous opioids that bind
to mu-opioid receptors to mediate several functions. In the brain,
endomorphins can mediate broad functions such as appetite dri-
ven by reward, and in the gut they can mediate functions like
motility (Yu, 2007). Trichoplax displays similar behaviors. When
it senses algae, the endomorphin-like peptide arrests ciliary beat-
ing and slows motility to cease gliding and begin ingestion of the
algae.

But the peptide signaling cascade does not stop with the indi-
vidual animal. The endomorphin-like peptide also serves as a social
signal. It triggers a domino effect by stimulating neurosecretory
cells from adjacent animals to secrete more neuropeptide. Much
like bison on a grassy plain in Yellowstone, an individual Trichoplax
animal can initiate a signaling cascade that causes an entire colony
to slow down and graze on algae. Algae is then broken down for
absorption by digestive enzymes released from lipophilic cells.
The sated animal then resumes gliding, and so do its neighbors
(Eitel et al., 2013; Smith, 2014; Senatore et al., 2017). Trichoplax
is a remarkable example of a simple animal in which feeding
behavior is orchestrated by a sensory neurosecretory cell that
transduces information from available food to the rest of the body.
This secretory cell has survived throughout evolution and persisted
despite species extinction. From wasps to whales, gut epithelial
sensors appear in every gut of the animal kingdom (Tarpley
et al., 1987; Hauser, 2010).
2. The alphabet of the bowel

In mammals, the knowledge of gut sensory biology is scattered
and recent. Some other sensory epithelial cells, where transduction
mechanisms are knownwith precise detail (olfactory receptor neu-
rons, taste cells, inner ear hair cells), are grouped in specific regions
of an organ, facilitating their identification, isolation, and interro-
gation. However, to survey the luminal contents of the entire
bowel, gut epithelial sensors are diffused among a vast number
of epithelial cells.

Gut epithelial sensors were first documented by the German
Physiologist Rudolph Heidenhain in 1870. Heidenhain reported a
unique group of gastrointestinal cells with ‘‘yellow” chromate
staining properties (Heidenhain, 1870). Thereafter the field of gut
sensory biology progressed slowly, stunted by the lack of tools
and the challenge of spotting a cell among 1000 other epithelial
neighbors. The most popular tools at the time were: heavy-metal
histochemistry and deductive speculation. For the first 50 years,
their function was unclear but who found them was not: ‘‘clear
cells of Kultschitzky (1897)”, ‘‘enterochromaffin cells of Ciaccio
(1907)”, ‘‘argentaffin cells of Gosset and Masson (1914).

In the subsequent 50 years, there were two main revelations:
(1) the term paracrine, coined by Friedrich Feyrter (Feyrter,
1938), was used to describe the effect of ‘‘clear cells” on neighbor-
ing cells and tissues; (Feyrter, 1938) and (2) the APUD concept,
proposed by Pearse (1968), brought up the debate that a group
intestinal epithelial cells could be of neural crest origin (Pearse,
1968). APUD was used to describe epithelial cells that readily took
on amine precursors such as 5-hydroxytryptophan (5-HTP) and
dihydroxyphenylalanine (DOPA). Eventually, the hypothesis faded
out of the literature, unsubstantiated by lack of direct evidence
and limited tools for the study of single cells.

Instead, the field turned its focus to gut peptides. Around the
1960s, cell signaling research was catalyzed by three emerging
technologies: (1) transmission electron microscopy, (2) mono-
clonal antibodies, and (3) solid phase peptide synthesis.
Merrifield (1963) invented the latter method enabling the synthe-
sis of just about any peptide. In only 20 years, using Merrifield’s
method over 20 gut peptides were identified in the intestinal and
colon mucosa (Rehfeld, 1998). Each peptide was assigned its own
cell. Referring to the cell types quickly became a cumbersome task.
Most had one or more peptide, some had none, and some had a
range of morphological features. Therefore, in 1977, at a scientific
congress in Lausanne-Switzerland, an alphabetic nomenclature
was proposed suitable for what was known about gut sensory
epithelial cells at the time (Solcia, 1978). Alphabet letters were
assigned to different hormone peptides – S for secretin, A for Ghre-
lin, D for somatostatin – and the S, L, A, N, G cells of the gut were
born.

For 40 years, this classification trapped the field under the
notion that one cell will only secrete one neuropeptide. For
instance, those cells containing cholecystokinin were classified as
I cells. Those containing gastric inhibitory polypeptide were called
K cells. And when researchers began adding more antibodies to
their solutions and finding that one cell could immunoreact with
more than one peptide antibody, the issue was resolved by refer-
ring to the cells as I/K. However, recent advances in single cell
molecular technologies are unraveling the sophistication of each
one of these tasteful gut epithelial sensors. This past November
(2017), a single-cell survey of intestinal epithelial cells, analyzed
the transcriptome of 533 individual enteroendocrine cells, and
revealed at least 12 different subsets (Haber, 2017). The scientists
clustered the cells based on maturity and secretory peptides. All of
the clusters expressed secretin. Not surprisingly, regional differ-
ences were observed, after all, the rich chyme tasted by the duode-
num would have been transformed by the time it arrives in the
ileum. Similar reports have been confirmed recently (Glass,
2017). What is remarkable is that a single gut sensor can express
both satiety-inducing peptides (PYY, CCK, GLP1) and the hunger-
inducing ghrelin (Glass, 2017). Which peptide is secreted appears
to depend on whether the activated G-protein coupled receptors
engages an inhibitory Gi protein or excitatory Gs/Gq protein
(Engelstoft and Schwartz, 2016). By recognizing the need for the
nomenclature to evolve, it is becoming possible to vocalize the
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molecular symphony of how gut epithelial sensors transform lumi-
nal signals into meaningful chemo-electrical codes.
Fig. 1. Evolution of gut sensory transduction. Gut epithelial sensors are present
throughout the animal kingdom from the first multicellular animals to the
gastrointestinal tract of humans. Since first reported in 1870, these cells were
deemed as a source of hormones only. However, the recent evolution of molecular
tools for the study of neural circuits is rapidly advancing the field of gastrointestinal
sensory biology. These are true gut transducers equipped to convert chemical,
mechanical, and perhaps thermal stimuli, into meaningful chemo-electrical signals
that convey signals from the gut lumen to the brain.
3. Tasting calories in chyme

Sensing nutrients is a complex task executed in an elegantly
simple manner. A meal is deconstructed down to simple chemicals
recognized by dedicated receptors on the surface of an electrically
excitable cell. For example, ingestedmilk. Ten ounces of whole milk
offers: water (8.7 oz.), carbohydrates (0.49 oz.), fat (0.34 oz.), pro-
teins (0.33 oz.), 10 minerals, 12 vitamins, and numerous microor-
ganisms. In the stomach, it is broken down into nutrient rich
chyme (28, N. N. D. f. S. R. R., 2016). At least for macronutrients,
the mechanisms of gut sensory transduction have begun to emerge
in the last 10 years (Efeyan et al., 2015). For micronutrients, as well
as mechanical and thermal stimuli, the gut is the last frontier for
sensory exploration.

Here is a brief account of how the gut epithelial sensors recog-
nize the most abundant monosaccharide in nature, D-glucose. In
2008, Professor Gribble and colleagues published an article entitled
Glucose sensing in L cells: a primary cell study (Reimann, 2008). Up
until then, the cellular mechanisms of gastrointestinal sensory
function had been inferred using indirect methods. GLUTag and
STC1 cells, both cell lines isolated from intestinal tumors, were
the most popular models. These cells secrete glucagon-like peptide
1 (GLP1) and other peptides, which made them an attractive tool to
identify ligands that induce secretion of gut peptides (Drucker
et al., 2017). Professor Gribble and colleagues advanced the field
by using BAC transgenics to target the yellow fluorescence protein
Venus to the coding region of proglucagon. The result was a mouse
in which cells that secrete GLP1 (and an array of other peptides)
were readily visible under UV light. The cells could now be isolated
by fluorescence from other epithelial cells and their sensory recep-
tors identified. The first question was simple – can these cells sense
glucose?

The foundation to answer this question was established at least
25 years earlier. By the early 1980s, it was known that pancreatic b
cells sensed glucose and released insulin. The response was depen-
dent upon the absorption and catabolism of glucose inside the cell,
which in turn reduced the cell’s permeability to potassium. Then,
in 1984, Frances Ashcroft, now a Royal Society Research Professor
at Oxford University and Gribble’s early mentor, discovered that
the glucose sensing mechanism involved in the closing of KATP

channels (Ashcroft et al., 1984). The KATP channel is made of 8 pro-
teins: 4 regulatory SUR1 and 4 pore-forming Kir6.2. As glucose is
catabolized, intracellular ATP molecules accumulate. ATP binds to
the Kir6.2 subunits facing the cytoplasm, which causes the channel
pore to close and the cell to depolarize (Craig et al., 2008). The
Venus GLP1 cells express all components of this path including
the glycolysis enzyme glucokinase. As expected, a 10 mM glucose
stimulus causes colonic GLP1 cells to elicit a burst of action poten-
tials. Activating the KATP channel with its ligand tolbutamide blocks
the depolarization of the membrane – indicating that the cell is
capable of sensing the energy that glucose provides in the form
of ATP (Reimann, 2008). But, the Venus GLP1cells also responded
to alpha-methyl-glucopyranoside (Efeyan et al., 2015). Often
referred as aMG, this artificial sugar is transported inside the cell
like glucose but, unlike regular glucose, aMG does not enter glycol-
ysis and no ATP is accumulated inside the cell.

Gut epithelial sensors seem to be capable of recognizing both
the caloric and taste values of sugars. Metabolic sensing of sugars
through the KATP channel mechanismwas first described in pancre-
atic b cells and subsequently in hypothalamic neurons (Parton,
2007). These cells are exposed to pretty narrow fluctuations of
glucose. Depending on the time of day, meals, and physiological
status, blood glucose can range from 2 to 5 mM. However, gut
epithelial sensor cells are exposed to much larger concentrations
and ranges of sugars entering the gut lumen. For reference, the
concentration of glucose in a regular can of soda is 900 mM. There-
fore, a sophisticated adaptation to detect the caloric and taste val-
ues of sugars entering the gut lumen seems fit for these cells. In
fact, a subset of gut epithelial sensors has the Tas1r2 and Tas1r3
proteins initially discovered as sweet receptors in taste cells
(Jang, 2007) but the molecular details of how the sensor cell sepa-
rates ‘‘taste” from ‘‘caloric” value remain unclear. What is clear is
that we eat sugars because we need them and because we like
them.

4. The gut-brain situation

Our brain is fed with sensory signals from neural circuits reach-
ing every epithelial surface of the body. In the skin, for example,
Merkel cells synapse with somatosensory afferents to allow us to
discriminate shapes and textures by light touch (Lumpkin et al.,
2010). Likewise, in the tongue, taste cells synapse with primary
sensory neurons to allow for the perception of flavor (Chaudhari
and Roper, 2010). But in the gut, epithelial sensors were thought
to lack physical contact with nerves (Bertrand, 2009; Raybould,
2010). As a consequence, the dogma is that the gut and the brain
exchange sensory information only through the endocrine or para-
crine action of hormones. The concept is popularly known as the
gut-brain axis (Cummings and Overduin, 2007).

This is a critical gap in how the gut epithelium transduces sen-
sory information from food and bacteria because, as shown for
other epithelial sensory cells, it is the connection with neurons that
allows for rapid transmission (Lumpkin et al., 2010; Chaudhari and
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Roper, 2010; DeMaria and Ngai, 2010) and real-time fine-tuning of
the excitability of the sensory cell (Castellano-Munoz et al., 2010).
This synaptic connection means that the nervous system could
modulate processes like motility and nutrient absorption in real
time as opposed to the 10+ minute delay we associate with satiety.
Precise synaptic connectivity could also allow for temporal feed-
back regarding the passage of nutrients from one region of the
gut to another. For these reasons, scientists have understood the
need for synaptic connections, however, the identification has been
elusive (See Fig. 1).

In the late 1970s, two reports attempted to document the inner-
vation of gut epithelial sensor cells using conventional electron
microscopy. Unfortunately, both attempts were unsuccessful. One
reported a micrograph in which the closest nerve was within
100 nm of a putative a enteroendocrine cell. This observation gave
rise to the term ‘‘neurocrine” signaling (Lundberg, 1978). And the
second report claimed to have identified a synapse, but the image
resolution was poor and the structures were indistinguishable,
(Newson et al., 1979) so it has been largely ignored. At the time,
they were limited by inadequate technology. Electron microscopy,
despite its unparalleled resolution in x and y, has a limited field of
view and poor resolution in z. Transgenic reporter mice did not
exist so distinguishing a gut epithelial sensor cell from 10,000
other epithelial cells was a task of unparalleled difficulty at the
time.

But, gut epithelial sensor cells have all the canonical features of
innervated epithelial sensors. They are electrically excitable and
express functional voltage-gated channels (Rogers, 2011). Besides
large dense core vesicles, they contain small clear synaptic vesicles
and secrete neurotransmitters (Nilsson, 1991). Some of these cells
have basal cytoplasmic processes (Chandra et al., 2010; Bohórquez
et al., 2011; Gustafsson et al., 2006), which we have defined as neu-
ropods. In recent years, there has been an explosion of molecular
tools for the study of neural circuits. The use of viruses to trace
monosynaptic circuits is one to highlight. Aided by this (and other
tools), in 2015, our group found synaptic links between gut epithe-
lial sensor cells in the colon and colonic mucosa nerves Fig. 2
(Bohorquez, 2015).

Indeed, by having the ability to identify, isolate, culture, or
manipulate their genome, our group has been able to document
the following features in gut epithelial sensors:

First: Gut epithelial sensors express synaptic active zone,
synaptic adhesion, and postsynaptic density proteins. Almost 9
out of 10 Pyy-GFP gut epithelial sensor cells immunoreact with
the pre-synaptic marker Synapsin-1. Indeed they express: Piccolo,
Bassoon, Munc13b, Rims2, Latrophilin 1, and the trans-synaptic
Neurexins 1 and 2 (Sudhof, 2012). The finding of pre-synaptic pro-
teins has recently been confirmed in enterochromaffin cells – a
subset of gut epithelial sensors that secrete serotonin (Bellono
et al., 2017). They also contain DOPA decarboxylase and tyrosine
hydroxylase, both essential enzymes in dopamine synthesis. These
Fig. 2. The classic view of nutrient-sensing in the gut is rapidly changing. Gut epithelia
development of transgenic mice expressing GFP in these cells has allowed us to reveal t
data suggest that gut epithelial sensors can form pre-synaptic ter-
minals in which dopamine could act as a neurotransmitter. In addi-
tion, almost 30% of Pyy-GFP cells immunoreact with post-synaptic
density 95 – a conserved marker of neuronal post-synapses (Chen,
2008). Pyy-GFP gut epithelial sensors express several genes of the
post-synaptic proteins, including: PSD95, Homer 2 and 3, and the
Neuroligins 1 and 2 (Chen, 2008). Also, previous studies have
shown an efferent effect in which vagal stimulation leads to the
release of 5-HT from enterochromaffin cells (Ahlman, 1981;
Pettersson, 1979). More recently, norepinephrine was shown to
stimulate enterochromaffin cell activity (Bellono et al., 2017).
Therefore, the postsynaptic proteins appear to be a very important
part of the puzzle because it opens the possibility to interrogate
how neurons modulate sensory excitability of gut epithelial sen-
sors through efferent action.

Second: Even in isolation, gut epithelial sensors and neurons
remain capable of forming a neural circuit. We developed a method
to co-culture purified Cck-GFP cells and sensory neurons. Cck-GFP
cells are isolated by means of fluorescence activated cell sorting,
(Wang, 2010) and sensory neurons are dissociated from sensory
ganglia by enzymatic digestion (Malin et al., 2007). Both cell types
are then plated together and imaged over days using time-lapse
fluorescence microscopy. In a dramatic fashion, video footage from
these experiments shows clearly how individual gut epithelial sen-
sors seek to connect with the neurons. Connections remain for days
after the initial link. These experiments highlight the specific affin-
ity between gut epithelial sensors and neurons in the absence of
inputs from other cells.

Third: Gut epithelial sensors are transduced by the neurotropic
rabies virus. We discovered that rabies infects gut epithelial sen-
sors in the living animal over other epithelial cells. Using a
monosynaptic strain of the neurotrophic rabies virus, (Wall et al.,
2010) we unveiled a monosynaptic link between gut epithelial sen-
sors and neurons in the colon of the mouse. The system consists of
three parts: (1) a rabies virus that has been stripped of its coating
glycoprotein G, which is necessary for synaptic spread; (2) the
rabies carries the gene for GFP; (3) a transgenic mouse that
expresses G glycoprotein under the Pyy promoter. By delivering
the virus into the lumen of the colon via enema, we discovered that
rabies transduces gut epithelial sensors. In wild type mice, as
expected, the virus does not spread beyond the epithelial layer;
but in the Pyy-rabG transgenic mouse, the rabies spreads one
synapse and labels nerves.

These findings have two immediate consequences: (1) given the
circumstances, a pathogen in the lumen of the gut can access
through this circuit the peripheral and central nervous system.
Several neurodegenerative diseases, including Parkinson’s, appear
to start in the bowel but their source and point of entry are
unknown. This neuroepithelial represents a portal with direct
access to the nervous system that could circumvent the blood
brain barrier. (2) The neural circuit serves as a dedicated path for
l sensor cells have been traditionally identified using hormone antibodies. But the
he full anatomy of gut epithelial sensor cells and their connections to neurons.
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gastrointestinal sensory transduction (Bohorquez, 2015). Recent
evidence shows that a nutrient stimulus can suppress the activity
of hypothalamic hunger AgRP neurons within seconds of entering
the lumen of the intestine. The signaling involves Cck, Pyy, Sero-
tonin, and Amylin – all found in gut epithelial sensors (Beutler,
2017; Su et al., 2017). Therefore, this synapse between gut epithe-
lial sensors and nerves represents a temporal and topographical
precise point of integration for gut nerve signaling. This signifies
a point where the gut meets the brain. And a potential node to
advice our brain on the need versus desire to eat.

A closing thought:

To eat, or not to eat, that is the question:
Whether ‘tis nobler in the mind to consume
The fats and sugars of outrageous meals,
Or to take Arms against the siren calls of cravings.
It may all be up to the gut.
Funding
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