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Abstract

Enteroendocrine cells (EECs) play a key role in nutrient digestion and absorption, and are essential for normal life. Recently, EEC func-
tion has received considerable attention because several gastrointestinal hormones modulate insulin secretion and food intake; and,
gut hormone-based therapies have been developed to treat diabetes mellitus. Despite these advances, the regulation of EECs remains
poorly understood. The development of transgenic mouse models that express green fluorescent proteins (GFP) under specific hormone
promoters (e.g., peptide YY-GFP) is shedding light onto previously overlooked features of EECs. These cells have prominent cytoplasmic
processes that extend underneath enterocytes, and in some EECs, such as the L cell of the distal ileum, the basal process can be over
50 pm long. These basal cytoplasmic processes resemble axons and end in synaptic-like bouton. The location and anatomy of these
processes suggest two functions: (1) to monitor absorbed nutrients at the base of enterocytes; and (2) to convey electrochemical
information through cell—cell connections with subepithelial myofibroblasts and/or nerves located directly beneath in the lamina propria.
Understanding how EECs communicate with cells in the lamina propria may provide novel ways to treat metabolic disorders such as

obesity and diabetes. Clin Trans Sci 2011; Volume 4: 387-391
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Introduction

Enteroendocrine cells (EECs) form part of the neuroendocrine
system of the gastrointestinal tract, which produces more than
100 hormonally active peptides.' These peptides are secreted by
EECs in response to nutrients, flavors, and bacterial byproducts.
Recently, EECs have been shown to be essential for normal life.
Blockade of EEC differentiation in mice by induced mutations
in neurogenin-3 results in impaired lipid absorption, reduced
weight gain, and high mortality rates during the first week after
birth.> In humans, mutations of neurogenin-3 are associated with
lack of EECs in the gut and pancre§$$as, and life-threatening
diarrhea due to impaired synthesis of gut hormones.* These
hormones regulate critical physiological functions including:
gastric emptying and nutrient absorption (e.g., cholecystokinin,
CCK; peptide tyrosine tyrosine, PYY),” satiety and appetite (e.g.,
PYY; CCK; ghrelin; oxyntomodulin),*” and insulin release (e.g.,
glucagon-like peptide-1, GLP-1; glucose-dependent insulinotropic
polypeptide, GIP).%* The physiological effects of individual gut
hormones have made EECs attractive targets for the treatment
of metabolic disorders, particularly obesity and diabetes. Yet,
efforts to design effective treatments have been hindered in part
by poor understanding of EEC biology.

Traditionally, EECs of the small and large intestines have
been difficult to characterize because of their dispersed and
scarce nature among other intestinal epithelial cells. Thus, EECs
have been studied largely through indirect methods, such as: (1)
measurements of plasma hormone levels in response to a meal,
nutrients, or drugs applied to the whole intestinal mucosa; (2)
the use of immortal cell lines (e.g., enteroendocrine cell line
[STC-1 cells]), which share common features with EECs but
are not arranged in a continuous epithelial layer and have an
altered phenotype; or (3) the identification of EECs by their
immunoreactivity with antibodies against hormone peptides,
which is largely limited by the number of primary antibodies
that can be used at a time (at most three). Moreover, hormone
vesicles are often located at the base of the cell and therefore
immunolabeling does not delineate the full anatomy of the cell.

As a consequence, EECs are generally thought of as spindle- or
flask-shaped epithelial cells capable of containing only one or
two hormones.'*!!

The recent development of transgenic animal models that
express fluorescent proteins (e.g., yellow fluorescent protein,
YFP; or green fluorescent protein, GFP) driven by specific
hormone promoters (e.g., CCK-eGFP, GIP-eYFP, GLP-1-eYFP,
PYY-eGFP)'*"* is shedding light on some previously overlooked
features of EECs (Figure 1). Most of these findings relate to the
EECs ability to “sense” nutrients and flavors, and have already
been reviewed by several experts in the field.>'*'¢!” Instead,
this review will focus on the discovery and characterization of
cytoplasmic processes that extend from the basal surface of EECs
to contact neighboring cells in the lamina propria of the intestine.
Although we use the CCK-secreting I cells, and the GLP-1- and
PYY-secreting L cells'*'® as examples, the characteristics described
are likely to apply to other EECs in the gut.

Axon-Like Basal Processes in EECs

The existence of cytoplasmic processes in EECs was first recognized
in somatostatin cells."” Such processes are long, branched, and
with bulbous ends, and serve to deliver somatostatin directly
onto gastrin and parietal cells of the stomach through a paracrine
action.” Several other EECs are known to have basal processes,
including the serotonin-secreting enterochromaffin cell, the GIP-
secreting K cell, the CCK-secreting I cell, and the L cell.'>!820-22
L cells, in particular, are of great interest in diabetes and obesity
research because they secrete the insulin-stimulating hormone
GLP-1 and the satiety-inducing hormone PYY. We recently
developed a PYY-eGFP transgenic mouse model® that allows us to
isolate L cells from other epithelial cells by means of fluorescence-
activated cell sorting, and to identify them in intestinal tissue
using fluorescence microscopy (Figure I1). Under the fluorescence
microscope, prominent basal processes were detected in all L
cells.* We have characterized these processes in tissue sections (at
least 15 pm thick) using high-resolution laser scanning confocal
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Figure 1. L cells in the distal colon. Immunofluorescence photomicrograph of colonic
tissue from a transgenic PYY-eGFP mouse. PYY-eGFP cells are green and cell nuclei
stained with DAPI appear blue.

microscopy and specialized software (e.g., Volocity® [PerkinElmer,
Waltham, MA, USA] or Imaris [Bitplane Inc., Saint Paul, MN,
USA]) that allows three-dimensional reconstruction of image
stacks. Using this method, we observed that the characteristics
of L cell basal processes vary along the small intestine and colon
(Figure 2). For instance, the rare L cells that exist in the proximal
small intestine (e.g., jejunum) have short (approximately 10 pm)
and multiple (up to three) basal processes per cell. Each basal
process is filled with hormone-containing vesicles and typically
enters the lamina propria immediately below the body of the
cell (Bohorquez and Liddle, unpublished observations). These
features are similar to those described in I cells of the jejunum.’®
L cells in the jejunum are different from those in the distal small
intestine (e.g., ileum) and colon. Compared to the jejunum, cells
in the ileum and colon have longer basal processes. Some basal
processes in the ileum are over 50 um long." Unlike cells in the
jejunum, processes in the ileal L cells typically run underneath
several other epithelial cells. Interestingly, the anatomy of the
basal process resembles an axon with synaptic-like ends (Figure 3).
The location and anatomy of these processes suggest a dual
function to monitor absorbed nutrients at the base of enterocytes;
and to convey electrochemical information through cell-cell
connections to cells located below the intestinal epithelium.

Nutrient and Bacterial Sensing in EECs: Two Sides-Two
Pathways?

The apical surface of most EECs is exposed to the lumen. Thus, it
has long been assumed that nutrients present in the lumen come
in direct contact with the apical surface of EECs to stimulate
hormone secretion.'®** However, some reports suggest that
absorbed nutrients may also stimulate gut hormone release.?
Because basal processes are apposed just underneath enterocytes,
they may serve to sense absorbed nutrients via specific receptors.'>**
EECs are known to have receptors for nutrients, flavors, and gut
bacteria.’*?»*” Considering that the apical regions of L cells
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are approximately 3 pm in length compared to basal processes
over 50 um long, it is fair to hypothesize that the basal process
may harbor at least some of the nutrient receptors that stimulate
hormone secretion.” This hypothesis is supported by the fact that
certain nutrients such as fats must be digested first before inducing
hormone secretion in the distal gut.** Also, it has been shown that
luminal perfusion of the rat’s small intestine with lipids stimulates
CCK secretion and that this effect is blocked by inhibition of
chylomicron formation.?® Moreover, immunohistochemical
experiments have shown that some of the receptors for fatty acids
are actually inside enterocytes and mostly on the basal portion
of the EECs.*>* This evidence suggests that some nutrients may
need to access the basal portion of EECs in order to stimulate
hormone secretion.

In addition to possibly sensing luminal nutrients, the apical
portion of EECs open to the gut lumen may sense bacterial
inputs. Some of the family members of bacterial toll-like receptors
(e.g., TLRs 4, 5, and 9) are expressed in the EEC line STC-1,
and stimulation with bacterial ligands (e.g., lipopolysaccharide
or flagellin) results in secretion of CCK, keratinocyte-derived
chemokine, and B-defensin-2.”” Remarkably, cytokines and
defensins are secreted from STC-1 cells only in response to
bacterial ligands and not to fatty acids. Silencing of the TLR
mediator MyD88 reduces CCK secretion stimulated by bacterial
ligands but not by fatty acids. Interestingly, genetic deletion of
TLR5 in mice results in a phenotype with hyperphagia and all
of the characteristics of the metabolic syndrome.* This evidence
suggests that there are two different sensing pathways in EECs,
one for bacteria at the apical portion and one for nutrients perhaps
at the base of EECs. Thus, identifying the sensing mechanisms
and location of the receptors on EECs may facilitate the design of
drugs that target specific receptors, and modulate the secretion of
hormones involved in appetite regulation and insulin secretion.

Targets of Axon-Like Basal Processes
Anatomically, the axon-like processes in EECs may serve to
exchange electrochemical information with neurons and other
cells in the lamina propria. Although early attempts failed to
find a synapse between EECs and neurons, those experiments
relied solely on transmission electron microscopy (TEM).*
TEM is limited by the fact that tissue sections are less than 100
nm in thickness. Thus, using TEM to find a structure that is
sometimes 50 pm away from the body of the cell can be extremely
challenging. As a consequence, EECs are thought to interact
indirectly with nerves by secreting products that must navigate
through the lamina propria to find their targets.'*'"'” However, the
anatomy of axon-like basal processes in EECs strongly indicates
a very efficient mechanism of communication through cell-cell
connections. Two potential targets of such connections are enteric
neurons and intestinal subepithelial myofibroblasts (ISEMFs).
Immediately beneath the intestinal epithelium exists a
syncytium of myofibroblasts. Those surrounding the crypts are
known as perycriptal myofibroblasts, whereas those beneath the
villi epithelium are known as ISEMFs.* ISEMFs, in particular, are
responsible for contractile activity of villi.** Recent data indicate
that these cells are also important regulators of epithelial cell
proliferation and restitution of the intestinal mucosa.” The gut
hormone GLP-2 is a major inducer of epithelial cell proliferation
and its receptors (GLP-2R) are located in ISEMFs.**% GLP-2
is thought to bind to GLP-2R in ISEMFs and cause the release
of insulin-like growth factors, which stimulate epithelial
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Figure 2. Representation of L cell basal processes in different parts of the digestive tract. In the jejunum, cells typically have more than one process, whereas in the ileum
there is typically one main process that runs underneath several epithelial cells before entering the lamina propria. In the colon, cells are spindle-shaped and have a long
process at their base. The long processes in the ileum and colon often resemble axons with synaptic-like ends. The potential targets of the processes are listed below the

cells in the upper panel.
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cell proliferation and mucosal
restitution.” One source of GLP-2
is L cells, which are separated from
ISEMFs only by the basal lamina.?”
Although a physical connection
between EECs and ISEMFs has yet
to be described, this relationship
is very likely to exist considering
that basal processes from EECs
penetrate the basal lamina.
Moreover, in villi but not crypts,
the basal lamina has fenestrations
that appear to provide access
for epithelial processes to enter
the lamina propria and interact
with ISEMFs.* Uncovering the
mechanisms of communication
between EECs and cells in the
lamina propria will help to
elucidate how chemosensation

in the gut lumen is coupled to

Figure 3. Axon-like basal process in L cell of the ileum. Three-dimensional reconstruction of an L cell in the ileum. The apical
portion of the cell opens to the lumen, whereas the basal process runs underneath several epithelial cells. The ends of basal
processes often have bulbous ends that resemble synaptic buttons. Nuclei were stained with DAPI and are colored blue. Inset
shows the location of the same L cell with respect to the brush border of the gut epithelium.
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Figure 4. Mucosal neuron underneath the colon epithelium. (A) Colonic tissue from
a mouse was stained with the neuronal marker medium size neurofilament (NFm)
(red). Z-stack images obtained with a laser confocal scanning microscope were three-
dimensionally reconstructed using Imaris. The body of the NFm positive neuron (red)
is underneath the epithelial layer and one of the neurites actually pierces through
the epithelium but does not reach the lumen. Cell nuclei are colored blue and were
stained with DAPI. (B) Composite image showing the location of the mucosal neuron
(red) with respect to epithelial cell nuclei (blue) and the lumen of the colon (gray).
(©) Three-dimensional reconstruction showing NFm positive neuron by itself.

is densely innervated by intrinsic and extrinsic neurons, some
of which actually lie adjacent to epithelial cells (Figure 4).**
Neuronal afferents of the gut mucosa, in particular those of the
vagus nerve, have been shown to express receptors for several gut
hormones, including GLP-1 and PYY.*** In general, secretion
of these two hormones is stimulated by nutrients reaching the
distal gut."” However, plasma levels of GLP-1 and PYY rise
immediately within 15 minutes after a meal but before nutrients
arrive in the distal small intestine and colon.*-* The mechanism
that coordinates nutrient sensing in the foregut with hormone
secretion in the distal gut is thought to be neuronal because
neurotransmitters such as calcitonin-gene related peptide can
cause an immediate and dramatic release of GLP-1 and PYY in
the distal gut.**" The existence of long basal processes in EECs of
the distal gut may serve to coordinate the presence of nutrients
in the proximal jejunum with hormone secretion in the distal
ileum. Indeed, there is evidence that the expression of receptors
for gut hormones in the distal gut adapts quickly to the nutritional
status of the animal. For instance, expression of the PYY receptor
Y2R decreases with fasting and increases after refeeding. This
adaptation of Y2R appears to be induced by the foregut hormone
CCK through the receptor CCK1R.* Because PYY release induces
broad physiological changes including satiety, it will be of major
interest to understand how an altered metabolic state such as
obesity affects the relationship between L cells and nerves in the
gut. Interestingly, inducing obesity in rats by a high-fat diet causes
the proopiomelanocortin (POMC) neurons that regulate appetite
in the brain to lose synaptic connections.® What is more, the
POMC neurons of rats that are resistant to diet-induced obesity
actually gain synaptic connections.’ If, in a similar manner,
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obesity alters connections in the intestine, this would potentially
alter the connection between nutrient chemosensation in the gut
lumen and appetite regulation in the brain.

Conclusions

EECs have prominent basal cytoplasmic processes that increase in
length from the proximal to the distal intestine. These cytoplasmic
processes run underneath the absorptive epithelium, are filled
with hormone vesicles, and resemble an axon that ends in a
synapse-like bulb. The location and anatomy of these processes
suggest two functions: (1) their location at the base of enterocytes
may serve to monitor absorbed nutrients; and (2) their axon-like
anatomy may convey electrochemical information onto nerves
and ISEMFs in the lamina propria through cell-cell connections.
Because the gut is the first center to integrate inputs from nutrients
and bacteria, future efforts to understand how EECs communicate
with cells in the lamina propria may provide new insights for
treating metabolic disorders.
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