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Abstract
Background—Roux-en-Y gastric bypass (RYGB) surgery is very effective in reducing excess
body weight and improving glucose homeostasis in obese subjects. Changes in the pattern of gut
hormone secretion are thought to play a major role, but the mechanisms leading to both changed
hormone secretion and beneficial effects remain unclear. Specifically, it is not clear whether
changes in the number of hormone-secreting enteroendocrine cells, or changes in the releasing
stimuli, or both, are important.

Methods—We estimated numbers of enteroendocrine cells after immunohistochemical staining
in fixed tissue samples from rats at 10–11 months after RYGB.

Key Results—Numbers of glucagon-like peptide-1 (GLP-1) (L-cells, co-expressing peptide YY
(PYY)), cholecystokinin (CCK), neurotensin, and 5-HT-immunoreactive cells were significantly
increased in the Roux and common limbs, but not the biliopancreatic limb in RYGB rats
compared with sham-operated, obese rats fed high-fat diet, and chow-fed controls. This increase
was mostly accounted for by general hyperplasia of all intestinal wall layers of the nutrient-
perfused Roux and common limbs, and less to increased density of expression. The number of
ghrelin cells in the bypassed stomach was not different among the three groups.

Conclusions & Inferences—The findings suggest that the number of enteroendocrine cells
increases passively as the gut adapts, and that the increased total number of L- and I-cells is likely
to contribute to the higher circulating levels of GLP-1, PYY, and CCK, potentially leading to
suppression of food intake and stimulation of insulin secretion. Whether changes in releasing
stimuli also contribute to altered circulating levels will have to be determined in future studies.
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INTRODUCTION
Bariatric surgery has become one of the most effective treatment options for obesity and
metabolic diseases.1–3 Roux-en-Y gastric bypass surgery (RYGB), in particular, leads to
sustained body weight loss in morbidly obese patients and is increasingly considered in less
obese and even in normal weight patients to cure diabetes and other obesity-associated
diseases.4 Although several mechanisms have been proposed, it is not known how RYGB
surgery produces these beneficial effects.5 Thus, investigation of such potential mechanisms
in clinical and preclinical studies is gaining momentum, as it may lead to the identification
of novel drug targets, more efficient surgical procedures, and improved long-term behavioral
compliance after surgery.

One of the leading candidate mechanisms is a change in the pattern of gut hormone secretion
favoring a catabolic profile of processes involved in the control of energy balance and an
improved glucose homeostasis. Increased secretion of the lower gut hormones GLP-1 and
PYY has been consistently found after RYGB in both human subjects6–9 and rat models.9–11

The role of other gut hormones and factors with known appetiteinducing effects such as
ghrelin12,13 and appetite-suppressing effects such as CCK 14,15 and apolipoprotein A-IV
(Apo-AIV),16 is less clear and controversial.

It will be important to identify the mechanisms leading to both changes in gut hormone
secretion and their actions on processes of energy balance regulation in the brain and other
organs. GLP-1, GLP-2, and PYY are secreted from L-cells which are enriched in the more
distal parts of the gut, and it is thought that increased exposure to undigested nutrients of the
Roux and common limbs after RYGB surgery causes their increased secretion. GLP-2 is
thereby acting as a growth factor leading to hyperplasia and subsequent hypertrophy of the
gut wall and in turn, an increased number of L-cells.17–21

The first studies on enteroendocrine cell proliferation have been carried out in obese human
subjects22 and obese Zucker rats23 after jejuno-ileal bypass surgery. Increased densities of
CCK and somatostatin-immunoreactive mucosal enteroendocrine cells in the duodenum
proximal to the bypass were observed in humans22 and increased numbers of CCK-
immunoreactive cells in both the bypassed and functional loops of the jejunum in rats.23

Also, after biliopancreatic diversion in rats, a procedure similar to RYGB, but with a
preserved pyloric sphincter region, there is significant hypertrophy of the mucosa and
external muscle layers in the common limb,24 and an increased number of cells co-
expressing gastric inhibitory peptide (GIP) and GLP-1 in the jejunum now receiving
nutrients directly from the stomach.25 Finally after true RYGB in rats there was increased
villus height and crypt depth, as well as an increased number of villus and crypt goblet
cells.26 In another study in rats and humans, GLP-2 levels were significantly increased and
there was evidence for increased mitotic rate and crypt cell proliferation.27

We have developed a rat model for RYGB that exhibits many of the salient features of such
surgery in obese human subjects, namely a sustained weight and fat mass loss, increased
plasma levels of GLP-1, PYY, and amylin,11 improved glucose tolerance,11 and a shift in
food preference away from fatty and calorie dense foods.28 The aim of the present study was
to assess effects on gut hyperplasia and hypertrophy and numbers of enteroendocrine cells
expressing CCK, GLP-1, 5-HT, neurotensin, and ghrelin in our rat model of RYGB. A
preliminary account of this analysis has been published as an abstract.29
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MATERIALS AND METHODS
Animals

Male Sprague–Dawley rats weighing ~200 g (Harlan Industries, Indianapolis, IN, USA)
were housed individually in wire-mesh cages at a constant temperature of 21–23 °C with a
12 h light-dark cycle (lights on at 07:00, off at 19:00). Food and water were provided ad
libitum unless otherwise indicated. Animals were made obese by putting them on a two-
choice diet for 14–16 weeks consisting of normal laboratory chow (Kcal%: Carb, 58; Fat,
13.5; Prot, 28.5, # 5001; Purina LabDiet, Richmond IN, USA) and high-fat diet (sweet HF
diet; Kcal%: Carb, 35; Fat, 45; Prot, 20, D12451; Research Diets, New Brunswick, NJ,
USA), with each of the diets containing sufficient minerals and vitamins. Small amounts of
liquid Ensure diet (Kcal%: Carb, 64; Fat, 21.6; Prot, 14.4; Abbott Laboratories, Columbus,
OH, USA) was also provided before surgery. They were then randomly assigned to either
RYGB or sham surgery. After surgery, only liquid Ensure was provided as a source of food
for the first 10 days, before giving back increasing amounts of regular chow and HF diet. A
lean control group without surgery was placed on a regular chow diet throughout the
experiment. All protocols involved in this study were approved by the Institutional Animal
Care and Use Committee at the Pennington Biomedical Research Center in accordance with
guidelines established by the National Institutes of Health.

Roux-en-Y gastric bypass and sham surgery
Details of the RYGB surgical procedure have been reported earlier.11,28 Briefly, the
procedure resulted in a gastric pouch of about 20% of the total gastric volume, connected to
a 15-cm-long Roux limb, a 25-cm-long common limb, and a roughly 40-cm-long
biliopancreatic limb.

Sham-surgery consisted of the same procedure as for RYGB, except that the transected
jejunum was re-anastomosed, one small incision in the jejunum 25 cm from ileocecal valve
and one in the gastric fundus were sutured closed, and the cutting stapler was laid over the
stomach without firing. Thus, a similar amount of surgical trauma was inflicted, but the
normal flow of nutrients was preserved in sham-operated rats. To overcome potential
deficits in iron absorption and development of anemia, rats were administered a
macromolecular dextran–iron complex (Iron Dextran injectable, catalog # 93963, 5 mg, sc;
Town and Country, Ashland, OH, USA) once a week for the first 2 weeks after RYGB
surgery. Additional doses were administered to individual anemic animals if indicated.

Tissue preparation and immunohistochemistry
Ten to eleven months after surgery, rats were euthanized after overnight food deprivation,
and the gastrointestinal tract was harvested. This time-point after surgery was chosen
because the animals were involved in behavioral tests and hormone measurements, the
results of which were reported previously.11,28 Furthermore, this extended postsurgical
period allowed us to assure the long-term effectiveness of the procedure on body weight and
adiposity, and most likely captured the final state of adaptive changes. Half the tissue
samples from each location were immersion-fixed in 10% buffered formalin for later
immunohistochemical processing, and the other half was rapidly frozen in liquid nitrogen
for later quantitative PCR or Western immunoblotting. After washing in saline, the fixed
samples were soaked in 18% sucrose, 0.05% sodium azide in 0.1 mol L−1 phosphate
buffered saline (PBS) solution for cryoprotection. Tissue samples were then frozen and 30-
µm-thick sections were cut in a cryostat and separated into five series. For immediate
processing, sections were held in PBS (+4 °C), whereas for long-term storage (−20 °C), a
cryoprotectant solution (50% PBS, 30% ethylene glycol, 20% glycerol) was used. Free-
floating sections were pretreated with 0.5% sodium borohydride in PBS to minimize
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aldehyde cross-linking of the fixative and treated with a blocking solution containing 5%
normal goat or donkey serum in PBS containing 0.5% Triton X-100 (PBST). Appropriate
washing in PBS followed all incubations. The sections were incubated in primary antibody
(CCK-antibody 1 : 400, raised in rabbit against synthetic CCK-39; Peninsula, Belmont, CA,
USA; GLP-1 mouse monoclonal antibody 1 : 5000, ImmunDiagnostik, Bensheim, Germany,
distributed by ALPCO, Windham, NH, USA; rabbit anti-neurotensin 1 : 5000, ImmunoStar,
Hudson, WI, USA; 5-HT antibody 1 : 50 000, rabbit anti-serotonin, ImmunoStar; goat anti-
ghrelin, 1 : 1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA.) diluted in PBST
containing 0.1% gelatin and 0.05% sodium azide, overnight at room temperature, or at 4 °C
for 20 h, under gentle agitation by an orbital shaker. After thoroughly rinsing in PBS, they
were reacted with Cy-3-conjugated antirabbit, antigoat, or antimouse IgG secondary
antibody (Jackson Immuno Research, West Grove, PA, USA) before mounting and cover
slipping in an aqueous medium. Staining was completely absent in control experiments with
omission of the primary antibody or, for CCK-39, with incubation in primary antibody that
had been preabsorbed by adding 10 µmol sulfated CCK-8 for 4 h at room temperature.
Further, manufacturer-supplied data indicate that this antibody is more selective for CCK
than antibodies raised against CCK-8, as it is not inhibited by pre-absorption in 10 nmol
gastrin I (G17), Tetrin (G4), and Somatostatin-14.

Immunohistochemical analysis
Whole sections were mounted onto Superfrost glass slides using Fluoromount G (Southern
Biotechnology, Birmingham, AL, USA) as the mounting medium. Sections were viewed
using a Zeiss Axioplan fluorescence microscope (Carl Zeiss Microscopy, Thornwood, NY,
USA). Counts were performed visually. Cells that were immunoreactive but did not have
clear enteroendocrine cell morphology, such as 5-HT-positive mast cells, were not counted.
Counts were based on averages from two to four intestinal cross-sections from each limb for
each animal. For ghrelin cell counts, the average of seven sections from corpus of the
stomach was used.

Morphological measurements
Tissue measurements were performed visually using a Zeiss Axioplan fluorescence
microscope in conjunction with a 10 × 10 ocular grid at 20× magnification. A micro slide
ruler was used to determine that the 10 × 10 grid had a 50 µm resolution. For sampling
purposes, two sections were chosen from each limb of each animal. Measurements of tissue
thickness were taken at four points on each section for the longitudinal muscle, circular
muscle, sub-mucosa, and mucosa (combined thickness of crypts and villi). If four
measurements could not be taken on each of the two sections selected, two additional
sections were chosen for that particular limb and counted to provide additional
measurements. The average thickness of the tissue was calculated for each limb of each
animal, and these averages were used for statistical analysis.

For measurements of total and mucosal cross-sectional areas, dark-field images were
generated in a Leitz microscope with a 1× macro lens and areas determined using the paper
weighing method. Average cross-sectional areas were calculated from at least three
representative sections per rat and limb. Enteroendocrine cell densities were calculated as
number of cells per mm2.

Statistical analysis
Morphological measurements and enteroendocrine cell counts were analyzed by two-way
ANOVAwith gut location as within-subject factor and surgical group as between-subject factor,
followed by Bonferroni-adjusted multiple comparisons. Ghrelin cell counts were analyzed
by one-way analysis of variance. All data were expressed as mean ± SEM.
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RESULTS
RYGB-induces hypertrophy of the Roux and common limbs

The diameter of the Roux and common limbs but not the biliopancreatic limb was greatly
increased compared with the corresponding gut segments of sham-operated rats (Fig. 1).
Similarly, the total and mucosal surface areas of the cross-sectioned Roux and common
limbs were significantly increased (Fig. 2). Both the longitudinal and circular muscle layers
of the Roux limb and the circular muscle layer in the common limb were about two-fold
thicker in RYGB rats compared with both other groups (Fig. 3). No differences in the
thickness of the external muscle layers were observed in the biliopancreatic limb. The total
mucosa (crypt plus villous height) in the Roux and common limbs was also significantly
thicker in RYGB rats compared with both control groups. No significant differences were
observed for the submucosa thickness.

Increased number but not density of enteroendocrine cells in the Roux and common limbs
CCK-IR cells ANOVA yielded significant effects of surgical treatment (F[2,24] = 20.7, P <
0.001) and gut location (F[2,24] = 9.9, P < 0.001), as well as a significant interaction
(F[4,24] = 7.6, P < 0.001). As expected, in chow fed lean control rats, almost twice as many
CCK-IR cells were expressed in the upper small intestine (the area corresponding to the
biliopancreatic limb), compared with the lower small intestine (the area corresponding to the
Roux and common limbs). (Figs 4 and 5). These numbers were not significantly different in
high fat diet-induced obese rats with sham operation. However, in RYGB rats, the numbers
of CCK-IR cells were significantly higher in the Roux limb (t = 3.5, P < 0.005) and common
limbs (t = 7.4, P < 0.001), but not in the biliopancreatic limb. Compared with sham-operated
rats, the increase was about two-fold in the Roux limb and about three-fold in the common
limb.

In the Roux limb, the density of CCK-cells was not significantly different after RYGB,
compared with sham-operated rats (Fig. 8), because the cross-sectional area of the mucosa
was also increased about three-fold (Fig. 2). In the common limb, the density of CCK-cells
was significantly higher after RYGB compared with sham-operated rats (Fig. 8), as the
increased cell number was not fully compensated by increased mucosal area. GLP-1-IR cells
As for CCK, ANOVA yielded significant effects of surgical treatment (F[2,24] = 34.4, P <
0.001) and gut location (F[2,24] = 23.2, P < 0.001), as well as a significant interaction
(F[4,24] = 8.2, P < 0.001). There was only a slight and non-significant gradient in the
expression of GLP-1-IR cells across the small intestine in chow-fed, lean control rats, with
the proximal part (biliopancreatic and Roux limbs) expressing about 150 cells per section
and the distal part (common limb) expressing about 200 cells per section (Figs 4 and 5).
There were no significant differences between chow-fed lean and sham-operated, high fat-
fed obese rats. In contrast, after Roux-en-Y gastric bypass surgery, there was a significant (t
= 4.2, P < 0.001) two-fold increase of GLP-1-IR cell expression in the Roux limb, and a
significant (t = 8.4, P < 0.001) 2.5-fold increase in the common limb, compared with sham-
operated rats. Most of the CCK-IR and GLP-1-IR cells were found in the crypt area, and
there were no obvious differences in this distribution pattern among the three groups. The
density of GLP-1 cells was, however, not significantly different after RYGB, compared with
sham-operated rats (Fig. 8).

5-HT-IR cells The 5-HT antibody stained both enteroendocrine and mast cells, but only
enteroendocrine cells were counted based on their distinctive location in the epithelium and
elongated shape (Figs 4 and 6). ANOVA yielded significant effects of surgical treatment
(F[2,26] = 23.5, P < 0.001) and gut location (F[2,26] = 13.7, P < 0.001), as well as a
significant interaction (F[4,26] = 10.5, P < 0.001). In chow-fed control rats we found similar
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numbers of 5-HT-IR enteroendocrine cells per cross-section at the locations corresponding
to the three surgical limbs, and sham surgery did not result in significant changes. After
RYGB, however, there was a significant increase in 5-HT-IR enteroendocrine cells in the
Roux (t = 7.26, P < 0.001) and common limb (t = 4.0, P < 0.01), but not in the bypassed
biliopancreatic limb. The density of 5-HT-cells was, however, not significantly different
after RYGB, compared with sham-operated rats (Fig. 7).

Neurotensin-IR cells ANOVA yielded significant effects of surgical treatment (F[2,23] = 21.7, P
< 0.001) and gut location (F[2,23] = 81.4, P < 0.001), as well as a significant interaction
(F[4,23] = 6.8, P < 0.001). In chow-fed control rats, there was a proximal-to-distal gradient
in the number of neurotensin-IR enteroendocrine cells, with fewer cells at the location
corresponding to the biliopancreatic limb and more in the mid-jejunum (corresponding to
the Roux limb) and the distal jejunum (corresponding to the common limb) (Figs 4 and 6).
Furthermore, as determined for the biliopancreatic limb and unlike the other types of cells,
the majority of neurotensin-IR cells were located in the villi (29 ± 6 cells) and a minority in
the crypts (13 ± 1 cells; P < 0.05). These numbers of cells were not much different in sham-
operated rats, but in RYGB rats, there were significantly more neurotensin-IR cells in the
Roux-limb (t = 5.8, P < 0.001) and in the common limb (t = 6.1, P < 0.001), but not in the
biliopancreatic limb. However, because the cross-sectional areas of the Roux and common
limb mucosa was increased about two–three-fold (Fig. 2), the density of neurotensin cells
was not increased, but significantly decreased after RYGB, compared with sham-operated
rats (Fig. 8).

No change in ghrelin-IR cells There were very few ghrelin-IR cells in the small intestines
and no obvious differences between the treatment groups (data not shown). In the corpus of
the bypassed stomach, we found slightly more ghrelin-IR cells in RYGB rats compared with
sham-operated rats and chow-fed control rats, but the difference was not statistically
significant (P = 0.096) (Figs 3 and 7).

DISCUSSION
The gut is increasingly recognized as a key player in the development of metabolic
disease,30 and because gut surgery currently is the most effective long-term treatment for
obesity and other indices of metabolic syndrome, it is now also referred to as ‘metabolic
surgery’ (e.g., 31). A changed pattern in gut hormone secretion appears to be an important
ingredient in the beneficial effects of at least Roux-en-Y gastric bypass and perhaps other
types of bariatric surgery.6,7,9 The factors leading to increased plasma levels of anorexigenic
gut hormones such as GLP-1, PYY, and CCK after RYGB are not well understood. It has
not been clear whether these increases in circulating hormones are due to overstimulation or
proliferation of the enteroendocrine cells or to reduced degradation of the secreted
hormones, or a combination of some of these factors. Here, we confirm earlier findings by
others showing hypertrophy and hyperplasia of the Roux and common limbs after RYGB in
both humans and rats,24,27 and we show that the increased numbers of GLP-1, CCK, 5-HT,
and neurotensin-immunoreactive enteroendocrine cells is mainly due to the increased
mucosal area, with only a minor contribution of increased cell density. The increased
circulating levels of these hormones may thus be due to the increased total number of cells.
However, our data do not rule out additional mechanisms such as increased releasing stimuli
and increased secretory efficiency of the cells.

Our study confirms and extends reports of gut hypertrophy after various types of gut
surgery. The approximately 2.5-fold increase in the area of both external muscle layers and
the mucosa we observed 10–11 months after RYGB was very similar to the increase
reported at 7 weeks after biliopancreatic diversion by Nadreau et al.,24 suggesting that the
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hypertrophic adaptation happens relatively early after surgery and then remains unchanged.
This is consistent with other studies showing significant increases of plasma GLP-2 levels
and the growth factors IGF-1 and bFGF already 2 weeks after RYGB in Sprague–Dawley
rats32 and increased GLP-2 levels and crypt cell proliferation 3 weeks after RYGB in Wistar
rats.27

Increased circulating levels of GLP-1 and PYY secreted from intestinal L-cells have been
most strongly associated with the beneficial effects on body weight and glucose homeostasis
after Roux-en-Y gastric bypass surgery. It is conceivable that increased levels of both of
these hormones suppress food intake33–35 and that increased GLP-1 through its actions on
insulin secretion helps normalize glucose tolerance.36,37 In one study using PYY-deficient
mice, it has been claimed that this gut hormone is required for bypass surgery to
significantly lower body weight.38 However, because it was a modified bypass surgery with
the upper duodenum anastomosed to the greater curvature of the stomach and the
observation period including only the first 10 days after surgery,39 the study can only be
regarded as preliminary. Using the same entero-gastric anastomosis mouse model, it was
earlier shown that blockade of GLP-1 receptor signaling by systemic infusion of Exendin-4
(9–39) during days 5 and 10 after surgery was able to partially prevent the profound
anorexia, but not the body weight loss.39 Clearly, additional experiments in rodents with
more standard gastric bypass surgery and longer observation periods will be necessary to
demonstrate a requirement of elevated GLP-1 and/or PYY-signaling for the powerful
beneficial effects of RYGB. Our immunohistochemical study suggests that at least one
factor in the increased circulating GLP-1 and PYY levels is an increased number of L-cells.
The fact that the number of L-cells only increased in the limbs that were exposed to luminal
nutrients (Roux and common limbs), but not the biliopancreatic limb, suggests that the
stimulus depends on a direct consequence of the abnormal perfusion with undigested
nutrients and cannot only depend on circulating levels of the trophic hormone GLP-2. It will
be important to demonstrate whether paracrine actions of GLP-2 are limited to the perfused
limbs or if an additional signal is responsible for hyperplasia.

CCK was the first gut hormone implicated in satiation.40 Until recently, it has not received
much attention as a possible mediator of RYGB-induced anorexia, probably because no
changes in the postprandial CCK-response to a mixed protein-fat meal was reported 6
months after Roux-en-y gastric bypass or vertical banded gastroplasty in an early study.14

Similarly, no changes in plasma CCK levels were found 1 month after RYGB in an early rat
model.41 However, in more recent clinical studies, postprandial CCK responses were
significantly increased 2 weeks after RYGB in one study,15 but not 3 weeks after surgery in
another study.42 Differences in the postprandial CCK response were also found between
patients with RYGB or sleeve gastrectomy.43,44 More consistent findings were reported in
patients after jejuno-ileal bypass surgery, with postprandial CCK levels significantly
increased 3 months45 and even 20 years after surgery.46 In one of the rare studies using
immunohistochemistry to identify specific types of enteroendocrine cells, Buchan et al.
found increased numbers of CCK-immunoreactive cells, but it was not clear whether the
increased number was due to increased density or general hyperplasia of the mucosa.
Increased density of CCK cells was claimed in a study with intestinal biopsies taken at the
duodeno-jejunal flexure from patients 1 to 30 years after jejuno-ileal bypass surgery.22 Thus,
together with our present observations, it is likely that increased numbers of CCK cells are
partly responsible for increased postprandial CCK levels and that this may contribute to
early satiety after RYGB and jejuno-ileal bypass surgeries.

Neurotensin is another gut hormone that has received relatively little attention regarding its
potential role in the effects of bariatric surgeries, even though its plasma levels were
consistently found increased after various surgeries. Early studies in patients after jejuno-
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ileal bypass surgery showed elevated neurotensin levels47,48 and elevated neurotensin levels
were associated with signs of the dumping syndrome 3 months after RYGB.49 Elevated
postprandial levels of pro-neurotensin levels were also shown in more recent clinical studies
after RYGB.50,51 Together with our findings of increased numbers of neurotensin-
immunoreactive enteroendocrine cells after RYGB in rats, these clinical observations
suggest that neurotensin is an interesting candidate for mediating some of the beneficial
effects of RYGB and jejuno-ileal surgeries.

In contrast to the other gut hormones, ghrelin is strongly orexigenic, and reduced levels of
this hormone could plausibly explain the reduced hunger drive after RYGB.13,52,53 This
interpretation is supported by the observation that postoperative weight loss was correlated
with the magnitude of the decrease in circulating ghrelin levels in a rat model for RYGB.12

However, several other clinical studies did not find significantly decreased fasting ghrelin
levels after RYGB compared with untreated obese subjects,54–57 but in some of these
studies, meal-induced suppression of ghrelin was enhanced.56,57 In a recent prospective
study, fasting and postprandial ghrelin did show small decreases at 26 and 52 weeks after
RYGB, but these changes were not statistically significant.7 Thus, although the effects of
RYGB on ghrelin are highly variable, a relative ghrelin deficiency compared with the
expected rise due to hypophagia and weight loss appears to be a common observation,
keeping ghrelin as a potential candidate for RYGB’s effects on food intake. As the great
majority of ghrelin producing cells are located in the gastric mucosa, the much smaller
population of ghrelin cells in the small intestine seems irrelevant to explain decreases in
circulating ghrelin levels. Our findings in the stomach suggest that there is no decrease in
the total number of ghrelin-immunoreactive cells. However, elimination of some ghrelin
cells by the surgical procedure of dividing the stomach and/or decreased stimulation of its
secretion could account for lower circulating levels. Alternatively, reduced ghrelin levels
could be the result of reduced stimulatory and/or increased suppressive humoral and neural
signals.

Finally, 5-HT secreted from enterochromaffin cells is an important signaling molecule
linking luminal stimuli with local enteric reflex activity and the extrinsic sensory innervation
by vagal and dorsal root afferents.58,59 Altered mucosal 5-HT signaling has been implicated
in inflammatory bowel disease,60 and it could play an important role in bringing about the
drastic changes in motility and secretion of the Roux and common limbs that are suddenly
faced with large quantities of undigested nutrients. Increased intestinal 5-HT signaling could
also contribute to the feelings of nausea, discomfort, and early satiety with the ingestion of
larger meals. Our findings suggest that, although not increased disproportionately to the
increased mucosa, the role of 5-HT enterochromaffin cells and their downstream signaling
would be worth studying in future experiments.
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Figure 1.
Representative dark field images of cross-sections of the biliopancreatic (A, D), Roux (B,
E), and common (C, F) limbs or their corresponding gut segments of rats at 10–11 months
after sham (A–C) or RYGB surgery (D–F), showing hypertrophy of the Roux and common
limbs but not the biliopancreatic limb. Surface areas in mm2 of the representative cross-
sectioned segments are shown in the left bottom corner of each panel. Scale bar in F, 1.0
mm.
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Figure 2.
Average total and mucosal cross-sectional areas of the Roux and common limbs from rats at
10–11 months after Roux-en-Y gastric bypass surgery (n = 4) or sham-operation (n = 4). *P
< 0.05 compared with sham-operated rats, based on t-tests.
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Figure 3.
Thickness of intestinal wall layers in the biliopancreatic, Roux, and common limbs (or their
equivalent) in non-operated, chow-fed lean rats (n = 4), sham-operated, high-fat fed obese
rats (n = 4), and Roux-en-Y gastric bypass rats (n = 4), 10–11 months after surgery. * P <
0.05 compared with both chow-fed controls and sham-operated rats, based on ANOVAfollowed
by Bonferroni-adjusted multiple comparisons.
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Figure 4.
Examples of CCK (A,B), GLP-1 (C,D), and 5-HT (E,F), immunoreactive enteroendocrine
cells in the Roux limb, neurotensin immunoreactive cells in the common limb (G,H), and
ghrelin immunoreactive cells in the gastric antrum of the remnant stomach (I), 10–11
months after Roux-en-Y gastric bypass surgery. Note that different magnifications are used
to emphasize shape and distribution of enteroendocrine cells in villi and crypts.
Abbreviations: cm, circular muscle; sm, submucosa. Scale bars, 100 µm for all panels.
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Figure 5.
Number of CCK (A) and GLP-1 (B) immunoreactive cells in the biliopancreatic, Roux, and
common limbs (or their equivalent) in nonoperated, chow-fed lean rats (n = 3), sham-
operated, high-fat fed obese rats (n = 4), and Roux-en-Y gastric bypass rats (n = 4), 10–11
months after surgery. * P < 0.05 compared with both chow-fed controls and sham-operated
rats, based on ANOVA followed by Bonferroni-adjusted multiple comparisons.
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Figure 6.
Number of 5-HT (A) and neurotensin (B) immunoreactive cells in the biliopancreatic, Roux,
and common limbs (or their equivalent) in non-operated, chow-fed lean rats (n = 3), sham-
operated, high-fat fed obese rats (n = 4), and Roux-en-Y gastric bypass rats (n = 4), 10–11
months after surgery. *P < 0.05 compared with both chow-fed controls and sham-operated
rats, based on ANOVA followed by Bonferroni-adjusted multiple comparisons.
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Figure 7.
Number of ghrelin-immunoreactive cells in the gastric mucosa of non-operated, chow-fed
lean rats (n = 4), sham-operated, high-fat fed obese rats (n = 4), and Roux-en-Y gastric
bypass rats (n = 4), 10–11 months after surgery.
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Figure 8.
Mucosal cross-sectional area (A) and enteroendocrine cell densities (B) in the Roux and
common limbs of rats at 10–11 months after Roux-en-Y gastric bypass (n = 4) or sham
surgery (n = 4). * P < 0.05 compared with sham-operated rats, based on ANOVA followed by
Bonferroni-adjusted multiple comparisons.
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