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The endocrine cells (ECs) of the gastrointestinal mucosa form the largest endocrine system in the body,
not only in terms of cell numbers but also in terms of the different produced substances. Data describ-
ing the association between the relative distributions of the peptide-specific ECs in relation to feeding
habits can be useful tools that enable the creation of a general expected pattern of EC distribution. We
aimed to investigate the distribution of ECs immunoreactive for the peptides gastrin (GAS), cholecys-
tokinin (CCK-8), neuropeptide Y (NPY), and calcitonin gene-related peptide (CGRP) in different segments
of the digestive tract of carnivorous fish dorado (Salminus brasiliensis) by using immunohistochemistry
procedures. The distribution of endocrine cells immunoreactive for gastrin (GAS), cholecystokinin (CCK-
8), neuropeptide Y (NPY), and calcitonin gene-related peptide (CGRP) in digestive tract of dorado S.
brasiliensis was examined by immunohistochemistry. The results describe the association between the
distribution of the peptide-specific endocrine cells and feeding habits in different carnivorous fish. The
largest number of endocrine cells immunoreactive for GAS, CCK-8, and CGRP were found in the pyloric
stomach region and the pyloric caeca. However, NPY-immunoreactive endocrine cells were markedly
restricted to the midgut. The distribution pattern of endocrine cells identified in S. brasiliensis is similar
to that found in other carnivorous fishes.
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1. Introduction

The diffuse neuroendocrine system (DNES) comprises several
types of gastrointestinal cells that produce and secrete different
peptides. These peptides have several effects on the digestive pro-
cess and feeding behavior (Toni, 2004; Jensen, 2001). The endocrine
cells (ECs) of the gastrointestinal mucosa form the largest endocrine

Abbreviations: DNES, diffuse neuroendocrine system; GAS, gastrin; CCK-8,
cholecystokinin; NPY, neuropeptide Y; CGRP, calcitonin gene-related peptide; ECs,
endocrine cells; PS, pyloric stomach region; PC, pyloric caeca; FL, first loop of
medium intestine; SL, second loop of medium intestine; PI, posterior intestine.
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system in the body, not only in terms of cell numbers but also in
terms of the different produced substances (Ahlman and Nilsson,
2001).

Studies performed in the past decade have described the dis-
tribution and the relative frequency of the DNES cells in the
gastrointestinal tracts of various species of fish that present dif-
ferent feeding habits (Webb et al., 2010; Cinar et al., 2006; Tarakgi,
2005; Bosi et al., 2004; Pan et al., 2000a,b). However, an expected
general pattern of distribution for these ECs along the digestive
tract that would enable any association between feeding habits and
the type of peptide produced is still not available.

Anatomical and morphological features of the digestive tract
were used to explain the distribution patterns of cholecystokinin
(CCK) in fish during post-larval development. The model suggested
that the distribution pattern of CCK is different between fish that
present coiled and straight intestines (Rennestad et al., 2003, 2007;
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Kamisaka et al., 2005). It is now clear that the anatomy and mor-
phology of the fish digestive tract has a close relationship with it
feeding habits. In simple terms, carnivorous fish usually have large
stomachs and short intestines, whereas omnivorous and herbivo-
rous fish usually have small or medium stomachs and long, coiled
intestines.

As a consequence of extraordinary diversity types of peptides
and of the modest number of species that have actually been
examined, our knowledge regarding the gastrointestinal endocrine
systems in fishes remains limited. For this reason, results describing
the association between the relative distributions of the peptide-
specific ECs in relation to feeding habits could be useful tools that
enable the creation of a general expected pattern of EC distribution
and aid the better understanding of the physiology of the gastroin-
testinal endocrinology in fish.

Dorado Salminus brasiliensis (Cuvier 1816) is a carnivorous
species of fish that is highly appreciated for the excellent qual-
ity of its meat and its great potential for aquaculture, sport
fishing, and ornamental fishery (Mai and Zaniboni Filho, 2005;
Vega-Orellana et al., 2006). It is the largest fish scale found in
the Plata basin of Latin America (Morais Filho and De Schubart,
1955). S. brasiliensis presents the typical anatomical and mor-
phological features of a carnivorous fish. The esophagus is wide
and short, and the stomach is Y-shaped, with short cardiac and
pyloric regions and very developed smooth muscle. The intestine
is short, tubular, and presents the same diameter in its exten-
sion; it is located in the coelomic cavity, forming an N shape
and consisting of 3 loops that end in the posterior intestine
(PI). S. brasiliensis presents greatly developed pyloric caeca (PC),
located at the beginning of the midgut (Rodrigues and Menin,
2008).

Among the peptides identified in the gut of fishes, some of them
seem to play akey role in gastrointestinal physiology. Gastrin (GAS),
CCK-8, calcitonin gene-related peptide (CGRP) and neuropeptide
Y (NPY) are especially important because they exert generalized
actions which regulate digestive processes and feeding behavior
(Lopez-Patifio et al., 1999; Jensen, 2001; Olsson and Holmgren,
2001; Martinez-Alvarez et al., 2009).

GAS, CCK-8 and CGRP are anorexigenic peptides expressed in
ECs of the gastrointestinal mucosa (Hernandez et al., 2012; Vigliano
et al,, 2011; Martinez-Alvarez et al., 2009; Bermtdez et al., 2007;
Bjenning and Holmgren, 1988). CCK-8 stimulates gallbladder con-
traction, pancreatic enzyme secretion, gastrointestinal motility and
inhibits gastric emptying (Jonsson et al.,, 2006; Holmgren and
Olsson, 2009; Jensen and Holmgren, 1994; Himick and Peter, 1994).
GAS regulates gastric secretion and motility (Forgan and Forster,
2007; Volkoff et al., 2005). CGRP is also expressed in neurons and
nerve fibers of myenteric plexus (Vigliano et al., 2011; Martinez-
Alvarez et al., 2008; Ogoshi et al., 2006; Lafont et al., 2004; Clark
etal.,2002)where acts inhibiting intestinal motility (Shahbazietal.,
1998). In addition, both CCK-8 and CGRP are expressed in the brain
of fish (Holmgren and Olsson, 2009; Kurokawa et al., 2003).

NPY is a highly conserved peptide and is the most potent
orexigenic factor known in mammals (Chee and Colmers, 2008;
Larhammar, 1996; Larhammar et al., 1998; Dumont et al., 1992).
This peptide is mainly expressed in the hypothalamic neurons
and in the ECs of the gastrointestinal tract (Yokobori et al., 2012;
Hernandez et al., 2012; MacDonald and Volkoff, 2009; Kehoe and
Volkoff, 2007). NPY regulates feeding behavior and is a potent
stimulator of food intake in fish (MacDonald and Volkoff, 2009;
Peddu et al., 2009; Narnaware and Peter, 2001; Silverstein et al.,
1999).

The aim of the present study was to analyze the relative distribu-
tion of ECs that are immunopositive for GAS, CCK-8, NPY, and CGRP
in different segments of the digestive tract of dorado S. brasiliensis
using immunohistochemistry.

2. Materials and methods
2.1. Fishes and sampling procedures

Twelve fourteen month-old juveniles of S. brasiliensis with
an average initial length of 25.5+3.5cm, mean weight of
144.83 +21.7 g, regardless of gender and obtained from the Repro-
duction Unit of CEMIG (Electrical Company of Minas Gerais,
Itutinga, Minas Gerais, Brazil) were used in the present study. The
experiment was conducted at the Aquaculture Unit of the Depart-
ment of Animal Sciences, Federal University of Lavras, Brazil.

Fish were acclimated during a 6-month period in a masonry
tank (8 m x 5m and 1.6 m, length, wide and deep) with daily water
renewal rate of 20% and dissolved oxygen between 4 and 6 mg1-1.
The average water temperature in winter was 16 and 28°C in
summer. The temperature parameters, dissolved oxygen and toxic
ammonia were monitored daily at the beginning and end of the
day and stayed within welfare standards appropriate for this fish
species.

The fish was fed with a commercial food containing 40% crude
protein (Guabi; www.guabi.com.br) that was offered twice a day
until apparent satiation. After a 24-hour fasting period, fishes were
euthanized with an overdose of Benzocaine 250mgl-! (Sigma;
www.sigmaldrich.com), and their spinal cords were sectioned.

Cross-sections (5 mm length) were removed from the digestive
tract, including the pyloric stomach region (PS), different segments
of the midgut including the pyloric caeca (PC), the first loop (FL), and
the second loop (SL), and the posterior intestine (PI), as described
by Rodrigues and Menin (2008). Tissue samples were fixed in Bouin
solution for 12 h and then stored in 70% ethanol until processing. All
procedures applied to fish were properly analyzed and authorized
by the Animal Ethics Committee of the Federal University of Lavras,
under the protocol number 013/2012.

2.2. Light microscopy and immunohistochemistry

Samples were dehydrated in ethanol, diaphonized in xylene, and
embedded in paraffin wax. Histological sections (3-4 pm in thick-
ness) were obtained, placed on silanized slides, and dried ina 37 °C
oven overnight. The histological sections were stained with hema-
toxylin and eosin to morphology evaluation of the structures and to
measure the area of the mucosal epithelium, according to routine
histological methods Bancroft et al. (2008).

For immunohistochemistry, all incubations were performed in
a humid chamber and all washing procedures consisted of 3 suc-
cessive immersions in 0.1 M phosphate buffered saline (PBS), pH
7.20, for 5 min. The endogenous peroxidase activity was blocked for
30 minutes by Peroxidase Block reagent (DakoCytomation, USA).
Non-specific antibody binding was blocked in 2 ways: incuba-
tion of the sections in 5% non-fat dry milk in PBS for 5min
and incubation of the sections in Block Serum reagent (Dako-
Cytomation, USA) for 15min. Following the blocking step, the
histological sections were incubated with rabbit polyclonal pri-
mary antibodies (Vigliano et al., 2011) as presented in Table 1.
After wash in PBS, the anti-rabbit IgG secondary antibody incuba-
tion (EnVision + System/HRP, DakoCytomation, USA) was applied
for 30 minutes. The reactions were detected through the enzy-
matic method, using 3,3’-diaminobenzidine tetrahydrochloride
(DakoCytomation, USA) for 25 s and counterstaining with Carazzi’s
hematoxylin. Intestine histological sections of South American cat-
fish Rhamdia quelen (Quoy & Gaimard, 1824) were included as
positive controls and the negative controls consisted of the omis-
sion of primary antibody (replaced by PBS).

Although the antibodies were developed in mammals, these
antibodies were chosen because they successfully identified the
same peptides in the cells of the DNES before in R. quelen
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Table 1
Antibodies used in the present study to localize peptides in dorado (Salminus
brasiliensis).

Polyclonal Antibody working  Incubation Source (code)
antibody against dilution variables

GAS (human) 1:600 3h,RT Bachem? T-4347
CCK-8 (synthetic) 1:1000 3h,RT Bachem?® T-4254
NPY (swine) 1:1500 ON, 4°C Bachem® T-4454
CGRP (rat) 1:800 ON, 4°C Bachem? T-4032

GAS, gastrin; CCK-8, cholecystokinin-8; NPY, neuropeptide Y; CGRP, calcitonin gene-
related peptide; ON, over night; RT, room temperature (22-25°C).
a2 www.bachem.com.

(Hernandez et al., 2012), Argentinean silverside Odontesthes bonar-
iensis (Valenciennes, 1835) (Vigliano et al., 2011), and turbot Psetta
maxima (Linnaeus, 1758) (Bermudez et al., 2007), indicating the
similarity and conservation of these peptides between mammals
and fish. The cross-reactivity strongly suggests that peptides in
teleosts fishes share similar or even identical epitopes with their
equivalents in higher vertebrates (Langer et al., 1979).

In addition, because the antibodies used were not devel-
oped against the S. brasiliensis peptides, a comparison
analysis of the protein sequences available in the database
of the National Center for Biotechnology Information (NCBI:
http://www.ncbi.nlm.nih.gov/protein) was performed prior to
the present study to assess whether the similarities between the
amino acid sequences occurred by chance. To date, no sequences
for the S. brasiliensis peptides are available; thus, it was necessary
to use sequences from other species of fish. Data available at
NCBI included Nile tilapia Oreochromis niloticus (Linnaeus, 1758),
goldfish Carassius auratus (Linnaeus, 1758), zebrafish Danio rerio
(Hamilton, 1822), Atlantic salmon Salmo salar (Linnaeus, 1758),
rainbow trout Oncorhynchus mykiss (Walbaum, 1792), channel
catfish Ictalurus punctatus (Rafinesque, 1818), white seabream
Diplodus sargus (Linnaeus, 1758) and bastard halibut Paralichthys
olivaceus (Temminck & Schlegel, 1846). The comparisons between
protein sequences were performed using the basic local alignment
search tool (BLAST) of National Institute of Mental Health, NIMH
(2011). In all cases, the similarity values obtained were greater
than 80%, and in most of the comparisons, the E values were very
small, indicating that the variations in the sequences do not occur
randomly.

Moreover, in each immunohistochemistry assay, the morphol-
ogy of the cell types that were immunostained showed the typical
expected features when compared to those from other species of
fish and mammals.

2.3. Cell counting and statistical analysis

The average number of ECs per mm? of mucosal epithelium
(ECsmm~2) was determined by cell counting and measuring the
mucosal epithelium area. Immunopositive cells were counted using
the microscope, while the mucosal epithelium area was measured
using a morphometric analysis software, Image ], version 1.46a
(Wayne, Research Services Branch 2011). The average number of
ECs mm~2 was determined for the four peptides, in the five sampled
segments from each of the twelve juveniles of S. brasiliensis. These
segments were sampled according to a natural order, from begin-
ning to the end of the intestine. All slides were photographed and
analyzed with a CX31 light microscope (Olympus, Japan) coupled
to Altra SC30 digital camera (Olympus, Japan).

It is intuitive to assume that observations obtained from the
same fish are correlated and, in contrast to what is found in the
literature, these measures cannot be considered independent and,
hence, analyzed using classical ANOVA and|/or traditional multiple
comparisons tests. The number of ECs was analyzed using linear

mixed models, a flexible methodology for dealing with repeated
measurements and longitudinal data (Pinheiro and Bates, 2009;
Verbeke and Molenberghs, 2000). The individual profiles were
approximated by an estimated mean, using repeated measures
ANOVA after transforming the original response scale logarithmi-
cally using the program SAS version 9.1 (SAS Institute, 2000).

The effects of the segments on the quantity of ECs immunoreac-
tive to each peptide were examined, considering the mixed effect
model:

y,—,-=u+di+8j+8ij,

where yj; is log(number of ECs per mm? of mucosal epithelial
immunoreactive to the peptides +1) of fish i and segment j, fori=1,
..,12andj=1,...,5, uisaconstant common to all observations,
d; is the random effect related to fish i, where d;~N(O, oﬁ), dj is the

effect related to segment j, and &;; ~ N(O, 02).

3. Results
3.1. Diffuse neuroendocrine system

The immunolocalization of GAS, CCK-8, NPY, and CGRP in differ-
ent cell types in the digestive tract of S. brasiliensis was determined
for the first time. Immunostaining for the peptides was observed in
the DNES and in cells and structures of the enteric nervous system.

Immunoreactivity for each antibody used was observed in ECs
scattered among the gastric epithelial cells and among the entero-
cytes in the intestinal epithelium of S. brasiliensis (Fig. 1). ECs
presented a distinct morphology. In the PS region exhibited a poly-
hedral shape with a rounded nucleus and were mainly located at
the base of the stomach mucosal folds (Fig. 1a, ¢, e, and g, inset). On
the other side, in all sampled region of the intestine ECs showed an
elongate or triangular shape, with their base wider than their apex,
and a rounded or oval nucleus in center or basal position (Fig. 1b, d,
f,and h, inset). Some ECs in the intestine presented one or two cyto-
plasmic processes toward the lumen and in the opposite direction,
toward the base of the cell. Similar observations regarding the mor-
phological patterns of ECs were also described for other fish species
(Hernandez et al., 2012; Vigliano et al., 2011; Lee et al., 2004; Pan
et al., 2000b).

Summary statistics that describe, in general, the presence of the
peptides along the intestinal tract of S. brasiliensis are displayed in
Table 2. All descriptive statistics were obtained from the original
data and over all fishes. The percentages refer to the proportion
of cells immunoreactive to each antibody in each segment with
respect to the total of cells recorded in the whole gut.

Different structures of the covariance matrix were examined,
but the variance components structure was more parsimonious
and had a high goodness-of-fit. In the model diagnostic no out-
liers were detected and the normality assumptions for the errors
were met. Significant effects of the segments in the log (number
of ECs mm~—2 + 1) were detected for all the peptides (Table 3). This
variation in the distribution of ECs mm~2 according to the different
segments of the digestive tract and associated with different feed-
ing habits was also reported in other fish species (Bosi et al., 2006;
Lee et al., 2004; Pan et al., 2000b).

The immunolocalization of GAS demonstrated the presence of
ECs from the PS to the PI (Fig. 1a and b). The largest number of GAS+
ECs mm~—2 was found in the PS, followed by the FL, with 62.7% and
13.6% of the total, respectively (Fig. 2 and Table 2). Considering the
sampled segments, the number of GAS+ ECs mm~2 decreased over
the intestine, with respect to the quantity in the PS (Table 3), and
the lower density was in the PI. Thus, small amounts of GAS+ ECs
mm~2 were identified at the end of the intestine.
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Stomach

Intestine

Fig. 1. Photomicrograph of ECs of the DNES immunoreactive for GAS, CCK-8, NPY, and CGRP in the stomach and intestine. GAS+ ECs (arrows) in the mucosal epithelial of
the PS (a) and SL (b). Although some ECs were observed in the apical region of the stomach (a), most were located on the base. Bar=50 wm. Inserts: higher magnification
showing the morphology of the GAS+ ECs. Bar =20 pm. CCK-8+ ECs in the mucosal epithelial of the PS (c) and PI (d). Note the distribution of ECs on the basis of the gastric
folds in c. Bar=50 pm. Inserts: Detailed view showing the morphology of the CCK-8+ ECs. Bar =20 wm. NPY+ ECs in the mucosal epithelial of the PS (e, Bar=25 pm) and PC
(f, Bar=50 pm). The presence of NPY+ ECs (arrows) in the stomach (e) was different from that observed in the PC (f). Inserts: higher magnification showing the morphology
of NPY+ ECs. Bar = 10 wm. CGRP+ ECs in the mucosal epithelial of the PS (1 g, bar=25 um) and FL (1 h, bar=50 wm). Note the CGRP+ ECs (arrows) arranged in clusters at the
base of the gastric folds. Inserts: higher magnification showing the morphology of CGRP+ ECs. Bar=10 pm.

CCK-8 was identified in ECs in all sampled segments. A higher
number of CCK-8+ ECs/mm~2 was found in the PS, which repre-
sented 44.4% of the total, as was observed for GAS in relation to all
other segments (Fig. 2 and Table 2). Also, the numbers of CCK-8+
ECs mm~—2 decreased over PC, FL, SL, and PI (Table 3). The quan-
tity of CCK-8+ ECs mm? was constant over the segments PC and FL.
55.5% of the total of CCK-8+ ECs was observed in the segments of
the midgut and of the posterior intestine.

NPY+ ECs immunolocalization revealed a limited distribution.
The largest number of NPY+ ECs mm~2 was concentrated in the

segments of the midgut that comprise the PC, FL, and SL (Fig. 2 and
Table 3). These three segments, together, represented 97.3% of the
total NPY+ ECs. Small quantities of NPY+ ECs mm~2 were observed
in the PS and PL.

CGRP was expressed in ECsin all analyzed segments. The highest
density of CGRP+ ECs mm~2was found in the PS, which corre-
sponded to 68.1% of the total, a result similar to the GAS and CCK-8.
Segments of the PC, FL, and SL showed an intermediate number
of CGRP+ ECs mm~2 (Fig. 2 and Table 2). Significant reductions in
the number of ECs were mainly observed in the PC and IP (Table 3).
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Means, standard errors and proportion of ECs in each segment with respect to the number of ECs in all segments sampled from the intestine tract of dorado (Salminus
brasiliensis), over all fishes.

Peptide Stomach Midgut Posterior
intestine

PS PC FL SL P

GAS 83.70(10.27) 14.88 (1.95) 18.17 (2.32) 12.34(1.65) 4.33(0.98)
62.7% 11.2% 13.6% 9.2% 3.2%

CCK-8 55.80(7.63) 22.16 (3.56) 21.77 (2.82) 15.25(1.77) 10.64 (2.44)
44.4% 17.6% 17.3% 12.1% 8.5%

NPY 0.85 (0.46) 29.89(2.52) 48.43 (5.80) 36.08 (4.75) 2.25(1.41)
0.7% 25.4% 41.2% 30.7% 1.9%

CGRP 55.85 (5.24) 6.35(1.35) 11.03(1.72) 6.96 (0.77) 1.46 (0.75)
68.1% 8.3% 13.5% 8.5% 1.6%

GAS, gastrin; CCK-8, cholecystokinin-8; NPY, neuropeptide Y; CGRP, calcitonin gene-related peptide; PS, pyloric stomach region; PC, pyloric caeca; FL, first loop of medium
intestine; SL, second loop of medium intestine; PI, posterior intestine.

Table 3

Parameter estimates, standard errors and t test for the effects of segments on log (number of ECs mm~2 +1) for each peptide, considering a mixed effect model. Estimation
was done by maximum likelihood.

Effect Param. Estimate (standard error)
GAS CCK NPY CGRP

PS 81 1.91 (0.06 1.73 (0.07)’ 0.16 (0.08)" 1.73 (0.08)'
PC 8 1.17 (0.06) 1.33(0.07) 1.47 (0.07) 0.79 (0.07)
FL 83 1.25(0.05) 1.31(0.07) 1.67 (0.08) 1.03 (0.07)
SL 84 1.09 (0.05 1.18 (0.07) 1.54 (0.08) 0.88(0.07)
PI 8s 0.67 (0.06 0.96 (0.07)’ 0.27 (0.07) 0.26 (0.07)’
Variance random effect og 0.0082 0.0215 0.0095 0.0111
Variance o? 0.0251 0.0295 0.0539 0.0419

GAS, gastrin; CCK-8, cholecystokinin-8; NPY, neuropeptide Y; CGRP, calcitonin gene-related peptide; PS, pyloric stomach region; PC, pyloric caeca; FL, first loop of medium
intestine; SL, second loop of medium intestine; PI, posterior intestine.

* p<0.0001.
** p<0.0005.
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Fig. 2. Profiles and estimated mean of the number of immunoreactive ECs mm~2 of mucosal epithelial, in logarithmic scale, for each type of antibody used in the different
segments of the digestive tract.
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When analyzed together, the PC, FL, and SL segments corresponded
to 30.3% of total CGRP+ ECs mm~2 and the lowest density of ECs was
detected in the P, representing, approximately, 1.6% of the total.
Therefore, the highest density of CGRP+ ECs occurred in the PS and
was significantly reduced over the following segments.

3.2. Enteric nervous system

Positive immunoreactivity for CGRP and NPY was observed in
the myenteric plexus. Neurons and nerve fibers immunoreactive
for CGRP were observed in the myenteric plexus of all sampled
segments of the PS, PC, FL, SL, and PI (Fig. 3a-c). This location may
indicate the intrinsic origin of the peripheral signals that start at
the enteric nervous system.

4. Discussion

In Atlantic cod Gadus morhua (Linnaeus, 1758) GAS+ ECs were
more numerous in the PC, followed by the PS and the beginning
of the midgut. Few ECs were present in other parts of the intestine
(Jonsson et al., 1987). For shorthorn sculpin Myoxocephalus scorpius
(Linnaeus 1758), few GAS+ ECs were present in the PS; however,
large numbers of cells were observed in the beginning, middle, and
in the end of the midgut (Holmgren and Olsson, 2009; Bjenning
and Holmgren, 1988). A study analyzing different portions of rai-
bow trout 0. mykiss (Walbaum, 1792) stomach (Barrenechea et al.,
1994) identified numerous GAS+ ECs only in the PS. Immunohisto-
chemical analyses of the digestive tracts of other carnivorous fish,
such as sea trout Salmo trutta (Linnaeus, 1758), also reported GAS+
ECs in the caecal region, the PS, the PC, and the beginning of the
midgut. For S. trutta, the GAS+ ECs were more numerous in the
PS and the PC. Few ECs were present in the caecal region and in
the beginning of the intestine, while no cells were identified in the
distal segment of the midgut and PI (Bosi et al., 2004).

The primary signals to reduce the gastric emptying rate after
the arrival of food in the intestine are the release of CCK by the
duodenum and the release of GAS in the stomach (Holmgren and
Olsson, 2009; Vigna, 2000). Thus, the distribution pattern of GAS+
ECs, concentrated in the PS and adjacent to the PC in the intestine
of S. brasiliensis, can indicate a strategic location for GAS to exert its
physiological functions, which included the stimulation of gastric
secretions, the relaxation of the pyloric sphincter, and increased
motility (Holmgren and Olsson, 2009).

As in S. brasiliensis, in G. morhua CCK+ ECs were most numer-
ous in the PC, followed by the PS and the beginning of the midgut.
Few ECs were present in other parts of the intestine (Jonsson
et al,, 1987). In a study performed in different segments of the O.
mykiss stomach, numerous CCK+ ECs were identified only in the PS
(Barrenechea et al., 1994).

In immunohistochemical studies in the digestive tract of S.
trutta, CCK-8+ ECs were found in the PC and midgut. The highest
density of cells in S. trutta was described in the initial segment of
the midgut, while a moderate amount of cells were present in the
PC and in the distal segment of the midgut. In S. trutta, CCK+ ECs
were not found in the stomach or PI (Bosi et al., 2004).

Similar to S. trutta, in Coreoperca herzi (Herzenstein, 1896), CCK-
8+ ECs were detected only in the midgut (Lee et al., 2004). In
P. maxima, CCK-8+ ECs were more numerous and were primarily
found in the PC and in the initial segment of the midgut. CCK-8+ ECs
were not detected in the stomach or the PI of P. maxima (Bermudez
etal., 2007).Reports of the early presence of CCK-8+ECs in red drum
Sciaenops ocellatus (Linnaeus, 1766) larvae at 26 days indicate that
ECs are more abundant in the PC, sparse in the midgut, and absent
in the stomach and PI (Webb et al., 2010).

Anatomical and morphological features of the digestive tract
have been used to explain the distribution pattern of CCK in fish
during and after larval development. An expected distribution
model was proposed based on coiled intestine versus straight intes-
tine (Webb et al., 2010; Rennestad et al., 2007). In this model, the
distribution pattern of CCK+ cells is closely related to the pres-
ence or absence of a coiled intestine (Rgnnestad et al., 2003, 2007,
Kamisaka et al., 2005). In fish larvae that have coiled intestines,
CCK+ cells are concentrated primarily in the initial segment of
the midgut and in the PC (Kamisaka et al., 2001, 2002; Kurokawa
etal., 2000). In fishes that have a straight intestine, such as Atlantic
herring Clupea harengus (Linnaeus, 1758), in situ hybridization stud-
ies have demonstrated that the cells expressing CCK mRNA were
scattered throughout the entire intestine, with no significant con-
centration areas (Kamisaka et al., 2005), as observed in the present
study with S. brasiliensis.

The high concentration of CCK+ ECs in the PS region and in the
region adjacent to the PC in S. brasiliensis suggests the important
function of CCK in this portion of the digestive tract in fish (Webb
et al.,, 2010). These digestive tract segments represent a strategic
region, because they comprise the end of the stomach, the begin-
ning of the intestine, and the insertion of the PC, and it is also the
area where the pancreatic and bile ducts end. Considering the pri-
mary functions attributed to CCK (Jensen and Holmgren, 1994), the
highest density of CCK-8+ ECs near the pyloric sphincter and the PC
in S. brasiliensis suggest that these might be key locations for this
peptide to regulate the passage of digested food from the stomach
to the PC and to promote the proper release of bile and pancre-
atic secretions, similar to that reported for S. ocellatus larvae (Webb
etal.,2010).Inaddition, CCK has beenindicated to stimulate reverse
peristalsis, which can be a mechanism for facilitating the filling
of the PC and contribute to mix the digested food and enzymes
(Rennestad et al., 2000, 2007; Olsson and Holmgren, 2001).

Studies of the gastrointestinal tract in I punctatus (Min et al.,
2009) and Pseudophoxinus antalyae (Bogutskaya, 1992) (Cinar et al.,
2006) also demonstrated that, although rare, NPY+ ECs were con-
centrated in the epithelial mucosa of the midgut and no cells were
found in the stomach or the PL In Anguilla anguilla, NPY+ ECs
were also rare and were localized in the midgut and PI, with no
immunoreactivity detected in the stomach (Domeneghini et al.,
2000). Similar to that observed in I. punctatus, P. antalyae, common
eel A. anguilla (L), and in S. brasiliensis in the present study, NPY+
ECs in R. quelen were quite numerous in the midgut, especially in
its initial portion, and there was no immunoreactivity for NPY in
the stomach (Hernandez et al., 2012).

The midgut is the segment of the digestive tract with the great-
est efficiency for the absorption of nutrients. Although there are
differences among fish species, in the majority of fishes the distri-
bution of the transporters decreases in the most distal segments of
the intestine, and consequently, the absorption rate also decreases
(Bakke et al., 2010; Buddington and Diamond, 1987). The high
density of NPY+ ECs restricted to the midgut suggests that this
peptide is strategically located in a region with higher absorp-
tion rate; thus, this region could effectively monitor the type and
amount of nutrients absorbed. NPY is primarily expressed in the fish
brain (Yokobori et al., 2012; MacDonald and Volkoff, 2009; Cerda-
Reverter et al., 2000), and this peptide is a potent orexigenic factor
in the CNS. However, its expression in the gastrointestinal system
is also evident (Hernandez et al., 2012; Vigliano et al., 2011; Cinar
et al., 2006).

It appears that NPY does not have a specific role in the local
digestive processes (Hoskins and Volkoff, 2012; Volkoff, 2006;
Narnaware and Peter, 2001; Silverstein et al., 2001; Lépez-Patifio
et al.,, 1999). In this context, considering the distribution pattern of
the NPY+ ECs and the fibers of the myenteric plexus in S. brasiliensis
and similar findings in other carnivorous fish, it can be suggested
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Fig. 3. Photomicrographs of the peptide immunoreactivity in nerve fibers and cells. (a-c) Photomicrographs of CGRP immunoreactivity in the muscular layer (a: PS; b: SL;
c: PI). Arrows in all photomicrographs indicate the immunoreactivity of neurons in the myenteric plexus, and the arrow head indicates nerve fibers arranged between the
muscle layers (Bar =50 wm). Note the neurons in a higher magnification in a and b (Bar =20 wm). (d-f) Photomicrographs of NPY-immunoreactive nerve fibers in the muscle
layer and the lamina propria submucosa (d: FL; e: SL; f: PI). Arrows indicate NPY-immunoreactive nerve fibers in the muscle layer (d), in the myenteric plexus (e), and in the
lamina propria submucosa (f). Bar =50 pwm. In the insert in e, the lack of immunoreactivity for NPY (negative control) can be observed in a neuron located in the myenteric

plexus. Bar =50 pm.

that the ECs producing NPY in the intestine are a source of signaling
and peripheral monitoring to the hypothalamic center that in turn
regulates food intake.

Similar results obtained in P. antalyae demonstrated that CGRP+
ECs were more abundant in the stomach and medium intestine,
while a significant decrease occurred in the density of the PI (Cinar
et al., 2006).

In contrast, in P. maxima, CGRP+ ECs were more abundant in the
PC and the initial segment of the midgut, whereas few cells were
observed in the intermediate segment of the midgut. No CGRP+ ECs
were found in stomach or in the PI (Bermudez et al., 2007). Similar
to P. maxima, in R. quelen the CGRP+ ECs were observed, although
rarely, only in the two first segments of the midgut. However,
CGRP+ ECs were not visualized in the stomach, the final segment
of the midgut or the rectum (Hernandez et al., 2012).

In the present study, the peptide CGRP was distributed in the
myenteric plexus in all sampled segments of the digestive tract and
in ECs concentrated in the PS of S. brasiliensis. The primary effects
of CGRP in fish include the inhibition of gastrointestinal motility
and the inhibition of food intake (Martinez-Alvarez et al., 2009;
Shahbazietal., 1998). Based on the results ofimmunohistochemical
analyses in S. brasiliensis and other fish, the distribution pattern of
CGRP+ECs near the end of the stomach (in the PS) and the beginning
of the midgut may indicate a key localization since these regions
are critical areas for controlling the flow of digested food between
the stomach and intestine. Thus, the largest concentration of CGRP+

ECs would primarily occur in this portion to monitor the presence
of chyme in the lumen and then signalize to the enteric nervous
system, which regulates motor activity.

However, in the myenteric plexus and in the lamina propria sub-
mucosa, only nerve fibers exhibited positive immunostaining for
NPY in the FL, SL, and PI segments (Fig. 3d-f). Similar immunostain-
ing for NPY and CGRP in the myenteric plexus has been described
in fish species such as R. quelen (Hernandez et al., 2012), O. bonar-
iensis (Vigliano et al., 2011), S. trutta (Dezfuli et al., 2000) and A.
anguilla (Domeneghini et al., 2000), among others. However, there
are still no reports regarding the physiological role of NPY in the
local regulation of the digestive process in freshwater fish.

In summary, our data show that the use of antibodies raised
against mammalian peptides was efficient in the immunolocaliza-
tion of GAS, CCK-8, NPY, and CGRP in S. brasiliensis. Most peptides
were identified in all sampled segments, although some were
sparse in certain segments. GAS, CCK-8, and CGRP were concen-
trated primarily in the PS and the PC. NPY was remarkably restricted
to the midgut of the S. brasiliensis.

The immunolocalization of the modulating peptides GAS, CCK-8,
NPY, and CGRP in ECs in the digestive tract of S. brasiliensis showed
a distribution pattern similar to that observed in other carnivore
species. Although particularities exist among species, in general,
it appears that there is a distribution pattern that can partially be
justified by the feeding habits of the species and the anatomical and
morphological features of the digestive system. Thus, an association
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between peptide and feeding habits (carnivores or omnivores)
can result in an expected location of this peptide in the digestive
tract.

Given the complexity and extensive variety of intrinsic and
extrinsic factors that can modulate the DNES, further studies are
needed to better understand the factors that determine the distri-
bution pattern of these peptides along the digestive tract of fish.
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