
Postnatal development of the serotonin signaling system in the
mucosa of the guinea pig ileum

Hong Zhao1, Iva Sovadinova3, Vernon M. Swope1, Greg M. Swain1, Mark M. Kadrofske3,
and Xiaochun Bian2
1Department of Chemistry, Michigan State University, East Lansing, MI 48824 USA
2Department of Pharmacology & Toxicology, Michigan State University, East Lansing, MI 48824
USA
3Department of Pediatrics and Human Development, Michigan State University, East Lansing, MI
48824 USA

Abstract
Background—Serotonin is an important neurohumoral molecule in the gut but its signaling
system is not fully developed in the neonatal gastrointestinal (GI) tract. This study was aimed to
evaluate the postnatal maturation of the serotonin signaling in the small intestine.

Methods—In vitro amperometry for real time measurement of serotonin at the mucosal surface,
immunoblot, immunohistochemistry and high-performance liquid chromatography (HPLC) were
used to examine serotonin handling in ileal segments from guinea pigs of different ages.

Key Results—Extracellular serotonin levels significantly declined over the first 3 postnatal
weeks, after which levels increased and reached its maximum at 9 weeks postnatally. Serotonin
levels were insensitive to the inhibition of the serotonin transporter (SERT) until the animals
reached 3 weeks old. Measurement of serotonin and its metabolite 5-hydroxyindole acetic acid (5-
HIAA) in the mucosa revealed that the serotonin turnover was significantly lower in neonates.
Immunoblot and immunohistochemistry showed that SERT expression was extremely low in the
neonatal period. Serotonin staining in cross section showed that enterochromaffin (EC) cells were
preferentially localized in the crypt region in neonates and the number of EC cells was
significantly higher in 9 week old animals.

Conclusions—SERT expression is low in the neonatal intestine and serotonin signaling matures
postnatally. Extracellular serotonin levels decrease during the first 3 neonatal weeks as SERT
expression increases. Extracellular serotonin levels increase after 3 weeks (weaning) possibly due
to an increase in EC cell numbers. Postnatal maturation of serotonin signaling coincides with
dietary changes in the developing guinea pig.
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INTRODUCTION
Serotonin is an important neurohumoral signaling molecule in the gut (1). About 90% of
whole body serotonin content is synthesized and stored in intestinal enterochromaffin (EC)
cells (1). EC cells are sensory transducers that respond to mechanical or chemical
stimulation of the mucosa by releasing serotonin (2,3,4). Serotonin then acts on mucosal
endings of enteric primary afferent neurons and extrinsic primary afferent neurons to initiate
motor reflexes and intestinal sensation (5). Serotonin released from EC cells is cleared by
the serotonin transporter (SERT), which is expressed by enterocytes in the mucosa (6).
Serotonin captured by enterocytes is metabolized to 5-hydroxyindole acetic acid (5-HIAA)
by monoamine oxidase (7). Normal serotonin signaling from EC cells depends on serotonin
clearance by SERT expressed by enterocytes (1,7).

The gastrointestinal (GI) tract begins its development during the prenatal period and
continues to mature postnatally (15,16). For example, a recent study demonstrated that
inhibitory nerves in the enteric nervous system (ENS) are relatively more effective in
neonatal guinea pigs (13). Furthermore, the postnatal decline in inhibitory nerve function
may be due to the dilution of inhibitory neurons by other neuronal phenotypes (14).
Serotonin signaling in the GI tract is also not fully mature at birth. We have previously
demonstrated that neonatal guinea pigs express low levels of SERT and have higher
extracellular levels of serotonin compared to animals several weeks old (8). A better
understanding of this postnatal maturation of serotonin signaling is important because
serotonin plays a key role in regulating visceral sensation and gut motility (9,10,11). Indeed,
serotonin may be a neurotrophic factor for postnatal neurogenesis in the ENS (12)
suggesting its possible role in the normal ontogeny of small intestine motility. Thus,
immature or impaired development of serotonin signaling could contribute to pediatric gut
dysfunction.

Pediatric motility and visceral sensation disorders affect approximately 1.7 million children
in the U.S. and health-related costs for treatment of these disorders is almost $4 billion/year
(17). GI motility disorders also negatively impact school performance and social
development of children and they cause great disruption in family life (18). In this study, we
have measured real time serotonin levels in the ileal segments of guinea pigs at neonatal (≤
48 h), 1, 3, 6 and 9 week postnatal time points. We also used chromatographic,
immunohistochemical and immunoblotting techniques to probe the underlying differences in
serotonin handling between these age groups. We believe this study provides important
insights about the postnatal maturation of the serotonin signaling system in the GI tract.

MATERIALS AND METHODS
Animal Use and Tissue Preparation

Guinea pigs were lightly anesthetized via halothane inhalation, stunned, and exsanguinated
by severing the major neck blood vessels. Animal use protocols were approved by the
Institutional Animal Use and Care Committee at Michigan State University. Male guinea
pigs at neonatal (≤48 hours postnatal) 1, 3, 6 and 9 week postnatal time points were obtained
from Emergent Biosolution, Inc. (Lansing, MI. USA). At three weeks postnatal age, the
animals are fully weaned and at nine weeks of age, they are considered to have reached
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puberty (http://netvet.wustl.edu/species/guinea/guinpig.txt). Tissues for all the experiments
were prepared as described before (8;20;21).

Diamond Microelectrode Preparation and Amperometry
The boron-doped diamond microelectrode was prepared as described previously (19,20,21)
and amperometric recording was performed according to the protocol established by Zhao et
al. 2010 (20). In this study, the current-distance measurement was performed three times and
average of three measurements at each distance was calculated for each animal. The current-
distance relationship was tested in the presence or absence of a SERT inhibitor, citalopram
(1 μM; C7861, Sigma, USA). All data were collected using a multichannel potentiostat
(BioStat, Bioscience, Inc., Chelmsford, MA) and area under the current-time curve (AUC)
was integrated (i.e., charge) was used for data analysis (see below). The microelectrode was
mounted on a micromanipulator (Mitutoyo, Co., Aurora, IL) for precise positioning relative
to the tissue. The microelectrode was poised at 0.6 V vs. a Ag|AgCl reference electrode for
serotonin detection.

High-Performance Liquid Chromatography (HPLC) Measurements of Tissue Levels of
Serotonin and 5-HIAA

The mucosal layer was removed from ileal tissues using a sharp razor blade and then placed
into 500 µL of ice-cold 0.1 mol/L perchloric acid. This sample was homogenized and
centrifuged at 14,000 g for 10 min. The supernatant and pellet were separated and stored on
ice prior to further analysis. HPLC analysis of serotonin and 5-hydroxyindole acetic acid (5-
HIAA) was carried out using a CoulArray system (ESA Biosciences). A MD-150 column
(150 × 3.2 mm, 3 µm particle size, ESA Bioscience) and mobile phase (90 mmol/L
NaH2PO4, 50 mmol/L citric acid monohydrogen, 1.7 mmol/L sodium octyl sulfate, 50
µmol/L EDTA, and 10% acetonitrile) flowing at 0.6 mL/min were used for separation. The
detection potential was set at 200 mV with a guard cell that was positioned after the
autosampler (model 542, ESA Biosciences) set at 350 mV. The injection volume was 20 µL
and the system was kept at 35 °C. The total protein level in the tissue samples was measure
by the Lowry method (22).

SDS-PAGE and Immunoblotting Analysis
Mucosal extracts from guinea pig ileum were prepared as described before (8). Equal
amounts (50 µg total protein) of the mucosal extract were combined with sample buffer
(62.5 mmol/L Tris pH 6.8, 2% w/v SDS, 144 mmol/L β-mercaptoethonal, 10% v/v glycerol
and 0.0024% w/v bromophenol blue) and proteins were separated by 10% SDS-PAGE and
transblotted to a PVDF membrane. The membrane was blocked with 5 % (w/v) dry milk in
1% Tween-20, 20 mmol/L Tris pH 7.5, 250 mmol/L NaCl (T-TBS) for 2 hours at room
temperature. The membrane was then incubated with mouse monoclonal anti-rat SERT
(1:100 dilution; Santa Cruz Biotechnology, SC-33724) at 4°C overnight. To determine
specificity of this antibody, a 10x molar excess of competing oligopeptide
(GTLKERIIKSITPETPTEIPC, rat and guinea pig amino acids 602-622,
http://genome.ucsc.edu) was pre-incubated with the primary antibody overnight at 4°C prior
to immunoblotting. After washing with T-TBS, the membrane was incubated with goat
horseradish peroxidase-conjugated anti-mouse IgG (1:50,000 dilution; Santa Cruz
Biotechnology, SC-2005) for 1 hour at room temperature. After another T-TBS wash, the
blot was developed using the ECL Plus Western Blotting Detection System (GE
Healthcare). All membranes were stained with Coomassie Brilliant Blue R250 to verify
equal protein loading and quantitation of total protein in each lane. The intensity of SERT
bands and total protein on membranes was quantitated using ImageJ software
(http://rsb.info.nih.gov/ij/) and the SERT protein level in each lane (densitometry) was
normalized to the total loaded protein.
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Immunohistochemistry
Cross sections of guinea pig ileum were prepared as described before (8). Sections were
incubated in either mouse anti-SERT (sc-33724, Santa Cruz Biotechnology, USA) or mouse
anti-serotonin (ab16007, Abcam Inc, USA) for 24 h at 4 °C (1:200 dilution in PBS). After
the excess serum was washed off with 3 × 10 min changes in PBS, the sections were
incubated in the FITC-conjugated donkey anti-mouse IgG (Jackson; 715-095-150) for 2 h at
room temperature (1:40 dilution in PBS). The sections were washed in PBS for 3 × 10 min
and then mounted in buffered glycerol (pH = 8.6) for fluorescence microscopy. Staining was
viewed using a Nikon fluorescence microscope (model TE 2000-U), and images were
acquired and analyzed using MetaMorph software. Distribution of EC cells was quantified
by making measurements on 3 to 4 sections of each sample obtained from 3 to 5 guinea pigs
in each age group. A line was drawn across the image at the crypt–villus border. The
number of cells on each side of the line was counted and cell counts obtained in sections
from each animal were summed to provide a single number for crypt or villus EC cells.

Data analysis
Serotonin levels were expressed as the AUC integrated at fixed electrode-tissue distances
between 0.25 mm and 1.0 mm. The serotonin current at the two extreme distances were
excluded from the area under the curve (AUC) integration (21;23). All data are expressed as
the mean ± standard error where “n” values refer to the number of animals from which the
data were obtained. Data from different treatment groups were compared using Student’s t-
test, Wilcoxon signed-rank test or one-way ANOVA where appropriate. P < 0.05 was
considered statistically significant.

RESULTS
The body weights of the guinea pigs at neonatal (≤48 hours postnatal), 1, 3, 6 and 9 week
postnatal time points were (in grams), respectively: 98.9 ± 1.7 (n = 10), 173.8 ± 10.1 (n = 5),
241.4 ± 3.4 (n = 11), 544.9 ± 13.5 (n = 8) and 644.7 ± 53.6 (n = 6).

Real Time Electrochemical Detection of Serotonin
Serotonin was detected as the oxidation current in real time with the microelectrode poised
at 0.6 V vs. a Ag|AgCl (Fig 1). The oxidation current increased as the microelectrode was
positioned closer to the tissue with the largest currents at the electrode-tissue distance less
than 500 µm (Fig 1A). To quantify the current, the current-distant relationship was plotted
and AUC between the distances of 1 mm and 0.25 mm was integrated as a measure of
extracellular serotonin (Fig 1B). The serotonin levels for the animals at neonatal, 1, 3, 6 and
9 week postnatal ages were respectively (in pA·mm; n = 5 – 8): 257.8 ± 55.0, 110.9 ± 44.2,
83.0 ± 16.9, 139.8 ± 36.3 and 226.0 ± 59.1. The serotonin levels in the presence of
citalopram for the animals at neonatal, 1, 3, 6 and 9 week postnatal ages were (in pA·mm; n
= 5 – 8): 199.9 ± 34.5, 122.1 ± 18.7, 141.7 ± 30, 277.4 ± 113.2 and 391 ± 124.5. Citalopram
(1 μM), a SERT inhibitor, increased the serotonin signal only in the animals older than 3
weeks of age (Fig 1C; P < 0.05, Wilcoxon signed-rank test, n = 5 to 8).

HPLC Analysis of Tissue Levels of Serotonin and 5-HIAA
To determine the steady state intracellular serotonin levels in the EC cells, ileal mucosa
serotonin was measured using HPLC and normalized with the total protein level in each
sample (Fig 2A). Because serotonin captured by enterocytes is metabolized to 5-HIAA by
monoamine oxidase (9), the level of 5-HIAA in the ileal mucosa was also determined (Fig
2A). The serotonin levels for the animals at neonatal, 1, 3, 6 and 9 week postnatal ages were
(in pg per mg protein; n = 4 – 7): 28.2 ± 9.9, 194.2 ± 91.3, 130.3 ± 57.6, 114.0 ± 39.8 and
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90.1 ± 34.8. The 5-HIAA levels for the animals at the same age groups were (in pg per μg
protein; n = 4 – 7): 0.6 ± 0.2, 21.3 ± 12.0, 4.3 ± 0.9, 8.9 ± 3.1 and 6.5 ± 10.5. The 5-HIAA/
serotonin ratio levels for the animals at the same age groups were (n = 4 – 7): 2.0 ± 0.5, 9.0
± 1.5, 5.4 ± 1.4, 8.7 ± 0.9 and 7.4 ± 0.5. The 5-HIAA/serotonin ratio was not statistically
different between the 1, 3, 6 and 9 week old animals but the ratio in the neonatal group was
significantly lower as compared to the other age groups (One-way ANOVA with Bonferroni
correction, n = 4 to 7; Fig 2B).

SERT Protein Levels as a Function of Postnatal Age
Immunoblotting of extracts from mucosal scrappings of ileum revealed a band with an
apparent molecular weight of ~70 kilodaltons (Fig 3A), consistent with the calculated
molecular weight of 70,320 kilodaltons for SERT. No bands were observed with secondary
antibody alone or after preincubation with a molar excess of competing oligopeptide (inset,
Fig. 3A). SERT protein levels were normalized to the total protein present in each lane and
their quantitation values at neonatal, 1, 3, 6 and 9 week postnatal ages were respectively (n =
4): 3.4 ± 0.2, 6.3 ± 0.4, 5.6 ± 0.4, 6.0 ± 0.4 and 5.5 ± 0.4. SERT levels were similar between
the animals of ages from 1 week old to 9 week old (Fig 3A, B; n = 4). SERT protein levels,
however, were significantly (P < 0.05, One-way ANOVA with Bonferroni correction, n = 4)
lower in the neonate as compared to the other age groups (Fig 3A, B).

Immunohistochemistry for SERT
To determine the localization of SERT in the guinea pig ileal mucosa, we used
immunohistochemical staining on frozen sections of ileum (Fig 3). In neonates, little SERT
immunoreactivity (ir) was observed in the enterocytes lining individual mucosal villi (Fig
3C). In animals at 1 week of age, strong SERT-ir was observed primarily in the enterocytes
localized on the tips of mucosal villi (Fig 3D). In ileal sections from animals of 3 weeks to 9
weeks of age, SERT-ir was found evenly distributed in enterocytes lining the mucosal villi
(Fig 3E, F and G). No SERT was detected when the primary antibody was deleted from the
immunohistochemical protocol (see example in Fig 3H).

Enterochromaffin Cell Distribution
EC cells were found in both villi and crypts on all animals (Fig 4 - E). The serotonin
containing cells in neonatal ileum were preferentially localized in the crypt region (Fig 4A).
Ileal sections from animals of 1 week old (Fig 4B), 3 week old (Fig 4C), 6 week old (Fig
4D) and 9 week old (Fig 4E) showed that the EC cells were more evenly distributed along
crypt-villi axis. Omitting the primary antibody from the immunohistochemical protocol
removed localization of serotonin in all tissues (see example in Fig 4F).

The numbers of villi in animals at neonatal, 1, 3, 6 and 9 week postnatal ages were (n = 3 to
5): 46.4 ± 3.7, 47.2 ± 1.9, 44.0 ± 5.7, 51.5 ± 1.6 and 50.3 ± 4.1; which did not differ
significantly (P > 0.05, One-way ANOVA; Fig 5A). The number of EC cells per each
section for the animals at neonatal, 1, 3, 6 and 9 week postnatal ages were (n = 3 – 5): 521 ±
102, 541 ± 34, 571 ± 109, 574 ± 8 and 788 ± 30. The number of EC cells in the 9 week old
group was significantly higher (P < 0.05, One-way ANOVA with Bonferroni correction, n =
3 to 5) than in neonates and 3 week old animals (Fig 5B). In the neonates, the number of EC
cells in the crypt region was significantly (P < 0.05, unpaired t-test, n = 3 to 5) higher than
the number of EC cells in the villi (Fig 5C). The ratio of the number of EC cells in the villus
versus the number of EC cells in the crypt was significantly lower (P < 0.05, One-way
ANOVA with Bonferroni correction, n = 3 to 5) in neonates (Fig 5D).
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DISCUSSION
This study is a direct extension of our previous work (8) examining the postnatal maturation
of the serotonin signaling system in the GI tract. The GI tract is not fully mature at birth
(15,16) with postnatal functional development adapting to longitudinal growth and dietary
changes (24) as well as bacterial colonization (26;27). Although signaling mechanisms that
link the gut lumen environment to the enteric nervous system (ENS) are poorly understood,
it has been reported that alterations in the structure and function of the ENS are associated
with dietary changes at weaning (25). In the present study, serotonin handling was measured
in ileal segments of guinea pig mucosa at several postnatal ages, ranging from the neonatal
period to nine weeks of age, and encompasses the weaning period. Our results suggest that
an immature serotonin generation-clearance mechanism is present during the neonatal
period. For example, extracellular levels of serotonin were elevated and not altered by
specific blockade of the serotonin transporter (SERT) when compared to the older animals.
Also, serotonin turnover was decreased and SERT protein expression was low in the
neonatal period. Furthermore, the serotonin-producing enterochromaffin (EC) cells were
localized predominantly in the crypt region in the neonatal period but were found more
evenly distributed throughout the entire length of the villus with increased postnatal age.

Extracellular serotonin was measured in real time using amperometry with microelectrodes
(8;19;20;21;28;29). We specifically used the distance-current relationship between the
oxidation current and distance of the microelectrode from the mucosal surface (20). Because
serotonin adjacent to the tissue was continuously washed away by buffer in these
experiments, a concentration gradient was developed near the recording site. Quantifying the
area under the curve (AUC) of the current-distance relationship eliminated artifacts
secondary to recording distance. Using this method, we determined that extracellular
serotonin was increased in the neonatal period and the oxidation currents of serotonin were
sensitive to SERT blockade in all age groups except in the neonates.

Serotonin released from EC cells is transported by SERT into enterocytes and then
metabolized to 5-HIAA by monoamine oxidase (6;7). Therefore, the 5-HIAA/serotonin ratio
can be used as a measure of SERT levels and function and intracellular serotonin turnover
(8;30). This study has demonstrated that the 5-HIAA/serotonin ratio is decreased in the
neonatal period, consistent with the finding of increased extracellular serotonin based on
amperometric measurements and decreased SERT protein levels as determined directly by
standard SDS-PAGE and immunoblotting. Interestingly, the immunoblotting analysis
revealed a band near 70 kilodaltons in the ileal mucosal extracts from the animals used in
this study. This is somewhat different from our previous report which demonstrated a
predominant band of ~60 kilodaltons, also from guinea pig ileal mucosal scrapings, but
using a different primary antibody (8). A summary of different experimentally reported
apparent molecular weights for SERT (calculated MW 70,320) has been recently published
(31). It is speculated that the various reported molecular weights may be due to different
experimental conditions, different post-translational modifications from various expression
systems and species, and the use of different primary antibodies (31;32).

After the neonatal period, the extracellular level of serotonin decreased between one and
three weeks postnatal age and prior to full weaning. This is consistent with our previous
observation (8) in which a significantly higher serotonin level was identified in the neonates
compared to the animals of three to four weeks of age. This decrease in extracellular
serotonin levels prior to weaning is accompanied by an increase in SERT protein expression
and a change in EC cell localization at one week of age. In neonates, the EC cells were
mainly located in the crypt region of the mucosa. Between the neonatal period and one week
of age, however, the proportion of EC cells in the villus increased. The exact physiologic
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significance of this change in EC cell distribution is unknown at this point. It should be
noted that guinea pigs are fully weaned by the fourth postnatal week and they typically have
body weights of approximately 300 to 400 grams between the third and fourth week after
birth (data provided by our supplier, Emergent Biosolution, Inc., Lansing, MI, USA). The
combination of full weaning and a 300 to 400 gram body weight is commonly considered to
be that of an "adult" guinea pig (33) and we previously have referred to these guinea pigs as
being "adults" (8;13;14).

Beyond the neonatal period and beginning at one week of age, we showed that both SERT
protein expression and the 5-HIAA/serotonin ratio remained essentially unchanged.
However obvious SERT function was not demonstrated until three weeks of age. This
conclusion is based on the observation that the serotonin oxidation current was not changed
by the inhibition of SERT with citalopram. Therefore, prior to three weeks of age, it is
possible that serotonin transport was performed by other monoamine transporters or non-
specific cation transporters (34;35). It is also possible that the nascent SERT was functional
to transport yet insensitive to specific SERT inhibitors. This lack of SERT sensitivity to
specific phamacologic blockade in the neonatal period of the guinea pig may have important
implications to pharmacodynamic and pharmacokinetic properties of SERT inhibitors in the
human pediatric population.

Extracellular levels of serotonin increased after three weeks of age when the animals were
fully weaned. This increase occurred despite no change in SERT protein expression or
serotonin turnover, and the distribution of the EC cells between the crypt and villus
remained unchanged. Furthermore, the EC cell number did not increase until nine weeks
postnatal age. We cannot exclude the possibility that serotonin release per individual EC cell
increased between three and six weeks. Nevertheless, beyond six weeks of age, the increase
in extracellular serotonin may be due, at least in part, to an increase in actual EC cell
number.

SUMMARY AND CONCLUSIONS
In summary, serotonin signaling in the gut is not mature at birth. A transient period exists at
an early postnatal stage during which the serotonin generation-clearance mechanism is not
fully developed. We believe extracellular serotonin in the gut decreases during the first three
postnatal weeks secondary to an increase in SERT protein expression on the enterocytes.
After the animals are fully weaned between three and four weeks of age, extracellular
serotonin levels increase possibly due to an increase in the number of serotonin-producing
EC cells. The nascent SERT protein present in the neonate may be pharmacologically and
functionally different from more mature animals.
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Figure 1. Real time detection of serotonin in ileal mucosa made from the guinea pigs
[A]: Representative tracing of serotonin oxidation current from an animal of 1 week old
animal. Oxidation current was measured over 10 min as a function of the distance from the
tissue to the microelectrode. [B]: Plot of the distance-current relationship for the serotonin
oxidation current in the same animal as in [A]. AUC between the distances of 1 mm and
0.25 mm was integrated to reflect the serotonin levels. [C]: Serotonin levels in the presence
and absence of citalopram (1 μM) in preparations made from animals at neonatal (≤48 hours
postnatal) 1, 3, 6 and 9 week postnatal time points. The serotonin levels decreased from
neonatal to 3 week old animals and then increased from 3 week to 9 week old animals.
Citalopram (1 μM), a SERT inhibitor, increased the serotonin signal only in the animals
older than 3 weeks old (P < 0.05, Wilcoxon signed-rank test, n = 5 to 8). In all experiments,
signals were detected by microelectrode at detection potential of 0.6 V vs. Ag|AgCl
reference electrode.
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Figure 2. Serotonin and 5-HIAA levels in the ileal mucosa as measured using HPLC
[A]: Summary for amount of serotonin and 5-HIAA in different age groups (n = 4 to 7). [B]:
The 5-HIAA/serotonin ratio (serotonin turnover) was very low in neonates. Asterisks
indicate statistic significance (One-way ANOVA with Bonferroni correction, n = 4 to 7).
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Figure 3. Ileal SERT protein expression and immunohistochemical localization of SERT in ileal
sections from different postnatal ages of guinea pig
[A]: Representative SDS-PAGE and immunoblot analysis showing SERT protein expression
from neonate and 1, 3, 6, and 9 weeks postnatal age. (Inset) Immunoblot with secondary
antibody alone (2° alone) and following pre-incubation of the primary antibody with
competing oligopeptide (BP; 10x molar excess) prior to immunoblotting. [B]: Intensity of
the ~70-kilodalton band was normalized to the total protein present in each lane. The band
intensity was significantly lower in the neonate compared to each of the other age groups,
but no differences were noted between the animals from age of 1 week old to 9 weeks of age
(P < 0.05, One-way ANOVA with Bonferroni correction, n = 4). [C]: SERT-ir in an ileal
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section from neonatal animal. Minimal amount of SERT-ir was found in enterocytes lining
individual mucosal villi. [D]: SERT-ir in an ileal section from an animal of 1 week old.
Strong SERT-ir was mainly found in the enterocytes localized on the tips of mucosal villi.
[E – G]: Ileal sections from animals of 3 week old [E] 6 week old [F] and 9 week old [G]
showing SERT-ir in enterocytes lining several villi. [H]: An example of negative control:
omitting the primary antibody removed SERT labeling from an ileal section of a 1 week old
animal. [C – H]: Tissues were fixed, processed, stained and camera-captured under the same
conditions. Arrows are indicating the tip-direction of the villi. Scale bars: 50 μm.
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Figure 4. Immunohistochemical localization of EC cells in sections from guinea pig ileum
[A]: Section from neonatal ileum showing EC cells preferentially localized in the crypt
region. [B – E]: Ileal sections from animals of 1 week old [B], 3 week old [C] 6 week old
[D] and 9 week old [E] showing EC cells were evenly distributed along crypt-villus axis.
[F]: An example of negative control: omitting the primary antibody removed serotonin
labeling from an ileal section of a 1 week old animal. Tissues were fixed, processed, stained
and camera-captured under the same conditions. Scale bars: 100 μm.
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Figure 5. Analysis of the distribution of EC cells in the guinea pig ileum
[A]: The total number of villi counted in cross section of ileum from animals of all age
groups. [B]: The total number of EC cells in the mucosa counted in cross section of ileum
from animals of all age groups. Asterisks indicate statistic significance (One-way ANOVA
with Bonferroni correction, n = 4 to 7). [C]: In neonate, the number of EC cells in the crypt
was significantly (P < 0.05, unpaired t-test, n = 3) greater than that in the other age groups.
[D]: The EC cell crypt-villus ratio was significantly (P < 0.05, One-way ANOVA with
Bonferroni correction, n = 3 to 5) larger in neonatal animals.
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