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Abstract

Apelin is the endogenous ligand for the APJ receptor and both apelin and APJ are expressed in the
gastrointestinal (GI) tract. The aim of this study was to define ontogeny of apelin and APJ in the
developing rodent Gl tract by measuring expression levels and characterizing abundance and cellular
localization at an embryonic stage (E18.5 or E21), two postnatal stages (P4, P16) and in the adult.
Apelin and APJ mRNA levels were measured by real time RT-PCR, apelin and APJ-containing cells
were identified by immunohistochemical (IHC) staining. Gastric, duodenal and colonic apelin and
APJ mRNA levels were highest at birth and declined postnatally. In the postnatal rat stomach, few
apelin peptide-containing cells were identified, the density of gastric apelin-containing cells
increased progressively after weaning and into adulthood. A robust APJ immunostaining was
observed postnatally in the epithelium, intestinal goblet cells and in smooth muscle cells. In the adult
rat, APJ immunostaining in the surface epithelium and goblet cells decreased markedly. During the
early postnatal period, in an apelin-deficient mouse, APJ expression and immunostaining in the gut
were reduced suggesting that apelin regulates APJ. Together, our data support a role for the apelin-
APJ system in regulation of smooth muscle, epithelial and goblet cell function in the Gl tract.
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INTRODUCTION

Apelin is the endogenous ligand for the APJ receptor [1]. The APJ receptor is a member of the
G-protein-coupled receptor (GPCR) family [2] and is structurally related to the angiotensin
and CXC chemokine receptors [3,4]. Apelin was discovered by screening tissue extracts for
their effects on extracellular acidification and inhibition of cAMP formation in a Chinese
hamster ovary cell line transfected with the APJ cDNA [1]. Rat, mouse, cow and human apelin
cDNAs have been characterized [1,5] and encode a 77-amino-acid precursor peptide. A 36-
amino-acid variant of apelin is the apparent parent peptide.
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Apelinand APJ have awidespread distribution in the body [6-8]. Apelin and APJ are expressed
in the brain, kidney, adipose tissue, heart, lung, retina, mammary gland and gastrointestinal
tract (GI) [5,9-17]. Apelin exerts a broad range of physiological actions including effects on
heart contractility, blood pressure, blood vessel growth, appetite and drinking behavior,
pituitary hormone secretion and the hypothalamic-pituitary-adrenal axis [17-24]. In the Gl
tract and pancreas, apelin has been shown to influence gastric acid secretion as well as intestinal
and pancreatic hormone secretion [17,25,26].

During pregnancy and lactation, breast apelin expression increases ~7- to 20-fold [5,27] and
significant amounts of apelin are ingested by neonates. A putative target of ingested apelin is
the Gl tract, however, the extent to which APJ is expressed postnatally in the Gl tract, and
more importantly, where APJ is localized in the Gl tract are not known.

The purpose of the present study, therefore, was to characterize APJ and apelin expression
(mRNA levels) profiles as well as localization and abundance of APJ protein and apelin peptide
in the developing mouse and rat Gl tract. Additionally, the influence of apelin gene knockout
on APJ mRNA and immunostaining intensity was investigated.

MATERIALS AND METHODS

Animals

All animal experiments were done in accordance with mandated standards of humane care and
were approved by the Institutional Animal Care and Use Committees at the University of Texas
Medical Branch and Stanford University. C57/BL6 mice (Figure 1 and Figure 3), 129SV mice
(Figure 6 and Figure 7) and Sprague-Dawley rats (Figure 1-Figure 5) were maintained in air-
conditioned and light-regulated rooms (lights on, 0600-1800 h) and given access to food and
water ad libitum. All tissues were harvested from animals in the ad lib-fed condition. For
generation of embryonic and postnatal tissues, mice and rats were mated in house. Rat and
mouse litters were born at approximately 21 and 19.5-20 d gestation and kept with their
mothers until 21 d postpartum. As indicated in figure legends, apelin and APJ expression levels
were examined at one embryonic (E18.5, mouse; E21, rat) two postnatal (P4, P16) stages, and
in the adult (1-3 months of age). For measurement of APJ expression levels or IHC localization
of APJ protein in apelin gene knockout and control 129SV mice, Gl tissues were harvested at
E18.5, P7, P18, and P38. Gl tissues were harvested from mice and rats of both sexes and either
placed in a reagent called RNA later (Ambion, Austin, TX) or immediately extracted for total
cellular RNA. Samples in RNA later were extracted at a later date. In all dissections, care was
taken not to include the pancreas. For collection of pup and adult mouse and rat stomachs, the
stomach body was separated from the rumen and the full-thickness stomach was extracted for
total cellular RNA. The entire fetal stomach was extracted for total cellular RNA. Tissues were
also placed in fixative (4% paraformaldehyde) for immunohistochemical staining.

The apelin gene knockout mouse was generated in the laboratory of T. Quertermous [28]. In
brief, the translation start site (ATG) in the first exon of the apelin gene was disrupted by
knocking in bacterial B-galactosidase (lacZ gene) followed by neomycin resistance gene. The
construct was electroporated into mouse ES cells (derived from agouti 129SV mouse). After
homologous recombination, the targeted, inactivated apelin bearing ES cells were selected with
G418. Selected ES cells were injected to mouse blastocysts to generate a chimeric apelin
mouse. Chimeric mice were then bred with 129SV mice to get the germline chimeric mouse.
The germline offspring were then backcrossed for ten generations to generate knockout mice
used in the present experiments.
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Real time RT-PCR measurements of apelin and APJ expression

For measurements of apelin and APJ expression, total cellular RNA was extracted and purified
as described previously [17]. RNA was quantified by spectrophotometry. Before real time PCR
analyses, total RNA was used as a template to synthesize first strand cDNA by the random
priming method using the AdvantageTM RT-for-PCR kit (BD Biosciences-Clontech, Palo
Alto, CA). Briefly, 1 ug of total RNA was incubated with 1 pl random primer at 70°C for 2
min, chilled on ice, and mixed with a solution containing 4 ul reaction buffer (5x), 1 pl
deoxynucleotide (ANTP) (10 mM), 0.5 pl recombinant RNase inhibitor (40 U/ul) and 1.0 pl
of MMLYV reverse transcriptase (200 U/ul). The mixture (20 pl) was incubated for 1 h at 42°
C and the reverse transcriptases were denatured at 94°C for 5 min. Apelin and APJ mRNA
levels were then measured by real time RT-PCR assays as described [17]. Assays were done
using an Applied Biosystems 7000 sequence detection system (Foster City, CA). Applied
Biosystems Assays-By-Design containing a 20x assay mix of primers and TagMan MGB
probes (6-FAM dye-labeled probe) were used for the target genes: mouse apelin (accession
no. NM_013912); rat apelin (accession no. AF179679); mouse APJ (accession no.
NM_011784); rat APJ (accession no. NM_031349); and a pre-developed mouse and rat 18S
rRNAs (VIC dye-labeled probe). TagMan assay reagent (P/N 4319413E) was used for the
internal control. Primers were designed to span exon-exon junctions. Probe sequences were
searched against the NCBI database.

Immunohistochemical (IHC) Staining

For IHC localization of apelin peptide and APJ protein, mouse and rat tissue specimens were
fixed in buffered formalin or 4% paraformaldehyde and then processed for identification of
apelin- or APJ-containing cells [17].

Fixed, paraffin-embedded tissue sections (5 pm) were deparaffinized and rehydrated. After
deparaffinization, slides were treated with 1% H,0, in PBS for 15 min, followed by microwave
antigen retrieval at 100°C for 10 min in Dako target retrieval solution (Dako Corp., Carpinteria,
CA) in an H2800 microwave processor (Energy Beam Sciences, Inc., Agawam, MA) or water
bath. After sequential 15-min incubations with 0.1% avidin and 0.01% biotin (\Vector
Laboratories, Inc., Burlingame, CA), slides were then incubated in 0.05% casein (Sigma) in
0.05% Tween 20 (Dako) in PBS for 30 min to block nonspecific protein binding. Either a
primary rabbit polyclonal antibody generated against apelin-36 (Phoenix Laboratories,
Belmont, CA) at a dilution of 1:300, or a rabbit antibody generated against the 29-amino
terminal residues of rat APJ at a dilution of 1:750-1:1000 (gift of D. Kolson, Univ. of
Pennsylvania) were applied to sections for 60 min. The apelin antibody recognizes large and
small forms of apelin (Apelin-36, Apelin-13, etc.). For negative controls, either rabbit serum
Ready-to-Use (InnoGenex, San Ramon, CA) was applied or the primary antibody was omitted,
immunoreactive apelin and APJ staining were not observed in these cases. The apelin antibody
does not recognize structurally unrelated peptides. Biotinylated F(ab")2 fragment of swine anti
rabbit immunoglobulins (Dako) served as the secondary antibody and was detected by
streptavidin-horseradish peroxidase and colorized by diaminobenzidine (Dako). Slides were
counterstained with Mayer’s modified hematoxylin before mounting and viewed under a Nikon
Eclipse E600 microscope. Images were captured with a Nikon DXM1200 digital camera and
ACT-1 (version 2.00) program.

Statistical analyses

Results are expressed as the mean £ SEM. Data were analyzed by t-test or one-way ANOVA
and subsequently with Newman-Keuls test when appropriate. P<0.05 was considered
significant.
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RESULTS

Ontogeny of apelin and APJ expression in the rat Gl tract

The aim of this study was to characterize apelin and APJ expression (MRNA levels) in the
developing rat stomach, duodenum and colon. We measured apelin and APJ expression at a
single embryonic stage (E21), two postnatal stages (P4, P16), and in the adult rat (~1-3 months
old).

In the rat stomach, apelin expression levels were maximal at the E21 and P4 stages, and then
declined progressively into adulthood. Apelin expression levels in the rat stomach were
significantly lower at the P16 and the adult stages when compared to apelin expression levels
at the E21 and P4 stages.

In the duodenum, apelin expression levels were highest at the E21 and P4 stages, apelin
expression levels in the duodenum then decreased progressively at the P16 and adult stages.

In the rat colon, apelin expression levels were highest at the E21 stage and then declined
progressively at the P4, P16 and adult stages. In the colon and duodenum of the adult rat, apelin
mRNA levels were marginal when compared to earlier ages and to the adult rat stomach.

In general, apelin expression levels in the rat stomach were higher when compared to apelin
expression levels in the duodenum and colon.

In the rat stomach, duodenum and colon, APJ expression levels were maximal at the E21 stage
(Figure 1). APJ expression levels then declined postnatally and into adulthood in a dramatic
fashion.

Ontogeny of apelin peptide in the rat stomach

Ontogeny, localization and abundance of apelin peptide-containing cells were characterized
in the rat stomach at P7, P13, P20, P28 and in the adult by IHC staining. At the P2, P7 and P13
stages, apelin-positive cells were not identified in the rat stomach (Figure 2, P2 and P13 not
shown). The density of apelin-positive cells increased at the P20 and P28 stages and was
maximal in the adult stomach. Apelin-positive cells were observed primarily in the middle and
lower mucosal regions of gastric glands. Our laboratory and others [29,30] have previously
reported that apelin immunostaining occurs in gastric mucous neck, parietal, chief and
endocrine cells.

Ontogeny of APJ protein in the rat Gl tract

An earlier report indicates APJ immunostaining in the rat stomach [25]. In the present study,
a diffuse APJ immunostaining was observed in the surface epithelium of the developing rat
stomach and colon (Figure 3) and, in the developing rat duodenum, APJ immunostaining was
observed in goblet cells (Figure 4, panel C), non-goblet epithelial cells (Figure 4, Panel D) and
in the crypt region (Figure 3).

In the surface epithelium of the stomach, APJ immunostaining was most intense at the P4 and
P16 stages, APJ staining intensity in the surface epithelium decreased in the adult stomach
(Figure 3). In the stomach epithelium, APJ immunostaining was associated with the cell
membrane and cytoplasm (Figure 4, panel A). In the developing rat duodenum, APJ
immunostaining in goblet cells was most intense at E21, P4 and P16 stages. In the adult rat,
APJ immunostaining in duodenal goblet cells was less intense when compared to earlier ages.
In the developing rat colon, APJ immunostaining in the surface epithelium was most intense
at the E21, P4 and P16 stages. APJ immunostaining decreased in the adult colon. In the rat
colon, APJ immunostaining was associated with the cell membrane of goblet and absorptive
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epithelial cells (Figure 4, panel E). A strong APJ immunostaining was also present in the
smooth muscle layer of the rat stomach, duodenum and colon (Figure 3). In contrast to the
surface epithelium, APJ immunostaining in the smooth muscle layer was robust at all ages
examined, APJ immunostaining was associated primarily with the cell membrane and some
APJ immunostaining was observed in the cytoplasm (Figure 4, panel B). APJ immunostaining
was also observed in venules of intestinal villi and in endothelial cells (Figure 3).

Ontogeny of apelin and APJ expression in the mouse Gl tract

Apelin gene

The aim of this study was to characterize apelin expression levels in the developing mouse
stomach, duodenum and colon. Apelin expression was measured at a single embryonic stage
(E18.5), two postnatal stages (P4, P16), and in the adult mouse (~1-3 months old).

In the mouse stomach, maximal apelin expression levels were measured at P4, stomach apelin
expression levels then declined progressively at the P16 and adult stages (Figure 5). Apelin
expression levels were significantly lower at E18.5 when compared to levels at P4.

In the duodenum, apelin expression levels were highest at the E18.5 and P4 stages, apelin
expression levels in the duodenum then decreased dramatically at the P16 and adult stages.

In the colon, apelin expression levels were maximal at the E18.5, P4 and P16 stages, apelin
expression levels in the colon were dramatically lower in the adult.

In the mouse, apelin expression levels were of similar magnitudes in the stomach, duodenum
and colon.

In the mouse duodenum and colon, APJ expression levels were maximal at the E18.5 stage
(Figure 5). In the mouse stomach, maximal APJ expression levels were measured at the E18.5
and P4 stages. In the stomach, duodenum and colon, APJ expression levels then declined
postnatally and into adulthood in a dramatic fashion.

knockout decreases APJ expression levels and immunostaining in the Gl tract

The aim of this experiment was to examine the influence of an apelin-deficient condition on
APJ mRNA levels and immunostaining intensity in the developing Gl tract. In the apelin-
deficient mouse, APJ mRNA levels decreased significantly in the developing stomach,
duodenum and colon (Figure 6). In the developing stomach, APJ expression levels in the apelin
gene knockout mouse are reduced 20-70%, in the developing duodenum APJ mRNA levels
are reduced approximately 30% and in the developing colon APJ mRNA levels are reduced
30-40%. APJ expression levels in the Gl tract of apelin-deficient mice at P38 are either reduced
marginally or unchanged when compared to wild-type mice. In the developing apelin gene
knockout mouse, APJ immunostaining in the surface epithelium of the stomach (Figure 7,
panel C) and colon (panel D) was less intense when compared to the intensity of APJ
immunostaining of WT mice (panels A and B). APJ immunostaining in the apelin-deficient
mouse is also less intense at E18.5 and P18 (data not shown). At P38, APJ immunostaining in
the Gl tract in apelin-deficient mice did not differ when compared to WT mice (data not shown).

DISCUSSION

The aim of the present study was to characterize the ontogeny of apelin and APJ expression
as well as ontogeny, localization and abundance of apelin peptide and APJ protein in the
developing rodent Gl tract. Furthermore, the influence of apelin gene knockout on APJ
expression and immunostaining intensity in the developing mouse Gl tract was examined. In
this study, we demonstrate that expression levels of apelin and APJ are regulated
developmentally and in a parallel fashion. In the rat and mouse stomach, duodenum and colon,
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apelin and APJ expression levels are at maximal or near maximal levels at birth, expression
levels then decline precipitously postnatally. Interestingly, the profile of apelin peptide
production (ie, immunohistochemical staining) does not parallel apelin expression levels and
differs, in part, when compared to the profile of APJ protein production in the postnatal Gl
tract. For instance, in the rat stomach, apelin-containing cells are not detectable in neonates
and appear near the time of weaning (P20). The density of gastric apelin-staining cells continues
to increase progressively after weaning and a maximal density coincides with low gastric apelin
expression levels. In contrast, APJ immunostaining intensity in the surface epithelium, goblet
cells and smooth muscle layer of the Gl tract are strong and coincide with high APJ expression
levels in neonates. In the surface epithelium and goblet cells, APJ staining intensity continues
to parallel APJ expression levels since both decrease as rat pups mature. In contrast to the
pattern of APJ immunostaining in the surface epithelium, an intense APJ immunostaining is
observed in the smooth muscle layer of the Gl tract during the entire lifespan of the rat and
does not parallel the decline in enteric APJ expression levels. These results confirm and extend
an earlier study from our laboratory [17] and others [4,31], and suggest that APJ localized in
the smooth muscle layer and apelin are regulated at the level of translation and not at the level
of their mRNA abundance whereas APJ in the surface epithelium is regulated at the
transcriptional level.

The developmental patterns of apelin mMRNA and peptide levels differ when compared to other
Gl peptides [32,33]. For instance, mRNA and peptide levels of gastrin, a stomach peptide, and
of peptide YY (PYY), an ileo-colonic peptide, are marginal at birth and increase either during
the suckling period or after weaning. The high apelin mMRNA levels at birth suggest a role for
apelin in the development of the Gl tract postnatally, however, the absence of apelin
immunostained cells in the early postnatal period argues against this idea. It should be pointed
out that endogenously produced apelin peptide in the Gl tract may be redundant during the
early postnatal period since breast milk contains high levels of apelin peptide [5,17]. The
elevation in the density of gastric apelin peptide-containing cells after weaning suggests that
apelin synthesis, like PYYY [32], is triggered by the switch from breast milk to solid food and
a reduced dependence upon maternally derived nutrition.

Localization of APJ in the surface epithelium, goblet cells and crypt cell region of the Gl tract
supports a role for milk-borne apelin in activating the mucosal APJ receptor during the suckling
period. Additionally, APJ localization in intestinal goblet cells implies that the apelin-APJ
system has a role in regulation of mucin secretion. One function of goblet cells is secretion of
mucus for maintenance of the epithelial barrier [34,35]. Interestingly, APJ localization is not
detected in intestinal Brunner’s glands, Brunner’s glands also secrete mucus [36]. Furthermore,
our results show that the intensity of APJ immunostaining in the surface epithelium and the
density of APJ positive duodenal and colonic goblet cells decrease in the adult rat. Together,
these observations suggest that the epithelial and goblet cell APJ receptor is activated by
luminal apelin derived from milk. APJ immunostaining is also evident in the crypt cell region
of the small intestine implying that apelin has a role on epithelial proliferation. An earlier report
from our laboratory shows that apelin can stimulate intestinal epithelial proliferation [37].

Our IHC studies demonstrate that APJ is localized in the cell membrane and cytoplasm of
enteric cells. APJ localization is expected on the cell membrane; however, it is not uncommon
to localize G-protein coupled receptors in the cytoplasm [38]. The APJ receptor localized on
enteric smooth muscle cells may be activated either by luminal apelin that is absorbed into the
systemic circulation from the gut lumen or from other apelin sources in the body. In the smooth
muscle layer of the Gl tract, a strong APJ immunostaining is seen at all ages suggesting that
the apelin-APJ system maintains an important role in regulation of smooth muscle function
throughout the entire lifespan.
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APJ is also localized in enteric blood vessels. APJ has been described in blood vessels
previously and is thought to be involved in blood vessel growth [13,14,19].

Another objective of our study was to examine the influence of apelin gene knockout on APJ
expression and protein levels in the developing mouse Gl tract. In the apelin-deficient mouse,
APJmRNA and protein levels are reduced at E18.5, P7 and P18 implying that apelin influences
APJ synthesis in the Gl tract. The source of apelin that regulates APJ production is most likely
milk-borne apelin. At P38, enteric APJ mRNA levels and APJ immunostaining intensity did
not differ in apelin-deficient and wild-type mice implying that the effect of apelin in regulating
APJ production decreased.

Consideration of the present findings with earlier reports suggests that the enteric apelin-APJ
system may have multiple roles in the Gl tract. Luminal apelin may be involved in regulation
of intestinal hormone secretion [17], gastric acid secretion [25], regulation of APJ receptor
expression and production and in mucus secretion.
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Figure 1.

Ontogeny of apelin and APJ expression (MRNA levels) in the rat stomach, duodenum and
colon. N= 5 rats/group. *P < 0.05 vs E21, P16, adult values; **P < 0.05 vs E21, P4, adult
values; AP < 0.05 vs P4, adult values; TP < 0.05 vs younger ages. E21 = embryonic day 21; P4
= postnatal day 4. The Ct values for apelin mMRNA in the duodenum at E21 and APJ mRNA
in the stomach at E21 are 27.6 and 26.2, respectively.
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Figure 2.

Ontogeny of apelin immunoreactivity in the oxyntic mucosa of the developing rat stomach.
Apelin-containing cells (brown color) were not detected at P2 (not shown), P7 and P13 (not
shown) and were observed initially in the rat stomach at 20 days of age (P20) by IHC. Apelin-
containing cells are localized primarily in the middle and basal region of gastric glands (arrow
heads). The density of apelin-containing cells increased progressively with age. Omission of
apelin antibody or use of control rabbit serum in place of the rabbit apelin antibody failed to
detect apelin-positive cells (not shown). Photos were captured with a 10x objective, M =muscle
layer of stomach; E = gastric mucosal epithelium; P7 = postnatal day 7.
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Figure 3.
Ontogeny of APJ protein in the stomach, duodenum and colon of the developing rat. APJ

containing cells were identified by immunohistochemical staining with a rabbit antibody
generated against the amino terminal 28 residues of rat APJ (brown color). APJ
immunostaining is observed in the surface epithelium, goblet cells (white arrows) and smooth
muscle layer of the Gl tract. APJ staining intensity in the surface epithelium decreased during
development. APJ immunostaining in duodenal goblet cells was most intense at E21, P4 and
P16 stages, duodenal and colonic goblet cells did not immunostain for APJ in the adult rat.
APJ immunostaining in the smooth muscle layer was robust at all ages. Blood vessels (black
arrow) and intestinal venules (white arrow head) immunostained for APJ. Omission of the APJ
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antibody or use of a control rabbit serum in place of the rabbit APJ antibody failed to detect
APJ-positive cells (data not shown). Photos were captured with a 20x objective.
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APJ localization by IHC staining in the developing rat Gl tract (embryonic, early postnatal).
APJ-containing cells (white arrow) in the rat stomach epithelium (panel A: stomach, P16) and
smooth muscle layer (panel B: stomach, E21). Duodenal goblet cell (panel C: duodenum, E21)
and non-goblet, flask-shaped cells (panel D: duodenum, E21) immunostained for APJ. Colonic
goblet cells immunostained for APJ (panel E: colon, P16). APJ immunoreactivity was detected
predominantly at the plasma membrane of enteric cells.

Figure 4.
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Figure 5.

Ontogeny of apelin and APJ expression in the mouse stomach, duodenum and colon. N=5
mice/group. *P < 0.05 vs E18.5, P16, adult values; **P < 0.05 vs E18.5, P4, adult values; 2P
< 0.05 vs P4, adult values; TP < 0.05 vs younger ages; 3P<0.05 vs P16, adult values. E18.5 =
embryonic day 18.5; P4 = postnatal day 4. The Ct values for apelin and APJ mRNA in the
colon at E18.5 are 28.2 and 26.2, respectively.
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Influence of apelin gene knockout on APJ expression levels in the developing mouse Gl tract.
Apelin gene knockout resulted in a significant decrease in APJ expression levels in the
developing Gl tract. * P< 0.05 vs control mice of same age. N= 3 mice/group. The Ct values

for APJ mRNA in the stomach at E18.5 is 24.8.
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Figure 7.

Influence of apelin gene knockout on APJ immunostaining intensity in the early postnatal
mouse stomach and colon. A reduced APJ immunostaining is observed in the stomach (panel
C) and colon (panel D) of apelin-deficient mice when compared to wild-type mice (panels A,

B).
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