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Postnatal development of the dopaminergic signaling
involved in the modulation of intestinal motility in mice
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BACKGROUND: Since antidopaminergic drugs are pharma-
cological agents employed in the management of gastrointes-
tinal motor disorders at all ages, we investigated whether the
enteric dopaminergic system may undergo developmental
changes after birth.

METHODS: Intestinal mechanical activity was examined in
vitro as changes in isometric tension.

RESULTS: In 2-d-old (P2) mice, dopamine induced a con-
tractile effect, decreasing in intensity with age, replaced, at
the weaning (day 20), by a relaxant response. Both responses
were tetrodotoxin (TTX)-insensitive. In P2, dopaminergic con-
traction was inhibited by D1-like receptor antagonist and
mimicked by D1-like receptor agonist. In 90-d-old (P90) mice,
the relaxation was reduced by both D1- and D2-like receptor
antagonists, and mimicked by D1- and D2-like receptor ago-
nists. In P2, contraction was antagonized by phospholipase C
inhibitor, while in P90 relaxation was antagonized by adenylyl
cyclase inhibitor and potentiated by phospholipase C inhibitor.
The presence of dopamine receptors was assessed by immu-
nofluorescence. Quantitative real-time polymerase chain reac-
tion (QRT-PCR) revealed a significant increase in D1, D2, and D3
receptor expression in proximal intestine with the age.
CONCLUSION: In mouse small intestine, the response to
dopamine undergoes developmental changes shifting from
contraction to relaxation at weaning, as the consequence of
D2-like receptor recruitment and increased expression of D1
receptors.

ostnatal development of the gastrointestinal (GI) tract is a

dynamic process, characterized by substantial morphological
and structural transformations coinciding with functional adap-
tation to the nutritional changes at weaning (1). The thickness
of the circular and the longitudinal muscle layers increases with
increasing age. Similarly, the size and densities of the myenteric
neurons change according to the increasing gut length and the
thickness of the muscle. The longest diameters and the area of the
nerve cells decrease from duodenum to distal colon and increase
with age of the animal. The differences between duodenum and

colon might reflect the different physiological properties of the
proximal and distal gut as well as a varying grade of maturity (2).
Thereafter, GI functions such as intestinal barrier function or
motility continue their maturation and development after birth.
Rodents, which are more immature than humans at birth, are
good models for understanding the intestinal maturation pro-
cess occurring in premature infants (3,4). Preterm infants have
a reduced intestinal motility, leading to an uncontrolled and
excessive bacterial growth. This would expose the intestinal wall
to high toxin concentrations, which may trigger local inflamma-
tory responses promoting the onset of various GI diseases. The
enteric nervous system, one of the key regulators of GI functions,
although in newborns seems to be sufficiently mature to permit
oral feeding, appears to undergo morphological and functional
changes during development (5-8). Indeed, an early postnatal
characterization of the neurochemical coding development and
its functional impact on GI functions remains largely unknown.

Among the enteric neurons the dopaminergic subset of
neurons is late-developing, arising perinatally (9). Recently,
dopamine has been shown to be an endogenous inhibitory
modulator of intestinal motility in the mouse GI tract acting
via receptors located in the gut (10-12). Dopamine recep-
tors belong to the G protein-coupled receptors family, initially
classified in two main classes, D1-like and D2-like receptors,
depending upon opposite action on adenyl cyclase (AC) activ-
ity (13). However, molecular biology techniques allowed iden-
tifying multiple dopamine receptor subtypes: D1-like receptor
subfamily, including D1 and D5 receptors, and D2-like receptor
subfamily, comprising D2, D3 and D4 subtypes (13). Moreover,
a complex interaction with a variety of intracellular targets
other than AC system has been discovered (13). In the central
nervous system, various components of the dopaminergic sys-
tem display distinct and robust changes both in transcript and
protein levels during postnatal development, aging, disease or
following chronic drug treatment (14,15), but little informa-
tion is available about possible postnatal changes occurring in
the enteric dopaminergic system. Recently, Kasirer et al. (16)
reported maturational-related changes in dopamine D, recep-
tor expression in the rat stomach.
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Antidopaminergic drugs are pharmacological agents
employed in the gastrointestinal motor disorder management
(17), thus, a better knowledge about the enteric dopaminergic
system changes in postnatal life could help to improve thera-
pies for patients with GI motility disorders at different ages.

In this view, our aim was to examine, in vitro, the function-
ality of the dopaminergic system, as a regulator of intestinal
contractility, in neonatal mice compared to the adults.

RESULTS

Histology and Mechanical Activity in P2 vs. P90 Intestinal
Preparations

It is possible histologically to distinguish the four main intes-
tinal layers in both neonatal (P2) and adult (P90) intestinal
preparations (Figure 1). In particular, although the boundar-
ies are less marked in P2 small intestine, the outer longitudi-
nal and inner circular muscle can be identified. The thickness
of both muscular layers increases as a function of age lead-
ing to an absolute enhancement in mechanical activity and
in the contractile and relaxant responses in P90 compared to
P2 preparations. Indeed, proximal small intestinal segments
from P2 and P90 mice exhibited spontaneous mechanical
activity consisting of rhythmic changes in isometric tension
with a mean amplitude of 20.5+1.8 mg (n = 21) in P2 and of
231.6 £19.5mg (n=21) in P90. However, when normalized to
the tissue dry weight, the amplitude of the spontaneous con-
traction did not differ between the preparations (P > 0.05).
10 pumol/l CCh induced a contractile response with an ampli-
tude of 98.7£5.2mg (n = 21) and 730.8 £70.3 mg (n = 21) in
P2 and in adults respectively. Indeed, 1 pmol/l Isoproterenol
(Iso) induced a relaxant response with an amplitude of
20.7+3.2mg (n =21) and 217.3+11.3 mg (n = 21) in P2 and
in adults respectively. Once more, when normalized to the
tissue dry weight, there was no difference in the response to
CCh or to Iso between the preparations (P > 0.05).

Figure 1. Increased thickness of the muscular layers with age. Thickness
of muscularis externa (ME) increases from P2 (a) to P90 (b). CM, circular
muscle; LM, longitudinal muscle. Original magnification: x20. Bar = 25 um.

Copyright © 2016 International Pediatric Research Foundation, Inc.

Effects of Dopamine on the Spontaneous Contractile Activity

In neonatal preparations (P2), exogenous dopamine induced
a contractile effect, which decreased in intensity with age,
(Figure 2a,b) being replaced, at weaning (day 20), by a distinct
relaxant response, (Figure 2¢) increasing in amplitude in adult
preparations (Figure 2d).

P2 Preparations and the Contractile Response to Dopamine

In P2 preparations, dopamine (3 pmol/l to 1 mmol/l) induced
a tetrodotoxin (TTX)-insensitive concentration-dependent
contractile effect, reaching the maximal amplitude at the dose
of 300 pmol/l (absolute increase in muscular tone was about
65mg) with an EC, of 15.1 umol/l (95% confidence limits
(CLs) 3.3-69.0 pmol/l, n = 12) (Figures 3a and 4b). A relaxation
to dopamine was never observed, even in preparation precon-
tracted with CCh (data not shown). The contractile response
to dopamine was significantly antagonized by SCH 23390
(3 umol/1), a D1-like receptor antagonist (EC_ = 193.5 umol/l;
95% CLs 24.9-150.1 umol/l, n = 6; P < 0.05 compared to dopa-
mine alone), but it was unaffected by domperidone (5 umol/l),
a D2-like receptor antagonist (EC,, = 15.9 umol/l; 95% CLs
2.9-78.1 umol/l, n = 6), suggesting activation of DI recep-
tors (Figure 3a). SKF 38393 (1-300 umol/l), a D1-like recep-
tor agonist, mimicked the contractile dopaminergic response,
while bromocriptine (1-300 pumol/l), a D2-like receptor ago-
nist, was without effect (Figures 3b and 4a). The response
to SKF 38393 was TTX-insensitive and antagonized by SCH
23390 (Figure 4b). SCH 23390 or domperidone per se had no
effects on the spontaneous activity.

P90 Preparations and the Relaxant Response to Dopamine

In P90 preparations, dopamine induced a TTX-insensitive
dose-dependent relaxation with a maximal amplitude of
about 110 mg at a dose of 300 umol/l (EC, = 6.76 umol/l;
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Figure 2. Shift of the mechanical responses to DA in mouse intestinal
preparations from contractile to relaxant, between P2 and P90. Tracings
showing the responses evoked by dopamine in P2 (a), P9 (b), P20 (c), and
P90 (d) intestinal preparations.
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Figure 3. Effects of dopaminergic drugs on P2 and P90 intestinal
preparations. Left (a,c) Concentration-response curves to dopamine

(3 pmol/I'to T mmol/l) in the absence (control, close circle) or in the
presence of SCH 23390, D1-like receptor antagonist (3 pmol/l, n = 6 for
each age, open square) or domperidone, D2-like receptor antagonist

(5 pmol/Il, n = 6 for each age, open triangle), in P2 or in P90 intestinal
preparations. Right (b,d) Concentration-response curves to SKF 38393,
D1-like receptor agonist (1-300 pmol/l, n = 6 for each age, close triangle)
or Bromocriptine, D2-like receptor agonist (1-300 pmol/Il, n = 3 for each
age, close square), in P2 or in P90 intestinal preparations. Data are means
+ SEM. Contractile responses are expressed as percentage of response to
10 pmol/I carbachol (CCh). Relaxant responses are expressed as percent-
age of the response induced by 1 umol/l Isoproterenol (Iso). *P < 0.05
when compared to the control.

95% CLs 3.5-13.1 pumol/l, n = 12; Figures 3c and 4d).
Contractile effects were never observed in adult prepara-
tions. The relaxation effects were markedly inhibited by
domperidone (5 pumol/l) (EC,, = 142.5 pmol/l; 95% CLs
34.2-589.8 umol/l, n = 6; P < 0.05 compared to dopamine
alone), indicating an involvement of D2-like receptors in
the response (Figure 3c). Moreover, a rightward shift of the
dopamine dose-response curve in the presence of SCH 23390
(3 umol/l) (EC,, = 73.5 umol/l; 95% CLs 25.2-214.0 umol/l,
n = 6; P < 0.05 compared to dopamine alone), was also
observed, suggesting that D1-like receptor activation also
occurs (Figure 3¢). SCH 23390 (3 umol/l), per se, transiently
increased the basal tone of about 200 mg and the amplitude of
the spontaneous contractions of about 18%. Both SKF 38393
(1-300 umol/l) and bromocriptine (1-300 umol/l) induced
TTX-insensitive relaxant responses, mimicking dopamine
effects (Figures 3d and 4d), antagonized by respectively D1-
and D2-like receptor antagonists (Figure 4d).
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D1-Mediated Response in P2 vs. P90 Preparations Undergoes a
Shift in Signaling From PLC/IP3 to AC/cAMP Pathways

Since there are no specific D1 or D5 receptor agonists or antag-
onists, we investigated the downstream signaling cascade acti-
vated by SKF 38393, D1-like receptor agonist, considering that
D1-like receptor family includes receptors linked either to AC/
cAMP pathway or to PLC/IP, pathway (13).

In P2 preparations, the effects induced by SKF 38393
(100 pmol/l) were significantly antagonized in the presence of
U73122 (1 umol/1)), a PLC inhibitor, but not by pretreatment
with 2’3’dideoxyadenosine (DDA) (10 umol/l), an AC inhibi-
tor (Figure 5a). In P90 preparations, SKF 38393 (100 pmol/l)
effects were antagonized by DDA (10 umol/l). Indeed, an
increase in the amplitude of the relaxation induced by SKF
38393 was observed in the presence of U73122 (1 pmol/l)
(Figure 5b).

The Abundance of D1, as of D2 and D3 Receptors Increase
Significantly With Age

Quantitative real-time PCR was employed to quantify tran-
scripts encoding D1-like receptors (D1 and D5) and D2- like
(D2, D3, and D4) as a function of age in P2 vs. P90. Transcripts
encoding D1, D2, D3, and D5 receptors were detectable in
both preparations (Figure 6). In P2 preparations, (black bars)-
D5 receptors were more expressed than the other receptors.
D1, D2, and D3 receptor expression significantly increased in
P90 (white bars) compared to P2 preparations. There was a
minor, but not significant, change in D5 receptor expression.
As already observed (11), the expression of D4 receptors was
not found in the neuromuscular compartment of both intesti-
nal preparations (Figure 6).

Localization of Dopaminergic Receptors

Immunofluorescence was used to obtain additional evidence
for the presence of dopaminergic receptors in the neuromus-
cular layer of P2 and P90 small intestinal preparations. The
labeling for D1, D2, D3, and D5 receptors was detected in
both preparations, mainly at the level of the myenteric ganglia
(Figure 7a-h).

Note that D1 immunofluorescence was detected as a bright
signal in P2 preparations, and with the progress of the age,
there was an increase of fluorescence in the neuromuscular
layer, both at level of the circular and longitudinal smooth
muscle and in the myenteric plexus showing an age-dependent
increase (Figure 7a,b). A partial increase with the age of D2
and D3 receptors is also visible (Figure 7e-h).

DISCUSSION

In this study, we show that, in mice, the dopaminergic system,
controlling intestinal contractility, undergoes developmental
changes in the levels of receptors transcripts expression and
signaling pathways. In P2 preparations, dopamine induced
a contractile response, which markedly decreased with age,
shifting to a muscular relaxation at weaning. In postnatal prep-
arations, dopamine seems to activate only D1-like receptors,
specifically D5 receptor subtypes, with a net contractile effect.

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 4. Compared responses to dopaminergic drugs and tetrodotoxin (TTX), the Na* voltage-gated neural channel blocker in P2 and P90 postnatal
preparations: Left—Original tracings showing the responses to dopamine (100 pmol/l), SKF 38393 D1-like receptor agonist (100 umol/l), or Bromocriptine
D2-like receptor agonist (100 umol/l), in P2 (A) or in P90 (c) intestinal preparations. Right—Effects of TTX (1 umol/l, n = 4) or SCH 23390, (3 pmol/l, n = 4)
or domperidone (5 pmol/l, n = 4). On the response induced by dopamine (100 pmol/l) or SKF 38393 (100 pmol/I) or Bromocriptine (100 pmol/l) in P2

(b) orin P90 (d) intestinal preparations. Data are means + SEM. Contractile responses are expressed as percentage of response to 10 umol/I CCh. Relaxant
responses are expressed as percentage of the response to 1 umol/I Iso. *P < 0.05 when compared to the control.
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Figure 5. Downstream signaling activated by D1 and D5 receptors. Effects
of U 73122 (1 pmol/l, n = 7 each), a PLC inhibitor, or 2’3’dideoxyadenosine
(10 pmol/l, n = 7 each), an AC inhibitor, on the responses induced by SKF
38393, (100 umol/l), in P2 (a) and in P90 (b) preparations. Data are means
+ SEM. Contractile responses are expressed as percentage of the response
to 10 pmol/l CCh. Relaxant responses are expressed as percentage of the
response to 1 umol/I Iso. *P < 0.05 when compared to the control.

In adult preparations, the relaxant response to dopamine is
due to the involvement of D1-like receptors, specifically D1
receptor subtypes, and of D2-like receptors, the latter playing
a major role.

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 6. Age-dependent changes of dopamine receptor expression in
mouse intestine. Expression levels of dopamine receptor mRNA in intestinal
preparations from neonatal (P2, black bars) mice and adult (P90, white bars)
mice, Gene expression was nomalized by glyceraldehyde 3-phosphate
dehydrogenase. D4 receptor expression was not detected because the RNA
was extracted from the neuromuscular intestinal part of the gut excluding
the mucosa, where in the latter only the D4 receptors are expressed.
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In the gut, various gastrointestinal functions continue
their maturation and development after birth (18). Recent
studies reported that in mouse duodenum, differently from
colon, neurally mediated contraction complexes were pres-
ent just prior to the birth, but both the threshold required to
induce propagating complexes and the mechanisms control-
ling intestinal motility change during the first postnatal week
(19). Dopamine, released by enteric nerves, or by non-neural
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Figure 7. Dopamine receptor immunofluorescence staining in P2 and
P90 intestinal preparations. P2 (left) and P90 (right) intestinal preparations
were labeled with antibody (red) for D1 (a, b), D5 (¢, d), D2 (e, f), and D3
(g, h) receptors. CM, circular muscle; LM, longitudinal muscle; ME, musco-
laris externa; MP, myenteric plexus. Scale bars: =25 pm.

cells, as epithelial or immune cells, usually acts as an inhibi-
tory modulator of intestinal motility via activation of D1-like
and D2-like receptors (10-12,20-22). Due to tissue- and
species-specific differences, the comprehension of the recep-
tors involved and their related mechanisms is complicated. In
this study, we investigated the dopaminergic system role in
the control of intestinal motility in neonatal vs. adult prepara-
tions. Li et al. (11) have showed that dopaminergic neurons
arise perinatally and transcripts for all dopaminergic receptors
were detected in mouse intestine at all ages. Our results show
that the dopaminergic system undertakes a development and
maturation process after birth, leading to postnatal changes in
the pattern of receptor functionality.

The dopaminergic system in the proximal intestine is func-
tional at birth, being that dopaminergic drugs are able to
induce a response by the second day after birth. Specifically,
in P2 intestinal preparations, we observed a contractile
response to dopamine, while a frank muscular relaxation
was detected in the adult P90 preparations. Indeed, different
receptor subtypes are involved in the observed responses. In
P2 preparations, dopaminergic contraction is mediated by
D1-like receptor activation, as suggested by the sensitivity
of the response to the selective D1-like receptor antagonist,
SCH 23390, and by the observation that the dopaminergic

444  Ppediatric RESEARCH Volume 80 | Number 3 | September 2016

response was mimicked by SKF 38393, a DI-like receptor
agonist. Moreover, in this early postnatal period, the effects of
dopamine were unaffected by D2-like receptor antagonist or
mimicked by the D2-like agonist, excluding an involvement of
these receptors in the response. Instead, in adult preparations,
dopamine caused a reliable muscular relaxation, via both
D1-like and D2-like receptors, with D2-like receptors playing
a major role. Dopaminergic inhibitory effects were markedly
reduced by domperidone, D2-like receptor antagonist, and to
a lesser extent by SCH 23390, the D1-like receptor antago-
nist. Both SKF 38393, the D2-like agonist and bromocriptine,
a D2-like receptor agonist, caused muscular relaxation with
bromocriptine being more effective. Although immunofluo-
rescence analysis of dopaminergic receptor is indicate a major
expression in the myenteric ganglia, the functional involve-
ment of dopaminergic receptors located postsynaptically on
intermediary enteric neurons may be unlikely since the con-
traction and relaxation induced by exogenous dopamine or its
agonists were not modified by TTX.

Intriguingly, the contractile response to dopamine, in P2
preparations, markedly decreases with age, shifting to a mus-
cular relaxation at weaning. Indeed, in rat duodenum, relaxant
responses to some inhibitory mediators are not obvious before
postnatal days 12-14 (23,24). Our finding might be explained
assuming that, with the progress of growth, the basal tone
becomes higher and reaches a critical level, where a relaxant
dopaminergic response would be evident, on about day 20.
However, such a hypothesis can be discarded since P2 prepara-
tions were able to relax in response to isoproterenol, and dopa-
mine was unable to induce relaxant effect even in preparation
precontracted with CCh.

The change in the pattern of the dopaminergic response
seems to rely on the different receptor subtypes recruited at the
different ages. Transcripts for all dopamine receptor subtypes,
except for D4 receptors, have been detected in the neuromuscu-
lar compartment of mouse small intestinal wall at neonatal age,
as already reported (24) and as showed in this paper. However,
in P2 preparations, dopamine appears to be able to activate only
D1-like receptors with a net contractile effect, implying that
D2-like receptors are not functionally coupled at this early age.
In adult preparations, the dopaminergic relaxation appears to be
due to the switch of D1-like receptors from mediating contrac-
tion to relaxation and to the involvement of inhibitory D2-like
receptors. A major finding of this study is that, with the prog-
ress of the age, D1-like receptor activation leads to inhibitory
responses instead of excitatory effects. Actually, in mouse intes-
tine, Giaroni ef al. (25) reported that P2Y1 receptor-mediated
contractions, prominent from day 3, decreased with age, disap-
peared at weaning. This switch of the effects seems to be related
to a later localization of the P2Y1 receptors from myenteric neu-
rons to smooth muscle cells (25). D1-like receptors is an hetero-
geneous family including D1 and D5 receptor subtypes, sharing
80% sequence homology (13). In our experiments, while D5
receptor localization seems not be modified with the age, being
mainly expressed in the myenteric plexus, D1 receptor immu-
nofluorescence increases in both myenteric plexus and in the

Copyright © 2016 International Pediatric Research Foundation, Inc.
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muscular layers with the age. Therefore, developmental changes
bothin thelevelsand pattern of D1-like receptor expression could
lead to the switch of D1-like receptor effect. Recent studies indi-
cate a transcriptional, post-transcriptional or post-translational
regulation of the expression of D1 receptors during neuronal
differentiation (26,27). D1 and D5 receptor subtypes may be
coupled to different downstream signaling. It appears that D1
receptors are AC-coupled, while D5 receptors are PLC-coupled
(13,28). We showed that the contractile response via D1-like
receptors in neonatal preparation was inhibited by PLC blocker,
while the relaxation observed in adult preparation was decreased
by AC blocker, and enhanced by PLC blocker. Therefore, we can
suggest that dopaminergic contractile effect in postnatal period
is mediated by PLC/coupled-D5 receptors, while in adult prepa-
ration the D1-like mediated response is mainly mediated by AC/
coupled D1 receptors. In support of such a hypothesis, we dem-
onstrated that, although D1 and D5 transcripts and receptors are
both expressed in the small intestine at all ages, interestingly, D1
expression appears to be developmentally regulated showing an
age-dependent increase, while D5 expression remained substan-
tially stable. Therefore, we suggest that the net effect of D1-like
receptor activation is the sum of contraction and relaxation. In
neonatal preparation, the D1-like-mediated contractile response
could be explained assuming a preponderance of PLC/coupled-
D5 receptors, while in adult preparation, the increased expres-
sion of the AC/coupled-D1 receptors would make relaxation the
dominating response. In addition, in adults there is also a recruit-
ment of inhibitory D2-like receptors, which potentiate the dopa-
minergic relaxant response. The observed developmental-related
changes in D2 and D3 receptor expression may account for their
involvement in adults. Accordingly, a maturational-dependent
increase in dopamine D2 receptor expression in the rat stomach
has been recently reported (16).

Although the exact physiological importance of this process
is still unknown and further investigations are required, the
developmental changes in dopamine functional pattern could
play an important role in the modification of small intestine
motility occurring at weaning, to allow the adaptation of
GI motor pattern to adult feeding. The consequent slowing

down of the intestinal peristalsis may facilitate the interaction
between the luminal content and the intestinal wall, improving
the digestive and absorptive processes of complex sugars.

In conclusion, the receptor changes in the enteric nervous
system may represent the adaptive response of the intestine to
environmental stimuli to ensure the acquisition of a mature
pattern of gut motility. Thus, since the biologic systems con-
stantly evolve from birth to adulthood, our results on the
developmental changes of the response to dopamine on intes-
tinal motility may help to improve the knowledge about the
therapeutic value of antidopaminergic drugs as prokinetic
agents early in life.

METHODS

Animals and Preparations

Experiments were authorized by the Ministero della Sanita (Rome,
Italy), and comply with Italian and European Union regulations.
C57BL/6Sn] mice (Charles River, Calco LC, Italia) were individually
housed in cages on a 12:12-h light-dark cycle with free access to food
and water. Time-pregnancies were induced by overnight mating. Day
of birth was considered as postnatal day (P0). Mothers and their pups
(six to eight pups/litters) were kept in the same conditions during the
whole experiments. Pups were euthanized (isoflurane inhalation fol-
lowed by cervical dislocation) at 2, 9, 20, and 90 (adult) days.

The abdomen was immediately opened and segments of proxi-
mal small intestine (about 10 mm in length), just distal to the pylo-
rus, were carefully dissected and the contents gently flushed out with
Krebs solution (mmol/l: NaCl 119; KCl 4.5; MgSO, 2.5; NaHCO, 25;
KH,PO, 1.2, CaCl, 2.5, glucose 11.1). Then, segments were oppor-
tunely processed for mechanical, histological, or molecular studies.

Recording of Mechanical Activity

Segments were suspended in vertical organ baths containing oxy-
genated (95% O, and 5% CO,) Krebs solution maintained to 37 °C.
The distal end of each segment was tied to an organ holder and the
proximal end was secured with a silk thread to an isometric force
transducer (FORT 10, Ugo Basile, Comerio VA, Italy). Preparations
were stretched with a preload of 50-200mg of tension (depend-
ing on the age of the mouse) and allowed to equilibrate for at least
30 min. Mechanical activity was digitized on an A/D converter, visu-
alized, recorded, and analyzed on a personal computer using the
PowerLab/400 system (Ugo Basile).

At the beginning of each experiment, preparations were challenged
either with 10 pmol/l Carbachol (CCh) or with 1 umol/l Iso for 2min
until reproducible responses were obtained. In intestinal preparations,
from neonatal (P2) and adult (P90) mice concentration-dependent

Table 1. Primer sequences for quantitative real-time polymerase chain reaction

Accession
number
Target genes Primer sequences RealTime program GenBank
D1 Forward: 5-GTA GCC ATT ATG ATC GTC AC-3’; Denaturation 94 °C+ (94 °C 30”55 °C AK044723
Reverse: 5-GAT CAC AGA CAGTGT CTT CAG-3’ 45"60°C30") x40 + Elongation 5
D2 Forward: 5-GCA GCC GAG CTTTCA GAG CC-3"; Denaturation 94 °C + (94 °C 30”60 °C X55674
Reverse: 5-GGG ATGTTG CAGTCA CAGTG-3’ 45”60 °C 30") x40 + Elongation 5
D3 Forward: 5'-AGGTTT CTG TCA GAT GCC-3%; Denaturation 94 °C + (94 °C 30”55 °C X67274
Reverse: 5-ATT GCT GAGTTTTCG AACC-3’ 45"60°C 30") x40 + Elongation 5’
D4 Forward: 5'-CAC CAA CTA CTT CAT CGT GA-3’; Denaturation 94 °C + (94 °C30"58 °C U19880
Reverse: 5-AAG GAG CAG ACG GAC GAGTA-3’ 45"60°C 30") x40 + Elongation 5’
D5 Forward: 5’-CTA CGA GCG CAA GAT GAC C-3’; Denaturation 94 °C+(94°C30"61 °C AK045456
Reverse: 5'-CTCTGA GCATGCTCA GCT G-3’ 45"60°C30") x40 + Elongation 5’
Mouse glyceraldehyde 3-phosphate  Forward: 5-AGG CCG GTG CTG AGT ATGTC-3’; Denaturation 94 °C+ (94 °C 30”54 °C M32599

dehydrogenase

Reverse: 5'-TGC CTG CTT CACCACCTTCT-3"

45”60 °C 30") x40 + Elongation 5’

Copyright © 2016 International Pediatric Research Foundation, Inc.
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curves were constructed by noncumulative addition of dopamine
before and after treatment with selective dopamine receptor antagonists.
Moreover, selective D1-like or D2-like receptor agonists, SKF 38393 and
bromocriptine respectively, were tested in both preparations. Agonists
were applied for 3min at 20-min intervals. Time control experiments
showed that a second curve to the agonists was reproducible.
Moreover, in both preparations, a submaximal dose of dopamine or
of dopamine agonists was tested in the presence of tetrodotoxin, a Na*
voltage-gated neural channel blocker. In another set of experiment, a
submaximal dose of SKF 38393 (100 umol/l), D1 receptors agonist,
was tested in the presence of U-73122 (1 umol/l) (29), a phospho-
lipase C (PLC) inhibitor, or, an AC inhibitor DDA (10 umol/l) (10).
Each preparation was tested with a single agonist/antagonist,
except when otherwise stated. Concentrations of the drugs used were
determined from literature. All the antagonists were maintained in
contact with the tissue for at least 30 min before testing the agonists.

Drugs

Drugs used were: carbamylcholine chloride (carbachol, CCh),
DDA, domperidone, dopamine, 7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrochloride (SCH
23390), isoproterenol, TTX, {1-[6((17B-3-Methoxyestra- 1,3,5
(10)-trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione} (U-73122),
(Sigma-Aldrich, St. Louis,US). Bromocriptine mesylate, (+)-1-Phenyl-
2,3,4,5-tetrahydro-(1H)-3-benzazepine-7,8-diol hydrobromide (SKF
38393) (Tocris-Bioscience, Bristol, UK). Bromocriptine, DDA, dom-
peridone, and U-73122 were dissolved in dimethyl sulfoxide; all the
other drugs were dissolved in distilled water. Fresh solutions were
prepared on the day of the experiment by diluting the stock solutions
in Krebs. Control experiments showed that the maximal final con-
centration of dimethyl sulfoxide in the organ bath did not affect the
intestinal segment contractility.

Histological Analysis

Small intestine specimens from P2 and P90 mice were cut to obtain
full thickness strips and fixed overnight in 10% neutral formalin
(Sigma-Aldrich) at room temperature before dehydration in alcohol
solutions in ascending order for paraffin embedding. For morpho-
metric analyses, paraffin standard 4-um-thick sections were pro-
cessed and stained with hematoxylin and eosin (Bio-Optica Milano,
Italy) and then examined under a light microscope Olympus BX50
microscope (Olympus Optical, Tokyo, Japan).

qRT-PCR

qRT-PCR was used to quantify messenger RNA encoding dopa-
mine D1- and D2 -like receptors in the small intestine. The expres-
sion of dopamine receptors was normalized to that of glyceraldehyde
3-phosphate dehydrogenase, a housekeeping gene that is not subject
to regulation. Total RNA was extracted from whole thickness small
intestinal preparation devoid of mucosa layer from P2 and adult mice
using RNeasy lipid tissue mini kit (Qiagen, Valencia, CA). Two nano-
grams of RNA were used to synthesize the first strand cDNA using RT
First-Strand kit (Qiagen,). Synthesized cDNAs were amplified using
SYBR Premix Ex Taq II (TaKaRa Bio, Foster City, CA) and StepOne
Real-Time instrument (Applied Biosystems, Foster City, CA). Gene
expression was performed, in triplicate, using specific primers and
amplification conditions listed in Table 1. On the basis of the C, value
(threshold cycle—the number of reaction cycles after which fluores-
cence exceeds the defined threshold) of the examined gene and of the
internal control gene, the relative expression level of RNA was calcu-
lated according to the 244 approximation method.

Immunofluorescence Imaging

Immunofluorescence was performed on P2 and P90 intestinal prepa-
rations embedded in paraffin and sectioned (5 pm) using a microtome.
Sections were mounted on glass microscope slides coated in poly-L-
lysine and paraffinized. Fixed tissues were permeabilized with 0.2%
Triton-X100in phosphate-buffered saline (PBS) for 20 min and blocked
in 2% bovine serum albumin, 0.2% Triton-X100 in PBS for 20 min.
Sections were incubated with anti-DI1DR (Santa Cruz Biotechnology,
Santa Cruz, CA, 1:50), anti-D2DR (Santa Cruz Biotechnology, 1:50),
anti-D3DR (EMD Millipore, Billerica, MA, 1:50), anti-D5DR (Santa
Cruz Biotechnology, 1:50), at 4 °C overnight. After washing in PBS

446 Pediatric RESEARCH Volume 80 | Number 3 | September 2016

the slides were incubated with anti-mouse or anti-goat or anti-rabbit
Cy3-conjugated secondary antibodies (Molecular Probes, USA). The
samples were analyzed by using a DHL fluorescent microscope (Leica
Microsystems, Heidelberg, Germany) at a magnification of 20x.

Statistical Analysis

All data are presented as means + SEM: “n” indicates the number
of animal preparations. The amplitude of contractile responses is
reported as a percentage of response to 10 pmol/l CCh, while the
amplitude of the relaxant responses as a percentage of the response
to 1 umol/l Iso. Dopamine responses were fitted to sigmoid curves
(Prism 5.0, Graph-PAD, San Diego, CA) and EC,, values with 95%
CLs were determined. Statistically significant differences were calcu-
lated by Student’s ¢-test or by means of analysis of variance, followed
by Bonferroni’s test, when appropriate. A probability value ofless than
0.05 was regarded as significant.
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