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Abstract
Background—Inhibitory neurotransmission to the longitudinal muscle is more prominent in the
neonatal than in the adult guinea pig small intestine.

Methods—Inhibitory neuromuscular transmission was investigated using in vitro ileal
longitudinal muscle myenteric plexus (LMMP) preparations made from neonatal (≤ 48 h
postnatal) and adult (~ 4 weeks postnatal) guinea pigs.

Key Results—Amperometric measurements of nicotine induced nitric oxide release (measured
as an oxidation current) from myenteric ganglia revealed larger currents in neonatal (379 ± 24 pA)
vs. adult (119 ± 39 pA, P < 0.05) tissues. Nicotine-induced oxidation currents were blocked by the
nitric oxide synthase (NOS) inhibitor, nitro-L-arginine (NLA, 100 µM). Nicotine-induced, NLA-
sensitive oxidation currents could be detected in the tertiary plexus of neonatal but not adult
tissues. Immunohistochemistry demonstrated stronger NOS immunoreactivity in neonatal
compared to adult myenteric ganglia. Western blot studies revealed higher levels of NOS in
neonatal compared to adult LMMP. Cell counts revealed that the total number of myenteric
neurons in the small intestine was greater in adults than in neonatal guinea pigs, however the ratio
of NOS:Calbindin neurons was significantly higher in neonatal compared to adult tissues.

Conclusions—NO signaling to the longitudinal muscle is stronger in neonatal compared to
adult guinea pig ileum. NOS-containing neurons are diluted postnatally by cholinergic and other,
as yet unidentified neuronal subtypes.
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INTRODUCTION
Recent pharmacological evidence suggests that inhibitory neurotransmission to the
longitudinal muscle is relatively more effective in the neonatal compared to the adult guinea
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pig small intestine (1). Delayed excitatory neuromuscular innervation is observed in mouse
and rat (2,3). Clinical reports show that constipation is more prevalent in neonates (4,5) and
gastrointestinal motility is generally slower in preterm compared to full term babies (6).
Knowledge of maturation of neuromuscular transmission in the gastrointestinal (GI) tract is
important since pediatric motility disturbances place a large burden on the affected children
and their families.

Neuromuscular transmission is controlled by the enteric nervous system (ENS) and the
longitudinal and circular muscle layers are supplied by myenteric motorneurons (7). In the
adult guinea pig ileum, the longitudinal muscle is innervated by excitatory (8,9,10) and
inhibitory motor neurons (11). Excitatory motorneurons release primarily acetylcholine (12)
and the acetylcholine-containing neurons can be selectively labeled by antibodies raised
against choline acetyltransferase (ChAT) or the vesicular acetylcholine transporter (VAChT)
(13,14,15,16). Nitric oxide (NO) is a neurotransmitter used by inhibitory motorneurons
along with ATP, VIP and PACAP (11). These neurons contain nitric oxide synthase (NOS),
which synthesizes NO (17). NO diffuses to adjacent smooth muscle cells causing relaxation
via activation of cyclic guanosine monophosphate (cGMP) dependent pathways (18). In the
ENS, HuC/D (Hu)- immunoreactivity (ir) is found in all neurons (19) and antibodies against
Hu have been used as a pan-neuronal parker in the myenteric plexus of guinea pig ileum
(20). In myenteric plexus of guinea pig ileum, calbindin-ir is only found in intrinsic primary
afferent neurons (21,22). It is worth noting that postnatal neurogenesis may occur in the
myenteric plexus as there are postnatal increases in total number of myenteric neurons occur
at least in the rat small intestine (23,24). In addition, postnatal gut neural crest stem cells
were also isolated in the same species (25) and more importantly, enteric neurogenesis was
demonstrated in adult mice (26).

Intercellular signaling in the ENS has been studied using electrochemical methods
(27,28,29,30,31) where release of signaling molecules can be measured in real time
(32,33,34,35,36). This is an important tool since it allows direct measurements of
electroactive signaling molecules in real time near release sites. Pharmacological studies in
the guinea pig ileum showed that inhibitory neuromuscular transmission to longitudinal
muscle was relatively more effective in neonates (1). NOS nerve fibers supplying the
longitudinal muscle had higher level of NOS-ir in neonatal animals (1), however,
quantification of NOS-ir nerve fibers in this region is difficult as they are very sparse
(1,8,9,10). Therefore, we used electrochemical methods to quantify the amount of NO
directly adjacent to longitudinal smooth muscle. We also examined NOS expression in the
longitudinal muscle and myenteric plexus in order to identify the mechanism that lays
behind the relative stronger inhibitory influence in neonatal gut in guinea pig ileum.

MATERIALS AND METHODS
Animals

Animal use protocols were approved by the Institutional Animal Use and Care Committee at
Michigan State University. Neonatal guinea pigs (≤48 hours postnatal, 75 – 90 g) and young
adult guinea pigs (3 – 4 weeks, 300 – 400 g) were obtained from Bioport, Inc. (Lansing,
MI). At 300–400 g guinea pigs are sexually mature
(http://netvet.wustl.edu/species/guinea/guinpig.txt).

Diamond Microelectrode Preparation
Boron-doped diamond (BDD) thin film was deposited on a sharpened 40 µm diameter Pt
wire (99.99%, Aldrich Chemical, Milwaukee, WI) by plasma-assisted chemical vapor
deposition (1.5 kW, 2.54 GHz, ASTeX, Woburn, MA; 27,37). The diamond-coated Pt wire
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was affixed to a copper wire using conductive Ag epoxy and the assembly was insulated
with polypropylene from a pipette tip. The insulation was applied by inserting the
microelectrode into a pipette tip with about a 500 µm length of the diamond-coated wire
protruding from the end and carefully heating the tapered end using the coil of micropipette
puller. This softened the polypropylene and caused it to flow evenly over the diamond
surface. The resulting microelectrode was conically shaped with diameter at the narrowest
point of approximately 10 µm and at the widest point of approximately 40 µm. The length of
the exposed electrode was 100 to 200 µm.

Electrochemical measurement of nitric oxide
Guinea pigs were anesthetized via halothane inhalation, stunned and exsanguinated by
severing the major neck blood vessels. A segment of ileum was harvested 15 – 20 cm
proximal to the ileocecal junction and placed in an oxygenated (95% O2 and 5% CO2)
Krebs’ buffer solution, pH 7.4 of the following composition (in millimolars): 117 NaCl, 4.7
KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3 and 11 glucose. Both neonatal and
adult tissue were consequently dissected and mounted in a recording chamber as described
previously (30). The tissue was constantly perfused with Krebs buffer in the recording
chamber at a flow rate of 2 ml min−1. Continuous amperometric (CA) recording of NO was
made from myenteric ganglia and longitudinal muscle using a three-electrode configuration
as described before (30). NO was detected as oxidation current using a 40 µm diameter
BDD microelectrode. A Pt wire served as the counter electrode and a “no leak” Ag|AgCl
electrode (EE009; ESA Biosciences, Inc., Chelmsford, MA, USA) was used as the reference
electrode. All amperometric measurements were performed using a BioStat™ multi-mode
potentiostat (ESA Biosciences, Inc). The BDD microelectrode was reproducibly positioned
over the tissue using a micromanipulator (Model 25033; Fine Scientific Tools, Foster City,
CA, USA).

For NO detection, the BDD electrode was held at a detection potential of 1.0 V vs a Ag|
AgCl reference electrode. At this potential, NO is oxidized at a mass transport limited rate
(30). Nicotine (1 µM) was applied to the tissue by means of a superfusion pipette at a flow
rate of 0.2 ml min−1, which was placed within 100 µm of the BDD electrode location.
Tissues were continually perfused with oxygenated Krebs’ buffer kept at 37 °C and in 20 s
intervals the solution containing nicotine in Krebs’ buffer was perfused over the tissue. The
NOS antagonist, nitro-L-arginine (NLA, 100 µM), was used to inhibit NO production. The
sodium channel blocker, tetrodotoxin (TTX; 0.1 µM), was used to verify the neural
dependence of NO release.

Immunohistochemistry
After guinea pigs were sacrificed, segments of ileum were immediately removed from the
animals and placed in phosphate-buffered saline (PBS 0.01 mol/L, pH, 7.2) containing the
L-type calcium channel blocker nifedipine (1 µM) to relax the muscle. Ileal segments were
cut open along the mesenteric border, stretched and pinned flat in a silcone elastomer-lined
Petri dish, which was then filled with Zamboni’s fixative (2% [vol/vol] formaldehyde and
0.2% [vol/vol] saturated picric acid in PBS). Tissues were fixed overnight (4 °C) and then
washed 3 times with DMSO at 10-minute intervals, followed by 3 washes in PBS at 10-
minute intervals. Wholemount LMMP preparations were dissected and then preincubated in
4% normal donkey serum in PBS for 30 min at room temperature. The primary antiserums
used in this study are summarized in Table 1.

All primary antiserum were diluted to 1:200 in PBS. Tissue was incubated with the first
antibodies for overnight at room temperature. The excess serum was washed off with 3 × 10
min changes in PBS. The preparations were then incubated in fluorescein conjugated
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secondary antibodies (Jackson USA) reconstituted in PBS for 2 h at room temperature. The
tissue was washed in PBS for 3 × 10 mins 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. In
some studies, tissues from adult and neonatal animals were processed under the same
conditions and the descriptive comparison between the results was made by 2 independent
blinded observers. Intensity of immunoreactivity was also analyzed as arbitrary gray value
unit (AGVU) using Image J Software (http://rsb.info.nih.gov/ij/) in some studies.

Western Blot
Western blot analysis was performed on total protein extracted from LMMP from neonatal
and adult guinea pigs. Ileal segments were placed in cold (4°C) PBS (pH = 7.2) and LMMP
was teased off with a cotton swab as described previously (1,11) at 4°C. The tissue was then
lysed on ice in lysis buffer (10 mM HEPES, 150 mM NaCl, 1 mM EDTA, 0.2% NP40),
containing a commercially available protease inhibitor cocktail (Cat #P8340, Sigma-Aldrich
Inc., St. Louis, MO). Lysates were centrifuged at 700 × g for 10 minutes at 4°C to pellet
nuclear proteins and any insoluble debris. The supernatant obtained from each animal was
saved separately, and total protein in the supernatant was determined using a protein assay
kit (Bio-Rad, Hercules, CA). Equal amounts of protein from each sample described above
were mixed with Laemmli buffer (16% mercaptoethanol [wt/vol], 6% SDS [wt/vol], 0.1%
bromphenol blue [wt/vol], 30% glycerol [wt/vol], 240 mmol/L Tris, pH 6.8), separated on a
10% SDS-PAGE gel and then transferred to a nitrocellulose membrane at 4°C overnight.
Membranes were blocked with 4% skim milk powder in PBS-Tween 20 buffer for 3 hours
and then incubated at 4°C overnight with the primary anti-NOS antibody raised in sheep
serum (Cat #AB1529, Millipore, USA; 1:1500 dilutions). This antibody is derived from the
neuronal form of NOS from rat cerebellum. After overnight incubation, the membrane was
washed with PBS and then further incubated for 1 hour at 4°C with a horseradish
peroxidase-conjugated secondary antibody. The NOS-ir was detected by a
chemiluminescence kit (Pierce, Rockford, IL). All membranes were stained with Coomassie
Blue to verify equal protein loading and to quantitate total protein in each lane. The intensity
of NOS bands and total protein on membranes was quantitated using Image J software
(http://rsb.info.nih.gov/ij/). NOS levels in each lane were normalized to the total protein in
that lane.

Measurements of distances from ganglia to NO detection sites
For some electrochemical measurements, the electrode was placed in-between the ganglia to
record levels of NO production. Therefore the distance between ganglia to detection sites
was calculated using nNOS immunohistochemistry images taken at ×4 magnification using
Image J Software (http://rsb.info.nih.gov/ij/). Distances of from ganglia to detection sites
were determined for adult and neonatal tissues.

Measurement of the gut length/area
The entire small intestine was collected from euthanized guinea pigs using a cotton string to
mark the proximal and distal ends of the intestine. The small intestine was quickly
transferred to phosphate-buffered saline (PBS 0.01 mol/L, pH, 7.2) containing the L-type
calcium channel blocker nifedipine (1 µM), making sure that the cotton string always
aligned with the small intestine. At the pylorus, the small intestine was cut with the string
together so that length of the cotton string was exactly the same as the length of the gut. The
length of string was documented at the end of each experiment to refer the length of the gut.

After the entire small intestine was taken, an ileal segment of 5 cm was harvested 15 to 20
cm proximal end of ileum. The ileal segment was cut open, stretched and fixed as described

Patel et al. Page 4

Neurogastroenterol Motil. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://rsb.info.nih.gov/ij/) in some studies
http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/


above. After the tissue was washed in DMSO and PBS as described above, the area of the
fixed tissue was calculated by length × width. The entire gut area was eventually calculated
from the area of the ileal segment of 5 cm long.

Cell/ganglia count on myenteric plexus
Firstly, number of cells was estimated in 9 mm2 starch-and-fixed LMMP preparations. In
this part of work, double staining with NOS and Hu antibodies was performed in myenteric
neurons so that number of NOS-containing neurons in every 100 Hu neurons (NOS in 100
Hu) or number of NOS-containing neurons in area of 9 mm2 (NOS in 9 mm2) was counted.
In addition, double staining of calbindin- and Hu- neurons was also performed in this part of
work so that number of calbindin-containing neurons in every 100 Hu neurons (CalB in 100
Hu) or number of calbindin-containing neurons in area of 9 mm2 (CalB in 9 mm2) was
counted. Subsequently, the number of Hu neurons within every 9 mm2 LMMP preparation
(Hu in 9 mm2) was calculated by the following two methods:

(1)

and

(1)

where (1) and (2) are estimate from NOS neurons and calbindin neurons respectively.

Secondly, number of neurons was extrapolated in starch-and-fixed LMMP preparations
made from 5 cm ileal segments (Hu in 5 cm segment) using the following relationship:

where the Hu in 9 mm2 used the estimate of both (1) and (2); the area of fixed tissue from a
5 cm ileal segment was derived as described above.

Finally, the number of Hu neurons in the entire small intestine without being starch-and-
fixed was calculated by the formula:

where the Hu in 5 cm segment was the estimate derived from both (1) and (2) therefore
number of Hu neurons in the small intestine was extrapolated from NOS- and calbindin-
neurons.

In these experiments, number of ganglia was also counted in every 9 mm2 LMMP. In some
experiments, double staining was performed between antibodies for NOS and calbindin or
antibodies for Chat and NOS. In those experiments, the number of NOS neurons was
directly expressed against to the number of calbindin neurons. Similarly, the number of
acetylcholine neurons was expressed directly against the number of NOS neurons. In
addition, the number of acetylcholine neurons was counted in 9 mm2 LMMP preparations.
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Drugs
Acetylcholine (A6625), nicotine (N5260), Nω-nitro-L-arginine (NLA; N5501) and
tetrodotoxin (TTX; T5651) were all obtained from Sigma Chemical Company (St. Louis,
MO).

Data analysis
All data are expressed as 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 or analysis of variance (ANOVA) where appropriate. P <
0.05 was considered statistically significant.

RESULTS
The length and area of the entire small intestine were calculated for both neonatal and adult
guinea pigs (Table 2). The density of myenteric neurons and the density of myenteric
ganglia in the small intestine were also calculated for guinea pigs of the same age groups
(Table 2). In neonatal animals, the density of neurons and ganglia in the myenteric plexus
was more than 2 times higher than in adult animals (Table 2). The length of small intestine
also doubled from neonatal to adult animals (Table 2). The area of small intestine increased
more than 3 times from neonates to adults (Table 2).

Real time measurement of NO
When microelectrodes were placed within 20 µm of a myenteric ganglion, nicotine (1 µM)
induced oxidation currents were detected at a potential of 1 V vs Ag|AgCl in ileal LMMP
from neonatal and adult animals. When the electrode was ≥60 µm from the ganglion, no
oxidation current was detected. When the electrode potential was 750 mV, no oxidation
current was detected indicating that there was no interference arising from oxidation of
biogenic amines. The mean nicotine-induced oxidation currents detected in adult and
neonatal tissues when the electrode was placed over ganglia were 126 ± 21 and 388 ± 28 pA
(P<0.05), respectively. The nicotine (1 µM)-induced oxidation currents were blocked by
TTX (0.1 µM) and NLA (100 µM; Fig. 1A), confirming that neurogenically released NO
was monitored. When the microelectrode was positioned between ganglia, nicotine-induced,
NLA-sensitive currents were only detected in neonatal preparations (Fig. 1B). The mean
nicotine-induced oxidation current in neonates was 67 ± 9 pA and was blocked by NLA
(100 µM; Fig. 1B). The nicotine-induced oxidation current detected near neonatal ganglia
was significantly (P < 0.05, n = 6) higher than the current in adults (Fig. 1C). In neonatal
guinea pigs, the oxidation current detected from ganglia was also significantly (P < 0.05,
two-way ANOVA, n = 6) higher than the current detected when the electrode was positioned
over the longitudinal muscle between ganglia (Fig. 1C, D).

Detection distance from myenteric ganglia to electrode position in LMMP preparations
As elevated levels of NO were observed in-between ganglia from LMMP preparations of
neonatal tissue, we examined the detection distances in adult and neonatal tissues. A greater
density of ganglia and terminals were observed in neonate preparations than adult
preparations (Fig 2A, B; see also in Table 2 for quantitative data). Following qualitative
analysis, the distance from myenteric ganglia to detection sites for adults (n = 26) was 125 ±
35 µm, which was significantly greater than in neonates (n = 48), where the distance from
ganglia to detection sites was 55 ± 23 µm (P < 0.001, t-test, Fig. 2C).

Patel et al. Page 6

Neurogastroenterol Motil. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NOS-ir in myenteric neurons and NOS level in LMMP preparations
We next examined NOS-ir in myenteric neurons and in LMMP preparations. NOS-ir
neurons were observed in neonatal and adult LMMP preparations that were fixed, stained
and image-captured under identical conditions (Fig. 3A, B). The density of NOS-ir neurons
in neonatal tissues (Fig. 3A) was higher than in adult tissues (Fig. 3B). The intensity of
NOS-ir in the neonatal neurons (Fig. 3A) was also higher than that in the adult neurons (Fig.
3B).

Western blot analysis was also used to compare the relative expression of NOS in the
LMMP preparations made from neonatal (n = 4) and adult (n = 3) guinea pigs (Fig. 3C, D).
In extracts from both neonatal and adult LMMP preparations, Western blot revealed a
prominent band near 105 kD (Fig. 3C). Quantitative assessment showed that the intensity of
the 105 kD band was significantly (P < 0.05, t-test, n = 3 to 4) greater in neonatal samples
compared with samples from adults (Fig. 3D).

Nicotinic receptors
It is possible that the higher nicotine-induced NO oxidation current in neonatal tissues was
due to higher nicotinic acetylcholine receptor (nAChR) expression in neonates. Therefore,
we compared the expression of α3/α5 subunits of nAChRs using immunohistochemical
methods and LMMP preparations made from neonatal and adult animals (Fig. 4E, F).
Preparations made from adult and neonatal animals were fixed, processed, stained and
camera-captured under the same conditions. Based on an average of 5 nAChR-ir positive
neurons from each animal age group, quantitative analysis showed that the intensity of
nAChR-ir in myenteric neurons in neonates and adults was 81.2 ± 5.2 and 82.7 ± 3.1
(AGVU) respectively (n = 3–4). The intensity of nAChR-ir in myenteric neurons was not
significantly (P > 0.05, unpaired t-test; n = 3–4) different between neonates and adults.

Number of myenteric neurons
The total number of NOS neurons in the small intestine of neonatal guinea pigs was 860,000
± 20,000 and the total number of NOS neurons in adult guinea pig was 760,000 ± 50,000.
The total numbers of NOS neurons in neonatal and adult animals were not significantly
different (P > 0.05, t-test, n = 5–6; Fig. 5A). The number of calbindin neurons in the entire
small intestine of neonatal and adult guinea pigs was also calculated (Fig. 5B; example of
calbindin-ir in neonatal preparation in Fig. 4A). The total number of calbindin neurons in
neonatal guinea pig was 870,000 ± 40,000 and the total number of calbindin neurons in adult
guinea pig was 940,000 ± 100,000. The total number of calbindin neurons in neonatal and
adult animals was not different (P > 0.05, t-test, n = 5–6; Fig. 5A).

The number of myenteric neurons in the entire small intestine was estimated from NOS
neurons and calbindin neurons (Fig. 5A, B). The number of myenteric neurons in adult small
intestine estimated from NOS neurons or calbindin neurons was 4.6 ± 0.3 and 4.8 ± 0.3
million respectively. The number of myenteric neurons in neonatal small intestine estimated
from NOS neurons or calbindin neurons was 3.4 ± 0.2 and 3.5 ± 0.3 million, respectively.
The number of myenteric neurons estimated from NOS neurons and calbindin neurons was
not significantly (P > 0.05, t-test, n = 5 to 6) different in either adult or neonatal animals
(Fig. 5A, B). From both estimates, the number of myenteric neurons in the adult intestine
was significantly higher than in the neonatal intestine (P < 0.05, unpaired t-test, n = 5 – 6;
Fig. 5A, B).

The percentage of either NOS or calbindin neurons in the small intestine was estimated for
both adult and neonatal guinea pig (Table 3). The percentage of NOS neurons was 17 ± 1%
and 26 ± 2% in adult and neonates respectively while the percentage of calbindin neurons
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was 21 ± 3% and 25 ± 2% in adult and neonates respectively. The percentage of NOS
neurons was significantly higher in neonatal animals (P < 0.05, t-test, n = 5–6; Table 3),
however, the percentage of calbindin neurons was not different (P > 0.05, t-test, n = 5–6)
different between the adult and neonatal animals (Table 3). The density (neurons per mm2)
of NOS and calbindin neurons in the small intestine was calculated for both adult and
neonatal guinea pigs (Table 3). The density of NOS neurons was 27 ± 2 neurons per mm2

and 97 ± 8 neurons per mm2 in adult and neonates respectively. The density of calbindin
neurons was 34 ± 3 neurons per mm2 and 101 ± 7 neurons per mm2 in adult and neonates
respectively (Table 3). NOS and calbindin neuronal density was lower in adults (P < 0.05, t-
test, n = 5–6).

NOS-ir neuron number was expressed as a percentage of the number of calbindin neurons
counted in preparations immunohistochemically double-labeled for both markers (Fig. 5C).
This percentage was 157 ± 7 % in neonates and 122 ± 5% in adults. In this assay, the ratio
between the number of NOS and calbindin neurons was significantly (P < 0.05, t-test, n = 6)
lower in adult animals (Fig. 5C). Number of cholinergic neuron was also expressed as a
percentage of the number of calbindin neurons counted in preparations
immunohistochemically double-labeled for both markers (Fig. 5D; example of ChAT-ir in
neonatal preparation in Fig. 4B). This percentage was 175 ± 30% in neonates and 99 ± 22%
in adults; this difference was not statistically significant (P > 0.05, unpaired t-test, n = 5; Fig.
5D).

Cholinergic nerve fibers were examined in neonatal and adult tissues using a VChAT
antibody (Fig. 4C, D). Single staining of VAChT revealed that cholinergic nerve fibers were
abundant in myenteric ganglia and in the tertiary plexus in neonatal and adult tissues (Fig.
4C, D). The density of cholinergic nerve fibers was higher in neonatal tissue (Fig. 4C)
compared to adult tissues (Fig. 4D). The intensity of VAChT-ir in the neonatal cholinergic
fibers (Fig. 4C) was also higher than that in the adult cholinergic fibers (Fig. 4D).

DISCUSSION
In this study, we directly measured the level of NO, in real time, from both neonatal and
adult LMMP preparations using continuous amperometry. Continuous amperometry has
been used to monitor neurotransmitter release in vivo and in vitro (32,33,34,35,36). This
method measures transient changes in electroactive neurotransmitters near release sites.
Using this method, NO oxidation currents have been recorded from a variety of tissues
(39,40,41) including myenteric ganglia in guinea pig ileum (30).

One important finding of this study is that the neuronal NO production in response to
nicotine stimulation was greater in neonatal compared to adult LMMP preparations. The
greater response does not appear to be due to age-related differences in nAChR expression
but many other factors could contribute to this functional difference. However, it is known
the electrical field stimulation evoked NANC relaxations of the longitudinal muscle are
larger in neonatal (1). In addition, we show that NOS-ir is more prominent in neurons and
nerve fibers in neonatal tissues and that quantitative assessment by Western blot reveals
higher NOS levels in neonatal tissues. Therefore, the contribution to elevated levels of NO
oxidation currents in the neonate compared to the adult is due at least in part to higher NOS
expression in the neonatal intestine.

Our electrochemical results also revealed that detection of NO over the myenteric ganglia
and longitudinal muscle is more uniform in neonatal tissue with respect to adult tissue. NO
oxidation currents were detected when the electrode was positioned over myenteric ganglia
or over the tertiary plexus in neonatal tissues. NO oxidation currents were detected only
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when the electrode was positioned over myenteric ganglia in adult tissues. This correlates
with a higher density of NOS-ir nerve fibers in the tertiary plexus in neonates compared to
adult tissues. However, we estimated that NO oxidation currents arising from NO release in
myenteric ganglia can be detected at distances up to 60 µm from the source (42). Therefore,
it is possible that the increased NO current detected in the tertiary plexus in neonates is due
partly to a contribution of NO diffusing from myenteric ganglia as the interganglionic
distance was much smaller in neonatal (54 µm) compared to adult (127 µm) tissues. This
result is consistent with our overall conclusion that the muscle layers in the neonatal gut are
under stronger inhibitory control compared to adult animals (1).

Although the intensity of NOS-ir in myenteric neurons was not quantified in this study,
quantitative assessment by Western blot showed that level of NOS expression in the entire
LMMP preparations was significantly higher in neonates. Given that there are few NOS
fibers in regions outside ganglia in LMMP preparations (1,8,9,10), the quantitative assay by
Western blot should largely reflect the NOS level in NOS neurons. It is worth noting that the
Western blot in this study revealed a prominent band at around 105 kD instead of 160 kD,
which is the predicted molecular weight of neuronal NOS in guinea pig (43). It is possible
that the protease inhibitor used in protein isolation was not sufficient to fully block the
protease activity and the 105-kD band represented a degradation product of the NOS
protein. The antibody used in the Western blot study was derived from a sequence of
neuronal NOS of rat cerebellum. A similar NOS antibody was used in a previous study in
which the antibody predominantly recognized lower molecular weight proteins compared to
other nNOS antibodies tested (44).

Another important finding of this study was that postnatal neurogenesis could play a crucial
role in the maturation of ENS. The age-related decline in the relative strength of the
inhibitory innervation of the muscle layers could be due to loss of NOS-ir neurons. This is
not likely to be the case since little apoptosis has been detected in myenteric neurons in the
guinea pig intestine (45). An alternative possibility is that inhibitory neurons are diluted
postnatally by other neurons generated after birth. Postnatal neurogenesis has been
suggested in both central nervous system (46,47,48,49) and peripheral nervous system
(50,51) including enteric nervous system (23,24,25,26). In this study, number of myenteric
neurons was compared between adult and neonatal animals. Total number of myenteric
neurons has been previously evaluated in guinea pig ileum (see examples in 52,53). In this
study, Hu antibody was used as a marker for all myenteric neurons (20). Hu positive cells
are all clustered together in myenteric ganglia, making accurate cell counts difficult.
Therefore, subtypes of enteric neurons were counted and these counts were used to
extrapolate the number of Hu-containing neurons. In this study, number of myenteric
neurons was extrapolated from NOS- and calbindin-containing neurons based on estimates
obtained from 5 cm lengths of ileum taken 15 cm proximal to the ileocecal junction. It is
possible that this method yield some inaccuracies as the density of NOS neurons in the
guinea pig duodenum is reported to be lower than in the ileum (54). However, this study is
not aimed at a precise number of the total myenteric neurons within the system but a
consistent sampling procedure for statistics to determine the likelihood that there is a relative
increase in the number of myenteric neurons as the animals mature postnatally. In estimates
made from either NOS- or calbindin-neurons, the number of myenteric neurons in adult was
significantly higher than it was in neonates indicating a postnatal neurogenesis in the
myenteric plexus.

Due to postnatal neurogenesis, the percentage of NOS neurons declined significantly from
neonatal to adult animals without a change in the total number of NOS neurons. This
suggests that NOS neurons were diluted by newly-generated myenteric neurons. Calbindin
neurons did not increase significantly during postnatal neurogenesis when the cell counts
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were compared between neonate and adult tissues. However, when the percentage of
neurons was examined in light of postnatal neurogenesis, the proportion of calbindin
neurons did not change. Therefore, the number of calbindin neurons was not as constant as
NOS neurons and some calbindin neurons may have arisen from postnatal neurogenesis. It is
also possible that there are small changes in the level of expression of calbindin between
neonates and adults allowing more calbindin neurons to be detected. This change in
expression could confound calculations of the number of calbindin neurons.

In the guinea pig ileum, calbindin and NOS mark sensory and inhibitory motorneurons
respectively (21,22,55). To eliminate the sensory-neuron-induced variability, the number of
NOS neurons was expressed against number of calbindin neurons (NOS/CalB) so that the
ratio of NOS/CalB can be a measure for changes in inhibitory neurons. The NOS/CalB ratio
was higher in neonates compared to adults, suggesting a decline in NOS neurons in the
maturing guinea pig ileum, regardless of any postnatal changes in calbindin neurons.

The number of acetylcholine containing neurons (ChAT-ir) was expressed against calbindin
neurons. In the myenteric plexus, acetylcholine is contained in almost all neuronal subtypes
except inhibitory motorneurons (55). Hence, the ratio of Chat/CalB is a measure of non-
inhibitory neurons. Although the ratio of Chat/CalB declined during postnatal development,
the decline was not statistically significant. This suggests that the non-sensory cholinergic
component did not decline due to postnatal neurogenesis. We did not calculate the
percentage of ChAT neurons. However as the percentages of NOS neurons in adult and
neonates are 17% and 26% respectively, ChAT neurons as a percentage all myenteric
neurons should be about 83% in adult and 74% in neonates assuming that all neurons
contain either NOS or ChAT. Direct assessment of the number of ChAT neurons is needed
to determine if there are postnatal changes in the number of these important neurons.

A postnatal increase in cholinergic neurons has been suggested by a previous study in which
few cholinergic nerve fibers were detected in the circular muscle of the neonatal mouse
colon (2). In the guinea pig ileum however, both the density of acetylcholine fibers and
intensity of VAChT-ir in cholinergic fibers were higher in neonatal tissue. This is consistent
with our previous pharmacological data in which the nicotine-induced muscle contraction is
higher in neonates (1). It is possible that excitatory neurotransmission to longitudinal muscle
cells was also stronger at the neonatal stage since the density of both ganglia and neurons in
myenteric plexus are higher in neonates. The length and area of ileum underwent
tremendous growth during postnatal development, which should contribute not only to
reduced density of myenteric neurons but also reduced intensity of neuronal markers. Taken
together our data indicate that both excitatory and inhibitory neuronal input to longitudinal
muscle cells is greater than neonatal intestine. However, the inhibitory innervation of the
longitudinal muscle is relatively more effective in neonatal guinea pig ileum. During the
postnatal maturation, inhibitory neurons are diluted by other type of neurons that arrive after
birth.

SUMMARY AND CONCLUSIONS
In summary, more NO is released from inhibitory neurons to longitudinal muscle cells in the
neonatal guinea pig ileum than the adult guinea pig ileum. Inhibitory motor neurons are
postnatally diluted by postnatal neurogenesis of yet unidentified neuronal subtypes. Delayed
maturation of the ENS may contribute to pediatric motility disturbances.
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Figure 1.
Real time detection of NO in ileal LMMP made from neonatal and adult guinea pigs. [A]
and [B]: Original tracings of real time detection of NO in neonatal and adult tissues. BDD
microelectrode was positioned either over the surface of myenteric ganglia [A] or located in
between the myenteric ganglia [B]. Release of NO was induced by nicotine (1 µM). [C]:
Pooled data of real time detection of NO in control (n = 4), in the presence of TTX (100 nM)
or in the presence of NLA (100 µM). Signals detected by microelectrodes positioning over
the surface of myenteric ganglia in neonatal and adult tissues. [D]: Pooled data of real time
detection of NO in control or in the presence of NLA (100 µM). Signals detected by the
microelectrode positioning over the surface of tissue area in between ganglia in neonatal and
adult tissues. In [C] and [D], data was expressed as mean ± SEM.
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Figure 2.
Analysis of distance from myenteric ganglia to detection sites in neonatal and adult guinea
pigs. [A] and [B]: Photomicrographs of NOS-ir neurons in neonatal and adult tissues. A
greater density of neurons and fibers within the same tissue area was observed in neonates
[B] compared to adults [A]. The black circle indicates location of ganglia measurements
using the BBD electrode, whilst the white circle indicates the location the BBD sensor is
placed to conduct in-between recordings of NO production. The dashed white line indicates
the maximal distance of NO is observed following release based upon diffusivity and
consumption from a mathematical model. Scale bar for both photomicrographs: 100 µm. [C]
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The distance from myenteric ganglia to detection sites is greater in adults (n = 26) in
comparison to neonates (n = 48, P < 0.001). Data expressed as mean ± SEM.
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Figure 3.
Photomicrographs of NOS-ir and Western blot analysis of NOS expression in LMMP made
from guinea pig ileum. Intensity of NOS-ir in myenteric neurons in neonatal tissue [A] was
higher than it was in adult tissue [B]. Tissues were fixed, processed, stained and camera-
captured under the same conditions. Scale bars: 20 µm. [C]: Western blot revealed a band at
105 kilodaltons that was recognized by the NOS antibody in a protein extract from both
neonatal (NE) and adult (AD) guinea pigs. [D]: Densitometry performed in samples from 4
neonatal tissues and 3 adult tissues in which intensity of the 105 kilodalton band was
normalized to the total protein present in each lane. Data were expressed as mean ± se. The
intensity of the 105 kilodalton band was significantly greater in neonatal compared to adult
tissues (P < 0.05).
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Figure 4.
Photomicrographs of immunoreactivity in the myenteric plexus of guinea pig ileum. [A]:
Example images of calbindin immunoreactivity in the myenteric plexus of neonatal ileum.
[B]: Example images of Chat immunoreactivity in the myenteric plexus of neonatal ileum.
[C] and [D]: VAChT-ir in ileal LMMP made from neonatal and adult guinea pig. Based on
descriptive comparison by blinded observers, density of VAChT-ir in myenteric neurons in
neonatal tissue [C] was higher than it was in adult tissue [D]. [E] and [F]: nAChRs-ir in ileal
LMMP made from neonatal and adult guinea pig. Based on descriptive comparison by
blinded observers, density of nAChRs -ir in myenteric neurons in neonatal tissue [E] was not
different from it was in adult tissue [F]. In [C], [D], [E] and [F], tissues were fixed,
processed, stained and camera-captured under the same conditions. Scale bars: 15 µm.
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Figure 5.
Quantification of myenteric neurons in LMMP preparations made from neonatal and adult
guinea pig in the small intestine. Number of total myenteric neurons was extrapolated from
number of NOS positive neurons [A] and number of calbindin positive neurons [B]. In both
extrapolations, the total number of myenteric neurons in adult was higher than it was in
neonatal. In either neonate or adult, the total numbers of myenteric neurons extrapolated
from both markers did not differ statistically. The ratio between the numbers of NOS- and
calbindin-neurons (NOS/CalB) was statistically higher in neonates than it was in adult [C],
however, the ratio between the numbers of acetylcholine- and calbindin- neurons (Chat/
CalB) was not scientifically different between the two age groups [D].
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Table 1

The primary antiserums used in this study:

Antigen Host species Source

Calbindin-D28K Rabbit Oncogene, USA (Cat. NO: PC253L)

Calbindin-D28K Mouse monoclonal Sigma, USA (Clone # CL-300)

NOS Sheep Millipore, USA (Cat. NO: AB1529)

mAB35 (α3/α5 subunits of nAChRs) Rat Santa Cruz Biotechnology, Inc., Santa Cruz, CA

Hu Mouse Molecular Probes, USA (Cat. NO: A-21271)

Chat Rabbit Gift from Dr. Michael Schemann (P3YEB; 38), Germany

VAChT Goat Phoenix Pharmaceuticals, UAS (Cat. NO: H-V007)
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Table 2

The length of small intestine, the area of small intestine, the density of myenteric neurons in small intestine
and the density of myenteric ganglia in small intestine in neonatal and adult guinea pigs. Each value is the
mean ± se of 5 to 9 experiments.

Length (mm) Area (mm2) Ganglia/mm2 Neurons/mm2

Adult tissues 1554.0 ± 49.1* 27450.7 ± 1081.5* 2.1 ± 0.4 171.7 ± 8.6

Neonatal tissues 811.3 ± 25.8 8701.7 ± 611.3 5.3 ± 0.4* 396.5 ± 12.0*

Asterisks indicate significant increase (P < 0.05, unpaired t-test; n = 5 to 6).
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Table 3

Percentage and density of NOS/calbindin neurons. Each value is the mean ± se of 5 to 6 experiments.

% of NOS neurons % of calbindin neurons # of NOS neurons/mm2 # of calbindin neurons/mm2

Adult tissues 17 ± 1 21 ± 3 27.0 ± 1.7 34.2 ± 2.8

Neonatal tissues 26 ± 2* 25 ± 2 96.8 ± 8.4* 101.2 ± 6.7*

Asterisks indicate significant increase (P < 0.05, unpaired t-test; n = 5 to 6).
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