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Abstract

AIM: To investigate the effects of malnutrition and re-
feeding on the P2X: receptor, nitric oxide synthase (NOS),
calretinin, calbindin and choline acetyltransferase (ChAT)
in neurons of the rat ileum.

METHODS: We analyzed the co-localization, numbers
and sizes of P2X2-expressing neurons in relation to
NOS-immunoreactive (IR), calbindin-IR, ChAT-IR, and
calretinin-IR neurons of the myenteric and submucosal
plexus. The experimental groups consisted of: (1) rats
maintained on normal feed throughout pregnancy until
42 d post-parturition (N); (2) rats deprived of protein
throughout pregnancy and 42 d post-parturition (D);
and (3) rats undernourished for 21 d post-parturition
and then given a protein diet from days 22 to 42 (DR).
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The myenteric and submucosal plexuses were evaluated
by double labeling by immunohistochemical methods for
P2X2 receptor, NOS, ChAT, calbindin and calretinin.

RESULTS: We found similar P2Xz receptor immunore-
activity in the cytoplasm and surface membranes of
myenteric and submucosal neurons from the N, D and
DR groups. Double labeling of the myenteric plexus
demonstrated that approximately 100% of NOS-IR,
calbindin-IR, calretinin-IR and ChAT-IR neurons in all
groups also expressed the P2X: receptor. In the submu-
cosal plexus, the calretinin-IR, ChAT-IR and calbindin-
IR neurons were nearly all immunoreactive for the P2Xz
receptor. In the myenteric plexus, there was a 19%
increase in numbers per cm” for P2X: receptor-IR neu-
rons, 64% for NOS-IR, 84% for calretinin-IR and 26%
for ChAT-IR neurons in the D group. The spatial density
of calbindin-IR neurons, however, did not differ among
the three groups. The submucosal neuronal density
increased for calbindin-IR, calretinin-IR and ChAT-IR
neurons. The average size of neurons in the myenteric
plexus neurons in the D group was less than that in the
controls and, in the re-fed rats; there was a 34% re-
duction in size only for the calretinin-IR neurons.

CONCLUSION: This work demonstrates that expres-
sion of the P2Xz receptor is present in inhibitory, intrinsic
primary afferent, cholinergic secretomotor and vaso-
motor neurons. Undernutrition affected P2X> receptor
expression in the submucosal plexus, and neuronal and
size. These changes were rescued in the re-fed rats.

© 2010 Baishideng. All rights reserved.
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INTRODUCTION

ATP is known to be a co-transmitter in the nervous sys-
tem and a ligand of the P2X receptor family, which is
made up of seven known receptor subunits (PX17)". In
the myenteric plexus, electrophysiological studies have
found P2X receptors in 80%-90% of neurons”. P2X
receptors play an important role in synaptic transmission
within the neural pathways and mediate intestinal motil-
ity™. Immunohistochemical studies have documented
the distribution of P2X receptors in the enteric nervous
system of guinea pigs'", rats"*"" and mice™'". There is
only one earlier study in which the authors have reported
expression of P2X: receptor in calretinin and calbindin
neurons in the ileal myenteric plexus of rats'”

The effects of undernutrition on enteric and other
autonomic neurons have been investigated' . In the
enteric nervous system, a 27% decrease in the number
of enteric neurons in the jejunum of rats submitted to
severe prenatal malnutrition has been reported”, and a
mean neuronal loss of 13% in the myenteric plexus of the
proximal colon has been observed after malnutrition™.
Experiments that have examined the effect of re-feeding
on enteric neuronal number suggest that, when neurons
are reduced in number by undernutrition, they do not
recover'”. However, other reports have described a 15%
decrease in the sizes of myenteric neurons from the large
intestine of pre- and postnatally protein-deprived animals,
as well as recovery of normal size after re-feeding™. A
45% size reduction in enteric neurons of the small intes-
tine has also been observed following undernutrition”,

The present work analyzed the effects of pre- and
postnatal protein undernutrition and postnatal re-feeding
on neurons immunoreactive for the P2Xz receptot, by
specifically examining the expression of nitric oxide
synthase (NOS), calretinin, calbindin and choline acetyl-
transferase (ChAT) in these neurons, as well as neuronal
density and somatic size in the myenteric and submuco-
sal plexuses in the rat ileum.

MATERIALS AND METHODS

Experimental animals

The study was conducted according to current legisla-
tion on animal experiments of the Biomedical Science
Institute of the University of Sao Paulo. Young male and
female Wistar rats (200-240 g body weight) were mated.
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After conception, which was assumed to have occurred
when vaginal sperm plugs were found, the females were
placed in individual cages. During pregnancy, the nour-
ished mothers received an AIN-93G normal protein diet
(protein, 20%; fat, 7%; carbohydrate, 20% and fiber, 5%),
and the undernourished mothers received the AIN-93G
diet with low protein (protein, 5%; fat, 7%; carbohydrate,
20% and fiber, 5%) (Rhoster Industria e Comércio Ltda,
Sdo Paulo, Brazil). The rats were maintained under stan-
dard conditions at 21°C, with a 12-h light/dark cycle, and
all groups were supplied with water ad /ibitum. After partu-
rition, the dams and pups received the same diet that the
dam had during pregnancy. Only the male animals in the
litters were used for experimentation. Females remained in
the litters but were not investigated. There were three ex-
perimental groups. The first group of rats was maintained
on normal feed throughout pregnancy until examined at
42 d (P42) (N, #n = 5). The second group was protein-de-
prived throughout pregnancy and postnatally for 42 d (P42)
(D, # = 5). The third group of rats was the deprived plus
re-feeding group (DR, # = 5), in which animals were un-
dernourished until P21, and then received the AIN-93G
normal protein diet from P22 to P42, At P42, animals
were weighed and euthanized in a CO2 chamber and the
anterior abdominal wall was opened. The small intestine
was removed and washed in PBS. The surface area of the
small intestine was measured using a planimeter.

Immunohistochemistry

Fresh segments of ileum were removed from each animal
of the N, D and DR groups and placed in PBS (0.15 mol/L
NaCl in 0.01 mol/L sodium phosphate buffetr, pH 7.2) that
contained nicardipine (1 0° mol/L; Sigma, St Louis, MO,
USA) to inhibit tissue contraction. The dissected pieces
were opened along the mesenteric border and cleaned
of their contents using PBS. They were then pinned out
tautly, mucosa-side down, onto a balsa-wood board and
fixed overnight at 4°C in paraformaldehyde in 0.2 mol/L
sodium phosphate buffer (pH 7.3). The next day, the tis-
sue was cleared of fixative with three 10-min washes in
100% DMSO, followed by three 10-min washes in PBS.
All tissue was stored at 4°C in PBS that contained so-
dium azide (0.1%). The fixed tissue was dissected and
the mucosa, submucosa and circular layers were removed
to obtain longitudinal muscle-myenteric plexus whole
mounts. In the second type of preparation, the mucosa
and muscularis externa were removed to reveal the in-
tact submucous layer. Whole-mount preparations of the
myenteric and submucosa of the ileum were preincu-
bated in 10% normal hotrse serum in PBS that contained
1.5% Triton X-100 for 30 min at room temperature, to
reduce non-specific binding and to permeabilize the tissue
(Table 1). To localize P2X> receptor immunoreactivity, we
used a rabbit antiserum raised against amino acid sequence
457-472 of the rat P2Xa receptor, with a single Cys exten-
sion at the N-terminal (AB5244; Chemicon, Temecula, CA,
USA). Incubation was for 48 h at 4°C at a dilution of 1:120
in 10% normal hotse serum in PBS that contained 1.5%
Triton X-100. Double labeling was achieved using combina-
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Tissue antigen Host Dilution Code and reference

NOSs Sheep 1:2000 H205
Calbindin Mouse 1:500 Swant 300
Calretinin Goat  1:100 CG1 Swant
ChAT Goat  1:50 Chemicon
Donkey anti-rabbit IgG Alexa 488 1:500  Molecular probes
Donkey anti-sheep IgG Alexa 594 1:100  Molecular probes
Donkey anti-mouse IgG Alexa 594 1:200  Molecular probes

NOS: Nitric oxide synthase; ChAT: Choline acetyltransferase.

tions of antisera (Table 1). Following incubation in primary
antisera, tissue was given three 10-min washes in PBS and
incubated in a mixture of secondary antibodies (Table 1).
Further 10-min washes in PBS were made before tissue was
mounted in glycerol buffered with 0.5 mol/L sodium cat-
bonate buffer (pH 8.0).

Imaging

Preparations were examined on a Leica microscope equipped
with the appropriate filters for Alexa 488 (450-490 nm ex-
citation filter and 515-565 nm emission filter) and Alexa
594 (530-585 nm excitation filter and 615 nm emission fil-
ter). Images were recorded using an Image-Pro-Plus-cou-
pled camera and Image-Pro Plus software (Media Cyber-
netics, Bethesda, MD, USA). Preparations were also ana-
lyzed using confocal microscopy on a Zeiss confocal scan-
ning laser system installed on a Zeiss Axioplan 2 micro-
scope (Catl Zeiss). The system had a krypton/argon laser
for differential visualization of the fluorophores using a
488-nm excitation filter and a 522/535-nm emission filter
for 488 and 568 nm excitation filters and a 605/632 nm
emission filter for Alexa 594. The images were 512 X 512
pixels in size and the thickness of each optical section was
0.5 pm. Immunoreactive cells were scanned as a series of
optical sections with a center spacing of 0.2 um. Confocal
images were collected using LSM 5 Image Zeiss process-
ing software (Catl Zeiss Microlmaging, Germany). Images
were further processed using Corel Photo Paint and Corel
Draw software programs (Corel Corporation).

Quantitative analyses

The proportions of neurons in which antigen immuno-
reactivity was co-localized were determined by examining
double-labeled neurons. Neurons were first located by
the presence of a fluorophore that labeled one antigen,
and then the filter was switched to determine whether the
neuron was labeled for a second antigen, located with a
second fluorophore of a different color. In this way, pro-
portions of neurons labeled for pairs of antigens were
determined. The cohort size was 100 neurons and data
were collected from preparations obtained from at least
four animals. The percentage of neurons immunoreactive
to a second neurochemical was calculated and expressed
as mean T SE. The numbers of P2Xe-immunoreactive
(IR), NOS-IR, calbindin-IR, calretinin-IR and ChAT-
IR neurons and nerve cell perikarya were measured by
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N D DR
Body weight (g) 160 +10 40+18° 100 + 22
Area of small intestine (cm’) ~ 20.41+3.7 133+0.6" 165+0.4

°P < 0.05 vs protein deprived, Tukey’s test for multiple comparisons.

examining the whole-mount preparations under a bin-
ocular microscope at a magnification of 100 X. All neu-
rons present in each 1 cm’” were counted. The nerve cell
perikarya profiles area, major axes, and minor axes of 50
nerve cell perikarya from each animal were obtained on a
semiautomatic morphometry device, the Image-Pro Plus
Program.

Statistical analysis

mean * SE were calculated and compared by analysis of
variance and Tukey test for multiple comparisons, as ap-
propriate. The level of significance was set at P < 0.05.

RESULTS

The mean body weight of animals of the N group (160
T 10 g) was approximately 400% greater than that of the
D group (40 £ 18 g). The body weight of the DR group
(100 £ 22 g) was restored to within 20% of normal at
P42 (P < 0.05). The small intestine area of the D group
was 34% less (P < 0.05) than that of the N group, and
there was no statistical difference between the N and DR
groups (Table 2).

The qualitative results demonstrated that P2Xo> recep-
tor immunoreactivity was found in the myenteric and sub-
mucosal plexuses of the ileum of all groups. Positive label-
ing was seen in the cytoplasm and surface membranes of
most nerve cells of the nourished, undernourished and re-
fed groups (Figure 1). The labeling intensity of the P2Xo
receptor in the myenteric and submucosal ganglia of the
N, D and DR groups was similar. Double-labeling studies
were conducted to identify neurons that had P2Xz immu-
noreactivity co-localized with NOS, calbindin, calretinin
and ChAT in ileal myenteric neurons (Figure 1), and calbi-
ndin, calretinin and ChAT in the ileal submucosal plexus
of the N, D and DR groups (Figure 2). In all groups, the
cellular morphology of the myenteric plexus showed that
NOS-IR neurons had a Dogiel Type I morphology, while
calretinin-IR neurons exhibited Dogiel Type II morphol-
ogy, and calbindin-IR neurons had both small and large
Dogiel Type II neurons. In the submucosal plexus, cal-
bindin-IR neurons had Dogiel Type II morphology. The
intensity of ChAT immunoreactivity was reduced in some
neurons of the myenteric and submucosal ganglia of un-
dernourished rats.

Co-localization

The quantitative results revealed that, in the myenteric
plexuses, the majority of NOS-IR, calbindin-IR, calretinin-
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Figure 1 Co-localization of P2Xz receptor immunoreactivity with nitric oxide synthase, calbindin, calretinin and choline acetyltransferase immunoreactivity
in the ileal myenteric plexus in the N, D and DR groups. A-C: P2X receptor-IR (green) co-localized with nitric oxide synthase (NOS)-IR (red); D-F: P2X receptor-
IR (green) co-localized with calbindin-IR (red); G-I: P2X2 receptors (green) co-localized with calretinin (red); J-L: P2X2 receptors (green) co-localized with choline
acetyltransferase (ChAT) (red). Double-labeled neurons are indicated by arrows.
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P2X2 + Calb P2X2 + Calb
D DR

P2Xz + Calr P2Xz + Calr
D DR

P2X2 + ChAT P2X2 + ChAT
D DR

Figure 2 Co-localization of P2X2 receptor immunoreactivity with calbindin, calretinin and choline acetyltransferase immunoreactivity in the ileal submucosal
plexus in N, D and DR groups. A-C: P2Xz receptor (green) co-localized with calbindin (Calb) (red); D-F: P2Xz receptor (green) co-localized with calretinin (Calr) (red); G-I:
P2X: receptor (green) co-localized with choline acetyltransferase (ChAT) (red). Double-labeled neurons are indicated by arrows.

IR and ChAT-IR neurons also were immunoteactive for
the P2X> receptor. In the submucosal plexus of the ileum,
P2Xz-1R neurons were also calbindin-IR, calretinin-IR, and
ChAT-IR.

In the myenteric plexus, the majority of NOS-IR
neurons were immunoreactive for the P2X> receptor
(N group was 99% £ 0.6% co-localized, D group was
100%, and DR group was 99% * 0.4%). Also, the major-
ity of calbindin-IR neurons were IR for the P2X> recep-
tor (N group was 98% =+ 0.4%, D group was 100%, and
DR group was 99% =+ 1%). The majority of calretinin-
IR neurons were also IR for the P2Xo receptor (group

(44
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N was 100%, D group was 98% =* 0.6%, and DR group
was 98% £ 1%). Most ChAT-IR neurons were also IR
for the P2Xareceptor in the N, D and DR groups (96.2%
T 2%, 96.2% * 2%, and 97% £ 3%, respectively).

In the submucosal plexus, co-localization between
calbindin-IR and P2Xo receptor-IR neurons was complete
in the N, D and DR groups. The co-localization between
P2Xo receptor-IR and calbindin-IR was 16% £ 0.7% in
the N group, 31% * 2% in the D group, and 24% =+ 3%
in the DR group (P < 0.002). In all three groups, cal-
retinin-IR and ChAT-IR neutrons co-localized 100% with
P2X: receptor-IR neurons.
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Figure 3 The density (neuron/cm’) of neurons immunoreactive for the
P2X: receptor, nitric oxide synthase, calbindin, calretinin, and choline
acetyltransferase in the ileal myenteric plexus in the N, D and DR groups.
°P < 0.02,°P < 0.01, °P < 0.002, °P < 0.001 vs N and DR groups. NOS: Nitric
oxide synthase; ChAT: Choline acetyltransferase.

Neuronal density

In the myenteric plexus, the number of neurons per unit
area was increased by 19% for P2Xa receptor-IR neu-
rons (P < 0.01), 64% for NOS-IR neurons (P < 0.002),
84% for calretinin-IR neurons (P < 0.001), and 26% for
ChAT-IR neurons in group D (P < 0.02); calbindin-IR
neuron density, however, did not differ among the three
groups (P > 0.05, Figure 3). In the myenteric plexus, the
total number of NOS-IR neurons, taking into account
the change in intestinal surface area (Figure 4), calbindin-
IR neurons and ChAT-IR neurons did not differ signifi-
cantly between the three groups. There was, however, a
20% increase in the numbers of calretinin-IR neurons
and decrease in P2X> receptor cells with undernutrition
relative to controls (P < 0.05, Figure 4).
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Figure 4 Calculated numbers of neurons immunoreactive for the P2Xz
receptor, nitric oxide synthase, calbindin, calretinin and choline acetyl-
transferase in the small intestine of the N, D and DR groups. °P < 0.05 vs N
and DR groups. NOS: Nitric oxide synthase; ChAT: Choline acetyltransferase.

In the submucosal plexus, the density of P2Xz re-
ceptor-IR, calbindin-IR and ChAT-IR neurons increased
significantly in the undernourished group (67%, P <
0.0003; 189%, P < 0.001 and 42%, P < 0.01, Figure 5).
Calretinin-IR neuron density did not differ among the
three groups (P > 0.05, Figure 5). In the submucosal
plexus, the total numbers of the calretinin-IR neurons
decreased by 23% (P < 0.05), and this was accompanied
by an 89% increase in the calculated numbers of calbi-
ndin-IR neurons. In this region, there was no change in
the numbers of ChAT-IR neurons (Figure 6).

Nerve cell perikarya

Neuron size (nerve cell perikarya, the major and minor
axes of the myenteric plexus neurons) of the calretinin-IR
neurons were approximately 34% smaller in the protein-
deprived rats (P < 0.001) than the control or re-fed rats.
There was an increase of 35% in the nerve cell perikarya
of calbindin-IR neurons and a 14% increase in the minor
axes of the calbindin-IR neurons in the DR group, as well
as a decrease of 15% in the major axes of the NOS-IR
neurons (Table 3).

In the submucosal neurons, there were group dif-
ferences (P < 0.05) with respect to the neuron size of
calbindin-IR, calretinin-IR and ChAT-IR neurons. There
was a 13% decrease in the major axes of calretinin-IR
and ChAT-IR neurons (P < 0.05) and an 18% increase in
the minor axes of calbindin-IR neurons (P < 0.05). Neu-
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Figure 5 The density of neurons (neuron/cm?) immunoreactive for P2X
receptor, calbindin, calretinin and choline acetyltransferase in the ileal sub-

mucosal plexus in the N, D and DR groups. °P < 0.01, °P < 0.001, °P < 0.0003
vs N and DR groups. ChAT: Choline acetyltransferase.
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Figure 6 The calculated numbers of neurons immunoreactive for P2Xz re-
ceptor, calbindin, calretinin and choline acetyltransferase in the ileal submu-
cosal plexus of the N, D and DR groups. °P < 0.05 vs N and DR groups. ChAT:
Choline acetyltransferase.
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N D DR
Myenteric plexus
NOS
Profile 240.4 £30.7 197.1+£25.8 225.8 +£26.7
Major axes 25.21+ 2.1 21.7+1.6 251+1.9
Minor axes 121+0.6 11.3+0.8 11411
Calbindin
Profile 227.7 +43.1 223.6+26.3 307.5 + 58°
Major axes 235+28 241429 279+46
Minor axes 122411 119403 14.0£0.8°
Calretinin
Profile 397.7 £39.6 259.2+48.8" 331.5+245
Major axes 293+21 223+35° 275+27
Minor axes 16.7+0.6 141+ 05" 151+0.5
ChAT
Profile 229.4+39.4 183.6 £39.3 198.7 +37.5
Major axes 21.8+24 194+24 201+25
Minor axes 128 +1.0 11.7 0.7 121+0.8
Submucosal plexus
Calbindin
Profile 2442 +47.6 256.7 +34.8 310.7 £46.2
Major axes 248+17 274+22 274+17
Minor axes 124+14 122408 145+12
Calretinin
Profile 233.8 +51.5 200 +4.6 2425+ 41.6
Major axes 241+21 20.8£0.5° 25.7+3.1
Minor axes 12417 12103 12114
ChAT
Profile 185.5+18.4 1543 +224 175.3 £20.0
Major axes 20117 17.5+0.8" 18.8+0.7
Minor axes 11.4+0.2 11.1+0.9 11.5+1.1

*P < 0.05, °P < 0.001 vs N and DR groups; P < 0.05 vs N and D groups.
Tukey’s test for multiple values, mean * SE, n = 5. NOS: Nitric oxide syn-
thase; ChAT: Choline acetyltransferase.

ron size distributions in the myenteric and submucous
plexuses of the N, D and DR groups are shown in the
histograms of Figures 7 and 8.

DISCUSSION

Various methods have been used to induce experimental
undernutrition. The protocols of undernutrition and
re-feeding employed in this study were effective, because
malnourished animals lost weight, which was then recov-
ered by re-feeding. These findings agree with those of
other studies that have used similar protocols”™*.,

The antigen markers for different functional classes
of neurons have been determined for guinea pig and
mouse small intestine, and to a lesser extent in other mam-
mals”". The expression patterns have been partly de-
scribed in the rat™*. NOS is expressed in inhibitory mo-
tor neurons in all species in the small and large intestine,
whereas all other neuron types, such as excitatory motor
neurons, interneurons, and intrinsic primary afferent neu-
rons (IPANs) are immunoreactive for ChAT in the mouse
and rat myenteric plexus[?’o’mﬂ. Dogiel Type II neurons,
which are intrinsic primary afferent neurons in all species
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| are immunoreactive for calretinin

studied, including rats”

in the rat small intestine™. The subclasses of neurons in
the submucosal ganglia of rat illeum have not been exten-
sively studied but, by analogy with other small mammals,
they are likely to include cholinergic and non-cholinergic

12937 1 o

secretomotor neurons and, possibly, IPANs
cordance with the data from rats and other small mam-
mals, we chose the enzyme NOS to identify inhibitory
motor neurons, ChAT to identify excitatory motor neu-
rons and interneurons, calretinin to identify IPANs, and
calbindin, which is a marker of many neurons in the rat
small intestine. Within the three groups, the NOS-IR neu-
rons had Dogiel Type I morphology and the calretinin-
IR neurons in the myenteric and submucosal plexuses had
Dogiel Type II morphology while presenting various sizes.
Calbindin-IR neurons exhibited four distinct morpholo-
gies: the Dogiel type II neurons (large and small) and Do-
giel type I neurons (small and elongated). These findings
are consistent with the literature®”.

By qualitative analyses, there were no differences in
neuron morphology between the N, D and DR groups.
There was also no observed change in the labeling inten-
sity of neurons immunoreactive for NOS, calretinin, and
calbindin among the three groups. However, the intensity
of ChAT immunoreactivity was reduced in some neurons
of the undernourished group and increased in the re-fed
group. These results are consistent with other studies in
which a decrease in the intensity of ChAT immunoreac-
tivity in the myenteric neurons of malnourished animals
has been reported™”. Other enzymes, such as NADH
diaphorase, also show decreased immunoreactivity in mal-
nourished and recovery in re-fed animals”"*,

Previous studies have revealed the presence of P2Xo,
P2X5 and P2X7 receptor-containing neurons in the en-
[6—11]’ rats[12—14] and

. In the current work with the rat enteric ner-

teric nervous system of guinea pigs
micel516l

vous system, we found that P2Xo receptors were present
in both the cytoplasm and cytoplasmic membrane in
neurons of the myenteric and submucosal plexuses.

The co-localization of different neuronal markers
described in this work confirm the presence of P2Xa re-
ceptors in NOS-IR, calretinin-IR, and calbindin-IR enteric
neurons, as well as in ChAT-IR neurons of the myenteric
and submucosal plexuses. ATP has been reported to de-
polarize 70%-90% of guinea-pig enteric neurons, which
indicates that many entetic neutons have ionic P2X re-
ceptorspﬂ, In the myenteric plexus of rats, we found that
the P2X2 receptors exhibited complete co-localization
with NOS-IR, calretinin-IR, calbindin-IR and ChAT-IR
neurons in the three groups examined, without significant
differences among them. This finding is consistent with
the literature, which demonstrates the presence of the re-
ceptor in inhibitory neurons, as well as intrinsic excitatory
and secretomotor/vasodilator primary afferent neurons in
guinea pigsm and rats'".

Our analyses of co-localization in the submucosal
plexus showed that all calretinin-IR, ChAT and calbindin-
IR neurons co-localized with P2X> receptor-IR neurons.
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However, there was a significant increase (P < 0.05) in
the co-localization of P2X: neurons with calbindin-IR
neurons in the undernourished group, which recovered in
the re-fed DR group. This result agrees with Xiang and
Burnstock’s'"” findings, in which they reported expression
of P2X> receptor in calretinin and calbindin neurons in
the ileal myenteric plexus of rats. The co-localization that
we described in the myenteric and submucosal plexuses
suggested that malnutrition did not change neurochemical
coding, for the markers that were used, in the enteric ner-
vous system.

Changes in the density of myenteric neurons have
been observed in various regions of the gastrointestinal

[20-23,25,39]
and recovery

tract in models of undernutrition
is observed in re-fed rats®***. The increase in neuro-
nal density in undernourished protocols is likely due to
decreases in the surface area of the small or large intes-

ne™ " Tn our work on the myenteric plexus, neuron
densities were increased for P2Xo receptor-IR, NOS-IR,
ChAT-IR and calretinin-IR neurons in the D group, and
went back to control levels in the DR group. This increase
in neuron density was due to a reduction of approximate-
ly 34% in small-intestinal area in the D group. There was
recovery of the intestinal area in the DR group. In con-
trast, the density of calbindin-IR neurons in the myentetic
plexus did not differ among the three groups (P > 0.05).
Morteover, the increases in neuron density in the myenteric
plexus in the D group were dependent upon the neuro-
nal class examined. NOS-IR neuron density increased by
64%, calretinin-IR neurons by 84%, and ChAT-IR neu-
rons by 26%; these data suggest that undernourishment
affects the neuronal subtypes differently. There was no
change in the calculation of the total number of NOS-IR,
calbindin-IR or ChAT-IR neurons in the small intestine of
the three groups. However, the calretinin-IR neuron num-
bers were increased (20%) in the undernourished group
and P2Xz receptor-IR neurons were decreased by around
25% in the D and DR groups.

The density of P2Xs-receptor-expressing neurons in
the myentetic plexus in group N was about 51000/ cm’ in
our study. This value is higher than the combined sum of
the two major neuronal subtype populations of the my-
enteric neurons: NOS (8000/cm? + ChAT (26000/cm’).
This discrepancy could be due to P2Xo receptor staining
in another neuronal class, which was not immunoreactive
for NOS, calbindin, calretinin or ChAT. Also, P2Xa recep-
tor labeling could have also stained enteric glial cells. The
presence of P2X and P2Y receptors has been described in

astrocytes and microglia of the central nervous system'"""

®* 15 the mammalian enteric

and in enteric glial cells
nervous system, the proportion of glial cells to neurons is
about three to one™™.

The tonic release of ATP into the extracellular space
without a particular stimulus is a widespread physiologi-
cal process. However, the release of ATP into the extra-
cellular environment is also caused by pathophysiological
events like inflammation, ischemia, injury as a conse-
quence of cell damage or acute cell death, and metabolic
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stress™. All physiological effects of ATP including fast
purinergic transmission and co-transmission, the secre-
tion of neuropeptides, and mechanosensory transduc-
tion might be amplified by overtly increased extracellular
concentrations of ATPM,

Studies from the literature have reported changes in the
expression of purinergic receptors in different dietary con-
ditions in the central nervous system. A diet deficient in
zinc, for example, increases expression of P2Xe receptors
in the hippocampus of rats’” which suggests that dietary
zinc levels also affect protein expression and could act as a
modulator of the receptor function. Increased P2Y1 recep-
tor mRNA expression in the hypothalamus after food re-
striction has been reported in rats™ and the data indicate
that expression of ADP/ATP-sensitive P2Y1 receptorts in
the hypothalamus is dependent on feeding conditions. The
enhanced expression of the P2Y1 receptor during the early
and late interval of restricted feeding suggests an increased
demand for purinergic signaling to enhance the activity of
hypothalamic neurons. Also, there is an indication of P2Y1
and Aea that purinergic receptor mRNA expression is al-
tered during acute and chronic food deprivationm. Some
authors have suggested that ATP/ADP, acting as extracel-
lular signal molecules in the rat brain, is involved in the
regulation of food intake, possibly depending on P2Y1-
receptor-mediated nitric oxide production[f’(”.

During metabolic stress, such as hypoglycemia or
brain ischemia, activation of different P2 receptors has
been demonstrated 7z vivo and 7 vitro. The P2X2 and P2X4
receptors are upregulated after oxygen and glucose depri-
vation in organotypical slice cultures and in CA1 and CA3
pyramidal cells after 7z vivo ischemia in gerbilsm. During
in vivo and in vitro ischemia, the P2X7 receptor density is
upregulated in microglia and on astrocytes and neurons’.
Prenatal protein malnutrition might increase circulating
concentrations of ATP, and this increases P2Xz expres-
sion in cells. Enhancement of P2Xo receptors in the D
group suggests an increased demand for purinergic signal-
ing, These changes were all reversed in re-fed rats, which
demonstrated the effectiveness of re-feeding upon enteric
neuron recovery.

Changes in neuronal expression of P2Xi purinocep-
tors are frequently seen not only as a result of maturation
and neuronal differentiation, but also after various types
of acute insults to the central nervous system such as
ischemia, hypoxia, mechanical stress, axotomy, and inflam-
mation. Purinergic mechanisms are involved in the etiol-
ogy of many neurodegenerative conditions, especially due
to the large extracellular release of ATP, adenosine, and
other neurotransmitters*>’ upon neural damage. Pro-
longed stimulation of ATP receptors results in changes
in the location and density of P2 receptors in the cell
membrane!”. Increased P2Xs receptor expression has
been observed in inflammatory bowel disease of the large
intestine, which suggests that changes in this receptor can
cause pain and dysmotility of the bowel™,

Nitrergic neurons (using nitric oxide synthesized by
NOS) and cholinergic neurons (those that use the acetyl-
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choline synthesized by ChAT) represent two major sub-
populations of myenteric neurons', although these pat-
terns vary between guinea pigsm, mice™ " and rats®>,

Our work implies that differences between groups
in the total neuronal density in the myenteric plexus are
comprised principally of changes in the NOS-IR-and
ChAT-IR neuronal populations. The total neuron density
in the myenteric plexus was approximately 34800/cm’
in the nourished group. This neuronal density is greater
in comparison with that in previous studies, which have
reported values of 15000 to 20000/cm™*, 10000/cm™”
and 18000/cm™. These differences could be, in part,
due to methodology as well as the different ages and
strains of rats used.

Marese et a/*"! have quantified neuronal numbers in
the myenteric plexus of the duodenum using the Giemsa
histological method and myosin V pan-neuronal immuno-
histochemical labeling. These studies have demonstrated
that the number of neurons/cm’ decreases with animal
age between 21 and 428 d. Our experiments used 42-d-old
rats of the same lineage (Wistar), and the estimate of neu-
ron density in our work is within the 21-60 d range report-
ed by Marese ¢z a/*” (21 d: Giemsa 89335 neurons/cm?;
myosin V: 59364/ cm’; 60 d: Giemsa: 47814/cm’; myosin
V: 30291 /cm?).

In the present work, the proportions of NOS-IR and
ChAT-IR neurons were 32% and 68%, respectively, in the
myenteric plexus of the malnourished group. Consistent
with previous studies™’, we found that these propor-
tions were maintained in the D and DR groups.

Submucosal plexus

ChAT-IR neurons comprised the majority of submucosal
plexus neurons in the three groups. These findings agree
with prior studies, which have described most neurons of
the submucosal plexus as ChAT-IR". We demonstrat-
ed, for the first time, an increase in the density of P2X2
receptor-IR, calbindin-IR, calretinin-IR and ChAT-IR
neurons in the deprived animals, which returned to con-
trol levels in the re-fed animals in the submucosal plexus.
This increase was due to a 34% reduction in the area of
the small intestine in the deprived animals.

The total number of calbindin-IR submucosal neu-
rons increased in the small intestine of undernourished
animals, in contrast to a decrease in calretinin-IR neurons
and no change in the number of ChAT-IR neurons. These
data indicate that the lack of protein nutrition can also
have an impact on the chemical coding of the submucosal
plexus. Differences in these measures between the myen-
teric and submucosal plexuses might reflect a differential
effect of malnutrition or undernutrition on these two
regions, as well as a differential effect of undernourish-
ment on each neuronal subtype. In addition, the increase
of calbindin-expressing neurons in the submucosal plexus
could be a compensatory mechanism in response to the
decrease in these neurons in the myenteric plexus.

Neuronal sizes
Previous immunohistochemical studies have shown that
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undernutrition affects the neuron size profile of the gas-
trointestinal tract™”""". Analyses using the Giemsa tech-
nique”™*™ and histochemistry™ have found no significant
differences in the neuronal sizes in the small intestine in
nourished, undernourished and re-fed animals. The pres-
ent work, using an immunohistochemistry technique,
was unable to verify exactly which neuronal class showed
changes in size. In the myenteric plexus, there were de-
creases in size of the calretinin-IR neurons in groups D
and DR. There was also an increase in the size of calbi-
ndin-IR neurons in the DR group, compared to the N
and D groups. There was no change (P > 0.05) in the size
of ChAT-IR neurons among the three groups. The size
of NOS-IR neurons also did not change, consistent with
previous reportsm]. In the submucosal plexus, the sizes
of calbindin-IR, calretinin-IR and ChAT-IR neurons were
not affected by undernutrition. However, the major axes
of the calbindin-IR and minor axes of the calretinin-IR
and ChAT-IR neurons decteased in group D, with recov-
ery in group DR. The differences between the submuco-
sal and myenteric plexuses suggest again that undernutri-
tion affects the two plexuses differently. The distribution
areas of NOS-IR, calbindin-IR, calretinin-IR and ChAT-
IR neurons in our study ranged from 100 to 500 prnz, in
agreement with previous reports™

The current study demonstrates that both under-
nourishment and re-feeding has a different impact on
neuronal subtypes. Undernutrition also differently af-
fects the myenteric and submucosal plexuses; changes in
calbindin-IR neuronal density in the submucosal plexus
were not reflected in the myenteric plexus, where only
the profile of the calretinin-IR neurons was affected by
dietary restriction. These changes were all reversed in
re-fed rats, which demonstrated the effectiveness of re-
feeding upon enteric neuron recovery.
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COMMENTS

Background

The myenteric and submucous plexuses are affected in undernourished and re-
fed rats.

Research frontiers

The chemical coding and P2X2 receptor expression following malnourishment
and re-feeding are unknown.

Innovations and breakthroughs

The present study showed the effects of undernourishment and re-feeding
on the morphology of the P2Xz-immunoreactive (IR), nitric oxide synthase-IR,
calbindin-IR, calretinin-IR and choline acetyltransferase-IR neurons of the my-
enteric and submucosal plexuses.

Applications

The present study suggests that re-feeding can restore almost all of the chang-
es to inhibitory intrinsic primary afferent neurons and cholinergic neurons seen
in undernourished animals.

Peer review

This is a study of the effects of deprivation and restoration of protein on neu-
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ronal development in the submucosal and myenteric plexuses. The results
describe changes induced by protein deprivation that are largely reversible by
re-feeding.
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