
Online Submissions: wjg.wjgnet.com						         World J Gastroenterol  2007 July 14; 13(26): 3598-3604
www.wjgnet.com                                                                                                                                          World Journal of Gastroenterology  ISSN 1007-9327
wjg@wjgnet.com                                                                                                                                                                                         © 2007 WJG. All rights reserved.

Effects of combined pre- and post-natal protein deprivation
on the myenteric plexus of the esophagus of weanling rats: 
A histochemical, quantitative and ultrastructural study

Edson A Liberti, Ricardo BV Fontes, Verginia M Fuggi, Laura BM Maifrino, Romeu R Souza

www.wjgnet.com

 CLINICAL RESEARCH

Edson A Liberti, Ricardo BV Fontes, Verginia M Fuggi, 
Laura B M Maifrino, Romeu R Souza, Autonomic Nervous 
System Laboratory (VQM), Department of Anatomy, Institute of 
Biomedical Sciences, University of São Paulo, São Paulo, Brazil
Correspondence to: Edson Aparecido Liberti, Department of 
Anatomy, Instituto de Ciencias Biomédicas, Universidade de São 
Paulo, Av. Professor Lineu Prestes, 2415, CEP 05508-900, São 
Paulo, SP, Brazil. ealibert@icb.usp.br
Telephone: +55-11-30917366  Fax: +55-11-30917366
Received: 2006-11-04               Accepted: 2007-02-14

Abstract
AIM: To evaluate the effects of protein deprivation on 
the myenteric plexus of the esophagus of weanling rats.

METHODS: Pregnant female Wistar rats were divided 
into 2 groups: nourished (N), receiving normal diet, 
and undernourished (D), receiving a protein-deprived 
diet, which continued after birth. At twenty-one days 
of age, 13 esophagi from each group were submitted 
to l ight microscopy and morphometrical analysis 
employing the NADH diaphorase, NADPH diaphorase and 
acetylcholinesterase techniques. Three other esophagi 
from each group were evaluated with transmission 
electron microscopy (TEM).

RESULTS: In both the NADH- and the NADPH-reactive 
mounts, the neurons of the N mounts were more 
intensely stained, while in the D esophagi only the larger 
neurons were reactive. Many myenteric neurons of N 
were intensely reactive for AChE activity but only a few 
neurons of D exhibited these aspects. Ultrastructural 
analysis revealed that the granular reticulum of N 
showed large numbers of ribosomes aligned on the outer 
surface of its regularly arranged membrane while the 
ribosomes of D were disposed in clusters. The chromatin 
was more homogeneously scattered inside the neuron 
nucleus of N as well as the granular component of the 
nucleolus was evidently more developed in this group. 
Statistically significant differences between N and D 
groups were detected in the total estimated number of 
neurons stained by the NADPH technique.

CONCLUSION: The morphological and quantitative data 
shows that feeding with protein-deprived diet in 21-d old 
rats induces a delay in the development of the myenteric 
neurons of the esophagus.

© 2007 WJG. All rights reserved.
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INTRODUCTION
The effect of  protein malnutrition has been studied 
recently in the enteric nervous system (ENS), particularly 
on the myenteric plexus of  the infra-diaphragmatic part 
of  the digestive tract and varying results have emerged. It 
has been previously determined that in the jejunum of  rats 
it results in a 27% decrease in the number of  myenteric 
neurons[1]. The colon of  protein-deprived adult rats also 
exhibited 13% neuronal loss[2], while in young rats the 
total number of  neurons was not reduced[3]. On the other 
hand, in the small intestine of  protein-deprived young rats 
the estimated total number of  myenteric neurons actually 
increases[4] and a low-protein diet leads to a greater density 
of  myenteric neurons in duodenum[5] and jejunum of  adult 
rats[6].

The normal myenteric plexus of  the esophagus 
has been the object of  studies employing different 
anatomical techniques in several animals and stages of  
both embryonic and adult life, including the opossum[7], 
cat[8,11], mice, rabbits, sheep[9], guinea-pig[9,10], monkey[11], 
rat[12] and several others including the man[13]. However, 
morphological information on the effects of  malnutrition 
on the myenteric plexus of  this organ is still scarce. 
Therefore, the objective of  this paper was to evaluate the 
effects of  a severe, combined pre- and postnatal protein 
deprivation on the myenteric neurons in the esophagus of  
young rats, employing different anatomical techniques.

MATERIALS AND METHODS
The study was conducted according to the current 



legislation on animal experiments of  the Biomedical 
Science Institute of  the University of  Sao Paulo and 
approved by its Ethics Committee. Young male and female 
Wistar rats (200-240 g body weight) were mated during 
a period from seven to ten days. After conception, the 
females were placed in individual cages and maintained 
under standard conditions at 21℃ with a 12-h light/dark 
cycle. During pregnancy, female rats were randomly 
selected into nourished (N) and undernourished (D) 
groups. The N rats received standard AIN-93G[14] normal 
protein diet and the undernourished (protein-deprived) 
mothers (D) received the modified AIN-93G low-protein 
diet (5% casein) (Rhoster, São Paulo, Brazil). Both groups 
were supplied with water ad libitum.

Following birth, animals from both groups (N and 
D) received their respective diets. At the end of  the 
weanling period (21 d) male animals were selected for 
examination. After weighing, they were killed with 3% 
sodium pentobarbital (Fontoveter, São Paulo, Brazil) and 
had the esophagus entirely removed and processed using 
the following techniques.

Histochemical dehydrogenase reaction (NADH)
Five animals from each group were selected for this 
technique. Esophagi were initially washed in Krebs 
solution, ligated with cotton threads at its extremities and 
filled through a syringe needle in its lumen until slightly 
distended. After incubation in Krebs solution at room 
temperature for 15-30 min, the specimens were transferred 
to a permeabilizing agent (0.3% Triton-X in Krebs 
solution) for 60 s and then submitted to three 10-min 
washings in Krebs solution, as described earlier[15].

Esophagi were then incubated for 60 min at 20℃ in 
20 mL of  a medium containing 0.5 mg/mL nitro blue 
tetrazolium (Sigma-Aldrich) in distilled water (5 mL), 0.1 
mol/L sodium phosphate buffer (5 mL, pH 7.3), distilled 
water (10 mL) and 0.5 mg/mL β-nicotinamide adenine 
dinucleotide (reduced form). The reaction was stopped by 
immersion in 10% buffered formalin solution in which the 
viscera were fixed (24 h minimum). The esophagi were next 
longitudinally opened and, using a puncture device, three 
circular fragments of  20 mm2 each were obtained from the 
oral, medium and aboral regions of  each specimen. The 
mucosa and submucosa layers of  these fragments were 
removed and the specimens were thoroughly washed in 
distilled water. Finally, whole-mount preparations were laid 
in glycerol on a microscope slide and sealed with Entellan 
(Merck KGaA, Darmstadt, Germany).

Histochemical  NADPH diaphorase reaction
Five esophagi from the N and D groups each were 
selected for this study. After initial washing with Krebs 
solution, specimens were ligated at their extremities and 
filled with 4% paraformaldehyde in phosphate buffer 
(pH 7.4) and immersed in this same substance for 2 h at 
4 degrees Celsius as previously described[16,17]. They were 
next washed in phosphate buffer for 2.5 h and incubated 
in a medium containing 1 mg/mL β-NADPH (reduced 
form, Sigma) in phosphate buffer for 35 min. Thereafter 
the three circular fragments (oral, medium and aboral) 

were obtained from each esophagus and whole-mounts 
prepared as above-mentioned.

Demonstration of acetylcholinesterase activity (AChE)
In three esophagi from each group (N and D) AChE 

activity was demonstrated with its direct coloring method 
as described elsewhere[18,19]. The specimens were filled 
with 4% paraformaldehyde in phosphate buffer (pH 

7.4), ligated at their oral and aboral limits and immersed 
in the same fixative solution for 2 h at 4℃. After this 

period the esophagi were opened and their oral, medium 
and aboral fragments (obtained as above-mentioned) 
were maintained overnight at 4℃ in a solution with 

hyaluronidase (Hialozime®; Apsen), Krebs solution and 
tetraisopropylpyrophosphramide (iso-OMPA; Sigma). 
The fragments were then removed, washed in Krebs 

solution and once again incubated overnight at 4℃ in a 
second solution containing 50% of  solution A plus 0.17 
mol/L acetylthiocholine iodide, 0.1 mol/L phosphate 

buffer (pH 7.1), 100 mmol/L sodium citrate, 30 mmol/L 
cupric sulfate, 5 mmol/L kalium ferricyanatum and 0.3% 
Triton-X100. The mucosal and submucosal layers were 
removed and the fragments dehydrated in an increasing 

alcohol series (70-100 degrees), immersed in benzene for 
20 min and mounted on microscope slides with Entellan 

(Merck KGaA, Darmstadt, Germany).

Transmission electron microscopy (TEM)
Ultrastructural features of  the myenteric neurons were 
observed in fragments from three other N and D esophagi 
which were fixed for 6 h in 3% glutaraldehyde in Millonig's  
buffer, pH 7.2-7.4, containing 0.25% tannic acid, as 
previously described[20]. The specimens were post-fixed in a 
2% osmium tetroxide solution and embedded in adhesion 
medium. Ultra-thin sections were stained with uranyl 
acetate-lead citrate[21] and examined in a JEOL JEM-1010 
(Jeol, Tokyo, Japan) electron transmission microscope.

Morphometry
The neuronal density and the profile areas of  the nerve 
cell bodies were measured by examining the whole-mount 
preparations stained with the NADH and NADPH 
reactions under a binocular microscope at magnification 
of  × 400. For each esophagus all neurons present in 
the oral, medium and aboral fragments were counted. 
The profiles of  50 random nerve cell perikarya from 
each specimen were obtained on a semiautomatic device 
for morphometry analysis. The data were expressed 
as means ± SE and compared by analysis of  variance 
(ANOVA), Student's t-test and Duncan's test for multiple 
comparisons, as appropriate. The level of  significance was 
set at P < 0.05[22].

RESULTS
Qualitative analysis
For both N and D groups, no significant differences were 
observed among the oral, medium and aboral fragments 
in all histochemical reactions here performed. In relation 
to the NADH-reactive neurons, a predominantly intense 
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and homogeneous staining pattern was observed in large, 
medium and most of  the small myenteric neurons of  
normally-fed feed animals (N) (Figure 1A, C, E and G). 
In the protein-deprived animals (D), large neurons were 
generally more weakly-stained than those of  the N group 
(Figure 1B, D, F and H).

The NADPH reaction strongly stained both myenteric 
neurons and the ganglion network of  the esophagi of  the 
N animals. Only a few neurons were weakly stained in 
this group, as shown in Figure 2A, B and D. In contrast, 
although some NADPH-reactive neurons were also 
detected in the D group, they were generally less reactive 
(Figure 2C, F and G). Furthermore, a thin network of  
neuronal processes was well evidenced inside the ganglia 
of  N esophagi, it contours reactive neurons and can be 
seen in the space between NADPH reactive and non-
reactive neurons (Figure 2A, B and D). In the ganglia of  D, 
however, the thin network of  neuronal processes was not 
clearly defined, especially in the space between neurons, 
suggesting in some cases a reduction in their number 
(Figure 2C and G). The axonal processes were evidenced 
in both N and D groups but much defined in ganglia of  N 
(Figure 2A and B). 

Many myenteric neurons in N ganglia were intensely 
reactive for AChE activity, with a homogenous cytoplasmic 
staining pattern (Figure 3A-C, E). Neurons exhibiting this 
staining pattern, on the other hand, were extremely rare 
in D ganglia (Figure 3G and H). In this second group, the 

characteristic staining pattern was the presence of  poorly- 
to moderately-reactive neurons and the shadows of  these 
cells in the wide, blank spaces inside the ganglia (Figure 
3D, F-I).

The ultrastructural characteristics of  the N myenteric 
neurons were clearly distinct from those of  the D group. 
Thus, the granular reticulum of  N neurons exhibited large 
numbers of  ribosomes aligned on the outer surface of  
its regularly-arranged membrane (Figure 4A). In the D 
neurons its ribosomes were disposed in clusters and the 
membrane of  the reticulum was only poorly evidenced 
(Figure 4B). The mitochondria of  N was composed of  
its characteristic double membrane, with the infoldings 
of  its inner layer arranged in the usual transversal cristae 
(Figure 4C and D). In general, these organelles in the 
D neurons were more electron-dense but their double 
membrane was preserved. However, most of  their cristae 
were not evidenced and several of  them had an oblique 
orientation (Figure 4E and F). The nuclear membrane had 
a normal aspect in both N and D groups (Figure 4G and 
H). The chromatin was more homogeneously scattered 
inside the neuronal nucleus of  the N group (Figures 
4G and 5A) while in the neurons of  the D group its 
distribution was irregular, with clear spaces between the 
accumulated electron-dense material (Figures 4H and 5B). 
The ultrastructural aspect of  the nucleolus was remarkably 
different between the N and D groups, especially 

Figure 1  Myenteric neurons stained for NADH diaphorase in esophagi taken 
from N (A, C, E, G) and D (B, D, F, H) rats. In both groups small (arrowheads) 
and large (arrows) neurons are evident (A, B). Sometimes large neurons were 
only weakly stained, such as in C and D (arrows) and G and H (*). the weakness 
of staining in large neurons; E, F: On the other hand, in N animals (E) large and 
intensely reactive neurons predominated (arrowheads), but their number was 
largely reduced inside D ganglia (F, arrowhead) (A-F: x 340; G and H: x 715).
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Figure 2  Myenteric neurons of the esophagus taken from N (A, B, D) and D (C, 
E, F, G) rats, stained with the NADPH diaphorase method. Bundles of axons and 
varicosities of reactive neurons (arrows) are well-evidenced in N group (A, B). The 
space inside ganglia (*) with non-reactive neurons detected in both groups are 
wider in D (C, E-G) while in N a thin network of neuronal processes is evidenced (A, 
B, D). Both groups show reactive neurons (arrows) with irregular contours (C-G). 
Some neurons featured moderately intense staining both in N and D (B, C, E, F).  
(A-G: x 340).
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concerning the dense part of  the granular component, 
which was evidently more developed in N than in D 
(Figure 5C and D). Granular and agranular vesicles, as well 
as large and small ones, were observed in both N and D 
groups but they were more defined and electron-dense in 
the animals of  the N group (Figure 5E-H).

Quantitative analysis
The data (mean ± SD) relative to the area of  the 
esophagus, neuronal density, total number of  neurons and 
neuronal profiles for the N and D groups concerning both 
NADH and NADPH reactions are expressed in Table 1. 
Statistically significant differences between the N and D 
groups were detected only in the total esophageal in both 
NADH and NADPH reactions and in the total estimated 
number of  NADPH-reactive neurons.

Neuronal area profiles did not differ significantly 
between the two groups. Approximately 50% of  N 
NADH-stained neurons had their perikarya ranging 
from 200 to 400 μm2 and another 35% ranging from 400 
to 700 μm2. Likewise, in the D group 62% of  NADH-
positive neurons ranged from 200 to 400 μm2 and 30% 
from 400 to 700 μm2. Accordingly, most of  the perikarya 
of  NADPH-positive neurons in N and D groups ranged 
from 300-600 μm2 (respectively 75% and 71%). 

DISCUSSION
Although morphological changes in the offspring of  

different animal species determined by malnutrition have 
been detected in organs such as the kidney[23], skin[24] and 
striated muscle[25], it has been reported that, in spite of  a 
reduction in organ weight and size, the gross structure of  
the lungs, heart and liver was not remarkably altered[26-28]. 
Macroscopically, there is an indication that in the central 
nervous system (CNS) that cortical thickness itself  is more 
affected by malnutrition than the cerebrum as a whole[29]. 
Nevertheless, if  the severe malnutrition causes nerve cell 
loss in some regions of  the CNS (e.g., dentate gyrus)[30], 
the cerebral cortex seems protected from neuronal loss[31]. 
Previous data concerning malnutrition on the ENS of  
rats is also conflicting: there is evidence showing that it 
determines a decrease in the number of  myenteric neurons 
in the jejunum[1], a increase of  these cells in the small 
intestine as a whole[4] or yet does not alter the number of  
myenteric neurons in the colon of  protein-deprived young 
animals[3].

In spite of  the N animals exhibiting a larger total 
esophageal area, nerve cells were relatively sparse in the 
myenteric plexus of  both N and D groups, such as had 
already been demonstrated in other animal species[32]. 
On the NADH specimens, myenteric ganglia of  the 
D samples retained their usual structural arrangement; 
structural alterations and open spaces suggesting neuronal 
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Figure 3  Myenteric plexus of the esophagus from N (A-C, E) and D (D, F-I) rats 
stained with the AChE technique. Most N neurons react intensely (A, arrowheads, 
and B, C, E) while only a few neurons in D are strongly reactive (G, small arrows, 
and D, F, I). Furthermore, a wide range of staining intensity was observed in some 
D ganglia, from very intense (H, arrowhead) to poor (H, small arrow). Non-reactive 
neurons (“shadows”) were also observed in this group (H, large arrow). (A-F, H 
and I: x 340; G: x 120).
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Figure 4  Electron micrographs of myenteric neurons. A: Granular reticulum 
of N with the ribosomes aligned on the outer surface of the regularly-arranged 
membrane (arrowheads); B: Characteristic disposition of the ribosomes in clusters 
in D animals (arrowheads); C, D: Normal aspects of the mitochondria of N with 
typical transversal cristae (arrowheads); E: A electron-dense mitochondrium of N 
with normal double membrane (arrow) and a obliquely-oriented crista (arrowheads); 
F: Transversal section of a mitochondrium of D. Note the double membrane 
preserved (arrowheads); G: Nuclear chromatin (*) and nuclear membrane (arrow) 
of N; H: The same aspects in a D neuron. Compare the distribution of the nuclear 
chromatin (*) with a N specimen (G). (A-D: x 40 000; E, F: x 60 000; G and H: x 
30 000).
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loss, as described in the colon of  aged and Trypanossoma 
cruzi-infected animals, was not observed[33,34], nor was the 
abnormal distribution of  ganglia as reported in the atretic 
esophagus of  the rat fetus[35]. Although in this group 
(D) the cytoplasm of  many neurons had diffuse or less 
intense staining, none of  the characteristic nuclear changes 
of  dying cells were present. In fact, this may reflect the 
varying maturity of  the myenteric neurons, as observed 
in the myenteric plexus of  rats during early postnatal 
development where different intensities of  cuprolinic 
blue staining was detected by other researchers[12]. This 
aspect is reinforced by the relatively normal ultrastructural 
features of  mitochondria in neurons of  the D group 
as compared to the peculiar characteristics of  these 
organelles in apoptotic cells, such as circular cristae and 
in- or evaginations of  the mitochondrial outer membrane 
were not detected[36]. On the contrary, some of  the 
ultrastructutural aspects of  D neurons, including the 
disarranged granular reticulum and the smaller density of  
the granular part of  the nucleolus, clearly suggest a delay in 
the development of  these cells determined by the protein 
deprivation. The quantitative data of  NADH-reactive 
neurons resembles the findings on the colon of  protein-
deprived young animals[3], in that the total estimated 
number of  neurons in the esophagus was not statistically 
different between N and D groups. This is also in line 
with the data for the proximal portion of  the colon, where 
another group could not demonstrate a difference in 
neuronal number between undernourished and nourished 
rats[37].

As for the NADPH-positive neurons, a reduction in 
their number was verified in the esophagus of  D animals. 
This condition is similar to that described in the esophagus 
of  aging rats where they were also reduced[11]. However, 
the high proportion of  NADPH-positive neurons 
among total neurons in N group (approximately 90%) is 
maintained in D group (approximately 70%) corroborating 
the results observed in the myenteric plexus of  the 
esophagus of  young and aging rats (64%-89%)[38]. 

It has been postulated that the enteric neuronal control 
of  the gastrintestinal motility is mediated by excitatory 
(mainly colinergic) and inhibitory (mainly adrenergic) 
neurotransmitters. Some of  the previously called "non-
colinergic and non-adrenergic" neurotransmitters such 
as nitric oxide (NO) are also involved. A simplified 
model is based on acetylcholine (AChE) initiating 
muscular contraction while NO acts in the muscular 
relaxation phase[39,40]. Under normal conditions there is a 
harmonious interplay between excitatory and inhibitory 
neurotransmitters on gastrintestinal motility. The 
predominance of  poorly to moderately AChE-reactive 
myenteric neurons in the D group associated with the 
decrease in the number of  NADPH-positive neurons are 
suggestive of  a developmental delay of  these myenteric 
neurons; one may assume that this condition determines 
a transitory neurotransmitter imbalance, thus altering the 
motility of  the esophagus. Electrophysiological studies may 
contribute to our understanding of  whether the myenteric 
neurons in the esophagus of  young rats are similar to that 
of  the the ileum, duodenum or proximal colon of  adult 
animals[41] or if  the electrophysiological characteristics of  
these cells in D are different from that of  N animals. The 
smaller electron-density of  both large and small granular 
vesicles points out to a substantially important difference.

In summary, the structural and functional effects of  
malnutrition remain controversial, further because they 
are dependent on other factors as intensity and duration, 
which were not addressed in this study, but it appears to 
bear a direct relation to which life stage it takers place 
in. Continuing research on its effects on the myenteric 
neurons and particularly on malnourished animals after 
re-nutrition may elucidate if  the ENS is able to recover 
from this insult later in life through neuronal plasticity 
phenomena.
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Figure 5  Electron micrographs of myenteric neurons of esophagus. A, B: High 
magnification photomicrograph of the nuclear chromatin (*) in N (A) and D (B) 
neurons. Clear spaces are evident in the nucleus of D; C, D: Granular component 
(*) of N and D nucleoli. Note the more electron-dense aspect of this nucleolar part 
in N; E, F: Granular vesicles with a electron-dense core (arrows) and well-defined 
agranular vesicles (arrowheads) of N. Note a preserved mitochondrium (*); G, H: 
Large (arrows) and small (arrowheads) granular vesicles of D. Note the absence 
of an electron-dense core. (A-C: x 75 000; D, E, G, H: x 60 000; F: x 40 000).

       NADH      NADPH
N21 D21 N21 D21

Esophageal area (mm2) 191.6 ± 4.0a 145.4 ± 5.8 198.2 ± 9.3a 150.2 ± 9.9 
Neuronal density (/mm2)     2.7 ± 0.7     2.5 ± 1.1     2.5 ± 0.3     1.7 ± 0.8
Total number of neurons    521 ± 143    372 ± 168    489 ± 60a    257 ± 114 
Neuronal profile (µm2) 444.1 ± 86.3 391.1 ± 50.1 475.7 ± 82.3 399.0 ± 49.0

Table 1  Total esophageal area, neuronal density, estimated 
total number of neurons and neuronal cell profile of normally 
fed (N) and protein-deprived (D) rats (means ± SD)

aP < 0.05 vs D21.
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 COMMENTS
Background
Malnutrition induces several changes on the digestive tract of both animals 
and humans but its effects on myenteric plexuses have been poorly described, 
particularly in the esophagus. 

Research frontiers
Neuronal loss or atrophy may lead to motility, secretive and absorptive deficiencies 
with possible clinical implications.

Innovations and breakthroughs
Existing literature shows that the myenteric plexus undergoes adaptive changes in 
a variety of situations. Underuse, aging and malnutrition, among other stimuli, may 
induce neuronal atrophy or loss and morphological alterations that are not always 
reversible. These may correspond to the morphological substrate of physiological 
changes that ultimately impair the normal functioning of the GI tract.

Applications
Our article convincingly shows that pre- and post-natal protein deprivation induces 
profound morphological changes on the myenteric plexus of the esophagi of 
weanling rats indicative of severe developmental delay. These alterations may 
explain motility deficiencies that malnourished human neonates often develop and 
thus provide a morphological basis to better understand and treat the effects of 
protein deprivation on the GI tract of humans as well.

Peer review
The manuscript reports the results from an investigation of the characterizations 
of myenteric neurons in protein deprivated rats. The authors conclude that the 
morphological and quantitative data shows that feeding with protein-deprivated diet 
induces a delay in the development of the myenteric neurons of the esophagus. 
These results are of interest and supported by the data. The results are well-
presented too.
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