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ENDURANCE TRAINING INDUCES STRUCTURAL AND 
MORPHOQUANTITATIVE CHANGES IN RAT VAGUS NERVE
TREINAMENTO DE ENDURANCE INDUZ ALTERAÇÕES ESTRUTURAIS E MORFOQUANTITATIVAS               
NO NERVO VAGO DE RATOS 
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ABSTRACT
Introduction: Many nervous system tissues and cells suffers positive changes when faced to exercise training. 

However, data on vagus nerve adaptation from exercise-induced study is absent. Objective: To analyze the effect 
of an endurance training on the vagus nerve morphology of rats. Methods: Wistar rats (6 months of age) were 
divided into two groups: control group (CG, n=8), and aerobic trained group (AT, n=8). AT was submitted to a 
treadmill training program of five times per week during 12 weeks. The maximum speed stipulated in the training 
protocol corresponded to 60% of the mean maximum intensity achieved by the group in the test of maximum 
effort. Results: Twelve weeks of treadmill training resulted in left ventricular hypertrophy in the AT group com-
pared to CG. There was a significant increase in the area of both the myelinated and unmyelinated axons, and 
in the area of myelin sheath with training. The number of neurotubules and neurofilaments in myelinated fibers 
of aerobic trained group was significantly greater than CG (p≤0.05). Conclusion: Endurance training promoted 
significant increase in morphometric parameters of the vagus nerve in the same way it affect somatic nerves.
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RESUMO
Introdução: Muitos tecidos e células do sistema nervoso sofrem alterações positivas quando se defrontam com o 

treinamento físico. Entretanto, dados sobre a adaptação do nervo vago decorrente de estudos com exercício físico são 
ausentes. Objetivo: Analisar o efeito do treinamento de endurance sobre a morfologia do nervo vago de ratos. Métodos: 
Ratos Wistar (6 meses de idade) foram divididos em dois grupos: grupo controle (GC, n=8), e grupo com treinamento 
aeróbico (TA, n=8). O grupo TA foi submetido a um programa de treinamento em esteira rolante, cinco vezes por semana 
durante 12 semanas. A velocidade máxima estipulada no protocolo de treinamento correspondeu a 60% da intensidade 
média alcançada pelo grupo no teste de esforço máximo. Resultados: Doze semanas de treinamento em esteira rolante 
resultou em hipertrofia ventricular no grupo TA em comparação ao GC. Foi verificado um aumento significativo na 
área de ambos axônios mielinizados e não mielinizados, e na área da bainha de mielina com treinamento. O número 
de neurotúbulos e neurofilamentos das fibras mielinizadas foi significativamente maior no grupo com treinamento 
aeróbico em comparação ao GC (p≤0,05). Conclusão: O treinamento de endurance promoveu aumento significativo 
nos parâmetros morfométricos do nervo vago da mesma forma que isto afeta os nervos somáticos. 

Palavras-chave: treinamento, corrida, tecido nervoso. 

RESUMEN
Introducción: Muchos tejidos del sistema nervioso y células sufren cambios positivos cuando se enfrentan con 

el entrenamiento físico. Sin embargo, los datos sobre la adaptación del nervio vago que resulta de los estudios con 
el ejercicio son ausentes. Objetivo: Analizar el efecto del entrenamiento de endurance en la morfología del nervio 
vago de ratones. Método: Ratones Wistar (6 meses de edad) se dividieron en dos grupos: grupo control (GC, n= 8) y 
grupo con entrenamiento aeróbico (TA, n=8). El grupo TA se sometió a un programa de entrenamiento sobre una 
cinta de correr cinco veces por semana durante 12 semanas. La velocidad máxima estipulada en el protocolo de 
entrenamiento correspondió al 60% de la intensidad media máxima alcanzada por el grupo en la prueba de ejercicio 
máximo. Resultados: Doce semanas de entrenamiento en una cinta resultaron en la hipertrofia ventricular en el 
grupo TA en comparación con GC. Se obtuvo un aumento significativo en el área de ambos axones mielinizados y 
no mielinizados, y en el área de la vaina de mielina con entrenamiento. El número de neurotúbulos y neurofilamen-
tos de fibras mielinizadas fue significativamente mayor en el grupo con entrenamiento aeróbico en comparación 
con GC (p = 0,05). Conclusión: El entrenamiento de endurance causó un aumento significativo en los parámetros 
morfométricos del nervio vago en la misma forma en que afecta a los nervios somáticos.

Palabras clave: entrenamiento, carrera, tejido nervioso. 
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INTRODUCTION
The quantitative changes promoted by endurance training on so-

matic nerves are well established. There is an increase in the area of 
myelin sheath (MA), unmyelinated axons (UA) and myelinated fibers.1,2,3 

However, quantitative studies on the beneficial effects of endu-
rance training on visceral nerves are scarce and these studies are 
referred especially to functional aspects of the nerves rather than 
the morphological or quantitative aspects.4-8 Goldsmith et al.4 and 
Iellano et al.5 demonstrated that moderate endurance exercise increases 
the vagal tonus and diminishes the action of the sympathetic nerve, 
protecting the heart. 

The vagus nerve is one of the most important visceral nerve9-11 

controlling the function of thoracic and abdominal viscera and maintai-
ning homeostasis under changing environmental and behavioral con-
ditions.11-14 It contains afferent and efferent myelinated and unmyelina-
ted axons, involved in vital reflexes such as cardiovascular, pulmonary 
and gastrointestinal input to and from the central nervous system.15-17 
It contains also a number of collagen fibers in the interstitial space 
among nerve fibers.18 

In this study we have used electron microscopy to check the in-
fluence of aerobic training on quantitative aspects from myelinated and 
unmyelinated fibers of the vagus nerve using the Wistar rat as an animal 
model. The effects of treadmill training on vagus nerve structure were 
assessed by comparison of two sets of rats: sedentary animals of the 
same age and rats of the same body weight as the exercised cohort. 
Therefore, this study aimed to analyze the effect of endurance training 
on the vagus nerve morphology and ultrastructure of rats

MATERIALS AND METHODS
Male Wistar rats (6 months of age) were acclimated during one 

week before the initiation of the experiment. It received commercial 
food and water ad libitum, and housed in a light- and temperature-
-controlled room. After acclimatization, rats were randomly divided 
into two groups: control group (CG) (n=8) and aerobic trained group 
(AT) (n= 8), both sacrificed with 9 months of age.

Training protocol

AT group was submitted to a treadmill exercise training program 
according to previously described.19 Before training, rats were familia-
rized with the equipment by running for 15 min/day during 5 days. 
After these, rats performed the protocol 5 days/week during 12 we-
eks, with speed and duration progressively increased. AT rats began 
training at 12 m/min for 15 min/day. The speed was progressively 
increased such that by the end of the second week, the rats were 
running at 16 m/min for 60 min/day, 5 days/week. The duration was 
maintained but speed was increased 3-4 m/min each week. At week 
10, the animals ran at 32 m/min for 60 min/day and this program 
was maintained until rats were sacrificed by the end of the protocol. 
Just to pass it by, animals from CG were placed on the treadmill one 
time per week for 10 min/session (speed= 5m/min) to provide an 
equivalent amount of stress. All animals were weighted one/month 
from beginning to end. All experimental procedures were approved 
by the Institutional Animal Care and Use Committee of Universidade 
São Judas Tadeu, São Paulo, Brasil.

At the end of the experiment, the rats were anaesthetized with 
sodium pentobarbital (60 mg/Kg, i.p.) and then euthanized. The he-
arts were excised in diastole, heparinized and the myocardium was 
perfused through the aorta using a 2.5% glutaradehyde diluted in 
0.1 M cacodylate buffer. The left ventricle, including the septum, was 
then isolated and weighted. A perpendicular section to the long axis 

of the left ventricle including the entire thickness of the left ventricle 
(LV) was cut at the level of the papillary muscles. Then, the thickness 
of the LV wall and internal diameter were obtained by measuring the 
widths of four of uniformly spaced sites along the length of each 
section using a computerized program (Axio Vision, Carl Zeiss AG, 
Jena Germany).  

Under a dissecting microscope, the vagus nerve trunk was exposed 
at mid-cervical level and bathed in fixative solution (2.5 % glutaraldehy-
de - 2% paraformadehyde in cacodylate buffer 0.1 M, pH 7.4). Segments 
5 mm in length of the vagus nerve were harvested, fixed (4 h, 4º C) and 
rinsed in buffer. Nerve segments were then cut, post-fixed in osmium 
tetroxide (2%, 2 h, 4º C), dehydrated through a graded series of etha-
nol and contrasted with uranyl acetate. In order to obtain transverse 
sections, the nerve was oriented longitudinally in a silicone mold and 
embedded in Araldite. 

To determine the transversal section area of the nerve, semi-thin 
sections of 0.3 µm were obtaining, stained in 1 % toluidine blue and 
evaluated with a light microscope combined with an image analyzing 
system (Axion Vision, Zeiss). 

The density of Schwann cells (number/µm2), the cross-sectional 
area of myelinated axon (µm2) and the thickness of myelin sheath 
(µm) in each section was obtained directly on electron micrographs 
at a magnification of x4000 on 10 fields chosen by systematic ran-
dom sampling of squares13, covering representative parts of the nerve 
profile. The ratio of axon diameter to the total fiber diameter (g ratio 
diameter - a measure of degree of myelination) was also calculated 
for the two groups.

Only myelinated axon (MA) and Schwann cell (SCs) whose contour 
was completely within each field was counted. In addition, the number 
of unmyelinated axons (UMs) present in each section was obtained 
with electron micrographs at a magnification of x6000 on 10 randomly 
chosen fields per animal. The density of MA (number/µm2) of the nerve 
was also determined.

Five electron photomicrographs from myelinated fibers per animal 
were taken (x50) and neurotubules and neurofilaments were counted 
over a representative unit rectangular sampling area (2.16 µm2).

Statistical analysis

The results were expressed as means ± standard deviation. Between 
groups data was compared statistically by ANOVA and Tukey’s test for 
group comparisons. The level of significance was set at p≤0.05 (figure 1). 

Figure 1. Electron microscopic photomicrograph showing the unit rectangular 
sampling area (2.16 µm2), from a myelinated fiber in the vagus nerve, for counting 
neurotubules (arrows) and neurofilamentos (arrowheads). m-Myelin sheath.
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RESULTS

Effects of endurance training on body weight and cardiac hypertrophy.

The ratio Left ventricle weight-body weight (LVW/BW) increased 
19% in AT group (p < 0.01) compared to the CG group. The LV internal 
diameter increased 20% in the AT group (p < 0.05) compared with the 
CG group. No significant difference was observed in the body weight 
and LV wall thickness between the CG and AT groups (table 1).

months of endurance training, both, thickness of myelin sheath and 
of the unmyelinated axon were significantly larger than CG group 
(p<0.05). The average value of the g ratio was 0.6 for CG and 0.7 for 
AT. However, statistical difference was not significant (p > 0.05). The 
mean number of microtubules and neurofilaments per unit area was 
greater in myelinated axons in the AT rats than in the controls (table 2). 

Figure 4 shows the histograms for the myelinated axon diameters 
in the two groups of rats. Myelinated axon diameters were unimodally 
distributed for both groups of rats and a right-ward shift of the distribu-
tion was observed for the AT group of rats. Table 1. Body weight (BW), Left ventricle weight/body weight (LVW/BW) ratio, Left 

ventricle wall thickness and Left ventricle internal diameter  in sedentary (CG) and 
trained rats (AT). 

Parameter/Groups CG AT p-Value
BW (g) 316 ± 11 312 ± 15 >0.05

LV weight/BW (mg/g) 2.6 ± 0.2 3.1 ± 0.1* ≤0.01
LV wall thickness (μm) 2.3 ± 0.03 2.4 ± 0.1 ≥0.05

LV internal diameter (μm) 6.2 ± 0.03 7.5 ± 0.05* ≤0.05
Values are the means ± SEM. *Significant vs. CG.

Table 2. Quantitative analysis of structural changes in number of fibers, axon dia-
meter, myelin sheath sizes, g ratio and number of microtubules and neurofilaments 
in the vagus nerve of rats from CG and AT groups.

Parameter/Group CG AT
Area (µm2) 0.081 ± 0.005 0.092 ± 0.004*

Myelinated axon diameter (µm) 1.9 ± 0.03 2.9 ± 0.02*
Myelinated sheath thickness (µm) 0.49 ± 0.04 0.58 ± 0.03*
Unmyelinated axon diameter (µm) 0.61 ± 0.03 0.75 ± 0.02*

g-ratio 0.65 ± 0.13 0.71 ± 0.1
Number of microtubules/area 23 ± 5 34 ± 8*

Number of neurofilaments/area 19 ± 3 26 ± 6*
Values area mean ± SEM. *significantly different from CG, p≤ 0.05.

Qualitative Morphological changes

Photomicrographs of representative semithin sections of the va-
gus nerves obtained from CG and AT group rats appear in figure 2. 
Transverse sections from CG and AT showed nerves enveloped by a 
well-defined Perineurium. The endoneural space contained numerous 
nerve fibers and several blood  vessels. The diameter of the nerve seems 
to be greater in AT than in CG rats.

Electron photomicrographs of cross sections of the nerves showed 
myelinated fibers of various diameters, intermingled with unmyelin-
ated ones and several capillaries within the endoneural space. Other 
endoneural space components were Schwann cells, interstitial tissue 
and fibroblasts (figure 3). 

The density of myelinated fibers (number/µm2) in CG and AT rats 
was 18 ±3 and 17 ± 2, respectively. The cross-sectional area of the 
vagus nerve increased significantly in the trained group in relation to 
the CG group (p < 0.05). The axon diameter of myelinated axon in AT 
group was significantly larger than that of CG rats (p < 0.05). After 3 

Figure 2. Semithin transverse sections of the Vagus nerves of CG (A) and AT (B) 
groups of rats. Note the cervical vagus nerves are enveloped by a well- defined 
perineurium (arrowheads). The endoneural space contains hundreds fibers and 
several blood vessels (arrows) accompanying the longitudinal axis of the fascicles. 
Diameter difference was observed between CG and AT rats. Toluidine blue stained.

Figure 3. Electron photomicrographs of cross sections of vagus nerve from CG (A) 
and AT rats (B) showing a number of myelinated (M) and unmyelinated (U) fibers 
of various sizes and various nuclei of Schwann cells (arrows).

Figure 4. Histograms showing the frequency distribution of axon diameter of the 
vagus nerve. These histograms include all nerves measured: a total of 120 fibers of 
CG rats and 120 fibers in AT group of rats. Note the unimodal distribution for both 
groups of rats and the right-ward shift of the distribution for the AT group of rats.

DISCUSSION
There are reports on the effects of endurance training on peripheral 

nerves in rats, but the vagus nerve has never been investigated from this 
point of view.20,21 The importance of examining the effects of training 
on the right vagus nerve resides on the fact that the right vagus nerve 
innervates mainly the sinoatrial node which is of particular interest in 
regard to heart rate control during training. 

There are two major findings in the present work. First, rats sub-
jected to chronic endurance training for 12 weeks exhibited a significant 
increase in the diameter of the axon and of the myelin sheath of the 
vagus nerve fibers compared to sedentary controls. The diameter of 
the unmyelinated fibers increased significantly in trained rats. Second, 
an increase in the number of microtubules and neurofilaments per unit 
area was detected in myelinated axons from trained rats.

In the present study, no significant differences were observed be-
tween body weight of sedentary and trained rats and AT animals have 
larger LV internal diameter compared to CG. These results were similar 
to those described in the literature.22 During aerobic training, in ad-
dition to the increased cardiac output, the blood pressure increases. 
Consequently, the LV must adapt to both volume and pressure loads. 
The LV responds by increasing its internal diameter.23,24 Therefore, the 
aerobic-trained heart develops eccentric hypertrophy.25 

The results of the present study show that in rats submitted to 
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endurance training, the diameter of the axon and of the myelin sheath 
of the vagus nerve fibers increases. The diameter of the unmyelinated 
fibers also increases. Furthermore, the histograms of the frequency 
distribution of axon diameter of the vagus nerve showed a unimodal 
distribution for both groups of rats with a right-ward shift of the distri-
bution for the AT group of rats. No significant difference was observed 
between the average values of the g ratio for the two groups.

The quantitative nerve changes observed in the present study 
could be induced by the increase of the vagus nerve function pro-
moted by training. Increase in the nerve function with training is related 
to factors such as increased production of growth factors and nucleic 
acids, which result in a series of chemical events leading to gradual 
increase in neuron sizes.26  

The exposure to training probably induces production of proteins, 
lipids Brain-derived neurotrophic factor, also known as BDNF. This is 
a secreted protein that, in humans, is encoded by the BDNF gene.27  
BDNF is a member of the “neurotrophin” family of growth factors 
and was the second neurotrophic factor to be characterized after 
nerve growth factor (NGF). These factors are found in the brain and 
the periphery; they support the survival of neurons and the growth 
of new ones. Exercise has been shown to increase the secretion of 
BDNF as a myokine at the mRNA and protein levels in the rodent 
hippocampus, suggesting the potential increase of this neurotrophin 
after exercise in humans.26

The present work showed correlation between the myelin sheath 
and the diameter of the respective axon, i.e. there was no significant 
difference between the groups about the g ratio. This means that trai-

ning promotes a similar growth in myelin sheath and axon. According 
to Rushton28 values between 0.6 and 0.7 would be the g ratio for the 
best and maximum conduction velocity of a myelinated fiber but Fazan
et al.29 have shown that small myelinated fibers as observed in baro-
reflex afferents have g ratios between 0.5 and 0.6.

In the present study, not all types of nerve fibers were affected by 
training in the same way. The increase of myelinated axon diameter 
by aerobic training involved particularly the medium sized axons, the 
small diameter nerve fibers remaining virtually largely intact. The cause 
is not known.

In the present study, number of neurotubules and neurofilaments 
per area also increased in myelinated axons from trained rats. Accord-
ing to Hoffman et al.30, Komiya31 and McQuarrie et al.32 an important 
determinant of axon size is the rate of transport of neurofilaments. It 
is possible that the progressive increase in the rate of neurofilament 
transport during training promoted an increased diameter of the axons. 
This hypothesis could explain the increased axonal diameter in training 
rats observed in this work. 

CONCLUSION
In conclusion, the present work showed that endurance training 

is associated with significantly vagus nerve ultrastructural alterations 
similar to that observed in somatic nerves. 

All authors have declared there is not any potential conflict of interests 
concerning this article. 
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