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Abstract Current research employed electrical records
from superior vagus and sympathetic nerve branch that
supply fat retroperitoneal tissue (RS nerve) to investigate
whether very moderate swim training in obese-pro-
grammed mice would change sympathetic and parasym-
pathetic autonomic nervous system activities. Neonatal
mice were treated with monosodium L-glutamate (MSG),
during their first 5 days of life, to induce obesity. Mice
started training on weaning, comprising free swimming
3 days/week, 15 min/day for 10 weeks. After 12 h fasting,
the nerve electrical signals of the 90-day-old mice were
processed to obtain firing rates. Blood samples were col-
lected to measure glucose and insulin levels. Adrenal cat-
echolamine content was measured. MSG treatment caused
obesity. Hyperglycemia and hyperinsulinemia in MSG-
obese mice, without any change in food intake, were
obtained. Vagus firing rates were higher in obese mice than
those in lean ones. A decrease in RS nerve activity and
lower adrenal catecholamine stores have been observed.
Swimming normalized blood glucose and insulin levels
and MSG-obesity onset was attenuated by exercise. Vagus
activity from obese mice decreased, whereas RS nerve
activity and adrenal catecholamine levels increased in
trained ones. Results suggest that autonomic activity
imbalance and metabolic dysfunctions observed in MSG-
obese mice were inhibited by precocious and moderate
exercise training.
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Introduction

Metabolic diseases, such as type 2 diabetes, among others,
are closely associated with uncontrolled body weight [1, 2].
Overweight and obesity are worldwide, including devel-
oping countries. It has also been shown that calorie
amounts are not the only reason foregrounding the obesity
epidemic [3]. Insufficient or lack of physical activity is
another cause for uncontrollable increase in body weight
[4]. All the pathophysiological mechanisms that underlie
the onset of obesity are unfortunately unknown, although
the central nervous system (CNS) has a predominant role
in the control of body weight [5]. Indeed many pharma-
cological strategies for the treatment of obesity malaises
have been targeted on CNS [6]. Body mass control is
organized by many CNS areas. The hypothalamus con-
centrates neuron groups which, after receiving humoral and
neural signals from periphery, change food intake and
spend nutrient storage and/or energy stocks [7]. Lesions
and injuries in some hypothalamic areas, such as ventro-
medial (VMH), arcuate (ARC), and paraventricular (PVN)
areas, provoke obesity [8, 9]. Afferent and efferent signals,
which allow brain to control body weight, are mostly
conducted to the autonomic nervous system (ANS) [10,
11]. Experimental models of obesity involving humans and
certain animals present high parasympathetic and low
sympathetic activity [12, 13]. ANS imbalance that governs
the dual behavior, or rather, the decreased activity of the
parasympathetic nervous system (PNS) and the low activity
of the sympathetic nervous system (SNS), foregrounds the
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autonomic theory that explains the main metabolic features
observed in obesity [14].

It has been known that exercise may improve clinical
hallmarks shown by metabolic syndrome. Hyperglycemia,
high insulin blood levels, hypertension, dyslipidemia, and
tissue insulin resistance may be improved by physical
activities [15, 16]. A short exercise is enough to reduce
insulin resistance [17], even though this benefit is also
rapidly reversible [18] if another exercise session is not
undertaken. As a rule, exercise stimulates SNS which
mobilizes fat reserves to supply the cell energy demand
with fatty acids, mainly through the muscle tissue. Rats
submitted to swimming exercises present high blood con-
centration of free fatty acid. Further, it has also been shown
that fat mobilization is dependent on SNS activity and on
adrenaline secretion from adrenal medullar cells [19-21].
Few data exist on the effect of long-term exercise on SNS
activity. In addition, results of sympathetic activity are
indirectly obtained by their action on fat tissue, for
instance, free fatty acid blood concentration, catechol-
amine, adrenaline, and noradrenaline blood levels, and
tissue noradrenaline turnover [22-24]. However, no data
are extant that directly measure ANS nerve activity in
obese animals or as an effect of exercise.

Current study investigated whether a moderate swim-
ming program applied during the weaning period is able to
change ANS activity in mice obese-programmed by neo-
natal treatment with L-monosodium glutamate (MSG). A
branch of vagus and sympathetic nerves was used to reg-
ister their electrical firing rate.

Results

Figure la shows that MSG treatment caused a 13.6%
increase in mice’s Lee index when compared to that in
untreated ones (P < 0.001). Exercise provoked a Lee index

acd

reduction of 10.7% in MSG-mice when compared to that in
sedentary MSG-mice (P < 0.001). Swimming program
also caused a 6.6% decrease in the Lee index of MSG-
untreated mice.

Figure 1b shows that MSG treatment induced a 32.0%
enhancement of periepididymal fat pat weight when com-
pared with that in untreated animals (P < 0.001). Retro-
peritoneal fat accumulation also increased threefold in
MSG-treated mice when compared to that in untreated ones
(P < 0.05), as Fig. Ic shows. Swimming training caused
41.0 and 44.0% decrease in fat accretion, respectively, on
gonadal and retroperitoneal tissue of MSG-mice when
compared to that in sedentary animals (P < 0.05). Swim-
ming also reduced fat accumulation, respectively, by 58.0
and 46.2% in fat mass of periepididymal and retroperito-
neal tissues in MSG-untreated mice when compared to that
in sedentary ones (P < 0.01), as Fig. Ib and c¢ shows,
respectively.

Table 1 shows that MSG treatment does not change total
chow intake. There was no change in food consumption in
mice from both experimental groups submitted to swim-
ming training.

MSG treatment provoked 24.0% increase in blood glu-
cose levels when compared to those in untreated ones
(P < 0.05). Table 1 shows that blood insulin concentration
was also raised by 3.0 times by MSG treatment when
compared with that in controls (P < 0.05). Although
swimming program failed to modify fasting blood glucose
and insulin levels in MSG-untreated mice, a decrease in
glucose and insulin plasma concentrations, respectively,
11.3 and 44.9%, occurred in MSG-mice submitted to
exercise training (P < 0.05), as Table 1 also demonstrates.

Figure 2 shows that vagus nerve firing rate in fasting
conditions was increased by 78% in MSG-mice when
compared to that in controls (P < 0.05). While exercise did
not cause any significant modification on number of spikes
of vagus nerve in control mice, a 53.20% decrease of vagus
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Fig. 1 Effect of MSG treatment and swimming training on Lee
index, fat accumulation on epididymal and retroperitoneal tissues.
Bars represent mean Lee index (A), epididymal (B), and retroperi-
toneal fat pads (C) obtained from 10-12 animals for each group; open
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Table 1 Effect of MSG treatment and swimming training on food intake, blood glucose and insulin concentration

SED EXE
Control MSG Control MSG
Glucose (mmol/l) 8.7 + 0.2° 10.8 £ 1.4 8.9 + 0.4° 9.6 + 0.2°
Insulin (pmol/ml) 105.9 + 20.4° 333.6 + 41.6*¢ 85.2 + 29.4° 183.9 + 26.6°
Food intake (g) 81.2 £ 2.9 83.2 £ 5.1 77.8 + 3.2 86.8 + 2.0

Data represent the mean = SEM of the area under the curve of the food intake, blood glucose, and insulin concentration obtained with 10-12
animals for each group, during 69 days, age between 21- and 90-days old. Letters over the data represents significant statistic differences
(P < 0.05) between a—control SED, b—MSG SED; c—control EXE, and d—MSG EXE

Fig. 2 Effect of MSG treatment 50 —
and swimming training on
vagus nerve electrical activity.

- 40
Bars represent mean spike
numbers obtained from 10-12 »
animals for each group; open f 30
bars represent control group and 2
filled bars MSG group. Lines on *‘_;_ 20 4
bar top represent SEM. Letters »n
over bars represent significant
differences (P < 0.05) between 10
a—control SED, »—MSG SED,
c—control EXE, and —MSG 0
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nerve electrical activity was reported in MSG-mice when
compared to that in MSG-sedentary ones (P < 0.05).

A 60% decrease in electrical activity of the RS nerve
was reported in adult mice due to MSG neonatal treatment
when compared to that in untreated animals (P < 0.05).
Figure 3 shows that swimming program increase by one-
and fivefold the firing rate of RS nerve in control- and
MSG-mice, respectively (P < 0.05).

Neonatal MSG-treated mice presented a 43.80%
decrease in adrenal medulla catecholamine stores when
compared to those in untreated animals (P < 0.05). Exer-
cise induced an increase in adrenal catecholamine stocks
by 44.30 and 57.70%, respectively, in control- and in
MSG-mice when compared to those in sedentary animals
(P < 0.05) (Fig. 4).
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Discussion

Increment in rodent body’s mass index and in its fat tissue
shown in current paper confirms the fact that neonatal
MSG treatment causes obesity in mice [25-27], without
any increase in food intake. Other obesity animal models
are somewhat dependent on food intake, such as VMH
lesion [28], or on their genetic origin, such as ob/ob mice
and Zucker rats [29, 30]. Results also show that MSG-
obese mice are hyperglycemic and present high insulin
blood levels, as has been reported by other authors [31, 32].
It has been reported that MSG-mice are tissue insulin
resistant [33, 34]. In results not shown using insulin tol-
erance test, a low glucose disappearance rate in MSG-
treated mice, which represents insulin resistance, has been
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Fig. 3 Effect of MSG treatment 12
and swimming training on RS
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S L] significant reduction of fat tissue accumulation in MSG-
g, untreated animals. The latter datum suggests that the group
= 1 of animals considered lean is not actually lean, because
0 exercise training reduces their fat storages. This fact shows
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Fig. 4 Effect of MSG treatment and swimming training on total
catecholamine contents from adrenal medullae. Bars represent mean
total catecholamine contents from isolated adrenal medullae obtained
from 10-12 animals for each group; open bars represent control group
and filled bars MSG group. Line on bar top represents SEM. Letters
over bars represent significant differences (P < 0.05) between
a—control SED, —MSG SED, c—control EXE, and —MSG EXE

reported. Glucose homeostasis break observed in MSG
obesity model has been attributed to the lesions on hypo-
thalamic areas, such as ARC, that influence the body
energy metabolism [35]. Although destruction of ARC
neural circuits is expressed by alterations on autonomic
functions [14, 25], the exact mechanisms are still unknown.
However, evidence suggests that ANS is involved. Bilat-
eral subdiaphragmatic vagotomy is able to attenuate or

that sedentary mice are overweight. It has been demon-
strated that sedentary rats accumulated excessive fat on
tissues [41]. Nevertheless, the swimming exercise was
more effective in reducing fat deposition in MSG-treated
than in MSG-untreated mice. It may be suggested that
MSG-animals are metabolically disturbed whereas normal
mice present a more balanced metabolism [38, 42]. When
obesity risks are so evident, early intervention, such as
physical activity, may change the destiny of people leading
a Western life-style.

Recent results from our laboratory show that when very
moderate swimming training is applied to weaned MSG-
treated mice, their fat tissue accretion is drastically inhibited
by the exercise, even after 5 weeks that exercise ceased
[26]. These results were corroborated by Patterson et al.,
who registered inhibition of fat tissue deposits in voluntary
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trained rats which were obese and genetically sensitive to
high fat diet, after 10 weeks on end of training [43].

Exercise did not change blood glucose and insulin
concentration in lean mice. However, fasting glycemia was
normalized and hyperinsulinemia was drastically reduced
in MSG-obese animals. Blocking of fat tissue gain and
improvement of metabolism in MSG-treated and MSG-
untreated mice were obtained with slight physical exercise.
Low frequency, 3 times/week; short term, 15 min/day; and
free swimming may be considered a light swimming pro-
gram when compared to the moderate training program in
which mice freely swim for 60 min, 5 days a week, during
18 weeks [44]. It has been observed that reduction of body
weight gain is obtained by more aerobically vigorous
exercise. This is due to high oxygen uptake (>70% of
VOp.x) and high session frequency, at least 5 sessions/
week [45, 46]. Research in our laboratory recently showed
that the same 30-day exercising program used in current
study did not halt fat tissue accumulation when applied to
sexually mature (post-puberty stage) 60-day-old mice [26].
It is well-known that health benefits from exercise training
depend on time, frequency, and charge [47]. These com-
ments indicate that exercise training used as protocols for
the present study could not by themselves inhibit fat tissue
accretion. In spite of the above, different programmed
obesities onset, such as those in MSG-treated mice and in
rats sensitive to rich fat diet, were respectively attenuated
by moderate swimming training and voluntary exercise.
Both exercises were applied early, or rather, immediately
after weaning. These studies also show that if exercise is
halted, effect on fat metabolism persists for at least the next
5-10 weeks [26, 48]. These results indicate that exercise
has permanent influence on brain structures that control
body weight. It has been known that development of CNS
continues after birth and prolongs itself during lactation
[49, 50]. Perinatal stress, including weaning phase, such as
overeating or malnourishment, are able to injury certain
hypothalamic areas, with a subsequent body weight dys-
function [51, 52]. It has already been reported that lesions
on hypothalamic areas that contribute to satiety and hunger
control, ventromedial (VMH) and lateral (LH) areas,
respectively, change ANS activity [53].

While results cannot discriminate between afferent and
efferent nerve signals, the increase and decrease of firing rate
from vagus and retroperitoneal sympathetic nerves, respec-
tively, caused by MSG-induced obesity, are shown for the
first time. This fact supports the autonomic hypothesis on
obesity [54, 55]. Autonomic imbalance showed by electric
nerve activities in MSG-obese mice might have a strong
relationship with the glycemic homeostasis rupture and high
capacity to accumulate fat in tissues from obese animals.
MSG-rodents and other obese animal models show insulin
over-secretion, which has a close relationship with high
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vagus activity [38, 56]. Precocious bilateral subdiaphrag-
matic vagotomy was able to block hyperinsulinemia in
MSG-rats [37, 38]. Although no parasympathetic nerve ter-
minal in fat tissue was reported [57], vagus nerve indirectly
plays a very important role on fat accretion. This is due to the
fact that blood insulin quantity is also modulated by vagal
activity in pancreatic islets. Acetylcholine released from
vagus nerve terminals is bound to muscarinic receptors from
beta cell plasma membrane and enhances glucose-stimulated
insulin release [58, 59].

Exercise training has been able to equilibrate autonomic
activity of MSG-treated mice; PNS, represented by vagus
nerve activity, decreased, and SNS, represented by RS nerve
activity, increased. It is known that high PNS activity stim-
ulates anabolic pathways such as lipogenesis reported in
obesity onset [60], while high SNS activity stimulates cata-
bolic metabolism, such as lipolysis [61]. SNS stimulation has
been frequently associated with exercise [62]. Current
results show that MSG-obesity present low sympathoadrenal
axis activity, as indirectly evaluated by total catecholamine
content in adrenal medullae. In fact, MSG-obese mice
present low protein expression of tyrosine hydroxylase (TH),
which is a rate-limiting enzyme of catecholamine biosyn-
thesis pathway [63]. Exercise provided adrenal medullar
cells with high quantities of catecholamines. Other results
(not shown) demonstrated that the same swimming training
was also able to increase TH protein expression of MSG-
mice and control-mice. These data coincide with increasing
nerve sympathetic activity also induced by the swimming
training described in current study.

All metabolic and autonomic changes observed in
trained MSG-mice and normal mice were not dependent on
oscillation of food intake. Recent study with high-fat diet-
induced obese rats also showed that early voluntary exer-
cise did not change food intake behavior, although fat
tissue accumulation was inhibited [43]. These data suggest
that energy consumption increases, while energy intake
remains constant in MSG-treated or in MSG-untreated
mice, submitted to early very moderate swimming training.
This unusual pathway to metabolism may occur because
exercise changes brain development. Weaning is a very
vulnerable growth phase and any stress may provide per-
manent changes in CNS, including neuronal areas that
control metabolism and body weight gain. Moderate
swimming or running exercise training, or voluntary wheel
exercise training applied on weaned rodents were able to
increase proliferation of and decrease apoptosis in neurons
of the hippocampus area. These trained animals presented
better cognitive behavior than untrained ones [64, 65].

Metabolic changes observed in central obesity produced
by neonatal treatment with MSG coincide with an imbal-
ance in autonomic alteration. A very moderate exercise
training applied at weaning is able to improve metabolism,
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attenuate obesity onset and balance autonomic activity.
Further studies using other obesity animal models and
different exercise trainings are necessary to test whether
obesity onset can be halted by early moderate exercise. It
would also clarify the mechanisms underlying this process,
including the ANS role. Further, early intervention to
balance or to maintain the normal activity of the autonomic
nervous system as soon as possible may prevent the pro-
gress of obesity and its complications, such as metabolic
syndrome, cardiopathies, and type 2 diabetes. Early exer-
cise training is a strong candidate.

Materials and methods
Animals

All animal protocols were approved by the Ethics Committee
of the State University of Maringd, according to Brazilian
Law for the Protection of Animals. Sets of four female and
one male Swiss mice, 50 days old, were mated. On delivery,
the litter was corrected to six to share milk amount among all
pups [66]. During the first 5 days after birth, MSG (4 mg/g
body weight) was injected subcutaneously in cervical area of
the pup mice. Control animals were injected with saline
solution. Males were selected and all females were discarded
1 day prior to weaning (21st day). Control and MSG-treated
young males were randomly chosen for exercise. Mice
received water and commercial diet chow (Nuvital, Curitiba,
Brazil) ad libitum. During all protocols they were placed in
an environmentally controlled room [23 £ 3°C and 12 h
light/dark photocycle (07:00-19:00 h.)].

Swimming training

As described elsewhere [26], control and MSG-obese mice
were trained by free swimming in a glass tank
(30 x 35 x 30 cm), filled with water, at 32 + 3°C. Mice
swam over a period of 10 weeks (EXE), for 15 min a day,
3 days a week. Six mice from each group were placed
simultaneously into the pool at 17:00 h. A lead weight,
corresponding to 2.5% of their body weight, was attached
to the tip of their tails to ensure that animals were in
constant swimming activity. Some mice from treated- and
untreated-MSG ones did not swim at all (SED). After each
exercise session, mice were dried and returned to their
respective boxes until the next swimming session.

Obesity
To evaluate obesity onset, all 90-day-old mice, trained or

untrained, were anaesthetized by an intraperitoneal injec-
tion of sodium pentobarbital (5 mg/100 g body weight) and

killed by cervical dislocation. Periepididymal and retro-
peritoneal fat pads were removed, washed, and weighed to
estimate obesity induced by MSG treatment [26]. Body
length and weight were taken to calculate the rodent body
mass index or Lee index [67].

Blood glucose and insulin concentration

After 12 h of fasting, blood samples were collected from
all experimental groups. Plasmas obtained were stored in
freezer for posterior analyses of glucose by the glucose-
oxidize method [68] and for insulin concentration by
radioimmunoassay [69].

Food intake

After weaning, mice from all groups were weighed and
food intake determined every week by non-ingested chow.
Total area under the curve of food consumption versus time
was calculated [70].

Parasympathetic activity

When 90 days old, a batch of mice from all experimental
groups were anesthetized with thiopental (45 mg/Kg). Sur-
gical longitudinal incision was made on the anterior cervical
region. Under dissection microscope, the nerve bundle of the
left vagus superior branch was severed from carotid artery
close to trachea. The nerve trunk was pulled with a fine
cotton line and a pair of recording silver electrodes (0.6 mm
diameter), similar to a hook, were placed under the nerve.
Nerve was covered with silicone oil to prevent dehydration.
The electrode was connected to an electronic device (Bio-
Amplificator, Insight®, Riberdo Preto, Brazil) which
amplified electrical signal up to 10,000 times, prior to low
and high frequencies, 1-80 kHz, were filtered. The neural
signal output was acquired by an Insight interface (Insight®,
Riberdo Preto, Brazil), viewed online and stored by a per-
sonal computer running a software developed by Insight
(Insight®, Riberao Preto, Brazil). During all data acquisition,
animals were placed into a Faraday cage to avoid any elec-
tromagnetic interference. Nerve activity was analyzed by
amount of spikes during 5 s. After stabilization of signal
during 5-10 min, 20 record frames of 15 s from each animal
were randomly chosen for spike counting. Spikes were
assumed as signals over 0 mV. Average spikes were used as
nerve firing rate for each mouse.

Sympathetic activity
The sympathetic branch nerve from the lumbar plexus that

innervates the retroperitoneal white fat tissue, which may
be called the “retroperitoneal sympathetic (RS) nerve,”
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was dissected from another batch of anesthetized mice
from all experimental groups. The electrode was placed
under the RS nerve, close to the retroperitoneal area. Firing
rates from RS nerve were obtained as described for vagus
nerve.

Adrenal total catecholamine content

Adrenal glands were removed and weighed. During han-
dling, glands were maintained in standard Krebs-Hepes
solution in an ice bath. Total adrenal gland catechola-
mines—epinephrine and norepinephrine—were quantified
by the trihydroxyindole fluorescence method [71]. For total
catecholamine content, right and left glands were homog-
enized in 350 pl acetic acid 10% using an ultrasonic pro-
cessor, and centrifuged at 10,000xg for 1 min. Results
were obtained by plotting the values on a linear regression
of the standard epinephrine curve.

Statistical analysis

All results are presented as mean = SEM. One-way
ANOVA coupled to Bonferroni post-test was applied to all
data from all mice groups, with P < 0.05 as statistically
significant. Analyses were performed using GraphPad
Prism version 5.0 for Windows (GraphPad Software, San
Diego California USA).
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