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Change in Activity of the Sympathetic Nervous System in

Diet-Induced Obese Rats

We investigated the change in activity of the sympathetic nervous system (SNS)
in high-sucrose diet (HSD}-induced obese rats compared with controls. Power
spectral analyses of R-R interval variability were performed to obtain the low
frequency (LF, 0.04-0.699 Hz) and high frequency (HF, 0.7-3.0 Hz) powers.
The percents of fat mass to body weight (%F/BW) and fat to muscle ratios
(F/M) were significantly increased in HSD-fed rats. Plasma glucose, leptin, and
triglyceride concentrations in rats fed with HSD were significantly increased.
LF in normalized units (LFn), which represents both sympathetic and parasym-
pathetic activities, was significantly increased whereas HF in normalized unit
(HFn), which represents parasympathetic activity, was significantly decreased
in HSD-fed rats. LF/HF, which represents sympathetic activity, was significantly
increased in HSD-fed rats and was correlated with leptin (r=0.549, p<0.023),
%F/BW (r=0.513, p<0.035), F/M (r=0.536, p<0.038), and triglyceride (r=0.497,
p<0.042). When adjusted for leptin concentrations, however, LF/HF of HSD-fed
rats was significantly decreased. In conclusion, HSD-induced obese rats showed
increased LF/HF, which was significantly decreased by adjustment for leptin
concentrations. We suggest that stimulating effect of leptin on SNS is reduced,
which might play a role in induction of obesity by HSD.
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INTRODUCTION

Energy balance is regulated by the equilibrium between
calotic intake and calotic expenditure. When calotic in-
take is greater than the expenditure, overweight, even
obesity results (1). Energy balance is achieved by intet-
actions between brain and peripheral tissues (1). The
brain monitors the nutritional status of the body using
petipheral afferent signals such as leptin and/or insulin
and reacts to nuttitional changes by modulating the
activity of its neurchormonal efferent signaling (1-3).
Leptin, produced in adipose tissue, is one of the satiety
signals informing the brain of the status of nutritional
storage. Increased production of leptin reduces food in-
take and increases tresting enetgy expenditure by acti-
vating the sympathetic netvous system (SNS) (2, 4, 3).
However, obese subjects with increased mass of adipose
tissue also have increased plasma leptin concentrations (6,
7). Leptin is likely to interact with SNS activity and an
abnormally high concentration of leptin in obese subjects
implicate the abetrant autonomic netvous system (ANS)
activity.

635

SNS is known to regulate energy expenditure (8, 9).
Electrical stimulation of ventromedial hypothalamus, a
part of SNS, increases metabolic rate by increasing lipid
oxidadon (10). Indeed, many previous studies have showed
the reduction of sympathetic nervous activity in obese
animals or humans (11-13). Although the causal relation-
ship between decreased activity of SNS and obesity is not
clear, the hypothesis in support of this is that sympathetic
activity is decreased to induce obesity by reduction of energy
expenditure. A single gene mutant (0b/ob and db/db mice,
Zucker rats), which produces obesity without hyperphagia
implicates that one or more components of energy expen-
diture in this models must be teduced (14, 15).

However, not all studies have provided evidences for
reduced sympathetic nervous activity in obese subjects
(16). Furthermore, several studies have reported increased
activity of SNS. Especially, postmenopausal women with
combined upper body obesity and visceral obesity have
significantly higher cardiac ANS activities (17). Those
who observed the overactivity of SNS have proposed the
hypothesis that sympathetic activity is increased to pre-
vent further weight gain.
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Power spectral analysis, a non-invasive tool to assess
R-R interval variability, has been used to investigate the
catdiovascular control by ANS (18, 19). Periodic compo-
nents of R-R interval vatiability tend to aggregate within
several frequency bands. The high frequency (HF) fluc-
tuation, centered at respiratory frequency, is mediated
ptimatily by cardiac vagal efferent activity. The low
frequency (LF) fluctuation reflect both sympathetic and
vagal influence. Therefore, LF/HF usually represents sym-
pathetic activity and HF represents parasympathetic acti-
vity (18, 19).

There is controversy regarding the changes of SNS in
obese subjects, and whatever the changes, aberrant SNS
activity might have an influence on development of
obesity and vice versa. Therefore the elucidation of the
changes of SNS in obese subjects might provide basic
knowledge for the understanding of pathophysiology of
obesity and its related conditions and treatment. Rats are
commonly used laboratory animals but few studies have
been done on the changes of SNS activities in obese rats,
especially induced by diet.

In this study, we have analyzed R-R interval variability
using powet spectral analysis in controls and diet-induced
obese rats to elucidate the changes in SNS activities.

MATERIALS AND METHODS

Animals and diet

Male Wistar rats weighing 70-80 g were purchased
from SLC (Japan) and housed in an animal care unit of
College of Medicine, Yeungnam University for one week
untll the diet regimen started. Food and water wete
accessed ad libitum. The rats were randomly assigned as
control or palatable diet group and wete fed with lab-
oratoty chow ot a high-sucrose diet (HSD) for 10 weeks,
respectively. The standard labotatoty chow diet provided
67% enetgy as carbohydrate, 25% as protein, and 9%
as fat. Palatable HSD provided 68% energy as catbo-
hydrate, 17% as protein, and 13% as fat. Body weight
was measured once a week.

Spectral analysis of heart rate variability

For measuring activities of SNS, we used powet spec-
tral analysis of R-R interval variability. Lead I electro-
catdiogram (ECG) signal was obtained and digitized at
1,000 Hz with a physiologic recorder (Biopac systems,
Santa Barbara, CA, US.A)) and stored on the disk of
a personal computer as a text file. The text file was im-
ported to a script language program written with a soft-
wate command set (Spike2 version 3, Cambridge Elec-
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tronic Design Limited, U.K.), which was used for the
powet spectral analysis of R-R interval vatiability. ECG
was recorded continuously for the 5 min petiod. R-R
interval was detected from peaks of QRS complex in the
ECG and then equidistant time series of R-R interval was
constructed at 10 Hz by interpolating with a cubic spline
function. DC trend was eliminated by subtracting a
linear regression equation from the time seties. Power
spectra of R-R interval vatiability wete obtained by use
of a fast Fourier transform (FFT) algotithm. ECG record-
ing for 5 min usually provided a 256-sec block available
for the analysis, from which four 102.4 sec segments
ovetlapping by 50% were extracted, smoothed with a
raised cosine window, and admitted to FFT to yield a
frequency tesolution of 0.01 Hz. Power spectral density
functions detived from all the segments were averaged
to produce the final spectrum, from which very low
frequency (VLF) (0-0.039 Hz), LF (0.04-0.699 Hz) and
HFE (0.7-3 Hz) power wete obtained (20). Total powers
(07) were calculated as sum of the three frequency bands.

Notmalized LF and HF power were calculated as
follows.

LFn = LF/(0*-VLF) X 100

HFn = HF/(¢*-VLF) X 100

Fat and muscle masses and plasma biochemicals

After the monitoring of ECG, the rats were sacrificed
by carbon dioxide inhalation and blood samples for insulin,
glucose, and leptin analysis were withdrawn by cardiac
puncture. Perirenal and epididymal fat masses and soleus
and gastrocnemius muscle masses were measured. Plasma
insulin and leptin concentrations wete measured by radio-
immunoassay (Linco Research, St. Charles, MO, US.A.)
and glucose, triglyceride and free fatty acids were mea-
suted by enzymatic colorimettic methods.

Statistics

The results were expressed as mean®SE. The differ-
ence between the two groups was examined with Stu-
dent’s t-test. Simple linear regression analysis was used
for the assessment of correlation between the factors. All
statistical analyses wete petformed using the SPSS pro-
gram.

RESULTS

Body weight, fat and muscle masses

Rats fed with HSD had significantly increased body
weight by 19% for ten weeks compared with controls
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(Table 1). Soleus and gastrocnemius muscles were
weighed for lean body mass. While the muscle mass of
gastrocnemius was significantly increased in rats with
HSD, it was not the case as for the soleus. Overall, the
added weights of soleus and gastrocnemius muscles wete
increased by 10% in rats with HSD. Both petitenal and
epididymal fat masses were significantly increased and
the added weights of the two were incteased by 88%
in rats fed with HSD compared with controls. The pet-
cents of fat mass to body weight (% F/BW) and fat mass
to muscle mass ratio (F/M) were significantly increased
in rats fed with HSD by 66% and 67%, tespectively
(Table 1). Therefore the difference in the body weight
between the two groups was mostly attributable to
increased fat mass rather than lean body mass.

Table 1. Body weight, muscles, and fat masses in control rats
and rats fed with HSD

Control (n=9) High-sucrose (n=10)

Initial body weight 102+1.7 100+1.2
Final body weight 419+102 476577
Muscle mass (S+G) 2.14+0.05 234+0.07"
Soleus (S) 0.12+0.01 0.13+0.004
Gastrocnemius (G} 1.9+0.05 2.2+0.07*
Fat mass (P+E) 13.9+1.2 26.1+1.8°%
Perirenal (P) 6.9+0.99 142+1.27
Epididymal (E) 7.0+04 120+0.77
%Fat mass/oody weight ~ 3.3+0.2 55+0.11
Fat mass/muscle mass 6.8+0.3 11.3+0.87

Results are presented as mean+SE
*p<0.05, 'p<0.01, Tp<0.001 for high-sucrose vs. control

Table 2. Plasma biochemicals in control rats and rats fed with
HSD

Control (n=9) High-sucrose (n=10)

Glucose (mM) 7.8+0.1 8.8+0.3*
Insulin {(ng/mL) 3.0+04 3.7+02
Free fatty acids (mEg/L}) 533+59 671177
Triglyceride (mg/dL) 81+6.1 206+13.77
Leptin (ng/mL) 96+1.8 216+15"

Results are presented as mean+SE
*p<0.05, 'p<0.001 for high-sucrose vs. control
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Plasma biochemicals and their correlation with fat mass

Plasma glucose, leptin, and triglyceride concentrations
in rats with HSD were significantly increased by 12%,
125%, and 154%, tespectively, compared with controls.
There was no significant difference in plasma insulin or
free fatty acids concentrations between the two groups
(Table 2). Cotrelation between the two indicatots of fat
mass (% F/BW and F/M) and vatious biochemical factors
were assessed. %F/BW significantly correlated with lep-
tin, triglycetide, and glucose but not with free fatty acids
ot insulin. F/M had almost the same cotrelation coef-
ficient with %F/BW for various biochemicals (Table 3).

Spectral analysis of R-R interval variability

We obtained various data through spectral analysis of
R-R variability. Heart rate and R-R interval of control
group were 397 6.9 beats/min (bpm) and 151+2.5
msec, tespectively, which were not significantly different
compated with those of HSD groups. Total and VLF
power in HSD group were not significantly different
compated with controls. LF and HF in HSD group wete
not significantly different from those of controls, but
when transformed to normalized units, there was a sig-
nificant difference between the two groups. LF in not-
malized units (LFn) of HSD group was significantly in-
cteased while HFn was significantly decteased compared
with controls. LF to HF ratio was significantly increased
by 49% in HSD group (Table 4). Correlation analyses
wete petformed between the parameters of R-R interval
variability and various factots associated with obesity.
LF/HF was significantly associated with leptin, %F/BW,
F/M, and triglycetide. Free fatty acid or insulin was not
significantly correlated with LE/HF (Table 5). When ad-
justed for plasma leptin concentrations, however, LE/HF
of HSD group was significantly decteased compared with
controls (Fig. 1).

DISCUSSION

Body weight of rats fed with HSD for 10 weeks was

Table 3. Simple correlation coefficients for percents of fat mass to body weight (%F/BW) and fat mass to muscle mass ratio
(F/M) and the indicative variables in pooled experimental cases in all groups (n=19)

Glucose Insulin Leptin Free fatty acids Triglyceride
%F/BW r 583 257 920 A4 785
p< 018 320 .000 078 .000
F/M r 582 207 912 305 771
p< 018 424 .000 204 000

r. correlation coefficient, p: p-value
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Table 4. Spectral analysis of R-R interval variability in control
and HSD-induced obese rats

Control (n=9) High-sucrose (n=10)

Heart rate (beats/min) 397+69 382+94
R-R interval (msec) 151+25 158+3.9
TP (msec?) 246+98 16.5+25
VLF (msec?) 9.6+5.9 35108
LF (msec?) 8.6+28 9.0+1.6
LFn 585+27 67.1+2.8*
HF (msec?) 58+15 40+05
HFn Mn6+27 32.9+28*
LF/HF 1.48+0.2 22+0.3*

Results are presented as mean+SE

TP: total power, VLF. very low frequency power, LF: low fre-
quency power, LFn; normalized low frequency power, HF: high
frequency power, HFn: normalized high frequency power
*p<0.05 for high-sucrose vs. control

59 g (19%) mote than controls. The gain of body weight
was accompanied by major increases in the weights of
both peritenal and epididymal fat masses by 88% and
71% above controls, respectively, while gastrocnemius
muscle mass was incteased only by 16% in HSD group
compated with controls. Therefore, HSD for 10 weeks
in rats produced visceral obesity (accumulation of fat
mass in peritoneal cavity), which led to an increase of
circulating leptin and triglycetide concentrations (21).
Correlation analysis tevealed the association between fat
mass and these factors. The significant increase of glucose
concentration in out results might be caused by elevated
plasma triglyceride which is known to increase the
hepatic glucose production and triglyceride accumulation
in skeletal muscle and pancreas to induce glucose intol-
erance in obese subjects (22).

Spectral analysis of R-R variability revealed increased
sympathetic tesponsiveness and decteased parasympa-
thetic tesponsiveness in diet-induced obese rats compared
with controls. Spectral analysis showing increased LF/HF
ratio, an index of sympatho-vagal balance, also supported
the increased function of sympathetic activity in obese
rats. These results are in accordance with previous stud-
ies. In healthy humans, LF/HF is correlated with body
fat mass and waist to hip ratio (23). In postmenopausal
wormen with combined upper body obesity and visceral

Table 5. Simple correlation coefficients for LF to HF ratio and the i
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Fig. 1. LF to HF ratio after the adjustment for plasma leptin
concentration. LF: low frequency power, HF: high frequency
power. *0<0.05 for high-sucrose vs. control.

obesity, significantly higher cardiac sympathetic activities
wete noted (17). Pima indians also have increased muscle
sympathetic activities which is positively correlated with
petcent body fat (24). Obese animals, such as Wistar
fatty rats and fat-fed rats show elevated plasma norepi-
nephrine concentrations (25, 26). In addition, diminished
catdiovascular responsiveness to vagal stimulation in
obese rats was also reported (27).

The mechanisms responsible for the increased SNS
activity in obese subjects are not clear yet, but several
physiological factors associated with obesity and its
complications ate known to regulate the SNS activity.
Obesity is associated with hyperinsulinemia and it is
known that insulin infusion can induce the increase of
sympathetic activities (28, 29). Furthermore, leptin, an
adipocyte-detived hormone, also incteases sympathetic
activities. Accotding to the ptevious studies, direct injec-
ton of leptin into ventromedial hypothalamus, which
regulates sympathetic activities, increases both norepi-
nephtine and epinephrine concentrations in a dose-
dependent manner (30). Thus, increased leptin in our
study could be responsible for elevated sympathetic
activity. Moteovet, leptin showed a positive correlation
with LF/HF. It is possible that increased leptin might
cause increased sympathetic activities through ventro-
medial hypothalamus (1-3). Sympathetic hyperactivity

ndicative variables in pooled experimental cases in all groups

(n=19)
Leptin %F/BW F/IM Triglyceride FFA Insulin
LF/HF r 549 513 536 497 420 327
p< 023 035 038 042 093 235

LF: low frequency power, HF: high frequency power, %F/BW: percents of fat mass to body weight, F/M: fat mass to muscle mass ratio,

FFA: free fatty acid, r: correlation coefficient, p: p-value
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may be accompanied by a reciprocal inhibition of para-
sympathetic activity.

Increased leptin was supposed to dectease food intake
and delay or stop the increase of fat mass (5). However,
according to our tesult the difference of body weight
between controls and diet-induced obese rats increased
ovet time. In otder to determine the function of leptin
to increase sympathetic activity, we adjusted LF/HF for
plasma leptin concentration and found that the adjusted
LF/HF was significantly lower in the obese rats. These
results imply the development of leptin resistance in
obese rats in this model. In line with this notion are the
ptevious studies which showed decteased cardiovascular
responses to intracetebroventricular leptin in high fat-fed
obese rats compared with controls (31).

The teasons for controversy over the changes of the
SNS activities is not clear with cutrent study, but we
speculate that the severity of leptin tesistance might be
the answer. Further studies regarding pattern of changes
of the sympathetic activities and leptin resistance which
depend on gaining weight with time might solve this
controversy.

In conclusion, HSD-induced obese tats showed in-
creased LE/HF, suggesting enhanced cardiac sympathetic
activity. However when adjusted for leptin concentration,
sympathetic activity is significantly decteased in obese
rats. We suggest that stimulating effect of leptin on sym-
pathetic activity is reduced, which might play a role in
induction of obesity by HSD.
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