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Effect of Chronic Vagus Nerve Stimulation on Learning and Memory in
Obese-Insulin Resistant Rats
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ABSTRACT

Long-term high-fat diet (HFD) is one of the major causes of obese-insulin resistant condition. Our previous
studies found that HFD consumption caused not only peripheral insulin resistance, but also the cognitive decline.
Recently, VNS therapy in patients with depression demonstrated the beneficial effects on the improvement of insulin
sensitivity. However, the effect of chronic VNS therapy on cognitive function in obese-insulin resistant condition has
never been investigated. The present study aimed to test the hypothesis that chronic VNS therapy provides the
protective effects on metabolic parameters and cognition. After 12 weeks of HFD consumption, animals were
randomly divided into 2 groups: sham and VNS group. Either sham or VNS was implanted and stimulated into
animal of each group for 12 weeks. At the end of the experimental protocol, Morris Water Maze test (MWM) for
cognitive function was determined. Blood sampling in each animal was collected for the investigations of plasma
glucose, insulin, cholesterol levels and HOMA index. The results showed that VNS treatment in obese insulin-
resistant rats improved insulin sensitivity and attenuated the cognitive impairment, compared with sham treatment
(p<0.05). These findings suggest the beneficial effects of VNS on learning and memory of obese insulin-resistant
rats.
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Introduction

Obesity has reached the epidemic
proportions in many countries around the world.
Several studies showed that obesity leads to the
development of insulin resistance (Pintana et al.,
2012; Pipatpiboon et al., 2013; Pratchayasakul et al.,
2011). Long-term high-fat diet (HFD) consumption
has been shown to be one of the major causes of
obese-insulin resistant condition (Fung et al., 2001;
Riccardi et al, 2004). Our previous studies
demonstrated that obesity induced by 12-week HFD
consumption increased brain oxidative stress, as
indicated by increased brain mitochondrial ROS
production (Pintana et al., 2012; Pipatpiboon et al.,
2013). Moreover, obese-insulin resistant condition
has been shown to cause cognitive impairment
(Pintana et al., 2012; Pipatpiboon et al., 2013).

Vagus nerve stimulation (VNS) is currently
used to treat refractory epilepsy and is being
investigated as a potential therapy for a range of
pathological conditions, including heart failure,
tinnitus, obesity and Alzheimer's disease. Several
studies demonstrated that VNS therapy generates
weight loss and reduced body fat in pigs (Val-Laillet

et al., 2010), dogs (Xi et al., 1993) and rodents
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(Bugajski et al., 2007; Krolezyk et al., 2001;
Krolczyk et al., 2005; Laskiewicz et al., 2003). In
addition, weight loss is the secondary outcome in
patients, when VNS is used to treat refractory
epilepsy (Burneo et al, 2002) or depression
(Bodenlos et al., 2007; Pardo et al., 2007). The
underlying mechanisms of VNS induced weight loss
has been described that the stimulation of vagal
afferents resulted in satiating effects via gut-brain
feedback mechanism, then leading to lower food
consumption and weight loss (Bray, 2000). Previous
studies showed that vagal nerve activity in dorsal
vagal complex plays an important role for the
secretion of insulin and glucose homeostasis (Sobocki
et al., 2006). However, the effects of VNS on
peripheral insulin sensitivity in obese-insulin resistant
condition have not been investigated.

It has been shown that obese-insulin
resistant condition causes the deleterious effects on
cognition, via increased pro-inflammatory cytokines
(Clark et al., 1998), increased oxidative stress and
brain mitochondrial dysfunction (Asato et al., 2012;
Bray, 2014; Pintana et al., 2012). Previous studies
demonstrated that VNS can suppress inflammation

and decreased oxidative stress (Parada et al., 2010;
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Shi et al., 2009). Moreover, acute and chronic VNS

have shown to enhance early long term potential
(LTP) and to modulate the synaptic plasticity in
hippocampus of rats model (Biggio et al., 2009; Zuo
et al., 2007). It has been shown that vagal stimulation
during memory consolidation modulated retention for
memory task via an increase in the exciting synaptic
transmission, decreased synchronized action potential
discharges of granule cells and increased progenitor
cell in dentate gyrus (Clark et al., 1995; Revesz et al.,
2008; Ura et al., 2013). Those findings suggest that
VNS could enhance cognitive function.

However, the effects of VNS on cognitive
function in obese-insulin resistant condition have not

been determined.

Objective of the study

The aim of the present study was to
examine the effect of chronic VNS therapy on insulin
sensitivity and cognitive function in obese-insulin

resistant rats.

Methodology
Animal Preparation
All  experiments were conducted in
accordance with an approved protocol from the
Faculty of Medicine, Chiang Mai University
Institutional Animal Care and Use Committee, in
compliance with NIH guidelines. Male Wistar rats
(body weight 180-200 g, n=10) from the National
animal center, Salaya campus, Mahidol University,
Bangkok were use in the present study. All rats were
fed with high-fat diet (HFD: 59.28% E fat) for 12
weeks. Blood sample was collected in each animal

before further dividing into two groups.
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After 12 weeks of HFD, animals were
randomly divided into 2 groups: sham and VNS

groups.

Experimental protocol (as shown in Figure 1)
After 12 weeks of either sham or VNS
treatment, each animal was tested for the cognitive
function by using Morris Water Maze test. Then,
blood sample of each animal was collected for the

metabolic analysis, including plasma insulin, glucose

and cholesterol levels.

Male Wistar rats (body weight 180 — 200 g, n=10)

l 12 weeks HFD ( 59.28% E fat)

At week 13"

Plasma collection was collected for the metabolic analysis.

!

VNS Implantation

| Resting for | week.

Sham (n=5) VNS (n=5)

lTum ON of VNS for 12 weeks.

Plasma collection was collected for the metabolic analysis.

Morris Water Maze was determined for the cognitive function.
Figure 1 Diagram illustrates the experimental

protocol of the present study.

High fat diet preparation

The high-fat diet (59.28% E fat) was
prepared by mixing of the following ingredients;
standard rat diet (365 g/kg food), casein (250 g/ kg
food), lard (310 g/kg food), cholesterol (10 g/kg
food), vitamins (60 g/kg food), DL-Methionine (3
g/kg food), yeast powder (1 g/kg food) and sodium
chloride (1 g/kg food). The mixture was molded into
a spherical

shape and then refrigerated until

utilization. (Pratchayasakul et al., 2011)
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Vagus nerve stimulation

In either sham or VNS group, rats were
anesthetized with xylazine (3 mg/kg) and zoletil (50
mg/kg). After hair shaving and skin cleaning, a
bipolar cuff electrode was implanted around the left
cervical vagus nerve and connected to a custom
implantable pulse generator (Demipulse, Model 103,
Cyberonics, Boston Scientific Corporation, St. Paul,
MN, USA). After surgical implantation, a period of
one week was allowed for recovery. VNS was
continuously delivered at a frequency (20 Hz), pulse
width (50 0 ps), current 0.5 - 0.75 mA, turn ON 14 s
and turn OFF 48 s. Prior to data collection, VNS
therapy was turned off for 5-10 min and remained off
for the duration of Morris Water Maze (MWM) test.
In the sham group, similar surgical procedure was

done except that the programmed VNS was turn off.

Determination of plasma insulin level

Plasma insulin level was detected by
sandwich ELISA kit (Millipore, MI, and USA). A
microplate reader was used for measurement the
intensity of enzyme activity at 450 nm. The intensity
of absorbance is directly proportion to the amount of
captured insulin in each sample. The insulin level
was interpreted by calculation from the standard
curve that was generated from the known-

concentration standards (Pratchayasakul et al., 2011).

Determination of plasma glucose level

After 5-hour fasting, blood samples were
collected from tail vein into NaF-coated tube. Blood
was centrifuged at 6000 rpm for 10 minutes and
plasma was collected. Plasma glucose was

determined by colorimetric assay from a

commercially available kit (Biotech, Bangkok,
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Thailand).  The color intensity of each sample
underwent enzyme reaction was measured, at 505 nm
by spectrophotometry (BioTek, Winooski, VT, USA),
using Trinder indicator reaction. A standard curve
was generated and glucose level of each sample was
interpreted by interpolation its absorbance to the

standard curve (Pipatpiboon et al., 2012).

Determination of plasma cholesterol level

Plasma cholesterol level was determined by
enzymatic colorimetric essay using a commercial kit
(Biotech, Bangkok, Thailand). The color intensity of
each sample was measured, at 505 nm by
spectrophotometer (BioTek, Winooski, VT, USA). A
standard curve of cholesterol was generated and
concentration level of each sample was interpreted by
interpolation its absorbance to the standard curve

(Pipatpiboon et al., 2012).

Determination of Cognitive function via the
Morris water maze (MWM) test

The MWM test was modified from the
methods of Vorhees & Williams (2006) and used for
the purpose of cognitive or learning and memory
behaviors assessment. MWM set up with the round
water pool was assigned with 4 cardinal points and
separated into 4 quadrants. Animals were different 4
starting points per day. The round platform was
located in the middle one of four quadrants. Each test
included two different assessments: the acquisition
test (existent platform) and the probe test (non-
existent platform). The acquisition test was performed
on five consecutive days of training with four trials
per day. Animals were given 120 s to locate the
hidden platform. After the platform was found, the

animal was allowed to remain on the platform for 15 s
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before the next test began by placing the animal at a
starting point within the other three remaining
quadrants. The acquisition time began at the moment
the animal entered the water and ended at the moment
the animal reached the submerged platform. In the
probe test, animals were tested on the 6th day of
training with only one starting point. The probe time
was the amount of time the animals spent in the target
quadrant during the 90-s testing period. The data
analysis of MWM was done manually from video
tape recording with the investigator blinded to the

groups of rats (Pintana et al., 2012).

Statistical analysis

The data for each experiment were
presented as mean = SEM. For all comparisons, the
significance of the difference between the means was
calculated by one-way ANOVA followed by post-hoc
LSD. MWM was performed using two-way ANOVA
followed by post hoc LSD. P<0.05 was considered as

significance.

Results
Vagus nerve stimulation (VNS) improved insulin
sensitivity in obese- insulin resistant rats

At Dbaseline before HFD feeding, the
metabolic parameters were not different between
animals for sham and VNS group. After 12 weeks o
HFD consumption, all rats had increased the bod:
weight, plasma insulin and plasma total cholestero
levels, indicating the obese-insulin resistant conditior
occurring in those rats following 12-week HFI
consumption. After 12-week VNS therapy in HFD
fed rats, insulin sensitivity of animals in VNS group
significantly increased compared with that in sham

group, as indicated by decreased HOMA index (as
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shown in Table 1). These findings suggest that VNS
therapy improved insulin sensitivity in obese-insulin

resistant rats.

Table 1 Metabolic parameters of obese insulin-
resistant rats treated with sham and VNS

group (n=5 in each group).

12 weeks 12 weeks post-treatment

Metabolic parameters

High fat diet Sham VNS
Body weight (g) 5404216 562+41.5 550£4.1°
Plasma glucose (mg/dI) 120+ 7.9 136+7.1° 137477
Plasma insulin (ng/ml) 533+£1.2 457+1.6 3.57+0.7
HOMA index 2736+44  27.14+85 21.05+34°

Plasma total cholesterol
84.06 +4.9 7997 +1.5 81.16+2.5
(mg/dl)

* P<0.05 significantly different from 12 weeks HFD.

VNS improved cognitive function in obese-
insulin resistant rats measured by the MWM test

To assess cognitive function, we measured
time to reach the platform in acquisition test and time
spent in the target quadrant in probe test.

After 12 weeks of VNS therapy, time to
reach the platform during the acquisition test in VNS
group was significantly less than that in sham group
(Figure. 2A). In addition, time spent in the target
quadrant of the probe test in VNS group was
significantly greater than that in sham group (Figure.
2B). These findings suggest that VNS attenuated

cognitive impairment in obese insulin-resistant rats.
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Discussion and Conclusions

Major findings from the present study
demonstrated that chronic VNS treatment 1)
improved insulin sensitivity in obese-insulin resistant
rats and 2) attenuated the cognitive impairment in
obese-insulin resistant rats, The present study
demonstrated that 12-week HFD consumption caused
the development of obese-insulin resistance as
indicated by increased plasma insulin and plasma
total cholesterol levels. These findings are consistent
with our previous studies (Pintana et al., 2012;
Pipatpiboon et al., 2013; Pratchayasakul et al., 2011).

Our study has shown that 12 weeks of VNS
treatment in obese-insulin resistant rats improved
insulin sensitivity, by reducing HOMA index.
Although several studies reported that VNS therapy
generate weight reduction (Bugajski et al., 2007; Val-
Laillet et al., 2010), previous study demonstrated no
weight loss following VNS therapy (Bodenlos et al.,
2014). In the present study, VNS therapy in obese-

insulin resistant rats did not change in body weight

[l Sham
140 - -
_ @ VNS
= 120 -
£
=
...'E 100 7
=
= 80 4
= 60 1
-4
I
] 40 1
-2
E -
=
(1] T T T T T
1 2 3 4 5
Days

=~

Time in target quadrant (s)

MMO8-6

parameter. The reason behind no weight loss in the
present study could be that time course of VNS
therapy might not be long enough. Although weight
loss was not observed, the improvement of insulin
sensitivity has been shown following VNS therapy in
our study. It has been shown that VNS inhibited the
synthesis of TNF-(X and decreased inflammatory
responses via nicotinic receptor activation leading to
the inhibition of inflammatory cytokines release
(Jiang et al., 2014; Parada et al., 2010; Shi et al.,
2009). Decreased inflammation demonstrated
increased insulin sensitivity in animal model and
clinic (Gower and Goss, 2015; Hayashi et al., 2014;
Jiang et al., 2014).

The underlying mechanism of cognitive
impairment following long term HFD consumption
may be that obesity after HFD leads to the
development of insulin resistance, increased brain
oxidative stress, impaired brain insulin signaling, as
well as increased AP

accumulation, resulting

cognitive impairment as demonstrated in previous

40 -
*
30 | I
20 1
10 -
" Sham VNS

Figure 2 The effect of VNS on learning and memory in HFD-fed rats measured by Morris Water Maze test. (A)

VNS improved learning and memory behaviors, indicated by decreased time required to reach the

platform in the acquisition test, ¥*p<0.05 in comparison with the sham group, and increased time spent in

the target quadrant in the probe test (B). *p<0.05 in comparison with the sham group. (n=5 in each

group)
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studies (Pintana et al., 2012; Pipatpiboon et al., 2013;
Pratchayasakul et al., 2011). The present study
showed that VNS therapy in obese-insulin resistant
rats improved cognitive impairment. The possible
explanation is that VNS increased insulin sensitivity
as well as possibly decreased brain oxidative stress.
Previous studies demonstrated that VNS therapy
decreased oxidative stress (Parada et al., 2010; Shi et al.,
2009). In conclusion, the present study demonstrated
that the effects of chronic VNS attenuated peripheral

insulin resistance and preserved learning and memory

behavior in obese insulin-resistant rats.
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