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Abstract

Zucker diabetic fatty (ZDF) rats that harbor a mutation in the leptin receptor innately develop
type 2 diabetes (T2D) with obesity. Transcutaneous auricular vagal nerve stimulation (taVNS)
has an antidiabetic effect in ZDF rats. However, the underlying mechanisms of the weight-gain
attenuating effect in ZDF rats by taVNS is still unclear. This study aimed to assess whether
the weight-gain attenuating effect of taVNS in ZDF rats is associated with changes in the central
nervous system (CNS) expression of P2Y| receptors (P2YIR). Adult male ZDF rats were sub-
jected to taVNS and transcutaneous non-vagal nerve stimulation (tnVNS). Their food intake and
body weight were recorded daily and weekly, respectively. P2Y IR expression in the hypothala-
mus, amygdala, and hippocampus was evaluated by western blotting. Hypothalamic P2YIR
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expressing cells were detected using immunohistochemistry. Naive ZDF rats were much heavier
(p < 0.05) than their lean littermates (ZL rats), with elevated hypothalamic P2Y IR expression (p
< 0.05). Further, taVNS but not tnVNS attenuated weight gain (b < 0.05) without decreasing
food intake (p > 0.05) and suppressed hypothalamic P2Y|R expression in ZDF rats (p < 0.05).
Moreover, P2Y IR showed major expression in astrocytes of ZDF rats’ hypothalamus. ZDF rats
innately develop obesity associated with elevated hypothalamic P2Y IR expression. taVNS attenu-
ates weight gain in ZDF rats without changes in food intake, suggesting increased energy expendi-
ture. Whether the reduced hypothalamic P2YIR expression in response to taVNS is
mechanistically linked to the increased energy expenditure remains to be determined.
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Introduction

In recent decades, the most dramatic rise of diabetes prevalence has been witnessed
in China.' At present, approximately 11% of the population (i.e. >110million) suf-
fers from diabetes, with a significant proportion remaining undiagnosed.' Being
overweight, obese, and gaining excessive weight substantially increase diabetes risk;
therefore, interventions to reduce diabetes risk are primarily targeted at weight
reduction.™*

Currently, there are multiple pharmacological and surgical management options
for obesity.>® In recent years, neuromodulation of the vagal nerve for the treat-
ment of obesity has attracted increasing attention.” The vagal nerve innervates the
gut and plays an essential role in controlling metabolism. Vagal nerve stimulation
(VNS) prevents weight gain in response to a high-fat diet.® Previous small-sized
clinical studies in patients with depression or epilepsy have shown that VNS could
promote weight loss.”!” Vagal blockade (VBLOC), which directly inhibits the gas-
tric vagal trunks, also results in significant weight loss.!' Although the mechanisms
remain poorly understood, its potential merits further investigation.

Both VNS and VBLOC involve surgical procedures. The regulators and the sur-
geries are expensive. Potential adverse effects, especially infection, are possible.
The vagal nerve has a branch of afferent projections in the auricular concha and
external ear channels in mammals.'> Thus, transcutaneous auricular vagal nerve
stimulation (taVINS) was developed based on this anatomical advantage. Besides,
auricular acupuncture (AA) or stimulation is known to effectively reduce obesity."?
Animal studies have shown that auricular acupuncture (AA) or auricular stimula-
tion activates the satiety center,'* which is more likely concerned with satiation
development and preservation and is more effective on obese than in normal rats.'?
A recent study also revealed that auricular vagal nerve stimulation (AVNS) effec-
tively reduces body weight and causes a visceral fat loss in high-fat-diet-induced
obese rats.'® Lately, we also found that auricular concha electroacupuncture
(ACEA)/taVNS played an essential role in regulating lipid-lipoprotein metabolism
in rats submitted to cold stress.'” Moreover, AA and taVNS share overlapping sti-
mulating areas and mechanisms.'® Studies have confirmed that taVNS, a novel
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auricular non-invasive stimulation, produces comparable efficacy with classic
VNS.""2° The underlying mechanisms of taVNS on obesity need to be further
investigated.

The vagal nerve carries visceral and somatic efferent and afferent nerve fibers
distributed throughout the central nervous system, either via the nucleus of the soli-
tary tract (NTS) or monosynaptically.?! There are ascending projections from NTS
to the hypothalamus,? amygdala,”® and hippocampus®* that are limbic structures
related to emotion, food intake, and body weight,25 respectively. VNS or taVNS
might stimulate these brain regions to affect metabolism and body weight.

Zucker diabetic fatty (ZDF) rats have a mutation in the leptin receptor, which
is associated with leptin resistance, insulin resistance, obesity, and increased fat
content.?® These rats innately develop diabetes and obesity. In our previous study,
we showed that taVNS has an antidiabetic effect in ZDF rats.?” The body weight
and food intake results pre- and post-taVNS treatment were also recorded, indicat-
ing that taVNS plays a role in the weight-gain attenuating effect in ZDF rats.?’
Nevertheless, the mechanisms of this phenomenon were still unclear.

P2Y1R, a purinergic receptor expressed in a wide range of tissues, has been
reported to be involved in feeding behavior,”® obesity,” and metabolism.*
Stimulation of hypothalamic P2Y1R enhances food intake in rats, possibly
depending on P2Y1 receptor-mediated nitric oxide production.”® P2Y1 receptors
are also responsible for the extracellular ATP-mediated intracellular triglyceride
accumulation in adipocytes. The P2Y1 receptor antagonist—MRS 2500—signifi-
cantly inhibited triacylglycerol accumulation, suggesting the P2Y1 receptor to be a
novel therapeutic target for the treatment of lipid disorders.>>*! A previous study
found that P2Y1R was majorly expressed in the hypothalamus, amygdala, and
hippocampus of rat brains,** the regions involved in food intake, body weight, and
metabolism,>>>*3* respectively. Hence, it is worth investigating the connection
between the altered P2Y 1R expression in these brain regions and the weight-gain
attenuating effect in ZDF rats by taVNS.

In this study, we examined whether taVNS is effective to attenuate weight gain
in ZDF rats. Moreover, we determined P2Y1R expression in the hypothalamus,
amygdala, and hippocampus of these rats to assess a potential association between
attenuation of weight gain by taVNS and central nervous system expression of
P2Y1R. Furthermore, we identified P2YIR expressing cell types within the
hypothalamus of ZDF rats.

Methods
Animals

This study’s sample size was calculated based on Guidelines for the Design and
Statistical Analysis of Experiments Using Laboratory Animals® and according to
the 3R principle.*® Five-week-old male ZDF (fa/fa) rats (n = 30) and lean litter-
mates (ZL [fa/ + ]; n = 8) were purchased from Beijing Vital River Laboratory
Animal Technology Co (Beijing, China) and housed four per cage under an



4 Science Progress

Arrival Daily taVNS Tissue harvest
| [ 4
I | 1
0 8 35 36
Figure I. lllustration of experimental time in days. The time points for animal arrival, daily

taVNS, and tissue harvest are shown. The daily taVNS administration began | week after arrival
(on day 8) and continued for 4 weeks (until day 35). On day 36, tissue harvesting was done in
the afternoon (between 1400 and 1700 h).

artificial 12:12-h light/dark cycle at an ambient temperature of 22°C = 1°C, with
ad libitum access to food (Purina #5008) and water for 1 week. The bedding and
cages were changed every other day. The same person handled the animals and
conducted the experiments. The rats were not handled during the week of acclima-
tization. At the age of 6weeks, the rats were divided into ZL, ZDF,
ZDF + taVNS, and ZDF + tnVNS groups (n = 8 per group) according to their
genotype and treatment. The remaining ZDF rats (n = 6) were reared without han-
dling for immunohistochemical detection of P2Y 1R-expressing cells. The experi-
mental timeline is shown in Figure 1. The average daily food intake was calculated
as a whole for each group during the experiment, and the body weight was
recorded weekly.

The experimental protocol was approved by the Ethics Committee of the
Institute of Acupuncture and Moxibustion, China Academy of Chinese Medical
Sciences, Beijing, China (Permit No. 20160616). The experiments were carried out
according to the Guidelines on the Humane Care and Use of Laboratory Animals
issued by the Ministry of Science and Technology of the People’s Republic of
China in 2006.

taVNS and tnVNS

Rats in the ZL and ZDF groups received no treatment; those in the ZDF + taVNS
and ZDF + tnVNS groups received taVNS and tnVNS, respectively. The proce-
dure was initiated on day 8 (W1) and was continued until day 35 (W5). For taVNS,
rats were anesthetized by inhalation of 2% isoflurane, and positive and negative
electrodes were placed on the skin inside and outside the auricular concha region of
each ear, respectively,?’ so that the electric current would be transmitted through
the skin to stimulate the auriculo-vagal nerve fiber.’’ For tnVNS, rats were
anesthetized by inhalation of 2% isoflurane, and positive and negative electrodes
were placed on the skin inside and outside the auricular margin of each ear, respec-
tively,>” where few or no vagal nerve fibers are distributed.’” Both taVNS and
tnVINS were applied for 30 min at an intensity of 2mA, a pulse width of 0.5ms, and
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a frequency of 15 Hz once daily using an electrical stimulator (HANS-100). The sti-
mulation was delivered in the afternoon (14:00-17:00) for four consecutive weeks.

Western blotting (WB)

The expression of P2Y1R in the hypothalamus, amygdala, and hippocampus was
tested by WB. Rats were decapitated under anesthesia, and brain tissue samples
were collected. The segments were homogenized in a lysis sample buffer containing
a mixture of proteinase inhibitors (Sigma). Protein samples were separated on
SDS-PAGE gel and transferred to polyvinylidene difluoride filters (Millipore,
Bedford, MA). The filter was blocked with 5% milk and incubated overnight at
4°C with a primary antibody of P2Y1R (rat monoclonal, 1:100, Santa/Sc-377324)
for 1h at room temperature with HRP-conjugated secondary antibody (Santa/Sc-
2005, 1:5000). The blots were visualized in ECL solution (Thermo,/34080) for 1 min
and exposed onto hyperfilms (Amersham Biosciences) for 1-10 min. The blots were
then incubated in a stripping buffer and reprobed with a rabbit polyclonal B-tubu-
lin antibody (Wanleibio/WL01931, 1:2000) as the loading control. The density of
specific bands was measured with a computer-assisted imaging analysis system and
normalized against the loading controls. We compared the differences using one-
way ANOVA.

Immunohistochemistry (IHC)

ZDF rats (n = 6) were anesthetized with sodium pentobarbital and transcardially
perfused with 200 mL saline, followed by 200-300 mL cold 4% paraformaldehyde
in 0.1 M phosphate buffer (PB). Brain sections from the bregma (—1.4 to —4 mm)*®
were dissected, post-fixed for 2h, and kept in 30% sucrose in 0.1 M PB until they
sank to the bottom. Tissues were then mounted in OCT compound and frozen on
dry ice.

Brain tissue was sectioned (30-pm thickness) on a cryostat, mounted
serially onto microscope slides, and stored at —80°C until further analysis. We
used immunohistochemical (IHC) staining to detect P2Y1R (rabbit polyclonal,
1:1000; Abcam, Cambridge, MA); GFAP (astrocyte marker, chicken polyclo-
nal, 1:1000; Abcam, Cambridge, MA); IBA-1 (microglia marker, goats polyclonal,
1:1000; Abcam, Cambridge, MA); and NeulN (neuronal marker, rabbit monoclo-
nal, 1:1000; Abcam, Cambridge, MA). Sections were blocked with 1% goat serum
in 0.3% triton for 1 h at room temperature and incubated overnight at 4°C with a
primary antibody. For controls, the primary antibody was omitted. The sections
were then incubated for 1 h at room temperature with corresponding FITC- or
CY3-conjugated secondary antibody (1:200; Jackson ImmunoResearch, West
Grove, PA). Four to six nonadjacent brain sections were randomly selected, ana-
lyzed using a LEXT OLS4000 3D Laser Measuring Microscope (Olympus),
recorded using a digital camera, and processed using Adobe Photoshop.
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Figure 2. The weekly body weight of rats and average daily food intake (both in grams) of rats
during the experiment: (a) *p < 0.05 ZDF versus ZDF + taVNS or ZDF + tnVNS; **p < 0.0
ZDF versus ZDF + taVNS or ZDF + tnVNS and (b) #p < 0.05 ZL versus ZDF.

Statistical analysis

Prism 6 software (GraphPad, La Jolla, CA, USA) was used to analyze the data,
which are presented as mean = SD. Differences between groups were evaluated by
one-way analysis of variance followed by the Tukey’s post-hoc test. Differences
with p < 0.05 were considered statistically significant.

Results

taVNS attenuates weight gain in ZDF rats without decreasing food intake

As shown in Figure 2(a), the weight of the naive ZDF rats was much higher than
their lean littermates (ZL rats) at all time points in the study (p < 0.05), and taVNS
effectively attenuated the weight gain of ZDF rats 2 weeks after the treatment (p
< 0.05 or p < 0.01). However, tnVNS did not bring about a significant weight
change in ZDF rats (p >0.05). This result is consistent with a previous study?’
that showed that taVNS but not tnVNS effectively attenuated weight gain in
ZDF rats.

As shown in Figure 2(b), the daily food intake of ZDF rats was significantly
higher than that of ZL rats (p < 0.05). However, neither taVNS nor tnVNS signifi-
cantly changed the quantity of food intake of ZDF rats (p > 0.05). This result was
also consistent with a previous study,”’ illustrating that taVNS can hardly change
the food intake in ZDF rats.

taVNS inhibits hypothalamic P2Y IR expression in ZDF rats

P2Y 1R expression in the hypothalamus, amygdala, and hippocampus was detected
by WB (Figure 3). The P2Y1R expression in the hypothalamus, amygdala, and hip-
pocampus of the naive ZDF rats was much higher (p < 0.05) than that in the ZL
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Figure 3. Expression of P2Y IR in the hypothalamus, amygdala, and hippocampus of the rats.
WB results showing the expression of P2Y IR in the hypothalamus, amygdala, and hippocampus
of ZL rats, naive ZDF rats, ZDF rats treated with taVNS, or ZDF rats treated with tnVNS for 4
consecutive weeks. The ZL group, ZDF group, ZDF + taVNS group, the ZDF + tnVNS group
(n=28 each group). *p < 0.05, ZDF versus ZL; #p < 0.05 ZDF + taVNS or ZDF + tnVNS
versus naive ZDF; +p < 0.05 ZDF + taVNS versus ZDF + tnVNS.

rats. Compared with those of the naive ZDF rats, taVINS significantly inhibited
the P2Y1R expression in the hypothalamus, the amygdala, and the hippocampus
(p < 0.05). tnVNS also inhibited P2Y 1R expression in the amygdala and hippo-
campus of ZDF rats (p < 0.05). However, the P2Y 1R expression in the hypothala-
mus of tnVNS-treated ZDF rats displayed no statistical significance compared with
those of the naive ZDF rats (p > 0.05). At the same time, the hypothalamic P2Y1R



8 Science Progress

expression of taVNS-treated ZDF rats and the hypothalamic P2Y 1R expression of
tnVNS-treated ZDF rats showed a statistical significance (p = 0.0366 < 0.05).

P2Y IR is expressed primarily in hypothalamic astrocytes in ZDF rats

Double-labeling immunofluorescence staining showed that hypothalamic P2Y1R
was colocalized with GFAP (Figure 4(a)-(d)) but not IBA-1 (Figure 4(e)—(h)) or
NeulN (Figure 4(i)—(l)), indicating that P2Y1R-immunopositive cells in the
hypothalamus of ZDF rats have characteristics of astrocytes.

Discussion

Homozygous for the fa gene mutation, male ZDF rats develop progressively more
significant levels of glucose intolerance, insulin resistance, and impaired pancreatic
B-cell function with age, leading to frank diabetes.?” Since these features are consis-
tent with human type 2 diabetes (T2D) associated with obesity, male ZDF rats are
widely used as a genetic model for diabetes and obesity.

Previously, we found that taVNS has an antidiabetic effect in ZDF rats, possi-
bly because of the IR expression upregulation and increased melatonin secretion
by taVNS.>”** In the present study, we reconfirmed that only taVNS attenuated
weight gain in ZDF rats without affecting their food intake, which is consistent
with our previous work.?” On the other hand, tnVNS, wherein only limited or no
vagal nerve stimulation occurs,?’ did not achieve such efficacy.?’

Previous studies have shown that stimulating the cervical vagal nerve (which
innervates both the abdominal and auricular branches) affects both food intake
and thermogenesis; stimulating the vagal trunks selectively affecting the abdominal
organs only decreases food intake; and selectively and transcutaneously stimulating
the auriculo-vagal nerve exclusively increases thermogenesis.’” Thus, taVNS
increased thermogenesis in ZDF rats, which resulted in enhanced energy expendi-
ture and attenuated weight gain without affecting the food intake.

Inhibition of hypothalamic P2Y 1R expression by taVINS might partially explain
the weight-gain attenuating effect in ZDF rats. Compared with naive ZDF rats,
specifically only taVINS-treated rats showed significantly inhibited hypothalamic
P2YIR expression. tnVNS treatment also showed a weak inhibitory effect on
P2Y1R expression, but there was no statistical significance in hypothalamic P2Y1R
expression between the naive ZDF rats and tnVINS-treated ZDF rats. Both taVINS
and tnVNS significantly inhibited the amygdala-hippocampal P2Y1R expression,
which indicated that this inhibited amygdala-hippocampal P2Y1R expression
might not be crucial to the weight-gain attenuating effect of taVNS in ZDF rats.*!
Obesity is mostly related to an imbalance between energy intake and expenditure.
There is a consensus that energy expenditure is more related to the hypothalamus
than the amygdala and hippocampus,*' with the hypothalamus being the primary
focus.*1+
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Altered signaling in the hypothalamus is an essential mechanism in obesity.*?
P2Y1R expression in the hypothalamus has previously been identified as a target
for food intake. For instance, restricted feeding may enhance the sensitivity of the
hypothalamus to extracellular ADP/ATP by regulation of the expression of
P2YIR* and stimulation of hypothalamic P2Y1R may increase food intake in
rats.”® However, in this study, inhibition of hypothalamic P2Y1R expression by
taVINS did not change daily food intake in ZDF rats. Nevertheless, to the best of
our knowledge, no previous research has focused on the hypothalamic P2Y1R
expression in energy expenditure.

P2Y 1R is responsible for the extracellular ATP-mediated intracellular triglycer-
ide accumulation in adipocytes.”’ MRS 2500, a P2Y1R antagonist, significantly
inhibited triacylglycerol accumulation,** demonstrating that P2Y IR is a novel ther-
apeutic target for treating lipid disorders and obesity. Hypothalamic P2Y1R in
tanycytes has a potential role in the regulation of feeding and energy balance.*’
Thus, the P2Y 1R significantly affects energy expenditure, and modulating hypotha-
lamic P2Y1R expression could therefore be a potential therapeutic target for obe-
sity. Besides, we previously found that ACEA/taVNS modulates lipid-lipoprotein
metabolism in rats submitted to cold stress,!” which was considered to have a rela-
tion with the altered hypothalamic P2Y 1R expression. Thence, inhibiting hypotha-
lamic P2Y1R expression by taVNS might significantly affect triacylglycerol
accumulation, which resulted in the weight-gain attenuating effect in ZDF rats.
Furthermore, inhibiting hypothalamic P2Y 1R expression by taVNS might increase
thermogenesis in ZDF rats, which in turn accelerates energy expenditure and
attenuates weight gain. Therefore, the results of the present study suggest that
hypothalamic P2Y 1R expression might affect energy expenditure in ZDF rats.

An immunohistochemical study found that P2Y1R was expressed in neurons
and glial cells in several brain regions of SD rats.*® Another study also found that
P2Y1R is located on GFAP-positive astrocytes in male Wistar rats.*’ In this study,
we found that P2Y1R was majorly expressed in astrocytes rather than neurons or
microglial cells in the hypothalamus of ZDF rats. The neuroendocrine functions of
hypothalamic astrocytes were described more than three decades ago.*® This study
has shown that P2Y1R is expressed majorly in hypothalamic astrocytes, which
might significantly affect ZDF rats’ energy expenditure. Because tanycytes share
some features with astrocytes, we speculated that hypothalamic P2Y IR in tany-
cytes was the real target.*> This should be further investigated in future studies.

Our study has some limitations. First, we attempted to perform taVNS in
conscious rats in our pre-test, but failed. It seems that for now only big animals or
humans can withstand taVNS without anesthesia. A more advanced rodent
taVINS equipment should be developed to elucidate the influence of anesthesia in
the future. Second, we only tested one frequency (15Hz) in this study. More fre-
quencies and intensities should be tested in further studies to clarify whether the
weight-gain attenuating effect of taVNS in ZDF rats is frequency-dependent or
intensity-dependent. Third, the hypothalamus can be subdivided into multiple
hypothalamic nuclei; the arcuate nucleus (ARC), paraventricular nucleus (PVN),
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ventromedial hypothalamus (VMH), dorsomedial hypothalamus (DMH), lateral
hypothalamic area (LH), and optic chiasm (OC) are hypothalamic nuclei especially
involved in energy homeostasis.*’ Therefore, further studies should elucidate the
altered P2Y1R expression in these nuclei, which likely significantly affect body
weight and energy expenditure. Last, given the original study design, we did not
test whether the blockade of hypothalamic P2Y1R signaling prevents the body
weight effect of taVINS; additional studies should clear out this important point.

In summary, taVINS inhibits P2Y 1R expression in the hypothalamus of ZDF
rats. Whether this effect of taVNS is mechanistically linked to the weight-gain
attenuating effect of taVNS in ZDF rats through accelerating energy expenditure
remains to be determined. Finally, P2Y1R expression was mainly found in
hypothalamic astrocytes of ZDF rats.

Conclusion

Compared to their lean littermates, ZDF rats innately develop obesity with elevated
P2Y1R expression in the hypothalamus. taVNS has a weight-gain attenuating
effect in ZDF rats that appears to be mediated by increased energy expenditure.
Whether the inhibition of hypothalamic P2Y 1R expression in astrocytes is mechan-
istically linked to the increased energy expenditure caused by taVINS remains to be
determined. Based on the results of this study, it would be interesting to study the
potential role of taVNS as an adjunct treatment modality for obesity along with
diet and physical activity.
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