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ABSTRACT 22 

Objective: To determine the effects of electrical stimulation of different locations in 23 

the central nucleus of amygdala (CNA) on gastric motility and spike activity in dorsal 24 

vagal complex. 25 

Methods: Gastric motility index (GMI) and firing rate (FR) of dorsal vagal complex 26 

neurons were measured in adult Wistar rats respectively. Neuronal spikes in dorsal 27 

vagal complex (DVC) were recorded extracellularly with single-barrel glass 28 

microelectrodes. Each type of responses elicited by electrical stimulation in medial 29 

(CEM) and lateral (CEL) subdivisions of CNA were recorded, respectively.   30 

Results: GMI was significantly increased after stimulation of CEM (p < 0.01), and 31 

significantly decreased in response to CEL stimulation (p < 0.01). After stimulation of 32 

CEM, FR in medial nucleus of the solitary tract (mNST) decreased by 31.6% (p < 33 

0.01) and that in dorsal motor nucleus of the vagus (DMNV) increased by 27.1% (p < 34 

0.01). On the contrary, FR in mNST increased (p < 0.01) and that in DMNV 35 

decreased in response to CEL stimulation (p < 0.05). 36 

Conclusion: Our findings indicated that different loci of CNA may mediate 37 

differential effects on gastric activity via changes in the firing of brainstem neurons 38 

controlling gut activity.  39 

Keywords：Central nucleus of the amygdala; Gastric motility; Neuronal spikes; 40 

Medial nucleus of the solitary tract; Dorsal motor nucleus of the vagus 41 

42 
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INTRODUCTION 43 

Gastric motility is a hot topic in the motor physiology research of the stomach in 44 

health and disease (Cullen and Kelly 1993; Kim et al. 2014). Both increases or 45 

increases in gastric motility can induce different gastric dysfunctions, and for example 46 

stress-induced gastric lesions may be caused by the alterations in motility pattern 47 

(Grandi et al. 2007). Inhibition of gastric motility induces the delay of gastric 48 

emptying, which is a common symptom of functional dyspepsia and irritable bowel 49 

syndrome (Stanghellini et al. 2002; Talley et al. 2006). Alterations in gastric motility 50 

and gastrointestinal disorders are often associated with responses to certain types of 51 

emotion, such as fear and anxiety  (Huerta-Franco et al. 2012; Porcelli et al. 2014; 52 

Zádori and Gyires 2013).  53 

The central nucleus of the amygdala (CNA) has an important role in response to 54 

emotion (Grèzes et al. 2014; Kim et al. 2011), such as fear and anxiety(Duvarci et al. 55 

2011; Pare and Duvarci 2012; Ventura-Silva et al. 2013; Zádori and Gyires 2013). 56 

Many anatomical studies have demonstrated that CNA is connected to the dorsal 57 

vagal complex (DVC), the primary center for controlling gastrointestinal functions 58 

(Awan and Rutherford 2011; Hornby and Wade 2011; Zhang et al. 2003). And some 59 

physiological studies have shown that stimulation of CNA can evoke the change in 60 

gastric motility via DVC (Liubashina et al. 2000; Rinaman and Koehnle 2010; Zhang 61 

et al. 2003).  62 

CNA can be further divided into lateral (CEL) and medial (CEM) regions that have 63 

different functions (Ciocchi et al. 2010). Previous studies have reported that electrical 64 
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stimulation of different regions of amygdala (CEL and CEM) can induce diverse 65 

vagal-dependent effects on gastric motor activity, indicating that CEL and CEM have 66 

varied functions in the mediation of gastrointestinal activities (Lyubashina 2004). 67 

Furthermore, efferent fibers from CNA terminate in the nucleus of the solitary tract 68 

(NST) and dorsal motor nucleus of the vagus (DMNV) in gastrointestinal-associated 69 

regions (Zhang et al. 2003). Whether CNA modulates gastrointestinal activities via 70 

NST and DMNV remains unknown. 71 

In the present study, through electrical stimulation of CEM and CEL respectively, we 72 

attempted to investigate the roles of different CNA regions, as well as NST and 73 

DMNV in modulating gastric motility by measuring gastric motility index, as well as 74 

neuronal discharge rates in the medial NST (mNST) and DMNV. Interestingly, the 75 

results obtained here are opposite to those reported by Lyubashina et al. previously 76 

(Lyubashina 2004). The results are relevant to the mechanisms mediating emotional 77 

influences on gastric motility, and suggest possible complexity in the factors that 78 

determine specific patterns of physiological response to amygdalar regional 79 

activation. 80 

81 
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MATERIALS and METHODS 82 

Animal Preparation 83 

All experiments were performed on adult Wistar rats (250-300 g of weight)  84 

purchased from the Experiment Animal Center of Shandong University, China. Rats 85 

were kept in a temperature-controlled room (22 ± 2°C) under normal day/night cycle 86 

with no restriction to food and water. All experimental procedures were approved by 87 

the Department of Medical Ethics School of Medicine Shandong University and 88 

conducted in accordance with the Guide for the Care and Use of laboratory animals 89 

(Resources 1996). 90 

Electrical stimulation of different subdivisions of CNA 91 

Rats were carefully placed in a prone position and were fixed with a double-arm 92 

animal stereotaxic frame (68002, RWD Life Science, China). Limited craniotomy was 93 

performed according to the position where stimulating or recording electrode was to 94 

be planted. Electrical stimulation of CNA was performed with lacquer-insulated 95 

monopolar, stainless-steel electrodes (tip diameter of 50 μm, resistance of 15-20 kΩ). 96 

Based on the stereotaxic coordinates of rat brain (Paxinos and Watson 2006), the tip 97 

of electrode were positioned at the following coordinates: CEM (P: 1.8-2.4 mm 98 

posterior to bregma; L: 3.5-4.0 mm lateral to the midline; H: 8.0-8.5 mm ventral to the 99 

brain skull surface) (Fig. 1 A) and CEL (P: 2.0-2.8 mm; L: 4.3-4.8 mm; H: 7.8-8.2 100 

mm) (Fig. 1 B), respectively. Single square-wave pulses (duration of 0.5 ms, 101 

amplitude of 0.2 mA) were delivered at a frequency of 30 Hz for 30 s by a 102 

Programmable Stimulator (Y2, Chengdu Instrument Factory, China). Changes in 103 
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gastric motility were recorded at 3 min before and 3 min after electrical stimulation 104 

respectively. 105 

Determination of Gastric Motility 106 

Gastric motility was determined by the rubber-balloon method(Zolt et al. 2013), a 107 

widely used method for the measurement of gastric motility (Zolt et al. 2013). Briefly, 108 

after fasted for 24 hours, rats were anaesthetized with 4% chloral hydrate (400mg/kg 109 

i.p.). Rats were kept in a thermostatically controlled heating blanket (37 ± 1°C) during 110 

the progressing of all the experimental procedures. To record the changes in gastric 111 

motility, a midline laparotomy was performed. A latex balloon attached to a thin 112 

polyethylene tube was leaned into the stomach via fundus, and positioned at 113 

corpus/antrum area. Then the balloon was inflated with 2 ml of warm distilled water 114 

to produce global distention of the stomach and to achieve a baseline intragastric 115 

pressure (8-12 mmHg). The distal end of tubing was connected to a pressure 116 

transducer (Chengdu Taimeng, China) and to a BL-420 Biological Experimental 117 

System (Chengdu Taimeng, China) to monitor intragastric pressure. 118 

Neuronal Spikes in the DVC  119 

Electrical stimulation was performed as described above. Neuronal spikes were 120 

recorded extracellularly with single-barrel glass microelectrodes (tip diameters of 1-2 121 

μm; resistance of 8-15 MΩ), which were filled with 0.5 M sodium acetate and 2% 122 

Pontamine sky blue. The glass microelectrode was lowered slowly into DMNV and 123 

mNST, and the stereotaxic coordinates were as follows: DMNV (A: 0.5-1.0 mm 124 

anterior to obex; L: 0.4-0.6 mm lateral to the midline; H: 0.5-0.7 mm ventral to dura) 125 
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and mNST (A: 0.5-1.0 mm; L: 0.3-0.5 mm; H: 0.2-0.4 mm) (Fig. 1 C). The brain was 126 

covered with 3% agar in saline in order to reduce the influence of ventilation and 127 

heartbeat. Potential was amplified using a microelectrode bridge amplifier (ME200A, 128 

Chengdu Taimeng, China) and continuously recorded with bandpass-filler (160-1000 129 

Hz) by BL-420 Biological Experimental System. All data stored on disk were used for 130 

off-line analysis. 131 

Histological identification 132 

At the end of the experiments, histological verification was done to check the position 133 

of stimulating and recording electrodes. Cathodal direct current (-0.1 mA, 10 s) was 134 

passed through stimulating electrode to form Fe3+ deposit into the stimulating site in 135 

the CEA. Anodic direct current (0.01mA, 20min) was passed through recording 136 

electrode to form an iron deposit of Pontamine sky blue into the recording site. Then, 137 

all the rats were deeply anesthetized with an overdose urethane and perfused 138 

transcardially with 0.9% sodium chloride solution followed by 1% potassium 139 

ferrocyanide and 10% formalin solution. The potassium ferrocyanide was used to 140 

react with Fe3+ and produced Prussian blue which can be identified clearly. After 141 

decapitation brains were removed and post-fixed in a mixture of 10% formalin and 142 

20% sucrose solution for at least 24 h. Then the brains were cut into 40-μm thick 143 

coronal serial sections. The locations of stimulating and recording sites were 144 

determined microscopically, with neutral red staining if necessary. Only data collected 145 

from correct positions (as shown in Figure 1) were used for later statistical analysis. 146 

Data Analysis 147 
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Gastric motility index (GMI), defined as the sum of amplitude and duration of all 148 

gastric contraction waves in a unit time, was used to quantify gastric motility. GMI 149 

was quantified manually and calculated following the formula: 150 

GMI=(T1×A1+T2×A2+…Tn×An)/(T1+T2+…+Tn) 151 

 152 

 “T” represents the duration of gastric contraction wave in a unit time (s) and “A” 153 

represents the amplitude of gastric contraction wave (mmHg). Firing rate (FR, 154 

spikes/s) was used to quantify neuronal activity in the target nucleus.  155 

All the data were denoted as mean ± standard error (SE). GMI and FR at 3 min before 156 

and 3 min after electrical stimulation were compared by paired-samples t test under 157 

each treatment respectively. Independent-sample t tests were used, if necessary, to 158 

compare between CEM and CEL groups. All statistical analysis was performed by 159 

SPSS16.0 software (SPSS Inc. Chicago, IL., USA) and p < 0.05 was chosen as the 160 

cut-off criterion. 161 

RESULTS 162 

Effects of Electrical Stimulation of CEM and CEL on Gastric Motility  163 

Prior to electrical stimulation, GMI of CEM (n = 10) and CEL (n = 10) groups were 164 

1008.4 ± 109.1 and 995.3 ± 77.7 respectively, with no significant difference (p > 0.05, 165 

Fig. 2 C). Electrical stimulation of CEM led to sharp increase in intragastric pressure 166 

(IGP) (Fig. 2 A) and evoked significant increase in GMI (p < 0.01) from 1008.4 ± 167 

109.1 to 1499.7 ± 155.4 (Fig. 2 C). By contrast, significant decreases in IGP and GMI 168 

(from 995.3 ± 155.4 to 543.6 ± 40.2) were observed after electrical stimulation of 169 
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CEL (p < 0.01, Fig. 2 B and C). 170 

Effects of Electrical Stimulation of CEM and CEL on Neuronal Spikes in DMNV  171 

In response to electrical stimulation of CEM (n = 9), the FR of DMNV was 172 

significantly increased (p < 0.01; 2.77 ± 0.30 to 3.52 ± 0.22 spikes/s) (Fig. 3 A and C). 173 

However, there was a significant decrease (p < 0.05; from 2.64 ± 0.37 to 1.78 ± 0.24 174 

spikes/s) in the FR of DMNV after electrical stimulation of CEL (n = 9) (Fig. 3 B and 175 

C).  176 

Effects of Electrical Stimulation of CEM and CEL on Neuronal Spikes in mNST  177 

The FR of mNST was significantly decreased from 2.94 ± 0.31 to 2.01 ± 0.38 spikes/s 178 

(p < 0.01) in response to electrical stimulation of CEM (n = 8) (Fig. 4 A and C). By 179 

contrast, electrical stimulation of CEL (n = 9) caused the significant increase of FR in 180 

mNST from 3.02 ± 0.31 to 3.83 ± 0.28 spikes/s (p < 0.01) (Fig. 4 B and C). 181 

DISCUSSION 182 

Considerable evidence has indicated that CNA is able to regulate gastric motility by 183 

modulating the neuronal activity in dorsal vagal complex (Zádori and Gyires 2013). It 184 

has been reported that stimulation of different regions of CNA can increase or inhibit 185 

gastric motility activity(Zádori and Gyires 2013). However, the role of amygdala in 186 

the regulation of gastrointestinal motor function is an understudied area. In the present 187 

study, electrical stimulation of CEM led to significant increase in IGP and increase in 188 

GMI, indicating a significant increase in gastric motility, while stmulation of CEL 189 

reduced gastric motility; furthermore, stimulation of either CEM or CEL also 190 

produced opposite influences on the neuronal activity in the DMNV and mNST of 191 
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DVC.  192 

Our finding here implies that stimulation of CEM can significantly increase gastric 193 

motility, and stimulation of CEL can significantly decrease gastric motility. The 194 

differences between the effects of stimulation of CEM and CEL on gastric motility 195 

might be attributed to the uneven distribution of CNA neurons projecting to the DVC. 196 

The difference has also been confirmed by what was previously reported by 197 

Lyubashina et al. despite of the opposite observations. Lyubashina et al. have reported 198 

that stimulation of CEM induced a predominant inhibitory effect on intragastric 199 

pressure in 59% of cases, with increases merely seen in 17% of cases, while 200 

stimulation of CEL caused decreases in intragastric pressure in 46% of cases and 201 

increases in 30% of cases (Lyubashina 2004), thus they proposed that stimulation of 202 

CNA can induce remarkable, differential alterations in intragastric pressure, with a 203 

predominantly inhibitory effect on performance of gastric reflex of interest. 204 

Furthermore, they have also observed that latent periods of the reactions after 205 

stimulation of CEM were 10.3 ± 1.4 (59% cases) and 11.3 ± 1.9 s (17% cases) 206 

respectively, while latent periods of the reactions in response to CEL stimulation were 207 

10.4 ± 3.2 (46% cases) and 26.2 ± 8.4 s (30% cases). By contrast, the latent period of 208 

the reactions in response to either CEM or CEL stimulation observed here was approx. 209 

3 min. This difference may be due to the difference in the parameters of electrical 210 

stimulus. Additionally, we measured the intragastric pressure with rubber balloons, 211 

differing from the semiconductor pressure probes used by Lyubashina et al. for 212 

measurement of intragastric pressure. Although balloons could monitor the changes in 213 
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gastric motility as a whole, they can can alter the intragastric pressure themselves 214 

inevitably and may also cause vagal excitement. The balloon method was still used 215 

for many reports, in which it was comprised of a control experiment (Zádori and 216 

Gyires 2013). By contrast, semiconductor pressure probes can avoid the above 217 

limitation, however, the position of the pressure probe could have a significantly 218 

effect on the measurement results of intragastric pressure. Lastly, differences in the 219 

physiological and emotional states may also induce the changes of gastric motor 220 

activity (Zhang et al. 2003). The body weight of Wistar rats were the same as in both 221 

studies. However, the body temperature of rats might be different during the whole 222 

experiments. Taken together, further work is needed to explore the factors that might 223 

be responsible for the reversal of effects seen in the present study compared to that of 224 

Lyubashina et al..  225 

In the present study, electrical stimulation of CEM significantly increased FR of 226 

DMNV, but significantly decreased FR of mNST; completely opposite results were 227 

observed in DMNV and mNST after electrical stimulation of CEL area. This implies 228 

electrical stimulation of the same CAN region has differing influences on CEM or 229 

DNMV neuronal activity. Electrophysiological and anatomic studies have revealed 230 

that efferent fibers from CNA terminate in both NST and DMNV, in regions that are 231 

involved in the regulation of gastrointestinal activity(Zhang et al. 2003), indicating 232 

that NST and DMNV might be engaged in the regulation of gastrointestinal activity 233 

via gastric vago-vagal reflex. Hermann et al. have revealed that mNST neurons are 234 

involved in the vago-vagal reflex and activation of mNST neurons can induce a 235 
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dramatic decline in gastric motility activity (Hermann et al. 2005). The ipsilateral 236 

mNST and the subpostremal subnuclei of the NST are the primary targets of CNA 237 

axons, which are also the targets for the primary vagal afferent fibers from the 238 

gastrointestinal tract (Zhang et al. 2003; Zhang et al. 2000). DMNV is considered to 239 

be the main source of descending projections from amygdala (Lyubashina 2004), and 240 

to the origin site of vagal efferent neurons that connect with upper gastrointestinal 241 

tract (Hornby and Wade 2011; Travagli et al. 2006). Zhang et al., and Liubashina et al. 242 

have reported that electrical stimulation of CNA inhibits NST neurons in rats 243 

(Liubashina et al. 2002; Zhang et al. 2003), wheras Cox et al. have observed that 244 

stimulation of CNA can markedly excite NST neurons (Cox et al. 1986), indicating 245 

that stimulation of different CNA regions may have varied effects on DVC neurons. 246 

This hypothesis was confirmed by our finding that FR was markedly decreased in 247 

mNST, but was increased in DMNV in response to the electrical stimulation of CEM, 248 

which was opposite to what was observed after CEL stimulation. It has been reported 249 

that inhibitory response of DMNV neurons may be mediated by NST neurons, and 250 

inhibition of NST neurons by CNA stimulation may result in an increase in DMNV 251 

neuron activity (Babic et al. 2011). Thus, it may be further implied that amygdala may 252 

modulate DMV activity directly via projections or indirectly via mNST-mediated 253 

projections. Therefore, the neuronal spike responses of mNST and DMNV were 254 

always opposite under the electrical stimulation of either CEM or CEL in this study. 255 

What’s more, anatomical and electrophysiological data demonstrate that inhibitory 256 

connections between NST and DMNV may play an important role in the regulation of 257 
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gastrointestinal functions (Zhang et al. 2003). In addition, it has been indicated that 258 

CEM neurons are subjected to tonic inhibitory inputs, and that arises in CEL (Ciocchi 259 

et al. 2010; Pare and Duvarci 2012), supporting that effect of CEM and CEL 260 

stimulation on both gastric motility and neuronal spikes in DVC were also always 261 

opposite in the present study. Consequently, further investigation to clarify the 262 

underlying mechanisms of DVC modulating gastrointestinal functions is still needed. 263 

Microinjection of glutamate agonists into CNA subnuclei may be used in our future 264 

work to further confirm our observations. 265 

In summary, electrical stimulation of CEM evoked gastric motility and caused the 266 

reduced neuronal spikes of mNST as well as increased neuronal spikes of DMNV, 267 

while CEL stimulation aroused completely contrary responses. The subdivisions of 268 

the CNA might play different roles in modulating neuronal spikes of DVC and in 269 

regulating gastric motility. 270 

Conflicts of interest: There are no conflicts of interest. 271 
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FIGURE LEGENDS 380 

Figure 1. Visualization of electrical stimulation positions using Pontamine sky 381 

blue or together with neutral red staining 382 

A. Electrical stimulation position in the lateral part (CEL) of the central nucleus of 383 

amygdale; B, Electrical stimulation position of the medial (CEM) part of the central 384 

nucleus of amygdala regions; C. Electrical stimulation position visualized by 385 

Pontamine sky blue in a neutral red-stained section. 386 

Figure 2. Effects of electrical stimulation of CEM and CEL on gastric motility. 387 

Gastric motility curve of a rat recorded during the electrical stimulation of the CEM 388 

(A) and CEL (B); Gastric motility index (GMI) before and after stimulation of CEM 389 

(n = 10) and CEL (n = 10) groups, respectively (C). Data represent the means ± SE. 390 

** p < 0.01. ES, electrical stimulation. IGP, intragastric pressure. 391 

Figure 3. Effects of electrical stimulation of CEM and CEL on neuronal spikes in 392 

DMNV. The original firing recording in the DMNV at 3 min before and after 393 

electrical stimulation of the CEM (A) and CEL (B); Firing rate (FR) at 3 min before 394 

and after stimulation in CEM (n = 9) and CEL (n = 9) groups, respectively (C). Data 395 

represent the means ± SE. * p <0.05 and ** p <0.01. ES, electrical stimulation. 396 

Figure 4. Effects of electrical stimulation of CEM and CEL on neuronal spikes in 397 

mNST. The original firing recording in the mNST at 3 min before and after electrical 398 

stimulation of the CEM (A) and CEL (B); Firing rate (FR) at 3 min before and after 399 

stimulation in CEM (n = 8) and CEL (n = 9) groups, respectively (C). Data represent 400 

the means ± SE. ** p <0.01. ES, electrical stimulation. 401 
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