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Objectives : Increasing evidence suggests that parasympathetic vagus nerve activity plays a role in modulating acupuncture- 

induced anti-inflammatory reaction, but the function of sympathetic nerve is not known. Here, we investigated whether 

splanchnic sympathetic nerve activity was involved in the regulation of splenic expression of TNF-α mRNA by electro-

acupuncture (EA) in LPS-injected animals. Methods : DiI was injected into the stomach or celiac ganglion (CG) for retrograde 

labeling of the target tissues. EA was given at ST36 and the electrical stimulation on the sciatic nerve in LPS-injected mice. c-Fos 

signals in the tissues were analyzed by immunofluorescence staining, and TNF-α mRNA was analyzed by real-time PCR. 

Results : Application of EA at ST36 or electrical stimulation on the sciatic nerve induced c-Fos expression in neurons of the spinal 

cord and celiac ganglion (CG). Then, the vagotomy reduced c-Fos levels in CG neurons but not in the spinal cord in animals given 

EA. Expression of TNF-α mRNA which was induced in the spleen after LPS was significantly inhibited by EA, then the vagotomy 

elevated TNF-α mRNA level similar to that in LPS-injected animals. Splanchnectomy in animals given LPS and EA also increased 

TNF-α mRNA though it was less effective than vagotomy. Conclusions : Our data suggest that EA delivered to the spleen via the 

splanchnic sympathetic nerve may be involved in attenuating splenic inflammatory responses in LPS-injected animals.
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Introduction

Acupuncture therapy has been used for the treatments of 

diverse body symptoms and diseases in Asian countries and 

its use becomes expanded into other countries worldwide1). 

However, the traditional theory explaining the action of 

acupuncture is descriptive, and its scientific basis remains 

largely elusive. Only recently have experimental studies begun 

to investigate physiological basis on its action and provide 

insights into how acupuncture stimulation (AS) could regulate 

inflammatory reactions in several visceral organs and also in 

the cardiovascular and central nervous systems2). For in-

stance, vagus nerve pathway has been considered as a 

possible mediator that transmits the acupuncture signals into 
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target organs because the efferent vagus nerve activity that 

might be elicited by descending cerebral signals, somato-

sensory signals from external environmental, or vagal sensory 

signals can downregulate the production of inflammatory 

cytokines in several visceral organs such as spleen, liver, and 

small intestines3). Indeed, AS was shown to decrease the 

production of TNF-α in the spleen of LPS-injected animals4), 

and other reports also showed that the vagus nerve activity 

modulates anti-inflammatory effects of acupuncture in patho-

logic animal models5-7). 

In addition to parasympathetic nerve activity, sympathetic 

nerve activity may be involved in the regulatory process of 

cellular uptake of glucose, gastrointestinal and rectal motility, 

cardiovascular baroreceptor reflex, and heart rate variability 

by AS8-10). In neuroanatomical point of view, sensory modal-

ities caused by cutaneous AS transmit nerve signals into the 

spinal ascending pathway and further up to the several brain 

areas including cerebral cortex. Somatosensory stimulation 

including AS can relay synaptic inputs into neurons in the 

nucleus tractus of solitaries (NTS) and the rostral ventrolateral 

medulla (RVLM) that are connected to the vagal pathway and 

also, through the descending neural pathway, to spinal pre-

ganglionic sympathetic neurons and thus may regulate car-

diovascular function via sympathetic nerve pathway2,11-13). 

Furthermore, noradrenergic neurotransmitters induce neuro-

immune modulation through the activation of iNKT cells, 

promoting inflammation and immunosuppression14). Allen and 

colleagues claimed that electrical stimulation of the splanch-

nic sympathetic nerve connected to the celiac ganglion (CG) 

attenuated splenic inflammatory responses in LPS-injected 

animals15). Collectively, it may be possible that AS, once 

transmitted into the sympathetic nerve pathway in the central 

nervous system, participates in neuroimmune interaction for 

the regulation of inflammatory responses in target organs. 

Here, using LPS-induced endotoxemic rat model, we explored 

whether the splanchnic nerve pathway connected to CG is 

related to EA-mediated regulation of splenic expression of 

TNF-α mRNA. Our data provide evidence that sympathetic 

nerve activity contributes to anti-inflammatory responses by 

AS.

Materials and Methods

1. Experimental animals

ICR mice (7 weeks old male, 20∼25 g, Samtako) were main-

tained in an animal room with regulated temperature (22℃), 

60% humidity, and a 12-hour light/12-hour dark cycle. Ani-

mals were allowed to eat commercial chow and to drink 

water ad libitum. All protocols involving preopertative, op-

erative, and postoperative animal care were approved by the 

Daejeon University Institutional Animal Use and Care Com-

mittee (Daejeon, Korea) and were in accordance with the 

Animal-use Statement and Ethics Committee Approval State-

ment for Animal Experiments provided by Daejeon University 

(Approval number: DJUARB2019-025; Daejeon, Korea). None 

of animals became ill and died during the study. Postoper-

ative animals were euthanized by overdose of ketamine (80 

mg/kg) and zylazine (5 mg/kg). All surgical procedures were 

conducted in a room under well-ventilated, sterile conditions, 

and all efforts were made to minimize suffering.

2. Retrograde tracing

To anatomically identify CG, we injected DiI (3 μl of 0.5% 

in DMSO; Sigma-Aldrich) in cardiac orifice and pylorus and 

prepared CG 3 days later. CG sections (10 μm thickness) 

were prepared and incubated with Hoechst 33258 (25 μg/ml, 

bis-benzimide; Sigma-Aldrich) for 10 min. DiI-labeled neurons 

in the CG were analyzed under the fluorescence microscope. 

Once we confirmed anatomical location of CG in the ab-

domen, we injected DiI (3 μl of 0.5% in DMSO) into the CG, 

prepared the spleen and spinal cord at thoracic levels 6∼9, 

and analyzed DiI signaling by using fluorescence microscope.

3. Endotoxemia and animal surgery 

To induce endotoxemia, animals were i.p. injected with 

lipopolysaccharide (LPS; 15 mg/kg; Sigma-Aldrich). For va-

gotomy, mice were anesthetized with ketamine and xylazine 

and the left vagus nerve was exposed on a cervical midline 

and cut with scissors. For splanchnectomy (SPNX), splanch-

nic nerve connected to CG was exposed and rapidly cut. 

Animals after surgeries were quickly sutured and recovered 
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from narcosis. Animals after surgery were recovered and used 

for the experiments 7 days later. 

4. Electroacupuncture stimulation & sciatic nerve 

stimulation

Prior to EA administration, mice were anesthetized by i.p. 

injection of ketamine (80 mg/kg) and xylazine (5 mg/kg). 

Acupuncture needle (0.20×7 mm, HL Medical, Seoul, Korea) 

was inserted bilaterally into ST36 (3∼4 mm below the knee 

midline and laterally 1∼2 mm at a depth of 2∼3 mm), as 

has been used in our previous study4). Acupuncture needle 

was inserted for 30 minutes with a slow rotation every 5 

minutes. The electric stimulation was given at 1 V, 1 Hz, with 

a 2 ms of pulse duration for 30 min by using an isolated pulse 

stimulator (Isolated pulse stimulator model 2100, A-M 

Systems, Sequim, WA, USA). For sciatic nerve stimulation 

(SNS), sciatic nerves were exposed bilaterally by incising the 

middle of the hind leg in anesthetized mice and a bipolar 

hook electrode of nichrome wire was placed on the nerve. 

The electrical current (10 mA, 5 Hz with 5 ms of pulse 

duration) was delivered for 5 min by using a stimulator 

(Isolated pulse stimulator model 2100, A-M Systems). Animals 

were sacrificed 2 h after EA or SNS. Tissues such as spinal 

cord at thoracic levels 6∼9, CG, and spleen were prepared 

and used for real-time PCR for TNF-α.

5. Immunofluorescence staining

Spleen, spinal cord and CG tissues were embedded and 

frozen at −20℃. Sections (15 thickness) of spinal cord, CG 

and spleen were cut on a cryostat, mounted on positively 

charged slides, and subjected to immunofluorescence staining. 

Sections were treated with fixation buffer (4% paraform-

aldehyde and 4% sucrose in 1X PBS) at room temperature for 

45 min, washed 3 times for 5 min with glycine, 10 mM in 

PBST (1X PBS and 0.1% triton X-100), and permeabilized with 

0.5% NP-40 in PBS at room temperature for 30 min. Then, 

the sections were treated with blocking solution (5% horse 

serum and 5% bovine serum albumin in PBST) for overnight 

at 4℃, incubated 4 h at room temperature with primary 

antibodies, and washed three times for 10 min each with 

PBST. Sections were incubated with secondary antibodies for 

2 h at room temperature in a dark room and washed three 

times with PBST. Cellular nuclei were stained with Hoechst 

33258 pentahydrate (25 μg/ml, bis-benzimide; Sigma-Aldrich, 

St. Louis, MO, USA) for 10 min before the final wash with 

PBST. Fluorescence images were analyzed with a Nikon 

fluorescence microscope, and selected images were captured 

and further analyzed by Photoshop program. Primary anti-

bodies used in the present study were anti-c-Fos (Rabbit- 

polyclonal, 1:400, Santa Cruz Biotech, Dallas, TX, USA) and 

anti-neurofilament 200 (NF-200) (Mouse-monoclonal, 1:400, 

Sigma-Aldrich) antibodies. Secondary antibodies were anti- 

fluorescein-goat anti-mouse IgG (1:400, Molecular probes, 

Eugene, OR) and anti-rhodamine-goat anti-rabbit IgG anti-

bodies (1:400, Molecular probes). For quantification of c-Fos 

signals in sections of spinal cord, CG, and spleen, fluores-

cence images in the slide were captured by fluorescence 

microscope coupled with digital camera and transferred to 

the i-Solution software program (Image and Microscope 

Technology, Daejeon, Korea). Digital images for analysis were 

taken under the same exposure conditions among experi-

mental groups and no modifications in the brightness and 

contrast were made for the numerical measures of pixel 

intensity. 

6. Real-time PCR

RNA was isolated from the spleen by using Easy-BLUE 

reagent (Intron, Seongnam, Korea). cDNA synthesis was per-

formed using 1 μM reaction buffer (50 mM Tris-HCl, 75 mM 

KCl, 3 mM MgCl 2, 10 mM DTT), 104 μM dNTP, RNasin (30 

U), random primers (16 μM, Promega, Madison, WI), MMLV 

reverse transcriptase (200 U) for 2 hours at 37℃ in an 

incubator. Real-time PCR was carried out in a 20 μl of 

reaction containing synthetized cDNA (3 μg), 1X Power 

SYBR Green PCR Master mix (Life Technologies, Carlsbad, 

CA), 0.15 μM of forward and reverse primers of TNF-α 

mRNA (5'-CATCTTCTCAAAATTCGAGTGACAA-3' and 5'-TG 

GGAGTAGACAAGGTACAACCC-3' respectively) in each well 

of 96-well reaction plate (MicroAmp Optical, Applied 

Biosystems, Waltham, MA, USA). Real-time PCR for GAPDH 
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Fig. 1. Identification of sympathetic nerve pathway connected to celiac ganglion (CG) and spleen by DiI tracing.
(A) Detection of CG neurons that have connections to stomach. DiI was injected into the cardia and pylorus of stomach in mice, and 
3 days later, CG sections were prepared for fluorescence image analysis. In (B) and (C), DiI was injected into the CG, and 3 days
later, sections from the spleen and the spinal cord (thoracic level 6∼9) were prepared for the detection of DiI signals, respectively. 
(B) Fluorescence view of DiI in the splenic hilum sections. (C) DiI signals in spinal cord sections. Multiple images in the spinal cord
sections at lower thoracic levels 6∼9 are aligned into a single image. (D) Quantification of DiI-labeled individual neurons in the CG,
spleen and spinal cord after the injection of DiI into the corresponding locations as indicated in (A)∼(C) above. Mean±SEM, N (Number
of independent experiments)=4.

reference mRNA synthesis was done in a similar reaction 

condition by using GAPDH primer (Mouse GAPD, Applied 

Biosystems) and endogenous control (VIC1/MGB probe pri-

mer). Plate was covered with a film (MicroAmp Optical 

Adhesive Film, Applied Biosystems) and centrifuged to spin 

down the sample. Reaction was carried out using an 7500 

Real Time PCR System (Applied Biosystems) by activating Taq 

polymerase for 2 min at 50℃ and for 10 min at 95℃, 

followed by 40 cycles with 15 s at 95℃ (denaturation) and 

1 min at 60℃ (annealing). The results were shown as a fold 

change of TNF-α mRNA to GADPH reference mRNA. The 

relative quantification (RQ) value of TNF-α mRNA expres-

sion to GAPDH reference mRNA was calculated by the 

threshold cycle (Ct) data.

7. Statistical analysis

Data were presented as standard error of mean (SEM). The 

means of the data in individual groups were compared by 

using the one-way ANOVA with Tukey’s post-hoc tests for 

multiple comparisons (GraphPad Prism 7). Statistically signifi-

cant differences were reported as *p＜0.05, **p＜0.01, or 

***p＜0.001.

Results

In order to identify the anatomical location of CG and its 

neuronal connectivity to the spleen, we injected DiI into 

stomach and analyzed retrogradely labeled neurons in the 

CG. Red-fluorescence-labeled neurons were observed mostly 

in the peripheral zone of CG in mice 3 days after DiI injection 

in the cardiac orifice and pylorus (marked arrows in Fig. 1A). 

To further investigate the connection of CG to the spinal cord 

and spleen as preganglionic inputs into and postganglionic 

targets of CG respectively, we injected DiI into the CG and 

examined DiI signals in the spleen and spinal cord. DiI- 

signals were detected in the splenic hilum area (Fig. 1B) and 

in the spinal cord (Fig. 1C). It was noted that the DiI signals 
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Fig. 2. Identification of c-Fos signals in the spinal cord after EA, sciatic nerve stimulation (SNS) and vagotomy (VNX). 
Spinal cord sections at thoracic levels 6∼9 were prepared from mice 2 h after EA and SNS and used for immunofluorescence staining
for c-Fos protein (red). Detailed descriptions on experimental treatments of EA, SNS and VNX are described in the Materials and Methods
sections.

were aligned parallel to the intermediolateral (IML) zone in 

the spinal cord where the sympathetic neuronal cell bodies 

are located. Quantitative measurements of DiI-labeled neurons 

in the CG, spleen, and spinal cord showed similar levels of 

signals in the CG and spleen, and lower signals in the spinal 

cord (Fig. 1D). 

To investigate whether EA induces the activation of sym-

pathetic neurons, we applied EA at ST36 and analyzed 

neuronal responses in the spinal cord and the CG. Unlike the 

spinal cord sections from the untreated control animals, 

c-Fos signals were observed by EA or SNS in the spinal cord 

at thoracic levels 6∼9 (Fig. 2). To further examine whether 

vagus nerve activity was involved in neuronal activation in 

the spinal cord, we measured c-Fos after vagotomy. c-Fos 

signals were detected after EA and SNS in vagotomized 

animals (VNX), without showing distinct changes in its 

intensity from EA and SNS groups. 

We further investigated the effects of EA on c-Fos in-

duction in the CG. As shown in Fig. 3A, c-Fos signals were 

detected in the CG after EA and SNS, but the signal intensity 

was decreased after VNX (Fig. 3A). Quantitative measurement 

revealed that levels of c-Fos signal in EA and SNS groups 

were significantly higher than control group. Then, c-Fos 

levels in EA+VNX and SNS+VNX were significantly decreased 

compared to the corresponding EA and SNS groups although 

c-Fos signal intensity in EA+VNX and SNS+VNX was 

obviously stronger than that in the control group (Fig. 3B). 

We next sought to evaluate the regulatory effects of EA 

on LPS-induced inflammation in the spleen. Real-time PCR 

analysis showed that mRNA levels of inflammatory cytokine 

TNF-α was markedly increased in the spleen after LPS (Fig. 4). 

However, the expression level was significantly decreased by 

EA, close to that of untreated control animals. After the 

vagotomy (VNX), TNF-α mRNA level was similar to that of 

LPS group, but still was significantly higher than that of 

LPS+EA animals. We further found that SPNX significantly 

increased TNF-α level compared to LPS+EA animals. TNF-α 

levels in LPS+EA+VNX and LPS+EA+SPNX groups reached 87 

and 65% to that of LPS animals, respectively, thus suggesting 

that VNX and SPNX were both effective in abrogating anti- 

inflammatory activity of EA in LPS animals. 

Discussion

Growing body of evidence indicate that the nerve activity 

plays a role in modulating acupuncture therapy for the 

regulation of internal organ diseases and pain and the vagus 

nerve has been particularly considered as a potential medi-

ator transmitting acupuncture signals into the target organs2,16,17). 

Given that the vagus nerve stimulation has been identified as 

inducing inhibitory signaling pathway for the production of 

anti-inflammatory cytokines including TNF-α3), it is tempting 

to speculate that the vagus nerve activity triggered by AS may 

regulate inflammatory diseases4,6,18). However, there has been 

no mechanistic study examining whether AS regulates the 

inflammatory response through sympathetic pathways. Here, 

we found that AS activates sympathetic neural pathway 
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Fig. 3. Detection of c-Fos signals in the CG after EA, sciatic nerve stimulation (SNS) and vagotomy (VNX) in mice. 
CG were prepared from mice which had undergone treatments such as EA, SNS and VNX as described in the Materials and Methods.
(A) Representative images of immunofluorescence staining of CG sections. (B) A plot for quantification of c-Fos signal in the CG sections.
Average value of the signals in the sections of individual animals were compared among experimental groups. Mean±SEM, Number
of animals per each group=4. ***p＜0.001 (one-way ANOVA).

including the CG and the spleen as its target and attenuates 

splenic inflammation in an animal model of endotoxemia. 

Splanchnic nerve arising from IML sympathetic neurons in 

lower thoracic spinal cord is connected to neurons in the CG, 

and postganglionic efferent fibers innervate cells in the target 

organs such as stomach, liver, pancreas, and spleen19). Here 

in the present study, we have confirmed the connections of 

the pre- and postganglionic sympathetic nerve fibers to CG 

by using retrograde tracing technique and then analyzed the 

responses of IML neurons in the spinal cord after AS. AS at 

ST36 was shown to induce neuronal response in the dorsal 

root ganglion at levels of lumbar 4∼64,20), which would 

transmit signals into the spinal cord and further up to the 

specific brain areas. Our data show that both EA at ST36 and 

SNS induced c-Fos signals in the IML area, suggesting the 

signaling connection between ascending spinal pathway of 

DRG neurons and IML sympathetic neurons, possibly via 

descending brain stem pathway11). Somatosensory afferent 

nerve fibers have synaptic relays onto neurons in the RVLM, 

which are in turn connected to spinal sympathetic 

neurons12,13) (see Fig. 5). Moreover, several studies reported 

that acupuncture stimulation are involved in regulating 

sympathetic nerve activity such as gastric motility, rectal 

motility, and cardiovascular baroreceptor reflex8,9,13). Future 

studies would be critical to define signaling events between 

neurons in the ascending somatosensory pathway bearing the 

information of acupuncture sensory modalities and spinal 

sympathetic neurons. When we disconnected vagus nerve at 

cervical level, c-Fos signals in the spinal cord were not 

abated, implying that vagus nerve activity which could 
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Fig. 4. Regulation of TNF-α mRNA expression in the spleen by 
EA, sciatic nerve stimulation (SNS) and vagotomy (VNX). 
EA was given 30 min after LPS injection and animals were 
sacrificed 2 h later. Splenic RNA was extracted from mice after 
different treatment as indicated in the figure and used for real- 
time PCR. Levels of TNF-α mRNA relative to GAPDH mRNA were
plotted and compared among experimental groups. Mean±SEM,
Number of animals per group=4 *p＜0.05, and ***p＜0.001 (one-
way ANOVA).

Fig. 5. A hypothetical scheme illustrating the neural pathways 
leading to splenic anti-inflammation after EA at ST36. 
EA at ST36 may transmit the signals either into vagal pathway
(neuronal cell bodies marked in blue) or into spinal sympathetic
pathway (neuronal cell bodies marked in red), converge into CG
neurons, and regulate the production of TNF-α in the spleen.
NTS : nucleus tractus solitaries, DMV : dorsal motor nucleus of 
the vagus nerve, RVLM : rostral ventrolateral medulla, CG : celiac
ganglion, IML : intermediolateral, SN : splanchnic nerve, EVN :
efferent vagus nerve.

be induced by AS did not affect the signal transmission 

through the splanchnic sympathetic pathway. 

Our data further showed that EA induced neuronal re-

sponses in the CG in terms of c-Fos expression. Interestingly 

however, levels of c-Fos expression induced by EA and SNS 

were weakened by vagotomy. Recent studies have revealed 

that the vagus nerve destined to innervate spleen has efferent 

nerve connections to CG and then cholinergic inputs into 

splenic macrophages via T lymphocytes21). Thus, c-Fos ex-

pression in CG cells in response to AS may be caused by 

combined vagal and splanchnic nerve activities, as shown in 

Fig. 5. 

We have previously reported that AS decreases the splenic 

production of TNF-α through the vagal modulation in LPS- 

injected animals4). Here, the present data, while confirming 

anti-inflammatory effects of EA in the spleen, provide new 

evidence on the involvement of sympathetic nerve activity. 

Levels of TNF-α mRNA were decreased to 35% in LPS+EA 

animals compared to LPS animals, then elevated to 87% and 

65% of that of LPS group after VNX and SPNX, respectively, 

highlighting the contribution of EA-induced sympathetic 

nerve activity to anti-inflammation. This notion is consistent 

with immunofluorescence data revealing that c-Fos signals in 

the CG were downregulated by VNX. Both vagal and splanch-

nic sympathetic nerve activities are converged into neurons 

in the CG and may contribute to anti-inflammatory signaling 

events in the spleen through the activation of T lymphocytes. 

Accordingly, neural signals arising from EA at ST36 may be 

transmitted through both vagal and sympathetic pathway 

which are both converged into the CG and regulate 

inflammatory responses in the spleen (Fig. 5). 

Adrenergic nerve activity was shown to be transmitted into 

the liver and regulate inflammatory response through hepatic 

iNKT cells14). Whether or not similar neuroimmune com-

munication mechanisms are involved in the sympathetic 

regulation for anti-inflammatory regulation in the spleen 

remains to be explored22). Finally, McAllen and colleagues 

have claimed that the splanchnic sympathetic nerve activity 

is primarily responsible for cholinergic anti-inflammatory 

reaction in the spleen and the vagus nerve activity would not 

be involved in this process because they could not identify 

vagus nerve activity transmitted into the CG15). Further 
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anatomical and physiological studies will be critical to clarify 

the characteristics of vagus nerve activity innervating major 

internal organs such as spleen, liver, intestines and others and 

to further explore the biological basis of acupuncture therapy 

for the treatment of diseases23). It should also be mentioned 

that in the present study, we examined the regulation of 

TNF-α only as an indicator of inflammatory response. We 

found that the electrical stimulation of the vagus nerve 

attenuated hepatic production of IL-1β and IL-6 in addition 

to TNF-α (unpublished data). Thus, further studies examin-

ing the regulation of other inflammatory cytokines by AS will 

be critical to confirm the present findings. Also, quantitative 

assessment of neuronal activation (e.g., levels of postsynaptic 

membrane receptors) in the spinal cord and in the CG in 

responses to AS will strengthen the concept of the neural 

basis of acupuncture. In conclusion, our provide evidence for 

the first time that EA can regulate inflammatory reaction in 

the spleen via splanchnic-CG pathway and thus imply that 

EA-induced sympathetic nerve activity may play a role in 

inflammatory disease of visceral organs and systemic in-

flammation. 
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