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Abstract

Background: Acupuncture has been used to treat a wide variety of diseases, disorders, and 

conditions for more than 2500 years. While the anatomical structures of acupuncture points (or 

acupoints) are largely unknown, our previous studies have suggested that many acupoints can be 

identified as cutaneous neurogenic inflammatory spots (neurogenic spots or Neuro-Sps), arising 

from the release of neuropeptides from activated small diameter sensory afferents at 

topographically distinct body surfaces due to the convergence of visceral and somatic afferents. In 

turn, the neuropeptides released during neurogenic inflammation may play important roles in the 

effects of acupuncture as well as the formation of active acupoints. Thus, the present study has 

focused on the role of substance P (SP) in acupuncture signal transduction and effects.

Methods: Neuro-Sps were detected by using in vivo fluorescence imaging after intravenous 

injection of Evans blue dye (EBD) and compared with traditional acupoints. Stimulatory effects of 

the Neuro-Sps were examined in a rat model of immobilization-induced hypertension (IMH). The 

roles of increased SP in Neuro-Sps were also investigated by using immunohistochemistry, in vivo 
single-fiber peripheral nerve recordings, and in vivo midbrain extracellular recordings.
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Results: Neurogenic inflammation quickly appeared at acupoints on the wrist and was fully 

developed within 15 min in IMH model. The Neuro-Sps showed an increased release of SP from 

afferent nerve terminals. Mechanical stimulation of these Neuro-Sps increased cell excitability in 

the midbrain (rostral ventrolateral medulla) and alleviated the development of hypertension, which 

was blocked by the local injection of the SP receptor antagonist CP-99994 into Neuro-Sps prior to 

acupuncture and mimicked by the local injection of capsaicin. Single fiber recordings of peripheral 

nerves showed that increased SP into the Neuro-Sps elevated the sensitivity of A- and C-fibers in 

response to acupuncture stimulation. In addition, the discharge rates of spinal wide dynamic 

response (WDR) neurons significantly increased following SP or acupuncture treatment in Neuro-

Sps in normal rats, but decreased following the injection of CP-99994 into Neuro-Sps in IMH rats.

Conclusions: Our findings suggest that SP released during neurogenic inflammation enhances 

the responses of sensory afferents to the needling of acupoints and triggers acupuncture signaling 

to generate acupuncture effects.
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1. Introduction

Acupuncture originated in China more than 2500 years ago and is one of the oldest medical 

procedures in the world. Acupuncture involves penetrating the skin with thin solid metal 

needles at specific locations called acupuncture points or acupoints (Stux and Pomeranz, 

1987). Traditional Chinese medicine describes how each acupoint communicates with a 

specific visceral organ; an acupoint reflects the status of a visceral organ, and internal 

disorders can be treated by stimulating the acupoints (Rong et al., 2011; Stux and Pomeranz, 

1987). Currently, acupuncture therapy is widely accepted and practiced for the treatment of a 

variety of diseases, including visceral disorders and pain conditions.

Substance P (SP) is encoded by the tachykinin precursor 1 gene and belongs to the 

tachykinin family of peptides, and it is broadly distributed in the central and peripheral 

nervous systems (Mantyh, 2002; Martinez and Philipp, 2016). Substance P has a high 

affinity for the neurokinin 1 receptor (NK1R), to which it binds preferentially (Corrigan et 

al., 2016; Douglas and Leeman, 2011). Due in part to its broad anatomical distribution, the 

SP/NK1R system is involved in a variety of complex physiological responses, including 

neuroinflammation, microvascular permeability, and pain (Martinez and Philipp, 2016). 

Additionally, some studies have shown that the modulation of SP binding to NK1R may be 

useful in the treatment of diseases, such as inflammatory conditions associated with the 

gastrointestinal tract, emesis, depression, cancer, and social anxiety disorder (Garcia-Recio 

and Gascón, 2015; Huang and Korlipara, 2010).

Visceral diseases frequently produce a referred pain at distant somatic sites due to the 

viscerosomatic convergence of sensory afferent pathways. In multiple sites of skin overlying 

the referred pain, local tissue responses, known as neurogenic inflammation (neurogenic 

spots or Neuro-Sps), are observed (Wesselmann and Lai, 1997). Our previous study showed 
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that Neuro-Sps share the characteristics of acupoints (Kim et al., 2017). Our previous studies 

have suggested that neuropeptides, including SP, contribute to the physiological features of 

acupoints in disease. Under pathological conditions, such as hypertension or colitis, the skin 

over acupoints exhibits neurogenic inflammation (Kim et al., 2017, 2006) characterized by 

vasodilation and vascular leakage (plasma extravasation) arising from the release of the 

neuropeptides SP and calcitonin gene-related peptide (CGRP) from activated small diameter 

sensory afferents (Schmelz and Petersen, 2001). We also demonstrated that high electrical 

conductance at acupoints results from vascular leakage following the local release of SP and 

CGRP during neurogenic inflammation (Fan et al., 2018). Similarly, acupuncture has been 

shown to induce the release of SP from the peripheral terminals of primary sensory neurons 

in rats (Kashiba and Uedo, 1991) and dogs (Chang et al., 1998). Based on these studies, we 

hypothesized that SP released under pathological conditions would cause physiological 

changes in acupoint tissue, enhance sensory afferent responses to the needling of acupoints, 

and thus play an important role in the generation of acupuncture effects.

We investigated whether: (1) cutaneous neurogenic inflammation and SP release at 

acupoints occurred as a result of the development of spontaneous hypertension; (2) 

stimulation of the acupoints alleviated hypertension and produced an increase of SP at 

acupoints; (3) SP enhanced the sensitivity of afferent nerves to acupuncture; and (4) SP or 

acupuncture increased the firing rates of wide dynamic range (WDR) neurons in the spinal 

cord and rostral ventrolateral medulla (rVLM) neurons in the midbrain.

2. Materials and methods

2.1. Animals

Adult male Sprague-Dawley rats (Hyochang, Seoul, Korea) weighing 250–350 g were used. 

Animals were housed at constant humidity (40 ~ 60%) and temperature (22 ± 2 °C) with a 

12-hour light/dark cycle and allowed free access to food and water. All procedures were 

carried out in accordance with the National Institutes of Health Guide for the Care and Use 

of Laboratory Animals and approved by the Institutional Animal Care and Use Committee 

(IACUC) at Daegu Haany University.

2.2. Chemicals

Evans blue dye (EBD; 50 mg/ml in saline; Sigma-Aldrich, USA), the SP receptor agonist 

substance P acetate salt hydrate (SP; 0.5 mg/ml in saline; 30 μL/loci, subcutaneous (s.c.); 

Sigma-Aldrich), the SP receptor antagonist (+)-(2S, 3S)-3-(2-methoxybenzylamino)-2-

phenylpiperidine (CP-99994; 33 mmol/ml in saline; 30 μL/loci, s.c.; TOCRIS, UK), were 

used (McLean et al., 1993). The transient receptor potential channel and vanilloid subfamily 

member 1 (TRPV1) agonist capsaicin (0.05%; 20 μL/loci, s.c.; Sigma-Aldrich), was 

dissolved in vehicle consisting of 10% alcohol and 10% Tween 80 in saline.

2.3. Acupuncture treatment

Acupuncture treatment was performed by using a mechanical acupuncture instrument (MAI) 

that was developed to mimic manual acupuncture stimulation. This device consisted of a 

custom-made control unit and a cell phone vibrator (MB-1203V, Motor Bank, Korea) 
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attached to an acupuncture needle as described previously (Chang et al., 2017; Kim et al., 

2013). While an assistant lightly restrained the rats, stainless steel needles (diameter 0.18 

mm, length 8 mm, Dongbang Acupuncture Inc., Qing Dao, China) were inserted bilaterally 

at a depth of 3 mm into neurogenic inflammatory spots, PC6 acupoints or the nearby points 

SI5 (located at the ulnar end of the transverse crease on the dorsal aspect of the wrist, 5 mm 

apart from PC6) and stimulated with the MAI for 20 sec at 1 min-intervals for a total of 10 

min, unless stated otherwise.

2.4. Immobilization stress-induced hypertension (IMH) and the measurement of systolic 
blood pressure

Hypertension was induced by immobilization with a cone-shaped polyethylene bag, as 

described previously (Kim et al., 2017). Systolic blood pressure was measured non-

invasively with a tail cuff blood pressure monitor (Model 47, IITC Inc., USA). Briefly, the 

rat was placed in a chamber, and an occluding cuff and a pneumatic pulse transducer were 

positioned on the base of the tail. A programmed electro-sphygmomanometer (Narco Bio-

Systems Inc., USA) was inflated and deflated automatically, and the tail cuff signals from 

the transducer were automatically collected every 10 min using an IITC apparatus (Model 

47, IITC Inc.). The mean of two readings was used for each blood pressure measurement.

2.5. Detection of neurogenic inflammation in the skin by Evans blue dye injection

Neurogenic inflammatory spots (neurogenic spots or Neuro-Sps) were visualized by 

intravenously injecting EBD (50 mg/kg) into male Sprague-Dawley rats as described 

previously (Kim et al., 2017). EBD was injected intravenously immediately after IMH 

induction. In detail, while the rat was immobilized by a cone-shaped bag, the distal portion 

of the tail was dipped into warm 40 °C water for at least 30 sec. EBD was then injected into 

the tail vein with a catheter (26 gauge), and skin color changes were observed up to 2 h after 

the injection. For an experiment of Supplementary Fig. 1, EBD was injected via jugular vein 

under isoflurane anesthesia. The blue-dyed areas on the skin were sketched using body 

charts, photographed with a digital camera (SONY ILCE-5000, China) and compared with a 

human acupoint chart based on the transpositional method, which locates acupoints on the 

surface of animal skin that correspond to the anatomical sites of human acupoints (Yin et al., 

2008).

2.6. Surgical injury of median and ulnar nerves

Median and ulnar nerves were resected surgically as described previously (Fan et al., 2018). 

Briefly, under isoflurane anesthesia, a small skin incision was made longitudinally on the 

medial part of the elbow to expose the median and ulnar nerves. For surgical lesions of 

median and ulnar nerves, the nerves were bilaterally ligated with 4–0 silk and cut around the 

medial head of the triceps muscle of both forelimbs. The sham group underwent the same 

procedure but without nerve injury. Immediately after completion of surgery, the rats 

received intravenous EBD and IMH procedure. The numbers of Neuro-Sps following IMH 

induction were compared between nerve injury (n = 6) and sham (n = 6) groups.
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2.7. Estimation of Evans blue dye extravasation in skin tissues

The extent of EBD extravasation was assessed in the skin as described previously (Fan et al., 

2018). After intravenous injection of EBD, the skin near the wrist was photographed using a 

digital camera (SONY ILCE-5000, China). The extent of the extravasation of EBD in the 

skin was estimated by using ImageJ software (National Institutes of Mental Health, USA) 

and expressed as a percentage of the basal blue pixel intensity (blue pixel value at the time 

point -basal blue pixel value before EBD)/basal blue pixel value before EBD × 100). The 

original EBD images were used to obtain a 3-dimensional (3D) surface plot with ImageJ 

software using the command Plugins/3D/interactive 3D surface plot (parameters: Mesh, 

Spectrum LUT, Scale 1.75, and Z 0.19). To further determine the concentration of EBD that 

infiltrated the tissues, the skin near the wrist was removed 120 min after EBD and processed 

using a dye extraction method as described previously (Martin et al., 2010). In brief, the skin 

(approximately 3 mm in size) near the wrist was excised, dry-weighed, homogenized in 1:3 

vol of 50% trichloroacetic acid (dissolved in 0.9% saline) and centrifuged (10,000 rpm for 

10 min). The supernatants were diluted with a 1:3 vol of 95% ethanol and measured using a 

spectrophotometric method (620 nm excitation/680 nm emission).

2.8. In vivo fluorescence imaging of neurogenic inflammatory spots

Animals were divided into the normal and IMH groups (n = 6 per group). The rats were 

anesthetized 2 h after restraint and intravenous injection of EBD, and in vivo fluorescence 

signals were sequentially acquired with a 470 nm excitation filter and a 680 nm emission 

filter using bin 8 and f2 with the IVIS lumina III system (Perkin Elmer Company, USA).

2.9. Immunohistochemical detection of substance P and protein gene product (PGP) 9.5 
in the skin

Skin samples were taken from the wrists of IMH rats (n = 6) and naïve rats (n = 6), most of 

which commonly showed EBD leakage. In another set of animals (n = 6), MAI acupuncture 

was applied to the wrist skin. One hour after restraint or acupuncture, the samples were 

taken out, paraffin-embedded, sectioned (5 μm) and then mounted on gelatin-coated slides. 

The slides were de-paraffinized with a series of different concentrations of xylene or ethanol 

and then rinsed under cold tap water. The slides were incubated with rabbit polyclonal SP 

antibody (1:400; Bioss, Woburn, USA; bs-0056R) and mouse monoclonal PGP 9.5 antibody 

(1:1000; Abcam, Cambridge, United Kingdom; ab8189), followed by incubation with 

secondary antibodies (1:200, Alexa Fluor® 488 donkey anti-rabbit IgG antibody, Thermo 

Scientific, MA, USA, Product# A-21206; 1:200, Alexa Fluor® 594 donkey anti-mouse IgG 

antibody, Thermo Scientific, Product# A-21203). The slides were washed and cover-slipped 

with Vectashield Hard Set mounting medium with DAPI (4′, 6-diamidino-2-phenylindole; 

blue, Vector, USA, Product# H-1500). Skin images were obtained from 3 sections from each 

animal with a laser-scanning confocal microscope (LSM800, Carl Zeiss, Germany) and 

quantified by using ImageJ software. Pixels with green fluorescence intensity greater than 

the cut-off value (100) were counted to quantify positive staining. Data were expressed as 

the number of positive pixels within a field area of 1280 × 1024 pixels.
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2.10. Single fiber recordings of somatic afferent fibers

Single fiber recordings of peripheral nerves were performed as described previously (Kim et 

al., 2013). The right median nerve was exposed between the medial belly of the triceps 

muscle and the humerus condyle and covered with mineral oil that was contained by skin 

flaps. The nerve was placed on a small mirror-based platform, and after the perineural sheath 

was removed, the nerve was teased into fine bundles and split to obtain a fine filament under 

a surgical microscope. The filament was looped around a silver-wire recording electrode, 

and the discharge activity was discriminated, recorded, and analyzed via a CED 1401 

Micro3 device and Spike2 software (Cambridge Electronic Design, UK). To ensure that the 

measured unit activity was from the afferent fibers innervating PC6 acupoint over wrist, the 

action potential was evoked by mechanically stimulating PC6 acupoint over the wrist area 

using a von Frey filament (8.5 g force, Semmes-Weinstein Monofilaments; North Coast 

Medical, USA). The conduction velocity of the fibers was measured by dividing the 

conduction distance by the latency after the electrical stimulation artifact. The fiber types 

were classified according to their conduction velocity as described in previous studies 

(Harper and Lawson, 1985): > 2.2 m/sec for A fibers and < 1.4 m/sec for C fibers. Following 

injection of SP into PC6 acupoints, single fiber recordings from 15 afferent fibers (9 A- and 

6 C-afferents) in 15 rats were carried out before and during acupuncture stimulation for 10 

sec with the MAI.

2.11. Extracellular recordings of wide dynamic range (WDR) neurons in the spinal cord

Rats were anesthetized with an intraperitoneal injection of urethane (1.5 g/kg). A 

laminectomy was performed to expose the spinal cord of C5-T1 level. The rat was placed in 

a stereotaxic apparatus, and the spinal cord was bathed in a pool of mineral oil. The body 

temperature was kept constant at 37 °C using a feedback-controlled DC heating pad. An 

extracellular recording was made for the WDR neurons in the dorsal horn, as described 

previously (Kim et al., 2015). Cells were recorded using a carbon filament glass 

microelectrode (0.4–1.2 MΩ, Carbostar-1, Kation Scientific, USA) mounted on an electronic 

micromanipulator. Spontaneous discharges were amplified and filtered between 300 Hz and 

10 kHz (ISO-80; World Precision Instruments, USA). The single unit activity from the 

discharges was isolated, recorded and analyzed via a CED 1401 Micro3 device and Spike2 

software (Cambridge Electronic Design). Deep WDR neurons were identified at recording 

depths of 500 to 1000 μm, according to the atlas compiled by Paxinos and Watson (Paxinos 

and Watson, 2007). Wide dynamic range (WDR) neurons were recognized based on their 

responses to both innocuous and noxious mechanical stimuli in a sensitive area near the PC6 

or HT7 acupoints, most of which showed neurogenic inflammation in IMH rats. Brush 

stimuli and a set of von Frey filaments (Semmes-Weinstein Monofilaments; North Coast 

Medical, USA) were used to identify the dorsal horn neurons. WDR neurons with receptive 

fields located on the surface of the ipsilateral forepaw were recorded extracellularly. 

Specifically, as stimuli gradually progressed from non-noxious to noxious in intensity, each 

neuron that responded to the stimuli with a gradual increase in firing rate was classified as a 

WDR cell. After the receptive field of a WDR neuron was examined, graded mechanical 

stimuli were generated with non-noxious (2, 8.5 and 15 g forces) and noxious (60 g force) 

von Frey filaments (VFFs). All stimuli were applied at a rate of once per second for 10 sec 

with a 20 sec interval between stimuli. Background activity was recorded with VFFs with 2, 
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8.5, 15, and 60 g forces before the administration of treatment. The discharges of the WDR 

neurons were recorded 5 min, 10 min, and 30 min after administration of saline, SP, SP 

receptor antagonist, and/or acupuncture treatment into receptive fields or Neuro-Sps. A total 

of 59 WDR neurons were recorded from 59 rats.

2.12. In vivo extracellular single-unit recordings of rostral ventrolateral medulla (rVLM) 
neurons

Single-unit discharges of rVLM neurons were recorded in anesthetized rats, as described 

previously (Shin et al., 2020). In brief, 1 h after immobilization with a cone-shaped 

polyethylene bag, rats were anesthetized with an intraperitoneal injection of urethane (1.5 g/

kg). A carbon-filament glass microelectrode (0.4–1.2 MΩ, Carbostar-1, Kation Scientific) 

was stereotaxically advanced to the rVLM (stereotaxic coordinates: posterior, −11.96 ~ − 

12.80 mm; lateral, 1.9 ~ 2.4 mm; deep, 9.8 ~ 10.6 mm). Single-unit activity from the 

discharges was discriminated, recorded, and analyzed via a CED 1401 Micro3 device and 

Spike2 software (Cambridge Electronic Design). After recording stable baseline for at least 

5 min, either saline (n = 8), CP-99994 (n = 8; 30 μL, s.c.) or CAP was injected into Neuro-

Sps near the PC6 acupoint area at the wrist and recordings were collected for 5 min. 

Acupuncture stimulation with MAI at Neuro-Sps was then applied for 2 min to Neuro-Sps 

and the single-unit discharges were recorded for a further 5 min. Additionally, the effects of 

intradermal injection of capsaicin (CAP; 0.05%) into PC6 acupoint on single-unit discharges 

of rVLM neurons was tested in normal rats (n = 7). Upon completion of the recordings, the 

recording sites were marked by passing a 0.35 mA anodal current for 8 sec. The brains were 

removed, post-fixed, cryo-sectioned into 30 μm thick sections and stained with toluidine 

blue and examined under a light microscope (N-200 M, China).

2.13. Statistical analysis

Statistical analysis was carried out using SigmaStat 3.5 software (Systat Software Inc., IL, 

USA). All data are presented as the mean ± SEM (standard error of the mean) and analyzed 

by repeated measures of one or two-way analysis of variance (ANOVA) with Tukey post hoc 

tests or paired or unpaired t-tests, where appropriate. Statistical significance was denoted at 

p < 0.05.

3. Results

3.1. Development of neurogenic inflammation at acupoints following Immobilization-
induced hypertension

First, we explored whether some acupoints displayed neurogenic inflammation in IMH rats. 

After the initiation of restraint, the systolic blood pressure (BP) gradually increased over the 

next 2 h (two-way repeated ANOVA; group F(1,5) = 116.31, p < 0.001; time F(12,60) = 

16.725, p < 0.001; interaction F(12,60) = 15.879, p < 0.001; Fig. 1A, B) in IMH rats 

compared to naïve rats (Control, n = 6). Cutaneous neurogenic inflammatory sites 

(neurogenic spots or Neuro-Sps) began to appear, commonly at acupoint PC6, within 1 min 

after IMH induction. The color intensity at each of the acupoints gradually began to deepen 

and was fully saturated within 15 min after IMH and was significantly different when 

compared to the skin of naïve rats (two-way repeated ANOVA; group F(1,4) = 22.206, p = 
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0.009; time F(17,68) = 5.836, p < 0.001; interaction F(17,68) = 6.092, p < 0.001; Fig. 1C, D). 

Neuro-Sps were found in the acupoints of the forelimb such as PC6 (n = 9 out of 12 sites) 

and HT7 (n = 8) and in the acupoints of the hind limb such as LR2 (n = 3), LR3 (n = 4), 

BL65 (n = 5) and BL66 (n = 4). In another set of animals, EBD was administered via jugular 

vein, but not tail vein, in IMH rats (n = 6). The Neuro-Sps were found in the forelimb and 

hind limb of IMH rats (in Supplementary Fig. 1) in a similar manner to that seen in tail vein 

injection. In vivo fluorescence imaging further confirmed the occurrence of the Neuro-Sps 

(Fig. 1E), suggesting that acupoints are most frequently located on the wrist and they exhibit 

the full development of cutaneous neurogenic inflammation within 15 min after IMH. 

Further, these effects represent early-stage cutaneous changes in acupoint tissue resultant 

from IMH. To further test the involvement of axon reflex in the occurrence of Neuro-Sps, 

peripheral nerves (median/ulnar nerves) were cut to block the axon reflex as described 

previously (Willis et al., 2000), and the numbers of Neuro-Sps following IMH induction 

were compared between nerve injury (n = 6) and sham (n = 6) groups. The result showed 

that resection of median/ulnar nerves prior to IMH induction significantly reduced the 

number of Neuro-Sps compared to sham-operated IMH rats (Supplementary Fig. 2), 

suggesting the mediation of axon reflex by antidromic stimulation of sensory nerves.

3.2. Increased substance P in neurogenic spots

To examine the increased release of SP from afferent nerves in Neuro-Sps, 

immunohistochemical detection of SP was performed on tissue samples from wrist areas of 

naïve (Control) and IMH rats (Fig. 2A, B). IMH rats (Hypertension, n = 6) showed enhanced 

SP expression in Neuro-Sps compared to control rats (n = 6; one-way repeated ANOVA, 

F(2,10) = 37.404, p < 0.001; Fig. 2B). Furthermore, the increase of SP in acupoints of IMH 

rats was not observed in non-acupoint areas (data not shown). To further determine whether 

acupuncture itself can increase SP release, MAI acupuncture stimulation was applied to the 

wrist area for 20 sec at 1 min-intervals for a total of 10 min in naïve rats (n = 6), revealing 

the enhanced expression of SP in the acupuncture-stimulated skin (Fig. 2C).

3.3. Mediation by substance P of the inhibitory effects of acupuncture on the 
development of hypertension

To explore whether SP is involved in the effects of acupuncture on hypertension, we injected 

either vehicle (saline) or the SP receptor antagonist CP-99994 into Neuro-Sps over the wrist 

(mostly, PC6) 20 min prior to acupuncture in IMH rats. Acupuncture needles were inserted 

into bilateral Neuro-Sps and stimulated for 20 sec at 1 min-intervals for a total of 10 min. 

Acupuncture at Neuro-Sps near the wrist, but not the nearby points SI5, prevented or 

reduced the elevation of blood pressure following restraint (Fig. 3A), which was prevented 

by pretreatment with CP-99994, but not vehicle at Neuro-Sps (two-way repeated ANOVA; 

group F(2,8) = 13.688, p = 0.003; time F(12,48) = 56.646, p < 0.001; interaction F(24,96) = 

1.768, p = 0.028; Fig. 3A). CP-99994 itself did not affect the development of hypertension 

(CP-99994 group in Fig. 3A). In another set of animals, the blockade of neurogenic 

inflammation at Neuro-Sps by CP-99994 was confirmed by 3D skin imaging (Fig. 3B) and 

measurement of the EBD concentration in the skin (one-way repeated ANOVA, F(2,13) = 

14.429, p < 0.001; Fig. 3C), indicating that the blockade of neurogenic inflammation by an 
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SP receptor antagonist prior to acupuncture prevented the inhibitory effects of acupuncture 

on hypertension.

To determine whether an artificial increase in the SP level at acupoints generates 

acupuncture-like effects, subcutaneous injections of SP into Neuro-Sps were carried out in 

IMH rats. While IMH rats given vehicle developed hypertension, SP injection into Neuro-

Sps near the wrist significantly inhibited the development of hypertension and mimicked 

acupuncture’s effect (SP: two-way repeated ANOVA; group (1,4) = 7.746, p = 0.05; time 

F(12,48) = 21.941, p < 0.001; interaction (12,48) = 2.976, p = 0.004; Fig. 3D).

It is known that capsaicin (CAP) induces the release of SP from primary afferent fibers 

(Purkiss et al., 2000). To further confirm that the elevation of SP levels in Neuro-Sps leads to 

the effects of acupuncture, we evaluated the effects of CP-99994 injections into Neuro-Sps. 

The subcutaneous injection of CAP mimicked the inhibitory effect of acupuncture or SP on 

the development of hypertension in IMH rats, which was prevented by pretreatment with 

CP-99994 (CAP: two-way repeated ANOVA; group F(1,4) = 34.336, p = 0.004; time F(12,48) 

= 84.843, p < 0.001; interaction F(12,48) = 4.768, p < 0.001; Fig. 3G). In another set of 

experiments, we determined the levels of plasma extravasation 2 h after the injection of 

vehicle (n = 9) or SP (n = 9) in naïve and IMH rats and found significantly higher levels of 

plasma extravasation in wrist acupoints of SP-injected rats than in those of vehicle-injected 

rats, as shown in 3D skin images (Fig. 3E), and as assessed by spectrophotometry of EBD 

concentration (t-test, p < 0.001; Fig. 3F). These effects were replicated by the injection of 

CAP (Fig. 3H,I) into Neuro-Sps in naïve and IMH rats. Overall, these results suggest that 

the local release of SP in Neuro-Sps is closely linked to the effects of acupuncture.

3.4. Enhancement by substance P of acupuncture-induced afferent fiber activation

To determine whether SP increases the sensitivity of primary afferent fibers to acupuncture, 

single fiber recordings of peripheral nerves were performed in 15 somatic afferent neurons 

innervating the wrist area in 15 naïve rats (Fig. 4B). Among the 15 somatic afferents, 9 A- 

and 6 C-fibers were recorded. When the acupuncture needle was inserted into the wrist and 

mechanically stimulated with the MAI (Fig. 4A), the rats given intradermal SP into the 

receptive field over the wrist showed a 2-fold increase in A-fiber afferent discharges (70.89 

± 1.15 impulses/sec) compared to the rats in the vehicle group (33.33 ± 0.71 impulses/sec; t-
test, p < 0.001; Fig. 4C1–3). The activity of C-fibers during acupuncture stimulation was 

also examined following intradermal SP injection. The intradermal injection of SP increased 

C-fiber afferent discharges by almost 3-fold compared to vehicle group (7.93 ± 0.26 vs. 

21.72 ± 0.79 impulses/sec; t-test, p < 0.001; Fig. 4D1–3), suggesting that the increased 

levels of SP enhanced the sensitivity of both somatic A- and C-afferents to acupuncture 

stimulation and significantly enhanced acupuncture signaling.

3.5. Substance P-induced enhancement of spinal WDR neuron activity

Next, we explored whether the activity of spinal dorsal horn neurons was enhanced by 

intradermal SP injection in normal rats and reversed by the subcutaneous injection of an SP 

receptor antagonist, CP-99994, into neurogenic acupoints in IMH rats. In addition, we 

investigated whether the activity of spinal dorsal horn neurons was activated by acupuncture 
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treatment in normal rats and this effect was blocked by the subcutaneous injection of 

CP-99994 into the receptive field over the wrist. The responses of dorsal horn WDR neurons 

to mechanical stimuli were compared after injection with either saline (n = 11) or SP (n = 9) 

in normal rats. Neurons in the spinal dorsal horn responded well to a variety of mechanical 

stimuli, including the stroking of the skin with a brush and repeated applications of von Frey 

filaments (VFFs) with non-noxious (2, 8.5, and 15 g) bending forces and noxious (60 g) 

bending forces. All recorded WDR neurons responded to progressively increasing VFF 

stimulation (bending forces of 2, 8.5, 15, and 60 g) applied to the receptive fields. 

Representative examples are shown in Fig. 5B–I. In the saline group, the mean activity of 

the WDR neurons was 10.45 ± 1.20, 10.72 ± 1.59, 10.46 ± 1.60, and 10.97 ± 1.66 spikes/sec 

in response to a 60 g VFF-induced bending force at before, 5 min, 10 min and 30 min, 

respectively. On the other hand, intradermal SP injection resulted in significantly increased 

evoked activity in response to a 60 g bending force (5 min, 19.16 ± 2.03; 10 min, 20.96 ± 

2.62; 30 min, 22.29 ± 2.09 spikes/sec, respectively) compared to that observed in the saline 

group (one-way repeated ANOVA, 5 min: F(1,8) = 7.942, p = 0.023; 10 min: F(1,8) = 24.551, 

p = 0.001; 30 min: F(1,8) = 20.332, p = 0.002; Fig. 5B, C, J). However, there were no 

differences in the WDR discharge rates in response to bending forces of 2, 8.5 and 15 g 

between the saline and SP groups (Supplementary Fig. 3). This suggests that SP increased 

the mechanical sensitivity to noxious stimulation, but not non-noxious stimulation.

When the activity of WDR neurons was compared between subcutaneous injection of saline 

and CP-99994 into the Neuro-Sps in IMH rats, the injection of the SP receptor antagonist 

CP-99994 into Neuro-Sps (PC6 acupoint area) in IMH rats reduced the level of WDR 

discharges compared to saline treatment (one-way repeated ANOVA, 5 min: F(1,5) = 8.804, p 
= 0.031; 10 min: F(1,5) = 8.689, p = 0.032; 30 min: F(1,5) = 11.536, p = 0.019; Fig. 5D, E, J). 

The mean activity of WDR neurons was 21.96 ± 0.25, 9.78 ± 0.71, 7.46 ± 0.35, and 7.65 ± 

0.78 spikes/sec in response to 60 g of von Frey filament bending force at before and 5 min, 

10 min and 30 min after the injection of an SP receptor antagonist, respectively. This result 

suggests that blockade of SP by CP-99994 at Neuro-Sps inhibited the WDR activities in 

IMH rats.

Next, to determine if the evoked activity of WDR neurons was activated by acupuncture 

stimulation and blocked by an intradermal CP-99994 injection. We tested the effects of 

subcutaneous injection of CP-99994, which resulted in significantly decreased evoked 

activity in response to a 60 g bending force (5 min, 12.63 ± 1.88; 10 min, 11.84 ± 1.19; 30 

min, 13.03 ± 1.28 spikes/sec, respectively) compared to that observed in the saline-Acup 

group (one-way repeated ANOVA, 5 min: F(1,5) = 38.288, p = 0.002; 10 min: F(1,5) = 8.934, 

p = 0.03; 30 min: F(1,5) = 9.868, p = 0.026; Fig. 5F, G, J). Moreover, the evoked activity of 

WDR neurons was enhanced by acupuncture stimulation, which was suppressed by 

CP-99994 in IMH rats (60 g bending force; one-way repeated ANOVA, 5 min: F(1,5) = 

9.100, p = 0.03; 10 min: F(1,5) = 7.814, p = 0.038; 30 min: F(1,5) = 9.923, p = 0.025; Fig. 5H, 

I, J). This indicates that acupuncture effects on the activity of WDR neurons are associated 

with SP. Overall, these data indicate that increased SP release in acupoints enhanced 

mechanical sensitivity to noxious stimuli such as needles.

Fan et al. Page 10

Brain Behav Immun. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.6. Inhibition by substance P receptor antagonist of acupuncture-induced rVLM 
neuronal activation

Finally, to determine whether acupuncture at Neuro-Sps excites rVLM neurons, known as an 

important site for cardiovascular regulation (Sved et al., 2003), and if acupuncture effects on 

rVLM neurons might be inhibited by subcutaneous injection of an SP receptor antagonist in 

Neuro-Sps prior to acupuncture, we performed in vivo extracellular recording of rVLM 

neurons and tested the effects of Neuro-Sp injection of CP-99994 on rVLM excitability. 

When acupuncture stimulation at Neuro-Sps near the wrist was applied for 2 min, single-

unit discharges increased up to about 130% over baseline and returned to baseline 2 min 

after stimulation (Fig. 6A). On the other hand, acupuncture treatment after subcutaneous 

injection of CP-99994 into Neuro-Sps prevented the increase of the firing rates of rVLM 

neurons following acupuncture stimulation (Fig. 6B), compared to that of MAI treatment 

after saline injection (in IMH rat, one-way repeated ANOVA, F(2,14) = 23.382, p < 0.05; Fig. 

6C).

To further confirm that the elevation of subcutaneous SP levels in Neuro-Sps is associated 

with the rVLM activation following acupuncture, we injected CAP into Neuro-Sps to induce 

SP release and measured the excitability of rVLM neurons. The subcutaneous injection of 

CAP mimicked the excitatory effect of acupuncture in naïve rats (t-test, p < 0.05; Fig. 6D, 

E), suggesting that the increased levels of SP in acupoints contributed to enhanced firing 

activities of rVLM and generated acupuncture effects in IMH rats.

4. Discussion

Acupoints near the wrist showed increased neurogenic inflammation following the 

development of hypertension. The Neuro-Sps showed increased SP release from the afferent 

nerve. The stimulation of Neuro-Sps inhibited the development of hypertension, which was 

reversed by the local injection of an SP receptor antagonist into Neuro-Sps prior to 

acupuncture. These acupuncture effects were also mimicked by the direct injection of either 

SP or CAP into the Neuro-Sps. Single fiber recording of peripheral nerve fibers revealed that 

the local injection of SP into Neuro-Sps increased the sensitivity of A- and C-fibers in 

response to acupuncture stimulation. The discharge rates of spinal WDR neurons to VFFs 

stimulation of Neuro-Sps were increased in IMH rats compared to those in normal rats, 

which was blocked by the injection of the SP receptor antagonist CP-99994. The WDR 

activity was elevated following intradermal SP treatment or acupuncture stimulation in naïve 

or IMH rats. In addition, stimulation of Neuro-Sps increased rVLM neuronal activity in the 

midbrain, which was blocked by injection CP-99994 into Neuro-Sps prior to acupuncture 

and mimicked by the local injection of CAP, suggesting that elevated SP levels in acupoints 

critically contribute to the triggering of acupuncture signals and the generation of 

acupuncture effects.

Our previous studies showed that in rat models of hypertension or colitis, the skin over 

acupoints exhibits neurogenic inflammation due to the viscerosomatic convergence of 

sensory pathways suggesting that acupoints appear to be identical to cutaneous neurogenic 

inflammation spots (Neuro-Sps) on the skin (Kim et al., 2017, 2006). Consistent with our 

previous study (Fan et al., 2018), the present study showed that cutaneous neurogenic 
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inflammation manifested in acupoints, such as PC6 on the wrist in IMH rats, a common 

treatment site for cardiac disorders (Li et al., 2012) or others that have been shown to be 

effective for cardiovascular disorders (He et al., 2017; Longhurst and Tjen, 2013). 

Consistent with our previous study (Kim et al., 2017), Neuro-Sps were observed most 

frequently in the acupoints of distal extremities and also found in other areas such as thigh 

and lower back. High prevalence of the spots on distal extremities may be due to high 

density of sensory innervation in distal extremities (Blake et al., 2002). It has been proposed 

that acupoints have a dynamic nature; their appearance varies in response to individual 

pathological conditions (Dung, 2013). It has been unclear how quickly acupuncture points 

appear under pathological conditions. In the present study, neurogenic inflammation began 

to appear in acupoints within 1 min after the IMH procedure and had fully developed within 

15 min and was maintained during IMH. This suggests that the topical changes in acupoints 

preceded the onset of pathological conditions and were maintained during the pathological 

condition.

The small diameter nociceptive afferents can be classified as the peptidergic and the non-

peptidergic (Alvarez and Fyffe, 2000). As the peptidergic afferents possess the 

neuropeptides SP and CGRP, activation of the peptidergic induces the release of SP and 

CGRP into the periphery (Richardson and Vasko, 2002; Schmelz and Petersen, 2001). These 

neuropeptides play a role in neurogenic inflammation in the skin by activating vasodilation, 

axon reflex flare, and microvascular plasma extravasation (Schmelz and Petersen, 2001; 

Wesselmann and Lai, 1997). In the present study, Neuro-Sps over the wrist showed 

significant increases in SP levels in epidermis and dermis, involving areas expressing PGP 

9.5 (a nerve terminal marker) in IMH rats, suggesting that primary afferent fibers are 

activated during the development of hypertension, which induces the release of SP from the 

activated afferent fibers in Neuro-Sps. Moreover, peripheral sympathetic function appears to 

be increased during the development of immobilization-induced hypertension (Lamprecht et 

al., 1973; Nankova et al., 1996). The interaction between primary afferent neurons and 

sympathetic neurons can take place proximal and/or distal to the neurovascular junction and 

is responsible for sympathetic modulation of neurogenic inflammation (Häbler, 2007). 

Between the development of hypertension and SP release in Neuro-Sps, the sympathetic 

nervous system may also be involved. Consistent with the present data (Fig. 2), previous 

studies reported that acupuncture induced the release of SP from the peripheral terminals of 

primary sensory neurons in rats (Kashiba and Uedo, 1991) and dogs (Chang et al., 1998). 

However, little is known about the relationship between SP in acupoints and the effects of 

acupuncture. In the present study, acupuncture produced inhibitory effects on the 

development of hypertension, and these effects were replicated by the intradermal injection 

of SP into Neuro-Sps. In contrast, the pretreatment of Neuro-Sps with an SP receptor 

antagonist prior to acupuncture abolished the effects of acupuncture on hypertension. The 

present data further confirmed that the injection of CAP, which is known to release SP from 

afferent fibers (Purkiss et al., 2000), into Neuro-Sps prevented the development of 

hypertension. These results suggest that SP is an important neuropeptide for the generation 

of acupuncture effects.

In somatic areas affected by referred pain from viscera, Neuro-Sps are generated by the 

activation of small diameter sensory afferents (C/Aδ-fibers) in the dermatome that are 
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convergent with visceral afferents (Arendt-Nielsen et al., 2008; Wesselmann and Lai, 1997). 

Sensory neurons are branched, with one projection leading to the internal organs and the 

other extending to the skin. Our previous study found convergent dorsal root ganglion 

neurons that innervated both the heart and Neuro-Sps (Kim et al., 2017). The visceral inputs 

activate the viscerosomatic convergent neurons in the sensory pathway, and the neurons 

antidromically activate the branches, leading to the release of SP from small diameter 

sensory fibers and subsequent neurogenic extravasation (Arendt-Nielsen et al., 2008; 

Wesselmann and Lai, 1997) and sensitization of primary afferent nociceptors (Sahbaie et al., 

2009). In the present study, neurogenic inflammation in acupoints appeared at the beginning 

of and continued until the end of the development period of hypertension in IMH rats, and 

the Neuro-Sps showed increased SP release. Furthermore, our single fiber recordings 

showed increased needle sensitivity in the Neuro-Sps following pretreatment with SP. In our 

in vivo extracellular recordings, the evoked responses of WDR neurons in the spinal dorsal 

horn were greatly enhanced by the injection of SP into Neuro-Sps in normal rats or 

immobilization-induced hypertension (IMH) rats, which was reversed by the injection of 

CP-99994 (SP receptor antagonist) in the IMH rat model. It has been suggested that active 

acupoints are associated with tissues where the sensory nerve endings are sensitized by 

neurogenic inflammatory mediators (He et al., 2017; Rong et al., 2013). Given that the 

sensitized sensory nerve endings are more sensitive to external stimuli than intact sensory 

nerves, we suggest that sensory nerve endings in acupoints would be sensitized by SP 

released during neurogenic inflammation in IMH rats. Accordingly, the stimulation of these 

sensitive acupoints would evoke the therapeutic effects of acupuncture by reaching 

physiological thresholds more easily when comparable to those associated with the 

stimulation of normal surrounding tissues, including sham or inactive acupoints.

Intradermal SP enhanced single fiber activity and the excitability of spinal WDR neurons in 

response to noxious mechanical stimulation. Moreover, the excitability of spinal WDR 

neurons induced by the stimulation of Neuro-Sps was reversed by the subcutaneous injection 

of the SP receptor antagonist prior to acupuncture. This suggests that elevated SP primarily 

sensitizes acupoints at the level of the dermatome, not the spinal level, and the SP in turn 

stimulates the onset of acupuncture effects, and its action is largely dependent on the 

cutaneous SP level. However, it is not clear how SP induces acupuncture effects in the skin. 

As one possible explanation for the role of SP in acupuncture effects, the interaction of SP 

and NK1R in keratinocytes may be considered. The released SP triggers a number of 

biological responses by stimulating the tachykinin NK1R. SP has been shown to regulate the 

production of cytokines, including IL-1β, IL-6 and TNF-α (Dallos et al., 2006), in skin 

keratinocytes. As these cytokines have also been linked to acupuncture effects (Zhang et al., 

2012), we suggest that stimulation with acupuncture needles induces the release of SP from 

sensory afferent terminals and in turn generates cytokines by activating NK1 receptors in 

keratinocytes, which induces acupuncture effects. Another possible explanation is the 

interaction of SP and mast cells. A previous study suggested that acupuncture increases the 

levels of neuropeptides such as SP in subepidermal nerve fibers and activates mast cells. The 

mast cells aggregate and degranulate, which is accompanied by the release of tryptase and 

serotonin, and this may contribute to the initiation of acupuncture signals to generate the 

effects of acupuncture (Chen et al., 2018).

Fan et al. Page 13

Brain Behav Immun. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Intradermal SP induced a 2-fold increase in afferent A-fiber activity and a 3-fold increase in 

afferent C-fiber activity, respectively, compared to those of control groups, indicating that 

intradermal SP increased both A- and C-fiber activities to the similar extent. Although the 

most convincing evidence for a role of SP comes from studies on the C fibers, it is also 

known that 20–30% of Aδ-fibers contain SP (Lawson et al., 1993; McCarthy and Lawson, 

1989). Unfortunately, there are no studies directly investigating the effect of intradermal SP 

on primary afferent A- and C-fiber activity. In one study using co-administration of 

glutamate and SP, the glutamate-induced responses of primary afferent Aδ-or C-fiber 

activities were increased up to about 3-fold by intradermal SP (Zhang et al., 2006). Thus, it 

is likely that increase of A-fiber activity following intradermal SP in the present study is due 

to activation of Aδ fiber via interaction of cutaneous NK1R-SP.

The rVLM plays an important role in regulating sympathetic activity associated with 

cardiovascular function (Sved et al., 2003) and stimulation of the PC6 acupoint significantly 

attenuates visceral sympathoexcitatory reflex responses through activation of opioid 

receptors in the rVLM (Chao et al., 1999; Li et al., 2002; Zhou et al., 2005a). Consistent 

with previous studies (Shin et al., 2020; Zhou et al., 2005b), the present study revealed that 

stimulation of Neuro-Sps near the wrist increased rVLM neuronal activity in IMH rats, 

which was prevented by local injection of SP receptor antagonist into Neuro-Sps. This 

suggests that locally released SP is linked with rVLM neuronal activity following 

acupuncture.

5. Conclusions

In conclusion, our findings suggest that SP released during neurogenic inflammation 

enhances the responses of sensory afferents to the needling of acupoints and serves as an 

important neuropeptide involved in the initiation of acupuncture effects.
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BP Blood pressure
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MAI Mechanical acupuncture instrument

Neuro-Sps Neurogenic spots or neurogenic inflammatory spots

NK1R Neurokinin 1 receptor

PGP Protein gene product

rVLM Rostral ventrolateral medulla

SP Substance P

TRPV1 Transient receptor potential channel, vanilloid subfamily member 1

VFFs von Frey filaments

WDR Wide dynamic range
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Fig. 1. 
Neurogenic inflammation at acupoints in IMH rats. A. Schematic showing the experimental 

procedure used in the rat model of immobilization-induced hypertension (IMH). B. 

Development of hypertension following immobilization restraint stress. In restrained rats, 

systolic blood pressure was significantly elevated, reaching a level consistent with 

hypertension of over 150 mmHg within 1 h, compared to that in un-restrained control rats 

(Control). Asterisks *** indicate significance level p < 0.001 vs. Control. C. The change in 

blue color at a neurogenic spot (Neuro-Sp) in restrained rats. Asterisks *** indicate 

significance level p < 0.001 vs. Control. D. Representative images of blue color changes at 

Neuro-Sps in an IMH rat. E. Representative images of the in vivo fluorescence of Neuro-Sps 

using the IVIS Lumina III system in normal (Control) or IMH rats (Hypertension).
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Fig. 2. 
Increased SP expression at neurogenic spots. A-C. Immunostaining for DAPI, SP, and PGP 

9.5 at normal skin in naïve rats (A), acupoints (Neuro-Sps) in IMH rats (B), and 

acupuncture-stimulated skin in naïve rats (C). Increased SP (green) expression was found at 

Neuro-Sps in IMH rats (B) and acupuncture-stimulated skin in naïve rats (C). DAPI, blue; 

PGP 9.5-positive structures, red; DIC, differential interference contrast. Bar = 50 μm. D. 

Quantification of SP-stained areas (green) in the Neuro-Sps of the wrists of control rats 

(Control, n = 6) and IMH rats (Hypertension, n = 6) and the acupuncture-stimulated skins 

(Acupuncture, n = 6). Asterisks *** signify significance level p < 0.001 vs. Control.
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Fig. 3. 
Effect of neurogenic spot stimulation on the development of hypertension. A-C. Effect of 

pretreatment with CP-99994, an SP receptor antagonist, on the acupuncture-induced 

suppression of hypertension in IMH rats. Acupuncture prevented the development of 

hypertension following immobilization (Vehicle + Acup) compared to that observed in the 

control (IMH only). This effect was abolished by the injection of CP-99994 into Neuro-Sps 

20 min before acupuncture (CP-99994 + Acup) (A). Hashtag # and ampersand & indicates 

significance level p < 0.05 vs. Control (immobilization only); Asterisk * indicates 

significance level p < 0.05 vs. Vehicle + Acup. Acup, acupuncture; CP-99994, injection of 

CP-99994 into Neuro-Sps 20 min without acupuncture; Acup at nearby points, acupuncture 

at SI5 5 mm apart from PC6. Acup at 50 min, acupuncture at 50 min during the development 

of hypertension following immobilization. Three-dimensional (3D) images of Neuro-Sps 

over the skin of the wrist in vehicle + Acup-, CP-99994 + Acup- or CP-99994-treated rats 
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(B) and the concentration of Evans blue dye (EBD) in the skin in the wrist in vehicle + 

Acup-, CP-99994 + Acup- or CP-99994-treated IMH rats (C). Asterisks *** indicated 

significance level p < 0.001 and ** indicated significance level p < 0.01 vs. Vehicle + Acup. 

D-F. Effect of subcutaneous SP at Neuro-Sps on blood pressure in IMH rats. Injection of SP 

into the skin of the Neuro-Sps reduced the development of hypertension compared to the 

injection of vehicle in IMH rats (D). Asterisk * indicates significance level p < 0.05 vs. 

Vehicle. 3D images of Neuro-Sps at the wrist acupoints (skin) in vehicle- or SP-treated naïve 

and IMH rats (E) and the concentration of EBD in the skin in the wrist of vehicle- or SP-

treated naïve and IMH rats (F). Asterisks *** indicate significance level p < 0.001 vs. 

Vehicle. G-I. Effect of the subcutaneous injection of capsaicin into Neuro-Sps on blood 

pressure in IMH rats. Injection of capsaicin (CAP) into Neuro-Sps suppressed the 

development of hypertension compared to the injection of vehicle in IMH rats, and this 

effect was abolished by the injection of CP-99994 into Neuro-Sps 20 min before injection of 

CAP (CP-99994 + CAP) (G). Asterisk * indicates significance level p < 0.05 vs. Vehicle. 3D 

images of Neuro-Sps in wrist acupoints (skin) in vehicle- or CAP-treated naïve and IMH rats 

(H) and the concentration of EBD in the skin in the wrist of vehicle- or CAP-treated naïve 

and IMH rats (I). Asterisks ** indicate significance levels p < 0.01, *** = p < 0.001 vs. 

Vehicle. a.u. = arbitrary unit.
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Fig. 4. 
Response of A- or C-fibers to acupuncture stimulation following intradermal SP injection in 

normal rats. A. Schematic showing the procedure used during acupuncture with the 

mechanical acupuncture instrument (MAI) and single-fiber recordings. B. A representative 

image of single-fiber recording. C. Response of A-fibers to acupuncture stimulation 

following subcutaneous SP injection. A representative histogram (upper) and afferent 

discharges (lower) from the single-unit recording of A-fibers during acupuncture stimulation 

in vehicle- (saline, n = 9, C1) and SP-injected (n = 9, C2) groups. Mean firing rates of A-

fibers during acupuncture stimulation of Neuro-Sps (PC6 area) in saline- or SP-injected 

groups (C3). imp/sec, impulse per second; Asterisks *** indicate significance level p < 

0.001 vs. Vehicle. D. Response of C-fibers to acupuncture stimulation following intradermal 

SP injection. A representative histogram (upper) and afferent discharges (lower) from the 

single-unit recording of C-fibers (n = 6) during acupuncture stimulation in saline-injected (n 
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= 6, D1) and SP-injected (n = 6, D2) groups. Mean firing rates of C-fibers during 

acupuncture stimulation in saline- or SP-injected groups (D3). Asterisks *** indicate 

significance level p < 0.001 vs. Vehicle.
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Fig. 5. 
Response of spinal WDR neuronal activity to intradermal SP injection. A. Experimental 

schedule (upper) and schematic of extracellular recording in the spinal dorsal horn (lower). 

Four different VFFs were applied to the skin over the wrist at before and 5 min, 10 min and 

30 min after treatment (vehicle, SP or CP-99994). VFFs, von Frey filaments. B-C. The 

neuronal activity of WDR neurons in response to non-noxious (VFFs: 2, 8.5, and 15 g) and 

noxious (VFF: 60 g) mechanical stimulation of somatic fields after subcutaneous saline 

injection in normal rats (Saline group, n = 11; B) or subcutaneous SP injection in normal 

rats (SP group, n = 9; C). D-E. The neuronal activity of WDR neurons in response to non-

noxious (VFFs: 2, 8.5, and 15 g) and noxious (VFF: 60 g) mechanical stimulation of somatic 

fields after either saline (Hyper-Saline group, n = 6; D) or CP-99994 injection in IMH rats 

(Hyper-CP group, n = 8; E). F-G. The neuronal activity of WDR neurons in response to non-

noxious (VFFs: 2, 8.5, and 15 g) and noxious (VFF: 60 g) mechanical stimulation of somatic 

fields after subcutaneous saline/CP-99994 injection with acupuncture. Acupuncture 

treatment was performed by using a mechanical acupuncture instrument (MAI) in saline-

injected rats (Saline-Acup group, n = 6; F) or subcutaneous CP-99994 injected rats (CP-

Acup group, n = 7; G). H-I. The neuronal activity of WDR neurons in response to non-

noxious (VFFs: 2, 8.5, and 15 g) and noxious (VFF: 60 g) mechanical stimulation of somatic 
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fields after acupuncture (Hyper-Acup, n = 6; H) or subcutaneous CP-99994 injection with 

acupuncture (Hyper-CP + Acup group, n = 6; I) in IMH rats. J. Mean firing rates of WDR 

neurons in response to 60 g VFF stimuli for 10 sec each at before and 5 min, 10 min, 30 min 

after saline (Saline) or SP (SP) administration in normal rats, saline (Hyper-Saline) or 

CP-99994 (Hyper-CP) administration in IMH rats, saline + acupuncture (Saline-Acup) or 

CP-99994 + acupuncture (CP-Acup) treatment in normal rats or acupuncture (Hyper-Acup) 

or CP-99994 + acupunctrure (Hyper-CP + Acup) treatment in IMH rats. Asterisk * indicates 

significance level p < 0.05.
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Fig. 6. 
Effect of local injection of an SP receptor antagonist, CP-99994, into Neuro-Sps on 

responses of rVLM neurons to MAI acupuncture. A-C. Effect of local injection of an SP 

receptor antagonist, CP-99994, into Neuro-Sps on responses of rVLM neurons to MAI 

acupuncture. Representative histograms showing rVLM neuronal activity following MAI 

acupuncture (A) and pretreatment of CP-99994 + MAI acupuncture (B). C. Mean values of 

firing rates/sec during 2 min after intradermal saline/CP-99994 and MAI at Neuro-Sps, 

expressed as percentage of the pretreatment values (Baseline). Asterisk * indicates 

significance level p < 0.05, and hashtag # p < 0.05. MAI stimulation at PC6 near wrist 

increased the firing rates of rVLM neurons (n = 8; A, C) in IMH rats, while pretreatment of 

SP receptor antagonist CP-99994 prior to acupuncture prevented acupuncture-induced 

activation of rVLM neurons in IMH rats (n = 8, B, C). D, E. Effect of intradermal injection 

of capsaicin into Neuro-Sps on rVLM neuronal activities in normal rats. In vivo extracellular 

recordings from rVLM neurons (D) and mean values of firing rates/sec during 1 min before 

and after intradermal injection of capsaicin into the wrist Neuro-Sps, expressed as 

percentage of the pretreatment values (Baseline) (E). Asterisk *p indicates significance level 

p < 0.05. F. A representative picture of rVLM lesion stained by toluidine blue.
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