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ABSTRACT 

 

Osteosarcoma (OSA) is a devastating form of musculoskeletal cancer that most 

commonly results in death due to pulmonary metastatic disease. It is a rapidly 

growing, aggressive bone neoplasm, which accounts for up to 85% of all 

malignant bone tumors in small animals and about 400 new cases per year in 

humans. Clinically, acupuncture and electroacupuncture (EA) have been used in 

human and veterinary medicine mainly as adjunct therapies. The anti-

inflammatory, immune-boosting, and analgesic effects of electroacupuncture 

(EA) are well-documented in a variety of animal models and human patients. A 

number of studies suggest that females have lower pain thresholds than males. 

In this regard, central c-fos expression was higher in females with chronic pain 

syndromes, and recent experiments in our lab suggest a trend toward differential 

spinal cord c-fos expression in tumor-bearing females versus males. However, 

males are more predisposed to developing OSA, and because of this 

susceptibility, it is to be expected that they exhibit faster growing, larger, and 

more painful tumors than females. To date, there are no studies investigating the 

gender effects of EA on OSA pain and tumor growth. Moreover, EA has never 

been investigated as sole therapy in a mouse model of bone cancer.  

We studied the effects of EA in Balb-C mice, by implanting K7M2 

osteosarcoma cells into the calcaneus bone of the left hind paw. 

Electroacupuncture (4 Hz) was applied to the Zusanli (ST-36) acupuncture point 

at different time intervals. EA+1: once, 24 hours after tumor implantation. EA+: 

once weekly for 3 weeks. EA++: twice weekly for 3 weeks, starting on day 3 post-

implantation. EA+5: twice weekly for 3 weeks, starting on day 5 post-

implantation. EA+7: twice weekly, starting on day 7 post-implantation. PxEA+: 3 

treatments prior to implantation. Each group was accompanied by a sham 

treatment group (no current). Primary hyperalgesia was evaluated using von Frey 

filaments. Spinal samples underwent avitin-biotin/DAB immunohistochemistry to 

quantify c-fos expression using light microscopy. Tumor size was measured 
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using calipers. Tumor tissue innervation and vascularization were also analyzed 

using confocal microscopy. Statistical comparisons between groups were carried 

out using a Repeated Measures ANOVA (p ≤ 0.05) followed by post-hoc 

Bonferroni analysis where necessary. Primary hyperalgesia was evaluated using 

von Frey filaments applied to the plantar surface of each paw. Tumor size was 

measured using calipers. Vaginal swabs were carried out in female mice to 

determine the stage of the estrous cycle during treatments. 

Tumors in control animals showed a 30.23% growth increase from 

baseline, while EA+ animals exhibited an average tumor growth increase of 

100% or more. Significant reductions in tumor size were seen in mice undergoing 

early and frequent EA treatments (EA++). Hyperalgesia consistently increased 

with tumor growth, although less so in EA-treated mice. Hyperalgesia dropped 

slightly in both males and females on the days EA was performed, but rose again 

24 hours later. Estrous cycles in female mice varied greatly and were not 

synchronized within groups. They showed no correlation to EA or behavioral 

testing, indicating no direct hormonal influence. Tumors tended to grow slightly 

larger in males and resulted in higher von Frey scores and c-fos expression 

across the groups. With few exceptions, there were no significant gender 

differences in tumor growth or von Frey scores.  

The results of this study indicate that early EA treatment has inhibitory 

effects on nociception and tumor growth that are not influenced by gender, while 

late EA treatment actually increases tumor growth.  
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PART I. LITERATURE REVIEW 
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1. INTRODUCTION 

 

I. PURPOSE OF STUDY  

 

The purpose of this study was to examine the effects of electroacupuncture 

administered at the ST-36 (Zusanli) acupuncture point on tumor growth and 

tumor-induced nociception. It served to assess the analgesic effectiveness of 

electroacupuncture for treating bone cancer pain. In addition, it provided a means 

to evaluate electroacupuncture as a novel and singular treatment alternative to 

conventional cancer therapy. The new knowledge gained in this study was 

achieved by correlating the effects of electroacupuncture with gross changes in 

tumor size and localized innervation and vascularization at the tumor site, as well 

as correlating mechanical hypersensitivity responses with the biomarker c-fos, an 

oncogene protein that represents the best global marker for efficiently locating 

populations of neurons in the awake animal that respond to nociceptive input 

(Coggeshall, 2005). 

 

II. SPECIFIC AIMS AND HYPOTHESES  

 

The research presented in this thesis was focused on addressing the following 

questions: 

 

1.  Does electroacupuncture affect tumor growth in mice with 

experimentally-induced osteosarcoma?  

More specifically, this research was designed to elucidate if 

electroacupuncture had a tumor-enhancing or tumor-inhibiting effect, and 

if so, whether this was due to changes in tumor innervation or 

vascularization. 
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2.  Does electroacupuncture reduce nociception in mice with 

experimentally-induced osteosarcoma?  

The research was focused on discovering if different electroacupuncture 

regimens had differential effects on tumor-induced nociception. 

 

3. Does gender influence electroacupuncture effects on tumor growth and 

nociception in mice with experimentally-induced osteosarcoma? 

The gender issue arose because males have been reported to have a slight 

predilection for developing osteosarcoma, but females reportedly have lower 

pain thresholds and increased tumor-induced hypersensitivity. Moreover, 

females have been reported to use acupuncture treatment more often than 

males (Ben-Arye et al., 2009). Thus, the experimental design was developed 

to address the question of gender effects on acupuncture. 

 

The work presented in this thesis is original and there is little literature available 

that addresses acupuncture and cancer. Consequently, it was impossible to 

predict exactly what results to expect. However, based on certain documented 

shared biological mechanisms, it was possible to link electroacupuncture and 

osteosarcoma, and thus, design the experiments in this thesis with the following 

aims and hypotheses in mind. 

 

1. Does electroacupuncture affect tumor growth in mice with 

experimentally-induced osteosarcoma? 

Aim 1: To determine whether electroacupuncture has a tumor-enhancing 

or tumor-inhibiting effect and whether this effect is dependent on 

specific electroacupuncture treatment strategies. 

Hypothesis 1: The inducible cyclooxygenase-2 (COX-2) is 

overexpressed in canine (Mullins et al., 2004) and human (Masi et 
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al., 2007) osteosarcoma cells, implying an inflammatory link 

between inflammation and tumerogenesis (Naruse et al., 2006; Lin 

and Karin, 2007). Electroacupuncture, a proven COX-2 inhibitor 

(Lee et al., 2005a; Lee et al., 2006; Lau et al., 2008) with anti-

inflammatory (Kim et al., 2006) and immune-boosting properties 

(Yu et al., 1998b), has the potential to interfere with osteosarcoma 

growth and development. In this regad we hypothesize that 

electroacupuncture treatment at ST-36 will reduce tumor size 

based on its anti-inflammatory effect.  

Hypothesis 2: Electroacupuncture is considered to be a more 

potent treatment modality than sham or traditional acupuncture 

(Chiu et al., 2003). Thus, we hypothesize that electroacupuncture 

treatment will have a greater anti-tumor effect than non-electrical 

stimulation. 

 

Aim 2: To determine whether electroacupuncture causes changes in the 

innervation and vascularization patterns of osteosarcoma tumors in 

the calcaneous bone of the hindpaw. 

Hypothesis: Tumor metastasis and progression are highly 

dependent on vasculature (Bacci et al., 1998; Harris et al., 1998; 

Hansen-Algenstaedt et al., 2005; Fuhrhop et al., 2009). Tumor 

growth is also associated with changes in innervation (Wacnik et 

al., 2005a). Electroacupuncture induces a variety of peripheral 

vascular effects (Nappi et al., 1982; Ohsawa et al., 1995; Wacnik et 

al., 2005a) and changes in nerve innervation (Takeshige and Sato, 

1996; Carlsson et al., 2006). We hypothesize that 

electroacupuncture will reduce tumor vascularization and 

innervation and that this is one of the mechanisms that result in 

reduce tumor growth.   



4 

 

Aim 3: To determine whether electroacupuncture affects tumor metastasis 

to the lungs.  

Hypothesis:   Even though lung metastases are the inevitable 

consequence of an established tumor (Peltier, 1993; Link and 

Eilber, 1997), to date there have been no studies that elucidate the 

effect of either acupuncture or electroacupuncture on tumor 

metastasis. However, it stands to reason that if electroacupuncture 

has the potential to interfere with tumor growth – as described 

above, then it is also likely to interfere with the tumor‘s ability to 

seed metastases. Recent work also indicates that tumor metastasis 

is influenced by inflammation at the tumor site.  Based on this, we 

hypothesize that electroacupuncture will reduce lung metastases in 

part by reducing inflammation at the tumor site. 

 

2. Does electroacupuncture reduce nociception in mice with experimentally 

induced osteosarcoma?  

Aim 4: To determine whether electroacupuncture applied at ST-36 is 

effective in reducing osteosarcoma-induced mechanical 

hyperalgesia. This aim stems from the reported analgesic and anti-

inflammatory properties of acupuncture and electroacupuncture. 

Hypothesis 1: Tumor growth is associated with changes in 

innervation, specifically the increased number of calcitonin-gene 

related peptide (CGRP)-expressing nerve fibers (Wacnik et al., 

2005a). Furthermore, the ability of osteosarcomas to express COX-

2 (Mullins et al., 2004; Masi et al., 2007), as well as other 

nociceptive mediators such as TNF (Wacnik et al., 2005b), 

endothelin (Wacnik et al., 2001), nerve growth factor (McMahon, 

1996; Sevcik et al., 2005), indicate that inflammatory pain is a 

significant component of tumor-induced pain. Electroacupuncture 
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produces multimodal analgesic effects, such as the activation of 

descending anti-nociceptive pathways and inhibition of multiple 

limbic areas (Wu et al., 1999), the release of endogenous opioids 

both centrally and in the periphery (Zhang et al., 1980; Xi et al., 

1983), as well as the inhibition of proinflammatory COX-2 (Kim et 

al., 2006), TNF and IL-6 (Kavoussi and Ross, 2007). It also 

produces anti-nociceptive effects in line with the gate control theory 

of pain (Ernst and Lee, 1987). We hypothesize that 

electroacupuncture presents a novel multimodal analgesic modality 

that will decrease tumor-induced nociception via an action on 

nerves at the acupoint site that convey acupuncture information to 

the spinal cord to activate local inhibitory circuits as well as 

descending noxious inhibitory control pathways.  

Hypothesis 2: Spinal and cranial c-fos expression was 

successfully correlated to pain transmission and to acupuncture 

activation (Lee and Beitz, 1992 and 1993; Harris, 1998). Based on 

the multimodal analgesic mechanism mentioned above and the 

reported direct inhibitory effect on cranial c-fos expression (Lee and 

Beitz, 1992), we hypothesize that electroacupuncture will decrease 

tumor-induced c-fos expression in the spinal cord dorsal horn. 

 

3. Does gender influence electroacupuncture effects on tumor growth and 

nociception in mice with experimentally induced osteosarcoma? 

Aim 5: To determine whether electroacupuncture analgesia is more 

pronounced in male versus female mice with osteosarcoma-

induced nociception, and whether these gender differences in 

electroacupuncture analgesia are due to the influence of sex 

hormones.  
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Hypothesis 1: The studies on possible gender-related analgesic 

effects of acupuncture, electroacupuncture, or transcutaneous 

electrical nerve stimulation (TENS) are sparse and contradictory 

(Lund and Lundeberg, 2008). Even though males exhibit a slight 

predisposition to develop osteosarcoma (Turrel and Pool, 1982; 

Carpenter et al., 1987), females are attributed with having lower 

pain thresholds than males (Berkley, 1997; Fillingim and Ness, 

2000; Craft et al., 2004). We hypothesize that acupuncture will be 

more effective in male mice than female mice, because female 

mice will exhibit higher tumor-induced nociceptive scores and 

higher blood estrogen levels. 

Hypothesis 2: Since males are predisposed to develop 

osteosarcoma (Turrel and Pool, 1982; Carpenter et al., 1987), we 

hypothesize that male mice will exhibit larger sized tumors than 

females regardless of treatment. 

 

 

III. SIGNIFICANCE OF STUDY  

 

This thesis represents the first study to explore the effects of electroacupuncture 

as a novel treatment alternative for osteosarcoma and osteosarcoma-associated 

pain.  

Acupuncture and electroacupuncture are gaining increased popularity as 

supplemental or supportive therapies, complementing conventional cancer 

treatments (Cassileth et al., 2007; Minton and Higginson, 2007; Lu et al., 2008; 

Mao-Ying et al., 2008). However, neither manual acupuncture nor 

electroacupuncture administered at ST-36 has been evaluated for its potential 

anti-tumor effects in a mouse model of bone cancer. A recent PubMed search 

yielded only one abstract of a study published in Chinese that investigated the 
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effects of electroacupuncture on tumor growth and immune function in rat models 

of liver and gastric cancer, as well as hypodermic tumors (Lai et al., 2008). In this 

study, low-frequency electroacupuncture was administered at ST-36 and other 

acupuncture points for 15 minutes once daily over a period of 15 days. The 

results indicate that the treatment was effective in increasing immune function 

(as indicated by increased levels of IgG and IgM immunoglobulins, as well as 

C4+ and CD4+/CD8+ immune cells) and inhibiting tumor growth. However, in the 

absence of an English language translation and consequent access to details 

about methodology (specifically onset of electroacupuncture sessions after tumor 

implantation) and results, it is difficult to scientifically evaluate either the outcome 

or merits of this study. A PubMed search into the use of (non-complementary) 

electroacupuncture in cancer conditions yielded 2 further studies by a group of 

investigators at the University of Maryland investigating the analgesic effects of 

electroacupuncture administered at the GB30 acupuncture point in a rat model of 

bone cancer pain. In both cases, daily treatments commenced between days 14 

and 18 post-tumor implantation, and the study focused on the effects of 

acupuncture in attenuating bone-cancer-induced hyperalgesia via the inhibition of 

spinal preprodynorphin (Zhang et al., 2008) and spinal interleukin-1 (Zhang et 

al., 2007c). 

Based on a careful search of the existing literature, it is clear that there is 

a deplorable lack of well-controlled and standardized studies evaluating 

electroacupuncture as a stand-alone alternative analgesic or anti-tumor therapy. 

This thesis represents the first study investigating electroacupuncture as the sole 

treatment modality for the primary bone cancer osteosarcoma and the associated 

pain that it induces in a mouse bone cancer model. 
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IV. INTRODUCTION 

 

Osteosarcoma is a devastating form of musculoskeletal cancer that most 

commonly results in death due to pulmonary metastatic disease (Peltier, 1993; 

Link and Eilber, 1997). The biological and genetic mechanisms that contribute to 

the development of this type of cancer are still not completely understood. 

Consequently, current medical therapies are radical and prognoses remain 

guarded. Looking beyond the limits of Western medicine and towards alternative 

and Eastern medical treatments provides an entirely new perspective and novel 

opportunity to study and potentially treat this destructive cancer. The purpose of 

this thesis was to examine the effect of acupuncture treatment on osteosarcoma 

growth, metastasis, innervation and vascularization. 

 

A. Osteosarcoma  

Osteosarcoma is the most common type of bone sarcoma, which mainly affects 

adolescents and young adults (Akiyama et al., 2008; Weber et al., 2008). The 

incidence of osteosarcoma is approximately 400 cases per year in the human 

population of the United States (Ries et al., 1999). The overall 5-year survival 

rate for patients diagnosed between 1974 and 1994 was 63% (59% for males, 

70% for females) (Ries et al., 1999). In dogs and cats, skeletal neoplasms have 

an incidence of 7.9/100,000 (Misdorp and Hart, 1979). Ninety-eight percent of 

these are considered malignant and may be classified as being either primary or 

metastatic. The majority of primary bone tumors are osteosarcomas (Straw, 

1996). Skeletal neoplasms are more common in dogs than in any other species, 

with primary and malignant tumors outnumbering all other types (Slayter et al., 

1994). Osteosarcoma is the most common primary bone tumor in dogs. It is a 

rapidly growing, aggressive bone neoplasm that accounts for approximately 85% 

of all malignant bone tumors (Theilen and Madewell, 1987; Pool, 1990; Ogilvie, 

2001). Overall, osteosarcoma represents approximately 3-6% of all canine 
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neoplasms, with roughly 10,000 new cases of osteosarcoma diagnosed each 

year (Chun and de Lorimier, 2003). The incidence of skeletal neoplasms in cats 

is 4.9/100,000, of which 67-90% may be malignant (Belito et al., 1987). 

Osteosarcomas represent 70-80% of all primary bone tumors and 5-7% of all 

feline neoplasms. It is important to note that this neoplasm targets older animals 

and appears to have no breed predilection (Belito et al., 1987). Males also seem 

to be more predisposed to develop osteosarcomas than females, but these 

reports are controversial (Turrel and Pool, 1982; Carpenter et al., 1987). 

Osteosarcomas are highly metastatic and the most common metastatic sites are 

the lungs and lymph nodes. Metastasis occurs by primary invasion of veins and 

subsequent embolization to the lungs (Peltier, 1993; Link and Eilber, 1997).  

Since the original description of this disease (Peltier, 1993), researchers 

have carried out a great deal of both basic science and clinical research to study 

and understand osteosarcoma. However, while we now have an increased 

capability to diagnose and evaluate osteosarcoma, we still do not have a full 

understanding of the biological and genetic mechanisms that contribute to the 

development of this type of cancer. Recent work has shown that upregulation of 

the cell cycle and downregulation of Wnt signaling have an important role in 

osteosarcoma genesis (Cleton-Jansen et al., 2009. However, while a number of 

recent genomic and proteomic studies have identified altered genes and protein 

expression in osteosarcomas (Cleton-Jansen et al., 2009; Daino et al., 2009; 

Folio et al., 2009; Selvarajah et al., 2009; Thomas et al., 2009), we are still far 

from a solid understanding of the mechanisms that lead to the development of 

osteosarcomas and to the development of osteosarcoma-induced pain.   

Surgical excision still remains the mainstay of therapy in both humans and 

small animals (Shenoy et al., 2008). Moreover, while the combination of modern 

surgery and systemic chemotherapy has improved the treatment of 

osteosarcoma (Akiyama et al., 2008), chemotherapy alone does not significantly 

affect survival rate (Shenoy et al., 2008). Despite the strides made in 

osteosarcoma treatment and diagnosis, our lack of understanding of the basic 



10 

 

mechanisms leading to the development of osteosarcoma has prevented any 

substantial change in treatment or survival over the past 20 years (Akiyama et 

al., 2008). Thus, the long-term prognosis for both canine and human patients 

with osteosarcoma is guarded, and their life expectancies are relatively short.  In 

this regard, the prognosis for patients is highly dependent on a number of factors 

including the size and location of the osteosarcoma, whether it is primary, 

metastatic or recurrent, the tumor stage, the patient‘s age and general health, 

and particularly in the case of small animals, the histological grade, surgery and 

mitotic index (Dimopoulou et al., 2008). 

 

B. Acupuncture and Electroacupuncture 

Acupuncture is a popular complementary and alternative medical modality that is 

used to treat a wide variety of medical conditions both in humans and animals 

(Chan et al., 2001; Lee et al., 2005b). Historically, the earliest written reports on 

the use of acupuncture by Chinese physicians date back to the period of 480-220 

BC. However, there is evidence to suggest that it was practiced as early as 4,500 

years ago (Wu, 1996). Acupuncturists stimulate specific locations on the body 

(acupoints) using needles (acupuncture), touch (acupressure), or heat 

(moxibustion). Traditionally, acupuncture was practiced in the context of 

interactive diagnostic procedures based on complex philosophical laws. One of 

the key Eastern Medicine philosophical concepts underlying the effectiveness of 

acupuncture centers on stimulating the Qi (life force or energy), which is thought 

to flow through the body. In healthy individuals the Qi is balanced between the 

two major forces, Yin and Yang. The Qi flows along meridians, which are 

precisely mapped channels that connect to each other and to the various body 

organs (Mayer, 2000). When the energy flow along these meridians is out of 

balance, disease develops. Acupuncture stimulation of specific points along the 

meridians is thought to restore the proper energy balance. Once considered 

purely a philosophical concept, scientific evidence suggests that meridians are 
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real and consist of blood vessels (traditional), sheets of connective tissue 

(Langevin et al., 2002; Langevin and Yandow, 2002), or nerves (Li et al., 2004).  

While early reports on the positive effects of acupuncture on pain and 

certain disease processes were primarily anecdotal, recent controlled studies 

suggest that acupuncture can indeed relieve pain, reduce inflammation and 

successfully treat certain medical conditions (Napadow et al., 2008). For 

instance, recent systematic reviews of the effect of acupuncture on chronic 

headaches concluded that acupuncture could be a valuable non-pharmacological 

treatment tool (Linde et al., 2009), and that needling acupuncture is superior to 

sham acupuncture and medication therapy in improving headache intensity, 

frequency, and response rate (Sun and Gan, 2008). There is also strong 

evidence that acupuncture can be a useful supplement to other forms of 

conventional therapy for nonspecific lower back pain (Yuan et al., 2008) and for 

the treatment of postoperative pain (Sun et al., 2008). Further support for the 

effectiveness of acupuncture for back pain in dogs with thoracolumbar 

intervertebral disk disease showed that electroacupuncture combined with 

standard Western medical treatment was effective and resulted in shorter time to 

recover than did use of Western treatment alone (Hayashi et al., 2007). Similarly, 

recent research suggests that acupuncture is an important therapy for treating 

neuropathic pain in dogs and cats (Mathews, 2008) and humans (Taguchi, 

2008). On the other hand, many systematic reviews of clinical acupuncture 

studies fail to find convincing evidence that acupuncture relieves pain (Ee et al., 

2008; Madsen et al., 2009; Tough et al., 2008; Wang et al., 2008a). For instance, 

Pittler and Ernst (2008) recently concluded that, ―the evidence is not fully 

convincing for most complementary and alternative medicine modalities in 

relieving neuropathic or neuralgic pain‖. The problem with most clinical studies of 

acupuncture to date relate to methodological issues, including limited sample 

sizes, lack of randomization, inappropriate control groups, and discounting the 

concept of Eastern Medicine philosophy. 
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The use of electrically stimulated needles was first reported in the 1960s 

(Sheng and Chang, 1960; Schwarz, 1966). This electroacupuncture provided the 

statistically most significant surgical analgesia (Leong and Chernow, 1988) when 

compared to traditional acupuncture manual stimulation procedures. The last 

three decades have seen a surge of renewed scientific interest in acupuncture 

and electroacupuncture. Numerous studies strived to identify central and 

peripheral effects of electroacupuncture and acupuncture (Nappi et al., 1982; 

Ohsawa et al., 1995; Yu et al., 1998b; Wacnik et al., 2005a). Several have 

focused on the possibility that acupuncture stimulates endogenous opioids 

(Zhang et al., 1980; Xi et al., 1983; Han et al., 1984). In this regard, at least three 

separate endogenous opioid neuronal systems exist in the brain: enkephalins, β-

endorphins and dynorphins. Acupuncture increases endogenous opioids both 

centrally and peripherally. For example, in patients suffering from brain tumors, 

acupuncture increases the level of opioids in the cerebrospinal fluid (Zhang et al., 

1980). Increases in serum opioids also occur following acupuncture in patients 

with soft tissue pain, acute appendicitis and peri-arthritis (Xi et al., 1983). 

Injection of endorphin antibodies against Met-enkephalin or β-endorphin into the 

periaqueductal gray (PAG) in rabbits resulted in decreases in the analgesic effect 

of electroacupuncture (Han et al., 1984). Moreover, naloxone, a specific opioid 

antagonist, repeatedly reverses the analgesic effects of acupuncture (Pomeranz 

and Chiu, 1976; Mayer et al., 1977). Electroacupuncture also produces an 

immediate, segmental analgesia of short duration that is not mediated by 

endogenous opioids, but rather has been postulated to be based on the gate 

control theory (Ernst and Lee, 1987). It is of interest that one recent theory 

indicates that acupuncture works through potentiation and modulation of a highly 

organized and somatotopic network of endogenous opioids that links 

expectation, attention and body schema (Liu, 2008). In a recent review of the 

neural mechanisms underlying acupuncture analgesia, Zhao (2008) states that, 

―acupuncture analgesia is a manifestation of integrative processes at different 

levels of the central nervous system (CNS) between afferent impulses from pain 

regions and impulses from acupoints‖. He goes on to say that, ―opioid peptides in 
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the arcuate-PAG-NRM-spinal dorsal horn pathway play a pivotal role in 

mediating acupuncture analgesia‖.  Thus, acupuncture and electroacupuncture 

induce their anti-nociceptive effects by several mechanisms resulting in a 

multimodal analgesia. This implies that either treatment represents strong 

competition to Western pharmacological pain intervention. 

 

C. Linking Electroacupuncture and Cancer  

One of the most important complications of osteosarcoma is cancer-induced 

bone pain, which is present in both canine and human patients. 

Except possibly for bisphosphonates, which provide pain relief by delaying 

the progression of bone lesions, there are no current pharmacotherapeutical 

approaches to bone cancer pain that effectively relieve pain without the 

development of side effects or tolerance to the drug, particularly in terminal 

cancer patients (Fan et al., 2007). There is no better reason to look beyond 

existing treatment modalities than their limitations. We need to explore non-

traditional and novel ideas, if we want to find new options in cancer and pain 

therapy. A recent evidenced based review concluded that, ―a great body of data 

emerging from scientifically sound clinical trials proves that defined 

complementary procedures are beneficial for oncology patients‖ (Beuth and 

Schierholz, 2007). However, it is important to differentiate between "alternative" 

therapies, often promoted falsely as viable options to mainstream cancer 

treatment, and complementary therapies, adjunctive, effective techniques that 

treat symptoms associated with cancer and its mainstream treatment. In this 

regard, both Cassileth et al. (2007) and Lu et al. (2008) concluded in recent 

reviews that complementary therapies, including acupuncture, play an 

increasingly important role in the control of symptoms, such as pain, associated 

with cancer and cancer treatment. Thus, from a clinical standpoint, needling 

acupuncture and electroacupuncture are advocated in both human and 

veterinary medicine as adjunct therapies to treat the adverse effects of cancer 

treatment, or to contribute to multimodal pain management (Staud and Price, 
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2006). In support of this approach Zhang et al. (2008) showed that 

electroacupuncture significantly reduced both thermal hyperalgesia and 

mechanical hyperalgesia in a rat model of pain induced by prostatic bone cancer. 

Conversely, neither electroacupuncture treatment alone, nor treatment with 

Celebrex (at a dose of 5 mg/kg/d) alone, had any effect on bone tumor-induced 

mechanical allodynia in a rat model of tibial mammary carcinoma (Mao-Ying et 

al., 2008).  However, when electroacupuncture was combined with 5 mg/kg 

Celebrex their combined use significantly reduced tumor-induced allodynia. 

These studies suggest that further research is necessary to verify that 

acupuncture is effective in treating bone cancer pain and to discover the 

mechanisms underlying the effectiveness of electroacupuncture. Thus, it was an 

important aspect of this thesis to investigate whether electroacupuncture could 

effectively reduce mechanical hyperalgesia in a murine hindpaw model of 

osteosarcoma-induced pain. 

Electroacupuncture applied to the Zusanli (ST-36) acupuncture point 

produces analgesic effects in a rat model of mechanical hyperalgesia (Lee and 

Beitz, 1992) and in a mouse model of chemical hyperalgesia (Chang et al. 2004). 

The same acupoint is popular for its anti-inflammatory effects as demonstrated 

by Kim et al. (2006) in their murine model of air pouch inflammation. In addition, 

electroacupuncture at ST-36 affects interferon- levels and subsequently natural 

killer (NK) cell activity, which suggests immune-boosting effects (Yu et al., 

1998b). Recently, inflammation was linked to tumerogenesis when selective 

COX-2-inhibiting nonsteroidal anti-inflammatory drugs, such as meloxicam, 

exhibited antineoplastic effects in vitro (Naruse et al., 2006; Wolfesberger et al., 

2006). Lin and Karin (2007) extensively reviewed this extraordinary finding. In 

effect, the inducible enzyme COX-2 is overexpressed in canine (Mullins et al., 

2004) and human (Masi et al., 2007) osteosarcoma cells, and electroacupuncture 

significantly decreases COX-2 expression in different models of pain, 

hypersensitivity (Lau et al., 2008) and inflammation (Lee et al., 2005a; Lee et al., 

2006). In addition, in the periphery, deep acupuncture stimulation at ST-36 
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induces a decrease in sympathetic renal nerve activity and mean arterial blood 

pressure in anesthetized rats (Ohsawa et al., 1995).  

Electroacupuncture applied at the ST-36 acupuncture point also 

significantly raises the plasma levels of β-endorphin, β-lipotropin and 

adrenocorticotropic hormone (ACTH) (Nappi et al., 1982). Therefore, it is 

conceivable that any changes in circulation may affect tumor growth. Moreover, 

in hyperalgesic mice, tumors tend to exhibit increased CGRP-immunoreactive 

nerve fibers and reduced vascularization (Wacnik et al., 2005a). Using a pain 

model of tetanized gastrocnemius muscle in guinea pigs, Takeshige and Sato 

(1996) found that needling of the muscle stimulated a variety of sensory nerve 

endings, including those containing CGRP. Twice-weekly treatments with 

acupuncture reduced the number of CGRP-immunoreactive nerve fibers in the 

skin being needled, indicating that the pain-relieving effects of acupuncture 

depend in part on peripheral innervation (Carlsson et al., 2006).  

Thus, it is quite possible that electroacupuncture has the ability to affect 

local vascularization and innervation associated with tumor growth. However, 

neither acupuncture nor electroacupuncture have been investigated adequately 

as sole therapies for cancer pain. More importantly, there are no studies in the 

literature that evaluate the effect of electroacupuncture on osteosarcoma growth 

and metastasis. Therefore, one of the goals of the experiments described in this 

thesis was to evaluate acupuncture as a potential treatment option for 

osteosarcoma-induced pain. 
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2. OSTEOSARCOMA 

 

Although the disease was known since antiquity, the term "sarcoma" was not 

used in medical terminology until 1804, when it was introduced by the English 

surgeon John Abernathy, who derived the word from Greek roots meaning 

"fleshy excrescence" (Peltier, 1993). In 1805, the term ―osteosarcoma‖ was 

coined by Napoleon‘s personal surgeon, Alexis Boyer, who realized that 

osteosarcoma was distinctly different from other bone lesions (Peltier, 1993; 

Rutkow, 1993). He considered the osteosarcoma to be ―a true cancerous 

degeneration of bone‖ (Peltier, 1993). This finding opened the doors to more 

organized and purposeful investigation of the disease. In 1847, the Baron 

Guillaume Dupuytren demonstrated his intimate knowledge of the gross 

pathologic appearance of osteosarcoma when he wrote the following:  

"Osteosarcoma, which is a true cancerous degeneration of bone, 

manifests itself in the form of a white or reddish mass, lardaceous and firm 

at an early stage of the disease; but presenting at a later period, points of 

softening, cerebriform matter, extravasating blood, and white or straw 

colored fluid of a viscid consistence in its interior." (Peltier, 1993) 

The 20th century witnessed great endeavors to build organizations and 

programs dedicated to studying cancer. In 1913, the American Cancer Society 

was founded as the American Society for the Control of Cancer by a group of 

well-known doctors and business leaders in New York City1. This was followed 

by the creation of the Registry of Bone Sarcomas by Ernest Amory Codman in 

1921, which represented a significant step forward into the modern age of 

medicine (Codman, 1924 and 1926). It provided valuable information to individual 

surgeons and physicians, who until then had limited resources to guide them in 

diagnosing, understanding, and treating these daunting tumors. Since then, great 

strides have been taken to study and understand osteosarcomas. Nearly 20 

                                                

1
 www.cancer.org 
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years later the creation of the National Cancer Institute (NCI) was authorized by 

the U.S. Congress in the National Cancer Act of 19372. By the mid 1900s, Henry 

L. Jaffe and his colleague Louis Lichtenstein published seminal textbooks 

devoted to bone pathology, establishing nearly all of the key histological criteria 

used to diagnose bone tumors (Jaffe, 1958; Lichtenstein, 1959). In the early 

1970s, the NCI created a program dedicated to providing information on cancer 

statistics called the ―Surveillance, Epidemiology and End Results (SEER) 

Program‖3. The data generated by this program provides key information on the 

epidemiology of cancers in the United States. 

However, despite all these efforts to gain better insights into the disease of 

cancer, osteosarcoma remains an incompletely understood neoplasm. 

 

 

I. INCIDENCE 

 

From 1975-1995, the SEER Program collected data to establish a compendium 

of statistical trends of childhood cancers and associated risks4. Osteosarcomas 

represented about 56% of primary bone tumors diagnosed in 1,657 children over 

the 21-year period (Ries et al., 1999). In the US, approximately 1,000 to 1,500 

new cases of osteosarcoma are diagnosed annually, 400 of which are in children 

(Ries, et al. 1999). More recent numbers are higher, reporting as many as 560 

new cases of osteosarcoma diagnosed annually in children and adolescents 

(Messerschmitt et al., 2009). In dogs the numbers are dramatically higher still: 

10,000 new canine cases are diagnosed each year (Chun and de Lorimier, 

2003). 

                                                

2
 www.cancer.gov 

3
 http://seer.cancer.gov/index.html 

4
 http://seer.cancer.gov/publications/childhood/ 
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Skeletal neoplasms in small animals have an incidence of 7.9/100,000 

(Misdorp and Hart, 1979). Ninety-eight percent of these are considered 

malignant, and may be classified as being either primary or metastatic. The 

majority of primary bone tumors are osteosarcomas (85%) and to a lesser extend 

(5 to 10%) chondrosarcomas, fibrosarcomas, and hemangiosarcomas (Straw, 

1996). Skeletal neoplasms are more common in dogs than in any other species, 

with primary and malignant tumors outnumbering all other types (Slayter et al., 

1994). Osteosarcoma is the most common primary bone tumor in dogs. It is a 

rapidly growing, aggressive bone neoplasm that accounts for approximately 85% 

of all malignant bone tumors (Theilen and Madewell, 1987; Pool, 1990; Ogilvie, 

2001). Overall, osteosarcoma represents approximately 3-6% of all canine 

neoplasms (Chun and de Lorimier, 2003). Osteosarcomas represent 70-80% of 

all primary bone tumors and 5-7% of all feline neoplasms. The incidence of 

skeletal neoplasms in cats is 4.9/100,000, 67-90% of which may be malignant 

(Belito et al., 1987).  

 

 

II. AGE AND SEX DISTRIBUTION 

 

In humans, osteosarcoma occurs predominantly in children and adolescents, 

although a second peak of incidence is seen in adults older than 65 years of age 

(Miller et al., 1996). Seventy-five percent of all juvenile bone cancer cases, 

including osteosarcoma, arise between the ages of 10 to 19 years (Ries et al., 

1999). The data compiled by SEER indicates that from 5 to 10 years of age, a 

steady rise of incidence rate was observed, which became a steeper rise 

beginning at age 11, with peak incidence at 15 years of age (Ries et al., 1999). It 

appeared that the rising incidence rates as children grew older coincided with 

their pubescent growth spurt. Similarly, this may also explain why large breed 
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dogs are more susceptible than those of smaller breeds (Theilen and Madewell, 

1987; Pool, 1990). 

In small animals, the age distribution is quite different. The mean age of 

occurrence of canine osteosarcomas is 7.5 years, but younger animals are 

frequently affected also (Theilen and Madewell, 1987; Pool, 1990). In cats, the 

mean age of osteosarcoma occurrence is 10 years, although it may range from 

1-20 years (Turrel and Pool, 1982). 

Males exhibit a slightly higher incidence rate of osteosarcoma than 

females, with the male to female incidence ratio ranging from 1.1:1 (Al-Nasrallah 

et al., 2007) to 1.39:1 (Dahlin and Unni, 1986) to 1.5:1 (Rosen et al., 2000). Even 

though the incidence pattern is similar for both genders, SEER reported some 

differences. Specifically, females reached the peak of cancer incidence at age 

13, while males reached their highest rates after age 15.  Male dogs also appear 

to be slightly more predisposed to develop osteosarcoma than females with a 

male to female ratio of 1.2:1 (Theilen and Madewell, 1987; Pool, 1990). In cats, 

the numbers are comparable (1.19:1) (Heldman et al., 2000). However, just as in 

humans, the reports about male predilection are inconsistent and the ratios vary 

(Turrel and Pool, 1982; Carpenter et al., 1987).  

 

 

III. ETIOLOGY 

 

Unfortunately, the exact etiology of osteosarcoma is still unknown (Kunze et al., 

2009). In the SEER program report, Ries et al. (1999) state that ―the current state 

of knowledge regarding the causes of bone cancer is limited. Although directed 

ionizing radiation exposure and a few genetic susceptibility syndromes are 

associated with increased risk of osteosarcoma, to date no factor has emerged to 

explain even a modest proportion of cases.‖   
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A. Known Risk Factors 

Cancer and radiation related. The risk for developing osteosarcoma was 

increased in cancer survivors following radiotherapy for childhood cancer or 

treatment with alkylating agents (Tucker et al., 1987; Newton et al., 1991; 

Hawkins et al., 1996). Adults exposed to high doses of the radioisotope radium 

are also at increased risk (Finkelstein and Kreiger, 1996; Miller et al., 1996).  

Radiation-induced osteosarcoma is a common occurrence. For example, 

in a study investigating 87 dogs undergoing radiation treatment for soft-tissue 

sarcomas, 3.4% developed osteosarcoma 1.7 to 5 years post treatment (Gillette, 

1990). An earlier study found 1 in 4 dogs receiving radiation therapy for oral 

epulides developed osteosarcoma after 78 months (Thrall, 1981).  

 

Genetic. Osteosarcoma is a spontaneously occurring neoplasm, although there 

is evidence of hereditary or genetically determined susceptibility. The increased 

frequency of osteosarcomas in association with certain genetic disorders, such 

as hereditary retinoblastoma (Hansen et al., 1985; Wong et al., 1997) and Li-

Fraumeni syndrome (Li et al., 1988), has led to speculation that disruptions in 

tumor suppressor pathways, specifically RB gene and p53 germline mutations, 

are important in the pathogenesis of osteogenic sarcomas. Dogs with 

osteosarcoma have been found to have aberrations of the p53 tumor suppressor 

gene (Setoguchi et al., 2001), while in laboratory animals, both DNA viruses 

(polyomavirus and SV-40 virus) and RNA viruses (type C retroviruses) also have 

been found to induce osteosarcoma (Theilen and Madewell, 1987).  

Paget‘s Disease, characterized by varying degrees of bone dysplasia and 

deformity, has also been linked to osteosarcoma (Hansen et al., 2006). Pagetic 

osteosarcomas show evidence of alterations in the p53 pathway (Lonardo et al., 

1997) and to have somatic mutations in the RB1 gene.  

Another rare genetic disorder associated with an increased frequency of 

osteosarcomas is Rothmund-Thomson Syndrome, which is caused by mutations 
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in DNA unwinding proteins implicated in maintaining the stability and integrity of 

cellular DNA (Leonard et al., 1996).  

 

Breed predilection. Large and giant breed dogs (>35 lb.) are particularly 

susceptible to osteosarcoma (90%) (Misdorp and Hart, 1979; Ru et al., 1998), 

while this cancer is uncommon in small and medium breeds (Theilen and 

Madewell, 1987). In small breed dogs, osteosarcoma represents about 45% of all 

skeletal neoplasms and occurs more commonly in the femur and tibia (Cooley 

and Waters, 1995). Breeds especially predisposed to development of 

osteosarcoma include Saint Bernards, Rottweilers, Great Danes, Golden 

Retrievers, Irish setters, Doberman Pinschers, and Labrador Retrievers (Straw, 

1996). Although familial occurrences of this cancer are readily identifiable, the 

etiology probably involves both genetic and environmental factors acting in 

concert (Chun and de Lorimier, 2003).  

 

Trauma. Prior damage at the site of tumor development may end in 

osteosarcoma growth (Operskalski et al., 1987). As healing and repair follow 

trauma, a predisposing condition is set for abnormal cell metabolism associated 

with rapid bone growth and for malignant osteoid to develop. Both direct 

malignant changes and indirect effects, such as structural changes in the stroma 

and connective tissue may be involved. A few varied environmental factors have 

been implicated as well, ranging from agricultural farming practices to fertilizers 

and other pesticides (Schwartzbaum et al., 1991; Kristensen et al., 1996). 

Increased trauma associated with large body size and weight, especially 

in the major weight bearing limbs (Steverson et al., 1982) can give rise to 

osteosarcomas. Of the ―fracture-associated sarcomas", osteosarcoma is the 

most common with 85% of spontaneous cases occurring in the diaphysis of the 

bone compared to 95% metaphyseal involvement (Straw, 1996). The femur is 

commonly affected, possibly due to the higher incidence of femoral fractures. 
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Foreign bodies (including metal implants, such as internal fixators, bullets, and 

bone transplants) and serious post-operative complications (especially infection) 

have also been implicated (Steverson et al., 1982).  

Since the median time for osteosarcoma development post trauma is 5.5 

years, the pathogenesis is unclear (Straw, 1996). Possible inciting events include 

chronic cellular repair and regeneration associated with fracture healing and 

osteomyelitis following trauma or infection.  The overactive cell metabolism 

increases the likelihood of mutation and sarcoma formation. Furthermore, metal 

implants may corrode, releasing carcinogenic substances. Similar reactions may 

also occur between dissimilar or incompatible implanted metals.  

 

B. Indeterminate Risk Factors 

A number of other factors have been implicated in causing osteosarcoma, but for 

many of these the evidence is limited or inconsistent. As mentioned earlier, a 

major factor implicated in osteosarcoma development is increased growth rate, 

and while early studies identified height and size as notable risk factors 

(Fraumeni, 1967; Operskalski et al., 1987; Pui et al., 1987), more recent studies 

dispute these findings, reporting no correlation in humans (Gelberg et al., 1997; 

Buckley et al., 1998). In the early 1990s, concerns were raised about fluoridated 

water as a causative of osteosarcoma (Bucher et al., 1991). Since then, the issue 

has been extensively investigated, but the results of numerous studies indicate 

no correlation (McGuire et al., 1991; Young, 1991; Gelberg et al., 1995; Moss et 

al., 1995; Cook-Mozaffari, 1996; Bassin et al., 2006; Eyre et al., 2009).  

Bone infarcts may be the inciting causes of osteosarcoma developing in 

unusual sites or in dogs that do not fit the usual breed, weight, or size 

classification (Dubielzig et al., 1981). It is thought that the medullary bone 

hypoxia following the infarct leads to a chronic reparative process. Although in 

animals the causes of bone infarcts are unknown, in humans they have been 
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associated with iatrogenic trauma, fat emboli, Cushing's disease, hyperviscosity, 

dysbaric conditions, sickle cell anemia, and alcoholism (Dubielzig et al., 1981). 

 

 

IV. PATHOPHYSIOLOGY 

 

As a primary bone cancer, osteosarcoma begins as malignant osteoid tissue in 

the bone from where it may spread to other parts of the body. The areas affected 

are the ones most active during skeletal development and predominate in weight 

bearing. Like most bone cancers, osteosarcoma most frequently affects the 

appendicular skeleton (femur, humerus, and tibia), specifically the long bones of 

the lower limb (Dahlin and Unni, 1986, Pool, 1990). These bones are undergoing 

a fast rate of growth or repair, and are, therefore, highly susceptible to giving rise 

to osteosarcoma. It frequently originates at or near the metaphyseal portions of 

the long bones, which contain bone-forming mesenchymal stem cells 

(Kramarova and Stiller, 1996). Osteosarcoma usually arises in the medullary 

cavity, penetrates the cortex, and extends into the subperiosteum, causing the 

formation of a large soft tissue mass contiguous to the bone. 

Some osteosarcomas (extraskeletal types) arise from the soft tissues or 

visceral organs without the involvement of bone or periosteum (Bardet et al., 

1989) (Patnaik, 1990). This neoplasm targets older animals and appears to have 

no breed predilection in dogs (Patnaik, 1990) or cats (Haldeman et al., 2000). It 

is also highly metastatic and the most common metastatic sites are the lungs and 

lymph nodes. Survival times range from 1 to 6 months. Extraskeletal 

osteosarcoma in humans represents 3-5% of all OSA, with 85% developing in 

the soft tissues of the extremities, especially following trauma or radiation. In 

humans, the incidence of metastasis is 80% and median survival time is 60 

months. The periosteal (juxtacortical) osteosarcoma is a slowly progressive 

tumor of fibroblastic connective tissue that arises from the periosteum with 
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variable amounts of bone and cartilage formation (Withrow and Doige, 1980). 

Found predominantly in the mandible and zygomatic arch, distal tibia, distal 

radius, and occasionally the triceps muscle, this neoplasm is slowly progressive. 

A third type of osteosarcoma (chondroma rodens, multilobular osteoma), is 

multilobular in character and arises from the periosteal elements of the 

membranous bones of the skull (McCall et al., 1989). Morphologically, this tumor 

appears to be benign, but biologically it is metastatic. Median metastasis time is 

14 months and median survival time is 21 months. 

 

A. Histological Findings 

Osteosarcoma is characterized by the presence of osteoid in the lesion, even at 

sites distant from bone (e.g. the lung). This osteoid formation is usually easily 

detected using light microscopy, although electron microscopy occasionally may 

be required to reveal this process. Stromal cells may be spindle-shaped and 

atypical, with irregularly shaped nuclei (Wittig et al., 2002). 

Histologically, osteosarcoma may be distinguished into a number of 

variants, including conventional types (osteoblastic, chondroblastic, and 

fibroblastic), telangiectatic, multifocal, parosteal, and periosteal. This thesis only 

deals with conventional osteosarcoma, which is the most common in childhood 

and adolescence (Klein and Siegal, 2006). 

Telangiectatic osteosarcomas are lytic neoplasms that contain large, 

blood-filled spaces and are seen commonly in adolescence and early adulthood 

(Pignatti, 1991). The parosteal type usually arises from the bone cortex, has an 

intermediate prognosis, and can be seen in childhood or adulthood (Klein and 

Siegal, 2006). It most commonly arises on the distal posterior aspect of the 

femur. Periosteal osteosarcoma is a low- to intermediate-grade tumor that 

typically arises immediately below the periosteum in children. It most frequently 

involves the tibia (Klein and Siegal, 2006). 
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B. Tumor Site 

Human osteosarcoma is diagnosed most frequently in the bones comprising the 

knee, specifically the distal femur (31.79%), proximal tibia (15.46%).  The 

proximal humerus is commonly affected as well, but less frequently than the 

bones of the leg (8.32%) (Dahlin and Unni, 1986). In dogs, osteosarcoma also 

shows a predilection for the appendicular skeleton (Pool, 1990). Approximately 

75% of tumors occur in the long bones, most commonly involving the 

metaphyseal region. Moreover, the forelimbs are more frequently affected than 

hindlimbs. Forty percent of osteosarcoma tumors occur in the distal radius and 

proximal humerus, and to a lesser degree, in order of decreasing frequency, in 

the distal femur, proximal tibia, proximal femur, and distal tibia (Straw, 1996). 

Cats, on the other hand, develop osteosarcoma more frequently in the hindlimb 

rather than the forelimb (Turrel and Pool, 1982; Belito et al., 1987; Carpenter et 

al., 1987). Furthermore, feline osteosarcoma is less metastatic than the canine 

form. As in dogs, osteosarcoma also occurs more frequently in the appendicular 

than the axial skeleton (Belito et al., 1987). 

On occasion, osteosarcomas may also be found to affect the axial 

skeleton, particularly the flat and irregular bones of the skull, especially the 

mandible and maxilla, as well as the ribs, scapula, vertebrae and pelvis (Patnaik 

et al., 1989). The type of osteosarcoma affecting the skull is usually of the 

multilobular type and is observed more commonly in middle-aged dogs. On the 

other hand, axial osteosarcoma appears to be more common in females (Ogilvie, 

2001). Extraskeletal osteosarcoma is rare, but may originate in the visceral 

organs, gonads, skin, or mammary gland (Bardet et al., 1989).  

 

C. Metastasis 

From the long bones, the tumor often metastasizes via the circulatory or 

lymphatic system to other organs, preferentially the lungs (Bacci et al., 1998; 

Harris et al., 1998). According to the classic Multi-Institutional Osteosarcoma 
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Study, more than half of the patients developed metastases within six months of 

diagnosis (Link et al., 1991). 

In the appendicular skeleton, metastasis occurs early and is locally 

destructive and very invasive. Osteosarcoma metastasizes primarily via 

hematogenous routes and rarely through the lymphatics (O‘Brien et al., 1993). 

Metastasis occurs by primary invasion of veins and embolization to the lungs. 

The lung is the most common site for visceral metastases. Other metastatic sites 

include liver, kidneys, amputation sites, but rarely adjacent bones (Jeffree et al., 

1975). Chemotherapy may alter the metastatic pattern, and evidence exists that 

dogs treated with cisplatin after amputation or limb-sparing surgery had more 

bone metastases than control animals (Berg et al., 1992). The reason for this, 

however, is unknown at this point.  

Osteosarcoma of the axial skeleton also causes severe local invasion and 

destruction. However, the incidence of vascular invasion and pulmonary 

metastasis is less than with appendicular osteosarcoma (Patnaik et al., 1989). 

 

 

 

IV. TREATMENT 

 

Because osteosarcoma is a deadly form of cancer, no absolute contraindications 

or limits to treatment exist. And, yet, while modern medicine and research have 

provided the means to diagnose and evaluate, we are still limited to the mainstay 

combination of surgery and chemotherapy.  

Pain is the most common and frequently the first symptom reported by 

patients with osteosarcoma (Scully et al., 2002). Decreased range of motion is 

also common, often in the absence of readily palpable mass. The degree of pain 

can vary between patients and is often determined by the proximity to 
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surrounding nerves or skeletal structures. In addition, bones may weaken and 

fracture easily.  

 

A. Medical and Surgical Treatment 

The use of a variety of effective chemotherapeutic agents expanded dramatically 

in the 1970s and early 1980s (Link et al., 1986). The new generations of 

chemotherapeutics that followed significally improved the treatment of patients 

with osteosarcoma through their ability to treat the micrometastatic disease 

afflicting approximately 80% of patients (Jaffe, 1998). Furthermore, they 

improved in specificity and many are less toxic than their predecessors (Hang et 

al., 2009). Another highlight in the treatment of osteosarcoma was the 

development of a surgical staging system for musculoskeletal sarcomas which 

allowed for an organized approach to both biopsy and definitive tumor resection 

of osteosarcomas and other musculoskeletal sarcomas (Enneking et al., 1980a; 

Enneking et al., 1980b). Amputation is no longer the only surgical solution and a 

number of (novel) limb-sparing and function-preserving approaches, such as 

autologous bone graft, allograft, prosthetic joint reconstruction, rotationplasty, 

and even resection of pulmonary nodules, are possible (Hang et al., 2009). 

However, even though surgical techniques and chemotherapeutics have 

improved over the last 20 and more years, osteosarcoma therapy in itself has not 

substantially changed (Akiyama et al., 2008). The combination of radical 

resection surgery and systemic chemotherapy remain the mainstay treatment for 

osteosarcoma in both humans and small animals (Shenoy et al., 2008). 

Radiation is reserved for palliative therapy; however, no apparent benefits are 

discernable (Hang et al., 2009). The newest treatment for osteosarcoma involves 

the use of ultrasonographically guided high-intensity focused ultrasound (Li et al., 

2009). High-intensity focused ultrasound ablation was reported to be a safe and 

feasible method of treatment of osteosarcoma, which salvages the limb, but it is 

clear that large-scale randomized clinical trials are necessary for confirmation. 
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B. Analgesic Treatment 

As mentioned above, pain frequently is the first clinical symptom of 

osteosarcoma. Except possibly for bisphosphonates, which provide pain relief by 

delaying the progression of bone lesions, there are no current 

pharmacotherapeutical approaches to bone cancer pain that effectively relieve 

pain without the development of serious side effects or tolerance to the drug, 

particularly in terminal cancer patients (Fan et al., 2007). Cancer-induced pain 

usually occurs by infiltration of or exerting pressure on the pain-sensitive 

structures throughout the body (Porges, 1988; Regan and Peng, 2000). Cancer 

in the bone irritates and distends the nerve-rich periosteum resulting in ongoing 

pain, which is the most frequent initial symptom of bone cancer and begins as a 

dull, constant, throbbing and nagging pain that increases in intensity with time 

(Mercadante, 1997; Portenoy and Lesage, 1999) and occurs both at rest and at 

night (Weber et al., 2008).  

Bone cancer pain results from changes occurring at both peripheral and 

central nervous system sites. The use of animal models of cancer pain is leading 

to new insights into the molecular and cellular mechanisms that contribute to the 

pain that follow pathophysiology (Gordon-Williams and Dickenson, 2007; Hald et 

al., 2009; Khasabov et al., 2007; Pacharinsak and Beitz, 2008). While we are 

beginning to appreciate some of the mechanisms underlying tumor-induced pain, 

bone pain is still treated primarily by opioid-based therapies, which are frequently 

accompanied by significant unwanted side effects such as tolerance and 

withdrawal (Miser et al., 1986; Mercadante, 1997). In addition, cancer patients on 

opiates typically require higher doses of opiates over time to maintain the same 

level of analgesia. Recent work suggests that the sensitivity of bone cancer pain 

to systemic morphine is lower than that of inflammatory pain (Betourne et al., 

2008). One of the reasons for this is that there is a significant down-regulation of 

mu opioid receptors in distinct populations of dorsal root ganglia (DRG) neurons 

in bone cancer as compared to non-malignant inflammatory painful conditions 

(Yamamoto et al., 2008). As a result, patients require higher doses of morphine 
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to produce analgesia in bone cancer than those used in non-malignant 

inflammatory situations.  Finally, recent work by King et al. (2007) indicates that 

morphine treatment accelerates sarcoma-induced bone pain, bone loss, and 

spontaneous fracture, suggesting that opiate treatment may result in "add-on" 

mechanisms of pain beyond those engaged by the sarcoma alone. Because of 

these side effects, there is a need to identify better treatments that can effectively 

reduce pain without the unwanted secondary effects of traditional 

pharmacological approaches.  

The topic of cancer pain will be discussed in more detail in the next 

chapter. 

 

 

V. PROGNOSIS AND SURVIVAL 

 

In spite of the variety of effective surgical and medical therapies available today, 

prognoses and life expectancies post diagnosis are still guarded and short. Data 

collected by the SEER Program determined the overall 5-year survival rate for 

patients diagnosed between 1974 and 1994 to be 63%. Females had better 

chances of survival (70%) than males (59%).5 The 5-year relative survival for 

children with bone cancer improved from 49% (1975-84), to 63% (1985-94). 

Advances in chemotherapy protocols have led to a 5-year survival rate of up to 

68% (Hang et al., 2009), ranging from 60% to 78% (Messerschmitt et al., 2009).  

The clinical prognosis for osteosarcoma is variable, but usually guarded. 

The present understanding of outcome and prognosis for osteosarcoma is driven 

by certain serum markers, clinical staging, and histologic response to 

chemotherapeutic agents (Hang et al., 2009). A poor prognosis is associated 

with high serum alkaline phosphatase (ALP) activity, tumor extension into soft 

                                                

5
 http://seer.cancer.gov/publications/childhood/bone.pdf 
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tissue, tumor origin in a hindlimb, and the presence of pulmonary metastases 

(Straw, 1996). Alkaline phosphatase (ALP) is a hydrolytic enzyme present in 

multiple tissues including bone. Previous studies suggest that ALP activity may 

be within the reference interval or increased (Garzotto et al., 2000) (Kazmierski 

et al., 2001). However, recently ALP has been shown to be a highly sensitive and 

fairly specific marker in the diagnosis of osteosarcoma, since patients with an 

elevated ALP at diagnosis are more likely to have pulmonary metastases (Barger 

et al., 2005). Serum alkaline phosphatase (SAP) or calcium rarely increased 

(Kazmierski et al., 2001), although in humans with osteosarcoma, SAP is 

frequently increased. Decreased total iron binding capacity and increased ferritin 

concentration may be observed, and serum concentrations of zinc, chromium, 

and iron also may be decreased (Kazmierski et al., 2001). Dogs with 

osteosarcoma have decreased rates of protein synthesis, increased urinary 

nitrogen loss, and increased postoperative glucose flux (Mazzaferro et al., 2001). 

Concentration of prostaglandin E2 may be increased in dogs with osteosarcoma 

(Mohammed et al., 2001).  

The cyclo-oxygenase 2 isoenzyme (COX-2) is expressed in a variety of 

malignancies in the dog as well as in humans and the potential for therapeutic 

and chemopreventative activity is well-established (Moalic et al., 2001), (Dickens 

et al., 2002), (Mohammed et al., 2004), (Mullins et al., 2004). COX-2 has been 

shown to be expressed in canine osteosarcoma (Mohammed et al., 2004) and 

expression has been associated with prognosis (Mullins et al., 2004). Thus, Cox-

2 is likely to be involved in the pathogenesis of this cancer. 

Another prognostic factor is the tumor itself. Low grade malignant OSA, 

such as fibroblastic OSA, usually has a good prognosis. Middle-aged dogs (7 to 

10 years of age) generally have greater survival times than younger and older 

dogs (Ogilvie, 2001). A retrospective study examined the records of 331 patients 

with stage II osteosarcoma who had undergone surgery and chemotherapy (Kim 

et al., 2008). The authors found that the initial tumor size appears to be 

associated with a histologic response and is an important prognostic factor in 
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osteosarcoma. On the other hand, stage I osteosarcomas exhibit excellent 

prognosis, being associated with a 5-year survival of 100%, unlike stage III 

osteosarcomas whose 5-year survival is practically 0% (Hang et al., 2009). 

Interestingly, survival did not differ substantially by tumor site for osteosarcoma 

(Ries et al., 1999). 

Perhaps most importantly, prognosis, and therefore survival, depends 

greatly on the patient‘s response to treatment. If the patient presents with local 

disease only, survival of 5 years or more is possible (55-65% overall), provided a 

combination of surgery and chemotherapy is employed (Bacci et al., 1998; Fuchs 

et al., 1998). The prognosis may improve dramatically and survival probability 

may increase significantly to 80-85%, provided chemotherapy results in a good 

histologic response to neoadjuvant chemotherapy (more than 90% tumor 

necrosis)  (Rosen et al. 1982;  Winkler et al., 1988; Bacci et al., 1993; Provisor et 

al., 1997). However, if surgery is the sole treatment, the 5-year survival rarely 

exceeds 15-25% surgery alone and recurrence of the osteosarcoma within 6 

months is very likely (Link et al., 1986).  

Approximately 20% of patients present with clinically detectable 

metastases, with micrometastases presumed to be present in many of the 

remaining patients (Messerschmitt et al., 2009). Metastatic disease dramatically 

decreases survival probability (20% if in lungs, less than 10% if in bones), rarely 

exceeding 1 to 2 years. 

Thus, the long-term prognosis for both canine and human patients with 

osteosarcoma remains guarded. In this regard, the prognosis for patients is 

highly dependent on a number of factors including the size and location of the 

osteosarcoma, whether it is primary, metastatic or recurrent, the tumor stage, the 

patient‘s age and general health, and particularly in the case of small animals, 

the histological grade, surgery and mitotic index (Dimopoulou et al., 2008). 
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3. PAIN 

 

I. HISTORICAL PERSPECTIVE 

 

Almost four centuries ago, initial attempts were made to document pain 

perception. It was René Descartes (1596-1650), the Father of Modern 

Philosophy, who first formulated the theory of pain transmission occurring via a 

single channel from the skin to the brain (DeLeo, 2006). Descartes also was the 

first to postulate that the mind interacts with the body; that, in fact, even though 

the mind controls the body, the body had the ability to also influence the 

otherwise rational mind.6 Moreover, he believed that a pain in the foot was not 

felt in the foot, rather it was sent through nerves dispersed through the foot up 

through the tibia, the thigh, the loins, the back and the neck and into the brain.7 

Descartes likened the pain mechanism to pulling on a rope to ring an alarm bell 

in a bell tower. 

Despite its deficiencies, Descartes‘ specificity theory about pain 

perception – that pain was the direct product of a noxious stimulus activating a 

dedicated pain pathway and eliciting a mechanical behavioral response – 

remained the dominant perspective on pain until the mid-nineteen sixties, when 

Ronald Melzack and Patrick Wall introduced their classic Gate Control Theory 

(DeLeo, 2006). Prior to that momentous event, and contrary to Descartes‘ ideas, 

the German neurologist, Wilhelm Erb, proposed in 1874 that a pain signal could 

be generated by stimulation of any sensory receptor, provided the stimulation 

was intense enough (Melzack, 1996). He maintained that the pattern of 

stimulation rather than the receptor type was the deciding factor whether pain 

occurred. Twenty years later, another German neurologist, Alfred Goldscheider, 

                                                

6
 Descartes R (1649)  Les passions de l‘âme. Amsterdam.  Reprinted in Adam and Tannery (AT), 
vol. XI. English translation in CSM, vol. I. English translation in Voss (1989). 

7
 Descartes R (1664)  L'Homme. Paris. Reprinted in AT vol. XI. Partial English translation in CSM, 

vol. I.  Complete English translation in Hall (1972). 
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put forth the idea that noxious stimulation might accumulate ("summate") in the 

dorsal horns of the spinal cord until a threshold of accumulated stimulation was 

achieved which, in turn would produce a pain signal (Melzack, 1996). This idea 

was further studied by William K. Livingston, who, in 1943, suggested a 

"reverberatory" circuit in the dorsal horns as the mechanism of summation 

(Melzack, 1996). Finally, in 1953, Willem Noordenbos formulated the theory that 

a signal carried along large diameter ―touch‖ fibers may inhibit the signal carried 

by the thinner "pain" fibers; the ratio between the two signals determining pain 

intensity (Melzack, 1996; Todd and Kucharski, 2004). 

By the mid-nineteen sixties, our understanding of the central nervous 

system and how it communicates with the periphery (especially in response to 

pain) had dramatically expanded and changed accordingly: free nerve endings 

had been identified as pain receptors that generated electro-chemical pulses 

along A-δ and C "pain" fibers to the spinal cord and up the spinothalamic tract to 

the pain center in the thalamus (Melzack and Katz, 2003). 

In 1965, Ronald Melzack and Patrick Wall introduced their classic Gate 

Control Theory, which revolutionized the way the scientific community looked at 

pain and intensely disputed Descartes‘ theory (DeLeo, 2006). Until then, 

psychological factors had been dismissed as ‗‗reactions to pain‘‘ (Melzack, 1999; 

Jellinger, 2009). But the Gate Control Theory explained how they were an 

integral part of pain processing. The Gate Control Theory, essentially a neural 

"circuit diagram", proposes that large diameter ―touch‖ and thin ―pain‖ fibers meet 

at two places in the dorsal horn of the spinal cord the projection neurons and 

their "inhibitory" cells (Melzack and Katz, 2003). The signals of both fiber types 

converge on the projection neurons, eliciting a pain impulse (opening the gate). 

Inhibitory cells are programmed to inhibit this activation (closing the gate). When 

a noxious stimulus excites large diameter and thin cells, they simultaneously 

send signals to the projection neurons. Large diameter fiber signals will be 

activating the inhibitory cells (closing the gate), while the thin fiber signals will be 

impeding the inhibitory cells (opening the gate or leaving it open). Whether the 

gate is ultimately left open or closed (pain intensity felt) depends on the number 
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of large diameter fibers activated (Melzack and Wall, 1965). The Gate Control 

Theory also allowed for large diameter fiber signal to travel up to the brain, where 

they may actually trigger a signal back down to the dorsal horn to further 

modulate projection neuron activity and, therefore, pain intensity. This model 

provided a neuro-scientific explanation for the very real effects of motivation and 

cognition on pain. For example, the Gate Control Theory finally provided answers 

for such phenomena, such as spinal sensitization and central nervous system 

plasticity (Melzack and Katz, 2003).  

Still, Descartes‘ reflex theory has withstood the test of time: more than 340 

years later, it is still described in modern-day textbooks misleadingly as fact 

rather than theory and is used to justify certain analgesic strategies. However, if 

his theory were accurate, then the mere interruption or cutting of this pathway 

would alleviate all pain. Yet, experience has taught us that in real life, pain 

management is not as simple or straightforward as merely interrupting the nerve 

fiber carrying pain signals. For example, nerve damage results in the 

exacerbation of painful symptoms leading to chronic or neuropathic pain 

syndromes, as described below. 

 

 

II. EPIDEMIOLOGY OF CANCER PAIN 

 

A great variety of experimental models to study cancer pain and its management 

exist (Pacharinsak and Beitz, 2008), and different human and animal populations 

have been assessed at various stages of their illness and by various investigative 

tools (Brescia et al., 1992; Goblirsch et al., 2005; Breivik et al., 2009). It, 

therefore, is not surprising that the reported prevalence of cancer pain varies 

widely. 

Researchers at the University of Oslo conducted a pan-European survey 

on cancer-related pain between 2006 and 2007 (Breivik et al., 2009). Of the 5084 
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adult patients questioned, 56% suffered moderate-to-severe pain at least 

monthly. A follow-up second-phase survey of 573 randomly selected patients 

identified 77% receiving prescription-only analgesics, with 41% taking strong 

opioids either alone or with other drugs for cancer-related pain. Of those patients 

who were prescribed analgesics, 63% experienced breakthrough pain, indicating 

inadequate pain management. In all, 69% reported pain-related difficulties with 

everyday activities. Of great concern was the fact that 50% believed that their 

quality of life was not considered a priority in their overall care by their health 

care professional (Breivik et al., 2009).  

Chronic cancer and non-cancer pain management in North America 

appears equally disheartening with the pain prevalence among hospitalized 

patients with advanced cancer being nearly 75% (Brescia et al., 1992). In the 

previous chapter, I described the incidence of osteosarcoma in small animals. 

Unfortunately, as recently as 2007, cancer was still considered a frequently 

overlooked cause of pain in dogs and cats.8   

Unable to verbally express themselves, animals communicate their pain to 

humans through changes in behavior (Mathews, 2000; Gaynor, 2008). Pain in 

neonates and young children has historically been neglected (Lee, 2002). As in 

animals, vocalization of the non-anesthetized human infant during surgical 

intervention frequently was and is still attributed to the distress of having been 

separated from the mother or caretaker, or to the forced restraint (Lee, 2002; 

Underwood, 2002). Moreover, for a long time, it was a common belief that 

animals were on a lower evolutionary scale than humans, and, thus, unable to 

experience pain (Allen, 2004). Of course, as our understanding of the physiology 

of pain grows in humans and animals, we can now acknowledge that animals 

indeed do sense pain similarly as humans do. Crane (1987) acknowledged 

―animal pain as a negative factor in the resolution of clinical disease or injury.‖ 

Following this realization, pain management in animals followed the principles of 

                                                

8
 ―AAHA/AAFP pain management guidelines for dogs & cats‖ as put forward by The American 

Animal Hospital Association (AAHA) & American Association of Feline Practitioners (AAFP). 
Compiled by Hellyer et al. (2007). 
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anthropomorphism, i.e. that when in doubt, it should be considered whether the 

procedure would be painful in humans, and then assumed to be the same in 

animals. However, despite the tremendous advances in veterinary pain 

management over the last decade, small animals frequently are still treated 

inadequately for a number of painful conditions (Hellyer et al., 2007) 

In adults, racial minorities, the elderly, and women frequently received 

inadequate analgesic therapy (Cleeland et al., 1994). As noted previously, 

women do exhibit lower pain thresholds than men (Berkley, 1997; Fillingim and 

Ness, 2000; Craft et al., 2004), and although this possibility has not been widely 

evaluated in the cancer pain literature, there exists documented sex bias in the 

treatment of cancer pain (Im and Chee, 2001; Donovan et al., 2008). In the 

absence of a sex or cultural bias, patients‘ ability to communicate the severity of 

their pain to their primary caretaker can affect the quality of pain management 

they receive (Kimberlin et al., 2004; Donovan et al., 2008). Sex differences in 

preferences for and response to opioid medication may determine the degree of 

analgesic therapy. For example, morphine is more potent in women than in men, 

but has a slower speed of onset and offset (Sarton et al., 2000). Consequently, 

women may be less likely to be prescribed strong opioids due to a greater 

likelihood of experiencing opioid-related side effects (Donovan et al., 2008).  

In summary, this blatant disregard of suffering is rooted mainly in 

persisting misconceptions on pain, its assessment and consequent management 

(Elliott and Elliott, 1992; Schmidt et al., 1994). Social and cultural attitudes 

towards pain (Juarez et al., 1998; Juarez et al., 1999; Briggs, 2008), academic 

teachings and personal experiences or impressions (Weissman and Dahl, 1990; 

Sheehan et al., 1992) also serve to bias the recognition of pain. These include 

discrepancies between physicians‘ assessment of patient pain and patient self-

assessment (Stephenson et al., 2009). For example, if a patient exhibits a less 

painful demeanor or appears in good health, in spite of experiencing moderate to 

severe pain, pain management is frequently inadequate (Cleeland et al., 1994).  
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Still, regardless of the obstacles and challenges encountered in treating 

chronic and especially cancer pain, a wide variety of analgesic techniques and 

agents are available that can provide adequate or better pain relief. Therefore, 

there should not be any excuses in attempts to treat pain sufficiently.  

Often, and as mentioned at the beginning of this chapter, inadequate pain 

management occurs due to an incomplete or misguided understanding of pain, 

how it is elicited, transmitted and processed. Therefore, I shall now review the 

general pain physiology and pathways involved.  

 

 

III. PAIN PHYSIOLOGY AND PATHWAYS  

 

A. Defining Pain 

The International Association for the Study of Pain (IASP) defines pain as ―an 

unpleasant sensory and emotional experience associated with actual or potential 

tissue damage, or described in terms of such damage‖ (Merskey and Bogduk, 

1994). It is prudent to remember that ―pain‖ is the subjective definition of a 

human emotion. Personal experiences and the anticipation of pain greatly 

influence a person‘s state of mind. Animals may not be able to ―expect‖ pain in a 

similar fashion, but they can be conditioned to do so (Underwood, 2002). 

Fortunately, the above definition of pain was modified further by the IASP to 

include the conclusion that ―the inability to communicate in no way negates the 

possibility that an individual is experiencing pain and is in need of appropriate 

pain relieving treatment‖ (Merskey and Bogduk, 1994).  

When talking about ―pain‖, it is often more appropriate to substitute the 

words ―nociceptive,‖ ―nociceptors‖ or ―nociception,‖ in place of the term ―pain‖, 

since these terms describe the physiological experience and eliminate the 

emotional aspects of pain. Nociception is the neural response to a noxious 

stimulus and, unlike pain, may actually occur without the conscious perception of 
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pain (e.g. in the unconscious or anesthetized state). Nociception occurs via 

specific somatic receptors, whose only function is to transmit pain information to 

the CNS, termed nociceptors (Merskey and Bogduk, 1994). These fire an action 

potential whenever exposed to stimuli, such as heat, pressure, extreme cold, 

chemical irritants, that threaten disruption of bodily integrity. The cell bodies of 

the nociceptors reside in the dorsal root ganglia or the trigeminal ganglion from 

where they communicate with either the spinal cord or the periphery.  

Under normal conditions, the noxious stimulus must increase in intensity 

until a certain threshold level is overcome in order to perceive pain. This 

nociceptor threshold is called the pain-detection threshold. The level of maximum 

pain intensity tolerated is termed the pain-tolerance threshold, and it varies 

greatly between individuals (Sanford et al., 1986). Previously experienced pain, 

anticipation of pain, and medication are among those factors that influence the 

tolerance to pain. The pain-sensitivity range is the difference between the pain-

detection and pain-tolerance thresholds. 

In the periphery, the sensitivity of the nociceptor to noxious stimulus may 

be increased by diverse group of chemical and inflammatory mediators that 

control the initiation, propagation, and perception of nociception (Kitchell, 1987; 

Lamont et al., 2000). Tissue damage, by any cause, produces endogenous 

substances that act on local nociceptors. Hydrogen and potassium ions, 

serotonin, histamine, bradykinin, prostaglandins, leukotriens, and substance P 

are the most important ones (Jenkins, 1987; Kitchell, 1987; Lamont et al., 2000). 

These endogenous chemicals affect nociceptors, either by directly activating 

them, or sensitizing them to the direct effects of other algesics (substances that 

elicit pain), or providing an environment enhancing algesia (pain sensitivity). 

Sensitization of a peripheral nociceptor increases the pain response to a 

given noxious stimulus, resulting in a phenomenon called hyperalgesia. 

Prolonged noxious stimulation affects changes in the spinal cord that facilitate 

pain perception. In the periphery, at the site of tissue injury, enhancement of pain 

perception is called primary hyperalgesia. It is mediated in part by sensitization of 
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primary afferent nociceptors stimulated by heat. Central enhancement, on the 

other hand, is called secondary hyperalgesia. Secondary hyperalgesia occurs in 

the uninjured tissue surrounding the site of injury and is thought to be due to 

sensitization in the central nervous system. Secondary hyperalgesia is 

characterized by hyperalgesia to mechanical, but not heat, stimuli, such as a) 

pain to light-stroking non-noxious stimuli (i.e., allodynia), and b) enhanced pain to 

punctate stimuli, such as von Frey filaments (Campbell and Meyer, 2006; Visser 

and Schug, 2006). It is frequently the mechanism in opioid-resistant or 

pathological or neuropathic pain, as well as opioid-induced hyperalgesia, 

conditions that respond well to the NMDA receptor antagonist, ketamine (Visser 

and Schug, 2006). Neuropathic pain is the result of central or peripheral nervous 

system adaptations, either structurally or functionally, or both, following injury 

(Jensen, 1996). It has recently been defined by the Neuropathic Pain Special 

Interest Group (Geber et al., 2009) as pain arising as direct consequence of a 

lesion or disease affecting the somatosensory system. It is very likely that pain 

syndromes in cancer patients involve both primary and secondary hyperalgesia 

(Campbell and Meyer, 2006).  

Another term, which should be mentioned in discussions of pain and 

analgesia, is windup. It is the phenomenon, which calls for pre-emptive analgesia 

in all potentially painful situations. Wind-up occurs as a result of excessive 

activation of excitatory amino acids and N-methyl-D-aspartate (NMDA) receptors, 

as well as a build-up of inflammatory mediators within the spinal cord following 

painful manipulation, such as surgery (De Kock and Lavand‘homme, 2007). 

Consequently, neurons may be damaged, resulting in a decreased pain 

threshold, or ―windup‖ phenomenon, as well as central sensitization. During 

central sensitization, which is characteristic of chronic pain, the spinal cord 

neurons become more responsive to all input, even stimuli normally considered 

not noxious (Li et al., 1999; Herrero et al., 2000).  

Prolonged continued stimulation results in physiological and structural 

changes in the CNS. For example, changes in expression of genes like c-fos 
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within the secondary (e.g., spinothalamic or spinoreticular) neurons of the dorsal 

horn affect the volume and type of enzymes and neuropeptides produced (Lima, 

1998). One of the long-term changes that may result from this, is that the level of 

nerve growth factor produced increases sufficiently as to promote alteration in 

patterns of nerve connections in the dorsal horn of the spinal cord at or about the 

level of incoming pain fibers (Saab et al., 2009). This structural reorganization in 

the dorsal horn of the spinal cord is one factor, which contributes to an 

"abnormal" spread of pain. This pain is still referred to as "psychogenic" by those 

who, nearly 4 centuries later, continue to view pain as Descartes did (Jellinger, 

2009). True psychogenic pain, however, manifests as physical pain, but is 

caused, increased, or prolonged by mental, emotional, or behavioral factors 

(Merskey, 1967; Jellinger, 2009). Merskey and Spear (1967) defined 

psychogenic pain as ―(…) pain which is independent of peripheral stimulation or 

of damage to the nervous system and due to emotional factors, or else pain in 

which any peripheral change (e.f. muscle tension) is a consequence of emotional 

factors.‖  

The structural reorganization in the dorsal horn allows for incoming fibers 

from a particular area to gain access to ascending neurons and pathways that 

normally carry information from other distant areas and involve different levels of 

the spinal cord (Jensen, 1996). For example, crushing the sciatic nerve in rats 

initially produces hyperalgesia in the skin innervated by the sciatic nerve. 

However, within days, hyperalgesia develops well beyond this area, and even 

includes structures supplied by the femoral nerve (Van Remoortere et al., 2007). 

Similar observations were reported following sciatic nerve stimulation in a rat 

model of gastrocnemius-soleus muscle inflammation (Hoheisal et al., 1994; 

Mense et al., 1997). 

Clinically, pain may be classified by its location in the body, its type, and 

its duration. Peripheral pain, as the term implies, originates in the periphery. It is 

said to be either somatic or visceral based on its site of origin (Crane, 1987): 

somatic pain originates from the skin, muscles or bones, while visceral pain is 
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related to the internal organs and viscera and associated primarily with serosal 

irritation (Crane, 1987; Kitchell, 1987; Wright, 1987). When pain originates in the 

peripheral nerves, following trauma, for example, it is called neurogenic pain. 

Central pain arises from a pathology or dysfunction of the CNS due to, for 

example, spinal cord injury, multiple sclerosis, stroke and epilepsy (Boivie, 1996).  

Somatic, or superficial pain, can be subdivided into first and second pain. 

First pain is associated with tissue injury and characterized by a sharp, stabbing, 

well-localized pain sensation. The delayed pain sensation, which is dull, burning 

and diffuse in character, that follows is the second pain (Kitchell, 1987; Sager, 

1993). Pain may also be defined as being acute (nociceptive) or chronic. It may 

be felt as a sudden sharp pang, as in acute trauma, or as prolonged dull ache, as 

often is the case in chronic joint disorders. Acute pain caused by trauma, surgery 

or infection, is characterized by a well-defined and abrupt onset, as well as 

physical signs of autonomic nervous system activity (Kitchell, 1987). Analgesic 

therapy and healing of the injured tissue usually alleviate this type of pain. In 

human medicine, when pain persists for longer than six months, it is considered 

chronic. Its onset is not well defined, there is no autonomic nervous system 

response and it is often unresponsive to pharmacological treatment (Meyr and 

Saffran, 2008).  

 

B. Nociceptive Pathways 

The perception of pain requires two types of nerve fibers. Thinly myelinated A- 

fibers deliver the rapid early component of noxious sensation (phasic, or first, 

pain), while the unmyelinated C fibers convey the slower, delayed, protracted 

element (tonic, or second, pain) (Sager, 1993; Ørstavik et al., 2003). Some A- 

fibers are referred to as high-threshold mechanoreceptors because they respond 

to moderately intense noxious mechanical and not to chemical or thermal stimuli 

(Kitchell, 1987). These A- fibers are responsible for the first pain sensation. In 

contrast, C (or polymodal) nociceptors respond to various activators including 

high-intensity mechanical stimulation, as well as chemical and thermal stimuli 
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(Ørstavik et al., 2003). Both A- and C type fibers innervate the deep somatic 

structures such as skeletal muscle, joints, bones and fascia, although their 

distribution density is variable (Lamont et al., 2000). Both fiber types appear to 

play a role in joint-nociception, but noxious stimulation of muscle and tendons 

that results in diffuse deep pain seems to suggest innervation by C fibers. 

The first step in nociception involves the conversion of the noxious 

stimulus by specialized free nerve endings of afferent neurons (nociceptors) into 

electric nerve impulses (Sager, 1993; Lamont et al., 2000). This will only occur, 

however, if the intensity of stimulation reaches a certain threshold. Tissue 

damage is followed by an inflammatory response (release of chemical mediators, 

such as histamines and bradykinin) and a drop in pH, to which small non-

myelinated C fibers are sensitive (Millan, 1999). Furthermore, transient receptor 

potential vanilloid1 (TRPV1) receptors are implicated in increased levels of pain 

sensitivity seen during inflammation (Marx, 2004; Gunthorpe and Szallasi, 2008) 

and in association with osteosarcoma (Menéndez et al., 2006). C fibers may be 

activated by high level mechanical and thermal stimulation, but they are primarily 

chemical sensors (Fitzgerald and Woolf, 1984). After stimulation, they generate 

an electrical impulse, which travels along the nerve to the dorsal horn of the 

spinal cord. C fiber activity may be up-regulated peripherally by serotonin and 

inflammatory mediators, such as prostaglandins, thromboxane, and leucotrienes, 

in a process called peripheral sensitization (Menétrey and Besson, 1982). 

Further sensitization of peripheral C fibers may be due to the release of 

substance P, cytokines, chemokines and a variety of other agents (Jimenez-

Andrade et al., 2009). Both, peripheral and central sensitization, are important 

mechanisms in chronic pain conditions. 

At the dorsal horn, C fibers release the excitatory neurotransmitters 

glutamate, aspartate, calcitonin gene related peptide (CGRP), as well as nitric 

oxide (Jensen, 1996; Besson, 1999). Glutamate is one of the major 

neurotransmitters involved in the transmission of pain information, and it acts on 
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a variety of glutamate receptors in the dorsal horn neuron, particularly the NMDA 

receptor (Besson, 1999; De Kock and Lavand‘homme, 2007).  

The dorsal horn also contains the "pain gate" described by Melzack and 

Wall (1965), where signals transmitted by the large A- nerve fibers can alter the 

sensitivity of the post-synaptic cells to the painful stimuli arriving via C and A-δ 

delta fibers. Also located at this level are enkephalin-producing descending fibers 

from the brain stem and intrinsic enkephalin producing neurons, which interact 

with both pre-synaptic and post-synaptic cells to inhibit impulse transmission or 

attenuate the pain signal before it is passed rostrally (Hökfelt et al., 1977). This 

modulating descending system connects the periaqueductal gray (PAG) and 

higher brain centers with the spinal cord. There are a number of 

neurotransmitters associated with this descending system and this includes 

endogenous opioid polypeptides, which bind to specific (opioid) receptors on 

both the first order and second order nociceptive neurons. When an endogenous 

exogenous opioid binds to an opioid receptor, noxious stimulus induced 

neurotransmitter release from the primary afferent nerve terminals may be 

reduced or inhibited leading to a reduction or inhibition of action potentials from 

second order neurons in the pain pathway. 

Increased frequency of stimulation at the synapse in the dorsal horn 

causes the post-synaptic electrical discharge to become more prolonged, with 

consequent increase in the severity of the pain (Staud et al., 2007). In essence, 

this is "windup", which was described earlier. The mechanism of transmitting the 

electrical signal occurs by means of cation (primarily sodium ion) channels (Elliott 

and Elliott, 1999; Waxman et al., 1999; Catterall, 2000; Wood et al., 2004). 

Whenever sodium rushes into the neuron from the extracellular space, potassium 

flows out, and the action potential is generated and propagated along the nerve 

toward the spinal cord. The sodium is then quickly pumped out of the cell (while 

potassium enters the cell again), priming it to discharge again when another 

stimulation occurs (Catterall, 2000).  
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The action potential is transmitted to the primary nociceptive neurons in 

the dorsal root ganglia in the CNS along their associated afferent axons. When it 

arrives at the spinal cord, it makes its first synapse in the dorsal horn. The cells in 

the dorsal horn are divided into physiologically distinct layers called laminae. 

Laminae I, II, V, and X contain nociceptive neurones (Willis and Chung, 1987). 

Both A-δ and C fibers terminate in the superficial dorsal horn. A-δ fibers form 

synapses in Laminae I and V, C fibers connect with neurons in lamina II, and A-β 

fibers connect with lamina I, III, & V (Lamont et al., 2000). Initial integration and 

modulation of nociceptive input occurs at this point. From here, nociceptive fibers 

(first order neurons) project to second order neurons and traverse the surface of 

the cord to enter the dorsal horn of the spinal gray matter. In this multilayered 

region, a complex form of local processing takes place, which largely determines 

the output to the ascending pathways and higher CNS centers. Projection 

neurons are essential for processing of nociceptive information, and eventually 

convey dorsal horn nociceptive input to supraspinal centers via one of several 

ascending pathways (Willis and Chung, 1987). 

 

C. Somatosensory Pathways 

The most prominent nociceptive pathway in the spinal cord is the spinothalamic 

tract. After crossing the midline, it ascends on the opposite side of the spinal cord 

to terminate in the lateral and medial thalamus, which acts as a relay point for 

sensory information going to the cerebral cortex (Kitchell, 1987). It allows rapid 

processing as well as sensory discrimination that provides the precise 

information needed to deal quickly with a painful stimulus (Mense, 2004). The 

spinothalamic tract is concerned with rapid transmission of nociceptive 

information about the onset of trauma, its precise location, and its severity. Thus, 

the sharp, shooting readily localized pain (phasic pain) that arises very rapidly 

following injury is perceived through the lateral ascending pathways (Mense, 

2004).  
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In addition to the spinothalamic tract, several supraspinal pain modulating 

loops exist, which are able to modulate pain intensity. Most of the other 

descending anatomical pathways are primarily inhibitory, but some may facilitate 

pain perception (Millan, 2002). During the fight-and-flight response, when safety 

is more important than pain perception, it is the brain that is responsible for 

sorting out whether to pay attention to the painful area or to ignore it. The 

reticular formation of the brain stem is involved in either facilitation or inhibition of 

pain perception under the influence of cortico-reticular signals. By last count, 

there are at least five spinoreticular (or reticulospinal) loops on each side of the 

body, passing information in both directions, and they may be inhibitory or 

facilitatory (Willis and Westlund, 1997). These loops connect the spinal cord to 

the brainstem, specifically the dorsolateral pontine tegmentum, the rostral ventral 

medulla, the dorsal medulla, the caudal medulla, and the lateral hypothalamus 

(Willis and Westlund, 1997).  

Another pathway participating in nociception is the spinohypothalamic 

pathway. It is located deeper in the spinal cord and contains thin fibers that form 

multiple synapses as they ascend (Zhang et al., 1999). However, it does not 

synapse in the reticular formation. It carries information of emotional significance 

from the periphery directly to the hypothalamus (Zhang et al., 1999).  Impulses 

conveyed by this and the spinoreticular tract ascend more slowly than those 

carried by the myelinated and monosynaptic tracts. There is no rapid perception 

or discrimination of pain, but rather a diffuse, unpleasant aching sensation may 

be felt for some time after the injury has occurred. The descending system 

powerfully inhibits the dorsal horn and modulates input passing through it. It, 

thus, can rapidly inhibit the lateral system. As a result, phasic pain is of brief 

duration. Finally, the dorsal column pathway transmits visceral nociception to the 

thalamus (as well as somatic touch and position sense). Now this is known to be 

so (Hirshberg et al., 1996).  

Most of the axons belonging to inhibitory secondary neurons cross the 

midline and synapse in the thalamus (Willis and Westlund, 1997). From there, 
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information about pain is further transmitted rostrally for interpretation and 

modulation. Because the thalamus is an important structure in mediating 

emotions and feelings, it makes sense that pain is usually an emotional 

experience. With acute pain, the emotion is usually anxiety (Meyr and Steinberg, 

2008), while chronic pain is frequently linked to depression (Rottmann et al., 

2009; Teh et al., 2009).  

 

D. Intrinsic Pain-Inhibiting Mechanisms 

In addition to the descending inhibitory pathways a number of intrinsic pain-

inhibiting mechanisms exist that provide analgesia in painful situations. A number 

of external events (e.g. trauma from an injury, stress from temporary exposure to 

cold, or treatment with acupuncture needles) can lead to a decreased sensitivity 

to pain. This extraordinary intrinsic inhibition of pain is termed stress-induced and 

stimulus-produced analgesia. 

There are situations when pain is not the first priority, when there is a 

need for self-protective pain reduction, such as during fight-or flight. The 

anesthesiologist Henry K. Beecher, who has been called the father of the 

―prospective, double-blind, placebo-controlled clinical trial‖, was an early pioneer 

in the study of the relationship between subjective psychological states and 

objective drug responses. In 1946, he published his observations of pain 

perception in soldiers wounded during battles in World War II:  

"Three-quarters of badly wounded men, although they have 

received no morphine for hours... have so little pain that they do not 

want pain relief medication, even though the questions raised 

remind them that such is available for the asking. This is a puzzling 

thing and perhaps justifies a little speculation."  

Upon arrival at the field hospitals, the majority of soldiers refused 

morphine. They were relieved to be alive and did not regard their wounds as 

terribly important (Beecher, 1946). Ten years later, Beecher studied a group of 
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civilians with surgical incisions comparable in size to the wounds he had seen on 

the battlefield. The civilians felt that the operation was a catastrophic and 

traumatizing event in their lives and overall had a rather pessimistic outlook. He 

noted that the majority of these patients demanded morphine (Beecher, 1956).  

Similar events occur, when an athlete (e.g. a football player) fractures a fibula 

and continues to run on the leg. While he most certainly is experiencing pain, at 

the moment, the goal is more important, and the pain is reduced or ignored. 

Stress-induced analgesia has been confirmed in animal models of stress due 

stressed with electric shocks or forced swimming in cold water (Liebeskind et al., 

1976; Watkins and Mayer, 1982). 

Electrical stimulation of certain brain structures, such as the PAG region of 

the midbrain in the unanesthetized animal, results in significant analgesia in the 

periphery (Reynolds, 1969). Opiate and stimulus-produced analgesia are 

mediated by a common neural mechanism (Basbaum et al., 1976; Basbaum et 

al., 1977), although non-opioid mechanisms exist also (Sternberg and 

Liebeskind, 1995).  

Acupuncture is another modality, which produces analgesia by stimulation 

(Melzack and Wall, 1984). In 1974, Linzer and Van Atta were able to reduce the 

response of feline thalamic neurons to painful stimulation of the skin by applying 

acupuncture at remote areas of the body. The concept of acupuncture analgesia 

will be dealt with in detail in Chapter 4. 

Finally, transcutaneous electrical nerve stimulation (TENS) has found 

clinical application for pain control following surgery (Cooperman et al., 1977; Ali 

et al., 1981), in back injuries, with shingles, and osteoarthritis (Jensen et al., 

1991). Electrodes are placed near the painful area, and stimulus intensity is 

increased until either muscle twitching, or pain, or both, is noticed. Then the 

intensity is reduced until relief is felt. Transcutaneous nerve stimulation and 

electro-acupuncture are similar in working by excitation of the same types of 

nociceptors, and in producing analgesia that outlasts the stimulus.  

 



48 

 

IV. PATHOPHYSIOLOGY OF BONE CANCER PAIN 

 

I described the pathophysiology specific to osteosarcoma-induced pain in the 

previous chapter. At this point I would like to delve further into the pain 

associated with bone cancers. The pathophysiology of cancer pain is complex, 

but it helps to describe it in terms of nociceptive and neuropathic pain. Earlier in 

this chapter, I classified pain and described the differences between the two 

types of pain. For nociceptive pain to occur, intact nociceptors and neurons are 

required. Neuropathic pain, on the other hand, is due to structural or functional 

changes in the nervous system. It frequently arises following chemotherapy, in 

part due to disruption of tubulin function, followed by the release of cytokines, 

resulting in degeneration of sensory neurons and sensitization of primary 

nociceptive afferents (Mantyh et al., 2002). Tissue fibrosis with nerve 

compression and microvascular obstruction of the nerve following radiotherapy 

has also been observed (Mantyh et al., 2002). Neuropathic pain syndromes will 

be described in more detail later in this chapter. 

The first and most obvious cause of nociceptive pain is cancer surgery. As 

with other surgical interventions, the pain is acute and somatic and due to direct 

tissue trauma, as well as related inflammatory changes (Meyr and Saffran, 

2008). However, persistent somatic pain is also diagnosed when neoplastic 

growth infiltrates the musculo-skeletal system (Viganó et al., 1998; Walsh, 2005), 

or exerts physical pressure on bone or surrounding tissues, as well as 

compression of the peripheral nerve or vasculature (Mantyh et al., 2002). In 

addition to these mechanical causes of cancer pain, several biochemical, 

molecular, and neurobiologic mechanisms may be implicated in bone pain:  

a) With advanced disease, the bone loses mechanical strength and is 

subject to osteolysis, pathological fracture, and microfractures. Mechanical 

distortion of the periosteum and interaction between osteoblasts and osteoclasts 

may be a major source of pain (Delaney et al., 2008; Colvin and Fallon, 2008).  
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b) Proteolytic enzymes produced by tumor cells can damage sensory and 

sympathetic nerve fibers, causing neuropathic pain (Mantyh et al., 2002).  

c) The tumor itself may release chemical substances directly involved in 

nociception. For example, blocking tumor-associated mediators, including TNF 

(Wacnik et al., 2005b) endothelin (Wacnik et al., 2001) calcitonin gene-related 

peptide (CGRP) (Wacnik et al., 2005a), nerve growth factor (McMahon, 1996; 

Sevcik et al., 2005) or cyclooxygenase 2 (COX-2) (Sabino et al., 2002) 

significantly reduces, but does not completely inhibit, tumor-induced nociception.  

Thus, excitation and sensitization of local nociceptors occurs via a local 

and systemic inflammatory response, a communal effort mounted by the cancer 

cells themselves, inflammatory cells and the immediate vasculature. In addition 

to the chemical mediators mentioned earlier (prostaglandins, bradykinin, 

cytokines, nerve growth factor, etc.), several other factors such as ATP, 

endothelin-1 (Asham et al., 2001; Baamonde et al., 2004) and vascular 

endothelial growth factor are released, which directly affect primary afferent pain 

fibers (Wacnik et al., 2001; Wacnik et al., 2005b). Moreover, tumors release 

protons, causing local acidosis, with similar effects of sensitization (Mantyh et al., 

2002).  

After action potential generation and transmission, the nociceptive 

information is processed in the spinal cord and then relayed via a number of 

ascending somatosensory pathways, which include the spinothalamic and 

spinocervicothalamic tracts, to higher centers of the brain, as described above.  

 

 

V. PAIN DUE TO CANCER TREATMENT 

 

The neoplasm itself (including its products or the changes it causes in the 

surrounding tissues) is not always the sole cause of cancer pain. Indeed, the 
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very therapies employed to treat the cancer frequently may be a source of pain 

(Porges, 1988).  

Painful neuropathy is an increasingly common problem facing the cancer 

patient with significant impact on quality of life (Blumenthal, 2009). The condition 

most commonly starts immediately after cancer surgery (Steegers et al., 2008), 

or it may arise at a later point (van Wilgen et al., 2004). Neuropathic pain 

presents as an ongoing, shooting, or burning ache in the areas innervated by the 

nerve(s) damaged during surgery (Willis and Westlund, 1997; Steegers et al., 

2008; Vadivelu et al., 2008; Dualé et al., 2009).  

A result of a primary lesion or dysfunction in the nervous system (Bridges 

and Thompson, 2001), it is characterized by a paradoxical loss of sensation 

occurring alongside hypersensitivity at the site of injury (Jensen et al., 2009). 

There may be one or a combination of the following signs in the painful area 

(Abdi et al., 1998; Park et al., 2008; Steegers et al., 2008; Vadivelu et al., 2008; 

Authier et al., 2009; Dualé et al., 2009): paresthesia (burning, prickling, itching, 

tingling, or numbness with no apparent physical cause), dysesthesia (unpleasant 

abnormal sensation), hypoesthesia (diminished sensation), or allodynia (pain 

produced by a non-noxious stimulus, such as light touch). 

Post-mastectomy pain syndrome (PMPS), a neuropathic pain syndrome, 

is a common after-effect of mastectomy surgery (Smith et al., 1999; Vadivelu et 

al., 2008). An aching or burning pain across the site of the surgery, or extending 

along the distribution of the intercostobrachial nerve which is usually damaged 

during the surgery, is frequently reported (Vadivelu et al., 2008). Like many other 

forms of neuropathic pain, PMPS is relatively resistant to treatment once it has 

manifested itself and negatively affects the quality of life (Eisenberg et al., 2007). 

However, the syndrome can be prevented by perioperative administration of an 

NMDA receptor antagonist, such as amantadine (Eisenberg et al., 2007) or 

ketamine (Visser and Schug, 2006; Sarrau et al., 2007). When the intercostal 

nerves are damaged during thoracotomy for removal of lung cancer, a post-

thoracotomy pain syndrome can develop, which presents as burning, aching, or 



51 

 

piercing pain along the distribution of the nerves (Steegers et al., 2008; Dualé et 

al., 2009). Interestingly, up to half the chronic pain after thoracic surgery is not 

associated with a neuropathic component (Steegers et al., 2008), which would 

explain why perioperative ketamine does not prevent chronic neuropathic pain 

after thoracotomy (Dualé et al., 2009). Neuropathic pain as occurs also as a 

result of the toxic effects of various chemotherapy drugs, such as vincristine, 

cisplatin, and paclitaxel, on the distal peripheral nerves (Park et al., 2008; Authier 

et al., 2009).  Paresthesia and dysesthesia are common signs, and, in the case 

of paclitaxel, acute myalgia (Dina et al., 2001). 

Opioids can be another and quite peculiar contributing cause of cancer-

associated pain. King et al. (2007) showed that morphine treatment accelerates 

sarcoma-induced bone pain, bone loss, and spontaneous fracture, suggesting 

that opiate treatment may result in "add-on" mechanisms of pain beyond those 

caused by sarcoma alone. This phenomenon of morphine-induced hyperalgesia 

is regulated by the TRPV1 receptor (Vardanyan et al., 2009). The TRPV1 

receptor is a molecular sensor of noxious heat that responds to multiple forms of 

noxious stimuli and plays an important role in the development of inflammation-

induced hyperalgesia, as mentioned earlier. Interestingly, morphine may increase 

the number of subpleural pulmonary metastases when given subsequent to 

tumor cell injection (Simon and Arbo, 1986). In this rat model of bone cancer 

(using Walker 256 carcinosarcoma cells), naloxone blocked this increase in 

metastases, as did the partial -receptor, pentazocine, confirming an opioid 

mechanism. However, there does not appear to be any clinical data do support 

this finding. It appears unlikely that up- or down-regulation of MOR mRNA levels 

is the mechanism involved (Gach et al., 2009). A recent study showed that 

several opioid antagonists, including naloxone, produced up-regulation of MOR 

gene expression but no antiproliferative effects on MCF-7 breast cancer cells, 

neither in the presence or absence of beta-estradiol (Gach, et al., 2009).  

Finally, radiation therapy seldom causes pain. However, in a few isolated 

cases discomfort at the site of irradiation may be experienced years after 
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receiving radiation therapy (van Wilgen et al., 2004). Unlike the cases with 

surgery and chemotherapy, this pain is both nociceptive and neuropathic 

(Epstein et al., 2009), meaning the pain probably arises from actual tissue 

damage, which probably leads to peripheral sensitization. This implies that usual 

nociceptive pain therapies, such as use of opioids, either alone or in combination 

with non-steroidal anti-inflammatory drugs (NSAIDs) can be effective. 

The treatment of neuropathic pain differs significantly from nociceptive 

pain, and reducing primary hyperalgesia by usual means is inefficient. The pain 

signal of neuropathic pain does not arise from normal nociceptive terminals, but 

rather at the site of a neuroma, or along the course of a damaged nerve, or even 

in the dorsal root ganglion (Devor et al., 1992). Therefore, therapy is this case 

aims to reduce the ectopic discharge in the nociceptive neuron. Local anesthetic 

agents, such as lidocaine may block the signals, either topically (Gammaitoni and 

Davis, 2002) or injected near the neuroma. Tricyclic antidepressants are another 

class of drugs often useful in the management of neuropathic pain (Reisner, 

2003). It may be that blocking of sodium channels, rather than the reuptake of 

norepinephrine and serotonin, is their analgesic mechanism in neuropathic pain 

patients (Pancrazio et al., 1998). Tramadol is a synthetic narcotic-like drug with 

analgesic properties similar to opioids with fewer gastrointestinal side effects 

(Grond et al., 1999). However, unlike opioid drugs, Tramadol exerts its analgesic 

properties by inhibiting the reuptake of norepinephrine and serotonin from 

presynaptic neurons (Pypendop and Ilkew, 2008).  

Gabapentin has achieved widespread use in the management of 

neuropathic pain (Rowbotham et al., 1998). Synthesized as an analogue of the 

neurotransmitter gamma-aminobutyric acid (GABA), it was originally developed 

for the treatment of epilepsy (Baillie and Power, 2006). Unfortunately, the exact 

mechanism by which gabapentin improves neuropathic pain is not known at this 

point. Gabapentin is not believed to act on the same brain receptors as GABA, 

but is thought to exert its analgesic effect by binding to the α2δ subunits (1 and 2) 

of voltage-gated N-type calcium ion channels in the CNS (Hendrich et al., 2008). 
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In the absence of serious side effects and few drug interactions, gabapentin is an 

attractive alternative in the treatment of neuropathic pain (Rowbotham et al., 

1998).  

 

 

VI. OPIOID ANALGESIC THERAPY FOR CANCER PAIN 

 

Opioid analgesics have long been recognized as among the most effective 

treatments for pain (Hamilton and Baskett, 2000). The 17th century English 

physician Thomas Sydenham wrote in 1686:  

"Among the remedies which it has pleased Almighty God to give man to 

relieve his suffering, none is so universal and so efficacious as opium." 

More than 400 years later, opioids remain the mainstay analgesics in 

treating both nociceptive and neuropathic pain. Opioids control pain by binding to 

specific receptors in the CNS, thereby raising the pain threshold (Jenkins, 1987). 

Opiate receptors have been identified by homogenizing brain tissues and 

incubating them with labeled opiates or antagonists (Kuhar et al., 1973; Terenius, 

1973; Lowney et al., 1974; Snyder, 1975). High densities of opiate receptors 

were found in the periaqueductal and periventricular gray matter. This was later 

confirmed with autoradiographs of brain sections (Goodman et al., 1980). More 

neurochemical mechanisms of pain inhibition were identified by reversal of opioid 

analgesia with the specific opioid antagonist, naloxone (Liu and Wittbrodt, 2002; 

Brainin-Mattos et al., 2006; Goodman et al., 2007).  

Five types of opiate receptors have been described that account for the 

various physiologic aspects of narcotic activity (Yaksh, 1984). However, only the 

mu (), kappa (), delta (), and epsilon () receptors are involved in producing 

analgesia (Pascoe, 2000). Mu receptors are sensitive to morphine, its derivatives 

and morphine-like drugs (Kieffer et al., 1995), kappa to dynorphin (Goldstein, 



54 

 

1988) and butorphanol, delta to enkephalins, and epsilon to endorphins (Yaksh, 

1984). Three genes, referred as to MOR, DOR and KOR, have been cloned, 

which encode mu, delta and kappa receptors, respectively (Kieffer et al., 1995). 

This discovery has contributed greatly to understanding of opioid receptors, their 

role in pain and analgesia, as well as various side effects (Buesa et al., 2008; 

Cheng et al., 2008). 

Activation of pain-modulating neurons leads to the inhibition of 

transmission from primary afferent nociceptors to dorsal horn sensory projection 

cells. The mechanism by which they achieve this, is by diminishing both the 

likelihood of neurotransmitter release and action potential generation in post-

synaptic nociceptive neurons (Haigler, 1978). In this manner, opioids directly 

affect pain transmission in the spinal cord without altering nerve conduction or 

afferent nerve fiber sensitivity. They also alter the reaction to pain by affecting 

both the sensory-discriminative and motivational-affective components of it (Carr, 

1984; Pedersen and Blackburn-Munro, 2006). In fact, the second effect may be 

the most important, since patients often report that, with morphine treatment, the 

pain is still present but they do not mind it as much. Morphine can also bring 

about a significant placebo-effect (Benedetti et al., 2007).  However, it has also 

been reported experimentally and clinically that exposure to opiate can elicit 

paradoxical pain (opiate-induced hyperalgesia) in regions of the body unrelated 

to the initial pain complaint. Several mechanisms have been suggested to be 

responsible for opiate-induced hyperalgesia including sensitization of peripheral 

nociceptors, enhanced production/release of glutamate and neuropeptides in the 

spinal cord, protein kinase C gamma-induced signaling, and/or enhanced 

descending facilitation of nociceptive pathways from the rostral ventromedial 

medulla (reviewed by White and Wilson, 2010) 
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VII. NON-STEROIDAL ANTI-INFLAMMATORY DRUG THERAPY FOR CANCER PAIN 

 

Because nociceptive pain, by definition, begins by stimulation of nociceptors, 

interventions that inhibit the normal pain pathway may be useful in treating it. For 

mild to moderate cancer pain, the first intervention occurs by means of 

nonsteroidal anti-inflammatory drugs (NSAIDs).  

These drugs inhibit the synthesis of prostaglandins at one or more points 

in the complex biosynthesis pathway, typically by blocking the action of 

cyclooxygenase (COX) enzyme (Marnett and Kalgutkar, 1999; Kay-Mugford, 

2000), which catalyzes the first two reactions of the arachidonic acid pathway in 

the formation of eicosanoids, such as prostanoids, prostacyclin (PGI2), and 

prostaglandin E2 (PGE2) as well as the thromboxanes, which are all involved in 

various homeostatic functions depending on the tissue, organ, or cell involved. 

Since the early 1990s it has been known that two forms of COX exist – the 

homeostatic COX-1 (Vane et al., 1998; Marnett and Kalgutkar, 1999; Ballou et 

al., 2000; Kay-Mugford, 2000), and the inducible COX-2, which is primarily 

associated with inflammation (Siebert et al, 1997; Marnett and Kalgutkar, 1999; 

Jones and Budsberg, 2000; Turini and DuBois, 2002). However, more recently, a 

third form of cyclooxygenase, COX-3, has been suggested, which is expressed 

predominantly in the cerebral cortex and heart and has been implicated in a 

primary central mechanism by which NSAIDs produce analgesia and reduce 

fever (Chandrasekharan et al., 2002).  

In addition to infection or injury, inflammation may also occur at tumor 

sites (Lin and Karin, 2007). Cyclooxygenase-2 is expressed in a variety of 

malignancies in the dog as well as in humans (Moalic et al., 2001; Dickens et al., 

2002; Mohammed et al., 2004; Mullins et al., 2004). Because of their relatively 

favorable side effect profile, COX-2 inhibitors are attractive choices to diminish 

the inflammatory component of mild to moderate cancer pain (Jenkins and 

Bruera, 1999). Furthermore, COX-2-inhibiting NSAIDs, such as meloxicam, 

exhibited antineoplastic effects in vitro (Naruse et al., 2006; Wolfesberger et al., 
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2006). Thus, COX-2 is a very interesting target for cancer therapy and pain 

management.  

 

 

VIII. ANTICANCER THERAPY FOR PAIN RELIEF  

 

Most commonly, surgery is a treatment modality for the cancer itself, rather than 

cancer pain (as outlined in the previous chapter). Yet, there are some 

circumstances when surgery may be used for pain managment. For example, 

patients with impending fractures of the long bones quick pain reduction and 

reduced orthopedic disability may be achieved by the insertion of an 

endoprosthesis (Mercadante, 1997).  

Chemotherapy may be used to reduce pain in symptomatic patients 

whose symptoms cannot be easily managed with less toxic and less expensive 

therapy. Patients with metastatic prostate cancer, for example, may have no 

survival advantage from chemotherapy with mitoxantrone plus prednisone, but 

may have a significant improvement in pain control and overall quality of life from 

those drugs (Osoba et al., 1999). Pallliative chemotherapy for other tumor types 

may show similar improvement (Ellison and Chevlen, 2002).  

Radiation therapy, such as bone irradiation, is often used to treat painful 

metastases, with a response rate of 60% to 80% and onset of pain relief often 

within the week (Serafini et al., 1998; Yarnold et al., 1999). Single dose 

irradiation was comparable to multiple fraction irradiations in pain relief and side 

effects with equivalency lasting at least a year (Yarnold et al., 1999).  

Therapeutic radionuclides are not part of the ―usual‖ therapy. Strontium 89 

chloride and Samarium 153 EDTMP (ethylenediaminetetramethylphosphonate) 

are the two FDA-approved radionuclides found useful in the management of 

painful bone metastases (Porter et al., 1993; Quilty et al., 1994; Serafini et al., 

1998). Following injection into the bloodstream, the radioactive agent 
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concentrates in the bone, particularly in bone metastases. Its radiation energy 

(beta irradiation) travels only a few millimeters through the bone with minimal 

toxicity. Within a week, patients may begin to observe a decrease in their pain 

(Serafini et al., 1998). Not only do therapeutic radionuclides reduce the pain of 

bone metastases, but when used as an adjuvant to external beam irradiation, 

they also reduce the likelihood of the emergence of new painful sites (Porter et 

al., 1993).  

Like therapeutic radionuclides, bisphosphonates are not analgesics, but 

are remarkably useful in the management of pain due to bone metastases. 

Bisphosphonates bind to the hydroxyapatite crystals in bone, where they are 

thought to inhibit the activity of osteoclasts, thus preserving the integrity of the 

bone (Berenson et al., 1996; Hortobagyi et al., 1996; Hillner et al., 2000), as well 

as reducing the risk of pathological fractures (Lipton et al., 2002; Saad et al., 

2002). 

 

 

IX. COMPLEMENTARY AND ALTERNATIVE ANALGESIC THERAPIES 

 

Complementary therapies – adjunctive, effective techniques that treat symptoms 

associated with cancer and its mainstream treatment – play an increasingly 

important role in controlling symptoms, especially pain and nausea, associated 

with cancer or cancer treatments (Beuth and Schierholz, 2007; Cassileth et al., 

2007; Lu et al., 2008). Other therapies commonly employed and found of value 

include meditation to reduce stress and herbal teas to relieve nausea (Cassileth 

and Deng, 2004).  However, more in-depth, controlled and standardized studies 

need to be conducted to better understand and evaluate complementary 

treatments and their therapeutic value in cancer medicine. 

From a clinical standpoint, such complementary therapies as needling 

acupuncture and electroacupuncture are advocated in both human and 
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veterinary medicine as adjunct therapies to treat the adverse effects of cancer 

treatment, or to contribute to multimodal pain management (Staud and Price, 

2006). The mechanisms by which acupuncture and electro-acupuncture exert 

their analgesic effects are several. For one, it is possible that acupuncture works 

through potentiation and modulation of a highly organized and somatotopic 

network of endogenous opioids that links expectation, attention and the body 

(Liu, 2008).  

Electroacupuncture also produces an immediate, segmental analgesia of 

short duration that is not mediated by endogenous opioids, but may be explained 

by the gate control theory (Ernst and Lee, 1987). Acupuncture can raise the 

levels of endogenous opioids in the cerebrospinal fluid (Zhang et al., 1980), as 

well as in the serum (Xi et al., 1983). Furthermore, in a rat model of bone cancer 

pain, electroacupuncture attenuated bone-cancer-induced hyperalgesia by 

inhibition of spinal preprodynorphin (Zhang et al., 2008) and spinal interleukin-1  

(Zhang et al., 2007c). Naloxone has repeatedly reversed the analgesic effects of 

acupuncture, supporting an endogenous opioid mechanism (Pomeranz and Chiu, 

1976; Mayer et al., 1977).  

As mentioned earlier, both canine and human osteosarcomas express 

COX-2 (Mullins et al., 2004; Masi et al., 2007). Many neoplasms are also pro-

inflammatory (Sabino et al., 2002; Lin and Karin, 2007). Electroacupuncture 

significantly decreases COX-2 expression in different models of pain and 

hypersensitivity (Lau et al., 2008) and inflammation (Lee et al., 2005; Lee et al., 

2006).  

Thus, acupuncture and electroacupuncture are serious contenders in 

providing an alternative to conventional (cancer) pain management. This topic 

will be discussed more in the next section. 
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4. ELECTROACUPUNCTURE 

 

I. HISTORICAL PERSPECTIVE 

 

Acupuncture is a popular complementary and alternative medical modality that is 

used to treat a wide variety of medical conditions both in humans and animals 

(Chan et al., 2001; Lee et al., 2005).  

Even though China and Eastern Asia are considered the places of origin 

of acupuncture, it is important to note that similar modalities developed 

independently in other locales and cultures (Gori and Firenzuoli, 2007): For 

example, the placement of needles to treat various ailments was also employed 

in Peru and by the shamans of the American Southwest. Both the Bantu tribes of 

South Africa and the Eskimo tribes in the Far North still utilize scratching and 

stimulation of the skin at specific body points to induce healing. Similarly, certain 

native tribes in Brazil use tiny blow darts shot at specific areas of the body to 

induce healing. Furthermore, the Ebers papyrus, which dates back to 1550 BC, 

describes medical practices in ancient Egypt and discusses the concept of 

energy flowing along channels. Arabic physicians used ear cauterizations, a 

precursor to the current treatment of auricular acupuncture, to treat sciatica. The 

placement of acupuncture needles in the ears and hands, rather than the body or 

the feet, likely developed due to the physicians‘ inability to touch women during 

treatment, a long-time social taboo in many cultures (Guo, 1995). 

Interestingly, the earliest evidence of acupuncture does not come from 

China, but rather dates back to prehistoric Europe (Gori and Firenzuoli, 2007). In 

1991, the mummified remains of Ötzi the Iceman were discovered in the 
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Tyrolean Alps.9 In addition to carrying medicinal mushrooms and other herbs, the 

5,300 year old mummy displayed ―a series of short, dark, parallel lines‖ tattooed 

on his back, right knee and left ankle, where modern day X-rays detected signs 

of arthritis.10 

Still, the earliest surviving records on the use of acupuncture were written 

by Chinese physicians between 480 and 220 BC. However, there is evidence to 

suggest that it may have been practiced in China as early as 4,500 years ago 

(Wu, 1996). Following the spread of acupuncture knowledge from China to 

Western Europe by merchants and Jesuit missionaries from the 17th to the 19th 

century, the interest of Western physicians was mixed (Kaptchuk, 1997). 

Physicians of the East India Company were among the earliest to advocate these 

new Eastern medical techniques in the late 17th and early 18th centuries, but 

faced outright hostility from medical colleagues at local universities on the 

continent and in the United Kingdom (Stollberg, 2007). In spite of such 

noteworthy proponents of acupuncture as William Osler, Franklin Bache (great-

grandson of Benjamin Franklin), Louis Berlioz (father of the composer Hector 

Berlioz), John Churchill, and John Elliotson (Kaptchuk, 1997), by the beginning of 

the 20th century, acupuncture had all but vanished from medical practice in 

Europe.  

Interest in acupuncture saw a new surge before World War II in France 

and after the War in Western Germany (Gleditsch 2001). But acupuncture, as it 

is known today, originated in China in the 1940s. It was born out of necessity 

when only a handful of doctors trained in Western medicine were available to 

care for a vast rural population requiring medical care (Ulett et al., 1998). 

                                                

9 Australian Broadcasting Corporation (2005) Scientists look at the iceman, nicknamed Oetzi. 

Accessed online on 11/23/09 at 

http://www.abc.net.au/news/indepth/featureitems/s1305469.htm  

10
 Ice Age Acupuncture? Study of Mummified Body Raises Questions about Practice‘s Origin. 
Acupuncture Today (2000) 1:6. Accessed online on 11/23/09 at 
http://www.acupuncturetoday.com/pdf_out/AcupunctureToday.com-Ice-Age-Acupuncture-
1259013768.pdf  
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Chairman Mao Tse-Tung solved this daunting problem by having thousands of 

practitioners trained in Chinese folk medicine, which had formerly been outlawed, 

and by sending them all over the country. 

The first scientific reports on surgical procedures being carried out under 

―acupuncture anesthesia‖ used in surgical operations surfaced in China in the 

1960s (Ulett et al., 1998). This extraordinary phenomenon has been studied ever 

since, but even though acupuncture can induce an analgesic effect, no scientific 

evidence exists that confirms any true anesthetic effect (Han, 1995). In fact, Han 

(1995) considers the term ―acupuncture anesthesia‖ a misnomer, and proposes 

the term ‗acupuncture-assisted anesthesia‘ instead, as the analgesic effects of 

acupuncture alone are ineffective for most surgical procedures. However, when 

used in conjunction with other analgesic drugs as part of multimodal pain 

management, acupuncture analgesia is potentiated (Cao, 1997; Zhu et al., 

1997a; Zhu et al., 1997b; Zhang et al., 2004b).  In fact, this potentiated analgesic 

effect may be sufficient for surgery (Han, 1997; Wu, 2005).  

Real sustained interest in acupuncture, however, did not take place until 

1971, when New York Times reporter, James Reston, a member of President 

Nixon‘s press detail on his visit to China, had to undergo an emergency 

appendectomy. Following the surgery, he received acupuncture treatment for 

postoperative pains and discomfort (Reston, 1971). His account of this new 

"miracle cure‖ that "could even substitute for anaesthesia" stirred interest in the 

general public and was the starting point of serious scientific investigations into 

acupuncture and Traditional Oriental Medicine (TOM) (Ulett et al., 1998). 

One year later, the NIH sponsored an acupuncture study for the first time. 

The study distinctly differentiated acupuncture from hypnosis (Ulett, 1983). In 

1981 and 1991, the American Medical Association Council and the National 

Council Against Health Fraud, respectively, declared that acupuncture had no 

scientific basis. Yet, the interest of both the public and the research community 

persisted, and in 1997, the NIH advocated the usefulness of acupuncture as a 
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therapeutic complementary intervention in various painful conditions (Ulett et al., 

1998).  

Veterinary acupuncture has been practiced in China for at least 2,000 

years (Haltrecht, 1999). As public interest in TOM therapies grew in the West, 

interest in veterinary acupuncture also has risen dramatically over the past 25 to 

30 years. Acupuncture has been found effective in treating many various disease 

and pain conditions in horses, cattle, dogs, cats, and birds (Bossut et al., 1984; 

Janssens et al., 1988; Steiss et al., 1989; Xie et al., 1996; Looney, 2000; Xie et 

al., 2001; Iwa et al., 2005; Xie et al., 2005).  

Many geriatric patients have generalized pain, arthritis, hind end 

weakness, and chronic diseases that hinder their quality of life. Some of these 

patients are also too weak to undergo conventional therapy and thus require an 

alternative to conventional treatment that is safe and effective. Acupuncture is 

one such treatment modality (Xie, 2004).  

 

 

II. APPLICATION OF ACUPUNCTURE 

 

Acupuncture is a popular complementary and alternative medical modality that is 

used to treat a wide variety of medical conditions both in humans and animals 

(Chan et al., 2001; Lee et al., 2005).  

In the absence of any significant side effects, only a few contraindications 

to acupuncture treatment exist (Chung et al., 2003): a) depth of needle insertion 

is determined by the location of the acupuncture point or health status of the 

patient. For example, needles placed on the thorax cannot be inserted to the 

same depth as needles over muscles of the limb; b) needles should never be 

inserted directly into a tumor or open wound, c) pregnancy precludes use of 

certain acupuncture points, especially those around the lumbar and lower 
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abdominal regions; d) needling at CV-8 acupuncture point is contraindicated, and 

the point is reserved for moxibustion only; e) electroacupuncture should not be 

used in patients with seizures or cardiac pacemakers. 

 

A. Systemic Effects or Disease Conditions 

The most thoroughly explored and understood acupuncture mechanism is 

acupuncture analgesia, and, as such, will serve to explain in this chapter how 

acupuncture and electroacupuncture exert their many effects. Descriptions of 

other mechanisms, such as immune modulation, will be noted where appropriate. 

 

Pain. While early reports on the positive effects of acupuncture on pain and 

certain disease processes were primarily anecdotal, recent controlled studies 

suggest that acupuncture can indeed relieve pain, reduce inflammation and 

successfully treat certain medical conditions (Napadow et al., 2008). For 

instance, recent systematic reviews of the effect of acupuncture on chronic 

headaches concluded that acupuncture could be a valuable non-pharmacological 

treatment tool (Linde et al., 2009), and that needling acupuncture is superior to 

sham acupuncture and medication therapy in improving headache intensity, 

frequency, and response rate (Sun and Gan, 2008).  

There is also strong evidence that acupuncture can be a useful 

supplement to other forms of conventional therapy for nonspecific lower back 

pain (Yuan et al., 2008) and for the treatment of postoperative pain (Sun et al., 

2008). Further support for the effectiveness of acupuncture for back pain in dogs 

with thoracolumbar intervertebral disk disease showed that electroacupuncture 

combined with standard Western medical treatment was effective and resulted in 

shorter time to recover than did use of Western treatment alone (Hayashi et al., 

2007). Similarly, recent research suggests that acupuncture is an important 

therapy for treating neuropathic pain in dogs and cats (Mathews, 2008) and 

humans (Taguchi, 2008).  
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Regular acupuncture treatment results in gradual elevation of the pain 

threshold in both humans and animals, which implies a delayed effect, as well as 

a long-lasting analgesic effect after acupuncture treatment has ceased (Chiang 

et al., 1973; Pomeranz and Chiu, 1976; Mayer et al., 1977; Han et al., 1983; Cui 

et al., 2005). For example, acupuncture manipulation at the LI-4 acupuncture 

point resulted in a peak increase of the pain threshold 20–40 min after needle 

insertion, which lasted for over 30 min after withdrawal of the needle. This 

analgesic effect was inhibited by injection of 2% procaine into LI-4 just prior to 

acupuncture (Chiang et al., 1973; Han et al., 1983; Farber et al., 1997). 

In spite of the ever-growing body of evidence validating the analgesic 

effectiveness of acupuncture, many systematic reviews of clinical acupuncture 

studies fail to find convincing evidence that acupuncture relieves pain (Ee et al., 

2008; Tough et al., 2008; Wang et al., 2008a; Madsen et al., 2009). For instance, 

Pittler and Ernst (2008) recently concluded that ―the evidence is not fully 

convincing for most complementary and alternative medicine modalities in 

relieving neuropathic or neuralgic pain‖.  

The conflicting observations of acupuncture effects reported in the 

literature are likely due to the large variation in experimental conditions, 

experimental design, use of adequate controls and the patient population or the 

animal pain models used. Thus, many questions should be raised when 

reviewing acupuncture data in the literature. These include the following: Which 

pain model was used? Did the investigators employ manual or 

electroacupuncture, and, in the case of electroacupuncture, what were the 

electrical current parameters? Which acupuncture point was studied and how 

deep were the needles inserted? Further differences relate to methodological 

problems and issues, including limited sample sizes, lack of randomization, 

inappropriate control groups, and discounting the concept of Eastern Medicine 

philosophy.  

 



65 

 

Cardiovascular effects. A direct link exists between acupuncture and the 

autonomic nervous system. Vasomotor symptoms have a significant physiologic 

correlation to increased sympathetic nervous system activation (Freedman, 

2005). Acupuncture causes increases in heart rate variability and increased 

cardiac parasympathetic modulation in healthy subjects (Haker, 2000). A 

systemic evaluation of the role of complementary and alternative therapies in 

cardiac rehabilitation concluded that ―some complementary and alternative 

medicine therapies hold promise for patients in cardiac rehabilitation. Further 

research is essential, however, in all areas of complementary and alternative 

medicine to confirm its usefulness as an adjunct to cardiac rehabilitation.‖ Arhur e 

tloa., 2006).  Another systematic review of the effect of acupuncture on cardiac 

arrhythmias concluded that ―acupuncture seems to be effective in treating 

several cardiac arrhythmias, but the limited methodologic quality of the studies 

necessitates better-controlled clinical trials‖ (VanWormer et al., 2008). Acupoint 

stimulation affects blood pressure receptors and, thus, has the ability to modulate 

blood pressure (Iwa et al., 2005; Zhang et al., 2009). In that regard, Zhang and 

coworkers (2009) showed that acupuncture can lower systolic blood pressure, 

but not diastolic blood pressure.  Electroacupuncture treatment after a stroke 

may assist with early rehabilitation and decrease time in a nursing home by 50% 

(Johansson et al., 1993; Magnusson et al., 1994). 

Immune-modulating effects. Stimulation of the parasympathetic vagus nerve 

has been shown to have a direct effect on the inflammatory immune response by 

decreasing serum levels of pro-inflammatory cytokines (Tracey, 2007). 

Acupuncture can also activate T-cell lymphocytes and increase the number of 

white blood cells for the treatment of immunodeficiency (Yuan and Zhou, 1993). 

The anti-inflammatory of acupuncture occur via a reflexive central inhibition of the 

innate immune system (Kavoussi and Ross, 2007; Cabioğlu and Cetin, 2008), 

resulting in a decrease in proinflammatory (TNF, IL-1β, IL-6, and IL-18) and an 

increase in anti-inflammatory (IL-10) cytokines (Kavoussi and Ross, 2007; 

Cabioğlu and Cetin, 2008). Furthermore, decreases in cortisol (Han et al., 2004) 



66 

 

and the release of ACTH, implying the involvement of the hypothalamo–pituitary 

corticotrope axis (Pan et al., 1996). 

 

Gastrointestinal Disorders. Electrical stimulation of the Zusanli (ST-36) 

acupuncture point has been used effectively to inhibit experimentally-induced 

gastrointestinal disorders in dogs (Jin et al., 1992).  Electroacupuncture also was 

found effective clinically in the treatment of gastrointestinal disorders (Li et al., 

1992).  

 

Psychological Effects. Electroacupuncture has been used successfully for the 

treatment of depression (Han, 1986; Loti et al., 1990), posttraumatic stress 

disorder (Ulett and Nichols, 1996), and anxiety (Ulett, 1996). 

 

Addiction. Electroacupuncture in the ear has been used successfully to treat 

addiction (Wen and Cheung, 1973), but a placebo effect has been noted when 

non-stimulated needles were used (Ter Reit et al., 1990; Wells et al., 1995; Otto 

et al., 1998). Han et al. (1994) successfully used transcutaneous stimulation of 

body acupuncture points in the treatment of heroin addicts. The alternating high 

(100 Hz) and low (2 Hz) frequency stimulation produced the most significant 

improvement of withdrawal symptoms.  

 

B. Placebo Effect 

The involvement of psychological factors as the underlying mechanism for 

acupuncture-induced analgesia is a possibility (Price et al., 1984). Dr. Ted 

Kaptchuk and his team of researchers at Harvard University have devoted much 

of their research to studying the effects of placebo and expectation. When they 

compared the analgesic effects of manual acupuncture to electroacupuncture 

and placebo in healthy subjects, verum acupuncture treatment, but not placebo, 
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lowered pain ratings in response to calibrated noxious thermal stimuli (Kong et 

al., 2005). Based on their observation that some of the study participants 

responded only to electroacupuncture and others only to manual acupuncture, 

the authors suggest that acupuncture analgesia may be dependent on both 

subject and mode (Kong et al., 2005). 

A great variety of psychological or physical stressors are able to stimulate 

the hypothalamo–pituitary axis. This results in the release of ACTH, which 

modulates a number of physiological responses. Electroacupuncture enhances 

plasma ACTH and up-regulates the expression of fos in the hypothalamic–

pituitary corticotrope axis (Pan et al., 1996). Both responses can be blocked by 

deprivation of nociceptive primary afferent input using capsaicin. Interestingly, 

ATCH release and fos expression due to immobilization-induced stress were not 

changed by capsaicin treatment, which suggests that electroacupuncture may 

depend on the physiological afferent signals elicited in the somatosensory 

pathway (Pan et al., 1997). 

However, the physiological mechanisms of acupuncture analgesia 

outweigh any psychological factors involved (Ezzo et al., 2000; Lundeberg and 

Stener-Victorin, 2002; Lee and Ernst, 2005). In fact, several studies 

demonstrated the superior effects of acupuncture when compared to placebo in 

patients (Lewith and Machin, 1983; Richardson and Vincent, 1986; Pariente et 

al., 2005) and in healthy volunteers (Lee and Ernst, 1989; Ulett, 1989; Bausell et 

al., 2005).  

 

C. Differences in response to Acupuncture 

The analgesic effect of acupuncture is subject to individual differences.  

In addition to inherited genetic factors (Lee et al., 2002; Chae et al., 2006), 

physical health may be an important factor affecting an individual‘s response to 

acupuncture. The analgesic effects of acupuncture were studied in rats with and 

without inflammation (Sekido et al., 2003). Some of the normal rats responded to 
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acupuncture treatment, while others did not. However, all of the rats with 

inflammation responded to treatment and manifested acupuncture analgesia.  

 

 

II. WHAT IS ACUPUNCTURE? 

 

A. Meridian Theory 

Traditionally, acupuncture was practiced in the context of interactive diagnostic 

procedures based on complex philosophical laws (Vieth, 1949). One of the key 

Eastern Medicine philosophical concepts underlying the effectiveness of 

acupuncture centers on stimulating the Qi (life force or energy), which is thought 

to flow through the body (Wax and White, 2000). In healthy individuals the Qi is 

balanced between two major forces, Yin and Yang. Additionally, 12 organ 

systems were associated with the five elements fire, earth, metal, wood, and 

water (Vieth, 1949).  

The Qi flows along energy pathways or meridians, which are precisely 

mapped channels that connect to each other and to the various body organs 

(Mayer, 2000). Modern acupuncture recognizes 14 meridians: liver (LIV), 

gallbladder (GB), heart (HT), small intestine (SI), pericardium (PC), triple heater 

(TH), spleen (SP), stomach (ST), lung (LU), large intestine (LI), kidney (KID), 

bladder (BL), governing vessel (GV), and conception vessel (CV) (Schwartz, 

1996). In accordance with the meridian theory, pain is the result of a disease-

induced blockade of the meridians. Acupuncture stimulation of specific points 

along these meridians is thought to remove the blockade and restore the proper 

energy balance.  

Once considered purely a philosophical concept, scientific evidence 

suggests that meridians are real and consist of blood vessels (traditional), sheets 

of connective tissue (Langevin et al., 2002; Langevin and Yandow, 2002), or 
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nerves (Li et al., 2004). Since there is no consensus regarding the exact 

anatomical structures constituting meridians, the energy channels may be viewed 

as a functional modality that involves a summation of multiple physiological 

functions and organ systems (Zhou, 2008).  

 

B. Acupuncture Points 

In the ancient text, ―The Yellow Emperor's Classic of Internal Medicine‖, it is 

stated that ―On these meridians there are 365 acupuncture points, one for each 

day of the year‖ (Veith, 1994). 

In actuality, there are 361 acupuncture points located on 14 meridians and 

their branches throughout the body. Acupuncture points can be divided into four 

types, according to their location (Liu et al., 1975; Gunn, 1978; Looney, 2000): 

motor points are found where a nerve enters muscle, midlines points are located 

on dorsal and ventral midlines, some points reside over nerves or nerve 

plexuses, and points at muscle-tendon junction are associated with the Golgi 

bodies. Acupuncture points exist in bilateral symmetry and may differ electrically 

from surrounding tissue (Brown et al., 1974).   

Of the 361 acupuncture points located on the skin of the human body, 323 

exhibited innervation by peripheral nerves (Zhou et al., 1979). Interestingly, early 

studies did not find afferent fibers innervating the skin to be important structures 

in mediating acupuncture signals (Chiang et al., 1973; Shen et al., 1973; Han et 

al., 1983). Moreover, recent findings of a pilot study employing 

immunohistochemistry reported a significantly decreased number and density of 

subcutaneous nerve structures in acupuncture points compared with non-

acupuncture points in human (Wick et al., 2007). Conversely, when the 

distribution of afferent nerve endings in relation to acupuncture points was 

studied in the rat hindlimb, the receptive fields for both A and C fiber afferents 

were concentrated either at the sites of acupuncture points or along the meridian 

channels (Li et al., 2004). In addition, the majority of deep sensory receptors 



70 

 

were located at acupuncture points in muscle tissue (Li et al., 2004). Therefore, it 

is quite possible that acupuncture points may be excitable muscle-skin-nerve 

complexes with a high density of nerve endings. 

It should be noted that acupuncture points are relatively specific. In this 

regard both manipulation and site of needling contribute significantly to the 

elevation of pressure pain threshold following acupuncture (Zasiawski et al., 

2003). Stimulation of classical acupuncture points elicits significantly higher 

activation of the hypothalamus and primary somatosensory-motor cortex, as well 

as deactivation of the rostral segment of anterior cingulate cortex, than 

stimulation of non-acupuncture points (Zhang et al., 2004). The activation of the 

bilateral visual cortex located in the occipital lobes was shown by fMRI to cause 

bilateral stimulation of vision-related acupuncture points located in the lateral 

aspect of the foot (Siedentopf et al., 2002). Stimulation of non-acupuncture 

points, on the other hand, causes no activation in the occipital lobes (Wu et al., 

2002).  To be fair, while there is evidence for acupoint specificity, a recent critical 

review of methodological problems in fMRI studies of acupuncture focusing on 

visual and auditory cortex activation highlights the fact that some acupuncture-

fMRI studies have not adopted all methodological standards applied to most 

other fMRI studies (Beissner and Henke, 2009). These authors conclude that 

activation of the visual and/or auditory cortex reported by some fMRI studies 

were probably not a direct result of acupuncture stimulation per se but rather 

attributable to one or more methodological problems that include the choice of 

baseline, interpretation of deactivations, attention control  and implications of 

different group statistics. 

The segments of the body comprise dermatomes, myotomes, sclerotomes 

and viscerotomes, in which the same level of innervation and sensory input enter 

the spinal dorsal horn (Campbell, 1999; Bogduk, 2002). When acupuncture 

points are located in the same segmental innervation regions (e.g. ST-36) versus 

remote spinal segments (e.g. LI-4), acupuncture analgesia is more effective (Wu 

et al., 1974; Dai et al., 2001). These anti-nociceptive effects are even more 
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pronounced when the acupuncture points selected reside along the same nerve 

innervating the receptive field of the source of pain (Wu et al., 1974). This 

evidence may point towards a functional specificity of acupuncture points (Bing et 

al., 1991a), even though several acupuncture points distant from the pain sites 

also are efficient for relieving pain (Wu et al., 1974; Bing et al., 1990; Zhu et al., 

2004a). 

 

C. Acupuncture  

Acupuncture may be defined as the stimulation of specific locations on the body 

(acupoints or acupuncture points) using needles (acupuncture), touch 

(acupressure), or heat (moxibustion).  

The focus of this chapter will be on the two acupuncture techniques used 

most frequently in clinical situations: a) manual needling, the most common 

technique, involves insertion of a sterile filiform acupuncture needle into the 

acupuncture point, followed by twisting of the needle to achieve stimulation; and 

b) electroacupuncture requires insertion of the needle into an acupuncture point 

just as manual acupuncture, but in addition a stimulating current is delivered 

through the needle. Electroacupuncture may also involve the placement of a 

surface electrode on the skin over the acupuncture point instead of needle 

insertion (Wang et al., 1922; as cited in Ulett et al., 1998). This 

electroacupuncture-like surface stimulation is delivered to the skin over 

acupuncture points at low-frequency and high-intensity until strong muscular 

contractions are evoked and the pain threshold increases (Andersson and 

Holmgren, 1975). This mode of electrical stimulation, however, may not be 

confused with transcutaneous electrical nerve stimulation (TENS), where the 

surface electrodes are placed over the painful area rather than at a specific 

acupuncture point (Melzack and Wall, 1984). Transcutaneous electrical nerve 

stimulation is carried out at the site of pain using high-frequency, low-intensity 

stimulation (Lundeberg, 1984; Chan and Tsang, 1987).  



72 

 

Successful acupuncture effects are dependent on and determined by 

needle manipulation, resulting in a feeling frequently described by patients as 

soreness, numbness, heaviness and distension in the deep tissue beneath the 

acupuncture point (Pomeranz, 1989; Haker and Lundeberg, 1990; Hui et al., 

2005). The acupuncturist, in turn, feels a tissue pull, or ‗grabbing‘ of the needle, 

and increased resistance to manipulation (Langevin et al., 2001; Kong et al., 

2005; MacPherson and Asghar, 2006). This sensation is termed de-Qi, and it 

occurs via central pathways: damage to the anterior commissure of the spinal 

cord is accompanied by pain and temperature sensation deficits, and patients 

experience no or reduced acupuncture effects and de-Qi (Cao, 2002). Clinically, 

the efficacy of acupuncture analgesia is highly dependent upon the de-Qi (Wang 

et al., 1985; Pomeranz, 1989; Haker and Lundeberg, 1990; Hui et al., 2005).  

An early investigation of de-Qi consisted of a needle inserted deeply into 

the LI-4 or ST-36 acupuncture point for stimulation and EMG recording (Shen et 

al., 1973). The EMG recordings from the muscle beneath the acupuncture point 

could be positively correlated to the intensity of the subjective sensation derived 

from acupuncture manipulation (numbness, soreness, etc.) needle grasp, the de-

Qi. Injection of procaine into the muscle beneath the acupuncture point blocks 

both sensations (Shen et al., 1973). Although de-Qi appears to originate mainly 

from muscle stimulated by acupuncture, it may also stem from other deep tissue 

due to activation of polymodal receptors (Kawakita et al., 2002).  

The needle grasp characteristic for de-Qi has been suggested to be due to 

a mechanical coupling that occurs between the needle and connective tissue 

when the tissue is wound around the needle during manipulation (Langevin et al., 

2001; Langevin et al., 2002). This winding, or rotating (twisting or twirling) of the 

needle, may produce a mechanical signal in the tissue and excite local nerve 

fibers and structures (Gunn, 1978; Langevin et al., 2001; Langevin et al., 2002). 

In addition, needling produces changes in circulation, temperature, or chemical 

effects (Peng and Greenfield, 1990).  
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For example, when acupuncture was administered at ST-36, a significant 

analgesic effect was observed, as well as an enhanced degranulation of mast 

cells (Zhang et al., 2007a). Pharmacological destruction of the mast cells 

weakened the analgesic effect, suggesting an important role of mast cells in 

connective tissue in acupuncture analgesia. 

The types of afferent fibers activated, as well as individual differences in 

sensitization, depend on different acupuncture modes and manipulations 

(Langevin and Yandow, 2002). Thus, the acupuncture needle should be 

considered a physical sensory stimulus, which activates a diverse array of 

receptors depending on its intensity, frequency, duration and interval between 

stimulations (Linde et al., 2009). Manual acupuncture is able to activate A-β, A-δ, 

and C afferent fibers (Okada et al., 1996; Zhu et al., 2004a). Electroacupuncture 

has the added potential of being able to produce stimulation intense enough to 

excite the small, myelinated sensory type II A-β (Wu et al., 1974; Levine et al., 

1976; Toda and Ichioka, 1978; Lu et al., 1979; Pomeranz and Paley, 1979; 

Chung et al., 1984; Toda, 2002) and type III A-δ (Wu et al., 1974; Kawakita and 

Funakoshi, 1982; Leung et al., 2005) afferents to produce analgesia. 

Acupuncture at LI-4, ST-36, and Yanlingquan (GB-34) acupuncture points 

is capable of modulating the descending inhibitory pathways (Wu et al., 1999; Li 

et al., 2000; Liu et al., 2000; Yan et al., 2005). The specific structures activated 

include the periaqueductal gray (PAG) and the nucleus raphae magnus (NRM) in 

the midbrain, dorsomedial nucleus of the thalamus, hypothalamus, nucleus 

accumbens, and primary somatosensory-motor cortex are activated by 

acupuncture. Interestingly, multiple limbic regions involved in modulating pain 

emotion, such as the rostral part of the anterior cingulate cortex, the amygdala 

and the hippocampal complex, are deactivated by the same stimulation (Wu et 

al., 1999; Price, 2000; Gao et al., 2004; Lei et al., 2004).  

The ability of acupuncture to modulate pain processing implies that it likely 

is capable of also modulating central homeostasis to produce analgesia. In 
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addition, this would explain how acupuncture regulates the balance of Yin and 

Yang according to the ancient meridian theory. 

 

D. Manual Acupuncture versus Electroacupuncture 

Manual acupuncture at the LI-4 acupuncture point can increase the pain 

threshold in the healthy individual (Chiang et al., 1973). Injection of procaine to 

block the cutaneous branches of the radial nerve innervating the skin at LI-4 

failed to have an effect on the acupuncture-induced analgesia. However, when 

the deep branches of the ulnar nerve and the median nerve innervating the 

muscles at LI-4 were blocked using procaine acupuncture analgesia was 

completely abolished (Chiang et al., 1973). This suggests that excitation of 

afferent fibers originating primarily in the muscle underlies the effects of 

acupuncture, at least at LI-4. 

As mentioned above, the de-Qi feeling essential for analgesia results from 

strong mechanical stimulation of the muscles by repetitive manipulation of 

acupuncture needles inserted into acupuncture points. Different types of 

afferents are activated depending on stimulation intensity and duration. Gentle 

manipulation will excite A fibers, while more rigorous manipulation of the 

acupuncture needles causes sufficient damage to underlying muscle and other 

deep tissues, resulting in the release of proinflammatory mediators, such as 

histamine, bradykinin, PGE2, 5-HT and ATP, which, in turn, excite local 

nociceptors (Boucher et al., 2000; Meyer et al., 2005). It is, therefore, quite 

possible that C-type fibers are involved in manual acupuncture-induced 

analgesia (Wei et al., 1973; Wei et al., 1978). Acupuncture analgesia produced 

by stimulation of ST-36 was completely abolished in rats following capsaicin 

treatment of both sciatic nerves to selectively block A-δ and C fibers. This 

mechanism of C fiber mediation of acupuncture analgesia is similar to that 

evoked by so-called diffuse noxious inhibitory control, which is mediated by A-δ 

and C fibers (Okada et al., 1996; Zhu et al., 2004a).  
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Electroacupuncture. The use of electrically stimulated needles was first 

reported in the 1960s (Sheng and Chang, 1960; Schwarz, 1966). This 

electroacupuncture provided the statistically most significant surgical analgesia 

(Parwatikar et al., 1979; Leong and Chernow, 1988) when compared to 

traditional acupuncture manual stimulation procedures. 

Electroacupuncture-induced analgesia occurs by both pre- and post-

synaptic inhibition in the spinal neurons.  Strong electroacupuncture stimulation 

at Huantiao (GB-30) and GB-34 or ST-36 acupuncture points induced significant 

enlargement of antidromic C-waves of the sural nerve (Fung and Chan, 1976; Li 

et al., 1993). These findings suggest that electroacupuncture can cause an 

enhanced depolarization in the presynaptic terminals of primary C afferents, 

which results in inhibition of the release of neurotransmitters from these 

terminals. Electroacupuncture stimulation at ST-36 also produces inhibitory post-

synaptic potentials, as well as a long-lasting membrane hyperpolarization in 

nociceptive neurons of the spinal dorsal horn (Wu et al., 1978). 

Electroacupuncture has produced bilateral analgesic effects in human 

subjects and animal models (Han et al., 1983; Takakura et al., 1995; Kim et al., 

2000; Lao et al., 2004). However, the common consensus is that only high 

intensity stimulation can produce lasting analgesia (Romita et al., 1997). There 

has been some contention about which types of afferents (specifically whether C 

fibers) actually mediate electroacupuncture analgesia (Hu, 1979; Liu et al., 1986; 

Liu et al., 1990).  

Scientific evidence from several animal and human studies suggests that 

high intensity electrical stimulation produces analgesia by exciting type II A-β 

afferents (Wu et al., 1974; Levine et al., 1976; Toda and Ichioka, 1978; Lu et al., 

1979; Pomeranz and Paley, 1979; Chung et al., 1984; Toda, 2002). More potent 

analgesic effects are seen, however, following stimulation of type III A-δ afferents 

(Wu et al., 1974; Kawakita and Funakoshi, 1982; Leung et al., 2005). 

Electroacupuncture activates all types of A fibers, and induces strong nociceptive 
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inhibition of spinal dorsal horn neurons (Wu et al., 1974; Pomeranz and Paley, 

1979).  

Brief administration of low-frequency electroacupuncture to the Yinbai 

(SP-1) and Dadun (LR-1) acupuncture points on the left lower extremities caused 

significant increase of the warm thresholds of both medial calves and significant 

reduction of the acute thermal pain threshold at the ipsilateral calf during 

electrical stimulation, but not during pre-acupuncture or post-acupuncture periods 

(Leung et al., 2005). This implies that even though electroacupuncture most likely 

produced its analgesic effects by stimulating A-δ fibers, it had an inhibitory effect 

on the C fibers. The possibility of C fiber involvement in electroacupuncture 

analgesia was tested also by experimentally induced degeneration of primary 

afferent C fibers using 50 mg/kg of neonatal capsaicin (Zhu et al., 1990b). 

Electroacupuncture analgesia was significantly reduced in capsaicin-treated 

animals compared to controls. Analgesia persisted following blockade of A-β and 

A-δ afferent fibers, suggesting the involvement of C fibers in electroacupuncture 

analgesia.  

Clinical observations seem to support the notion of C fiber involvement in 

electroacupuncture analgesia in animal experiments (Chung et al., 1984; Bing et 

al., 1990).  Conversely, degeneration of C afferent fibers by neonatal capsaicin 

treatment causes loss of TRPV-1 expressing neurons in the DRG (Kissin, 2008). 

After capsaicin treatment, injection of formalin into the hindpaw results in a 

significantly reduced level of fos expression in the dorsal horn (Uchida et al., 

2003). However, following electroacupuncture administration, fos expression was 

unaffected by capsaicin treatment. Thus, it is possible that electroacupuncture 

induces the expression of fos in dorsal horn neurons via capsaicin-insensitive 

afferents, such as A-δ fibers, rather than C afferents (Pan et al., 1997). 

These conflicting results are most likely due to the great variety of 

experimental conditions represented in the body of literature. Apart from the 

experimental models and acupuncture points used, electrical current parameters 
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(duration, biphasic or monophasic pulses), frequencies and intensities vary 

tremendously from study to study. 

Electroacupuncture also produces an immediate, segmental analgesia of 

short duration that is not mediated by endogenous opioids, but instead complies 

with the gate control theory of Melzack and Wall (Ernst and Lee, 1987). It is of 

interest that one recent theory indicates that acupuncture works through 

potentiation and modulation of a highly organized and somatotopic network of 

endogenous opioids that links expectation, attention and body schema (Liu, 

2008).  

Thus, when comparing the peripheral afferent mechanisms of acupuncture 

analgesia, manual acupuncture and electroacupuncture are comparable – even 

though electroacupuncture appears to act predominantly via A-β and A-δ 

afferents, and manual acupuncture stimulates all afferents, especially C fibers. 

Since acupuncture and electroacupuncture induce their anti-nociceptive effects 

by several mechanisms resulting in a multimodal analgesic effect, which can 

compete with pharmaceutical analgesic drugs. However, the combination of 

(electro-) acupuncture with common analgesic drugs (Han, 1995) or the 

simultaneous use of both acupuncture techniques would produce more potent 

analgesia than either alone (Kim et al., 2000). 

 

III. NEUROPHYSIOLOGIC THEORY OF (ELECTRO-) ACUPUNCTURE 

 

Acupuncture analgesia is essentially a manifestation of integrative processes at 

different levels of the CNS between the afferent impulses from the pain regions 

and impulses from acupuncture points (Zhao, 2008). Consequently, the 

physiological, biochemical, and brain mechanisms involved in acupuncture 

analgesia have been the focus of numerous investigations (Chang, 1973; Chang, 

1980; Han and Terenius, 1982; Han, 1986; Vincent and Richardson, 1986; 

Chung, 1989; Han, 1989; Takeshige, 1989; Ulett, 1989; Sims, 1997; Ulett et al., 
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1998; Mayer, 2000; Pomeranz, 2001; Cao, 2002; Le Bars and Willer, 2002; Han, 

2003; Staud and Price, 2006; Wang et al., 2008b). The neurologic model 

conceived 30 years ago, still represents the most widely accepted physiologic 

mechanism attributed to acupuncture stimulation (Pomeranz 1978; Cheng and 

Pomeranz 1981).  

Impulses generated by acupuncture stimulation of acupuncture points 

travel from the peripheral nerves to the dorsal horn of the spinal cord. From 

there, they ascend along one of six potential pathways including the anterolateral 

and spinothalamic tracts to the hypothalamus, whose primary ascent occurs via 

the ventrolateral funiculus (VLF) (Chiang et al., 1975; Li et al., 2007). 

In the brain, impulse processing occurs in the nuclei of the central 

endogenous descending inhibitory system. These nuclei include the NRM, the 

PAG, the locus coeruleus, the arcuate nucleus, the preoptic area, the nucleus 

submedius, the anterior pretectal nucleus, the habenular nucleus, the nucleus 

accumbens, the caudate nucleus, the septal area, and the amygdale (Fields et 

al., 2005). When activated, these structures mediate acupuncture analgesia. 

Only the habenular nucleus and locus coeruleus antagonize it (Bing et al., 1991b; 

Takeshige et al., 1991; Yang et al., 1992; Lee and Beitz, 1993; Takeshige et al., 

1993; Wu et al., 1995; Guo et al., 1996; Hui et al., 2005; Yan et al., 2005). 

The use of functional magnetic resonance imaging (fMRI) and positron 

emission tomography (PET) as means to identify the central effects of 

acupuncture in the human brain is becoming increasingly popular (Wu et al., 

1999; Hui et al., 2000; Hsieh et al., 2001; Kong et al., 2002; Wu et al., 2002; 

Zhang et al., 2003a; Zhang et al., 2003b; Fang et al., 2004; Zhang et al., 2004; 

Yan et al., 2005). Both fMRI and PET scans have confirmed many of the early 

research findings and hypotheses regarding acupuncture mechanisms by 

demonstrating signal changes in those CNS structures thought to represent 

regions of the central endogenous descending inhibitory system. These signal 

changes are considered to represent increased or decreased neural activity, and 

have been positively correlated with acupuncture needle insertion (Cho et al. 
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1998; Biella et al. 2001; Gareus et al. 2002; Kong et al. 2002; Wu et al. 2002; Hui 

et al. 2005; Pariente et al. 2005; Yan et al. 2005). 

 

A. Neural pathways and brain structures 

The phenomenon of acupuncture analgesia is frequently attributed to the gate 

control theory (Ernst and Lee, 1987), but in truth, the pathways of acupuncture 

analgesia form complex interactions with the pain pathways in the CNS and 

associated neurotransmitters (Cao, 2002). The main ascending and descending 

pathways of pain are well-documented (Millan, 1999; Millan, 2002) and have 

been described in the previous chapter.  

The endogenous descending inhibitory system in the CNS plays a vital 

role in processing acupuncture analgesia (Shen et al., 1974; Shen et al., 1975; 

Shen et al., 1978; Hu et al., 1980). The NRM and its adjacent structures are of 

particular importance (Du and Zhao, 1975; Du and Zhao, 1976). Impulses 

generated by acupuncture stimulation of acupuncture points ascend primarily via 

the VLF (Chiang et al., 1975; Li et al., 2007). In the brain, impulse processing 

occurs in the nuclei of the central endogenous descending inhibitory system. 

These nuclei include the rostral ventromedial medulla (Fields et al., 2005), the 

NRM (Liu et al., 1986; Liu et al., 1990), the periaqueductal gray (Sheng et al., 

2000; de Medeiros et al., 2003; Guo et al., 2004), the locus coeruleus, the 

arcuate nucleus, the preoptic area, the nucleus submedius, the anterior pretectal 

nucleus, the habenular nucleus, the nucleus accumbens, the caudate nucleus 

(Zhang et al., 1978; He and Xu, 1981; He et al., 1985), the septal area, and the 

amygdale (Fields et al., 2005). When activated, all these structures, except the 

habenular nucleus and the locus coeruleus, mediate acupuncture analgesia 

(Bing et al., 1991b; Takeshige et al., 1991; Yang et al., 1992; Lee and Beitz, 

1993; Takeshige et al., 1993; Wu et al., 1995; Guo et al., 1996; Hui et al., 2005; 

Yan et al., 2005). 
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B. Opioid-mediated Analgesia  

The last three decades have seen a surge of renewed scientific interest in 

acupuncture and electroacupuncture. Numerous studies strived to identify central 

and peripheral effects of electroacupuncture and acupuncture (Nappi et al., 1982; 

Ohsawa et al, 1995; Yu et al., 1998b; Wacnik et al., 2005). Several have focused 

on the possibility that acupuncture stimulates endogenous opioids (Zhang et al., 

1980; Xi et al., 1983; Han et al., 1984).  

The first evidence that this is so was provided by Liebeskind's (1973) 

discovery that electrical stimulation of the PAG caused analgesia of the 

periphery. Since it was known that morphine-binding receptors were located in 

the same region of the PAG (Kuhar et al., 1973; Pert and Snyder, 1973), these 

findings suggested chemical analgesic mechanisms. The subsequent discovery 

that morphine and other opiates act primarily at the midbrain level of the nervous 

system (Bausbaum et al., 1977), as well as the existence of enkephalins 

(Kosterlitz and Hughes, 1975) and other analgesic compounds in the CNS 

(Hughes, 1975; Hughes et al., 1975) were further breakthroughs.  

More types of endogenous opioids were identified soon after: endorphins 

in the pituitary (Cox et al., 1975; Teschemacher et al., 1975; Li, 1977) and within 

the cerebrospinal fluid following stimulation of the PAG and acupuncture 

stimulation (Sjölund et al, 1977) and dynorphin in the hypothalamus and dorsal 

spinal cord, among other locations (Goldstein et al., 1979; Hökfelt et al., 1984).  

All these discoveries supported the hypothesis of an opioid-mediated 

endogenous pain inhibition. Based on observations of cross tolerance between 

morphine and electroacupuncture, Han et al. (1980) were the first to suggest 

both mechanisms of analgesia were mediated by the same receptors.  

The role of endogenous opioids in acupuncture analgesia was confirmed 

using naloxone, a specific opioid receptor antagonist, which partially reversed the 

analgesic effect of acupuncture on electrical stimulation-induced experimental 

pain (Mayer et al., 1977) and in patients with chronic pain (Jiang et al., 1978). 

Naloxone also blocked electroacupuncture-induced inhibition of nociceptive 
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responses in feline dorsal horn neurons (Pomeranz and Cheng, 1979) and 

reversed electroacupuncture analgesia in the monkey (Ha et al., 1991). 

Additional evidence of acupuncture involving an opioid-based mechanism was 

demonstrated using knockout mice deficient in opiate receptors. These mice 

exhibited poor electroacupuncture-induced analgesia (Peets and Pomeranz, 

1978). Acupuncture analgesia was also potentiated by protection of endogenous 

opioid peptides using peptidase inhibitors, such as d-amine acids, d-

phenylalanine and bacitracin (Ehernpreis et al., 1978; Han et al., 1981; Zhou et 

al., 1984).  

The endogenous opioid receptors are distributed all over the body, but 

specifically in the peripheral primary afferent terminals and the nociceptive areas 

of the CNS (Basbaum and Jessell, 2001; Fields et al., 2005). The involvement of 

the peripheral opioid system in modulating inflammatory pain has been well-

documented (Stein, 1991; Stein et al., 2003). Electroacupuncture administered in 

a rat model of CFA-induced inflammation, local, but not intraperitoneal, injection 

of naloxone methiodide, a peripherally acting opioid receptor antagonist, 

eliminated the analgesic effect 30 min after treatment (Sekido et al., 2003). 

Acupuncture also causes activation of the descending inhibitory pain pathway 

which activates the PAG to release more β-endorphins and the NRM to release 

serotonins (Janssens et al., 1988). Intraplantar injection of a β-endorphin 

antibody and a corticotropin-releasing factor antagonist also reduced 

electroacupuncture analgesia (Zhang et al., 2005a).  

Taken together, these data strongly suggest that inflammatory pain is 

modulated by peripheral opioids released by electroacupuncture. 

Compelling evidence exists that frequency-dependent electroacupuncture 

analgesia is mediated by the different opioid receptor subtypes (Han, 2003; Kim 

et al., 2004; Zhang et al., 2004a; Wang et al., 2005). The radioimmunoassay of 

spinal perfusates following electrical stimulation at low-frequency (2 Hz) 

demonstrated that electroacupuncture facilitates the release of enkephalin, but 

not dynorphin, while high frequency (100 Hz) stimulation resulted in the release 
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of dynorphin, but not enkephalin in the rat (Fei et al., 1987; Han, 2003) and in 

humans (Han et al., 1991). Under physiological conditions, low-frequency 

electroacupuncture is mediated by μ- and δ- receptors and high-frequency 

electroacupuncture by κ-receptors (Han, 2003; Wang et al., 2005). However, in 

pathological conditions, such as inflammatory (Zhang et al., 2004b) or 

neuropathic (Kim et al., 2004; Sun et al., 2004) pain, κ-receptors do not appear to 

mediate electroacupuncture analgesia.  

In rats with neuropathic pain, 2 Hz electroacupuncture induced a robust 

and longer lasting effect than 100 Hz (Kim et al., 2004; Sun et al., 2004).  When 

the arcuate nuclei were lesioned, low-frequency electroacupuncture-induced 

analgesia, but not high-frequency electroacupuncture, was abolished (Wang et 

al., 1990). Conversely, selective lesioning of the parabrachial nuclei attenuated 

high-frequency electroacupuncture-induced analgesia but not low-frequency 

electroacupuncture (Wang et al., 1991). Thus, different opioid-expressing brain 

nuclei are involved in electroacupuncture analgesia produced by low- and high-

frequency stimulation.  

Most of the previously mentioned brain nuclei and regions involved in 

processing acupuncture signals contain opioid peptides and μ-, δ-, and κ-

receptors. At the supraspinal level, selective inhibition of opioid receptors in 

different areas decreases the analgesic effect of acupuncture (He, 1987). 

The PAG is a critical region in the descending pain inhibitory system 

(Millan, 2002) containing a high density of opioid receptors, specifically μ- or δ-

receptors (Xie et al., 1983; Han et al., 1984). Electrical stimulation of the PAG 

can produce analgesia potent enough to allow for exploratory laparotomy surgery 

in rats (Reynolds, 1969). Since the axons of the periaqueductal gray neurons 

project to the NRM, electrical stimulation of the PAG enhances firing of the NRM 

neurons during the ensuing analgesia (Liu, 1996).  

The arcuate nucleus is another important structure in the endogenous 

opioid peptide system. It is densely populated by beta-endorphin-containing 

neurons, whose axons project to the PAG and other areas (Takeshige et al., 
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1992). Sectioning the β-endophinergic tract or microinjection of naloxone into the 

PAG blocks excitation of NRM neurons following stimulation of the arcuate 

nucleus (Yin et al., 1988). This association between the arcuate nucleus, the 

PAG, and the NRM is one of the reasons why it is implicated in mediating 

acupuncture analgesia (Wang et al., 1990; Takeshige et al., 1992). Moreover, 

stimulation of the arcuate nucleus significantly increased electroacupuncture 

analgesia and electroacupuncture-induced responses of neurons in the dorsal 

raphe nucleus. Electroacupuncture-induced responses of neurons in the locus 

coeruleus, on the other hand, were decreased by stimulation of the arcuate 

nucleus (Yin et al., 1988).  

The thalamic anterior nuclei are another portion of the brain densely 

populated with opioid receptors. They are considered part of the limbic system, 

and as such involved in pain emotion (Mark et al., 1963; Pert et al., 1976). 

Electroacupuncture produces naloxone-reversible inhibition of nociceptive 

responses in neurons of the thalamic anterior nuclei (Dong et al., 1987).  

Perhaps one of the most fascinating studies to link the opioid system to 

acupuncture is the recent work of Harris et al. (2009). These investigators 

analyzed the short- and long-term effects of traditional Chinese acupuncture 

versus sham acupuncture treatment on in vivo MOR binding availability in 

chronic pain patients diagnosed with fibromyalgia. Harris and colleagues utilized 

PET scans with (11)C - once during the first treatment session and then repeated 

this again a month later following the eighth treatment. They found that 

acupuncture therapy evoked both short-term and long-term increases in MOR 

binding potential, in multiple pain and sensory processing regions including the 

cingulate (dorsal and subgenual), insula, caudate and amygdala that were 

absent in the sham control group of patients. 
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C. Non-opioid modulators in acupuncture analgesia 

The first indication of the involvement of neurotransmitters or chemical mediators 

in acupuncture mediators was that cerebrospinal fluid of donor rabbits receiving 

acupuncture treatment increased the pain threshold of recipient rabbits (Han et 

al., 1982). Since this breakthrough finding, numerous human and animal studies 

have demonstrated that acupuncture analgesia is a complex physiological 

process mediated by various transmitters and modulators.  

Different frequencies of electrical stimulation without moving the position 

of the needle can affect the release of different neuropeptides. This concept was 

described by Han et al. (1991), who observed that low frequency (2 Hz) 

electroacupuncture increases the content of -endorphin and met-enkephalin in 

the CSF, while high frequency (100 Hz) accelerated the release of dynorphin.  

Numerous non-opioid substances modulate acupuncture and 

electroacupuncture. Following is a brief description of the most important ones. 

 

Cholecystokinin octapeptide (CCK-8) is widely distributed in the brain and 

spinal cord, where it produces potent anti-opioid activity via the CCK8 receptor 

(Ito et al., 1982; Faris et al., 1983; Watkins et al., 1985; Han, 1995; Han, 2003), 

and has been shown play a role in electroacupuncture analgesia (Chen et al., 

1998; Lee et al., 2003; Ko et al., 2006; Huang et al., 2007). Intrathecal 

administration of CCK-8 and CCK8 receptor antagonists significantly depressed 

and potentiated electroacupunture-induced antinociception, respectively (Huang 

et al., 2007). Significantly increased levels of spinal CCK-8 have been quantified 

in rats experiencing weak analgesic effects (non-responders) following 

electroacupuncture compared to those with strong electroacupuncture-induced 

analgesia (responders) (Zhou et al., 1993). Also, high-frequency 

electroacupuncture increases CCK receptor mRNA in the rat hypothalamus in 

non-responders (Ko et al., 2006). Individual sensitivity to acupuncture is likely 
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due to both CCK release and the density of CCK receptors. (Tang et al., 1997; 

Lee et al., 2002).  

Placebo analgesia is mediated by endogenous opioids (Benedetti and 

Amanzio, 1997), and blockade of CCK receptors, is an important mechanism of 

placebo analgesia (Benedetti, 1996). Given the modulating effects of CCK on 

electroacupuncture analgesia, it is possibly that acupuncture analgesia may 

share a common mechanism with placebo analgesia.  

 

Hydroxytryptamine (5-HT) and its receptor are densely expressed in the CNS, 

especially the NRM, and play a crucial role in modulating nociception (Millan, 

2002; Kayser et al., 2007; Liu et al., 2007). Multiple 5-HT receptor subtypes also 

exist in the nervous system (Millan, 2002), particularly in the neurons of the 

dorsal horn in the spinal superficial laminae where primary nociceptive afferent 

fibers terminate (5-HT1A and 5-HT1B) (Hamon and Bourgoin, 1999), as well as 

on primary nociceptive afferent fibers (5-HT2A and 5-HT3) (Hamon et al., 1989; 

Carlton and Coggeshall, 1997). Of these receptor subtypes, 5-HT1A and 5-HT3 

play important roles in mediating electroacupuncture analgesia through 

modulation of substance P release (Hjorth, 1993; Yonehara, 2001; Chang et al., 

2004; Kim et al., 2005). The role of 5-HT in mediating acupuncture analgesia has 

been well-summarized (Han and Terenius, 1982). Electroacupuncture increases 

the central content of 5-HT and its metabolic products, particularly in the NRM 

and the spinal cord (Han et al., 1979a, Han et al., 1979b, Ye et al., 1979; Zhu et 

al., 1997a; Zhu et al., 1997b).  

 

Noradrenalin (NA). It is well-documented that the NA-containing neurons reside 

in several nuclei of the brain stem involved in pain modulation (Ungerstedet, 

1971; Millan, 2002). Electroacupuncture-induced analgesia has been shown 

alongside decreased NA levels in the rat brain (Dong et al., 1978; Han et al., 

1979a; Zhu et al., 1997b). Spinal α2-adrenoceptors play a crucial role in 
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inhibitory descending pain control by noradrenergic projections from supraspinal 

nuclei to the dorsal horn (Zhao and Duggan, 1988; Liu and Zhao, 1992; Millan, 

2002), particularly in modulating neuropathic pain (Yu et al., 1998a). At the spinal 

level, injection of the α2 receptor antagonist yohimbine significantly blocked 

electroacupuncture analgesia in neuropathic rats (Kim et al., 2005). Thus, NA in 

the brain may have an inhibitory effect on acupuncture analgesia, but not in the 

spinal cord, where it may actually facilitate acupuncture analgesia. 

 

Glutamate. This excitatory amino acid and its receptors are abundant in 

nociceptive primary afferent fiber terminals (Li et al., 1997) and play an important 

role in spinal transmission of nociceptive information and central sensitization 

(Aanonsen et al., 1990; Dougherty and Willis, 1991; Ren et al., 1992; Song and 

Zhao, 1993a; Song and Zhao, 1993b; Millan, 1999; Hu and Zhao, 2001; Du et al., 

2003). 

NMDA receptors are distributed densely in the superficial dorsal horn of 

the spinal cord where primary nociceptive afferents terminate (Liu et al., 1994; 

Coggeshall and Carlton, 1998). In a rat model of spinal nerve ligation, 

electroacupuncture decreased mechanical allodynia (Huang et al., 2004). 

Following nerve ligation, low-frequency electroacupuncture also reduced the 

expression of NMDA receptor subtype NR1 in the spinal superficial laminae (Sun 

et al., 2004). In the CFA-induced inflammation model, electroacupuncture 

lessened both inflammatory pain and expression of spinal NMDA receptor 

subtypes NR1 and NR2 (Choi et al., 2005a; Choi et al., 2005b). Low-dose 

ketamine, a NMDA receptor antagonist, potentiates the anti-allodynic effects of 

electroacupuncture in a model of neuropathic pain (Huang et al., 2004) and in 

inflammation model using carrageenan or CFA (Zhang et al., 2005d).  

 

Gamma-Amino-butyric acid (GABA) is an important inhibitory transmitter in the 

CNS and is involved in multiple physiological and pathological functions. The 
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GABAa and GABAb receptor subtypes contribute to modulation of pain (Millan, 

1999; Millan, 2002), but their role in acupuncture analgesia is still not completely 

understood and agreed upon (Fan et al., 1982; Cao et al., 1993; Fang et al., 

1993). 

Systemic administration of a GABAa receptor antagonist reduces 

acupuncture analgesia (McLennan et al., 1977), whereas intrathecal diazepam 

binding to GABAa receptors potentiated electroacupuncture analgesia 

(Pomeranz and Nguyen, 1987). Similarly, microinjection of a GABAa receptor 

agonist into the PAG significantly suppresses acupuncture analgesia, whereas 

injection of a GABA synthesis inhibitor potentiates it (Han, 1989). GABA 

expression in the PAG was increased following electroacupuncture at ST-36 

(Fusumada et al., 2007). Acupuncture also raises the pain threshold in rats 

alongside an increase of GABA concentration in brain (Tang et al., 1988). 

Intracerebroventricular administration of GABAb, but not GABAa, receptor 

antagonists decreases both acupuncture analgesia and GABAb receptor agonist-

induced analgesia (Zhu et al., 1990a, Zhu et al., 1990b; Zhu et al., 2002). In 

addition, GABAa receptor antagonist administration markedly inhibits 

acupuncture-induced analgesia at the level of spinal dorsal horn neurons, as well 

as, electroacupuncture-induced depolarization of C-afferent terminals, 

suggesting involvement of presynaptic inhibition (Li et al., 1993). Taken together, 

the data suggest that while both GABAa and GABAb receptors are associated 

with acupuncture analgesia in the spinal cord, only GABAb receptors are 

involved at the supraspinal level (Zhu et al., 2002). 

 

Substance P is one of the most important signal molecules mediating peripheral 

(Xu et al., 2000; Zhang et al., 2007b) and spinal nociception (Yaksh et al., 1979; 

Duggan et al., 1987; Hunt and Mantyh, 2001). Bilateral stimulation of GB-30 

using low-intensity electroacupuncture for 30 min depressed the pain response 

and reduced noxious stimulation-induced elevation of substance P (Zhu et al., 

1991), possibly due to the inhibition of its release (Du and He, 1992). Similarly, 
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tumor-microperfusion experiments of tumor-bearing mice in our laboratory 

showed that electroacupuncture treatment at ST-36 completely inhibited 

substance P release in the tumor (unpublished). 

Electroacupuncture also decreased substance P release in the trigeminal 

nucleus caudalis and A-δ afferents in a rabbit model of tooth pulp stimulation 

(Yonehara et al., 1992). Since opiates are known to inhibit the release of 

substance P (Yaksh et al., 1980), and acupuncture facilitates the release of 

endogenous opioids in the spinal cord (Han, 2003), it is conceivable that 

(acupuncture) stimulation inhibits substance P release by causing the release of 

opioids, and thus exerts its analgesic effects.  

 

Angiotensin II is a common neuropeptide in the CNS involved in multiple 

physiological and pathological functions including the modulation of pain (Toma 

et al., 1997; Han et al., 2000; Tchekalarova et al., 2003). It appears that the 

effect of angiotensin II on electroacupuncture-induced analgesia is comparable to 

that of CCK (Shen et al., 1996). 

 

Somatostatin, an endogenous non-opioid neuropeptide, is found in both the 

periphery and the CNS, where it contributes to modulation of nociception 

(Sandkuhler et al., 1990; Song et al., 2002). Somatostatin might be involved in 

electroacupuncture analgesia for neuropathic pain (Zheng et al., 1995; Dong et 

al., 2005).  

 

Arginine vasopressin. An early study revealed that the hypothalamic 

paraventricular nucleus plays an important role in acupuncture analgesia (Yang 

et al., 1992; Yang and Lin, 1992) because of arginine vasopressin (Yang et al., 

2006b). Moreover, it appears that arginine vasopressin is responsible for the 

glutamate-induced enhancement of electroacupuncture analgesia when ST-36 is 

stimulated (Yang et al., 2006a).    
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Neurotensin is found in the periaqueductal gray, which is involved in modulation 

of nociception (Tershner and Helmstetter, 2000; Li et al., 2001). The enhancing 

effect of neurotensin on electroacupuncture analgesia has been demonstrated 

using the tail-flick test in rats (Bai et al., 1999). As this analgesic effect was 

attenuated by naloxone, it is possible that opioid receptors in the PAG may 

participate in this neurotensin-mediated potentiation of electroacupuncture 

analgesia. 

 

Dopamine receptor antagonists, such as the antipsychotic drug haloperidol, 

have been shown repeatedly to potentiate electroacupuncture analgesia (Han et 

al., 1979b; Xu et al., 1980; Wang et al., 1997; Wu et al., 1990). Receptor binding 

studies confirmed these findings and suggested that opioid receptors in several 

brain regions contribute to the potentiating effect of haloperidol on acupuncture 

analgesia (Wang et al., 1994; Zhu et al., 1995). Activation of dopamine receptors 

themselves, particularly DA1 receptor, actually may reduce electroacupuncture 

analgesia (Wang et al., 1999). 

 

Interleukin 1 (IL-1). Peripheral inflammation causes an increase of IL-1 receptor 

I mRNA expression in the rat periaqueductal gray, which can be reduced by 

electroacupuncture (Ji et al., 2003). Electroacupuncture also significantly 

decreases thermal hyperalgesia following attenuated cancer cell inoculation and 

inhibits the upregulation of IL-1 and its mRNA. Suppression of IL-1 expression, 

therefore, may explain – at least in part – how electroacupuncture alleviates bone 

cancer pain (Zhang et al., 2007c).  

 

Acetylcholine. Electroacupuncture causes a simultaneous elevation of the pain 

threshold and acetylcholine levels in the cortex, caudate nucleus, hypothalamus 

and brainstem (Guan et al., 1984), as well as enhanced activity of 

acetylcholinesterase in the spinal cord (Ai et al., 1984). Acupuncture also has 
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been shown to significantly enhance the activity of acetylcholine esterase in the 

jejunum resulting in increased gastrointestinal myoelectrical activity (Niu et al., 

2007). 

 

D. Cellular and genetic mechanisms of acupuncture 

Spinal cord glia (microglia and astrocytes) are involved in the development and 

maintenance of inflammatory and neuropathic pain (Song and Zhao, 2001; Ma 

and Zhao, 2002; Deleo et al., 2004; Ledeboer et al., 2005; Watkins et al., 2005; 

Zhang et al., 2005c; Sun et al., 2007a; Watkins et al., 2007; Zhang et al., 2007c). 

Electroacupuncture and disruption of glial function synergistically suppress 

inflammatory pain in arthritic rats (Sun et al., 2006; Sun et al., 2007b). 

Acupuncture also attenuates the increase in MAC-1, a marker of microglial 

activation, and reduces the expression of COX-2 and inducible nitric oxide 

synthase (iNOS) in a model of Parkinson‘s disease (Kang et al., 2007). Recent 

work also shows that acupuncture enhances the differentiation of bone marrow 

derived stromal cells into astrocytes and neurons in the treatment of spinal cord 

injury (Sun et al., 2009) and upregulates insulin-like growth factor-I (IGF-I) 

expression in dorsal root ganglia and in the spinal cord dorsal horn (Dai et al, 

2009) and neurotrophin 4 expression in the DRGs (Liu et al., 2009). Since IGG-1 

and NT-4 are found in glial cells, acupuncture appears to upregulate the 

expression of several key proteins in glia, which may contribute to its 

antinociceptive effect as well as to its effects on other spinal cord mechanisms. 

 

G protein-coupled receptors, such as opioid receptors mediate anti-

nociception, and, thus, are a focus of attention in pain management (Przewlocki 

et al., 1987). Following the destruction of G protein function and signal 

transduction using pertussis toxin, electroacupuncture was ineffective in 

producing anti-hyperalgesic effects in a rat model of CFA-induced inflammatory 

pain (Liu et al., 2005).  
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Extracellular signal-regulated protein kinase (ERK) mediates intracellular 

signal transduction involved in cell proliferation, differentiation, neuronal 

plasticity, and nociception (Ji et al., 2002; Obata and Noguchi, 2004). 

Electroacupuncture at contralateral ST-36 may inhibit ERK-positive neurons in 

the spinal dorsal horn (Song et al., 2006). 

 

Gene expression and genetic factors. Electroacupuncture markedly induces a 

rapid expression of the c-fos gene in the spinal cord and various brain regions, 

suggesting that transcription factors are also involved in processing acupuncture 

signals (Ji et al., 1993a; Ji et al., 1993b; Guo et al., 1996). 

Based on the cDNA microarray analysis data collected in the rat 

neuropathic pain model, multiple signaling pathways, including opioid receptor- 

and MAP kinase-mediated pathways, as well as several other genes, are 

involved in pain development and electroacupuncture analgesia (Ko et al., 2002). 

Inherited genetic factors may also explain individual differences in 

acupuncture response and electroacupuncture frequency-dependency in 

acupuncture analgesia (Mogil, 1999; Chae et al., 2006). A genotype sensitivity to 

electroacupuncture analgesia has been demonstrated in 10 common inbred 

mouse strains, including Balb-c mice (Wan et al., 2001).   

 

 

IV. LINKING (ELECTRO-) ACUPUNCTURE TO (BONE) CANCER 

 

A recent evidenced based review concluded that ―A great body of data emerging 

from scientifically sound clinical trials prove that defined complementary 

procedures are beneficial for oncology patients.‖ (Beuth and Schlerholz, 2007). 

However, it is important to differentiate between "alternative" therapies, often 

promoted falsely as viable options to mainstream lung cancer treatment, and 
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complementary therapies, adjunctive, effective techniques that treat symptoms 

associated with cancer and its mainstream treatment. In this regard, both 

Cassileth et al. (2007) and Lu et al. (2008) concluded in recent reviews that 

complementary therapies, including acupuncture, play an increasingly important 

role in the control of symptoms, such as pain, associated with cancer and cancer 

treatment. Thus, from a clinical standpoint, needling acupuncture and 

electroacupuncture are advocated in both human and veterinary medicine as 

adjunct therapies to treat the adverse effects of cancer treatment, or to contribute 

to multimodal pain management (Staud and Price, 2006). However, neither 

technique has been investigated adequately as sole therapy for cancer pain.  

Electroacupuncture applied to the ST-36 acupuncture point produces 

analgesic effects in a rat model of mechanical hyperalgesia (Lee and Beitz, 

1992) and in a mouse model of chemical hyperalgesia (Chang et al. 2004). The 

same acupuncture point is popular for its anti-inflammatory effects as 

demonstrated by Kim et al. (2006) in their murine model of air pouch 

inflammation. In addition, electroacupuncture at ST-36 affects interferon- levels 

and subsequently NK cell activity, which suggests immune-boosting effects (Yu 

et al., 1998b). Recently, inflammation was linked to tumerogenesis when 

selective cyclooxygenase-2 (COX-2)-inhibiting nonsteroidal anti-inflammatory 

drugs, such as meloxicam, exhibited antineoplastic effects in vitro (Naruse et al., 

2006; Wolfesberger et al., 2006). Lin and Karin (2007) extensively reviewed this 

extraordinary finding. In effect, the inducible enzyme COX-2 is overexpressed in 

canine (Mullins et al., 2004) and human (Masi et al., 2007) osteosarcoma cells, 

and electroacupuncture significantly decreases COX-2 expression in different 

models of pain and hypersensitivity (Lau et al., 2008) and inflammation (Lee et 

al., 2005; Lee et al., 2006).  

Recent studies have shown the importance of ERK in osteosarcoma cell 

differentiation and metabolism (Alkhalaf and Jaffal, 2006; Shimo et al., 2007; 

Tang et al., 2008). Given that electroacupuncture is able to inhibit ERK 
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expression (Song et al., 2006), this may represent another pathway by which 

electroacupuncture may interfere with osteosarcoma growth and function. 

In addition, in the periphery, deep acupuncture stimulation at ST-36 

induces a decrease in sympathetic renal nerve activity and mean arterial blood 

pressure in anesthetized rats (Ohsawa et al., 1995). Electroacupuncture applied 

at the ST-36 acupuncture point also significantly raises the plasma levels of β-

endorphin, β-lipotropin and ACTH (Nappi et al., 1982). Therefore, it is 

conceivable that any changes in circulation may affect tumor growth.  

Moreover, in hyperalgesic mice, tumors tend to exhibit increased CGRP-

immunoreactive nerve fibers and reduced vascularization (Wacnik et al., 2005). 

Using a pain model of tetanized gastrocnemius muscle in guinea pigs, Takeshige 

and Sato (1996) found that needling of the muscle stimulated a variety of sensory 

nerve endings, including those containing CGRP. Twice-weekly treatments with 

acupuncture reduce the number of CGRP-immunoreactive nerve fibers in the 

skin being needled, indicating that the pain-relieving effects of acupuncture 

depend in part on peripheral innervation (Carlsson et al., 2006). Thus, it is quite 

possible that electroacupuncture has the ability to affect local vascularization and 

innervation associated with tumor growth.  

Huang et al. (2002) described the use of electroacupuncture at the ST-36 

acupuncture point in mice in detail. This particular acupuncture point exhibits 

analgesic, anti-inflammatory, and immune-boosting effects in several species 

(Lee and Beitz, 1992; Yu et al., 1998b; Chang et al., 2004; Kim et al., 2006). In 

consideration of the recent interest in inflammation and its role in tumerogenesis 

(Naruse et al., 2006; Lin and Karin, 2007), electroacupuncture could potentially 

alter osteosarcoma growth and metastasis through its anti-inflammatory effects. 

In this regard, a recent study by Lai et al. (2008) suggests that acupuncture 

applied at ST-36 can increase immune function and inhibit the tumor growth of 

Walker-256 tumor cells in vivo.  If this is true, then electroacupuncture could 

provide a novel alternative treatment option to traditional chemotherapeutic 

approaches.  
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5. METHODOLOGY & RESULTS 

 

I. GENERAL METHODOLOGY 

 

In the following studies, mice were implanted with K7M2 osteosarcoma cells and 

tested for primary hyperalgesia using von Frey filaments applied to the plantar 

surface of the paw. Tumor size was measured using calipers at selected 

timepoints following implantation. Electro-acupuncture treatment was applied to 

the ST-36 acupuncture point using different intensities at different time intervals 

to determine if electroacupuncture regimes differentially, but simultaneously, 

affect tumor growth, metastasis and/or tumor-induced nociception in an intensity-

dependent fashion. Following transcardiac perfusion with fixatives, tumor tissue 

was harvested and processed for histopathology or immunocytochemistry. Spinal 

cords were collected and processed for c-fos immunohistochemistry. In addition, 

this tumor model was used to evaluate if there are gender differences in tumor-

induced nociception and in electroacupuncture-induced anti-nociception.   

Approval for the research project was obtained from the Institutional 

Animal Care and Use Committee (IACUC) of the University of Minnesota. 

 

A. Tumor Implantation  

Animals. The Balb-cAnNcR (Balb-c) mouse strain is susceptible to tumor 

development, particularly osteosarcomas and was, therefore, selected to perform 

the proposed studies (Khanna et al., 2000). Furthermore, the tumor cells used 

were passaged originally in Balb-c mice and would recognize this mouse strain 

as a natural host.  

The number of animals used for all projects outlined above was 

determined by the need to obtain a large enough sample size to ensure uniform 
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sampling and achieve statistical significance. The general criteria for determining 

sample size for the present animal experiments were based on sample size 

calculations for parametric dependent measures and utilize standard deviations 

derived from previous experiments in our lab, as well as from those reported in 

the literature. The number of animals was determined based on sample size 

calculations to generate statistical power for the detection of significant 

differences. Actual sample size for experimental and control groups varied 

according to experimental design, but were generally 10 mice for behavioral, and 

6-8 mice for immunohistochemical and histopathological studies. This was 

consistent with the previous literature (Wacnik et al., 2001).  

Young adult male and female Balb-c mice (4-5 weeks old) were used in 

the following studies. All mice were obtained from a reputable breeder (NCI) to 

ensure a uniformly homogenous and consistent response to treatment. Following 

arrival at the Research Animal Resources (RAR) housing facilities of the 

University of Minnesota, the mice were left undisturbed for 3 days to acclimate to 

their new surroundings. Animal care and management was provided by RAR. 

 

Tumor Model. The murine hindpaw model using fibrosarcoma cells was 

developed in the Beitz and Wilcox laboratories and has been employed 

repeatedly for a variety of cancer and pain studies (Wacnik et al., 2000; Wacnik 

et al., 2001). No one has used this model in association with electroacupuncture 

and osteosarcoma, but the calcaneus bone served as an ideal site for 

implantation of the aggressively invasive K7M2 osteosarcoma tumor cells.  

The hindpaw model has been validated and is a cost- and time-effective 

way to study cancer biology. Intraosseous cell implantation ensured more 

significant bone involvement and placement of the cells exactly where they were 

desired. This model had the advantage over femoral or humeral implants, in that 

tumors could be verified visually as early as 7 days post implantation and tumor 

growth could be followed using external measurements. Furthermore, the 

location of the tumor in the calcaneus was particularly convenient, as it provided 
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ready access for the measurement of primary hyperalgesia, which is more 

difficult to measure in bone tumors involving the femur or tibia.  

Tumor Cells. The tumor cells used were host-specific K7M2 osteosarcoma cells, 

a gracious donation by Dr. Chand Khanna of NCI. The cells were chosen for their 

increased aggressive and invasive character compared to the slower growing 

K12 osteosarcoma cell line (Khanna et al., 2000). This characteristic was 

particularly attractive, as it allowed for a reduced study period of only a few 

weeks versus several weeks to months (Khanna et al., 2000). 

  

Tumor cells were grown in Dulbecco's Modification of Eagles Medium 

(DMEM11) fortified with 10% Fetal Bovine Serum12 (in 5% carbon dioxide at 37oC) 

and maintained according to standard cell culture techniques. 

 

Tumor Cell Implantation. Mice were anesthetized in a plexiglass anesthetic 

chamber using 3% isoflurane in 3L/min oxygen (Figure 3). Once each animal 

was motionless and breathing had steadied, it was removed from the box and 

fitted with a face mask delivering 2% isoflurane in 2 L/min oxygen. Surgical plane 

of anesthesia was determined when the animal demonstrated non-

responsiveness to paw pinch. Mice were then implanted with 2 x 105 

osteosarcoma cells (controls: saline-vehicle) using a 29 gauge, sterile single use 

needle attached to a 0.3 mL insulin syringe to bore manually through the left 

calcaneus bone. Cells were injected in a volume of 10 µL as previously described 

(Wacnik et al., 2001). Mice showing signs of motor dysfunction at any point after 

the implantation of tumor cells were euthanized and not included in the study. 

 

                                                

11
 GIBCO®, Invitrogen  

12
 ATTC, Manassas, VA 
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B. Electroacupuncture Treatments 

One of the advantages of electroacupuncture over traditional manual 

acupuncture is that it can produce a stronger stimulation without causing tissue 

damage associated with twirling and lifting and thrusting the needle (Mayor, 

2007). In addition, it is easier to control the frequency of the stimulus and the 

amount of stimulus compared with hand manipulation of the needles.  

The use of electroacupuncture at ST-36 was described for mice in detail 

by Huang et al. (2002). Electroacupuncture was performed on mice anesthetized 

with isoflurane using a pair of stainless steel needles inserted 3 mm deep into the 

ST-36 acupuncture point and connected to an electric pulse generator. 

Stimulation parameters for the electroacupuncture treatment were set at a low 

frequency of 4 Hz (7 V, 5 ms duration pulses, 1 ms pause), since low frequencies 

repeatedly were found to be more effective than high (100 Hz) frequencies (Lee 

and Beitz, 1993; Huang et al., 2002). Stimulation was delivered for 30 minutes 

(Mao-Ying et al., 2006).  

Sham electroacupuncture consisted of acupuncture needles being 

inserted into the ST-36 for 30 minutes, but without application of electrical 

stimulation. We decided to not include a sham group with non-penetrating sham 

acupuncture needles or a group with non-acupoint stimulation, since a previous 

study showed no significant differences in brain activation when shallow and 

deep needling were compared to sham needles using fMRI (Chiu et al., 2003). 

This fMRI study looked at LI-4, ST-36 and a number of other acupuncture points. 

With one exception, ST-36 activated the same brain structures as LI-4 (Chiu et 

al., 2003).  

In addition, the Nordic Cochrane Center recently conducted a substantial, 

systematic review of 13 three-group acupuncture studies covering a variety of 

painful conditions in humans (Busko, 2009). Using a 100-mm visual analog scale 

to record pain, true acupuncture reduced the pain score by only 4 mm more than 

sham acupuncture did, indicating that manual acupuncture has minimal 

analgesic effect over sham acupuncture. 
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Figure 1. Electroacupuncture (EA) equipment and setup. (a) Grass S88 stimulator; (b) 

Acupuncture needles; (c) Balb-c mice under isoflurane anesthesia in a custom-made anesthetic 

chamber accommodating 4 mice simultaneously. Sham treated mice are on the left and EA mice 

on the right.  

 

Furthermore, German researchers conducted a direct comparison of true 

acupuncture and sham acupuncture at a non-acupoint, as well as conventional 

therapy, in patients with chronic low back pain (Haake et al., 2007). After 6 

months of bi-weekly 30-minute sessions, the response rates to true and sham 

acupuncture were 47.6% and 44.2%, respectively. Either acupuncture treatment 

was almost twice as effective as the conventional therapy (27.4%).  

Furthermore, when the efficacy of acupuncture in fibromyalgia syndrome 

(FMS) was reviewed, the conclusion was that acupuncture and sham 

acupuncture (superficial needling or needling away from acupuncture points) had 

similar effects (Lundeberg and Lund, 2007). This could be explained by the 

expanded receptive fields of central neurons due to central sensitization resulting 

in a larger topographic distribution of the pain. The same also occurs following 
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repeated nociceptive input from needled muscles. Consequently, the effects of 

sham acupuncture at a non-acupoint may mirror those produced by needling a 

specific acupuncture point. This implies that superficial needling or needling 

away from specific acupuncture points is not inert.  

Finally, since acupuncture analgesia is dependent on de-Qi (Wang et al., 

1985; Pomeranz, 1989; Haker and Lundeberg, 1990; Hui et al., 2005) and the 

mechanical signal elicited by manipulation of the needle (Gunn, 1978; Langevin 

et al., 2001; Langevin et al., 2002), mere placement of a needle into an 

acupuncture point should result in minimal to no stimulation.  

Therefore, what will be termed ―sham treatment‖ in the following 

experiments actually consisted of placement of an acupuncture needle at ST-36, 

but without electrical stimulation or manual needle manipulation.  

The electroacupuncture treatment groups used in this research project are 

outlined in Table 1. 

 

Transcardiac perfusion. Each mouse was anesthetized deeply with sodium 

pentobarbital13 (100 mg/kg) injected intraperitoneally. When the mouse no longer 

responded to paw pinch, it was placed on its back in a dissection tray, and the 

thoracic cavity was quickly accessed via the abdomen to isolate the heart.  A 21 

G butterfly catheter14 was inserted into the left ventricle and secured using an 

alligator clamp. The right auricle or atrium was punctured to allow for drainage of 

blood and fixative, and the mouse was perfused using 15 mL of Phosphate 

Buffered Saline (PBS) followed by 30 mL 4% paraformaldehyde15 in PBS at a 

rate of 3 mL/min. Following perfusion, tumors, lungs, and spinal columns were 

excised and post-fixed in the same fixative overnight at 4oC. The next day, 

samples were cryoprotected in 30% sucrose in PBS for 24-48 hours at 4oC 

(Standard Transcardiac Perfusion Protocol utilized in the Beitz Laboratory).  

                                                

13
 Nembutal®, OVATION Pharmaceuticals, Inc., Deerfield, IL 

14
 Terumo® Medical Corporation, Somerset, NJ 

15 Electron Microscope Sciences, Fort Washington, PA 
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Study endpoints. Tumor-bearing animals were perfusion-fixed with 

paraformaldehyde under deep anesthesia or euthanized at various timepoints for 

up to 21 days post-tumor cell implantation. No animals implanted with 

osteosarcoma cells were kept beyond the 21-day post-implantation period to 

avoid prolonged or increased pain that might have arisen due to excessive tumor 

growth. If osteosarcoma tumors grew to a size greater than 1 cm in diameter or if 

the animals exhibited high levels of pain or distress prior to the 21-day time point, 

they were euthanized according to RAR and IACUC recommendations.  

 

Statistics. Complete statistical analyses of all data sets were carried out. 

Comparisons between groups were carried out using a Repeated Measures 

ANOVA. For single time-point comparisons between groups or within a group, an 

unpaired Student-t test was employed. Where necessary, paired Student-t test 

was used to test for statistical significance of individual time points. Post-hoc 

analyses were carried out when p value was borderline. Data was analyzed and 

graphed using Microsoft Excel® software. The level of significance was set at p ≤ 

0.05. 
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GROUP Designation TREATMENT 

1. Vehicle, no EA SAL Negative control 

2. Osteosarcoma, no EA OSA Positive control 

3. Osteosarcoma + EA OSA+1 Once, day 1 post 
implantation 

4. Osteosarcoma + sham 
(same point, no current) 

OSA-1 Once, day 1 post 
implantation 

5. Osteosarcoma + EA OSA++ Days 3, 7, 10, 14, 17 and  
21 post implantation 

6. Osteosarcoma + sham 
(same point, no current) 

OSA-- Days 3, 7, 10, 14, 17 and 
21 post implantation 

7. Osteosarcoma + EA OSA5+ Days 5, 8, 12, 15, and 19 
post implantation 

8. Osteosarcoma +sham 
(same point, no current) 

OSA5+ Days 5, 8, 12, 15, and 19 
post implantation 

7. Osteosarcoma + EA OSA+ Days 7, 14 and 21 post 
implantation 

8. Osteosarcoma + sham 
(same point, no current) 

OSA- Days 7, 14 and 21 post 
implantation 

9. Osteosarcoma + EA OSA7+ Days 7, 10, 14, 17 and 21 
post implantation 

10. Osteosarcoma + sham 
(same point, no current) 

OSA7- Days 7, 10, 14, 17 and 21 
post implantation 

11. Osteosarcoma + EA PxEA+ 3 EA treatments every 
other day prior to tumor 
implantation 

12. Osteosarcoma + sham 
(same point, no current) 

PxEA- 3 sham treatments every 
other day prior to tumor 
implantation 

 

Table 1. Overview of the treatment groups, EA/sham treatments, and numbers of animals 

expected to be used. EA = electroacupuncture; OSA = osteosarcoma 
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II. SPECIFIC METHODOLOGY 

 

1.  Does electroacupuncture affect tumor growth in mice with 

experimentally-induced osteosarcoma?  

a) Does electroacupuncture have a tumor-enhancing or tumor-

inhibiting effect and is this dependent on specific 

electroacupuncture treatment strategies? 

 

A. Tumor Measurement  

Ankle width was measured using calipers every other day following implantation. 

A baseline measure was established prior to tumor injections, and tumor size 

was continually recorded throughout the duration of the study.  

 

B. Tumor Size Results  

Implantation K7M2 osteosarcoma cells into the calcaneus bone of the hind paw 

in mice, resulted in an average tumor take of 81.46% (86.52% in females and 

76.40% in males). It allowed for and detection of tumor growth as early as 7 days 

post implantation.  

The primary tumor in the hind paw was grossly visible, usually as a 

rounded mass occupying the heel of the foot. Frequently, the tumor was not well 

defined, but had spread to involve the entire foot (Figure 2 b) and sometimes 

even dorsally along the tibia. 
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Figure 2. a) Normal sized ankle in adult Balb-c mouse. b) Typical appearance of tumor growth in 

a tumor control (OSA) mouse 21 days post implantation. In addition to the heel, the tumor has 

spread along the length of the paw towards the toes. 

 

 

Tumor growth was comparable between males and females. With the 

exception of the tumor controls (OSA) and animals receiving 

electroacupuncture or sham treatments starting on Day 14 (OSA7+ and OSA7-, 

respectively), or prophylactic treatments prior to implantation (PxOSA+ and 

PxOSA-), no significant differences were observed between the two sexes (Table 

2). In 5 more instances (OSA-1, OSA5+, OSA5-, OSA+, OSA-), greater tumor 

growth appeared to occur in females, but no statistical significance could be 

shown. In both males and females, the OSA-1 treatment group was the only one 

not significantly different from tumor controls (Figure 3 a).  

Male mice receiving electroacupuncture treatment administered on Day 1 

following implantation (OSA+1), exhibited tumor growth comparable to the tumor 

controls. Females in the same treatment group experienced a significantly lower 

percentage growth than OSA animals. With the exception of OSA++, tumor 

growth appeared to increase between Day 10 and Day 12 in all implanted 

animals, regardless of treatment (Figure 3 b). 

a)     b)
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Tumor growth was significantly reduced in all mice receiving 

electroacupuncture treatment twice weekly starting on Day 3 or Day 5 (OSA++ 

and OSA5+), or those that received prophylactic treatments (PxOSA+ and 

PxOSA-). Regular needling in OSA-- mice did not inhibit the tumor, at all. In fact, 

tumors in this group were larger than tumor controls. The most striking tumor 

growth – more than 100% for most – occurred in mice receiving once weekly 

acupuncture treatments starting on Day 7 (OSA+) or Day 14 post implantation.  

This indicates that early (and frequent) treatment interferes with tumor 

growth. 

 

 

 

                                          Increase in ankle width (%) 

Treatment Male Female 

SAL 1.04 0.61 

OSA 29.24 48.66 

OSA+1 38.23 25.63 

OSA-1 46.87 56.69 

OSA++ 11.31 8.71 

OSA-- 79.98 65.67 

OSA5+ 13.04 15.57 

OSA5- 15.18 22.96 

OSA+ 98.76 104.37 

OSA- 62.29 64.38 

OSA7+ 124.44 141.94 

OSA7- 143.88 102.93 

PxOSA+ 14.18 23.17 

PxOSA- 14.10 22.69 

 

 

Table 2. Percentage increase in ankle width from Day 0 to Day 21. Tumor growth was 

comparable between males and females, with the majority of treatment groups being significantly 

different (greater or smaller) from the control group.  Paired and Unpaired Student-t test. p ≤ 0.05.  
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Figure 3. Tumor growth over the 21-day study period. Pooled data from both male and female 
mice. (a) OSA+1 and OSA-1, single treatment 1 day post implantation. (b) OSA++ and OSA--, 
twice weekly treatments for 21 days starting on Day 3 post implantation. (c) OSA+ and OSA-, 
once weekly treatments for 21 days starting on Day 7 post implantation. ANOVA for repeated 
measures with post-hoc comparison employing Bonferroni test. Unpaired Student-t test. p ≤ 0.05 
with 5% error.  

Test Interval (days) 

(a) 

(b) 

(c) 
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b) Does electroacupuncture cause changes in the innervation and 

vascularization of osteosarcoma tumors in a way that could impact tumor 

growth?  

 

A. Tumor Staining  

A separate set of mice underwent all treatments as laid out in Table 1 above, but 

transcardiac perfusions were performed using Zamboni‘s fixative (2% 

paraformaldehyde, 15% saturated picric acid, 25% PBS, 50% phosphate buffer, 

distilled water to bring volume to 100%, 2N sodium hydroxide to alkalinize). 

Tumors were harvested and post-fixed in Zamboni‘s.  

In collaboration with Dr. Marna Ericson‘s laboratory in the Department of 

Dermatology, tumors were sectioned and immuno-stained with specific 

antibodies to nerves and vasculature (Ericson et al., 1999; Wacnik et al., 2005). 

Following is the multi-staining protocol for laser scanning confocal microscopy, 

as provided by Dr. Marna Ericson. Tumor tissue fixed with Zamboni‘s was 

mounted in OCT (optimal cryostat temperature, Electron Microscopy Sciences) 

and cut on a cryostat into sections 150 microns thick. Cut tumor sections were 

kept in PBS to avoid tissue drying and then washed with TX/PBS (0.3 % Triton-

X100 in PBS).  The tissue was incubated in 5% normal serum in TPBS16 (5%-

NTX/PBS) overnight at room temperature under continuous gentle gyro-rotatory 

shaking.   

The next day, the 5% NTX/PBS was discarded. Fifty to 100 microliters of 

primary antibody (PGP-Rb for tumor nerve innervation, CD31-Rt for blood 

vessels, and LYVE1-Gt for lymphatics) in 1% NTPBS was added at a pre-

determined dilution and the tissue was incubated overnight at room temperature 

with gentle gyro-rotatory shaking.   

                                                

16
 Jackson Immunoresearch, Inc. 
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On the third day, tissue sections were washed 3-4 times with 1% NTPBS 

over an 8-hour period. Afterwards, the 1% NTX/PBS was discarded and all 

sections were incubated in 100 microliters of secondary antibody (DaRbCY5 for 

tumor nerve innervation, DaRtCY2 for blood vessels, and DaGtCY3 for 

lymphatics) at the pre-determined dilution overnight (and protected from light) at 

room temperature with gentle gyro-rotatory shaking.  

 On Day 4, tumor sections were washed 3-4 times with 1% TX/PBS and 

incubated overnight at room temperature with gentle gyro-rotatory shaking.  

The next day, tissues were treated with nuclear stain (DAPI17) for 5-10 

minutes, then washed in PBS and incubate at room temperature with gentle 

gyro-rotatory shaking for one hour. The tumor sections then were examined 

under the dissection microscope and any debris was removed. Using the 

dissecting microscope, the tissue was placed onto coverslips and carefully 

submerged in 1.35% - 1.5% Noble Agar18 in distilled water. After the agar had 

solidified, tissue-mounted coverslips were dehydrated for at least 30 minutes 

each, first, in 75% ethanol, followed by 95% ethanol, and finally, in 100%, 

ethanol. To enhance the optical clarity of the specimen and reduce the refractive 

index differences between sample, coverslip and microscope objective, 

coverslips were immersed in methyl calculate19 for at least 30 minutes. Finally, 

the coverslips were mounted onto slides using DPX or DEPEX mounting 

medium,20 and dried protected from light for 48 hours. 

Prepared samples were scanned using the Olympus FLUOVIEW 1000 

Upright confocal microscope available at the Biomedical Image Processing Lab 

(BIPL) of the University of Minnesota. The added benefit of confocal microscopy 

is that it makes scanning tissue in 3-D – a series of tissue layers superimposed 

on top of each other – possible.21 This allows for a more realistic quantification, 

                                                

17
 4',6-diamidino-2-phenylindole 

18
 Sigma-Aldrich®, Inc. 

19
 Sigma Co. Inc. 

20
 Electron Microscope Sciences, Fort Washington, PA 

21
 Olympus FLUOVIEW 1000 Confocal Microscope Manual, available at http://bipl.umn.edu/ 
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as most anatomical structures (such as nerves and blood vessels) traverse the 

tissue at different planes. 

For quantification, tissue was scanned at a higher magnification (20x) to 

allow for better resolution of nerve fiber and blood vessel or lymphatic branching. 

Each specimen was scanned twice at 2 different sites (Figure 4) and the results 

averaged for a more uniform distribution. Confocal scan files were extracted to 

*.TIFF format using ImageJ22. Each TIFF image was opened individually in 

Adobe Photoshop CS3 to outline the relevant areas to be counted, which were 

then exported as individual layers for each structure (nerve, blood or lymph 

vessel). The actual count was carried out using ImageJ once more.  

Quantitative analysis23 was carried out using the Adobe Photoshop 

Extended CS3 version 10.0 and ImageJ programs, followed by ANOVA for 

repeated measures. 

 
 
B. Innervation and Vascularization Results  

Tumor sections scanned with Laser Scanning Confocal Microscopy showed clear 

anatomical structures at 4x magnification (Figures 4 and 5).  

Animals in treatment groups characterized by increased tumor growth or 

size (such as OSA+) had more defined tumors or more extensive destruction of 

normal tissue. In severe cases, where the tumor approached 10 mm in diameter, 

virtually no subcutaneous tissue was identifiable (OSA+, Figure 5 a) at low 

magnification. Conversely, early and frequent electroacupuncture (OSA++) 

preserved the anatomical structures and contained the tumor compared to tumor 

control and OSA+ treatment groups (Figure 5 a, c, d). 

 
 

                                                

22
 Available through the BIPL website:  http://bipl.umn.edu/downloads 

23
 Analysis macros were custom designed by BIPL staff. 
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Figure 4. Laser Scanning Confocal Microscopy photomicrograph of 150 micron thick section 

through the left rear heel (4x). For each specimen, magnified (20x) scans were taken at either 

end of the calcaneous/tumor as indicated by the encircled areas. Fiber density was measured on 

both the tumor and skin sides, and averaged. DAPI nuclear stain.  

 

 

 

Innervation. Early and frequent electroacupuncture and non-stimulated needling 

(OSA++, OSA--, OSA5+) significantly decreased both subcutaneous and tumor 

innervation (Figure 6 a).  Interestingly, OSA- also caused a significant decrease. 

Apparent decreases in tumor innervation, albeit not statistically significant, were 

also observed in OSA5-, OSA7+, and both prophylactic treatment groups.  

This would indicate that the frequency of treatment may be a determining 

factor, in addition to early interference with tumor growth or establishment. 

 

Vascularization and Lymphatics. Subcutaneous and tumor vasculature did not 

change significantly between treatments, except for the OSA++ group, which had 

Ankle joint 
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significantly less vascular structures when compared to the tumor control (Figure 

6 c). Interestingly, OSA-- also caused a significant decrease in subcutaneous 

vasculature, indicating that mere needle placement early on, even without 

stimulation, may exert some effect. The most abundant vessels were the 

subcutaneous lymphatics, which remained – with few exceptions – comparable 

to controls throughout the study. Both OSA++ and OSA+, as well as OSA7- and 

the two prophylactic treatments, did have fewer subcutaneous lymph vessels 

(Figure 6 b). With few exceptions, tumor lymphatics remained unchanged.  

This implies that the osteosarcoma is able to sustain a steady network of blood 

and lymphatic vessels around its periphery in spite of electroacupuncture 

treatment. However, early and frequent electroacupuncture has the ability to 

reduce both subcutaneous and tumor innervation and lymphatics associated with 

osteosarcoma. While the effects of acupuncture on the number of cutaneous 

CGRP-immunoreactive nerve fibers has been documented previously (Carlsson 

et al., 2006), this is the first documentation of the effects of electroacupuncture 

on lymphatics. 
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Figure 5. Representative photomicrographs of 150 micron thick sections through the left rear 
heel of mice from groups with the greatest significant differences in hypersensitivity and tumor 
growth/size. Laser Scanning Confocal Microscopy (4x). (a) DAPI nuclear stain; (b) Tumor nerve 
innervation: PGP-Rb/DaRbCY5 stain; (c) Vasculature: CD31-Rt/DaRtCY2 stain; (d) Lymphatics: 
LYVE1-Gt/DaGtCY3 stain. Arrows indicate presence of positively stained structures.  
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c) Does electroacupuncture alter tumor metastasis to the lungs? 

 

A. Staining of Lungs 

Following transcardiac perfusion, both lungs were harvested for localization of 

metastasis. After fixation, lungs were refrigerated in 30% sucrose in PBS until 

examination. Lungs were injected via the trachea with India Ink solution (15% 

India Ink, 85% water, 3 drops NH4OH/100 ml) and washed in Feket‘s solution 

(300 ml 70% EtOH, 30 ml 37% formaldehyde, 5 ml glacial acetic acid) and 

incubated in fresh Feket‘s overnight at 4oC.  

The following day, the lungs were washed repeatedly (3-5) times in fresh 

Feket‘s solution before being examined for presence of white metastatic nodules 

and areas of lung pathology or consolidation under the dissection microscope 

(Anderson et al., 1990; Khanna et al., 2000).  

 

B. Results 

All of the harvested lungs were examined grossly first. Those which exhibited 

distinct areas of white or grey discoloration involving parts of or complete lung 

lobes were referred to the histopathology laboratory for histological examination. 

However, histopathological findings were inconclusive. The results suggest that 

at the time point we selected for harvesting the lungs (Day 21 post-implantation), 

no detectable metastasis had occurred. 
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Figure 6 

Figure 6. Quantification of a) nerve fibers, b) lymphatics, and c) vasculature in the areas outlined 

in Figure 4. * Significantly different from tumor (OSA) control. ANOVA for repeated measures 

with post-hoc comparison employing Bonferroni test. Unpaired Student t-test. p ≤ 0.05 with 5% 

error. SQ = subcutaneous 
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2. Does electroacupuncture reduce nociception in mice with 

experimentally-induced osteosarcoma?  

 

A. Behavioral Tests  

The use of von Frey filaments is a standard technique for mechanical 

hypersensitivity testing (Le Bars et al., 2001). Mice were placed under spacious 

glass cups on a wire mesh grid and allowed to acclimate for at least 45 minutes. 

Mechanical hypersensitivity was tested using a variety of von Frey filaments 

applied through the grid to the plantar surface of each hind paw (Figure 7). Von 

Frey filaments were touched against the skin for a few seconds until they slightly 

buckled. Contact was made 10 times, and aversion behaviors (e.g. paw twitch or 

withdrawal, glancing towards the paw being tested) recorded as the total count 

out of 10. The scoring was carried out for each hind paw, starting with the right 

one. A baseline measure for each test was established prior to tumor injections, 

as well as before and after electroacupuncture application (Standard von Frey 

Testing Protocol utilized in the Beitz Laboratory).  
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Figure 7. Balb-c mouse being tested for mechanical hypersensitivity with von Frey filament 

(#2.83). 

 

 

B. Mechanical Hyperalgesia Results 

Mechanical hyperalgesia consistently increased with tumor growth, but this 

increase was less in mice receiving electroacupuncture, regardless of regimen.   

Hyperalgesia dropped slightly on the days when electroacupuncture was 

performed, but rose again 24 hours later (Figure 8). One time administration of 

electroacupuncture delayed the development of mechanical hypersensitivity, 

which did not rise significantly until after Day 17 (Figure 8 a).  

In spite of the astonishing tumor-inhibiting effects that were observed in 

OSA++ animals (Figure 3 b), twice weekly electroacupuncture treatment starting 

on Day 3 post implantation did not inhibit the development of mechanical 

hyperalgesia. This is an important observation, as it indicates that hyperalgesia 

may not be due solely to cancer growth, but also to the sensitization of 

nociceptive afferents by chemical mediators, likely released by the tumor itself. 
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Another indicator that the tumor might have been the source of this sensitization 

was the absence of any of the cardinal signs of inflammation in the heel. 

Once the tumor was established (Day 7 and onward), electroacupuncture 

was unable to inhibit or slow the cancer growth, at all. Instead it actually had the 

opposite effect and potentiated the growth of the tumor. Similarly, mechanical 

hyperalgesia was not alleviated, but rose steeply during the second and third 

week of the study paralleling the increased tumor growth (Figure 8 b).  

With very few exceptions, hypersensitivity scores did not differ significantly 

between males and females. 
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Figure 8. Mechanical hypersensitivity as measured by von Frey test. Pooled data from both male 

and female mice. (a) OSA+1 and OSA-1, single treatment 1 day post implantation. (b) OSA+ and 

OSA-, once weekly treatments for 21 days starting on Day 7 post implantation. Black arrows 

indicate days of electroacupuncture and sham treatments. ANOVA for repeated measures with 

post-hoc comparison employing Bonferroni test. Unpaired Student t-test. p ≤ 0.05 with 5% error. 
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C. c-fos Immunohistochemistry  

The harvesting of spinal cords and subsequent c-fos immunohistochemistry 

techniques also have been used extensively in our lab over the past 17 years 

and are described for rats by Lee and Beitz (1992) and Beitz et al. (2004). 

Furthermore, c-fos expression in the spinal cord and brain has been successfully 

correlated to pain transmission and to acupuncture activation and this allows 

areas involved in pain or acupuncture to be mapped out in the Central Nervous 

System (CNS) (Lee and Beitz, 1992 and 1993; Harris, 1998).  

Following is the standard c-fos immunohistochemistry protocol using the 

Avidin-Biotin-Peroxidase Method24, as utilized by the Beitz laboratory. Spinal 

cords were removed from spinal columns harvested after transcardial perfusion 

and refrigerated in 30% sucrose in PBS by carefully cracking and peeling off the 

thoracic and lumbar vertebrae under the dissecting microscope. The lumbosacral 

enlargement of the harvested spinal cords was identified, removed and bisected 

approximately at the level of L4. Both lumbosacral pieces were mounted on a 

sliding microtome equipped with a freeze stage, and once they were frozen, the 

right ventral horn was carefully notched for identification using a 30 G needle.  

After this, 20 40-micron-thick sections comprising L4 and L5 spinal 

segments were cut transversely from the bisected spinal pieces (40 sections per 

mouse to allow for accidental damage, spillage, etc.). The cut tissue was 

collected in small baskets submerged in PBS. Baskets containing the free-

floating cut sections were transferred to a blocking solution (2% goat serum in 

0.3% TX/PBS) for 1 hour at room temperature. From there, they were transferred 

directly to primary antibody (c-fos diluted 1:2500 in blocking solution) and 

incubated on an orbital shaker overnight at 4°C. 

The next day, the tissue underwent 5 x 5-minute rinses with PBS, before 

being transferred to biotinylated secondary antibody (goat anti-rabbit IgG diluted 

1:250 in blocking solution), before being incubated on an orbital shaker at room 

                                                

24
 Vectastain Elite ABC-peroxidase kit, by Vector Laboratories, Burlingame, CA 
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temperature for 2 hours.  Afterwards, tissue sections were rinsed 5 x 5 minutes in 

PBS and incubated in the avidin-biotin complex (ABC) solution for 1 hour at room 

temperature on the orbital shaker. Three 5-minute rinses in PBS are next, 

followed by 2 x 5-minute rinses in Tris buffer. 

Finally, the tissue is incubated in a DAB (diaminobenzidine 

tetrahydrochloride) solution until it turns a uniform medium brown color, and 

rinsed 5 times in PBS for a final time.  

To mount, all 40 tissue sections are floated in Petri dish containing equal 

parts PBS and distilled water.  Under the dissection microscope, the each section 

was inspected and mounted on gel-coated slides using a fine paint brush. After 

rinsing off any salt residues, slides were dehydrated for 5 minutes each in 70% 

and 95% ethanol, and for 10 min in 100% ethanol. After a 5-minute, slides were 

cleaned in xylenes, coverslipped with DPX mounting medium and allowed to dry 

completely. 

The ten best-looking sections with the greatest number of c-fos 

immunoreactive neurons in laminae I-VI were selected from each animal and 

analyzed using the Metamorph® cell counting program. 

 

D. c-fos Expression Results 

Analysis of spinal c-fos expression revealed noticeable variety between the 

treatment groups. One interesting development was the reduced c-fos 

expression seen in female tumor control animals compared to males, even 

though females experienced a higher percentage of tumor growth. Both males 

and females had significantly higher c-fos expression in the left dorsal horn of the 

spinal cord, ipsilateral to the implanted tumor and contralateral to the needle 

placement and electrical stimulation. 

Both early treatments (OSA+1 and OSA++) significantly reduced c-fos 

expression in both males and females (Figures 10a and b), whereas late 
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treatment (OSA+) was associated with significantly increased c-fos expression 

(Figure 9).  

It appears that osteosarcoma-induced nociception does result in 

significant c-fos expression in the spinal cord for at least 3 weeks post 

implantation and electroacupuncture has a significant effect on the 

osteosarcoma-induced expression.  

 

 

 

 

 

Figure 9. Mean number of cells expressing cfos in the spinal cord in the L4 – L5 segments. 

Pooled data from both males and females. Data has been divided into laminae 1-6 on both the 

left and right sides.  

* Significantly different from SALØ group. & Significantly different from OSAØ group. x 

Significantly different from right side. ANOVA; p ≤ 0.05 
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3. Does gender influence electroacupuncture effects on tumor growth and 

nociception in mice with experimentally-induced osteosarcoma? 

 

A. Gender differences  

All measurements taken during the study duration were statistically compared 

between the sexes.  

Vaginal lavage with 10-20 L of normal saline was carried out using a 

small tipped pipette while female mice were still anesthetized following 

electroacupuncture treatment. The fluid was immediately transferred to a 

microscopic slide, stained with a drop of methylene blue, and coverslipped. 

Vaginal smears were then used to differentiate between the four stages of the 

estrous cycle: diestrus, proestrus, estrus, and metestrus (Rugh, 1990).  

 

B. Results 

With few exceptions, there were no significant gender differences in tumor 

growth or von Frey scores that correlated with stages of the estrous cycle.  

Estrous cycles in females varied greatly among female mice and were not 

synchronized within groups. They showed no correlation to 

electroacupuncture or behavioral testing, indicating no direct hormonal 

influence. 
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7. DISCUSSION 

 

1.  Does electroacupuncture affect tumor growth in mice with 

experimentally-induced osteosarcoma?  

a) Does electroacupuncture have a tumor-enhancing or tumor-

inhibiting effect and is this dependent on specific 

electroacupuncture treatment strategies? 

 

The research presented documents the effects of electroacupuncture on 

osteosarcoma growth in the calcaneus bone in mice. There have been no 

previous studies evaluating the effects of acupuncture on osteosarcoma tumor 

growth and thus these results are novel and provide insights into the effects that 

electroacupuncture has on tumor growth and tumor nociception 

The average tumor take was 81.46% (i.e. tumors grew in 8/10 mice that 

were implanted with K7M2 cells), which was lower than previously reported. 

Khanna et al., (2000) reported a tumor take of 95% for their K7M2 cell line. Their 

orthotopic model, however, involved implantation of actual tumor tissue into the 

tibia, which means that the cells implanted already had established themselves in 

previous tissue, and, therefore were primed for optimum invasiveness. In 

addition, Khanna‘s group implanted 5 times more cells (in 10 times as much 

volume) than we did in our experiments, which probably explains the differences 

in tumor take, as well as some of the differences in tumor metastasis between 

their studies and ours. 

The K7M2 osteosarcoma cells used are invasive and metastasize at a 

rapid rate (Khanna et al., 2000). Despite the use of aseptic protocols, infections 

are known to occur, and may have affected the general health and tumor growth 

post implantation. Conversely, tumors would not grow at all in some mice, 

depending on cell viability, individual immunity, or human error during 
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implantation.  This assessment was based on the Beitz lab‘s experience with the 

hind paw tumor model, which has been used regularly in the laboratory since 

1999 with a number of different cancer cell lines. Occasionally, difficulties were 

encountered when culturing the K7M2 cell line. This was usually attributable to 

culture contamination or to poor handling of the cells and was overcome by 

growing a different lot of frozen cells and assuring that the cells, culture room and 

hood were free from bacterial contaminants. 

Nonetheless, our tumor model of injecting tumor cells into the calcaneus 

bone has performed exceedingly well with this specific cell line. Even though the 

model has been used in the Beitz lab for more than 10 years in variety of cancer 

and pain studies (Wacnik et al., 2000; Wacnik et al., 2001), it has never been 

employed in association with electroacupuncture and osteosarcoma. Despite the 

lower tumor take observed, our model had the advantage over femoral or 

humeral implants, in that tumors could be verified visually a week earlier than in 

the model developed by Khanna et al. (2000), and tumor growth could be 

followed easily using external measurements. Furthermore, the location of the 

tumor in the calcaneus was particularly convenient, as it provided ready access 

for the measurement of primary hyperalgesia, which is more difficult to measure 

in bone tumors involving the femur or tibia. 

In most cases, the primary tumor stayed in the heel, where it was readily 

visible as early as 7 days post implantation. Frequently, however, the tumor was 

not well defined and had spread to involve the entire foot. On some occasions, 

the tumor had travelled up the hind leg and settled in the tibia or even the thigh. It 

is possible that since the K7M2 cell line was developed in tibial tissue, the cells 

had some internal homing mechanism that caused them to migrate towards the 

tibia (Abu-Amera, 2009). 

It was surprising that tumors seemed to grow better in females than in 

males (86.52% tumor take versus 76.40%, respectively), which was especially 

noticeable in tumor control groups and groups experiencing enhanced tumor 

growth. This stands against the common consensus that males are more 
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predisposed to develop osteosarcoma than females (Theilen and Madewell, 

1987; Pool, 1990; Ries et al., 1999).  

Osteosarcoma frequently originates at or near the bone metaphyses, 

which contain bone-forming mesenchymal stem cells (Kramarova and Stiller, 

1996), and is thus considered to be a malignant tumor of osteoblasts (Sanerkin, 

1980).  Fohr et al. (2000) observed that even though estrogen and testosterone 

can have different effects on different tumor cell lines, the response to hormonal 

treatment with sex steroids was not related to the gender of the osteosarcoma 

cell line, but rather depended on its osteoblastic commitment. This supports the 

idea that differences in bone structure or metabolism may be responsible for 

differences in tumor take. 

One possible explanation for the observed gender differences may be 

bone density (Kung, 2008). Osteosarcoma preferentially originates from the 

metaphyseal portions of bones in children and young adolescents, whose bones 

have not yet fully calcified (Miller et al., 1996). The animals used for this thesis 

project were young adult mice, and during tumor implantations, it was noticeably 

easier to drill into the heels of females, the bones of which appeared to be softer 

than those of the males, implying a lower degree of mineralization.  

Moreover, since osteosarcoma has been associated with trauma and 

subsequent healing and repair (Operskalski et al., 1987), it is possible that 

gender differences in bone healing may be responsible for the differences seen 

in our study. In female rats, sex-specific differences in bone healing, as indicated 

by a compromised mechanical competence of the callus in females compared 

with males, have been attributed to a decrease in the quantity of mesenchymal 

stem cells (Strube et al., 2009).  

Alternatively, recent evidence suggests that osteoblastic estrogen 

receptors are important to the maintenance of normal bone density (Ikeda et al., 

1993; Hoshino et al., 1995), and both acupuncture and electroacupuncture 

increase serum estrogen levels, which, in turn, increase the metabolism of 

osteoblasts to maintain bone density in cases of osteoporosis (Wei et al., 2007; 
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Ma et al., 2008). This increased estrogen-dependent mechanism may be another 

explanation why the tumor take in this study was higher in the female than the 

male mice.  

Thus, there are a number of reasons that could explain the difference in 

tumor take and the differences in male/female tumor growth observed in the 

present study. However, the effects of acupuncture on tumor growth were similar 

regardless of sex. Indeed, tumor growth patterns were comparable between 

males and females, without any significant differences. With the exception of 

OSA++, osteosarcoma growth increased between Day 10 and Day 12 in all 

implanted animals, regardless of treatment. Tumor growth was significantly 

reduced in all mice receiving electroacupuncture treatment twice weekly starting 

on Day 3 or Day 5 (OSA++ and OSA5+). This indicates that early and frequent 

treatment interferes with tumor growth. The most striking tumor growth – more 

than 100% for most – occurred in mice receiving once weekly acupuncture 

treatments starting on Day 7 (OSA+) or Day 14 (OSA7+) post implantation. This 

implies that electroacupuncture was ineffective in inhibiting the tumor once it was 

established and rather served to increase tumor growth. 

Anecdotal accounts of acupuncture and electroacupuncture imply that 

needling on or near the tumor exaggerates its growth. The results of this 

research indicate that this is not necessarily the case. In fact, the onset and 

frequency of treatment appear to greatly influence whether electroacupuncture 

has inhibitory or tumor-enhancing effects. Diverse acupuncture modes and 

manipulations, such as intensity, frequency, duration and interval between 

stimulations, will activate different mechanisms and thus affect different 

responses (Langevin and Yandow, 2002; Lund and Lundeberg, 2008; Linde et 

al., 2009). Furthermore, the results presented are based on electroacupuncture 

stimulation (4 Hz, 7 V) delivered at the contralateral ST-36. Whether similar 

results can be produced using other acupuncture points, either alone or in 

combination with others, remains to be investigated.  
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b) Does electroacupuncture cause changes in the innervation and 

vascularization of osteosarcoma tumors in a way that could impact 

tumor growth?  

Tumor sections scanned with Laser Scanning Confocal Microscopy showed clear 

structural changes at 4x magnification, which were even more obvious at 20x. 

Animals in treatment groups characterized by increased tumor growth or size 

(such as OSA+ or OSA7+) had more defined tumors or more extensive 

destruction of normal tissue.  

Hyperalgesic mice with bone tumors, such as fibrosarcomas, exhibit 

increased innervation and reduced vascularization (Wacnik et al., 2005). The 

results of this research, however, showed that innervation and vasculature in the 

osteosarcoma tumor and surrounding tissue did not differ significantly between 

saline and tumor control groups. Early and frequent electroacupuncture and non-

stimulated needling significantly decreased both subcutaneous and tumor 

innervation. Interestingly, OSA-, OSA5-, OSA7+, and both prophylactic treatment 

groups, also exhibited reduced innervation. This indicates that frequency of 

treatment may be a determining factor, in addition to early interference with 

tumor growth or establishment. 

The functional properties of the tumor vasculature are especially important 

in metastasis and tumor progression (Bacci et al., 1998; Harris et al., 1998; 

Hansen-Algenstaedt et al., 2005; Fuhrhop et al., 2009), and in producing a 

heterogeneous metabolic microenvironment, which contributes to genetic 

instability and inefficiency of tumor therapies (Hansen-Algenstaedt et al., 2005; 

Fuhrhop et al., 2009).  

The density of both subcutaneous and tumor vasculature did not change 

significantly regardless of treatment, and remained similar to both controls. This 

agrees with observations in a mouse model of breast cancer growth in bone. The 

total functional vascular density remained unaltered, despite a significant loss in 

small vessels and a concomitant increase in vascular diameter (Fuhrhop et al., 

2009). The most abundant vessels were the subcutaneous lymphatics, which 
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also remained comparable to controls for most treatments throughout the study. 

However it is important to note that both OSA++ and OSA+ treated mice, as well 

as OSA7- and the two prophylactic treatments, did have significantly fewer lymph 

vessels. Tumor cell implantation initially causes a significant increase in the 

permeability of pre-existing vessels (Hansen-Algenstaedt et al., 2005), and 

manual acupuncture has been found effective in controlling the edematogenic 

response due to capsaicin-induced edema in a rat model of experimentally-

induced inflammation (Ceccherelli et al., 1996). Thus, electroacupuncture may 

have a more pronounced effect during the early stages of tumor growth because 

it affects the permeability of blood vessels. Recent work by Edwards and 

coworkers (2008) has shown that in normal bone, lymphatic vessels are not 

identified in cortical or cancellous bone but are seen in connective tissue 

overlying the periosteum. With the exception of lymphangioma, primary benign 

and malignant bone tumors (as well as secondary carcinomas) that were 

confined to bone did not contain lymphatic vessels. However, primary and 

secondary bone tumors that had extended through the bone cortex contained 

lymphatic vessels that seemed to extend for a short distance from surrounding 

soft tissues into the tumor. In particular these investigators showed that in three 

cases of osteosarcoma that had extended through the bone cortex and had 

lymph node metastases, each of these tumors were found to contain lymphatic 

vessels within the tumor. Our results are consistent with those of Edwards et al, 

but futher show that tumor lymphatics are somewhat plastic in nature and thus 

their density can be influenced by electroacupuncture stimulation. Tumors 

produce excess fluid that continually percolates from the tumor towards nearby 

lymphatic vessels. Tumor cells use a clever chemical strategy to exploit this slow, 

one-way flow in order to migrate to functional lymphatic vessels and ultimately 

metastasize.  If acupuncture reduces the number of lymphatic vessels at the 

tumor site, this should reduce both lymphatic drainage and metastatic tumor cell 

movement along lymphatics.  While we were unable to confirm that acupuncture 

reduced tumor metastasis in our study, it is likely that it does so via a reduction in 

lymphatics at the tumor site. 
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Taken together, these reductions in innervation and vascularization imply 

that early electroacupuncture may interfere with the tumor‘s ability to set up a 

vascular network for nourishment and communication with the rest of the body 

(Ta et al., 2009), while at later stages, the tumor may destroy the structures that 

maintain it. This supports previous observations that the efficiency of adjuvant 

therapies depends on the timing of their initiation, most likely because the 

morphological and functional properties of tumor vasculature vary from tumor 

onset to late-stage disease (Hansen-Algenstaedt et al., 2005). 

 

c) Does electroacupuncture alter tumor metastasis to the lungs? 

Even though many of the harvested lungs exhibited distinct areas of white or 

grey discoloration involving parts of or complete lung lobes, histopathological 

findings were inconclusive. It is likely that the 21-day study period was too short 

for metastases to develop. Khanna et al. (2000) did not detect tumors until the 

second week of implantation, and achieved target tumor size (in the tibia) of 450 

mm3 20 – 30 days post implantation. Therefore, it was a reasonable expectation 

to set the study end point at 21 days. 

Based on previous experiences with our fibrosarcoma model, it was 

possible that some animals would not reach the day-21 study endpoint due to 

advanced tumor growth. It is this author‘s experience that by the time a tumor 

reaches 8 – 10 mm in diameter, it frequently begins to disrupt the integrity of the 

skin and cause deformity of the foot due to pathological fractures and excessive 

tissue accumulation. This is a common occurrence with bone cancers (Mantyh et 

al., 2002; Delaney et al., 2008; Colvin and Fallon, 2008). As soon as a tumor 

reaches this destructive stage, RAR and IACUC protocols require euthanasia of 

the animal to prevent any further suffering. Thus, the final tumor size was one 

factor that limited the study period.  

Another factor that may be responsible for the results obtained was that in 

this experiment, the lungs used had been fixed in 4% paraformaldehyde, while 
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Khanna et al., (2000) stained freshly harvested lungs. This could have led to 

inadequate or incomplete staining and the inconclusive results observed. 

However, the nature of the electroacupuncture study made it impossible for lungs 

to be harvested fresh, without getting fixed first. 

However, considering the importance of the tumor vasculature in 

metastasis and tumor progression (Bacci et al., 1998; Harris et al., 1998; 

Hansen-Algenstaedt et al., 2005; Fuhrhop et al., 2009), and the documented 

effect of acupuncture on vascular permeability (Ceccherelli et al., 1996), which is 

changed following tumor implantation (Hansen-Algenstaedt et al., 2005), the 

development of metastases in the lungs should have been significantly reduced, 

if not prevented. 

A follow-up project should be done using labeled cancer cells, which could 

easily be tracked and identified in the lungs, without having to wait for grossly 

visible metastatic nodules to form. However, care should be taken, as some label 

and stains can slow or inhibit the growth and function of cells maintained in 

culture (Dass and Choong, 2007). Alternatively, tumor cell apoptosis in both, the 

periphery and the lungs, could be quantified using the TUNEL assay (Klenke et 

al., 2006). 

  

2. Does electroacupuncture reduce nociception in mice with 

experimentally-induced osteosarcoma?  

Mechanical hyperalgesia consistently increased with tumor growth, but this 

increase was less in mice receiving electroacupuncture, regardless of regimen. 

Hyperalgesia dropped slightly on the days when electroacupuncture was 

performed, but rose again 24 hours later. This is in support of previously 

published studies describing a transient analgesic state (Huang et al., 2002). 

One time administration of electroacupuncture delayed the development 

of mechanical hypersensitivity, which did not rise significantly until after Day 17.  
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Once cancer infiltrates the musculo-skeletal system, development of 

persistent somatic pain is inevitable (Viganó et al., 1998; Walsh, 2005, Mantyh et 

al., 2002). However, in spite of the astonishing tumor-inhibiting effects that were 

observed in OSA++ animals, twice weekly electroacupuncture treatment starting 

on Day 3 post implantation did not inhibit the development of mechanical 

hyperalgesia. This is an important observation, as it indicates that hyperalgesia 

may not be due solely to tumor growth and tumor size, but also to the 

sensitization of nociceptive afferents by chemical mediators, likely released by 

the tumor itself (McMahon, 1996; Wacnik et al., 2001; Mantyh et al., 2002; 

Sabino et al., 2002; Sevcik et al., 2005; Wacnik et al., 2005a). 

It is possible that this sensitization of afferent nociceptors by tumor-

generated pro-inflammatory substances was responsible for the response to 

electroacupuncture seen, as inflammation was found to facilitate so-called 

‗responders‘ (Sekido et al., 2003).  

Once the tumor was established (Day 7 and onward), electroacupuncture 

was unable to inhibit or slow the cancer growth, at all. Instead it appeared to 

potentiate the growth of the tumor. Similarly, mechanical hyperalgesia was not 

alleviated, but rose steeply during the second and third week of the study. With 

very few exceptions, hypersensitivity scores did not differ significantly between 

males and females.  This raises important questions regarding the use of 

acupuncture to treat tumor pain in human or animal medicine, if the pain relieving 

treatment actually increases tumor growth and pain sensitivity. 

Electroacupuncture readily induces c-fos in the spinal cord and various 

brain regions, suggesting that transcription factors are also involved in 

processing acupuncture signals (Ji et al., 1993a; Ji et al., 1993b; Lee and Beitz, 

1993; Guo et al., 1996). Analysis of spinal c-fos expression revealed noticeable 

variety among the treatment groups. One interesting development was the 

reduced c-fos expression seen in female tumor control animals compared to 

males, even though females experienced a higher percentage of tumor growth. 

Women do exhibit lower pain thresholds than men (Berkley, 1997; Fillingim and 
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Ness, 2000; Craft et al., 2004), so one would expect them to also have increased 

c-fos expression. And, yet, c-fos expression was similar in both males and 

females. Both demonstrated significantly higher c-fos expression in the left dorsal 

horn of the spinal cord, ipsilateral to the implanted tumor and contralateral to the 

needle placement and electrical stimulation. Early treatments (OSA+1 and 

OSA++) significantly reduced c-fos expression in both males and females, 

whereas late treatment was associated with significantly increased c-fos 

expression, which paralleled the increase in tumor growth produced by late 

acupuncture treatment.  

It appears, therefore, that osteosarcoma-induced nociception does result 

in significant c-fos expression in the spinal cord for at least 3 weeks post 

implantation and electroacupuncture has a significant effect on the 

osteosarcoma-induced expression.  

 

3.  Does gender influence electroacupuncture effects on tumor growth and 

nociception in mice with experimentally-induced osteosarcoma? 

With few exceptions, there were no significant gender differences in tumor growth 

or von Frey scores that correlated with stages of the estrous cycle.  Estrous 

cycles in females varied greatly among female mice and were not synchronized 

within groups. They showed no correlation to electroacupuncture or behavioral 

testing, indicating no direct hormonal influence. Even though acupuncture and 

electroacupuncture are known to increase serum estrogen levels (Wei et al., 

2007; Ma et al., 2008), these increases were not high enough to affect the 

estrous cycle in this study. Furthermore, testosterone has been shown previously 

to play no role in electroacupuncture-induced analgesia (Kong et al., 1991). 

Taken together, and apart from any individual genetic differences (Mogil, 

1999; Chae et al., 2006), electroacupuncture treatment had no discernable 

gender-related effects.  
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Conclusion 

In summary, electroacupuncture can have tumor-inhibiting or tumor-enhancing 

effects, depending on when and how frequently it is applied. With few exceptions, 

electroacupuncture reduced tumor innervation and lymphatics in animals 

receiving early, frequent electroacupuncture. However, blood vessel density and 

distribution remained mostly unaffected. This implies that electroacupuncture 

exerts its effects on tumor growth in part by reducing innervation, which in turn 

may alter the tumor‘s ability to secrete chemical mediators and pro-inflammatory 

substances. Acupuncture has also been shown in other studies to reduce 

inflammation and it seems likely that it may also reduce tumor growth by 

reducing tumor associated inflammation.  

Electroacupuncture exerts a transient analgesic effect on animals with 

osteosarcoma, and, therefore, cannot be endorsed as a stand-alone therapy for 

pain management. However, due to the many mechanisms by which it can exert 

an anti-hyperalgesic effect, it represents an ideal complementary therapy to be 

included in a multimodal pain management regimen. 

Furthermore, electroacupuncture lends itself to many applications as a 

novel study tool. It is easily incorporated in a number of laboratory or clinical 

environments and research setups, and provides an innovative way to study the 

mechanisms underlying tumor growth and metastasis. 

Future studies are required to test other acupuncture points alone and in 

combination as to their ability to interfere with cancer growth. Different stimulation 

intensities, as well as unilateral versus bilateral stimulation should also be 

evaluated. In addition, given the many mechanisms involved in acupuncture and 

electroacupuncture analgesia, it is vital to identify exactly which ones are 

involved in tumor anti-nociception. It is my firm belief that this study holds 

importance for future clinical and mechanistic studies of cancer and nociception. 

Improvements in study design for future investigations, such as better sham 

control conditions and a longer study period, may confer greater sensitivity to 

detect true therapeutic effects of electroacupuncture. 
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