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Abstract

Transcutaneous electrical nerve stimulation (TENS) reduces pain through central mechanisms involving spinal cord and brainstem sites.

Since TENS acts through central mechanisms, we hypothesized that TENS will reduce chronic bilateral hyperalgesia produced by unilateral

inflammation when applied either ipsilateral or contralateral to the site of muscle inflammation. Sprague–Dawley rats were injected with

carrageenan in the left gastrocnemius muscle belly. Mechanical withdrawal threshold was tested bilaterally before and 2 weeks after

carrageenan injection. After testing withdrawal thresholds at 2 weeks, rats received TENS treatment either ipsilateral or contralateral to the

site of inflammation. In each of these groups, rats were randomized to control (no TENS), low frequency (4 Hz), or high frequency (100 Hz)

TENS treatment. TENS was applied for 20 min at sensory intensity under light halothane anesthesia. Mechanical withdrawal thresholds were

re-assessed after TENS or ‘no TENS’ treatment. Unilateral injection of carrageenan to the gastrocnemius muscle significantly reduced the

mechanical withdrawal threshold (mechanical hyperalgesia) bilaterally 2 weeks later. Either low or high frequency TENS applied to the

gastrocnemius muscle ipsilateral to the site of inflammation significantly reversed mechanical hyperalgesia, both ipsilateral and contralateral

to the site of inflammation. Low or high frequency TENS applied to the gastrocnemius muscle contralateral to the site of inflammation also

significantly reduced mechanical hyperalgesia, both ipsilateral and contralateral to the site of inflammation. Since ipsilateral or contralateral

TENS treatments were effective in reducing chronic bilateral hyperalgesia in this animal model, we suggest that TENS act through

modulating descending influences from supraspinal sites such as rostral ventromedial medulla (RVM).

q 2005 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Chronic pain, especially musculoskeletal pain, is a

widespread problem that often goes untreated due to lack
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of adequate treatment options, and also due to lack of

understanding of alternative therapeutic modalities. Apart

from pharmacological treatments, there are non-pharmaco-

logical modalities, such as transcutaneous electrical nerve

stimulation (TENS), which are clinically used to relieve

pain. Despite a large number of preclinical studies,

including some from our laboratory, the analgesic mechan-

isms of TENS are not fully understood. Animal models of

chronic musculoskeletal pain (Radhakrishnan et al., 2003a,

b,c; Sluka et al., 2001) allow an experimental framework to

determine the effectiveness and mechanisms of TENS in

chronic pain.
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Transcutaneous electrical nerve stimulation (TENS) is

defined as the application of electrical stimulation to the

skin for pain control (Clinical Electrophysiology and

American Physical Therapy Association, 2001). Wall and

Sweet in 1967 promoted the use of TENS for treatment of

chronic pain in direct follow up of the gate control theory of

pain. The gate control theory proposed that stimulating large

diameter afferents with TENS inhibits nociceptive afferent

fiber-evoked responses in the dorsal horn (Melzack & Wall,

1965). Clinically, TENS is applied at either a high

frequency (O50 Hz) or low frequency (!10 Hz). The

intensity varies between subsensory, sensory, or motor.

Prior studies from our laboratory show that secondary

hyperalgesia induced by acute knee joint inflammation is

reduced by either high or low frequency TENS at sensory

intensity (King & Sluka, 2001; Sluka et al., 1998). Thus,

sensory intensity TENS reduces acute inflammatory

hyperalgesia.

TENS produces its analgesic effect in part by activation

of endogenous opioids (for review see Sluka & Walsh,

2003). TENS activates opioid receptors in the rostral

ventromedial medulla (RVM) and in the spinal cord

(Kalra et al., 2001; Sluka et al., 1999). Activation of opioid

receptors in the RVM sends increased inhibitory input to the

spinal dorsal horn, decreasing activation of dorsal horn

neurons (Fields & Basbaum, 1999; Fields et al., 1983).

These data suggest that the analgesic effects of TENS utilize

both supraspinal and spinal mechanisms.

The animal model of chronic muscle pain used in this

study exhibits chronic bilateral hyperalgesia (Radhak-

rishnan et al., 2003). Since TENS activates spinal and

supraspinal sites (Kalra et al., 2001; Sluka et al., 1999), and

supraspinal pathways project bilaterally to the spinal cord

(Antal et al., 1996; Zemlan et al., 1984), we hypothesize that

chronic bilateral hyperalgesia in this model will be reduced

by TENS irrespective of the side of application, i.e.

ipsilateral or contralateral to inflammation.
2. Materials and methods

2.1. Animals

Male Sprague–Dawley rats (nZ45, Harlan, St Louis, MO),

weighing 250–450 g were used for the experiments. The rats were

housed in a 12 h light–dark cycle, three rats per cage, with free

access to standard rat food and water. All experiments were

approved by the University of Iowa Animal Care and Use

Committee and were carried out according to the guidelines of

the International Association for the Study of Pain and National

Institute of Health (Zimmerman, 1983).

2.2. Pain behavior testing

The animals were kept in a plastic cubicle (16!8!8 cm) on an

elevated platform with a wire mesh screen. Threshold to

mechanical stimuli was tested using von Frey filaments
(North Coast Medical, Morgan Hill, CA) with increasing bending

force as previously described (Sluka et al., 2001). von Frey

filaments were applied twice, at least 1 s apart, to the plantar aspect

of the hind paw, bilaterally. A paw withdrawal in response to the

filament application was noted as a response to noxious mechanical

stimulus. Testing was started with the filament with the lowest

bending force. If there was no response, the next higher filament

force was applied. The bending force of the filament, which causes

a withdrawal response was interpreted as the mechanical with-

drawal threshold (MWT). The following bending forces were

assessed: 9.86, 12.9, 16.6, 33.8, 53.2, 71.7, 89.1, 129, 207, and

474 mN. All animals had a baseline mechanical threshold of

129 mN or higher in this study. A decrease from baseline in

withdrawal threshold was interpreted as mechanical hyperalgesia

in this study. The reliability and validity of this testing method has

been previously established (Gopalkrishnan & Sluka, 2000).

Behavior testing was done with the tester blinded to treatment

group.
2.3. Induction of inflammation

The rats were injected with 0.1 ml of 3% lambda carrageenan

(Type IV, Sigma Chemical Co., St Louis, MO, dissolved in

sterile saline) into the left gastrocnemius muscle. Anesthesia was

induced in rats using 5% halothane in oxygen in an anesthetic

chamber, and maintained with 1–3% halothane, continuously

administered through a nose cone. The skin overlying left

gastrocnemius muscle belly was cleaned with alcohol prep-pads,

muscle located by palpation, and 3% carrageenan was injected

with sterile hypodermic needles (26 G, 3/8 00) into the muscle

belly, percutaneously. Following injection, the animal was

removed from the halothane and returned to the cage, after it

recovered from anesthesia. A 2-week duration was allowed for

the development of chronic inflammation and bilateral hyper-

algesia. Two-week time point was selected for this study because

distinct bilateral mechanical hyperalgesia occurs at this time

(Radhakrishnan et al., 2003).
2.4. TENS application

Commercially available TENS units and electrodes (EMPI

Inc., Minnesota, USA) were used in this study. The current study

examined the effects of TENS in rats using two different TENS

application paradigms: ipsilateral application (left gastrocnemius;

control, nZ5; high frequency TENS, nZ8; low frequency

TENS, nZ7) to the inflammation site, and contralateral

application (right gastrocnemius; control, nZ8; high frequency

TENS, nZ8; low frequency TENS, nZ8) to the inflammation

site. Within these groups, rats were randomly assigned to either

a ‘no TENS’ control group (anesthesia only), a high frequency

(100 Hz) TENS group, or a low frequency (4 Hz) TENS group.

Rats were lightly anesthetized with 1–2% halothane, via a

vaporizer, for application of TENS to minimize movement. Rats

still had withdrawal reflexes while under anesthetic and

recovered from anesthetic within 5 min after removal of the

halothane. Importantly, 2–4 rats, always including a sham

control and a TENS treatment, were treated simultaneously

receiving anesthetic through the same vaporizer. This ensures

that the same dose of anesthetic is administered to rats that

received sham treatment and TENS treatment further minimizing
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effects of anesthetic. Prior studies show that the effects of TENS

are long lasting, and that light halothane anesthetic has no effect

on the decreased withdrawal thresholds produced by inflam-

mation (Sluka et al., 1998).

After the rats were anesthetized, two circular, pregelled

electrodes (trimmed to 1 cm in diameter) were placed on the

skin overlying the gastrocnemius muscle, one proximal close to the

knee joint and one distal near the Achilles tendon. This resulted in

the electrodes being placed 2 cm apart (center to center),

approximately 1 cm distance between the edges of the two

electrodes. Either low or high TENS was applied just below

threshold to produce a motor contraction; we previously

designated this as ‘sensory intensity’ (Sluka et al., 1998). The

pulse duration was kept at 100 ms in all groups and the TENS

treatments were of 20 min duration. The ‘no TENS’ control group

received 20 min of halothane anesthesia along with application site

preparation and the electrode placement, except stimulation. These

stimulation parameters reduce mechanical and heat hyperalgesia in

models of acute inflammation (King & Sluka, 2001; Sluka et al.,

1998).
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2.5. Protocol

The animals were brought down from the Animal Care Unit and

allowed to acclimate to their testing environment at least 1 h prior

to behavioral testing. Behavioral tests were done between 8 a.m.

and 4 p.m. On the first day, paw withdrawal threshold to

mechanical stimuli, as described above, was measured prior to

induction of inflammation (baseline, pre-injection). After baseline

withdrawal testing, rats were injected with 3% carrageenan into the

left gastrocnemius muscle under halothane anesthesia. The animals

were returned to their cages and housed in the animal care facility

for 2 weeks to allow for development of chronic inflammation and

hyperalgesia.

After 2 weeks, animals were returned to the testing room for

acclimation. In both TENS application groups (ipsilateral TENS or

contralateral TENS), the rats were randomly assigned to (1) a

control ’no TENS’ group (anesthetic only), (2) a high frequency

(100 Hz) TENS group, or (3) a low frequency (4 Hz) TENS group.

Paw withdrawal threshold was measured before and after treatment

in groups with TENS or ‘no TENS’ (anesthetic only). Behavior

testing was performed 15–30 min after removal from anesthetic.

Following pain behavior testing, rats were euthanized and the

ipsilateral and contralateral gastrocnemius muscles were dissected.

Examination for signs of inflammation was done by visual

comparison with the non-inflamed muscle, and inspection and

palpation for edema.
Base 2 wk TENS
10

Control (n=5)

Fig. 1. Graph shows the mechanical withdrawal thresholds (MWT) to von

Frey filaments for the hind paw ipsilateral to the site of inflammation (A)

and the hindpaw contralateral to the site of inflammation (B) after low or

high TENS treatment ipsilateral to the site of inflammation. MWT was

measured at baseline, 2 weeks after carrageenan injection, and after TENS

treatment. When applied on the ipsilateral side, both low and high TENS

reverse the reduction in MWT in the ipsilateral as well as the contralateral

hindpaw. Data points represent median values, error bars represent 25th and

75th percentiles. Asterisks (*) indicate significant difference from controls

(P!0.05).
2.6. Statistical analysis

A Kruskal Wallis ANOVA examined variability between

groups for differences in mechanical withdrawal threshold at

baseline, 2 weeks after carrageenan (post-inflammation, before

TENS) and after TENS. Post hoc analysis with a signed rank test

analyzed differences between control, low frequency, and high

frequency treatment groups. Data were considered significant if

P!0.05. Data are represented as the median with the 25th and 75th

percentiles.
3. Results
3.1. Ipsilateral TENS treatment

Two weeks after induction of inflammation, the animals

show no overt behavioral signs, i.e. limping or guarding of

the limb. However, the mechanical withdrawal threshold to

von Frey filaments significantly decreased in both the

left paw (ipsilateral, PZ0.01) and right paw (contralateral,

PZ0.01) 2 weeks after induction of inflammation when

compared to baseline values (Fig. 1). The mechanical

withdrawal threshold was not significantly different

between groups for either the ipsilateral or the contralateral

paw before or after inflammation.

TENS applied to the ipsilateral muscle at the site of

inflammation significantly increased the mechanical with-

drawal threshold on the ipsilateral (c2Z7.851, PZ0.02)

and the contralateral paw (c2Z7.795, PZ0.02) (Fig. 1).

Post hoc testing revealed that 20 min treatment with either

low frequency (PZ0.03) or high frequency (PZ0.01)
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TENS increased the mechanical withdrawal threshold on

the side ipsilateral to treatment and inflammation when

compared to sham controls. Similarly, both low frequency

(PZ0.016) and high frequency (PZ0.019) TENS increased

the mechanical withdrawal threshold on the side contral-

ateral to treatment and inflammation when compared to

sham controls.
3.2. Contralateral TENS treatment

TENS applied to the gastrocnemius muscle contralateral

to the side of inflammation (Fig. 2) significantly increased

the mechanical withdrawal threshold (reversed hyperalge-

sia) on the side ipsilateral to inflammation (c2Z10.149,

PZ0.006) and the side contralateral to inflammation

(c2Z8.765, PZ0.012). Post hoc testing revealed that

20 min treatment with either low frequency (PZ0.038) or

high frequency (PZ0.001) TENS increased the mechanical

withdrawal threshold on the side contralateral to treatment
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Fig. 2. Graph shows the mechanical withdrawal threshold (MWT) to von

Frey filaments for the hind paw ipsilateral to the site of inflammation (A)

and the hind paw contralateral to the site of inflammation (B) after low or

high TENS treatment contralateral to the site of inflammation. MWT was

measured at baseline, 2 weeks after carrageenan injection, and after TENS

treatment. When applied on the contralateral side, both low and high TENS

reverse the reduction in MWT in the ipsilateral as well as the contralateral

hindpaw. Data points represent median values, error bars represent 25th and

75th percentiles. Asterisks (*) indicate significant difference from controls

(P!0.05).
when compared to sham controls. Similarly, both low

frequency (PZ0.005) and high frequency (PZ0.021)

TENS also increased the mechanical withdrawal threshold

on the side contralateral to inflammation and ipsilateral to

treatment when compared to sham controls.
4. Discussion

The results from the present study show that injection of

carrageenan into one gastrocnemius muscle decreases

mechanical withdrawal threshold of the paw bilaterally.

We interpret this decrease in mechanical withdrawal

threshold as cutaneous mechanical hyperalgesia. People

with deep tissue pain syndromes such as fibromyalgia and

osteoarthritis similarly show increased cutaneous sensitivity

(Berglund et al., 2002; Kosek & Ordeberg, 2000). TENS

applied to either the ipsilateral or contralateral side of

inflammation reduces cutaneous mechanical hyperalgesia

bilaterally. Therefore, these results support our hypothesis

that unilateral application of TENS to either the ipsilateral

or contralateral side, reduces cutaneous mechanical hyper-

algesia bilaterally, indicating that TENS acts through a

central mechanism.

4.1. Chronic bilateral hyperalgesia

Unilateral injection of 3% carrageenan into the gastro-

cnemius muscle induces chronic bilateral hyperalgesia of

the paw 2 weeks after induction of inflammation, which

confirms previous findings from our laboratory (Radhak-

rishnan et al., 2003). The contralateral spread of hyper-

algesia (‘mirror’ hyperalgesia) induced by unilateral muscle

inflammation is considered secondary hyperalgesia. Similar

spread of hyperalgesia to the contralateral side of injury has

been observed by other investigators using different noxious

agents (Aloisi et al., 1993; Chacur et al., 2001; Rees et al.,

1996; Sluka et al., 2001). Although the mechanisms for the

development of bilateral hyperalgesia are not clear, various

theories have been suggested (see review by Koltzenburg

et al., 1999). Most hypotheses regarding bilateral spread of

hyperalgesia suggest neuronal changes in the central

nervous system responsible for the bilateral spread, and

there are some reports indicating a role for glial cells in the

central nervous system (Chacur et al., 2001; see review by

Wieseler-Frank et al., 2004). Descending influences

originating in the rostral ventromedial medulla (RVM) can

be either inhibitory or facilitatory (Fields & Basbaum, 1999;

Kaplan & Fields, 1991; Porreca et al., 2002; Urban &

Gebhart, 1999). The RVM is a group of key nuclei that

mediate descending inhibition and facilitation, and likely

represent the final common pathway(s) to the spinal cord.

Descending facilitation is a probable mechanism that is

responsible for causing secondary bilateral hyperalgesia and

maintaining chronic hyperalgesia. For example, inactivation

of the RVM by lidocaine reverses, and lesion of RVM by
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pre-treatment with ibotenic acid completely blocks,

secondary heat hyperalgesia produced by knee joint

injection of carrageenan (Urban et al., 1999). These

manipulations in the RVM do not affect the primary

hyperalgesia produced by carrageenan injected into the

plantar paw. Thus, supraspinal centers play a major role in

the production and maintenance of secondary hyperalgesia.

Spinal projections from the RVM are bilateral and the

neurons in RVM have widespread receptive fields that

include the contralateral limb (Antal et al., 1996; Basbaum

et al., 1978; Hama et al., 1997; Hurley & Hammond, 2000;

Zemlan et al., 1984). Thus, it is highly possible that the

contralateral hyperalgesia observed in the current study

could be mediated by RVM or other supraspinal centers

through descending facilitatory pathways, although the

current study does not directly provide data to support this

hypothesis.

4.2. Bilateral effect of unilateral TENS

A significant reduction in cutaneous mechanical hyper-

algesia in both the ipsilateral and contralateral paws

following unilateral TENS application on either the

ipsilateral or contralateral side of inflammation supports

our hypothesis that TENS produces its antihyperalgesic

effect through central mechanisms. There was no difference

between the effectiveness of low or high frequency TENS in

reducing secondary cutaneous mechanical hyperalgesia,

when applied either ipsilateral or contralateral to the site of

inflammation. These findings are similar to those of Sluka

et al. (1998) where low and high frequency TENS reduces

acute, secondary heat hyperalgesia induced by joint

inflammation. Therefore, TENS appears to be equally

effective for secondary heat and mechanical hyperalgesia

induced by either acute or chronic inflammation.

The bilateral decrease in hyperalgesia by TENS supports

the theory that TENS modulates descending influences,

either activating inhibitory pathways or inhibiting facil-

itatory pathways. Previous works further support this

interpretation. Specifically, TENS analgesia is prevented

by blockade of opioid receptors in the RVM (Kalra et al.,

2001). In the spinal cord, TENS utilizes opioid, serotonin,

and muscarinic receptors (Radhakrishnan & Sluka, 2003;

Radhakrishnan et al., 2003; Sluka et al., 1999), all of which

are implicated in analgesia mediated by descending

inhibition from the RVM (Atweh & Kuhar, 1977; Ding

et al., 1996; Fields & Basbaum, 1999; Jensen & Yaksh,

1984). When the nuclei of RVM are stimulated electrically

or chemically, changes in nociceptive thresholds occur

bilaterally in the hindpaws (Hurley & Hammond, 2000;

Terayama et al., 2002). In particular, opioid agonists

microinjected into the RVM produce bilateral increases in

the response to radiant heat (Hurley & Hammond, 2000).

Taken together, these findings suggest that TENS likely

produces its analgesic effect by modulating descending

influences from the RVM. However, since secondary
hyperalgesia is mediated by descending facilitation from

the RVM (Urban et al., 1999; see review by Porreca et al.,

2002) an alternative hypothesis is that that TENS reduces

descending facilitation.

4.3. Clinical implications

The current study demonstrates a bilateral effect of

TENS in decreasing secondary cutaneous mechanical

hyperalgesia. Since ipsilateral or contralateral TENS

treatments were equally effective in reducing chronic

hyperalgesia in this animal model, this study provides

some prospects of utilizing TENS in reducing generalized

chronic pain conditions in humans. The data support the

postulate that TENS decreases hyperalgesia through

activation of central sites. The current study is unique in

that the effect of TENS on hyperalgesia was studied after

application on the ipsilateral or the contralateral side to

inflammation, and it was found that TENS is effective in

both modes of application. If this finding translates

clinically, TENS can be applied contralaterally to the site

of injury in cases of severe maceration, amputation, or

cutaneous allodynia, where contact sites in the primary area

of injury may be difficult to achieve.

4.4. Conclusions

The current study shows that both low and high

frequency TENS reverse chronic, secondary hyperalgesia

bilaterally when applied to the ipsilateral or the contralateral

site of injury. These findings should, however, be confirmed

in humans by randomized controlled clinical trials.
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