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Abstract

Objective—To investigate whether repeated administration of modulating frequency
transcutaneous electric nerve stimulation (TENS) prevents development of analgesic tolerance.

Design—Knee joint inflammation (3% carrageenan and kaolin) was induced in rats. Either mixed
or alternating frequency was administered daily (20min) for 2 weeks to the inflamed knee under light
halothane anesthesia (1%—2%).

Setting—Laboratory.
Animals—Adult male Sprague-Dawley rats (N=36).

Intervention—Mixed- (4Hz and 100Hz) or alternating- (4Hz on 1 day; 100Hz on the next day)
frequency TENS at sensory intensity and 100us pulse duration.

Main Outcome Measures—Paw and joint withdrawal thresholds to mechanical stimuli were
assessed before induction of inflammation, and before and after daily application of TENS.

Results—The reduced paw and joint withdrawal thresholds that occur 24 hours after the induction
of inflammation were significantly reversed by the first administration of TENS when compared
with sham treatment or to the condition before TENS treatment, which was observed through day 9.
By the tenth day, repeated daily administration of either mixed- or alternating-frequency TENS did
not reverse the decreased paw and joint withdrawal thresholds.

Conclusions—These data suggest that repeated administration of modulating frequency TENS
leads to a development of opioid tolerance. However, this tolerance effect is delayed by
approximately 5 days compared with administration of low- or high-frequency TENS independently.
Clinically, we can infer that a treatment schedule of repeated daily TENS administration will result
in a tolerance effect. Moreover, modulating low and high frequency TENS seems to produce a better
analgesic effect and tolerance is slower to develop.

Keywords
Hyperalgesia; Pain; Rehabilitation; Transcutaneous electric nerve stimulation

© 2008 by the American Congress of Rehabilitation Medicine and the American Academy of Physical Medicine and Rehabilitation

Reprint requests to Josimari M. DeSantana, PhD, Physical Therapy and Rehabilitation Science, 3144 Medical Laboratories, University
of lowa, lowa City, IA 52242, e-mail: josimari-desantana@uiowa.edu.

No commercial party having a direct financial interest in the results of the research supporting this article has or will confer a benefit
upon the authors or upon any organization with which the authors are associated.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeSantana et al.

Page 2

TRANSCUTANEOUS ELECTRIC nerve stimulation (TENS) is a nonpharmacologic
treatment commonly used by health care practitioners as an adjunct treatment for pain relief.
TENS is the application of surface electrodes applied to the skin for pain relief. Clinically,
TENS has been applied at varying frequencies of stimulation, high (100Hz), low (4Hz), and
modulated frequency (between high and low).1:2

Our group developed and refined an animal model of TENS that overcomes many of the
shortcomings described in the clinical literature. This model minimizes the placebo effect,
controls the extent and type of injury, and enables TENS to be applied in a highly reproducible
manner. The size of electrodes (1.3cm [0.5in]) relative to the surface area of the rat is
comparable with those used in humans. We showed that application of low- (4Hz) or high-
(100Hz) frequency TENS to the knee joint at a sensory intensity (defined as just below motor
threshold) completely reduces the secondary heat and mechanical hyperalgesia of the hind paw
that develops after injection of 3% kaolin and carrageenan in the knee joint.3 This model is
highly reproducible in the laboratory and is well suited to investigations of the neurobiologic
mechanisms that mediate the antihyperalgesic effects of TENS in rats.

TENS reduces hyperalgesia through release of endogenous opioids in the central nervous
system.>=7 Specifically, low- and high-frequency TENS activate p- and 3-opioid receptors,
respectively, in the spinal cord and rostral ventral medulla.8:” Repeated administration of either
ut- or 8-opioid agonists causes a gradual diminution of the analgesic effect.8:9 This
phenomenom is termed opioid tolerance.19 Acute or chronic opioid tolerance develops
following single or repeated administration of exogenous opioid agonists in animals®11:12 or
in clinical studies.23~1° Tolerance to morphine reduces the response to other morphine-like
drugs as well, a phenomenon termed cross-tolerance.16 Repeated administration of either
electroacupuncture or focal electric stimulation of the brain in rats leads to a gradual curtailment
in efficacy and a cross-tolerance to morphine.1”:18 Similarly, in morphine-tolerant rats, low-,
but not high-frequency TENS is ineffective in reversing inflammation induced secondary
hyperalgesia,® suggesting cross-tolerance at the p-opioid receptor. In human subjects who
have reggived enough opioid analgesics to develop tolerance, a cross-tolerance to TENS also
occurs.

In rats, repeated administration of both low- and high-frequency TENS leads to a development
of tolerance by the fourth day with a cross-tolerance to spinally administered p- and 3-opioid
agonists, respectively.* A large number of biochemical and pharmacologic studies provide
convincing evidence regarding the existence of modulatory interactions between p-and 8-
opioid receptors.* Several studies indicate that 3-opioid receptor agonists as well as 5-opioid
receptor antagonists can provide beneficial modulation to the pharmacologic effects of p
agonists. For example, 3-opioid agonists enhance the analgesic potency and efficacy of p opioid
agonists, and 5-opioid agonists and antagonists can prevent or diminish the development of
tolerance and physical dependence by u-opioid agonists.2!

Modulating frequencies of TENS between 2 and 100Hz decreased morphine requirements
postoperatively?2 and produced a greater increase in heat pain thresholds,23 but had no
increased analgesic effect on pain in people with osteoarthritis?* when compared with 2 or
100Hz alone. Further there was an increased release of enkephalin in the cerebral spinal fluid
of orthopedic patients when the frequency of stimulation alternated between 2 and 15Hz
compared with either 2 or 15Hz alone.2® Thus, the majority of the studies show that modulating
frequency has a greater effect than a single frequency of stimulation.

Because repeated administration of either low or high frequency TENS results in cross
tolerance at p- and u-opioid receptors, respectively, we modulated TENS frequency between
low and high frequencies that would activate - and 8-opioid receptors. Thus, this study tested
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the hypothesis that modulating TENS frequency (either mixed or alternating frequency) in rats
would prevent the development of analgesic tolerance to TENS.

METHODS

All experiments were approved by Animal Care and Use Committee at the University of lowa
and are in accordance with the guidelines of National Institute of Health and the International
Association for the Study of Pain on use of laboratory animals. Adult male Sprague-Dawley

rats (n=36; weight range, 225-250g) 2 were used for this study.

Induction of Inflammation

Immediately after baseline behavioral measurements, we anesthetized rats with 5% halothane,
maintained with 1% to 2% halothane, and then induced knee joint inflammation by intra-
articular injection of a mixture of 3% carrageenan and kaolin (0.1mL in sterile saline; pH, 7.4)
into the left knee joint.26 The inflammation is considered acute for the first 24 hours, when
there is neutrophil infiltration. By 1 week, the inflammation converts to chronic, as identified
histologically by macrophage infiltration. This model is used to mimic arthritic conditions and
shows good predictability for drug effects.2” After induction of knee inflammation, the rats
were returned to their cages and allowed to recover for 24 hours. Within 24 hours, the animals
exhibited signs of inflammation such as edematous and warm knee joints and also behavioral
signs such as guarding and decreased weight bearing on the inflamed limb.28

Behavioral Testing

The paw and knee joint withdrawal thresholds were tested for all groups of rats. Both
measurements were performed immediately before and after TENS on each day. The
investigator was blinded for all stimulations.

We tested rats for paw withdrawal threshold with von Frey filaments applied to the paw.
Initially, the animals were maintained in their cages in the behavior testing room for acclimation
for 30 minutes. Then, the animals were placed in transparent Lucite cubicles over a wire mesh
and acclimated for another 30 minutes before testing. A series of filaments with increasing
bending forces (range, 9.4-495.8mN) were applied on the plantar surface of the hind paw until
the rat withdrew from the stimulus.28 Each filament was applied twice. The lowest force at
which the rat withdrew its paw from 1 of 2 applications was recorded as the paw withdrawal
threshold for mechanical hyperalgesia and interpreted as cutaneous hyperalgesia. This testing
method has shown significant test-retest reliability.

Rats were also tested for knee joint withdrawal threshold with a pair of forceps applied to the
knee joint as previously described for the gastrocnemius muscle.2® The forceps were equipped
with 2 strain gauges to measure force. To measure knee joint withdrawal threshold, animals
were placed in the restrainer (glove), and the experimenter compressed the knee joint with the
tip of the forceps while the hind limb was extended. Compression was continued until the
animal withdrew the leg. The maximum force applied at withdrawal was recorded as the knee
joint withdrawal threshold. Three trials, 5 minutes apart, at each time period were performed
and averaged to obtain 1 reading a time period. A decrease in withdrawal threshold of the knee
joint was interpreted as hyperalgesia.

Suppliers

a. Harlan, 8520 Allison Pointe Blvd, Ste 400, Indianapolis, IN 46250.
b.  EMPI Inc, 599 Cardigan Rd, St. Paul, MN 55126-4099.
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Application of TENS

We anesthetized the rats with halothane, initially with 5% and maintained with 1% to 2% for
20 minutes of TENS.30 We previously showed that (1) application of halothane without TENS
has no effect on the paw withdrawal latency to heat induced by joint inflammation, and (2)
application of TENS to a noninflamed knee joint has no effect on the paw withdrawal latency.
3 EMPI Select TENS units? with an asymmetrical biphasic square wave and circular electrodes
were used. Under halothane anesthesia, the knee joint was shaved and 1.3cm (0.5in) pre-gelled
surface electrodes were applied to the medial and lateral aspects of the inflamed knee joint in
the groups receiving TENS or sham TENS. We observed the animals continuously during
TENS to ensure adequate anesthesia and to ensure that the electrodes remained in contact with
the skin.

We administered mixed (low- and high-frequency TENS applied in the same session, cycled
in each 3 seconds [adjustable parameters in the TENS unit: frequency, 2-150Hz in 5-Hz
intervals; cycle time, 1-20s]) or alternating (low- and high-frequency TENS 4Hz and 100Hz,
respectively, applied separately in alternating days) frequency TENS keeping other parameters
constant for example, sensory intensity, and 20 minutes for stimulation. This strategy allowed
a comparison of frequency differences without confounding differences in amplitude. Sensory
intensity was determined by increasing the intensity until a muscle contraction was visibly
observed and then reducing the intensity to just below this level. This intensity was between
1.5 and 4mA for all animals. The parameters were selected to model those used clinically and
which produced full inhibition of secondary heat hyperalgesia.3 The sham TENS group was
anesthetized with 1% to 2% halothane and electrodes were placed on their shaved knee joint,
but they did not receive TENS treatment. Importantly, 3 rats always were anesthetized with
the same vaporizer; at least 1 rat receiving the sham TENS treatment and 1 rat receiving the
active TENS treatment were anesthetized at the same time. This procedure ensured that there
always were animals in the sham TENS treatment group that received the same dose of
anesthesia.

Experimental Design

We measured baseline paw and joint withdrawal thresholds bilaterally before the induction of
the knee joint inflammation. Twenty-four hours after the knee joint inflammation, paw and
joint withdrawal thresholds were reassessed and then the animals were lightly anesthetized
with 1% to 2% halothane for placement of the electrodes. TENS was then applied for 20
minutes, and withdrawal thresholds were assessed immediately after TENS and recovery from
the anesthesia (10-15min after removal of TENS). The same procedure (assessment of
withdrawal thresholds, TENS application, and reassessment of withdrawal thresholds) was
applied on each day for the next 13 days (total, 14d). The rats were randomly divided in 3
groups: (1) sham TENS (n=6); (2) mixed-frequency TENS (n=6), and (3) alternating-frequency
TENS (n=6).

It is possible that TENS was ineffective 10 days after knee joint inflammation. Thus, in a
separate group of animals mixed frequency (n=6), alternating frequency (n=6), and sham
treatment (n=6) were administered only on the tenth day following the induction of
inflammation with no TENS treatment in the previous 9 days.

Statistical Analysis

Mechanical withdrawal threshold of the paw was tested for differences between groups of
treatment (mixed, alternating, sham) with the nonparametric Kruskal-Wallis test, and joint
withdrawal threshold with analysis of variance for dependent samples. Tukey test, paired t test,
signed-rank test, or Wilcoxon-matched pairs test were used as appropriate. P value less than .
05 was considered significant.
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Twenty-four hours after carrageenan and kaolin injection-induced knee joint inflammation,
the paw (P =.001) and joint (P = .001) withdrawal thresholds were reduced on the ipsilateral
paw (figs 1A, B, respectively) and the animals showed overt behavioral signs, for example,
limping and guarding of the limb. Following the administration of either mixed or alternating-
frequency TENS, there was a significant reversal of the reduced paw and knee joint withdrawal
thresholds. When TENS was repeatedly administered for 14 days, its effectiveness in reversing
the decreased withdrawal thresholds of the paw and knee (fig 2A, 2B, fig 3A, 3B) was lost by
the tenth day in both the mixed and alternating frequency TENS groups.

Treatment with both mixed- and alternating-frequency TENS significantly increased paw
withdrawal thresholds compared with the results obtained before TENS treatment (P<.02, for
each day of treatment) or with sham TENS treatment (P<.01, for each day of treatment) for 1
to 9 days. Similarly, joint withdrawal threshold was also significantly increased when
compared with the results obtained before TENS treatment (P<.006, for each day of treatment)
or with sham TENS treatment (P<.003, for each day of treatment) for 1 to 9 days. Thus,
following 10 days of repeated application of both mixed-and alternating-frequency TENS
during 20 minutes daily to the inflamed knee joint in separate groups of rats, a tolerance-like
effect was developed after 9 days of repeated stimulation. This TENS tolerance effect was
exemplified as an ineffectiveness of TENS in reversing both the decreased withdrawal
thresholds of the paw and the joint. No effect was observed in control animals (sham TENS
group), which were similarly anesthetized with halothane for 20 minutes daily for 10 days with
the electrodes placed on the inflamed knee; for example, the paw and joint withdrawal
thresholds remained decreased.

If TENS was given only on day 10 (after induction of joint inflammation), both mixed- and
alternating-frequency TENS significantly increased the paw and knee joint withdrawal
thresholds when compared with sham TENS (figs 4A, 4B). This finding refutes the possibility
of a time-effect for the action of TENS, implying that recurrent TENS administration leads to
a reduction in the antinociceptive effect.

DISCUSSION

The data from this study show that mixed- or alternating-frequency TENS inhibits the primary
(knee) and secondary (paw) mechanical hyperalgesia associated with inflammation of the knee
joint. Further, repeated applications of either mixed- or alternating-frequency TENS in rats
produces analgesic tolerance to TENS by the tenth day of treatment. This tolerance is delayed
when compared to previous studies showing that tolerance to either low- or high-frequency
TENS develops by the fourth day.* We propose that the development of tolerance is a result
of tolerance at pi- and 3-opioid receptors in the spinal cord as observed in previous studies with
TENS* and in pharmacologic studies that show repeated administration of p- and 8-opioid
agonists spinally or supraspinally leading to a development of tolerance.8:9:30

Both spinally and supraspinally located p- and 3-opioid receptors mediate the analgesic effects
of low- and high-frequency TENS, respectively.5:” Evidence points to a lack of cross-tolerance
between spinally administered p- (morphine) and 3-opioid (D-Ala2-D-Leu5) enkephalin
agonists suggesting that the tolerance produced at p- and 6-opioid receptors occur independent
of each other.3%:31 Similarly, in the study by Sluka et al,1® there is no cross-tolerance between
low-frequency TENS, p-opioid mediated analgesia, and the 3-opioid agonist, SNC-80.
Conversely, there is no cross-tolerance between high-frequency TENS, 6-opioid mediated
analgesia, and the p-opioid agonist, morphine. In animals tolerant to morphine, low-frequency
electroacupuncture does not reduce heat hyperalgesia in models of inflammation when
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secondary heat hyperalgesia was tested by measuring the paw withdrawal latency to radiant
heat.1” However, high-frequency TENS is still effective in morphine tolerant rats.1® High-
frequency electroacupuncture, on the other hand, is effective in animals tolerant to 5-opioid
agonists, but ineffective in rats made tolerant to dynorphin, a k-opioid receptor agonist.32:33
These data show that low- and high-frequency TENS produce their effects through activation
of different opioid receptors, and repeated administration produces tolerance at different opioid
receptors. Differences between TENS and electroacupuncture for high-frequency TENS could
relate to different parameters of stimulation (electroacupuncture used longer pulse durations
than TENS), different fibers activated (deep vs cutaneous), or different intensities of
stimulation (motor vs sensory).

Endomorphin-1, an endogenous ligand for the p-opioid receptor mediates the analgesic effect
of low-frequency (2Hz), but not high-frequency (100Hz) electroacupuncture,34 whereas, cross-
tolerance studies show that the analgesic effect of low-frequency electroacupuncture is
mediated by 5-opioid receptors in the spinal cord. On the other hand, high-frequency
electroacupuncture is mediated by k-opioid receptor and the dense-disperse mode (2-15Hz)
for example, low frequency alternating with high frequency at 10 to 12 cycles/min, is mediated
by a combined action at all 3 opioid receptors in the spinal cord.33 Wang et al3> demonstrated
a similar analgesic activity for electroacupuncture and TENS in rats. Using 3 different
frequencies (2, 15, 100Hz), an intense cross-tolerance effect occurs between the corresponding
frequencies of electroacupuncture and TENS. Also, low doses of subcutaneously injected
naloxone (2mg/kg) have been shown to cause a complete, partial, and no blockade of the
analgesic effects of 2, 15, and 100Hz frequencies, respectively, for both electroacupuncture
and TENS. This leads to a conclusion that there is a common neurochemical basis for the
analgesia obtained for these 2 analgesic modalities.

Our current data extend the results of a previous study of our laboratory that examined the
effects of TENS at high and low frequencies on the hyperalgesia induced by knee inflammation.
4 In the current study, the reversal of the primary and secondary mechanical hyperalgesia at 9
to 10 days was surprising. Different from results obtained in the present study, our previous
study showed that both high- and low-frequency TENS lost its effectiveness in reversing the
secondary hyperalgesia by the fourth day of repeated daily TENS. Importantly, in the current
study, the pulse duration and intensity and time for stimulation were similar to those in a study
by Chandran and Sluka.*

Evidence points to the existence of physical and functional interactions between the opioid
receptors, particularly between the p- and 6-opioid receptors. Several biochemical and
pharmacologic studies using p- and 5-opioid receptor ligands gave an early indication of such
interactions.36=38 The p- and §-opioid receptors exist on overlapping populations of neurons
in pain modulating regions of the central nervous system, and the presence of both p- and 8-
opioid receptors within the same neuron has been shown.3° The physiologic and pharmacologic
significance of 6—u-opioid receptor interactions have been substantiated by recent studies using
opioid receptor gene knockout animals.40

Three studies describe 8-receptor-mediated analgesia in p-opioid receptor—deficient mice.41~
43 Spinal analgesia (measured by the tail-withdrawal response) elicited by 2 highly -receptor—
selective agonists,*1 ™43 D-Pen2,D-Pen5-enkephalin and deltorphin 11,41 was reported to be
unchanged,*3 slightly lower,* or dramatically lower#? in mutant mice compared with wild
type animals. The 2 latter studies suggest that the presence of p-receptors is required to obtain
full 5-receptor-mediated analgesia in the tail-withdrawal response. Importantly, reversal by a
selective d-receptor antagonist, naltrindole, indicated that the higher 5-receptor mediated
analgesia in wild-type mice was not a result of a nonselective activation of p-receptors.*! The
supraspinal antinociceptive response (jumping from the hotplate) measured in a parallel
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experiment, was found to be diminished*3 or preserved*1:42 in p-opioid-receptor— deficient
mice. Although alterations of 5-receptor-mediated analgesia are not concordant in the 3
studies, the data support the existence of synergistic interactions between p- and 8-receptors,
which are revealed under certain experimental conditions. Whether receptor interactions take
place between receptors located on distinct neurons, which interact functionally within neural
circuits, or from receptor cross-talk in co-expressing cells, is not clear.

Co-administration of p- and 3-opioid receptor showed that both the potency and efficacy of
u-opioid agonists can be increased by 8-opioid agonists. Vaught and Takemori44 observed that
Leu 5-enkephalin given at subantinociceptive doses potentiates the analgesic actions of the p-
opioid ligand morphine. Several other studies extended these observations to synergistic
antinociceptive effects between other p-opioid agonists and -opioid agonists.*>+46 The
activation of 3-opioid receptors has synergistic effects on p-opioid functional activities in cells
transfected with p- and -opioid receptors.38:47+48 Treatment of rats or mice for several days
with p-opioid agonists leads to translocation of 3-opioid receptors to neuronal plasma
membranes and enhances 3-receptor mediated antinociception.#? In this present study, the
modulation of high and low frequencies of TENS presented a greater antinociceptive effect
because the development of tolerance to TENS was significantly delayed. Thus, we
hypothesize that modulating frequency of TENS, at both mixed and alternating frequencies,
results in synergistic antinociceptive interaction between p- and 3-opioid receptors because
effects of low- or high-frequency TENS are mediated by activation of - and -opioid receptors,
respectively.5:’

Of particular interest among peptide ligands possessing dual agonist actions at u- and 3-opioid
receptors are biphalin and biphalin analogs. Biphalin (Tyr-D-Ala-Gly-Phe-NH),, binds to both
u- and d-opioid receptors with high affinity. This peptide also produces antinociceptive effects
comparable with morphine after systemic injection and has been shown to produce less
dependence than morphine on chronic use.5%:%1 Similarly to biphalin, it seems that modulating
frequency exerts a dual agonist action at p- and 3-opioid receptors which has been shown to
cause a delay in the development of tolerance to TENS treatment.

In studies with rats, additive analgesic effects were observed when the p-opioid agonist fentany!|
was administered in combination with the 6-opioid agonist BW373U86, a nonpeptide agonist
ligand. In other studies it has been found that prolonged co-administration of morphine and
BW373U86 attenuated the development and expression of morphine-induced dependence and
tolerance in rats.52 Moreover, co-administration of BW373U86 with alfentanil led to
significant attenuation of alfentanil-induced respiratory depression.>3 This suggests that
compounds with mixed p- and d-receptor agonist activity may be useful in producing analgesic
effects with fewer adverse effects. Conversely, no side effect has been shown when TENS is
used in any frequency. On the basis of this knowledge and our results, it can be inferred that
modulating-frequency TENS has potential clinical advantage given that it does not cause side
effects and the delay of the tolerance effect means a better antinociceptive effect.

The application of current of modulated frequencies not only could delay tolerance but also
likely will increase the analgesic effectiveness. Previous literature on electroacupuncture
shows that alternating frequencies between 2 and 100Hz in the same session (2 and 100Hz
were alternated in each 3 seconds) was 40% maore effective than applying frequencies of 2 and
100Hz simultaneously (simultaneous stimulation with 2Hz applied to the left and 100Hz to the
right hind leg). Further, alternating between 2 and 100Hz electroacupuncture stimulation
released both dynorphin and endomorphin opioid peptides, whereas only dynorphin was
released by combined application of 2 and 100Hz.>* In postoperative pain, modulating
frequencies of TENS between 2 and 100Hz also decreased morphine requirements
postoperatively?2 when compared with those receiving either 2 or 100Hz alone, or placebo.

Arch Phys Med Rehabil. Author manuscript; available in PMC 2009 September 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

DeSantana et al.

Page 8

Thus, modulating frequency may increase release of multiple opioid peptides to reduce pain
and increase analgesia.

Although this present study involved no neurophysiologic or neurochemical techniques, it can
be suggested that the development of analgesic tolerance to TENS occurs (1) after the tissue

injury when the knee joint is inflamed with 3% of carrageenan and kaolin, (2) in response to

mechanical stimuli on the site and outside the injury, and (3) probably related to the existence
of intermodulatory effects between p- and 3-opioid receptors.

Study Limitations

Our findings represent data from a small number of animals and therefore any generalization
to acute or chronic human pain response is speculative, although the temptation to infer the
findings to human clinical practice is strong.

CONCLUSIONS

The current study is unique in that the effect of modulating TENS on primary and secondary
mechanical hyperalgesia was studied after TENS application, showing that TENS is effective
in both mixed and alternating frequencies of stimulation. If this finding translates clinically,
TENS can be applied in patients who have inflammatory conditions such as arthritis. Moreover,
there is evidence that there could be clear therapeutic advantages in combining the actions of
high- and low-frequency TENS, providing more benefit from the analgesic effects of TENS
to produce a maximal antinociceptive effect. Based on the findings in this study, it can be also
inferred that a treatment schedule of repeated TENS administration should be avoided to
prevent the development of tolerance. Administration of TENS for fewer treatment sessions
and its combined usage with other pharmaceutical agents could be used to improve analgesic
efficacy and prevent tolerance to TENS.
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Fig. 1.

Bar graphs representing mechanical thresholds of the ipsilateral (A) paw and (B) knee joint
from animals before and after knee joint inflammation in the groups mixed, alternating, and
sham TENS. Plot represents mean values, error bars represent the standard error of the mean
(SEM). *Significantly different from before knee joint inflammation (P<.05).
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Fig. 2.

Bar graphs representing mechanical thresholds of the ipsilateral paw from animals that received
(A) mixed-frequency TENS, (B) alternating-frequency TENS, or (C) sham TENS for the time
before (black bars) and after (white bars) application of TENS. Striped bar represents time
before knee joint inflammation. Plot represents mean values, error bars represent the SEM.
*Significantly different from before application of TENS; fsignificantly different from before
inflammation (P<.05).
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Fig. 3.

Bar graphs representing mechanical thresholds of the ipsilateral knee joint from animals that
received (A) mixed-frequency TENS, (B) alternating-frequency TENS, or (C) sham TENS for
the time before (black bars) and after (white bars) application of TENS. Striped bar represents
time before knee joint inflammation. Plot represents mean values, error bars represent the SEM.
*Significantly different from before application of TENS; fsignificantly different from before
inflammation (P<.05).
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Fig. 4.

Line graphs representing mechanical thresholds of the (A) ipsilateral paw and (B) knee joint
from animals that received mixed- and alternating-frequency TENS, and sham TENS. Baseline
corresponds to time before the induction of knee inflammation. Error bars represent the SEM.
*Significantly different from baseline; Tmixed- and alternating-frequency TENS significantly
different from before TENS treatment; fmixed-and alternating-frequency TENS significantly
different from sham TENS (P<.05).
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