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Abstract
Repeated daily application transcutaneous electrical nerve stimulation (TENS) results in tolerance,
at spinal opioid receptors, to the anti-hyperalgesia produced by TENS. Since N-Methyl-D-Aspartate
(NMDA) receptor antagonists prevent analgesic tolerance to opioid agonists we hypothesized that
blockade of NMDA receptors will prevent tolerance to TENS. In rats with knee joint inflammation,
TENS was applied for 20 minute daily at high frequency (100 Hz), low frequency (4 Hz), or sham
TENS. Rats were treated with the NMDA antagonist MK-801 (0.01 mg/kg-0.1 mg/kg) or vehicle
daily before TENS. Paw withdrawal thresholds were tested before and after inflammation, and before
and after TENS treatment for 4 days. On day 1 TENS reversed the decreased mechanical withdrawal
threshold induced by joint inflammation. On day 4 TENS had no effect on the decreased withdrawal
threshold in the group treated with vehicle demonstrating development of tolerance. However, in the
group treated with 0.1 mg/kg MK-801, TENS significantly reversed the mechanical withdrawal
thresholds on day 4 demonstrating that tolerance did not develop. Vehicle treated animals developed
cross-tolerance at spinal opioid receptors. Treatment with MK-801 reversed this cross-tolerance at
spinal opioid receptors. In summary, blockade of NMDA receptors prevents analgesic tolerance to
daily TENS by preventing tolerance at spinal opioid receptors.

Perspective—Tolerance observed to the clinical treatment of TENS could be prevented by
administration of pharmaceutical agents with NMDA receptors activity such as ketamine or
dextromethorphan.
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Transcutaneous Electrical Nerve Stimulation (TENS) is a clinically used non-pharmacological
treatment for painful conditions that involves applying electric current through electrodes
placed on the skin. Systematic reviews show that TENS reduces pain and improves function
in people with knee osteoarthritis 35, rheumatoid arthritis 7 and chronic musculoskeletal pain
21. In animal models of joint, muscle, and cutaneous inflammation both high and low frequency
TENS reduces hyperalgesia 1,14,23,38,40,47. Thus, TENS reduces pain in humans and
reverses hyperalgesia in animals.
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Previous studies show that TENS mediates analgesia through activation of the endogenous
opioid system. In an animal model of inflammation, spinal or supraspinal blockade of δ-opioid
receptors prevents anti-hyperalgesia produced by high frequency TENS while blockade of μ-
opioid receptors prevents anti-hyperalgesia produced by low frequency TENS 22,42. Further,
daily administration of high or low frequency TENS results in decreased effectiveness of TENS
by the 4th day in a rat model of joint inflammation 8. There was also a reduced effectiveness
of intrathecally administered μ- or δ-opioid agonists in animals that were treated with either
low or high frequency TENS, respectively 8. Thus, TENS activates specific opioid receptors
to produce analgesia, and repeated application of TENS results in tolerance at spinal opioid
receptors.

Treatment with the NMDA receptor antagonist MK-801 in rodents prevents the development
of analgesic tolerance to exogenously administered opioids. In rats, systemic administration
of MK-801, either before or 2 h after administration of the μ-opioid agonist morphine reduces
analgesic tolerance to morphine 32,33. Similarly, analgesic tolerance to chronic δ1-opioid
agonist DPDPE administration in mice is prevented by pretreating with MK-801 53. Thus, the
above studies suggest that the non-competitive NMDA antagonist MK-801 prevents the
development of tolerance to μ- and δ-opioid agonists. Given that NMDA receptor antagonists
prevent the analgesic tolerance to opioids and that repeated application of TENS results in
tolerance at spinal opioid receptors, we hypothesized that blockade of NMDA receptors with
MK-801 will prevent analgesic tolerance to repeated application of TENS by preventing
tolerance at spinal opioid receptors.

Methods
All experiments were approved by the Animal Care and Use Committee at the University of
Iowa and are in accordance with the National Institutes of Health guidelines for care and use
of laboratory animals. Male Sprague–Dawley rats (n=107, 225 – 350 g, 2-3 months old, Harlan,
Indianapolis, IN) were used for the study.

Behavioral testing
Rats were tested for withdrawal thresholds to mechanical stimuli using von Frey filaments
applied to the plantar aspect of the hind paw as previously described 14. Animals were
acclimated to the testing room for 30 min after transport to the laboratory from the animal care
facilities. They were then placed in transparent Lucite cubicles (24.6 × 7.5 × 7.5 cm3) on an
elevated mesh platform and allowed to acclimate for another 30 min prior to testing. To test
withdrawal thresholds to mechanical stimuli von Frey filaments with different bending forces
were progressively applied perpendicularly to the plantar aspect of the hind paw. Each filament
had one trial which consisted of two consecutive applications of the filament. The lowest
bending force at which the rat withdrew its paw from one of the two applications was recorded
as the paw withdrawal threshold for mechanical hyperalgesia. This testing method has shown
significant statistical test–retest reliability 41.

Induction of inflammation
Knee joint inflammation was induced by intra-articular injection of 0.1 ml 3% kaolin and 3%
carrageenan dissolved in sterile saline, pH 7.2 into the left knee joint while the rats were
anesthetized with 2-4% halothane 43.

Application of TENS
Rats were lightly anesthetized (1-2% halothane) for the 20 min application of TENS 43. Prior
studies show that 1) application of halothane without TENS has no effect on the paw withdrawal
latency to heat induced by joint inflammation 8, and 2) application of TENS to a non-inflamed
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knee joint has no effect on the paw withdrawal latency 40. Commercially available EMPI
Eclipse+ TENS units (EMPI, Inc, Minneapolis, MN) and electrodes were utilized. Half-inch
round pre-gelled surface electrodes were applied to the medial and lateral aspects of the
inflamed knee joint in the groups receiving high or low frequency TENS or sham TENS. High
(100 Hz) or low (4 Hz) frequency TENS was administered keeping other parameters constant
i.e. pulse duration (100 μsec), sensory intensity, 20 min duration. Stimulus intensity was
determined by increasing the intensity until a muscle contraction was visibly observed and then
reducing the intensity to just below this level, and was defined as sensory intensity. This
intensity was between 9 and 10 mA for all animals. The waveform was an asymmetrical
biphasic square wave. The parameters were selected to model those used clinically and which
produced full inhibition of secondary heat hyperalgesia 40. The sham group was anesthetized
with 1-2% halothane and electrodes were placed on their knee joint but did not receive TENS
treatment.

Intrathecal catheter placement
Chronic indwelling intrathecal (i.t.) catheters (32-gauge polyurethane; 10 cm length; Recathco,
Allison Park, PA) were used to administer drugs to the lumbar enlargement of the spinal cord
of rats 36. Rats were anesthetized with halothane and a 23-gauge hypodermic needle was
inserted into the intervertebral space between L5 and L6 vertebrae. A 32-gauge polyurethane
catheter was inserted through the needle and advanced cranially 3.5 – 4.0 cm placing the
catheter at the level of the lumbar enlargement of the spinal cord. The external portion of the
catheter was secured to the muscle and fascia with 4.0 silk sutures. The free end was then
inserted into PE 10 tubing, glued, and tunneled out through the skin at the cervical region. All
rats were allowed to recover for 3 - 5 days before behavior testing. Drugs were dissolved in
saline and administered in a 10 μl volume. At the end of the experiment 10 μl of lidocaine was
injected (i.t.) through the PE 50 tubing. If the rats developed paralysis of the hind limbs it was
inferred that the catheters were correctly placed in the (i.t.) space. Before rats were euthanized,
methylene blue dye (10 μl) was injected intrathecally. After the animals were euthanized their
vertebral columns were dissected to expose the spinal cord, and the correct placement of the
catheters was verified by the presence of the dye on the dorsal aspect of the spinal cord in the
lumbar enlargement.

Drugs
The NMDA receptor antagonist, MK-801 hydrogen maleate was obtained from Sigma (St
Louis, MO) and diluted in sterile saline 52. The δ-opioid receptor agonist, SNC-80 was
obtained from Alexis Biochemicals (San Diego, CA) 8. A stock solution of 600 nmol/10 μl
SNC-80 was prepared by diluting into DMSO. The solution was then bubbled with carbon
dioxide to aid dissolution. Final concentrations were included 24% DMSO. The μ-opioid
receptor agonist, DAMGO was obtained from Sigma (St Louis, MO) and diluted in sterile
saline30. Saline was used as the vehicle.

Experimental design
Experiment 1—In order to test the hypothesis that daily pretreatment of MK-801 prevents
the development of tolerance to TENS the following groups were used: 1) High frequency
TENS + MK-801 [0.01 (n=3); 0.03 (n=3); 0.1 (n=6) mg/kg]; 2) Low frequency TENS +
MK-801 [0.01 (n=3); 0.03 (n=3); 0.1 (n=6) mg/kg]] ; 3) Sham TENS + MK-801 [0.01 (n=3);
0.03 (n=3); 0.1 (n=6) mg/kg]; 4) High frequency TENS + vehicle (n=6); 5) Low frequency
TENS + vehicle (n=6); 6) Sham TENS + vehicle (n=7). The experimental paradigm is outlined
in Figure 1A. Briefly, on Day 0 baseline mechanical withdrawal thresholds of the paw were
measured and then the rats were injected with 3% kaolin and 3% carrageenan to induce
inflammation. Twenty four hours later (Day 1) the rats were tested for mechanical withdrawal
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thresholds of the paw. Rats were then intraperitoneally injected with MK-801 or vehicle. The
dose of MK-801 or vehicle was predetermined and blinded to the examiner. Fifteen min after
the injection of MK-801 or vehicle, rats were anesthetized (1-2% halothane) for application of
TENS as described above. After 20 min of TENS treatment and recovery from anesthetic,
mechanical withdrawal thresholds of the paw were reassessed. The same procedure was done
for an additional three consecutive days (Days 2-4). Thus, each animal received 4 days of TENS
treatment in combination with either MK-801 or vehicle beginning 24 h after induction of
inflammation. We previously determined that by the 4th day rats developed tolerance to TENS
7

Experiment 2 tested the hypothesis that MK-801 prevents analgesic tolerance to TENS by
preventing tolerance at spinal μ- and δ-opioid receptors. The experimental paradigm is outlined
in Figure 1B. Intrathecal catheters were placed 3 - 5 days (Day -3 to -5) before behavioral
testing to administer drugs directly to the spinal cord. Baseline behavioral testing was
performed and the knee joint injected with 3% kaolin and 3% carrageenan on Day 0. Beginning
twenty-four hours after induction of inflammation, high frequency, low frequency or placebo
TENS was administered daily for a total of 4 days. The groups were subdivided to receive
either 0.1 mg/kg MK-801 or vehicle before each TENS treatment on Days 1-4 as outlined
above. Behavioral tests were performed before and after TENS on Day 1, and before and after
TENS on Day 4 to ensure development of tolerance on Day 4. On Day 5, cumulative dose
response curves were done for the μ-opioid receptor agonist DAMGO and the δ-opioid receptor
agonist SNC-80. Three different doses of DAMGO (2.34, 7.01 and 23.4 mmol/10 μl, i.t.) and
three different doses of SNC-80 (20, 60 and 120 nmol/10 μl, i.t.) were administered in a
cumulative manner. Behavioral testing was performed 30 minutes after administration of either
DAMGO or SNC-80. Each subsequent dose was given immediately after the 30 minute
behavioral test. We therefore tested tolerance at μ-opioid receptors by assessing the
effectiveness of the μ-opioid agonist, DAMGO and tolerance at the δ-opioid receptors by
assessing the effectiveness of the δ-opioid agonist, SNC-80. All drug dosing was done through
intrathecal administration, and with cumulative dose response curves as reported previously
7. Groups are reported in Table 1.

Statistical analysis
Since the data were not normally distributed, the paw withdrawal thresholds were analyzed for
differences between groups with a Kruskal-Wallis ANOVA at each time period. Post hoc
testing for differences between individual groups was done with Mann-Whitney and Wilcoxon
– Sign rank test. p < 0.05 was considered significant. Data are presented as medians with
25th and 75th percentiles.

Results
Development of Tolerance to TENS

Twenty four hours after induction of inflammation there was a decrease in the mechanical
withdrawal threshold of the paw; and there was no difference between groups at these time
periods. Significant differences between groups were observed at all time periods immediately
after TENS treatment: Day 1 χ2=26.2, p=0.0001; Day 2 χ2=28.9, p=0.0001; Day 3 χ2=25.5,
p=0.0001; Day 4 χ2=24.1, p=0.0001. Specifically, treatment with either low (p=0.004) or high
frequency (p=0.002) TENS on Day 1 reversed the decreased paw withdrawal threshold induced
by joint inflammation when compared to sham treatment (Figure 2A,B,C). Similarly the
withdrawal thresholds after TENS were significantly increased when compared to the sham
TENS group on Day 2 (LF p=0.004; HF p=0.002) and Day 3 (LF p=0.004; HF p=0.004).
However by Day 4 there was no difference after treatment with either low or high frequency
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TENS when compared to sham TENS. Thus, these data show that there is a loss TENS
effectiveness after 4 days of treatment, and is interpreted as tolerance.

Prevention of tolerance to TENS by blocking NMDA receptors
In the group treated with the NMDA receptor antagonist MK-801 (0.1 mg/kg) daily 15 minutes
prior to either low frequency (Figure 2B,D) or high frequency TENS (Figure 2C,D) the
mechanical withdrawal thresholds on Day 4 were higher than those treated with vehicle prior
to TENS (HF p=0.004; LF p=0.009). There mechanical withdrawal thresholds were also greater
on Day 2 for the group treated with low frequency TENS when compared to sham TENS
(p=0.017). Further the withdrawal thresholds for the group treated with low frequency TENS
and MK-801 were significantly greater than those treated with sham TENS and MK-801 after
the first (p=0.001), second p=0.001), third (p=0.001), and fourth (p=0.001) TENS treatment.
Similarly, the withdrawal thresholds for the group treated with high frequency TENS and
MK-801 were significantly greater than those treated with sham and MK-801 after the first
(p=0.001), second (p=0.001), third (p=0.002), and fourth (p=0.001) TENS treatment. There
were no differences between the sham group that received vehicle and the sham group that
received MK-801 showing that 0.1 mg/kg MK-801 has no effect on the decreased withdrawal
threshold produced by inflammation (Figure 2A,D). In the groups with low or high frequency
TENS and lower doses of MK-801 i.e. 0.03 mg/kg and 0.01 mg/kg the changes between paw
withdrawal thresholds were not significant when compared with vehicle and TENS (Figure
2D).

Cross tolerance to δ- and μ-opioid agonist and TENS
For the group treated with vehicle and sham TENS there was an increase in withdrawal
thresholds after intrathecal administration of SNC-80 (20, 60 and 120 nmol/10μl) showing an
analgesic effect of SNC-80 (Fig. 3A). However in the group treated with high frequency TENS
and vehicle the withdrawal thresholds after administration of SNC-80 were significantly less
than the group treated with vehicle and sham TENS, showing development of tolerance at
spinal δ-opioid receptors. In the group treated with vehicle and sham TENS there was an
increase in withdrawal threshold after intrathecal administration of DAMGO (2.4, 7 and 23.4
mmol/10μl) demonstrating an analgesic effect of DAMGO (Fig. 3B). However in the group
treated with low frequency TENS and vehicle the withdrawal thresholds after administration
of DAMGO were significantly less than the group treated with vehicle and sham TENS,
showing development of tolerance at spinal μ-opioid receptors.

Prevention of cross tolerance at spinal opioid receptors by blockade of NMDA receptors
To test if MK-801 prevented tolerance at opioid receptors in the spinal cord, we tested the
effectiveness of the δ-opioid agonist SNC-80 and the μ-opioid agonist DAMGO delivered
intrathecally in animals that received 0.1 mg/kg MK-801 and TENS when compared to those
that received vehicle and TENS. In animals that were injected with the δ-opioid agonist SNC-80
there was a significant difference between groups (χ2=17.083, p=0.004) (Figure 3A). In the
group treated with high frequency TENS with MK-801 group, the withdrawal thresholds
following SNC-80 (20, 60 and 120 nmol) were significantly greater than the withdrawal
thresholds from the group that received high frequency TENS with vehicle (p=0.004 all doses).
In animals that were injected intrathecally with the μ-opioid agonist DAMGO, there was a
significant difference between groups (χ2=12.492, p=0.029) (Figure 3B). In the low frequency
TENS group treated with MK-801, the withdrawal thresholds following DAMGO (2.34, 7.01
and 23.4 mmol) were significantly greater than the withdrawal thresholds from the group
treated with low frequency TENS and vehicle (p=0.029 all doses). Thus, MK-801 in
combination with TENS prevented cross-tolerance at spinal opioid receptors.
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Discussion
In the current study and in our previous study 8 daily application of either high or low frequency
TENS resulted in reduced analgesic effectiveness by the 4th day of treatment. We interpret this
reduced effectiveness of TENS by the 4th day as tolerance. We further show that pretreatment
with the NMDA receptor antagonist MK-801 prior to TENS prevents the development of this
tolerance effect. The tolerance effect of high and low frequency TENS results in cross-tolerance
at spinal δ- and μ-opioid receptors, respectively, similar to that observed in our previous study
8. Daily pretreatment with MK-801 prior to high or low frequency TENS also prevents the
cross-tolerance at δ- or μ-opioid receptors in the spinal cord. Thus, we conclude that repeated
application of TENS produces tolerance at spinal opioid receptors and this tolerance is
prevented by blockade of NMDA receptors.

Development of tolerance
The current study shows development of tolerance to TENS, a clinically utilized method of
pain treatment, in an animal model of joint inflammation. These results agree with prior studies
showing the development of opioid tolerance after induction of inflammation 27,28. In fact,
in animals with inflammation there is a larger shift in the morphine ED50 after chronic morphine
administration suggesting that inflammation enhances tolerance 27. The current study also
shows development of tolerance to TENS by testing mechanical sensitivity of the paw with
von Frey filaments. The majority of previous studies examine tolerance to exogenously
administered opioids using acute thermal nociceptive responses including tail flick, hot water
tail immersion, hot plate and paw withdrawal to radiant heat 4,6,12,26,32,33,45,46. In addition,
a recent study, demonstrates opioid tolerance by testing mechanical sensitivity using forceps
applied to the paw 28.

The current study shows that there was a cross tolerance to opioid agonists delivered spinally
after repeated TENS application. These data led us to conclude that TENS produced analgesic
tolerance through release of endogenous opioid receptors within the spinal cord. Prior studies
in our laboratory show that the effects of high or low frequency TENS are mediated by release
of endogenous opioids acting at δ- or μ-opioid receptors, respectively, in the spinal cord or
brainstem 22,42. Analgesic tolerance to endogenously released opioid peptides has also been
observed in animals receiving electroacupuncture. Electroacupuncture applied at either high
or low frequencies repeatedly results in a reduced effectiveness of the treatment 17,18,19.
Similar to the current study, this tolerance-like effect of electroacupuncture is associated with
cross-tolerance at spinal opioid receptors 9. The cross tolerance to spinally administered
opioids is in agreement with prior studies showing tolerance to exogenously applied opioids
including morphine, DAMGO, and DPDE 30,3233,53. Thus, the current study shows
development of analgesic tolerance after endogenous release of opioid peptides induced by
repeated TENS treatment in animals with mechanical hyperalgesia induced by joint
inflammation.

Blockade of tolerance
The current study demonstrates high and low frequency TENS-induced tolerance is associated
with tolerance at δ- and μ-opioid receptors in the spinal cord, respectively. Analgesic tolerance
to TENS, and the coincident tolerance at spinal opioid receptors, is prevented by pretreatment
with the NMDA receptors antagonist MK-801. These data are in agreement with numerous
studies showing that treatment with non-competitive NMDA receptor antagonists prevents
development of analgesic tolerance to exogenously administered opioid agonists acting at
either δ- and μ-opioid receptors 5,6,11,29,30,32,33,52. Further, competitive NMDA receptor
antagonists like LY 235959, AP-5, CGP 39551 attenuate tolerance to exogenously
administered μ- and δ-opioid agonists 5,6,13,49 and blockade at the glycine site of the NMDA
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receptor with L-701,324 prevents tolerance to morphine 26. Additionally, the clinically used
NMDA receptor antagonist ketamine prevents tolerance to repeated electroacupuncture
treatment in rats 19. Thus, NMDA receptor antagonists, whether competitive or non-
competitive, prevent tolerance to exogenous opioids and to clinical treatments that use
endogenous opioids.

Systemic delivery of NMDA receptor antagonists prevents development of analgesic tolerance
to μ- or δ-opioid agonists administered systemically 16,32,33, supraspinally 5,6,52, spinally
12,30, or peripherally 24,25. Therefore, the site of action of MK-801 in the current study could
be supraspinal, spinal or peripheral. We expect that TENS releases opioid peptides both
spinally and supraspinally since blockade of μ- and δ-opioid receptors in the RVM or spinal
cord prevents anti-hyperalgesia produced by low or high frequency TENS, respectively 22,
42. The current study shows that administration of MK-801 prior to daily application of TENS
reduces tolerance of spinally administered opioid agonists supporting the conclusion that
blockade of NMDA receptors in the spinal cord prevents development of tolerance to TENS.
We do not know, however, if TENS also produces tolerance at opioid receptors supraspinally
or peripherally and if tolerance is prevented by blockade of those NMDA receptors.

An alternative explanation for the continued effectiveness of TENS during 4 days of TENS
treatment with MK-801 is a synergistic interaction between MK-801 and TENS. The
synergistic interaction would be presented as an analgesic effect on each day. Indeed NMDA
agonists do synergize with opioid agonists, both mu- and delta 10,12,15,37. However, the dose
of MK-801, 0.1 mg/kg) used in the current study has no effect on mu-opioid induced analgesia
(morphine/fentanyl) when co-administered 37. The current data clearly shows a tolerance
effect to spinally administered opioids the on the fifth day after 4 days of TENS and MK-801
co-administration, a time when there was no drug or TENS delivered. We also clearly show
that in animals treated with MK-801 and high or low frequency TENS there is a loss of tolerance
to δ- or μ-opioid agonists delivered spinally on the fifth day. We further show that on Day 5,
24 h after the last administration of TENS and MK-801, animals still present with hyperalgesia
suggesting that the analgesic effects on Day 4 do not last through 24 h. The current data thus
argues for a loss of tolerance to TENS when MK-801 is given simultaneously rather than a
synergist interaction between TENS and MK-801

Mechanisms of Tolerance
Several mechanisms could explain the action of NMDA receptor antagonists in preventing the
development of analgesic tolerance to chronic opioid exposure. Chronic morphine infusion
decreases expression of glutamate transporters EAAC1 and GLAST in the rat spinal cord 31.
Downregulation of glutamate transporters would result in increase in extracellular and synaptic
glutamate. Glutamate increases in the spinal cord after administration of morphine in morphine
tolerant rats 48. Conversely, spinal administration of glutamate transporter activator MS-153,
increases glutamate uptake, and prevents morphine tolerance 34. The increase in spinal
glutamate in morphine tolerant rats is reduced by pretreatment with NMDA receptor antagonist
MK-801 48. In parallel, repeated administration of μ-and δ-opioid agonists increases the
MK-801 binding affinity both spinally and supraspinally 50,53, supporting the hypothesis that
there is a potentiation of NMDA receptors after the development of tolerance. In contrast, there
is an increase in expression of vesicular glutamate transporter 1 in the spinal cord following
chronic morphine in mice 44. These differences in regulation of glutamate transporters by
chronic morphine exposure may be related to differential expression of glutamate transporters
1) in glia or neurons, 2) on presynaptic vs. postsynaptic terminals, 3) or inhibitory vs. excitatory
neurons 39. Taken together, these studies suggest an enhancement of excitatory signaling by
glutamate and activation of NMDA receptors in the spinal cord accompanies opioid tolerance.
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Clinical relevance
Clinically, TENS is administered for several consecutive days or months likely resulting in
tolerance to TENS. Administration of NMDA receptor antagonists at low doses may serve as
an adjunct to enhance the efficacy of TENS. Clinically, pharmaceutical agents that block
NMDA receptors, i.e. ketamine or dextomethorphan, enhance morphine analgesia, reduce
opioid requirements, and reduce opioid side effects 3,20,51 suggesting that NMDA receptor
antagonist prevent tolerance-like effects of opioids in human subjects.
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Figure 1.
Schematic representation of the experimental paradigm for Experiment 1 (A) and Experiment
1 (B). TENS=transcutaneous electrical nerve stimulation; MWT=mechanical withdrawal
threshold

Hingne and Sluka Page 11

J Pain. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
A. Bar graphs represent the ipsilateral mechanical paw withdrawal thresholds before and after
TENS treatment for the groups that received vehicle or MK-801 (0.1 mg/kg) in the groups
treated with sham (A), low frequency TENS (B), and high frequency TENS (C). Data prior to
induction of inflammation is represented as the baseline for both groups. The data before and
after TENS for each group is shown for Day 1, Day 2, Day 3 and Day 4 in A, B, C. D. Dose
response curves for the withdrawal threshold on Day 4 for the groups treated MK-801 (0.1 mg/
kg, 0.03 mg/kg and 0.01 mg/kg) and either high or low frequency TENS. The group treated
with vehicle and high or low frequency TENS (Veh), and the group treated with MK-801 and
sham TENS, are also shown for comparison. For the time period after TENS treatment, the
group treated with MK-801 and TENS were significantly increased from vehicle (*). Data are
represented as medians with the 25th and 75th percentiles.
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Figure 3.
Line graphs representing the mechanical paw withdrawal thresholds after intrathecal injection
of increasing doses of SNC-80 (A) or DAMGO (B) in groups treated with low frequency, high
frequency or sham TENS. Following administration of SNC-80, the group that received high
frequency TENS and vehicle the withdrawal threshold were lower than those that received
sham TENS and those that received MK-801 and high frequency TENS (*). Following
administration of DAMGO the group that received low frequency TENS and vehicle the
withdrawal thresholds were lower than those that received sham TENS and those that received
MK-801 and low frequency TENS (*). Data are represented as medians with the 25th and
75th percentiles.
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