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Abstract

We previously reported the anti-hyperalgesia of electroacupuncture (EA) on persistent inflammatory pain in an unrestrained, unsedated,
and conscious rat model. Using this model, induced by injecting complete Freund’s adjuvant (CFA) into one hind paw, we systematically
evaluated the anti-hyperalgesia of EA stimulation parameters (frequency, intensity, treatment duration, and pulse width). We assessed
hyperalgesia by paw withdrawal latency (PWL) to a noxious thermal stimulus and found that 10- and 100-Hz EA frequencies at a current
intensity of 3 mA produced the greatest anti-hyperalgesia, when compared to other parameters. Both frequencies significantly increased PWL
in the early phases of hyperalgesia (2.5 and 24 h; p<0.05), and 10 Hz EA also significantly increased PWL in later phases (5 to 7 days;
p<0.05). A sufficient but tolerable intensity of 3 mA was more effective than lower intensities (1-2 mA). A 20-min treatment produced
better anti-hyperalgesia than longer and shorter (10 and 30 min) treatments. Acupoint specificity study demonstrated that GB30 produced
significant EA anti-hyperalgesia, while Waiguan (TES) and sham points, an abdominal point and a point at the opposite aspect of GB30, did
not. The spinal Fos protein expression study demonstrated that the optimal EA selectively suppressed Fos expression in superficial laminae
(I/I1) and activated it in deeper laminae (III/IV) of the spinal dorsal horn. The results suggest that the EA anti-hyperalgesia is parameter-
dependent and point-specific, and they provide important information for designing further clinical acupuncture research on persistent
inflammatory pain.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of peripheral nociceptive receptors and hyperexcitability of
the central nervous system (e.g. spinal dorsal horn neurons)

Electroacupuncture (EA) has been investigated exten- in relation to the transmission and modulation of noxious

sively with normal (uninjured) animals, but these studies are
of limited clinical relevance. The EA stimulation used in
those studies was so intense that the animals had to be
restrained and may have been affected by stress-induced
analgesia [43,61]. Moreover, the uninjured animal model
does not resemble clinical pathological chronic pain con-
ditions [17,18]. Chronic pain is associated with sensitization

* Corresponding author. Tel.: +1-410-448-6873; fax: +1-410-448-
6875.

E-mail address: LLao@compmed.umm.edu (L. Lao).

! They made equal contributions.

0006-8993/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2004.01.092

messages [48,71] that give rise to behavioral hyperalgesia or
allodynia [48,75]. Furthermore, it has been demonstrated
that healthy and pathological conditions respond differently
to EA. Previous studies with an uninjured animal model
show only brief (20—60 min) acupuncture analgesia (AA)
[4,19,51]. However, in a proportion of patients with noci-
ceptive pain, acupuncture produces long-term (days, not
minutes or hours) therapeutic pain relief [8].

In our own studies on the effects of EA, we have recently
employed a persistent inflammatory pain rat model, induced
by injecting complete Freund’s adjuvant (CFA) unilaterally
into a hind paw [31]. Using this model, we demonstrated that
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EA induces prolonged (in days) anti-hyperalgesia and that
EA treatment can be performed on conscious, unrestrained
and unsedated animals [31]. A number of clinical trials have
demonstrated that EA effects on chronic pain conditions
such as lower back pain may be electro-frequency specific
[18]. Previous studies [18,51] on uninjured animal models
have shown that AA is parameter-dependent. However, a
systematic evaluation characterizing the optimum EA pa-
rameter profile has not been previously reported for an
animal model of chronic inflammatory pain. Our hypothesis
was that optimizing the electro-parameters for various pain
conditions would enhance the effectiveness of the treatment.

This acupuncture “dosage” response study was designed
to evaluate the effect of various parameters of EA—pulse
frequency, current intensity, treatment duration, and electri-
cal pulse width—on a chronic inflammatory pain rat model
using the paw withdrawal latency (PWL) test and the
expression of spinal Fos protein, a marker of neuron
activation. Acupuncture point specificity, or the specific
effectiveness of acupoint Huantiao, also known as the
30th acupoint on the Gallbladder Meridian (GB30) [10],
against inflammatory pain in this rat model, was also tested.
Some of the results of this study have been previously
published in abstract format [72].

2. Materials and methods
2.1. Animal preparation
Male Sprague—Dawley rats weighing 280—350 g (Har-

lan) were kept under controlled environmental conditions
(22 £ 0.5 °C, relative humidity 40—60%, 7 am to 7 pm

alternate light—dark cycles, food and water ad libitum). The
animal protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of
Maryland School of Medicine. The ethical guidelines for the
treatment of animals of the International Association for the
Study of Pain were followed in these experiments.
Inflammation and hyperalgesia were induced by injecting
CFA (Sigma, suspended in an 1:1 oil/saline emulsion, 0.1
ml, 50 pg Mycobacterium tuberculosis) subcutaneously into
the plantar surface of one hind paw of the rat using a 25-
gauge hypodermal needle. The inflammation, manifested as
redness, edema, and hyper-responsiveness to noxious stim-
uli, was limited to the injected paw; it appeared within 2
h after the injection, peaked at 6—24 h, and lasted about 2
weeks. Hyperalgesia was determined by a decrease in PWL
to a noxious thermal stimulus [20]. The effect of the
hyperalgesia on the normal behavior of the CFA-inflamed
rats appeared to be minimal, and they showed normal
grooming behavior and levels of activity [20,31].

2.2. Experiment design

Rats were randomly divided into EA treatment with
needle insertion into GB30, non-needle insertion sham
control (non-invasive sham), needle insertion sham control
(invasive sham) into GB30 without manipulation, and non-
treatment control groups. EA treatment rats were divided
into groups according to combinations of various EA
parameters (Table 1). For each behavioral experiment, the
EA treatment group consisted of seven to nine rats, and
control consisted of one to two non-invasive sham rats, one
to two invasive sham rats and one non-treatment rat. Data
on the control rats in each experiment were pooled for

Table 1
Effects of EA at various parameters on hyperalgesia induced by peripheral inflammation (n=7-9)
Frequency (Hz) Current (mA) Duration (min) Pulse (ms) 25h S5h 1 day 3 days 5 days 7 days
2 2 20 0.1
3 20 0.1
10 1 20 2 p<0.05 p<0.05
1 20 1
1 20 0.1
2 20 0.1 p<0.05
3 20 0.1 p<0.05 p<0.05 p<0.05 p<0.05
3 10 0.1
3 30 0.1
50 1 20 0.1
2 20 0.1 p<0.05
3 20 0.1 p<0.05
100 1 20 2 p<0.05
1 20 1
1 20 0.1
2 20 0.1 p<0.05
3 20 0.1 p<0.01 p<0.01 p<0.05
3 10 0.1 p<0.05 p<0.05 p<0.05
3 30 0.1

»<0.05, p<0.01 vs. non-invasive sham group.
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statistical analysis. Animal sample size was estimated at a
power of 0.80 (1-beta) by a power analysis based on results
of our previous experiments [31].

There were three main sets of experiments. Acupoint
GB30 was used in the first and second experiments. In the
first set, combinations of a range of electrical frequencies
(2, 10, 50 or 100 Hz) and current intensities (1, 2, or 3
mA) were tested, while pulse width (0.1 ms) and treatment
duration (20 min) were held constant (see Table 1). Three
milliamperes was determined to be the maximum intensity
that an unrestrained, unsedated animal can tolerate. In the
first set of experiments, 10 and 100 Hz were identified as
the optimal frequencies, and 3 mA as the most effective
current intensity. In the second set of experiments, fre-
quency (either 10 or 100 Hz) and intensity (3 mA) were
held constant while various EA pulse widths (0.1, 1 and 2
ms) and treatment durations (10, 20, and 30 min) were
tested. After optimal EA parameters were obtained, we
conducted the third set of experiments on point specificity
to test and compare the effect of EA at the following four
points: (1) the relevant acupoint GB30 on the hind limb,
(2) a sham point on the quadriceps at the opposite aspect
of GB30 (OAGB30), (3) the acupoint Waiguan, also
known as the 5th acupoint on the Triple Energizer Merid-
ian (TES) [10], on the forelimb, and (4) a sham point on
the abdomen, 3 mm lateral to the umbilicus. The same EA
parameters, 10 Hz/3 mA/0.1 ms pulse for 20 min, were
applied at all four points.

2.3. Acupuncture treatment procedures

EA treatment was conducted following the procedures
previously developed in our laboratory [31]. The equivalent
of the human acupoint GB30 [10,42] was chosen based on
traditional Chinese medicine (TCM) meridian theory [10,42]
and on its successful use in our previous studies and studies
by others [31,66,72,73]. In humans, GB30 is located at the
junction of the lateral 1/3 and medial 2/3 of the distance
between the greater trochanter and the hiatus of the sacrum;
underneath are the sciatic nerve, inferior gluteal nerve and
gluteal muscles [10]. The equivalent anatomical landmarks

were used to locate this point on the rat’s hind limbs
[31,66]. The animals were gently handled for 30 min each
day for 2—3 days and habituated to the acupuncture
treatment before the experiment. After cleaning the skin
with alcohol swabs, disposable acupuncture needles (gauge
#32, 0.5 in. in length) with electrodes soldered to their
handles were swiftly inserted bilaterally, approximately 1/2
in. deep, into GB30 by one investigator while the other
gently held the animal (Fig. 1A). The needles and the
electrodes were stabilized with adhesive tape. The proce-
dure typically lasted less than 20 s and caused little
distress to the animal. The EA stimulation was delivered
by an electrical stimulator (A300 Pulsemaster, World
Precision Instruments) via an isolator (A360D Stimulus
Isolator, World Precision Instruments) to convert electrical
voltage into constant electrical current. The level of the
current was indicated on the panel of the device. The
electrical current was measured with an oscilloscope by
converting the current to the voltage with a Dummy Load
Resistor (World Precision Instruments). To maximize the
anti-hyperalgesic effect and treat animals prophylactically,
EA treatment was given twice, once right after adminis-
tration of the CFA and again 2 h post-CFA (Fig. 2). While
EA frequency was held constant (at 2, 10, 50 or 100 Hz),
intensity was adjusted slowly (over the period of approx-
imately 2 min) to the designated level (i.e. 1, 2, or 3 mA).
Mild muscle twitching was observed at these current
levels. During EA treatment, each rat was placed under
an inverted clear plastic chamber (approximately 5" X
8” x 11”) but was neither restrained nor given any anes-
thetic. The animals remained awake and still during
treatment, and no signs of distress were observed (see
Fig. 1B). The same treatment procedure was applied for
each point tested in the point specificity experiments.

For non-invasive sham control, acupuncture needles
were taped on the surface at GB30 and no electrical
current was delivered. For invasive sham control, acupunc-
ture needles were inserted into GB30, but no electrical
stimulation or manual manipulation was applied. Non-
treatment control consisted of CFA injection without
treatment intervention.

Fig. 1. Photographs showing the acupuncture procedure and EA treatment. Note that rat showed no signs of distress during EA.
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Fig. 2. CFA injection, EA treatment and behavioral test timeline.

2.4. Behavioral test

Rats were tested for PWL by a method previously
developed [20,31]. The rats were placed under an
inverted clear plastic chamber on the glass surface of
the Paw Thermal Stimulator System (UCSD, San Diego)
and allowed to acclimatize for 30 min before the test. A
radiant heat stimulus was applied onto the plantar surface
of each hind paw from underneath the glass floor with a
projector lamp bulb (CXL/CXR, 8 V, 50 W). PWL to the
nearest 0.1 s was automatically recorded when the rat
withdrew its hind paw from the radiant heat stimulus.
The intensity of the thermal stimulus was adjusted to
derive an average baseline PWL of approximately 10.0 s
in naive animals. A 20-s cut-off was used to prevent
tissue damage [20,31].

Mean PWL was established by averaging the latency of
four tests with a 5-min interval between each test. PWL was
measured at pre-CFA and designated intervals post-CFA
injection: 2.5, 5h, and 1, 3, 5, and 7 days. The investigator
who performed the behavioral tests was blind to the treat-
ment assignments.

2.5. Immunohistochemistry

For the Fos protein immunohistochemistry study, ad-
ditional rats were divided into the following groups (n=5
per group): non-invasive sham control, selected EA
treatment groups including an optimal EA parameter
group determined by the behavioral tests, and a group
of non-inflamed naive rats (n=3) treated with optimal
EA parameters (Table 2). EA treatment was administered
as in the behavioral study.

Fos expression experiments were conducted 2 h after
CFA injection and acupuncture treatment [31], because Fos
expresses in minutes and peaks in hours following stimula-
tion [46]. Rats were deeply anesthetized with sodium
pentobarbital (80 mg/kg, i.p.) and perfused transcardially
with 100 ml of saline followed by 500 ml of 4% parafor-
maldehyde in 0.1 mol/l phosphate buffer at pH 7.4. The
lumbar (L4-5) spinal cord was removed, immersed in the
same fixative for 2 h and transferred to a 30% sucrose in
phosphate buffer for overnight cryoprotection. Thirty mi-
crometer-thick sections were cut with a cryostat at — 20 °C.
Free-floating tissue sections were rinsed in phosphate-buff-
ered saline (PBS) with 0.75% Triton X-100 for 1 h, in PBS
with 1% normal goat serum (NGS) for 30 min, then
incubated overnight with anti-Fos antibody (1:20,000, Ab-
5, Oncogene) in PBS with 1% NGS. After primary antibody
incubation, the tissue was exposed to a goat anti-rabbit
biotinylated secondary IgG (Vector labs, Burlingame, CA)
diluted at 1:400 in PBS for one hour and then to ABC
complex (Vector labs) diluted at 1:100 in PBS for an
additional hour at room temperature. The sections were
visualized with the nickel-diaminobenzidine method (DAB
substrate kit, Vector labs). Tissue sections were washed
twice, for 20 min each time, in PBS between the antibody
incubations. Finally, the sections were mounted on gelatin-
coated slides, air-dried, dehydrated in graded alcohol,
cleared in xylene, and coverslipped with DPX (Electron
Microscopy Sciences).

The labeled Fos-like immunoreactive (FLI) neurons were
identified by their densely stained nuclei and were counted
under a light microscope (Nikon). The investigator respon-
sible for counting the Fos immunoreactive neurons was
blinded to the treatment assignment of each animal. The

Table 2
Effects of EA at various parameters on Fos expression, induced by peripheral inflammation, in the ipsilateral spinal cord (n=3-5)"
Frequency (Hz) Current Duration Pulse I-1I M I-IIL mr-1v V-VI VII-IX X

(mA) (min) (ms)
Non-invasive sham 37.42 £ 1.88 11.64 £0.92 12.04 £ 1.14 36.73 £3.89 3.81+0.74 2.28+£0.47
10

3 20 0.1 22.87 +3.09%* 192 +2.27* 21.3+3.37* 4535+5.89 5.61 £1.62 2.354+0.49

3 30 0.1 3251 +£1.53 23.17 £ 1.44%** 4253 £3.67*** 109.35+ 10.92*%* 19.89 £+ 3.32%* 6.50 £ 0.81**
100

3 20 0.1 2546 + 1.81** 20.28 £ 1.31*%* 25,18 + 1.62%* 63.38 £ 4.66** 7.62 £0.84** 2.65%0.16

3 30 0.1 31.16 £2.38 20.47 £ 0.83**% 31.32 £ 1.59*** 7540 £4.23%** 12,01 £ 2.11** 5.16 £ 0.34***
10° 3 20 0.1 14.61 £ 3.76%* 16.69 £2.10 21.81 £2.31* 41.88+ 6.4 6.38 £1.63 1.88£0.23

The number of Fos-labeled neurons is presented as mean = S.E.M.
kp<0.05, **p<0.01,***p<0.001 vs. non-invasive sham group.
" This group was given EA treatment without CFA injection.



22 L. Lao et al. / Brain Research 1020 (2004) 18-29

following regions of spinal gray matter were delineated:
laminae I-II medial, I-II lateral, III-1V, V-VI, VII-IX
and X. Control sections without primary antiserum showed
no FLI staining.

2.6. Statistical analysis

For the behavioral experiments, the results are presented
as mean + S.E.M (Fig. 3, Table 2) or %change + S.E.M.
(Figs. 4 and 5). The %changes were calculated as (post-CFA
PWL-baseline PWL)/baseline PWL x 100%. The actual
PWL data were compared to the non-invasive sham control
pool using analysis of variance (ANOVA) followed by the
Dunnett’s post hoc test. p<0.05 was considered significant
in all cases.

For immunohistochemistry experiments, 10 randomly
selected L4—L5 sections from each animal were counted.
The number of labeled Fos-immunoreactive neurons was
averaged on either side of the spinal cord for the sections of
each individual rat and then for the group. Statistical
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Fig. 3. Comparison of non-treatment to invasive sham and non-invasive
sham treatment of inflammatory hyperalgesia. Injecting 0.1 ml of CFA into
the left hind paw induced significant ipsilateral hyperalgesia. Invasive sham
treatment (acupuncture needle inserted into GB30 without electrical
current) had no effect on CFA-induced hyperalgesia in comparison to
non-invasive sham (needle taped to skin at GB30) treatment or to non-
treatment.
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Fig. 4. Effects on withdrawal latency of the inflamed paw at various
frequencies of 3 mA EA. At 3 mA, 10, 50 and 100 Hz inhibited
inflammatory hyperalgesia, but 2 Hz did not. Note that 10 Hz/3 mA was
effective in both early (2—24 h) and late (5—7 days) phases, while 100 and
50 Hz/3 mA were only effective during early phases. EA at 100 Hz/3 mA
showed more powerful inhibitory effects than at 50 Hz/3 mA. Asterisks
indicate significant differences compared to non-invasive sham. *p <0.05;
**p<0.01.

analysis was made using ANOVA. p <0.05 was considered
significant in all cases.

3. Results

3.1. Establishment of control groups in behavioral experi-
ments

In order to ensure the reliability of the control groups,
non-invasive sham control (#=23) and invasive sham
control groups (n=18) were compared to a non-treatment
group (n=12; see Fig. 3). Following CFA injection into the
hind paw, all three groups manifested similar courses of
hyperalgesia during the 7-day observation period. No sig-
nificant differences in PWL among non-invasive sham
control, invasive sham control and non-treatment groups
were observed (p>0.05). There were also no significant
PWL changes from baseline in the contralateral paws of
these animals (p>0.05). Because data showed no differences
in PWL among these three groups, the non-invasive sham
treatment group was used as the control for statistical
analysis in all experiments (Fig. 3).
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3.2. The effect of various EA parameters on PWL

Fig. 4 shows the effect of various EA frequencies—2, 10,
50, and 100 Hz—on PWL at a constant current intensity of
3 mA/0.1 ms for 20 min. EA treatment groups and the non-
invasive sham control showed no significant PWL differ-
ences at the baseline. EA at 100 Hz produced marked and
significantly longer PWL at 2.5, 5 h and 1 day (p<0.05),
while 10 Hz EA produced a less potent but prolonged effect,
showing increased PWL at 2.5 h, 1, 5, and 7 days compared
to non-invasive sham control (p <0.05; Fig. 4, Table 1). EA
at 50 Hz increased PWL only at 2.5 h, and 2 Hz EA had no
effect (p>0.05) at any time point (Fig. 4, Table 1). EA
current intensity studies demonstrate that 2 mA EA at
frequencies of 10, 50 and 100 Hz, but not 2 Hz, with 0.1
ms for 20 min, only briefly increased PWL at 2.5
h (p<0.05), and 1 mA showed no effect on PWL at any
time point (Table 1).

The optimal frequencies of 10 Hz and 100 Hz at 3 mA/0.1
ms were chosen for testing the effect of treatment duration. At
10 Hz EA, only the 20-min treatment produced a significant
effect on PWL as stated above; 10 and 30 min had no effect on
PWL at any time point (Table 1). At 100 Hz EA, 10-min
stimulation significantly increased PWL at 5 h, 1 and 5 days
(p<0.05), and 20-min stimulation showed significant effects
up to 1 day (p<0.05; Table 1). However, 30-min stimulation
produced no effect on PWL at any time point (Table 1).

In the pulse width experiments, only the EA current
intensity of 1 mA was used, because these conscious
animals could not tolerate higher intensity at pulse widths
beyond 0.1 ms (e.g. 1 or 2 ms). At 1-mA intensity for 20
min, only the 2-ms pulse width at both 100 and 10 Hz
significantly increased PWL from 2.5 to 5 h (p <0.05; Table
1). No effect on PWL was found using narrower pulse
widths such as 1 and 0.1 ms under this intensity at either
higher (100 Hz) or lower (10 Hz) frequencies (Table 1).

3.3. The effect of point specificity

Based on the results of the EA parameter study, the
optimal parameters of 10 Hz/3 mA/0.1 ms/20 min were
chosen for the point specificity study. Fig. 5 compares the
effect of 10 Hz EA at acupoints GB30 and TES, sham point
OAGB30, and an abdominal sham point to non-invasive
sham control. The data shows that only treatment at GB30
significantly increased PWL (Fig. 5).

3.4. Effects of EA on inflammation-induced spinal Fos
expression

A very limited number of FLI neurons were seen in the
vehicle-injected control (data not shown). In EA-treated (3
mA/10 Hz), non-inflamed naive rats (n=3), fewer FLI
neurons were found in the medial half of laminae I-1II (left:
14.61 £ 3.76/section; right: 13.19 + 1.16) but more FLI was
seen in laminae II1-VI on both sides of the spinal cord (left:
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Fig. 5. Effects on withdrawal latency of the inflamed paw of 10 Hz/3 mA/
0.1 ms/20 min EA at various points post-CFA. Note that EA at GB30
showed significant anti-hyperalgesia, while EA at other points showed
limited anti-hyperalgesia. *p <0.05.

21.81 % 2.31/section; right: 20.91 £ 0.67). In CFA-injected
non-invasive sham control rats (n=5), FLI was concentrated
in the medial half of superficial laminae (I-1I, 37.42 &+ 1.88)
and the neck (laminae V-VI, 36.73 + 3.80) of the dorsal
horn of the L4—5 lumbar segments on the side ipsilateral to
the inflamed hind paw (Table 2). The effects of the various
EA parameters on Fos expression were apparent also mainly
on the ipsilateral side as described below and illustrated in
Table 2. Both 10 and 100 Hz at 3 mA/0.] ms/20 min
significantly suppressed Fos expression in the medial half of
spinal laminae I-1I (10 Hz: 22.87 + 3.09, p=0.01; and 100
Hz: 25.4 £ 1.81, p<0.01) compared to non-invasive sham
control (37.42 + 1.88; Table 2) and significantly enhanced
Fos expression in the lateral half of spinal laminae I-II,
laminae III-IV and other regions. (Fig. 6, Table 2).

Unlike the 20-min treatments, 30 min EA at 10 Hz and at
100 Hz did not significantly suppress Fos expression in the
medial half of spinal laminae I-II (p>0.05), although it
enhanced Fos expression in the lateral half of spinal laminae
I-1II, II-IX and X compared to control (p <0.05; Table 2).

4. Discussion

4.1. EA parameter profile

Due to increasing concerns regarding the side effects of
analgesics and non-steroidal anti-inflammatory drugs [6,53],
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Fig. 6. Photomicrographs illustrating Fos immunoreactive neurons in
transverse sections of the lumbar spinal cord 2 h after CFA injection into the
left hind paw in a non-invasive sham rat (A) and in rats treated with 3 mA
EA for 20 min at 10 Hz (B) or 100 Hz (C). Note that EA inhibited Fos
protein expression in the medial part of superficial laminae (big arrows) and
induced Fos protein expression in laminae III-IV (small arrows). Scale bar
is 50 pm.

non-invasive, side-effect free, non-pharmacological inter-
ventions such as acupuncture, EA or transcutaneous elec-
trical nerve stimulation (TENS) have been widely used
clinically as alternative or complimentary therapies for
treating chronic pain [41]. The present study is an important
initiative toward establishing optimum parameters for the
clinical use of EA in chronic pain conditions. We found that
the effect of EA is conditioned by multiple factors, includ-
ing pulse frequency, intensity, pulse width, and treatment
duration. We identified an optimal EA parameter profile, 10
Hz/3 mA/0.1 ms/20 min, under conditions which mimic the
chronic pain seen clinically (pathological pain in an unse-
dated, unrestrained animal and multiple assessments at time
points over a 7-day period). This profile establishes a
valuable clinical reference, which will serve as a basis for
both clinical studies and subsequent experiments to explore
the mechanisms of EA anti-hyperalgesia.

4.2. EA frequency

The present study demonstrated that the anti-hyperalge-
sic effect of EA is frequency-dependent. At a given EA
current intensity (3 mA), high frequency (100 Hz) EA
produced the most potent anti-hyperalgesia in the early
stages of CFA-induced hyperalgesia (2.5, 5 h, and 1 day),
while low frequency (10 Hz) EA showed a prolonged
inhibitory effect, reducing hyperalgesia not only within the
first 24 h, but also at 5 and 7 day. This is consistent with
previous findings of AA studies on uninjured animal mod-
els, in which higher EA frequencies (50—200 Hz) induced
shorter lasting analgesia while lower EA frequencies (2—4
Hz) produced analgesia of longer duration [45]. However, it
must be noted that the analgesia in these uninjured models
lasted less than 1 h at all frequencies.

It has been demonstrated that persistent pain induces
long-term neuroplasticity, which enhances neuronal respon-
sibility to external stimulation [31], and that the opioid
system [18] and the hypothalamus—pituitary—adrenal
glands (HPA) [26,57] are involved in acupuncture analgesia.
Differences between the length of the EA analgesic effect in
our inflammatory pain animal model and that of the unin-
jured animal models reported previously suggest that acu-
puncture may activate the central nervous system or
endocrinology system differently in healthy and pathologi-
cal conditions. This is consistent with reports that the
analgesic effects of mu- and delta-opioid receptor agonists
are potentiated during persistent inflammation [22,25]. We
hypothesize that EA activates the endogenous pain inhibi-
tory system, opioid system, and the HPA axis to a greater
extent in the inflammatory model than in uninjured animals.
This may explain clinical findings that the therapeutic effect
of acupuncture lasts from days to months in patients with
nociceptive pain [8].

It has been established that EA induces release of
endogenous opioids, including endomorphin, endorphin,
enkephalin and dynorphin [18]. Morphologically, it has
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been demonstrated that endomorphin 2-like immunoreactive
axon terminals in the spinal cord form synapses with
profiles immunostained for the mu-opioid receptor [64].
Enkephalin and dynorphin are localized in the spinal cord
neurons [7,21] and mu-, delta- and kappa-opioid receptors
are distributed on both presynaptic primary afferent fibers
and postsynaptic dorsal horn neurons [1,2,39]. Electro-
physiologically, an agonist with mu-, delta-or kappa-opioid
activity shows inhibitory actions on excitatory transmission
in spinal dorsal horn neurons [15,54]. Further, it has been
shown that the mu-opioid receptor agonist inhibits the
nociceptive activities of the spinal neurokinin 1 immunore-
active neurons in superficial laminae, which can be depo-
larized by [Sar(9),Met(O(2))(11)]-substance P, a key
neuropeptide for the transmission of noxious inputs [12].
The release of substance P is also blocked by activation of
mu- and delta-opioid receptors [5,68]. Studies also showed
that EA inhibits a tooth pulp stimulation-evoked increase in
the release of immunoreactive SP [67] and that acupuncture
reduces electrophysiological spinal neuron response to nox-
ious stimuli [67]. Thus, EA may reduce the release of
neurotransmitter (e.g. substance P) and inhibit the activity
of noxious neurons through the release of endogenous
spinal opioids.

In addition, it has been demonstrated that intracerebro-
ventricular administration of opioid antagonists against mu,
delta or kappa receptors blocked EA-produced analgesia,
suggesting that supraspinal opioid receptors mediate EA
analgesia [9]. The rostral ventromedial medulla (RVM) in
the brainstem sends descending inhibitory fibers to the
spinal dorsal horn with the most projections to the sub-
stantia gelatinosa [63]. Electrical [74] or chemical [23,74]
stimulation of the RVM inhibits behavioral responses to
noxious stimuli and also suppresses nociceptive response
of neurons in the spinal dorsal horn. Unilateral lesion of
the ipsilateral dorsolateral funiculus (DLF) blocks the
antinociceptive effect of DELT, a delta-opioid receptor
agonist, administered into the ventral medial medullary
reticular formation in the formalin test [30]. Blockage of
opioid receptors in RVM prevents TENS-produced anti-
hyperalgesai [28]. These data suggest that EA may activate
the supraspinal descending inhibitory system by means of
the supraspinal opioid system, leading to anti-hyperalgesia.
Hence, we hypothesize that the anti-hyperalgesia induced
by both low (i.e. 10 Hz) and high (i.e. 100 Hz) EA
frequency is mediated by both the spinal and the supra-
spinal opioid system [18].

It has been reported that low frequency EA (<10 Hz)
induces the release of endorphins and ACTH from the
pituitary gland [26,38] and elevates the levels of periph-
eral cortisol [11,35]. It is known that glucocorticoid (e.g.
cortisol) suppresses inflammation by shutting off the
production of pro-inflammatory mediators (cytokines)
peripherally at the sites of injury [47]. Our previous
study [31] demonstrated that EA inhibits CFA-induced
peripheral inflammation. Therefore, low frequency EA

may activate the HPA axis [26,45,57], which release
corticosterone into the blood. The plasma corticosterone
then in turn suppresses inflammation, which facilitates the
recovery from the hyperalgesic state.

It is worth noting that in contrast to studies by other
investigators, which show that low-frequency (2 Hz)
EA stimulation produced analgesia in uninjured rats
[44,51,62], our study on the inflammatory animal model
showed no anti-hyperalgesia after 2 Hz EA. This
discrepancy may be due to the following two factors:
(1) we applied much weaker EA current intensity (2—3
mA), which was within the tolerance of an unsedated
animal, while AA studies of uninjured animals often
used far higher EA intensities (6 to 30 V, or 20-30
mA) and sometimes used anesthetized animals
[34,44,51]; and (2) we used the hind paw withdrawal
reflex to test the nocifensive response, while most
previous studies used the tail flick reflex. Romita and
Henry [50] reported that intense stimulation (4 Hz, 20—
30 mA, 2-ms pulse for 20 min) at acupoints (GB-31,
ST-32 and ST-36) produced a persistent inhibition of
the tail flick reflex but had no effect on limb with-
drawal reflexes. Since different neuronal circuits are
involved in the tail flick and the limb withdrawal
reflexes, these neuronal circuits may be modulated
differently by low frequency EA.

4.3. EA current intensity

Our data also suggest that acupuncture anti-hyperalgesia is
current intensity dependent: at levels between 1 and 3 mA,
which are within the tolerance level of a conscious animal, the
highest intensity, 3 mA, produced the best anti-hyperalgesia
(Table 1). This finding is consistent with the classical acu-
puncture concept emphasizing that “de qi”’ (a sore, numb,
distended, or heavy sensation felt by the patient at the
needling site), induced by forceful manipulation, should be
obtained to achieve the best results in an acupuncture treat-
ment [10,42]. It should be noted that a relatively low EA
current intensity (i.e. 3 mA) is sufficient to induce a thera-
peutic effect in the inflammatory pain model, whereas much
higher EA intensities (e.g. 6 Vor 20—30 mA) were required to
induce effective analgesia in uninjured animals [34,51]. This
phenomenon may be explained by the fact that tissue injury
and inflammation induce an increased excitability in the pain
modulatory circuitry [40,48,60], which may be sensitive to
EA stimulation.

One pitfall of the EA study is potential distress and stress
induced by the EA treatment procedure. Although the EA
treatment procedure employed in the present study may
have produced some degree of stress, the level of such stress
was minimal compared to procedures in which the animals
are restrained and treated at higher intensities [17,43].
Furthermore, little anti-hyperalgesia was observed in the
control groups suggests that our experimental procedure did
not confound the results.



26 L. Lao et al. / Brain Research 1020 (2004) 18-29

4.4. Treatment duration and pulse width

To obtain maximum anti-hyperalgesia, we delivered EA
stimulation twice, first prophylactically at the time of CFA
injection and then 2 h post-CFA, after the CFA-induced
inflammation had developed. We tested a single EA treat-
ment, administered at the time of injection, but it produced
no anti-hyperalgesia in this animal model (data not shown).

The present study demonstrated that, at a given optimal
EA parameter, two 20-min EA stimulations produced either
the longest therapeutic effect (10 Hz) or most potent short-
term effect (100 Hz) when compared to two 10-min or two
30-min stimulations. This finding suggests that longer EA
stimulation does not necessarily produce a better therapeutic
effect. It is consistent with results of several previous studies
by other investigators [36,51]. In a rabbit study investigating
the effect of EA on adrenocortical hormone production, a
60-min EA treatment produced less '*C uptake of cortico-
sterone than a 30-min treatment [36]. Romita et al. [51]
reported that 40 min of EA stimulation produced less
inhibition of the tail withdrawal reflex from noxious radiant
heat stimulation than 20 min of EA stimulation. We decided
not to conduct 50 Hz for 10 or 30 min after little effect was
observed at this frequency for a 20-min treatment.

The effect of EA pulse width has not been systematically
evaluated, and there is no consensus in the literature on a
standard and appropriate EA pulse width for AA research. A
range of pulse widths from 0.1 to 2 ms has been reported,
and widths vary from study to study [29,44,51,62]. The
electrical pulse width is the length of a constant electrical
stimulus. For example, within a given period of time and at
the given frequency of 10 Hz EA, a 2-ms pulse width
provides 20 times more electrical stimulus than a 0.1-ms
pulse width. In the present study, we observed that EA
stimulation at 2 ms/10 Hz produced short-term anti-hyper-
algesia similar to that produced by 0.1 ms/100 Hz (Table 1).
This demonstrates that the prolonged effects observed at 10
Hz/0.1 ms disappear when pulse width increased to 2 ms. It
appears that increasing pulse width has the same effect as
increasing electrical frequency, as both increase the amount
of stimulation to the acupuncture point within a given time
unit.

4.5. Acupuncture control and point specificity

Due to the nature of the intervention, determining a
control group for an acupuncture study is often a challenge
[52,69]. In most acupuncture studies, sham control has
consisted of a needle inserted into a non-acupoint or non-
relevant acupoint. Such controls in uninjured animal studies
have produced contradictory results. Le Bar et al. [3,32]
reported that sham acupuncture at a non-acupoint showed an
analgesic effect and suggested that this effect may be
associated with Diffuse Noxious Inhibitory Controls
(DNIC), which produce non-specific analgesia. By contrast,
findings of several other studies [24,34] showed that sham

needle insertion had little analgesic effect and could be used
as a reliable control for AA studies. Acupuncture clinical
trials using needle insertion sham control have also yielded
inconclusive results [13,14,16,56], possibly due to non-
specific effects produced in the sham control groups.

In the present study, we employed a variant sham control
that consisted of an invasive sham control in which the
needle was inserted, without manual manipulation or elec-
trical stimulation, into the relevant point, GB30. We also
used a non-invasive sham control in which the needle was
not inserted into the point. Neither of these controls pro-
duced anti-hyperalgesia compared to the untreated group.
Although the invasive sham treatment may produce some
degree of effect, our study showed that it is insufficient to
alter animal behavior, such as PWL, under conditions of
inflammatory pain.

We selected the acupoint GB30 for the present study
since GB30 is documented as a clinically effective point for
treating inflammatory pain such as sciatic or arthritic pain of
the lower limb, and its use for such conditions is based on
traditional Chinese medical theory and meridian theory for
“yang excess” conditions such as inflammation manifested
in the “yang meridian” of the lower limb [10,42]. It has
been successfully used in previous animal studies, including
our own [31,66,72,73].

To test the specificity of GB30 in our persistent inflam-
matory pain animal model, we compared it to the acupoint
TES and two non-specific points, OAGB30 and the abdom-
inal point 3 mm from the umbilicus, using the optimal EA
parameters determined in experiments 1 and 2. None of the
non-specific points produced anti-hyperalgesia equal to that
of the specific point GB30, which is consistent with results
reported by other investigators [34,59]. For example, Lee
and Beitz [34] reported that EA at point St 36, a specific
point for analgesia, had significantly better analgesic effects
than a nonacupoint control at the hamstring muscle of the
hind limb adjacent to the spinal segment. Additionally,
Takeshige et al. [59] demonstrated that analgesia was not
induced by needling a nonacupoint control in the abdominal
muscle (in a distal spinal segment), whereas it was induced
by the specific analgesic point St36. We also observed that
the distal acupoint TES showed little effect on the hyper-
algesia of the hind paw. It should be noted that the TES
point, located on the forelimb, and the inflammation,
induced in the hind paw, were not at the same spinal
segmental levels, while the GB30 and the inflammation
were at the same lumbar spinal level. Since the stimulation
of TES was ineffective against inflammatory hyperalgesia of
the hind paw, these results suggest a convergence and
interaction of inputs produced by EA and injury at the same
spinal level, which is important for EA-produced attenua-
tion of hyperalgesia.

In the present study, we also tested unilateral GB30
treatment, which showed less anti-hyperalgesia than bilat-
eral GB30 treatment in this animal model (data not shown).
Therefore, we used GB30 bilaterally in all experiments.
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4.6. Spinal Fos protein expression

The data on spinal Fos protein expression show a
positive correlation with the behavioral data. Both optimal
EA parameters of 10 and 100 Hz EA not only produced
anti-hyperalgesia in the behavioral studies, but also signif-
icantly suppressed Fos expression in the medial half of
laminae I-II of the spinal cord where nociceptive primary
afferents from the hind paw terminate. The data also show
that these EA parameters enhanced Fos expression in deeper
layers, such as laminae III-IV, where large myelinated
fibers (Aa and AR) terminate. These results confirm our
previous findings and support our assertion that EA selec-
tively inhibits and activates subpopulations of neurons in the
spinal cord [31]. Our results are consistent with the findings
reported by other investigators that both lower (3—4 Hz) and
higher (90—100 Hz) frequency EA inhibit dorsal horn Fos
expression induced by mechanical noxious stimulation or
hind limb amputation [33,55] and nociceptive response [55].
It is noted that the EA treatment in non-inflamed naive rats
resulted in more Fos expression in laminae III-1V than that
in the superficial laminae (Table 2). A previous study has
demonstrated that non-noxious stimuli such as walking on
the rotating rod evoked significant Fos expression in the
nucleus proprius of the spinal dorsal horn (laminae III/IV)
[27]. The EA treatment in CFA-inflamed rats also induced
significant Fos expression in laminae III-IV. Ma and Woolf
[37] have shown that after CFA injection into the hind paw,
touch stimuli induced significant Fos expression in the
deeper laminae of the spinal cord dorsal horn compared to
that in similarly stimulated naive rats. These data demon-
strate that non-noxious stimuli induce Fos expression in
deeper laminae of the spinal cord dorsal horn. Thus, the data
that the EA treatment in non-inflamed naive rats resulted in
Fos expression in laminae III-1V (Table 2) suggest that EA
mainly activate large myelinated fibers. Since the EA
treatment in non-inflamed naive rats also induced some
Fos expression in laminae I-II, it seems likely that the
EA in our study also activated some fine unmyelinated
fibers (Ad and C). This is in accordance with a previous
study that deletion of C-fibers by capsaicin treatment
decreased the analgesic effects of EA [66]. Collectively,
these data lead us to posit that the antihyperalgesic effect of
EA mainly depends on the activation of large myelinated
fibers and less on fine unmyelinated fibers. It is hypothe-
sized that EA-activated spinal neurons convey acupuncture
signals to the brain and activate the descending inhibitory
system, which in turn inhibits both hyperalgesia and Fos
expression in the medial part of laminae I-II in spinal cord
[28,70]. Lee’s study [33] indicates that opiates may mediate
EA-induced suppression of Fos expression.

In correlation with the behavioral study, 30-min EA
stimulation had no effect on Fos expression at the medial
half of spinal laminae I-II. However, it induced Fos
expression in the lateral half of spinal lamina I-1II and all
regions of laminae III-VI, VII-IX, and X. Research has

established that both the descending inhibitory and the
descending facilitator systems modulate the transmission
of noxious inputs at the spinal level [49,65]. We hypothesize
that longer EA treatment may activate the descending
facilitator system, attenuating pain inhibition in our inflam-
matory pain animal model.

It should be noted that one-third of the rats in our
behavioral study and one-fifth in the Fos expression study
did not respond (non-responder) to EA treatment (data were
included in our statistical analysis). This finding is consis-
tent with the findings of AA studies on uninjured animals
reported by other investigators [45].

In conclusion, our EA “dosage response” study demon-
strated that EA anti-hyperalgesia is parameter-dependent, 10
Hz (low dosage) being more beneficial than 100 Hz (high
dosage) in the long-term treatment of an inflammatory
condition, while 100 Hz has potent but short-term effects.
The optimal parameters selectively inhibit and activate
spinal dorsal horn neurons.
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