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Abstract

In the present study, we examined the analgesic effect of repeated electroacupuncture at bilateral
Zusanli (ST36) and Yanglingquan (GB34) once a day for 14 consecutive days in a rat model of
chronic sciatic nerve constriction injury-induced neuropathic pain. In addition, concomitant changes
in calcium/calmodulin-dependent protein kinase |l expression and synaptic ultrastructure of neurons
in the hippocampal CA3 region were examined. The thermal pain threshold (paw withdrawal latency)
was increased significantly in both groups at 2 weeks after electroacupuncture intervention
compared with 2 days of electroacupuncture. In ovariectomized rats with chronic constriction injury,
the analgesic effect was significantly reduced. Electroacupuncture for 2 weeks significantly
diminished the injury-induced increase in synaptic cleft width and thinning of the postsynaptic
density, and it significantly suppressed the down-regulation of intracellular calcium/
calmodulin-dependent protein kinase Il expression in the hippocampal CA3 region. Repeated
electroacupuncture intervention had a cumulative analgesic effect on injury-induced neuropathic
pain reactions, and it led to synaptic remodeling of hippocampal neurons and upregulated
calcium/calmodulin-dependent protein kinase Il expression in the hippocampal CA3 region.

Key Words

chronic neuropathic pain; acupuncture analgesia; cumulative effect; synaptic plasticity;
hippocampal CA3 region; calcium/calmodulin-dependent protein kinase Il; neurobiology;

electroacupuncture; neural regeneration

Abbreviations

CaMKIl, calcium/calmodulin-dependent kinase IlI; CCI, chronic constrictive injury; OVX,

ovariectomized; PWL, paw withdrawal latency

INTRODUCTION

Functional changes in pain states have been
a focus of many studies!™, but little
attention has been paid to the fact that
tremendous potential for plasticity exists in
the pathways for pain at the structural and
representational levels. The hippocampus is
a target of stress-induced hormones, such
as adrenal glucocorticoids, which modulate
changes in synapse formation and dendritic
structure, acutely and over the long-term™*.
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Clinical studies revealed that the
hippocampus is involved in processing
physiological pain and also in the
development of pain syndromes! .
Furthermore, experimental studies have
demonstrated that hippocampal synaptic
plasticity is associated with learning,
memory and adaptive processes, and is
accompanied by changes in expression of a
variety of genes and proteins®®'®. For
example, calcium/calmodulin-dependent
kinase Il (CaMKIl) is a multifunctional
serine/threonine protein kinase in neurons
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and functions in regulating neurotransmission, memory
and synaptic plasticity in response to calcium signaling
produced by neuronal activity!''*. Hippocampal CaMKII
is also involved in the development of persistent pain in
both mice and rats!*".

It has been demonstrated that repeated
electroacupuncture at Zusanli (ST36) and Baihui (GV20)
significantly increases the number of well-developed
(tertiary) dendrites in the subgranular zone of the dentate
gyrus and promotes neuroblast differentiation via
phosphorylated cAMP response element binding protein
and brain-derived neurotrophic factor activation in the
dentate gyrus in normal rats""®""\. Electroacupuncture
also mitigates the cerebral ischemia-induced decrease in
amplitude and slope rate of population spikes in the
hippocampal CA1 region in rats with diabetes mellitus!'®..
However, no study has determined whether hippocampal
CaMKII plays a role in acupuncture analgesia,
particularly as Zusanli and Yanglingquan (GB34) are
clinically frequently used to treat sciatical®2%.

Our previous studies®®** demonstrated that, in chronic
constrictive injury (CCl) of the sciatic nerve in rats,
repeated electroacupuncture intervention effectively
relieved neuropathic pain. Concomitantly, upregulation of
plasma cortisol, beta-endorphin and adrenocorticotropin
hormone levels, and increased expression of
hippocampal intracellular protein kinase A were found. In
ovariectomized (OVX) + CCl rats, the analgesic effect of
repeated electroacupuncture was significantly weakened,
suggesting a close association between analgesic effect
and estrogen levels. Thus, repeated
electroacupuncture-induced pain relief may involve
modulation of hippocampal neuronal plasticity by various
hormones and neurotransmitters.

Biologically, functional activity and structure are closely
related. Thus, functional changes are often accompanied
by structural alterations. However, the relationship
between the analgesic effects of electroacupuncture and
changes in neuronal plasticity in the hippocampus
remains poorly understood. The present study was
designed to analyze the relationship between the
analgesic effect of repeated electroacupuncture and
hippocampal synaptic plasticity in ovariectomized rats
with CCl of the sciatic nerve.

RESULTS

Quantitative analysis of experimental animals

A total of 98 female Wistar rats were randomized into
normal control, CClI (ligation of the sciatic nerve), CCI +
electroacupuncture 2 days, CCI + electroacupuncture 2
weeks, OVX + CCI, OVX + CCI + electroacupuncture 2
days and OVX + CCI + electroacupuncture 2 weeks
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groups, with 14 animals in each group. Ten rats from
each group were used for behavioral and
immunohistochemistry experiments, and four were used
for electron microscopy.

The CCI model of chronic neuropathic pain was
employed in the CCI, CCI + electroacupuncture 2 days,
CCI + electroacupuncture 2 weeks, CCl + OVX, CCI +
OVX + electroacupuncture 2 days and the CCl + OVX +
electroacupuncture 2 weeks groups. The OVX model of
learning and memory impairment was applied in the

CCl + OVX, CCI + OVX + electroacupuncture 2 days and
the CCIl + OVX + electroacupuncture 2 weeks groups
before establishment of chronic neuropathic pain. Rats in
the electroacupuncture 2 days and electroacupuncture 2
weeks groups were subjected to electroacupuncture at
Zusanli and Yanglingquan from the 16" day and 4™ day
after surgery, respectively (i.e. electroacupuncture lasted
for 2 days and 2 weeks, respectively). Three rats in the
CCI + OVX group died during ovariectomization.
Therefore, 98 rats were included in the final analysis
following supplementation.

Electroacupuncture decreases pain reaction after
CCl

The pain threshold was measured as paw withdrawal
latency (PWL; PWL of the healthy limb - PWL of the
affected limb). Pain scores were significantly greater in
the CCl and OVX + CCl rat groups compared with the
normal control group (P < 0.05), suggesting a decreased
pain threshold. The pain scores were significantly less in
the CCI + electroacupuncture 2 weeks group and OVX +
CCI + electroacupuncture 2 weeks group compared with
the CCl and OVX + CCI groups (P < 0.05). The pain
score was significantly increased in the OVX + CCl +
electroacupuncture 2 weeks group compared with the
CCI + electroacupuncture 2 weeks group (P < 0.05;
Table 1).

Electroacupuncture reduces synaptic cleft width
between hippocampal neurons

Compared with the normal control group, the synaptic
cleft width was significantly increased in the CCl and
OVX + CCI groups (P < 0.05). The synaptic cleft width
was significantly decreased in the CCI +
electroacupuncture 2 weeks group compared with the
CClI group (P < 0.05), but the width remained
unchanged in the CCI + electroacupuncture 2 days
group. Compared with the OVX + CCI group, synaptic
cleft width was reduced remarkably in the OVX + CCI +
electroacupuncture 2 weeks group (P < 0.05). The
synaptic cleft width was significantly increased in the
OVX + CCI + electroacupuncture 2 weeks group
compared with the CCI + electroacupuncture 2 weeks
group (P < 0.05; Figure 1).
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Table 1 Comparison of hyperalgesia scores among
groups

Basic hyperalgesia Days after surgery

Group scores
& 7
Normal control 0.2640.05 0.24+0.06 0.2040.08
CCl 0.30+0.05 2.34£0.22° 3.00+0.31°
CCI+EA2D 0.31+0.05 2.40+0.38° 2.98+0.33°
CCI+EA2W 0.30+0.05 2.37+0.31%  2.83+0.44°
OVX+CCI 0.31+0.05 3.04+0.16° 3.50+0.21°
OVX+CCI+EA2D 0.26+0.05 2.91+0.27% 3.43+0.21°
OVX+CCI+EA2W 0.30+0.07 3.06x0.29° 3.34+0.13%

Days after surgery

Group
10 18
Normal control 0.2410.04 0.24+0.07
ccl 3.24+0.13° 2.39+0.23°
CCI+EA2D 3.26+0.07° 2.32+0.26°
CCI+EA2W 3.12+0.09%° 1.70+0.32°°
OVX+CCl 4.10£0.13% 2.94+0.26°
OVX+CCI+EA2D 4.04+0.24° 2.90+0.22°

OVX+CCI+EA2W 3.6020.22°%f 2.48+0.23%%f

3P < 0.05, vs. control group; °P < 0.05, vs. CCI group; °P < 0.05,
vs. CCl + EA2D group; 9P < 0.05, vs. OVX + CClI group; °P < 0.05,
vs. OVX + CCI + EA2D group; P < 0.05, vs. CCI + EA2W group.
Data were expressed as mean + SD of 14 rats in each group.

To minimize individual differences in pain reaction among CCl rats,
the difference in paw withdrawal latency between the healthy and
the affected footplates was used as the pain score.

Data of seven groups were analyzed by one-way analysis of
variance and least significant difference-t test. CCI: Chronic
constrictive injury; OVX: ovariectomy; EA: electroacupuncture; 2D:
2 days; 2W: 2 weeks.

0.054 a 3 Normal control
= cacl
0049 a d def == CCI+EA2D
5§ 3 CCl+EA2W
= 0.034 be
< 3 OvX+ CCl
2 0.0 3 OVX+ CCl+EA2D
2 3 OVX+CCl + EA2W
0.01-
0.00 T

Figure 1 Comparison of synaptic cleft width of neurons in
the hippocampal CA3 region among the various groups.

Data were expressed as mean + SD (n = 4) and analyzed
by one-way analysis of variance and least significant
difference-t test.

3p < 0.05, vs. normal control group; °P < 0.05, vs. CCI
group; °P < 0.05, vs. CCI + EA2D group; °P < 0.05, vs.
OVX + CCI group; °P < 0.05, vs. OVX + CCI + EA2D
group; P < 0.05, vs. CCI + EA2W group.

CCI: Chronic constrictive injury; OVX: ovariectomy; EA:
electroacupuncture; 2D: 2 days; 2W: 2 weeks.

Electroacupuncture increases postsynaptic density
of hippocampal neurons
Postsynaptic density values were significantly decreased
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in the CCl and OVX + CCI groups compared with the
normal control group (P < 0.05), suggesting deterioration
of excitatory signal transmission. The postsynaptic
density value was significantly increased in the CCI +
electroacupuncture 2 weeks group compared with the
CCl group (P < 0.05), and it was significantly increased
in the OVX + CCI + electroacupuncture 2 weeks group
compared with the OVX + CCI group (P < 0.05). No
significant differences were found between the CCl and
CCI + electroacupuncture 2 days groups or between the
OVX + CCl and OVX + CCI + electroacupuncture 2 days
groups (P > 0.05). The postsynaptic density value was
significantly less in the OVX + CCI + electroacupuncture
2 weeks group than in the CCI + postsynaptic 2 weeks
group (P < 0.05; Figure 2).

OVX+ CCl+ EA2D
OVX+ CCl+ EA2W

0.08- be

3 Normal control
a def =3 ccl

0.067 a O3 CCl+EAD
3 CCl+EA2W
3 OVX+CCl
=
=

0.02

Postsynaptic density (um)
o
£

0.00: T

Figure 2 Comparison of synaptic cleft width of neurons in
the hippocampal CA3 region among the various groups.

Data were expressed as mean + SD (n = 4) and analyzed
by one-way analysis of variance and least significant
difference-t test.

3p < 0.05, vs. normal control group; °P < 0.05, vs. CClI
group; °P < 0.05, vs. CCI + EA2D group; ip < 0.05, vs.
OVX + CClI group; °P < 0.05, vs. OVX + CCI + EA2D
group; P < 0.05, vs. CCl + EA2W group.

CCI: Chronic constrictive injury; OVX: ovariectomy; EA:
electroacupuncture; 2D: 2 days; 2W: 2 weeks.

Electroacupuncture increases synaptic active zone
length in hippocampal neurons

Compared with the control group, the active zone length
values for the CCl and OVX + CCI groups were
significantly decreased (P < 0.05). The synaptic active
zone length was significantly longer in the CCl +
electroacupuncture 2 weeks group compared with the
CClI group, and in the OVX + CCI + electroacupuncture 2
weeks group compared with the OVX + CCI group (both
P < 0.05), suggesting an improvement of synaptic
efficacy after repeated electroacupuncture. The active
zone length was significantly greater in the CCI +
electroacupuncture 2 weeks group compared with the
OVX + CCI + electroacupuncture 2 weeks group (P <
0.05). No significant differences were found between the
CCl and CCI + electroacupuncture 2 days groups or
between the OVX + CCl and OVX + CCI +
electroacupuncture 2 days groups in active zone length
(both P > 0.05; Figure 3).



Xu QL, et al. / Neural Regeneration Research. 2012;7(18):1378-1385.

0.6
be 3 Normal control
E a a def 3 CcCl
£ o4 [ CCl+EA2D
2 3 CCl+ EA2W
S 3 OVX+ CCl
2 0o 3 OVX+ CCl+EA2D
2 [ OVX+ CCl+EAW
0.0

Figure 3 Comparison of synaptic active zone values of
neurons in the hippocampal CA3 region among the
various groups.

Data were expressed as mean + SD (n = 4) and analyzed
by one-way analysis of variance and least significant
difference-t test.

P < 0.05, vs. normal control group; PP < 0.05, vs. CCI
group; °P < 0.05, vs. CCI + EA2D group; °P < 0.05, vs.
OVX + CCI group; °P < 0.05, vs. OVX + CCI + EA2D
group.

CCI: Chronic constrictive injury; OVX: ovariectomy; EA:
electroacupuncture; 2D: 2 days; 2W: 2 weeks.

Electroacupuncture upregulates CaMKIl expression
in the hippocampal CA3 region

CaMKIl is an important calcium messenger regulating
hippocampal synaptic plasticity and learning. The
integral grey values of CaMKII expression were
significantly increased in the CCl and OVX + CClI groups
compared with the normal control group (P < 0.05), a
downregulation of this protein in CCl and OVX + CCl rats.
Compared with the CCI group, the integral grey value
was significantly lower in the CCI + electroacupuncture 2
weeks group compared with the CCI group (P < 0.05),
but remained unchanged in the CCI +
electroacupuncture 2 days group. The change in CaMKII
expression in CCl rats was similar to that in OVX + CClI
rats. The integral grey value of CaMKII immunoreactivity
was significantly higher in the OVX + CCl +
electroacupuncture 2 weeks group compared with the
CCI + electroacupuncture 2 weeks group (P < 0.05).
Collectively, these results indicate that
electroacupuncture upregulates CaMKII expression in
the hippocampal CA3 region (Figure 4).

DISCUSSION

Synaptic plasticity, including changes in synapse number,
structure and transmission efficacy, is the basis of neural
plasticity. Sensory neurons undergo functional, chemical
and structural changes (activity and signaling
molecule-dependent) in response to changes in their
environment (including chronic nociceptive pain) that
modify transduction, conduction and transmission
efficiency®!. McEwen®® observed that after chronic
constriction injury of the sciatic nerve in rats, the
hippocampus exhibits structural plasticity, involving

ongoing neurogenesis of the dentate gyrus,
synaptogenesis under control of estrogens in the CA1
region and dendritic remodeling caused by repeated
stress or elevated levels of exogenous glucocorticoids in
the CA3 region. Peripheral nerve injury (e.g. CCl) may
also increase hippocampal postsynaptic density and
synaptic cleft area® or decrease hippocampal synaptic
interface curvature in the rat®”!. Chronic pain is also a
type of chronic stress. Under chronic stress conditions,
significant decreases in hippocampal synaptic density
and surface density were found®®.

r a 3 Normal control

180F a def .
S 160F b
S 140k C 3 CCl+ EA2D
;120_ 3 CCl+ EA2W
[}
5100H 3 OVX+ CClI
E 80 [ OVvX+ CCl+ EA2D
£ 60p [ OVX + CCl+ EA2W
D 40H
£ 20H

Figure 4 Comparison of calcium/calmodulin-dependent
kinase Il expression (integrated grey value) in
hippocampal CA3 region among the various groups.

Data were expressed as mean = SD (n = 4) and analyzed
by one-way analysis of variance and least significant
difference-t test.

4P < 0.05, vs. normal control group; ®p < 0.05, vs. CClI
group; °P < 0.05, vs. CCI + EA2D group; °P < 0.05, vs.
OVX + CClI group; °P < 0.05, vs. OVX + CCI + EA2D
group; P < 0.05, vs. CCI + EA2W group.

CCI: Chronic constrictive injury; OVX: ovariectomy; EA:
electroacupuncture; 2D: 2 days; 2W: 2 weeks.

At the spinal level, peripheral nerve injury may result in
higher synaptic density or number and increase the
percentage of positively curved synapses®?%. It may
also lead to synaptic interface curvature and synaptic
perforation in the dorsal horn of the spinal cord®". This
morphological rearrangement may alter the organism’s
capacity for pain perception or result in abnormal
sensory processing (as in tactile allodynia) as an
adaptive and protective response'® **¥! CaMKII plays
an important role in peripheral stimulation-induced neural
plasticity in the hippocampus®**°.

The synaptic cleft (a space between the presynaptic
terminals and postsynaptic membrane) is a space for
transmitting action potentials and chemical transmitters.
The postsynaptic density is a protein-dense
specialization attached to the postsynaptic membrane,
serving as a signaling apparatus. The synaptic active
zone is a unique presynaptic membrane specialization
that is believed to be the site of neurotransmitter release.
Our present results revealed that, in chronic neuropathic
pain rats, the pain threshold was decreased significantly.
Concomitantly, hippocampal synaptic cleft area was
increased significantly, while synaptic postsynaptic
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density and active zone length were significantly
decreased. These results are indicative of abnormal
changes in plasticity and disruption of normal synaptic
transmission. Moreover, hippocampal CaMKI|
expression was significantly downregulated in CCl rats.
Acupuncture can effectively alleviate both acute and
chronic pain. Generally, one acupuncture treatment
session for acute disease may produce a substantial and
immediate therapeutic effect. In order to obtain robust
and reliable clinical efficacy, repeated treatment is
necessary, particularly for chronic conditions. Our
present results revealed that compared with simple CCI
rats, the pain threshold after electroacupuncture for 2
weeks was significantly increased and its effect was
markedly superior to that of electroacupuncture for 2
days. This outcome is similar to previous results that
electroacupuncture at Huantiao (GB30) and Weizhong
(BL40) for one week alleviates neuropathic pain in CCI
rats®®,

Acupuncture is an effective method for stimulating the
central nervous system. Acupuncture plays an important
role in brain functional reorganization and compensation.
Shou et al ®”! observed that repeated electroacupuncture
could upregulate the expression of cannabinoid
receptor-1 mRNA and dopamine 1 receptor mMRNA in the
nucleus accumbens-caudate nucleus region in rats with
inflammatory pain. Xing et al ®® found that, in rats with
neuropathic pain, electroacupuncture treatment had a
modulatory effect on long-term synaptic plasticity in the
spinal dorsal horn. In addition, acupuncture could reduce
the decline in the amplitude and slope rate of population
spikes induced by diabetes mellitus and cerebral
ischemia, which may help improve memory by regulating
hippocampal synaptic plasticity®. The mechanism of
action of acupuncture was hypothesized to involve
dendritic or synaptic plasticity in the ipsilateral
hippocampal CA3 region.

Our present results indicate that the cumulative
analgesic effect of electroacupuncture is associated with
the following: (1) significant increases in CaMKI|
expression, postsynaptic density area and active zone
length in the hippocampal CA3 region; and (2) a
significant reduction in synaptic cleft width. In OVX rats,
the synaptic plasticity of neurons in the hippocampal CA3
region and the cumulative effect of acupuncture
analgesia were diminished. These results suggest that
repeated electroacupuncture-induced pain relief is
accompanied by improvement of hippocampal neural
synaptic plasticity.

A number of studies have examined the effects of
repeated electroacupuncture®*%, but a systematic study
of the underlying mechanisms is needed. Our present
study is the first attempt to reveal the mechanisms
behind the analgesic effect of repeated
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electroacupuncture on hippocampal synaptic plasticity
and CaMKIlI protein expression. It is possible that
electroacupuncture intervention induces synaptic
changes associated with pain-relief which are gradually
consolidated with repeated treatment, eventually
establishing the observed cumulative analgesic effect.
In conclusion, repeated electroacupuncture at Zusanli
and Yanglingquan has a cumulative analgesic effect on
chronic neuropathic pain in rats. This effect is closely
associated with its ability to suppress the CCl-induced
down-regulation of CaMKII protein expression and the
increase in synaptic cleft width and thinning of the
postsynaptic density in the hippocampal CA3 region.

MATERIALS AND METHODS

Design
A randomized and controlled animal experiment.

Time and setting

The study was performed at the Institute of Acupuncture
and Moxibustion, China Academy of Chinese Medical
Sciences, China, from November 2007 to April 2009.

Materials

A total of 98 clean-grade, female Wistar rats, aged 3-4
months, weighing 240-250 g, were purchased from the
Experimental Animal Center of Chinese Academy of
Medical Sciences (License No. SCXX-Army 2007-004).
Animal care and experimental process were performed in
accordance with the Guidelines for the Care and Use of
Laboratory Animals, formulated in 2005 by our institute
and the Guidance Suggestions for the Care and Use of
Laboratory Animals, issued by the Ministry of Science
and Technology of China®'!,

Methods

Establishment of the CCl model

A model of chronic neuropathic pain was established by
ligation of the sciatic nerve, based on a modification of
the Bennett and Xie method™?. Under anesthesia by
intraperitoneal injection with a solution of 28 mg/100 g
urethane (Beijing Chemistry Reagent, Beijing, China)
and 3.3 mg/100 g chloralose (Sigma-Aldrich, St. Louis,
MO, USA), followed by routine sterilization, the rat’s left
sciatic nerve was exposed at the mid-thigh level by blunt
dissection through the biceps femoris muscle. Four
constrictive ligatures (4-0 surgical suture) were tied
around the nerve at the distal end close to the nerve
bifurcation at spaces about 1.0 mm apart. The ligature
was considered to be suitable if local and moderate
muscular contraction of the leg was clearly observed.
Following local application of antibiotics (sodium
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penicillin, 9 000—10 000 U/rat), the muscle and skin
tissues were sutured in layers. In order to reduce
experimental variability, all surgeries were performed by
the same operator. For OVX + CCl rats, CCl surgery was
performed following Morris water maze testing.

Establishment of memory impairment model

After anesthesia, rats in the CCl + OVX, CCI + OVX +
electroacupuncture 2 days, and CCl + OVX +
electroacupuncture 2 weeks groups underwent
ovariectomy (OVX). Briefly, bilateral mid-abdominal
dorsolateral incisions (about 2 cm long) were made, and
both ovaries were removed. Four weeks after OVX, four
animals from each group (CCI, CCI + electroacupuncture
2 days, CCI + electroacupuncture 2 weeks, CCl + OVX,
CCI + OVX + electroacupuncture 2 days and CCI +
OVX + electroacupuncture 2 weeks) were subjected to a
vaginal smear test for verifying OVX success. Forty-five
days after OVX, the rats’ learning-memory ability was
analyzed by escape latency (place navigation test),
swimming distance in the target quadrant and target
quadrant crossing times (spatial probe test) in the Morris
water maze test for 7 days using a Morris water maze
apparatus (DigBehv-MWM Morris Water Maze Video
Analysis System, Shanghai Jiliang Company Ltd, China)
with reference to Nunez's article [Nunez J. Morris Water
Maze Experiment. http://www.jove.com/index/details.
stp?ID=897.].

Electroacupuncture

Bilateral Zusanli (5 mm beneath the capitulum fibulae
and lateral posterior to the knee-joint) and
Yanglingquan (about 5 mm superior-lateral to Zusanli)
were punctured with filiform needles (Gauge 28),
respectively, and electrically stimulated using a HANS
Electroacupuncture Apparatus (LH202, Beijing Huawei
Industrial Developing Company, Beijing, China).
Electroacupuncture (2/15 Hz, 1 mA) intervention was
administered for 30 minutes, once daily from the 4" day
on after CCl surgery for 2 weeks for rats of the CCIl +
electroacupuncture 2 weeks and OVX + CCI +
electroacupuncture 2 weeks groups, and from the 16"
day on after CCl surgery for two sessions for rats of the
CCI + electroacupuncture 2 days and OVX + CCI +
electroacupuncture 2 days groups.

Thermal pain threshold detection

Each rat was placed into a black cloth bag with the
hindlimbs and tail exposed for mobility. A mobile radiant
heat source (high-intensity light beam with radiant heat
dolorimeter) was focused on the plantar surface of the
hind paw. Paw withdrawal latency (i.e. pain threshold) of
the bilateral footplates was measured three times with an
interval of 3-5 minutes between detections. To avoid

potential tissue damage, the cutoff time of the radiant
heat was set to 20 seconds. Thermal pain threshold
detection was conducted prior to, as well as 4, 8, 12, 16
and 18 days after CCI. Pain thresholds were measured
in rats from the CCI + electroacupuncture and CCI +
OVX + electroacupuncture groups on the following day
morning.

Transmission electron microscopy observation of
the morphology of the hippocampal CA3 region

At the end of each experiment, under deep anesthesia,
rats were perfused transcardially with a solution of 2%
paraformaldehyde + 2% glutaraldehyde. Then, brain
tissue containing the hippocampal CA3 region was cut
into small cubes (about 1 mm?), fixed with 3%
glutaraldehyde (EMS Company, Shanghai, China) and
1% osmium tetroxide, respectively, for 2 hours,
dehydrated with ethanol, infused in acetone, embedded
in 812 Epon-Araldite, sectioned into 250-nm-thick slices,
and stained using uranyl acetate and lead citrate. The
brain sections were then examined under a JEM-1230
transmission electron microscope (JEOL Ltd., Tokyo,
Japan) and areas of interest which contained synapses
were imaged using a NIS-Elements BR2.30 (Nikon,
Tokyo, Japan) operated at 200 KeV and a Gatan 2K x 2K
CCD camera at a magnification of 50 000x. The average
synaptic cleft width, the thickness of the postsynaptic
densities and the lengths of active zones in 10 random
visual fields of sections of each brain (4 rats/group) were
examined according to a previously described method™.
The length and thickness of the postsynaptic density and
the synaptic cleft were assessed separately as
previously described?.

Immunohistochemical staining for CaMKII

The animals were deeply anesthetized with the same
anesthetics mentioned above and transcardially
perfused with saline, followed by 4% paraformaldehyde
in 0.1 M PBS (pH 7.4). The brain (without the cerebellum)
was removed and post-fixed in 30% sucrose solution
(containing 4% paraformaldehyde) at 4°C. Serial coronal
sections (60 um) were cut on a cryostat (whole body
slicing microtome Leitz 400 with a chest mobile freezer;
Leitz OM, Leica, Germany) and stored in 0.01 M PBS
solution at 4°C.

The brain sections containing the hippocampal CA3
region were mounted onto glass slides, immersed in PBS
for 5 minutes, and incubated in 3% H,0O,/deionized water
for 15 minutes. Excess fluid was removed and the
sections were incubated in 5% normal goat serum at
room temperature for 15 minutes, followed by rabbit
anti-CaM kinase Il polyclonal antibody (1:1 000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) at 37°C for
24 hours. The sections were then washed three times in
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PBS for 5 minutes each, incubated with goat anti-rabbit
IgG (1:300; Zhongshan Golden Bridge Biotechnology,
Beijing, China) at room temperature for 2 hours, washed
three times in PBS, incubated in
avidin-biotin-horseradish peroxidase (1:300; Zhongshan
Golden Bridge Biotechnology) at room temperature for 2
hours, washed three times with PBS for 5 minutes each,
and stained with 3,3’-diaminobenzidine. The sections
were then washed in running water, counterstained with
0.01% cresyl fast violet at 37°C for 15 minutes, incubated
in a mixture of 100% alcohol:ether:chloroform (1:1:1) for
10 minutes, rinsed 2 minutes in water, dehydrated in
alcohol, and then immersed twice in dimethyl benzene
for 10 minutes. The slides were sealed with neutral gel
and dried at room temperature. The immunostained
structure (grey scale values) of the CA3 region was
analyzed using NIS-Elements BR2.30 image analysis
system (Nikon). Two sections were selected from each
rat, and three areas of the hippocampal CA3 region of
each slice were selected for determining the average
grey scale value.

Statistical analysis

Data were expressed as mean * SD. Differences in
paw withdrawal latency were assessed using one-way
analysis of variance with repeated measures when
appropriate. Least significant difference-t test was
used to compare data between two different groups. A
value of P < 0.05 was considered statistically
significant.
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