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Although referred pain or hypersensitivity has been repeatedly reported in irritable bowel syndrome (IBS) patients and
experimental colitis rodents, little is known about the neural mechanisms. Spinal long-term potentiation (LTP) of nociceptive
synaptic transmission plays a critical role in the development of somatic hyperalgesia in chronic pain conditions. Herein, we
sought to determine whether spinal LTP contributes to the referral hyperalgesia in colitis rats and particularly whether
electroacupuncture (EA) is effective to alleviate somatic hyperalgesia via suppressing spinal LTP. Rats in the colitis group
(induced by colonic infusion of 2,4,6-trinitrobenzenesulfonic acid, TNBS), instead of the control and vehicle groups, displayed
evident focal inflammatory destruction of the distal colon accompanied not only with the sensitized visceromotor response
(VMR) to noxious colorectal distension (CRD) but also with referral hindpaw hyperalgesia indicated by reduced mechanical
and thermal withdrawal latencies. EA at Zusanli (ST36) and Shangjuxu (ST37) attenuated the severity of colonic inflammation,
as well as the visceral hypersensitivity and referral hindpaw hyperalgesia in colitis rats. Intriguingly, the threshold of
C-fiber-evoked field potentials (CFEFP) was significantly reduced and the spinal LTP was exaggerated in the colitis group, both
of which were restored by EA treatment. Taken together, visceral hypersensitivity and referral hindpaw hyperalgesia coexist in
TNBS-induced colitis rats, which might be attributed to the enhanced LTP of nociceptive synaptic transmission in the spinal
dorsal horn. EA at ST36 and ST37 could relieve visceral hypersensitivity and, in particular, attenuate referral hindpaw
hyperalgesia by suppressing the enhanced spinal LTP.

1. Introduction

Visceral sensory inputs triggered by inflammation, psycho-
logical or environmental stress, and postinjury often produce
vague, diffuse body sensations, and especially the referred
pain at somatic targets [1-3]. It has been demonstrated that
transient colonic inflammation leads to chronic visceral and
hindpaw hypersensitivity in a subset of rats [4], and patients
with IBS exhibit visceral hyperalgesia and cutaneous allody-
nia/hyperalgesia distributed in their lower extremities [5].
Although the convergence of somatic and visceral sensory
circuits in the peripheral and central nervous systems

(CNS) is deemed as the neuroanatomical evidence for the
referral somatic hyperalgesia [6, 7], the functional neural
basis of this phenomenon still remains elusive.

The spinal dorsal horn is the first relay site in the CNS
that receives, integrates, and transmits periphery sensory
information into higher regions of the brain. Visceral and
somatic afferents converge into the same or adjacent spinal
cord segments and synapse with intrinsic neurons in the
spinal dorsal horn [8, 9]. Although the spinal long-term
potentiation (LTP) of nociceptive synaptic transmission plays
critical roles in the development and maintenance of hyperal-
gesia under somatic pathological pain conditions [10-12], its
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contribution to referral somatic hypersensitivity that resulted
from inflammatory bowel diseases is still unclear.
Acupuncture is effective to alleviate gastrointestinal
diseases [13-15] and has notable analgesic effects on mul-
tiple somatic and visceral pain disorders by modulating
sensory information in spinal and supraspinal neural cir-
cuits [16, 17]. It has been shown that EA attenuates “cen-
tral sensitization” by inhibiting the induction spinal LTP
of C-fiber-evoked field potentials (CFEFP) in spinal nerve
ligation rats [18]. Hence, the aim of the present study is
to determine whether EA could relieve visceral hypersensi-
tivity and, in particular, the referral somatic hyperalgesia
via suppressing spinal LTP in TNBS-induced colitis rats.

2. Materials and Methods

2.1. Ethical Statement. Animal care and experimental proce-
dures used in the current study were approved by the Insti-
tute of Laboratory Animal Sciences, China Academy of
Medical Sciences (experimental animal license number:
SCXK (Jing) 2014-0013). The study was carried out adher-
ing to guidelines provided by the National Institutes of
Health for the Care and Use of Laboratory Animals, and
all efforts were made to minimize the suffering of animals.
This study has also obtained ethics committee approval
from the Institute Animal Welfare and Use Committee of
IAM-CACMS (No. 20160520).

2.2. Animals. In the present study, a total of 64 male adult
Sprague-Dawley rats weighing 180~200 g were used and ran-
domly divided into four groups: control group (n=15),
vehicle group (n = 16), colitis group (n=17), and EA group
(n=16). Female rats were not used in this experiment to
eliminate changes in perception sensitivity due to the estrus
cycle. Rats were housed in pairs under constant room tem-
perature and humidity with 12h light-dark cycles and
allowed to acclimate to the housing conditions for seven
days prior to the experiment.

2.3. TNBS-Induced Experimental Colitis. Intracolonic admin-
istration of TNBS was used to produce chronic colitis
model as previously described [4, 19]. Briefly, rats under-
went fasting overnight with free access to water for 16h
before TNBS administration. Under 2% isoflurane anesthe-
sia (0.5 L/min, R580s, RWD Life Science, China), a mixture
of TNBS (100 mg/kg body weight) with 50% ethanol (vol-
ume ratio 2:1) was instilled into the distal colon lumen
(6~7cm proximal to the anus) by plastic feeding tube
(FTP-18-75; Instech Laboratories Inc., Plymouth Meeting,
PA, USA) via the rectum. After TNBS infusion, rats were
kept in a vertical position for at least 5min to avoid leakage
of the instilled intracolonic solutions. Then rats were placed
back into cages to recover and regain consciousness. An
equivalent volume of sterilized saline or ethanol was
administered into control rats or vehicle rats, respectively.
All of the rats were monitored daily for changes in body
weight, body condition, physical appearance, and behavior
following TNBS administration.
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2.4. Visceromotor Response (VMR). VMR was evoked by
repeated colorectal distention (CRD) in lightly anesthetized
rats, as described previously [20]. Firstly, anesthesia was
induced by 4% isoflurane and maintained with 2% isoflur-
ane for surgical procedures. A flexible latex balloon (3 cm
long, 1.5 cm max diameter) was lubricated and inserted into
the distal colon lumen via the anus (the tip of the balloon
was lcm from the anus), and two electrodes made of
Teflon-coated platinum wires were inserted into the exter-
nal abdominal oblique muscle. After surgery, the anesthesia
level was decreased to 1% isoflurane for electromyography
(EMG) recording. The balloon was inflated by phasic dis-
tension (40, 60, and 80 mmHg, each lasting for 20s) with
a 5min interval. The EMG signals were amplified
(x5000), filtered (30~1000 Hz) by NL900D (Neurolog, Digi-
timer, America), then transmitted into PowerLab 8/35 (AD
Instruments, Australia) and analyzed off-line by LabChart
7.1 software. The EMG reflex responding to each CRD
stimulus was repeated 3 times and the outcomes were
averaged. After all behavior tests were finished, rats were
euthanized and the distal colon was removed for histopath-
ological test to confirm the development of colitis.

2.5. Measurement of Mechanical Pain Threshold. Mechanical
pain threshold was measured by using electronic von Frey
filaments (37450-Dynamic Plantar Aesthesiometer, Ugo
Basile, Italy) with a cut-oft set at 50 g. Rats were placed
in the plastic cages on perforated metal platform and
allowed to habituate the environment for 30min before
testing. The metal filament was driven perpendicularly by
a microcomputer controller onto the plantar of the hind-
paw. Brisk withdraw or paw flinching was considered as
positive response. Bilateral hindpaw mechanical withdrawal
latencies were tested for 4 times with 5min intervals and
average values were calculated.

2.6. Measurement of Thermal Pain Threshold. Thermal pain
threshold was measured by the Plantar Analgesia Meter
(IITC 390G Plantar test, IITC Life Science Inc., Woodland
Hills, Canada), as described [21]. Each rat was placed in
an individual plexiglass enclosure compartment on the glass
surface and allowed to habituate the environment for
30 min before testing. Thermal stimulus was emitted by a
movable radiant heat source under the glass surface and
was focused on the plantar surface of the hindpaw. The
active intensity was set as 50% while idle intensity was
10%; cut-off time was set as 25s to prevent potential tissue
damage from sustained heating. Bilateral hindpaw thermal
withdrawal latencies were tested for 4 times with 5min
intervals and average values were calculated.

2.7. Induction of Spinal LTP of C-Fiber-Evoked Field
Potentials (CFEFP). After being anesthetized by urethane
(1.5g/kg, i.p.), a tracheal intubation was performed to allow
mechanical ventilation during the subsequent electrophysio-
logical recording. Laminectomy was performed at the verte-
brae T13-L2 to expose the lumbar enlargement of the
spinal cord (L4-L5 level) [22]; the dura covering lumbosacral
spinal segments was carefully removed. The vertebral
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column from T12 to L4 was firmly fixed in the frame with
two clamps (ST-7R-HT, NARISHIGE, Japan). A pair of bipo-
lar silver hook electrode was placed under the sciatic nerve
proximal to the trifurcation for electrical stimulation, and
the distance from the stimulation site to the spinal recording
site was about 11 cm. All exposed spinal segments, sciatic
nerve, and tissues were covered with (37°C) paraffin oil. After
surgery, the animal was paralyzed with gallamine triethio-
dide (0.2 g/kg, i.p.) and artificially ventilated with a ventilator
(SAR-830/P, CWE Inc., USA). Body temperature was main-
tained at 36.5-37.5°C via a feedback-controlled heating pad.

The CFEFP were recorded at a depth of 300-500 yum
under the dorsal surface of the L4-L5 spinal cord with a
parylene-coated tungsten microelectrode (impedance
3MQ, FHC, USA) driven by a one-axis motorized stereo-
taxic micromanipulator (DMA-1550, NARISHIGE, Japan).
The test stimulation (TS) of a single square pulse (0.5ms,
delivered every 2s) was delivered by an isolated pulse stim-
ulator (Model 2100, A-M Systems, USA) and applied to the
sciatic nerve to measure the threshold of evoking the field
potentials. The intensity was increased gradually from 0V
to that evoke field potential to define the threshold of
CFEFP as previously described [18]. Following this
measurement, the amplitude of the field potential did not
continue to increase till the stimulus increased to a certain
intensity, and this intensity was defined as test stimulus. A
bandwidth of 0.1-500 Hz was used to remove artifacts with-
out altering the CFEFP. The signals were amplified, filtered
by a microelectrode AC amplifier (Model 1800, A-M Sys-
tems, USA), and transmitted to DELL Workstation via
CED micro 1401 for recording and off-line analysis using
the Spike 2 software (Cambridge Electronic Design, Cam-
bridge, Cambridge, UK).

LTP of the CFEFP was induced by high-intensity and
high-frequency electrical stimulation of the sciatic nerve,
as described by Liu et al. and Liu and Sandkiihler et al.
[23, 24]. Briefly, the test stimulation (12-25V, 0.5 ms, 6 times,
5 min intervals) was applied to the sciatic nerve to evoke spi-
nal field potentials as baseline control. The mean amplitude
of the control field potentials was obtained from an average
of 6 individual test potentials and normalized as 100%. Then
conditional stimulation (CS, 2 times intensity of CFEFP
threshold, 0.5ms, 100 Hz, 400 pulses given in 4 trains of 1s
duration with 10 s intervals) was delivered to the sciatic nerve
to induce LTP. After CS, the same TS was delivered to the sci-
atic nerve again to evoke field potentials and the recording
was continued for 3h at least. The amplitude of the field
potentials after CS was normalized and expressed as the per-
centage of the baseline control value. LTP was defined as at
least a 20% increase in amplitude of the synaptic response
and maintained for a minimum of 20 min following a brief
high-frequency stimulation [25].

2.8. Electroacupuncture Treatment. Under 2% isoflurane
anesthesia, EA treatment was applied at 24 hours after TNBS
administration in rats. Acupoints ST36 (Zusanli) and ST37
(Shangjuxu) were selected in this study (Figure 1), which
were widely used for alleviating various types of visceral pain
and digestive system diseases in clinic [14, 26]. ST36 is

F1GURE 1: Schematic drawing of the location of acupoints ST36 and
ST37 in a rat. ST36 is located at 5 mm lateral to the anterior tubercle
of the tibia and 10 mm below the knee joint, and ST37 is located
5mm below the ST36 and 1 mm lateral to the margin anterior tibiae.

located at 5mm lateral to the anterior tubercle of the tibia
and 10mm below the knee joint [27]. ST37 is located at
5mm below the ST36 and 1 mm lateral to the margin ante-
rior tibiae in rats [28]. Electrical stimulation was delivered by
Han’s Acupoint Nerve Stimulator (HANS-100A, Nanjing
Gensun Medical Technology Co. Ltd., China) via two pairs
of stainless needles (0.18 mm diameter, 13 mm length; Bei-
jing Zhongyan Taihe Medicine Co., Beijing, China) inserted
into bilateral ST36 and ST37 (square waves; frequency: 2 Hz;
intensity: 1 mA; duration: 30 minutes; depth: 3mm) for 7
consecutive days.

2.9. Statistical Analysis. The area under the curve (AUC) for
EMG activities during each 20s of CRD was calculated
using an in-house written computer program [27]. The
VMR responding to each CRD was calculated by subtract-
ing the EMG baseline value derived from the AUC of 20s
predistention period. The amplitude of the CFEFP after
CS was normalized and expressed as the percentage of the
control value. All data were expressed as mean + standard
error of the mean. Statistical analysis was conducted using
GraphPad Prism 7 (GraphPad Prism Software Inc., San
Diego, USA). Normality was checked for all analyses.
Two-way ANOVA followed by Tukey’s multiple compari-
son test was performed to evaluate EA’s effects on VMR
and hindpaw pain thresholds. Repeated measures of
ANOVA followed by Newman-Keuls post hoc test were
used for comparison between pre- and post-CS (for moni-
toring the LTP induction) or between the colitis and EA
groups (for identifying EA’s effect). The level of significance
was set at P <0.05.

3. Results

3.1. EA Attenuated Visceral Hypersensitivity in TNBS-Induced
Colitis Rats. The effect of EA on TNBS-induced colitis was
confirmed by histological examination of colon tissues (5cm
proximal to the rectum). As compared with the control
(Figure 2(a)) and vehicle groups (Figure 2(b)), colitis rats
(Figure 2(c)) exhibited severe colonic damage marked by mas-
sive transmural inflammatory cell infiltration and thickening
of the colonic wall. However, after 7 d EA treatment, rats man-
ifested slight architecture change of colon tissue and limited
transmural inflammatory cell infiltration (Figure 2(d)).
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F1GuURk 2: The distal colon was processed for H&E staining to evaluate TNBS-induced local damage. Colitis rats (c), instead of the control (a)
and vehicle groups (b), exhibited severe colonic damage marked by massive transmural inflammatory cell infiltration and thickening of the
colonic wall. However, rats in the EA group manifested slight architecture change of colon tissue and moderate transmural inflammatory cell

infiltration (d).

To determine the development of colonic mechanical
hypersensitivity, the EMG reflex of external oblique abdom-
inal muscle evoked by graded CRD (VMR) was collected 7
days after TNBS administration. Remarkable VMR was
evoked by noxious 60 mmHg and 80 mmHg CRD, instead
of 40mmHg CRD, in 1% isoflurane-anesthetized rats. Of
note, the EMG reflexes were parallel between the control
(data not shown) and vehicle groups but were dramatically
exaggerated in the colitis group (Figure 3(a)). More specifi-
cally, the area under the curve (AUC) value of EMG reflex
in the colitis group was significantly higher than that in the
vehicle group (colitis group vs. vehicle group: 60 mmHg:
0.965+0.172 V.s vs. 0.100 £ 0.026 V.s, P <0.01; 80 mmHg:
1.850 £ 0.132 V.s vs. 0.304 £ 0.099, P <0.01, Figure 3(b)).
In comparison with the colitis group, however, rats in the
EA group showed a significant decrease in AUC following
60 mmHg and 80 mmHg CRD (EA group: 60 mmHg: 0.214
+0.083 V.s, P<0.01; 80 mmHg: 0.507+0.136 V.s, P<
0.01, Figure 3(b)). These data demonstrated that local
inflammatory damage and visceral mechanical hypersensi-
tivity in TNBS-induced colitis rats were attenuated by EA
at ST36 and ST37, which were consistent with previous stud-
ies showing that EA intervention improved chronic visceral
hypersensitivity produced by neonatal colonic injection of
acetic acid [27] or chronic stress [29].

3.2. EA Alleviated Referral Hindpaw Hyperalgesia in
TNBS-Induced Colitis Rats. Colitis rats exhibited abnormal

posturing and behaviors, such as repeated licking of the lower
abdomen, testicles, and hindpaws and a hunched posture,
which started from several hours after TNBS administration.
These abnormal behaviors were also described in other
experimental visceral inflammatory models [30, 31].

The hindpaw withdrawal latency to continuously
increased von Frey stimulation was performed to evaluate
referral somatic mechanical sensitivity. Rats in the vehicle
group showed normal mechanical perception and had no sig-
nificant difference with the control group (data not shown),
whereas bilateral hindpaw withdrawal latencies were mark-
edly decreased in colitis rats (colitis group vs. vehicle group:
left: 10.858 +0.394 s vs. 15.380 £ 0.525 s, P <0.01; right:
11.608 +0.370 s vs. 15.391 £ 0.289 s, P < 0.01, Figure 4(a)),
indicating that TNBS colitis rats exhibited referral somatic
mechanical hyperalgesia in the bilateral hindpaw. Neverthe-
less, the hindpaw withdraw latency of the rats in the EA
group was increased significantly compared with that in the
colitis group (EA group: left: 14.716 + 0.532's, P < 0.01; right:
14.819 +0.531 s, P < 0.01, Figure 4(a)).

The hindpaw withdrawal latency to thermal stimulation
was tested by plantar test apparatus (Hargreaves method)
to evaluate referral somatic thermal sensitivity. Similarly,
rats in the vehicle group had normal somatic thermal per-
ception. Bilateral hindpaw withdrawal latencies to thermal
stimulation of the rats in the colitis group were deceased
obviously compared with those in the vehicle group (colitis
group vs. vehicle group: 10.849 + 0.223 s vs. 14.588 + 0.395 s,
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FIGURE 3: EA attenuated the enhanced VMR responding to noxious CRD (60 and 80 mmHg) in TNBS-induced colitis rats. Prominent VMR
was evoked by noxious 60 and 80 mmHg CRD, instead of 40 mmHg CRD, in 1% isoflurane-anesthetized rats (a). The sensitized EMG reflexes
evoked by noxious CRD in TNBS-treated rats were attenuated by EA at ST36 and ST37 (b). Data are expressed as mean + SE (**P < 0.01).

P <0.01; right 12.441 £ 0.195 s vs. 14.499 + 0.354 s, P < 0.01,  hyperalgesia in TNBS-induced colitis rats resulted from
Figure 4(b)), while EA treatment markedly alleviated the ther-  hyperexcitability of nociceptive synaptic transmission in the
mal hyperalgesia of bilateral hindpaws that resulted from intra-  spinal dorsal horn, the threshold and amplitude of CFEFP
colonic TNBS irritation (EA group: left: 14.213+0.460 s,  evoked by testing stimulation (TS) applied on the sciatic
P <0.01; right: 14.296 + 0.257 s, P < 0.01, Figure 4(b)). nerve (12-25V, 0.5ms, delivered every 5min for 30 min)
Taken together, bilateral referral hindpaw hyperalgesia ~ were examined in all groups of rats. Consistent with the
was developed in TNBS-induced colitis rats, which has also ~ behavioral outcomes, the threshold of CFEFP in the colitis
been demonstrated in previous studies [4]. EA treatment  group was significantly lower than that in the control (data
was effective to alleviate both the visceral hypersensitivity =~ not shown) and vehicle groups (colitis group vs. vehicle
and referral hindpaw hyperalgesia. group: 13.56+0.3379 V vs. 18.33+£0.7601 V, P<0.01,
Figure 5(a)), suggesting that the noxious C-component

3.3. EA Inhibited the Facilitation of CFEFP in TNBS-Induced ~ response in the spinal dorsal horn was facilitated in TNBS
Colitis Rats. To further explore whether the referral hindpaw  colitis rats. Moreover, EA inhibited the facilitation by



6 Neural Plasticity

20 - 20
:» w3k ok kol okl @
Q >~
g T g
£ 15 < 15
= = L
z <
& ES
ks s
2 g
E =]
ol e | .'
= <
) =i
B g 2
3 ] i
=

0.
Left hindpaw Right hindpaw Left hindpaw Right hindpaw
Control (n=7) m Colitis (n=10) Control (n=7) m Colitis (n=10)
m Vehicle (n=10) m EA (n=10) m Vehicle (n=10) m EA (n=10)

(a) (b)

FIGURE 4: EA restored the referral hindpaw hyperalgesia in colitis rats. The mechanical (a) and thermal (b) withdrawal latencies of bilateral
hindpaws in colitis rats were reduced in comparison with the vehicle group, indicating the development of referral hindpaw hypersensitivity
after TNBS irritation, which could be alleviated by EA treatment. Data are expressed as mean + SE (**P < 0.01).

25 1 sk *
=
E 20 A T+
=
N
S £
= o 15
£ =
g 2
=i
oy
£ 5
O
04
Control Vehicle Colitis EA
Control (n=9) m Colitis (n=9)
m Vehicle (n=6) m EA (n=7)
(a)
0.015 ~
=
E
=
o £ T
© g 0.010 A
g 9
3 A
5 3
o o
=
g3
L2
£ B 0005
L
3
s
o
&)
0
Control Vehicle Colitis EA
Control (n=9) m Colitis (n=9)
m Vehicle (n=6) m EA (n=7)

()

FIGURE 5: EA restored the downregulated threshold of C-fiber-evoked field potential (CFEFP) in colitis rats. The threshold for CFEFP
induction was reduced in colitis rats, indicating the sensitization of somatic nociceptive transmission, which could also be attenuated by
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markedly increasing the threshold of CFEFP (EA group:
17.29 £+ 1.107, P < 0.05, Figure 5(a)). However, the amplitude
of field potentials evoked by TS was not different among the
four groups (Figure 5(b)).

34. EA Suppressed the Enhanced Spinal LTP in
TNBS-Induced Colitis Rats. To address the plastic changes
of spinal nociceptive synaptic transmission following visceral
hypersensitivity, LTP was elicited by high-frequency and
high-intensity electrical stimulation of the sciatic nerve and
recorded in spinal lumbar enlargement segments. The condi-
tional stimulation (CS, 2 times of the threshold of CFEFP)
produced a prolonged increase in the amplitude of CFEFP
which lasted for more than 3h (Figures 6(a)-6(d)). The
average amplitude in colitis rats was 202.70 +5.83% of
the baseline control, which was significantly higher than
those of the control (159.30+9.48%) and vehicle groups
(163.60 + 5.98%, P < 0.05; Figure 6(e)). However, the aver-
age enhancement of LTP in the EA group (131 + 13.12%)
was significantly reduced (P <0.01, Figure 6(e)). The elec-
trophysiological recording results suggested that the effi-
cacy of somatic nociceptive signaling transmission in the
spinal dorsal horn was also exaggerated in colitis rats,
which might lead to the development of the referral hind-
paw hyperalgesia. EA treatment was likely to improve the
referral somatic hypersensitivity in colitis rats via sup-
pressing the facilitated spinal LTP.

4. Discussion

In the present study, we showed that TNBS-induced colitis
rats exhibited visceral hypersensitivity and referral hindpaw
hyperalgesia, both of which were attenuated by EA treat-
ment at ST36 and ST37. In accordance with the behavioral
phenotypes, threshold for evoking the CFEFP was lowered
and spinal LTP was facilitated in colitis rats, suggesting that
somatic nociceptive signaling transmission was exaggerated,
which might serve as the functional neural substrate of the
referral hindpaw hyperalgesia. Notably, EA restored the
enhanced threshold of CFEFP and facilitated spinal LTP in
colitis rats and suppressed the exaggerated nociceptive
signaling transmission in the spinal dorsal horn.

Referral pain or hyperalgesia that arises from visceral
disorders has been well documented and widely investigated
[32-34]. Patients with IBS have both visceral and cutaneous
hyperalgesia that is distributed mainly in lumbosacral der-
matomes [5]. Previous studies demonstrated that noxious
visceral stimulation induces expansion of the somatic con-
vergent receptive field and sensitization of responses to
mechanical stimuli [35]. Meanwhile, acute somatic noxious
stimulus sensitizes CRD-responsive spinal neurons receiving
viscerosomatic convergent inputs [36]. Ample evidence
shows that the viscerosomatic convergence is a common
phenomenon residing in the spinal dorsal horn. It was also
found that a group of spinal Lamina I anterolateral projec-
tion neurons received monosynaptic convergence of afferent
inputs from both somatic and visceral regions, indicating
that Lamina I might be the first site in CNS for somato-
visceral convergence processing. More importantly, another

subgroup of Lamina I neurons received suprathreshold or
subthreshold excitatory visceral inputs together with inhibi-
tory somatic inputs, and the overall inhibition in these neu-
rons can be caused by somatic A§ and C-afferents, instead of
Ap-afferents [37]. These findings suggested that somato-
visceral convergence may not only contribute to referral pain
but also be a neural basis for shutting down visceral nocicep-
tive transmission by adequate somatic stimuli, such as
electroacupuncture, manual acupuncture, transcutaneous
electrical nerve stimulation (TENS), and percutaneous
peripheral nerve stimulation. In fact, nociceptive visceral
inputs could be inhibited by acupuncture applied to homo-
topic acupoint, in which the spinal dorsal horn plays an
important role in proceeding and integrating the inhibitory
outcomes [38].

Our previous studies showed that the sensitized area
induced by acute colorectal mucosal injury was distributed
in the same dermatomes as the colorectum, named homo-
topic acupoint. The C-fiber of ipsilateral sciatic nerve was
more sensitive to the electrical stimulation in the sensitized
somatic region [39]. Local nociceptive neuropeptides such
as substance P (SP) and calcitonin gene-related peptide
(CGRP) in the somatic hypersensitive area were highly
expressed after visceral injury [40]. Furthermore, the nox-
ious stimuli from the convergent cutaneous receptive field
could inhibit the activity of visceral nociceptive neurons
[41], indicating that the somatic hypersensitive area was
not only a spot reflecting the visceral disorders but also a
target for disease treatment. Consequently, the effect of
the sensitized homotopic acupoint to both the visceral
and referral somatic hyperalgesia should be confirmed to
elucidate the significance of the sensitized acupoints. The
present study demonstrated that EA at ST36 and ST37,
which are the perisegmental acupoints as the colorectum
innervation, was effective to relieve both the visceral hyper-
sensitivity and referral somatic hyperalgesia. Our result is
consistent with a report that EA at ST36, but not at BL43
(heterosegmental acupoint), significantly suppressed the
visceral motor responses to CRD [27]. Moreover, it is
important to emphasize that the present study examined
visceral and referral somatic hypersensitivity at 7 days after
TNBS administration, while the efficacy of EA was achieved
after 7 consecutive days of application, which indicated that
EA at the perisegmental acupoint had accumulating
therapeutic effects on both visceral and referral somatic
hypersensitivity in colitis rats. Additionally, our data demon-
strated that the referral somatic region with sensitized percep-
tion is not only a symptom of chronic visceral pain disorders
but also an optimal location of needling for treatment.

Although the neuroanatomical evidence of the conver-
gence of somatic and visceral inputs has been well estab-
lished [36, 41], the functional neural basis for referred
pain in the spinal cord level is still unclear. The LTP of
CFEFP is considered as a fundamental mechanism of “cen-
tral sensitization” in the spinal dorsal horn under patholog-
ical pain condition [42]. Previous studies demonstrated that
somato-visceral sensitization is independent of supraspinal
neural circuits, while ionotropic glutamate receptors in the
spinal cord are involved in the sensitization [36]. EA



8
al
~.-_.li\ e
Control (n=9) 2
[ souv L
= 250 100 ms
g
3= 200
= £
o £
=8 150
S ®
L O
3E
£< 100
E
< . 4+
cs
-30 0 30 60 90 120 150 180
t (min)
(a)
|
- P
I
c2 /‘_‘/__,_,
Colitis (n=9) |
J,,f“v 504V |
100 ms
_ 250
=
g
2~ 200
o
o =
D =
= 8 150
S x
L O
28
2 100
E
< 50 +
cs
-30 0 30 60 90 120 150 180
t (min)
(0)

300

200 .

100

Post-CS CFEFP amplitude
(100% control)
e
.
.

Neural Plasticity

o

Vehicle (n=6) 2
300 |
m\/ L
3 250 100 ms
s
g
S= 200
ac
o =2
o £
=8 150
8 2
v O
38
EZ 100
H
< 50 +
Ccs
-30 0 30 60 90 120 150 180
t (min)
()
dl'.N
g
]
d2
R P
EA (n=7) ¥
300 ' 504V |
100 ms
250
E
g
2~ 200
e
o =2
o £
E 8 150
S
VO
3g
£< 100
o
2 +
50
cs
-30 0 30 60 90 120 150 180
t (min)
(d)
* w3k

Control

Vehicle

(e)

Colitis EA

FIGURE 6: EA suppressed the facilitated spinal LTP in colitis rats. High-frequency and high-intensity conditioning stimulation (CS) was
applied to the sciatic nerve to induce the spinal LTP at the L4-L5 segment in the control (a), vehicle (b), colitis (c), and EA (d) groups.
After CS, the CFEFP was continuously recorded for at least 3h. The amplitude of the field potentials after CS was normalized and
expressed as the percentage of the baseline control value. Arrows indicate the time point of CS application. The enhanced spinal LTP in
colitis rats was suppressed by EA treatment (e). Representative traces (al, bl, cl, and d1) are the basal CFEFP recorded before CS; traces
(a2, b2, c2, and d2) show the increased CFEFP obtained after CS. Data were expressed as mean + SE (*P < 0.05, **P < 0.01).

attenuated diverse visceral pain disorders via multiple neu-
robiological pathways [43, 44]. Although the specific
aspects where EA modifies nociceptive transmission are still
not clearly identified, EA has been proven to activate the
ascending sensory pathways such as the spinal dorsal horn
and the thalamus or the descending pain inhibitory

pathways [17]. Our study demonstrated that EA modulated
the plasticity of nociceptive synaptic transmission in the
spinal dorsal horn so as to relieve the referral somatic
hyperalgesia under visceral hypersensitivity condition.
Several potential neurotransmitters could be involved in
the sensitization of spinal LTP. It has been shown that the
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N-methyl-D-aspartic acid receptors (NMDARs) play an
important role in the development of hyperalgesia, and the
sensitization of spinal pain projection neurons is attenuated
by the NMDAR antagonist [45]. Colonic inflammation per-
sistently increased the expression of NMDAR in the spinal
dorsal horn [46, 47], which may contribute to both visceral
and referral somatic hypersensitivity in a subset of rats. The
administration of dextromethorphan, a NMDA antagonist,
could alleviate the visceral and referred somatic hypersensi-
tivity of IBS patients [46, 48]. EA can also affect the progress
of experimental inflammatory pain by modulating the
expression of NMDARs in primary sensory neurons [49].
The role of NMDAR in EA-relieved visceral and referral
somatic hypersensitivity needs to be further explored. In
addition, the endogenous opioid system is a well-accepted
hypothesis for EA’s analgesic effects [50, 51].

In conclusion, the present study demonstrated that vis-
ceral hypersensitivity and referral hindpaw hyperalgesia
coexist in TNBS-induced colitis rats, which might be attrib-
uted to the enhanced spinal LTP of nociceptive synaptic
transmission. EA at ST36 and ST37 could relieve visceral
hypersensitivity and, in particular, attenuate referral hind-
paw hyperalgesia by suppressing the enhanced spinal LTP.
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