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Background: The success rate for the production of animal models of chronic postischemia pain
(CPIP) using an O-ring has yet to be improved in the study of complex regional pain syndrome-type
| (CRPS-I), and producing a CPIP model is challenging, especially for mice.

Objectives: We devised a new CPIP model with a higher success rate that induces ischemia for 3
hours by tying the hind limbs of mice with a rubber band, followed by reperfusion.

Study Design: A randomized, controlled animal trial.

Methods: Twenty-two male C57BL/6 mice were divided into a sham (n = 6), a ring (n = 8), and
a tie group (n = 8). Anesthesia was induced using isoflurane. A precut O-ring was mounted on
the upper left ankle in the sham group. A tight-fitting O-ring and a push-pull gauge manometer
were mounted at the same location in the ring and tie groups, respectively. Reperfusion was
induced 3 hours later. The thickness and circumference of the hind paws were measured before
ischemia induction. Measurements were repeated 10 days after reperfusion. Mechanical allodynia
was measured with a von Frey filament until 12 weeks after reperfusion.

Results: The new tie model required 5 additional days until the onset of allodynia compared with
the existing CPIP O-ring model. However, the successful induction rate of CPIP was higher in the
tie group than in the ring group, and allodynia was maintained for over 30 days in the tie group.
The ring and tie groups exhibited significantly high levels of tumor necrosis factor-alpha than those
in the sham group.

Limitations: First, we did not evaluate hyperalgesia, cold or heat allodynia. Second, we did not
measure blood levels of inflammatory or antiinflammatory cytokines, and research on oxidative
stress biomarkers such as isoprostane, 8-hydroxy-2'-deoxyguanosine (a marker of DNA oxidative
damage), and malondialdehyde was not performed.

Conclusions: The new CPIP tie model has a higher rate of successful induction than existing
O-ring models for mice, with longer duration of mechanical allodynia. The model may reduce the
number of animals sacrificed in CRPS-I research and could be useful for studying long-term effects
of drugs.
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omplex regional
characterized by local, continuous, spontaneous
evoked pain that does not coincide with the
progress or level of pain due to trauma or a lesion that

pain syndrome (CRPS) is is typically expected (1). Pain characteristics of CRPS
may be not transmitted through specific neural regions
or dermatomes but occurs locally and exhibits various

patterns of progression including paresthesia, abnormal

www.painphysicianjournal.com



Pain Physician: January/February 2020; 23:E51-E60

Fig. 1. Push-pull gauge.

vasomotor responses, motion impairment, abnormal
sweating, and dystrophic changes. CRPS is generally
divided into 2 types: CRPS type | (CRPS-I), which is
characterized by the absence of definable neurologic
damage, and CRPS type Il, which is accompanied by
neurologic damage. Despite extensive research, the
mechanism underlying CRPS remains unclear, and the
diagnosis and treatment remain challenging.

Since its introduction in 2004, the chronic postisch-
emia pain (CPIP) rat model using an O-ring has been
employed in various studies on CRPS-I (2). This model
mimics the essential features of CRPS-1 in humans very
well, allowing researchers to study the mechanism of
CRPS. However, the rate of successful model produc-
tion varies among researchers, resulting in an increased
number of sacrificed experimental animals, and the
overall research period may be longer due to repeated
model production. Furthermore, because allodynia lasts

approximately 1 month (2), it is difficult to monitor the
continuous effect of a drug over a longer period. In ad-
dition, it is difficult to apply an O-ring of appropriate
size in mice, which are smaller than rats, and there have
been few studies using a CPIP-model with an O-ring in
mice (3). No research has been reported on CPIP model
production itself in mice.

We present a new method that can increase the
rate of successful CPIP model induction and can main-
tain mechanical allodynia for 50 days or more by tying
the hind limb of a mouse with a rubber band and using
a push-pull gauge with uniform force.

MEeTHODS

Animals

This study was approved by the Institutional Ani-
mal Care and Use Committee of the Catholic University
College of Medicine (No: CUMC-2017-0158-01). Male
C57BL/6 mice (20-25 g) were used in the experiment,
they were allowed to freely drink and eat, and a 12/12
hour light/dark cycle was used. All animals had 7 days to
acclimatize to their environment.

Production of the CPIP Model

Twenty-two male mice were randomly assigned
to either the sham (n = 6), ring (n = 8) or tie group (n
= 8). General anesthesia was induced using 1.5% iso-
flurane and 100% O, in all groups. In the ring group,
the method used by Coderre et al (2) was used, O-ring
with a 5/64 inch internal diameter (AS568-004) that
matched the size of the mouse hind limb was placed
on the upper part of the left ankle (immediately above
the medial malleolus) for 3 hours. In the sham group,
precut O-rings of the same size were used to prevent a
tightening force. In the tie group, a rubber band (cross
section 1 x 1.5 mm?, elasticity coefficient 0.588 kgf/cm?,
Dong In Co., Vung Tau, Vietnam) was cut into a linear
shape. One tip of the rubber band was connected to
the push-pull gauge (NK-100N, TRIPOD, Wenzhou,
China; Fig. 1), and a knot was created at the upper part
of the left ankle. A 300-g load was applied to pull the
rubber band and create a uniform tightening force (Fig.
2). The rubber band was then wrapped around the limb
and tied once again on the opposite side of the ankle,
to create a second knot with the same amount of force.
In all groups, the tied O-ring and rubber band were re-
moved after 3 hours of ischemia to induce reperfusion,
and the mice were awakened from the anesthesia.
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Fig. 2. Ischemic method by group. A. Pre-cut O-ring (sham group; B. O-ring (Ring group); C. Tied with rubber band (Tie

Evaluation of Postreperfusion Edema

The thickness and circumference of the left hind
paw were measured before the experiment and at 10
minutes, 1 hour, and 1, 3, 5, 7, and 10 days after reperfu-
sion to observe the progress of edema in each group.
To minimize mouse movement, general anesthesia
was induced using isoflurane. A micro digital caliper
(BD500-100, Bluebird, Shanghai, China) was used to
measure the thickness of the left hind paw. To measure
the circumference, a string was looped around the left
hind paw, and the length of the string was measured
with a micro digital caliper.

Evaluation of Mechanical Allodynia

Mechanical allodynia was measured every 2 days
from preexperiment to 85 days after reperfusion. To
stimulate the plantar surface, a mouse was placed on a
wire mesh floor, and a transparent 8 x 8 x 18-cm plastic
box was placed over the mouse. After the mouse had
acclimatized to the environment for approximately 30
minutes, a force was vertically applied to the mouse's
paw for 3 seconds with a von Frey filament (18011
Semmes-Weinstein filament, Stoelting Co., Wood Dale,
IL), such that the filament bent in the midplantar area,
and the avoidance response was then evaluated. Seven
filaments were used, with weights ranging from 2.44 to
4.31 g. The simplified up-down method used by Bonin
et al (4) was used to examine the reflex 4 additional
times, beginning when the mouse began to show or
discontinued showing an avoidance response. A 50%

response threshold was measured based on the reflex
patterns and log-value of the von Frey filament.

Histology

For the histologic aspect, we produced separately
30 new mice and randomized them into 3 groups
(sham group, n = 6; ring group, n = 12; tie group, n =
12) in the way mentioned earlier. At 14 days postre-
perfusion, a total of 16 mice (sham group, n = 4; ring
group, n = 6; tie group, n = 6) with paw withdrawal
thresholds showed 0.6 or less were deeply anesthe-
tized with ketamine and perfused with 0.9% saline
solution, followed by 4% paraformaldehyde in 0.1M
phosphate buffer via the cardiovascular system. The
ipsilateral L3-L5 spinal cord tissues were collected and
postfixed in 4% paraformaldehyde, then placed over-
night in 25% sucrose at 4°C. Spinal cord tissues were
sliced transversely into 10 pm sections on a cryostat
(Microm HM 525, Thermo Fisher Scientific, Walldorf,
Germany). The sections were blocked with 10% normal
goat serum in phosphate-buffered saline (PBS) contain-
ing 0.1% Triton X-100 (PBST) (Thermo Fisher Scientific,
Walldorf, Germany) at room temperature for 2 hours,
then incubated with rabbit antimouse tumor necrosis
factor-alpha (TNF-a) polyclonal antibodies (1:100;
BA14901; Wuhan Boster Bio-Engineering Co., Ltd.,
Wuhan, China) at 4°C overnight. After they had been
washed in PBS (Maixin Biological Technology Develop-
ment Co., Fujian, China), the TNF-a binding sites were
visualized with antirabbit immunoglobulin antibodies
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conjugated with Alexa-594 (1:1000, Molecular Probes, Eugene, OR). Nuclei were
counterstained with Topro3 (1:500; Invitrogen , Thermo Fisher Scientific, Wall-
dorf, Germany). At least 3 images were obtained for each mouse using confocal
microscopy (Zeiss LSM/510 Upright 2 photon; Carl Zeiss, Jena, Germany) and
stored on digital media.

The relative fluorescence intensity of the immunofluorescent images were
calculated by Image J software version 1.52a (National Institutes of Health,
Bethesda, MD). TNF-a staining was quantified by measuring the total integrated
intensity of pixels divided by the total number of pixels in a standardized area.
The staining intensity was examined in laminae | and Il of the superficial dorsal
horn by using a standardized box with 4 to 6 mice per group. Only pixels above
a preset background threshold were included. TNF-a data were presented as
the total threshold intensity area. Statistics were performed on raw data values.

Statistical Analysis

All data were expressed as the mean + standard error of the mean. Statisti-
cal analysis was performed by using GraphPad Prism 7 (GraphPad Software, La
Jolla, CA).

A 2-way repeated-measures analysis of variance was used to compare the
difference in the 50% von Frey threshold over time, and the sole thickness and
circumference. The Bonferroni multiple comparison test was used for post hoc
analysis. The level of statistical significance was set at P < 0.05.

REesuLts

There was no significant difference in the weight gain between the 3
groups during the entire research period (Fig. 3).

Data are presented as mean * SE.
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Fig. 3. Body weights over time in each group.

Postreperfusion
Hyperemia and Edema

The ring group showed a
more rapid return to a hyperemic
state following reperfusion com-
pared with the tie group (Figs. 4
and 5). The ring group showed
postreperfusion edema at 10
minutes after reperfusion, then
returned to normal at 1 day after
reperfusion. In contrast, postre-
perfusion edema occurred 1 hour
after reperfusion in the tie group,
the edema extent was greater
than in the other 2 groups at 1
day after reperfusion. Edema in
the tie group was significantly
greater than in the sham group
until 3 days after reperfusion and
began to return to normal at 5
days after reperfusion (Fig. 5).

Mechanical Allodynia

The left paw withdrawal
threshold significantly decreased
at 8 days and 13 days after
reperfusion in the ring and tie
groups, respectively, compared
with the sham group. The mean
duration of allodynia were 22
days in the ring group and 55
days in the tie group. There was
no difference in the paw with-
drawal threshold between the
ring and sham groups beginning
at 25 days after reperfusion, the
tie group had a longer duration
of allodynia than the ring group
between 30 and 55 days after
reperfusion (Fig. 6).

Allodynia sporadically oc-
curred in the contralateral hind
paw at 22 and 50 days. This
occurrence  was significantly
greater in the tie group than in
the sham group (Fig. 7).

The number of mice with
paw withdrawal thresholds of
0.6 or less was higher in the tie
group than in the ring group at

E54

www.painphysicianjournal.com



New Mouse Model of Chronic Post-Ischemic Pain Using Tie Method

Fig. 4. Degree of left hind paw edema by group at 1 hour and 1 day after reperfusion. A. Sham group 1 hour after reperfustion. B.
Ring group 1 hour after reperfusion. C. Tie group 1 hour after reperfusion. D. Sham group 24 hours after reperfusion. E. Ring
group 24 hours after reperfusion. F. Tie group 24 hours afer reperfusion.
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Fig. 5. Thickness and circumference of left hind paw over time.

Measurements of (a) thickness and (b) circumference of left hind paw over time in each group. Data are presented as mean
SE. (a) Ring group compared with Sham group **P < 0.01, ***P < 0.001. Tie group compared with Sham group 7P < 0.01,
7777P < 0.0001. Tte group compared with ring group 1P < 0.05, 117#P < 0.0001. (b) Ring group compared with Sham group
**P < 0.01, Tie group compared with Sham group 1777#P < 0.0001. Tie group compared with Ring group #17#P < 0.0001.
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Fig. 6. Ipsilateral left paw withdrawal
threshold over time in each group.
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group. Data are presented as mean £ SE.
Time: time after reperfusion. Ring group
compared with Sham group **P < 0.01.
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<0.01, #7+P <0.001, ##77P < 0.0001.
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Fig. 7. Contralateral right paw
withdrawal threshold over time
for each group.

Data are presented as mean

+ SE. Contra Sham: paw
withdrawal threshold for the
right hind paw in Sham group;
Contra Ring: paw withdrawal
threshold for the right hind paw
in Ring group; Contra Tie: paw
withdrawal threshold for the
right hind paw in Tie group. Tie
group compared with Sham group
*P <0.05, **P <0.01.
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Fig. 8. Number of mice
exhibiting allodynia (paw
withdrawal threshold < 0.6)

over time for each group

all time points until 12 weeks after reperfusion, when
the research was terminated (Fig. 8).

Histology

The ring and tie groups exhibited significantly high
intensity of TNF-a. as compared with the sham group.
There was no significant difference in TNF-a intensity
between the ring and tie groups (Fig. 9).

Discussion

This study was conducted to design a new method
for production of a CPIP mice model with higher levels
of expression and longer duration of allodynia, which

can be used in CRPS-I experiments, which is easier than
existing methods.

The CPIP model has been used in numerous stud-
ies as an animal model for CRPS-I because mechanical
allodynia and hyperalgesia following hyperemia and
edema after reperfusion resemble the symptoms of
CRPS-I in humans (5-7). We initially conducted an ex-
periment in which medications were injected into a
CPIP model with O-ring to reduce the pain caused by
CRPS-l, in preparation for another experiment. Because
the rate of successful production of the CPIP model is
approximately 50% using O-rings in our laboratory,
over twice as many animals were required for drug

E56

www.painphysicianjournal.com



New Mouse Model of Chronic Post-Ischemic Pain Using Tie Method

s

- - B
R "

L]
i

=
I

Intensity of immunoflucrescence

Sham

D TNF=x

Ring Tie

Fig. 9. Immunofluorescence intensity.

Expressions of tumor necrosis factor alpha( TNF-0,) at 14days post-reperfusion in each experimental groups. . Panel obtained
of dorsal horn(from lamina I and I1) in spinal cord. (A) Sham group, (B) Ring group, (C) Tie group. (D) The Ring and
Tie groups exhibited significantly high intensity of TNF-a., compared with the Sham group (**: P < 0.01, *: P < 0.05 vs sham
group ). There was no significant difference of TINF-o intensity between the Ring and Tie groups.

administration, and the overall research period became
longer due to repeated model production. Moreover,
because allodynia lasts approximately 1 month (2), it
was difficult to observe the effect of long-term drug
administration. Therefore we devised a method to pro-
duce a better model that could induce allodynia at a
higher rate than the existing methods that use O-rings.
An important factor during this process was to deter-
mine the tie force that would cause sufficient ischemia
when the hind limb was tied, as well as to determine
the appropriate number of times to tie the hind limb
and the ischemia duration.

It is difficult to accurately measure the pressure
applied to an animal limb in a CPIP model using an
O-ring. In general, sufficient pressure must be applied
to the blood vessels within a limb using a tourniquet
to block arterial inflow but not so much as to dam-
age the surrounding structures. Although pressures of
200-250 mmHg and 250-350 mmHg are applied to the
upper and lower limbs in humans, respectively, using
a tourniquet, how these values were determined has
not been explained (8). Some surgeons believe that
the pressure must be at least 70 mmHg greater than

the systolic pressure (9) or above 100-150 mmHg to cre-
ate a bloodless field (10). However, a modification of
Bruner’s 10 rules proposed in 1951 has been used as a
guideline for determining the correct inflation pressure
(11,12). O-rings of size 7/32 ID (ISO sizing number 009)
are usually used in CPIP model production in rats. It is
impossible to know how much pressure these O-rings
provide, and it appears that they have been empirically
used. In this study, a CPIP model was produced using
an O-ring with a 5/64-inch internal diameter (I1SO sizing
number 004) to fit the mice, but we could not measure
the pressure applied to the mouse limb or determine
whether the model effectively blocked blood flow to
induce ischemia.

A push-pull gauge was used to tie a rubber band
around the hind limb, once from the front with a force
of 300 g and once again from the back with equal force.
In our pilot study with 23 mice performed prior to this
experiment, a tying force of > 500 g, repeated tying > 3
times, or maintaining ischemia for > 5 hours often led
to necrosis in the hind paw. In the present study, which
was conducted after a series of pilot studies, necrosis
of the hind paw was not observed in a single mouse.
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Because the push-pull gauge can be easily adjusted, the
tie point can be moved in the direction of the thigh
with sufficient muscle to prevent necrosis of the bones
(13).

We performed reperfusion 3 hours after inducing
ischemia, as in the method of rat CPIP production used
by Coderre et al (2). However, the duration of ischemia
that is safe and does not cause necrosis is unclear be-
cause the tolerance of each tissue to ischemia varies
among individuals. No clinical evidence of irreversible
damages has been reported in human muscle until after
2 hours of ischemic time (14), moreover, no meaningful
histological changes could be observed until after 3
hours of ischemic time in monkeys (15,16). In a prior
study, blood flow into the gracilis muscle of dogs was
blocked for 3, 4, or 5 hours, and reperfusion was then
induced for 48 hours; the rates of postischemic necrosis
were evaluated: 2%, 30.5%, and 90.1%, respectively
(17). Another study reported muscle necrosis after 4
hours of nutrient supply blocking in blood vessels (18).
Therefore for the present study an ischemic time of 3
hours seemed appropriate. In cases of necrosis that oc-
curred after 3 hours of ischemic time in the pilot study,
it appears that the blood vessels were tied with an ex-
cessive amount of force, causing direct injury to tissues
and subsequent necrosis.

CRPS-I usually occurs after fracture, sprain, contu-
sion, crush injury, arthroscopic surgery, tight casting, or
edematous soft tissue injury (19-21). A common char-
acteristic of these injuries is that they induce an early
inflammatory response and microvascular and ischemic
changes in tissues. Although the exact pathophysiology
of CRPS-I is unknown, a possible mechanism is post-
traumatic inflammation (22,23). Trauma gives rise to
complex immune responses, induces the secretion of
inflammatory cytokines, sensitizes the peripheral noci-
ceptors to cause pain and hyperalgesia, and promotes
neuropeptide secretion (24,25). An inflammatory re-
sponse induces microvascular permeability and plasma
extravasation, and induces high arterial blood flow and
peripheral venous pressure resulting in arteriovenous
shunting, which contributes to the onset of ischemic
contractures and compartment syndrome (26-29). In
addition to inflammatory responses that continue after
the initial injury, microcirculatory abnormalities that oc-
cur after ischemia-reperfusion could play an important
role in the pathogenesis of CRPS-1 (2,19,20). Microcircu-
latory changes such as thrombosis, capillary endothelial
cell swelling, and leukocyte plugging occur between
2 and 4 hours after reperfusion and increase vascular

permeability to plasma proteins, leading to interstitial
edema (30,31). This edema can spread to muscles, joint
capsules, and other anatomic structures as in compart-
ment syndrome and eventually results in severe tissue
edema. This series of events continuously induces tissue
ischemia, sensitizes and activates afferent nocicep-
tors in tissues, and causes central sensitization, which
induces mechanical allodynia, hyperalgesia, and cold
allodynia (32). In our experiment, the tie group showed
more severe and longer lasting edema of the left hind
limb than the ring group. Thus it appears that con-
tinuous inflammation and ischemic conditions induced
central and peripheral sensitization in the tie group. As
a result, the tie group had a higher incidence of me-
chanical allodynia than the ring group, with a duration
of allodynia that extended to over 4 weeks. Based on
these results, we found that the rate of successful CPIP
animal model production and the duration of allodynia
may increase as the severity of edema increases even
if in humans edema is not always present and may be
brief or alternatively.

Coderre et al (2) reported that mechanical al-
lodynia occurs as early as 8 hours after reperfusion,
reaches peak severity at 4 days, and is maintained for
at least 4 weeks in 70% of rats in a CPIP model using O-
rings. In our experiment, however, mice began to have
meaningful allodynia at 4 days after reperfusion in the
ring group when a CPIP model using existing O-rings
was used; moreover, allodynia was maintained at peak
severity from 1 to 2 weeks after reperfusion, and the
severity gradually decreased. At 4 weeks after reperfu-
sion, only 2 of 8 (25%) mice showed allodynia, with
later onset and shorter duration than in rats. The tie
group had a more delayed onset of allodynia than the
ring group. The tie group showed a reduced response
to von Frey filaments compared with the sham and ring
groups. The reason for this could be because the tie
group showed severe edema until 6 days after reperfu-
sion, therefore tactile sensation decreased during this
period. Mechanical allodynia gradually increased as the
edema reduced in the tie group. Similar observations
have been made in numerous pilot studies. In the tie
group, 7 of 8 (87.5%) mice showed mechanical allodyn-
ia starting at 13 days after reperfusion. Mechanical al-
lodynia was maintained until 4 weeks after reperfusion,
and over 50% of the mice showed mechanical allodynia
until 6 weeks. At 12 weeks, which is when the research
terminated, one mouse had a von Frey threshold below
0.2. In a pilot study performed before this experiment,
the duration of allodynia was 0.03 in terms of the von
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Frey response in the tie group, and allodynia was main-
tained in 2 of 9 mice for 72 days. The average duration
of allodynia was 30 days longer in the tie group than in
the ring group.

Symptoms spread to the contralateral side in about
16% of all patients with CRPS-I (19,33), and there have
been reports of symptom contraction in contralateral
unlesioned structures following peripheral nerve dam-
age in animal experiments (34). The contralateral
effects are usually mild and brief. In our experiment, al-
lodynia sporadically occurred in the contralateral hind
paw at 22 and 50 days and was more significant in the
tie group than the sham group. Whether this phenom-
enon was incidental or had a biological purpose is un-
clear. However, the central mechanism, in which signal-
ing through the commissural interneuron system of the
spinal cord and brain stem that allow both sides of the
body to be connected, is currently the best explanation.
It appears that whether or not contralateral effects
occur depends on the severity of central sensitization
after a muscle or tissue injury (35), and the contralateral
effects observed in our experiment seem to indicate a
higher severity of central sensitization in the tie group
than in the ring group.

TNF-a is generally considered a proinflammatory
cytokine and is related to the pathology of CRPS (36-
39). Huygen et al (37) found that TNF-a levels were
significantly increased in the affected arm of patients
versus the unaffected arm. In the rat sciatic nerve that
underwent ischemia/reperfusion injury, expression lev-
els of TNF-o increased at 6 to 12 hours postreperfusion
and had remained 2-fold higher at 7 days postreper-
fusion, as compared with baseline levels (38). We also
confirmed that expressions of TNF-a in the ring and
tie groups were significantly increased than in the
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