© 00 =1 O U b W N R

W W W W W W W N DN DNDNDDNDDNDDNDDNDDNDDNRFE = =2 2 = = =
A O A~ W N H O © 000t s WN RO © N0 0t W= O

Title: Immobilization-induced hypersensitivity associated with spinal cord

sensitization during cast immobilization and after cast removal in rats

Authors:
Yohei Hamaue!2, Jiro Nakano3, Yuki Sekino!, Sayaka Chuganji3, Jyunya Sakamoto4,

Toshiro Yoshimural, Tomoki Origuchi?, and Minoru Okital

Affiliated organizations:

1Department of Locomotive Rehabilitation Science, Unit of Rehabilitation Sciences,
Nagasaki University Graduate School of Biomedical Sciences

Address: 1-7-1 Sakamoto, Nagasaki-shi 852-8520, Japan.

Telephone and Fax: +81-95-819-7965

2Department of Rehabilitation, Juzenkai Hospital, Nagasaki
Address: 7-18 Kago-machi, Nagasaki-shi 850-0905, Japan
Telephone: +81-95-824-4315

3Unit of Physical Therapy and Occupational Therapy Sciences, Nagasaki University
Graduate School of Biochemical Sciences

Address: 1-7-1 Sakamoto, Nagasaki-shi 852-8520, Japan.

Telephone: +81-95-819-7919

4Department of Rehabilitation, Nagasaki University Hospital
Address: 1-7-1 Sakamoto, Nagasaki-shi 852-8501, Japan.
Telephone: +81-95-819-7258

Running title:

Immobilization-induced hypersensitivity associated with spinal sensitization



© 00 3 O U B~ W N =

I S T e T e T v T = S = S S G
© 0 I & O = W DD == O

Abstract

This study examined mechanical and thermal hypersensitivity in the rat hind paw
during cast immobilization of the hind limbs for 4 or 8 weeks and following cast removal.
Blood flow, skin temperature, and volume of the rat hind paw were assessed in order to
determine peripheral circulation of the hind limbs. Sensitization was analyzed by
measuring the expression of calcitonin gene-related peptide (CGRP) in the spinal dorsal
horn following cast immobilization. Two weeks post immobilization, mechanical and
thermal sensitivities increased significantly in all rats; however, peripheral circulation
was not affected by immobilization. Cast immobilization for 8 weeks induced more
serious hypersensitivity compared to cast immobilization for 4 weeks. Moreover, CGRP
expression in the deeper lamina layer of the spinal dorsal horn increased in the rats
immobilized for 8 weeks but not in those immobilized for 4 weeks. These findings
suggest that immobilization-induced hypersensitivity develops during the
immobilization period without affecting peripheral circulation. Our results also
highlight the possibility that prolonged immobilization induces central sensitization in

the spinal cord.
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Introduction

It is well known that joint immobilization of cats aids the recuperation of biological
and mechanical properties following injury; however, cast immobilization can also
result in joint contracture and muscle atrophy [1]. In addition, recently it has been
suggested that cast immobilization may cause thermal and mechanical hypersensitivity.
For example, Terkelsen et al. conducted an experiment on human subjects who had
their forearms immobilized in a cast for 4 weeks; they subsequently observed transient
movement-provoked pain and increased skin temperature, along with mechanical and
cold hypersensitivity in the distal parts of the immobilized extremity [2]. The
mechanism governing this phenomenon is likely to be central neuronal changes, as
suggested by several previous observations. Indeed, Ushida and Willis [3] reported that
immobilization of the rat forearm for 4 weeks induces an increase in the number of
wide-dynamic-range neurons and neurons responding to movement, and they
demonstrated that these changes induce mechanical allodynia. In a recent study, it was
reported that cast immobilization for 5 weeks induces phenotypic changes associated
with alterations in calcitonin gene-related peptide (CGRP)-positive neuron size in the
dorsal root ganglion, as well as increased CGRP expression in the spinal dorsal horn of
rats [4]. These changes are similar to those observed in an inflammatory and
neuropathic model of pain [5, 6]. It has been suggested that CGRP plays a role in the
processing of nociceptive information in primary afferents and the spinal cord, and
furthermore that the release of CGRP into the spinal dorsal horn induces mechanical
hyperalgesia and spinal sensitization via the enhanced release of substance P and other
neuropeptides [7-10].

With regards to the mechanism underlying immobilization-induced hypersensitivity
and spinal sensitization, Ohmichi et al. suggested that cast immobilization induces
ischemia and reperfusion injury in the hind limb, which results in the production of
oxygen free radicals following removal of the cast and subsequent mechanical
hypersensitivity [11]. It is well known that disruption of peripheral circulation can be
induced during or following cast immobilization, which may in turn induce
hypersensitivity [12]; however, in the studies mentioned above, behavioral tests for
sensitivity, as well as evaluation of peripheral circulation, were not performed during
the immobilization period. Thus, it is unclear whether immobilization-induced
hypersensitivity develops during immobilization or after cast removal.

The aims of this study were to investigate changes in sensitivity during the

immobilization period and to estimate the degree of sensitization in primary afferents
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and the spinal cord of rats with immobilized ankle joints.

Materials and Methods

Animals

The Ethics Review Committee for Animal Experimentation of Nagasaki University
approved all experiments. Wistar rats (n = 60, aged 8 weeks) were obtained from Kudo
Laboratories (Tokyo, Japan) and were randomly divided into 3 groups: immobilization
for 4 weeks (Im-4wks, n = 20); immobilization for 8 weeks (Im-8wks, n = 15); and
age-matched controls (n = 25). The rats were housed in plastic cages at an ambient
temperature of 24°C and maintained on a 12-h light/dark cycle. Water and food were
available ad libitum. Rats in the Im-4wks and Im-8wks groups were anesthetized with
diethyl ether. Plaster casts were used to immobilize their right hind limbs, leaving them
with full plantar flexion of the ipsilateral ankle joint. Left ankle joints were not
immobilized (contralateral hind limb). The plaster cast was positioned from above the
knee joint to the distal foot. The cast was wrapped carefully to prevent disruption to

peripheral circulation and edema.

Behavior tests

Behavior tests for mechanical sensitivity were performed on 10 rats from each group
before the immobilization period and once every 3 days following application of the cast.
The tests were performed using a homemade restrainer made of cloth since the Im-4wks
and Im-8wks rats could not walk on their hind limbs due to the ankle joint contracture.
The restrainer allowed the animal to dangle safely and to positions their legs freely
without the burden of their weight [13]. Rats were placed individually in the restrainer
after their casts were removed and allowed to acclimate for 20 min in a quiet room that
was maintained at 24°C. The bilateral skin of the hind paw was probed 10 times with a
von Frey filament (15 g; North Coast Medical, Morgan Hill, California) at intervals of 10
seconds. The lifting or pulling back of a paw was considered the “paw withdrawal
response” (PWR), and this was assessed by a single experimenter. The bilateral
threshold temperature for PWR was measured using a pain thermometer (UDH-104,
Unique Medical Inc., Tokyo, Japan) in order to evaluate thermal hypersensitivity. The
heating probe (diameter: 2 cm) was manually attached to the dorsal surface of the hind
paw and imparted a pressure of 50 g. The temperature of the heating probe, which was
initially set to 42°C, was increased by 0.25°C/s. The test was repeated 5 times on the

same hind paw at 10-min intervals. The cut-off temperature was set at 55°C to avoid
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any tissue damage. At the end of each test day, Im-4wks and Im-8wks rats were
re-immobilized. Following both immobilization periods, the same 10 rats from each
group were released from cast immobilization. These rats were maintained in a normal
breeding condition, and the behavioral tests were performed for a further 4 weeks in

order to assess mechanical sensitivity following cast removal.

FEvaluation of peripheral circulation

To evaluate the peripheral circulation of the immobilized hind paw, blood flow and
temperature of the hind paw were evaluated every week during the immobilization
period, as according to a previous study [14]. In the Im-4wks group, 5 rats that did not
undergo any behavioral testing were used for this evaluation. The rats were
anesthetized with pentobarbital sodium (40 mg/kg), administered intraperitoneally,
and they were subsequently placed in the prone position on a heating pad in order to
maintain a rectal temperature of 37.0 + 1.0°C. The probe of the laser Doppler flowmeter
(ALF21N, ADVANCE Co. Ltd, Tokyo, Japan) was positioned at the center of the right
(ipsilateral) hind paw. The probe was then carefully moved over the hind paw in order
to determine maximal basal skin blood flow. The measurement was taken for 10 min,
and the average mean temperature was calculated. Subsequently, skin temperature
was measured using an infrared thermometer (TN006, OHM Electric Inc., Saitama,
Japan) placed at the center of ipsilateral hind paw; the measurement was repeated 3
times. Paw volume measurement was calculated by wrapping a piece of thread around
the circumference of the hind paw, which enabled us to evaluate the induction of edema.
At the end of the 4-week immobilization period, a small quantity of venous blood (less
than 0.01 ml) was obtained from the hind paw using a needle. Subsequently, blood pH
and lactate blood concentration were measured using a microminiature needle with a
pH meter (CMN-141, Chemical Instruments Co. Ltd., Tokyo, Japan) and a blood lactate
test meter (Lactate Pro2, ARKRAY, Inc, Shiga, Japan), respectively. Measurements for
blood pH and lactate concentration were also taken in the age-matched control rats
(n=5).

Analysis of calcitonin gene-related peptide in the spinal dorsal horn

At the end of the immobilization period (4 and 8 weeks), 5 rats from each group that
did not undergo the behavioral testing or evaluation of peripheral circulation were
anesthetized with sodium pentobarbital (40 mg/kg). The spinal cord (L.4-5) of these rats
were removed following transcardial perfusion with saline and 4% paraformaldehyde
dissolved in 0.1 M phosphate-buffer (PB; pH 7.4). The tissue was soaked for 24 h in 10%
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sucrose dissolved in PB, followed by 24 h in 20% sucrose dissolved in 0.01 M
phosphate-buffered saline (PBS; pH 7.4). Spinal cord frozen sections (10 pm) were cut
with a microtome. To inhibit endogenous peroxidases, the sections were incubated for
30 min at room temperature with 0.3% H202 dissolved in methanol. Next, sections were
blocked for 20 min with 5% bovine albumin dissolved in PBS, followed by incubation
with an anti-CGRP polyclonal antibody (1:500 rabbit; ImmunoStar Inc. Hudson, WI,
USA) overnight at 4°C. Sections underwent three 5-min washes in PBS. Subsequently,
they were incubated with goat anti-rabbit IgG conjugated to Texas Red® (1:600, Vector
Labs, CA, USA) diluted in PBS for 1 h at room temperature. Quantitative evaluation of
CGRP expression in the ipsilateral and contralateral dorsal horn was performed using
an image analysis software (NIS-Element Ver. 3, Nikon Instruments Inc., NY, USA).
The spinal dorsal horn was divided into the superficial layer (lamina I-II) and the
deeper layer (lamina III-VI), according to previously described criteria [15]. The
intensity of CGRP expression reflected the quantity of fluorescence observed in the
superficial (lamina I-II) and deeper (lamina III-VI) layers of the spinal dorsal horn in 5

sections per tissue.

Statistical analysis

All data are presented as the mean + SE. Differences between groups were assessed
utilizing the Mann-Whitney U-test and one-way analysis of variance (ANOVA), followed
by the Fisher’s PLSD post hoc test. P values < 0.05 were considered significant.

Results

Mechanical sensitivity

PWR on the ipsilateral hind paw, as measured by 15-g von Frey filaments, increased
significantly 2 weeks following immobilization in both the Im-4wks and Im-8wks groups
but not in the control group. This PWR increase in the Im-4wks and Im-8wks groups
persisted for the duration of immobilization. However, PWR in the Im-4wks group
gradually decreased following cast removal, such that by 4 weeks post immobilization
there was no significant difference in PWR in the Im-4wks group compared to the
control group. The increased PWR in the Im-8wks group also slowly decreased following
cast removal; however, it maintained a significant difference with the control group 4
weeks after cast removal (Fig. 1A). Indeed, it was not until 14 weeks after cast removal
that the PWR in the Im-8wks group reached control levels (data not shown). The PWR

of the contralateral hind paw in both the Im-4wks and Im-8wks groups was not
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significantly different from that of controls during and after the immobilization period
(Fig. 1B).

Thermal sensitivity

In both the Im-4wks and Im-8wks groups, the threshold temperature of PWR on the
ipsilateral hind paw significantly decreased 2 weeks after immobilization. The decrease
in threshold temperature in the Im-4wks and Im-8wks groups persisted for the duration
of immobilization. Following cast removal, the threshold temperature in the Im-4wks
group recovered within 3 days. The threshold temperature gradually recovered in the
Im-8wks group; however, it still displayed significant differences compared to the
control group more than 3 weeks after cast removal (Fig. 1C). Four weeks after cast
removal, PWR between the control and Im-8wks groups exhibited no statistical
difference. No significant changes were observed in the contralateral paw in the

Im-4wks and Im-8wks groups (Fig. 1D).

Peripheral circulation during immobilization

Blood flow (Fig. 2A), skin temperature (Fig. 2B), and circumference of the hind paw
(Fig. 20) in the ipsilateral hind limb were not affected by immobilization; these values
did not change during immobilization for 4 weeks. At the end of the 4-week
immobilization period, there was no difference in the blood pH (Fig. 3A) or lactate blood
concentration (Fig.3B) in the ipsilateral hind paw of Im-4wks rats and age-matched

controls.

Calcitonin gene-related peptide expression intensity in the spinal dorsal horn

The CGRP immune response in the ipsilateral dorsal horn of Im-4wks and Im-8wks
rats was greater than that of controls. In particular, CGRP-positive neural fibers were
clearly observed in the deep layer of the spinal dorsal horn in the Im-8wks group (Fig.
4A). CGRP expression intensity analyses showed higher values in the superficial layer
(laminae I-II) of the dorsal horn in the Im-4wks and Im-8wks groups compared to the
age-matched control group; the Im-8wks presented the strongest intensity (Fig. 4B). In
the deep layer (laminae III-VI) of the dorsal horn, the intensity value of CGRP
expression in the Im-8wks group was significantly increased compared to the control
and Im-4wks groups (Fig. 4C). Contrastingly, no significant difference in CGRP
expression intensity was observed in the contralateral superficial and deep layer of the
dorsal horn in the Im-4wks and Im-8wks groups compared to the age-matched control
group (Fig. 4D, E).
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Discussion

This study examined changes in mechanical and thermal sensitivities in rats during
and after cast immobilization of the hind limb. The present findings clearly
demonstrate that immobilization produces mechanical and thermal hypersensitivities.
Several previous reports have indicated that immobilization decreases the pain
threshold [11, 13, 16], and we observed similar results, notably an increase in the onset
of mechanical and thermal sensitivities. Ohmichi et al. reported that cast
immobilization induces ischemia/reperfusion injury in the hind limb and that the
resultant production of oxygen free radicals in rats is one of the mechanisms underlying
mechanical hypersensitivity [11]. In their study, the cast was not changed during the
immobilization period, and the ischemia/reperfusion injury occurred following the cast
removal at the end of the 2-week immobilization period. It is known that
ischemia/reperfusion injury induces a decrease in blood pH and an increase in blood
lactate concentration [17], which may in turn trigger hypersensitivity [18, 19].
Contrastingly, in this study, the cast was changed every 3 days in order to prevent
disruption to the peripheral circulation and ischemia/reperfusion injury. As a result,
blood flow, as well as the volume and temperature of the hind paw skin, were not
affected by the 4-week immobilization period. Additionally, exacerbation of the
immobilization-induced hypersensitivity was not observed following cast removal in the
Im-4wks and Im-8wks groups, which might indicate that ischemia/reperfusion injury
did not occur in the hind limbs of these rats. This finding perhaps indicates that
immobilization-induced hypersensitivity was not triggered by disruption to peripheral
circulation in this study; however, it should be noted that the laser Doppler flowmetry
probe was reattached at each time point and is only valid for evaluating relative
changes in perfusion rather than absolute values. Thus, it is possible that undetected
changes in the absolute values for blood flow occurred during the immobilization period.

Ushida and Willis [3] reported that immobilization of the rat forearm for 4 weeks
induced mechanical allodynia and led to plastic changes in dorsal horn neurons, such as
an elevated number of wide-dynamic-range neurons and neurons responding to
movement. Nishigami et al. [4], employing a forearm rat immobilization model for 5
weeks, noted that spinal lamina of the ipsilateral side displayed significantly higher
CGRP expression relative to the contralateral side. These findings from previous
studies indicate that immobilization-induced hypersensitivity may depend upon the

development of spinal sensitization. The current results demonstrate that extended
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immobilization leads to greater elevation of mechanical and thermal sensitivities.
Furthermore, we observed that immobilization-induced hypersensitivity was long
lasting following cast removal in rats immobilized for 8 weeks (Im-8wks), whereas these
conditions were transient in rats immobilized for 4 weeks (Im-4wks). It has previously
been demonstrated that CGRP release into the superficial layer (laminae I-II) of the
spinal dorsal horn induces hypersensitivity via the increased release of substance P and
other neuropeptides [7], and this mechanism has been implicated in central
sensitization induced by acute inflammation [8, 9, 20]. In this study, CGRP expression
intensity was significantly increased in the superficial layer (laminae I-II) of the dorsal
horn in the Im-8wks group compared to the Im-4wks group. The Im-8wks group also
exhibited significantly increased CGRP expression in the deep layer (laminae III-VI) of
the spinal dorsal horn compared to the Im-4wks group. Wide dynamic range (WDR)
neurons were distributed in the deep layers. Electrophysiological studies have shown
that WDR neurons respond to noxious as well as innocuous stimuli [3], and a rat model
of allodynia has demonstrated a significant decrease in the proportion of low-threshold
neurons and an increase in the proportion of WDR neurons [21]. Moreover,
electrophysiological recordings from WDR neurons in the spinal dorsal horn of
hyperalgesic rats has revealed significantly increased spontaneous activity and noxious
mechanical stimuli [22]. Additionally, it has been reported that CGRP increases the
discharge frequency of WDR neurons in the dorsal horn, which is blocked by the CGRP
receptor antagonist, CGRP8-37 [23, 24]. Increased CGRP expression in the spinal deep
layers, as observed in the Im-8wks group, could modulate nociception through WDR
neuronal activation. These findings suggest that the degree of central sensitization was
more severe in the Im-8wks group compared to Im-4wks group, which leads us to
speculate that the differences between the 2 groups in terms of recovery after cast
removal might be explained by the initial degree of central sensitization. However, the
CGRP result does not explain why the recovery period was different for mechanical and
thermal hypersensitivity. The thermal hypersensitivity induced by 4 weeks
immobilization was recovered to control level within 1 week in the Im-4wks group,
while it took 4 weeks to meet control levels in the Im-8wks group. In contrast, the
recovery period from mechanical hypersensitivity was substantially longer, such that it
took 4 weeks for the Im-4wks group and 14 weeks for the Im-8wks group to reach
control levels. A longer recovery period for mechanical hypersensitivity compared to
thermal hypersensitivity was also observed 1In a previous study on
inflammation-induced hypersensitivity [25]; however, the reason was not indicated.

This study did not determine the underlying trigger for immobilization-induced
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hypersensitivity and central sensitization, though it is our estimation that peripheral
tissue changes influenced the mechanical and thermal sensitivity. CGRP is expressed
by C- and AG-fiber primary afferents, the majority of which express the ATP receptor
(P2X family) channel and the transient receptor potential channels (TRP family) [26].
Especially, P2X3 and TRPV1 are important receptors for mechanical and thermal
nociception, respectively [27], and it is known that release of CGRP is related to the
expression and function of these receptors [28, 29]. Thus, in the Im-4wks and Im-8wks
groups, it is possible that receptors for mechanical and thermal nociception of primary
afferents were activated at nerve endings in the skin and other peripheral tissues.
Additionally, we have previously demonstrated that epidermal thinning and an
increase in peripheral nerve profiles occurs in the skin tissue of immobilized rats [13].
The up-regulation of neurocutaneous inflammatory signaling has been reported in a rat
model of tibial fracture; after the fracture and cast immobilization, keratinocytes of the
hind paw skin expressed increased NK1 receptors, tumor necrosis factor-a, interleukin
1B, and NGF [30]. This cutaneous change might be partly responsible for
immobilization-induced hypersensitivity. On the other hand, it is widely known that
acute or chronic stress under severe conditions, such as restraint stress, which can also
be caused by immobilization, triggers mechanical hypersensitivity via changes in neural
systems [31, 32]. This stress-induced hypersensitivity develops bilaterally in limbs via
changes in multiple neural systems in the brain [33]; however, cast immobilization in
the present study induced mechanical hypersensitivity of the hind paw in the ipsilateral
paw but not in the contralateral paw. Since the immobilization-induced hypersensitivity
was unilateral in the immobilization group, this change could not be attributed to
changes in neural systems caused by restraint stress.

In summary, cast immobilization causes mechanical and thermal hypersensitivity
associated with central sensitization in the spinal cord and without disruption to
peripheral circulation during the immobilization period. Interestingly, it has been
reported that nearly half of patients with complex regional pain syndrome (CRPS) are
initially immobilized with casting or splinting, which in turn might contribute to the
development of CRPS [34]. A phenomenon similar to immobilization-induced
hypersensitivity may influence the induction of pain in patients. The current results

should be considered exploratory and used to guide future research.
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Figure legends

Fig. 1. Time course of changes in mechanical and thermal sensitivities in the hind paw.

A and B: mechanical sensitivity. The skin of the ipsilateral (A) and contralateral (B)

hind paw was probed 10 times with a von Frey filament (15 g) and the number of

positive PWR was counted. C and D: thermal sensitivity. The threshold temperatures of

PWR in the ipsilateral (C) and contralateral (D) hind paw were recorded. Behavioral

tests were extended for 4 weeks after cast removal. Mechanical and thermal
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hypersensitivity was observed during cast immobilization. Values are given as the mean

+ SE. *P < 0.05, significantly different compared to the control group.

Fig. 2. Blood flow, skin temperature, and volume of rat hind paw in the Im-4wks group.
No changes were observed in blood flow (A), skin temperature (B), and volume of hind

paw (C) during the immobilization period (4 weeks). Values are given as mean + SE.

Fig. 3. Blood pH and lactate concentration of peripheral blood in the hind paw at end of
immobilization period (4 weeks). Blood pH (A) and lactate concentration (B) in the
Im-4wks group was not different compared to age-matched control group. Values are

given as mean + SE.

Fig. 4. Intensity of calcitonin gene-related peptide (CGRP) expression in the ipsilateral
dorsal horn of the spinal cord. Representative photomicrographs of CGRP
immunohistochemistry in the ipsilateral dorsal horn from the Im-4wks, Im-8wks, and
the control groups (age-matched with the Im-4wks group) are shown (A). The
CGRP-positive neural fibers were clearly observed in the deep layer of the dorsal horn
only in the Im-8wks group (arrowhead). Percentage control of fluorescence intensity of
CGRP expression in the superficial layer (laminae I-II) (B, D) and deep layers (laminae
III-VI) were calculated (C, E) in the ipsilateral and contralateral dorsal horn. *P < 0.05,
significantly different compared to the age-matched control group. # P < 0.05,
significantly different compared to the Im-4wks group. Scale bar = 100 pm.
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