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Abstract

Introduction  Chronic pain has an impact on psychologi-
cal and social factors. It is known that stress influences
physiological and behavioral changes and affects several
neurotransmitter and hormonal systems. It is also known
that corticosterone is increased by stress. The role of
chronic stress in sciatica in lumbar disc herniation (LDH)
in rats has not been investigated. The aim of this study was
to investigate the effect of the restraint stress (RS) on pain-
related behavior induced by application of nucleus pulpo-
sus (NP) in rats.

Materials and methods Adult female Sprague—Dawley
rats were divided into six experimental groups (naive
group; naive + RS; sham group; sham + RS; autologous
nucleus pulposus [NP] applied on the left L5 nerve root
[NP group]; and NP + RS group). Von Frey tests were
used to test pain-related behavior. Concentrations of
plasma corticosterone were measured to assess changes in
levels of endogenous corticosterone caused by RS.
Expression of ATF-3 in the left L5 DRG was examined by
immunohistochemical analyses in each group.

Results Mechanical withdrawal thresholds of the NP and
NP + RS groups were significantly decreased after surgery
compared with the naive group. Although the thresholds in
the NP group recovered after 28 days, the thresholds in the
NP + RS group were significantly decreased during the
42 days after surgery. RS increased the concentration of
plasma corticosterone at 21 and 42 days after surgery. In
the NP and the NP + RS groups, the expression of ATF-3
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was significantly increased at 7 days after surgery. The
expression of ATF-3 was sustained for 21 days by RS.
Conclusion Concentrations of plasma corticosterone
were increased in three groups that underwent RS. The
pain-related behavior persisted for the long term in the
LDH model. The expression of ATF-3 in DRG neurons
increased for 21 days by RS. These results suggest that RS
plays a role in the chronicity of pain-related behavior in the
LDH rats.
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Introduction

Lumbar disc herniation (LDH) is a major cause of sciatica.
The herniated disc induces sciatica by both mechanical and
chemical means [17, 18, 25, 32-34]. Mechanical factors
include compression of the nerve root and dorsal root
ganglion (DRG) by the herniated disc [44, 45, 49].
Chemical irritation is caused by inflammatory mediators
such as nucleus pulposus (NP) [27, 36, 37, 39, 40, 42],
interleukin-1f, interleukin-6, 5-hydroxytryptamine, and
tumor necrosis factor-alpha induced by herniated NP [2,
14, 16, 23, 34, 38]. Pain after injury to the nervous system
(neuropathic pain) is a major chronic condition that
remains difficult to treat. Chronic pain affects both psy-
chological and social factors [13, 31]. The pain threshold
decreases as a result of stress [47]. Thus, pain stemming
from illness can be mitigated by reducing psychological
stress [12]. In addition, the concentration of glucocorti-
coids in the blood increases in patients with chronic pain
[24, 28]. Because psychosocial stress is often endured with
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these conditions, and clinical observations suggest that
stress increases susceptibility to developing pain and
exacerbates existing pain, it is important to understand how
stress affects the development and severity of neuropathic
pain [6, 11, 31, 41, 46]. Clinical studies of the role of stress
in the pathogenesis of chronic pain syndromes have
implicated the hypothalamo-pituitary-adrenal axis [4, 29].
When an organism is exposed to stress, information about
the stressful situation will reach an array of brain regions,
including parts of the limbic system and areas involved in
sensory processing. The output from these areas funnels
through the nucleus paraventricularis of the hypothalamus,
where it can give rise to activation of two hormone sys-
tems, that is, the rapid sympatho-adrenomedullar system
and the slow-acting hypothalamo-pituitary-adrenal system.
Activation of these systems leads to increased levels
of adrenaline and corticosterone, respectively. Thus,
increased plasma concentrations of corticosterone are a
reflection of stress [15].

Although chronic stress might be regarded as an
important factor of chronicity of pain in LDH, the influence
of chronic stress in pain is unclear. The aim of this study
was to investigate the effect of the restraint stress (RS) on
pain-related behavior induced by the application of NP in
rats. We also examined the release of endogenous corti-
costerone in plasma and the expression of activating tran-
scription factor-3 (ATF-3) in DRG in a rat model of LDH.

Materials and methods

The experiment was carried out under the control of the
Animal Care and Use Committee in accordance with the
Guidelines for Animal Experiments of our institution and
the Japanese Government Law Concerning the Protection
and Control of Animals.

Animals and surgical procedure

A total of 210 adult female Sprague-Dawley rats (Japan
SLC, Shizuoka, Japan) weighing 190-230 g were used.
Animals were housed in plastic cages with free access to
food and water. Rats were maintained under conditions of
constant  temperature (24 & 2°C) and  humidity
(55 £ 15%) with a 12 h light—dark cycle (lights on at 7 h)
for 7-8 days before starting the experiment.

Animals were anesthetized by intraperitoneal injection
of 30 mg/kg sodium pentobarbital (Nembutal 50 mg/m;
Abbott Laboratories, North Chicago, IL). Rats were placed
in a prone position and an incision was made at the spinal
midline at level L4-L6. Using a surgical microscope, the
thoracolumbar fascia was incised along the left side of
the supraspinous ligament for approximately 20 mm. The

@ Springer

paraspinalis muscles were gently moved laterally to expose
the left L5-L6 facet joint. The L5 nerve root, DRG, and
spinal nerve were exposed by L5/6 partial laminectomy
with great care taken to avoid trauma to tissue. In the NP
group, autologous NP was harvested from the dorsal part of
the tail. The harvested NP was 3 pL, and the mean weight
of NP was 2.2 + 0.3 mg (n = 5). NP was applied to the
DRG and nerve root. Animals in the sham group underwent
the same surgical procedure except for harvesting NP and
application of autologous NP to the DRG.

The paraspinalis muscles of all rats were sutured and the
skin was closed with metal clips. In the naive group, rats
did not undergo surgery.

The surgical wound and physical condition of each
animal was checked every day during the postoperative
period. Postoperative analgesics were not used due to
concerns about affecting the results.

Experimental groups

Rats were divided into six groups: NP group, NP + RS
group, sham group, sham + RS group, naive group, and
naive 4+ RS group. RS commenced on the first day of the
experiment. Rats receiving RS were placed individually into
a wire mesh restrainer [26] (10 cm internal diameter, 20 cm
length) for 6 h (08:00-14:00) daily from 1 day to 42 days
after surgery. During RS, rats had the minimum amount of
space in their restrainers to allow them to alter their posture.
Rats that did not receive RS remained in the home cage.

Behavioral testing

Behavioral tests were performed in all groups (n = 11 in
each group) during the day portion of the circadian cycle
(16:00-18:00). All behavioral tests were performed by a
technician who was unaware of the experimental group-
ings. Sensitivity to non-noxious mechanical stimuli was
tested by the von Frey test. Baseline testing was performed
2 days before starting the experiment to accommodate
animals with normal responses.

The hind paw withdrawal response to von Frey hair
(North Coast Medical, Inc., Morgan Hill, CA) stimulation
of the plantar surface of the footpads was determined at 1,
7,14, 21, 28, 35, and 42 days after starting the experiment.
The rats were placed individually into an acrylic cage with
a mesh floor and allowed to acclimate for 15 min, until
cage exploration and major grooming activities ceased.
The lateral-plantar surface of the left hind paw, innervated
by the L5 nerve [43], was stimulated with nine von Frey
filaments (1.0, 1.4, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, and 26.0 g)
threaded under the mesh floor. The grams for von Frey
hairs were based on the manufacturer’s ratings. Stimulation
was initiated with the 1.0-g filament. The filament was
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sequentially applied to the paw surface just until the
filament bent, and was held for approximately 3 s. The
response was considered positive if the hind limb indicated
a lifting foot coupled with either licking or shaking of the
foot as an escape response.

Determination of plasma corticosterone concentrations

Radioimmunoassay (RIA) measurements of plasma were
performed in all groups at 21 and 42 days after surgery
(n = 9 in each group). Because concentrations of plasma
corticosterone have a circadian rhythm [9], blood samples
were collected at 14:00-15:00 to avoid the influence of the
circadian rhythm. Rats were anesthetized using 99% die-
thyl ether (Wako Pure Chemical Industries, Osaka, Japan).
Before rats were killed by decapitation, blood samples
(4.0 mL) were collected by heart puncture through a
polyethylene tube (coated with heparin) and mixed with
1/10 volume of 1.5% disodium dihydrogen ethylenedia-
mine tetracetate dehydrate (EDTA-2Na). To obtain plate-
let-poor plasma (PPP), samples were centrifuged at
3,000g for 10 min at room temperature. The supernatants
(1,500 pL) were stored at —20°C until assayed. Cortico-
sterone in PPP was measured by RIA. The lower detection
limit of the method was 0.1 ng/mL.

Immunohistochemistry

Immunohistologic examinations were performed in all
groups at 7, 14, 21, 28, and 42 days after starting the
experiment (n = 5 at each time point for each group). Rats
were anesthetized using 99% diethyl ether (Wako Pure
Chemical Industries), and perfused with fresh 4% para-
formaldehyde in 0.1% M phosphate-buffered saline (PBS),
and the L5 DRG were removed. They were postfixed
briefly in 4% paraformaldehyde and subsequently embed-
ded in paraffin. Sections (6 pm) of DRGs were cut from
each sample and placed on slides. Sections were depa-
raffinized with xylem and rehydrated with 100% ethanol.
Nonspecific binding sites were blocked with 2% normal
goat serum in PBS/Triton X-100 applied for 1 h at room
temperature. Rabbit antibody to ATF-3 (1:100; Santa Cruz
Biotechnology Inc., Santa Cruz, CA) was applied for 2 h at
room temperature. Sections were rinsed in PBS and incu-
bated for 1 h at room temperature with goat anti-rabbit
Alexa 488 (green) fluorescent antibody (1:200; Molecular
Probes Inc., Eugene, OR). After rinsing, sections were
mounted on microscope slides with VECTASHIELD®
Mounting Medium with DAPI (H-1200, Vector, Burlin-
game, CA). DAPI (4',6-diamidino-2-phenilindole) stains
nuclei specifically, with little or no cytoplasmic labeling.
Its blue fluorescence stands out in vivid contrast to green or
red fluorescent probes of other structures. Fluorescent

staining was analyzed using an Olympus Optical BX50
microscope equipped with imaging software (Axio Vision,
Carl Zeiss, Gottingen, Germany). Two slices of each
DRG were used to determine the numbers of ATF-3-
immunoreactive (IR) neurons. The numbers of ATF-3- and
DAPI-positive neurons were counted in each section. The
percentage of ATF-3-positive cells in DAPI-positive
neurons was calculated.

Statistical analysis

All data were reported as mean + SD. Data of behavioral
tests, comparisons of the plasma corticosterone levels, and
immunohistologic examinations were analyzed using the
Bonferroni test. P values less than 0.05 were considered
significant.

Results
Behavioral tests

Rats in all groups showed stable conditions at baseline in
response to mechanical stimulation. In the NP group, the
mechanical withdrawal thresholds were significantly
decreased for 21 days after surgery compared with the
naive group (p < 0.01) (Fig. 1). In the NP 4 RS group, the
mechanical withdrawal thresholds were significantly
decreased for 42 days after surgery compared with the
naive group (p < 0.01). There was a significant difference
in withdrawal thresholds from day 28 to day 42 between
the NP and NP 4 RS groups (p < 0.01). There were no
significant differences of the thresholds among all groups
except for the NP and NP + RS groups at 42 days.

—O—naive —¢—Sham+RS —@—naive+RS —O-NP —0—Sham -8 NP+RS
354
*p <0.01 vs naive

30

25 1

mechanical thresholds (g)

restraint stress ]

Baseline 1 7 14 21 28 35 42

post-operative day (days)

Fig. 1 Changes in mechanical withdrawal threshold of the footpad in
rats. In the NP group, the mechanical withdrawal threshold was
significantly decreased for 21 days after surgery compared with the
naive group (p < 0.01). Significant differences between the NP + RS
and naive groups can be observed for 42 days after surgery
(p < 0.01). *p < 0.01 compared with the naive group
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RIA analysis of plasma corticosterone

On day 21, concentrations of plasma corticosterone in the
naive + RS, the sham + RS, the NP, and the NP + RS
groups were significantly increased compared with the
naive and sham groups (p < 0.05). There were no signifi-
cant differences between the naive and sham groups
(Fig. 2). Additionally, there were no significant differences
between the NP and NP + RS groups. At 42 days after the
start of the experiment, concentrations of plasma cortico-
sterone in the three groups that underwent RS were sig-
nificantly increased compared with the three groups that
did not undergo RS (p < 0.05). Plasma corticosterone
concentrations of the sham group and the NP group did not
differ significantly from the naive group.

Immunohistochemical analysis of ATF-3

At 7 days after surgery, ATF-3-IR DRG neurons were
observed in the NP and NP + RS groups. In contrast, there
were few ATF-3-positive cells in the other four groups
(Fig. 3). At 21 days after surgery, ATF-3-IR neurons were
observed in the NP 4+ RS group, but not in the NP group
(Fig. 3). The ratio of ATF-3-IR neurons in the NP group
was significantly increased compared with the sham and
sham 4+ RS groups at 7 days after surgery (p < 0.01).
There were no differences of the ratio of ATF-3-IR cells
among the NP, sham, and sham + RS groups from day 14
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Fig. 2 Plasma corticosterone concentrations. At 21 and 42 days after
surgery, concentrations of plasma corticosterone in the three groups
that underwent restraint stress (RS) were significantly increased
compared with the naive group (p < 0.05). *p < 0.05 compared with
the naive group. At 42 days, concentrations of plasma corticosterone
in the three groups that underwent RS were significantly increased
compared with the three groups that did not undergo RS (p < 0.05)
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to day 42 (Fig. 4). In the NP 4+ RS group, the ratio of
ATF-3-IR neurons was significantly increased compared
with the sham and sham + RS groups for 21 days after
surgery (p < 0.01).

Discussion

Rats subjected to RS alone showed no decrease in pain
threshold, whereas NP rats subjected to RS showed a
decrease in pain threshold that persisted for a long period.
Plasma corticosterone concentrations increased in all
groups that underwent RS. Plasma corticosterone concen-
trations also increased as a result of NP application, but this
increase was temporary. In contrast, the increase in plasma
corticosterone concentrations persisted for a long period
with continual RS.

Corticosterone molecules reach all tissues, including the
brain, readily penetrate the cell membrane, and interact
with ubiquitous cytoplasmic/nuclear glucocorticoid recep-
tors (GRs). Peripheral GRs play a significant role in the
anti-inflammatory effects of corticosterone, which are
mediated mainly through interactions between GRs and
intracellular elements such as activating protein-1 at the
site of tissue inflammation [30]. On the other hand, corti-
costerone could have neurotoxic effects contributing to
neuronal damage [8]. Spinal neuronal GRs contribute to the
development of neuropathic pain behaviors after chronic
constriction injury [48]. It thus appears that rats experi-
enced stress as a result of being restrained. In the present
experiment, increased plasma corticosterone concentra-
tions persisted and the pain threshold decreased during the
same period as a result of RS in rats that received appli-
cation of NP.

Stress-induced activation of the hypothalamo-pituitary-
adrenal and sympathoadrenal axes exacerbates pain by
enhancing the pronociceptive effects of immune mediators
produced in peripheral tissue [19].

Recent studies have shown that corticosterone exacer-
bates neurogenic pain via GRs and NMDA receptors [1].
GRs appear to be intimately involved in the transmission of
pain, as they are distributed extensively across the central
nervous system and are expressed abundantly in the pos-
terior horn of the spinal cord [3, 7]. In addition, GR
expression increases with nerve damage [48, 50]. It is
therefore possible that nerve damage increases the effect on
nerve cells of corticosterone originating from stress.

In this study, expression of ATF-3, a marker of nerve
damage, became prolonged as a result of RS. This finding
suggests the possibility that nerve disorders originating
from nerve damage are prolonged by corticosterone,
although the mechanism of corticosterone involvement in
the nerve disorder is not clear. Administration of high
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Fig. 3 Immunofluorescence
analysis of ATF-3 in the left LS
DRG. Arrows indicate ATF-3—
positive DRG neurons (green).
In the sham group, few ATF-3-
immunoreactive cells were seen
in the L5 DRG (a). In the NP
group, some ATF-3-positive
cells were seen in the L5 DRG
at 7 days after surgery (b). At
21 days after surgery, there
were few ATF-positive cells in
the NP group (c), but some
ATF-3-positive cells were seen
in the NP + RS group (d).
Scale bar 25 pm

Sham (D7)

NP (D21)
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Fig. 4 The ratio of ATF-3-immunoreactive neurons to the total
number of DRG neurons. In the NP 4+ RS group, the ratio of ATF-3-
positive cells was significantly increased during 21 days after surgery
(p < 0.01). Data are mean £ SD (n = 5 for each group). *p < 0.01
compared with the sham group

concentrations of corticosterone during the acute phase of
nerve damage is beneficial because corticosterone has anti-
inflammatory and antiedematous actions on nerves [22];
however, acute phase administration of high concentrations
of corticosterone were not investigated in the present study.
These results imply that continued high plasma cortico-
sterone concentrations play a major role in maintaining
neurogenic pain during the chronic phase.

It has been reported that the pain threshold is reduced by
stress in normal rats [5, 10, 20, 21]. We found no reduction
in the pain threshold as a result of RS in either naive or
sham rats, which had no damage to the nerves. However,

NP (D7)

Y

NP + RS (D21)

reduction in the pain threshold persisted in rats in which
neurogenic pain accompanying nerve damage was pro-
voked by NP application. These results imply that stress
can be a primary factor in pain-related changes becoming
chronic.

The withdrawal threshold lasted longer after ATF-3
expression decreased in the NP with RS group. The nerve
injury might be process for recovering at day 28, this time
lag of ATF-3 expression and the reduction of threshold
might show that a decrease of ATF-3 expression does not
reflect the recovery of nerve function. Further studies are
needed to investigate the effects on pain-associated sub-
stances such as substance P, CGRP, and cytokines, with
and without RS. In addition, pain thresholds were exam-
ined for only 42 days during RS; however, pain-related
changes over a longer period and after stopping RS were
not investigated in the present study. In addition, this study
focused on NP application as a chemical factor. Another
nucleus pulposus application model included disc hernia-
tion without compression did not show allodynia [35]. On
the other hand, the NP model in the present study showed
allodynia [27, 37, 38, 40, 41, 43]. This model applied a
consistent volume of NP and covered the DRG in each
animal. Therefore, the two models are different and the
disc incision model might have less of an influence on the
nerve. I the model of this study, the same volume of NP
was applied to the DRG, and has been done in other studies
[27, 37, 38, 40, 41, 43]. Therefore, we consider our model
to be that which investigates a chemical factor associated
with disc herniation. Future studies should compare whe-
ther the impact of RS is affected by pain-related changes
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induced by mechanical factors alone, chemical factors
alone, or both as well as study the mechanism of cortico-
sterone involvement in pain-related changes resulting from
the application of NP. If the mechanism through which
stress and corticosterone accompanying stress lead to
chronicity were clarified, stress itself and corticosterone
could possibly become targets for chronic pain therapy.

Conclusion

Increased plasma corticosterone concentrations persisted as
a result of RS in naive, sham, and NP animals. In addition,
a reduced pain threshold persisted as a result of RS in rats
that received application of NP. These results suggest that
chronic stress may prolong pain-related behavior.
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