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Abstract
Background & Aims—Chronic psychological stress is associated with visceral hyperalgesia and
increased expression of spinal NK1 receptors (NK1R). We aimed to identify the role of spinal
microglia in this process.

Methods—Male Wistar rats were exposed to water avoidance (WA) or sham stress 1 hour each day
for 10 days and given daily injections of minocycline, the p38 inhibitor SB203580, or saline.
Phosphorylation levels of the kinase p38 (P-p38), the microglia marker OX42, NK1R, and IκBα were
assessed by immunoblotting and/or immunostaining of spinal samples collected at Day 11. The
visceromotor response (VMR) to colorectal distension at baseline and following WA were also
assayed in rats given injections of minocycline, SB203580 or vehicle. The effects of fractalkine were
assessed on the VMR in rats exposed to minocycline or vehicle.

Results—P-p38 protein levels and immunoreactivity were increased in stressed rats and co-
localized with OX42-positive cells and neurons in the dorsal horn. This increase was reversed by
minocycline or SB203580 exposure. Stress-induced increased NK1R expression was blocked by
minocycline but not SB203580. WA-induced decreased IκBα expression was blocked by
minocycline and SB203580. WA-induced hyperalgesia was blocked by minocycline and SB203580
IT. Fractalkine-induced hyperalgesia was blocked by minocycline.

Conclusions—This is the first demonstration that stress-induced activation of spinal microglia has
a key role in visceral hyperalgesia and associated spinal NK1R upregulation.

Introduction
Glia in the central nervous system (CNS) refer to several distinct non-neuronal cell types
including microglia, oligodendrocytes and astrocytes that carry out homeostatic surveillance,
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acting as exquisite sensors of changes in their microenvironment.1 Specifically, microglia play
a key role in the initiation or maintenance of hyperalgesia and allodynia as demonstrated in
animal models of chronic pain associated with peripheral inflammation or nerve injury.2 Upon
stimulation, microglia activity shifts from a “resting” to a “reactive” state, acquiring functional
phenotypes constituted by transcriptional profiles and non-transcriptional changes, leading to
the release of cytokines and chemokines.3 Though, the mechanisms triggering microglia
activation and the downstream pathways leading to amplification of the nociceptive signaling
are only partially understood. Microglia express a multitude of receptors for neurotransmitters
and may be activated by mediators including excitatory amino acids or prostaglandins, some
of which may be released from sensory nerve terminals or post-synaptic neurons in the dorsal
horn of the spinal cord. Substances produced and released from activated microglia include a
range of proinflammatory mediators such as cytokines (IL-1β, IL-6, TNF-α), chemokines, NO,
prostaglandins, all of which can act on afferent nerve terminals and spinal sensory neurons and
increase neuronal excitability.4

Recent reports have demonstrated microglia responsiveness to environmental stressors in the
absence of tissue injury. Microglia activation in different regions of the brain, including the
hippocampus, has been described in response to restraint stress in rats or chronic restraint stress
in mice.5, 6 Stress was also found to induce sensitization of microglia immune reactivity.
Microglia can be “primed” by stress and exhibit phenotypic changes that may lead to
potentiation of the CNS immune response to further peripheral stimulation or immune/
proinflammatory challenge.7 To our knowledge, the stress responsiveness of microglia in the
spinal cord has not been studied yet. This response may have important implication for pain
disorders with enhanced stress sensitivity, such as fibromyalgia, interstitial cystitis, or irritable
bowel syndrome.8-10 Only one study reported a potential role of spinal microglia activation in
visceral pain associated with neonatal colonic irritation in rats.11

In the present study, we were particularly interested in the effect of chronic stress on spinal
microglia activation and whether it contributes to the development of visceral hyperalgesia in
a rat model. To date, the role of microglia in models of functional chronic pain (pain not
associated with injury) and visceral pain amplification has not been investigated. We have
previously shown that repeated WA stress in male Wistar rats results in sustained visceral
hyperalgesia in the absence of colonic inflammatory changes.12 However, an increased
expression of spinal NK1R was observed in this model, and the visceral hyperalgesia was
abolished by a NK1R antagonist.13 Based on these considerations, we examined whether
chronic WA stress in rats leads to spinal microglia activation and whether it contributes to
stress-induced visceral hyperalgesia and the modulation of spinal NK1Rs. In addition, we
verified the concept that spinal microglia activation has a modulatory influence on visceral
nociception by testing the effect of an exogenous microglia activator on the visceral nociceptive
response.

Materials & Methods
Animals

The study used adult male Wistar rats (250-275 g) (Harlan, IN) maintained on a normal light-
dark cycle, housed in pairs or singly when equipped with a chronic intrathecal catheter, and
provided with food and water ad libitum. All protocols were approved by the Institutional
Animal Care and Use Committee at the VA Greater Los Angeles Healthcare System.

Water avoidance (WA) stress protocol
Rats are placed on a block (8 × 8 × 10 cm) affixed to the center of a Plexiglas® cage (25 × 25
× 45 cm) filled with fresh room temperature water (25 °C) to within 1 cm of the top of the
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block (WA), or kept empty (sham WA) for 1 hour daily, for 10 consecutive days, as described
in previous reports.12

Surgical implantation of chronic intrathecal catheter and osmotic mini-pump
Rats were anesthetized with pentobarbital sodium (45 mg/kg, IP), and a 8.5 cm PE5 tube
(polyethylene tubing-5, OD 0.14′, ID 0.006′, Spectranetics, Colorado Springs, CO, USA),
connected to a 4 cm PE10 was inserted through a small puncture in the atlanto-occipital
membrane of the cisterna magna such that the caudal tip reached the lumbar enlargement of
the spinal cord. The tip of the PE10 tubing was connected to an osmotic mini-pump (volume
200 μl, 0.5 μL/hr, model 2002, Alzet, Cupertino, CA, USA) positioned subcutaneously in a
small pocket between the scapulas. Catheters were primed with vehicle/drugs before
implantation. When possible, the catheter position was verified in each animal by postmortem
examination of the spinal cord.

Implantation of electromyographic (EMG) electrodes and assessment of visceromotor
response (VMR) to colorectal distension (CRD)

Rats were anesthetized with pentobarbital sodium (45 mg/kg, IP). Electrodes (Teflon-coated
stainless steel wire, AstraZeneca, Mölndal, Sweden) were stitched into the external oblique
musculature, for EMG recordings as previously described.14 The visceral stimulus employed
was distension of the descending colon and rectum using a well established and validated
method.14

Western Blotting
Animals were anesthetized with 4% isoflurane and decapitated. The spinal cords were
hydroextruded with 5 ml of iced saline and the lumbar L6S1 spinal cord segment was dissected,
snap frozen and stored in −70 °C until processed for Western blotting as previously described.
15 Antibodies used were: OX42, P-p38, total p38, NK1R, IκBα. The intensity of
immunoreactive bands was quantified using Image Quant software (Molecular Dynamics,
Sunnyvale, CA) and normalized relative to β-actin.

Immunohistochemistry (IHC)
Animals were anesthetized with sodium pentobarbital (50 mg/kg, IP) and perfused
transcardially with 0.9% heparinized saline followed by 4% paraformaldehyde. Spinal cords
were removed, fixed and immunostained for phosphorylated p38 (P-p38), OX42, or NeuN, as
described previously.15 Images were captured using a fluorescent microscope (Nikon,
Melville, NY, USA) and a confocal microscopy system (Biorad, Hemel Hemstead, UK)
operated by Biorad Lasersharp 2000 software.

Drugs
Endotoxin-free rat recombinant CX3CL1/fractalkine, chemokine Domain, aa25-100 (RD
system, Minneapolis, MN, USA) or vehicle (1×PBS, 0.1 mM, pH 7.2) was injected IT (25 ng
or 40 ng, in 5 μL followed by 10 μL vehicle). The MAPK p38 inhibitor SB203580
hydrochloride (Calbiochem, Gibbstown, NJ, USA) or vehicle (0.9% saline) was delivered IT
via an osmotic pump connected to the chronically implanted IT catheter. It was delivered at
the rate of 4 μg/day with a flow rate of 0.5 μl/hour. Minocycline hydrochloride, a potent
inhibitor of microglia activation16 (Sigma, St. Louis, MO, USA) or vehicle (0.9% saline) was
injected either acutely via the IT catheter (100 μg/rat in 10 μL followed by 10 μL vehicle) or
delivered chronically via a subcutaneously implanted osmotic pump connected to the IT
catheter at the rate of 120 μg/day, 0.5 μl/hour.
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More details are available in supplemental materials referring to the recording of VMR to CRD,
Western Blotting, immunohistochemistry and drugs, including concentration of antibodies and
justification of drugs doses.

Experimental design
Experiment 1: Evidence of spinal microglia activation after chronic WA stress:
immunohistochemistry and Western Blotting—1- Groups of rats (n=4 in each group)
were exposed to chronic WA stress or sham WA. On day 11, rats were sacrificed and samples
of lumbar spinal cord (L6S1) were collected and processed for immhunohistochemistry (IHC)
for P-p38, OX42, or the neuronal marker NeuN. Some sections were double-labeled for P-p38/
OX42 or P-p38 and NeuN.

2 - Between day 1 and day 10, 4 groups of 4 animals each were exposed to WA stress or sham
WA and received continuous spinal infusion of minocycline or vehicle via osmotic pump
connected to an IT catheter (120 μg/day, 0.5 μL/hour from day 1 to day 10). Twenty-four hours
after the end of the last WA or sham WA session (day 11), rats were sacrificed and samples of
lumbar spinal cords (L6S1) were collected and processed for Western Blotting for P-p38 and
OX42.

Experiment 2: Effect of minocycline and SB203580 on stress-induced up-
regulation of spinal NK1R and NFκB activation—Groups of 4 rats were implanted with
chronic IT catheters connected to osmotic pumps and were exposed to daily WA or sham WA.
Four groups received treatments with either SB203580 or vehicle (4 μg/day, 0.5 μl/hour) from
day 1 to day 10. Samples of lumbar spinal cord (L6S1) were collected at day 11 and processed
for Western Blotting for NK1R and IκBα. We measured IκBα as an index of NFκB activation
as described in prior reports.17 Similarly, we assessed NK1R and IκBα expression in samples
from rats treated with minocycline IT or vehicle (120 μg/day, 0.5 μL/hour from day 1 to day
10).

Experiment 3: Effect of minocycline treatment on chronic WA stress-induced
visceral hyperalgesia—Eight groups of 8 rats implanted with EMG electrodes were
exposed to chronic WA or sham WA. Four groups received a daily IP injection of minocycline
(20 mg/kg, 1 ml/kg) or vehicle, one-hour prior to WA or sham WA from day 1 to day 10. Four
other groups of rats were equipped with chronic intrathecal catheters connected to
subcutaneous osmotic pumps continuously delivering either minocycline (120 μg/day, 0.5
μL/hour) or vehicle from day 1 to day 10. In both series of experiments, we performed a baseline
recording of the VMR to CRD before beginning the treatment (day 0) and then again, 24 hours
after the last WA or sham WA sessions (day 11).

Experiment 4: Effect of the MAPK p38 inhibitor SB203580 on chronic WA stress-
induced visceral hyperalgesia—Groups of 8 rats were surgically implanted with EMG
electrodes and IT catheters connected to subcutaneous osmotic pumps. Animals were exposed
to daily 1-hour sessions of WA or sham WA and received treatments with either SB203580 (4
μg/day, 0.5 μl/hour) or vehicle, from day 1 to day 10. Before the beginning of treatments,
animals were recorded for baseline response to CRD and then again 24 hours after the end of
the stress protocol at day 11.

Experiment 5: Effect of the microglia activating factor fractalkine on visceral
sensitivity in control non-stressed rats—Four groups of 8 rats were surgically
implanted with EMG electrodes and IT catheters externalized for single injection. We first
measured a baseline response to CRD. Then rats were injected with either minocycline or
vehicle (100 μg/rat in 10 μL IT single injection). Injections were performed in animals placed
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in the restraining device used for the CRD protocol. One hour later, rats were injected IT with
either fractalkine or vehicle (4 μg/rat in 5 μL) and the VMR to CRD was recorded 30 minutes
later.

Data presentation and statistical analysis
The effect of stress and treatments on proteins expression and EMG responses were analyzed
using one- and two-way ANOVA for repeated measures followed by Bonferroni post-test
comparisons, respectively. This method of analysis has been previously validated in a similar
model of EMG measurement in response to CRD.12 The numbers of rats from which data were
effectively collected are indicated in the figure legends.

RESULTS
Experiment 1: Evidence of spinal microglia activation after chronic WA stress: qualitative
immunohistochemistry and Western Blotting

Based on prior studies showing that functional microglia activation can be assessed by
measuring p38 phosphorylation,18 we performed IHC for P-p38 in sections of spinal cord
(L6S1) from WA and sham WA rats. As shown in figure 1, although basal activation of p38
was evident in sham spinal cords (figure 1A), IHC revealed greater P-p38 staining in the spinal
dorsal horn from stressed rats compared with controls (figure 1B). P-p38 positive cells were
mainly localized in the superficial layers of the spinal cord dorsal horn with fewer P-p38
positive cells located in the deep dorsal horn. Immunoreactivity for P-p38 co-localized with
OX42 positive cells (microglia) (figure 1C-D) as well as with NeuN positive cells (neurons)
in laminae I and II in spinal sections from stressed rats (figure 1E-F).

Western Blotting revealed increased levels of P-p38 in WA rats compared with control. This
increase was inhibited by treatment with minocycline IT or with SB203580 IT (figure 2). There
was no effect of minocycline or SB203580 on the level of P-p38 in sham WA rats compared
with vehicle treatment. The expression of OX42, quantified by Western Blotting, was not
different in WA rats compared with controls (data not shown).

Experiment 2: Effect of minocycline and SB203580 on stress-induced up-regulation of spinal
NK1R and NFκB activation

Western blot showed increased expression of NK1R in rats exposed to stress compared with
controls. This increase was completely blocked by minocycline IT. In contrast, the p38 inhibitor
SB203580 failed to block the NK1R increase. Reduced levels of IκBα were observed in WA
+Vehicle compared with sham WA+Vehicle. This decrease was partially blocked by
minocycline IT and the p38 inhibitor SB203580. Neither minocycline, nor SB203580 affected
the levels of NK1R or IκBα in sham WA rats (figure 2).

Experiment 3: Functional role of stress-induced spinal microglia activation in the
development of visceral hyperalgesia

Stressed rats treated with vehicle showed significant increase of VMR to CRD at day 11
compared with baseline at 40 and 60 mmHg. These results are consistent with our previous
report that chronic WA induces visceral hyperalgesia.12 In contrast, in rats exposed to WA
stress and pre-treated daily with minocycline IP, the VMR to CRD observed at day 11 was not
different from baseline. (Figure in supplemental material.) Rats exposed to WA and receiving
spinal infusion of vehicle exhibited a significant increase of the VMR to CRD at day 11
compared with baseline. This stress-induced increase of VMR was blocked by spinal infusion
of minocycline (figure 3). Neither IT or IP treatments with vehicle nor with minocycline
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affected the VMR to CRD in sham WA animals at day 11 compared with baseline (data not
shown).

Experiment 4: Effect of the MAPK p38 inhibitor SB203580 on chronic WA stress-induced
visceral hyperalgesia

Similarly to the results seen in experiment 3, rats exposed to WA and receiving spinal infusion
of vehicle exhibited a significant increase of VMR to CRD at day 11 from baseline. This effect
was reduced in rats treated with spinal infusion of SB203580 (figure 4). The VMR to CRD in
sham WA rats was not affected by treatments (data not shown).

Experiment 5: Effect of the microglia-activating factor fractalkine on visceral sensitivity in
control non-stressed rats

In order to further corroborate the involvement of microglia activation in the development of
visceral hyperalgesia, we evaluated the effect of fractalkine on visceral response to CRD. In
preliminary studies, we tested the effect of a single injection of fractalkine at the doses 25 or
40 ng/rat in 5 μL on VMR to CRD in rats. VMR to CRD was measured first at baseline and
then 30 minutes after fractalkine injection. The VMR to CRD was significantly increased after
injection of 40 ng/rat, but not after the lower dose (data not shown). In experiment 5, IT injection
of 40 ng of fractalkine resulted in a large increase of the VMR to CRD compared to baseline.
However, in rats treated with minocycline (100 μg/rat in 10 μL, IT) 1 hour prior to fractalkine
(4 μg/rat in 5 μL IT), the increased response was significantly reduced. We observed no change
from baseline in the VMR to CRD in rats treated with minocycline and vehicle or with vehicle
only (figure 5).

DISCUSSION
In the present study, we provide novel evidence that exposure to chronic WA stress leads to
microglia activation in the lumbar spinal cord. We observed increased immunoreactivity for
phosphorylated p38 MAPK (P-p38) in spinal cord sections from stressed rats and elevated
spinal levels of P-p38 by Western Blot analysis. P-p38 immunostaining co-localized with the
microglia marker OX42, but also with the neuronal marker NeuN, in line with previous reports
showing that activation of spinal p38 is associated with microglia activation in models of
inflammatory hyperalgesia.19 As the level of spinal OX42 protein was not increased in stressed
rats, our findings suggest activation of resident microglia rather than recruitment or
proliferation of microglia.

While functional microglia activation has been characterized by a variety of phenotypic
transformations depending on the nature and intensity of the stimulus (ranging from
morphological modifications20 to increased expression of cell-surface markers such as MHC-
II or CD11b (OX42),21) activated microglia may display only a subset or variations of these
phenotypes such as increased P-p38 in the absence of increased OX42. Our findings are in
agreement with this notion that structural changes in microglia do not necessarly parallel
activation of the p38 signaling pathway.19 The reduction of stress-induced increase of P-p38
by the microglia inhibitor minocycline22 further supports the hypothesis that microglia is a
key source of increased spinal P-p38 after chronic stress.

Even though microglia activation by neonatal colon irritation has been reported,11 to our
knowledge, we provide the first demonstration of microglia activation in the spinal cord in the
absence of peripheral/nerve inflammation or injury. These findings are in agreement with
emerging evidence suggesting that stress may affect immune responses within the CNS, and
that, under certain conditions, stress can potentiate inflammatory responses to subsequent
peripheral immune stimulation.7 Thus, increased brain level of IL-1β has been described after
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inescapable tail shock,5 social isolation,23 or immobilization stress 6 in rats. The role of
microglia as a cellular effector in stress-induced CNS immune activation is further supported
by recent findings showing that chronic restraint stress in mice induces brain microglia
activation and proliferation24 and further studies showing that restraint stress in rats induces
microglia activation in the hippocampus.7 The pattern of microglia activation in our model
may be related to our experimental stressor and to the spinal site, as opposed to brain regions
showing microglia proliferation in response to more severe stressors in the studies cited above.

Our finding that intrathecal or peripheral administration of minocycline prior to WA stress
blocks visceral hyperalgesia confirms the important role of stress-induced microglia activation
in the development of visceral hyperalgesia. These findings are consistent with a body of
literature showing the preventive effect of systemic or intrathecal injection of minocycline on
the development of hyperalgesia or allodynia in experimental models of exacerbated somatic
pain following sciatic nerve inflammation,25 or peripheral inflammation.15 It also extends
recent observations that minocycline blocks visceral hyperalgesia in a rat model of sensitization
induced by neonatal colonic irritation.11 Although, the biochemical mechanism of action of
minocycline is not clear, it has been reported that inhibition of p38 MAPK activation may play
a key role.26 The lack of effect of minocycline on basal nociception strongly supports an
important role of microglia in the facilitation of the processing of noxious input at the spinal
level rather than in the transmission of normal nociceptive signals.

To date, while extensive studies have addressed the role of spinal microglia in somatic pain
sensitization, the possible role of spinal microglia in the modulation of visceral nociception
has been largely unexplored. The present data, together with the previous report from Saab et
al 11 support the new notion that spinal microglia activation is a potential important factor
contributing to the sensitization of visceral nociception in different rat models of visceral
hyperalgesia. A modulatory influence exerted by spinal microglia on visceral nociception is
further supported by our findings that spinal injection of the microglia activator fractalkine
induces visceral hyperalgesia, also shown in Saab et al.11 These data corroborate previous
work showing that spinal administration of fractalkine produces mechanical allodynia and
thermal hyperalgesia,27 whereas blockage of spinal CX3CR1 attenuates neuropathic pain or
prevent its development.27, 28 Together, these data further support the concept that transmission
of visceral nociceptive signals may be enhanced in various conditions of spinal microglia
activation.

Our finding that the p38 MAPK inhibitor SB203580 prevents stress-induced p38
phosphorylation as well as stress-induced visceral hyperalgesia further supports the concept
that functional activation of spinal microglia is involved in visceral pain following chronic
stress. Indeed, the large literature documenting that p38 MAPK inhibition reduces allodynia
and hyperalgesia in several models of inflammatory and neuropathic pain points to an important
role of this signaling pathway in pain processing.29 However, the mechanism(s) by which p38
MAPK activation occurs in our stress model and the downstream targets by which p38 may
contribute to spinal sensitization are not well understood. Activation of transcription factors,
such as protein kinases, post-transcriptional regulation by mRNA stabilization or activation or
enhancement of the activity of other substrates, such as calcium-dependent phospholipase A,
have all been described as potential pathways downstream to p38 phosphorylation and have
been associated with the facilitation of pain-related signaling.30

Among the array of signaling pathways engaged by p38 activation, the production and secretion
of cytokines and chemokines from activated microglia has been proposed to play a key role in
spinal sensitization. Increased expression of TNFα, IL-1β, and IL-6 during peripheral
inflammation or nerve injury31, 32 may activate dorsal horn neurons, an event associated with
exaggerated pain states. It is known that p38 MAPK can regulate the synthesis of these
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molecules.33 In addition, the production of mediators such as NO or prostaglandins are, at
least in part, p38-dependent.34 The release of such pro-inflammatory mediators, and their role
in visceral hyperalgesia were not assessed in the present study but will be addressed in a follow
up study. Cytokines may act at different levels in the modulation of nociception such as
modulating transcriptional pathways leading to up-regulation of receptors or channels resulting
in increased sensitivity to peripheral stimuli, or they may increase the strength of synaptic
neurotransmission between primary and second-order neurons. For example, several studies
have described a modulatory role of cytokines on sodium channels or transient receptor
potential (TRP) channels35 as well as on the modulation of AMPA, NMDA, and NK1 receptors
trafficking, and expression in the CNS and in isolated cell systems.36-39

We previously showed that chronic WA stress leads to increased expression of NK1R in dorsal
horn neurons and this up-regulation plays an important role in visceral hyperalgesia.13 Similar
results have been reported in models of peripheral inflammation associated with persistent
pain.40 In the present study, we showed that stress-induced increased NK1R expression is
blocked by minocycline. These findings, along with prior reports showing that IL-1β or IL-6
can affect NK1R gene expression,39 provide converging lines of evidence suggesting a role of
cytokines released from activated microglia during chronic WA stress, in the increased
expression of spinal NK1Rs on neurons. In a recent report, NFκB was found to be an important
factor in IL-1β-mediated increase of the expression of NK1R in astrocytes41 and in isolated
human macrophages.39 We found that the NF-κB inhibitor IκBα is decreased after chronic
stress, suggesting that NFκB activation can be blocked by minocycline treatment. We
hypothesize that increased NFκB availability occurs in part in spinal neurons, upon activation
of cytokine neuronal receptors by cytokines released from activated microglia. In turn, the
transcriptional unit of NFκB may act on the NK1R gene promoter to enhance its expression in
neurons. We cannot exclude the possibility that NFκB may be activated in microglia as well,
but this was not verified in our study. The effect of minocycline, blocking the effect of stress
on IκBα, further supports the role of microglia mediators in the signaling pathways modulating
NK1R expression. Surprisingly, we observed that treatment with the p38 inhibitor during
chronic stress partially blocked the reduced level of IκBα but had no effect on NK1R expression.
While we anticipated that inhibition of p38 activation, via blockade of mediators release from
microglia, would block both NFκB activation and NK1Rs up-regulation, the lack of effect on
NK1R over-expression may be related to parallel signaling pathways engaged in microglia
activation during stress. For example, activation of ERK1/2 in microglia has been reported in
rat models of chronic pain.42 In addition, ERK can activate the transcriptional activity of
transcription factors such as p65 (which was found independent of p38 activity)43 or CREB.
42 One may speculate that spinal NK1R expression may be under the control of microglia
mediators released upon activation of other MAPKs. Although cytokines production and the
role of ERK or JNK have not been explored in our model, their contribution to NK1R dependent
or independent neuronal sensitization will be assessed in future studies. Finally, a partial
inhibitory effect of SB203580 on neuronal p38 activation cannot be ruled out. Prior reports
indicating that p38 may influence NFκB release and IκBα phosphorylation independently from
its transcriptional activity (p38 does not phosphorylate p65),43 are in agreement with the effect
observed in our study (a p38 inhibitor blocks the effect of stress on IκBα level but does not
affect NK1R expression). Our findings that SB203580 blocks stress-induced visceral
hyperalgesia, but does not prevent NK1R up-regulation challenges the generally accepted
concept that in rodents, spinal NK1R play a major role in the mechanisms of visceral
hyperalgesia, including stress-induced visceral hyperalgesia13 (demonstrated by us and others
in various animal models as stated above). It is conceivable that multiple mechanisms
contribute to the development and maintenance of stress-induced visceral hyperalgesia,
including spinal microglia activation and upregulation of spinal NK1R.
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In conclusion, the present study provides new evidence for a role of spinal microglia activation
in the development of visceral hyperalgesia in a model of chronic psychological stress in rats
associated with up-regulation of the spinal NK1R system. These findings open new
perspectives in the understanding of the mechanisms underlying chronic pain conditions
associated with enhanced stress responsiveness.
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IHC immunohistochemistry
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IT intrathecal

MAPK MAP kinase

NK1R Neurokinin 1 receptors

NO nitric oxide

VMR visceromotor response

WA water avoidance
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Figure 1. Representative micrograph of immunostaining for P-p38 alone or co-stained with OX42
and NeuN on L6S1 dorsal spinal cord sections
Spinal P-p38 staining is increased in animals exposed to WA stress (B) compared with control
(A) (bar=20 μm). In samples from stressed rats, P-p38 staining is found to co-localize with
OX42 positive cells (D) as well as NeuN positive cells (F) (bar=50 μm in C, D, E, F).
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Figure 2. Effect of chronic treatment with minocycline (120μg/day, IT) and the p38 inhibitor SB
203580 (4 μg/day, IT) on stress-induced regulation of spinal P-p38, NK1Rs, and IKBα: proteins
levels assessed by Western Blot analysis
P-p38: Greater level of P-p38 is observed in chronic WA compared with sham WA. This effect
is blocked by both minocycline and SB 203580. NK1R: Chronic WA-induced increased levels
of spinal NK1R is blocked by minocycline, but is not affected by SB203580. IKBα: Chronic
WA induces increased level of spinal IKBα. Both minocycline and SB203580 blocked this
effect. Treatments had no effect in sham WA. n=4 in each group. Data are Mean ± SEM
expressed as % control, * (compared to sham WA + vehicle) or # (compared to WA + vehicle)
P<0.05, One way ANOVA followed by Bonferroni post-test.
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Figure 3. Effect of chronic treatment with minocycline (120 μg/day, IT) on stress-induced visceral
hyperalgesia
Stressed rats treated with vehicle showed increased EMG response to CRD compared with
baseline (n=8) (top panel) whereas rats treated with minocycline failed to show increased EMG
response at day 11 (n=7) (middle panel). *P<0.05 significantly different from baseline. The
bottom panel illustrates the significant difference between the effect of minocycline and vehicle
with *P<0.05 significantly different from vehicle. Data are Mean ± SEM. Two way ANOVA
followed by Bonferroni post-test.
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Figure 4. Effect of chronic treatment with the p38 inhibitor SB203580 (4 μg/day/IT) on stress-
induced visceral hyperalgesia
Stressed rats treated with vehicle showed increased EMG response to CRD compared with
baseline (n=4) (top panel) whereas rats treated with SB203580 showed no increase of the EMG
response at day 11 (n=6) (middle panel). *P<0.05 significantly different from baseline. The
bottom panel illustrates the significant difference between the effect of SB203580 and vehicle
with *P<0.05 significantly different from vehicle. Data are Mean ± SEM. Two way ANOVA
followed by Bonferroni post-test.
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Figure 5. Effect of the microglia activating factor fractalkine on visceral sensitivity in control non-
stressed rats
Fractalkine (40 ng/rat, IT) induces increased EMG response compared with baseline (n=7)
while vehicle had no effect (n=4). This effect is prevented by prior treatment with minocycline
IT (100 μg/rat, n=5). Minocycline alone had no effect (n=5). Data are Mean change from
baseline± SEM, *P<0.05 significantly different from vehicle+vehicle, # P<0.05 significantly
different from vehicle+ fractalkine, Two way ANOVA followed by Bonferroni post-test.
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