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Inhibition of Inflammatory Pain by CRF at Peripheral, Spinal
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There is conflicting evidence on the antinociceptive effects of corticotropin-releasing factor (CRF) along the neuraxis of pain transmission
and the responsible anatomical sites of CRF's action at the level of the brain, spinal cord and periphery. In an animal model of tonic pain,
that is, Freunds complete adjuvant (FCA) hindpaw inflammation, we systematically investigated CRF's ability to modulate inflammatory
pain at those three levels of pain transmission by algesiometry following the intracerebroventricular, intrathecal, and intraplantar
application of low, systemically inactive doses of CRF. At each level, CRF elicits potent antinociceptive effects, which are dose dependent
and antagonized by local, but not systemic CRF receptor antagonist a-helical CRF indicating CRF receptor specificity. Consistently, we
have identified by immunohistochemistry multiple brain areas, inhibitory interneurons within the dorsal hom of the spinal cord as well as
immune cells within subcutaneous tissue—but not peripheral sensory neurons—that coexpress both CRF receptors and opioid
peptides. In line with these anatomical findings, local administration of CRF together with the opioid receptor antagonist naloxone dose-
dependently reversed CRF's antinociceptive effects at each of these three levels of pain transmission. Therefore, local application of low,
systemically inactive doses of CRF at the level of the brain, spinal cord and periphery inhibits tonic inflammatory pain most likely through
an activation of CRF receptors on cells that coexpress opioid peptides which results in opioid-mediated pain inhibition. Future studies
have to delineate whether endogenous CRF at these three levels contributes to the body's response to cope with the stressful stimulus

pain in an opioid-mediated manner.

INTRODUCTION

Corticotropin-releasing factor is a 41-amino-acid peptide,
which plays a major role at the level of the hypothalamus
and pituitary to control the body’s response mechanisms to
acute and chronic stressful stimuli (Bale and Vale, 2004;
Arborelius et al, 1999). Stress evokes the release of CRF into
multiple areas throughout the brain (Chappell et al, 1986)
and the administration of exogenous CRF mimics many of
the effects of stress (Dunn and Berridge, 1990). The
distribution of CRF not only along the hypothalamo-
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pituitary axis but also in pain-relevant anatomical sites, for
example, the thalamus, suggested very early its role as a
potent neuromodulator of nociception (Merchenthaler et al,
1984). As the first reports of an analgesic effect of
intravenous CRF both in rats and humans (Wei et al,
1986; Hargreaves et al, 1987), there is a continuously
increasing interest in the antinociceptive properties of CRF,
perhaps because it may represent a new class of analgesics
that has been overlooked (Lariviere and Melzack, 2000).
However, several investigations that followed have led to
conflicting results in the sense that some of them reported
significant alterations in pain behavior, whereas others not
(Lariviere and Melzack, 2000). Only two studies suggested
antinociceptive effects following intrathecal (i.t.) CRF
administration in visceral pain (Song and Takemori, 1991;
Nijsen et al, 2005). Several other studies showed no robust
results about CRF’s modulation of nociception following its
central or sytemic application (Lariviere and Melzack,
2000).



On the other side, the pain modulatory effect of
peripheral CRF has been well established and is mostly
dependent on the release of opioid peptides from immune
cells during inflammatory processes (for review, see Schéfer
et al, 1997). Under inflammatory and other pathological
conditions, various types of immune cells have been shown
to produce and contain opioid peptides like f-endorphin
(END) and met-enkephalin (ENK) (Stein et al, 2003; Sibinga
and Goldstein, 1988; Sharp and Linner, 1993). CRF induces
the secretion of END and ENK from stimulated immune
cells in vitro (Cabot et al, 2002; Kavelaars et al, 1990;
Schafer et al, 1994) and from resident immune cells in vivo
resulting in potent peripheral antinociception (Cabot et al,
1997, 2002; Kavelaars et al, 1990; Schifer et al, 1994). This
release is mediated by CRF receptors on these immune cells,
is calcium dependent, and mimicked by elevated extra-
cellular concentrations of potassium (Cabot et al, 1997). In
previous studies, we have shown that specific binding for
radiolabeled CRF located on various immune cells (mono-
cytes/macrophages and lymphocytes) within inflamed
subcutaneous tissue was upregulated (Mousa et al, 1996).
Recently, we have demonstrated that CRF activates both
CRF receptor subtypes CRF-R1 and 2 located on these
immune cells within inflamed subcutaneous paw tissue to
release END resulting in antinociception (Mousa et al,
2003). Unfortunately, these results were misunderstood in
the sense that CRF’s antinociceptive properties were
regarded as being exclusively in the periphery (Lariviere
and Melzack, 2000).

In light of the recent increasing interest in the potential
modulating effects of CRF in clinically relevant pain
conditions such as visceral pain (Nozu and Kudaira,
2006; Sagami et al, 2004), postoperative joint pain (Likar
et al, 2007), and fibromyalgia (McLean et al, 2006; Lund
et al, 2006), we set out to investigate systematically the
antinociceptive effects of CRF at the three main levels
of the neuraxis of pain transmission, that is, at the level of
the brain, spinal cord, and periphery. As it was suggested
that antinociceptive effects of CRF are identified rather in
tonic than in phasic pain (Lariviere and Melzack, 2000),
we have chosen an animal model of tonic pain, that is,
Freunds complete adjuvant (FCA) hindpaw inflammation.
The aims of our current study were to investigate
systematically CRF’s ability to modulate inflammatory pain
at the three levels of pain transmission, the brain, spinal
cord, and periphery, by algesiometric testing following the
intracerebroventricular (i.c.v.), i.t,, and intraplantar (i.pl.)
application of low, systemically inactive doses of CRF. We
further examined whether CRF-mediated alterations in
inflammatory pain were specifically reversed by a CRF
receptor antagonist at the anatomical site of CRF’s
application. As some previous studies suggested a possible
involvement of endogenous opioid peptides (Hargreaves
et al, 1987; Song and Takemori, 1990), we also investigated
whether CRF’s antinociception is attenuated by the local
application of the opioid receptor antagonist naloxone. In
parallel to our behavioral experiments, we aimed at
identifying potential, pain-relevant anatomical sites of
CRF’s action, which coexpress both CRF receptors and
opioid peptides within the brain, the dorsal horn of the
spinal cord and within peripheral tissue using immuno-
histochemistry.
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MATERIALS AND METHODS
Animals

Experiments were conducted in male Wistar rats (170-
200g) (Charité—Universitdtsmedizin Berlin, Campus
Benjamin Franklin, Berlin, Germany). Rats were housed
individually in cages and maintained on a 12h light/dark
schedule with food pellets and water ad libitum. Room
temperature was maintained at 22+0.5°C and at a relative
humidity between 60 and 65%. All experiments were
performed during the light phase. Experiments and animal
care followed the guidelines of the International Association
for the Study of Pain (Zimmermann, 1983), and were
approved by the local animal care committee of the Senate
of Berlin, Germany (Landesamt fiir Arbeitsschutz, Gesund-
heitsschutz und Technische Sicherheit, Berlin). All efforts
were made to minimize the number of animals used and
their suffering.

Induction of Inflammation

Rats sedated by brief isoflurane (Willy Riisch GmbH,
Boblingen, Germany) anesthesia received an i.pl. injection
of 0.15ml FCA into the right hind paw. This treatment
consistently produces a localized inflammation of the
inoculated paw confirmed by an increase in paw volume,
paw temperature and infiltration with various types of
immune cells.

Surgery to Implant i.c.v. or i.t. Guide Cannula

The i.c.v. cannula was placed as described elsewhere
(Nagaraja et al, 2004). Rats were handled and trained in
the test situation for 3 days before cannulation. Anesthesia
was induced and maintained with isoflurane via a loose-
fitting plastic mask. Rats were positioned in a stereotaxic
apparatus and the skull was exposed. A burr hole was
drilled above the location of the right lateral ventricle
(coordinates: AP 0.25mm, lateral 1.6 mm, ventral 4.0 mm
related to bregma) (Paxinos and Watson, 1997). A stainless-
steel cannula guide pedestal was fixed to the skull over the
burr hole for subsequent i.c.v. infusion of either saline or
rat/human CRF using two stainless-steel screws. Then, the
entire assembly was held in place with dental cement. The
cannula guide extended into the burr hole 1 mm below the
pedestal but did not touch the surface of the cortex. After
surgery, a stainless-steel blocker was inserted into the i.c.v.
cannula. After the experiments cannula placements were
assessed in all animals by infusion of (1%) methylene blue
dye and verification of dye in the ventricular system.
Position and patency were confirmed by the presence of
blue dye in the lateral ventricle on postmortem craniotomy.
At least 5 days were allowed for recovery from surgery
before behavioral testing was started.

The it. catheterization was performed as described
elsewhere with slight modifications (Schmitt et al, 2003;
Stgrkson et al, 1996). Briefly, an incision was made at the
L3-14 level. The needle through which the catheter was set
up was inserted at the L5-L6 vertebra. Keeping the angle of
the needle parallel with the dorsal surface, the catheter was
carefully pushed upward to reach L4 at the lumbar
enlargement. The needle was then carefully removed and
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the catheter was sealed with glue to the tissue to secure it.
Then, saline was injected intrathecally in a volume of 10 pl
to flush the catheter. Another skin incision was made at the
neck of the animal and the catheter was tunnelled under the
skin and pulled out at the neck after which incisions were
sutured. Animals showing signs of neurological damage
were immediately excluded from the study. The i.t. location
of the catheter was confirmed by administration of 10 pl of
lidocaine 2% flushed with 10 pl of saline. Lidocaine but not
saline caused reversible bilateral hindlimb paresis. The
animals were allowed 5 days to recover. Drugs were injected
intrathecally in a volume of 10 pul followed by 10 pl of vehicle
to flush the catheter. All rats were investigated for correct
catheter position in relation to the spinal cord on
postmortem laminectomy.

Drugs

The following drugs were used: rat/human CRF (Sigma-
Aldrich, St Louis, MO); CRF antagonist o-helical CRF (o-
CRF (9-41) antagonist, see Rivier et al, 1986) (Sigma);
naloxone hydrochloride (Sigma). Doses were calculated as
the free base, and drugs were dissolved in the following
vehicles: sterile isotonic saline (naloxone), sterile water
(CRF, a-helical CRF). Routes and volumes of drug admin-
istration were always ic.v. (10pl), it. (10ul), and ipl
(100 pl). For each dose a separate group of animals (n=16)
was used. Drugs were administered during brief isoflurane
anesthesia.

Algesiometric Testing

Nociceptive thresholds were assessed by paw pressure test
(modified Randall-Selitto test). Animals (n=6 per group)
were gently restrained under paper wadding and incre-
mental pressure was applied via a wedge-shaped, blunt
piston onto the dorsal surface of the hind paw by means of
an automated gauge (Ugo Basile). The pressure required to
elicit paw withdrawal, the paw-pressure threshold (PPT),
was determined. A cutoff of 250g was used. Three
consecutive trials, separated by intervals of 10s, were
conducted and the average was determined. Baseline PPT
was tested before and 4 days after inoculation with FCA.
The same procedure was performed on the contralateral
side; the sequence of sides was alternated between subjects
to preclude order effects.

Dose-Response Relationships

The antinociceptive effects of i.c.v., it. or ipl. CRF
treatments were examined as a function of dose. After
baseline measurements separate groups of animals for each
dose and injection technique (n=6 per group) received
i.c.v, it. or i.pl. administrations of different doses of CRF
(i.c.v.: 25, 50, 100, 500 ng; i.t.: 2, 4, 10, 20 ng; or i.pl: 0.5, 1,
1.5, 2ng). Control animals (n=6 per group) received
vehicle treatment. Five minutes later PPT were reassessed in
ipsi- and contralateral hindpaws. To exclude possible
systemic effects, the highest effective dose of all CRF doses
tested was also given subcutaneously (s.c.) at the neck of a
separate group of animals. The experimenter performing
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the PPT assessments following i.c.v,, i.t., and i.pl. injections
was blinded to the drugs and doses applied.

Receptor Specificity

The highest effective dose of i.c.v., i.t. or i.pl. CRF was
administered together with different doses of o-helical CRF
(i.c.v.: 0, 30, 60 ng; i.t.: 0, 1, 3, 5ng; or i.pl: 0, 0.5, 1.5, 2ng)
in separate groups of animals to determine the receptor
specificity of CRF-mediated antinociceptive effects.

To examine whether CRF-elicited antinociception is
opioid mediated, the highest effective dose of i.c.v., i.t. or
i.pl. CRF agonist was administered in separate groups of
animals together with the opioid receptor antagonist
naloxone (i.c.v.: 0, 1, 5, 10 pug; i.t.: 0, 0.5, 1, 2 nug; or i.pl.: 0,
0.4, 1, 10 ug).

CRF and o-helical CRF receptor antagonist or naloxone
were coadministered i.c.v., i.t. or i.pl. in a total volume of
10 ul (i.c.v.), 10 pl (i.t.) or 100 pl (i.pl.) in separate groups of
animals.

Tissue Preparation

Four days after FCA inoculation, rats were deeply anesthe-
tized with halothane and transcardially perfused with 100 ml
warm saline, followed by 300ml 4% (w/v) paraformalde-
hyde in 0.16 M phosphate buffer solution (pH 7.4). After
perfusion, brain, spinal cord (L4-5) and the ipsilateral L4-5
dorsal root ganglia (DRG), the sciatic nerve (0.5cm), and
subcutaneous paw tissue were removed, postfixed in the
same fixatives for 90 min, and then cryoprotected overnight
at 4°C in phosphate-buffered saline (PBS) containing 10%
sucrose. The tissues were then embedded in tissue-Tek
compound (OCT, Miles Inc., Elkhart, IN) and frozen. Brain
was serially cut at 40 um on cryostat and every third section
of brain was collected in PBS (floating sections). However,
spinal cord, DRG, sciatic nerve or subcutaneous tissue
sections (10 um thick) were mounted onto gelatin-coated
slides.

Immunofluorescence Staining

For single or double immunofluorescence, tissue sections
were processed as described previously (Mousa et al, 2002).
Briefly, coronal brain floating tissue sections were incubated
with the following antibodies: rabbit polyclonal antibody
against the C terminus of CRF receptor (H-215) reactive
with both CRF receptor subtypes 1 and 2 (1:100; Santa
Cruz Biotechnology Inc., CA), mouse monoclonal antibody
against ENK (1:1000, Chemicon International, MA) or
mouse monoclonal anti-panopioid 3E7 against the amino
terminal H-Tyr-Gly-Gly-Phe sequence of END, which also
has a high cross-reactivity with homologs of identical
sequence such as ENK (10 pg/ml; Gramsch Laboratories,
Schwabhausen, Germany). Coronal or parasagittal spinal
cord sections were incubated with the following antibodies:
rabbit polyclonal antibody against CRF receptor (1:100)
alone or in combination with guinea pig polyclonal
antibody against CGRP (1:1000, Peninsula Laboratories,
Belmont, CA), mouse monoclonal antibody against ENK
(1:1000), mouse monoclonal antipan opioid 3E7 (10 pg/ml)
or guinea pig polyclonal antibody against MOR (1:1000,



Chemicon International, MA) as well as with guinea pig
polyclonal antibody against CGRP in combination with
rabbit anti-rat MOR or DOR (dilution of 1:1000). For DRG,
sciatic nerve or subcutaneous paw tissue mounted tissue
sections were incubated with the following antibodies:
rabbit polyclonal antibody against CRF receptor in combi-
nation with guinea pig polyclonal antibody against CGRP.
For subcutaneous paw tissue sections were incubated with
antibody against CRF receptor in combination with mouse
monoclonal antibody against ENK or panopioid 3E7. After
incubation with primary antibodies, the tissue sections were
washed with PBS and then incubated with the appropriate
secondary antibodies; texas red conjugated goat anti-rabbit
antibody alone or in combination with FITC-conjugated
donkey anti-mouse or anti-guinea pig antibody. Thereafter,
sections were washed with PBS, mounted in vectashield
(Vector Laboratories) and viewed under a Zeiss 510
confocal laser scanning microscope.

Specificity Controls

To demonstrate specificity of staining, the following
controls were included as mentioned in detail elsewhere
(Mousa et al, 2003, 2004; Brack et al, 2004): (1) preabsorp-
tion of diluted antibody against ENK, 3E7, CRF receptor,
MOR or DOR with a synthetic peptide for ENK, END
(Peninsula Laboratories), CRF receptor (Santa Cruz Bio-
technology), MOR or DOR (Gramsch Laboratories), respec-
tively. (2) Omission of either the primary antisera or the
secondary antibodies.

Quantification of Immunolabeling

The method of quantification for CRF or ENK immuno-
reactivity at the dorsal horn of the spinal cord has been
described previously (Mousa et al, 2002; Frank and Tilby,
2003). Briefly, images of red fluorescence for CRF and green
fluorescence for ENK were obtained from five sections for
each animal (n=>5) using a Zeiss laser scanning confocal
microscope. Then, advanced image analysis softwares
(LSM510 Software 3.2) was applied to quantify changes in
fluorescent intensity as described in detail elsewhere
(Mousa et al, 2002, 2007; Frank and Tilby, 2003). A
standardized box was positioned over the dorsal horn of
the spinal cord of all groups and the product of the area and
density of pixels within the threshold value were calculated.
Data represent the following differences: ipsilateral-con-
tralateral.

Analysis of Data

Data were analyzed using one-way analysis of variance
(ANOVA) followed by Student-Newman-Keuls or Dun-
nett’s post hoc test. For data not normally distributed,
Kruskal-Wallis one-way ANOVA on ranks was performed,
followed by Dunnett’s or Tukey post hoc test. Dose-
response curves were analyzed by one-way ANOVA
followed by linear regression. Differences were considered
significant if P<0.05. All tests were performed using Sigma
Stat 2.03 (SPSS Science, Chicago, IL) software. Data are
expressed as means + SEM.
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RESULTS

Complete Freund’s Adjuvant-Induced Hindpaw
Inflammation

Four days after i.pl. injection of FCA rats developed a
hindpaw inflammation which was confined to the inoculated
paw and characterized by ipsilateral hyperalgesia (decreased
thresholds to noxious pressure: 57+4.7 vs 69+54 vs
72+4.5g; inflamed paws vs noninflamed paws vs paws of
naive animals; P<0.05; Paired t-test), swelling (increased
paw volume: 2.5+0.07 vs 1.2+0.03 ml; inflamed vs nonin-
flamed paws; P<0.05; Paired t-test), and hyperthermia
(elevated paw temperature: 32+0.3 vs 28+ 0.4°C; inflamed
vs noninflamed paws) (P<0.001; Paired ¢-test).

Opioid-Mediated Antinociceptive Effects
Following i.c.v. CRF

Lc.v. injection of CRF (25, 50, 100, 500 ng) dose-depen-
dently produced significant elevations of PPT in inflamed
and in contralateral noninflamed hind paws of FCA-treated
rats (P<0.05, ANOVA and Dunnett’s test) (Figure la).
These PPT elevations increased beyond baseline PPT in
naive rats (69+5.4g) (see above) and were significantly
different from baseline values of FCA-treated rats for 50,
100, and 500 ng CRF, whereas in noninflamed paws only for
100 ng CRF (Figure la). The highest effective dose of CRF
given s.c. did not alter PPT (data not shown).

Lc.v. coadministration of different doses of a-helical CRF
antagonist with 100 ng CRF dose-dependently and signifi-
cantly reversed CRF-induced increases in PPT (ANOVA and
Dunnett’s test) (Figure 1b). In addition, i.c.v. coadministra-
tion of different doses of the opioid receptor antagonist
naloxone with 100ng CRF dose-dependently and signifi-
cantly attenuated CRF-induced PPT elevations (ANOVA
and Dunnett’s test) (Figure 1c). The highest effective dose of
either o-helical CRF antagonist or naloxone given s.c. did
not alter i.c.v. CRF-elicited PPT elevations (data not shown).

Brain Areas of CRF Receptor and Opioid Peptide
Coexpression

The double-immunofluorescence confocal microscopy of
brain sections of FCA-treated animals revealed that CRF
receptors are expressed in opioid peptide positive (3E7 )
neurons within multiple pain relevant brain areas such as
the rostral agranular insular cortex (RAIC), hippocampal
formation, thalamus, hypothalamus, periaquaductal gray,
and locus coeruleus (LC) (Figures 2 and 3). This immuno-
reactivity was always bilateral and, apparently, not different
between both sides.

In the RAIC, nearly all CRF receptor-ir neurons expressed
opioid peptides, but not vice versa. The neurons coexpres-
sing CRF receptor and opioid peptides had the appearance
of pyramidal neurons with a typical apical dendrite (Figure
2a and b).

In the CA1-CA3 regions of the hippocampus, CRF
receptor-ir neurons within the pyramidal cell layer co-
expressed opioid peptides (Figure 2d-f). Also, all CRF
receptor-ir neurons within the dentate gyrus granule cell
layer of the hippocampus were immunoreactive for opioid
peptides (Figure 2g-i). Opioid peptides and CRF receptors
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Figure | (a) In Wistar rats with 4 days FCA hindpaw inflammation,
effects of i.c.v. injections of low doses of CRF on ipsi- (closed bars) and
contralateral (open bars) nociceptive PPT were measured by algesiometry.
(@) l.cv. injections of CRF significantly increased PPT in a dose-dependent
manner ipsi- and contralateral to the FCA-inflamed paw (P<0.05,
* indicates significant differences from O=saline treated group). (b)
Dose-dependent antagonism of i.cv. CRF's (100ng) antinociception by
coadministered a-helical CRF receptor antagonist was significant ipsi- and
contralateral to the FCA-inflamed paw (P<005, ' indicates significant
differences from baseline (BL), * indicates significant differences from
0 = vehicle-treated group). (c) Dose-dependent attenuation of i.c.v. CRF's
(100ng) antinociception by coadministered opioid receptor antagonist
naloxone was significant ipsi- and contralateral to the FCA-inflamed paw
(P<0.05, " indicates significant differences from baseline (BL), * indicates
significant differences from O = vehicle-treated group).

colocalized within the thalamus. Some neurons within the
thalamus were immunoreactive for opioid peptides alone
(Figure 2j-1). The hypothalamus showed a large number of
CRF receptor-ir fibers being located primarily in the
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internal layer of the median eminence (Figure 3a-d).
Within these regions, both ENK- and 3E7-ir neurons were
positive for CRF receptors. Interestingly, these neurons
coexpressed CRF receptor and 3E7 but not ENK within the
median eminence (Figure 3AA-CC) indicating that CRF
receptor-ir neurons expressed only END but not ENK.
Within the PVN, and the supraoptic nuclei (SON) in the
hypothalamus, abundant CRF receptor-ir neurons were in
close contact with dense 3E7-ir nerve fibers (Figure 3e and
f). The arcuate nucleus showed abundant ENK-ir neurons in
close contact with dense nerve fibers positive for CRF
receptor but with some fibers overlapping (Figure 3d).
Within the periaquaeductal gray area, the majority of CRF
receptor-ir neurons expressed opioid peptides, but few
neurons showed immunoreactivity of either CRF receptor
or opioid peptides (Figure 3g-i). In the LC, we demon-
strated that CRF receptor-ir neurons coexpressed opioid
peptides (Figure 3j-1).

Opioid-Mediated Antinociceptive Effects
Following i.t. CRF

Lt. injection of CRF (2, 4, 10, 20ng) dose-dependently
produced significant elevations of PPT in inflamed paws
(P<0.05, ANOVA and Dunnett’s test) but not in contral-
ateral noninflamed hind paws of FCA-treated rats (P> 0.05,
ANOVA and Dunnett’s test) (Figure 4a). These PPT
elevations increased beyond baseline PPT in naive rats
(69+5.4g) (see above). The highest effective dose of CRF
given s.c. did not alter PPT (data not shown).

L.t. coadministration of different doses off a-helical CRF
antagonist with 10ng CRF dose-dependently and signifi-
cantly attenuated CRF-induced PPT increases in inflamed
hindpaws (P<0.05, ANOVA and Dunnett’s test) (Figure 4b).
However, this treatment did not affect PPT on the
contralateral side (data not shown). In addition, i.t.
coadministration of different doses of the opioid receptor
antagonist naloxone with 10ng CRF dose-dependently
and significantly attenuated CRF-induced PPT elevations
in inflamed hindpaws (ANOVA and Dunnett’s test)
(Figure 4c), but did not alter PPT on the contralateral side
(data not shown). The highest effective dose of either «-
helical CRF antagonist or naloxone given s.c. did not alter
i.t. CRF-elicited PPT elevations (data not shown).

Spinal Cord Areas of CRF Receptor and Opioid Peptide
Coexpression

In the L4-L5 segments of the spinal cord of rats with FCA-
induced hindpaw inflammation, CRF receptor immuno-
reactivity was mainly distributed in the superficial laminae
of dorsal horn (Figure 5a, e, f, j). Also, CRF receptor
immunoreactivity was detected in the parasympathetic
nucleus of the lumber spinal cord (Figure 5j). A few labeled
nerve fibers were distributed in the gray matter of the
lumbar spinal cord. As most ENK-ir neurons within the
dorsal horn specifically characterized inhibitory inter-
neurons (Millan, 1999; Schulte et al, 2003; Llewellyn-Smith
et al, 2005), we identified most CRF receptor-ir nerve fibers
of the dorsal horn overlapping at the confocal level with
ENK immunoreactivity (Figure 5a-c). In contrast, the
marker for primary afferent central nerve endings (CGRP)
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Figure 2 Double-immunofluorescence staining of CRF receptor (a, d, g h) and opioid peptides (3E7 +) in the RAIC (a—c), hippocampal CA| pyramidal
cells (d-f), the dentate gyrus granule cell layer of the hippocampus (g—i) and thalamus (j-I). CRF receptor (red; a, d, g, j) colocalized with opioid peptides
(green; b, e, h, k). Note that most of CRF receptor—ir neurons (red) express opioid peptides (green) (double arrow) with few neurons containing only CRF
receptor (red; arrow) or opioid peptides (green; arrowhead). Bar =50 pm.

Figure 3 Double-immunofluorescence staining of CRF receptor (a, AA, d-f, g, j) and opioid peptides (3E7 +) (b, BB, e, f, h, k) or ENK (d) in the
hypothalamus regions (a—f), periaquaductal grey area (g—i) and LC (j-). CRF receptor (red; a, AA, d—f, g, j) colocalize with opioid peptides (green; b, BB, d, e,
f, h, k). Note that most of CRF receptor—ir neurons (red) express opioid peptides (green) (double arrow) with few neurons containing only CRF receptor
(red; arrow) in the median eminence (ME). (d) Arcuate nucleus contains an abundant population of ENK-ir neurons in close contact with dense nerve fibers
positive with CRF receptor-ir fibers with few fibers showing overlap. In the paraventricular (PVN) (e) and supraoptic nuclei (SON) (f) within the
hypothalamus there is an abundant population of CRF receptor-ir neurons (red), which are in close contact with dense nerve fibers positive for opioid
peptides (green). In the periaquaductal gray area (g—i) and LC, the majority of CRF receptor-ir neurons express opioid peptides (double arrow) with few
neurons containing only CRF receptor (arrow) or opioid peptides (arrowhead). Bar=50 pm (for a—i) and 25 (AA, BB, CC) um.

showed no colocalization with CRF receptor immunoreac-  As behavioral data significantly changed only on the ipsi-,
tivity (Figure 5e and f). However, opioid receptor MOR and  but not contralateral side, we investigated quantitative
DOR immunoreactivity overlapped with CGRP (Figure 5g-i). ~ changes in CRF receptor- or ENK-immunoreactivity within
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Figure 4 In Wistar rats with 4 days FCA hindpaw inflammation, effects
of i.t. injections of low doses of CRF on ipsi- (closed bars) and contralateral
(open bars) nociceptive paw pressure thresholds (PPT) were measured by
algesiometry. (a) |t. injections of CRF significantly increased PPT in a dose-
dependent manner ipsi- but not contralateral to the FCA-inflamed paw
(P<0.05, * indicates significant differences from O = saline-treated group).
(b) Dose-dependent antagonism of it. CRF's (10ng) antinociception by
coadministered a-helical CRF receptor antagonist was significant ipsilateral
to the FCA-inflamed paw (P<0.05, ' indicates significant differences from
baseline (BL), * indicates significant differences from 0= vehicle-treated
group). (c) Dose-dependent attenuation of it. CRF's (10ng) antinocicep-
tion by coadministered opioid receptor antagonist naloxone was significant
ipsilateral to the FCA-inflamed paw (P<005, ' indicates significant
differences from baseline (BL), * indicates significant differences from
0 = vehicle-treated group).
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the superficial laminae of spinal cord. We found a
significant increase in the density of CRF receptors
(37.14+5.4%, P<0.05) or ENK-ir (53.0+10.4%, P<0.05)
immunostaining on the superficial laminae of the spinal
cord ipsilateral to the inflamed vs untreated side (Figure 5j-
k). The immunostaining had a similar distribution on both
sides but the density increased ipsilateral to the inflamed
side. This change was restricted to the lumbar segments (ie,
L4-L5) that are innervated by the sciatic nerve.

Opioid-Mediated Antinociceptive Effects
Following i.pl. CRF

Lpl. injection of CRF (0.5, 1, 1.5 and 2 ng) dose-dependently
produced significant elevations of PPT in inflamed paws
(P<0.05, ANOVA and Dunnett’s test) (Figure 6a) but not in
contralateral noninflamed hind paws (P> 0.05, ANOVA and
Dunnett’s test). These PPT elevations increased beyond
baseline PPT in naive rats (69+5.4g) (see above). The
highest effective dose of CRF given s.c. did not alter PPT
(data not shown). I.pl. coadministration of different doses
of o-helical CRF antagonist with 1.5ng CRF dose-depen-
dently and significantly attenuated CRF-induced PPT
increases in inflamed hindpaws (P<0.05, ANOVA and
Dunnett’s test) (Figure 6b). However, this treatment did not
affect PPT on the contralateral side (data not shown). In
addition, i.pl. coadministration of different doses of the
opioid receptor antagonist naloxone with 1.5ng CRF dose-
dependently and significantly attenuated CRF-induced PPT
elevations in inflamed hindpaws (ANOVA and Dunnett’s
test) (Figure 6¢), but did not alter PPT on the contralateral
side (data not shown). The highest effective dose of either
o-helical CRF antagonist or naloxone given s.c. did not alter
i.pl. CRF-elicited PPT elevations (data not shown).

CRF Receptor and Opioid Peptide Expression in DRG,
Sciatic Nerve and Inflamed Subcutaneous Paw Tissue

Within inflamed subcutaneous tissue double-immuno-
fluorescence confocal microscopy demonstrated that most
of opioid peptides-ir immune cells contained CRF recep-
tors. Only few immune cells immunolabeled for either
opioid peptides or CRF receptor alone (Figure 7g-i).
Double-immunofluorescence staining of inflamed subcuta-
neous paw tissue using CRF receptor and CGRP antisera
identified CRF receptor and CGRP immunoraectivity on
immune cells and on subcutaneous nerve fibers, respec-
tively, without overlap (Figure 7f).

In DRG as well as sciatic nerve sections innervate either
inflamed or noninflamed paws, CRF receptor or CGRP
double-immunofluorescence labeling revealed no staining
for CRF receptor, but strong immunoreactivity for CGRP in
primary afferent DRG neurons and nerve fibers within the
sciatic nerve (Figure 7a-e).

DISCUSSION

This investigation sought to investigate systematically i.c.v.,
i.t, and i.pl. CRF’s effects on nociception in a standardized
model of tonic pain, that is, FCA-induced hindpaw inflam-
mation. The major finding of this study is that application of
low, systemically inactive doses of CRF inhibits inflammatory
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ipsi

Figure 5 Double-immunofluorescence staining of CRF receptor (a, d—f) and ENK (b, d), CGRP (e) or MOR (f) in the superficial laminae of dorsal horn of
L4-L5 spinal cord of the rat with unilateral FCA hindpaw inflammation. Note that most of CRF receptor-ir fibers express ENK (double arrow) but do not
express CGRP (e) or MOR (f) in the dorsal hom of coronal (b, e, f) and parasagittal (d) sections of L4-L5 spinal cord of the rat; however, few fibers contain
only CRF receptor (arrow) or ENK (arrowhead) (c, d). Note that the network of CRF receptor-ir fibers is extending into the lateral gray matter and in
the parasympathetic nucleus of the lumber spinal cord (arrows) ((e, f). (g—i) Double-immunofluorescence staining of DOR (g) and CGRP (h) showing that
DOR overlaps with CGRP (i). (j, k) Single immunostaining of CRF receptor (j) or ENK (k) show that the intensity of CRF receptor (j) or ENK (k)
immunoreactivity is increased in ipsi- (ipsi) compared to contralateral (contral) spinal cord dorsal horns following FCA hindpaw inflammation. Bar =50 pm

(for a—i) and 100 (j, k) pum.

pain not only at peripheral but also at spinal and supraspinal
sites by the involvement of endogenous opioid peptides. This
is established in several ways: (i) i.c.v. administration of low
doses of CRF elicits potent antinociception ipsi- as well as
contralateral to the inflamed site which is dose-dependent and
attenuated by ic.v. but not systemically administered o-
helical CRF or naloxone; (ii) consistently, we identified
multiple pain relevant brain areas which show colocalization
of CRF receptors with opioid peptides; (iii) i.t. administration
of low doses of CRF elicits potent antinociception ipsi- but
not contralateral to the inflamed site which is dose-dependent
and attenuated by it. but not systemically applied o-helical
CRF or naloxone; (iv) consistently, we identified CRF
receptors mostly on ENK-ir inhibitory dorsal horn inter-
neurons—but neither on primary afferent central nerve
endings (CGRP-ir) nor on excitatory dorsal horn neurons
(MOR-ir nociceptive neurons as well as interneurons); dorsal
horn CRF receptor-ir as well as ENK-ir was highly
upregulated ipsi- but not contralateral to the inflamed painful
site; (v) i.pl. administration of low doses of CRF elicits potent
antinociception in ipsilateral inflamed, but not contralateral
noninflamed hindpaws which is dose-dependent and attenu-
ated by i.pl. but not systemically administered «-helical CRF
or naloxone and (vi) consistently, we identified CRF receptors
exclusively on opioid peptide containing immune cells, but
not within DRG cell bodies, sciatic axons, or peripheral nerve
fibers within inflamed subcutaneous tissue.

To this end, our findings report about identified areas of
CRH receptor and opioid peptide colocalization in pain
relevant areas along the neuraxis of pain transmission. This
may support previous evidence for a new class of CRF-

related analgesics that has been overlooked (Lariviere and
Melzack, 2000).

Opioid-Mediated Inhibition of Inflammatory Pain
Following i.c.v. CRF

In our tonic pain animal model of FCA hindpaw
inflammation, i.c.v. but not systemic application of low
doses of CRE elicits potent, dose-dependent antinociception
which is attenuated by coadministration of the CRF
receptor antagonist a-helical CRF. This observation is in
agreement with previous studies showing that i.c.v. admin-
istration of CRF produced dose-dependent antinociception
at low doses (ie, 40-500ng) (Vit et al, 2006; Bianchi and
Panerai, 1995). Instead, in other studies using higher doses
(0.3-30pg) ic.v. CRF was not effective (Ayesta and
Nikolarakis, 1989; Poree et al, 1989; Sherman and Kalin,
1987; Britton et al, 1985). Several previous investigations of
the pain modulating effects of intracranial CRF have led to
conflicting results (Lariviere and Melzack, 2000; Taché et al,
2004). In studies examining somatic pain, the influence of
intracranial CRF has ranged from pain inhibition (Vit et al,
2006; Cui et al, 2004; Bianchi et al, 1991, 1995) over no pain
modulation (Ayesta and Nikolarakis, 1989; Poree et al, 1989;
Sherman and Kalin, 1988) to increased pain sensitivity
(Williams et al, 1986). Some of these discrepancies may be
explained by differences in (i) the animal models (tonic vs
phasic pain); (ii) the doses of CRF (low vs high dose, single
dose vs dose-response); and (iii) various intracerebral
locations and techniques of application. As Lariviere and
Melzack (2000) suggested that antinociceptive effects of
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Figure 6 In Wistar rats with 4 days FCA hindpaw inflammation, effects
of i.pl. injections of low doses of CRF on ipsi- (closed bars) and contralateral
(open bars) nociceptive paw pressure thresholds (PPT) were measured by
algesiometry. (a) l.pl. injections of CRF significantly increased PPT in a dose-
dependent manner ipsi- but not contralateral to the FCA-inflamed paw
(P<0.05, * indicates significant differences from O = saline-treated group).
(b) Dose-dependent antagonism of ipl. CRF's (1.5ng) antinociception by
coadministered o-helical CRF receptor antagonist was significant ipsilateral
to the FCA-inflamed paw (P<0.05, ' indicates significant differences from
baseline (BL), * indicates significant differences from 0 = vehicle-treated
group). (c) Dose-dependent attenuation of ipl. CRF's (I1.5ng) antino-
ciception by coadministered opioid receptor antagonlst naloxone was signi-
ficant ipsilateral to the FCA-inflamed paw (P<0.05, ! indicates significant
differences from baseline (BL), * indicates significant differences from
0 = vehicle-treated group).
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CRF are identified rather in tonic than in phasic pain, we
have chosen an animal model of tonic pain, that is, FCA
hindpaw inflammation, and have examined not just a single
dose but a full dose range of i.c.v. CRF. Interestingly, we
have also observed elevated PPT contralateral to the
inflamed hindpaw, although they were less pronounced
and significantly different only for a single dose. This might
be explained by the fact that alterations in neuroplasticity
following ipsilateral tonic pain show some degree of
convergence at supraspinal levels (Melzack, 1999).
studies examining visceral pain, most of them suggest a
pain enhancing effect during colonic distension—although
not a direct pain stimulating effect—of i.c.v. CRF in a
dose range of 5-20 ug/kg (Gué et al, 1997; Schwetz et al,
2005). However, one study reported about pain inhibiting
effects in the mouse writhing assay, which were maximal
with 100-200 ng i.c.v. CRF (Kita et al, 1993).

CRF has been suggested to affect pain behavior through
the hypothalamo-pituitary-adrenal (HPA) axis from the
release of corticosterone (Pavcovich and Valentino, 1997;
Lariviere and Melzack, 2000; Wang et al, 2004). A recent
study by Vit et al (2006) does not support this idea by
showing that the inhibitory effects of i.c.v. CRF on
nociception in response to paw pinch are independent of
its control of the HPA axis, as corticosterone levels did not
correlate with pain behavior and adrenalectomized Fischer
rats retained normal nociceptive thresholds as well as
unchanged antinociceptive effects following i.c.v. CRF. In
our study the use of low, systemically inactive doses of i.c.v.
CRF, the demonstration of dose-dependent increases and
the antagonism by i.c.v. but not systemic o-helical CRF
indicate that the inhibition of inflammatory pain is owing to
a local CRF receptor specific effect within the brain. CRF
receptors occur throughout the brain (Potter et al, 1994
and Van Pett et al, 2000) and offer many targets where
CRF might act to change pain behavior. Following i.c.v.
administration, CRF reaches high concentrations in pain
relevant regions such as the thalamus, hypothalamus, LC,
and periaqueductal gray (Bittencourt and Sawchenko,
2000). It has previously been noted that CRF modulates
electrophysiological activity within the hippocampus
(Aldenhoff et al, 1983; Siggins et al, 1985) and LC (Lejeune
and Millan, 2003; Valentino et al, 1987). CRF elicits
excitatory actions within the cortex and the hypothalamus
(Ehlers et al, 1983; Siggins et al, 1985) or inhibitory actions
on the electrophysiological activity of the thalamus and the
paraventricular nucleus of the hypothalamus (Siggins et al,
1985), all of which have been shown to be involved in pain
processing (Bouckoms, 1994; Melzack and Wall, 1996).
Interestingly, our studies revealed that the antinociceptive
effect of i.c.v. CRF is attenuated by i.c.v. but not systemic
coadministration of the opioid receptor antagonist nalox-
one. These findings suggest that ic.v. CRF’s antinociception
seems to be mediated by activation of opioid receptors
through opioid peptides within the brain. In line with our
behavioral data, double-immunofluorescence confocal mi-
croscopy of brain sections of FCA-treated animals identified
multiple areas of colocalization of opioid peptides with CRF
receptors such as the cerebral cortex, hippocampal forma-
tion, thalamus, hypothalamus, periaquaductal gray and LC,
which suggest a possible explanation of our behavioral
findings. Further support for this explanation comes from
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Figure 7 Double-immunofluorescence staining of CRF receptor (red; a, d) and CGRP (green; b, e) in L4-L5 DRG and sciatic nerve ipsilateral to the FCA
inflamed hindpaw. Note only CGRP-ir neurons or fibers within DRG or sciatic nerve, respectively, but no CRF receptor immunoreactivity was detected. ()
Inflamed subcutaneous paw tissue double-immunostained for CRF receptor (red) and CGRP (green) shows CRF receptor immunoreactivity located on
immune cells (arrow) and CGRP immunoreactivity located on nerve fibers (arrowhead). (g, h, i) Inflamed subcutaneous paw tissue double-immunostained
for CRF receptor (red; g) and opioid peptides (3E7 +) (green; h) shows that most of CRH receptor-ir cells contain opioid peptides (double arrow) with

some cells containing CRF receptor only (red) (arrow). Bar= 50 pm.

the evidence that pain modulating opioid receptors have
been identified in the same brain regions (Arvidsson et al,
1995). However, there might be also other mechanisms
responsible for the antinociceptive effects of i.c.v. CRF. For
example, CRF affects the tonic electrophysiological activity
of the LC (Lejeune and Millan, 2003; Valentino and Foote,
1987; Borsody and Weiss, 1996), which is involved in the
tonic descending inhibitory control of spinal cord circuits
(Besson and Chaouch, 1987). Taken together, our findings
provide evidence that in the tonic pain animal model of
FCA hindpaw inflammation low, systemically ineffective
doses of i.c.v. CRF elicit antinociception by activation of
opioid receptors through released opioid peptides within
pain relevant multiple brain regions. This opioid peptide
release is mediated by CRF receptors at the brain level and
results in potent antinociception.

Opioid-Mediated Inhibition of Inflammatory Pain
Following i.t. CRF

We also examined in our animal model of FCA hindpaw
inflammation the pain modulating effects of i.t. CRF. Lt. but
not systemic application of low, systemically inactive doses
of CREF elicits potent antinociception on the ipsi- but not

contralateral noninflamed side which increases dose-
dependently and is attenuated by coadministration of the
CRF receptor antagonist a-helical CRF. An antinociceptive
effect of i.t. CRF is in agreement with other studies showing
that it. CRF inhibited the writhing response in mice
(Song and Takemori, 1990, 1991) as well as the viscer-
omotor response following duodenal distension (Nijsen
et al, 2005). However, these studies examined exclusively
visceral pain and no study so far investigated the influence
of i.t. CRF on somatic pain. In our model of inflammatory
somatic pain, we demonstrated dose-dependent antinoci-
ception of i.t. CRF, which is antagonized by «-helical
CRF and, therefore, specifically mediated by spinal CRF
receptors. The substantia gelatinosa within the spinal cord,
a part of the dorsal horn that receives pain-related afferent
signals, also contains receptors for CRF throughout its
length (Bell and De Souza, 1988; Skofitsch et al, 1985). Our
findings are in agreement with previous studies by Song
and Takemori (1990, 1991) showing that analgesia induced
by i.t. administration of CRF is blocked by i.t. administra-
tion of the CRF receptor antagonist. To exclude further a
possible site of action of i.t. CRF outside the spinal cord, we
found that systemic administration of the highest effective
doses of CRF or CRF antagonist a-helical CRF had no effect.
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Furthermore, i.t. CRF’s antinociception was attenuated by
i.t. but not systemic coadministration of the opioid receptor
antagonist naloxone, suggesting activation of opioid recep-
tors through opioid peptides within the spinal cord.

In support of these findings, our double-immunofluores-
cence staining showed that most of CRF receptor-ir nerve
fibers overlap with ENK-ir interneurons but not with
primary afferent (CGRP-ir) central endings or MOR-ir
nociceptive neurons in the superficial dorsal horn of the
spinal cord. Consistent with a putative release of opioid
peptides, ENK-ir interneurons are in close proximity of
clusters of MOR-ir nociceptive neurons (Arvidsson et al,
1995) whose activation may contribute to presynaptic
inhibition of sensory neuron neurotransmitter release
(Kondo et al, 2005) and/or postsynaptic hyperpolarization
of excitatory neurons (Trafton et al, 2000). Interestingly, i.t.
CRF produces antinociception exclusively in inflamed but
not in contralateral noninflamed hind paws. Accordingly,
quantification of our immunolabeling demonstrates that
FCA-induced inflammation enhances the expression of CRF
receptors and ENK in interneurons within the superficial
laminae of the spinal cord. This finding is consistent with
previous studies (Ji et al, 1994; Spetea et al, 2002; Calza et al,
1998) demonstrating an upregulation in the expression of
ENK after FCA-induced inflammation. However, another
explanation for the differences in ipsi- and contralateral
antinociceptive effects of i.t. CRF might be that tonic
ongoing pain is needed to detect CRF’s inhibitory actions
on pain; only on the ipsilateral, but not on the contralateral
side is continuous afferent barrage or firing towards the
spinal cord (Ikeda et al, 2003).

Taken together, the possible explanation of mechanism of
CRF-induced antinociception within the spinal cord is that
inflammatory pain induces upregulation of CRF receptors
and ENK within substantia gelatinosa in the spinal cord.
Then, i.t. CRF administration activates its receptors on
inhibitory interneurons and directly and/or indirectly
induces ENK release from interneurons activating inhibi-
tory circuits within the spinal cord.

Opioid-Mediated Inhibition of Inflammatory Pain
Following i.pl. CRF

Extending and confirming our previous study (Mousa et al,
2003), we investigated the functional role of peripheral CRF
receptor and endogenous opioid peptides within inflamma-
tory pain using CRF and opioid receptor antagonists. We
tried to investigate the relative contributions of CRF
receptors on sensory neurons vs immune cells to the pain
inhibiting effects of ipl. CRF. In agreement with our
previous studies, we found potent antinociceptive effects
following the administration of CRF into inflamed paw
tissue. However, CRF did not have any effects in nonin-
flamed paws or when the same dose administered
subcutaneously at a remote site (Schifer et al, 1994; Mousa
et al, 2003), indicating a local site of action within the
inflamed paw. Kiang and Wei (1987) as well as Hargreaves
et al (1989) also provide support for a peripheral
antinociceptive mechanism following local administration
of CRF in two other inflammatory conditions, carrageenan-
induced hyperalgesia and thermal injury of the rat hindpaw.
Apparently, inflammation is a prerequisite for local CRF to
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produce analgesia (migration of inflammatory cells contain-
ing opioids). The antinociception induced by i.pl. CRF was
attenuated by CRF receptor antagonists. Similarly, i.pl. but
not systemic injection of naloxone, eliminated the analgesic
effect of CRF. These findings suggest the involvement of
CRF receptor and endogenous opioid peptides in CRF-
induced antinociception. In support of this finding, our
double-immunofluorescence confocal microscopy demon-
strated colocalization of opioid peptides with CRF receptors
in immune cells within inflamed subcutaneous paw tissue.
In contrast, the immunostaining of DRG, sciatic nerve and
subcutaneous paw tissue using CRF receptor antibodies
showed no staining suggesting that CRF receptors are not
present in primary afferent neurons. This anatomical
distribution of CRF receptor is in line with our previous
studies (Mousa et al, 1996, 2003).

SUMMARY

In an animal model of tonic pain, that is, FCA-induced
hindpaw inflammation, we observed that the local applica-
tion of low, systemically inactive doses of CRF at the three
main levels of pain transmission, that is, the brain, spinal
cord, and peripheral sensory neuron, elicits potent anti-
nociception. At each of these levels, CRF-induced elevated
PPT are well beyond baseline PPT of naive animals,
are dose-dependent and are antagonized by local CRF
receptor antagonist o-helical CRF, indicating truly anti-
nociceptive effects and CRF receptor specificity. Consis-
tently, we have identified multiple brain areas, inhibitory
neurons within the dorsal horn of the spinal cord as well as
immune cells—but not peripheral sensory neurons—that
coexpress CRF receptors and opioid peptides. In line with
these anatomical findings, local administration of CRF
together with the opioid receptor antagonist naloxone dose-
dependently reversed CRF’s antinociceptive effects at each
of these three levels of pain transmission. The present
results have highlighted the need for further studies to
investigate the contribution of each CRF receptor subtype in
central CRF-induced antinociception during inflammatory
pain and to delineate whether endogenous CRF at these
three levels contributes to the body’s response to cope with
the stressful stimulus pain in an opioid-mediated manner.
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