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Vitamin A active metabolite, all-trans retinoic acid,
induces spinal cord sensitization. I. Effects after oral
administration

EA Romero-Sandoval!, C Molina, M Alique, V Moreno-Manzano?, FJ Lucio and JF Herrero

Departamento de Fisiologia, Facultad de Medicina, Universidad de Alcald, Madrid, Spain

Background and purpose: Retinoic acid is an active metabolite of vitamin A involved in the modulation of the inflammatory
and nociceptive responses. The aim of the present study was to analyze the properties of spinal cord neuronal responses of
male Wistar rats treated with all-trans retinoic acid (ATRA) p.o. in the normal situation and under carrageenan-induced
inflammation. We also studied the expression and distribution of cyclooxygenases (COX) in the spinal cord.

Experimental approach: Properties of spinal cord neurons were studied by means of the single motor unit technique. The
expression of COX enzymes in the spinal cord was assessed by Western blot analysis and immunohistochemistry.

Key results: Intensity thresholds for mechanical and electrical stimulation (C-fibers) were significantly lower in animals treated
with ATRA than vehicle, either in normal rats or in rats with inflammation. The size of cutaneous receptive fields was also larger
in animals treated with ATRA in the normal and inflammatory conditions. The expression of COX-2 enzyme, but not COX-1,
was significantly higher in animals treated with ATRA. COX-2 labeling was observed in dorsal horn cells and in ventral horn
motoneurons.

Conclusions and implications: In conclusion, the oral treatment with ATRA in rats induces a sensitization-like effect on spinal
cord neuronal responses similar to that observed in animals with inflammation and might explain the enhancement of
allodynia and hyperalgesia observed in previously published behavioral experiments. The mechanism of action involves an

over-expression of COX-2, but not COX-1, in dorsal and ventral horn areas of the lumbar spinal cord.
British Journal of Pharmacology (2006) 149, 56-64. doi:10.1038/sj.bjp.0706829; published online 17 July 2006

Keywords: vitamin A; retinoic acid; pain; hyperalgesia; COX; inflammation; Western blot; spinal cord; electrophysiology;

immunohistochemistry

Abbreviations: ATRA, all-trans retinoic acid; COX, cyclooxygenase; SMU, single motor unit

Introduction

Peripheral tissue inflammation leads to sensitization of
nociceptors, on exposure to inflammatory mediators, and
to central sensitization due to a facilitation of synaptic
inputs into the dorsal horn of the spinal cord. As a
consequence there is an exaggerated sensation of pain called
hyperalgesia (Treede et al., 1992). The initiation and main-
tenance of central sensitization involve numerous mechan-
isms and neuromediators whose release triggers and
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maintains a state of high neuronal activity. The expression
of cyclooxygenase-2 (COX-2; Samad et al., 2001), for
example, is enhanced rapidly in the spinal cord during
sensitization, along with the production of prostaglandins
like prostaglandin E2 (PGE2). Interleukin-14 (IL-1p) is also
upregulated following lipopolysaccharide administration
(Watkins et al., 1994) or inflammation (Safieh-Garabedian
etal., 1995) and induces, in turn, a fast upregulation of COX-
2 either in peripheral tissues (Maier et al., 1990) or in the
spinal cord (Samad et al., 2001). The mechanisms underlying
the upregulation of IL-1 or COX-2 are not known, and some
endogenous systems involved in the initiation of sensitiza-
tion are still unidentified. Retinoids might be one of these
unidentified systems.

Active metabolites of vitamin A, such as all-trans retinoic
acid (ATRA; Duester et al., 2003), play an essential activity in
the embryological development of several tissues and organs
(Gudas et al., 1994), including the brain and the spinal cord
(Solomin et al., 1998; Duester et al., 2003). Retinoids are also



present in the brain and spinal cord of adult rats and mice
(Zetterstrom et al., 1994; Werner and Deluca, 2002) and are
involved in functions such as spatial learning and memory
(Misner et al., 2001; Cocco et al., 2002). In addition, retinoids
are involved in the mechanisms underlying the inflamma-
tory reaction, and have been related to the generation and
expression of nitric oxide (NO; Hirokawa et al.,, 1994;
Grosjean et al., 2001; Seguin-Devaux et al., 2002), prosta-
glandins (Hill et al., 1996; Devaux et al., 2001) and
cyclooxygenases (COX; Nusing et al., 1995; Kanekura et al.,
2000; Li et al., 2002).

In a previous work carried out in our lab (Romero-
Sandoval et al., 2004) we considered that retinoids might
be involved in the processing of nociceptive information,
especially in situations of hyperalgesia due to inflammation.
This hypothesis was based in on three observations: (i)
Retinoids are present in the spinal cord and brain; (ii)
Retinoids have a relationship with mediators of inflamma-
tion, which are also involved in the generation or main-
tenance of sensitization and pain due to inflammation (see
e.g. Kanekura et al., 2000; Grosjean et al., 2001; Devaux et al.,
2001); (iii) The topical use of retinoids is associated with
rash, pruritus and pain (Lowe and Plosker, 2000). In this
study, we observed in behavioral experiments that animals
with inflammation treated with ATRA p.o. showed a more
intense development of allodynia and hyperalgesia than
control animals. Also, the recovery to baseline data was
slower in animals treated with ATRA. We also observed an
over-expression of COX-2 in neuroblastoma cells and in the
whole spinal cord of animals treated with ATRA.

These results suggest that ATRA is actively implicated in the
generation and/or maintenance of inflammation-induced
sensitization. The aim of the present study was to analyze
whether the oral administration of ATRA, induces changes
in spinal cord neuronal responses compatible with those
observed in inflammation-induced sensitization. Central
sensitization manifests as changes in the properties of spinal
cord neurons. These changes include decreased thresholds for
natural and electrical stimulation and enlarged cutaneous
receptive fields (Woolf, 1983; McMahon and Wall, 1984;
Schaible and Schmidt, 1985; Laird and Cervero, 1989; Woolf
and King, 1990; Dubner and Ruda, 1992; Treede et al., 1992).
Therefore, we first studied the influence of ATRA on spinal
cord neuronal nociceptive responses to mechanical and
electrical stimulation of normal rats and of rats with
inflammation. In the second part of the study, we analyzed
whether the changes observed were associated with a
modification of the expression of COX enzymes either in the
hemicord ipsilateral or contralateral to the inflammation, like
in inflammation-induced sensitization, by means of Western
blot and immunohistochemistry techniques. Preliminary data
have been published in abstract form (Molina et al., 2005).

We conclude that the oral treatment with ATRA in rats
induces a sensitization-like effect on spinal cord neuronal
responses similar to that observed in animals with inflam-
mation and might explain the enhancement of allodynia
and hyperalgesia observed in previously published behavior-
al experiments. The mechanism of action involves an over-
expression of COX-2, but not COX-1, in dorsal and ventral
horn areas of the lumbar spinal cord.
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Methods

Electrophysiological experiments

Electrophysiological experiments were performed on adult
male Wistar rats (240-340g) divided in four experimental
groups: normal animals treated with ATRA (n=17), normal
animals treated with vehicle (n=11), animals with carragee-
nan-induced inflammation treated with ATRA (n=20) and
animals with inflammation treated with vehicle (n=9).
Inflammation was induced 15 h before the experiment under
brief halothane anesthesia (5% in oxygen for induction, 2%
for maintenance) by the intraplantar administration of
100 4l of carrageenan /. (10 mgml~! in distilled water; Sigma,
St Louis, MO, USA) in the right hind paw. Another 100 ul
of saline were injected in the left hind paw as a control
for inflammation. The effectiveness of carrageenan in the
induction of inflammation was assessed by measuring the
volume of the paw by plethysmometry (Letica plethysm-
ometer, Panlab SL; Barcelona, Spain) before the administra-
tion of carrageenan and after the experiment.

ATRA (Tretinoin, Sigma) was suspended in carboxymethyl-
cellulose (Sigma) 0.5% and administered orally in a final
volume of 0.5ml. A similar amount of carboxymethyl-
cellulose was administered to the animals in the control
group of experiments. The treatment with either ATRA or
vehicle p.o. lasted for 4 days and consisted of a dose of
15mgkg ! the first 2 days and a dose of 10mgkg ' the
following 2 days. The doses and protocol of administration
were chosen according to the results observed in behavioral
experiments performed previously in our lab (Romero-
Sandoval et al., 2004).

The preparatory surgery has been described previously in
detail (see e.g. Mazario et al. (2001); Romero-Sandoval et al.
(2002)), and was performed under halothane anesthesia
(5% in oxygen for induction and 2-3% for maintenance).
The surgery consisted in the cannulation of the trachea,
one carotid artery to register the blood pressure, and two
superficial branches of the jugular veins, for the administra-
tion of o-chloralose and fluid therapy. The animal was
moved to an appropriate frame and anesthesia was con-
tinued with a-chloralose (Sigma) 50mgkg~! initial dose
supplemented with 20mgkg 'h. Core temperature was
maintained close to 37°C by means of a feedback-controlled
blanket system. Blood pressure was continuously monitored
and systolic value did not fall below 100 mm Hg throughout
the experiment. The preparation was allowed to rest for at
least an hour before recordings started. The recording of
single motor units (SMU) has, as a main advantage, the
possibility of recording direct spinal cord neuron responses
with a minimum preparatory surgery. The activity of spinal
cord units is, therefore, recorded under better physiological
conditions and the results are very reproducible. The
technique has been described in detail several times (Herrero
and Headley, 1991; Solano and Herrero, 1997, 1999), briefly,
SMUs activated by noxious mechanical and electrical
stimulation were recorded by means of a bipolar tungsten
electrode inserted percutaneously into muscles of the right
hind limb. Isolation of motor units was performed by
moving the electrode with a micromanipulator while a mild
pressure was applied to the paw. A window discriminator and
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a standard system for extracellular recordings were used to
count the number of spikes. The SMUs were not specifically
selected and the first isolated unit was the unit used for the
study. Once the unit had been isolated, the preparation was
allowed to rest for 10min before its properties were
identified using the following protocol: (1) Determination
of the mechanical threshold by means of von Frey hairs
applied to the most sensitive area of the cutaneous receptive
field (usually first toe). The series of hairs used were: 5, 7, 10,
15, 20, 25, 30, 35, 40, 50, 60, 80, 100 and 200mN. (2)
Determination of the threshold to activate C-fiber volley by
electrical stimulation (2 ms width square pulses) by means of
two intradermal fine needles (0.2 mm) inserted in the most
sensitive area of the receptive field (Solano and Herrero,
1997). Data from electrical stimulation were analyzed by
counting the responses evoked between 150 and 650 ms after
each pulse (C-volley inputs; Herrero and Cervero, 1996). An
original recording of responses observed after an electrical
stimulus is represented in Figure la. Each test was repeated
three times at 3min intervals and the averaged value was
considered for analysis. (3) Mapping of the field using a
500 mN hair, a force capable of inducing nociceptive with-
drawal reflexes in conscious animals and considered as a
noxious stimulus (Romero-Sandoval et al., 2004). An illustra-
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Figure 1 lllustration of the methods followed in electrophysiologi-
cal experiments. (a) Original recording of A- and C-volley responses
recorded after an electrical stimulus. The threshold for activation of
C-fiber volley was determined by the application of 2ms width
square electrical pulses. Data from electrical stimulation were
analyzed by counting the responses evoked between 150 and
650ms after each pulse. (b) Cutaneous receptive fields were
mapped on dorsal and plantar sides of the paw using a 500 mN
filament. (c) lllustration of an original recording of an unit activated
by the application of a 500 mN filament on the most sensitive area of
the receptive field during 5s.
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tion of the technique and an original recording is shown in
Figures 1b and c. The area of the receptive fields was marked
on the skin and copied onto tracing paper. Dorsal and
plantar areas were only considered for analysis and measured
using a digitizing tablet. On-line collection of data and off-
line numerical analysis were performed by computer using
commercial software (CED, UK; Graph Pad, Instat, Prism,
USA). Data are presented as mean +s.e.m. Statistical signifi-
cance was calculated using the one-way analysis of variance
(ANOVA) with post hoc Dunnett’s test.

Western blot analysis of COX expression

Fourteen male Wistar rats were treated with ATRA (n=7) or
vehicle (n=7) following the same protocol as the electro-
physiological experiments. Soft-tissue inflammation was also
induced following the above-described protocol, injecting
100ml of carrageenan /. (10mgml~' in distilled water;
Sigma) in the right hind paw. Another 100 ul of saline were
injected in the left hind paw as a control for inflammation.
The segment of the spinal cord corresponding to the lumbar
enlargement was dissected under halothane anesthesia
(same concentration as before), removed, hemisected along
the midline and shock-frozen immediately in liquid nitrogen
for Western blot analysis. Tissue samples were homogenized
in a solution containing 150 mM NaCl, 10 mM Tris-HCI (pH
7.4), 5mM EDTA, 1% deoxycholic acid, 0.1% SDS, 1% Triton-
X-100 and protease inhibitors 1 mM phenylmethylsufonyl
fluoride, 10 ugml~! aprotinin, 2 ugml~! leupeptin and the
phosphatase inhibitor 0.2mM NaVO,. Samples were then
sonicated on ice and centrifugated at 14 000 r.p.m. for 30 min
at 4°C, quantified using Bradford Assay (Bradford, 1976) and
the supernatant collected and stored at —20°C. On the day of
the assay 30pug of every sample were thawed, mixed with
equal amount of 2X Loading Buffer (0.0625M Trizma, pH
6.8, 2% w/v SDS; 5% w/v 2-mercaptoethanol, 10% w/v
glycerol; 0.002% w/v bromophenol blue), heated to 95°C for
Smin and fast cooled. The samples were separated in a SDS-
PAGE gel (8% polyacrylamide). The proteins were then
transferred onto a nitrocellulose membrane (Optiman Ba-S
85, Cheicher and Chevell, Germany). After the transfer, the
membranes were blocked in TBST (50 mM Tris-HCI, pH 7.4,
50mM NacCl, 0.1% Tween-20) containing 5% dried non-fat
milk and then incubated for 24 h at 4°C with the primary
antibody (rabbit anti-COX-2 and anti-COX-1, Cayman
Chemical, Ann Arbor, MI, USA) at a concentration of 1-
2ugml™! in TBST containing 5% dried non-fat milk. The
membranes were then washed three times with TBST and
then incubated for 1h at room temperature in TBST
containing horseradish peroxidase-linked antiimmuno-
globulin (Chemicon, Temecula, CA, USA; 1:5000 dilution).
After three washes in TBST, immunoreactive products were
detected by chemiluminiscence using the Super Signal West
Pico Chemiluminescent Substrate Kit (Pierce, Rockford, IL,
USA) and Kodak X-ray films. Blots were subsequently probed
with monoclonal anti-g-tubulin (Sigma) as a loading control.
Results are shown as the mean+s.e.m. of the ratio of the
densitometric values of COX to p-tubulin, Statistical sig-
nificance was calculated using the one-way analysis of
variance (ANOVA) with post hoc Dunnett’s test.



COX-2 immunohistochemistry

Following the same protocols for the administration of ATRA
and for carrageenan-induced inflammation described in the
electrophysiological experiments, 12 male Wistar rats (six
animals treated with vehicle and six animals treated with
ATRA) were deeply anesthetized (halothane, same concen-
tration as above) and perfused transcardially with fixative
containing 0.01 M phosphate-buffered saline (PBS) followed
by 4% paraformaldehyde in ice-cold 0.1 M PBS (pH 7.4). The
lower lumbar spinal cord was removed and post-fixed in the
same fixative for an additional 10 min. Spinal cord segments
were cryoprotected in 30% sucrose in 0.1 M PBS at 4° C for
24 h, sectioned at 4 um intervals in a cryostat, mounted on
pre-subbed slides and air dried. Tissue sections were fixed
with a freshly prepared 2% paraformaldehyde solution in
PBS for 10 min at room temperature and washed in PBS (pH
7.4). Preincubation was made in blocking solution (PBS
containing 10% sheep serum and 0.5% Triton-X-100) for
30min at room temperature. Sections were then washed in
PBS and incubated overnight in anti-COX-2 (1:100 in PBS
containing 10% sheep serum; Cayman Chemical, Ann Arbor,
M1, USA). Following a further wash in PBS containing 0.02%
of Tween-20 (PBST), HRP- or FITC- conjugated anti-rabbit
IgG (1:500 in PBS) was pipetted onto the sections that were
incubated at room temperature for 2 h. The slides were then
washed in PBST and, in the case of secondary HRP-
conjugated antibody, we first follow the instructions of
VECTOR Universal Kit (Vector, Burlingame, CA, USA) to
finally develop with DAB/urea mix (Sigma FAST; Sigma). The
excess fluid was blotted from around the tissue before it was
mounted in Mowiol 4.88 (Sigma). All incubations took place
in a humidity chamber. In the control experiments the
primary antibody was omitted from the incubation medium
to determine the amount of non-specific binding. COX-2
positive neurons were quantified in at least four sections per
animal for comparison of regional variations and differences
between hemicords and treatments. However, the number of
positive small cells observed in all areas of the dorsal horn of
animals treated with ATRA was too high to be quantified. As
the number of these positive cells was much larger, and
evident by visual inspection, than that observed in animals
treated with vehicle comparisons between hemicords and
treatments were made with the number of motoneurons
counted in the ventral horn.

In all series of experiments, the animals were used for one
procedure only and were humanely killed on completion of
testing by an overdose of sodium pentobarbital (Euta-Lender,
Normon). All experimental procedures were performed in
accordance with European Union legislation and were
approved and supervised by the University Animal Care
facility. All efforts were made to minimize animal suffering
and to reduce the number of animal used.

Results

Electrophysiological experiments

Thresholds. The study of thresholds for mechanical stimula-
tion showed significant differences in animals treated with
ATRA when compared to animals treated with vehicle
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(Figure 2). In normal animals treated with vehicle, the mean
threshold intensity was 64+1.6mN whereas in animals
treated with ATRA the threshold was significantly lower:
54+1.5mN (P<0.001). Likewise, in animals with inflamma-
tion the threshold intensity was significantly lower in rats
pre-treated with ATRA: 30+1.2vs 24+1.5mN (P<0.01). The
administration of carrageenan induced a similar increase in
the paw volume of animals treated with vehicle and ATRA:
1.4+0.1 (pre-volume: 1.63 +0.1; post-volume: 3.02+0.1 ml)
and 1.5+0.1ml (pre-volume: 1.72+0.1; post-volume:
3.224+0.1ml). In both cases, the volume of the paw was
significantly larger when compared to the pre-inflammation
volume (P<0.001).

The activation of C-fiber mediated responses by electrical
stimulation also showed a significant lower threshold
intensity for the units studied in animals treated with ATRA
when compared to control animals (Figure 3). In normal
animals the threshold intensities were 0.6+0.1mA in the
group of animals treated with vehicle and 0.28 +0.1 mA
(P<0.05) for animals treated with ATRA. In animals with
inflammation the thresholds were 0.2+0.05 in control rats
and 0.08 +£0.03 (P<0.05) in rats treated with ATRA (Figure 3).

Receptive fields

Figures 4a and b show the distribution of cutaneous
receptive fields of the units studied with a 500 mN von Frey
hair, as well as the quantified areas in the four groups of
animals. In normal animals treated with wvehicle, the
receptive fields obtained with 500 mN hair were located on
the lateral region of the paw, including the fourth and fifth
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Figure 2 Threshold intensities for mechanical stimulation in
animals treated with vehicle or ATRA in the normal and inflammatory
conditions. As previously observed, the threshold intensity for the
activation of the units was lower in animals with soft tissue
inflammation. In normal animals treated with oral ATRA, the
threshold was significantly lower than in vehicle-treated rats.
Likewise, the threshold was lower in animals with inflammation
treated with ATRA when compared to control rats. (*P<0.05;
*P<0.01; ***P<0.001, statistical significance was calculated using
the one-way analysis of variance, ANOVA with post hoc Dunnett’s
test).
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Figure 3 Threshold intensities for electrical stimulation in animals
treated with vehicle or ATRA in the normal and inflammatory
conditions. The threshold intensity for the activation of C-fibre volley
was lower in animals treated with ATRA in comparison to vehicle
treated animal. As for mechanical stimulation, the difference was
observed both in the normal and inflammatory situations. In
addition, the threshold observed in normal animals treated with
ATRA was very similar to that seen in the control group of rats with
inflammation (statistical significance and layout as for Figure 2).
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Threshold (mA)

toes, both on the dorsal and plantar surfaces, and the
quantified area was of 1.3+0.3cm? In normal animals
treated with ATRA, the cutaneous receptive fields were larger,
with an area of 2.9 +0.3 cm? (P<0.01), and included zones of
the last three toes, and medial and back areas of the paw.
These fields were very similar in shape and size to those of
units from animals with inflammation treated with vehicle,
which quantified area was of 2.99 +0.3 cm?. The area of the
cutaneous receptive fields of animals with inflammation
treated with ATRA were again larger than those recorded
in animals treated with vehicle, with a mean area of
4.5+0.3cm? (P<0.01), and included the last four toes and
most of the dorsal and plantar sides of the paw (Figure 4b).

Modulation of the expression of COX enzymes by ATRA

Low basal levels of COX-1 and COX-2 protein expression
were detected by Western blot in the normal non-sensitized
hemicords (Figure 5). A slight and non-significant increment
of the expression of both isoenzymes was observed in the
hemicords under sensitization of animals treated with
vehicle. In animals treated with ATRA, however, a significant
enhancement of the expression of COX-2 (P<0.05), but not
of COX-1, was observed in both hemicords, control and
sensitized, as compared to the respective hemicords of
animals treated with vehicle (Figure 5).

As Western blot analysis showed an enhancement of COX-
2, but not COX-1 expression either in the control or
sensitized hemicord, we only studied the distribution of
neuronal COX-2-like immunoreactivity in animals treated
with vehicle or with ATRA. Immunohistochemistry experi-
ments performed on animals treated with vehicle showed a
variable but always very low COX-2-like immunoreactivity
either in the normal or in the sensitized hemicord. The
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Figure 4 Cutaneous receptive fields of rats treated with vehicle and
ATRA in the normal and inflammatory conditions. (a) Extension of
cutaneous receptive fields represented for each unit on the dorsal
and plantar faces of the paw of animals treated with vehicle or ATRA
in the normal and inflammatory conditions. Note the similarities in
the shape and size of fields in normal animals treated with ATRA and
animals with inflammation treated with vehicle. (b) Quantification of
the areas of the fields in the four experimental conditions. The size of
fields from units studied in animals treated with ATRA were larger
than those in animals treated with vehicle either in normal rats or
in rats with inflammation (statistical comparison and layout as for
Figure 2).

sections in Figure 6a illustrate typical results observed in an
animal with carrageenan-induced sensitization. However, in
animals treated with ATRA there was a dense labeling spread
throughout the whole cord (Figure 6a), confirming the
upregulation of the COX-2 enzyme expression observed in
Western blot experiments. Small size positive cells were
observed throughout the superficial and deep dorsal horns
(Figure 6b). Likewise, large size, labeled motoneurons were
observed in all areas of the ventral horn (Figure 6b). In
animals treated with ATRA, quantitative analysis of cells did
not show any significant difference of the regional distribu-
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Figure 5 Expression of COX enzymes in the lumbar segment of
the spinal cord of rats treated with ATRA or vehicle. The hemicords
ipsilateral (Inflam) and contralateral (Normal) to the inflamed paw
were studied separately. The results show a significant enhancement
of COX-2, but not COX-1, expression both in the ipsilateral and
contralateral hemicords of animals treated with ATRA when
compared to that of animals treated with vehicle. Data are expressed
as relative values of COX protein (Western blot analysis) normalized
for p-tubulin protein levels (*P<0.05, comparison vs vehicle, using
the one-way analysis of variance, ANOVA with post hoc Dunnett’s
test). A typical Western blot is shown in the upper panel of the
figure.

tion of positive cells (dorsal vs ventral horn) nor of the
number of positive cells between the normal hemicord
(mean number of positive motoneurons counted per section:
1742 cells) and the hemicord under sensitization (2443
cells). The number of counted positive cells was, however,
significantly higher in animals treated with ATRA when
compared to animals treated with vehicle, either in the
normal hemicord (mean number of positive motoneurons
counted per section: 17+2 cells in ATRA vs 10+2 cells in
vehicle; P<0.05) or in the cord with sensitization (mean
number of positive neurons counted per section: 24 + 3 cells
in ATRA vs 943 cells in vehicle; P<0.01).

Discussion

The recording of SMUs activated by peripheral noxious
stimulation is a fine technique to study the spinal cord
nociceptive neuronal responses. These experiments allow
physiological and pharmacological in vivo studies of noci-
ception in a less invasive manner than the direct recording of
spinal cord neurones (Herrero and Cervero, 1996; Herrero
and Headley, 1996; Solano and Herrero, 1999), lowering the
alteration of the processing of nociceptive information

Sensitization induced by oral retinoic acid
EA Romero-Sandoval et al 61

= Vehicle ATRA

ATRA, DH

ATRA, VH

Figure 6 Effect of ATRA on spinal cord COX-2 expression of animals
with carrageenan-induced inflammation. Immunohistochemistry for
COX-2 in 4 um sections of the rat lumbar segment of the spinal cord
showed a rather homogeneous enhancement of immunoreactivity
on the spinal cord of animals treated with ATRA when compared to
vehicle treatment (a). A high number of positive cells were observed
both on dorsal and ventral horn cells (b). Detailed image (c) shows
labeling on ventral horn motoneurons (arrows). (a, b) scale bar:
250 um; (c) scale bar: 50 um.

observed in other experiments due to the spine surgery
(Herrero and Headley, 1996). The technique has also been
used to study the changes that occur in the spinal cord
neuronal processing of nociceptive information in situations
of inflammation-induced sensitization (Solano and Herrero,
1999). In this situation, peripheral tissue inflammation leads
to a peripheral sensitization of nociceptors, on exposure to
inflammatory mediators, and to a central sensitization, due
to a facilitation of synaptic input into the dorsal horn of the
spinal cord. As a consequence there is hyperalgesia and
increased pain sensitivity (Treede et al., 1992). Central
sensitization manifests itself as changes in the properties of
spinal cord neurons. These changes include decreased
thresholds for natural and electrical stimulation and an
enlargement of cutaneous receptive fields (Woolf, 1983;
McMahon and Wall, 1984; Schaible and Schmidt, 1985; Laird
and Cervero, 1989; Woolf and King, 1990; Dubner and Ruda,
1992; Treede et al., 1992). We have previously observed in
behavioral experiments that animals with carrageenan-
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induced inflammation treated with ATRA show a more
intense and long lasting development of allodynia and
hyperalgesia than control animals (Romero-Sandoval et al.,
2004). The present experiments show that ATRA induces
changes on spinal cord neuronal responses of normal non-
inflamed animals similar to those observed after inflamma-
tion-induced sensitization, that is lowered thresholds and
enlargement of cutaneous receptive fields. In other words,
the results suggest that the administration of ATRA induces
sensitization-like changes in the properties of spinal cord
neuronal activity. In fact, the size of receptive fields was
virtually identical in animals with inflammation and in
normal animals treated with ATRA; likewise, the threshold
for C-volley activity was very similar in these two experi-
mental groups. Furthermore, in animals with inflammation
treated with ATRA both thresholds studied were lower and
the size of fields larger than in animals treated with vehicle,
indicating that ATRA is also effective in inflammation, or
that it enhances the changes induced by inflammation. The
sensitization induced by ATRA in these experiments might
be the explanation for the enhancement of allodynia and
hyperalgesia observed in behavioral experiments performed
in our lab (Romero-Sandoval et al., 2004). It may also explain
the sensation of pain reported with the topical use of
retinoids (Lowe and Plosker, 2000).

The changes observed on the nociceptive system during
inflammation involve the major classes of chemical media-
tors that participate in nociceptive processing. It is, there-
fore, difficult to study the mechanism or mechanisms
underlying the effect of ATRA. In addition, ATRA is involved
in the regulation of many neuromodulators participating in
the nociceptive and inflammatory responses, such as opioid
receptor and c-fos mRNAs (Jenab and Inturrisi, 2002).
However, the modulation of COX and prostaglandin activity
by ATRA and other retinoids is well reported in the literature
(Nusing et al., 1995; Hill et al., 1996; Kanekura et al., 2000;
Devaux et al., 2001; Li et al., 2002). Also, the implication of
COX enzymes and prostaglandins in the changes of the
nociceptive system leading to sensitization is well reported
(see Schaible and Grubb, 1993; Millan, 1999; Vanegas and
Schaible, 2001 for review). In addition, we observed in our
previous study (Romero-Sandoval ef al., 2004) that ATRA
induces an upregulation of the expression of COX enzymes
in two different lines of neuroblastoma cells and that of
COX-2 in the whole spinal cord of rats. Based on these
observations, we decided to study whether the treatment
with ATRA followed in the present experiments was
associated with a change in the expression of COX-1 and
COX-2 in the hemicord under sensitization and in the
control hemicord of the same animal. The results from these
experiments show a clear enhancement of the expression of
COX-2, but not COX-1, in both hemicords. This might be
one of the mechanisms underlying the effect of sensitization
observed after the administration of ATRA in electrophysio-
logical experiments.

A small increment of the COX-2 enzyme was observed in
inflamed animals not treated with ATRA when compared
to normal non-inflamed animals. The increment was not
significant and much lower than that seen after ATRA
treatment. Nonetheless, an enhancement of COX-2 expres-
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sion in cultured cells after the administration of inflamma-
tory mediators is well documented in the literature (Hla and
Neilson, 1992; O’Sullivan et al., 1992; Seibert et al., 1994;
Ichitani et al.,, 1997). The small carrageenan-induced
enhancement of COX-2 expression observed in our experi-
ments might suggest that our system detected the large
increments induced by ATRA but it was not sensitive enough
to detect smaller increments. Supporting this interpretation
is the non-significant increment of COX-2 expression in
the spinal cord observed in previous studies using a similar
technique (Goppelt-Struebe and Beiche, 1997).

In order to confirm our findings, and to study the
distribution of COX-2 expression throughout the spinal
cord, we carried out some spinal cord immunohistochem-
istry, following the same protocol of ATRA treatment as in
previous series of experiments in normal animals. In these
experiments, we observed an important increment of COX-
2-like immunoreactivity in the spinal cord of animals treated
with ATRA when compared to that of animals with vehicle.
The results seem to confirm that the protocol of treatment
with ATRA followed in the present experiments induced
an upregulation of COX-2 expression in the spinal cord.
Labeling was not restricted to dorsal horn neurons, but it was
observed in all areas of the spinal cord, including moto-
neurons as observed in previous studies of COX-2 expression
in inflammation-induced sensitization (Willingale et al.,
1997).

Finally, the upregulation of COX-2 in the spinal cord
observed in the present experiments was associated with the
oral treatment of ATRA and with changes in the properties of
spinal cord neurons similar to those seen in inflammation.
However, although an over-expression of COX-2 might
explain the phenomenon of sensitization, this was similar
in normal animals and in animals with inflammation, and so
it seems unlikely that COX-2 over-expression was the only
system involved in the ATRA-mediated generation of the
sensitization. It seems more sensible to think that other
systems might also be implicated. This is supported by the
high number of inflammatory mediators involved in the
inflammatory response and also related to the activity of
retinoids (see above and Introduction). All the results taken
together show that Vitamin A and its metabolites might be
one of the unidentified systems responsible for the initiation
of sensitization and hyperalgesia and, therefore, may provide
a promising strategy for the treatment of pathological pain
states.

In conclusion, the oral treatment with ATRA in rats
induces an effect of sensitization on spinal cord neuronal
responses similar to that observed in animals with inflam-
mation and might explain the enhancement of allodynia
and hyperalgesia observed in previously published behavior-
al experiments. The mechanism of action involved in this
effect is associated with an over-expression of COX-2, but
not COX-1, in all areas of the lumbar spinal cord.
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