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Abstract. Development of efficient therapy against
chronic and stubborn pains requires fundamental identi-
fication of adequate cellular and molecular targets. This
study combined cellular, molecular and biochemical ap-
proaches to investigate the gene expression and enzy-
matic activity of cytochrome P450side-chain-cleavage
(P450scc) in spinal neural networks under normal and
neuropathic pain states. P450scc is the key onset enzyme
for steroidogenesis in endocrine glands and for neuros-
teroid biosynthesis in nerve cells. The P450scc gene was
over-expressed in spinal and supra-spinal networks dur-

CMLS, Cell. Mol. Life Sci. 61 (2004) 2274–2284
1420-682X/04/172274-11
DOI 10.1007/s00018-004-4235-4
© Birkhäuser Verlag, Basel, 2004

CMLS Cellular and Molecular Life Sciences

ing neuropathic pain provoked by sciatic nerve ligature.
Plasticity was observed in P450scc cellular distribution
in pain circuits and its activity also increased inducing in
vivo, hyper-secretion of pregnenolone and allopreg-
nanolone which strongly stimulates type A receptors for
g-aminobutyric acid, a pivotal neurotransmitter involved
in pain modulation. These results, by establishing a direct
link between neuropathic pain and neuroactive steroid
formation in the nervous system, open new perspectives
for chronic-pain modulation by endogenous neuros-
teroids.
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The medical treatment of chronic neuropathic pains re-
mains difficult since they are refractory or resistant to the
currently available classical analgesics [1–4]. Stubborn
pains provoke, all around the world, persistent suffering,
disability, medical expenses and losts of jobs for millions
of patients. Therefore, identification of cellular and mol-
ecular components which may serve as targets for the de-
velopment of novel therapeutic agents is a crucial chal-
lenge for biomedical research. Progress has been made
over the past two decades thanks to various studies which
have allowed the characterization of classical neurotrans-
mitters and neuropeptides involved in pain modulation
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[for reviews see refs 5, 6]. However,  a variety of patho-
logical pains, unfortunately, can still not be alleviated by
medical treatment [4, 7–9]. We therefore need to identify
other key cellular and molecular factors affected in sen-
sory neural circuits during chronic pain in order to pro-
vide pivotal information which may complete data cur-
rently available for the development of efficient therapy
against stubborn pains.
Another important finding during the two last decades
was the discovery of the capacity of nerve cells to syn-
thesize bioactive steroids or neurosteroids which regulate
nervous system activity [10, 11]. Neurosteroids are pro-
duced by various steroidogenic enzymes localized in neu-
rons and glial cells [12–15]. Among these enzymes, cy-
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tochrome P450side-chain cleavage (P450scc) plays a cru-
cial role since it catalyzes cholesterol conversion into
pregnenolone (PREG), the first pivotal step for neuros-
teroid biosynthesis [10, 16]. Neurosteroidogenesis is well
conserved through the vertebrate phylum suggesting that
it might be crucial for life and this observation has raised
great hopes for the development of novel therapies for
various neural disorders [10, 11, 17].
Recent pharmacological studies have suggested neuros-
teroid involvement in pain modulation [18–22]. How-
ever, a direct link between pain processing and neuros-
teroid biosynthesis has never been investigated and it
was impossible to know whether or not cellular and mol-
ecular components of neurosteroidogenesis are affected
during chronic pain. Having recently localized P450scc
in pain pathways [23], we now decided to determine the
impact of neuropathic pain provoked by sciatic nerve lig-
ature [24] on P450scc gene expression and enzymatic
activity in the spinal pain circuit in order to see whether
cellular and molecular sites of neurosteroidogenesis may
be considered as potential targets for the development of
novel therapeutic agents. Modifications of P450scc gene
expression in pain circuits were investigated in neuro-
pathic-pain rats using a highly sensitive tool, the real-
time polymerase chain reaction (rt-PCR) after reverse
transcription (RT). Immunocytochemical studies com-
bined with confocal microscopic analysis (CLSM) were
performed to determine changes in the cellular distribu-
tion of P450scc in spinal sensory neural networks during
painful states. Moreover, a well-validated method com-
bining pulse-chase experiments, high-performance liq-
uid chromatography analysis (HPLC) and flow scintilla-
tion detection [23, 25–27] allowed in vitro investigation
of P450scc activity in sensory structures of normal and
neuropathic-pain rats. Finally, the impact of neuropathic
pain on neurosteroid production in pain neural pathways
in vivo was assessed by radiommunoassays after HPLC
purification of tissue extracts.

Materials and methods

Animals
Adult male (mainly) and female (one series of experi-
ments) Sprague-Dawley rats weighing 300–350 g were
used. Animal care and manipulations were performed ac-
cording to the European Community Council Directives
(86/609/EC) and under the supervision of authorized in-
vestigators. The animals were obtained from a commer-
cial source (Harlan, Le Malcourlet, France) and housed
under standard laboratory conditions in a 12-h light/dark
cycle with food and water ad libitum. Surgical operations
were made under ketamine (75 mg/kg)/xylasine (5 mg/
kg) anesthesia. The neuropathic pain was provoked ac-
cording to the protocol described by Bennett and Xie [24]

and all experiments followed the International Associa-
tion for the Study of Pain ethical guidelines [28]. Briefly,
after dissection at the middle of the thigh, 4–5 mm of the
common sciatic nerve were tied loosely with four liga-
tures spaced by 1 mm. Two categories of animals were
constituted according to the ligated side (right or left).
Various groups of control rats were used: some were not
operated (naïve rats) and others were sham-operated (ex-
posure of the right or left sciatic nerve without ligature).
The animals were inspected every day to observe their
good recovery from the surgical operation and parame-
ters indicating the occurrence of neuropathic pain includ-
ing the gait, posture of the affected hind paw and condi-
tion of claws [24]. Animals were sacrificed 10 days after
the sciatic nerve ligature for all experiments except for
time-course studies performed on days 0, 2, 6 and 10 af-
ter the ligatures.

RT and rt-PCR
The TRIzol reagent (Invitrogen, Paisley, UK) was used
according to the manufacturer’s instructions for the ex-
traction of total RNA from gonads, lumbar spinal cord
(SC) or brainstem areas containing well-known nocicep-
tive supra-spinal nuclei (SSN) such as the parabrachial,
raphe magnus and dorsal raphe nuclei [5, 6]. The quality
of RNA was electrophoretically determined by ethidium
bromide-stained agarose gels and by the optical density
(OD) absorption ratio OD260nm/OD280nm > 1.7. RT of 20 mg
total RNA was performed at 37°C for 1 h and the reaction
system for first-strand cDNA was as follows: 160 U
Moloney murine leukemia virus (Amersham Biosciences
Europe, Freiburg, Germany), 0.16 mg random hexamer
[pd(N)6 random primer; Pharmacia, Milan, Italy], 2 mM
dNTP mixture (Fermentas, Hanover, Md.) in a final vol-
ume of 40 ml. rt-PCRs were performed using a LightCy-
cler (Roche Diagnostics, Mannheim, Germany). The spe-
cific primer sequences for P450scc were: forward, 5¢-
TCA AAG CCA GCA TCA AGG AG-3¢ (nucleotides
1141–1160) and reverse, 5¢-GCA GCC TGC AAT TCA
TAC AG-3¢ (nucleotides 1613–1594) [29]. The primers
for the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were: forward, 5¢-ACC ACA
GTC CAT GCC ATC AC-3¢ (nucleotides 3069–3088)
and reverse, 5¢-TCC ACC ACC CTG TTG CTG TA-3¢
(nucleotides 3624–3605) (Clontech, Palo Alto, Calif.).
PCR was performed in a total volume of 20 ml including
0.5 mg cDNA, 0.5 mM specific primers, 2 ml LightCycler-
DNA Master SYBR Green I kit (Roche Diagnostics) con-
taining Taq polymerase, dNTP, MgCl2, and SYBR Green
I dye. A negative control without cDNA template (called
water) was run simultaneously with every assay. Standard
curves were obtained by using serial dilution of testis
cDNA. The amplification program consisted of one de-
naturing step of 8 min at 95°C, followed by different am-
plification cycles of 5 s at 95°C, 5 s at 62°C and 18 s at



72°C. Amplifications were followed by melting-curve
analysis to ensure the specificity of PCR products and the
absence of non-specific products. Based on analyses and
calculation integrating adequate standard curves, levels
of transcripts encoding P450scc and GAPDH were deter-
mined in samples from gonads, SC and SSN using the
LightCycler Software available in the rt-PCR system. The
concentration of P450scc mRNA in each sample was cal-
culated after normalization of rt-PCR P450scc product to
GAPDH. For each sample, the rt-PCR experiment was re-
peated four times. The results are expressed as the mean
± SE. 

Immunocytochemistry
Two different antibodies against P450scc were used. The
first antiserum (Abscc I; a generous gift from Dr Tsutsui,
Hiroshima, Japan) was raised in rabbit against purified
P450scc from bovine adrenocortical mitochondria and has
previously been used successfully to localize P450scc in
the central nervous system (CNS) and classical steroido-
genic glands of rat [23, 30–32]. The second antiserum
(Abscc II), purchased from Chemicon (Temecula, Calif.),
was generated in rabbit against the carboxy-terminal
amino acids 509–526 of rat P450scc. The specificity and
effectiveness of this antiserum have previously been
demonstrated by Western blot and immunocytochemical
analysis [33]. The mouse anti-neuronal nuclei monoclonal
antibody (anti-NeuN) and fluorescein isothiocyanate goat
anti-rabbit (GAR/FITC) antibody were also purchased
from Chemicon. Alexa-488-conjugated donkey anti-
mouse (DAM/Alexa-488) and Alexa-555-conjugated goat
anti-rabbit (GAR/Alexa-555) were supplied by Interchim
Molecular Probes (Eugene, Ore.). The immunofluores-
cence procedure was conducted as previously described
[23]. Briefly, fixed SC and SSN 20-mm-thick sections were
pre-incubated for 1 h with 5% non-immune donkey serum
in 0.1 M phosphate buffer (PB) containing 0.3% Triton-
X100 (PBT). Afterwards, the sections were incubated
overnight at room temperature in the P450scc antiserum
(Abscc I or II) diluted at 1:500 in PBT. The procedure con-
tinued by rinsing the sections three times in PB and trans-
ferring them for 1.5 h into GAR/FITC diluted at 1:100 in
PBT. Finally, the sections were rinsed for 1 h in PB and
mounted in Vectashield (Vector Laboratories, Burlingame,
Calif.). For neuronal cell body identification, double-label-
ing experiments were performed by incubating the sections
with a mixture containing P450scc antiserum (Abscc I or
II, 1:500) and the monoclonal anti-NeuN (1:1000). In these
conditions, P450scc immunoreactivity was revealed with
GAR/Alexa-555 and NeuN immunostaining with
DAM/Alexa-488. The preparations were examined under a
fluorescence DMR microscope equipped with a digital
camera assisted by a Pentium IV PC computer (Leica,
Wetzlar, Germany) or under a multi-channel laser CLSM,
LSM510 (Zeiss, Göttingen, Germany).

The specificity of the immunoreaction was controlled by
(i) substitution of P450scc antiserum with PB, (ii) re-
placement of P450scc antiserum by non-immune rabbit
serum and (iii) pre-incubation of P450scc antibodies with
purified bovine adrenal P450scc (10 mg/ml).

Pulse-chase-HPLC-Flo/One detection
Dichloromethane, hexane, isopropanol and propylene
glycol were obtained from Merck (Darmstadt, Germany).
Dulbecco’s modified Eagle’s medium (DMEM) was 
purchased from Invitrogen. Tritiated steroids such as
9,11,12-3H(N)-allopregnanolone ([3H]ALLOPREG),
1,2-3H(N)-cholesterol ([3H]CHOL) and 7-3H(N)-preg-
nenolone ([3H]-PREG) were obtained from PerkinElmer
(Boston, Mass.). For each experiment, 100 mg SSN or SC
(dorsal half of the lumbar segment) tissues were pre-in-
cubated for 15 min in 2 ml 0.9% NaCl at 37°C. The tis-
sues were homogenized with a glass potter-elvehjem ho-
mogenizer in 1.5 ml DMEM (pH 7.4) containing 10–8 M
[3H]CHOL supplemented with 1% propylene glycol. The
homogenates were incubated at 37°C for 18 h in a water-
saturated atmosphere (95% air, 5% CO2) allowing main-
tenance of the pH at 7.4. At the end of the incubation pe-
riod, the reaction was stopped by adding 500 ml ice-cold
DMEM and transferring the tubes into a cold water bath
(0°C). Newly synthesized unconjugated neurosteroids
were extracted three times with 2 ml dichloromethane
and the organic phase was evaporated on ice under a
stream of nitrogen. The dry extracts were redissolved in 2
ml hexane and pre-purified on Sep-Pak C18 cartridges
(Waters Associates, Milford, Mass.). Steroids were eluted
with a solution made of 60% isopropanol and 40%
hexane. The solvent was evaporated in a RC-10-10 Speed
Vac Concentrator (Jouan, St Herblain, France) and the
dry extracts were kept at 4°C until HPLC analysis. To de-
termine the recovery of newly synthesized steroids dur-
ing the extraction procedure, SC homogenates were incu-
bated for 10 min with 105 cpm of  [3H]PREG and ex-
tracted as described above. The extraction efficiency was
89 ± 7%. The newly synthesized steroids extracted from
tissue homogenates already purified on Sep-Pak car-
tridges were characterized using a previously validated
method which combines HPLC analysis and flow scintil-
lation detection assisted by a computer system [23,
25–27]. The amount of radioactive steroids formed by
the conversion of [3H]CHOL was expressed as a percent-
age of the total radioactivity contained in all peaks re-
solved by the HPLC-Flo/One system, including
[3H]CHOL itself. Each value is the mean of four inde-
pendent experiments. 

HPLC-radioimmunoassays
Endogenous PREG or ALLOPREG were extracted from
the lumbar SC, SSN tissues or blood with dichlorome-
thane as described above. The concentrations of PREG or
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ALLOPREG were determined by radioimmunoassays af-
ter HPLC analysis of the tissue extracts using antisera
against PREG or ALLOPREG courteously provided by
Dr Y. Akwa (Paris, France). The final dilutions of the 
anti-PREG and anti-ALLOPREG were 1:60,000 and
1:100,000, respectively.

Statistical analysis
All values presented are means ± SE of four different ex-
periments. Student’s t test was used for comparisons in
pairs while ANOVA followed by Bonferroni’s test was ap-
plied for multi-parameter analyses.

Results

Effects of neuropathic pain on P450scc gene
expression in sensory neural pathways
The levels of transcripts encoding P450scc in the SC dor-
sal horn (DH) and SSN were examined by rt-PCR in con-
trol and neuropathic-pain rats. Figure 1 shows represen-

tative amplification curves for the P450scc gene,
GAPDH used as a housekeeping gene and the negative
control. The continuous fluorescence monitoring of DNA
copy numbers within an ample dynamic range provided a
highly sensitive detection of specific template signals for
P450scc (fig. 1A, B) and GAPDH (fig. 1C) in the SC,
SSN and testis, a classical steroidogenic tissue. Amplifi-
cation reactions were followed by melting-curve analysis
to ensure the specificity of PCR products (fig. 2A, B).
The ranges of P450scc mRNA concentrations detected in
the nervous tissue were 103- to 104-fold lower than that
measured in testis (fig. 1A, B). Peripheral mononeuro-
pathic pain significantly increased the level of P450scc
mRNA in the SC and SSN (fig. 3). After normalization of
rt-PCR P450scc product to GAPDH, P450scc mRNA
concentrations in the lumbar SC and SSN of neuropathic-
pain rats seemed to be 3- and 2.78-fold higher, respec-
tively,  than in controls (fig. 3).

Impact of painful inputs on the cellular distribution
of P450scc protein in DH sensory networks
Immunocytochemical experiments using specific anti-
bodies against P450scc were combined with CLSM
analysis for the identification of changes provoked by the
peripheral neuropathy in the cellular distribution of
P450scc in the SC (fig. 4). The CLSM used offered the
opportunity to select the z-plane of focus by a computer-
controlled fine-stepping motor which allowed adjustment
of the focal plane in as little as 0.1-mm increments. There-
fore, series of images (galleries) could be made with 
0.5- to 1-mm optical thickness to thoroughly compare the
P450scc distribution in spinal sensory neural networks of
control (fig. 4A1–15) and neuropathic-pain (fig. 4B1–15)
rats. Nociceptive inputs evoked by the sciatic nerve liga-
ture induced a significant increase in the density of
P450scc-positive nerve fibers in the ipsilateral DH lami-
nae I–III of neuropathic rats as shown by comparison in
pairs (A1 versus B1, A2/B2, …, A15/B15) of images in gal-
leries A and B (fig. 4). Additional P450scc-containing
fibers which appeared during the painful state can easily
be visualized on the focal planes shown in fig. 4B6–B15

(neuropathic rats) compared, respectively, to fig.
4A6–A15 (controls). The region of the SC showing a high
plasticity in P450scc distribution corresponded to sen-
sory areas well known to contain neurons involved in pain
transmission (fig. 4C). The fine CLSM 0.5- to 1-mm op-
tical thickness allowed good observation of increases in
the density of P450scc-positive nerve fibers but did not
facilitate the determination of modifications in the num-
ber of sensory neuronal cell bodies containing the en-
zyme. Therefore, we performed double-labeling experi-
ments on 20-mm-thick sections using antisera against
P450scc and NeuN, the specific marker for neuronal cell
bodies. The immunohistological preparations were exam-
ined with CLSM using  9-mm increment or optical thick

Figure 1. rt-PCR amplification of P450scc and GAPDH genes. rt-
PCR obtained in the testis, SC and SSN of neuropathic-pain and
control rats. 
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sections, and numerous neuronal cell bodies containing
both P450scc and NeuN could be detected (fig. 5). Thus,
we counted perikarya expressing both P450scc and NeuN
immunoreactivities (fig. 5D–F) in the lumbar DH of
neuropathic-pain rats and controls. The cell counting re-
vealed a 45% increase in P450scc-positive sensory neu-
rons during the neuropathic-pain state. In addition,
changes observed in P450scc expression during neuro-
pathic pain were restricted to the DH and no significant
modifications were detected in the ventral horn of the SC
which contains motors areas (fig. 6). 

Effects of neuropathic pain on P450scc enzymatic
activity in vitro
Reversed-phase HPLC analysis was coupled with flow
scintillation detection to compare the conversion of
[3H]CHOL into [3H]PREG by tissue homogenates from
the lumbar SC and SSN of control and neuropathic rats.

Figure 2. Specificity of P450scc and GAPDH PCR products. Melting-curve analysis of P450scc (A) and GAPDH (B) PCR products show-
ing the very high degree of specificity of amplified dsDNA. Performance of melting analysis for each PCR product in the same closed cap-
illary used for amplification meant that the risk of contamination could be avoided and enabled easy differentiation of specific fragments
from non-specific products. 

Figure 3. Effect of neuropathic pain on P450scc gene expression.
The level of P450scc mRNA is expressed as a ratio of the amount
of GAPDH mRNA in the SC and SSN of control and neuropathic-
pain rats. Each value is the mean ± SE of four independent experi-
ments. **p < 0.01, ***p < 0.001.
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Figure 4. Effect of neuropathic pain on P450scc cellular distribution. Comparative CLSM analysis was performed between the distribu-
tion of P450scc in the lumbar spinal DH sensory networks of control (A) and neuropathic-pain (B) rats. Each gallery contains 
15 images spaced by 1 µm. Comparison should be made between A1 and B1, A2/B2, …, A15/B15. Additional P450scc-positive fibers which
appeared during the neuropathic painful state can be visualized mainly on focal planes shown in images B6–B15 compared, respectively, to
A6–A15 (controls). The same results were obtained with AbsccI and AbsccII. Scale bars, A1–15 and B1–15, 50 mm. (C) Schematic representa-
tion of a transversal section of the lumbar SC showing sub-divisions into laminae I–X. The dashed box indicates the region scanned 
in CLSM to obtain images A1–15 and B1–15. dl, dorsolateral fasciculus; IMM, intermediomedial cell column; LSp, lateral spinal nucleus; 
py, pyramidal tract; Wm, white matter.
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After 18 h incubation, the amount of newly synthesized
[3H]PREG from [3H]CHOL was 80% and 115% higher,
respectively, in tissue homogenates from the lumbar SC
and SSN of neuropathic-pain rats compared to controls
(fig. 7A).

Impact of painful inputs on neurosteroid production
in pain neural pathways in vivo
HPLC purification of the lumbar SC, SSN and serum ex-
tracts combined with radioimmunological detection of
PREG revealed that the endogenous concentration of this
neurosteroid significantly increased in sensory neural
structures during neuropathic painful states while plasma
levels of PREG did not change (fig. 7B). The concentra-
tions of PREG in blood, SC and SSN of control rats were
0.167 ± 0.003 ng/ml, 47.23 ± 1.02 ng/g and 6.8 ±
0.07 ng/g, respectively, and levels detected in neuro-
pathic-pain animals were 0.209 ± 0.008 ng/ml (blood),
88.46 ± 1.02 ng/g (SC) and 9.56 ± 0.27 ng/g (SSN).
Since PREG can serve as a precursor for the biosynthesis
of other neurosteroids including ALLOPREG, a potent
positive modulator of g-aminobutyric acid type A recep-
tors (GABAA-R), time-course studies were performed to
assess whether or not the hyper-production of PREG in
the SC during neuropathic pain provoked an increase in
the local concentration of ALLOPREG. As shown in fig-
ure 8 (filled symbols), endogenous levels of PREG and
ALLOPREG, which increased markedly in the SC of
neuropathic rats 2 days after the sciatic nerve ligature,
reached a maximum by day 6 and declined moderately
(PREG) or very slightly (ALLOPREG) at day 10. The
concentrations of these two neurosteroids did not change
from days 0 to 10 in the SC of control animals (fig. 8,
other symbols).

Figure 5. Double-labeling identification of P450scc-positive sen-
sory neurons. The photomicrographs, obtained by dual-channel
CLSM analysis of SC sections, show the co-localization of NeuN (a
well-known specific marker for neuronal cell bodies) and P450scc
in several perikarya of the DH. (A), General view of an SC section
labeled with anti-NeuN revealed with DAM/Alexa-488. (B) View of
the same section in A labeled with P450scc antiserum and revealed
with GAR/Alexa-555. (C) Combination of the two images acquired
in A and B. (D–F) High-magnification photomicrographs showing
two different types of co-expression of NeuN and P450scc in neu-
ronal cell bodies. When the immunoreactivity for NeuN was intense
in the cytoplasm (arrow in D) as with P450scc-immunostaining (ar-
row in E), co-localization appeared in yellow (arrow in F). In con-
trast, when the immunoreactivity for NeuN was restricted to the nu-
clear compartment (arrowhead in D), the co-localized neuronal cell
bodies exhibited a green nucleus (presence of NeuN) surrounded
with a red cytoplasm (presence of P450scc) (arrowhead in F). These
two types of co-localized neuronal cell bodies were counted and the
number was 45% higher in the DH of neuropathic-pain rats com-
pared to controls. Scale bars: A–C 200 mm; D–F 20 mm. 

Figure 6. Distribution of P450scc immunoreactivity in the SC of
control and neuropathic-pain rats. The photomicrographs show a
general view of P450scc distribution in areas of lumbar SC located
at the ipsilateral side of the sham-operated or ligated sciatic nerve,
respectively, in control (A) and neuropathic-pain (B) rats. The inten-
sity of P450scc immunostaining was very high in the DH of neuro-
pathic-pain animals compared to controls. P450scc immunoreactiv-
ity was strongly expressed in the lateral spinal nucleus (LSp, an area
involved in nociception) and in the left lateral side (open arrows) of
the DH in neuropathic rats (B) while the staining was very low in the
corresponding zones in controls (A). Additional P450scc-positive
fibers extending from the DH toward the deep laminae can be ob-
served in neuropathic rats (arrowheads). No significant difference
was visualized in the ventral horn (VH). Scale bars, 100 mm.
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Sex comparison
A series of studies was performed with adult female rats
and similar modifications were observed in P450scc gene
expression in sensory neural networks under painful
states. Table 1 summarizes the quantitative distribution of
P450scc mRNAs in the SC and SSN of female and male
rats in normal and neuropathic-pain situations.

Discussion

Pharmacological and behavioral studies have suggested
neurosteroid involvement in pain modulation but a direct
impact of pain on the process of neurosteroidogenesis in

Figure 7. Impact of neuropathic pain on P450scc enzymatic activity
in vitro and in vivo. (A) Effects of neuropathic painful inputs on
P450scc enzymatic activity were determined in vitro by investigating
the conversion of [3H]CHOL into [3H]PREG by SC and SSN ho-
mogenates of control and neuropathic-pain rats. Before expressing
data as percentage of control, each value was calculated as the rela-
tive amount of [3H]PREG compared with the total [3H]-labeled com-
pounds resolved by HPLC-Flo/One characterization (¥100). (B) En-
dogenous concentrations of PREG produced in vivo were determined
by radioimmunoassays after HPLC analysis of blood, SC or SSN tis-
sue extracts of control and neuropathic-pain rats. Each value pre-
sented in A and B is the mean ± SE of four independent experiments.
*p < 0.05, **p < 0.01, ***p < 0.001. NS, not statistically different.

Figure 8. Kinetics of neurosteroid production in the painful state.
Time-course measurement of endogenous concentrations of PREG
and ALLOPREG in the SC of control and neuropathic-pain rats.
The concentrations of PREG and ALLOPREG were determined by
combining HPLC analysis of tissue extracts and radioimmunoas-
says as described in Materials and methods. The values are ex-
pressed as percentages of the amount of PREG or ALLOPREG de-
tected in the SC of control animals sacrificed the same day and in
exactly the same conditions as neuropathic rats. Each value repre-
sents the mean ± SE of four independent experiments.

Table 1. Levels of P450scc mRNA in the SC and SSN of male and female rats in normal and neuropathic-pain situations.

SC SSN

control neuropathic rat control neuropathic rat

male female male female male female male female

P450scc/ 3.2 ± 0.8 2.8 ± 0.6 9.4 ± 0.8 8.6 ± 0.5 0.9 ± 0.4 1.1 ± 0.6 2.5 ± 0.5 3.1 ± 0.4
GAPDH



nerve cells has never been demonstrated [18–22]. By
combining various cellular, molecular and biochemical
approaches, this work is the first to show that the gene ex-
pression, cellular distribution and biological activity of
P450scc, the key onset enzyme for neurosteroid biosyn-
thesis, are significantly modified in sensory neural cir-
cuits during the neuropathic pain state. In animals sub-
mitted to chronic pain, the P450scc gene was up-regu-
lated in pain neural networks of the SC and in nociceptive
SSN including the parabrachial, raphe magnus and dorsal
raphe nuclei [5, 6]. This up-regulation of the gene in pain
circuits led to an increase in the cellular distribution of
P450scc enzymatic protein and its biological activity in
vitro as well as in vivo. Our results, which unambiguously
demonstrate that cellular, molecular and biochemical
components of neurosteroidogenesis are affected in pain
neural pathways in the painful state, suggest that these
components may be considered as potential targets for in-
vestigations aiming to develop new therapeutic strategies
against chronic pain. The model of neuropathic pain used
in this work (sciatic nerve tied loosely by ligatures) is that
validated by Bennett and Xie in 1988 [24], which has
served for several published studies on pain and is well-
recognized by the International Association for the Study
of Pain as reproducing in rat disorders of pain sensation
like those seen in humans. We observed that the up-regu-
lation of the P450scc gene during neuropathic pain was
limited to the DH sensory areas and no significant
changes were detected in the ventral horn which is mainly
involved in motor functions [34]. However, because our
observations were made for only 10 days following the
sciatic nerve ligature, over longer periods, we cannot ex-
clude the possibility that P450scc gene expression and its
enzymatic activity may also be affected in motor areas of
the nervous system due to postural disturbances associ-
ated with chronic sciatic pain [24].
The significant increase in P450scc gene expression dur-
ing neuropathic pain, the cellular redistribution of
P450scc enzymatic protein in the spinal DH and changes
of P450scc biological activity strongly indicate that neu-
rosteroidogenesis is an endogenous mechanism triggered
or activated in appropriate neural circuits to facilitate
adaptation of the body to the chronic pain state. In sup-
port of this hypothesis, recent studies have shown that the
neurosteroid PREG (produced by P450scc and hyper-re-
leased in the painful state) binds to neural microtubule-
associated protein and promotes cytoskeleton develop-
ment by increasing tubulin polymerization and micro-
tubule formation [35, 36]. As the modulation of neural
plasticity described in the pathogenesis of chronic pain is
important for the development of novel therapy [37], hy-
per-production of PREG, the cytoskeleton stimulator, in
pain neural circuits constitutes a promising observation
that deserves particular attention for future investiga-
tions. Furthermore, our time-course studies revealed that

hyper-secretion of PREG provoked by neuropathic pain
in the SC led to an increase in the endogenous concentra-
tion of ALLOPREG, a potent positive modulator of
GABAA-R which play an important role in the regulation
of painful sensations [4, 8–10, 17, 37]. ALLOPREG is a
neurosteroid derived from PREG thanks to complemen-
tary enzymatic activities of 3b-hydroxysteroid dehydro-
genase, 5a-reductase and 3a-hydroxysteroid dehydroge-
nase, all of which have been localized in sensory neural
networks [38, 39]. Since ALLOPREG is capable of sig-
nificantly stimulating the GABAergic system (the main
inhibitory neurotransmitter) [10, 17], increase in its pro-
duction observed in sensory neural circuits during the
painful state may be an endogenous mechanism activated
by neuropathic animals to decrease their sensitivity to
painful messages. Identification of effects of ALLO-
PREG injection into animals using diverse pain behav-
ioral tests will certainly help in the future to confirm this
suggestion. However, as the objective of this paper was
not to focus on behavioral actions of injected steroids as
already described [18–22], the new conceptual frame-
work we would like to suggest to foster investigations of
neurosteroid actions in pain modulation is the identifica-
tion of psychotropic agents capable of interfering with
transcriptional mechanisms, gene promoters and bioac-
tivity of P450scc and other key steroidogenic enzymes in
sensory neural circuits. Determination of the effects of
such psychotropic drugs and identification of their inter-
actions with classical neurotransmitter systems and pro-
teins involved in neuronal plasticity increasing the gain in
pain [37] may certainly be a good contribution to the ex-
citing but very difficult research area on pathological
pains.  Moreover, it is important to recall that biochemi-
cal pathways leading to the formation of ALLOPREG
from PREG can also generate progesterone which has
previously been shown to affect sensitivity to pain by in-
creasing levels of endomorphins and opiate receptors in
the CNS [40, 41]. This observation also strongly supports
the hypothesis suggesting an activation of neurosteroido-
genic pathways by neuropathic rats to cope with the
chronic pain state.
For the broad research domain on neuroactive steroids in
general, our results indicate that a promising strategy to
advance rapidly toward therapeutic exploitation of neu-
rosteroids would be, in addition to membrane receptor ac-
tions of injected steroids, to target promoters, transcrip-
tional pathways and catalytic sites of steroidogenic en-
zymes in adequate circuits controling neurobiological
functions before correlating evoked responses with neu-
rosteroidogenesis. In support of this suggestion, recent
elegant studies revealed that transcription of P450scc and
17a-hydroxylase genes in the nervous system requires
factors that are different to those involved in adrenals and
gonads [42, 43]. It may be possible, therefore, to target
selectively transcriptional mechanisms of neurosteroido-
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genic key enzymes without altering classical steroidoge-
nesis in endocrine glands. 
The last decade was marked by active research on neu-
rosteroidogenesis in the human brain [44, 45]. An in-
crease in the cerebrospinal fluid content of neurosteroids
has been reported in patients with unipolar major depres-
sion who are receiving fluoxetine or fluvoxamine, two se-
lective serotonin reuptake inhibitors; normalization of
cerebrospinal fluid ALLOPREG content in depressed pa-
tients was apparently sufficient to mediate, via the posi-
tive allosteric modulation of GABAA-R, the anxiolytic
and antidysphoric actions of fluoxetine or fluvoxamine
[46]. Recently, high levels of proteins involved in the 
formation of plaques and neurofibrillary tangles in
Alzheimer’s disease were correlated with decreased cere-
bral concentrations of two neurosteroids, pregnenolone
sulfate and dehydroepiandrosterone sulfate [47]. These
data, together with the results presented here on cellular,
molecular and biochemical components of neurostero-
idogenesis under normal and painful states, open new
perspectives for the understanding and treatment of vari-
ous neural disorders. 
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