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Abstract

Steroids exert long-term modulatory effects on numerous physiological functions by acting at intracellu-
lar/nuclear receptors influencing gene transcription. Steroids and neurosteroids can also rapidly modulate
membrane excitability and synaptic transmission by interacting with ion channels, that is, ionotropic neuro-
transmitter receptors or voltage-dependent Ca* or K* channels. More recently, the cloning of a plasma
membrane-located G protein-coupled receptor for progestins in various species has suggested that steroids/
neurosteroids could also influence second-messenger pathways by directly interacting with specific membrane
receptors. Here we review the experimental evidence implicating steroids/neurosteroids in the modulation of
synaptic transmission and the evidence for a role of endogenously produced neurosteroids in such modulatory
effects. We present some of our recent results concerning inhibitory synaptic transmission in lamina II of the
spinal cord and show that endogenous 5a-reduced neurosteroids are produced locally in lamina II and modu-
late synaptic y-aminobutyric acid A (GABA,) receptor function during development, as well as during inflam-
matory pain. The production of 5a-reduced neurosteroids is controlled by the endogenous activation of the
peripheral benzodiazepine receptor (PBR), which initiates the first step of neurosteroidogenesis by stimulat-
ing the translocation of cholesterol across the inner mitochondrial membrane. Tonic neurosteroidogenesis
observed in immature animals was decreased during postnatal development, resulting in an acceleration of
GABA , receptor-mediated miniature inhibitory postsynaptic current (mIPSC) kinetics observed in the adult.
Stimulation of the PBR resulted in a prolongation of GABAergic mIPSCs at all ages and was observed during
inflammatory pain. Neurosteroidogenesis might play an important role in the control of nociception at least at
the spinal cord level.
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Index Entries: Steroids; neurosteroids; GABA; glutamate; calcium current; synaptic transmission; excitatory
postsynaptic current (EPSC); inhibitory postsynaptic current (IPSC); spinal cord; dorsal horn; nociception; pain.

Introduction transcription of target genes (McEwen, 1991; Baulieu,

Steroidsare classically knownashormonesacting 1997). In addition to their genomic effects, steroids
on various physiological functions by activating also exert rapid membrane actions, which include
intracellular/nuclear receptors and regulating the modulation of ionotropic and metabotropic
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neurotransmitter receptorsand of voltage-dependent
ionchannels. Moreover, recentevidence suggests that
steroids mightalso activate specific membrane recep-
tors. These fast nongenomic actions are responsible
for changesin neuronal excitability and synaptic trans-
mission that will, in turn, alter the integrative pro-
perties on the nervous system (McEwen, 1991;
Baulieu, 1997; Lambert et al., 2003). The fundamen-
talrole of fastnongenomic pathways has been demon-
strated recently by using mice lacking intracellular/
nuclear progesterone (PROG) receptors. Despite the
absence of intracellular receptors, the anxiolytic and
anticonvulsant effects of PROG were fully preserved
in these animals (Reddy et al., 2004, 2005).

Circulating steroids can cross the blood—brain bar-
rier and affect the function of neurons and glial cells
in the central nervous system (CNS), but one of the
mostexciting recent discoveries was that neuronsand
glial cells can themselves synthesize steroids de novo
from cholesterol (Robel and Baulieu, 1994; Baulieu,
1997,1998). These neurosteroids act in a paracrine or
autocrine fashionand canreachlocally relatively high
concentrations, thatis,in the nanomolar tolow micro-
molar range. Such high concentrations are generally
necessary to observe the nongenomic effects of
steroids. Thesteroids synthesized by the CNSarebasi-
cally the same as those found in the peripheral cir-
culation, but they are found at higher concentration
and continue to be produced in the absence of periph-
eral steroidogenic tissues such as the gonads and the
adrenals (Baulieu, 1997). This situation allows con-
trol of neurosteroid production in the CNS relatively
independently of circulating levels of steroids. How-
ever, fluctuations of circulating peripheral steroids
are expected to alter the steroid content in CNS tissue
by adding to the local neurosteroid production. Fluc-
tuations of circulating steroids during ovarian cycle
orinstressful situations have been shown to influence
steroid levels in the brain (Bixo et al., 1997; Concas et
al., 1999; Reddy and Rogawski, 2002).

Although peripheral steroids can gain the CNS,
they donotnecessarily actuniformly inall CNSareas
(Lambert et al., 2003). They can act either directly
without being transformed or can be metabolized
locally to more active or inactive derivatives of the
initial steroid. These considerations indicate the
importance of local metabolism for both neuro-
steroids and peripheral steroids that reach the CNS.
Therefore, the type of steroid found in a given ner-
vous structure will depend mostly on the nature,
distribution, and activity of steroid-synthesizing or
-metabolizing enzymes within the tissue. Another
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important consideration concerns the biosynthesis of
neurosteroids. Baulieu and colleagues (Robel and
Baulieu, 1994; Baulieu, 1997, 1998) defined neuro-
steroids as being synthesized de novo from choles-
terol,a phenomenon thatinvolvesa variable number
of enzymes and enzymatic steps, depending on the
neurosteroid tobe synthesized (see Fig. 1 for the major
steroids involved in the modulation of ion channels).
This consideration also implies that in the case of a
neurosteroid all the enzymes necessary for its syn-
thesis must be in very close spatial proximity. For
example, all enzymes could theoretically be present
in the same neuron or glial cell, a situation that is,
however, rarely observed. Alternatively, some
enzymes could be present in glial cells and others in
neurons thatarein close contact with these glial cells.
Because cholesterol derivatives (except theirsulfated
forms) are very hydrophobic, they can easily diffuse
across cellular membranes into neighboring cells
where they can be further metabolized by the
enzymes expressed in the target cell. Therefore, it
seems that neuroglial interactions are of fundamen-
tal importance for neurosteroidogenesis in the CNS
(Melcangi et al., 1994, 1998; Robel and Baulieu, 1994;
Baulieu, 1997; Zwain and Yen, 1999a, 1999D).

In the following sections we review some impor-
tant aspects related to the fast nongenomic mem-
brane actions of neurosteroids via their interactions
with ionic channels or membrane receptors. These
points are placed in the perspective of the modula-
tion of synaptic transmission in the CNS. Histori-
cally, a modulatory effect of natural and synthetic
steroids has come essentially from studies on brain
structures such as the hippocampus, the cerebral
cortex, or the cerebellum. However, little was known
about the potential role of neurosteroidsin the spinal
cord, an important structure of the CNS involved in
sensory and motor functions. We will briefly review
the major findings obtained in the brain before pre-
senting some of our recent work that indicates a fun-
damental role for endogenous neurosteroids in the
development and the functional modulation of
inhibitory synaptic transmission in the superficial
dorsal horn (DH) of the spinal cord, a structure
involved in pain processing and pain control.

Fast Membrane Effects of Neurosteroids

lonotropic Neurotransmitter Receptors
Glutamate Receptors

Fast synaptic effects of neurotransmitters are
mediated by the activation of receptor-operated
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Fig. 1. Biosynthetic pathways of major steroids/neurosteroids involved in the fast nongenomic effects discussed in the
text. Abbreviations: AP, allopregnanolone; DHDOC, 5a-dihydrodeoxycorticosterone; DHEA, dehydroepiandrosterone;
DHEA-S, Dehydroepiandrosterone sulfate; DHPROG, 5a-dihydroprogesterone; 11-DOC, 11-deoxycorticosterone; 3f-
HSD, 3B-hydroxysteroid dehydrogenase; 173-HSD, 178-hydroxysteroid dehydrogenase; 3a-HSOR, 3a-hydroxysteroid
oxidoreductase; 21-OHase, 21-hydroxylase; PREG, pregnenolone; 17-OH PREG, 17-OH pregnenolone; PREG-S, preg-
nenolone sulfate; PROG, progesterone; THDOC, 3a,5a-tetrahydrodeoxycorticosterone; THPROG, 3a,5a-tetrahy-

droprogesterone.

membrane ion channels. In the CNS, glutamate, the
major excitatory neurotransmitter, activates three
major classes of ionotropic receptors: a-amino-3-
hydroxy-5-methyl-4-isoxazole propionicacid recep-
tors (AMPARs), N-methyl-D-aspartate receptors
(NMDARs), and kainate receptors (KARs). All three
receptor types are nonselective cation channels per-
meable to Na*, K*, and, to various degrees, Ca**ions
(Ozawa et al., 1998; Huettner, 2003). AMPARs are
involved in the fast transmission of nervous mes-
sages,and NMDARs play animportantrolein synap-
tic plasticity. These two receptor types are widely
distributed in the brain and in the spinal cord,
whereas KARs are less common.

Steroids and neurosteroids are known to modu-
late ionotropic glutamate receptors directly via an
allosteric mechanism or indirectly via the activation
of o receptors or phosphorylation mechanisms. The
best-documented effects of neurosteroids on gluta-
mate receptors are those of pregnenolone sulfate
(PREG-S) at NMDARs. PREG-S was shown to be a
potent positive modulator of NMDARs (Wu et al.,
1991). Although PREG-S can probably directly mod-
ulate the activity of NMDARs by an allosteric mech-
anism (Cecconetal., 2001), thereis also considerable
experimental evidence suggesting a modulation via
theintermediate activation of o, receptors (Bergeron
etal.,1996; Debonnel etal., 1996; Baulieu, 1998; Mau-
rice et al., 2001). o, Receptors are atypical receptors
binding a large variety of neurotransmitters, neuro-
peptides, pharmacological agents, and steroids.
These receptors are closely associated with
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NMDARs, modulate intracellular free Ca?* concen-
tration, and can apparently couple to G proteins of
the G;,, family, despite the fact that their structure
is not related to that of metabotropic seven-trans-
membrane domain receptors (Maurice et al., 2001).
Interestingly, the facilitatory effect of PREG-S
on NMDAR function is mimicked by dehy-
droepiandrosterone (DHEA) and DHEA sulfate
(DHEA-S). The actions of these three steroids are
antagonized by low concentrations of PROG or
testosterone, specific o, receptor antagonists (NE-
100), or pretreatment of the neurons with pertussis
toxin (Bergeron et al., 1996; Debonnel et al., 1996).
Interestingly, allopregnanolone (AP) and tetrahy-
drodeoxycorticosterone (THDOC), which are potent
positiveallosteric modulators of y-aminobutyricacid
A(GABA ) receptors (see “GABAReceptors”),appar-
ently do not interact with o, receptors (Maurice
etal.,2001). Theaction of PREG-Son NMDARs seems
to involve a decrease in agonist unbinding (Ceccon
et al.,, 2001) and an increase in the open probability
ofthe NMDAR channels (Horak etal.,2004). In addi-
tion, PREG-S appears to exert opposite effects on
NMDAR activity, depending on the subunit com-
position of the receptors. Indeed, PREG-S potenti-
ates the activity of NR1/NR2A and NR1/NR2B
receptors, whereas it inhibits currents mediated by
theactivation of NR1/NR2Cand NR1/NR2Drecep-
tors (Malayev et al., 2002). Recently, a PREG-S bind-
ing site has been identified on the GIuR2 subunit of
AMPAR, suggesting that PREG-S could eventually
modulate AMPARs containing this subunit (Spivak
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et al., 2004). Modulation of specific KARs has not
been documented in detail yet.

Thereis to dateno evidence for a direct (allosteric)
modulation of AMPARs or KARs by steroids. How-
ever, glutamate receptors activated by kainate, which
include AMPARs and KARs, are potentiated by 17f3-
estradiol (17BE,) by a mechanism that involves a
G protein (G,)-dependent activation of adenylate
cyclase and the activation of protein kinase A (PKA)
(Wong and Moss, 1992; Gu and Moss, 1996, 1998;
Moss et al., 1997). This action does not depend on
the activation of classical estrogen receptors (Gu
etal., 1999).

GABA Receptors

The major inhibitory neurotransmitter in the CNS
is GABA, which activates ionotropic Cl-permeable
GABA , and GABA_ receptors. It is now clearly estab-
lished that GABA, receptors are major targets for
steroids and neurosteroids. In contrast, GABArecep-
tors, which are insensitive to bicuculline and to the
modulatory action of benzodiazepines, are also insen-
sitive to steroids (Feigenspan et al., 1993). GABA ,
receptors can be either potentiated or inhibited by
steroids. Sulfated neurosteroids such as PREG-S or
DHEA-Sarenegative modulators, whereas unsulfated
steroids can exert both types of modulatory actions
(Park-Chung et al., 1999).

The most potent positive allosteric modulators of
GABA  receptors described so far are the 3a,5a-
reduced pregnane steroids derived from PROG (AP)
or deoxycorticosterone (THDOC). These steroids
potentiate GABA , receptor activity at concentra-
tions in the nanomolar range (Harrison et al., 1987;
Poisbeauetal., 1997; Rupprechtand Holsboer, 1999a;
Lambert et al., 2001). Androsterone has also been
shown to potentiate GABA, receptors but is active
only at micromolar concentrations, whereas 178E,
hasnorapid effect (Park-Chungetal., 1999). Steroids
such as testosterone or PROG display significant
effects on GABA , receptors, only at high micromolar
concentrations (ECs, > 20 pM) (Park-Chung et al.,
1999), which are relatively unlikely to be reached in
vivo unless there is a restricted and strong local pro-
duction of these steroids in the CNS. DHEA has a
slightbut nonsignificant effectat 100 M, but DHEA-
Sdose-dependently inhibits GABA , receptor-medi-
ated currents (EC5,~ 10 pM) ina manner comparable
to that of PREG-S (ECy, ~ 7 pM) (Park-Chung et al.,
1999). It is important to underline that sulfated and
unsulfated steroids act at different binding sites to
modulate the activity of GABA, receptors (Park-
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Chung et al., 1999; Covey et al., 2001). Sulfated
steroids are consistently found to be negative mod-
ulators of GABA, receptor function, and this is in
sharp contrast to the potentiating effect of the same
sulfated steroids on NMDARs (see “Glutamate Recep-
tors”). Therefore, it appears that sulfated steroids,
which also occur in the CNS, such as PREG-S
and DHEA-S, could differentially modulate
GABAergic and glutamatergic synaptic transmis-
sion/ plasticity. APand THDOC are extremely potent
positive modulators of GABA, receptors and are
apparently devoid of any effect on glutamate recep-
tors, suggesting that they are primary candidates for
the fine modulation of GABAergic transmission in
the CNS.

Although it is clear that sulfated and unsulfated
steroids bind to distinct sites at GABA, receptors,
these binding sites have not been localized within
GABA , receptors up to now (Lambert et al., 2003).
Themajority of GABA , receptorsare positively mod-
ulated by AP and THDOC, and there seems to be no
special requirement concerning the nature of the
a- and B-subunits constituting the receptor in order
to confer sensitivity to these steroids. However,
receptors including vy, subunits are far more sensi-
tive than those including y, or v; (Belelli et al., 2002).
Moreover, the presence of the 6-subunit increases
the potentiating effects of 3a,50-reduced steroids
(Mihalek et al., 1999; Belelli et al., 2002). Phospho-
rylation of GABA, receptors by protein kinase C
(PKC) alsoinfluences the sensitivity of GABA , recep-
tors tosteroids, although the sign of the effectappears
to be opposite in distinct brain regions. An inhibi-
tion of the modulatory effect of AP on GABA , recep-
tors was observed in the hypothalamus (Brussaard
and Koksma, 2003; Koksma et al., 2003), whereas a
potentiation was reported in the hippocampus
(Harney et al., 2003). Although, it is now well estab-
lished that3a,5a-reduced steroids potentiate GABA ,
receptor activity by a positive allosteric modulatory
effect, much less is known concerning the effect of
sulfated steroids on GABA , receptors. The inhibitory
effect of sulfated steroids could involve an increase
in receptor desensitization and a stabilization of the
desensitized state (Shen et al., 2000). In addition to its
allostericeffecton GABA , receptorsatlow nanomolar
concentrations, it also appears that AP can activate
GABA , receptorsdirectly by aslow and distinct mech-
anism at high nanomolar (>100 nM) concentrations,
although the binding site of AP seems to be the same
in both cases as it is blocked by the same competitive
antagonist (Shen et al., 2000; Shu et al., 2004).
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Other lonotropic Neurotransmitter Receptors

Thereis evidence thatsteroids/neurosteroids mod-
ulate nicotinic acetylcholine, glycine, and serotonin
(5HT5) receptorsbutatrelatively high concentrations,
generally above 10 pM (Rupprecht and Holsboer,
1999a). Although there is no doubt about the exis-
tence of these pharmacological effects, it remains to
be established if in vivo these receptors are likely to
be in contact with micromolar concentrations of
steroids/neurosteroids. Interestingly, all steroids
tested, thatis, PROG, PREG-S, 173E,, AP, testosterone,
pregnanolone (3-hydroxy-5a-pregnan-20-one), and
pregnanolone sulfate, had exclusively inhibitory
effects on membrane currents mediated by nicotinic,
glycine, or 5HT;, receptors. Recently, we have tested
the effect of DHEA on ionotropic ATP (P2X) recep-
tors of freshly dissociated dorsal root ganglion (DRG)
neurons from neonatal rats and have shown that
DHEA dose-dependently potentiated the plateau
phase of P2X receptor-mediated currents (De Roo
et al., 2003) (Fig. 2). This potentiating effect was spe-
cific for P2X receptors, including the P2X, subunit,
and the threshold concentration for the effect was
around 10 nM. The effect of DHEA was not mediated
by o, receptors. These findings add P2X receptors to
thelist of ionotropic neurotransmitter receptors mod-
ulated by steroids/neurosteroids. The P2X, subunit
is widely distributed in the CNS, suggesting that
DHEA could exertits potentiating effect on P2X recep-
tors in a variety of CNS structures (Collo et al., 1996).
P2X receptors are particularly involved in the pro-
cessing of nociceptive messages in sensory neurons
and in the DH of the spinal cord (Chizh and Illes,
2001). We have shown previously that in lamina II of
the DH of the spinal cord, functional P2X receptors
participate in a fast GABA /ATP cotransmission and
presynaptically modulate the synaptic release of
GABA (Jo and Schlichter, 1999; Hugel and Schlichter,
2000). Therefore, it is possible that DHEA could par-
ticipate in the fine modulation of synaptic transmis-
sion in the superficial DH in relation to nociception.

Modulation of Voltage-Dependent lon Channels

In addition to modulating ionotropic GABA and
glutamate receptors, steroids and neurosteroids also
modulate voltage-dependent ion channels, a phe-
nomenon that hasbeen characterized mainly for Ca®*
channels and to a lesser extent for K* channels.

Calcium Channels

PREG and PREG-S inhibit voltage-dependent
Ca?* currents recorded in freshly dissociated CA1
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Fig. 2. Modulation of ionotropic ATP receptors by DHEA.
(A) Local application of ATP (1 pM) to a neonatal rat DRG
neuron in short-term culture induced a fast inward current
that was reversibly blocked by the coapplication of suramin
(30 pM), an antagonist of ionotropic ATP receptors (P2X
receptors). (B) Coapplication of DHEA (10 uM) with ATP
(1 pM) reversibly increased the amplitude of a nondesen-
sitizing P2X response in a neonatal rat DRG neuron. Hori-
zontal black bars indicate the durations of application of
substances. All recordings were performed under voltage-
clamp inthe perforated-patch configuration. The membrane
holding potential was =70 mV.

hippocampal neurons, whereas PROG is without
effect (ffrench-Mullen et al., 1994). The steroids do
not affect the voltage dependence of the Ca®* cur-
rents, and their effect is mediated by a pertussis toxin-
sensitive G protein and involves the activation of
PKC. Moreover, these effects were observed at low
steroid concentrations, the IC;, values being 11 and
130nM for PREG-Sand PREG, respectively (ffrench-
Mullen et al., 1994). Glucocorticoids such as corti-
sol (hydrocortisone), corticosterone, and THDOC
also potently inhibit Ca** currents in CA1 pyrami-
dal neurons by a mechanism similar to that of PREG
and PREG-S (ffrench-Mullen, 1995). These gluco-
corticoids appear to have a biphasic dose-response
relationship thatspans the picomolar to micromolar
range. It is particularly interesting to note that
deoxycorticosterone and THDOC, which are
increased in stressful situations, are very potent
modulators of voltage-dependent Ca?* channels;
these modulators are key actors in the excitation-
secretion coupling at presynaptic terminals in the
CNS and peripheral nervous system. In addition,
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it has been shown that 178E, inhibits voltage-
dependent Ca?* currents in neostriatal neurons in a
G protein and dose-dependent manner. This effect
involves membranereceptorsand occursat very low
concentrations, the action of 17BE, being already
maximal at a concentration of 100 pM (Mermelstein
et al., 1996).

Potassium Channels

There is some evidence that steroids, particularly
17BE,, can modulate the activity of inwardly recti-
fying potassium channels (Kelly et al., 2003). Acti-
vation of these channels mediates the classical
inhibitory effects of metabotropic receptors such as
p-opioid or GABAg receptors. In hypothalamic neu-
rons, 17BE, decreases the responses induced by p-
receptor and GABAj receptor agonists by shifting
the dose-response relationship of these agonists to
higher concentration values (Kelly et al., 1992). This
effect seems to involve the activation of PKA and
PKC and is blocked by the estrogen receptor antag-
onist ICI 164,384 (Kelly et al., 1999). It appears that
by activating classical estrogen receptors, 17BE, can
cause the heterologous desensitization or uncou-
pling of p-opioid and GABAj receptors from
inwardly rectifying K* channels in a PKA-and PKC-
dependent manner (Kelly et al., 1999, 2003). Inter-
estingly, notall G protein-coupled receptor pathways
are inhibited by 17BE,, as the efficacy of o, adreno-
ceptor to inhibit Ca*-activated K* channels was
increased by this steroid (Kelly et al., 2003). There is
now convincing evidence that 178E, activatesamem-
brane receptor that stimulates phospholipase C and
consequently upregulates PKC6 and PKA (Kelly
et al., 2003; Qiu et al., 2003). The activation of this
type of intracellular transduction pathway might
also allow fast modulation of neuronal excitability
in parallel or independently of the modulation of
synaptic activity.

Specific Membrane Receptors for Steroids

The existence of specific membrane receptors for
steroids has been postulated for a long time, at least
to explain effects such as the modulation of voltage-
dependent ion channels and/or of intracellular sig-
naling pathways (McEwen, 1991; Baulieu, 1997;
Rupprechtand Holsboer, 1999a). Itis, however, only
recently that the first membrane receptor for PROG
hasbeen cloned in fish (Zhuetal.,2003b). This recep-
tor is coupled via a G protein to the activation of the
mitogen-activated protein kinase pathway and to
the inhibition of adenylate cyclase. The latter is
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blocked by pertussis toxin, indicating that the recep-
toris coupled to aninhibitory G protein. The cloning
of the fish progestin receptor allowed the partial
characterization of several homologous genes in
other vertebrates and humans (Zhu et al., 2003a).
Three clones have been identified in humans and
three in mice. The mouse PROG receptor f§ (mPRp)
is highly expressed in the CNS, particularly in the
spinal cord. Between the two other members of the
mouse progestin receptor family, mPRyis apparently
exclusively expressed in the kidney and mPRa is
preferentially expressed in the gonads, the kidney,
and the placenta.

There is also evidence from studies on endothe-
lial cells that DHEA can stimulate the release of nitric
oxide via the stimulation of a cell-surface receptor
(Liu and Dillon, 2004).

The results presented in the previous section on
the modulation of voltage-dependent Ca?* channels
argue in favor of the existence of membrane recep-
tors for various steroids, but these receptors have
not been cloned yet. Moreover the situation might
be more complicated than imagined, as steroids can
apparently stimulate intracellular signaling path-
ways via G protein activation by binding either to
classical seven transmembrane receptors (Zhuetal.,
2003a, 2003b) or, at least in the case of 17BE,, to clas-
sical steroid/estrogen receptors localized in the
plasma membrane (Kelly etal.,2003; Qiu etal., 2003).
Nevertheless, theinvolvement of specificmembrane
receptors in fast actions of steroids opens exciting
perspectives.

Effects of Steroids/Neurosteroids
on Synaptic Transmission in the CNS

Following the identification of fast steroid effects
on ionotropic glutamate and GABA receptors, an
obvious question was to determine if these
steroids/neurosteroids thatarelikely to occurin vivo
were able to modulate synaptic transmission medi-
ated by these receptors. Most studies have concen-
trated on the effects of exogenously applied steroids;
and it was postulated that if exogenous steroids had
an effect, then the endogenously produced steroids
would have the same effect. Although this seems a
reasonable assumption, there is an important point
that was not taken into account, namely the local pro-
duction of neurosteroids and / or the local metabolism
of steroids in the CNS and the possibility of reaching
concentrations high enough to significantly affect the
properties of synaptic receptors. The question of the
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role of endogenous and locally produced
steroids/neurosteroids hasbeenaddressed only very
recently. Moreover, most studies have concentrated
on the modulation of GABA, receptor-mediated
synaptic transmission, whereas there are less data
on the modulation of glutamatergic transmission.

Effect of Exogenously Applied
Steroids/Neurosteroids

The first demonstration of a modulatory effect of
asteroid /neurosteroid was obtained in 1987 by Har-
rison and coworkers, who showed that AP and
THDOC markedly prolonged the duration of
GABA, receptor-mediated IPSCs in hippocampal
neurons. Subsequently, similar observations were
made in many brain regions, indicating that 3a,50.-
reduced steroids/neurosteroids were potent posi-
tive modulators of synaptic GABA, receptors (for
review, see Lambertetal.,2003)—an observation that
correlated well with the effects of these steroids on
recombinant or native GABA , receptors activated
by exogenous application of GABA, receptor ago-
nists. The prolongation of the decay phase of
GABAergic IPSCs reflected a postsynaptic action of
the steroids/neurosteroids, but in some cases presy-
naptic effects were also observed under the form of
an increase in frequency of mIPSCs (Poisbeau et al.,
1997; Reith and Sillar, 1997). This situation was
encountered in embryonic orimmature preparations
in which the chloride equilibrium potential was still
at a depolarized level with respect to the resting
potential. In this case, activation of GABA, recep-
tors induces a membrane depolarization that can
eventually be sufficient to open voltage-dependent
Ca?* channels and create a Ca?* influx sufficient to
increase the release probability of synaptic vesicles
resulting in an augmentation of mIPSC frequency
(Dayanithi and Tapia-Arancibia, 1996). One possi-
bility could be that pregnanolone or AP directly acti-
vates GABA , receptors (Shu et al., 2004), but such a
direct gating is only observed for AP concentrations
>100 nM; at least in one study (Poisbeau et al., 1997)
amarked increase in mIPSC frequency was observed
even when AP was applied at a concentration as low
as 10 nM. An alternative explanation could be the
presence of a low (close to threshold or just
suprathreshold) concentration of GABAin the extra-
cellular space, which might significantly activate
GABA , receptors only when the affinity of the recep-
tors for GABA is increased in the presence of AP.
Tonically activated GABA, receptors have been
described in several brain regions (Kaneda et al.,

Journal of Molecular Neuroscience

39

1995; Caraiscos et al., 2004; Semyanov et al., 2004)
or in hypothalamic cultures (Schlichter et al., 2000)
in which application of AP (Poisbeau et al., 1997) or
the stimulation of neurosteroidogenesis (Schlichter
etal., 2000) induced an increase in mIPSC frequency
and/or the potentiation of a tonic inward current
because of GABA , receptor activation.

Sulfated steroids/neurosteroids such as PREG-S
and DHEA-Sinhibit GABAergic transmission medi-
ated by GABA, receptors (Steffensen, 1995; Pois-
beau et al., 1997; Meyer et al., 1999; Shen et al., 2000;
Mtchedlishviliand Kapur, 2003). In the case of PREG-
S a complete block of miniature and electrically
evoked GABAergic IPSCs is observed (Poisbeau et
al., 1997). This phenomenon is probably attributable
to two distinct effects of PREG-S: one that is post-
synaptic and probably involves an increase in
GABA , receptor desensitization (Shen et al., 2000),
and a second effect that probably involves the inhi-
bition of presynaptic calcium channels (ffrench-
Mullen et al., 1994; Mtchedlishvili and Kapur, 2003).

Althoughthe modulation of ionotropic glutamate
receptors by steroids/neurosteroids has been rela-
tively well characterized, it must be noted that only
asmall number of studies have addressed the effects
of steroids/neurosteroids on excitatory postsynap-
tic potentials (EPSPs) or currents (EPSCs) recorded
by intracellular or patch-clamp techniques. PREG-
S was reported to increase the amplitude and/or
prolong the duration of NMDAR-mediated EPSCs
(Park-Chungetal., 1997; Abdrachmanovaetal.,2001;
Cecconetal., 2001). These effects are consistent with
the positive modulation of NMDAR activity dis-
cussed above. 17BE, potentiates the AMPAR com-
ponent but not the NMDAR component of EPSPs
recorded in CA1 neurons of hippocampal slices
(Wong and Moss, 1992). This effect was postsynap-
tic,asresponses to exogenous application of AMPAR
agonists but not those to NMDA were potentiated
by 17BE, (Wong and Moss, 1992); this phenomenon
probably involved a phosphorylation of AMPARs
by PKA (Guand Moss, 1996). GABAergicIPSPs were
not modulated by 17BE,, although they were poten-
tiated by AP (Wong and Moss, 1992). Electrophysio-
logical experiments using extracellular recordings
of synaptic field potentials also indicate a potentia-
tion of synaptic AMPARs by 17BE, (Foy et al., 1999;
Fugger et al., 2001). However, it must be noted that
in other regions of the CNS the situation might be
different from that encountered in the hippocam-
pus. In the basolateral amygdala, 17BE, apparently
inhibits glutamatergic EPSPs (Womble et al., 2002),
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possibly by a presynaptic effect. In line with this
hypothesis, microdialysis experiments performed in
the parabrachial nucleus indicate that 178E,
decreases the release of glutamate while increasing
therelease of GABA (Saleh etal.,2003). Thereis abun-
dant, and often contradictory, literature on the effects
of steroids on synaptic plasticity (mainly long-term
potentiationin the hippocampus). Discussion of this
issue is beyond the scope of the present review.

In summary, the available data on synaptic glu-
tamate receptors suggest that exogenous applica-
tion of steroids/neurosteroids induces the same
effects at synaptic receptors and at recombinant
receptors or native receptors activated by exoge-
nously applied agonists. This is comparable to what
is observed for GABA , receptors.

Modulation of Synaptic Transmission
by Endogenously Produced
Steroids/Neurosteroids

A fundamental issue is to know whether endoge-
nously produced steroids/neurosteroids are capa-
ble of modulating synaptic and/or extrasynaptic
receptors. We have shown recently that stimulation
of neurosteroid production by the nonbenzodi-
azepine anxiolytic etifoxine potentiated tonic
GABA, receptor-mediated currents in cultured
hypothalamic neurons (Schlichter et al., 2000). This
effect occurred relatively rapidly (in the minute time
range), reversed very slowly, and was inhibited by
coapplication or preincubation of the cultures with
PK11195, an antagonist of the peripheral benzodi-
azepine receptor (PBR). The PBR is located on the
mitochondrial membrane and controls the initiation
of neurosteroidogenesis (Costa et al., 1994; Hauet
et al., 2002). In vivo administration of SKF 105,111, a
potentinhibitor of 5a-reductase typeland II, induced
arapid decrease in brain AP content by 80-90% and
led to a reduction in the sensitivity of neocortical
neurons to the GABA, receptor agonist muscimol
(Pinna et al., 2000), as well as to a slight acceleration
(shortening) of spontaneous GABAergic IPSCs
recorded inneocortical slices (Puia etal.,2003). These
results suggest that endogenously produced
steroids/neurosteroids are able to modulate GABA ,
receptors and GABAergic synaptic transmission.
There is also evidence that rapid local metabolism
can modulate the effect of neurosteroids. Whereas
AP and its metabolically stable synthetic analog
ganaxolone prolong GABA, receptor-mediated
mIPSCs in the CA1 region of hippocampal slices,
only ganaxolone was effective in the dentate gyrus
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(Belelli and Herd, 2003). A prolongation of mIPSC
duration by AP could be observed, however, after
inhibition of 3a-hydroxysteroid oxidoreductase (3a.-
HSOR). These results suggest that in the dentate
gyrus, endogenous neurosteroids potentiating
GABA , receptor (such as AP) are probably synthe-
sized but rapidly metabolized to inactive or less
activederivatives by 3a-HSOR. Moreover, the results
indicate that the activity of 3a-HSOR is different in
CA1 compared with the dentate gyrus, indicating a
different metabolizing activity of 3a-HSOR in these
tworegions of the hippocampus. Finally, thereis evi-
dence that stimulating neuosteroidogenesis in the
CNS induces the production of 3a,5a-reduced neu-
rosteroids, which modulate mIPSC kinetics. Ethanol
has been shown to increase synaptic inhibition in
various brain regions and in particular in the hip-
pocampus. In the CA1 region of the hippocampus,
ethanol increases the amplitude and the duration of
GABAergicIPSCs (Sannaetal.,2004). This effect was
reproduced by the application of PROG, the pre-
cursor of 3a,5a-reduced neurosteroids, or of CB34,
an agonist of the PBR, and was blocked by the 5a-
reductaseinhibitor finasteride. Inaddition toits stim-
ulatory effect on neurosteroidogenesis, ethanol also
directly interacted with synaptic GABA , receptors
to potentiate their activity. We have also obtained
clear evidence that 3a,50-reduced neurosteroid pro-
duction takes place in lamina II of the DH of the
spinal cord and that the underlying neurosteroido-
genesis is regulated during postnatal development
and after induction of a peripheral inflammation
(see “Activation of Neurosteroidogenesis During
Inflammatory Pain”; Keller et al., 2004). The produc-
tion of 3a,5a-reduced neurosteroids in the DH con-
trols the kinetics of GABAergic mIPSCs, the degree
of GABA /glycine cotransmission, and consequently
theinhibitory power of the DH interneuron network.

Role of Neurosteroids in Spinal Pain
Pathways

Distribution of Neurosteroid-Synthesizing
Enzymes in the DH of the Spinal Cord

The distribution of the various enzymes involved
in neurosteroidogenesis has been relatively well doc-
umented in the brains of animals (Baulieu, 1997;
Mensah-Nyaganetal., 1999; Compagnoneand Mellon,
2000) and humans (Stoffel-Wagner, 2003), but until
recently relatively little was knownabout their expres-
sion in the DH of the spinal cord. Most key enzymes
necessary for the production of 3a,5a-reduced
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neurosteroids, DHEAand 17BE, (Fig. 1), recently have
been localized in the DH, particularly in the most
superficial layers (laminae I-II), which play a funda-
mental role in the integration of nociceptive informa-
tion and its transmission to supraspinal centers.

Theinitiation of steroid /neurosteroid production
is controlled by the activation of the PBR. This step
stimulates the translocation of cholesterol across the
inner membrane of the mitochondrion, allowing cho-
lesterol to be metabolized by P450 side chain cleav-
age (P450scc) to PREG, the precursor of all
steroids/neurosteroids synthesized from cholesterol
(Robel and Baulieu, 1994; Baulieu, 1997; Rupprecht
and Holsboer, 1999a; Compagnone and Mellon,
2000). In peripheral steroidogenic cells, PBR acts in
concert with PKA and steroidogenic acute regula-
tory (StAR) protein, which apparently seems to be
responsible for the shuttling of cholesterol (Hauet
et al., 2002). Similar mechanisms might also occur
in the CNS (Sierra, 2004), and StAR protein recently
has been detected in various brain regions where it
colocalized with P450scc in neurons as well as in
glial cells (Furukawa et al., 1998; King et al., 2002).
Moreover glial StAR protein expression is inducible
and might therefore participate in neurosteroido-
genesis (King et al., 2002).

P450scc, which catalyzes the formation of PREG, is
expressed in the most superficial layers (laminae I-II)
of the spinal cord in nerve fibers (70%) and astrocytic
processes (Patte-Mensah et al., 2003). Oligodendro-
cytes seem devoid of P450scc-like immunoreactivity,
whereas some P450scc-positive neuronal cell bodies
are found in laminae I-II of the DH. P450scc is also
expressed in motoneurons of the ventral horn. More-
over, P450sccin the spinal cord is functional and can
synthesize PREG from cholesterol (Patte-Mensah et
al., 2003). These results indicate that the first step of
neurosteroidogenesis is possible in laminae I-II,
which are concerned with the processing of noci-
ceptive information. Moreover, the association with
nerve fibers suggests a possiblerole in synaptic trans-
mission within laminae I-II.

After being synthesized in the mitochondrion,
PREG is transferred to the cytoplasm where the sub-
sequent anabolic steps of neurosteroidogenesis
occur. PREG can be transformed in either DHEA or
PROG by theaction of P450c17 or 3B-hydroxysteroid
dehydrogenase (33-HSD), respectively. P450c17 is
present mainly in cell bodies of neurons (65%) and
oligodendrocytes (34%) but is rarely found in astro-
cytes (1%) (Kibaly et al., 2005). The immunolabeled
cells are mainly localized in laminae I-II of the DH
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and in the ventral horn. Little staining is observed
in fibers within the gray matter, but labeled fibers
are detected in the white matter. Again P450c17 in
the spinal cord was found to be functional, as de novo
synthesis of [*HIDHEA could be detected when
spinal cord slices were incubated with [PH]PREG.
These results suggest that DHEA can be produced
at the level of cell bodies of neurons and oligoden-
drocytes in laminae I-1II.

Both PREG and DHEA can be sulfated to produce
DHEA-S and PREG-S by the action of a sulfotrans-
ferase, whereas the reverse reaction is catalyzed by
a sulfatase. In contrast to unsulfated steroids, the
sulfate derivatives are hydrophilicand donot freely
diffuse across membranes. Relatively littleis known
about the distribution of these two types of enzymes
in the brain (Mensah-Nyagan et al., 1999; Com-
pagnone and Mellon, 2000), and to our knowledge,
their presence has not been documented in the
spinal cord.

As pointed out above, PREG can also be trans-
formed into PROG. This metabolic step is attribut-
able to the action of 33-HSD. In situ hybridization
studies have shown that mRNA for 33-HSD is pre-
sent throughout the spinal cord gray matter. The
highest density of labeling is found in laminae I-III
of the DH followed by lamina X around the central
canal and laminae VIII-IXin the ventral horn (Coirini
et al., 2002). Although the protein corresponding to
the mRNA has not been localized by immunocyto-
chemistry, there is evidence that [*'H]JPROG is syn-
thesized in spinal cord slices incubated with
[PHIPREG (Kibaly et al., 2005).

In the adrenals, PROG is converted to 11-deoxy-
corticosterone (DOC) by a21 hydroxylase (21-OHase).
Little is known about this enzyme in the CNS. How-
ever, it has been shown recently that 21-OHase is
expressed and functional in cultured brain astrocytes
(Lovelace et al., 2003). If this also applies to spinal
cord astrocytes, it opens the perspective of synthesis
of DOC in the spinal cord and in particular in the
superficial DH.

PROG and DOC can be both processed by the 5a-
reductase (type I or II) to generate 5a-dihydroproge-
sterone (5a-DHP) and 5a-dihydrodeoxycorticosterone
(5a-DHDOC). These 5a-reduced steroids can
undergo a second reduction by 3a-reductase (type
I or II), also termed 3a-hydroxysteroid dehydroge-
nase (3a-HSD) or 3a-hydroxysteroid oxidoreductase
(Ba-HSOR), and lead to the formation of 3o,5a-
tetrahydroprogesterone (3a,5a-THP), also termed
AP, and 3a,5a-tetrahydrodeoxycorticosterone
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(30,50-THDOC). As we have seen in the preceding
sections, AP and THDOC are the most potent posi-
tive allosteric modulators of GABA , receptorsin the
CNS. Both types of reductase are present in laminae
I-IIT of the DH of the spinal cord and in motoneu-
rons of the ventral horn (Patte-Mensah et al., 2004).
The enzymes are predominantly expressed by glial
cells (65-75%). 5a-Reduced neurosteroids are pro-
duced in lamina II of the DH and functionally mod-
ulate GABAergic transmission and GABA/glycine
cotransmission (Keller et al., 2004).

As outlined above, PREG can be metabolized
either to PROG or DHEA. In peripheral steroido-
genic glands DHEA can be transformed in sex
steroidssuchas testosteroneand 178E,. Before giving
rise to testosterone, DHEA is processed to
androstenedione by 38-HSD, the same enzyme that
catalyzes the transformation of PREG into PROG.
This enzyme is widely expressed in the gray matter
of the spinal cord and in particular in laminae I-III
(Coirini et al., 2002). Androstenedione is metabo-
lized to testosterone by 178-hydrosteroid dehydro-
genase (17B-HSD), and testosterone is converted to
17BE, by P450 aromatase (P450arom). Immunoreac-
tivity for 17p-HSD is widely distributed in brain,
and 17B-HSD type I is exclusively expressed in glial
cells (Mensah-Nyagan et al., 1999). The presence or
cellular localization of 173-HSD in the spinal cord is
not known. Therefore, it remains to be determined
if testosterone can be produced locally in the spinal
cord. This point is of particular importance because
the presence of P450arom in laminae I-III of the quail
spinal cord has been demonstrated (Evrard et al.,
2000). Lamina II neurons and, to a lesser extent,
lamina I neurons also express the intracellular/
nuclear estrogen receptor o (Evrard and Balthazart,
2002), and most neurons displaying P450arom
immunoreactivity are contacted by primary afferent
fibers containing substance P (Evrard et al., 2003),
which are mainly nociceptors (Millan, 1999).

Taken together, there is strong experimental evi-
dence indicating that neurosteroids can be produced
inthesuperficiallayers of the DH. As we havealready
mentioned in the Introduction, it mustbe emphasized
that the type of neurosteroid produced in a given
structure depends on theset of steroidogenicenzymes
expressed and on their colocalization or close prox-
imity. Because neurosteroids are not stored in spe-
cialized structures such as intracellular vesicles but
diffuse across cellular membranes, the major factor
controlling their secretion is their production, which
depends on the relative activity of the steroidogenic
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enzymes. Therefore, regulation of neurosteroidogen-
esis can in principle be achieved by modulating the
activation of the first step of neurosteroidogenesis,
depending on the activation of the PBR and perhaps
of StAR protein and PKA (see “Neurosteroids and
Synaptic Transmission”) or by modulating the level
of expression and/or the activity of steroidogenic
enzymes. Anotherimportant point concerns the capac-
ity of steroids/neurosteroids to exert genomic and
nongenomic effects. Not all steroids/neurosteroids
are able to exert both types of action. For example,
AP and THDOC, which are potent modulators of
GABA receptors, are apparently devoid of genomic
action, butinside cells they can be oxidized back to 5a.-
DHPROG or 5a-DHDOC by 3a-HSOR/30-HSD and
exert potent genomic effects (Rupprecht et al., 1993;
Rupprecht and Holsboer, 1999b). On the other hand,
steroids such as 17BE, are likely to exert both genomic
and nongenomic effects in the DH, as DH neurons
express classical intracellular/nuclear receptors
(Evrard and Balthazart, 2002) and also possess func-
tional voltage-dependent Ca** channelsand AMPARs,
which can be modulated by 178E, (see above).

Steroids/Neurosteroids in Nociception

There are several studies indicating that
steroids/neurosteroids could have a modulatory
effectin pain processing, including that at the spinal
level. Intracerebroventricular administration of AP
significantly and dose-dependently increased the
pain threshold to heat stimuli in male mice (Kava-
liers and Wiebe, 1987). These effects were blocked
by picrotoxin and bicuculline, suggesting that AP
acted via themodulation of GABA , receptors. PROG
wasless potent than AP, and pregnanolone was with-
outeffect. Interestingly, similar antinociceptive effects
were observed in the land snail Cepea nemoralis, indi-
cating that effects of AP on nociceptive processing
have been conserved during evolution and could
represent a fundamental mechanism of modulation
of peripheral nociceptive messages (Kavaliers et al.,
2000). Intracerebroventricular and intrathecal injec-
tions of diazepam binding inhibitor, an endogenous
protein that activates the PBR (Costa et al., 1994),
induced a dose-dependent inhibitory effect on acute
thermal (heat) and mechanical nociception in rats
(Wang et al., 2002). PBR ligands also displayed
antinociceptive properties on acute inflammatory
pain in rats (DalBo et al., 2004). We also have evi-
dence that 3a,5a-reduced neurosteroids are pro-
duced following the endogenous activation of the
PBR in lamina II of the DH of the rat spinal cord and
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that this production is up-regulated during inflam-
matory pain (see “Activation of Neurosteroido-
genesis During Inflammatory Pain”). It was also
shown recently that acute pharmacological block-
ade of P450arom by intrathecal injection of vorozole
induced arapid (within 1 min) antinociceptive effect
on thermal heat stimuli (Evrard and Balthazart,
2004). These results indicate that 17BE, is produced
locally in the spinal cord and that 17BE, is pronoci-
ceptive under basal conditions.

Functional Correlates
of Neurosteroidogenesis
in the DH of the Spinal Cord

In the previous sections we have seen that in the
superficial layers of the DH of the spinal cord the
enzymes necessary for the synthesis of neurosteroids
such as AP, THDOC, and DHEA are expressed and
that synthesis of these neurosteroids can be detected
in spinal cord slices when the latter are incubated
with cholesterol or PREG. The transformation of
testosterone into 17BE, is also possible because of
the expression of P450arom. Nevertheless, it is not
clearif 17B-HSDis present and functional in the DH,
and consequently it is not known if testosterone can
be synthesized from androstenedione in this struc-
ture. However, circulating testosterone in male can
be metabolized locally to 17BE, in the DH of the quail
spinal cord (Evrard and Balthazart, 2003, 2004).

A fundamental issue is to know if neurosteroid
synthesis or local production of neuroactive steroids
can be regulated by endogenous signals and in par-
ticular by the stimulation of PBR. In this context, it
is also important to know under which physiologi-
cal and/or pathological conditions neurosteroido-
genesis might beregulated in the superficial DHand
to determine if the change in production of neuro-
steroids will be sufficient to alter significantly synap-
tictransmission or cellular excitability. Inrecent years
our laboratory has addressed this question by look-
ing at the modulation of inhibitory synaptic trans-
mission in lamina II of the spinal cord by
endogenously produced neurosteroids. We exam-
ined the developmental regulation of neurosteroid
production and its consequences on IPSCs. We have
also confirmed pharmacologically that in lamina II,
5a-reduced neurosteroids are synthesized under the
control of the PBR and that this control is modulated
(downregulated) during postnatal development.
Finally, we have evidence that neurosteroidogenesis
is rapidly upregulated following the induction of a
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peripheral acuteinflammatory pain situation via the
endogenous stimulation of the PBR. These points
are presented in the following sections.

Inhibitory Synaptic Transmission in Lamina 11
of the Spinal Cord

Lamina II of the DH plays an important role in
the integration of nociceptive information (Besson
and Chaouch, 1987; Millan, 1999). It is composed of
excitatory (glutamatergic) and inhibitory (GABA-
ergic and/or glycinergic) interneurons that process
sensory messages conveyed to the DH by unmyeli-
nated C and thinly myelinated Ad primary afferent
nociceptors (Besson and Chaouch, 1987; Millan,
1999). Most cutaneous afferents establish their first
synaptic contacts withinlaminaeIand IImainly with
local interneurons rather than with projection neu-
rons. Therefore, nociceptive messages are first
processed by the interneuron network in lamina II
before being transmitted to the projection neurons
located in lamina I. Moreover, the activity of lamina
IT interneurons is placed under the control of
descending inhibitory or facilitatory neuronal path-
ways of supraspinal origin that control the effi-
cacy/gain of the interneuron network in lamina II
(Sandkuhler, 1996; Millan, 2002). Therefore, it
becomes clear that the interneurons of lamina Il play
a strategically important role not only in the inte-
grationbutalsoin the modulation of peripheral noci-
ceptive message before their transmission to
supraspinal centers where they can elicit the sensa-
tion of pain if they reach the cerebral cortex.

Inhibitory synaptic transmission in the superfi-
cial DH is of fundamentalimportance because block-
ing GABAergic or glycinergic transmission in the
DH by intrathecal administration of bicuculline or
strychnine induces mechanical allodynia (a painful
sensation elicited by a normally innocuous mechan-
ical stimulus) and thermal heat hyperalgesia (an
increased painful sensation in response to a noxious
heat stimulus) (Yaksh et al., 1999). We were there-
fore interested in better understanding the proper-
ties of inhibitory transmission in lamina II as well
as its regulation by endogenous modulators.

Properties of Inhibitory Synaptic Transmission
in Lamina Il

To characterize the properties of inhibitory synap-
tic transmission we have performed patch-clamp
recordings in the whole-cell configuration from
lamina II neurons in transverse spinal cord slices
(Keller et al., 2001, 2004). Slices were prepared
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Fig. 3. Characterization of inhibitory synaptic transmission in lamina Il of rat spinal cord slices. (A) Three types of
mIPSCs were identified in lamina Il neurons of immature rats. Glycinergic mIPSCs were characterized by a fast mono-
exponential decay with a time constant (t) around 10 ms. GABA, receptor-mediated mIPSCs were characterized by a
time constant around 30 ms. Mixed mIPSCs displayed biexponentially decaying phases with time constants around 10
and 30 ms. These events were caused by the corelease of GABA and glycine at some release sites and by their codetection
by GABA, and glycine receptors colocalized on the postsynaptic membrane. All traces are from the same neuron. The
exponential functions that allowed determination of the decay time constants of the mIPSCs are superimposed on the
original traces. The spinal cord slice in which these recordings were performed was from a 13-d-old rat. (B) Evolution
of the deactivation time constant of GABA, receptor-mediated (®) and glycinergic (l) mIPSCs during postnatal devel-
opment. Note the relative stability of glycinergic mIPSCs and the progressive decrease for GABAergic mIPSCs until the
end of the third week of postnatal life. Inset illustrates the acceleration of decay kinetics of GABA, receptor-mediated
mIPSCs between postnatal day 12 (P12) and adulthood (p > 30). The recordings were performed in whole-cell configu-

ration, and the holding potential was -60 mV.

from either immature (13- to 23-d-old) or adult
(>30-d-old) rats to determine the changes that occur
during postnatal development. The recordings were
performed in the presence of kynurenicacid (2 mM),
a blocker of ionotropic glutamate receptors and of
tetrodotoxin (0.5 pM) to block fast excitatory gluta-
matergic synaptic transmission and the generation
of action potentials. Under these conditions, itis pos-
sible to record mIPSCs, that is, IPSCs reflecting the
release of inhibitory neurotransmitters at individ-
ual synaptic release sites.

Three types of mIPSCs were detected in imma-
ture animals that could be separated on the basis of
the kinetics of their decaying phases and their
sensitivity to the GABA , receptor antagonist bicu-
culline (10 pM) or the glycine receptor antagonist
strychnine (1 pM) (Fig. 3A) Strychnine-sensitive
glycinergic mIPSCs were characterized by a fast
monoexponential decaying phase with a time con-
stant around 10 ms, and bicuculline-sensitive
GABA , receptor-mediated mIPSCshad a decay time
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constant around 30 ms (Keller et al., 2004). In
addition, mixed mIPSCs displayed a biexponential
decaying phase with time constants of about 10 and
30 ms. These mIPSCs were caused by the corelease
of GABA and glycine at some release sites (Keller
et al., 2001, 2004).

When recordings were performed from adult
spinal cord slices, only glycinergic mIPSCs and
GABAergicmIPSCs wererecorded inapproximately
equal proportions. Although the GABAergic and
glycinergic mIPSCs coexisted in the majority of cells,
mixed mIPSCs (displaying at the same time a glycin-
ergic and a GABAergic component) were never
detected inadultlamina IIneurons. The decay kinet-
ics of glycinergic mIPSCs did not significantly
change, although they displayed a tendency to be
faster; the GABAergic mIPSCs were markedly accel-
erated with a time constant around 19 ms (Keller
et al., 2004) (Fig. 3B). This change in kinetics of
GABAergic mIPSCs could not be explained by a
change in the type of GABA, receptor present in

Volume 28, 2006



Neurosteroids and Synaptic Transmission 45
IMMATURE
Control FIN-treated Stimulation of PBR
CT:1=30.3ms FIN:T =20.5ms CT:1=288ms

AP : T =58.7ms

ADULT

Control
CT:t=18.8ms

AP : T =29.3ms

CT:t=322ms

FIN-treated

FIN:T=15.2 ms

DZP+FLU : T=49.3 ms

Stimulation of PBR
CT:71=20.1ms

DZP+FLU : t=35.2ms

Fig. 4. Pharmacological manipulation of GABA, receptor-mediated mIPSCs in immature (p < 23 d, top row) and adult
(p > 30, bottom row) rat spinal cord slices. Exogenous application of allopregnanolone (AP, 100 nM; first column) pro-
longed the duration of GABAergic mIPSCs in the immature, as well as in the adult, rat slice preparation. Pretreatment
of the slices with finasteride (FIN, 50 pM) for several hours reduced the duration of GABA, receptor-mediated mIPSCs
in the immature but not in the adult rat (middle column). Stimulation of the PBR prolonged GABAergic mIPSCs in both
immature and adult lamina Il neurons. Stimulation of PBR was achieved by preincubating the slices with diazepam (DZP,
1 pM) in the presence of flumazenil (FLU, 10 pM). The figures beside the traces are the values of the decay time con-
stants of the mIPSCs determined by fitting a single exponential function to the decay phases of the mIPSCs. The fitted

functions are superimposed on the original races.

lamina II neurons because the same GABA , recep-
tor subunits are expressed in immature and adult
animals (Maetal., 1993; Bohlhalteretal., 1996).In addi-
tion, at all stages tested, mIPSCs were prolonged by
exogenousapplicationof AP or THDOC (Fig.4). There-
fore, we looked for the possibility of a change in the
endogenous production of a positive allosteric mod-
ulator of GABA , receptors such as endogenous lig-
ands of the central benzodiazepine receptor (CBR) or
of the neurosteroid binding sites at GABA , receptors.

Modulation of Neurosteroidogenesis in the DH
During Postnatal Development

Incubation of the spinal cord slices from imma-
ture animals with finasteride (50 pM), an inhibitor
of Sa-reductase type II, or with PK11195 (10 pM), an
antagonist of the PBR, resulted in an acceleration
(shortening) of GABAergic mIPSCs. In contrast, the
same procedure applied to slices from adult animals
induced no change in the duration of mIPSCs (Fig. 4).
However, the kinetics of mIPSCs from immature ani-
mals recorded in slices after incubation with finas-
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teride or PK11195 were similar to those of adult ani-
mals. These results indicated that in immature ani-
mals there was a tonic production of 5a-reduced
neurosteroids that could reach and potentiate synap-
tic GABA, receptors and prolong the duration of
GABAergic mIPSCs. In the adult, finasteride and
PK11195 had no effect on GABAergic mIPSCs, which,
however, had an already faster decay time constant
than mIPSCs from immature animals. We interpret
these results as a decrease in tonic production of 5a.-
reduced neurosteroids during postnatal develop-
ment, with the presence of 5a-reduced neurosteroids
being no longer detectable in adults under the form
of a basal and tonic modulation of mIPSC duration.
This does not mean that the production of neuro-
steroids had stopped completely in the adult but
simply that the concentrations of 5a-reduced neu-
rosteroids achieved in the vicinity of synaptic recep-
tors were not sufficient to affect the kinetics of
GABAergicmIPSCs under basal /resting conditions.
Moreover, because PK11195 had the same effect as
finasterideinimmature animals, itappeared that the
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neurosteroidogenesis leading to the production of
5a-reduced neurosteroids was controlled by the acti-
vation of the PBR.

We checked the incidence of stimulating the PBR
pharmacologically on the kinetics of GABAergic
mIPSCs (Fig. 4). For this purpose we incubated the
slices with diazepam (1 pM) in the presence of
flumazenil (10 pM). Diazepam activates both the
PBR and the CBR located on GABA , receptors, but
flumazenil specifically blocks the activation of the
CBR by diazepam. Therefore, the incubation of the
slices with diazepam in the presence of flumazenil
should result in a selective stimulation of the PBR.
Under these conditions we observed an increase in
the duration of mIPSCs both in immature and adult
spinal cord slices. This potentiating effect was com-
pletely blocked by PK11195, indicating that it was
attributable to the stimulation of the PBR. These
results showed that stimulation of the PBR always
resulted in a potentiation of GABA, receptor-
mediated synaptic transmission both in immature
and adultanimals. Italsoindicated that the tonicstim-
ulation of neurosteroidogenesis was not maximal in
immature animals and that in the adult stimulation
of the PBR allowed the ambient level of 5a-reduced
neurosteroids to increase to a concentration suffi-
cienttomodulate the functional properties of synap-
ticGABA , receptors (Keller etal.,2004). Interestingly,
pharmacological stimulation of the PBR also led to
the reappearance of mixed GABA /glycine mIPSCs
intheadult. This phenomenon was blocked by finas-
teride and PK11195. Moreover, the relative occur-
rence of GABA, receptor-mediated mIPSCs was
unchanged after stimulation of the PBR, whereas
that of glycinergic mIPSCs decreased. The decrease
in the proportion of pure glycinergic mIPSCs corre-
sponded to the fraction of mixed mIPSCs that
appeared during PBR stimulation. These results indi-
cated that upon PBR stimulation some glycinergic
mIPSCs were converted into mixed GABA /glycine
mIPSCs. One possible explanation for this observa-
tion is that during development, a fraction of mixed
GABA/glycine synapses become apparently pure
glycinergic synapses because GABA, receptors
adopt an extrasynaptic location and/or decrease
their affinity for GABA. Alternatively, there might
be a decrease in vesicular content of GABA during
postnatal development, resultingina decreasein the
amount of GABA released during exocytosis
(Nabekura et al., 2004). Under these conditions,
although GABA and glycine are still coreleased at
these synapses, only glycine receptors could be
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activated during the release of single neurotrans-
mitter vesicles from presynaptic terminals. How-
ever, during theincreased production of 5a-reduced
neurosteroids following the stimulation of the PBR,
the affinity of GABA, receptors localized at these
glycinergic synapses would increase and these recep-
tors could then be significantly activated even by
low concentrations of GABA during GABA /glycine
corelease and be responsible for the generation of
mixed mIPSCs (Keller et al., 2001, 2004).

Activation of Neurosteroidogenesis During
Inflammatory Pain

Although wehave clearly demonstrated that phar-
macological stimulation of PBR can prolong GABA ,
receptor-mediated mIPSCs and induce the reap-
pearance of mixed GABA /glycine mIPSCs, an
important issue was to determine under which cir-
cumstances such a stimulation of the PBR was likely
to occur in vivo. It is known that during the devel-
opment of painful situations, the nociceptive system
triggers the activation of descending control mech-
anisms tending to limit or eventually to increase sig-
naling in spinal pain pathways (Sandkuhler, 1996;
Millan, 2002). Because inhibition plays an important
role in modulating nociceptive transmission in the
spinal cord, we hypothesized that perhaps theinduc-
tion of an acute peripheral inflammation could
induce a modulation of inhibitory synaptic trans-
mission in lamina II of the spinal cord. Therefore,
we performed an injection of carrageenan (3%) in
the hind paw of adult rats to induce an acute inflam-
matory pain state, and we looked for changes in the
properties of mIPSCs recorded in lamina II neurons
of spinal cord slices of these inflamed animals. The
properties of synaptic transmission in inflamed ani-
mals were compared to those of naive animals and
of animals having received a saline injection into the
hind paws. Twenty-four hours after carrageenan
injection, we observed that the duration of GABA-
ergic mIPSCs were significantly prolonged (on aver-
age, the decay time constant increased from 19 to 35
ms). Moreover, we noticed the reappearance of mixed
GABA /glycine mIPSCs. These observations were
strikingly similar to that made when the slices of
naive adult animals were incubated with diazepam
and flumazenil to stimulate the PBR (see “Modula-
tion of Neurosteroidogenesis in the DH During Post-
natal Development”). We therefore hypothesized that
peripheralinflammation had induced plastic changes
in inhibitory synaptic transmission within lamina II
and that this plasticity could be attributable to the
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stimulation of neurosteroidogenesis leading to the
increased production of 5a-reduced neurosteroids.
Direct measurements of neurosteroid synthesis and
releaseinspinal cord slices showed anincreased pro-
duction of AP and THDOC in inflammatory animals
(datanotshown). Moreover, incubation of slices with
finasteride or PK11195 completely blocked the pro-
longation of GABA , receptor-mediated mIPSCsand
prevented thereappearance of mixed GABA /glycine
mIPSCs. In vivo pretreatment of animals with finas-
teride, injected subcutaneously (30 mg/kg) 24 h
before induction of the carrageenan inflammation,
had the same effect as the in vitro treatment of the
slice with finasteride. Therefore, it appeared that
peripheral inflammatory pain upregulated the pro-
duction of 5a-reduced neurosteroids in lamina II of
the DH. This modulation seemed to involve the stim-
ulation of the PBR, as PK11195 was also able to block
the inflammation-induced change in mIPSC kinet-
ics. Wenext asked whether thisincreaseininhibitory
synaptic transmission in lamina II was correlated
with a decrease in pain sensitivity. In a preliminary
set of experiments, we compared the nociceptive
thresholds of carrageenan-injected animals that were
pretreated with finasteride to those pretreated with
vehicle. Finasteride-pretreated animals were signif-
icantly more sensitive to nociceptive heat stimuli
than vehicle-injected animals (data not shown). This
result indicated that carrageenan-injected animals
pretreated with vehicle had a higher pain threshold
than those receiving previously a pretreatment with
finasteride. We hypothesize that this phenomenon
can be explained, at least in part, by the increase in
inhibitory synaptic transmission following periph-
eral carrageenan injection. In finasteride-pretreated
animals, this increase in synaptic inhibition could
not take place, resulting in a greater hyperexcitabil-
ity of DH neurons and a facilitation in the trans-
mission of nociceptive messages to projection
neurons.

Concluding Remarks

The results from the literature discussed above,
as well as our experimental results obtained in the
superficial DH of the spinal cord, indicate a funda-
mental role of steroids /neurosteroids in the control of
neuronal excitability and synaptic transmission in the
CNS. The aspects discussed here concern essentially
fast nongenomic actions of steroids/neurosteroids. It
is now clear that steroids/neurosteroids can be con-
sidered as an important family of neuromodulators,
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particularly because there is convincing evidence
that the production of endogenous steroids/neu-
rosteroids can be modulated and has an incidence
onsynaptic transmission. Another interesting aspect
in the modulatory effects of steroids/neurosteroids
is that they can act both pre- and postsynaptically.
At the postsynaptic level, they modulate the sensi-
tivity of ionotropic GABA or glutamate receptors,
or affect the coupling of metabotropic receptors to
inwardly rectifying K* channels; at the presynaptic
level they modulate voltage-dependent Ca?* chan-
nels, which results in a fine tuning of neurotrans-
mitter release. Our results (Keller et al., 2004; this
report), as well as those of Evrard and Balthazart
(2004), also indicate that endogenous steroids/neu-
rosteroids play an important role in the spinal cord
nociceptive system. Therefore, steroids/neuro-
steroids, as well as the biosynthetic pathways of neu-
rosteroids, might be attractive targets for
pharmacological modulation of pain.
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