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Highlights  

 

 Spinal cord injury (SCI) induces an early increase in TSPO and 5α-RII mRNA 

levels 

 A later decrease in 5α-RI and 5α-RII expression after SCI is observed 

 TSPO and 5α-RII up-regulation may represent a protective response against 

injury  

 PG induces a marked increase in spinal TSPO, StAR, 5α-RI and 5α-RII 

expression 

 PG may favor local production of reduced metabolites and prevents allodynia 

 

 

 

 

Abstract 

 

Neuropathic pain is a frequent complication of spinal cord injury (SCI), still refractory 

to conventional treatment. The presence and biological activity of steroidogenic 

regulatory proteins and enzymes in the spinal cord suggests that neurosteroids locally 

generated could modulate pain messages. In this study we explored temporal changes in 

the spinal expression of the 18kDa translocator protein TSPO, the steroidogenic acute 

regulatory protein (StAr) and the steroidogenic enzyme 5-reductase (5α-RI/II) in an 

experimental model of central chronic pain. Male Sprague-Dawley rats were subjected 

to a SCI and sacrificed at different time points (1, 14 or 28 days). The development of 

mechanical and cold allodynia was assessed. Injured animals showed an early increase 

in the mRNA levels of TSPO and 5α-RII, whereas in the chronic phase a significant 

decrease in the expression of 5α-RI and 5α-RII was observed, coinciding with the 

presence of allodynic behaviors. Furthermore, since we have shown that progesterone 

(PG) administration may offer a promising perspective in pain modulation, we also 

evaluated the expression of steroidogenic proteins and enzymes in injured animals 

receiving daily injections of the steroid. PG-treated did not develop allodynia and 
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showed a marked increase in the mRNA levels of TSPO, StAR, 5α-RI and 5α-RII 28 

days after injury. Our results suggest that in the acute phase after SCI, the increased 

expression of TSPO and 5α-RII may represent a protective endogenous response against 

tissue injury, which is not maintained in the chronic allodynic phase. PG may favor 

local steroidogenesis and the production of its reduced metabolites, which could 

contribute to the antiallodynic effects observed after PG treatment.  

 

Abbreviations 

 

Spinal cord injury (SCI), Central nervous system (CNS), Progesterone (PG), Control 

animals (CTL), Injured animals (HX), Injured animals that received daily injections of 

natural progesterone (HX+PG), Polymerase chain reaction (PCR), Cyclophilin (Cyc), 

Translocator protein (TSPO), Steroidogenic acute regulatory protein (StAr/STARD1), 

5α-reductase (5α-RI/II), 5α-dihydroprogesterone (5α–DHP), 3α,5α-

tetrahydroprogesterone (3α,5α-THP), allopregnanolone (ALLO). 
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1. Introduction 

 

 

In the spinal cord, as well as in other central nervous system structures, steroids can be 

synthesized either de novo from cholesterol or from circulating steroid hormones, that 

easily cross the blood-brain/spinal barrier and serve as precursors for 

neurosteroidogenic enzymes. Thus, steroids produced by the nervous system are 

referred to as “neurosteroids” (Baulieu and Robel 1990), while those acting in the 

nervous system, including those synthesized locally or in the peripheral glands (ovary, 
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testis and adrenal glands) and also synthetic steroids, are called “neuroactive steroids” 

(Paul and Purdy 1992, Schumacher et al. 2015). 

 

Among neurosteroids/neuroactive steroids, progesterone (PG) and its reduced 

metabolite 3,5-tetrahydroprogesterone (3,5-THP), also known as 

allopregnanolone (ALLO), exert a wide range of actions in the central nervous system, 

acting as physiological regulators of nervous function, as well as protective agents in 

pathological conditions (De Nicola et al. 2013, Melcangi et al. 2014, Schumacher et al. 

2014, Guennoun et al. 2015). In the recent years, an important area of research has been 

devoted to explore the role of PG and ALLO, either exogenously administered or 

endogenously synthesized, in the modulation of neuropathic pain (Giatti et al. 2015, 

Coronel et al. 2016a). 

 

Thus, PG administration has been found to prevent allodynia after injuries to the sciatic 

nerve (Coronel et al. 2011a, Dableh and Henry 2011), trigeminal nerve root (Kim et al. 

2012) or spinal cord (Coronel et al. 2011b), and eradicate allodynic and hyperalgesic 

symptoms in animals subjected to chemotherapy induced peripheral neuropathy (Meyer 

et al. 2010). In addition, ALLO administration has been shown to reduce mechanical 

and thermal hyperalgesia after sciatic nerve ligature (Pathirathna et al. 2005b), 

counteract diabetes-induced motor impairment and thermal hyperalgesia (Afrazi and 

Esmaeili-Mahani 2014) and suppress neuropathic symptoms evoked by antineoplastic 

drugs, such as vincristine (Meyer et al. 2010) or oxaliplatin (Meyer et al. 2011).  

 

In addition, it has been demonstrated that local PG and ALLO synthesis increases in the 

nervous system of animals with neuropathic pain, probably as an endogenous 

mechanism triggered to cope with the chronic pain condition (Mensah-Nyagan et al. 

2008, Mensah-Nyagan et al. 2009). The expression and/or activity of different 

steroidogenic enzymes increase in the spinal cord of animals that develop neuropathic 

pain after peripheral nerve injury, resulting in an up-regulation of the biosynthetic 

pathways leading to PG and ALLO production (Mensah-Nyagan et al. 2008, Mensah-

Nyagan et al. 2009). However, the spinal expression of steroidogenic regulatory 

proteins and enzymes has not been evaluated during the onset and development of SCI-

induced neuropathic pain.  
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Therefore, in this study we evaluated temporal changes evoked by the SCI in the 

expression of key components of the enzymatic pathways leading to PG and ALLO 

synthesis and correlated our findings with the presence of allodynic behaviors. We 

centered our studies on the 18kDa translocator protein (TSPO), previously known as 

peripheral benzodiazepine receptor (Papadopoulos et al. 2006) and the steroidogenic 

acute regulatory protein (StAR/STARD1) (King and Stocco 2011), which mediate and 

regulate the translocation of cholesterol from intracellular stores to the inner 

mitochondrial membrane, the rate limiting step for neurosteroidogenesis (Rone et al. 

2009), and on both isoenzymes of 5-reductase (5-R type I and II), the enzyme 

regulating the synthesis of PG reduced metabolites (Stoffel-Wagner 2003). 

Furthermore, since we have previously demonstrated that PG administration prevents 

both mechanical and thermal allodynia after SCI, we have also analyzed whether PG 

anti-allodynic effects could be related to changes in the expression of the regulatory 

proteins / enzymes under study.  

 

2. Methods 

 

 

2.1 Spinal cord injury 

All experimental procedures were reviewed and approved by the local Animal Care and 

Use Committee (Assurance Certificate Nº A5072-01) and the Ethical Committee from 

Instituto de Biología y Medicina Experimental (Buenos Aires, Argentina), and followed 

the Guide for the Care and Use of Laboratory Animals (National Institutes of Health). 

Care was taken to minimize animal discomfort and to limit the number of animals used. 

Male Sprague-Dawley rats (200-220 g), bred at the colony of the Instituto de Biología y 

Medicina Experimental, were deeply anesthetized with ketamine (50 mg/kg, i.p.) and 

xylazine (5 mg/kg, i.p.). In a group of rats, the spinal cord was exposed and unilaterally 

hemisected at thoracic T13 level (Labombarda et al. 2008, Coronel et al. 2011b, 

Coronel et al. 2014, Coronel et al. 2016b), as originally described by Christensen et al 

(Christensen et al. 1996). In sham-operated animals the spinal cord was exposed but not 

lesioned. Post-operative care included control of body temperature using an electric 

heating pad, and prophylactic antibiotic administration (cephalexine 20 mg/kg/day) 

during 5 days, starting immediately after surgery. Animals were monitored for eventual 

infections until they were euthanized either 1, 14 or 28 days after injury. 
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2.2 Progesterone administration 

Injured animals received daily subcutaneous injections of natural progesterone (Sigma, 

Saint Louis, MO, USA; P8783, 16 mg/kg/day; HX+PG) or vehicle (Ricine oil, Ewe, 

Sanitas, Buenos Aires, Argentina; HX) (Coronel et al. 2011b, Coronel et al. 2014, 

Coronel et al. 2016b). In PG-treated animals, the steroid was administered immediately 

after performing the lesion and once a day thereafter until the animals were euthanized, 

28 days after injury. We have previously tested this dose of PG in several animal 

models of nervous system injury (Labombarda et al. 2009, Coronel et al. 2011a, 

Coronel et al. 2011b, Coronel et al. 2014, Garcia-Ovejero et al. 2014, Coronel et al. 

2016b). In particular, this dose of PG has been shown to prevent mechanical and 

thermal allodynia after spinal cord (Coronel et al. 2011b, Coronel et al. 2014, Coronel et 

al. 2016b) and sciatic nerve (Coronel et al. 2011a) injuries. Sham-operated animals 

receiving oil were used as control animals (CTL).  

 

 

2.3 Assessment of pain behaviors 

Behavioral testing was performed by a blinded observer. The animals were tested 1 day 

before surgery, in order to obtain normal baseline values, and at different time points 

(days 7, 14, 21 and 28) after SCI or sham-operation, as previously described (Coronel et 

al. 2011b, Coronel et al. 2014, Coronel et al. 2016b). Only rats showing normal 

responses to mechanical and thermal stimulation before surgery were included in the 

experiments. Eight animals were included in each experimental group. They were 

placed in transparent testing chambers and allowed to acclimate for 15 min before 

testing.  

 

2.3.1 Mechanical allodynia 

Paw mechanical sensitivity was assessed by evaluating the response to normally 

innocuous mechanical stimuli using a series of 8 calibrated von Frey filaments (1, 2, 4, 

6, 8, 10, 15, 26 g, Stoelting, Wood Dale, IL, USA). Each filament was delivered three 

times with 5 s intervals. The lowest force at which application elicited at least two 

withdrawal responses (brisk paw withdrawal together with a nocifensive behavior such 

as attack to the stimulus, escape or vocalization) was taken as the mechanical response 

threshold. A paw withdrawal reflex obtained with 6 g or less was considered an 

allodynic response (Coronel et al. 2011b, Coronel et al. 2014, Coronel et al. 2016b). 
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Values shown in Fig 1a correspond to the mean  SEM. As previously reported, results 

were analyzed using the Friedman Repeated Measures of Analysis of Variance followed 

by Multiple Comparison Test (Coronel et al. 2011b, Coronel et al. 2014, Coronel et al. 

2016b). 

 

2.3.2 Cold allodynia 

Cold sensitivity of the hindpaw to acetone (Choi test) was quantified by paw withdrawal 

frequency (Choi et al. 1994). Thus, 100 l of acetone was applied to the plantar surface 

of the paw using a plastic tubule connected to a 1 ml syringe. Acetone was applied five 

times to each paw at intervals of at least 5 min. The number of brisk foot withdrawals 

accompanied by nocifensive behaviors (mentioned in the previous section) was 

recorded. If paw withdrawal was observed at least two times after acetone exposure, it 

was considered an allodynic response (Coronel et al. 2011b, Coronel et al. 2014, 

Coronel et al. 2016b). Values shown in Fig 1b correspond to the mean  SEM. As 

previously reported, results were analyzed using the Friedman Repeated Measures of 

Analysis of Variance followed by Multiple Comparison Test (Coronel et al. 2011b, 

Coronel et al. 2014).  

 

2.4 Tissue preparation for Real Time-Polymerase Chain Reaction (PCR) 

Either 1, 14 or 28 days after SCI, animals receiving PG or vehicle, as well as CTL 

animals, were deeply anesthetized with chloral hydrate (800 mg/kg, i.p.) and killed by 

decapitation. Spinal lumbar segments caudal to the injury site (L4-5) and equivalent 

regions from CTL animals were immediately removed and the dorsal spinal halves were 

dissected (Coronel et al. 2011b, Coronel et al. 2014, Coronel et al. 2016b). Tissues were 

frozen and stored at -70oC until gene expression studies were performed. Samples from 

the different experimental groups were run at the same time. 

 

2.5 Real Time-PCR 

Spinal dorsal halves were collected as described above (n=8 in each group). RNA was 

extracted using Trizol (Invitrogen, USA), as previously described (Coronel et al. 2011b, 

Coronel et al. 2014, Coronel et al. 2016b). Nucleotide sequences of forward (F) and 

reverse (R) primers used for amplification were: TSPO: F: CTT GCA GAA ACC CTC 

CTG GCA TC, R: CCA AGG GAA CCA TAG CCT CCT CTG (designed using the 
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Oligo Primer Analysis software version 6.54, Molecular Biology Insights Inc, Cascade, 

Colorado, USA); StAR: F: CTG CTA GAC CAG CCC ATG GAC, R: TGA TTT CCT 

TGA CAT TTG GGT TCC (Abatikuw et al. 2011); 5-RI: F: ACT GGG CAA CCT 

GCC TAA C, R: ATC AGA ACC GGG AAA ACC A (Munetsuna et al. 2009); 5-RII: 

F: CAG GAA GCC TGG AGA AGT CA, R: CAA TAA TCT CGC CCA GGA AA 

(Munetsuna et al. 2009). Cyclophilin (Cyc) F: GTG GCA AGA TCG AAG TGG AGA 

AAC, R: TAA AAA TCA GGC CTG TGG AAT GTG; accession number: 

NM_022536, was chosen as housekeeping gene and designed using the Oligo Primer 

Analysis software version 6.54 (Molecular Biology Insights Inc, Cascade, Colorado, 

USA). Relative gene expression was determined using Syber green master mix and the 

ABI PRISM 7500 sequence detection system (Applied Biosystems, Foster City, 

California, USA) (Coronel et al. 2011b, Coronel et al. 2014, Coronel et al. 2016b). The 

change in the target mRNA was calculated using the method describe by Pfaffl (Pfaffl 

2001) and expressed as fold-increase relative to control values. Eight animals were 

included in each experimental group and samples were run in triplicate. Data shown in 

Figs 2 and 3 correspond to the mean  SEM of mRNA levels relative to control values 

(CTL: sham-operated animals receiving oil). Statistical analysis was performed by 

applying Student t Test (Fig 2, a-c) or One-Way Analysis of Variance followed by 

Newman-Keuls post-hoc test (Fig 2, d). 

 

3. Results 

 

3.1 Behavioral evaluation of neuropathic pain: development of mechanical and cold 

allodynia after spinal cord injury, and effect of progesterone administration 

 

As previously observed, animals subjected to a spinal cord hemisection showed 

guarding behaviors and changes in the posture such as plantar flexion and toe-

clenching.  

 

After injury, both the ipsilateral and contralateral hindpaws showed a progressive 

decrease in mechanical withdrawal threshold (Fig 1a, p<0.001 vs CTL at day 14) and 

allodynic values were detected 21 and 28 days after injury (Fig 1a, p<0.001 vs CTL at 

both time points). Paw withdrawals were accompanied by active attention to the 

stimulus, abrupt head turning and attack, vocalization, and/or body reposturing, 
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indicating that noxious stimuli were detected supraspinally. These aversive behaviors 

and the allodynic responses were still observed at the endpoint of this study (day 28, Fig 

1a).  

 

When cold sensitivity was assessed, a similar behavioral pattern was obtained: there 

was a gradual and clear increase in the number of positive nociceptive responses in both 

hindpaws starting 14 days after injury (Fig 1b, p<0.001 vs CTL), with the highest 

number of allodynic responses detected at days 21 and 28 (Fig 1b, p<0.001 vs CTL in 

both cases). As described in the previous paragraph, paw withdrawals were 

accompanied by aversive behaviors, until the end of the study. 

  

In correlation with our previous reports (Coronel et al. 2016b), injured animals 

receiving PG did not develop mechanical allodynia (Fig 1a, p<0.001 vs HX at days 21 

and 28) and showed reduced sensitivity to cold stimulation (Fig 1b, p<0.05 vs HX at 

day 14, p<0.001 vs HX at day 21 and p<0.01 vs HX at day 28). 

 

 

 

 

3.2 Temporal changes in TSPO, StAR, 5α-RI and 5α-RII mRNA levels after spinal 

cord injury 

 

Injured animals showed an early increase in the expression of TSPO (Fig 2, p<0.05 

vs CTL at days 1 and 14) and 5α-RII (Fig 2, p<0.05 vs CTL at day 1, p<0.01 vs 

CTL at day 14). On the contrary, the mRNA levels corresponding to StAR and 5α-

RI were similar to those detected in CTL animals (Fig 2, p0.05 vs CTL for both 

molecules and at both time points).  

 

In the chronic phase (day 28), coinciding with the presence of allodynic behaviors, 

a significant decrease in the expression of 5α-RI (Fig 2, p<0.01 vs CTL) and 5α-RII 

(Fig 2, p<0.05 vs CTL) was observed, while TSPO and StAR mRNA levels 

remained similar to CTL values (Fig 2, p0.05 vs CTL for both molecules).  
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3.3 Effect of progesterone administration on TSPO, StAR, 5α-RI and 5α-RII mRNA 

levels in the chronic phase after spinal cord injury 

 

Twenty eight days after SCI, animals receiving PG showed a marked increase in the 

mRNA levels of TSPO (Fig 3, p<0.001 vs HX and CTL), StAR (Fig 3, p<0.05 vs 

HX and CTL), 5α-RI (Fig 3, p<0.01 vs HX) and 5α-RII (Fig 3, p<0.001 vs HX and 

CTL) in the spinal dorsal cord. Thus, at this time point, PG treatment induced 

TSPO and StAR up-regulation and counteracted the injury induced decrease in 5α-

RI and 5α-RII expression. 

 

 

4. Discussion 

 

 

The present study shows that: a) SCI induces an early increase in the spinal expression 

of TSPO and 5α-RII, and a significant decrease in the mRNA levels of 5α-RI and 5α-

RII in the chronic phase after injury, coinciding with the presence of allodynic 

behaviors; b) PG treatment results in a marked increase in the expression of TSPO, 

StAR, 5α-RI and 5α-RII in the chronic phase, likely favoring local steroidogenesis and 

the production of reduced metabolites such as ALLO, and prevents allodynia. 

 

Recent evidence shows that both PG and ALLO, either endogenously synthesized or 

exogenously administered, exert neuroprotective effects and reduce neuropathic pain-

associated behaviors in different animal models of pain. In fact, and as previously 

mentioned, several groups around the world, including ours, have demonstrated the 

efficacy of administering PG (Meyer et al. 2010, Coronel et al. 2011a, Coronel et al. 

2011b, Dableh and Henry 2011, Kim et al. 2012, Coronel et al. 2014) or ALLO 

(Pathirathna et al. 2005b, Meyer et al. 2010, 2011, Afrazi and Esmaeili-Mahani 2014) to 

alleviate neuropathic pain in experimental conditions. 

 

As well as in other steroidogenic tissues, biosynthesis of neurosteroids in the spinal cord 

begins with the translocation of cholesterol to the inner mitochondrial membrane, 

mediated by TSPO (Papadopoulos et al. 2006), a high-affinity drug- and cholesterol-

binding mitochondrial protein, and StAR (King and Stocco 2011), a hormone-induced 

mitochondria-targeted protein that initiates cholesterol transfer (Rone et al. 2009). 
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Cholesterol is then converted into pregnenolone, which is further reduced into PG. By 

the action of 5-R, PG can be converted into 5-dihydroprogesterone (5-DHP), which 

is reduced into 3,5-THP or ALLO (Stoffel-Wagner 2003). Thus, the reaction 

catalized by 5-R is crucial for the production of PG-reduced metabolites, 5-DHP and 

ALLO. Two isoforms of 5-R have been identified; in the spinal cord 5-RI and 5-

RII display distinct expression patterns (Patte-Mensah et al. 2004b).  

 

Recent studies have also reported that TSPO plays critical roles in various neurological 

diseases, including inflammatory and neuropathic pain (Rupprecht et al. 2010, Wei et 

al. 2013, Liu et al. 2014). A recent report suggests that the early TSPO up-regulation in 

the spinal cord and its subsequent activation reverts allodynia and hyperalgesia in rats 

with spinal nerve ligation (Wei et al. 2013). Moreover, the activation of this translocator 

protein and the consequent increase in neurosteroid formation have been partly 

attributed to the inhibition of chemokine-dependent astrocyte-to-neuron signaling and 

central sensitization (Liu et al. 2016). Furthermore, a current study has reported that 

thalamic brain levels of TSPO negatively correlate with clinical pain and circulating 

levels of the pro-inflammatory cytokine interleukin-6 in patients with chronic back pain, 

suggesting that TSPO exerts pain-protective/anti-inflammatory effects in humans, as 

predicted by animal studies (Loggia et al. 2015). 

 

In line with these previous findings, we have now shown that SCI also results in an 

early increase in the spinal expression of TSPO and 5α-RII, possibly resulting in higher 

local production of PG and its reduced metabolites. Although in this study we did not 

evaluate the spinal concentrations of neurosteroids, we have already demonstrated that 

PG and ALLO levels are increased in the spinal cord 75 hours after injury, without a 

significant increase in plasma (Labombarda et al. 2006). In addition, rat spinal tissue 

homogenates have been shown to be capable of converting cholesterol into various 

metabolites including PG and ALLO (Patte-Mensah et al. 2003, Patte-Mensah et al. 

2004a, Patte-Mensah et al. 2004b, Saredi et al. 2005), clearly indicating that the 

regulatory proteins / enzymes detected correspond to active forms. In relation to StAR 

expression, we did not detect any changes in its mRNA levels. However, since StAR 

activity is regulated through post-translational modifications (Duarte et al. 2014), we 

cannot exclude injury-induced changes in its steroidogenic activity.  
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An increase in the spinal expression and/or activity of other steroidogenic enzymes, 

such as P450 side-chain cleavage (Patte-Mensah et al. 2003, Patte-Mensah et al. 2004a), 

3β-hydroxysteroid dehydrogenase (Saredi et al. 2005) and 3-hydroxysteroid 

oxidoreductase (Meyer et al. 2008), has also been described in other experimental 

models of neuropathic pain (Mensah-Nyagan et al. 2008, Mensah-Nyagan et al. 2009). 

In addition, and confirming its local production, the spinal levels of PG (Saredi et al. 

2005) and ALLO (Patte-Mensah et al. 2004a) have been shown to be significantly 

increased after peripheral nerve injury.   

 

Interestingly, endogenous PG has been shown to decrease sensitivity to pain by 

increasing levels of endorphins and opioid receptors (Dawson-Basoa and Gintzler 1997, 

Dawson-Basoa and Gintzler 1998). In addition, PG administration is able to modulate 

the spinal expression of N-methyl-D-aspartate (NMDA) receptor subunits, protein 

kinase C gamma (PKC) (Coronel et al. 2011a, Coronel et al. 2011b), pro-inflammatory 

enzymes (Coronel et al. 2014) and cytokines (Coronel et al. 2016b), all key players for 

chronic pain generation, probably through genomic actions mediated by the classical 

intracellular progesterone receptor (PR). In contrast to PG (and 5-DHP), ALLO does 

not bind to PR and acts by modulating neurotransmitter receptors. It is well 

demonstrated that 3,5-reduced steroids like ALLO are potent endogenous positive 

allosteric modulators of the inhibitory functions of GABAA receptors (Belelli and 

Lambert 2005), whose activity is crucial in the regulation of pain. ALLO has also been 

found to enhance specific GABAA receptor subtypes (Pathirathna et al. 2005b, Peng et 

al. 2009) and to block neuronal low-voltage activated (T-type) Ca2+ channels 

(Pathirathna et al. 2005a). Thus, the early increase in the steroidogenic pathway may 

represent an endogenous protective mechanism tending to control pain development, 

which cannot be maintained in the chronic phase after SCI. Accordingly, and as shown 

in the present study, 28 days after injury TSPO mRNA levels return to control values, 

both isoforms of 5-R are down-regulated and animals develop mechanical and thermal 

allodynia.  

 

Interestingly, PG administration induces the up-regulation of TSPO, StAR, 5α-RI and 

5α-RII, probably increasing spinal cord steroidogenic activity and favouring the 
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production of reduced metabolites and thus alleviating pain behaviors. Our findings are 

in line with previous studies showing that early repeated PG administration increases 

spinal TSPO expression and activity and reduces pain in animals subjected to a 

peripheral nerve injury (Liu et al. 2014). At least in this experimental model, the 

modulation of TSPO expression seems to be mediated by PG reduced metabolites (Liu 

et al. 2014). Further, PG regulation of 5α-RII expression could be mediated by the 

interaction with its intracellular receptor PR, since the presence of PR response 

elements has been previously described in the promoter region of the 5α-RII gene 

(Matsui et al. 2002). Thus, after PG treatment, the steroid could be transcriptionally 

regulating 5α-RII expression in order to favor its own conversion into reduced 

metabolites for efficient pain control.  

 

Since the dorsal horn is fully equipped to metabolize PG to ALLO (Mensah-Nyagan et 

al. 2008) and, as we have shown here the generation of reduced metabolites seems to be 

favored after PG treatment (due to an increase in the expression of 5-RI and 5-RII), it 

is likely that when exogenously administered PG reaches the spinal cord it is converted 

to ALLO, which contributes to pain reduction via the allosteric modulation of GABAA 

receptors and the consequent reinforcement of inhibitory circuits.  

 

Thus, by favoring local steroidogenesis and the production of its reduced metabolites, 

PG could play a potential role in the modulation of neuropathic pain. 

 

Funding sources and Disclosures 

This work was supported by grants from CONICET (PIP 201-101-00576) and 

Fundación René Barón. These funding sources had no role in the collection, analysis 

and interpretation of data, in writing the report and in the decision to submit the article 

for publication. The authors declare no financial or commercial conflict of interest. 

 

References 

 

Abatikuw, S. O., E. O. Farombi, M. P. Kashyap and A. B. Pant (2011). "Atrazine 

induces transcriptional changes in marker genes associated with steroidogenesis in 

primary cultures of rat Leydig cells." Toxicol in Vitro 25: 1588-1595. 



14 

 

Afrazi, S. and S. Esmaeili-Mahani (2014). "Allopregnanolone suppresses diabetes-

induced neuropathic pain and motor deficit through inhibition of GABAA receptor 

down-regulation in the spinal cord of diabetic rats." Iran J Basic Med Sci 17(5): 312-

317. 

Baulieu, E. E. and P. Robel (1990). "Neurosteroids: a new brain function?" J Steroid 

Biochem Mol Biol 37(3): 395-403. 

Belelli, D. and J. J. Lambert (2005). "Neurosteroids: endogenous regulators of the 

GABA(A) receptor." Nat Rev Neurosci 6: 565-575. 

Coronel, M. F., F. Labombarda, A. F. De Nicola and S. L. Gonzalez (2014). 

"Progesterone reduces the expression of spinal cycloxygenase-2 and inducible nitric 

oxide synthase and prevents allodynia in a rat model of central neuropathic pain." Eur J 

Pain 18(3): 348-359. 

Coronel, M. F., F. Labombarda and S. L. Gonzalez (2016a). "Neuroactive steroids, 

nociception and neuropathic pain: a flashback to go forward." Steroids (in press). 

Coronel, M. F., F. Labombarda, P. Roig, M. J. Villar, A. F. De Nicola and S. L. 

González (2011a). "Progesterone prevents nerve injury-induced allodynia and spinal 

NMDA receptor upregulation in rats." Pain Med 12(8): 1249-1261. 

Coronel, M. F., F. Labombarda, M. J. Villar, A. F. De Nicola and S. L. González 

(2011b). "Progesterone prevents allodynia after experimental spinal cord injury." J Pain 

12(1): 71-83. 

Coronel, M. F., M. C. Raggio, N. S. Adler, A. F. De Nicola, F. Labombarda and S. L. 

Gonzalez (2016b). "Progesterone modulates pro-inflammatory cytokine expression 

profile after spinal cord injury: implications for neuropathic pain." J Neuroimmunol 

292: 85-92. 

Choi, Y., Y. W. Yoon, H. S. Na, S. H. Kim and J. M. Chung (1994). "Behavioral signs 

of ongoing pain and cold allodynia in a rat model of neuropathic pain." Pain 59: 369-

376. 

Christensen, M. D., A. W. Everhart, J. T. Pickelman and C. E. Hulsebosch (1996). 

"Mechanical and thermal allodynia in chronic central pain following spinal cord injury." 

Pain 68: 97-107. 

Dableh, L. J. and J. L. Henry (2011). "Progesterone prevents development of 

neuropathic pain in a rat model: Timing and duration of treatment are critical." J Pain 

Res 4: 91-101. 

Dawson-Basoa, M. and A. R. Gintzler (1997). "Involvement of spinal cord delta opiate 

receptors in the antinociception of gestation and its hormonal simulation." Brain Res 

757(1): 37-42. 

Dawson-Basoa, M. E. and A. R. Gintzler (1998). "Gestational and ovarian sex steroid 

antinociception: synergy between spinal kappa and delta opioid systems." Brain Res 

794(1): 61-67. 

De Nicola, A. F., M. F. Coronel, L. I. Garay, G. Gargiulo-Monachelli, M. C. Gonzalez 

Deniselle, S. L. Gonzalez, F. Labombarda, M. Meyer, R. Guennoun and M. 

Schumacher (2013). "Therapeutic effects of progesterone in animal models of neurological 

disorders." CNS & Neurol Disord Drug Targets 12(8). 

Duarte, A., A. F. Castillo, E. J. Podestá and C. Poderoso (2014). "Mitochondrial fusion 

and ERK activity regulate steroidogenic acute regulatory protein localization in 

mitochondria." PLoS One 9(6): :e100387. doi: 

100310.101371/journal.pone.0100387.eCollection 0102014. 

Garcia-Ovejero, D., S. González, B. Paniagua-Torija, A. Lima, E. Molina-Holgado, A. 

F. De Nicola and F. Labombarda (2014). "Progesterone reduces secondary damage, 



15 

 

preserves white matter, and improves locomotor outcome after spinal cord contusion." J 

Neurotrauma 31(9): 857-871. 

Giatti, S., S. Romano, M. Pesaresi, G. Cermenati, N. Mitro, D. Caruso, M. J. Tetel, L. 

M. Garcia-Segura and R. C. Melcangi (2015). "Neuroactive steroids and the peripheral 

nervous system: An update." Steroids 103: 23-30. 

Guennoun, R., F. Labombarda, M. C. Gonzalez Deniselle, P. Liere, A. F. De Nicola and 

M. Schumacher (2015). "Progesterone and allopregnanolone in the central nervous 

system: response to injury and implication for neuroprotection." J Steroid Biochem Mol 

Biol 146: 48-61. 

Kim, M. J., H. J. Shin, K. A. Won, K. Y. Yang, J. S. Ju, Y. Y. Park, J. S. Park, Y. C. 

Bae and D. K. Ahn (2012). "Progesterone produces antinociceptive and neuroprotective 

effects in rats with microinjected lysophosphatidic acid in the trigeminal nerve root." 

Mol Pain 8(16). 

King, S. R. and D. M. Stocco (2011). "Steroidogenic acute regulatory protein 

expression in the central nervous system." Front Endocrinol (Lausanne) 2(72). 

Labombarda, F., M. F. Coronel, M. J. Villar, A. F. De Nicola and S. L. Gonzalez 

(2008). "Neuropathic pain and temporal expression of preprodynorphin, protein kinase 

C and N-methyl-D-aspartate receptor subunits after spinal cord injury." Neurosci Lett 

447: 115-119. 

Labombarda, F., S. L. Gonzalez, A. Lima, P. Roig, R. Guennoun, M. Schumacher and 

A. F. De Nicola (2009). "Effects of progesterone on oligodendrocyte progenitors, 

oligodendrocyte transcription factors and myelin proteins following spinal cord injury." 

Glia 57(8): 884-897. 

Labombarda, F., A. Pianos, P. Liere, B. Eychenne, S. González, A. Cambourg, A. F. De 

Nicola, M. Schumacher and R. Guennoun (2006). "Injury elicited increase in spinal 

cord neurosteroid content analyzed by gas chromatography mass spectrometry." 

Endocrinology 147(4): 1847-1859. 

Liu, X., W. Li, L. Dai, T. Zhang, W. Xia, H. Liu, K. Ma, J. Xu and Y. Jin (2014). "Early 

repeated administration of progesterone improves the recovery of neuropathic pain and 

modulates spinal 18kDa-translocator protein (TSPO) expression." J Steroid Biochem 

Mol Biol 143: 130-140. 

Liu, X., H. Liu, S. Xu, Z. Tang, W. Xia, Z. Cheng, W. Li and Y. Jin (2016). "Spinal 

translocator protein alleviates chronic neuropathic pain behavior and modulates spinal 

astrocyte-neuronal function in rats with L5 spinal nerve ligation model." Pain 157(1): 

103-116. 

Loggia, M. L., D. B. Chonde, O. Akeju, G. Arabasz, C. Catana, R. R. Edwards, E. Hill, 

S. Hsu, D. Izquierdo-Garcia, R. R. Ji, M. Riley, A. D. Wasan, N. R. Zürcher, D. S. 

Albrecht, M. G. Vangel, B. R. Rosen, V. Napadow and J. M. Hooker (2015). "Evidence 

for brain glial activation in chronic pain patients." Brain 138(3): 604-615. 

Matsui, D., M. Sakari, T. Sato, A. Murayama, I. Takada, M. Kim, K. Takeyama and S. 

Kato (2002). "Transcriptional regulation of the mouse steroid 5alpha-reductase type II 

gene by progesterone in brain." Nucleic Acids Res 30(6): 1387-1393. 

Melcangi, R. C., S. Giatti, D. Calabrese, M. Pesaresi, G. Cermenati, N. Mitro, B. 

Viviani, L. M. Garcia-Segura and D. Caruso (2014). "Levels and actions of 

progesterone and its metabolites in the nervous system during physiological and 

pathological conditions." Prog Neurobiol 113: 56-69. 

Mensah-Nyagan, A. G., C. Kibaly, V. Schaeffer, C. Venard, L. Meyer and C. Patte-

Mensah (2008). "Endogenous steroid production in the spinal cord and potential 

involvement in neuropathic pain modulation." J Steroid Biochem Mol Biol 109(3-5): 

286-293. 



16 

 

Mensah-Nyagan, A. G., L. Meyer, V. Schaeffer, C. Kibaly and C. Patte-Mensah (2009). 

"Evidence for a key role of steroids in the modulation of pain." 

Psychoneuroendocrinology 34(S1): 169-177. 

Meyer, L., C. Patte-Mensah, O. Taleb and A. G. Mensah-Nyagan (2010). "Cellular and 

functional evidence for a protective action of neurosteroids against vincristine 

chemotherapy-induced painful neuropathy." Cell Mol Life Sci 67(17): 3017-3034. 

Meyer, L., C. Patte-Mensah, O. Taleb and A. G. Mensah-Nyagan (2011). 

"Allopregnanolone prevents and suppresses oxaliplatin-evoked painful neuropathy: 

Multi-parametric assessment and direct evidence." Pain 152(1): 170-181. 

Meyer, L., C. Venard, V. Schaeffer, C. Patte-Mensah and A. G. Mensah-Nyagan 

(2008). "The biological activity of 3alpha-hydroxysteroid oxido-reductase in the spinal 

cord regulates thermal and mechanical pain thresholds after sciatic nerve injury." 

Neurobiol Dis 30(1): 30-41. 

Munetsuna, E., M. Hattori, S. Komatsu, Y. Sakimoto, A. Ishida, S. Sakata, Y. Hojo, S. 

Kawato and T. Yamazaki (2009). "Social isolation stimulates hippocampal estradiol 

synthesis." Biochem Biophys Res Commun 379(2): 480-484. 

Papadopoulos, V., M. Baraldi, T. R. Guilarte, T. B. Knudsen, J. J. Lacapère, P. 

Lindemann, M. D. Norenberg, D. Nutt, A. Weizman, M. R. Zhang and M. Gavish 

(2006). "Translocator protein (18kDa): new nomenclature for the peripheral-type 

benzodiazepine receptor based on its structure and molecular function." Trends 

Pharmacol Sci 27(8): 402-409. 

Pathirathna, S., B. C. Brimelow, M. M. Jagodic, K. Krishnan, X. Jiang, C. F. Zorumski, 

S. Mennerick, D. F. Covey, S. M. Todorovic and V. Jevtovic-Todorovic (2005a). "New 

evidence that both T-type calcium channels and GABAA channels are responsible for 

the potent peripheral analgesic effects of 5alpha-reduced neuroactive steroids." Pain 

114(3): 429-443. 

Pathirathna, S., S. M. Todorovic, D. F. Covey and V. Jevtovic-Todorovic (2005b). 

"5alpha-reduced neuroactive steroids alleviate thermal and mechanical hyperalgesia in 

rats with neuropathic pain." Pain 117(3): 326-339. 

Patte-Mensah, C., V. Kappes, M. J. Freund-Mercier, K. Tsutsui and A. G. Mensah-

Nyagan (2003). "Cellular distribution and bioactivity of the key steroidogenic enzyme, 

cytochrome P450 side chain cleavage, in sensory neural pathways." J Neurochem 86: 

1233-1246. 

Patte-Mensah, C., S. Li and A. G. Mensah-Nyagan (2004a). "Impact of neuropathic pain 

on the gene expression and activity of cytochrome P450side-chain-cleavage in sensory 

neural networks." Cell Mol Life Sci 61(17): 2274-2284. 

Patte-Mensah, C., T. M. Penning and A. G. Mensah-Nyagan (2004b). "Anatomical and 

cellular localization of neuroactive 5 alpha/3 alpha-reduced steroid-synthesizing 

enzymes in the spinal cord." J Comp Neurol 477: 286-299. 

Paul, S. M. and R. H. Purdy (1992). "Neuroactive steroids." FASEB J 6: 2311-2322. 

Peng, H. Y., G. D. Chen, S. D. Lee, C. Y. Lai, C. H. Chiu, C. L. Cheng, Y. S. Chang, 

M. C. Hsieh, K. C. Tung and T. B. Lin (2009). "Neuroactive steroids inhibit spinal 

reflex potentiation by selectively enhancing specific spinal GABA(A) receptor 

subtypes." Pain 143(1-2): 12-20. 

Pfaffl, M. W. (2001). "A new mathematical model for relative quantification in real-

time RT-PCR." Nucl Acids Res 29: e45. 

Rone, M. B., J. Fan and V. Papadopoulos (2009). "Cholesterol transport in steroid 

biosynthesis: role of protein-protein interactions and implications in disease states." 

Biochim Biophys Acta 1791(7): 646-658. 



17 

 

Rupprecht, R., V. Papadopoulos, G. Rammes, T. C. Baghai, J. Fan, N. Akula, G. 

Groyer, D. Adams and M. Schumacher (2010). "Translocator protein (18 kDa) (TSPO) 

as a therapeutic target for neurological and psychiatric disorders." Nat Rev Drug Discov 

9(12): 971-988. 

Saredi, S., C. Patte-Mensah, R. C. Melcangi and A. G. Mensah-Nyagan (2005). "Effect 

of streptozotocin-induced diabetes on the gene expression and biological activity of 

3beta-hydroxysteroid dehydrogenase in the rat spinal cord." Neuroscience 135(3): 869-

877. 

Schumacher, M., R. Guennoun, C. Mattern, J. P. Oudinet, F. Labombarda, A. F. De 

Nicola and P. Liere (2015). "Analytical challenges for measuring steroid responses to 

stress, neurodegeneration and injury in the central nervous system." Steroids 103: 42-

57. 

Schumacher, M., C. Mattern, A. Ghoumari, J. P. Oudinet, P. Liere, F. Labombarda, R. 

Sitruk-Ware, A. F. De Nicola and R. Guennoun (2014). "Revisiting the roles of 

progesterone and allopregnanolone in the nervous system: resurgence of the 

progesterone receptors." Prog Neurobiol 113: 6-39. 

Stoffel-Wagner, B. (2003). "Neurosteroid biosynthesis in the human brain and its 

clinical implications." Ann NY Acad Sci 1007: 64-78. 

Wei, X. H., X. Wei, F. Y. Chen, Y. Zang, W. J. Xin, R. P. Pang, Y. Chen, J. Wang, Y. 

Y. Li, K. F. Shen, L. J. Zhou and X. G. Liu (2013). "The upregulation of translocator 

protein (18 kDa) promotes recovery from neuropathic pain in rats." J Neurosci 33(4): 

1540-1551. 

 
 



18 

 

Figure legends 

 

Figure 1: Spinal cord injury induced the development of mechanical (a) and thermal (b) 

allodynia in both the ipsilateral and contralateral hindpaws. Progesterone administration 

was able to prevent these pain-related behaviors (a,b). The following symbols were used 

to represent p values: * p<0.05, ** p<0.01 and *** p<0.001 when comparing HX vs 

HX+PG, and + p<0.05, ++ p<0.01 and +++ p<0.001 when comparing HX vs CTL.  
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Figure 2: Relative mRNA levels corresponding to TSPO, StAR, 5α-RI and 5α-RII 

detected in the lumbar dorsal spinal cord 1, 14 and 28 days after spinal cord injury (a-c) 

or 28 days after spinal cord injury and progesterone administration (d). Note the 

significant increase in TSPO and 5α-RII expression detected 1 and 14 days after injury 

(a,b). Interestingly, in the chronic phase, TSPO returns to control values and there is a 

marked down-regulation of 5α-RI and 5α-RII (c). In animals receiving progesterone 

treatment, an increase in TSPO, StAR, 5α-RI and 5α-RII expression is observed, when 

compared to vehicle-treated injured animals. Symbols that represent p values: ns 

p>0.05, * p<0.05, ** p<0.01 and *** p<0.001. 

 

 


