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    Chapter 36   
 Neurosteroids                     

     C.     Fernando     Valenzuela    

    Abstract     Neurosteroids are steroids that are produced locally within the central 
nervous system independently of adrenal glands and gonads. Enzymes involved in 
neurosteroid biosynthesis are expressed in the cerebellum. These agents modulate 
the development of cerebellar neurons as well as glial cells. Neurosteroids exert 
neuroprotective actions and modulate synaptic transmission and plasticity in mature 
neurons. Defi cits in cerebellar neurosteroid production may play a role in the patho-
physiology of neuropsychiatric disorders.  
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   Steroids produced locally in the brain are denoted as neurosteroids. Neurosteroids 
modulate neuronal and glial cells via regulation extracellular and intracellular 
receptors. Several of the enzymes involved in neurosteroid biosynthesis are 
expressed in the cerebellum (Fig.  36.1 ) (Ukena et al.  1998 ,  1999 ; Agis-Balboa et al. 
 2006 ; Kiyokage et al.  2014 ; Sakamoto et al.  2003 ; Kriz et al.  2005 ; Yarim and 
Kabakci  2004 ).

   Purkinje cells (PCs) express cholesterol side chain cleavage enzyme (P450 scc ) 
during neonatal life and adulthood (Ukena et al.  1998 ). During neonatal life, rat PCs 
and external granule cells (GrCs) express 3β-hydroxysteroid dehydrogenase (3β- 
HSD) and generate progesterone (Ukena et al.  1999 ). Progesterone promotes den-
dritic outgrowth and increases spine density in PCs via intracrine and/or paracrine 
activation of nuclear receptors (Sakamoto et al.  2001 ). Progesterone and its metabo-
lites also promote cerebellar myelination (Ghoumari et al.  2003 ). 

 Allopregnanolone has also been detected in the neonatal cerebellum where it 
promotes survival of PCs and GrCs (Tsutsui et al.  2011 ; Sakamoto et al.  2001 ; 
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Yawno et al.  2009 ). In juvenile quails, allopregnanolone generated in the pineal 
gland promotes PC survival (Haraguchi et al.  2012 ). In a mouse model of Niemann- 
Pick type C disease, a lysosomal lipid storage disorder, expression of 
3α-hydroxysteroid oxidoreductase II (3α-HOR-II) activity was found to be reduced 
in the cerebellum and neonatal administration of allopregnanolone increased sur-
vival of both PCs and GrCs by a mechanism involving nuclear pregnane X receptors 
(Griffi n et al.  2004 ; Langmade et al.  2006 ). 

 In PCs and external GrCs from neonatal rats, high levels of both aromatase 
(P450 aromatase ) and estrogen can be detected (Sakamoto et al.  2003 ). Estradiol injec-
tion near the vermis of postnatal day 6–9 rats increased dendritic growth and spine 
density in PCs, perhaps via nuclear estrogen receptor-driven production of brain- 
derived neurotrophic factor (Sakamoto et al.  2003 ; Sasahara et al.  2007 ). In 10–12 
day-old rats, intracerebral injection of prostaglandin E2 stimulated P450 aromatase  
activity and estradiol synthesis; this was associated with a decrease in dendritic 
length, reduced spinophilin content, and altered excitability of PCs (Dean et al. 
 2012 ). Mice defi cient in reelin, which have been used to model some aspects of 
schizophrenia and autism, displayed alterations in cerebellar neurosteroid levels as 
well as PC degeneration that could be corrected by estrogen administration 
(Biamonte et al.  2009 ). 

 In GrCs, estrogen rapidly activates ERK1/2 via a G protein-dependent mecha-
nism; protein phosphatase 2A is also activated by estradiol through a different 
mechanism of action (Belcher  2008 ). The endocrine disruptor bisphenol A was 
shown to mimic and occlude these effects. Estrogen regulates the invasiveness of 
medulloblastoma, a malignant brain tumor that originates at GrC-like precursors 
(Belcher  2008 ). 

 Pregnenolone sulfate potentiates glutamatergic transmission at climbing fi ber-
 PC synapses in neonatal rats, an effect that is mediated by an increase in presynaptic 
Ca 2+  levels mediated by steroid-sensitive transient receptor potential melastatin 3 
receptors (Zamudio-Bulcock et al.  2011 ). 

  Fig. 36.1    Neurosteroid Biosynthetic Pathway. Enzymes shown in bold and italics have been iden-
tifi ed in the cerebellum. Steroid 17 alpha-hydroxylase/17,20 lyase (P450 C17 ); pregnenolone sulfate 
(PREGS); dehydroepiandrosterone (DHEA); DHEA sulfate (DHEAS). For other enzyme abbre-
viations, see text       
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 Adult mice express 5α-reductase type I and 3α-HOR-II mRNA in PCs and to a 
lesser extent in GrCs (Agis-Balboa et al.  2006 ). In samples from adolescent rats, 
immunohistochemical studies showed that 5α-reductase type I protein is expressed 
in glial cells (Kiyokage et al.  2014 ). The cerebellum of mature rodents can produce 
allopregnanolone (Griffi n et al.  2004 ; Caruso et al.  2013 ). Allopregnanolone and 
allotetrahydrodeoxycorticosterone potentiate synaptic GABA A  receptor function in 
PCs and GrCs (Cooper et al.  1999 ; Kelley et al.  2011 ). In GrCs and stellate cells, the 
effect of allotetrahydrodeoxycorticosterone on synaptic GABA A  receptors depends 
on the presence of δ subunits (Vicini et al.  2002 ). Allotetrahydrodeoxycorticosterone 
potentiates tonic currents mediated by δ subunit-containing extrasynaptic GABA A  
receptors in rat cerebellar GrCs (Hamann et al.  2002 ). The potentiating effects of 
allopregnanolone and related neurosteroids on GABA A  receptors may exert neuro-
protective actions in the cerebellum (Ardeshiri et al.  2006 ; Kelley et al.  2011 ). 

 Mature cerebellar PCs and GrCs express estrogen receptors (Hedges et al.  2012 ). 
Estrogen exerts rapid modulatory effects on locomotor activity-induced PC fi ring in 
female rats (Smith et al.  1989 ). Estradiol facilitates the induction of long-term 
potentiation and increases synaptic density at parallel fi ber-PC synapses; activation 
of β-estrogen receptors in PCs enhances gain-decrease vestibulo-occular refl ex 
learning (Andreescu et al.  2007 ). Optical imaging studies indicate that endogenous 
estrogen facilitates glutamatergic transmission at parallel fi ber-PC synapses (Hedges 
et al.  2012 ). Cerebellar injury upregulates expression of P450 aromatase  in birds 
(Mirzatoni et al.  2010 ). Estrogen treatment reduced PC death and improved motor 
coordination in ethanol withdrawn rats (Jung et al.  2002 ).    
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