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ABSTRACT The brain is the most cholesterol-en-
riched tissue in the body. During brain development,
desmosterol, an immediate precursor of cholesterol,
transiently accumulates up to 30% of total brain sterols.
This massive desmosterol deposition appears to be
present in all mammalian species reported so far,
including humans, but how it is achieved is not well
understood. Here, we propose that desmosterol accu-
mulation in the developing brain may be primarily
caused by post-transcriptional repression of 3�-hydrox-
ysterol 24-reductase (DHCR24) by progesterone. Fur-
thermore, distinct properties of desmosterol may serve
to increase the membrane active pool of sterols in the
brain: desmosterol cannot be hydroxylated to generate
24S-hydroxycholesterol, a brain derived secretory ste-
rol, desmosterol has a reduced propensity to be ester-
ified as compared to cholesterol, and desmosterol may
activate LXR to stimulate astrocyte sterol secretion.
This regulated accumulation of desmosterol by proges-
terone-induced suppression of DHCR24 may facilitate
the rapid enrichment and distribution of membrane
sterols in the developing brain.—Jansen, M., Wang, W.,
Greco, D., Bellenchi, G. C., di Porzio, U., Brown, A. J.,
and Ikonen, E. What dictates the accumulation of
desmosterol in the developing brain? FASEB J. 27,
865–870 (2013). www.fasebj.org
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Since the early 1960s, it has been known that in the
developing mammalian brain, there is a transient accu-
mulation of the cholesterol precursor desmosterol (1,
2). Desmosterol is the penultimate precursor of choles-
terol in the Bloch pathway of cholesterol biosynthesis

and differs from cholesterol only by an additional
double bond in the isooctyl tail, between carbons 24
and 25. This conversion is catalyzed by the enzyme
3�-hydroxysterol 24-reductase (DHCR24; Fig. 1A). In-
terestingly, brain desmosterol levels change during
normal aging (2, 3) and DHCR24 may play a role in
neurodegeneration, as it was found to be down-regu-
lated in the brains of patients with Alzheimer disease
(DHCR24 is also called seladin-1, for selective Alzhei-
mer’s disease indicator 1; refs. 4, 5, but see also ref. 6).
The accumulation of desmosterol in the developing
brain is remarkable because of its quantity. Desmos-
terol can accumulate up to 30% of total brain sterols,
while cholesterol precursors in other tissues rarely
exceed 1%. With this large amount, desmosterol rep-
resents an important constituent of membranes and
lipoproteins in the developing brain (7).

During the 1960s and 1970s, researchers reported
the accumulation of desmosterol in the developing
brains of several species, including rats (2, 8), mice (9),
rabbits (2), fowl (10), guinea pigs (2) and humans (2,
11). Desmosterol was found to accumulate before the
period of myelination (2), but the mechanisms in-
volved and the possible physiological relevance of this
phenomenon were not extensively studied. More re-
cently, it has become evident that despite the small
structural difference, desmosterol behaves very differ-
ently from cholesterol. Disruption of the DHCR24 gene
results in the accumulation of desmosterol and is
accompanied by multiple congenital anomalies in hu-
mans and mice (12, 13). On the molecular level,
desmosterol acts as a strong liver X receptor (LXR)
agonist (14, 15), has an altered propensity to be hy-
droxylated (16, 17), and binds less avidly to caveolin
(18) as compared to cholesterol. Furthermore, its bio-
physical membrane behavior differs from that of cho-
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lesterol, as desmosterol is less efficient in promoting
membrane order (19, 20).

Together, these observations point to the possibility
that the accumulation of desmosterol in the developing
brain is physiologically regulated and functionally rele-
vant. Here, we propose that desmosterol accumulation
may be orchestrated by post-transcriptional repression
of DHCR24 via the major gestational steroid hormone,
progesterone. Furthermore, we discuss distinct proper-
ties of desmosterol that may assist in increasing the
content and facilitating delivery of membrane sterols in
the brain.

MATERIALS AND METHODS

Ethics statement

The animal studies were approved by the Experimental
Animal Committee of the University of Helsinki.

Brain samples

Brain samples from wild-type C57BL6 mice were snap-frozen
in liquid nitrogen and stored at �70°C until use. Whole
brains were analyzed from embryonic day 14.5 (E14.5) em-
bryos and whole brains, excluding cerebellum and brain
stem, from E17.5 and older animals.

Sterol analysis

Lipids were extracted from cells or tissue homogenate in PBS
as reported previously (21). For neutral lipid analysis, ex-

tracted lipids were separated by high-performance thin-layer
chromatography (HPTLC) in hexane:diethylether:acetic acid
(80:20:1, v/v). To separate cholesterol from desmosterol and
other precursors, extracted lipids were subjected to Ag-
HPTLC in chloroform:acetone (19:1, v/v) as described pre-
viously (22), or to Ag–high-performance liquid chromatogra-
phy (HPLC) in hexane:acetone (8:2, v/v) as described
previously (7, 23).

DHCR24 inhibition by progesterone and PCR

Inhibition of DHCR24 by progesterone was analyzed as
previously described (22) and quantitative real-time PCR was
performed as reported previously (24). A detailed description
of these procedures is included in Supplemental Material.

RESULTS AND DISCUSSION

In the developing mouse brain, desmosterol accumu-
lates between E14 and postnatal day 10 (P10), peaking
during the first postnatal week (Fig. 1B). During this
period, no other sterol precursors accumulate signifi-
cantly (Fig. 1C), and the total sterol content increases
substantially (Fig. 1D). The growth of neuronal cell
processes is very active during this time and is followed
by the initiation of synaptogenesis.

DHCR24 transcript levels during the period of
desmosterol accumulation

To gain insight into the mechanisms leading to the
desmosterol accumulation, we analyzed whether the

Figure 1. Sterol analysis of the developing mouse brain. A) Conversion from desmosterol to cholesterol. Structural difference
between cholesterol and desmosterol is indicated with gray shading. B) Amount of desmosterol relative to total unesterified
sterol, total cholesterol, and total protein (means�se; n�5-7). C) HPLC chromatograms of unesterified sterol fraction in adult
and P0.5 mouse brain, I, injection; L, lathosterol; Ch, cholesterol; Z, zymosterol; De, desmosterol. D) Amount of total esterified
and unesterified sterols relative to total protein (means � se; n�5–6).
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varying desmosterol content around the perinatal pe-
riod could result from transcriptional regulation of
DHCR24. We compared the expression profile of
DHCR24 mRNA with that of two other genes involved
in cholesterol biosynthesis: squalene epoxidase (SQLE), a
rate-controlling enzyme in prelanosterol cholesterol
biosynthesis (25), and 7-dehydrocholesterol reductase
(DHCR7), the enzyme that reduces the double bond in
7-dehydrocholesterol, which is the immediate precur-
sor of cholesterol in the Kandutsch-Russell pathway of
cholesterol synthesis. We found that the expression of
DHCR24 remains relatively constant until P3 and then
decreases significantly during the next 10 d (Fig. 2).
The expression profiles of SQLE and DHCR7 were very
similar (Fig. 2). These results argue against the idea
that transcriptional regulation of DHCR24 is responsi-
ble for the accumulation of desmosterol. First, the
similar developmental profile of DHCR24 mRNA to
those of SQLE and DHCR7 suggests that DHCR24 is
not differentially regulated from these prelanosterol
and postlanosterol biosynthetic enzymes during des-
mosterol accumulation. Second, the DHCR24 mRNA
decreases from P3 to P12 when the amount of desmos-
terol decreases. Obviously, it should increase if DHCR24
mRNA variation accounted for the desmosterol reduc-
tion. Together, these results suggest that the accumu-
lation of desmosterol is not due to reduced DHCR24
mRNA expression. Of note, since the real-time PCR
does not reveal cell-specific changes, we cannot exclude
the possibility that DHCR24 is down-regulated in a
quantitatively minor cell type that nevertheless substan-
tially contributes to the sterol content. However, the
idea that desmosterol accumulation is not due to
reduced DHCR24 gene expression is in agreement with
the simultaneous up-regulation of desmosterol and
DHCR24 activity during rat brain development (8).

Desmosterol accumulation may be caused by
progesterone

We next considered whether the accumulation of des-
mosterol could be caused by post-transcriptional regu-
lation of DHCR24. It has been shown that progesterone
and pregnenolone cause the accumulation of desmos-
terol in cultured cells (26, 27) and that they can affect

cellular processes by both transcriptional and post-
transcriptional regulation. Because these steroid hor-
mones are present in the developing brain (28), we
investigated whether progesterone can inhibit DHCR24 ac-
tivity via a post-transcriptional mechanism. To this end,
we used Chinese hamster ovary (CHO) cells stably express-
ing DHCR24 under a viral promoter (CHO-DHCR24;
ref. 22), which induces substantially higher DHCR24
protein levels than those in the corresponding control
(empty vector) stable cells (CHO-EV; Fig. 3). Notably,
progesterone did not decrease DHCR24 protein levels,
either ectopic (Fig. 3) or endogenous (not shown,

Figure 2. Real-time PCR analysis of the expression of genes involved in late cholesterol biosynthesis in the developing mouse
brain (means�sd; n�6).

Figure 3. DHCR24 overexpression blunts the inhibitory effect of
progesterone on DHCR24 activity. CHO-EV (control) and
CHO-DHCR24 cells were treated with progesterone (0-50 nM)
and radiolabeled with [14C]-acetate for 4 h. Cell lysates were
subjected to immunoblotting with antibodies against DHCR24,
V5, and tubulin. Lipid extracts were separated by Ag-TLC, and
bands corresponding to cholesterol and desmosterol were visu-
alized by phosphorimager and densitometry (means�se; n�8).
*P � 0.001; paired Student’s t test.
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evident on longer exposures of the blot). We pulse-
labeled the cells with [14C]-acetate and analyzed sterol
biosynthesis in the presence or absence of progester-
one. We found that in the presence of progesterone,
there was an accumulation of [14C]-desmosterol at the
expense of [14C]-cholesterol in CHO-EV cells. This
effect was blunted in CHO-DHCR24 cells, i.e., a higher
concentration of progesterone was required to achieve
a similar degree of enzyme inhibition (Fig. 3 and
Supplemental Table S1). These results indicate that
DHCR24 activity is reduced in the presence of proges-
terone and that more enzyme necessitates more pro-
gesterone for inhibition. Because DHCR24 protein
levels were not reduced by progesterone, and proges-
terone inhibited enzyme activity produced under a viral
promoter, the inhibition of DHCR24 by progesterone is
most probably post-transcriptional, possibly via direct
enzyme inhibition.

In this in vitro system, progesterone inhibited
DHCR24 at low nanomolar concentrations (Fig. 3).
Similar concentrations may be present in the develop-
ing brain in vivo. In rats, progesterone and preg-
nenolone are present in the brain at 2 ng/g (�6 nM)
and 5 ng/g (�15 nM), respectively, just after birth
(28), and their levels may be higher prenatally, as
shown for other steroid hormones (29). Progesterone
can be synthesized locally in the brain, e.g., by astrocytes
(30), and thus, the local effective concentration may be
tightly controlled. Notably, astrocytes synthesize choles-
terol via desmosterol (31), and desmosterol is a far
better substrate than cholesterol for pregnenolone
formation (32). Furthermore, the time course of pro-
gesterone, pregnenolone, and desmosterol reduction
postnatally is similar. The levels of progesterone and
pregnenolone in rat brain decrease rapidly after birth
to 0.5 ng/g by P7, after which their levels remain low
(as measured at P14 and 10 wk after birth; ref. 28). This
profile is very similar to the decrease in desmosterol
after birth in mouse and rat brain. Altogether, these
results suggest that the presence of progesterone or
related hormones might explain the accumulation of
desmosterol during early brain development.

Interestingly, such a mechanism may not be re-
stricted to the developing brain. Desmosterol levels in
primate corpus luteum are increased in the early luteal
phase when progesterone levels increase (33). Further-
more, one could envisage that some of the neuromodu-
latory functions of progesterone in the adult brain (see
e.g., ref, 34) might result from its effects on DHCR24
activity.

Desmosterol accumulation may serve to prevent 24S-
hydroxycholesterol generation and sterol deposition
as fatty acid esters

Desmosterol accumulates in the brain during its rapid
growth phase. During this period, large amounts of
sterols are incorporated in the membranes of growing
cells. Differently from other organs, sterols in the brain
are considered to be synthesized locally (35). There-

fore, the brain has to accumulate large amounts of
biosynthetic cholesterol in a short time. A major mech-
anism of cholesterol removal from the brain is its
hydroxylation at the carbon 24 position to generate
24S-hydroxycholesterol, which then passes the blood-
brain barrier to circulation (36). Notably, desmosterol
cannot be hydroxylated at C24 (16); therefore, the
buildup of desmosterol could serve to prevent brain
sterol removal. In addition, the low levels of 24S-
hydroxylase in the early postnatal brain most likely
contribute to this effect (37).

Besides cholesterol secretion, cells can lower their
functional sterol pool by esterification and subsequent
storage in lipid droplets. We have observed that phar-
macological inhibition of DHCR24 and consequent
accumulation of desmosterol results in a parallel de-
crease in the cellular sterol ester content (Supplemen-
tal Fig. S1 and unpublished results). This is in line with
the finding that liver microsomes esterify desmosterol
�40% less efficiently as compared to cholesterol (38).
Therefore, desmosterol accumulation during brain de-
velopment could also serve to decrease sterol esterifi-
cation. This idea is supported by the observation that
the increase in desmosterol coincides with the decline
in sterol esters during mouse brain development (Fig.
1D). Together, the observations that desmosterol is a
poor substrate for 24-hydroxylation and for sterol ester-
ification suggest that the developmental accumulation
of desmosterol may facilitate the rapid accumulation of
sterols needed for brain expansion. Of note, a sus-
tained high-desmosterol content does not promote
sterol deposition as DHCR24 KO mice actually have a
reduced brain sterol content (16).

Desmosterol accumulation may facilitate cellular
sterol exchange by stimulating LXR signaling

Desmosterol directly binds and stimulates the LXR in
CHO cells (15). In macrophages, it activates LXR while
inhibiting SREBP target and inflammatory response
genes (14). Also in vivo, desmosterol may stimulate
LXR, as suggested by the up-regulation of LXR targets
in DHCR24-knockout mice (16). Moreover, LXR-medi-
ated sterol secretion has been implicated in brain
development. There is strong evidence that astrocytes
provide sterols for neurons by secreting cholesterol in
apolipoprotein E (ApoE) lipoprotein particles (39–
41). It appears likely that during brain development
when expanding membranes and synapses need ample
cholesterol, such a delivery mechanism would be par-
ticularly important. Indeed, LXR-mediated sterol secre-
tion is critical for brain development as evidenced by
the severe neuronal defects in newborn mice lacking
LXR� (42).

On the basis of the above observations, it seems
plausible that desmosterol accumulation during brain
development serves to stimulate LXR signaling. This, in
turn, may facilitate sterol secretion from astrocytes. To
test this possibility, we analyzed whether desmosterol
stimulates LXR in vitro in astrocytic cells. We treated
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U-251MG astrocytoma cells with the DHCR24 inhibitor
20,25-diazacholesterol (DAC), which by inhibiting
DHCR24, results in the accumulation of newly synthe-
sized desmosterol (18). After 2 d of treatment, �40% of
the total sterol was desmosterol, and this was accompa-
nied by increased protein level of the LXR target ATP
binding cassette transporter A1 (ABCA1; Supplemental
Fig. S1A). Moreover, we observed that a DAC-induced
desmosterol accumulation was accompanied by an in-
crease in sterols in the medium (Supplemental Fig.
S1B). Together, these results suggest that desmosterol
accumulation stimulates LXR signaling and increases
sterol secretion in astrocytic cells. In agreement, exog-
enously supplemented desmosterol increases ABCA1
protein levels in primary astrocytes (43).

In summary, we propose that progesterone, and
possibly related steroids, cause the transient perinatal
accumulation of desmosterol during mammalian brain
development via post-transcriptional repression of
DHCR24. Furthermore, we suggest that this phenome-
non of desmosterol deposition is evolutionarily conserved
because it provides specific advantages: It may help to
increase the pool of membrane-active brain sterols during
rapid brain growth by preventing the formation of sterol
esters and 24S-hydroxysterols. It may also facilitate sterol
delivery within the central nervous system by stimulating
LXR-mediated sterol secretion from astrocytes. These
mechanisms may be relevant not only during brain devel-
opment but also in the adult brain and in neurodegen-
erative conditions.

The authors thank Eser J. Zerenturk for performing the
experiments in DHCR24-overexpressing cells, Valerio Pis-
copo for the RT-PCR experiments, and Pipsa Kaipainen for
technical assistance. This work was financially supported by
the Academy of Finland (grant 131489 to E.I.), EU FP7
LipidomicNet (grant 202272 to E.I.), the National Health and
Medical Research Council (grant 1008081 to A.J.B.), the
National Heart Foundation of Australia (G11S 5757 to
A.J.B.), Fondo per gli Investimenti i Ricerca di Base (FIRB-
RBIN062YH4 to U.D.P.), Medical Research Italy (MERIT-
RBNE08LN4P to U.D.P.), and Progetti di Ricerca di Interesse
Nazionale (PRIN-2009TBCZJB_003 to U.D.P.).

REFERENCES

1. Kritchevsky, D., and Holmes, W. L. (1962) Occurrence of
desmosterol in developing rat brain. Biochem. Biophys. Res.
Commun. 7, 128–131

2. Fumagalli, R., and Paoletti, R. (1963) The identification and
significance of desmosterol in the developing human and
animal brain. Life Sci. 5, 291–295

3. Lutjohann, D., Brzezinka, A., Barth, E., Abramowski, D.,
Staufenbiel, M., von Bergmann, K., Beyreuther, K., Multhaup,
G., and Bayer, T. A. (2002) Profile of cholesterol-related sterols
in aged amyloid precursor protein transgenic mouse brain. J.
Lipid Res. 43, 1078–1085

4. Greeve, I., Hermans-Borgmeyer, I., Brellinger, C., Kasper, D.,
Gomez-Isla, T., Behl, C., Levkau, B., and Nitsch, R. M. (2000)
The human DIMINUTO/DWARF1 homolog seladin-1 confers
resistance to Alzheimer’s disease-associated neurodegeneration
and oxidative stress. J. Neurosci. 20, 7345–7352

5. Iivonen, S., Hiltunen, M., Alafuzoff, I., Mannermaa, A., Keroko-
ski, P., Puolivali, J., Salminen, A., Helisalmi, S., and Soininen, H.

(2002) Seladin-1 transcription is linked to neuronal degenera-
tion in Alzheimer’s disease. Neuroscience 113, 301–310

6. Sharpe, L. J., Wong, J., Garner, B., Halliday, G. M., and Brown,
A. J. (2012) Is seladin-1 really a selective Alzheimer’s disease
indicator? J. Alzheimers Dis. 30, 35–39

7. Mutka, A. L., Lusa, S., Linder, M. D., Jokitalo, E., Kopra, O.,
Jauhiainen, M., and Ikonen, E. (2004) Secretion of sterols and
the NPC2 protein from primary astrocytes. J. Biol. Chem. 279,
48654–48662

8. Hinse, C. H., and Shah, S. N. (1971) The desmosterol reductase
activity of rat brain during development. J. Neurochem. 18,
1989–1998

9. Quan, G., Xie, C., Dietschy, J. M., and Turley, S. D. (2003)
Ontogenesis and regulation of cholesterol metabolism in the
central nervous system of the mouse. Brain Res. Dev. Brain Res.
146, 87–98

10. Connor, W. E., Johnston, R., and Lin, D. S. (1969) Metabolism
of cholesterol in the tissues and blood of the chick embryo. J.
Lipid Res. 10, 388–394

11. Dennick, R. G., Dean, P. D., and Abramovich, D. A. (1973)
Desmosterol levels in human foetal brain–a reassessment. J.
Neurochem. 20, 1293–1294

12. FitzPatrick, D. R., Keeling, J. W., Evans, M. J., Kan, A. E., Bell,
J. E., Porteous, M. E., Mills, K., Winter, R. M., and Clayton, P. T.
(1998) Clinical phenotype of desmosterolosis. Am. J. Med. Genet.
75, 145–152

13. Wechsler, A., Brafman, A., Shafir, M., Heverin, M., Gottlieb, H.,
Damari, G., Gozlan-Kelner, S., Spivak, I., Moshkin, O., Fridman,
E., Becker, Y., Skaliter, R., Einat, P., Faerman, A., Bjorkhem, I.,
and Feinstein, E. (2003) Generation of viable cholesterol-free
mice. Science 302, 2087

14. Spann, N. J., Garmire, L. X., McDonald, J. G., Myers, D. S.,
Milne, S. B., Shibata, N., Reichart, D., Fox, J. N., Shaked, I.,
Heudobler, D., Raetz, C. R., Wang, E. W., Kelly, S. L., Sullards,
M. C., Murphy, R. C., Merrill, A. H., Jr., Brown, H. A., Dennis,
E. A., Li, A. C., Ley, K., Tsimikas, S., Fahy, E., Subramaniam, S.,
Quehenberger, O., Russell, D. W., and Glass, C. K. (2012)
Regulated accumulation of desmosterol integrates macrophage
lipid metabolism and inflammatory responses. Cell 151, 138–152

15. Yang, C., McDonald, J. G., Patel, A., Zhang, Y., Umetani, M., Xu,
F., Westover, E. J., Covey, D. F., Mangelsdorf, D. J., Cohen, J. C.,
and Hobbs, H. H. (2006) Sterol intermediates from cholesterol
biosynthetic pathway as liver X receptor ligands. J. Biol. Chem.
281, 27816–27826

16. Ohyama, Y., Meaney, S., Heverin, M., Ekstrom, L., Brafman, A.,
Shafir, M., Andersson, U., Olin, M., Eggertsen, G., Diczfalusy,
U., Feinstein, E., and Bjorkhem, I. (2006) Studies on the
transcriptional regulation of cholesterol 24-hydroxylase (CYP46A1):
marked insensitivity toward different regulatory axes. J. Biol.
Chem. 281, 3810–3820

17. Heverin, M., Meaney, S., Brafman, A., Shafir, M., Olin, M.,
Shafaati, M., von Bahr, S., Larsson, L., Lovgren-Sandblom, A.,
Diczfalusy, U., Parini, P., Feinstein, E., and Bjorkhem, I. (2007)
Studies on the cholesterol-free mouse: strong activation of
LXR-regulated hepatic genes when replacing cholesterol with
desmosterol. Arterioscler. Thromb. Vasc. Biol. 27, 2191–2197

18. Jansen, M., Pietiainen, V. M., Polonen, H., Rasilainen, L.,
Koivusalo, M., Ruotsalainen, U., Jokitalo, E., and Ikonen, E.
(2008) Cholesterol substitution increases the structural hetero-
geneity of caveolae. J. Biol. Chem. 283, 14610–14618

19. Vainio, S., Jansen, M., Koivusalo, M., Rog, T., Karttunen, M.,
Vattulainen, I., and Ikonen, E. (2006) Significance of sterol
structural specificity. Desmosterol cannot replace cholesterol in
lipid rafts. J. Biol. Chem. 281, 348–355

20. London, M., Bakht, O., and London, E. (2006) Cholesterol
precursors stabilize ordinary and ceramide-rich ordered lipid
domains (lipid rafts) to different degrees. Implications for the
Bloch hypothesis and sterol biosynthesis disorders. J. Biol. Chem.
281, 21903–21913

21. Bligh, E. G., and Dyer, W. J. (1959) A rapid method of total lipid
extraction and purification. Can. J. Biochem. Physiol. 37, 911–917

22. Zerenturk, E. J., Kristiana, I., Gill, S., and Brown, A. J. (2011)
The endogenous regulator 24(S),25-epoxycholesterol inhibits
cholesterol synthesis at DHCR24 (Seladin-1). Biochim. Biophys.
Acta 1821, 1269–1277

23. Ruan, B., Shey, J., Gerst, N., Wilson, W. K., and Schroepfer, G. J.,
Jr. (1996) Silver ion high pressure liquid chromatography

869DESMOSTEROL ACCUMULATION IN THE DEVELOPING BRAIN



provides unprecedented separation of sterols: application to the
enzymatic formation of cholesta-5,8-dien-3 beta-ol. Proc. Natl.
Acad. Sci. U. S. A. 93, 11603–11608

24. Volpicelli, F., De Gregorio, R., Pulcrano, S., Perrone-Capano,
C., di Porzio, U., and Bellenchi, G. C. (2012) Direct regulation
of Pitx3 expression by Nurr1 in culture and in developing
mouse midbrain. PLoS One 7, e30661

25. Gill, S., Stevenson, J., Kristiana, I., and Brown, A. J. (2011)
Cholesterol-dependent degradation of squalene monooxygen-
ase, a control point in cholesterol synthesis beyond HMG-CoA
reductase. Cell Metab. 13, 260–273

26. Lindenthal, B., Holleran, A. L., Aldaghlas, T. A., Ruan, B.,
Schroepfer, G. J., Jr., Wilson, W. K., and Kelleher, J. K. (2001)
Progestins block cholesterol synthesis to produce meiosis-acti-
vating sterols. FASEB J. 15, 775–784

27. Panini, S. R., Gupta, A., Sexton, R. C., Parish, E. J., and Rudney,
H. (1987) Regulation of sterol biosynthesis and of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase activity in cultured cells by
progesterone. J. Biol. Chem. 262, 14435–14440

28. Ibanez, C., Guennoun, R., Liere, P., Eychenne, B., Pianos, A.,
El-Etr, M., Baulieu, E. E., and Schumacher, M. (2003) Develop-
mental expression of genes involved in neurosteroidogenesis:
3�-hydroxysteroid dehydrogenase/delta5-delta4 isomerase in
the rat brain. Endocrinology 144, 2902–2911

29. Konkle, A. T., and McCarthy, M. M. (2011) Developmental time
course of estradiol, testosterone, and dihydrotestosterone levels
in discrete regions of male and female rat brain. Endocrinology
152, 223–235

30. Schumacher, M., Guennoun, R., Robert, F., Carelli, C., Gago,
N., Ghoumari, A., Gonzalez Deniselle, M. C., Gonzalez, S. L.,
Ibanez, C., Labombarda, F., Coirini, H., Baulieu, E. E., and De
Nicola, A. F. (2004) Local synthesis and dual actions of proges-
terone in the nervous system: neuroprotection and myelination.
Growth Horm. IGF Res. 14(Suppl. A), S18–S33

31. Nieweg, K., Schaller, H., and Pfrieger, F. W. (2009) Marked
differences in cholesterol synthesis between neurons and glial
cells from postnatal rats. J. Neurochem. 109, 125–134

32. Arthur, J. R., Blair, H. A., Boyd, G. S., Mason, J. I., and Suckling,
K. E. (1976) Oxidation of cholesterol and cholesterol analogues
by mitochondrial preparations of steroid-hormone-producing
tissue. Biochem. J. 158, 47–51

33. Bogan, R. L., Debarber, A. E., and Hennebold, J. D. (2012) Liver
X receptor modulation of gene expression leading to proluteo-
lytic effects in primate luteal cells. Biol. Reprod. 86, 89

34. Gibson, C. L., Coomber, B., and Murphy, S. P. (2011) Proges-
terone is neuroprotective following cerebral ischaemia in repro-
ductively ageing female mice. Brain 134, 2125–2133

35. Jurevics, H., and Morell, P. (1995) Cholesterol for synthesis of
myelin is made locally, not imported into brain. J. Neurochem. 64,
895–901

36. Lutjohann, D., Breuer, O., Ahlborg, G., Nennesmo, I., Siden, A.,
Diczfalusy, U., and Bjorkhem, I. (1996) Cholesterol homeostasis
in human brain: evidence for an age-dependent flux of 24S-
hydroxycholesterol from the brain into the circulation. Proc.
Natl. Acad. Sci. U. S. A. 93, 9799–9804

37. Lund, E. G., Guileyardo, J. M., and Russell, D. W. (1999) cDNA
cloning of cholesterol 24-hydroxylase, a mediator of cholesterol
homeostasis in the brain. Proc. Natl. Acad. Sci. U. S. A. 96,
7238–7243

38. Tavani, D. M., Nes, W. R., and Billheimer, J. T. (1982) The sterol
substrate specificity of acyl CoA: :cholesterol acyltransferase
from rat liver. J. Lipid Res. 23, 774–781

39. Saher, G., Brugger, B., Lappe-Siefke, C., Mobius, W., Tozawa, R.,
Wehr, M. C., Wieland, F., Ishibashi, S., and Nave, K. A. (2005)
High cholesterol level is essential for myelin membrane growth.
Nat. Neurosci. 8, 468–475

40. Mauch, D. H., Nagler, K., Schumacher, S., Goritz, C., Muller,
E. C., Otto, A., and Pfrieger, F. W. (2001) CNS synaptogenesis
promoted by glia-derived cholesterol. Science 294, 1354–1357

41. Pfrieger, F. W., and Ungerer, N. (2011) Cholesterol metabolism
in neurons and astrocytes. Prog. Lipid. Res. 50, 357–371

42. Fan, X., Kim, H. J., Bouton, D., Warner, M., and Gustafsson, J. A.
(2008) Expression of liver X receptor beta is essential for
formation of superficial cortical layers and migration of later-
born neurons. Proc. Natl. Acad. Sci. U. S. A. 105, 13445–13450

43. Wang, N., Yvan-Charvet, L., Lutjohann, D., Mulder, M., Vanmi-
erlo, T., Kim, T. W., and Tall, A. R. (2008) ATP-binding cassette
transporters G1 and G4 mediate cholesterol and desmosterol
efflux to HDL and regulate sterol accumulation in the brain.
FASEB J. 22, 1073–1082

Received for publication May 29, 2012.
Accepted for publication November 26, 2012.

870 Vol. 27 March 2013 JANSEN ET AL.The FASEB Journal � www.fasebj.org

www.fasebj.org

