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It is believed that neurosteroids are produced in the brain and other
nervous systems. Here, we show that allopregnanolone (ALLO),
a neurosteroid, is exceedingly produced in the pineal gland com-
pared with the brain and that pineal ALLO acts on the Purkinje cell,
a principal cerebellar neuron, to prevent apoptosis in the juvenile
quail. We first demonstrated that the pineal gland is a major organ
of neurosteroidogenesis. A series of experiments using molecular
and biochemical techniques has further demonstrated that the
pineal gland produces a variety of neurosteroids de novo from
cholesterol in the juvenile quail. Importantly, ALLO was far more
actively produced in the pineal gland than in the brain. Pinealectomy
(Px) decreased ALLO concentration in the cerebellum and induced
apoptosis of Purkinje cells, whereas administration of ALLO to Px
quail chicks prevented apoptosis of Purkinje cells. We further found
that Px significantly increased the number of Purkinje cells that
expressed active caspase-3, a key protease in apoptotic pathway,
and daily injection of ALLO to Px quail chicks decreased the number
of Purkinje cells expressing active caspase-3. These results indicate
that the neuroprotective effect of pineal ALLO is associatedwith the
decrease in caspase-3 activity during the early stage of neuronal
development. We thus provide evidence that the pineal gland is an
important neurosteroidogenic organ and that pineal ALLO may be
involved in Purkinje cell survival during development. This is an im-
portant function of the pineal gland in the formation of neuronal
circuits in the developing cerebellum.
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The cerebellar cortex has been used as an excellent model to
study synaptic formation and transmission of neural networks

because it forms relatively simple neuronal networks compared
with those of other brain regions. The Purkinje cell is a principal
cerebellar neuron that integrates the process of memory and
learning. It is known that in birds and mammals pinealectomy (Px)
induces cell loss in the brain including Purkinje cells during de-
velopment (1, 2). This observation suggests that a certain compo-
nent(s) in the pineal gland contributes to Purkinje cell survival
during development.
It is now established that steroids can be synthesized de novo

in the central and peripheral nervous systems. Such steroids are
called “neurosteroids,” and de novo neurosteroidogenesis from
cholesterol is a conserved property of the vertebrate brain (for
reviews, see refs. 3–7). The Purkinje cell is known as a site of
neurosteroidogenesis in the brain (for review, see ref. 8). This
cerebellar neuron produces progesterone (PROG) and estradiol-
17β (E2) de novo from cholesterol during neonatal life, when
cerebellar neuronal circuit formation occurs. Both PROG and
E2 promote dendritic growth, spinogenesis, and synaptogenesis
via each cognate nuclear receptor in the developing Purkinje cell
(9–11). Allopregnanolone (ALLO; 3α,5α-tetrahydroprogester-
one), a progesterone metabolite, is also synthesized in the cer-
ebellum and facilitates Purkinje cell survival in the neonate (12).
Until recently, we believed that neurosteroids are produced

only in the brain and other nervous systems. On the basis of our
previous study of chickens (13), however, the pineal gland may be a
major organ in producing neurosteroids de novo from cholesterol.

We thus hypothesized that pineal neurosteroid(s) may be involved
in Purkinje cell survival during development.
In the present study, we first demonstrated the biosynthetic

pathway of neurosteroids in the pineal gland of quail. We found
that the pineal gland of quail chicks exceedingly synthesizes ALLO
compared with the brain. Px decreasedALLO concentration in the
cerebellum and induced apoptosis of Purkinje cells, whereas ad-
ministration of ALLO to Px quail chicks prevented apoptosis of
Purkinje cells. Administration of ALLO to Px quail chicks also
decreased the expression of caspase-3, a key protease in the apo-
ptotic pathway, in Purkinje cells. Thus, ALLO rescues developing
Purkinje cells in the cerebellum from apoptosis. Our results further
point to a role of pineal ALLO in preventing the death of de-
veloping Purkinje cells.

Results
De Novo Pregnenolone Formation from Cholesterol in the Quail Chick
Pineal Gland. Because pregnenolone (PREG) formation is the first
step in steroid synthesis (14, 15), we first investigated whether the
pineal gland synthesizes PREG from cholesterol de novo.We used
pineal glands of male juvenile quail of posthatch day 7 (P7). Ste-
roidogenic acute regulatory protein (StAR; gene name StAR)
delivers cholesterol to the mitochondrial cytochrome P450 side-
chain cleavage enzyme (P450scc; gene nameCyp11a) that produces
PREG. Reverse transcription PCR (RT-PCR) analyses have dem-
onstrated the expressions of StAR andCyp11amRNAs in the pineal
gland (Fig. 1 A and B and Table S1). The amplified cDNA bands
from the pineal gland were sequenced, and it was verified that
they were authentic fragments of StAR (GenBank accession no.
NM204686) and Cyp11a (GenBank accession no. NM001001756).
To investigate PREG formation from cholesterol in the quail

pineal gland, pineal glands of male chicks at P7 were incubated
with tritiated cholesterol as a precursor, and the radioactive me-
tabolite was analyzed by reversed-phase HPLC. As shown in Fig.
1C, a single radioactive peak was detected, and it exhibited the
same retention time as that of tritiated PREG, a reference stan-
dard, under the same chromatographic condition. The radioactive
peak corresponding to PREG increased in a time-dependent
manner from 0 to 24 h of incubation (Fig. 1C). In addition, 50 μM
aminoglutethimide, an inhibitor of P450scc, reduced the ampli-
tude of this peak (Fig. 1C).
PREG synthesis in the pineal gland was further demonstrated

by gas chromatography/mass spectrometry (GC-MS) as described
previously (16–21). Heptafluorobutyrate derivatives of the au-
thentic PREG and the metabolite of nonradioactive cholesterol
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were prepared and applied to GC-MS analysis. On the basis
of GC-MS–selected ion monitoring (SIM) analysis [mass/charge
(m/z) 298] (16, 17), it was confirmed that the metabolite had
a retention time that was identical to PREG (Fig. 1D).
Immunohistochemical (IHC) analysis using anti-humanP450scc

antibody was conducted to analyze the cellular localization of
P450scc in the pineal gland. To confirm that this antibody recog-
nizes galliformes P450scc protein, we first performedWestern blot
analysis on the extracts of COS-7 cells transfected with chicken
Cyp11a cDNA. A single immunoreactive band (60 kDa) was de-
tected (Fig. 1E). When the pineal gland extracts were analyzed, a
single band (60 kDa) was detected at the same position (Fig. 1E).
This band disappeared when the antibody was preadsorbed with
chicken P450scc protein (Fig. 1E). Clear P450scc immunoreactivity
was also observed in the cells forming follicular structures in the

quail pineal gland (Fig. 1F). No immunoreactivity was observed
when anti-P450scc antibody was preadsorbed with chicken P450scc
protein (Fig. 1G).

Neurosteroid Formations from PREG in the Quail Chick Pineal Gland.
To investigate the biosynthetic pathway of neurosteroids in the
pineal gland, pineal glands of male quail chicks at P7 were used for
RT-PCR analyses to demonstrate the expressions of steroidogenic
enzymes, such as cytochrome P450 7α-hydroxylase (P4507α; gene
name Cyp7b), 3β-hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase
(3β-HSD; gene name Hsd3b), 5α-reductase (gene name Srd5a),
cytochrome P450 17α-hydroxylase/c17,20-lyase (P45017α,lyase;
gene name Cyp17), 17β-hydroxysteroid dehydrogenase (17β-HSD;
gene nameHsd17b), and cytochrome P450 aromatase (P450arom;
gene name Cyp19). RT-PCR analyses showed cDNA bands of

Fig. 1. De novo PREG formation from cholesterol in the pineal gland. (A and
B) RT-PCR analyses of StAR (A) and Cyp11a (B) mRNAs in the pineal gland of
male quail chicks. Total RNA extracted from the tissue was reverse-transcribed
with (+) or without (−) reverse transcriptase (RTase) followed by PCR ampli-
fication. (C) HPLC analysis of PREG formation from cholesterol in the pineal
gland of male quail chicks. The pineal gland was incubated with [3H]choles-
terol and homogenized after different incubation times, and then each ex-
tract was subjected to HPLC. The pineal gland with [3H]cholesterol was also
incubated with aminoglutethimide. The arrowheads indicate the elution
positions of the substrate cholesterol (open arrowhead) and its metabolite
PREG (solid arrowhead). (D) GC-SIM analysis of the metabolite of non-
radioactive cholesterol by the pineal gland of male quail chicks. GC-SIM was
traced at m/z 298 for PREG as the metabolite of nonradioactive cholesterol.
The arrowhead shows the peak corresponding to authentic PREG. (E) Western
blot analysis of the pineal gland and extracts of COS-7 cells transfected with
chicken Cyp11a cDNA with the anti-human P450scc antibody. Anti-human
P450scc antibody was preadsorbed with chicken P450scc protein for control.
(F) IHC of P450scc in the pineal gland. Arrowheads indicate immunoreactive
cells. (G) IHC using P450scc antibody preadsorbed with a saturating concen-
tration of chicken P450scc protein (10 μg/mL). (Scale bars, 10 μm.) Similar
results were obtained in repeated experiments using three different samples.

Fig. 2. Neurosteroid formation from PREG in the pineal gland. (A, D, and G)
RT-PCR analyses of steroidogenic enzyme Cyp7b (A), Hsd3b (D), Srd5a (G),
and Cyp17 (G) mRNAs in the pineal gland of male quail chicks. Total RNA was
reverse-transcribed with (+) or without (−) RTase followed by PCR amplifi-
cation. (B, E, and H) HPLC analyses of neurosteroid formation in the pineal
gland of male quail chicks. (B) The pineal gland homogenates were in-
cubated with [3H]PREG + NADPH, and the extracts were subjected to HPLC.
The pineal gland homogenates with [3H]PREG were also incubated with
ketoconazole. The arrowheads indicate elution positions of the substrate
PREG (open arrowhead) and its metabolite 7α- and/or 7β-OH PREG (solid ar-
rowhead). (E) The pineal gland homogenates were incubated with [3H]PREG +
NAD+, and the extracts were subjected to HPLC. The pineal gland homoge-
nates with [3H]PREG were also incubated with trilostane. The arrowheads
indicate elution positions of the substrate PREG (open arrowhead) and its
metabolite PROG (solid arrowhead). (H) The pineal gland homogenates were
incubated with [3H]PROG + NADPH, and the extracts were subjected to HPLC.
The pineal gland homogenates with [3H]PROG were also incubated with
ketoconazole and finasteride. The arrowheads indicate elution positions
of the substrate PROG (open arrowhead) and its metabolites 5α-DHP, ALLO
and/or EPI and AD (solid arrowheads). (C, F, I, and J) GC-SIM analyses of the
metabolites of nonradioactive PREG or PROG by the pineal gland of male
quail chicks. GC-SIM was traced at m/z 386 for 7α- and 7β-OH PREG (C) and at
m/z 510 for PROG (F), metabolites of nonradioactive PREG, or at m/z 514 for
ALLO and EPI (I) and at m/z 482 for AD (J), metabolites of nonradioactive
PROG. The arrowheads show the peaks corresponding to authentic 7α- and
7β-OH PREG (C), PROG (F), ALLO and EPI (I), and AD (J). Similar results were
obtained in repeated experiments using three different samples.
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Cyp7b, Hsd3b, Srd5a, Cyp17, Hsd17b, and Cyp19 (Fig. 2 A, D, and
G; Fig. S1 A and D and Table S1). The amplified cDNA bands
in the pineal gland were sequenced, and it was verified that they
were authentic fragments of Cyp7b (GenBank accession no.
AB329632), Hsd3b (GenBank accession no. FJ607242), Srd5a
(GenBank accession no. XM001235446), Cyp17 (GenBank acces-
sion no. AB281617),Hsd17b (GenBank accession no. NM204943),
and Cyp19 (GenBank accession no. AF533667) cDNAs.
To demonstrate neurosteroid formation in the quail pineal gland,

pineal gland homogenates of male chicks at P7 were incubated with
tritiated PREG as a precursor, and radioactive metabolites were
analyzed by reversed-phase HPLC as described previously (18–21).
The radioactive metabolites corresponding to 7α- and/or 7β-
hydroxypregnenolone (7α- and/or 7β-OH PREG; Fig. 2B) and
PROG (Fig. 2E) increased in a time-dependent manner. These
metabolites were reduced by the treatment of ketoconazole, an
inhibitor of cytochrome P450s (Cyps) (Fig. 2B), or by trilostane, an
inhibitor of 3β-HSD (Fig. 2E). ALLO and/or epipregnanolone
(EPI; 3β,5β-tetrahydroprogesterone), 5α-dihydroprogesterone (5α-
DHP), and androstenedione (AD) were produced from the pre-
cursor PROG (Fig. 2H). Ketoconazole and finasteride, an inhibitor
of 5α-reductase, reduced the productions of these metabolites (Fig.
2H). Testosterone (T) was produced from the precursor AD (Fig.
S1B). 5α- and/or 5β-Dihydrotestosterone (5α- and/or 5β-DHT) and
E2 were produced from the precursor T (Fig. S1E), and ketoco-
nazole and finasteride reduced these products (Fig. S1E). Isoforms,
such as 7α- and 7β-OH PREG; ALLO and EPI; and 5α- and 5β-
DHT were not separated by the retention times in HPLC.

Neurosteroid formation in the pineal gland was further con-
firmed by GC-SIM analysis as described previously (16–21).
Derivatives of the authentic 7α- and 7β-OH PREG, PROG,
ALLO, EPI, AD, T, 5α- and 5β-DHT, E2, and the metabolites of
nonradioactive steroids produced by the pineal gland were applied
toGC-SIManalysis (m/z 386 for 7α- and 7β-OHPREG,m/z 510 for
PROG, m/z 514 for ALLO and EPI, m/z 482 for AD, m/z 680 for
T,m/z 486 for 5α- and 5β-DHT, andm/z 664 for E2). The isoforms
7α- and 7β-OH PREG (Fig. 2C); ALLO and EPI (Fig. 2I); and 5α-
and 5β-DHT (Fig. S1F) had different retention times in GC-MS,
respectively, unlike HPLC. The neurosteroids produced in the
pineal gland were thus identified as 7α- and 7β-OH PREG (Fig.
2C), PROG (Fig. 2F), ALLO and EPI (Fig. 2I), AD (Fig. 2J),
T (Fig. S1C), 5α- and 5β-DHT (Fig. S1F), and E2 (Fig. S1G).

ALLO and 7α-OH PREG Are Abundantly Synthesized and Released from
the Quail Chick Pineal Gland. To identify major neurosteroids syn-
thesized in the pineal gland, the pineal glands were cultured in
medium 199 with [3H]PREG as a precursor. PREG was converted
primarily to 7α- and/or 7β-OH PREG shown in blue and to ALLO
and/or EPI shown in red by the pineal gland (Fig. 3 A and B).
We then compared the syntheses of these major neurosteroids

by HPLC and the expressions of their steroidogenic enzyme
mRNAs by real-time PCR in the pineal gland among both sexes of
adult and juvenile quail. The synthesis of 7α- and/or 7β-OHPREG
and the expression ofCyp7bmRNAwere detected in both sexes of
adults and juvenile quail, but there was a clear age difference in
each parameter (Fig. 3C). 7α- and/or 7β-OH PREG synthesis and
Cyp7b mRNA expression were greater in juveniles than in adults

Fig. 3. ALLO and 7α-OH PREG are abundantly synthesized and released from the quail chick pineal gland. (A) Neurosteroids synthesized from PREG in the
pineal gland of male quail chicks. The pineal glands were incubated with the substrate [3H]PREG, and the extracts were subjected to HPLC. The arrows in-
dicate elution positions of the substrate PREG (open arrow) and its metabolites (solid arrows). (B) Comparison of the amount of neurosteroids synthesized
from PREG in the pineal gland of male quail chicks by HPLC (n = 8). **P < 0.01 vs. 5α-DHP, AD, or T; †††P < 0.001 vs. PROG, 5α- and/or 5β-DHT, or E2. (C)
Comparisons of 7α- and/or 7β-OH PREG synthesis and Cyp7b mRNA expression in the pineal gland of adults and chicks of both sexes (n = 8). **P < 0.01 vs.
adult. (D) Comparisons of 7α- and/or 7β-OH PREG synthesis and Cyp7b mRNA expression among the pineal gland, cerebellum, and diencephalon of quail
chicks of both sexes (n = 8). **P < 0.01 vs. cerebellum or diencephalon. (E) Comparisons of 7α- and 7β-OH PREG releases from the pineal gland, cerebellum,
and diencephalon of male quail chicks by GC-MS (n = 6). ***P < 0.001 vs. cerebellum or diencephalon. (F) Comparisons of ALLO and/or EPI synthesis and Srd5a
mRNA expression in the pineal gland of adults and chicks of both sexes (n = 8). **P < 0.01 vs. adult. (G) Comparisons of ALLO and/or EPI synthesis and Srd5a
mRNA expression among the pineal gland, cerebellum, and diencephalon of quail chicks of both sexes (n = 8). ***P < 0.001 vs. cerebellum or diencephalon.
(H) Comparisons of ALLO and EPI releases from the pineal gland, cerebellum, and diencephalon of male quail chicks by GC-MS (n = 6). **P < 0.01 vs. cerebellum
or diencephalon. (I) Identified biosynthetic pathways of neurosteroids in the pineal gland. Each column and vertical line in B–H represent the mean ± SEM.
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in both sexes (Fig. 3C). ALLO and/or EPI synthesis and Srd5a
mRNA expression were also greater in juveniles than in adults in
both sexes (Fig. 3F). The syntheses of these major neurosteroids
and the expressions of their steroidogenic enzyme mRNAs in the
pineal gland were compared with those of different brain regions.
7α- and/or 7β-OH PREG synthesis and Cyp7b mRNA expression
were greater in the pineal gland than in the cerebellum and
diencephalon (Fig. 3D). ALLO and/or EPI synthesis and Srd5a
mRNAexpression were also greater in the pineal gland than in the
cerebellum and diencephalon (Fig. 3G).
To investigate neurosteroid release from the pineal gland, the

pineal glands were cultured in medium 199, and major neuro-
steroids weremeasured byGC-MS. Significant amounts of 7α-OH
PREG and ALLO were released from the pineal gland into the
culture medium, unlike 7β-OH PREG and EPI (Fig. 3 E and H).
In sum, 7α-OH PREG and ALLO were major products secreted
by the pineal gland (Fig. 3I).

Pineal ALLO Saves Purkinje Cells from Cell Death in Px Quail Chicks.
To investigate whether ALLO and 7α-OH PREG, major pineal
neurosteroids, or melatonin, a major hormone of the pineal gland,
are involved in Purkinje cell survival in the male juvenile quail, Px
was performed at P2, and 7α-OH PREG and ALLO were injected
daily, or quail chicks were s.c. implanted with a silastic plate con-
taining melatonin (22) from P2 to P7. Px at P2 significantly de-
creased the number of Purkinje cells in lobes I–VIII at P21 (Fig. 4
A and B and Fig. S2A). Px decreased ALLO concentration in the
cerebellum at P7 compared with control (Fig. 4C). Daily injection
of ALLO to Px quail chicks from P2 to P7 improved Purkinje cell
survival in lobes II–VII at P21 (Fig. 4 A and B and Fig. S2A) and
increased ALLO concentration in the cerebellum at P7 compared
with Px quail chicks (Fig. 4C). On the contrary, daily injection of
7α-OH PREG or melatonin to Px quail chicks from P2 to P7 did
not increase Purkinje cell survival (Fig. 4 A and B and Fig. S2A).
The effect of ALLO and 7α-OH PREG on Purkinje dendritic

length in lobes IV and IX were investigated among the five
groups (control, Px, Px + 7α-OH PREG, Px + ALLO, and Px +
melatonin) because the number of Purkinje cells in lobe IV was
most vulnerable to Px and Px did not affect Purkinje cell num-
bers in lobe IX (Fig. 4 A and B and Fig. S2A). In contrast to the
number of Purkinje cells, there was no significant difference in
the maximal dendritic length of Purkinje cells among the five
groups in lobes IV and IX (Fig. 4B and Figs. S2A and S3).
To investigate whether melatonin influences the synthesis of

ALLO and/or EPI in the cerebellum and circulating ALLO in
the male juvenile quail, Px was performed at P2 and the quail
chicks were s.c. implanted with a silastic plate containing mela-
tonin or vehicle (22). Px or melatonin administration did not
influence the synthesis of ALLO and/or EPI in the cerebellum
and circulating ALLO in the male juvenile quail (Fig. S4).

Pineal ALLO Reaches the Adjacent Cerebellar Purkinje Cells by
Diffusion. To better understand the mechanism of how pineal
ALLO reaches the adjacent cerebellar Purkinje cells, Px was per-
formed at P2, and ALLO concentration was measured in the
rostral (lobes II–V) and caudal (lobes VI–IX) cerebellum of quail
chicks. Px decreased ALLO concentration only in the rostral cer-
ebellum and not in the caudal cerebellum 12 h after Px (Fig. 4E).
To further investigate whether pineal ALLO reaches the cerebel-
lum by diffusion in the juvenile quail at P2, [3H]ALLOwas injected
close to the pineal lumen. [3H]ALLO content was significantly
higher in the rostral cerebellum than in the caudal cerebellum 12
and 24 h after [3H]ALLO injection (Fig. 4F).

Neuroprotective Effect of Pineal ALLO Is Associated with the
Decrease in Caspase-3 Activity in Purkinje Cells. Finally, we in-
vestigated the factor that mediates the neuroprotective effect of
pineal ALLO in Purkinje cells. It is well known that caspase-3

plays an important role in Purkinje cell death in vertebrates (23,
24). Caspase-3 is a crucial mediator of apoptosis (23), including in
birds (24, 25). Accordingly, the expression of caspase-3 and the
fragmentation of nuclear DNA were analyzed in Px quail chicks
and Px plus ALLO-administrated quail chicks from P3 to P7.
Px significantly increased the number of Purkinje cells that

expressed active caspase-3 in lobe IV of P3 and P5 quail chicks
compared with control (Fig. 5 A and B). In contrast, daily in-
jection of ALLO to Px chicks decreased the number of Purkinje
cells expressing active caspase-3 at P3 and P5 (Fig. 5 A and B).
On the other hand, the effect of Px or ALLO administration on
active caspase-3 expression was not observed at P7 (Fig. 5 A and
B). Px or ALLO administration had no effect on active caspase-3
expression in lobe IX (Fig. 5 C and D).
DNA fragmentation was further investigated by terminal

deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL) in Purkinje cells in lobe IV. There was no effect of Px
or ALLO administration on the number of TUNEL-positive
Purkinje cells at P3 (Fig. 5 E and F). However, Px significantly
increased the number of TUNEL-positive Purkinje cells com-
pared with control at P5 and P7 (Fig. 5 E and F), and daily in-
jection of ALLO to Px quail chicks decreased the number of

Fig. 4. Pineal ALLO saves Purkinje cells from cell death in Px quail chicks.
Cerebella of control male quail chicks, Px at P2 male quail chicks, and Px at P2
male quail chicks treated with daily injection of 7α-OH PREG (30 ng/5 μL) or
ALLO (30 ng/5 μL), or Px at P2 male quail chicks s.c. implanted with a silastic
plate containing melatonin (10 mg/plate) from P2 to P7 were analyzed. (A)
Number of Purkinje cells in the cerebellar lobes I–X at P21. Purkinje cell
number is presented as the percentage of control (n = 12). *P < 0.05 or **P <
0.01 vs. control; †P < 0.05 or ††P < 0.01 Px plus ALLO vs. Px. (B) Morphology of
Purkinje cells in the cerebellar lobes IV and IX at P21. M, molecular layer; P,
Purkinje cell layer. (Scale bars, 40 μm.) (C) Effects of Px and daily injection of
ALLO on ALLO concentration in the cerebellum of male quail chicks at P7
(n = 12). **P < 0.01 vs. control; ††P < 0.01 Px plus ALLO vs. Px. (D) Compar-
isons of ALLO concentration among the pineal gland, rostral cerebellum,
and caudal cerebellum in P2 male quail chicks (n = 7). **P < 0.01 vs. rostral
cerebellum or caudal cerebellum. (E) Effects of Px on ALLO concentrations in
the rostral and caudal cerebellum of male quail chicks (n = 7). *P < 0.05 vs.
0 h. (F) Contents of [3H]ALLO in the rostral and caudal cerebellum after in-
jection of [3H]ALLO close to the pineal lumen of male quail chicks at P2. [3H]
ALLO (20 pmol) was injected close to the pineal lumen, and the content of
[3H]ALLO in the rostral and caudal cerebellum was counted in a liquid
scintillation counter (n = 7). ★★★P < 0.001 vs. 0 h; ☆☆P < 0.01 or ☆☆☆P < 0.001
vs. 0 h; †P < 0.05 rostral cerebellum vs. caudal cerebellum. Each column and
vertical line in A and C–F represent the mean ± SEM.
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TUNEL-positive Purkinje cells compared with Px quail chicks at
P5 and P7 (Fig. 5 E and F).

Discussion
A series of experiments using molecular and biochemical techni-
ques has demonstrated that the pineal gland is a major neuro-
steroidogenic organ that produces a variety of neurosteroids de
novo from cholesterol in the juvenile quail, a demonstration of de
novo neurosteroidogenesis in the pineal gland in a vertebrate class.
Importantly, ALLOand 7α-OHPREGwere exceedingly produced
in the pineal gland compared with the brain. These major pineal
neurosteroids were abundantly released from the pineal gland (Fig.
3E andH; Fig. S2). These results suggest that pineal ALLO and/or
7α-OH PREG play important roles in the juvenile quail.
It has been reported that Px induces Purkinje cell loss in the

developing cerebellum of chicks (2). In this study, we hypothesized
that pineal ALLO and/or 7α-OH PREG may facilitate Purkinje
cell survival in the juvenile quail. To test this hypothesis, we con-
ducted a series of experiments using Px quail chicks. Px decreased
the number of Purkinje cells in the cerebellum of quail chicks at
P21, suggesting that pineal ALLO and/or 7α-OH PREG may be
involved in the survival of Purkinje cells in the cerebellum during
development. Administration of ALLO but not of 7α-OH PREG
to Px quail chicks from P2 to P7 facilitated Purkinje cell survival.
Accordingly, ALLO secreted by the pineal glandmay contribute to
Purkinje cell survival during development. Although 7α-OH
PREG did not facilitate Purkinje cell survival, this neurosteroid
enhances locomotor activities of quail (21) and chickens (13).
Neuronal cell death is an essential feature of developing

nervous systems and neurodegenerative diseases (26–28). Most
Purkinje cells in cerebellar organotypic culture die when sampled
from 1- to 5-d-old mice, whereas they survive when sampled
before or after these ages (29, 30). This critical period correlates
with a time window when Purkinje cells are engaged in intense
synaptogenesis and dendritic remodeling. Our present study
suggests that ALLO secreted by the pineal gland is involved in
Purkinje cell survival during the critical period of intense syn-
aptogenesis and dendritic remodeling.
Px did not decrease the number of Purkinje cells in the pos-

terior lobes IX and X, unlike the anterior lobes I–VIII. It is well
known that cerebellar defects are preferentially localized to the
anterior (lobes I–V) and central (lobes VI and VII) lobes (31–33).

It was shown in the study of Niemann-Pick type C (NP-C) mice
that ALLO is synthesized in the cerebellum and involved in Pur-
kinje and granule cell survival in the developing cerebellum (12).
According to Langmade et al. (32), Purkinje cell number was re-
duced in npc1−/− mice, a model of NP-C disease, compared with
WT mice. The greatest loss of Purkinje cells occurred in lobes I–
IV, and the loss was not apparent in lobes IX and X (32). Thus,
NP-C disease primarily affects the anterior lobes of the cerebellum,
which were also affected by Px and ALLO treatment in this study.
We found that the pineal gland is an important source of ALLO in
the cerebellum (Fig. 4 C–F and Fig. S2). The present and previous
studies (12, 32) suggest that pineal ALLO and cerebellar ALLO
are involved in Purkinje cell survival during development (Fig. S2).
It is known that in birds and mammals Px induces cell loss in

the brain, including loss of Purkinje cells during development (1,
2). Although the neuroprotective action of pineal melatonin is
known in birds and mammals (34, 35), it has also been reported
that melatonin does not fully ameliorate Purkinje cell loss during
development (36). These observations suggest that certain other
component(s) in the pineal gland may contribute to Purkinje cell
survival during development. In this study, pineal melatonin did
not facilitate Purkinje cell survival during development (Fig. 4 A
and B) and did not affect cerebellar ALLO and/or EPI synthesis
and circulating ALLO level in the male juvenile quail (Fig. S4).
These results suggest that pineal ALLO but not melatonin acts
as an important component of the pineal gland for Purkinje cell
survival during development.
Pineal ALLO concentration (more than 200 pmol/g tissue in

the intact pineal gland) was much higher than ALLO concen-
tration in the cerebellum (around 40 pmol/g tissue in the intact
cerebellum) (Fig. 4D). These concentrations of ALLO were
physiologically relevant compared with ALLO concentration (10–
100 pmol/g tissue in the brain) in other vertebrates (37). Px de-
creased ALLO concentration only in the rostral cerebellum 12 h
after Px (Fig. 4E). [3H]ALLO concentration increased in the
rostral cerebellum significantly more than in the caudal cerebel-
lum 12 and 24 h after [3H]ALLO injection close to the pineal
lumen (Fig. 4F). These results suggest that pineal ALLO reaches
the adjacent cerebellar Purkinje cells by diffusion. In addition, the
effect of pineal ALLO on the prevention of Purkinje cell death
seems to be restricted to the anterior (lobes I–V) and central
(lobes VI and VII) lobes of the cerebellum, which might also be

Fig. 5. Neuroprotective effect of pineal ALLO is associated with the decrease in caspase-3 activity in Purkinje cells. (A and C) Purkinje cells expressing active
caspase-3 in lobes IV (A) and IX (C) of control male quail chicks, Px male quail chicks, and Px plus ALLO male quail chicks at P3, P5, and P7. (B and D)
Comparison of the number of Purkinje cells expressing active caspase-3 in lobes IV (B) and IX (D) among control male quail chicks, Px male quail chicks, and Px
plus ALLO male quail chicks at P3, P5, and P7 (n = 12). **P < 0.01 vs. control; †P < 0.05 or ††P < 0.01 Px plus ALLO vs. Px. (E) TUNEL-positive Purkinje cells in lobe
IV of control male quail chicks, Px male quail chicks, and Px plus ALLO male quail chicks at P3, P5, and P7. (F) Comparison of the number of TUNEL-positive
Purkinje cells in lobe IV among control male quail chicks, Px male quail chicks, and Px plus ALLO male quail chicks at P3, P5, and P7 (n = 12). *P < 0.05 vs.
control; †P < 0.05 Px plus ALLO vs. Px. Each column and vertical line in B, D, and F represent the mean ± SEM.
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taken as evidence that ALLO acts simply by diffusion (Fig. S2).
Nevertheless, we cannot exclude the possibility of an anatomical
link (e.g., blood vessels) from the pineal gland to the cerebellum.
The intracellular signaling pathway exerting a neuroprotective

effect of ALLO in the brain was poorly understood, although the
involvement of the GABAA receptor was suggested (12, 38). Our
results suggested that pineal ALLO exerts antiapoptotic effects
in Purkinje cells by suppressing active caspase-3 expression in the
early stage of neuronal development. Px significantly increased
the number of Purkinje cells that expressed active caspase-3 in
lobe IV of P3 and P5 quail chicks, and daily injection of ALLO to
Px quail chicks decreased the number of Purkinje cells expressing
active caspase-3 at these ages. The increase in active caspase-3
expression by Px at P3 and P5 may have led to DNA fragmen-
tation at P5 and P7. Apoptosis following DNA fragmentation is
one of the mechanisms controlling neuronal cell number in the
brain. The massive loss of neurons in many regions of the de-
veloping brain, including Purkinje cells, provides quantitative ad-
justment of populations of interconnecting neurons (39). It is
therefore considered that pineal ALLO may play important roles
in the prevention of Purkinje cell death and the formation of
neuronal circuits in the developing cerebellum.

Materials and Methods
Japanese quail, Coturnix japonica, at various ages were used in this study.
Quail were incubated under daily photoperiods of 12-h light/12-h darkness

cycles with the light provided by white fluorescent lamps. Pineal glands were
isolated from the light-exposed animals at zeitgeber time 6. To analyze the
expressions of steroidogenic enzyme mRNAs, RT-PCR analyses were con-
ducted according to our previous methods (10, 11, 13). To assess neuro-
steroid formation in the quail pineal gland, conversions of substrate steroids
were measured biochemically by HPLC and GC-MS according to our previous
methods (18–21). To investigate whether pineal neurosteroids or melatonin
are involved in Purkinje cell survival during development, Px at P2 and ad-
ministration of ALLO, 7α-OH PREG, or melatonin from P2 to P7 were con-
ducted using juvenile quail. Px and sham operation on P2 chicks were
performed as described previously (22). Quantification of Purkinje cells was
performed by counting the number of calbindin-immunoreactive cell bodies
in the Purkinje cell layer in each lobe. ALLO concentration after Px was
measured by GC-MS. Diffusion of [3H]ALLO administrated close to the pineal
lumen was measured by liquid scintillation counter. Furthermore, the factor
that mediates the neuroprotective effect of pineal ALLO in Purkinje cells was
investigated. Parasagittal cerebellar sections of chicks at P3, P5, and P7 were
analyzed by IHC with an antibody against cleaved caspase-3, a key protease
in the apoptotic pathway (23–25), and by TUNEL to detect apoptotic cells as
described previously (22). Details are described in SI Materials and Methods.
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