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Yannick Tanguy, Anthony Falluel-Morel, Sébastien Arthaud, Loubna Boukhzar, Destiny-Love
Manecka, et al.. The PACAP-regulated gene selenoprotein T is highly induced in nervous,
endocrine, and metabolic tissues during ontogenetic and regenerative processes.. Endocrinology,
Endocrine Society, 2011, 152 (11), pp.4322-35. <10.1210/en.2011-1246>. <hal-00682913>

HAL Id: hal-00682913

https://hal.archives-ouvertes.fr/hal-00682913

Submitted on 28 Oct 2013

https://hal.archives-ouvertes.fr
https://hal.archives-ouvertes.fr/hal-00682913


HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
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Selenoproteins contain the essential trace element selenium whose deficiency leads to major
disorders including cancer, male reproductive system failure, or autoimmune thyroid disease. Up
to now, 25 selenoprotein-encoding genes were identified in mammals, but the spatiotemporal
distribution, regulation, and function of some of these selenium-containing proteins remain
poorly documented. Here, we found that selenoprotein T (SelT), a new thioredoxin-like protein,
is regulated by the trophic neuropeptide pituitary adenylate cyclase-activating polypeptide
(PACAP) in differentiating but not mature adrenomedullary cells. In fact, our analysis revealed that,
in rat, SelT is highly expressed in most embryonic structures, and then its levels decreased pro-
gressively as these organs develop, to vanish in most adult tissues. In the brain, SelT was abundantly
expressed in neural progenitors in various regions such as the cortex and cerebellum but was
undetectable in adult nervous cells except rostral migratory-stream astrocytes and Bergmann cells.
In contrast, SelT expression was maintained in several adult endocrine tissues such as pituitary,
thyroid, or testis. In the pituitary gland, SelT was found in secretory cells of the anterior lobe,
whereas in the testis, the selenoprotein was present only in spermatogenic and Leydig cells. Finally,
we found that SelT expression is strongly stimulated in liver cells during the regenerative process
that occurs after partial hepatectomy. Taken together, these data show that SelT induction is
associated with ontogenesis, tissue maturation, and regenerative mechanisms, indicating that this
PACAP-regulated selenoprotein may play a crucial role in cell growth and activity in nervous,
endocrine, and metabolic tissues. (Endocrinology 152: 4322–4335, 2011)

Selenium (Se) is considered as one of the most important
micronutrients owing to its numerous benefits for hu-

man health, from the first stages of embryonic develop-
ment to later times of aging (1, 2). Se deficiency leads to
multiple disorders affecting many organs. For instance, Se

is of the utmost importance for the development and
function of the central nervous system (CNS) because its
deficiency leads to several important deficits including
mental disorders (3) or the generation of intractable epi-
leptic seizures (4). Se is also crucial for the male reproduc-
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system; CP, cortical plate; DCX, doublecortin; E20, embryonic d 20; EGL, external germi-
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tive system because it was shown that Se-deficient male
rats exhibit reduced fertility (5, 6). Many studies also
showed that Se deficiency plays a key role in the patho-
genesis of endemic myxedematous cretinism (7), associ-
ated with thyroid atrophy (8). In fact, the majority of Se
beneficial effects are actually mediated by the biological
activity of proteins in which it is incorporated, the seleno-
proteins, where the micronutrient is inserted as a selenocys-
teine (Sec), the 21st natural amino acid (9, 10). In mammals,
25 selenoprotein-encoding genes have been identified (11)
whose entire invalidation through Sec tRNA gene knock-
out leads to early fetal lethality in rodents (12). In agree-
ment, selenoproteins are key effectors involved in major
cellular processes, including cell survival and homeostasis.
During noxious conditions, many selenoproteins, such as
the glutathione peroxidases (GPx), act to protect cells
from oxidative stress. For instance, GPx1 (9), seleno-
protein W (SelW) (13), and selenoprotein H (14) possess
the ability to neutralize reactive oxygen species (ROS)
through a redox mechanism mediated by Sec. In addition,
diverse essential functions were attributed to other seleno-
proteins, such as their implication in signal transduction
and transcription regulation pathways, e.g. thioredoxin
reductases (15), or in thyroid hormone activation and de-
activation, e.g. deiodinases I, II, and III, which catalyze
iodothyronine deiodination (16). Selenoproteins display
specific tissue and subcellular expression patterns (17),
although these characteristics remain undocumented for
some of them. Each selenoprotein is selectively addressed
to specific subcellular sites where it exerts important func-
tions. For instance, endoplasmic reticulum (ER)-resident
selenoproteins contribute to many essential functions such
as the regulation of Ca2� homeostasis, e.g. selenoprotein
T (SelT) (18), SelN (19), and SelM (20), andprotein folding
quality control and the unfolded-protein response, e.g. 15
kDa selenoprotein and SelS (21).

Among the ER-located selenoproteins, little is known
about the distribution and function of the recently char-
acterized SelT in nervous, endocrine, and metabolic tis-
sues. We have previously shown that SelT gene expression
is up-regulated during neuroendocrine differentiation
induced by the neurotrophic factor pituitary adenylate
cyclase-activating polypeptide (PACAP) (22). In pheo-
chromocytoma PC12 cells, this neuropeptide induces cell
cycle arrest along with the extension of neurites and the
establishment of a neuroendocrine phenotype sustained
by modulation of the expression of several genes including
SelT (23, 24). Confocal imaging revealed that SelT is pri-
marily localized in the ER and the Golgi apparatus (18,
25). Additional experiments carried out in PACAP-differ-
entiated PC12 cells demonstrated that SelT is involved in
Ca2� homeostasis and is essential for the secretory activity

(18). In fact, SelT contains a conserved motif called thio-
redoxin-like fold (25), C-X-X-U, characterized by the
presence of a cysteine residue (C) at the vicinity of Sec (U),
separated by two other amino acids (X), which holds the
biological activity of the protein. Indeed, this molecular
feature is also found in the mammalian SelW, -V, and -H
and confers an important redox activity that may underlie
the cellular and physiological functions of these proteins
(26). It has been recently shown that SelT could also be
involved in cell adhesion and redox equilibrium status
(27). Together, these observations indicate that SelT could
play important homeostatic and regulatory roles in dif-
ferent tissues. However, its spatiotemporal distribution
and regulation remain largely unknown. In the present
study, we sought to determine the patterns of SelT expres-
sion, particularly in nervous, endocrine, and metabolic
organs, at different stages of life and during differentiation
and regeneration. Accordingly, we performed a precise
mapping of its distribution and subcellular localization in
various developing and adult nervous and endocrine tis-
sues, including the brain, the cerebellum, and the testis.
Furthermore, we investigated SelT regulation during the re-
generative process occurring after partial hepatectomy.

Materials and Methods

Animals
Wistar rats were used throughout this study and were ob-

tained from Charles River Laboratories (L’Arbresle, France).
Animals were housed under standard and constant conditions,
with controlled lighting (12-h light, 12-h dark cycle) and tem-
perature (22 � 2 C), and allowed access to food and water ad
libitum, in agreement with the Regional Veterinary Services
guidelines (agreement no. B-76-451-04). Embryos were surgically
removed from time-mated pregnant Wistar rats. All experiments
were conducted in accordance with the European Committee
Council Directives and approved by the Normandy Ethics Com-
mittee on Animal Experiments (agreement no. N/01-11-07/09/12-
10). Involved investigators are trained and authorized to conduct
experiments on laboratory animals.

Partial hepatectomy experiments
Hepatectomy was performed by resection of half of the liver

left lateral lobe (28). The resected part of the hepatic lobe was
used as a control for Western blotting analyses. For immuno-
fluorescence, a 4% paraformaldehyde perfused liver was used
for controls. To visualize cell proliferation in the regenerating
liver, we performed bromodeoxyuridine (BrdU) injections (50
mg/kg; Sigma-Aldrich, Saint-Quentin Fallavier, France) 4 and
2 h before euthanasia.

Cell culture and treatment
Rat pheochromocytoma PC12 cells were maintained in

DMEM (Sigma-Aldrich) supplemented with 10% horse serum
(Invitrogen, Cergy Pontoise, France), 5% fetal bovine serum
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(Sigma-Aldrich), 2 mM L-glutamine, 100 U/ml penicillin, and 100
�g/ml streptomycin (Invitrogen) at 37 C in 5% CO2. Twenty
four hours after plating, cells were treated with 100 nM

PACAP38 for 16 h. This peptide was synthesized by the solid-
phase methodology (29).

Primary cultures of bovine chromaffin cells were obtained
after retrograde perfusion of bovine adrenal glands with colla-
genase as previously described (30). Cells were then plated in the
same medium at a density of 106 cells/ml in poly-L-lysine-coated
12-well plates and treated overnight with 100 nM PACAP38.

For neuroblast culture, dorsolateral cerebral cortices were
mechanically dissociated in the Neurobasal culture medium (In-
vitrogen) containing 50 U/ml penicillin (Sigma-Aldrich), 50
�g/ml streptomycin (Sigma-Aldrich), 1% BSA, 2 mM glutamine
(Invitrogen), and 2% B27 serum-free supplement (Invitrogen).
Cells were plated on 0.1 mg/ml poly-D-lysine and 5 �g/ml
laminin-coated coverslips previously placed in culture dishes and
incubated at 37 C in 5% CO2.

Reverse transcription (RT) and quantitative PCR
(QPCR)

Total RNA was isolated using the Tri-Reagent (Sigma-Al-
drich) and reverse-transcribed using the ImProm-II Reverse
Transcription System (Promega, Charbonnières, France). Rela-
tive expression of the SelT gene was quantified by real-time PCR
with appropriate primers (forward, 5�-ATGCAACAGCTGGT
TCAAATTCT-3�; reverse, 5�-TGATCGATGGTGTGGGAT
TG-3�). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and chromogranin A (CgA) were used as internal controls (for-
ward,5�-TCCGGACGCACCCTCAT-3�,andreverse,5�-CGGT
TGACCTCCAGGAAATC-3�, for GAPDH; and forward, 5�-
GACAGCCACAGGTCATTTCAA-3�, and reverse, 5�-GCCG
GGCTTCGTCTTCA-3�, for CgA) (30). PCR was carried out
using SYBR Green PCR Master Mix (Applied Biosystems,
Courtaboeuf, France), with 300 nM primers, in an ABI Prism
7500 (Applied Biosystems). Relative SelT and CgA amplification
efficiencies were assessed, and the amounts of SelT mRNA were
determined using the comparative cycle threshold method (Ap-
plied Biosystems).

Western blot
Tissues were homogenized in a lysis buffer [50 mm Tris-HCl

(pH 7.4), 2 mM �-mercaptoethanol, 2 mM phenylmethanesulfo-
nyl fluoride, 1%TritonX-100, andanadditionalmixofprotease
inhibitors (Roche, Mannheim, Germany)], and proteins were
quantified by the Bradford method (Bio-Rad, Marnes-la-Co-
quette, France). Fifty micrograms of proteins from each sample
were separated on a 13% SDS-PAGE and immunoblotted
onto a nitrocellulose membrane (Amersham Pharmacia Bio-
tech, Les Ulis, France), as previously described (31) using SelT
(1:2000) (18), �-tubulin (1:2500), and �-actin (1:1000) spe-
cific antibodies.

Immunohistochemistry
A saturation step was performed with 1% goat or donkey

normal serum, diluted in a solution containing 1% BSA and
0.3% Triton X-100 in PBS for 45 min at room temperature
before incubation overnight with the SelT antibody (1:400) at 4
C. SelT polyclonal antibody was generated in rabbits against the
SelT-derived peptide WSKLESGHLPSMQ, and its specificity

was previously established through an immunocytochemistry
experiment performed on SelT-deficient PC12 cells (18). This
first antibody was revealed with a secondary antirabbit IgG an-
tibody coupled to fluorescein isothiocyanate (1:200) (Invitro-
gen). Several co-stainings were carried out with antibodies that
are listed in Supplemental Table 1 (published on The Endocrine
Society’s Journals Online web site at http://endo.endojournals.
org). Slides were counterstained with 1 �g/ml 4�,6-diamino-2-
phenylindole (Sigma-Aldrich) in PBS for 90 sec. Negative controls
wereperformedusing rabbit preimmune serumorpreincubationof
SelT antibody with the antigenic peptide (10�5 M). In both cases,
no immunoreaction was observed. Tissue sections were exam-
ined with a Leica SP2 upright confocal laser scanning microscope
(DMRAX-UV) equipped with the Acousto-Optico Beam Splitter
system (Leica). For immunohistochemical experiments using
3,3�-diaminobenzidine, SelT primary antibodies were revealed
with a biotinylated goat antirabbit antiserum (Vector Labora-
tories, Burlingame, CA) and an avidin-biotin peroxidase com-
plex (ABC kit; Vector Laboratories). Tissue sections were finally
counterstained with thionine (Sigma).

Results

SelT expression and regulation in undifferentiated
and differentiated chromaffin cells

To determine the regulation of SelT gene expression in
undifferentiated and differentiated cells, we compared the
effect of PACAP on its mRNA levels in PC12 cells and in
bovine chromaffin cells (Fig. 1). After overnight incuba-
tion in the presence or absence of 100 nM PACAP38, we
observed that the neuropeptide differentially affects SelT
gene expression in the two cell types. Indeed, PACAP in-
duced an approximately 3.5-fold increase in SelT mRNA
levels in PC12 cells but had no effect in mature adreno-
chromaffin cells (Fig. 1A). Time-course (6–120 h) and
dose-response (10�10–10�4

M) studies were also per-
formed in bovine chromaffin cells to confirm the lack of
PACAP effect on SelT gene expression in mature cells (data
not shown). Interestingly, in basal conditions, we noticed
that SelT mRNA levels are significantly higher in prolif-
erating PC12 cells than in differentiated chromaffin cells
(data not shown). Moreover, a Western blot analysis of
SelT in the adrenal gland revealed that this protein is par-
ticularly abundant during the first postnatal days but is
undetectable in the adult tissue (Fig. 1B). Taken together,
these results indicate that SelT may exert its function during
proliferation and differentiation processes, as suggested
by its higher mRNA levels in proliferating compared with
mature cells, and the stimulatory effect of PACAP on its
gene expression in differentiating cells.

SelT expression and distribution during
embryogenesis and brain ontogenesis

We subsequently assessed SelT abundance and tissue
distribution during embryogenesis (Fig. 2). A RT-QPCR
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(Fig. 2A) and a Western blot (Fig. 2B) screening showed
that SelT is expressed at high levels in each tissue of the
embryonic d 20 (E20) embryos analyzed. Immunohisto-
chemical experiments confirmed that SelT is widely dis-
tributed in a range of E15 and E20 growing embryonic
tissues (Fig. 2C). In E15 embryos, SelT was homoge-
neously expressed in all developing organs, although its
levels were particularly elevated in the immature CNS.
Indeed, we noticed that SelT is particularly concentrated
in the forebrain (neocortex and thalamus), the midbrain,
and the hindbrain. A similar pattern was observed in E20
embryos (Fig. 2C), where SelT was also expressed at high
levels in many organs, such as heart, lung, or liver (Fig. 2,
D and E). Moreover, we also found that SelT is particu-
larly abundant in developing endocrine organs, such as
thyroid, adrenal gland, or testis (Fig. 2, F–H). SelT was
also highly expressed in immature nervous cells from every
part of the brain (Fig. 2, I–M). For instance, an important
immunopositive signal was observed in the olfactory bulb
(Fig. 2J), particularly in the mitral cell layer (Fig. 2K), in
the cerebral periventricular cells (Fig. 2L), or in the cere-
bral neocortex (Fig. 2M). Using immunofluorescence, we

investigated the pattern of SelT expression and its subcel-
lular localization in forebrain during development (Fig. 3).
We found an intense SelT signal in the embryonic cortex,
which gradually decreased after birth and totally disap-
peared in adult cortex (Fig. 3A). Then, we explored SelT
cell-type distribution in the developing forebrain. In par-
ticular, we studied SelT colocalization with nestin and
doublecortin (DCX), which are specifically expressed in
proliferating and in differentiating neural progenitors,
respectively. In E15 cortex, SelT was found in nestin-pos-
itive cells in the subventricular zone (SVZ) and interme-
diate zone (IZ), whereas it colocalized with DCX in the
cortical plate (CP) (Fig. 3B).Atpostnatal d1 (P1), SelTwas
still present in the nestin-positive cell population of the
SVZ, which, at this stage, is labeled by glial fibrillary acidic
protein (GFAP) antibody, because these precursor cells
also give rise to astrocytes (Fig. 3B). SelT was still found in
DCX-positive cells of the CP at P1 but at P14, SelT
expression declined and no longer colocalized with the
remaining DCX-positive cells. However, SelT was still de-
tectable at low levels in SVZ-emerging astrocytes (Fig. 3B).
Given that SelT was found in cortical precursors in the
embryo, we employed primary cultured cortical neurons
to establish SelT intracellular localization in developing
cells (Fig. 3C). SelT was mainly detected in the ER because
it colocalized with the ER-resident glucose-related protein
78 (GRP78), but not with the vesicle-associated mem-
brane protein (VAMP) present in neuritic extents. Thus, in
the developing forebrain, SelT is found in the ER of im-
mature and early differentiating neural cells.

We also investigated SelT tissue distribution in the cere-
bellum, a hindbrain structure that, interestingly, develops
postnatally in rodents and contains various neural cell
populations (Fig. 4). Western blot analysis showed the
occurrence of SelT expression in the cerebellum at all the
postnatal stages examined, including adult (Fig. 4A). In
the developing cerebellar cortex, we observed that SelT is
expressed in neurons of the external germinative layer
(EGL) which contains DCX-negative proliferating cells
present in its most external part and DCX-positive differ-
entiating cells present in its internal part (Fig. 4, B–D).
During the first postnatal weeks, EGL cells begin radial
migration along �-S-100-positive Bergmann astrocyte fi-
bers (Fig. 4, B–D) to generate the internal granule cell
layer, which is devoid of SelT labeling. Once granule cell
migration is achieved, Bergmann cells labeled by �-S-100
antibody became SelT positive (Fig. 4E). In the Purkinje
cell layer, we also observed an intense SelT immunoreac-
tivity in the calbindin-positive immature Purkinje neurons
(Fig. 4F, P1–14). SelT expression declined at P14 and was
undetectable in the adult differentiated Purkinje cells (Fig.
4F, adult). These observations confirmed the high expres-

FIG. 1. SelT expression in proliferative and differentiated chromaffin
cells. A, Effect of PACAP treatment on SelT gene expression in cultured
pheochromocytoma PC12 cells and adult bovine chromaffin cells
(BCC). Both cell types were incubated overnight in control conditions
or with 100 nM PACAP. SelT mRNA levels, determined by quantitative
PCR, are expressed as fold increase over corresponding control value
and represent means � SEM of four independent experiments (one-way
ANOVA; **, P � 0.01 vs. control). B, Western blot analysis of SelT
levels in adrenal glands collected from 1-, 7-, and 14-d-old pups, and
adult rats. Fifty micrograms of proteins were loaded on a 13%
SDS-PAGE, and �-actin was used as an internal loading control. The
autoradiography shown is representative of three independent
experiments. Molecular weight markers are indicated.
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sion of SelT in proliferating and differ-
entiating cells of the nervous system
during development and revealed that
this selenoprotein is expressed in Berg-
mann astrocytes in the adult brain.

SelT expression and tissue
distribution in adult

Although our previous data indi-
cated that SelT is mainly expressed in
embryonic but not adult tissues such as
the adrenal gland or most parts of the
adult brain, we nevertheless investi-
gated its expression in different other
adult tissues to foster our observations.
Interestingly, in a 3-month-old rat, we
found that SelT mRNA levels are rela-
tively low (Fig. 5A) compared with
those observed in embryonic tissues
(see Fig. 2A), excepted in the pituitary
gland where SelT expression was high
(Fig. 5A). In accordance, high SelT pro-
tein levels were also detected in several
endocrine tissues such as the pituitary
gland, thyroid, and testis but also the
thymus (Fig. 5B). In addition, SelT was
detected to a limited extent, in the
whole-brain extract (Fig. 5B) but was
not detected in liver, gastrointestinal
tract, muscle, adrenal, kidney (Fig. 5B),
heart, lung, and spleen (data not shown).

Because SelT was detectable in the
adult brain and was mainly expressed
in neural progenitors during embryo-
genesis, we hypothesized that SelT
could be found in adult brain areas in-
volved in neurogenesis, such as the cor-
tical SVZ, the hippocampal dentate
gyrus, and the olfactory bulb. There-
fore, we examined these cerebral struc-
tures by immunohistochemistry but
found no SelT-immunopositive cells ei-
ther in the dentate gyrus or in the fourth
ventricle SVZ (data not shown). In con-
trast, we detected a fair amount of SelT
in the olfactory bulb, which was com-
parable to that found in the cerebellum
(Fig. 6A). To determine the distribution
of SelT in the olfactory bulb, we exam-
ined sagittal sections that cover the en-
tire process of neurogenesis, from the
fourth ventricle area where cells are

FIG. 2. SelT expression during rat embryogenesis. SelT expression patterns during
embryonic development were investigated using RT-QPCR, immunoblotting, and
immunohistochemistry experiments. A, RT-QPCR quantification of SelT mRNA levels in
several E20 embryonic tissues (Cereb., cerebellum; Pit., pituitary). SelT mRNA relative
abundance in embryonic tissues was compared with that in PC12 cells, and the results are
expressed as means � SEM of three independent experiments. B, Western blot analysis of
SelT in a broad range of tissues from E20 Wistar rat embryos (50 �g proteins loaded on
13% SDS-PAGE; GIT, gastrointestinal tract). �-Actin was used as an internal loading
control. C, Immunohistochemical localization of SelT in 12-�m-thick sections from rat E15
and E20. Control staining was performed with rabbit nonimmune serum (1:200). The
immunoreaction was revealed by incubation with 3.3�-diaminobenzidine. Scale bars, 1
mm. D–F, Magnified views of SelT labeling in E20 embryos, with thionine counterstaining.
SelT was detected in heart (He) and lung (Lu) (D); liver (Li) (E); thyroid (th) (F); kidney (Ki)
and adrenal gland (Ad) (G); and testis (Te) (H). Scale bars, 500 �m. L and M, SelT
immunolocalization in E20 CNS (I–K are counterstained with thionin). I, Brain sagittal
section exhibiting an intense SelT signal in several nervous structures (OB, olfactory bulb;
NC, neocortex; T, thalamus; PA, preoptic area). Scale bar, 500 �m. J, Olfactory bulb,
where SelT was strongly detected in the mitral cell layer (ML) and in the olfactory bulb
differentiating field (OB). Scale bar, 500 �m. K, Mitral cell layer (ML). Scale bar, 20 �m. L,
Cerebral ventricle (V). Scale bar, 50 �m. M, Cerebral neocortex (Nc). Scale bar, 50 �m.
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generated to the olfactory bulb where these neurons settle
down (Fig. 6B). We observed that SelT immunoreactivity
is concentrated along the rostral migratory stream (RMS)
(Fig. 6, B and C). In this structure, SelT colocalized with
GFAP but not with two markers of immature neurons,
DCX and nestin (Fig. 6C). Interestingly, SelT labeling
revealed the existence of two distinct astrocyte subpopu-
lations, which are located in the glial tube or in its neigh-
borhood (Fig. 6D). Indeed, SelT immunoreactivity was

detected in large fibrous astrocytes
present in the neuroblast migratory
stream but not in thin and star-shaped
astrocytes that literally surrounded the
migratory stream (Fig. 6, E–G). Thus, it
appears thatSelT is specificallyexpressed
in the glial subpopulation contacting the
migrating neuroblasts of the olfactory
bulb in the adult brain (Fig. 6F).

To apprehend the high expression of
SelT also in certain endocrine tissues,
we first examined its immunoreactivity
in the pituitary (Fig. 7, A–D), a tissue
where its gene expression is elevated.
Interestingly, SelT labeling was exclu-
sively detected in the anterior pituitary
and was totally absent in the neurohy-
pophysis (Fig. 7, A–C). Moreover, SelT
labeling colocalized with those of the
secretory proteins CgA and CgB (Fig.
7D), indicating that SelT is present in
secretory cells of the anterior pituitary.
SelT was also found in the testis, which
hosts two major activities: the sper-
matogenic process within the seminif-
erous tubules and hormone production
in Leydig cells (Fig. 7, E–G). We found
that SelT is abundant at all the exam-
ined stages, particularly during the first
postnatal weeks (Fig. 7, E and F). SelT
was detected in all seminiferous tubule
cells, including Sertoli cells and sper-
matogonia (Fig. 7F). Moreover, the ste-
roidogenic Leydig cells were also
strongly labeled (Fig. 7, F and G). In the
adult, SelT immunostaining remained in-
tense in these endocrine cells, whereas Ser-
toli cells were devoid of labeling. SelT
immunoreactivity was also observed in
germ cells, in particular spermatogo-
nia, pachytene, spermatocytes I, sper-
matocytes II, and spermatids, present at
the different stages of spermatogenesis

(Fig. 7G). Thus, these data and those observed in the ol-
factory bulb indicate that SelT expression is maintained in
tissues or cells undergoing maturation processes.

SelT induction during hepatic regeneration
To ascertain the association between SelT gene expres-

sion and cell maturation, including proliferation and
differentiation, we analyzed its expression during he-
patic regeneration. In the rat liver, very similarly to what

FIG. 3. SelT expression during ontogenesis of the rat CNS. A, Immunostaining of SelT in the
developing and adult neocortex. Control (Ctrl) experiments were performed by preincubating
SelT antibodies with the immunogenic peptide (10�5 M). Immunostaining was carried out on
several sections from three different embryos and four adult rats, and a representative image
is shown for each developmental stage. Scale bars, 20 �m. B, Colocalization of SelT with
cellular markers for immature (nestin) and differentiating neuroblasts (DCX), and astrocytes
(GFAP) in E15, P1, and P14 neocortex. In E15 and P1 cortex, SelT signal was strongly detected
in the nestin-positive cells located in the SVZ and to a lesser extent the IZ as well as in the
DCX-positive cells from the CP. However, at P1, the emerging nestin-positive cells give rise to
the GFAP-positive astrocyte lineage, in which SelT expression is maintained. These two cortical
layers are still immature at these early stages, unlike at P14, when neurogenesis is completed
and SelT expression declined and did not colocalize with DCX but remained detectable in the
SVZ-located immature astrocytes. Scale bars, 20 �m. C, Analysis of the subcellular
colocalization of SelT with ER and secretory granule markers in immature neurons. Cultured
rat cortical neurons from E15 were processed for immunocytochemistry using the specific
antibodies anti-GRP78 for ER and anti-VAMP for dense-core vesicles. A tridimensional analysis
of neuronal precursors performed with confocal microscope showed that SelT colocalizes with
GRP78 but not with VAMP. Scale bars, 10 �m.
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we observed in other organs, SelT was found at high levels
during development and then decreased rapidly after birth
(Fig. 8A). No SelT labeling was detected in adult rat liver
(Fig. 8, B and C). However, after a partial hepatectomy,
SelT expression was strongly induced in the injured liver
(Fig. 8, B and C), concomitantly to hepatic cell prolifera-
tion, which was assessed by BrdU incorporation (Fig. 8C).
To identify in which hepatic cell types SelT was induced
under these conditions, we investigated its colocalization
with �-catenin. Using this specific hepatocyte cell marker,
hepatocytes appeared as large cells, with distinguishable
round nuclei, organized in rows that do not express SelT.
Between these hepatocytes are located small interstitial

cells, corresponding to Kupffer and Ito cells, in which SelT
was strongly induced after partial hepatectomy (Fig. 8D).

Discussion

Selenoproteins are increasingly recognized as essential for
nervous, endocrine, and metabolic tissue development
and function (32), and the alteration of their synthesis is
associated with major disorders, including diabetes, thy-
roid disease, muscular dystrophy, and azoospermia (33,
34). SelT was initially identified through in silico analysis
(35) and a pangenomic study of PACAP-induced genes
during neuroendocrine cell differentiation (18, 22). Dur-

FIG. 4. SelT distribution during cerebellar ontogenesis in rat. A, Western blot analysis of SelT occurrence in the cerebellum was performed at
various stages of postnatal development and in the adult. �-Actin was used as an internal loading control. B, Schematic representation showing
the histological organization of cerebellar cortex during ontogenesis. Immature granule cells generated in the EGL migrate radially through the
molecular layer (ML) and the Purkinje cell layer (PL) to constitute the internal granular cell layer (IGL). This migration is supported by Bergmann
astrocytes, which are arranged as radial glia. C, A control (Ctrl) experiment was performed with a preincubation of the SelT antibodies with the
immunogenic peptide at 10�5 M. Scale bars, 25 �m. D–F, Immunofluorescence experiments showing that SelT exhibits a layer-specific and stage-
dependant pattern of expression. D, SelT distribution in the EGL. In postnatal cerebellum, SelT was found in the entire EGL and colocalized with
DCX in the postmitotic cells located at the inner half of the EGL. In adult, DCX and SelT are both absent in EGL. Scale bars, 25 �m. E and F, SelT
distribution in Purkinje cell layer. E, In P14 and adult rats, SelT is detected in S100-positive mature Bergmann astrocytes. F, In young rats, SelT
colocalized with calbindin (Calb). Scale bars, 50 �m.
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ing this process, PACAP promotes cell cycle arrest, cell
survival, and the secretory activity in PC12 cells (24), in a
Ca2�-dependent manner. Accordingly, SelT whose sub-
cellular localization was mapped to ER membrane in
PC12 cells, proved to play an essential role in Ca2� ho-
meostasis and hormone secretion during PACAP-induced
PC12 cell differentiation (18). However, although PACAP
acts as a neuroendocrine regulator of adrenal function and
catecholamine release (36, 37), we found here that it was
unable to stimulate SelT gene expression in differentiated
chromaffin cells. In addition, SelT was expressed at in-
tense levels during adrenal ontogenesis but not in the adult
adrenal gland. These observations suggested that SelT
may exert important roles during cell differentiation and
tissue ontogenesis in which PACAP plays a major role (24)
and thus were motivating arguments to study in depth its
in vivo distribution during the ontogenesis of nervous,
endocrine, and metabolic tissues.

In accordance with our previous data obtained by in
situ hybridization showing a widespread expression of the
SelT gene during embryogenesis (18), RT-QPCR, Western
blot, and immunohistochemistry confirmed the abun-
dance of this protein and its mRNA during various stages
of rodent development. Indeed, SelT was detected in each
tissue analyzed and was particularly abundant in the em-
bryonic CNS, thyroid, and testis. These findings are in

agreement with the data reported by Kryukov et al. (35)
showing that the SelT transcript levels are particularly
elevated in placenta and infant brain. In fact, several sel-
enoproteins including SelN, -W, and -P and GPx have been
shown to be highly expressed in embryos and to be in-
volved in protection against oxidative stress (13, 38–41),
in line with the finding that deletion of the Sec tRNA gene
or some selenoprotein genes provokes early embryonic
lethality, emphasizing the crucial role of selenoproteins
during the first stages of development.

Because SelT is a PACAP-regulated gene and because
this neuropeptide exerts potent trophic activities on cere-
bral and cerebellar cortex (42, 43), we investigated the
expression of SelT in these developing brain areas. We
observed a strong correlation of SelT temporal pattern of
expression with that of neuronal precursor markers, in
both growing cerebral and cerebellar cortex. Specifically,
we studied SelT colocalization with nestin, a type VI in-
termediate filament protein expressed in proliferating
neural progenitors (44), and DCX, a microtubule-associ-
ated protein whose expression is transient and limited to
postmitotic immature neuronal cells (45). Contrary to
these two distinct neurogenetic specific proteins, SelT was
expressed in both proliferating and differentiating neuro-
nal precursors such as those localized within the SVZ or
the CP of embryonic growing neocortex and the EGL of
the cerebellum. Moreover, at P1, SelT expression was
maintained in SVZ-located neural progenitor cells that
also expressed GFAP and that is known to give rise to glial
cell population (46, 47). These data show that immature
nervous cells display SelT expression during embryonic
neurogenic and gliogenic processes. Such a pattern of ex-
pression is reminiscent of the effects of PACAP because
this neuropeptide is involved, for instance, in granule and
glial cell survival, proliferation, migration, and differen-
tiation (48–50), thus suggesting that SelT may mediate
some of these neurotrophic activities of PACAP. Although
the role of SelT during CNS development is not known yet,
it has been shown that other selenoproteins are also ex-
pressed at intense levels in developing CNS (51) and that
their gene knockout in the brain yields severe phenotypes.
Indeed, it was demonstrated that brain-targeted gene de-
letion of GPx4 provokes an intense neurodegeneration of
hippocampal CA3 region at P13 (52), whereas that of
thioredoxin reductase 1 evokes an important cerebellar
hypoplasia due to a default in immature granule cell pro-
liferation (53). SelT, which was also strongly expressed in
the embryonic hippocampus and the cerebellum, may play
an important role in nerve cell growth and differentiation.

The levels of SelT were also strikingly high in the fetal
thyroid gland and testis. This intense expression likely
reflects a role of the selenoprotein in these developing en-

FIG. 5. SelT expression in adult rat tissues. A, SelT mRNA abundance
in tissues collected from 3-month-old adult Wistar rats (Cereb.,
cerebellum; Pit., pituitary). SelT mRNA relative abundance in adult
tissues was compared with that in PC12 cells, and the results are
expressed as means � SEM of three independent experiments. B, SelT
expression pattern was determined by Western blot analysis in
different adult rat tissues. SelT was detected in brain, thymus, pituitary,
thyroid, and testis but not in liver, gastrointestinal tract (GIT), muscle,
adrenal, or kidney. The immunoblot shown is representative of three
independent experiments, and �-actin was used as an internal loading
control.
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docrine tissues akin to iodothyronine
deiodinases and GPx, which are also
expressed early during development to
exert major regulatory activities in thy-
roid and testis, respectively (54, 55). In
particular, SelT could be part of the
mechanisms activated by PACAP dur-
ing the growth and differentiation of
testis cells, where the neuropeptide oc-
curs during development (56, 57).

SelT is far less abundant in adult
than in fetal tissues because many or-
gans that express the selenoprotein dur-
ing their ontogenesis became devoid of
SelT in the adult. For instance, such a
trend was observed in heart, lung, ad-
renal, liver, muscle, or cerebral cortex.
In the adult brain, although neurons
were devoid of SelT labeling, we no-
ticed an important residual SelT immu-
noreactivity in two different astrocyte
subpopulations, namely the cerebellar
Bergmann and the rostral migratory
stream glial cells. Bergmann glia is a cel-
lular population whose exact function
is still debated, although recent studies
suggest it may serve as a stem cell pool
in the cerebellum (58, 59). The RMS
contains migrating neuroblasts that
emerge from the SVZ of the lateral ce-
rebral ventricle, surrounded by special-
ized glial cells that form a glial scaffold
supporting neuroblast migration (60).
We found that cells making the glial
tube contain a large amount of SelT,
whereas the neighboring star-shaped
astrocytes remained SelT negative. This
is the first report to our knowledge
showing the presence of a selenoprotein
in these specialized astrocytes, whose
function within the RMS is essential for
neuroblast migration (61). Interestingly,
thisneurogenicprocess isdescribedas the
fastest (70–80�m/h)occurring ingrow-
ing or adult brain (62), suggesting that
the glial cells of the RMS may exhibit an
intense metabolic activity that involves
SelT. Finally, and contrary to what we
observed during brain development,
this selenoprotein was not detected
during adult neurogenesis, which sug-
gests that this process is regulated dif-

FIG. 6. Distribution of SelT in the adult brain. A, Western blot analysis showing a
relatively low SelT expression in the whole adult brain, compared with cerebellum and the
olfactory bulb. �-Tubulin was used as an internal loading control. B, Schematic
representation showing a sagittal view of the forebrain with the newly formed
neuroblasts (nestin and DCX-positive) emerging from the SVZ of the fourth ventricle (V)
and migrating (green line) to the olfactory bulb (OB). The red line corresponds to
astrocytes that along with the migrating neuroblasts form the RMS. C–G, Confocal
microscopy imaging of the cellular distribution of SelT in the RMS, obtained from sagittal
sections of the olfactory bulb. C, SelT colocalized with GFAP but not with nestin or DCX.
Scale bars, 50 �m. D, GFAP and nestin double staining used to delineate the neuroblast
migration flux, which is delimited by dashed lines, from the surrounding glial tube. Scale
bars, 50 �m. Insets in top-right corner of each image (C and D) show a high
magnification of representative cells that are indicated by arrows in the main images. E,
Analysis of SelT and GFAP colocalization in RMS. SelT expression in GFAP-positive cells is
more pronounced within the neuroblast migratory stream (delimited by dashed lines) than
in the periphery of the RMS. Scale bars, 50 �m. F, Images showing SelT
immunofluorescence in astrocytes located inside the RMS. G, Immunohistochemistry
images showing the absence of SelT expression in astrocytes located outside the RMS.
Scale bars, 25 �m.
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ferently from that occurring during developmental neu-
rogenesis, at least from the standpoint of SelT expression.
Nevertheless, SelT may participate in adult neurogenesis
in the olfactory bulb through its activation in neighboring
astrocytes.

A striking finding of this study is the persistence of SelT
expression in some endocrine tissues such as thyroid, pi-
tuitary, or testis. Interestingly, the pituitary gland, which
is one of the major SelT-expressing tissues, contains higher
amounts of Se than those found in brain (63), indicating
that Se and selenoproteins, in particular SelT, may play a
major role in the endocrine cells of the pituitary. Indeed,
we found that SelT colocalized with CgA and CgB, two
secretory proteins that are essential for the establishment
and maintenance of the secretory activity of the pituitary
gland (31, 64, 65). Although the function of selenoprotein
family members remain poorly characterized in this en-
docrine gland, SelT appears as a new factor probably in-
volved in the endocrine function of this tissue. This is in
line with the broad-range stimulatory effect of PACAP on
the different hormone-secreting cells of the adenohypoph-

ysis (66). In the testis, SelT was expressed at high levels in
the proliferating and differentiating spermatogenic cells
but also in Leydig cells. These testosterone-producing en-
docrine cells are highly sensitive to various stressful con-
ditions to which they are continually exposed. Interest-
ingly, it was previously reported that Se supplementation
protects Leydig cells from the harm of diverse toxic
agents (67). In addition, it has been shown that Leydig
cells express phospholipid-hydroperoxide GPx (68), a sel-
enoprotein involved in protection against oxidative stress.
Therefore, SelT may participate in protection of testicular
tissue against toxic agents including ROS. Similarly, thy-
roid in which SelT is abundantly expressed is the organ
that contains the highest levels of Se in mammals and is
known to express a large panel of selenoproteins (69). This
particular phenotype could be linked to the important ox-
idative burst generated during thyroid hormone biosyn-
thesis. Indeed, thyrocytes are continually exposed to po-
tentially toxic ROS concentrations and therefore also
express some detoxifying selenoenzymes, such as GPx1,

FIG. 7. SelT expression in rat pituitary and testis. Panels A–C, Confocal microscopy images showing SelT staining (panel A) and controls
performed, respectively, with nonimmune rabbit serum (1:200) (panel B) and by preincubating SelT antibodies with the immunogenic peptide
(10�5 M) (panel C) in both anterior (Ap) and posterior pituitary (Pp), which were separated with dashed lines. Panel D, Colocalization of SelT with
CgA and CgB. Scale bars, 25 �m (panels A–D). Panel E, Western blot analysis of SelT expression in P1-30 and adult rat testis. �-Actin was used as
an internal loading control. Panel F, Immunohistological localization of SelT distribution in growing seminiferous tubules at P2-14 (G,
spermatognia; S, Sertoli cell; L, Leydig cell). Panel G, SelT expression in adult seminiferous tubules and Leydig cells (L). SelT was detected in most
spermatogenic cells, at all stages (indicated in roman numerals), such as type A (GA) and B (GB) spermatogonia (G), preleptotenes (PL), pachytenes
(P), spermatids (SPT) but not in leptotenes (L) and zygotenes (Z). SelT was not detected in mature Sertoli cells (S). Scale bars, 50 �m.
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-3, and -4 as a self-defense mechanism (70) that may in-
clude SelT.

Because SelT was mainly expressed in proliferating and
differentiating cells in a broad range of fetal organs and
some adult tissues, we sought to investigate SelT expres-
sion during tissue regeneration after a partial hepatectomy
to further validate this association between SelT expres-
sion and cell proliferation and differentiation. During liver
regeneration, hepatocytes, which constitute 80% of the
liver parenchyma, begin to proliferate 24 h after resection
to regenerate the missing tissue (71, 72). In parallel, sinu-
soidal cells, including Ito and Kupffer cells, and endothe-
lial cells proliferate, respectively, 48 and 72 h after the
injury (72). During the acute phase of liver regeneration,
we showed that SelT is strongly induced at 48 h in cells
located in the vicinity of �-catenin-expressing hepatocytes
(73) but not in hepatocytes themselves. This overexpres-
sion occurred when the peak of DNA synthesis is usually
detected, i.e. at 48 h, in Kupffer cells (74). These cells
contribute actively to liver regeneration by modulating
hepatocyte proliferation via paracrine secretion and ac-

tion of several cytokines like TNF-�,
IL-6, or TGF-�1 (75). Interestingly, the
induction of cell proliferation during
liver regeneration also relies upon the
induction of several fetal genes (76),
including the selenoenzyme deiodi-
nase III, which locally inhibits thyroid
hormone pro-differentiating activities
(77). Indeed, during liver regeneration,
this deiodinase is produced to convert
T4 and T3, respectively in rT3 and in
3,3�-diiodothyronine, which have no
endocrine activities. The role of SelT in
the regenerating liver remains to be
identified.

Altogether, these findings suggest
that SelT may play a larger role than
initially proposed (18). Indeed, SelT
was defined as a thioredoxin-like fold-
containing selenoprotein that includes
the Sec-containing active motif, thus
allowing its classification among the re-
cently identified thioredoxin-like sel-
enoprotein family (25). As a matter of
fact, its localization in the ER suggested
that SelT could be involved, through
its thioredoxin-like domain, in other
functions, including cell protection
mechanisms. Indeed, many biological
processes involving the ER, such as
Ca2� and redox homeostasis, protein

folding control and the unfolded-protein response, are
known to be essential for cell survival and function. In fact,
it has recently been shown that reduction of SelT gene
expression in fibroblasts results in the up-regulation of
redox genes (27), suggesting that SelT, like other ER-lo-
cated selenoenzymes such as Sep15 or SelS, -N, or -M
(19–21) could be involved in redox mechanisms. In sup-
port of this hypothesis, SelT is highly induced in metabol-
ically active proliferating and differentiating cells of the
CNS and at the periphery during ontogenesis or in adult
cells endowed with some plasticity such as glial cells dur-
ing neurogenesis or germ cells during spermatogenesis.
SelT may participate in the salutary activities of seleno-
proteins during these critical periods to cope with ox-
idative stress bursts. Moreover, the persistence of SelT
expression in adult endocrine cells may be related either to
the protection of these cells that face permanent demand
of hormone synthesis or to the catalysis of posttransla-
tional modifications such as disulfide bridge formation in
hormones and related proteins, which occur in the ER.
Additional studies will be required to uncover the precise

FIG. 8. SelT expression is reinduced during liver regeneration. A, SelT occurrence in liver
during embryogenesis (E15-21) and after birth (P1-14). Scale bars, 20 �m. B and C, Effect of
partial hepatectomy on SelT expression. B, Western blot analysis of SelT levels 24 and 48 h
after partial hepatectomy in adult rat. �-Actin was used as an internal loading control (Ctrl).
C, Immunostaining of SelT and BrdU, 24 and 48 h after hepatectomy. Scale bars, 50 �m.
D, SelT and �-catenin double labeling of liver sections performed 48 h after hepatectomy.
Hepatocytes (Hc), with a distinct round nuclei, are separated by SelT-positive nonparenchymal
cells (NP). Scale bars, 20 �m.
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role of SelT in these vital mechanisms. As indicated by its
induction during liver regeneration or after brain hypoxia
(78), SelT activity is probably also required for protection
and regeneration after tissue injury. However, it should be
noted that SelT induction in liver occurred only in sup-
porting cells but not in hepatocytes, suggesting that the
SelT gene may be permanently silenced in the majority of
cells after development, with only few exceptions like en-
docrine cells or some supporting cells such as glial cells and
Kupffer cells. Therefore, in the adult, SelT may also exert
an important role after induction in supporting cells after
stress. SelT, which is a PACAP-regulated gene, is likely to
be enrolled in the various protective effects of this trophic
peptide, particularly against oxidative damage during de-
velopment and stress (79, 80) in nervous, endocrine, and
metabolic tissues.
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