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In both mammals and teleosts, the differentiation of postmeiotic
spermatids to spermatozoa (spermiogenesis) is thought to be in-
directly controlled by the luteinizing hormone (LH) acting through
the LH/choriogonadotropin receptor (LHCGR) to stimulate andro-
gen secretion in the interstitial Leydig cells. However, a more
direct, nonsteroidal role of LH mediating the spermiogenic path-
way remains unclear. Using a flatfish with semicystic spermato-
genesis, in which spermatids are released into the seminiferous
lobule lumen (SLL), where they develop into spermatozoa without
direct contact with the supporting Sertoli cells, we show that
haploid spermatids express the homolog of the tetrapod LHCGR
(Lhcgrba). Both native Lh and intramuscularly injected His-tagged
recombinant Lh (rLh) are immunodetected bound to the Lhcgrba
of free spermatids in the SLL, showing that circulating gonado-
tropin can reach the intratubular compartment. In vitro incubation
of flatfish spermatids isolated from the SLL with rLh specifically
promotes their differentiation into spermatozoa, whereas recom-
binant follicle-stimulating hormone and steroid hormones are in-
effective. Using a repertoire of molecular markers and inhibitors,
we find that the Lh-Lhcgrba induction of spermiogenesis is mediated
through a cAMP/PKA signaling pathway that initiates the transcrip-
tion of genes potentially involved in the function of spermatozoa.
We further show that Lhcgrba expression in germ cells also occurs
in distantly related fishes, suggesting this feature is likely conserved
in teleosts regardless of the type of germ cell development. These
data reveal a role of LH in vertebrate germ cells, whereby a Lhcgrba-
activated signaling cascade in haploid spermatids directs gene ex-
pression and the progression of spermiogenesis.
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Current models of vertebrate spermatogenesis highlight the
role of gonadotropins on the somatic Sertoli and Leydig cells

as the major mediators of germ cell development through the
secretion of steroid hormones and growth factors (1). The gona-
dotropins follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) exert their actions on spermatogenesis by binding
to the FSH receptor (FSHR) in Sertoli cells and the LH/chor-
iogonadotropin receptor (LHCGR) in Leydig cells, respectively
(1). In mammals, FSH regulates Sertoli cell functions in the
seminiferous tubules, whereas the LHCGR mediates the actions
of LH on Leydig cell steroidogenesis and the production of the
androgen testosterone (T) to sustain germ cell development and
the final differentiation of haploid spermatids to spermatozoa
(spermiogenesis) (1). In contrast, in teleost fish, both Fsh and Lh
are potent steroidogenic hormones acting through the expression
of the Fshr and Lhcgr in Leydig cells (2–4), which results in the
production of estrogens, androgens, and progestins that control
the different stages of spermatogenesis (5–8).
Studies in mammals indicate that LH is crucial for fertility; in

LHCGR and ligand knockout mice, serum T levels are reduced
and spermatogenesis is arrested at the round spermatid stage,
resulting in azoospermia (9–12). However, the levels of circulat-
ing T in LH- and LHCGR-null mice are apparently still sufficient

to resume spermatogenesis in wild-type animals (13), and in ad-
dition, T replacement therapy in LHCGR mutants only partially
restores fertility (14). These data may indicate an additional sper-
miogenic role of the LH/LHCGR pathway in germ cells that is not
mediated by androgens produced by somatic cells. Interestingly,
activation of the LHCGR gene promoter is detected in mouse
spermatogonia and spermatids (15), and expression of functional
LHCGR has been reported in human sperm (16). In addition,
a recent study has shown that Lhcgrba-encoding transcripts are
expressed in round spermatids of the flatfish Senegalese sole (Solea
senegalensis) (17). These findings may suggest the existence of
a LH/LHCGR pathway regulating vertebrate germ cell differenti-
ation, but no study has provided direct evidence for such a mech-
anism. This is in part because in mammals or amphibians, complete
spermatogenesis in vitro has been obtained from organ culture
systems, but never from isolated germ cells (18, 19).
In teleosts, fertile sperm can be obtained in vitro in the ab-

sence of somatic cells (20, 21), and therefore fish can provide
excellent experimental models for investigating the endocrine
control of spermiogenesis. Here, we selected the Senegalese sole
to test the hypothesis that Lh can directly control spermiogenesis
through the activation of the Lhcgrba in germ cells. In this
flatfish, spermatogenesis occurs in spermatocysts that develop
within seminiferous lobules (SLs), but germ cell development is
semicystic; that is, round spermatids are released from the sup-
porting Sertoli cells into the SL lumen (SLL), where they elon-
gate and transform into spermatozoa (22). Using this model, we
show that the SLL contains Lh and spermatids expressing the
Lhcgrba, activation of which by the ligand induces the differen-
tiation of spermatids into spermatozoa through the cAMP/PKA
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signaling cascade. These findings reveal the presence of a func-
tional LH/LHCGR pathway driving spermiogenesis in the male
germ cells of a vertebrate.

Results
Lhcgrba Is Expressed in Teleost Germ Cells. Using a Senegalese sole
affinity-purified Lhcgrba antibody, we found that most of the re-
leased spermatids in the sole SLL (Fig. 1A) express the Lhcgrba
protein in the plasma membrane, whereas spermatozoa do not
(Fig. 1B). The identity of the Lhcgrba-positive cells as spermatids
was verified by double in situ hybridization and immunostaining of
Lhcgrba mRNA and protein with radial spoke head 1 homolog
(rsph1) transcripts (Fig. S1), which are potentially involved in the
formation of the sperm flagellum (23) and are spermatid-specific.

These observations were further corroborated by whole-mount
Lhcgrba immunofluorescence and immunoblotting on cells ex-
tracted from the SLL, which contains round spermatids, elongat-
ing and condensing spermatids, and spermatozoa (Fig. 1 C andD).
All cell types except spermatozoa were immunopositive for
Lhcgrba (Fig. 1 C and D), whereas Lhcgrba immunoblotting on
testis and SLL crude extracts showed a major reactive band of
∼75 kDa, which coincided approximately with the predicted mo-
lecular mass of the sole Lhcgrba monomer (75.6 kDa) (Fig. 1F). In
contrast, polypeptide bands reactive for the Fshra using a sole
specific antibody (4) were detected in testicular extracts but not in
spermatids.

Fig. 1. Senegalese sole spermatids free in the SLL express the Lhcgrba and
bind in vivo secreted native and exogenous cognate ligand. (A) Hematoxylin-
eosin staining of Senegalese sole semicystic testis. The framed SL shows re-
leased spermatids within the SLL. (B) Immunodetection of Lhcgrba (red) in
testicular SL sections. (C–D) Whole-mount immunostaining of Lhcgrba (red)
in round spermatids and spermatozoa of the SLL. The asterisks indicates
a condensing spermatid of smaller size. (E) Section incubated with the
Lhcgrba antibody preabsorbed with the immunizing peptide. (F) Lhcgrba
and Fshra immunoblots of testis (T) and SLL extracts using intact (−) or
preabsorbed (+) antisera. (G) Immunostaining of native Lh (red) bound to
spermatids in the SLL, using a piscine Lhβ subunit antibody. The inset shows
a control section probed with rLh preadsorbed antisera. (H) Detection of rLh
(red) in spermatids of the SLL from a male injected with rLh using a 6xHis tag
antibody. Males treated with hormone vehicle were negative (inset). (I)
Double immunolabeling of rLh (red) and Lhcgrba (green) in spermatids
showing colocalization (yellow) in the cell surface. In B–E and G–I, cell nu-
cleus was counterstained with DAPI (blue). In all panels, round spermatids
and spermatozoa are indicated by arrows and arrowheads, respectively. Sc,
Sertoli cell; Spg, spermatogonia; Spc, spermatocyte. (Scale bar, A, 20 μm; B, E,
G, and G inset, 10 μm; B inset, H, and I, 5 μm; C and D, 2 μm.)

Fig. 2. Teleost germ cells express the Lhcgrba. (A–E) Zebrafish testis. (F–I)
Gilthead seabream testis. (A and F) Hematoxylin-eosin staining of testes.
(B and G) Lhcgrba immunoblots of whole testis with (+) or without (−)
preadsorbed antibody (C and H). In situ hybridization of lhcgrba expression
in testes. (D, E, and I) Immunostaining of Lhcgrba (red) superimposed to the
DAPI nuclear counterstain (blue), using the sole Lhcgrba antibody. Lc, Leydig
cells; Sc, Sertoli cells; Spg, spermatogonia; SpcI, spermatocyte type 1; SpcII,
spermatocyte type 2; Spd, spermatid; and Spz, spermatozoa. (Scale bars, A–C
and F–H, 20 μm; D, E, and I, 10 μm.)
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The expression of the Lhcgrba in Senegalese sole spermatids
correlated with the immunocytochemical detection of both na-
tive Lh (Fig. 1G) and intramuscularly injected His-tagged sole
recombinant Lh (rLh) (Fig. 1 H and I) specifically bound to the
cell membrane of spermatids. This finding demonstrated that the
circulating Lh ligand can reach the SLL, which is consistent with
the ability of the SLL fluid extracted from untreated males to
activate the Lhcgrba transiently expressed in HEK293T cells
(Fig. S2). These data show that the sole SLL contains both
Lhcgrba-expressing spermatids and the secreted ligand in vivo.
Germ cell Lhcgrba expression in distantly related teleosts,

such as the cypriniform zebrafish (Danio rerio) and the perciform
gilthead seabream (Sparus aurata), which show cystic spermato-
genesis (Fig. 2 A and F), was also investigated. Amino acid
alignment of the C-terminal region of sole Lhcgrba with that of
the zebrafish and seabream revealed almost complete amino acid
identity toward the C terminus of the antigenic peptide used for
antibody generation for the three teleosts (Fig. S3). Accordingly,
Western blotting of zebrafish and seabream whole testes extracts
using the sole Lhcgrba antibody detected one major reactive
band at the predicted molecular mass of the corresponding re-
ceptor monomers (75.9 and 77.2 kDa, respectively), whereas no
reaction was noted with peptide preadsorbed antisera (Fig. 2 B
and G). In situ hybridization showed that the lhcgrba was ex-
pressed not only in Leydig cells but also in zebrafish spermato-
cytes (Fig. 2C), as well as in seabream type 1 spermatocytes, and
less in type 2 spermatocytes (Fig. 2H). Immunolabeling indicated
the presence of Lhcgrba polypeptides in zebrafish round sper-
matids, in addition to Leydig cells, as well as in elongated sper-
matids released into the SLL (Fig. 2D and E). In seabream, strong
immunostaining was found in Leydig cells and type 2 spermato-
cytes, which became weaker in spermatids (Fig. 2I). Taken to-
gether, these results suggest that Lhcgrba expression in late
spermatocytes and/or spermatids is a conserved feature in teleosts.

Lhcgrba Is Transiently Expressed in Spermatids Before Spermatozoa
Differentiation. Flow cytometry enumeration of the whole testis
extract of Senegalese sole revealed that the percentage of diploid
and haploid cells reached 35–40% and 60–65% of the total cells,

respectively (Fig. S4 A and B). Within the haploid population,
four different cell subpopulations were noted on the basis of
their relative size and SYBR Green I (SGI) fluorescence in-
tensity: round spermatids, differentiating spermatids smaller
than the round spermatids, condensing spermatids with lower
fluorescence intensity than the differentiating spermatids, and
spermatozoa that showed the smallest size and highly condensed
chromatin (Fig. S4 A and B). In contrast, flow cytometry of the
SLL extracts indicated that diploid cells (doublets of haploid
cells) represented less than 1% of the total cells (Fig. S4 A and
B). The percentage of spermatozoa in the SLL extract was higher
than in the testicular extracts because spermatids attached to the
SLs were not recovered. Thus, in the sole SLL, spermatozoa
represented the major population of haploid cells, followed by
round and differentiating spermatids, and finally condensing
spermatids (Fig. S4A, inset).
Examination of the SLL germ cell-enriched population after

fluorescence-activated cell sorting (FACS) confirmed the presence
of four different haploid cell populations (Fig. 3A). Whole-mount
immunostaining revealed strong Lhcgrba expression in round and
differentiating spermatids, but not in spermatozoa, whereas
condensing spermatids showed a faint Lhcgrba staining under the
nucleus, suggesting receptor translocation into the residual cyto-
plasm before complete spermatozoon differentiation (Fig. 3B).
Lhcgrba immunoblotting confirmed these observations because
immunoreactive bands were detected in round spermatids, which
decreased in differentiating and condensing spermatids and com-
pletely disappeared in spermatozoa (Fig. 3H).
To assess the progression of DNA condensation in the four

haploid cell types sorted, we used antibodies against Lys9 acetylated
histone 3 (H3K9ac) and Lys12 acetylated histone 4 (H4K12ac), as in
vertebrates spermatid DNA condensation is associated with the
replacement of histones by transition proteins and protamines
(24). An α-tubulin antibody was also used as a marker for the
differentiation of the flagellum. The nucleus of Senegalese sole
round and differentiating spermatids contained both H3K9ac
and H4K12ac; however, although the H3K9ac nuclear localization
decreased drastically at the condensing stage, that of H4K12ac did
not disappear until full differentiation of spermatozoa (Fig. 3 C

Fig. 3. Transient Lhcgrba expression in teleost germ
cells precedes spermatozoon differentiation. (A–E)
Bright-field (A) and whole-mount immunodetection
(red) of Lhcgrba (B), H3K9ac (C), H4K12ac (D), and
α-tubulin (Tuba; E) during spermatid differentiation
into spermatozoa after FACS of Senegalese sole SLL cell
extracts; the signals are superimposed with the DAPI
nuclear counterstain (blue). (F and G) Bright-field (Up-
per) and double immunostaining of Lhcgrba (green;
arrows) and Tuba (red; arrowheads) in zebrafish (F)
and gilthead seabream (G) FACS-purified haploid cells;
nuclei are counterstained with DAPI (blue). (H) Western
blot for Lhcgrba on sole sorted SLL cells. (I) Western
blots for Lhcgrba in zebrafish (zf) and seabream (sb)
sorted haploid cells. SPD, spermatids; SPDd, differenti-
ating spermatids; SPDc, condensed spermatids; SPZ,
spermatozoa. Arrowheads point the spermatozoon
flagellum. (Scale bar, 2 μm.)
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andD). Immunostaining for α-tubulin showed that the protein was
spread in the cytoplasm in round spermatids, became restricted to
half of the cytoplasm in differentiating spermatids and to the
nascent flagellar region in the condensing stage, and was distrib-
uted along the flagellum of differentiated spermatozoa (Fig. 3E).
These results therefore corroborated that the sorted populations
from the sole SLL correspond to transitional stages in the dif-
ferentiation of spermatids into spermatozoa and that the Lhcgrba
is only expressed during the initial stages.
To confirm a similar transient Lhcgrba expression in zebrafish

and seabream germ cells, we performed double whole-mount
immunostaining for Lhcgrba and α-tubulin on FACS-purified
testicular haploid cells. In these species, only a single population
of haploid cells could be resolved (Fig. S4C), which mostly
contained spermatozoa (∼90%) and some round spermatids
(Fig. 3 F and G). Nevertheless, as observed in sole, both zebra-
fish and seabream spermatids, but not spermatozoa, expressed
the Lhcgrba, whereas α-tubulin appeared in discrete areas in
spermatids, apparently corresponding to the sites of the nascent
flagella, and was distributed along the flagellum in spermatozoa
(Fig. 3 F and G). Western blot confirmed that zebrafish and
seabream sorted spermatids expressed the Lhcgrba (Fig. 3I).

LH Promotes Spermatid Differentiation to Spermatozoa in Vitro. To
test whether Lh-activated Lhcgrba can direct the spermatid to
spermatozoa transition in Senegalese sole, we incubated SLL cell
crude extracts in vitro with rLh. To discard any indirect effect of
the hormone on somatic cells that might still be present in the
SLL extracts, we first performed RT-PCR analysis of molecular
markers for Sertoli cells (fshra and anti-Müllerian hormone, amh),
Leydig cells [lhcgrba, fshra, and 3β-hydroxysteroid dehydrogenase
(3bhsd)], and spermatids (rsph1) (Fig. 4A). The results showed
that although the testis was positive for all markers, the SLL cells
only expressed lhcgrba and rsph1, thus confirming the lack of
contamination by either Sertoli or Leydig cells.
The effect of rLh on spermatid differentiation in vitro was

assessed by quantitative flow cytometry of the SLL extracts. As
controls, cells were treated with the hormone vehicle or sole
homologous recombinant FSH (rFsh). Before hormone treat-
ments, two major fluorescence peaks corresponding to total
spermatids (round, differentiating, and condensed) and sper-
matozoa were identified by flow cytometry (Fig. S4B). After 72 h
of culture, the spermatid peak decreased, whereas that of sper-
matozoa increased equally in the nontreated and rFsh-treated
controls (Fig. 4 B and C), suggesting that spermatid differentiation
occurred spontaneously in culture and that rFsh had no effect (Fig.
4 B and C). In contrast, rLh induced the differentiation of sper-
matids into spermatozoa in a time- and dose-dependent manner,
with this effect being still significant at 72 h of culture despite the
increased levels of spontaneous differentiation in the control
groups. Identical results were obtained when culturing FACS-
purified spermatids with rLh for 20 h (Fig. 4D). The stimulatory
effect of rLh was mimicked by forskolin (FSK) (Fig. S5A),
whereas steroids were ineffective (Fig. S5 B–E). These data thus
suggest that rLh specifically and directly promotes the differen-
tiation of sole spermatids to spermatozoa.

The cAMP/PKA Signaling Pathway Triggers Spermatid Differentiation.
To investigate the signaling cascade involved in rLh-induced
spermatid differentiation in sole, we initially verified whether
this effect was mediated by its cognate receptor. We examined
first whether the Lhcgrba antibody was able to block the sole
receptor transiently expressed in HEK293T cells by using lu-
ciferase reporter assays (Fig. S6). In these experiments, cAMP-
dependent luciferase activity induced by rLh was inhibited in
a dose-dependent manner by the addition of the Lhcgrba antibody
in the culture medium, whereas the Fshra antibody or IgG had no
affect. However, the Lhcgrba antiserum did not reduce the FSK-

promoted cAMP surge, suggesting that this antibody specifically
blocks the receptor without affecting the adenylyl cyclase enzyme.
As observed for cultured cells, treatment of the SLL cell extracts
with the Lhcgrba antibody before rLh addition prevented both
spontaneous and hormone-induced spermatozoa differentiation,
whereas the Fshra antiserum was ineffective (Fig. 5A). Impor-
tantly, FSK rescued the inhibition, therefore confirming that the

Fig. 4. LH directs the transition of Senegalese sole spermatids to sperma-
tozoa in vitro. (A) RT-PCR analysis of fshra, lhcgrba, amh, 3bhsd, rsph1, and
bactin expression in testis and SLL crude cell extracts. (B) Representative flow
cytometry histograms separated by SGI fluorescence intensity of SLL cells
incubated with 100 ng/mL rFsh or rLh, or PBS vehicle (control), for 72 h (see
Fig. S4B for time 0). Insets show the corresponding cytogram dot plots in
which the haploid cell populations are separated by fluorescence intensity
and side scatter, a surrogate of cell size. (C and D) Quantitative flow
cytometry analysis of differentiated spermatozoa in the SLL extracts (C) or in
FACS-purified spermatids (D) after treatment with rFsh (100 ng/mL) or rLh.
Data (mean ± SEM; n = 5) are the increment in the percentage of sperma-
tozoa with respect time 0. *P < 0.05; **P < 0.001, with respect to control
cells. SPD, spermatids; SPDd, differentiating spermatids; SPDc, condensed
spermatids; SPZ, spermatozoa.
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antiserum specifically blocked the Lhcgrba and not the adenylyl
cyclase. These data demonstrate that the Lhcgrba mediates the
action of rLh on spermatid differentiation into spermatozoa.
The SLL extracts were subsequently incubated with rLh in

the presence or absence of inhibitors of the adenylyl cyclase
(MDL12330A hydrochloride; MDL), PKA (H-89), 3bHsd (tri-
lostane), and 20β-hydroxysteroid dehydrogenase (indomethacin),
as well as DNA transcription (actinomycin D; ACT) and trans-
lation (cycloheximide) (Fig. 5B). The MDL and H-89 inhibitors
strongly reduced both spontaneous and rLh-induced spermato-
zoa differentiation, whereas trilostane and indomethacin had no
effect, which implies the involvement of a steroid-independent
cAMP/PKA pathway during this process. The rLh-stimulated
spermatid differentiation was also repressed by both ACT and
cycloheximide, suggesting that rLh-promoted de novo protein
synthesis is required during the spermatid-to-spermatozoa tran-
sition. This hypothesis was further tested by real-time quantita-
tive RT-PCR (qRT-PCR) of rsph1, as well as of septin 7a
(sept7a) and outer dense fiber of sperm tails 2-like (odf2l), which
are potentially involved in spermatozoa flagellum formation and
motility (25, 26), and cullin 3 (cull3), a component of the ubiq-
uitin ligase complex necessary for caspase activation in sperma-
tids (27). The rLh induced an approximately three- to fourfold
increase in the expression of the four genes in the SLL cells,
which was prevented in the presence of MDL or H-89 (Fig. 5C).
Therefore, these data strongly suggest the role of a Lhcgrba/
cAMP/PKA signaling pathway in spermatids driving the synthesis
de novo of proteins required for spermatozoa differentiation.

Discussion
In this study, we show that Lh activation of its cognate receptor
in Senegalese sole haploid spermatids drives their differentiation
into spermatozoa in vitro, demonstrating a direct gonadotropic
action on the germ cells of a vertebrate. Our data further
revealed that Lhcgrba expression occurs in the germ cells of
other teleosts with cystic germ cell development, suggesting that
this feature may be conserved in evolutionary distant taxa re-
gardless of the type of spermatogenesis. These findings appear to
contrast with recent studies in Senegalese sole (28) and zebrafish
(3), in which lhcgrba expression in a germ cell-enriched pop-
ulation obtained by laser capture microdissection or FACS from
vasa::EGFP transgenic animals, respectively, was not detected by
qRT-PCR. The discrepancies may be related to a dilution effect
of the non-lhcgrba expressing germ cells on the cells that do

express lhcgrba, as in zebrafish, the germ cell-specific vasa pro-
moter is highly activated only in spermatogonia, whereas it is
hardly detected in spermatocytes (29).
The sole SLL extracts contained round spermatids, differen-

tiating spermatids, and fully differentiated spermatozoa. Using
these somatic cell-free extracts, we demonstrated that spermatids
express functional Lhcgrba, as treatment with homologous rLh,
which is specific for Lhcgrba (4), promoted the in vitro differ-
entiation into spermatozoa of almost the complete population of
spermatids after 3 d of incubation. The inhibition of this process
by the Lhcgrba antibodies, and the failure of rFsh to induce any
effect, provided further support for this conclusion. The differ-
entiation of sole spermatids in the SLL in vitro was faster than
that observed in other teleosts (5, 20, 21), suggesting that these
cells probably started the differentiation process in the testis
before their collection. In medaka (Oryzias latipes) and zebrafish,
in vitro differentiation from isolated spermatocytes to functional
spermatozoa requires the presence of fish or fetal bovine sera
(21) or gonadotropins (30). Because FBS contains traces of FSH
and LH (31), it is possible that in vitro spermiogenesis in fish
involves the presence of Lh, thus potentially supporting our
observations. However, spermatozoa isolated from the sole SLL,
as well as differentiated spermatozoa in vitro, were not motile,
suggesting that additional factors produced in the testis or
present in standard sera not used in this study may be required
for the acquisition of full motility of spermatozoa.
In mammals, transformation of round spermatids into sper-

matozoa requires the posttranslational modification of existing
proteins and the transcriptional activation of postmeiotic genes
encoding factors needed for spermatid maturation, as well as of
spermatozoa-specific proteins involved in flagellum or acrosome
formation (32, 33). This cascade of events is dependent on the
cAMP-responsive element modulator (CREM) transcription
factor, the activity of which is partly dependent on ACT (acti-
vator of CREM in testis) (32–34). PKA phosphorylation also
plays an important role for the translocation of transition protein
2 into the nucleus during spermatid elongation (35). Both
CREM and ACT, as well as PKA, are thus essential for the
formation of fertile spermatozoa, but the primary signal trig-
gering a cAMP surge in round spermatids is yet unclear. Our
data in sole indicate a role of the Lhcgrba-activated cAMP/PKA
signaling pathway in spermatids, which drives the transcription of
genes potentially involved in flagella formation (odfl2, rsph1, and
sept7a) and protein ubiquitination (cullin3) during spermiogenesis.

Fig. 5. The Lhcgrba-activated cAMP/PKA signaling
pathway drives spermatid differentiation into sper-
matozoa in vitro. (A) Effect of the Lhcgrba (Lhcgrba
Ab) and Fshra (Fshra Ab) antibodies on rLh (10 ng/
mL)-stimulated spermatozoa differentiation in Sen-
egalese sole SLL cell extracts. The addition of FSK (10
ng/mL) rescues the Lhcgrba Ab inhibition. (B) Effect
of different inhibitors on rLh-induced spermatozoon
differentiation. In A and B, data are the increment
in the percentage of spermatozoa with respect to
time 0. (C) Relative expression of rsph1, sept7a,
odf2l, and cull3 quantified by qRT-PCR in SLL extracts
treated with rLh in the presence or absence of the
MDL and H-89 inhibitors. In all panels, data are the
mean ± SEM (n = 3–4). *P < 0.05; **P < 0.001, with
respect to cells not treated with rLh or treated with
rLh or inhibitor alone (brackets). SPZ, spermatozoa.
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Whether a CREM-like transcription factor is also involved re-
mains unknown. Nevertheless, the same LHCGR/cAMP/PKA
pathway is the predominant steroidogenic mechanism in Leydig
cells (3, 36) and has also been described in human sperm (16). In
our study, steroid hormones had no effect on the differentiation
of spermatids to spermatozoa in vitro, but a role of steroids
during earlier stages of spermatid formation/differentiation in
the SL cannot be ruled out.
Previous studies in perciform and siluriform teleosts have shown

that the blood–testis barrier forms before spermiogenesis during
the transition from spermatocytes to early spermatids, when tight
junctions are established between Sertoli cells (37). This barrier
would thus make round spermatids that are free in the tubular
lumen unavailable for high-molecular mass molecules such as
circulating gonadotropins. Our data reveal, however, that both
native Lh and intramuscularly injected rLh can reach the sper-
matids of the SLL, implying that in Senegalese sole the Sertoli cell
barrier may form after the release of spermatids or that this barrier
is less restrictive than in other teleosts. These observations could
explain the relatively high basal differentiation of isolated sole
spermatids in vitro without hormone. However, we noted consti-
tutive activity within the Lhcgrba in the absence of hormone ligand
in HEK293T cells (Fig. S2), which could also be the underlying
mechanism in free spermatids. In addition, because sole Fshra can

also bind Lh (4), several other mechanisms can be speculated, such
as Fshra-mediated Lh transcytosis through Sertoli cells (38). The
cellular pathways for the translocation of Lh into the intratubular
compartment and activation of spermatids in vivo thus remain
intriguing areas for future investigation.
In conclusion, we provide strong evidence of the involvement

of a nonsteroidal Lh/Lhcgrba pathway directing spermiogenesis
in teleost germ cells, which coexists with the established Lhcgrba-
mediated androgenic pathway in Leydig cells. These findings will
provide additional insights into the gonadotropic regulation of
spermatogenesis in vertebrates and the causes of male infertility.

Materials and Methods
A detailed description of materials and methods is provided in the SI Materials
and Methods. It describes the procedures used for the preparation of testis
and SLL cell extracts, flow cytometry, and in vitro incubation of SLL cells and
FACS-purified spermatids. It also details the methods for gene expression
analyses, immunofluorescence microscopy, immunoblotting, and statistics.
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