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It is considered a dogma that a secretory peak of
LH is indispensable as the trigger of ovulation.
However, earlier studies on hypophysectomized
rodents have shown that stimulation with recom-
binant FSH, devoid of any LH activity, is able to
boost the final stages of follicular maturation and
trigger ovulation. As the expression of ovarian LH
receptors (LHRs) still persists after hypophysec-
tomy, such studies cannot totally exclude the pos-
sibility that LHR activation is involved in the appar-
ently pure FSH effects. To revisit this question, we
analyzed in LHR knockout (LuRKO) mice the pro-
gression of folliculogenesis and induction of ovu-
lation by human chorionic gonadotropin and hu-
man recombinant FSH treatments. The results
provide clear evidence that follicular development
and ovulation could not be induced by high doses
of FSH in the absence of LHR expression. Ovarian

histology and oocyte analyses indicated that follic-
ular maturation did not advance in LuRKO mice
beyond the antral follicle stage. Neither were ovu-
lations detected in LuRKO ovaries after any of the
gonadotropin treatments. The ovarian resistance
to FSH treatment in the absence of LHR was con-
firmed by real-time RT-PCR and immunohisto-
chemical analyses of a number of gonadotropin-
dependent genes, which only responded to the
treatments in wild-type control mice. Negative
findings were not altered by estradiol priming pre-
ceding the gonadotropin stimulations. Hence, the
present study shows that, in addition to ovulation,
the expression of LHR is essential for follicular
maturation in the progression from antral to pre-
ovulatory stage. (Molecular Endocrinology 19:
2591–2602, 2005)

UPON THEIR MATURATION, the follicles recruited
from the resting primordial follicle pool grow

gradually to the mature preovulatory stage. This pro-
cess is paralleled by oocyte maturation through reini-
tiation of meiosis, preparing them for ovulation and
fertilization. However, most of the growing follicles
undergo atresia during folliculogenesis, and only the
few surviving ones reach ovulation, after which the
remaining granulosa and theca cells undergo lutein-
ization forming the corpus luteum. It is now well es-

tablished that both gonadotropins, LH and FSH, to-
gether with local paracrine factors, are necessary
regulators of follicular maturation. The two gonadotro-
pins act by binding to and activating their specific
receptors [LH receptor (LHR) and FSH receptor
(FSHR)], belonging to the seven times transmembrane
domain G protein-coupled receptor family (1–3). LHR
is mainly expressed in ovarian theca cells, but it is also
present in granulosa cells of preovulatory follicles and
corpora lutea, whereas FSHR is expressed exclusively
in granulosa cells (4). Multiple interactions between the
cell types forming the follicle are essential for ovarian
steroid hormone production and follicular maturation.

Further information about the specific effects of go-
nadotropins on gonadal function has recently been
obtained from phenotypes of women with inactivating
mutations of FSH� subunit, FSHR, and LHR (4), as well
as from knockout (KO) mice for the gonadotropin sub-
units and receptors (5–8). The human mutations and
respective genetically modified animals demonstrate
that, although the early stages of follicular growth are
responsive to FSH, they may also mature indepen-
dently of gonadotropin action until the preantral stage
(9). LH action seems to become essential for follicular
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development from the antral stage onward, and for
ovulation (7). Proper granulosa cell estrogen produc-
tion is dependent on FSH action, whereas LH action is
indirectly necessary by stimulating androgen produc-
tion in theca cells. Surprisingly, the theca cell layers of
follicles appear normal also in mice devoid of LH or
LHR (5, 7).

Earlier studies on hypophysectomized rats and mice
have demonstrated that it is possible to induce ovu-
lation by recombinant FSH (rFSH) without LH (10–13).
In addition to follicular maturation, these studies indi-
cated a role for FSH in ovulation and luteinization and
showed that ovulation is possible without an LH surge.
Despite these results, it still remains uncertain whether
the FSH-stimulated ovulation was mediated purely via
FSHR or whether some level of LHR activation is nec-
essary. Furthermore, evidence for the essential role of
the epidermal growth factor (EGF) family members,
amphiregulin, epiregulin, and �-cellulin, as mediators
of the LH action in follicle maturation, has recently
been shown (14). These proteins have been demon-
strated to mediate the LH actions by acting as para-
crine mediators between the mural granulosa and cu-
mulus cells and to be necessary for the formation of
cumulus-oocyte complex and oocyte maturation.

In the present study, we analyzed the possibility to
complete follicular maturation and induce ovulation in
LHR KO (LuRKO) mice (7) by different combinations of
gonadotropin treatments. We also analyzed whether
estradiol (E2) priming before gonadotropin stimulation
could enhance the gonadotropin response of LuRKO
mice. The expression of certain members of the EGF
family, reported recently to be important mediators of
LH action (14), were also analyzed in LuRKO mice
shortly after rFSH injections. The total lack of LH ac-
tion in LuRKO mice causes severe disturbances in the
development of reproductive organs and leads to fe-
male infertility through low estrogen production and
anovulation (7). Thus, these mice provide a good in
vivo model in which to study the consequences of
missing LH action in vivo, and to revisit the possibility
that high doses of FSH alone are able to compensate
for missing LH action and trigger ovulation.

RESULTS

Histological Analysis

Without stimulation, the ovarian histology of 3-wk-old
wild-type (WT) and LuRKO mice was identical, and all
stages of follicular maturation until the early antral
stage were present (Fig. 1). In WT ovaries, pregnant
mare serum gonadotropin (PMSG) stimulation (48 h)
induced follicular maturation, and a number of preovu-
latory follicles could be detected but, as expected,
only sporadic corpora lutea could be detected. Addi-
tional injections of hCG or rFSH at 48 h induced further
follicular maturation and multiple ovulations in the WT
ovaries when studied 24 h later. In contrast to WT

mice, no response to any of the gonadotropin treat-
ments could be observed in the LuRKO ovaries, where
the most mature follicles remained at the early antral
stage. In contrast, several of the oocytes showed de-
formed structures, and granulosa cells were disor-
dered and pyknotic, indicating rupture of apoptotic
follicles (Fig. 2). Follicular maturation did not proceed
beyond the antral stage either, when the LuRKO mice
were primed with E2 before PMSG � rFSH stimulation
(Fig. 2).

Weights of Uteri and Oocyte Number

The oocyte number in oviducts was counted at the
time of collection of the ovaries. Ovarian histology
indicated that none of the LuRKO mice ovulated in any
study group, and consequently no oocytes were found
in the oviductal ampullae. In the WT groups, similar
numbers of oocytes (17.6 � 3.34 vs. 24.5 � 7.84) were
found after PMSG � hCG/rFSH stimulations, but after
PMSG treatment only, single oocytes were occasion-
ally detected in the oviducts (Table 1). Furthermore,
the uterine weights showed clear response to PMSG
� rFSH stimulation in WT mice (7.1 � 1.03 vs. 25.8 �

Fig. 1. Representative Light Microscopic Images of Ovarian
Histology from LuRKO (A–D) and WT (E–H) Mice

A and E, No hormone stimulation; B and F, after PMSG (48
h); C and G, after PMSG (48 h) � rFSH (24 h); D and H, after
PMSG (48 h) � hCG (24 h). CL, Corpus luteum. The bar in
each panel is 500 �m; bars in insets are 100 �m.
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1.37 mg), whereas the LuRKO mice showed no re-
sponse to these treatments (3.2 � 0.30 vs. 3.6 � 0.46
mg). Similarly, the ovarian weights responded to go-
nadotropins in WT mice (1.9 � 0.11 vs. 5.8 � 0.36 mg),
but no changes occurred in LuRKO mice after the
hormone injections (1.5 � 0.07 vs. 1.6 � 0.08 mg).

Serum levels of LH were elevated in unstimulated
LuRKO mice already at the prepubertal age of 23–24
d, as compared with WT mice (5.4 � 1.02 vs. 0.1 �
0.06 �g/liter; P � 0.01), whereas no difference was
found in FSH concentrations (Table 1).

Quantitative RT-PCR Analysis

The mRNA expression of selected genes known to be
important for follicular development, ovulation, and
function of the corpus luteum was analyzed to confirm
the findings observed upon histological analysis.
Growth differentiation factor 9 (GDF-9), a gene ex-
pressed in oocytes and essential for the early stages of
follicular development (15), was highly expressed in
LuRKO ovaries (Fig. 3). The expression level was
higher than in WT ovaries, apparently because the
oocytes composed a larger proportion of the ovarian
volume in LuRKO mice. A similar reduction in GDF-9
expression was observed in LuRKO and WT ovaries
after the hormone treatments.

P450-aromatase (P450-arom) represents a marker
of preovulatory follicles, and it was highly expressed
only in WT ovaries after PMSG stimulation (Fig. 3).
However, after the other hormone stimulations (24 h
after hCG/rFSH injections), P450-arom expression re-
turned to control levels. In LuRKO mice, no response
of aromatase mRNA expression to any hormone stim-
ulation could be detected. P450 side chain cleavage
(P450-scc) is known to be most highly expressed after
ovulation, representing a marker of luteinization. Ac-
cordingly, the mRNA for this enzyme showed highest
expression in the ovaries with corpora lutea, being
approximately 20- to 25-fold induced after PMSG �
hCG/rFSH stimulations as compared with nonstimu-
lated WT ovaries (Fig. 3). A similar expression pattern
was found for another marker of luteinization, i.e. the
prolactin receptor (PRLR), for which all the isoforms
were analyzed simultaneously (Fig. 3). Neither the pre-
ovulatory marker (P450-arom), nor the luteinization
markers (P450-scc and PRLR), showed any expres-

Table 1. Body and Tissue Weights, Gonadotropin Levels, and Ovulation Rates of LuRKO and WT Mice

A Uterus (mg) Ovary (mg) Body weight (g)

No stimulation
LuRKO 3.2 � 0.30a 1.5 � 0.07a 10.2 � 0.47
WT 7.1 � 1.03b 1.9 � 0.11b 10.9 � 0.52

PMSG � rFSH
LuRKO 3.6 � 0.46a 1.6 � 0.08a 10.0 � 0.50
WT 25.8 � 1.37c 5.8 � 0.36c 10.0 � 0.24

B S-LH (�g/liter) S-FSH (�g/liter)

No stimulation
LuRKO 5.4 � 1.02a 11.9 � 1.11
WT 0.1 � 0.06b 8.9 � 0.85

C

Ovulated oocytes (no.)

PMSG PMSG � rFSH
48 � 24 h

PMSG � hCG
48 � 24 h48 h 72 h

LuRKO 0 � 0a – 0 � 0a 0 � 0a

WT 1.4 � 0.72a,b 3.3 � 1.98b 17.6 � 3.34c 24.5 � 7.84c

A, Body and organ weights of 23- to 24-d-old LuRKO and WT mice with and without PMSG � rFSH injections. n � 6–10
mice/group. B, Serum LH and FSH levels in LuRKO and WT mice at the age of 3 wk. n � 6–9 mouse/group. C, Oocyte numbers
calculated in the oviducts 48 and 72 h after hormone injections. n � 4–7 mouse/group. The groups provided with different
superscripts are significantly different (P � 0.05). Mean � SE; –, not analyzed.

Fig. 2. Light Microscopic Images of E2-Primed Ovaries after
PMSG (48 h) � rFSH (24 h) Stimulations in LuRKO (A and C)
and WT (B and D) Ovaries

Corpora lutea (CL) can be seen in WT (B and D), but not in
LuRKO ovary (A and C). Arrows in panel C indicate apoptotic
follicles with pyknotic granulosa cells. Panels C and D are at
higher magnification. The bar in each panel is 100 �m.
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sion after any of the hormone treatments in LuRKO
mice.

Interestingly, progesterone receptor (PR), normally
expressed shortly after the LH surge, and cyclooxy-
genase-2 (COX-2), essential for ovulation, were both
expressed in WT and in LuRKO mice (Table 2). The
former was expressed at lower level in nonstimulated
LuRKO than WT ovaries, but neither showed consis-
tent response to the gonadotropic stimulations. In WT
mice the PR levels decreased slightly after hormone
stimulations, but COX-2 expression did not change in
either group of mice. In addition to the ovulation mark-
ers, we also analyzed the expression of certain other
genes related to ovarian endocrine function (Fig. 3 and
Table 2). Of these markers, FSHR expression was
similar in unstimulated WT and LuRKO ovaries, in-
creased transiently with PMSG in WT ovaries, but did
not respond to gonadotropins in LuRKO ovaries. Es-
trogen receptors � (ER�) and -� (ER�) displayed sim-
ilar basal expression in both types of ovaries, with
decreasing tendency of expression in WT ovaries after
the hormone treatments. The expression level of 3�-
hydroxysteroid dehydrogenase type 1 (3�-HSD 1) was
similar at basal levels and was clearly up-regulated by
gonadotropins in WT ovaries. IGF binding protein (IG-
FBP) 4, a marker of follicular atresia (16–19), showed a
higher level of expression in LuRKO ovaries but did not
respond clearly to gonadotropins in either type of
ovaries.

Also other genes involved in follicle maturation were
analyzed (Fig. 3 and Table 2), i.e. those of the steroi-
dogenic acute regulatory protein (StAR), 17�-hydrox-
ysteroid dehydrogenase type 1 (17�-HSD 1), and
TNF-� -stimulated gene-6 (TSG-6). StAR expression in
LuRKO mice was close to the detection limit, and no
response to any hormone treatment could be de-
tected, whereas the WT mice showed a clear response
to the gonadotropins. The expression of 17�-HSD 1
was significantly higher in LuRKO ovaries as com-
pared with WT mice, but a significant transient in-
crease in response to PMSG was only found in WT
mice. TSG-6, expressed in ovulating follicles involving
cumulus-oocyte complex formation (20, 21), displayed
a similar basal level of expression in WT and LuRKO
ovaries, and a positive response to gonadotropin
treatments was observed in WT mice. The results of
the real-time mRNA analyses are summarized in Table 3.

Quantification of steady-state mRNA levels of the
EGF family members, amphiregulin, epiregulin and
�-cellulin, 3 h after hCG injection in adult mice,
showed the expected remarkable up-regulation of ex-
pression of all three genes in WT mice. However, no
response to hCG treatment could be detected in

LuRKO mice (Fig. 4), further indicating that the genes
are tightly controlled by LH action.

Immunohistochemistry

This technique was used to analyze in further detail the
type of follicles present in the various treatment
groups and to confirm the ovarian histology and
mRNA analyses. In agreement with IGFBP 4 expres-
sion, immunohistochemical staining for cleaved
caspase-3 indicated in LuRKO and WT mice the pres-
ence of apoptotic granulosa cells in follicles of differ-
ent stages with all hormonal stimulations (Fig. 5). How-
ever, in the WT mice, after hCG or rFSH stimulation,
only a few apoptotic follicles were observed, when the
ovaries were strongly luteinized. Contrary to this, nu-
merous apoptotic follicles were detected in LuRKO
ovaries. Immunohistochemistry of P450-arom con-
firmed the real-time RT-PCR findings, and expression
of this enzyme was only detected in granulosa cells of
preovulatory WT follicles after PMSG stimulation (Fig.
5). The lack of P450-arom immunostaining confirmed
the lack of preovulatory follicles in the treated LuRKO
ovaries.

DISCUSSION

Follicular maturation, culminating in ovulation, is a
complex process involving the interplay of several hor-
monal, paracrine, and autocrine factors. The basic
dogma is that both gonadotropins, LH and FSH, are
needed for completely normal follicular maturation.
Ovulation is normally initiated by a pituitary LH surge in
response to the positive feedback effect of gradually
increasing E2 levels (3, 22, 23). However, simulta-
neously with the LH surge, a smaller peak in FSH also
occurs, which has suggested the possible role of FSH
in ovulation. Furthermore, there are several reports
that ovulation can be induced in hypophysectomized
rodents with FSH alone, without LH/hCG treatment
(10–13). These studies have suggested that LH action
might not in all circumstances be compulsory for ovu-
lation, and it could be induced with sufficiently high
doses of FSH. However, despite these findings, it still
remains unclear whether the FSH-stimulated ovulation
is a purely FSH-dependent response or whether the
presence of LHR, still expressed in the ovary after
hypophysectomy, could maintain the conditions nec-
essary for follicular maturation and ovulation.

There are several caveats why the hypophysecto-
mized rat cannot be considered totally free of gonad-

Fig. 3. Real-Time RT-PCR Analyses of GDF-9, StAR, 3�-HSD 1, P450-arom, P450-scc, PRLR, IGFBP 4, and FSHR Expression
in Ovaries of LuRKO and WT Mice with or without Gonadotropin Stimulations

Asterisk indicates statistically significant difference between WT and LuRKO ovaries of the same treatment group. The letters above
the bars indicate differences between the treatment groups in WT and LuRKO mice. Groups provided with different letters are
statistically significant. Lowercase letters refer to LuRKO and uppercase letters to WT mice (P � 0.05). n � 3/group. Mean � SE.
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otropin action. The hypophysial pars tuberalis is not
destroyed by hypophysectomy, and it has been shown
to have the capacity to synthesize and secrete gonad-
otropins (24). Moreover, using an ultrasensitive im-
monometric assay for LH, we have shown that the
level of LH in hypophysectomized rat circulation is
about 5% of the control level (25). The cross-reaction
of FSH with LHR is minimal (26), and although major
constitutive activity of the unliganded LHR has not

been documented (27), this is a common feature of G
protein-coupled receptors (27). Finally, there are re-
ports on the synthesis of gonadotropin subunits in
gonads (28–32). In summary, it is reasonable to con-
clude that a surgical hypophysectomy model may not
necessarily be totally free of LH/LHR effects. A per-
missive role of very low LH activity in FSH-stimulated
ovulation still remains a possibility. It is therefore war-
ranted to reassess this question in a model in which all

Table 3. Summary of the Gene Expression Measurements of WT and LuRKO Ovaries

mRNA

Basal (LuRKO vs. WT) Response to Gonadotropins

Lower Similar Higher
WT LuRKO

PMSG �FSH/hCG PMSG �FSH/hCG

GDF-9 � 2 – 2 –
StAR � – 1 – –
P450-scc � 1 1 – –
3�-HSD 1 � 1 1 – –
17�-HSD 1 � 1 2 – –
P450-arom � 1 2 – –
FSHR � 1 2 – –
PRLR � 1 – – –
ER� � 2 – – –
ER� � 2 2 – –
PR � – – – –
COX-2 � – – – –
TSG-6 � 1 – – –
IGFBP 4 � 2 1 – –

The positions of the bullets indicate whether the basal level of gene expression in LuRKO ovaries was lower, similar, or higher than
in WT ovaries. The arrows indicate the nature of the gonadotropin response: 1, increase; 2, decrease; –, no response. The
arrows in the PMSG columns indicate statistically significant changes after PMSG stimulation compared to basal expression level,
and the arrows in the �FSH/hCG columns indicate statistically significant difference between PMSG and the subsequent
rFSH/hCG stimulation.

Table 2. Real-Time RT-PCR Analyses of Markers Involved in Follicular Maturation and Ovarian Steroidogenesis

Gene Control PMSG PMSG � rFSH PMSG � hCG

COX-2
LuRKO 5.2 � 1.3a 3.1 � 1.4a 5.6 � 1.1a* 3.2 � 0.2a

WT 7.8 � 2.1A 7.8 � 3.6A 21.8 � 7.9A 3.5 � 1.2A

TSG-6
LuRKO 231.5 � 6.8a 330.1 � 46.7a,b* 396.7 � 51.0b* 181.6 � 17.4a*

WT 249.5 � 32.0A 643.7 � 114.8B 762.3 � 126.9B 456.6 � 232.4A,B

17�-HSD 1
LuRKO 577.5 � 38.7a* 658.4 � 104.0a 536.3 � 49.2a* 388.5 � 58.7a

WT 251.0 � 52.3A 804.7 � 148.4B 86.4 � 28.9C 250.5 � 194.2A,C

PR
LuRKO 63.3 � 25.3a* 88.0 � 40.8a 173.2 � 73.2a 31.6 � 3.8a

WT 238.4 � 52.1A 104.0 � 61.3A,B 107.8 � 52.0A,B 34.8 � 15.2B

ER�
LuRKO 200.9 � 34.2a 244.6 � 62.5a* 301.2 � 70.4a* 143.0 � 14.5a*

WT 256.3 � 36.6A 77.8 � 18.3B,C 126.9 � 21.0C 42.6 � 2.7B

ER�
LuRKO 397.3 � 28.6a 452.6 � 72.6a* 310.6 � 53.5a* 357.4 � 20.3a*

WT 336.4 � 52.7A 141.8 � 28.0B,D 53.1 � 2.3C 90.7 � 22.5D

An asterisk (*) indicates statistically significant difference (P � 0.05) between the LuRKO and WT ovaries. The superscript letters
indicate differences between the treatment groups in LuRKO and WT mice. The groups provided with different superscripts (small
letters to LuRKO, capital letters to WT) are significantly different (P � 0.05). n � 3 samples/group and each sample consist of RNA
from three mice. Mean � SE.
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LH activity is excluded through targeted inactivation of
the LHR.

The LuRKO mice (7), in which LHR has been inac-
tivated by targeted deletion of exon 11, allow us to

study selectively the effects of FSH on folliculogenesis
without confounding effects of the persistent LHR ex-
pression, residual serum LH levels, and the hypothet-
ical involvement of ovarian LH. The LuRKO mice also
offer an excellent model by which to analyze LHR
dependence of factors important for follicle maturation
and the relation of LH and FSH action in ovulation.
These observations clearly indicated that ovulation
does not occur in the absence of functional LHR.
Histological evaluation showed that gonadotropin
stimulations, either alone or after E2 priming, were
unable to advance follicular growth from the antral to
the preovulatory stage, and to induce ovulation. Fur-
thermore, the fact that ovarian weights did not change
during gonadotropin stimulations refers to a total re-
sistance of follicular development to gonadotropins in
LuRKO ovaries. However, it should be emphasized
that the LuRKO females have about 2-fold elevated
levels of serum FSH and their ovaries express FSHR
(7). These effects are apparently maximally stimulated
by the endogenous hormone and cannot be advanced

Fig. 4. Expression Levels of Epiregulin (upper panel), Am-
phiregulin (middle panel), and �-Cellulin (lower panel) in Ova-
ries of Adult LuRKO and WT mice without Stimulation, and
3 h after hCG Injection (5 IU), following a 48-h Priming with 5
IU PMSG ip

The groups with different superscripts are significantly dif-
ferent (P � 0.01). n � 5 mice/group. Mean � SE.

Fig. 5. Immunohistochemical Staining for Cleaved
Caspase-3 (A–F) and for P450-arom (G and H)

Cleaved caspase-3 activity was assessed in LuRKO (A, C,
and E) and WT (B, D, and F) ovaries without hormone stimula-
tions (A and B), after PMSG (48 h) � rFSH (24 h) (C and D), and
PMSG (48 h) � hCG (24 h) (E and F). P450-arom stainings was
assessed in LuRKO (panel G) and in WT (panel H) ovaries 48 h
after PMSG treatment. The insets show the same sample at
higher magnification. The bar in each panel is 100 �m.
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with PMSG or rFSH. The near-total unresponsiveness
of ovaries to PMSG in the absence of functional LHR
has been previously briefly reported using another
LHRKO model (33, 34), but these studies did not ad-
dress in detail the specific question of whether ovula-
tion can be induced by FSH.

Interestingly, we were able to show that FSH trig-
gered ovulation in the WT mice, because the number
of ovulated oocytes after PMSG � rFSH treatment
was close to that induced by PMSG � hCG. This could
not be a delayed effect of LH in the PMSG injection,
because only few oocytes had ovulated at 72 h after
the PMSG injection alone.

In contrast to LH� and LHRKO mice (5, 7, 33),
folliculogenesis in FSHR and FSH� KO mice is ar-
rested at the preantral stage (6, 8, 35). Hence, follicu-
logenesis develops further in LuRKO mice, apparently
due to normal FSH action, allowing follicular matura-
tion to progress to the antral stage. It has been previ-
ously shown with other transgenic mice that folliculo-
genesis until the antral follicle stage is gonadotropin
independent (9), although gonadotropin responsive,
whereas local paracrine factors are responsible for the
initiation of follicular development and growth. One
such factor, necessary for early follicle growth, is the
oocyte-specific GDF-9 (36), the importance of which
for folliculogenesis has been emphasized by the ob-
servations on GDF-9 KO mice (15). The elevated ex-
pression of GDF-9 in LuRKO ovaries is likely due to the
increased proportion of oocytes in the absence of
large preovulatory follicles.

The analyses of the steroidogenic pathway in
LuRKO ovaries (Table 3) demonstrated severe disrup-
tion in steroid biosynthesis, confirming the previous
data on dramatically decreased E2 levels in LuRKO
females (7). StAR, P450-scc, and P450-arom mRNAs
were not detected in LuRKO ovaries either basally or
after hormone treatments. As expected, P450-arom
and P450-scc, being markers of preovulatory follicles
and luteal cells, respectively, responded to gonado-
tropins only in WT mice. Immunohistochemical stain-
ing also confirmed the lack of preovulatory follicles in
LuRKO ovaries by the absence of P450-arom immu-
nostaining. Interestingly, the expression of 3�-HSD 1
was similar in WT and LuRKO ovaries, confirming a
previous finding in LuRKO testes (37) on indepen-
dence of this steroidogenic enzyme on LH regulation.
Furthermore, the expression of 17�-HSD 1 was simi-
larly LH independent in LuRKO ovaries. The lack of
expression of the two luteal markers, P450-scc and
PRLR, confirmed the histological findings on absence
of corpora lutea in LuRKO ovaries. Finally, disruption
of ovarian steroidogenesis in the KO mice was further
illustrated by the fact that uterine weights did not show
any response to gonadotropin stimulations, due to
defective estradiol production. Ovarian steroidogene-
sis of the LuRKO females was apparently already dis-
rupted before puberty, because their uterine weights
were significantly smaller than in WT mice at this age.
Furthermore, basal LH levels in prepubertal LuRKO

mice were clearly elevated as a sign of defective ste-
roid feedback.

PR expression is required for follicular rupture be-
fore the LH-induced ovulation (38). The level of PR
mRNA was low and unresponsive to gonadotropin
stimulations in LuRKO ovaries. Furthermore, the ex-
pression levels of COX-2 and hyaluronan binding pro-
tein TSG-6, essential for the complex inflammatory-
like reactions during ovulation and cumulus expansion
after the LH surge (20, 21, 39, 40), did not respond to
hormone treatments in LuRKO mice. TSG-6 expres-
sion has been shown to be essential for ovulation in
previous studies with TSG-6-deficient mice, which in-
dicated sterility due to failing in cumulus expansion
and anovulation in the absence of this protein (41).
Moreover, COX-2 KO mice also present with incom-
petence to ovulate; their otherwise healthy follicles fail
to ovulate in the absence of the protein (42). However,
this defect could be overruled by exogenously admin-
istrated prostaglandin E2, the product of COX-2 ca-
talysis (43). The basal expression levels of these two
genes were similar in WT and LuRKO mice, and only
TSG-6 showed a moderate increase in response to
hCG/rFSH in WT ovaries. The small responses were
most likely due to the long time lag (24 h) between the
last hormone injection and sample collection (22, 40).
The treatment regimen was chosen because of the
documented slower response of follicles to rFSH than
hCG/LH (13). Also, previous studies have indicated
only transient expression of PR after a hCG surge (44,
45), which is likely to explain the low PR expression in
WT mice. Thus, it remains open whether these genes,
necessary for ovulation, responded acutely to hCG/
rFSH in LuRKO mice. However, such eventual re-
sponses were not able to advance follicular maturation
in the anovulatory LuRKO mice beyond the early antral
stage.

FSHR is expressed in the ovary exclusively in gran-
ulosa cells, and it stimulates follicular maturation and
the expression of LHR in granulosa cells. On the basis
of the phenotypes of inactivating human mutations
and KO mice for FSHR and FSH�, FSH action is es-
sential for normal follicular maturation (4, 6, 8). PMSG
and rFSH stimulations up-regulate, and ovulatory
doses of hCG or rFSH suppress, FSHR expression
(46, 47). In accordance, in the present study, we found
approximately 3-fold increase in FSHR levels in WT
mice after PMSG stimulation, which were suppressed
after hCG/rFSH injections. However, in LuRKO mice
the FSHR levels remained unaltered after FSH stimu-
lation, which indicated a permissive role for LH in the
autoregulation of FSHR. A typical LH-dependent sup-
pression in ER� expression was observed in WT mice
after PMSG injection, but not in LuRKO ovaries. In
contrast to a previous report (48), we observed similar
down-regulation of ER� expression in WT mice both
after PMSG and PMSG � hCG/rFSH stimulations, but
no effect in LuRKO mice.

Recent data about the role of the EGF family mem-
bers, epiregulin, amphiregulin, and �-cellulin, in medi-
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ating LH effects in granulosa cells have provided a
new concept about the mechanisms of ovulation and
cumulus expansion (14). The expression of these
genes is highly increased in cumulus cells shortly after
the LH/hCG surge, and we confirmed this finding in
WT mice. However, in LuRKO mice, no such response
was observed, showing the lack of activation of this
regulatory cascade normally involved in LH-triggered
ovulation. The finding was expected because of the
absence of preovulatory follicles in LuRKO ovaries.

The presence of developing follicles only until the
antral stage, with lack of preovulatory follicles and
corpora lutea, raises the possibility of increased apo-
ptosis in LuRKO ovaries. Accordingly, ovarian histol-
ogy showed ruptured, malformed oocytes, sur-
rounded by disordered and pyknotic granulosa cells,
indicating increased apoptosis. In many species, fol-
licular atresia is associated with increased expression
of IGFBP 4 in granulosa cells (16–19). Most of the
follicles in normal ovaries undergo atresia instead of
developing to mature follicles and achieving ovulation.
Hence, atretic follicles at different stages of develop-
ment are normally present in the ovaries. However,
elevated IFGBP 4 expression in LuRKO ovaries both
basally and after gonadotropin stimulation, along with
enhanced immunostaining for cleaved caspase 3 (49,
50), indicate abundant apoptosis of LuRKO ovaries.

The differences in basal expression, and responses
to gonadotropin stimulations, of the genes studied
were in harmony with the information on their regula-
tion (Table 3). The treatment with PMSG alone for 48 h
induced a state of preovulatory follicular maturation,
and all gene markers of this stage were up-regulated.
The PMSG � rFSH and PMSG � hCG combinations
were both able to induce ovulation, as demonstrated
by histological analysis, and the luteinization-specific
genes were found to be up-regulated. When the gene
expression of LuRKO ovaries was evaluated, the only
consistent response to the hormonal stimulations ob-
served was the suppression of GDF-9 expression,
which apparently represents a response to the high
FSH stimulus and reflects an increase in proportion of
the stromal and somatic component and reduced pro-
portion of oocytes of the total ovarian volume.

In conclusion, we have demonstrated in the present
study that functional LHR expression is essential for
the later stages of follicular maturation preceding ovu-
lation. Moreover, and in contrast to studies previously
carried out on hypophysectomized rodents, our study
indicates that ovulation cannot be induced with high
doses of FSH in the absence of functional LHR. Thus,
it is likely that LH action permits the final stages of
follicular maturation to the preovulatory stage. Such
effects, and even ovulation, can be induced by FSH
only in the presence of functional LHR. E2 priming was
not able to render the LuRKO ovaries responsive to
FSH stimulation, confirming further the necessity of
functional LHR. The clinical relevance of these observa-
tions is that they provide experimental confirmation for
the empiric observations that LH priming is important

during gonadotropin induction of follicular maturation in
in vitro fertilization cycles for the optimal follicle matura-
tion, induction of ovulation, and oocyte quality (51, 52).
Further investigations will be needed to further charac-
terize the para/autocrine factors essential for follicular
maturation under the influence of LH.

MATERIALS AND METHODS

Animals

Basic characteristics of the reproductive phenotype of female
LuRKO mice have been described previously (7). The animals
were housed under controlled environmental conditions (12 h
light/12 h darkness, temperature 21 � 1 C) at the Animal
Facility of University of Turku. They were fed with mouse
chow SDS RM-3 (Special Diet Service; Whitman Essex, UK)
and tap water ad libitum. All procedures were carried out
according to the institutional policy of University of Turku.
Mice were genotyped by using a PCR method described
previously (7).

Hormone Stimulations and Sample Collection

Four groups of prepubertal 19- to 23-d-old female LuRKO
and WT mice were stimulated by ip injections of: 1) 10 IU of
PMSG (Sigma Chemical Co., St. Louis, MO) for 48 h, followed
by 15 IU of recombinant human FSH (rFSH; National Hor-
mone & Peptide Program, Torrance, CA) for 24 h; 2) 10 IU
PMSG for 48 h; 3) 10 IU PMSG for 48 h followed by 5 IU hCG
(Organon, Oss, The Netherlands) for 24 h; and 4) vehicle
injections without hormones. After stimulations the mice were
killed and the ovaries were collected. The number of oocytes
in oviductal ampullae after ovulation was calculated by ste-
reomicroscope, and the weights of uteri in rFSH-stimulated
and nonstimulated control mice were recorded. To test
whether the ovulation rate would increase during longer
PMSG treatment, one group of WT mice was stimulated by
10 IU PMSG, and the oocytes were calculated in oviducts
72 h later.

In another experimental setting, we analyzed whether E2
priming (10, 12) before PMSG � rFSH stimulation would lead
to further improvement of the follicular maturation. For this
experiment, 21-d-old LuRKO and WT mice were anesthe-
sized with 100–300 �l of 2% tribromoethanol [Avertin; Al-
drich, Milwaukee, WI, (53)] and a SILASTIC (Dow Corning
Corp., Midland, MI) implant tubes, 8 mm in length (inner
diameter 1.58 mm, outer diameter 2.41 mm), filled with E2
powder (Sigma Chemical Co.) and sealed at both ends with
SILASTIC adhesive (Elastosil RTV-1 Silicone Rubber;
Wacker-Chemie GmbH, Munich, Germany), were implanted
subdermally into each mice. Buprenorphine (Temgesic,
Schering-Plough, Brussels, Belgium; 3–5 �g/mouse sc) was
used as postoperative analgesia. After 5 d of treatment, the
mice were injected with 10 IU PMSG ip followed by 15 IU
rFSH ip 48 h after the PMSG injection. The mice were killed
24 h later and the ovaries were collected for histological
analysis.

For analysis of expression of the EGF family members (see
below), adult 2-month-old LuRKO and WT mice were stimu-
lated with 10 IU PMSG ip followed by 5 IU hCG ip 48 h later.
The mice were killed 3 h after the hCG injection, and the
ovaries were collected. Nonstimulated LuRKO and WT litter-
mates were used as controls. Identical injections of saline
were given in each experiment to control animals.
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Histological Analysis and Immunohistochemistry

For histological and immunohistochemical analyses, ovaries
were fixed in 4% paraformaldehyde at 20 C for 10–15 h. Fixed
ovaries were dehydrated, embedded in paraffin, and cut in 5
�m-thick sections. For histological analysis, sections were
stained with hematoxylin and eosin (Delafield’s).

For immunohistochemical detection of apoptotic cells in
the ovaries, a rabbit polyclonal antibody against cleaved
activated caspase-3 (1:200 dilution in PBS; Cell Signaling
Technology, Inc., Beverly, MA) was used as the primary an-
tibody. Visualization of the antigen-antibody complexes was
performed using the immunoperoxidase technique (His-
tostain-Plus kit; Zymed Laboratories, Inc., South San Fran-
cisco, CA) following the manufacturer’s instructions. P450-
arom was detected with a mouse monoclonal antibody (1:50
dilution in TBS; Serotec Ltd, Kidlington, Oxford, UK), and
antigen-antibody complexes were visualized using the immu-
noperoxidase technique by applying the M.O.M. Kit (Vector
Laboratories, Inc., Burlingame, CA). The ovarian sections
stained against P450-arom were also counterstained with
Mayer’s hematoxylin.

RNA Analysis

Snap-frozen ovaries from three mice were pooled, total RNA
was isolated using the RNeasy Mini Kit (QIAGEN, Valencia,
CA), and RNA samples were DNase treated by DNase I
Amplification Grade Kit (InVitrogen, Life Technologies, Pais-
ley, Scotland, UK). Three RNA pools, collected from a total of
nine mice, were used for PCR analyses. Real-time RT-PCR
analyses were performed using the QuantiTect SYBR Green
RT-PCR Kit (QIAGEN) according to the manufacturer’s in-
structions. Either 60 ng or 100 ng DNase-treated total RNA
was used for the reactions.

For the analysis of amphiregulin, epiregulin, and �-cellulin
expression, RNA was isolated from five mice per experimen-
tal group. RNA isolation and DNase treatment were per-
formed as described above, and mRNA levels were analyzed
by real-time RT-PCR from 100 ng of total RNA. All samples
and standard curves in the real-time RT-PCR analyses were
analyzed in triplicate, and the results were presented as
relative values compared with the expression of �-actin. The
primer pairs and annealing temperatures used in PCR are
presented in Table 4.

Table 4. Primers Used in Real-Time RT-PCR Analyses

Gene Primer Sequence (5�–3�) Temperature (C) Band (bp) GenBank accession no.

�-Actin F CGT GGG CCG CCC TAG GCA CCA 54 242 NM_007393
R TTG GCC TTA GGG TTC AGG GGG

COX-2 F GGA CTG GAT TCT ATG GTG AAA A 59 278 NM_011198
R AAG GGC CCT GGT GTA GTA GG

StAR F CAG GGA GAG GTG GCT ATG CA 56 262 NM_011485
R CCG TGT CTT TTC CAA TCC TCT G

IGFBP 4 F CGT CCT GTG CCC CAG GGT TCC T 58 213 NM_010517
R GAA GCT TCA CCC CTG TCT TCC G

P450-arom F CAT GGT CCC GGA AAC TGT GA 54 186 NM_007810
R GTA GTA GTT GCA GGC ACT TC

PR F GAT GAA GCA TCT GGC TGT CA 56 237 NM_008829
R GGG TTC TCA TAA CTC GGA C

GDF-9 F GCT CTA TAA GAC GTA TGC TAC C 56 212 NM_008110
R CAG AGT GTA TAG CAA GAC CGA T

FSHR F ATG GCT GAA TAA GAA TGG GA 56 141 NM_013523
R AAC GAC TGG CCC AGA GGC TCC CTG

PRLR F CTG GTT GGT TTA CAA TGG AA 56 241 NM_011169
R CAC AAT GAT CCA CAC AGT TGT

17�-HSD 1 F GAG TCC ATG TGA GCC TCA 56 237 NM_010475
R TTC GTG GAG AAG TAG CGC

P450-scc F AGA TCC CTT CCC CTG GTG ACA ATG 64 192 NM_019779
R CGC ATG AGA AGA GTA TCG ACG CAT C

3�-HSD 1 F CAG GAG CAG GAG GGT TTG T 54 183 NM_008293
R GTG GCC ATT CAG GAC GAT

ER� F CCG TGT GCA ATG ACT ATG CC 56 244 NM_007956
R GTG CTT CAA CAT TCT CCC TCC TC

ER� F CTT GGT CAC GTA CCC CTT AC 55 244 NM_010157
R GTA TCG CGT CAC TTT CCT TT

TSG-6 F TTC CAT GTC TGT GCT GCT GGA TGG 58 200 NM_009398
R AAT TCG CTT CGG ATC TGT GAA GAC

Amphiregulin F CGG TGG AAC CAA TGA GAA CT 58 197 NM_009704
R TTT CGC TTA TGG TGG AAA CC

Epiregulin F CGC TGC TTT GTC TAG GTT CC 54 307 NM_007950
R CGC AAC GTA TTC TTT GCT CA

�-Cellulin F GGA ACC TGA GGA CTC ATC CA 60 226 NM_007568
R TCT AGG GGT GGT ACC TGT GC

F, Forward; R, reverse.

2600 Mol Endocrinol, October 2005, 19(10):2591–2602 Pakarainen et al. • LH Action and Follicular Maturation



Hormone Measurements

The serum concentrations of LH and FSH in basal conditions
were analyzed using immunofluorometric assays as de-
scribed previously (25, 54).

Statistical Analysis

Statistical analyses were performed using SigmaStat program
(SPSS, Inc., Chicago, IL), and Kruskal-Wallis test and Wilcoxon
rank sum tests were used for analyses. Significance was set as
P � 0.05, and the values are presented as mean � SE.
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