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The neurotrophin nerve growth factor (NGF) and its two
membrane-anchored receptors are expressed in the develop-
ing ovary before the organization of the first primordial fol-
licles. In the absence of NGF, the growth of primordial follicles
is retarded, indicating that NGF contributes to facilitating
early follicular development. The present experiments were
undertaken to determine whether NGF can also be involved
in the differentiation process by which ovarian follicles be-
come responsive to gonadotropins. Treatment of 2-d-old rat
ovaries in organ culture with NGF increased FSH receptor
(FSHR) mRNA within 8 h of exposure. This effect was cAMP-
independent but additive to the cAMP-mediated increase in
FSHR gene expression induced by either forskolin or vasoac-
tive intestinal peptide, a neurotransmitter previously shown

to induce FSHR formation in neonatal rat ovaries. After NGF
treatment, the ovary acquired the capacity of responding to
FSH with cAMP formation and preantral follicular growth,
indicating that exposure to the neurotrophin resulted in the
formation of biologically active FSHRs. Quantitative mea-
surement of FSHR mRNA demonstrated that the content of
FSHR mRNA is reduced in the ovaries of mice carrying a null
mutation of the NGF gene. These results indicate that one of
the functions of NGF in the developing ovary is to facilitate
the differentiation process by which early growing follicles
become gonadotropin-dependent during postnatal life, and
that it does so by increasing the synthesis of FSHRs. (Endo-
crinology 143: 1485–1494, 2002)

THE FORMATION OF ovarian follicles in rats and mice
is a postnatal event that occurs in a temporally re-

stricted fashion. Though, in rats, most follicles are assembled
between 48 and 72 h after birth (1, 2), follicular formation in
many strains of mice is initiated on the day of birth (3). After
the organization of oocytes and somatic cells into primordial
follicles, the newly formed follicles undergo a second (and
subtler) differentiation process, in which the flattened pre-
granulosa cells surrounding each oocyte acquire a cuboidal
morphology (4–6). The resulting primary follicles begin to
grow via proliferation of these granulosa cells, a process
heralded by the expression of proliferating cell nuclear an-
tigen (PCNA) (5), a cofactor of DNA polymerase � and cyclin-
dependent kinase complexes involved in cell cycle progres-
sion (7). The activation of PCNA expression, as well as the
incorporation of bromodeoxyuridine into the DNA of pro-
liferating granulosa cells (8), precedes the initial enlargement
of the oocyte that occurs when the oocytes are already sur-
rounded by at least nine cuboidal granulosa cells (6), i.e. after
granulosa cells have undergone at least one round of mitotic
division (4, 5). As follicles reach the two-layer stage, gran-
ulosa cells undergo a third differentiation process that con-
fers them responsiveness to pituitary gonadotropins (4,
9–12). Both this process and that of primordial follicular
growth have been shown, by several lines of evidence (9, 10,
13–16) [including the genetic ablation of the genes encoding
the FSH-� subunit (17), the FSH receptor (FSHR) (18, 19), and

the LH receptor (20)], to occur independently of pituitary
gonadotropins.

Instead, it seems that both events are controlled by sig-
naling molecules that, produced within the ovary itself (and
arriving at the gland via the extrinsic innervation) induce the
formation of FSHRs, the first of the gonadotropin receptors
to be expressed in the developing ovary (11). A key intra-
cellular messenger involved in the formation of FSHR is
cAMP (21, 22), which can also induce the formation of LH
receptors in immature granulosa cells (23). Activation of
cAMP synthesis in neonatal rat ovaries results in formation
of biologically active FSHRs (24), as assessed by the ability
of FSH to induce cAMP formation on its own and to facilitate
follicle growth, after pretreatment of the ovary with forsko-
lin, a stimulator of adenylate cyclase activity. Because stim-
ulation of cAMP synthesis by vasoactive intestinal peptide
(VIP, a neurotransmitter peptide) and isoproterenol (a �-
adrenergic receptor agonist) also induce FSHR formation
(24), it has been postulated that VIP and norepinephrine are
two of the signaling molecules responsible for the activation
of cAMP formation (and thus FSHR expression) in growing
preantral follicles (24). Evidence also exists suggesting the
existence of cAMP-independent mechanisms regulating the
formation of FSHR in immature granulosa cells (25–27). Spe-
cifically, activin [a member of the TGF-� superfamily present
in neonatal rat ovaries (28)] has been implicated as one of the
cAMP-independent factors involved in stimulating the for-
mation of FSHR in granulosa cells in culture (22, 25, 27) and
as a factor that may cooperate with cAMP-dependent mech-
anisms in the induction of FSHR formation during early
follicular development (25).

Abbreviations: FSHR, FSH receptor; KO, knockout; NE, norepineph-
rine; NGF, nerve growth factor; nt, nucleotide(s); PCNA, proliferating
cell nuclear antigen; VIP, vasoactive intestinal peptide; semi-QRT, semi-
quantitative RT; WT, wild-type.
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In a recent study (29), we observed that the development
of primary and secondary follicles is reduced in mice car-
rying a null mutation of the nerve growth factor (NGF) gene.
This observation, coupled to the previous findings that NGF
and its two membrane-anchored receptors are present in the
immature rat ovary (30), and that immunoneutralization of
NGF actions during neonatal life results in a subsequent
delay in antral follicle growth (31), prompted us to explore
the possibility of an involvement of NGF in the acquisition
of FSHR by the developing ovary. A partial account of these
findings has appeared (32).

Materials and Methods
Animals

Pregnant Sprague Dawley rats were purchased from B & K Universal
(Fremont, CA). Upon arrival, at 14 d of gestation, they were housed
under controlled conditions of temperature (23�25 C) and light (14 h of
light, 10 h of darkness; lights on from 0500–1900 h) and were given ad
libitum access to food (Purina laboratory chow; Ralston Purina Co., St.
Louis, MO) and tap water. Mutant C57BL/6-AB1 mice, carrying one
deleted NGF allele (NGF�/�) (33), were bred to B6D2F1/J mice (The
Jackson Laboratory, Bar Harbor, ME) (29). The heterozygous progeny
was then employed to generate the NGF knockout (KO) (NGF�/�)
mice used in this study. The pups derived from this out-crossing con-
sistently survived to 2 wk of age, while still exhibiting the phenotype of
the original �/� mutant animals (33). The ovaries of wild-type (WT)
(NGF�/�) and �/� mice were collected on postnatal d 7 (day of
birth � d 0) for FSHR mRNA measurement, i.e. after completion of
follicular assembly (1–3) and at a time when follicular development has
become gonadotropin-dependent (6, 34). The gonads were processed for
RNA extraction after the genotype of each animal was confirmed by PCR
analysis of tail DNA. Detection of NGF null mutants was accomplished
using oligodeoxynucleotide primers recognizing DNA sequences con-
tained in both the targeting cassette and the endogenous NGF gene (33).

Organ culture

The ovaries used to examine the potential effects of NGF on FSHR
formation were from 2-d-old rats. As previously reported (24), ovaries
of this age contain a sizable pool of newly formed follicles originated at
the time of definitive ovarian histogenesis, which, in the rat, occurs
between 48 and 72 h after birth (1, 2). The glands were dissected under
aseptic conditions, placed on sterile lens paper, and cultured on metal
grids at the interface of air/culture medium (35), under an atmosphere
of 60% O2-35% N2-5% CO2. This gas composition was shown earlier to
maximize the survival of ovaries in organ culture (36). Two glands per
well were cultured in 24-well plates; each well contained 750 �l DMEM:
F-12 (50% vol/vol) medium supplemented with glucose (4.5 g/l), pen-
icillin (100 U/ml), and streptomycin (100 �g/ml), as reported (24, 35).
The time of culture was between 8 and 32 h, depending on the condition
studied. In the case of short-term 8-h cultures, the ovaries were collected
at the end of this period, frozen in dry ice, and stored at �85 C until RNA
extraction. When the cultures were maintained for 32 h, the medium was
changed at 8 and 20 h from the time the ovaries were placed in culture,
and stored at �20 C for cAMP measurement. The ovaries were collected
at 32 h, fixed in Kahle’s fixative (8), embedded in paraffin, serially
sectioned at 6 �m, and stained for morphometric analysis as described
below.

Treatments

The treatment with neurotrophins and activators of cAMP synthesis
were initiated at the time of placing the ovaries in culture. To study the
effect of NGF on cAMP formation and/or FSHR gene expression, the
glands were exposed for 8 h to NGF (Invitrogen/Life Technologies, Inc.,
Carlsbad, CA) at 100 ng/ml. Other ovaries were treated with forskolin
(Sigma, St. Louis, MO; 1 and 20 �m) to stimulate endogenous cAMP
formation, or the neuropeptide VIP (Sigma; 2 and 10 �m), previously
shown to stimulate cAMP formation (35) and to be a potent inducer of

FSHR synthesis in neonatal rat ovaries (24). All treatments were carried
out in the presence of 0.5 mm isobutylmethylxantine (IBMX; Sigma) to
inhibit phosphodiesterase activity. An 8-h treatment period was chosen
because FSHR mRNA levels are maximally increased at this interval by
activators of FSHR gene expression in neonatal rat ovaries (24). At the
end of this 8-h period, the medium was collected for cAMP measure-
ment; and the ovaries, for FSHR mRNA determination (see below).

Because the treatment with NGF increased FSHR mRNA content,
additional experiments were performed to determine whether this ac-
tivational effect was accompanied by the formation of biologically com-
petent FSHRs. Ovaries were first incubated for 8 h in the presence of
NGF or VIP (as a positive control) and then (after removing the stim-
ulating agent) for an additional 12-h period in the presence of purified
FSH (NIH-ovine FSH-S-16, 500 ng/ml). At this time, the medium was
collected for cAMP determination, and the ovaries were incubated for
an additional 12 h in the presence of FSH to assess the effect of the
gonadotropin on follicular development. For both cAMP measurement
and assessment of follicular growth after exposure to FSH, one ovary
from each animal was treated, and the other served as the paired control.

Semiquantitative RT-PCR (semi-QRT-PCR)

This procedure was carried out exactly as described for the mea-
surement of FSHR mRNA content in neonatal rat ovaries (24), using the
same FSHR cDNA-containing plasmids and identical procedures to
prepare RNA, generate sense FSHR RNA standards, perform the RT-
PCR, and quantify the results. Fig. 1 depicts one of the standard curves
generated using this system (gel in A; regression line in B). The figure
also provides an example of a reaction in which FSHR mRNA content
in 2-d-old ovaries was increased by an 8-h treatment with forskolin,
NGF, or the combination of both agents (Fig. 1C).

Real-time RT-PCR

Availability of this new technology allowed us to more precisely
determine ovarian FSHR content without the tedious processing re-
quired in semi-QRT-PCR assays. Real-time RT-PCR takes advantage of
the 5� to 3� exonuclease activity of Taq polymerase to accurately detect
target DNA sequences (37). In addition to regular gene-specific primers,
the reaction contains a gene-specific, internal oligodeoxynucleotide
probe labeled with a 5�-reporter fluorescent dye and a downstream
3�-quencher dye. When this fluorescent probe attaches to the target DNA
during the annealing cycles, the reporter dye emission is quenched by
the proximity of the 3� dye. However, during each extension cycle, the
probe is cleaved by the 5�-to-3� exonuclease activity of the Taq enzyme
as the upstream primer is extended, and the 5� reporter dye is released
from the probe. Once separated from the quencher dye, the reporter dye
emits its characteristic fluorescence, which is then monitored in real time
by a detector. Rather than detecting reaction products after a fixed
number of cycles, the instrument detects the point in time when a given
PCR product begins to accumulate. An algorithm compares the amount
of reporter dye emission with the quenching dye emission every 8.5 sec
during the PCR. In addition to generating an amplification plot and
establishing an emission threshold, the algorithm calculates the cycle at
which each PCR reaches a significant threshold (10 times the sd of the
baseline). This value is directly proportional to the number of DNA
copies present in the sample.

The procedure was carried out using an IBI PRISM 7700 Sequence
Detection System (PE Applied Biosystems, Foster City, CA), equipped
with a 96-well format thermal cycler. The FSHR primers used for am-
plification were a 5� forward primer (5�-CAT-CAC-TGT-GTC-CAA-
GGC-CA-3�) corresponding to nucleotides (nt) 1800–1819 in mouse
FSHR mRNA (38), and a 3� reverse primer (5�-TGC-GGA-AGT-TCT-
TGG-TGA-AAA-3�) complementary to nt 1880–1900 in this mRNA. Both
primers were from Invitrogen/Life Technologies, Inc. The internal flu-
orescent oligodeoxynucleotide probe (5�-TCT-GTT-CTA-CCC-CAT-
CAA-TTC-TTG-TGC-CAA-3�, PE Applied Biosystems), corresponds to
nt 1833–1862 in mouse FSHR mRNA and was covalently linked to the
fluorescent dye 6-carboxyfluorescein at the 5� end and the quencher dye
6-carboxy-tetramethylrhodamine at the 3� end. The sequences of both
the amplification primers and the primer probe derive from identical
segments in rat (39) and mouse (38) FSHR mRNA (GenBank accession
nos. L02842 and AF095642, respectively). They were selected with the
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assistance of the program Primers Express (PE Applied Biosystems)
provided by Integrated DNA Technology Co. (Santa Clara, CA); 18S
ribosomal RNA was used as a normalizing unit for each reaction, using
a set of primers purchased as a kit (TaqMan ribosomal RNA Control
Reagents kit) from PE Applied Biosystems.

To construct sense FSHR RNA standard curves, an FSHR cDNA
fragment identical with that targeted in ovarian tissue for PCR ampli-
fication was generated by RT-PCR of total RNA derived from adult
mouse ovaries. After extraction with Tri-Reagent (Molecular Research
Center, Inc., Cincinnati, OH), 1 �g total RNA was annealed (5 min at 65
C) to random hexamer primers (1 �l, 3 �g/�l stock solution; Promega
Corp., Madison WI) and reverse transcribed with 1 �l SuperScript II (200
U/�l, Invitrogen/Life Technologies, Inc.) for 50 min at 42 C in a 20 �l
vol. Thereafter, a 100-bp FSHR DNA fragment was PCR-amplified using
the same primers (100 pmol each) designed for real-time PCR, 1 �l of the
RT reaction, 0.5 �l Hot Start Tag Polymerase (5 U/�l; QIAGEN, Va-
lencia, CA), and a touchdown PCR program (40). The resulting PCR
product was cloned into the pGEM-T vector (Promega Corp.) and se-
quenced from both ends to verify its identity, using Amplitaq DNA
polymerase and a fluorescence-based dideoxy sequencing reaction per-
formed on a PE Applied Biosystems DNA Sequencer model 373A. The
DNA template used for the generation of sense FSHR RNA standard
consisted of a 426-bp PvuII DNA fragment from pGEM-T containing the
100-bp FSHR cDNA sequence. The transcription reaction was carried out
using 1 �l T7 polymerase (25 U/�l) and 400 ng of DNA template. After
quantitation of the resulting RNA by spectrophotometry and verifica-
tion of its integrity in polyacrylamide gels, different amounts (50 fg to
100 ng) were reverse-transcribed, as above, along with the experimental
RNA samples (1 �g total ovarian RNA). Thereafter, the real-time PCR
were carried out in a total vol of 10 �l, each reaction containing 2 �l RT
reaction diluted 1:10 (samples) or 1:1,000 (standards), 5 �l TaqMan
Universal PCR Master Mix (PE Applied Biosystems), 250 nm of each
FSHR and ribosomal fluorescent probes, 300 nm of each FSHR primer,
and 80 nm of each ribosomal primer. The sense FSHR RNA standard
curves generated by this procedure contained the equivalent of 0.05–
10,000 fg sense RNA input/tube. The real-time PCR program used

consisted of an initial annealing period of 2 min at 50 C, followed by 10
min of denaturing at 95 C, and 40 cycles of 15 sec at 95 C and 1 min at
60 C. Each sample was run in triplicate, and the mean values obtained
were compared with the FSHR mRNA standard curve to calculate their
mRNA content.

cAMP RIA

Release of cAMP by the ovaries, in culture subjected to different
treatments, was measured by RIA of the culture media, as described
previously (24, 41). Standards and samples were acetylated before the
assay to increase the sensitivity of the assay. The assay was carried out
using rabbit polyclonal antibodies to cAMP (ICN Biomedicals, Inc.,
Costa Mesa, CA; 1:200) and 125I-cAMP (Amersham Pharmacia Biotech,
Arlington Heights, IL).

Morphological evaluation

Serial 6-�m sections of paraffin-embedded ovaries stained with
Weigert’s iron hematoxylin and counterstained with picric acid-meth-
ylene blue (8) were used for morphometric analysis of follicular devel-
opment. Every third section was imaged on an Axioplan (Carl Zeiss,
Jena, Germany), using a CoolSnap camera (Roper Scientific, Stillwater,
MN). Follicles were counted using the manual count feature of Meta-
Morph (Universal Imaging Co., West Chester, PA). Only follicles in
which the nucleus of the oocyte was visible were counted, as recom-
mended (24, 42). A growing follicle was defined as one containing three
rows of granulosa cells in at least one region of the cross-section in which
the oocyte nucleus was visible. We have previously used this conser-
vative approach to estimate the number of growing follicles present in
neonatal ovaries in response to FSH after induction of FSHRs by acti-
vators of the cAMP-generating system (24). The total number of growing
follicles per ovary was estimated by adding all follicles with three or
more layers of granulosa cells present in the serial sections collected from
each ovary.

FIG. 1. Increase in steady-state levels of FSHR mRNA in 2-d-old rat ovaries induced by an 8-h exposure to NGF (100 ng/ml), forskolin (F, 1
�M), or the combination of both, as determined by semi-QRT-PCR. A, Ethidium bromide staining of a standard curve generated by RT-PCR
amplification of increasing amounts of an in vitro transcribed polyadenylated FSHR mRNA fragment corresponding to the identical cellular
mRNA sequence targeted for amplification. B, Linear regression analysis of the standard curve shown in A. C, Ethidium bromide staining of
a gel illustrating the results of one experiment in which the content of FSHR mRNA-derived PCR product was increased by treatment with
NGF, F, and NGF plus F. Cyclo, Fragment of cyclophilin mRNA, a constitutively expressed gene, coamplified with the target FSHR mRNA in
each tube to correct the estimated FSHR mRNA values for procedural variability; Co, control, untreated ovaries.
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Statistics

A one-way ANOVA, followed by the Student’s-Neuman-Keuls test
for multiple comparisons, was used to analyze the effect of different 8-h
treatments on FSHR mRNA and cAMP production. The paired t test was
used to compare the effect of treatments on FSH-induced cAMP for-
mation and FSH-induced follicular growth between treated ovaries and
their contralateral control glands. Differences in FSHR mRNA content
between WT and NGF KO ovaries were analyzed using the t test.

Results
NGF increases FSHR mRNA content in neonatal
rat ovaries

Exposure of 2-d-old rat ovaries to NGF (100 ng/ml) for 8 h
in organ culture resulted in a significant (P � 0.025) increase
in FSHR mRNA content, as determined by traditional semi-
QRT-PCR (Fig. 2). The increase was similar to that produced
by 1 �m forskolin. Simultaneous addition of NGF and for-
skolin (at 100 ng/ml and 1 �m, respectively) resulted in an
additive effect (P � 0.01) (Fig. 2). Increasing the forskolin
dose to 20 �m did not augment FSHR mRNA levels signif-
icantly more than did the 1 �m dose, and NGF did not
potentiate the forskolin response to levels higher than those
achieved when given in combination with the 1-�m dose
(Fig. 2).

When a real-time PCR machine became available to us, we
repeated part of this experiment by comparing the effect of
NGF (100 ng/ml) and forskolin (20 �m) on the FSHR mRNA
content of 2-d-old ovaries. Fig. 3A shows real-time amplifi-
cation profiles generated in this assay using different
amounts (0.05–10,000 fg/tube) of in vitro transcribed sense
FSHR RNA. Fig. 3B depicts the linear regression analysis of
the standard curve resulting from these amplifications. Fig.
3C shows real-time PCR amplification profiles demonstrat-
ing that, as detected using traditional semi-QRT-PCR, NGF
is as effective as forskolin in increasing FSHR mRNA levels.
As expected, the abundance of FSHR mRNA in adult ovaries

was much greater (more than two orders of magnitude) than
in neonatal 2-d-old glands.

The stimulatory effect of NGF on FSHR gene expression is
not mediated by cAMP

Release of cAMP into the culture medium was not signif-
icantly increased after an 8-h exposure to NGF (Fig. 4A). In
contrast, forskolin at 1 �m induced a large (7-fold) increase
in cAMP levels; NGF failed to potentiate this effect. Forskolin
at 20 �m produced a further, but not proportional, increase
in cAMP levels; once again, NGF did not modify this re-
sponse (Fig. 4A). To determine whether NGF could poten-
tiate the cAMP response to a neuropeptide that increases
FSHR gene expression in neonatal ovaries via the cAMP
system (24), additional experiments were conducted in
which 2-d-old ovaries were exposed to VIP (2 �m) alone or
in combination with NGF (100 ng/ml). As was the case with
forskolin, NGF failed to potentiate the effect of VIP on cAMP
formation (Fig. 4B).

NGF, like VIP, induces the formation of biologically active
FSHR in neonatal rat ovaries

To determine whether the increase in FSHR mRNA con-
tent caused by NGF was accompanied by an increase in
functional FSHRs, 2-d-old ovaries were exposed to NGF for
8 h and then to purified FSH for 12 h. The ability of FSH to
induce cAMP formation was then used to estimate the pres-
ence of biochemically competent FSHRs. Other ovaries were
pretreated with VIP, which has been previously shown to
induce the formation of such biologically active FSHRs in
neonatal ovaries (24). The results demonstrated that the in-
duction of FSHR mRNA expression by NGF, indeed, endows
the ovary with the capacity of producing cAMP in response
to FSH (Fig. 5). The response was similar in magnitude to that
induced by VIP. As shown before (24), the increase in cAMP
accumulation observed after an 8-h exposure to VIP (Fig. 4B)
was no longer present after 12 h of culture in the absence of
the neuropeptide (Fig. 5)

Next, a morphometric study was conducted to determine
whether the newly formed FSHRs coupled to the cAMP-
generating system are able to stimulate follicular growth. The
same ovaries used for cAMP release were maintained in
culture in the continuous presence of FSH for an additional
12 h. At the end of this period, i.e. after a 24-h exposure to
FSH, the ovaries were serially sectioned, and the number of
growing follicles (at least three, partial or complete, rows of
granulosa cells) was determined. As shown in Fig. 6, pre-
treatment with NGF resulted in a significantly greater num-
ber of growing follicles in response to FSH, as compared with
each control group, including untreated ovaries, ovaries only
exposed to FSH for 24 h, and ovaries only exposed to NGF
for 8 h. The microphotographs depicted in Fig. 7 illustrate
these results. As previously shown (24), the ovaries treated
with FSH alone, under these experimental conditions (Fig.
7B), had an aspect similar to that of untreated controls (A) or
controls pretreated with NGF, but not receiving FSH after-
ward (C). In all cases, follicles with more than three layers of
granulosa cells were rarely observed (Fig. 7, A–C). In con-

FIG. 2. Increase in FSHR mRNA content in 2-d-old ovaries induced
by NGF and F ( F-1, 1 �M F; F-20, 20 �M F) after 8 h of treatment in
organ culture. Notice the additive effect of NGF and the low (1 �M) F
dose. Numbers above bars are number of independent observations
per group, and vertical bars are SEM. *, P � 0.01 vs. control (C); **, P �
0.01 vs. NGF and F (1 �M) groups.
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trast, these follicles were more readily detected in ovaries
pretreated with NGF before exposure to FSH (Figs. 6 and 7D).

FSHR mRNA content is decreased in the absence of NGF

To determine whether the lack of NGF would result in
reduced ovarian FSHR mRNA levels at the time when fol-
licular development becomes gonadotropin-dependent,
FSHR mRNA content was determined by real-time PCR in
7-d-old NGF KO mice and WT littermates. As shown in Fig.
8, NGF KOs had significantly (P � 0.01) lower levels of
ovarian FSHR mRNA than their normal littermates, indicat-
ing that NGF is required for the timely formation of FSHR in
the developing ovary.

Discussion

The results of this study demonstrate the unexpected in-
volvement of NGF, a growth factor with primary neurotro-
phic activity, in the process underlying the acquisition of

FSHRs by the developing rodent ovary. By identifying this
growth factor as a facilitatory component of early ovarian
development, the results further the view that acquisition of
ovarian responsiveness to gonadotropins requires cell-cell
signaling molecules that, operating within the confines of the
developing gonad, induce the synthesis of the receptor pro-
teins necessary for gonadotropin actions.

Earlier work, in the rat, showed that the appearance of
FSHR precedes that of LH receptors (10) and that FSHR could
be first detected during the second half of the first week of
postnatal life (10, 12). Because follicular growth proceeds
only to the secondary stage in mice lacking the FSHR gene
(19), it seems that this is the phase of development during
which granulosa cells [the exclusive cellular site of FSHR
expression in the mammalian ovary (11, 43)] acquire func-
tional FSHRs. Consistent with this view, a study of human
ovaries showed the presence of FSHR mRNA in 50% of the
primary and secondary follicles examined (44). Relatively

FIG. 3. In vitro exposure (8 h) to NGF increases ovarian FSHR mRNA content in 2-d-old rat ovaries, as assessed by real-time PCR. A,
Amplification profiles generated using different amounts (0.05–10,000 fg/tube) of in vitro transcribed FSHR mRNA. B, Linear regression
analysis of the standard curve resulting from the amplifications shown in A. C, Amplification profiles of FSHR target RNA from untreated adult
ovaries and neonatal 2-d-old rat ovaries treated for 8 h in organ culture with F (20 �M) or NGF (100 ng/ml) or left untreated (control). Each
curve represents the average of triplicate determinations. Inset, RNA values calculated by comparing the amplification profiles of FSHR target
RNA to those derived from the in vitro transcribed sense FSH RNA standard curve shown in B. CT, Threshold cycle number; which corresponds
to the point when the fluorescence accumulates to a level 10 times greater than 1 SD from the basal values. There is a linear relationship between
CT and the logarithm of the starting amount of template. D2, Control, 2-d-old ovaries.
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little is known about the factors responsible for the activation
of FSHR synthesis in immature granulosa cells (45). Admin-
istration of cAMP analogs or stimulation of endogenous
cAMP formation results in FSHR formation in both isolated
granulosa cells (21, 22) and neonatal ovaries in organ culture
(24), indicating that factors operating via the cAMP-gener-
ating system play a role in the formation of FSHR. The
identification of VIP and isoproterenol (a �-adrenergic re-
ceptor agonist) as agents able to both induce cAMP formation
(24, 35) and expression of functional FSHR in neonatal rat
ovaries (24) has led to the suggestion that neurotransmitter-
induced cAMP formation is one of the physiological mech-
anisms responsible for the activation of FSHR formation in

developing ovaries. Notwithstanding the potential impor-
tance of other factors acting via the cAMP pathway, the
involvement of VIP and norepinephrine (NE) is inferentially
supported by the fact that they are the only two ligands
acting via cAMP-dependent pathways thus far shown to be
present in the ovary before the growing follicles become
responsive to FSH stimulation (46, 47).

The fact that responsiveness to FSH is attained in vitro (see,
for instance, Refs. 16 and 48), in the absence of the extrinsic
innervation, indicates the participation of either intragonadal
sources of VIP/NE (49–51) or the involvement of additional
mechanisms in the induction of FSHR synthesis. One such
mechanism has been shown to involve activin, a member of

FIG. 4. Inability of NGF to increase cAMP formation in 2-d-old rat ovaries exposed to the neurotrophin for 8 h in organ culture. Notice that
both F (A) and VIP (B) increased cAMP levels several fold in the culture medium, and this effect was not modified by the concomitant
administration of NGF. Vertical lines are SEM, and numbers above bars are number of ovaries per group. *, P � 0.01 vs. control group; **, P �
0.02 vs. groups treated with F-1 �M.

FIG. 5. NGF, like VIP, induces the appearance of functional FSHRs
in neonatal 2-d-old rat ovaries, as determined by the ability of FSH
to stimulate cAMP formation. After an 8-h pretreatment with NGF
(100 ng/ml) or VIP (2 �M) as a positive control, the medium was
replaced with fresh medium containing purified FSH (500 ng/ml).
After a 12-h period, the medium was collected for cAMP RIA. *, P �
0.025 vs. groups cultured in medium alone (M) and groups not exposed
to FSH regardless of pretreatment. Vertical lines are SEM, and num-
bers above bars are number of ovaries per group.

FIG. 6. NGF induces the appearance of biologically active FSHRs in
neonatal rat ovaries, as determined by the ability of purified FSH (500
ng/ml) to stimulate follicular growth after a 24-h exposure period in
organ culture. The ovaries were pretreated with NGF (100 ng/ml) for
8 h and then with FSH for 24 h. The number of growing follicles,
defined as those with three or more layers of granulosa cells, were
counted on serial 6-�m sections. M, Medium alone. Vertical lines are
SEM, and numbers above bars are number of ovaries per group. *, P �
0.05 vs. control group.
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the TGF-� superfamily of growth factors. Activin increases
both FSHR gene expression and the number of FSHRs in
immature granulosa cells (22, 25–27). The effect of activin on
FSHR occurs in a cAMP-independent manner (25), suggest-
ing that regulation of FSHR synthesis in the developing
ovary is determined by both cAMP-dependent and inde-
pendent mechanisms. That TGF-� itself may also contribute
to the acquisition of FSHR by the immature ovary is indicated
by the demonstration that TGF-� stimulates granulosa cell
growth (52) and differentiation (52, 53), the latter by facili-
tating FSH-dependent events, such as induction of aromatase
activity (52), steroidogenesis (53), and formation of LH re-
ceptors (53). As is the case of VIP and NE, activin (54) and
TGF-�s (55, 56) are present in the neonatal ovary well before
the acquisition of FSHRs and, thus, would be expected to be
available for biological actions before the newly formed fol-
licles become gonadotropin-dependent.

Our results identify NGF as a factor able to initiate FSHR
synthesis in neonatal rat ovaries, and demonstrate the phys-
iological importance of this effect by showing that ovarian

FSHR gene expression is greatly reduced in mutant mice
lacking NGF. The stimulatory action of NGF on FSHR ex-
pression is manifested after a relatively short time (8 h) and
seems to be mediated by intracellular pathways independent
of cAMP. Previous studies in neuronal systems have shown
that although NGF, on its own, does not induce cAMP ac-
cumulation, it facilitates the effect of adenylate cyclase-stim-
ulating agents on cellular responses (57, 58), suggesting that
cAMP and NGF may act via complementary pathways to
induce cellular differentiation (58). Our results are consistent
with this concept because they show that, in the neonatal rat
ovary, NGF neither increases cAMP formation on its own nor
affects the increase in cAMP levels induced by forskolin or
VIP but has an stimulatory effect on FSHR formation addi-
tive to that of cAMP.

The biological effects of NGF are mediated by two differ-
ent membrane-bound receptors: one, termed p75 NGFR or
p75 NTR, that recognizes all members of the neurotrophin
family with similar affinity (59); and a high-affinity tyrosine
kinase receptor, known as trkA, that interacts preferentially

FIG. 7. Histological aspect of 2-d-old rat ovaries cultured for 32 h in medium alone (A), cultured for 8 h in medium alone followed by a 24-h
treatment with FSH (500 ng/ml) (B), cultured for 8 h in medium containing NGF (100 ng/ml) followed by 24 h in medium alone (C), or treated
with NGF for 8 h and then with FSH for 24 h (D). Arrows, Growing follicles with three or more layers of granulosa cells; bar, 20 �m.
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with NGF (60). Both receptors can be detected in the rat ovary
as early as the 18th d of gestation (30). Because the facilitatory
effect of NGF on cAMP-dependent events in neural cells
requires the presence of the high-affinity trkA receptors (58),
we favor the idea that the stimulatory action of NGF on FSHR
formation is also mediated by trkA receptors. Experiments
with ovaries from trkA-deficient mice should clarify this
issue.

Though the present experiments demonstrate the ability of
NGF to induce the formation of functional FSHR in neonatal
ovaries, they do not define the cell-cell mechanism(s) un-
derlying this effect. In rat preovulatory follicles, trkA ex-
pression is limited to the mesenchymal (thecal-interstitial)
compartments of the ovary (61, 62), but a recent examination
of infantile mouse ovaries has shown the presence of both
trkA mRNA and trkA immunoreactivity in granulosa cells of
a subpopulation of preantral follicles (29), suggesting that at
least part of the stimulatory effect of NGF on FSHR synthesis
in granulosa cells of newly formed follicles results from a
direct action of the neurotrophin on these cells. Because trkA
receptors are also expressed in mesenchymal cells of the
neonatal-infantile ovary (29), the additional participation of
intermediate molecules affecting mesenchymal-to-epithelial
cell communication is also plausible. A candidate for such a
role may be activin itself, because, during embryonic devel-
opment of the ovary, the subunits that form the activin pro-
tein are synthesized in mesonephric cells (28), the apparent
precursors of ovarian mesenchymal cells (63) where trkA
receptors are located. Other potential candidates are the
TGF-�s, which are synthesized in ovarian mesenchymal cells
and regulate granulosa cell growth and differentiation (64,
65); and the transcription of at least one of their encoding
genes (TGF-�1) is directly regulated by NGF (66).

Regardless of the cell-cell signaling mechanisms mediat-
ing NGF actions on FSHR formation, our findings identify

NGF as one of the intragonadal molecules involved in the
acquisition of ovarian responsiveness to gonadotropins. In a
broader context, the results provide strong support for the
relatively new, but increasingly accepted concept that neu-
rotrophins are required not only for neuronal development,
survival, and differentiation but also for the unfolding of the
very same processes in defined subsets of nonneuronal cells
(67). The finding that NGF facilitates the initiation of follic-
ular growth (29), and the present observations showing its
involvement in the initial biochemical differentiation of
growing follicles, define the developing ovary as one of the
nonneuronal, endocrine targets of NGF actions.
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FIG. 8. Reduced content of FSHR mRNA in the ovaries of 7-d-old mutant mice lacking NGF, in comparison with WT mice, as determined by
real-time PCR. A, Representative amplification profiles of FSHR target RNA from an adult ovary, and 7-d-old ovaries from an NGF KO mouse
and a WT littermate. B, Mean FSHR mRNA content in ovaries from NGF KO and WT mice. Vertical lines are SEM, and numbers above bars
are number of ovaries per group. The dotted line labeled Adult represents the FSHR mRNA content detected in a set of adult ovaries analyzed
in the same assay as the infantile gonads.
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