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The Gonadotropin-Releasing Hormone Cell-Specific Element
Is Required for Normal Puberty and Estrous Cyclicity
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Appropriate tissue-specific gene expression of gonadotropin-releasing hormone (GnRH) is critical for pubertal development and main-
tenance of reproductive competence. In these studies, a common element in the mouse GnRH (mGnRH) promoter, between �2806 and
�2078 bp, is shown to mediate differential regulation of hypothalamic and ovarian mGnRH expression. To further characterize this
region, we generated a knock-out mouse (GREKO �/�) with a deletion of the mGnRH promoter fragment between �2806 and �2078 bp.
GnRH mRNA expression in the brain of GREKO �/� was less than the expression in wild-type mice; however, immunohistochemical
analysis revealed no difference between the numbers of GnRH neurons among groups. GnRH mRNA expression in the ovary was fivefold
higher in GREKO �/�. The immunohistochemical staining for GnRH in the ovary increased in surface epithelial and granulosa cells and
also in the corpora lutea of GREKO �/� mice. The reproductive phenotype revealed that the mean day of vaginal opening was delayed, and
additionally, there was a significant decrease in the length of proestrus and diestrus-metestrus phases of the estrous cycle, resulting in a
shortened estrous cycle in GREKO �/� mice. This work supports the hypothesis that the region of the GnRH promoter contained between
�2806 and �2078 bp acts as a cell-specific enhancer in the GnRH neuron and as a repressor in the ovary. Deletion of this region in vivo
implicates the GnRH promoter in mediating pubertal development and periodic reproductive cycling, and forms the foundation to define
the nuclear proteins important for puberty and estrous cycling in mammals.

Introduction
Appropriate tissue-specific expression of gonadotropin-releasing
hormone (GnRH) is critical for establishing and maintaining
reproductive competence. The significance of the extra-hypo-
thalamic expression of GnRH, or what factors in the hypothala-
mus and/or extra-hypothalamic tissues direct the differential
expression of the GnRH gene, remains unclear.

To investigate the molecular mechanisms that regulate ex-
pression of the GnRH gene; mouse-derived immortalized
GnRH-secreting neuronal cell lines GT1–7 (Mellon et al., 1990)
and GN11 cells (Radovick et al., 1991) have been used for in vitro
studies. Transient transfection studies using the rat GnRH
(rGnRH) gene promoter identified a 173 bp proximal promoter
region (Eraly and Mellon, 1995) and a 300 bp enhancer region
located 1.8 kb upstream from the transcription start site that
conferred cell-specific expression (Whyte et al., 1995). Despite

the insight gained from in vitro studies, cell culture is unable to
answer questions regarding whether the promoter of GnRH has a
role in the normal physiologic events associated with reproduc-
tion, including puberty, estrous cyclicity, and fertility.

In vivo, transgenic mice containing different GnRH promoter
deletion constructs fused to reporter genes have been developed
to study the tissue-specific expression and regulation of the
GnRH gene. In our previous study, using the luciferase (LUC)
reporter gene, we found that the proximal �1005 bp of the
mouse GnRH (mGnRH) promoter contains the critical elements
for appropriate neuronal and ovarian expression of mGnRH
(Kim et al., 2002). Furthermore, studies in mice bearing either
�3446/�23 or �2078/�23 bp of the mGnRH promoter fused to
the LUC reporter defined a critical enhancer region for the in vivo
expression of hypothalamic mGnRH (Kim et al., 2002). Interest-
ingly, ovarian LUC expression was found at high levels in the
transgenic mice bearing the �2078/�23 bp fragment, but not in
the �3446/�23 bp mice, suggesting that an ovarian GnRH re-
pressor element (OGRE) is located in the distal region of the
mGnRH promoter between �3446 and �2078 bp (Kim et al.,
2002).

In this work, to further characterize the mGnRH promoter,
we have constructed an additional transgenic mouse bearing a
�2806/�23 bp fragment fused to the LUC reporter gene. This
model demonstrates that critical hypothalamic enhancer se-
quences and ovarian repressor elements for the in vivo expression
of mGnRH are located between �2806 and �2078 bp on the
mGnRH promoter. In addition, a line of knock-out mice bearing
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a deletion of the mGnRH promoter between �2806 and �2078
bp (GREKO mice) have been generated to identify the cis-
regulatory element of the mGnRH promoter. This work supports
the hypothesis that this region of the GnRH promoter, referred to
as the GnRH regulatory element (GRE) contains the hypotha-
lamic GnRH enhancer element (HGEE) and the OGRE. Most
importantly, this work for the first time demonstrates that the
GRE of the GnRH promoter mediates the timing of pubertal
onset and normal estrous cycling, and forms the foundation to
define the proteins important for puberty and estrous cycling in
mammals mediated by the GRE.

Materials and Methods
Generation of �2806/�23 bp mGnRH promoter-luciferase mice. Trans-
genic animals were constructed by the University of Chicago Transgenic
Facility by pronuclear injection. Briefly, a DNA construct containing the
region from �2806 to �23 bp of the mGnRH promoter fused to the LUC
reporter gene was used to generate the �2806 mGnRH-LUC transgenic
mice. A GnRH promoter-LUC construct containing �3446 –�23 bp of
the mGnRH promoter fused to pSV0aL�5� LUC was kindly provided by
Dr. Donald B. DeFranco (University of Pittsburgh, Pittsburgh, PA). Re-
striction enzyme digestion with BamHI and BglII was performed to re-
move the sequences between �3446 and �2078 bp of the mGnRH
promoter, generating a linearized �2078/�23 LUC construct. An �800
bp fragment of the mGnRH promoter was generated by digestion of
�3446/�23 LUC with BglII. The �2806/�23 bp mGnRH-LUC con-
struct was generated by ligating the �800 bp BglII fragment into the
linearized �2078/�23 bp mGnRH LUC construct. Orientation and ap-
propriate ligation was verified by DNA sequencing analysis. Fertilized
mouse oocytes from CD-1 mice were injected with the purified linear
�2806/�23 mGnRH-LUC DNA fragment. The resulting embryos were
transferred into pseudo-pregnant foster mothers. A 32P-labeled 1.2 kb
probe for luciferase was used to detect transgenic animals that incorpo-
rated the luciferase transgene (Kim et al., 2002). Five different �2806
mGnRH-LUC transgenic mouse lines were obtained.

Assay of mGnRH-LUC transgene. Luciferase expression may be ob-
served wherever GnRH would be expressed. LUC assays of tissue panels
from reporter mice were performed as previously described (Kim et al.,
2007). Briefly, from adult mice, the hypothalamus was dissected in a
single fragment consisting of tissue from 1 mm caudal to the mammillary
bodies to a point just anterior of the optic chiasm, 1 mm laterally beyond
the lateral aspect of the median eminence, and 3 mm dorsally. The olfac-
tory tissue was dissected to include both olfactory bulbs and the tissue
rostral to the hypothalamic section. Small representative sections were
taken from the remaining tissues. In the case of the gonads, entire gonads
were used due to their small size. Relative light units (RLU) were normal-
ized for tissue size by correcting for protein content. Protein assays were
done using Bio-Rad reagent and bovine serum albumin standards.

Generation of the mGnRH promoter knockout between �2806 and
�2078 bp. We have used a self-excision procedure that takes advantage of
a testes-specific promoter to drive expression of the cAMP response
element (Cre) recombinase (Bunting et al., 1999). Briefly, the intragenic
promoter of the murine angiotensin-converting enzyme tACE (tumor
necrosis-� angiotensin-converting enzyme) (shown to initiate transcrip-
tion only during spermatogenesis) (Langford et al., 1991) directs expres-
sion of Cre; tACE-Cre is linked to the selectable marker gene Neor, and
the two genes tACE-Cre/Neor are flanked with loxP sites. This cassette,
referred to as ACN, was freed from the vector by digestion with BamHI
and ligated into the 3446 LUC vector that had the �2806/�2078 bp
fragment excised by BglII digestion. This vector was linearized and used
to target into mouse embryonic stem (ES) cells by Primogenix.

Animals. All experimentation was performed in accordance with the
Animal Care and Ethics Committees of The University of Chicago and
The Johns Hopkins Medical Institutes. All of the mice used in the exper-
iments had mixed B57Bl/6 genetic backgrounds and were maintained
under 12 h light/dark lighting conditions (lights on at 8:00 A.M.) with
food and water available ad libitum. Genotyping was undertaken as de-
tailed previously. Prepubertal female mice were examined every day for

vaginal opening, and once this had occurred vaginal smears were taken
each day until the first estrous smear was encountered.

Quantitative reverse transcribed-PCR. Two micrograms of RNA was
reverse transcribed (RT) using the iScript cDNA kit (Bio-Rad). Real-time
quantitative PCR was performed in duplicate using SyberGreen Master-
Mix (Bio-Rad) and the ICycler quantitative PCR machine (Bio-Rad). 18S
RNA was used as an internal control for cDNA input. The quantitative
RT-PCR primer sequences are available on request. PCR conditions were
optimized to generate �95% PCR efficiency, and only those reactions
with between 95 and 105% efficiency were included in subsequent anal-
yses. Relative differences in cDNA concentration between baseline and
experimental conditions were then calculated using the comparative
threshold cycle (Ct) method (Bustin et al., 2005).

Estrous cycle assessment. All animals were housed according to their
genotype. Vaginal smears were collected daily at 10:00 A.M. over a period
of 12 d in 2–3-month-old mice and were examined as stained prepara-
tions with Diff-Quick stain kit (IMEB) to determine the estrous cycle.
The stage of estrous cycle was determined as described by Nelson et al.
(1982). The frequencies of the estrous cycles and the proportion of time
spent in the different phases included in the estrous cycle were compared
between the two groups.

Hypothalamus and ovarian immunocytochemistry. Female mice in di-
estrus phase were anesthetized with an intraperitoneal injection of 90
mg/kg ketamine and 7.5 mg/kg xylazine. Mice were transcardially per-
fused with 4% paraformaldehyde, and brains were analyzed as described
previously (Wolfe et al., 2008). Frozen adult brains were cut coronally
using a Microm HM 550 (Microm International) in 40 �m coronal
sections from the median eminence to the accessory olfactory bulbs.
After quenching the endogenous peroxidase, slices were blocked with 2%
normal goat serum (Vector Laboratories). Adult brain sections were then
incubated with anti-GnRH antibody (Affinity BioReagents). Sections
were washed and incubated with biotinylated goat anti-rabbit IgG anti-
body (Vector Laboratories) and treated for at least 1 h with avidin-biotin-
horseradish peroxidase (Vector Laboratories). Sections were again
washed and stained using 3,3�-diaminobenzidine tetrahydrochloride
with nickel salts (Vector Laboratories). GnRH-immunoreactive neurons
were counted on a Primo Star microscope (Carl Zeiss MicroImaging).
Additionally, the ovaries were also removed and after being paraffin-
embedded the ovaries were then completely sectioned. The deparaffin/
rehydration process was done and immunostaining was performed as
noted above. The preabsorption of the primary antibody was performed
to confirm the GnRH-specific immunoreactivity staining. Sections of
ovaries in diestrus phase were also stained with hematoxylin and eosin
(H&E) and examined for morphological parameters according to the
literature (Spanel-Borowski et al., 2001). Corpora lutea were counted in
ovarian sections by comparing the section with preceding and following
sections.

Fertility testing. The fertility of the knock-out GREKO �/� female mice
was examined by pairing homozygous adult female mice with wild-type
(WT) males for a period of 8 months. Female WT littermates of GREKO
mice were paired with WT mice as controls. The date of birth and num-
ber of pups was recorded for each pair. Mean numbers of litters and pup
numbers over this period were determined for each genotype.

Hormonal determinations. To establish hormone levels over the course
of the estrous cycle, adult female mice were anesthetized with isofluorane
and nightly blood samples were obtained from the facial vein. Samples
were obtained for a period of 10 d. Serums were stored at �80°C until the
assays were performed. Luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) were measured using a Milliplex MAP im-
munoassay (Rat Pituitary panel; Millipore) in the Luminex 200. Analysis
was performed using the XPonent 3.0 software program with Logistic 5D
weighted analyses. The limit of detection for the assay for LH/FSH was
0.08 ng/ml. Further details of the analysis are described by Singh et al.
(2009). 17�-Estradiol (E2) was measured with an enzyme immunoassay
kit (Cayman Chemical) according to the manufacturer’s directions. The
limit of detection for this assay was 6 pg/ml. Progesterone was measured
using a radioimmunoassay performed by University of Virginia Core
Ligand and Assay Laboratory. The limit of detection for this assay was
0.1 ng/ml.
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Statistical analysis. Statistical significance was assessed by one-way
ANOVA followed by the Newman–Keuls multiple-comparison post hoc
tests when three or more different groups were analyzed. We used an
unpaired Student’s t test when two groups were compared. All results are
expressed as mean � SEM, and p � 0.05 was assigned as significant using
the GraphPad Prism 4 software.

Results
�2806 bp of the mGnRH promoter mediates differential
regulation of hypothalamic and ovarian GnRH expression
The anatomic pattern of LUC activity in tissue homogenates
from five different lines of the �2806 mGnRH-LUC transgenic
mice detected high levels of LUC in the hypothalamus and olfac-
tory bulbs. In addition, low levels of LUC activity were detected in
the cortex and, minimally, in the ovary. LUC was not detected in
other tissues (Fig. 1A). This is a reversal from the anatomic pat-
tern of LUC expression from the eight dif-
ferent lines of the �2078 mGnRH-LUC
mice previously reported in Kim et. al.
(2002) and reanalyzed for comparison. In
the �2078 mGnRH-LUC mice, LUC ex-
pression was detected in the hypothala-
mus and olfactory lobes, but at lower
levels than were seen in �2806 mGnRH-
LUC mice. LUC expression was found at
very high levels in the ovaries of these
transgenic mice, and LUC activity was not
detected in other non-neural tissues (Fig.
1B). These findings suggest that DNA se-
quences contained in the distal region be-
tween �2806 and �2078 bp are sufficient
to differentially direct hypothalamic and
ovarian GnRH expression.

Target deletion of the fragment
between �2806 and �2078 bp of mouse
GnRH gene
The Cre-loxP strategy was used to target
deletion of the fragment between �2806
and �2078 bp of the mGnRH gene. To
obtain the deletion of this fragment, the
tACE-Cre/Neo was introduced via ho-
mologous recombination in ES cells (Fig.
2A,B). Three clones containing the ap-
propriate chromosomal recombinant
were identified from 288 ES cell clones by
PCR using A and B primers, and Southern
blot using probe 1 is shown in Figure 2, A,
B, and D. Three of the recombinant ES cell
lines were used to generate 16 male chimeric mice by injection
into blastocyst-stage mouse embryos by the Johns Hopkins
Transgenic Core. Chimeras bearing the loxP left after the self-
excision (Fig. 2C) were determined by coat color. Six progeny
were bred with C57BL/6 female mice, and tails from the F1 prog-
eny were genotyped by PCR using C and D primers (Fig. 2C,E)
and Southern blot using probe 1 (Fig. 2C,E) to detect mice
heterozygous for WT and loxP alleles.

Hypothalamic and ovarian GnRH mRNA expression in
GREKO �/� female mice
GnRH mRNA expression was evaluated by quantitative RT-PCR
in the brain and ovaries of female GREKO�/� mice during the
diestrus and proestrus phases of the estrous cycle. During di-

estrus, GnRH mRNA expression in the brain of the GREKO�/�

mouse was 52% less than that found in the WT mice (Fig. 3A).
During the proestrus phase, the GnRH mRNA expression in the
brain of GREKO�/� was 65% less than that found in WT mice
(Fig. 3A). In contrast, GnRH mRNA expression in the
GREKO�/� ovaries was fivefold higher when compared with WT
ovaries during the diestrus phase (Fig. 3A). Furthermore, GnRH
mRNA expression in the ovaries of GREKO�/� mice in proestrus
remained consistently increased. These data clearly demonstrate
an increased ovarian/hypothalamic ratio for GnRH mRNA ex-
pression in GREKO�/� mice. Hypothalamic and testicular
GnRH mRNA expression was also evaluated in GREKO�/� male
mice. GnRH mRNA expression in the brain of the GREKO�/�

male mouse was 65% less than that found in the WT male mice.

Figure 1. LUC expression in GnRH-LUC reporter mice. The anatomic pattern of LUC expres-
sion measured as RLU is a reflection of GnRH promoter activity. A, �2806 mGnRH-LUC mice. B,
�2078 mGnRH-LUC mice. Graphed as means � SE of RLU. There is no statistical difference
between groups with the same letters (n � 5–10, p � 0.05).

Figure 2. Target deletion of the fragment between �2806 and �2078 bp of mouse GnRH gene using Cre-loxP strategy. A,
Schematic map of GnRH WT allele. B, D, Homologous recombination (HR) of the targeting vector in ES cells was confirmed by PCR
using primer set A and B followed by Southern blot analysis. In Southern blot, genomic DNA was digested with BamHI/EcoRI and
detected with a probe 1. C, E, Genotyping of GREKO mice was performed using the primer set C and D detecting in 1% agarose gel
a band of 300 bp in the knock-out allele and a band of 900 bp in the WT allele. Southern blot analysis was performed digesting the
DNA with BamHI/EcoRI and detected a band of 2.7 Kb in the KO allele and a band of 5 kb in the WT allele with the probe 1.
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Testicular GnRH mRNA expression was not observed in either
the GREKO�/� or WT mice.

Normal number of hypothalamic GnRH-expressing neurons
in GREKO �/� mice
We examined GnRH neuron number and distribution in adult
GREKO�/� mice. Immunohistochemical analysis for GnRH
of brain sections from the WT and GREKO�/� mice, visualized
with DAB/Ni2�, revealed the typical inverted Y distribution of
GnRH cell bodies located within the medial septum (MS), rostral
preoptic area (rPOA), and anterior hypothalamic nuclei of both the
adult GREKO�/� and WT mice (Fig. 3C,D). Cell counts in coronal
sections extending from the MS through to the anterior hypothala-
mus estimated that the total GnRH neuron population in this region
was 532 � 32 in WT mice and 487 � 74 in GREKO�/� mice (Fig.
3B). Thus, GREKO�/� mice exhibited normal GnRH neuron cell
numbers in the organum vasculosum of the lamina terminalis.

Staining of ovarian GnRH-expressing cells is higher in female
GREKO �/� mice
Immunohistochemistry was performed using a specific GnRH
antibody to further evaluate the previous finding that the expres-
sion of GnRH is significantly greater in the ovaries of GREKO�/�

than in the WT mice. Immunostaining for GnRH was robustly

higher in the knock-out mice when com-
pared with ovaries of WT mice in the same
phase of the estrous cycle. GnRH staining
was detected in surface epithelial cells
(Fig. 3 E, F ), the granulosa cells (Fig.
3G,H ) and corpora lutea (Fig. 3 I, J ) of
the GREKO �/� model. The preabsorp-
tion of the primary antibody resulted in
a complete absence of the respective
immunoreactivity.

Pubertal onset and first delivery are
delayed in GREKO �/� female mice
GREKO�/� mice produced their first lit-
ter 6 d later (postnatal d 57 � 0.44) (Fig.
4C) than the WT mice (postnatal d 51 �
0.51) (Fig. 4C). For that reason, we exam-
ined whether GREKO�/� mice experi-
enced a normal onset of puberty.
Interestingly, vaginal opening was signifi-
cantly delayed by �6 d in GREKO�/�

mice (postnatal d 33 � 0.62) (Fig. 4A)
when compared with the control WT
mice (postnatal d 27 � 0.24) (Fig. 4A).
Consequently, the first day of estrus was
delayed in GREKO�/� female mice (post-
natal d 35 � 0.40) (Fig. 4B) when com-
pared with WT mice (postnatal d 30 �
0.28) (Fig. 4B), although it occurred
�2–3 d after vaginal opening with no
differences detected between genotypes.
Additionally, WT littermates and
GREKO �/� mice were weighed weekly
from day 21 of life until 8 weeks of age,
and there were no differences noted be-
tween the weights of the WT and
GREKO �/� mice.

Adult GREKO �/� female mice exhibit normal fertility
The fertility of GREKO�/� female mice was assessed by pairing
with WT adult males for a period of 8 months. The frequency,
number, and size of litters were observed. WT littermates had
litters regularly, with an interval of between 20 and 25 d.
GREKO�/� females exhibited a quite irregular delivery time with
an interval of between 18 and 42 d with similar numbers of litters
when compared with WT mice (Fig. 4D). Overall, both WT and
GREKO�/� mice produced nine litters in the 8 month period.
The size of the litters is shown by the average number of pups per
delivery. Both WT and GREKO�/� mice had an average number
of eight pups per delivery (Fig. 4E).

GREKO �/� female mice have shortened estrous cycles
Estrous cyclicity examined by daily vaginal smear showed that
GREKO�/� female mice exhibited a shorter proestrus phase
(0.87 � 0.13 d) (Fig. 5B) and shorter metestrus-diestrus phase
(1.91 � 0.21 d) (Fig. 5B) when compared with the proestrus (1.82 �
0.13 d) (Fig. 5B) and the metestrus-diestrus (3.33 � 0.53 d) (Fig.
5B) phases of WT mice, respectively. There was no difference in
the mean duration of the estrus phase in WT and GREKO�/�

mice. Thus, the mean duration of one estrous cycle was signifi-
cantly shorter in the GREKO�/� females (4.6 � 0.16 d) (Fig. 5B)

Figure 3. Hypothalamic and ovary GnRH expression in GREKO �/� mice. A, GnRH mRNA expression at diestrus (D) and proes-
trus (P) phases. GREKO �/� mice present lower GnRH mRNA levels in brain and higher GnRH mRNA expression in ovary when
compared with WT group. Graphed as means � SE of relative mRNA levels compared to brains of WT group. There is no statistical
difference between groups with the same letters (n � 4 – 8, p � 0.05). B, Peroxidase immunohistochemistry of GnRH-1 revealed
normal number of GnRH-expressing neurons in the hypothalamus of GREKO �/� female mice. C, D, Coronal brain sections showing
GnRH immunoreactivity in the rPOA. Scale bar, 100 �m. Ovarian immunostaining for GnRH was robustly higher in the knock-out
mice. E–J, GnRH staining was detected in surface epithelial cells (E, F ), granulosa cells (G, H ), and corpora lutea (I, J ) (n � 5).
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than in WT females (6.6 � 0.46 d) (Fig. 5B). Consequently,
GREKO�/� mice presented an increased estrous cycle frequency
over a period of 12 d (Fig. 5A,B, Table 1).

Higher serum LH levels during the proestrus surge in
GREKO �/� females
Serum LH and FSH levels during the estrous cycle were exam-
ined. The average, nonsurge serum LH values in GREKO�/�

mice were not different when compared with WT females (Fig.
5C). In the estrus phase, GREKO�/� LH values averaged 0.22 �
0.05 ng/ml compared with 0.18 � 0.06 ng/ml in WT mice (Fig.
5C). In the metestrus-diestrus phase, LH values in GREKO�/�

mice were 0.29 � 0.04 versus 0.24 � 0.06 ng/ml in WT mice (Fig.
5C). However, the LH surge (8:00 P.M. LH levels in the proestrus
phase) was 39.7 � 4.95 ng/ml in GREKO�/� mice and 27.37 �
3.39 ng/ml in WT mice (Fig. 5C). Unlike serum LH values, there
was no statistical difference in the serum FSH levels between WT
and GREKO�/� mice during each phase of the estrous cycle (Fig.
5D). GREKO�/� mice had an average FSH level of 42.42 � 5.29
ng/ml in the estrus phase, and WT mice had an average FSH level
of 43.70 � 7.18 ng/ml (Fig. 5D). In the proestrus phase, the FSH
level in GREKO�/� mice was 33.05 � 2.49 ng/ml compared with
33.21 � 3.47 ng/ml in WT mice (Fig. 5D). In addition, in the
metestrus-diestrus phase the GREKO�/� FSH value was 26.21 �
2.62 versus 20.95 � 1.98 ng/ml in WT mice (Fig. 5D).

No changes in the number of corpora lutea in GREKO�/� ovaries
H&E-stained sections of ovaries were examined in the diestrus
phase (Fig. 6 A, B). The sections show follicles in different
stages of development and the presence of multiple corpora
lutea. However, ovarian sections from GREKO �/� mice dis-
played, in general, less organization than the WT ovaries and
an increase in interstitial space. Additionally, GREKO �/�

ovaries presented the same variety of different follicle types
and the same average number of corpora lutea when com-
pared with WT ovaries (Fig. 6 A–C).

Higher serum E2 and progesterone
levels during proestrus in GREKO �/�

females
Serum E2 and progesterone levels were ex-
amined. The average serum E2 and pro-
gesterone values in GREKO�/� mice were
higher when compared with WT females
(Fig. 6D,E). In the proestrus phase,
GREKO�/� E2 values averaged 62.85 �
17.36 pg/ml compared with 16.69 � 1.92
pg/ml in WT mice (Fig. 6D). In the same
phase, progesterone values in GREKO�/�

mice were 45.62 � 4.1 versus 27.6 � 6.86
ng/ml in WT mice (Fig. 6E).

Discussion
Using a unique mouse model, these
studies provide evidence that the region
between �2806 and �2078 bp of the
mGnRH gene acts as a hypothalamic en-
hancer element and conversely as an
ovarian repressor element. Female mice
bearing a deletion of this enhancer ele-
ment with less GnRH mRNA expression
in the brain, but normal numbers of
GnRH neurons, exhibit normal fertility

Figure 4. Delayed puberty onset and first delivery in GREKO �/� mice. Mice were ex-
amined for the day of vaginal opening and the day of first estrus by vaginal cytology. A, B,
Graphic representation of the means � SE of the day of vaginal opening (A) and first
estrus (B). C, Schematic representation of first delivery of WT and GREKO �/� female mice
after introduction of a WT male mouse (beginning of mating � day 21 after the day of
birth; n � 4 –17). *p � 0.05. The fertility study represents 8 months of mating. D, Mean
numbers of litters for each mating pair. E, Mean number of pups born per litter for the
different genotypes (n � 6).

Figure 5. GREKO �/� mice have shortened estrous cycles. A, Graphic representation of the respective estrous cyclicity in WT
and GREKO �/� mice. B, Graphic representation of the means�SE of the number of days in each stage of the estrous cycle and the
total cycle length. Proestrus (P), estrus (E), and metestrus-diestrus (M-D) determined by vaginal cytology followed for 12 d (n�4).
*p � 0.05. C, D, LH (C) and FSH serum (D) levels during the estrous cycle. There is no statistical difference between groups with the
same letters (n � 3–5, p � 0.05).
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with a delay in pubertal onset and shortened estrous cycles. Al-
though the hypothalamus and pituitary are the principal source
and target sites, respectively, for GnRH, several reports have sug-
gested an extra-hypothalamic origin of GnRH and its receptor
(Ramakrishnappa et al., 2005; Kim et al., 2007). However, the
control of cell-specific expression and differential regulation of
this decapeptide is not clear.

In vitro models using the GT1–7 cell line have shown that
sequential deletions of the rGnRH gene promoter identified a
neuron-specific enhancer, located between �1863 and �1571
bp, which was found to be critical for the expression of the
rGnRH gene (Nelson et al., 2000; Kelley et al., 2002; Givens et al.,
2004). This region of the rat promoter shares 90% homology to
the region of the mGnRH promoter located between �2384 and

�2081 bp, which was also shown to act as
an enhancer of hypothalamic mGnRH ex-
pression in other studies performed in
GT1–7 cells (Nelson et al., 2000; Kelley et
al., 2002; Givens et al., 2004).

Because in vitro studies are unlikely to
reflect the elaborate intricacy of GnRH
gene regulation, in vivo models have been
developed. Utilizing transgenic mice con-
taining different GnRH promoter dele-
tion constructs fused to a LUC reporter
gene, our laboratory was able to target
specific sequences in the mGnRH gene
that behave as cell-specific enhancers or
repressors (Kim et al., 2002, 2007). Most
notably, there were relatively high levels of
hypothalamic LUC expression and mini-
mal ovarian LUC activity in the �3446
mGnRH-LUC mice, while the �2078
mGnRH-LUC mice showed less GnRH
expression in the hypothalamus and
higher levels of LUC activity in the ovaries
(Kim et al., 2002), suggesting that the re-
gion between �3446 and �2078 of the
mGnRH gene acts as a hypothalamic en-

hancer element and also as an ovarian repressor element (Kim et
al., 2002).

To further define this region, in the current study we have
constructed the additional �2806 mGnRH-LUC mice. We
again noted hypothalamic LUC expression and minimal ovar-
ian LUC activity in these mice, similar to that previously re-
ported in �3446 mGnRH-LUC mice. These results highlight
critical enhancer sequences for the in vivo expression of hypo-
thalamic mGnRH that are located between �2806 and �2078
bp of the mGnRH promoter, which also contains repressor
sequences for mGnRH expression in ovary, hence now re-
ferred to as the GRE.

Since expression of a transgene may affect cellular function,
we sought to further characterize the GRE of the mGnRH gene by
constructing a knock-out mouse model bearing a deletion of the
GnRH enhancer/repressor located between �2806 and �2078
bp (GREKO�/�). In the GREKO�/� mice, we demonstrated
markedly lower mGnRH mRNA levels in the hypothalamus of
both female and male mice with a simultaneous rise in ovarian
mGnRH mRNA levels and no changes in testicular mGnRH ex-
pression. This suggests a sexual dimorphism in GnRH expression
in GREKO�/� mice. These findings strongly corroborate the pre-
vious studies using transgenic LUC mice. In addition, changes in
GnRH mRNA levels observed in the hypothalamus and ovary of
WT mice during the estrous cycle were not observed in the
GREKO�/� model, suggesting that this element is required for
normal GnRH expression and also for modulating regulatory
cycling cues.

To determine whether the promoter enhancer affected GnRH
neuron number or anatomic location, we performed immuno-
histochemistry for GnRH. The promoter deletion had no effect

Figure 6. A, B, H&E-stained ovary sections of WT (A) and GREKO �/� (B) mice (examined in diestrus phase). Ovarian sections
from GREKO �/� mice displayed, in general, less organization than the WT ovaries. C, An increase in interstitial space, with the
same variety of different follicle types and the same average number of corpora lutea (CL), was observed (n�3–5). D, E, E2 (D) and
progesterone (E) serum levels in WT and GREKO �/� mice (n � 4 –9). *p � 0.05.

Figure 7. Model representing our understanding of tissue-specific expression of neuronal
and ovarian GnRH. The GnRH regulatory element, GRE, contained between �2806 and �2078
bp on the mGnRH promoter, supporting the presence of a hypothalamic GnRH enhancer ele-
ment and an ovarian GnRH repressor element.

Table 1. Estrous cycles in GREKO �/� female mice

WT
(n � 4)

GREKO �/�

(n � 5)

Frequency of estrous cycles 1.83 � 0.12 2.64 � 0.08*
Mean number of days required for one estrous cycle 6.6 � 0.46 4.6 � 0.16*

Adult female mice were examined for estrous cyclicity by daily vaginal smear over a period of 12 d (n � 4 –5).
*Indicates statistically significant differences between groups ( p � 0.05).
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on the number, morphologic appearance, or distribution of
GnRH neurons in the hypothalamus of adult GREKO�/� mice.
In contrast, deletion of this GRE revealed a robust fivefold in-
crease in GnRH mRNA expression in the ovaries of GREKO�/�

mice. Furthermore, immunohistochemical analysis highlighted
GnRH protein expression in the ovary, providing additional ev-
idence that this region of the promoter behaves as a repressor of
GnRH expression in the ovary. There is historical and now in-
creasing evidence that GnRH is produced in the ovary and mod-
ulates ovarian function, regulating steroidogenesis, follicular
development, and corpus luteum function (Knecht et al., 1985;
Peng et al., 1994; Väänänen et al., 1997; Kang et al., 2001). GnRH
mRNA has been detected in theca, granulosa, and ovarian surface
epithelial cells in human and rodent ovaries (Peng et al., 1994;
Kogo et al., 1999; Kang et al., 2000). GnRH peptide has also been
demonstrated in human preovulatory follicles and mature cor-
pora lutea (Choi et al., 2006). This model is unique in that the
repressor element has been removed from the ovarian GnRH
gene, allowing for chronically elevated GnRH in the ovary
with decreased regulation by central factors and pathways.
Based on the information presented above and to further ex-
plore the functional relevance of the increased GnRH expression
in GREKO�/� ovaries, we evaluated serum E2 and progesterone
levels as markers of ovarian function. Our studies showed an
increase in gonadal steroid levels, suggesting that impaired
hypothalamus-pituitary-gonadal axis feedback regulation in this
knock-out mouse model may account for the cyclic changes.
Ovarian steroids are essential for the modulation of pituitary
responsiveness to GnRH and GnRH self-priming (Roa et al.,
2008). Thus, it is tempting to propose that the rise in estradiol
levels during proestrus, in the presence of activated progesterone
receptors, evokes a state of hyper-responsiveness that contributes
to the generation of the higher preovulatory surge of gonadotro-
pins in the GREKO�/� mice. However, we cannot discount the
possible functional role of elevated ovarian GnRH in the
GREKO�/� mice on cyclicity.

The significant delay in pubertal onset and time to first deliv-
ery in the GREKO�/� mice directly implicate the GRE in medi-
ating these critical physiologic events. Interestingly, once puberty
was achieved, there was no difference in the timing of the first
estrous cycle between these groups. This would then imply that
the delay in pubertal onset is in fact the cause of the delay in the
time of first delivery. The mechanism behind this delay in pu-
berty is not entirely clear. Gamble et al. (2005) and Herbison et al.
(2008) have shown a nonsignificant delay in puberty in mice with
as few as 66 � 15 GnRH neurons (12% of WT mice) in a mutant
mouse line. Interestingly, they also did not manifest a difference
in the onset of first estrus, suggesting that perhaps once a thresh-
old of GnRH expression is achieved, normal development fol-
lows. However, the mechanism by which neuronal number
mediated the timing of pubertal onset was unclear. The result of
our studies shows that GRE of the GnRH promoter plays a role in
mediating GnRH expression associated with pubertal onset. This
provides further evidence that it is not merely a reduction in the
number of GnRH neurons that causes the pubertal delay, but
rather an intrinsic, genetic, localized regulatory defect.

In an attempt to evaluate further the hormonal milieu in our
model, we determined the pattern of estrous cycles of these mice.
We observed a decrease in the time spent in both proestrus and
metestrus/diestrus in the knock-out mice. This led to an over-
all decreased cycle length in the GREKO �/� mice. The ele-
vated ovarian GnRH levels, high serum levels of E2 and
progesterone, and the serum LH levels in proestrus may con-

tribute to the shortening of phases of the estrous cycle in the
GREKO �/� mice.

The GREKO�/� females exhibited normal fertility. They had
similar numbers of litters and sizes of litters compared to the
control group; however, they exhibited an irregular interval be-
tween deliveries (18 – 42 d). This may be due to the decreased
time that the knock-out females spend in proestrus, thus making
exact timing of conception more difficult. In addition, by count-
ing CL in completely dissected ovaries from adult females we
estimated the number of eggs shed from the ovaries (an estimate
for the ovulation rate), and, as expected, no differences between
these groups were observed. Furthermore, serum FSH levels had
a similar pattern when GREKO�/� were compared with WT
mice.

Our model directly links the GRE to tissue-specific expression
of GnRH and the acceleration of the estrous cycle. It then follows
that the GRE region must normally bind regulatory proteins, and
that without this element GnRH is expressed in a different pat-
tern, which in turn delays puberty and shortens the estrous cycle.
The factors that may regulate expression have been suggested in
several studies. Oct-1 (Clark and Mellon, 1995) and GATA-4
(Lawson et al., 1996, 1998) were identified as important tran-
scription factors that bind to the neuron-specific enhancer and
regulate GnRH expression in vitro. Mutation of a critical Oct-1
binding site in the rGnRH enhancer element resulted in a dra-
matic decrease in GnRH pulsatility in GT1–7 cells (Vazquez-
Martinez et al., 2002; Leclerc and Boockfor, 2005). These results
forge an important link between GnRH expression and pulsatile
GnRH secretion. Analysis of the corresponding mouse gene se-
quences, between �2384 and �2081 bp reveals similarities in
presumed transcription factor recognition sites. These studies
documented the presence of a functional Oct-1 binding site in
the mGnRH gene promoter region between �2259 and �2252
bp (Chandran and DeFranco, 1999). Clearly, additional in
vivo studies are needed to determine whether Oct-1 has a crit-
ical role in the differential regulation of hypothalamic and
ovarian GnRH expression.

In conclusion, our data suggest a model of tissue-specific ex-
pression of hypothalamic and ovarian GnRH as depicted in Fig-
ure 7. Our results clearly demonstrate that the DNA sequence
contained between �2806 and �2078 bp of the mGnRH pro-
moter is sufficient to direct mGnRH gene expression to both the
hypothalamus and ovary. Most importantly, for the first time we
demonstrate that the enhancer/repressor element of the GnRH
promoter mediates the timing of pubertal onset and normal es-
trous cycling. This work forms the foundation to define the pro-
teins important for puberty and estrous cycling in mammals
mediated by the GnRH regulatory element.
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