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Abstract

Puberty and reproduction require proper signaling of the hypothalamic-pituitary-gonadal axis
controlled by gonadotropin-releasing hormone (GnRH) neurons, which arise in the olfactory
placode region and migrate along olfactory axons to the hypothalamus. Factors adversely affecting
GnRH neuron specification, migration, and function lead to delayed puberty and infertility. Nasal
embryonic luteinizing hormone-releasing factor (NELF) is a predominantly nuclear protein. NELF
mutations have been demonstrated in patients with hypogonadotropic hypogonadism, but biallelic
mutations are rare and heterozygous NELF mutations typically co-exist with mutations in another
gene. Our previous studies in immortalized GnRH neurons supported a role for NELF in GnRH
neuron migration. To better understand the physiology of NELF, a homozygous Nelf knockout
(KO) mouse model was generated. Our findings indicate that female Nelf KO mice have delayed
vaginal opening but no delay in time to first estrus, decreased uterine weight, and reduced GnRH
neuron number. In contrast, male mice were normal at puberty. Both sexes of mice had impaired
fertility manifested as reduced mean litter size. These data support that NELF has important
reproductive functions. The milder than expected phenotype of KO mice also recapitulates the
human phenotype since heterozygous NELF mutations usually require an additional mutation in a
second gene to result in hypogonadotropic hypogonadism.
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Introduction

Reproductive dysfunction may be manifested as delayed puberty or infertility due to
impairment of the hypothalamic-pituitary gonadal (HPG) axis. The HPG axis is regulated by
gonadotropin releasing hormone (GnRH). GnRH neurons originate from the olfactory
placode/vomeronasal organ and migrate into the hypothalamus where they send projections
to the median eminence and release pulsatile GnRH into the hypophyseal portal bloodstream
[1,2]. GnRH then interacts with its membrane-bound receptor on pituitary gonadotropes to
induce the synthesis and secretion of follicle stimulating hormone (FSH) and luteinizing
hormone (LH), which then stimulate the gonads to produce sex steroids and gametes. Sex
hormones mediate growth and secondary sex characteristics, which then enables
reproduction.

When there is impairment of GnRH neuron specification, migration, secretion, or release of
GnRH, hypogonadotropic hypogonadism or Kallmann syndrome (KS) results [3].
Hypogonadotropic hypogonadism is typically an irreversible disorder with low serum sex
steroid hormone and gonadotropin levels leading to delayed puberty and infertility [3]. Other
etiologies such as pituitary tumors and pituitary dysfunction are absent [4,5]. If olfaction is
unaffected, normosmic hypogonadotropic hypogonadism (nHH) is present, but when
olfactory impairment accompanies GnRH deficiency, KS results. In addition to infertility,
nHH and KS patients present with other nonreproductive anomalies such as renal agenesis,
midfacial defects, skeletal anomalies, and a variety of neurological defects [5]. The
molecular basis for nHH/KS is now known for approximately 40% of all diagnosed patients
[6]. Identified nHH/KS genes with mutations include KAL1, NROB1, GNRHR, FGFR1,
KISSIR, TACR3, TAC3, FGF8, CHD7, PROKR2, PROK2, GNRH1, NELF, WDR11,
PC1, LEP, LEPR, HS6ST1 and SEMA3A [6-8]. Recently, additional genes—S0X10 [9],
FGF17, IL17RD, DUSP6, SPRY4, FLRT3 [10], and FEZF1 [11] have been identified, and
digenic disease has been described [12,13]. The inheritance of nHH/KS varies depending
upon the gene that is involved [13,14].

Nasal embryonic LHRH factor (NELF, MIM 608137), also known as NMDA receptor
synaptonuclear signaling and neuronal migration factor (NSMF), is an nHH/KS gene that
was differentially isolated from migratory GnRH neurons and is diffusely expressed in the
brain, but most highly in the cortex [15,16]. The NELF gene encodes a predominantly
nuclear protein that has putative zinc fingers, suggesting that it is a transcription factor [17].
Nelf knockdown has been shown to impair GnRH neuron migration and distribution in the
hypothalamus, but the mechanism is not well understood [16,17]. Jacob, the rat ortholog of
NELF, is a highly homologous nuclear protein that binds N-methyl-D-aspartate (NMDA)
receptors [18]. NELF mutations have been identified in human KS [12,19], but the
mechanisms of NELF’ control of puberty are unknown. To date studies regarding NELF
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have been done in immortalized GnRH neuronal cell lines [17] and zebra fish [20] as no
knockout mouse model was available.

Here we characterize the germline Nelf knockout (KO) mouse. Pubertal development is
delayed in female, but not male, Nelf KO mice. Female KO mice had reduced litter
frequency, while both sexes had decreased mean litter sizes. In female KO mice, uterine
weight was reduced, as was GhRH neuron number, suggesting that NELF actions occur at
the hypothalamus.

Construction, Generation and Verification of Nelf KO mouse: Nelf** (WT), Nelf*/~ (HET)
and Nelf~~ (KO)

The construct was designed using the knockout first approach [21,22] to target exon 4,
which is common to all reported Nelf variants (Figure 1). The germline knockout is
accomplished without gene deletion by inserting RNA processing signals (splice acceptor
site and polyA signal) into an intron (intron 3, in this case) of the construct, which will
interfere with gene transcription downstream of the cassette.[22] Heterozygous mice were
provided by the Wellcome Trust, Sanger Institute (UK). Confirmation of KO was
demonstrated by RT-PCR and western blot analysis (Figure 1). Protein quantification of the
NELF-specific 63kDa showed measurable levels except in the Nelf KO mouse
(WT=0.51+0.08, HET=0.22+0.05, KO=0; p=0.002).

Female Nelf KO mice have delayed puberty

Following weaning, mice were weighed daily from P21-P50, but there were no differences
between WT and Nelf KO mice for either sex during this time or at 8 weeks (Figure 2A-D).
Anogenital distance in males and vaginal opening in females (Figure 2D,E) are dependent
upon testosterone and estradiol, respectively, and reflect activation of the HPG axis.
Anogenital distance (Figure 2E) was not different among genotypes. However, vaginal
opening in females was significantly delayed by ~4 days in both Nelf HET and Nelf KO vs.
WT mice (WT=30.43+0.56 [n=21], HET= 34.2+0.66 [n=18] and KO=34.6+1.6 [n=10]; WT
vs. HET and KO p=0.001 (Figure 2F).

Reproductive organs & Sex Steroids

In males, testis and seminal vesicle weights were not different among genotypes (Figure
S1A-B). Postpubertal testes of male Nelf KO mice were morphologically normal compared
to WT (Figure S1C-E). In the largest testes cross section, testicular length, width, total
seminiferous tubules/largest testes cross section, and randomly sampled seminiferous tubule
diameters were not different (Figure S1E-I).

Female Nelf KO mice had significantly reduced uterine weight when measured during
proestrus at 8 weeks. Combined uterine/ovarian weight for Nelf KO mice was decreased vs.
WT and HET mice (n=8/group, WT=0.19 + .017, HET=0.17+.011, KO=0.11+.023 g, WT vs
KO; p=0.02) (Figure 3A,B). However, ovarian morphology and follicle content did not
differ in WT vs. KO female mice. Width, length and ovarian cross sectional area were not
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different in KO vs. WT mice (Figure S2). Upon histologic analysis, the number of different
types of follicles, as classified by Barnett et al [23] and Pedersen et al [24]—primary,
secondary, antral, preovulatory, or corpora lutea— were not different for any genotype
(Figure S2). One KO female had an ovarian cyst and another demonstrated hyperplasia of
the corpus luteum. In summary, all types of follicles, including corpora lutea were seen in
Nelf KO and WT mice.

Late morning serum samples (1100-1230) were extracted from 8-week postpubertal mice
(males: n=8, females at proestrus: n =9) for sex steroids. There were no differences in
estradiol in females and testosterone in males for WT vs. KO animals (Figure S3).

Both Sexes of Nelf KO mice manifest subfertility

To analyze ovarian function, several different parameters were evaluated. Estrus cycle
length, the number of estrus cycles/19 days, and time spent in each of the four estrus phases
were quantitated for WT, HET, and KO groups (Figure 3C-E). Estrus cycle stages were
classified according to Caligioni et al [25]. There was no difference in the time to first
estrus, estrus cycle length, or the number of cycles/19 day study period for any of the three
genotypes. Similarly, there was no difference in the time spent in each phase: proestrus,
estrus, metestrus, or diestrus (Figure 3C-F).

Once mice were 8 weeks of age, individual males of each genotype (WT, HTZ, or KO) were
mated with a WT female. Females of each genotype were similarly mated with WT males.
Fertility was assessed over a 90-day period per genotype by quantifying the mean litter
sizes, the number of litters/90 days, and the number of days before first litter was recorded
(Figure 4). As shown in Figure 4A-C, when WT (n=8), HET (n=9), and KO (n=8) females
were mated to WT males, time to first litter was not different. However, HET and KO
females had significantly smaller mean litter sizes than WT females (WT=7.4+0.41,
HET=5.31£0.47 and KO=5.44+0.49, WT vs. HET; p=0.02, WT vs. KO; P =0.01). Similarly,
the number of litters/90 days was significantly reduced for HET and KO females compared
to WT females (WT=3.0+0.33, HET=1.7+0.41 and KO=1.5+0.12, WT vs. HET; p=0.04,
WT vs KO; p=0.02).

When WT, HET, or KO males were mated with WT females, mean litter size was
significantly decreased only when KO males were mated with WT females. Mean litter sizes
were WT=7.7+0.30, HET=6.6+0.67, and KO=6.0+0.57; WT vs. KO; P =0.04 (Figure 4D—
F). However, there was no significant difference in mean number of litters/90 days or time
to first litter. Fertility was affected in both sexes, but was more evident in females.

Nelf KO females, but not males, have decreased GnRH neuron number

There were no differences in brain weight or brain morphology, including olfactory bulbs,
for any genotype of males or females when examined at 8 weeks of age (Figure S4). In
addition, brain weight of all groups at 4-6 months of age was not different (Figure S4).
Brain coronal sections stained with GnRH were used to count GhRH neurons in the arcuate
nucleus and the entire brain (Figure 5A-C). In females, GnRH number was significantly
decreased in NELF KO animals: WT =797.8+/-277.9 vs. 491.5+/-57.77 in KO p =0.03
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(Figure 5D-E). However, there was no difference in GnRH neuron number in males or
GnRH neuron distribution distance in either sex (Figure S5).

Discussion

Understanding the molecular basis of hypogonadotropic hypogonadism has been advanced
through studies of knockout and naturally occurring or induced mutant mice. Of the
identified genes involved in IHH/KS patients, characterized mouse models include Gnrhl
[26], Gnrhr [27,28], Lepr,[29] Gpr54 (Kisslr) [30,31], Kiss1[32], Fofrl [33,34], Fgf8
[34,35], Chd7 [36-38], Tacr3 [39], Prok2 [40], Prokr2 [41], and Sema3a [42]. These
corresponding mouse models manifested variable severity of nHH/KS phenotypes. Although
NELF has been studied in WT mice and immortalized GnRH neuronal cells, the Nelf KO
mouse has not been described.

Study of the Nelf KO mouse model is important since NELF mutations have been identified
in IHH and KS patients. In reported cases, one patient presented with compound
heterozygous NELF point mutations [17]; and three others had digenic mutations, including
a heterozygous NELF mutation in combination with either a heterozygous FGFR1 [12] or
TACR3 [19] mutation or a hemizygous KAL1[19] mutation. Interestingly, all four of these
patients were male. Additional phenotypic features in these individuals with NELF
mutations included midfacial defects, Duane syndrome (an eye movement disorder),
clinodactyly, unilateral renal agenesis, and bilateral cryptorchidism [12,19]. How these
mutations actually result in KS with associated anomalies is unknown. It is interesting that
most heterozygous human NELF mutations are digenic suggesting that unless they are
biallelic, NELF mutations are not sufficient to result in hypogonadism.

Current evidence suggests that NELF is involved in transcription as it is localized in the
nucleus and contains zinc finger domains [17]. However, the zinc finger domains are
atypical, and there are no sequences to suggest a DNA binding motif.[17] The highly
homologous (98%) rat ortholog of Nelf (Jacob protein) shows stimulus dependent nuclear
translocation, and by chromatin fractionation has been localized within regions of RNA
polymerase 2-containing euchromatin. Moreover, protein complexes immunopurified from
euchromatin contain significant levels of DNA implying NELF association, indirectly or
directly, with DNA[18,43,44]. Taken together, these findings strongly implicate a role for
NELF in transcription, either as a transcription factor or in protein-protein interactions
regulating transcription. NELF knockdown in immortalized mouse GnRH neurons impairs
migration in vitro [17], while knockdown in zebrafish interferes with normal GnRH neuron
migration and misdirects the pathway of GhRH neuron migration [20]. Therefore,
understanding the effects of NELF upon GnRH neuron specification, migration, release, and
secretion during puberty development and fertility is essential.

In the current study, we describe the generation of germline, homozygous Nelf KO mice.
Confirmation of Nelf knockout was accomplished using RT-PCR and western blot analysis
demonstrating a marked reduction of Nelf transcript and absent NELF protein. We
subsequently characterized the effect of NELF upon pubertal development, gonadal
histology, hormone production, fertility, and GnRH neuron number in these mice. Both
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sexes of Nelf KO animals were viable and healthy, with normal weight gain postnatally.
Somewhat surprisingly, the effects of Nelf KO were less severe than would have been
predicted, and they appeared to be sex-specific. Female Nelf KO mice presented with
delayed puberty, as evidenced by delayed vaginal opening suggesting that NELF is
important for the normal timing of puberty in female mice. In contrast, males did not
manifest delayed puberty. These milder phenotypes are reminiscent of humans with NELF
mutations and perhaps even those 30% of patients with normal puberty and infertility. In
addition, mouse KO of Tacr3, a known nHH/KS gene, also causes a much milder than
expected phenotype of subfertility affecting females more than males.[39]

Despite pubertal delay in female Nelf KO mice, as adults these mice exhibited normal estrus
cycles, as assessed by the time to first estrus, the number of estrus cycles/19 days, mean
length of the estrus cycle, as well as the amount of time in any stage of the cycle. However,
fertility was impaired in female Nelf KO mice as evidenced by decreased mean litter size
when either HET or KO females were mated with WT males. Additionally, the number of
litters/90 days was reduced in HET and KO females. Therefore, the subfertility also affected
HET females in addition to KO females. Males had somewhat less of an effect upon fertility,
as KO (but not HET) males mated with WT females had a significantly reduced mean litter
size. There was no difference in the number of litters/90 days for either HET or KO males.
In both sexes, there was no difference in the time to achieving first litter.

Reproductive organ weight and histology were analyzed in both male and female KO
animals at 8 weeks of age. Uterine plus ovarian weight was decreased by ~40% in KO
females vs. WT females. However, the dimensions of the ovary and the number of ovarian
follicles at different stages were not different in KO and WT females, indicating that the
difference in reproductive weight is due to decreased uterine size in KO females. For males,
testicular size and the number and size of seminiferous tubules in cross section were not
different for KO mice compared to WT males.

Serum testosterone in adult males and estradiol in adult females did not differ in WT, HET,
or KO animals suggesting that adult animals are not hypogonadal. Unfortunately, serum
gonadotropins were not obtained, but with sex steroids being normal, their importance is
somewhat diminished. However, female mice demonstrated delayed puberty. These findings
suggest that NELF’s effect may be more important in females at puberty and that the
derangement in Nelf KO occurs early, impairing pubertal onset, but the HPG axis later
recovers. This impaired fertility is very comparable to that seen in humans with infertility
since most patients are eugonadal, but may have more subtle derangements in the HPG axis
[6]. In addition, other investigators who reported KO mice with a phenotype of pubertal
delay and subfertility similarly showed a normal hormonal profile in KO mice when they
reach adult age, despite having a significant difference at puberty [45]. Hormonal assays
were only performed in adulthood at 8 weeks, so it is unknown if these mice were
hypogonadal and hypogonadotropic at puberty. A unique feature observed in Nelf KO mice
was the presence of corpora lutea hyperplasia in one mouse and an ovarian cyst in another.
These findings are similar to that observed in Fgfr1 knockout females suggesting that
premature ovarian senescence might contribute to their subfertility [34].
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The reason for subfertility in Nelf KO mice is uncertain, but we hypothesized that GnRH
neuron migration would be impaired. Nelf knockdown in zebrafish leads to misrouting of
GnRH neurons so that less neurons reached the proper location for reproductive function
[20]. 1t is also possible that the rate of GnRH neuron migration could be slower with Nelf
knockdown, but with time, a minimal threshold of GnRH neurons is reached and the mice
achieve proper activation of the HPG axis, leading to normal estrus cycling and hormonal
levels. There is evidence that males require only about 12% and females need 12-34% of
the GnRH neuron population for normal activation of the HPG axis [46].

Because of NELF’s role in GnRH neuron migration, GnRH neuronal staining was
performed in brains in KO animals vs. WT animals at 4-6 months of age [47]. Our findings
demonstrated impaired GnRH neuronal migration only in female Nelf KO mice. The number
of GnRH neurons in the brain of female mice was significantly reduced by nearly 40%, but
was not reduced in males. A similar 30% reduction in GnRH neurons was identified in HET
Fgfr1 KO mice suggesting that our findings likely have biological importance [33]. In
contrast, Prok2, Prokr2, and Sema3a knockout mice demonstrate much more profound
effects upon the nasal placode/olfactory organ so that GhnRH neuron migration is halted
[41,42]. In our studies, GhRH neuron humber was reduced in females, but no ectopic GhRH
neurons were identified. This is in contrast to previous Nelf knockdown studies in zebrafish,
in which GnRH neuronal migration was impaired or misrouted to a different anatomical
region of the brain [20].

In summary, Nelf KO in mice leads to significantly delayed pubertal development in
females, but not in males. Females had decreased uterine weight and reduced GnRH neuron
number in the forebrain, while males had normal testicular indices and no reduction in
GnRH number. However, sufficient GnRH neuronal function in both sexes is present so that
endocrine function is nearly normal by adulthood. Nevertheless, subfertility is present in
both sexes, including HET females, which is very similar to the majority of humans with
infertility (excluding anatomic defects in females). The Nelf KO mouse phenotype
resembles that of the Tacr3 KO mouse in that: 1) the phenotype of Tacr3 KO is less severe
than expected given that mutations of the human ortholog cause absent puberty due to
hypogonadotropic hypogonadism; 2) Tacr3 KO females have delayed puberty and males do
not (although at 60 days, males had smaller testes); and 3) Tacr3 KO females have
subfertility.[39] Humans with biallelic TACR3 mutations typically have nHH inherited in an
autosomal recessive fashion, with a propensity for spontaneous reversal of their
hypogonadism.[39] Nearly all NELF mutations are heterozygous [12,13,19], but are
accompanied by heterozygous mutations in a second gene, which may be necessary to
manifest the full nHH/KS phenotype. These findings suggest either autosomal recessive
disease (biallelic) or a heterozygous NELF mutation requires a second hit to result in
hypogonadism in humans.[19]

All animal procedures were performed in accordance with a protocol approved by the
Georgia Regents University Laboratory Animal Services and Committee Regulations. Four
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(two male; 2 female) HET Nelf mice were generated and Kindly provided by the Wellcome
Sanger Trust Institute, Cambridge UK. All mice were on a C57BL/6 background, and were
housed under a 12-hour light, 12-hour dark cycle in temperature-controlled conditions with
ad libitum chow and water. Heterozygous mice were used for generation of different
genotypes.

Genotyping Mice
Following weaning, a piece of tail was cut and incubated in lysis buffer with Proteinase K at
50°C overnight. DNA was extracted the following day using a standard phenol/chloroform
protocol. Each mouse was genotyped by PCR using Platinum Tag DNA Polymerase
(Invitrogen, Carlsbad, CA). Primer sequence and PCR conditions were obtained from
Wellcome Trust Sanger Institute (Table S1). PCR products were run on a 2% agarose gel
along with a molecular weight marker for genotype determination.

Confirmation of the Nelf Knockout Mouse

RT-PCR—Total RNA was extracted from mouse brains with TriReagent (Molecular
Research Center, Cincinnati, OH) and subjected to Superscript I11 One-Step RT-PCR with
Platinum Taqg (Invitrogen) using specific primers with appropriate negative controls. HET
Nelf KO mice were generated by the Wellcome Sanger Trust Institute (Cambridge, UK)
using the “Knockout First” construct [21,22], in which exon 4 (common to all NELF
variants), was targeted with flanking LoxP sites. Deletion of exon 4 creates a frameshift
mutation that likely affects transcript stability and alters protein translation [21,22].

To confirm knockout, three primer sets were designed for RT-PCR using RNA extracted
from whole mouse brain (Table S2). Primer set 1 amplifies a product from exons 1-3;
primer set 2 from exons 3-6; and primer set 3 from exons 6-9. PCR products were run on
1.2% agarose gels to determine amplicon size. For all experiments, unselected mice were
used—none were excluded. 8-week old mice were used for experiments unless otherwise
states.

Western Blotting—Mice were decapitated following anesthesia and whole brains were
removed for protein lysate extraction. Brains were homogenized in cold 250mM sucrose and
1mM MgCl, supplemented with protease peptide inhibitors (0.4mM PMSF and 10 pg/ul
each of pepstatin A and leupeptin) as previously described [48]. Following homogenization
the concentration was quantitated using the BCA protein assy. Ten micrograms of protein/
well were separated on 10%SDS-polyacrylamide gels at 80V for 1.5 hours and transferred to
nitrocellulose membranes. Membranes were blocked using 5% milk and incubated with
primary anti-NELF (2ug/ml) and anti-actin (Santa Cruz biotechnology, CA) antibodies, as
we published previously [17]. Blotted membranes were washed with TBST, incubated with
secondary peroxidase-conjugated goat anti-rabbit 1gG (Jackson ImmunoResearch, West
Grove, PA) at 0.8ug/mL and detected by ECL Detection Reagents (Amersham Biosciences,
United Kingdom [17]. Size and amount of protein was determined by densitometry using
NIH Image J software.
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Vaginal opening, anogenital distance, weight, and estrus cycle phase

Mice were weaned between P21-P23 and genotyped. Following weaning all male and
female mice were monitored daily by observers blinded to genotype for anogenital distance
and vaginal opening status, respectively. Body weight was recorded daily for both sexes,
and mean body weight at 8 weeks was also compared for each genotype. The day of vaginal
opening was recorded in females. VVaginal opening and anogenital distance are external
parameters used to determine pubertal onset as they are dependent upon the activation of the
HPG axis by gonadal estrogen and testosterone [47].

To determine estrous cyclicity, vaginal smears were taken daily from 4-6 month-old females
for 17-28 consecutive days. Briefly, vaginal lavage was performed daily between 1100-
1200 by flushing the vagina with 0.9% saline. VVaginal fluid was mounted on glass slides for
cell type, cycle stage (diestrus, proestrus, estrus, and metestrus), and cycle length [25]. Cells
were scored by two blinded observers.

Fertility assessment

At ~8 weeks of age, WT, HET, or homozygous Nelf KO mice were housed singly with a
similar-aged C57BL6 WT mouse. The fertility study was a continuous breeding over a 90-
day period whereby one male was housed with one female/cage. During this time, mice
were checked frequently for litter presence and litter size. The time to first litter, number and
frequency of litters were recorded [49,50].

Serum collection and Hormone assays

Intraperitoneal Ketamine/Xylazine was used for anesthesia prior to blood drawing, which
was collected from 8-week male and female mice. All females used for hormone analysis
were in the proestrus phase of the cycle. Mice were anesthetized with isofluorane (Abbott
laboratories, Abbott Park, IL) and trunk blood was collected between 1200-1300 after
sacrifice. Following coagulation overnight at 4°C, blood samples were centrifuged at 3000
rpm for 10 minutes and the serum was transferred to a fresh tube and stored at —80°C. All
serum was sent together to the University of Virginia Center for Research in Reproduction
Ligand Assay and Analysis Core (Charlottesville, VA) for estradiol (females) and
testosterone (males) by immunoassay.

Weight of Brain, Gonads, and Accessory Organs

Following anesthesia with isofluorane, brains, uteri and ovaries, testes and seminal vesicles
were weighed for each genotype. Since ovaries were small and variable in weight, ovarian
and uterine weights were taken together.

Gonadal Histology

Eight week-old mice from each genotype were anesthetized with isofluorane and perfused
with 30mL of 4% paraformaldehyde. Brains and gonads were removed and fixed in 4%
paraformaldehyde overnight before washing in PBS and storing in 70% ethanol. After a
series of dehydration steps, the organs were embedded in paraffin and sectioned at 10-
micron thickness, followed by staining with hematoxylin and eosin (Histopathology core,
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GRU, Augusta, GA). For imaging, the largest cross section imaged for each ovary was
quantified for primary, secondary, antral, and preovulatory follicles, as well as corpora lutea.
The length, width, and area of the ovaries were quantified. The number and diameter of
seminiferous tubules, length, width, and area of the testes were quantified. All imaging was
done using a Zeiss Axioplan 2 Microscope with AxioCam camera and Olympus DeltaVision
Deconvolution Microscope at the Imaging Core (GRU, Augusta, GA).

Adult Brain Morphology and immunofluorescence

Adult (4-6 month) mice were anesthetized with isofluorane and perfused intracardially with
30mL of 4% depolymerized paraformaldehyde (PFA) in 100mM sodium phosphate,
pH=7.4. The brain was removed and immersed in 4% PFA overnight. For
immunofluorescence, whole brains were washed with 100mM sodium phosphate buffer
solution, 12% sucrose, 100mM sodium phosphate pH=7.4, 16% 100mM sodium phosphate
pH=7.4, and 18% 100mM sodium phosphate pH=7.4, each for 24hrs at 4°C. Brains were
frozen in a 2-methyl butane container placed in liquid nitrogen. All samples were stored at
—80C until analysis. Frozen blocks were oriented coronally and cut from the optic chiasm to
the posterior cerebrum for sectioning in the Electron Core Microscopy and Histology Core.

Frozen serial sections of 10-microns were coronally sectioned using a cryostat onto GOLD
Superfrost Plus slides (Thermo Fisher Scientific) with 4 sections/slide. Approximately 60
slides were processed per mouse and every other slide was stained. On the day of
immunolabeling, slides were incubated in 50mM ammonium chloride/50 mM TRIS, pH 7.4
for 30 minutes at room temperature, then in 2 mM sodium phosphate, pH=7.4, and 150mM
NaCl, 0.2% TX-100 for 10 min at 4°C. Slides were washed in alternating high (20mM
sodium phosphate, pH=7.4 and 500mM NacCl) and low (10mM sodium phosphate, pH=7.4
and 150mM NacCl) PBS solutions. Slides were then blocked in 7.5% goat dilution serum for
1 hour before incubation in 0.2ug/ul mouse monoclonal IgG1 anti-GnRH-1 antibody (Santa
Cruz Biotechnology, Dallas TX) and kept at 4°C overnight.

Following incubation with anti-GnRH antibody, slides were washed in alternating high and
low PBS before the addition of 2mg/ml Alexa-568 goat anti-mouse (Invitrogen Molecular
Probes, Carlsbad CA) antibody for 2 hours at RT in the dark. Slides were mounted in
1mg/ml p-phenylenediamine in 40mM sodium phosphate, pH=7.4, 150mM NacCl, and 70%
glycerol following washing. Confocal Microscopy was performed using the Zeiss Inverted
Meta 510 imaging software at the Imaging core (GRU, GA). Sequential images of sections
80uM apart were taken at 10x and 20x for assembly to determine the number of GnRH
neurons in the brain. GnRH neurons from all 10uM sections 80uM apart were first
identified, and then counted by two different blinded observers. A GnRH neuron was
defined as a cell with a nucleus surrounded by immunofluorescence.

Statistical Analysis

One-way ANOVA was used to compare the three groups, which included NELF protein
expression, weights (body, brain, testes, seminal vesicles, ovaries and uteri), vaginal
opening, estrus cycling (length, staging, number of cycles), mean litter sizes, the number of
litters per 90days, and follicular stages). A Tukey multiple comparison procedure (MCP)
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was used to examine post hoc differences if a significant overall test was found in the one-
way ANOVA models. Kruskal-Wallis tests were used to compare the three groups when
data were not normally distributed, including the number of days before the first litter and
hormone levels and the area under the curve for body weight after weaning, anogenital
distance, and GnRH distribution. A Kruskal-Wallis multiple comparison procedure was used
to examine post hoc differences between groups if the overall test was statistically
significant. A two-sample t-test was used to compare two groups and included the length
and width of testes and ovaries, seminiferous tubule counts and diameter, and GnRH
distribution distance in the brain. All tests were two tailed except for a Mann-Whitney U test
used to compare GnRH neuron number in KO vs. WT since a reduction of GnRH neurons
was expected. *P <0.05 was considered statistically significant. Statistical analysis was
performed using SAS and NCSS software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Generation and confirmation of the Nelf KO Mouse
(A) The Nelf 5” region with the knockout first vector is shown. For germline knockout, this

knockout first vector has a Flp-recombinase target (FRT)-flanked selection cassette inserted
into the third intron of Nelf, which will trap the transcript through the Engrailed-2 (En2)
splice acceptor (En2 SA) element and truncate it through the SVV40 polyadenylation signal
(pA). Lacz, encoding -galactosidase, is the reporter gene, which enables tracing of
expression. The Neomycin resistance gene (Neo) was used as a marker for ES clone
screening which was driven by an autonomous (hBactP) promoter. IRES =internal ribosome
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entry site. For conditional knockout, the cassette also contains loxP sites flanking exon 4.
Primers for RT-PCR of whole brain RNA (Table S2) flanked exons 1-3 (252bp), exons 3—
6(328bp) and exons 6-9(325bp). Each exon is labelled (only exons 1-6 are shown); and
primer location for RT-PCR is shown below the exons. The PCR product for exons 1-3 is
indicated as a line with arrows underneath showing primer location. For the exon 3-6
fragment, primer location is shown by arrows under the corresponding exon (exons 6-9 are
not shown). Homozygous KO mice demonstrated the exon 1-3 amplicon, but had decreased
intensity of the other two amplicons. (B) Western analysis of whole brain lysate protein
from showed the expected 63kDa NELF band which is absent in the Nelf knockout mouse.
(C) Quantification of NELF protein in the mouse model of Nelf and -actin bands as
normalized to B-actin, N=3 experiments; and p<0.05. (D) Genotyping of WT, HET, and KO
mice was performed using tail DNA.
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Figure 2. Pubertal assessment in Nelf KO mice
Shown are: (A-D) Body weight and (E) anogenital distance in males and (F) vaginal

opening in females. For Figures 2B and 2D, the mice were 8 weeks old. *Vaginal opening in
HET and KO mice was delayed by ~4 days vs. WT (ANOVA with Tukey MCP test;
P<0.05.) AUC = area under the curve.
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Figure 3. Estrus cycling and fertility in female Nelf KO mice
(A) Uterine plus ovarian weights were decreased in KO female mice compared to WT

(ANOVA with Tukey MCP, P<0.05) when measured during proestrus at 8 weeks of age. (B)
Gross structure of the ovaries and uteri is shown. (C) The time to first estrus, (D) the number
of estrus cycles/19 days, (E) estrus cycle length, and (F) time spent in each of the four

estrous stages were not different in the three genotypes.
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Figure 4. Fertility in males (A-C) and females (D-F); GnRH neurons in females (G)
In females, (A) time to first litter was not different (Kruskal-Wallis); (B) mean litter size

was significantly reduced in both female HET and KO compared with WT animals
(ANOVA with Tukey MCP, P<0.05); (C) number of litters/90 days was reduced in both
HET and KO females vs. WT (ANOVA with Tukey MCP, P <0.05). In males, (D) time to
first litter was not different (Kruskal-Wallis); (E) mean litter size was significantly reduced
in male KO vs. WT animals (ANOVA; Tukey with MCP, P<0.05); and (F) number of
litters/90 days was not different in males (ANOVA).
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Figure 5. GNRH neuron staining in females
(A) Section of forebrain—GnRH neuron staining in red shows both arcuate nuclei laterally

separated by the third ventricle, and the median eminence inferiorly. (B) GnRH staining is
shown in the arcuate nucleus, which is shown at higher magnification in (C). (D)
Distribution of GnRH neurons in 4WT and 4KO female mice (hote one outlier). (E) GnRH
neuron number is reduced in KO females vs. WT females (Mann Whitney U; 1 tailed;
P=0.03).
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