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Abstract

The brain’s primary circadian pacemaker, the suprachiasmatic nucleus (SCN), is required to 

translate day-length and circadian rhythms into neuronal, hormonal, and behavioral rhythms. Here, 

we identify the homeodomain transcription factor Ventral anterior homeobox 1 (Vax1) as required 

for SCN development, vasoactive intestinal peptide expression, and SCN output. Previous work 

has shown that VAX1 is required for gonadotropin-releasing hormone (GnRH/LHRH) neuron 

development, a neuronal population controlling reproductive status. Surprisingly, the ectopic 

expression of a Gnrh-Cre-allele (Gnrhcre) in the SCN confirmed the requirement of both VAX1 

(Vax1flox/flox:Gnrhcre, Vax1Gnrh-cre) and Sine Oculis Homeobox Protein 6 (Six6flox/flox:Gnrhcre, 

Six6Gnrh-cre) in SCN function in adulthood. To dissociate the role of Vax1 and Six6 in GnRH 

neuron and SCN function, we used another Gnrh-cre allele that targets GnRH neurons, but not the 

SCN (Lhrhcre). Both Six6Lhrh-cre and Vax1Lhrh-cre were infertile, and in contrast to Vax1Gnrh-cre 

and Six6Gnrh-cre mice, Six6Lhrh-cre and Vax1Lhrh-cre had normal circadian behavior. Unexpectedly, 
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~1/4 of the Six6Gnrh-cre mice were unable to entrain to light, showing that ectopic expression of 

Gnrhcre impaired function of the retino-hypothalamic tract that relays light information to the 

brain. This study identifies VAX1, and confirms SIX6, as transcription factors required for SCN 

development and function and demonstrates the importance of understanding how ectopic CRE 

expression can impact the results.

Keywords

Suprachiasmatic nucleus; gonadotropin-releasing hormone neuron; Ventral Anterior Homeobox 1; 
Sine Oculis Homeobox Protein 6; circadian rhythm; mouse model validation

Introduction

Correct brain development relies on the precise timing and dosage of a large number of 

transcription factors, where homeodomain-binding proteins are one of the largest groups of 

transcription factors required for hypothalamic development [1–4]. Homeodomain-binding 

transcription factors preferentially bind ATTA and related sites in target gene promoters 

allowing regulation of gene expression. In contrast to most transcription factor families, 

homeodomain binding transcription factor dosage is critical during embryogenesis, and their 

haploinsufficiency can impair development of specific neuronal populations causing 

infertility as well as other behavioral and physiological deregulations [5–11]. Specifically, 

haploinsufficiency of homeodomain transcription factors including Sine Oculis-related 

Homeobox 3 (Six3), Orthodenticle Homeobox (Otx2), and Ventral Anterior Homeobox 1 

(Vax1) impact ventral forebrain and hypothalamic development thereby reducing fertility 

[12].

The incredible diversity of peptides and transcription factors expressed by hypothalamic 

neurons arises from a complex developmental program allowing specification of each 

neuronal subtype [13, 4, 14–16]. A small bilateral structure in the ventral hypothalamus 

called the suprachiasmatic nucleus (SCN) is considered to be the body’s master circadian 

pacemaker [17, 14]. The SCN translates light information received through the 

retinohypothalamic tract of the eye to the body, allowing neuronal and peripheral circadian 

rhythms to be aligned to the environmental light-dark cycle and season of the year, thus 

promoting optimal cellular and behavioral function of the organism [18, 19]. The critical 

role of the SCN as a circadian timekeeper is demonstrated in animal models with disrupted 

SCN function through ablations or genetic mutations, which produce impaired circadian 

rhythms, metabolic deregulation and poor fertility, among other physiological disruptions 

[20–25].

The important role of the SCN in fertility is demonstrated by the elimination of the 

luteinizing hormone (LH) surge driving ovulation after SCN ablation [26]. Although the 

specific mechanism of SCN timing of the LH surge is still unclear, both vasoactive intestinal 

polypeptide (VIP) and arginine vasopressin (AVP) neurons of the SCN directly project onto 

two hypothalamic neuronal populations required for fertility, the kisspeptin and 

gonadotropin-releasing hormone (GnRH) neurons [27–35]. Interestingly, SCN and GnRH 

neurons share some striking similarities. Both depend on homeodomain transcription factors 
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to develop correctly and both possess endogenous rhythms [36, 12, 22, 37, 38]. Major 

differences between GnRH and SCN neuron development include their timing and migratory 

patterns. Generation of GnRH neurons occurs in the olfactory placode at ~embryonic day 11 

(E11), followed by their migration to the anterior hypothalamus, where most GnRH neurons 

are located at E17 [39]. In contrast, the SCN arises from a rapid cell proliferation of the 

neuroepithelium caudal to the optic recess between ~E12–15 in the mouse [22, 40–42]. 

Numerous homeodomain transcription factors are highly expressed in the neuroepithelium 

and ventral forebrain between E12 and E16, including Six3, Six6, LIM homeobox 1 (Lhx1) 

[22], and Vax1 (this paper and [40, 41]). Thus far, it has been shown that Six3 and Six6 are 

required for both GnRH neuron and SCN development [43, 44, 22, 45], whereas Lhx1 is 

required for SCN development [17], and Vax1 is necessary for GnRH neuron development 

[9, 46]. Based on the Allen Brain Atlas (www.brain-map.org), Vax1 possesses a high 

expression pattern in the ventral forebrain from E10-E18, and at postnatal day 0 (P0) Vax1 
knock-out (Vax1KO) mice lack midline crossing, are holoprosencephalic and die soon after 

birth due to severe brain development defects, in combination with an incapacity to suckle 

due to cleft lip and palate [40, 47]. In contrast, Six6KO mice survive but lack SCN 

morphology, SCN expression of AVP, and VIP, causing impaired circadian wheel-running 

activity [44].

Materials and Methods

Mouse breeding.

All animal procedures were performed according to protocols approved by University of 

California, San Diego Institutional Animal Care and Use Committee and the Institutional 

Animal Care and Use Committee of Michigan State University and conducted in accordance 

with the Guide for the Care and Use of Laboratory Animals. Vax1tm1Grl [41], here referred 

to as Vax1HET and Vax1KO mice, Vax1flox mice [46], Six6flox [45], and Bmalflox (The 

Jackson Laboratory #007668 [B6.129S4(Cg)-Arntltm1Weit/J]) mice were crossed with 

Lhrhcre [48] [Tg(Gnrh1-cre)1Dlc] or Gnrhcre [49] [Tg(Gnrh1-cre)35Awo] mice. All mice 

were kept on a C57BL/6J background. Mice were housed with lights ON from 6 AM till 6 

PM and killed by CO2 or isoflurane (Vet One, Meridian, ID) overdose and decapitation.

Wheel-running behavior.

Female and male mice of 10–14 weeks of age at the start of the experiment were housed 

individually in cages with running wheels. Food and water were available ad libitum during 

the entire experiment. After 1-week acclimation to the polypropylene cages (17.8 × 25.4 × 

15.2 cm) containing a metal running wheel (11.4 cm diameter), locomotor activity rhythms 

were monitored with a VitalView data collection system (Version 4.2, Minimitter, Bend OR) 

that compiled in 6 min bins the number of electrical closures triggered by half wheel 

rotations. Running wheel activity in Light 12h:Dark 12h (LD12:12) was monitored for 2 

weeks. Subsequently, mice were placed for 4 weeks in constant darkness (DD). Cage 

changes were scheduled at 3-week intervals. Wheel-running activity was analyzed using 

ClockLab Analysis (ActiMetrics Software).
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Visual evoked potentials.

Visual evoked potential measurements were taken after the wheel-running behavior tests. 

This protocol was adapted from published studies [50]. Mice were dark-adapted for 12 hours 

before the procedure. Animals were anesthetized, given an eye drop of 0.5% proparacaine as 

analgesic, followed by 1% tropicamide for dilation. The top of the mouse head was cleaned 

with an antiseptic solution. A scalpel was used to incise the scalp skin, and a metal electrode 

was inserted into the primary visual cortex through the skull, 0.8 mm deep from cranial 

surface, 2.3 mm lateral to the lambda. A platinum subdermal needle (Grass Telefactor) was 

inserted through the animal’s mouth as reference, and through the tail as ground. Flashes of 

light at 2 log cd*s/m2 were delivered through a full-field Ganzfeld bowl at 2 Hz. Signal was 

amplified, digitally processed by the software (Veris Instruments), then exported and peak-

to-peak responses were analyzed in Excel (Microsoft). To isolate visual evoked potentials of 

the measured eye from the crossed signal originating in the contralateral eye, a black 

aluminum foil eyepatch was used to cover the eye not undergoing measurement. Following 

the readings, the animals were euthanized, their eyes collected and processed for 

immunohistochemistry (IHC) and image analysis.

Cell culture.

NIH3T3 (American Type Culture Collection) and COS-1 (American Type Culture 

Collection) cell lines were cultured in DMEM (Mediatech), containing 10% fetal bovine 

serum (Gemini Bio), and 1x penicillin-streptomycin (Life Technologies/Invitrogen) in a 

humidified 5% CO2 incubator at 37°C. For luciferase assays NIH3T3 cells were seeded into 

24-well plates (Nunc) at 35,000 cells per well. Transfection of cells was performed 48 h 

after the cells were plated. COS-1 cells used for electrophoretic mobility shift assay (EMSA) 

were harvested at sub-confluency 48–56 h after seeding in 10 cm dishes (Nunc).

Transfections and luciferase assays.

Transient transfections for luciferase assays were performed using PolyJet™ (SignaGen 

Laboratories, Rockville, MD), whereas Fugene was used for plasmid overexpression for 

EMSA’s, following manufacturer’s recommendations. For luciferase assays, NIH3T3 cells 

were co-transfected as indicated in the figure legends, with 150 ng/well luciferase reporter 

plasmids and expression plasmids at the indicated concentration. 100 ng/well thymidine 

kinase-β-galactosidase reporter plasmid was added and served as an internal control. The 

plasmids used were previously published [51, 52]. Site directed mutagenesis of the 

homeodomain binding sites in the mouse ~1 Kb Vip-luciferase plasmid was performed using 

the NEB Q5 Site-Directed Mutagenesis Protocol (New England Biolabs Inc.), following 

manufacturer’s instructions. Primers for NEB Q5 site-directed mutagenesis were designed 

using the NEB Base Changer (Table 1). To equalize the amount of DNA transfected into 

cells, we systematically equalized plasmid concentrations by adding the corresponding 

plasmid backbone. For luciferase assays, cells were harvested 24 h after transfection in lysis 

buffer [100 mM potassium phosphate (pH 7.8) and 0.2% Triton X-100]. Luciferase and β-

galactosidase assays were performed as previously described [53]. Luciferase values are 

normalized to β-galactosidase values to control for transfection efficiency. Values are 

normalized to pGL3 and are expressed as fold change as compared to control plasmid as 
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indicated in the figure legends. Data represent the mean ± SEM of at least three independent 

experiments done in triplicate.

Cytoplasmic and nuclear extracts.

COS-1 cells were scraped in hypotonic buffer (20 mM Tris-HCl, pH 7.4, 10 mM NaCl, 1 

mM MgCl2, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 1x protease inhibitor 

cocktail; Sigma-Aldrich) and left on ice to swell. Cells were lysed and nuclei were collected 

by centrifugation (4°C, 1700 g, 4 min). Nuclear proteins were extracted on ice for 30 min in 

hypertonic buffer [20 mM HEPES, pH 7.9, 20% glycerol, 420 mM KCl, 2 mM MgCl2, 10 

mM NaF, 0.1 mM EDTA, 0.1 mM EGTA, 1x protease inhibitor cocktail (Sigma-Aldrich), 

and 1 mM phenylmethylsulfonylfluoride]. Debris was eliminated by centrifugation (4°C, 

20,000 g, 10 min), and supernatant was snap-frozen and stored at −80°C.

Determination of pubertal onset and fertility assessment.

As previously described [54], pubertal onset in male mice is observed by preputial 

separation, whereas vaginal opening is indicative of pubertal onset in female mice. Males 

and females were observed every day starting at approximately 23–25 days of age. At 11–14 

weeks of age, virgin Vax1flox/flox (WT), Vax1flox/fllox:Lhrhcre (Vax1Lhrh-cre), Six6flox/flox 

(WT), and Six6flox/flox:Gnrhcre (Six6Gnrh-cre) were housed in pairs with the corresponding 

controls (Vax1flox/flox or Six6flox/flox) mice. The number of litters produced was recorded for 

90 days.

Determination of estrous cyclicity.

To assess estrous cyclicity, vaginal smears were performed daily between 9–11 am on 3–5 

month-old mice by vaginal lavage. Smears were collected on glass slides and counterstained 

with 0.1% of methylene blue (Spectrum, Gardena, CA). Cell type was observed through 

bright field microscopy to determine the corresponding stage of the estrous cycle.

Hormone levels and GnRH and Kisspeptin-10 challenges.

Tail blood was collected from adult male and female metestrus/diestrus littermates between 

10 am and 12 pm. Ten min after receiving an i.p. injection of 1 μg/kg GnRH in physiological 

serum, or 20 min after receiving an i.p. injection of 3 mmoles kisspeptin-10 in sterile saline, 

a second collection of tail blood was performed. Blood was allowed to clot for 1 h at RT, 

then centrifuged (RT, 15 min, 2600 g). Serum was collected and stored at −20°C before 

ELISA analysis of luteinizing hormone (LH) and follicle-stimulating hormone (FSH). 

Samples were run as singlet on MILIPLEX® (#MPTMAG-49K, Millipore, Baltimore). LH: 

lower detection limit: 5.6 pg/mL, intra-ACOV 15.2% and inter-ACOV 4.7%. FSH: lower 

detection limit: 24.9 pg/mL, intra-ACOV 13.7% and inter-ACOV 3.9%.

IHC and Hematoxylin & Eosin (H&E) staining.

IHC in the brain was performed as previously described [55]. Briefly, the primary antibody 

used was rabbit anti-GnRH (Thermo Scientific #PA1–121, dilution 1/1000, 

RRID:AB_325077), rabbit anti-GnRH (Novus #NBP2–22444, 1:1000, or Immunostar 

#20075, dilution 1/2000, RRID: AB_572248), which specifically stain for GnRH [55]. 
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GnRH-positive neurons were counted throughout the brain. VIP staining was performed in 

the SCN using the rabbit-anti-VIP antibody (Immunostar 20077, 1/1000 

RRID:AB_572270). Semi-quantification of the SCN area containing VIP staining was done 

using Fiji-Image Software (NIH). Image intensity (grey scale) for VIP staining represents 

the average VIP expressing area of the SCN at Bregma −0.34; −0.60 and −0.82. H&E in 

adult brain tissue was done on 10 μm coronal tissue sections using H&E (Vector lab). For 

immunostaining the retinas, enucleated eyes were fixed for 3 h in 4% PFA in PBS. The 

retinas were extracted, flat mounted on microscope slides, anti-mouse BRN3a primary 

antibody (Millipore, MAB1595, RRID: AB_94166) and secondary AlexaFluor 555 Anti-

mouse (Invitrogen, A32727).

In situ hybridization.

Histological analyses of Vax1KO at P0 were performed according to Bharti, et al. [56]. The 

Avp in situ hybridization probe has previously been validated [41].

Collection of uterus, ovary, testis, and gonadal histology.

Ovaries and uteri from diestrus females and testes from males were dissected and weighed 

from animals of 2.8–4 months of age.

Statistical analysis.

Statistical analyses were performed using either Student’s t-test, One-Way ANOVA or Two-

Way ANOVA, followed by post hoc analysis by Tukey or Bonferroni as indicated in figure 

legends, with p < 0.05 to indicate significance using GraphPad Prism 7 and 8.

Results

Vax1 is Required for SCN Development

Based on the critical role of Vax1 for ventral forebrain development, we asked if Vax1 
expression would be maintained in the brain after birth into adulthood. We consulted the 

Allen Brain Atlas, and found that in 56-day old males, Vax1 expression was restricted to the 

SCN (Fig. 1a). To determine if VAX1 was required for SCN development, H&E was 

performed in wild-type (WT) and Vax1 knock-out (KO) mice at birth (P0). At P0, a time 

point where the high cell density of the SCN is easily recognizable (Fig. 1b, WT), Vax1KO 
newborns lack the characteristic SCN morphology (Fig. 1b, Vax1KO), and the SCN marker 

Avp was undetectable by in situ hybridization in the SCN (Fig. 1c). To determine when Vax1 
is expressed in the region of the neural plate giving rise to the terminal hypothalamus, Vax1 
expression patterns were compared to known markers of the primordial SCN such as Rax, 
Lhx1, FoxD1, Rora, and Six3 [57] using the Allen Brain Atlas. Rax is a transcription factor 

required for the development of the anterior hypothalamus, including the SCN [22, 58]. At 

E11.5, Vax1 and Rax are expressed within the same area of the neuroepithelium (Fig. 1d,), 

although Vax1 expression level was relatively low as compared to Rax (Fig. 1d, E11.5). 

Between E12 and E15, a major proliferation of the neuroepithelium allows the formation of 

the primordial SCN. Based on this we evaluated expression patterns at E13.5 for Lhx1, 
FoxD1, and Vax1. We found these SCN markers had similar expression patterns in the 

neuroepithelium, with high expression of Vax1 in the entire area that gives rise to the SCN 
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(Fig. 1d). The high Vax1 expression is maintained at E15.5, where Vax1 expression patterns 

in the region of the neuroepithelium giving rise to the terminal hypothalamus overlaps with 

the SCN markers Six3 and Rora (Fig. 1d).

Vax1 is Required for Normal SCN Function

Vax1KO is neonatal lethal [40, 47]. We therefore tested SCN output in female mice by 

assessing wheel-running activity in Vax1 heterozygotes (HET), a mouse model that we 

previously found to be subfertile due to Vax1 haploinsufficiency on GnRH neuron 

development [9, 12]. Both WT and Vax1HET females entrained normally to light on a 12h 

light:12h dark (LD12:12) light cycle (Fig. 2a, LD). After 4 weeks in constant darkness 

(DD), but not earlier, Vax1HET females had a slightly, but statistically significant, longer 

free-running period (τ) than controls (Fig. 2a, b), and had comparable activity levels to 

controls as evaluated by the average number of wheel-revolutions/h (Fig. 2c). Due to the 

high expression of Vax1 in the SCN in adulthood (Fig. 1a), we hypothesized that VAX1 in 

the adult brain potentially regulated VIP expression, a SCN neuropeptide that is expressed in 

the mature SCN and that is required for normal SCN function and female fertility [24]. 

Using a semi-quantitative approach, we established that the VIP expression area in the SCN 

was reduced by ~26% in the Vax1HET (VIP expressing area Vax1WT = 74596.89 ± 5555 

pixels, n=3; Vax1HET = 55042 ± 16168 pixels, n=3, Fig. 2d). This reduction in the VIP area 

was accompanied by a reduction of VIP staining intensity (Fig. 2d, visual evaluation of all 

the slides of the SCN). This reduction in VIP peptide and expression area did not appear to 

have a major impact on SCN morphology as assessed by H&E (Fig. 2e).

To determine if the reduction of VIP expression was caused by a direct regulation by VAX1 

of the Vip promoter, we transiently transfected NIH3T3 cells with the ~1 Kb Vip mouse 

promoter driving luciferase expression along with increasing concentrations of a Vax1 

expression plasmid. Increasing concentrations of the Vax1 overexpression plasmid, had a 

dosage effect on Vip-luciferase expression (Fig. 2f). Based on these data, the remaining 

experiments were performed with 20 ng of Vax1. To determine if the VAX1-induced 

increase in Vip-luciferase expression was mediated by VAX1 binding to the Vip promoter, 

we mutated ATTA and ATTA-like sites in the Vip promoter (Table 1). Site-directed 

mutagenesis of ATTA-like sites at −656 bp, −474 bp, −471 bp, −432 bp, and −239 bp 

enhanced VAX1 regulated Vip-luciferase induction, whereas mutation of ATTA-like sites at 

−909 bp, −365 bp, −204 bp, and −94 bp reduced VAX1 regulated Vip-luciferase induction 

(Fig. 2g). Although VAX1-regulated Vip-luciferase expression was only abolished at site 

−365, the significant increase (sites at −656 bp, −474bp, −471 bp, −432 bp, and −239 bp), 

and reduction (sites at −909 bp, −365 bp, −204 bp, and −94 bp) of VAX1-regulated Vip-

luciferase expression lead us to test if VAX1 directly binds to any of these sites using 

electromobility shift assays (EMSAs, for probe sequences see table 1). Nuclear extracts from 

COS-1 cells transiently transfected with Vax1-flag formed a complex (Fig. 2h) that was 

supershifted (Fig. 2h, supershift is indicated by a white star) in presence of an α-flag 

antibody (lane 2). In contrast, no supershift was observed in samples with empty vector 

(CMV), or site −365 bp (Fig. 2h). The specificity of the supershift was confirmed by the 

lack of supershift in samples with IgG (Fig. 2h, lane 3).
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Ectopic Expression of Gnrhcre in the Developing SCN Confirms Vax1 as Critical in SCN 
Function

Normal SCN function is required for the LH surge that promotes ovulation and fertility in 

females. We recently found that a Gnrh-promoter driven Cre-allele (here referred to as 

Gnrhcre [49]), which we previously used to delete Vax1 within GnRH neurons [46], also 

targets the SCN [55]. This is important as this Gnrhcre allele would delete Vax1 during SCN 

embryogenesis and could cause defects in SCN function. This ectopic expression of the 

Gnrhcre allele was not observed in the Gnrh-promoter driven-Cre allele developed using a 

bacterial artificial chromosome, here referred to as the Lhrhcre [55]. To rule out that part of 

the reproductive phenotype in the Vax1flox/flox:Gnrhcre (Vax1Gnrh-cre) females was caused by 

impaired SCN function, we performed H&E staining of the SCN. We found that the SCN 

morphology in Vax1Gnrh-cre (Fig. 3a), but not in Vax1Lhrh-cre (Fig. 3b), was comparable to 

controls (Vax1flox/flox or Gnrhcre) although the cell density appeared to be slightly reduced in 

Vax1Gnrh-cre.

Because gonadal sex steroids can impact wheel-running levels [59, 60] and running levels 

impact free-running period (Tau, τ) [61], we evaluated wheel-running levels (wheel 

revolutions and τ) in the hypogonadal Vax1Gnrh-cre and Vax1Lhrh-cre mice (Fig. 3c). Wheel 

running activity was compared between Vax1Gnrh-cre, Vax1Lhrh-cre, and control mice 

(Vax1flox/flox, Gnrhcre, and Lhrhcre). Based on our recent characterization of neurons 

targeted by the Gnrhcre and Lhrhcre alleles, we would not expect the Vax1flox/flox allele to be 

deleted in the SCN when crossing it with the Lhrhcre mouse (here termed Vax1Lhrh-cre), 

whereas we would expect the Vax1flox/flox allele to be deleted in parts of the SCN from mid-

late embryonic development using the Gnrhcre mouse [48, 55]. To determine if Vax1Gnrh-cre 

had abnormal SCN function, circadian wheel-running patterns were evaluated in controls 

(Vax1flox/flox, Lhrhcre; Fig. 4a) and Gnrhcre (an example of Gnrhcre wheel-running is 

included in Fig. 6a) and compared to Vax1Gnrh-cre and Vax1Lhrh-cre (Fig. 4a). All of the mice 

studied entrained normally to light in LD12:12 (Fig. 4a, 10 days in LD indicated by vertical 

white bar). In constant darkness (DD), controls and Vax1Lhrh-cre had similar activity levels 

and presented with comparable free-running periods (τ < 24h, Fig. 4a–c). In contrast, 

Vax1Gnrh-cre had shorter τ than controls and Vax1Lhrh-cre (Fig. 4a, b). In addition, overall 

activity levels were lower in Vax1Gnrh-cre than controls (Fig. 4a, c). Surprisingly, we did not 

detect lower activity levels in the hypogonadal Vax1Lhrh-cre (Fig. 4a, c), suggesting that the 

reduced activity in Vax1Gnrh-cre is not solely caused by reduced sex steroid levels. To 

establish to what degree the impaired wheel running activity in Vax1Gnrh-cre was due to 

impaired SCN circadian rhythms, we deleted the brain and muscle aryl hydrocarbon receptor 

nuclear translocator-like protein 1 (Bmal1), a required transcription factor for circadian 

rhythm generation, using the Gnrhcre (BmalGnrh-cre; [62]). BmalGnrh-cre males entrained 

normally to LD12:12, and had comparable wheel running activity to controls in constant 

darkness (Fig. 4d).

Disrupted SCN Function in Vax1Gnrh-cre Does Not Measurably Exacerbate the Infertility of 
This Mouse Model

To determine if the impaired SCN function in Vax1Gnrh-cre contributed to the infertility of 

these mice, we repeated the fertility study in Vax1Lhrh-cre mice which have Vax1 deleted 
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within GnRH neurons, but not in the SCN [55]. First, we confirmed that the hypogonadism 

of Vax1Lhrh-cre originated at the level of the GnRH neurons by performing IHC for GnRH in 

adult Vax1Lhrh-cre mice. Evaluating GnRH neuron numbers throughout the adult brain, we 

identified only a very small number of GnRH expressing neurons in Vax1Lhrh-cre mice (Fig. 

5a, Table 2). The almost complete absence of GnRH neurons caused delayed pubertal onset 

in males and females (Table 2) and a significant reduction in ovary, testis, and uterine size in 

Vax1Lhrh-cre mice (Fig. 3c, Table 2). Gonadal maturation and function require pulsatile 

release of LH and follicle-stimulating hormone (FSH) from the pituitary. Indeed, LH and 

FSH were significantly reduced in both adult males and females (Table 2). To confirm that 

the low LH and FSH levels were caused by absence of GnRH, we performed hormonal 

challenges with kisspeptin and GnRH to test GnRH neuron and pituitary gonadotrope 

function, respectively. The GnRH challenge significantly increased LH release in both 

controls and Vax1Lhrh-cre confirming normal function of the gonadotropes. In stark contrast, 

a kisspeptin challenge only elicited LH release in controls (Table 2), confirming the 

hypogonadism of Vax1Lhrh-cre is triggered by lack of GnRH. As expected, the low LH and 

FSH levels caused complete infertility in Vax1Lhrh-cre males and females (Fig. 5b), and 

absence of estrous cyclicity in Vax1Lhrh-cre females (Fig. 5c, d).

Gnrhcre Deletion of Six6flox/flox Disrupts SCN Development and Function and Causes 
Sporadic Blindness

To determine if the impaired SCN function in Vax1Gnrh-cre was a rare phenotype produced 

by a modest ectopic expression of the Gnrhcre allele in the developing SCN, or if this ectopic 

expression should be considered an important contributor to the phenotype observed in 

animals with flox alleles deleted using the Gnrhcre mouse, we deleted the homeodomain 

transcription factor Six6 using the Gnrhcre and the Lhrhcre alleles, here referred to as 

Six6Gnrh-cre and Six6Lhrh-cre, respectively. We chose to delete Six6, as this transcription 

factor is known to be required for both GnRH neuron and SCN development [45, 43, 44]. To 

determine if Six6Gnrh-cre and Six6Lhrh-cre had impaired circadian wheel-running patterns in 

DD, we placed Six6Gnrh-cre and Six6Lhrh-cre females in running wheels in LD12:12 (LD) for 

10 days followed by 28 days in constant darkness (DD). All 8 controls, 6/6 Six6Lhrh-cre and 

6/10 Six6Gnrh-cre mice entrained normally to light (Fig. 6a–f). The overall activity level of 

Six6Gnrh-cre females was much lower than controls and Six6Lhrh-cre (Fig. 6h). The ectopic 

targeting to the SCN of the Gnrhcre allele was obvious in Six6Gnrh-cre mice in DD where 

Six6Gnrh-cre (Fig. 6b, e), but not Six6Lhrh-cre mice (Fig. 6c, f), had abnormal total wheel 

revolutions (Fig. 6h). The Six6Gnrh-cre free-running period trended towards longer than 

controls and Six6Lhrh-cre, although a great variation in Six6Gnrh-cre wheel-running rhythms 

was observed, where some mice presented with a very short free-running period and others 

with very long free-running periods ranging from 4.33 h to 36.20 h (mice with τ <20 and 

>30 h were considered arrhythmic and excluded from the statistical analysis and the 

histogram, Fig. 6b, e, g, and 7). The abnormal wheel-running patterns in DD in Six6Gnrh-cre 

correlated with absence of SCN morphology [Fig. 6i, where 6i(a) is from the mouse in 6a, 

6i(b) from mouse 6b, and 6i(c) from 6c], such that ectopic expression of Gnrhcre in Six6flox 

mice was sufficient to prevent developmental formation of normal SCN morphology.
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In addition to abnormal wheel running activity in DD of Six6Gnrh-cre females, 4/10 

Six6Gnrh-cre females (Fig. 6 and 7) did not entrain to light (Fig. 7c) and presented a wheel-

running activity pattern comparable to Six6KO (compare Fig. 7c and 7e). This is in sharp 

contrast to the 0/17 controls and 5/5 Six6Lhrh-cre females who all entrained normally to light. 

This suggests that the Gnrhcre allele may be occasionally expressed in the eye or optic nerve 

rendering the mice insensitive to light. To confirm the impact of the deletion on the general 

visual system, we performed visual evoked potentials at the end of the running-wheel study 

followed by staining for retinal ganglion cells (RGC), a population of the retinal neurons 

whose axons form the optic nerve, which transmits the light information to the brain [63]. 

We found that the mice that were unable to entrain to light in the running wheel (Fig. 7c #1, 

e #1) lacked visual evoked potentials (Fig. 7 #2), which was associated with heavily affected 

number of RGCs (Fig. 7f, g). In contrast, mice that entrained to light had normal visual 

evoked potentials response and normal RGC cell numbers in the retina (Fig. 7a–c, f, g).

Gnrhcre Deletion of Six6flox/flox Causes Complete Infertility Due to Absence of GnRH 
Neurons

To determine the impact on GnRH neuron development of Six6Gnrh-cre, we counted GnRH 

neurons during embryogenesis and in adulthood. Six6Gnrh-cre had a ~90% reduction of 

GnRH neurons at both E13.5 and E17.5 (Table 3), a reduction that was maintained into 

adulthood (Table 3). As expected, this severe reduction in the number of GnRH neurons 

caused delayed pubertal onset in male and female Six6Gnrh-cre (Table 3), hypogonadism 

(Table 3, Fig. 8a), and complete infertility in adulthood (Fig. 8b, c). As expected, the low 

circulating LH and FSH (Table 3) levels in Six6Gnrh-cre were associated with an absence of 

estrous cyclicity (Fig. 8d). To confirm that this infertility arose at the level of the GnRH 

neuron, we used GnRH and kisspeptin challenges to test for pituitary and GnRH neuron 

responsiveness, respectively. Unexpectedly, all groups studied had a normal fold-change in 

LH release in response to GnRH and kisspeptin (Table 3), suggesting the ~10% remaining 

GnRH neurons in Six6Gnrh-cre were sufficient to induce an increase in LH when GnRH 

neurons were stimulated in synchrony by kisspeptin.

Discussion

Vax1 is a Novel Transcription Factor Required for SCN Development and Function

Despite relatively advanced understanding of the role of the SCN in circadian rhythm 

generation and synchronization of body tissues to the environment, the transcriptional 

program directing specification of the SCN remains poorly defined [64]. Only a few 

transcription factors of the homeodomain family have been identified as required for SCN 

development. Namely, deletion of transcription factors Six3 [22], Six6 [44], and Lhx1 [22, 

17] prior to or during the rapid cell proliferation occurring in the neuroepithelium (~E12-

E15) each disrupts the formation of a histotypical SCN in mice [42, 65, 66]. Vax1 may now 

be added to the short list of transcription factors required for SCN differentiation. Vax1 is 

expressed in overlapping areas of neuroepithelium expressing Rax, Dlx2, Fzd5, Six6, Six3, 

and Lhx1 from the interval of neuronal proliferation from E11.5-E15.5. Additionally, 

Vax1KO hypothalami at P0 lack SCN morphology and localized expression of the SCN 

marker Avp, despite normal expression of that neuropeptide in other hypothalamic structures 

Pandolfi et al. Page 10

Mol Neurobiol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(e.g., supraoptic and paraventricular nuclei). Thus, VAX1 likely plays roles both in the 

proliferation of the neuroepithelium as well as in the specification of neuropeptide 

phenotypes of SCN neurons.

Vax1 Haploinsufficiency Causes Reduced VIP Expression in the SCN

Vax1 dosage determines the number of GnRH neurons in the brain [46, 9]. Because the 

extent of Vax1HET subfertility was far greater than might be expected as a consequence of 

only a 50% reduction in the number of GnRH neurons [9, 43, 67], we questioned whether 

reproductive effects of Vax1 haploinsufficiency resulted from changes to other neuronal 

populations, such as those expressing VIP. SCN VIP neurons directly innervate [68–71, 29, 

72, 32] and modulate activity [73, 27] of GnRH neurons through VIP receptor 2 (VIPR2). 

Additionally, knock-out of Vip transcript [24, 74] or VIP neuron ablation [75, 76, 28] 

disrupts the LH surge, estrous cyclicity and ovulation. Here we found VAX1 to be an 

activator of Vip-luciferase expression in vitro through direct binding of VAX1 to distinct 

ATTA-like sites in the proximal mouse Vip promoter. In vivo, Vax1HET mice had 

approximately a 26% reduction in VIP expression area, in addition to a reduction in VIP 

neuropeptide in the SCN, indicating that Vax1 dosage sets the level of VIP expression in the 

adult SCN. The severe Vax1HET subfertility, therefore, could be caused by a combination of 

reduced GnRH neuron numbers and VIP neuropeptide expression. A single Vax1 allele also 

appears sufficient to allow normal embryonic SCN neuron proliferation as we observed no 

impact on SCN morphology in Vax1HET mice, but a total absence of SCN morphology in 

Vax1KO mice at birth. Functionally, circadian function as measured in LD entrainment and 

DD free-running assays was essentially intact, but a modest period phenotype was detected 

in the 4th week of exposure to DD. Though a modest effect, this would represent the first 

report to our knowledge of a developmental transcription factor that impacts SCN function 

in its heterozygotic state.

Ectopic Expression of the Gnrhcre Allele Causes Abnormal SCN Function and Sporadic 
Light-Insensitivity

CRE recombination is an increasingly important neurobiological tool to induce cell-specific 

deletion of genes in vivo. Despite numerous advantages, this strategy also has limitations 

such as ectopic CRE expression and germline recombination, creating mosaic and gene 

knock-out offspring. Two commonly used Gnrh-driven CRE-expressing mice, here termed 

Gnrhcre [49] and Lhrhcre [48] both target >95% of GnRH neurons. We reported recently, 

however, that beyond GnRH neurons, the Gnrhcre also targets the SCN, septum, medial 

thalamus, and other brain regions [55], and both mouse models frequently cause germline 

recombination [55]. Indeed, as early as E12.5, Gnrhcre targets broad areas of the anterior and 

ventral forebrain and from E17.5 through adulthood has distinct expression in the SCN [55]. 

This broader expression pattern is not observed in the Lhrhcre [55].

Although the Gnrhcre targeting of the SCN appeared to be relatively modest [55], it was 

sufficient nevertheless to reliably suppress activity levels and shorten free-running period in 

Vax1Gnrh-cre compared to the more restricted Lhrhcre allele. As reduction of wheel-running 

is known in mice to cause lengthening of free-running period [61], the true effect on 

circadian period may be substantially larger than was measured with the wheel-running 
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assay. An even more profound contrast between Gnrhcre versus Lhrhcre was apparent for 

deletions of Six6, a transcription factor previously shown to be required for SCN 

development [44]. Besides reduced running levels, ectopic expression of the Gnrhcre allele in 

Six6Gnrh-cre mice was sufficient to prevent entrainment of 40% of animals to LD and 

decreased rhythm quality in DD.

The altered or impaired SCN function in Vax1Gnrh-cre and Six6Gnrh-cre was associated with 

reduced to absent SCN morphology suggesting an effect on the developing SCN prior to 

E15. An inability of some Six6Gnrh-cre mice to entrain to light is potentially consistent with a 

circadian pacemaker defect and/or a lack of functional light input. The latter is supported by 

the lack in some animals of visual evoked potentials and an abnormal number of RGCs in 

the retina, indicating that Gnrhcre has targets outside the brain. Six6 has a previously well-

described role in eye and retina development [77, 78]. All mice not able to entrain to light 

were also lacking the visual evoked potentials. At this point, it is not possible to dissociate 

the role of Six6 in the SCN from the eye using the Six6flox:Gnrhcre mouse line. Regardless, 

these results confirm and extend our previous study identifying Gnrhcre targeting of the SCN 

[55] and establishing functional roles of Six6 [44] and Vax1 (this study) in circadian 

rhythmicity and entrainment.

Ectopic Expression of Gnrhcre Does Not Contribute to the Infertility of Mice with Vax1 or 
Six6 Deleted within GnRH Neurons

Our previously published detailed comparison of the adult brain structures targeted by the 

two Gnrh promoter-driven Cre alleles used in this study revealed extensive expression of 

CRE in areas known to be important in reproduction such as the olfactory bulb, septum, and 

parts of the hypothalamus, including the SCN [55]. Although in this study we found that the 

two Cre alleles yielded different circadian phenotypes when paired with deletions of Six6 
and Vax1 as described above, the development and number of GnRH neurons was not 

different for the two Gnrh-promoter driven Cre alleles [46, 45]. Both caused complete 

infertility and hypogonadism [46, 45]. In contrast, a more severe fertility phenotype was 

observed for Otx2 deletion using Gnrhcre versus Lhrhcre [55, 79]. In these studies as well, 

GnRH neuron development did not differ depending on use of Lhrhcre versus Gnrhrcre to 

conditionally delete Otx2. We attributed the difference in fertility to a high frequency of 

germline recombination of these alleles, potentially in combination to Otx2 deletion in the 

septum, a structure with high Otx2 which is targeted by the Gnrhcre and which is important 

in sexual behavior [55].

Taken as a whole, these data illustrate a more widespread ectopic expression of the Gnrhcre 

than we described previously [55] and underscore the importance of considering functional 

impacts of flox-allele deletion arising from such ectopic expression. As Gnrhcre has been 

widely used to study the role of genes in GnRH neuron development, function and fertility 

[80–84], it is important to consider if the reported flox-alleles are expressed in the SCN, 

retina etc. and if this undesired and uncharacterized gene deletion may have contributed to 

the observed phenotype. If, on the other hand, the studied flox-allele is not expressed in the 

broader ventral forebrain affected by Gnrhcre, this allele retains an important advantage over 
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the Lhrhcre insofar as the former targets ~100% of GnRH neurons compared to ~95–100% 

with Lhrhcre.

Conclusions

We have identified Vax1 as a novel transcription factor expressed in the developing 

neuroepithelium where it is required for SCN development and SCN function. Importantly, 

Vax1 haploinsufficiency caused abnormal SCN output and decreased VIP expression. The 

ectopic deletion of the Gnrhcre allele in the SCN confirmed the critical role of both Vax1 and 

Six6 in SCN development and function and fertility.
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Fig. 1. Vax1 is required for SCN development
a Sagittal in situ hybridization images from Allen Brain Atlas showing expression of Vax1 
in the adult SCN, scale bar represents 0.5 cm. Allen Mouse Brain Atlas (2004), image 18, 

Vax1-RP_090303_04_G09-sagittal, http://mouse.brain-map.org/experiment/siv?

id=81655570&imageId=81622614&initImage=ish&coordSystem=pixel&x=7192.5&y=378

4.5&z=1. b H&E staining on coronal brain sections of Vax1WT (WT) and Vax1KO mice at 

P0 showing absence of SCN morphology in Vax1KO (circled; x20). c Avp in situ 
hybridization in coronal brain sections at P0 in WT and Vax1KO embryos (circled; x20). d 
Sagittal in situ hybridization images from Allen Brain Atlas showing expression of Rax, 
Vax1, Lhx1, FoxD1, Rora, and Six3 in the developing mouse brain at the indicated 

embryonic (E) age, scale bar 1 mm. Allen Developing Mouse Brain Atlas (2008), E11.5, 

Rax_RP090724_05_F3-sagittal, image 7, http://developingmouse.brain-map.org/experiment/

siv?id=100085519&imageId=101449838&initImage=ish&x=4120&y=3200&z=3; Vax1-

RP_090707_04_E04-saggital, image 6, http://developingmouse.brain-map.org/experiment/

siv?id=100085523&imageId=101449914&initImage=ish&x=3512&y=2936&z=3. E13.5, 

Lhx1-RP080807_03E10-sagittal, image 18, http://developingmouse.brain-map.org/

experiment/siv?

id=100031987&imageId=100689017&initImage=ish&x=3936&y=5496&z=3; Foxd1-

RP_090724_06_H11-sagittal, image 14, http://developingmouse.brain-map.org/experiment/

siv?id=100075832&imageId=101262091&initImage=ish&x=4240&y=5392&z=3; Vax1-

RP-090303_04_G09-sagittal, image 14, http://developingmouse.brain-map.org/experiment/

Pandolfi et al. Page 19

Mol Neurobiol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://mouse.brain-map.org/experiment/siv?id=81655570&imageId=81622614&initImage=ish&coordSystem=pixel&x=7192.5&y=3784.5&z=1
http://mouse.brain-map.org/experiment/siv?id=81655570&imageId=81622614&initImage=ish&coordSystem=pixel&x=7192.5&y=3784.5&z=1
http://mouse.brain-map.org/experiment/siv?id=81655570&imageId=81622614&initImage=ish&coordSystem=pixel&x=7192.5&y=3784.5&z=1
http://developingmouse.brain-map.org/experiment/siv?id=100085519&imageId=101449838&initImage=ish&x=4120&y=3200&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100085519&imageId=101449838&initImage=ish&x=4120&y=3200&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100085523&imageId=101449914&initImage=ish&x=3512&y=2936&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100085523&imageId=101449914&initImage=ish&x=3512&y=2936&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100031987&imageId=100689017&initImage=ish&x=3936&y=5496&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100031987&imageId=100689017&initImage=ish&x=3936&y=5496&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100031987&imageId=100689017&initImage=ish&x=3936&y=5496&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100075832&imageId=101262091&initImage=ish&x=4240&y=5392&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100075832&imageId=101262091&initImage=ish&x=4240&y=5392&z=3
http://developingmouse.brain-map.org/experiment/siv?id=100072475&imageId=101210859&initImage=ish&x=3616&y=5600&z=3


siv?id=100072475&imageId=101210859&initImage=ish&x=3616&y=5600&z=3. E15.5, 

Rora-RP_071203_02_H06-sagittal, image 16, http://developingmouse.brain-map.org/

experiment/siv?

id=100053213&imageId=101049221&initImage=ish&x=6144&y=7552&z=2; Six3-

RP_080807_03_E12-sagittal, image 18, http://developingmouse.brain-map.org/experiment/

siv?id=100032020&imageId=100689426&initImage=ish&x=3904&y=6488&z=2; Vax1-

RP090303_04_G09-sagittal, image 14, http://developingmouse.brain-map.org/experiment/

siv?id=100072496&imageId=101211230&initImage=ish&x=5152&y=7248&z=2 

Abbreviations. OC: optic chiasm, SCN: suprachiasmatic nucleus, PVN: paraventricular 

nucleus, SON: supraoptic nucleus, Pit: pituitary.
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Fig. 2. Vax1HET females have abnormal SCN output
a Running-wheel patterns in Vax1WT and Vax1HET females. Double plotted actograms 

show activity with 10 days in LD12:12 (LD) followed by 28 days in constant darkness (DD). 

Data are presented as percentile. Horizontal bar above the actograms indicates lights on 

(white) and lights off (black) during the LD12:12 cycle. b Seven day average free-running 

periods (Tau) as established by Chi-square (ClockLab), and c average wheel-revolutions per 

hour for 7 days of data during LD, week 1 in DD (DD1), until week four in DD (DD4). 

Statistical analysis by Two-way ANOVA followed by a Tukey’s multiple comparison test; *, 

p<0.05; ** p<0.01, n=8–10. d Representative images of IHC for VIP in the SCN of adult 
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WT and Vax1HET females, n=4, magnification x10. e H&E in coronal hypothalamic brain 

sections encompassing the SCN from females, magnification x10. f, g Luciferase assays in 

NIH3T3 cells transiently transfected with the 1 Kb mouse Vip promoter driving luciferase 

with and without cotransfection with the mouse Vax1 expression vector. f Dose-response of 

VAX1 effect on Vip-luciferase expression (One-way ANOVA, followed by a Dunnet’s test, 

**, p<0.01, n-3–5 in triplicate), g Site-directed mutagenesis of ATTA and ATTA-like sites in 

the 1 Kb mouse Vip-luciferase driven plasmid (Two-way ANOVA, followed by a Tukey 

multiple comparison test, *, p<0.05; **, p<0.01; ***, p<0.001, n=3–5 in triplicate).h EMSA 

assay of COS-1 cells transiently transfected with pCMV-Flag (CMV, empty vector) or Vax1-

Flag (example gel of n=3). White star indicates super shift. Lane 1: H20, lane 2 anti-Flag-

antibody (αFlag), lane 3: IgG.
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Fig. 3. Impact of conditional deletion of Vax1 using LHRHcre and GnRHcre on SCN and gonadal 
morphology
a, b H&E in coronal hypothalamic brain sections encompassing the SCN from female mice 

of the indicated genotypes, magnification x10. c Images of male and female Vax1flox/flox, 

Vax1Gnrh-cre, and Vax1Lhrh-cre gonads and uteri. Scale bar 0.5 cm. n = 3–5 mice.
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Fig. 4. Ectopic expression of Gnrhcre in the SCN disrupts SCN output in Vax1Gnrh-cre mice
a Running-wheel patterns in controls (Vax1flox/flox and Lhrhcre), Vax1Gnrh-cre, and 

Vax1Lhrh-cre females (n=8–10), and d in Bmalflox/flox and BmalGnrh-cre males (n=4). 

Actograms show double plotted data, expressed as percentage, with 10 days in LD12:12 

(LD) followed by (a) 28 days, or (d) 14 days in constant darkness (DD). Horizontal bar 

above the actograms indicates lights on (white) and lights off (black) during the LD12:12 

cycle. b) Seven day average free-running periods (Tau) as established by Chi-square 

(ClockLab) and c average wheel-revolutions per hour for 7 days of data during LD, week 

one on DD (DD1), until week four in DD (DD4). Statistical analysis by Two-way ANOVA 

followed by a Tukey’s multiple comparison, * p<0.05; ** p<0.01, *** p<0.001.

Pandolfi et al. Page 24

Mol Neurobiol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Vax1Lhrh-cre mice are infertile and lack GnRH expression
a IHC for GnRH on coronal sections in adulthood. Scale bar 100 μm. b A 20-week fertility 

study evaluating the number of litters born showed complete infertility of Vax1Lhrh-cre males 

and females. One-Way ANOVA, as compared to WT; *** p<0.001, n=3–5. c Estrus cycling 

was monitored daily in adult 14–18-week-old females. M, Metestrus; E, estrus; P, proestrus; 

D, diestrus. d Average cycle length in WT and Vax1Lhrh-cre females. n= 4–6. Statistical 

analysis by Student’s t-test; ** p<0.001.
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Fig. 6. Six6Gnrh-cre but not Six6Lhrh-cre females have disrupted SCN output
A–f Running-wheel patterns in GnRHcre, Six6flox/flox, Six6Gnrh-cre, and Six6Lhrh-cre females. 

Actograms show double plotted data expressed as percentage with 10 days in LD12:12 (LD) 

followed by 28 days in constant darkness (DD). Horizontal bar above the actograms 

indicated lights on (white) and lights off (black) during the LD12:12 cycle. g Seven-day 

average free-running periods (Tau) as established by Chi-square (ClockLab) and h average 

wheel-revolutions per hour for 7 days of data during LD, and DD week one through 4 

(DD1–4). Statistical analysis by Two-way ANOVA followed by a Tukey’s multiple 

comparison test, *, p<0.05; **, p<0.01; n=5–10. i Illustrative H&E of coronal sections 

showing presence [i(a), and i(c), and absence of SCN, i(b)]. Magnification x10.
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Fig. 7. Ectopic targeting of Gnrhcre causes severe SCN impairment, and abnormal light 
sensitivity in Six6Gnrh-cre mice
a–e Examples of (1) wheel-running activity in 10 days LD followed by 28 days in DD 

(shown as percentile), and (2) vision evoked potentials (VEP) recorded at the termination of 

the study. f Quantification and g illustrative images of RGCs in the retina as evaluated by 

IHC. The number of mice per data point is shown in histogram bar (scale bar 100 μM). No 

statistical analysis was done due to low “n”. Abbreviations: OS: oculus sinister, OD: oculus 

dexter.
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Fig. 8. Six6Gnrh-cre mice are hypogonadal
a Images of testes from Six6Gnrh-cre and Six6Lhrh-cre mice. Scale bar 0.5 cm. b A 10-day 

plugging assay of Six6flox/flox and Six6Gnrh-cre males plugging Six6flox/flox females. c Three-

month fertility study evaluating the number of litters born, n=3–6. Statistical analysis by 

One-Way ANOVA, as compared to Six6flox/flox (Six6f/f), * p<0.001. d Estrous cycling was 

monitored daily for 12 days in adult females. M, Metestrus; E, estrus; P, proestrus; D, 

diestrus in Six6flox/flox and Six6Gnrh-cre females. Statistical analysis by Student’s t-test; *** 

p<0.001, n=4–6.
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Table 1
Primers used for Site-Directed Mutagenesis in the 1 Kb Vip-luciferase plasmid

Table of primers used to mutate ATTA sites within the 1 Kb mouse Vip-promoter (Vip-pGL3) plasmid and 

EMSA probes. Position refers to the number of base pairs upstream of the transcription start site. All primers 

were designed using NEBase Changer. Underlined bold sequences highlights the bases which were mutated.

Mutant Position Genotype Sequence

Vip −909 −914 → −901 Wildtype TCCCAATTAAATGT

Mutant TCCCACGGCAATGT

Vip −862 −867 → −854 Wildtype AAAAAATTAAGCAT

Mutant AAAAACGGCAGCAT

Vip −656 −661 → −648 Wildtype TGATCATTATTTAT

Mutant TGATCCGGCTTTAT

Vip −474 −479 → −468 Wildtype AAGTGTAATAATAG

Mutant AAGTGGCCGAATAG

Vip −471 −476 → −463 Wildtype TGTAATAATAGAAA

Mutant TGTAAGCCGAGAAA

Vip −432 −437 → −424 Wildtype TTTAAATTAGAGTA

Mutant TTTAACGGCGAGTA

Vip −408 −413 → −400 Wildtype AACTTTAATTCAGA

Mutant AACTTGCCGTCAGA

Vip −365 −370 → −357 Wildtype AAGGCATTAAAGCA

Mutant AAGGCCGGCAAGCA

Vip −243 −248 → −235 Wildtype ATAACATTATAATC

Mutant ATAACCGGCTAATC

Vip −239 −244 → −231 Wildtype CATTATAATCATCT

Mutant CATTAGCCGCATCT

Vip −204 −209 → −196 Wildtype TAAAGATTAAAGCA

Mutant TAAAGCGGCAAGCA

Vip −94 −99 → −86 Wildtype ACATTTAATAAGAA

Mutant ACATTGCCGAAGAA
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Table 2

Fertility parameters in Vax1Lhrh-cre mice

The total number of GnRH neurons in the brain was counted using IHC for GnRH in adult mice, # every 

second slide was quantified. Pubertal onset was evaluated by vaginal opening (VO) in females and preputial 

separation (PPS) in males. Gonadal weights were assessed in 12–20-week-old males and females. Circulating 

LH and FSH levels were measured in male and diestrus females. Fold change in circulating LH was evaluated 

in males and diestrus/metestrus females after GnRH and kisspeptin ip injections. Statistical analysis by 

Student’s t-test. * p < 0.05; ** p < 0.01, *** p < 0.001.

Vax1flox/flox Vax1Lhrh-cre P

GnRH neurons (adult)# 208 ± 45, n=4 5 ± 3, n=31 0.013 (*)

Age at VO 29.56 ± 0.5771, n=16 42.57 ± 5.009, n=7 0.0008 (***)

Age at PPS 32.88 ± 0.7899, n=16 63 ± 13.48, n=5 0.0005 (***)

Ovary weight (g) 0.050 ± 0.015, n=7 0.006 ± 0.003, n=6 0.02 (*)

Uterus weight (g) 0.038 ± 0.012, n=5 0.004 ± 0.001, n=6 0.0114 (*)

Testis weight (g) 0.224 ± 0.009, n=5 0.0341 ± 0.031, n=3 0.0003 (***)

FSH (ng/ml) male 12.86 ± 1.46, n=6 0.26 ± 0.10, n=8 0.001 (***)

LH (ng/ml) male 3.74 ± 1.36, n=6 0.36 ± 0.11, n=11 0.0038 (**)

FSH (ng/ml) female 1.24 ± 0.24, n=24 0.27 ± 0.09, n=22 0.0006 (***)

LH (ng/ml) female 0.39 ± 0.04, n=25 0.19 ± 0.04, n=26 0.0013 (**)

Fold change of LH in response to GnRH (male) 16.99 ± 3.03, n=9 8.28 ± 2.50, n=5 0.0778

Fold change of LH in response to GnRH (female) 4.75 ± 1.44, n=5 21.21 ± 6.27, n=4 0.0242 (*)

Fold change of LH in response to kisspeptin (male) 5.01 ± 0.69, n=12 1.84 ± 0.53, n=3 0.046 (*)

Fold change of LH in response to kisspeptin (female) 8.29 ± 1.31, n=12 0.70 ± 0.10, n=8 0.0002 (***)
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Table 3

Fertility parameters in Six6Gnrh-cre mice

The total number of GnRH neurons in the brain was counted using IHC for GnRH at embryonic day 13.5 

(E13.5), E17.5 and in adult mice. Pubertal onset was evaluated by vaginal opening (VO) in females and 

preputial separation (PPS) in males. Gonadal weights were assessed in 12–20-week-old males and females. 

Circulating LH and FSH levels were measured in male and diestrus females. Fold change in circulating LH 

was evaluated in males after GnRH and kisspeptin ip injections. Statistical analysis by Student’s t-test. * p < 

0.05; ** p < 0.01, *** p < 0.001.

Six6flox/flox Six6Gnrh-cre P

GnRH neurons (E13.5) 1234 ± 32 n=3 375 ± 38, n=4 0.0001 (***)

GnRH neurons (E17.5) 809 ± 44, n=4 85 ± 10, n=3 0.0001 (***)

GnRH neurons (adult) 487.8 ± 47, n=6 340.5 ± 16, n=6 0.0001 (***)

Age at VO 29.45 ± 0.34, n=11 43.40 ± 2.06, n=5 0.0001 (***)

Age at PPS 30.18 ± 0.26, n=11 47.40 ± 1.28, n=5 0.0001 (***)

Ovary weight (g) 0.014 ± 0.001, n=3 0.009 ± 0.001, n=3 0.0445 (*)

Uterus weight (g) 0.090 ± 0.015, n=3 0.076 ± 0.009, n=3 0.454

Testis weight (g) 0.061 ± 0.004, n=3 0.014 ± 0.003, n=3 0.0007 (***)

FSH (ng/ml) male 14.01 ± 1.23, n=7 4.33 ± 1.63, n=5 0.0007 (***)

LH (ng/ml) male 0.15 ± 0.04, n=6 0.08 ± 0.04 n=5 0.2716

FSH (ng/ml) female 2.33 ± 1.18, n=4 0.87 ± 0.21, n=5 0.214

LH (ng/ml) female 0.04 ± 0.01, n=5 0.28 ± 0.11, n=4 0.0472 (*)

Fold change of LH in response to GnRH (male) 4.34 ± 1.86, n=4 43.94 ± 20.94, n=5 0.1401

Fold change of LH in response to kisspeptin (male) 1.86 ± 0.17, n=4 3.70 ± 0.89, n=4 0.1154
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