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Disruptions to the circadian system alter reproductive capacity, particularly in females. Mice lacking the core circadian clock gene, Bmal1, are infertile and have evidence of neuroendocrine disruption including the absence of the preovulatory luteinizing hormone (LH) surge and enhanced responsiveness to exogenous kisspeptin. Here, we explore the role of Bmal1 in suprachiasmatic nucleus (SCN) neuron populations known to project to the neuroendocrine axis. We generated four mouse lines using Cre/Lox technology to create conditional deletion of Bmal1 in arginine vasopressin (Bmal1fl/fl:Avpcre), vasoactive intestinal peptide (Bmal1fl/fl:Vipcre), both (Bmal1fl/fl:Avpcre+Vipcre), and neuromedin-s (Bmal1fl/fl:Nmscre) neurons. We demonstrate that the loss of Bmal1 in these populations has substantial effects on home-cage circadian activity and temperature rhythms. Despite this, we found that female mice from these lines demonstrated normal estrus cycles, fecundity, kisspeptin responsiveness, and inducible LH surge. We found no evidence of reproductive disruption in constant darkness. Overall, our results indicate that while conditional Bmal1 knockout in AVP, VIP, or NMS neurons is sufficient to disrupted locomotor activity, this disruption is insufficient to recapitulate the neuroendocrine reproductive effects of the whole-body Bmal1 knockout.




Keywords: circadian clock, fertility, luteinizing hormone surge, arginine vasopressin, vasoactive intestinal peptide, neuromedin-s, suprachiasmatic nucleus



Introduction

Ovulation is produced by a hormone surge, which is temporally gated to the end of the subjective night in women (1) and rodents (2, 3). Kiss1 neurons in the anteroventral periventricular nucleus (AVPV) release kisspeptin on to gonadotropin-releasing hormone (GnRH) neurons, which prompts the release of a bolus of GnRH. This surge of GnRH stimulates gonadotropes in the pituitary to release luteinizing hormone (LH) and follicle-stimulating hormone in a similar surge, which prompts ovulation. The temporal regulation of the LH surge is believed to arise from the suprachiasmatic nucleus (SCN).

The hypothalamic SCN governs circadian rhythms, including locomotor behavior, hormone release, feeding behavior, and other circadian processes (4). SCN neurons generate circadian rhythms through a complex molecular feedback loop, in which transcription factors CLOCK and BMAL1 dimerize and initiate transcription of clock-controlled genes, including the clock components Cryptochrome (Cry) and Period (Per). CRY and PER dimerize and suppress their own transcription in a 24-hour oscillation (5). Several studies indicate that a direct, daily SCN signal triggers the LH surge when estradiol (E2) is sufficiently high. Pharmacological block of the central nervous system on proestrus delays the surge a full day, until the next afternoon (2, 6), and ovariectomized mice and rats with E2 replacement have daily afternoon LH surges (7, 8). Lesion of the SCN abolishes the LH surge (9, 10), which cannot be recovered by an SCN transplant (11), indicating that direct projections from the SCN are critical for fertility.

Loss of Bmal1, a core clock gene, results in behavioral arrhythmicity (12) and infertility (13–15). Bmal1 knockout mice do not demonstrate an LH surge (13, 16), although these mice still ovulate irregularly through an unknown mechanism (17). Previous work has determined that defective progesterone synthesis in the ovary leads to implantation failure, contributing to the infertility of the Bmal1 knockout female (18). However, ovaries from steroidogenic cell-specific Bmal1 knockouts can continue to produce offspring when transplanted into a wildtype female, suggesting that progesterone production is not the only pathology underlying Bmal1 knockout infertility (19). We previously demonstrated that Bmal1 knockout females have a heightened LH response to exogenous kisspeptin but not GnRH, suggesting an imbalance in the hypothalamus affecting the entire axis (20).

The SCN can be divided into two main areas: a ventrolateral core that primarily expresses vasoactive intestinal peptide (VIP), and a dorsomedial shell that primarily expresses arginine vasopressin (AVP). Approximately half of SCN neurons also express Neuromedin-S (NMS), including the majority of VIP and AVP-containing neurons (21). VIP neurons in the SCN core send a direct projection to GnRH neurons (22, 23), and GnRH neurons express the VIP2R receptor (24). In vitro, VIP induces a moderate increase in GnRH neuron firing in a time- and E2-dependent manner (25). In vivo, pharmacological or genetic manipulation of VIP or its receptors can alter the timing of the LH surge and fertility (26–29). AVP neurons in the SCN shell project to AVPV Kiss1 neurons (30, 31), and Kiss1 neurons express the vasopressin receptor V1a (30). In brain slice preparations, AVP robustly stimulates Kiss1 neuron firing (32) and c-Fos induction (30), regardless of time of day or estrous cycle stage. In SCN-lesioned animals or the subfertile Clock/Clock mutant mouse, intracranial injection of AVP in the late afternoon rescues the LH surge through V1a signaling (33, 34). These findings indicate that either SCN projections from AVP, VIP, or both neuronal populations may act as the temporal cue to initiate the GnRH-promoted LH surge.

The goal of this study was to determine if the loss of Bmal1 in the SCN was sufficient to recapitulate the reproductive phenotype of the whole-body Bmal1 knockout females. We hypothesized that loss of Bmal1 in discrete SCN populations would be sufficient to disrupt circadian rhythmicity and result in infertile females. We generated several conditional knockout animals using the Cre/Lox system designed to target the AVP-Kiss1 projection (Bmal1fl/fl:Avpcre) the VIP-GnRH projection (Bmal1fl/fl:Vipcre), both projections (Bmal1fl/fl:Avpcre+Vipcre), and further target approximately half of the SCN with neuromedin-s (Nmscre), which includes most (95%) of AVP and VIP neurons (Bmal1fl/fl:Nmscre) (21).



Materials and methods


Mice

All animal experiments were approved by the UCSD Animal Care and Use Committee. Bmal1fl/fl (35, 36) Vipcre (37), and Nmscre (21, 38) mice were obtained from Jackson Laboratories (Bar Harbor, ME). The Avpcre mouse was made as described previously (39). The Vipcre mouse was crossed with the C57-based Bmal1fl/fl for at least 4 generations (> 87.5% congenic) before experimental analysis. Bmal1fl/fl:Vipcre and Bmal1fl/fl:Avpcre+Vipcre mice were checked for homozygosity of Vipcre allele and only heterozygous mice were used. Mutants heterozygous for one or more cre alleles were maintained through matings of mice homozygous for Bmal1fl/fl and heterozygous for one or more cre allele, with cre-negative littermates (Bmal1fl/fl) serving as controls. Genotyping was performed using the following primers: Bmal1flox (F1: CTG GAA GTA ACT TTA TCA AAC TG, R1: GAC CAA CTT GCT AAC AAT TA, R2: CTC CTA ACT TGG TTT TTG TCT); Avpcre (F: GAG GGA CTA CCT CCT GTA CC, R: TGC CCA GAG TCA TCC TTG GC); Vipcre (F1: TCC TTG GAA CAT TCC TCA GC; F2: CCC CCT GAA CCT GAA ACA TA; R: GGA CAC AGT AAG GGC ACA CA); Nmscre (F: CCA AGT TAG CCT TCC ATA CAC C, R: AGA CGG CAA TAT GGT GGA AAA T). All mice were genotyped for germline recombination of Bmal1, although that was never observed in these animals. Mice were given access to food and water ad libitum, and were group housed in 12-hour light/12-hour dark conditions (lights on at 0600 hours and off at 1800 hours) unless otherwise stated. Light intensity in the colony inside of a cage was approximately 50 cd/m2 and measured using a custom board built with the lux sensor TSL2561 (Adafruit, New York).



Home cage activity and body temperature analyses

For the behavioral studies, animals were singly housed and were provided food and water ad libitum. Animals underwent a brief surgery for intraperitoneal telemeter implantation (Mini-mitter, Bend, Oregon) and were allowed to recover one week. Data were collected with a VitalView data collection system (Mini Mitter, Bend, OR) in 6-minute bins. Activity was monitored for 4 weeks on 12:12 light:dark (LD), followed by two 8-hour light advances or delays, 4 weeks apart (advance and delay order varied by cohort). Two of the cohorts were given a 30 min light pulse at ZT 16 (4 hours after lights off) before being released into 24 dark (DD); the third and final cohort was released into DD without a light pulse; however, analysis was restricted to the LD and DD times due to low complete datasets due to telemeter failure. Cages were changed every 3-4 weeks, and these days were omitted from analysis. Temperature and home cage activity analyses were performed using ClockLab (Actimetrics, Wilmette IL). In some cases, only activity or temperature was collected from a given animal due to connection issues, or telemeters did not report throughout the entirety of the experiment. In these cases, data were included when available but excluded from datasets from paired analysis. X2 periodograms were generated for periods from 18 to 30 h using a significance criterion at 0.001. Period and periodogram amplitude were measured using the final 10 consecutive days of data within each respective paradigms; the 10 days used were the same within a cohort. Arrhythmic mice were those that did not exhibit a significant peak between these hours and were excluded from analysis.



Fertility assays

Estrous cyclicity was determined by morning vaginal lavage for at least 21 consecutive days. After the vaginal smears were collected and dried, they were stained in methylene blue. The vaginal smears were analyzed for the presence of leukocytic cells, small nucleated cells, large nucleated cells, and anucleated cells by three independent observers (40).



Fecundity

Fecundity was measured by pairing transgenic females (13 – 22 weeks) with males for 100 days. Because large enough cohorts were not always available at the same time, cre-positive and cre-negative litter mates were set up with WT animals at the same time in age-matched cohorts. The time to first litter, average litter size, and the total number of litters were recorded and compared between experimental pairs and the control counterparts. If an animal died during the course of the breeding study, the time to first litter and average litter size were included but total number of litters excluded.



Kisspeptin challenges

Vaginal cytology was used to identify diestrus mice. A baseline blood sample (10 µL) was collected via tail tip bleed, and 2 mg/kg Kiss-10 (catalog no. 4243; Tocris Bioscience, Bristol UK) was injected intraperitoneally. Blood was collected again through the tail tip 15 min after injection. All hormone challenges were performed between ZT 4-6. The blood samples were allowed to clot at room temperature for 60 min and then were centrifuged at 2,000 x g for 15 minutes. Serum was separated and stored at -20°C until LH was measured.



LH surge paradigm

The LH surge paradigm was modeled after the injection paradigm used in Bosch et al. (41) Female mice were bilaterally ovariectomized and were allowed to recover for 5 days. After recovery, animals were subcutaneously injected at ZT10 with 0.25 µg of β-estradiol (EB; catalog no. E8875; Sigma-Aldrich. St Louis MO) dissolved in 100 µL of sesame oil (catalog no. S3547; Sigma-Aldrich). The following day, the female mice were subcutaneously injected with 1.5 µg of EB dissolved in 100 µL of sesame oil and soiled male bedding added to the cage. The following day (7 days after ovariectomy), the female mice were either euthanized or bled at ZT12 (lights off) and blood was collected for LH analysis. A mixed cohort of surge mice were sampled the following morning at ZT2 (AM) to establish negative feedback LH levels. We used a conservative surge threshold of the average AM LH level plus 2 SD (42).



Luteinizing hormone Milliplex assay

Singlet serum samples were run on a Milliplex analyzer (MPTMAG – 49K; MilliporeSigma, Burlington, MA) using a Luminex Magpix according to manufacturer’s instructions. Data were analyzed using Luminex software and a 5-parameter logistic curve. The LH assay had a lower detection limit of 4.8 pg/mL, a 15.2% intraassay coefficient of variation, and a 4.7% interassay coefficient of variation.



Ovarian analysis

Age-matched cohorts of 13–26-week-old female mice were singly-housed and placed in light-tight chambers for 8 weeks to detect the effect of constant darkness conditions on ovarian function. A subset of mice had locomotor behavior monitored by passive infrared motion detectors to detect locomotor activity (Coral Plus, Visonic, Bloomfield, CT) or Mini Mitters as described above. Cages were changed every 3-4 weeks in red light. Mice were sacrificed in the morning without coordination with activity cycle because the relative histological features are long-lasting. Ovaries were dissected and placed in a mixture of 60% EtOH, 30% formaldehyde (40%), and 10% acetic acid for 24 hours, followed by immersion in 70% EtOH. Ovaries were paraffin processed by Reveal Biosciences (San Diego, CA), embedded, and sectioned at 10 µm. Haemotoxylin (Sigma-Aldrich) and eosin (Leica, Wetzlar Germany) staining was performed and the sections were imaged using an Olympus V200 Slide Scanner (UCSD Neurosciences Microscopy Core). Ovarian structures were quantified by two blinded observers and averaged, and the greatest number of structures per section for each animal was reported to avoid double-counting. Graafian follicles were determined based on the presence of an antral space.



Statistics

Statistics were performed using GraphPad Prism 9.2 (San Diego, CA). Data are reported as mean ± standard error of mean. Specific analyses are indicated in the Results and Figure Legends with the respective data. Comparison reporting in text is formatted as Bmal1fl/fl vs mutant. Significant values were (p ≤.05) are indicated by an asterisk (*), p ≤ 0.01 by (**), p ≤ 0.001 by (***), and p ≤ 0.0001 by (***).




Results


Bmal1 is required in AVP, VIP, and NMS neuron populations for normal circadian behavior

To confirm behavioral effects of conditional Bmal1 knockout, home-cage activity was quantified in male littermates (Figure 1A); Bmal1fl/fl:Avpcre,Bmal1fl/fl:Avpcre+Vipcre, exhibit longer free running. We observed normal spontaneous locomotor and body temperature (Tb) rhythms in mutants during LD, which were disrupted during DD (Figure 1B). When we analyzed ten days of data in LD or DD by Chi-squared periodogram, we found that the free running period and amplitude of the home cage activity and Tb rhythm were not significantly different in the LD condition in any genotype by 2-way ANOVA (Table 1; Figures 1C–F). In DD, Bmal1fl/fl:Avpcre (24.46 ± 0.21 h), Bmal1fl/fl:Avpcre+Vipcre (24.20 ± 0.20 h), and Bmal1fl/fl:Nmscre (24.75 ± 0.27 h) locomotor rhythms had a significantly longer free-running period than Bmal1fl/fl (23.8 ± 0.04 h) by Dunnett’s multiple comparisons test; Figure 1C). Similarly, we observed a significant increase in the free-running period of Tb for Bmal1fl/fl:Avpcre (24.28 ± 0.2 h), Bmal1fl/fl:Avpcre+Vipcre (24.30 ± 0.17 h), and Bmal1fl/fl:Nmscre (24.27 ± 0.07 h) compared to Bmal1fl/fl (23.78 ± 0.04 h; Figure 1D); additionally, we observed that Bmal1fl/fl:Vipcre (23.56 ± 0.02 h).had a significantly shorter period than Bmal1fl/fl (Dunnett’s multiple comparisons test).




Figure 1 | Conditional deletion of Bmal1 disrupts home cage activity and temperature rhythms. (A) Representative double-plotted, normalized actograms of male Bmal1fl/fl, Bmal1fl/fl:Avpcre, Bmal1fl/fl:Vipcre, Bmal1fl/fl:Avpcre+Vipcre, Bmal1fl/fl:Nmscre mice over a 16-week paradigm. Weeks 1-12 were spent in 12:12 LD, with 8-hour phase delays and advances occurring at week 4 and week 8 (arrows). At Week 12, animals were exposed to a 30 min light pulse (*) at ZT 20 and released into constant darkness for the remainder of the experiment (vertical black bar). Data during cage changes have been removed (gray boxes). (B) Body temperature (Tb) rhythms from a representative animal over 10 days in LD (left) and DD (right) compared to a representative Bmal1fl/fl (gray); data are plotted as mean ± SEM. (C, D) Free-running period (tau) from Chi-squared periodogram over the final 10 days of activity in the first LD period (LD) and constant darkness (DD) (C) or temperature (D) (n = 3-12). (E, F) Chi-squared periodogram amplitude from the same data as C and D for activity (E) and temperature (F). Data for tau and amplitude were analyzed by 2-way ANOVA and Dunnett’s multiple comparison test. (G) Total activity counts over 10 days in LD vs DD for all mutants (n = 3-12). Data were analyzed by 2-way ANOVA and Sidak’s multiple comparisons test. (H) Nocturnality was calculated as the percentage of the activity that occurred during the dark period compared to the total activity during the day for all mutants (n = 3-14). Data were analyzed by one-way ANOVA and Dunnett’s multiple comparison test. (*) p ≤ 0.05; (**) p ≤ 0.01; (***) p ≤ 0.001; (****) p ≤ 0.0001.




Table 1 | Chi squared periodogram results from telemetry measurements.



The statistical rhyrhmicity of the detectable locomotor rhythm was significantly lower in DD only in Bmal1fl/fl:Nmscre (383.5 ± 42.04) compared to Bmal1fl/fl (31.1 ± 74.5; Figure 1E, Dunnett’s multiple comparisons test). However, the amplitude of the DD Tb rhythm was significantly lower in Bmal1fl/fl:Avpcre (616.0 ± 62.0), Bmal1fl/fl:Avpcre+Vipcre (383.5 ± 42.04), and Bmal1fl/fl:Nmscre (698.4 ± 150.37) compared to Bmal1fl/fl (1311.0 ± 118.4; Figure 1F; Dunnett’s multiple comparisons test). Additionally, the Tb rhythm of two of the five Bmal1fl/fl:Nmscre (40%) mice became arrhythmic in DD. An overall comparison of the locomotor and Tb rhythms found no difference in the tau calculations, whereas the amplitude of the Tb rhythms were significantly higher than the activity rhythms for Bmal1fl/fl and Bmal1fl/fl:Vipcre mice (2-way ANOVA, F(1, 23) = 18.48, P = 0.0003).

Total activity during the 10-day analysis periods was not different among genotypes, but was significantly different between LD and DD in Bmal1fl/fl and Bmal1fl/fl:Nmscre mice [Figure 1G; 2-way ANOVA, effect of light F(1,24) = 37.64, P<0.00001; Sidak’s multiple comparisons test]. Both the Bmal1fl/fl:Avpcre (65.1 ± 1.7%) and Bmal1fl/fl:Avpcre+Vipcre (63.0 ± 3.6%) exhibited significantly lower consolidation of activity in the dark period compared to Bmal1fl/fl (75.4 ± 1.3%; Figure 1H; one-way ANOVA). Overall, our observations of locomotor activity are similar to those previously reported (21, 43), and consistent with loss of Bmal1 in these discrete populations producing a circadian phenotype particularly in DD. Furthermore, data from passive infrared and Mini Mitters from mutant females in DD were consistent with the male data from the respective lines (data not shown).



Conditional loss of Bmal1 modestly increases time in diestrus in Bmal1fl/fl:Nmscre mice

The estrus cycle was measured by daily vaginal lavage and cytology for 21-24 consecutive days. Representative staging from control and mutant mice is shown for each line (Figures 2A–D). The amount of time spent in each estrous stage was quantified (Figures 2E–H) by cohort; all lines spent significantly more time in diestrus than proestrus or estrus, but there was no effect of genotype by 2-way ANOVA [Bmal1fl/fl:Avpcre: F(2,33) = 30.04, P<0.0001; n = 5-8; Bmal1fl/fl:Vipcre: F(2,36) = 84.45, P<0.001; n = 6-8; Bmal1fl/fl:Avpcre+Vipcre (F(2,21) = 90.99 P<0.0001; n = 3-6); Bmal1fl/fl:Nmscre (F(2,21) =195.2, P<0.0001)]. There was a significant interaction between stage and genotype in Bmal1fl/fl:Nmscre [interaction F(2,21) = 8.326, P = 0.002], where Bmal1fl/fl:Nmscre mutant mice spend significantly longer in diestrus (Figure 2H; p = 0.012, Sidak’s multiple comparison’s test). Cycle length was quantified as the days between estrus, and was not significantly different between controls and all mutants by t-test (Figures 2I–L; Bmal1fl/fl:Avpcre: 5.8 ± 0.4 vs 5.5 ± 0.3, n = 5-8, p = 0.6; Bmal1fl/fl:Vipcre: 5.68 ± 0.3 vs 4.9 ± 0.4, n = 6-8, p = 0.2; Bmal1fl/fl:Avpcre+Vipcre: 5.3 ± 0.4 vs 5.0 ± 0.3, n = 3-6, p = 0.6; Bmal1fl/fl:Nmscre: 4.8 ± 0.2 vs 5.2 ± 0.3, n = 4-5, p = 0.2).




Figure 2 | Loss of Bmal1 produces modest effects on estrous cyclicity in Bmal1fl/fl:Nmscre, but not other mutants. (A-D) Representative cycles over 24 days from Bmal1fl/fl:Avpcre, Bmal1fl/fl:Vipcre, Bmal1fl/fl:Avpcre+Vipcre, Bmal1fl/fl:Nmscre, with respective cohort Bmal1fl/fl control mice. Percentage time in each estrous stage, average cycle length for completed estrous cycles, and representative cycling graphs from in (E) Bmal1fl/fl:Avpcre (n = 5-8), (F) Bmal1fl/fl:Vipcre (n = 6-8) (G) Bmal1fl/fl:Avpcre+Vipcre (n = 3-6), and (H) Bmal1fl/fl:Nmscre (n = 4-5), analyzed by 2-way ANOVA and Sidak’s post hoc test. (I–L) Estrous cycle length (estrous to estrous) for each line, not significant by Student’s t-test. Significant values were (p ≤.05) are indicated by an asterisk (*).





Conditional knockout females have normal fertility

To determine if the mutant females had changes in fertility, we quantified the time to first litter, number of litters in 100 days, and size of litters. There was no significant difference in the time to first litter in any genotype compared to control (Figures 3A–D), although there was a trend towards fewer days to first litter in Bmal1fl/fl:Nmscre mice (Figure 3D, t-test; Bmal1fl/fl:Avpcre: 24.5 ± 1.1 vs 27.0 ± 2.1 days, n = 4-8, p = 0.4; Bmal1fl/fl:Vipcre: 22.7 ± 0.9 vs 22.3 ± 2.8 days, n = 3-6, p = 0.4; Bmal1fl/fl:Avpcre+Vipcre: 24.5 ± 1.3 vs 27.5 ± 2.5 days, n = 6, p = 0.3; Bmal1fl/fl:Nmscre: 25.14 ± 1.7 vs 20.6 ± 0.4 days, n = 5-7, p = 0.06). The number of litters in 100 days was not different among groups (Figures 3E–H, t-test; Bmal1fl/fl:Avpcre: 3.0 ± 0.0 vs 2.7 ± 0.2 litters, n = 4-9, p = 0.4; Bmal1fl/fl:Vipcre: 3.0 ± 0.0 vs 3.2 ± 0.2 litters, n = 4-5, p = 0.4; Bmal1fl/fl:Avpcre+Vipcre: 3.0 ± 0.0 vs 2.8 ± 0.2 litters, n = 6, p = 0.3; Bmal1fl/fl:Nmscre: 2.9 ± 0.3 vs 3.2 ± 0.2 litters, n = 5-7, p = 0.4). The number of pups per litter was also not different among the lines (Figures 3I–L, t-test; Bmal1fl/fl:Avpcre: 7.2 ± 0.9 vs 6.2 ± 0.4 pups, n = 4-9, p = 0.3; Bmal1fl/fl:Vipcre: 6.1 ± 0.3 vs 7.5 ± 0.8 pups, n = 4-6, p = 0.2; Bmal1fl/fl:Avpcre+Vipcre: 7.8 ± 0.5 vs 7.2 ± 0.6 pups, n = 6, p = 0.4; Bmal1fl/fl:Nmscre: 6.0 ± 0.4 vs 7.0 ± 0.8 pups, n = 5-8, p = 0.2). Overall, we observed no overt defects in reproductive capacity of these mice when housed on LD.




Figure 3 | Fecundity is unaffected by conditional Bmal1 knockout. Time to first litter (A–D), number of litters in 100 days (E–H), and number of pups per litter (I-L) were unaffected for Bmal1fl/fl:Avpcre (n = 4-9), Bmal1fl/fl:Vipcre (n = 3-6), Bmal1fl/fl:Avpcre+Vipcre (n = 6), and Bmal1fl/fl:Nmscre (n = 5-7) mice. Data were analyzed by unpaired t-test.





Kisspeptin-induced LH release is unaffected by conditional loss of Bmal1 in SCN neuron populations

The global Bmal1 knockout mice have an enhanced LH response to an exogenous kisspeptin challenge (20). This effect was not observed in mice selectively lacking Bmal1 in GnRH or Kiss1 neurons (Bmal1fl/fl:GnRHcre or Bmal1fl/fl:Kisscre), so we sought to determine if it was due to a neuroendocrine defect arising from the loss of Bmal1 in the SCN. LH samples were collected prior to and ten minutes after intraperitoneal injection of 2 mg/kg kiss-10. All mutant and respective control mice had a significant increase in LH release in response to kisspeptin administration [Figures 4A–D, by 2-way ANOVA, Bmal1fl/fl:Avpcre: F(1,8) = 30.25, P<0.001; n = 5; Bmal1fl/fl:Vipcre: F(1,10) = 28.53, P<0.001; n = 6; Bmal1fl/fl:Avpcre+Vipcre: F(1,7) = 127.1 P<0.0001; n = 4-5; Bmal1fl/fl:Nmscre: F(1,5) = 35.34, P=0.0019; n = 3-4]. We detected no difference between mutant genotypes and controls by 2-way ANOVA [Bmal1fl/fl:Avpcre: F(1,8) = 1.3, P=0.28; Bmal1fl/fl:Vipcre: F(1,10) = 0.57, P=0.47; Bmal1fl/fl:Avpcre+Vipcre: F(1,7) = 0.003 P=0.96; Bmal1fl/fl:Nmscre: F(1,5) = 0.89, P=0.39)].




Figure 4 | Exogenous kisspeptin produces an increase in circulating LH in conditional Bmal1 knockout mice comparable to controls. 2 mg/kg kiss-10 significantly increased LH compared to control 10 min after administration in (A) Bmal1fl/fl:Avpcre (n = 5), (B) Bmal1fl/fl:Vipcre (n = 3-9), (C) Bmal1fl/fl:Avpcre+Vipcre (n = 4-5), and (D) Bmal1fl/fl:Nmscre (n = 3-4) mice. Data were analyzed by two-way ANOVA and Sidak’s multiple comparison test. (*) p ≤ 0.05; (**) p ≤ 0.01; (***) p ≤ 0.001; (****) p ≤ 0.0001.





Loss of Bmal1 in SCN subpopulations does not affect the ability to mount an induced LH surge

To determine if Bmal1 in these SCN subpopulations are necessary to drive an LH surge in mutant females, we used a validated OVX+E2 paradigm to promote a PM LH surge. With this model, LH is low in the morning and surges in the evening around the time of lights off. Blood was taken at ZT4 randomly across cohorts from Bmal1fl/fl and mutant animals to use as a representative sample of negative feedback (“AM”). The average LH level at ZT4 was 0.62 ± 0.38 ng/ml, resulting in a surge threshold of 1.38 ng/ml. We found that evening LH levels are not significantly different between mutants and their respective control mice (Figures 5A–D, t-test; Bmal1fl/fl:Avpcre: 2.2 ± 0.4 vs 2.4 ± 0.5 ng/ml, p = 0.75, n = 7-13; Bmal1fl/fl:Vipcre: 4.0 ± 1.7 vs 2.6 ± 0.6 p = 0.26 ng/ml, n = 6-15; Bmal1fl/fl:Avpcre+Vipcre: 4.4 ± 1.6 vs 1.9 ± 0.4 ng/ml, p = 0.11, n = 7-9; Bmal1fl/fl:Nmscre: 3.8 ± 1.2 vs 2.3 ± 0.4 ng/ml, p = 0.26, n = 7-8). Using our surge criteria, we found that the majority of animals in each group were able to mount an LH surge at the time of lights off. The percentage of animals that reached the surge threshold was not significantly different from control in any group (Figure 5E, Fisher’s exact test; Bmal1fl/fl:Avpcre: 87.5 vs 61.5%, p = 0.34; Bmal1fl/fl:Vipcre: 66.67 vs 66.67% p > 0.99; Bmal1fl/fl:Avpcre+Vipcre 100 vs 66.67%, p = 0.21; Bmal1fl/fl:Nmscre: 85.71 vs 87.5%, p > 0.99).




Figure 5 | Bmal1 mutants demonstrate an appropriately timed LH surge. LH levels at ZT12 for (A) Bmal1fl/fl:Avpcre (n = 7-12), (B) Bmal1fl/fl:Vipcre (n = 6-15), (C) Bmal1fl/fl:Avpcre+Vipcre (n = 7-9), and (D) Bmal1fl/fl:Nmscre (n = 7-8) mice. AM levels from mice across multiple genotypes and cohorts are plotted for comparison (same in each graph); dashed line represents surge cutoff at two standard deviations above the AM values. For all cohorts, ZT12 LH levels were significantly greater than AM levels, and there was no difference between the control and mutant populations (one-way ANOVA, Tukey’s multiple comparison’s test). (E) Percentage of animals above surge cutoff in each genotype (not significant by Fisher’s exact test).





Constant darkness does not alter ovarian structures in conditional mutant mice

To determine if light entrainment by the SCN was sufficient to overcome a disruption in the SCN contribution to ovulation, we next determined if ovulation was still taking place after prolonged exposure to DD. We placed the mice in DD for eight weeks and examined the ovaries for evidence of ovulation and folliculogenesis by counting corpora luteal and Graafian follicles, respectively. We found no difference between the conditional mutants and Bmal1fl/fl in the number of corpora lutea (Figure 6A; p = 1.65, one-way ANOVA; Bmal1fl/fl: 4.9 ± 0.5 CL, n = 16, Bmal1fl/fl:Avpcre: 4.8 ± 0.5 CL, n = 6; Bmal1fl/fl:Vipcre: 4.0 ± 0.3 CL, n = 5; Bmal1fl/fl:Avpcre+Vipcre 3.0 ± 0.4 CL, n = 4; Bmal1fl/fl:Nmscre: 3.8 ± 0.6 CL, n = 5) or Graafian follicles (Figure 6B, p = 0.95, one-way ANOVA; Bmal1fl/fl: 5.6 ± 0.5 GF, n = 16, Bmal1fl/fl:Avpcre: 7.5 ± 0.8 GF, n = 6; Bmal1fl/fl:Vipcre: 4.2 ± 0.7 CL, n = 5; Bmal1fl/fl:Avpcre+Vipcre 5.2 ± 0.9 CL, n = 4; Bmal1fl/fl:Nmscre: 3.8 ± 1.0 CL, n = 5), indicating that ovulation progressed normally in constant darkness conditions.




Figure 6 | Exposure to constant darkness does not alter ovarian morphology in conditional Bmal1 mutants. Ovarian histology was performed after six weeks in constant darkness conditions for Bmal1fl/fl (n = 16), Bmal1fl/fl:Avpcre (n = 6), Bmal1fl/fl:Vipcre (n = 5), Bmal1fl/fl:Avpcre+Vipcre (n = 4), and Bmal1fl/fl:Nmscre (n = 4) mice. Corpora lutea (A, B) Graafian follicles in the ovaries of conditional mutants compared to controls. No significant difference was found between genotypes of either structure (one-way ANOVA).






Discussion

While the conditional Bmal1 mutant mice demonstrated robust circadian disruptions in activity and Tb, we found no evidence of female subfertility, disruption of the LH surge, or abnormal ovulation in DD conditions. We did detect mild alterations to the estrous cycle in the Bmal1fl/fl:Nmscre mice, but these differences were insufficient to alter fecundity. Overall, these findings were unexpected, based on the number of demonstrations of attenuated reproductive capacity following various genetic and environmental manipulations targeting the circadian system (16, 17, 44–47). The persistence of normal fertility may be due to compensatory timing mechanisms (e.g., molecular clocks in Kiss1 or GnRH neurons), the organizational effects of the light-dark cycle (particularly on peptide release) and heirarchical SCN signaling, or insufficient Bmal1 knockout. Alternatively, the effects observed in prior reports may not generalize to circadian disruption per se.

Clock mutant mice and the Bmal1 knockout are infertile and do not show an appropriately-timed LH surge in LD (17, 46). In this study, we tried to localize the effect of circadian clock disruption on fertility to discrete SCN populations by targeting VIP neurons, which project to GnRH neurons, and AVP neurons, which project to kisspeptin neurons. We also generated two models which target both AVP and VIP neurons by combining the Avpcre and Vipcre alleles, and by using the newer Nmscre allele that targets ~95% of AVP and VIP neurons as well as other SCN populations (21). We found that the LH surge can be induced at the appropriate time in these models, suggesting that the timing of the LH surge does not depend solely on Bmal1 in AVP, VIP, or NMS neurons. The persistence of fertility in the Bmal1fl/fl:Avpcre+Vipcre and Bmal1fl/fl:Nmscre mice suggests that one signal (e.g., AVP-Kiss1) is not compensating for the other. However, both GnRH and Kiss1 neurons express endogenous clocks that have been implicated in reproduction (48, 49). While conditional deletion of Bmal1 in either of these populations is not sufficient to disrupt fertility (50), timekeeping by these neurons may be sufficient to coordinate the surge with cell-intrinsic changes in excitability. While loss of peripheral clocks is sufficient to ablate other hormonal rhythms (51) or disrupt fertility (19, 52), the timing of the preovulatory surge may have redundant circadian mechanisms.

Since the discovery of Kisspeptin, the Kiss1-AVP projection has gained attention as the putative temporal signal that initiates the LH surge, supported by findings that exogenous AVP and optogenetic stimulation of SCN-derived AVP fibers in the AVPV stimulate Kiss1 firing in an estradiol-dependent manner (32, 53). The Battleboro rat, which is AVP and oxytocin deficient, is subfertile; however, these hormones are also important for uterine function (54). Mieda, et al. previously demonstrated that this Bmal1fl/fl:Avpcre combination virtually abolishes Avp mRNA in the SCN across the circadian day. Therefore, for the Bmal1fl/fl:Avpcre mutant, it is particularly surprising that no reproductive effects were observed by disrupting the AVP-Kiss1 projection. Bittman has previously reported that loss of Bmal1 in AVP neurons disrupts the timing of the LH surge (55). That study used the same LH surge paradigm, but a different Avpcre mouse, which may account for the different conclusions. Our single timepoint approach does not eliminate the possibility of a shifted LH surge in individual animals, or more subtle effects on the timing of the LH onset; however, Bittman also found no overt reproductive phenotype, which is similar to our findings. Critically, it appears that even if there is a mild disruption in surge onset, it has no profound effect on reproductive capacity in these animals.

Clock mutants, which have disrupted estrous cyclicity in LD, have further disruptions in DD (44, 56), indicating that light entrainment may be protective for fertility. We explored the possibility that light entrainment was sufficient for the SCN to send the temporal signal initiating the LH surge by measuring ovarian function in DD. After eight weeks in DD, we quantified corpora lutea as markers of previous ovulation and Graafian follicles as markers of follicular development. Despite the strong locomotor effects of the genetic disruption, we found no evidence of aberrant ovulation or disrupted folliculogenesis. Therefore, it appears these mice continue to ovulate in DD, although presumably at disrupted times; future studies would be needed to determine how DD and circadian disruption affects LH surge onset and fertility.

Despite the presence of a locomotor phenotype, there is documented incomplete knockout of Bmal1 in these mouse models. Two previous studies have quantified BMAL1 expression in identical mouse models to ours: Mieda, et al., reported that Bmal1fl/fl:Avpcre had BMAL1 in only 23% of Avpcre-expressing SCN neurons compared to 90% in the Avpcre control (39); similarly, Lee, et al., previously demonstrated a reduction in BMAL1 expression in Nmscre SCN neurons from >98% down to ~20% in Bmal1fl/fl:Nmscre mice (21). Using a different Vipcre allele and same Bmal1fl/fl mouse, Todd, et al., reported that BMAL1 expression in the hemizygous Bmal1fl/fl:Vipcre/+ mice persisted in 70% of cre-expressing SCN neurons (compared to 100%), whereas there was a complete knockout with a homozygous Bmal1fl/fl:Vipcre/cre (57). However, with the Vipcre created by Todd, et al., Bmal1fl/fl:Vipcre/+ did not produce a locomotor or body temperature phenotype, whereas the one we report here is significantly different from the Bmal1fl/fl alone. Vipcre/cre and Avpcre/cre expression alone and in the absence of flux alleles can impair peptide production, disrupt circadian rhythms, and confound interpretation (58–60). Because AVP and VIP signaling are both implicated in the LH surge, we used mice heterozygous for cre to focus on the effect of BMAL1 disruption. Others have demonstrated that fertility is maintained in animals with >95% reduction in Kiss1 (61) or only 10-20% of GnRH neurons (62, 63); given how robust the neuroendocrine control of reproduction is, the remaining ~20% of targeted neurons that still express Bmal1 may be sufficient to maintain reproduction.

Overall, we demonstrate that knockdown of Bmal1 in discrete SCN populations alters circadian rhythms but is insufficient to affect female reproduction or the ability to mount an LH surge at lights off. Further, ovulation persists even in DD, indicating that the temporal mechanism initiative ovulation is intact when the circadian clock function in demonstrably altered by Bmal1 knockdown. Future studies are needed to determine the role of redundant circadian cues in this system and the amount of SCN function and signaling needed to maintain fertility.
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2-way ANOVA Results

(n=12) (n=5) (n=5-6) +Vip™® (n=3) (n=3-5)
LD LD DD DD LD DD LD DD LD DD  Interaction Light Genotype
Activity 2398+ 2402+ 2446+ 238+ 2397+ 236+ 2400+ 2420+ 2398+ 2475+ F(4,25)= F(1,25) = F(4,25) =
Tau 0.011 0.02 0.21* 0.039 0.02 0.06 T 0.00 0.2* 0.03 027* 1 1279, 7.964, 12.76,
P < 0.001 P= P < 0.001
0.009
Activity 111893  966.63 £ 50944 £ 731.07 + 851.68+ 47752+ 117718 63036+ 101595 38353+ F(4,26) = F(1,26) F(4,26)=
amplitude ~ + 68.3 11547 2135 F 74.52 98.37 3173 +1607 15323 f +147.17 42.04*+ 1012 =8592  3.098
P =04194 P <0.001 P=0.0328
Tb Tau 23.99 + 240 + 24.28 + 2378+ 2400+ 2356+ 2400+ 2430 % 24.00 £ 2427+ F(4,23)= F(1,23) F(423)=
0.008 0.0 0.20* 0.037 1 0.0 0.02 * 1 0.00 0.17% 0.00 0.07 * 10.93 =06579 1129
P <0.001 P=043 P <0.001
Th 180509 141371 6160+ 131056+ 161471 127424+ 154698 727.66+ 130155 69836+ F(4,23)= F(1,23) F(4,23)=
amplitude  +43.62  +19504 6197 *+ 11842 +9512 15145*% £2649 32371* 1 +269.66 150.37* 1075 =53.07 6397
P =03917 P <0.001 P <0.001

* Significantly different from Bmal’" in same lighting condition, Sidak’s multiple comparisons test.

tSignificantly different LD condition, Sidak’s multiple comparisons test.
Bold indicates significant effect by 2-way ANOVA.





