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ABSTRACT

Gonadotropin-releasing hormone (GnRH) is the primary neuropeptide controlling reproduction in
vertebrates. GnRH stimulates follicle-stimulating hormone (FSH) and luteinizing hormone (LH)
synthesis via a G protein-coupled receptor, GnRHR, in the pituitary gland. In mammals, GnRHR
lacks a C-terminal cytosolic tail (Ctail) and does not exhibit homologous desensitization. This
might be an evolutionary adaptation that enables LH surge generation and ovulation. To test this
idea, we fused the chicken GnRHR Ctail to the endogenous murine GnRHR in a transgenic model.
The LH surge was blunted, but not blocked in these mice. In contrast, they showed reductions in
FSH production, ovarian follicle development, and fertility. Addition of the Ctail altered the nature
of agonist-induced calcium signaling required for normal FSH production. The loss of the GnRHR
Ctail during mammalian evolution is unlikely to have conferred a selective advantage by enabling

the LH surge. The adaptive significance of this specialization remains to be determined.
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INTRODUCTION

The propagation and survival of all species depends on reproduction. In vertebrates, the
process is controlled by hormones in the hypothalamic-pituitary-gonadal axis. Arguably, the
hypothalamic decapeptide gonadotropin-releasing hormone (GnRH) is the most important brain
hormone regulating reproduction (1-4). Disruption of GnRH synthesis, secretion, or action can
delay or prevent puberty or cause infertility. GnRH acts via its receptor, GnRHR, in pituitary
gonadotrope cells. GnRHR agonists and antagonists are used clinically in assisted reproductive
technologies and to treat hormone-dependent diseases (2, 5-7).

GnRH is released in pulses from neuron terminals in the median eminence into the pituitary
portal vasculature. The hormone binds GnRHR on the plasma membrane of gonadotropes,
stimulating the synthesis and secretion of the gonadotropins, luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) (8-12). LH and FSH are heterodimeric glycoproteins
composed of the gonadotropin a subunit (product of the Cga gene) non-covalently linked to
hormone-specific B-subunits: LHB (LAb) or FSHP (Fshb), respectively (13-15). GnRH stimulates
the expression of all three gonadotropin subunit genes (16-18) as well as its own receptor (Gnrhr)
(18-21).

LH and FSH regulate gonadal function, most notably steroidogenesis and gamete maturation
(22-24). Gonadal sex steroids negatively feedback to the hypothalamus to control their own
synthesis by inhibiting GnRH secretion (25-27). In addition, in females, in the late follicular phase
of the menstrual cycle in primates or in the afternoon of proestrus in the rodent estrous cycle, high
estrogen levels stimulate GnRH secretion through positive feedback, generating a high amplitude,
long duration surge of LH, which triggers ovulation (28).

The type 1 GnRHR is a rhodopsin-like G-protein coupled receptor (GPCR) (29).
Remarkably, in mammals, GnRHR lacks the intracellular carboxyl-tail (Ctail) that is characteristic
of most GPCRs, including GnRHRs in non-mammalian vertebrates like birds, amphibians, and
fish (30). The Ctail plays important roles in GPCR function. Agonist binding to many GPCRs
leads to receptor internalization and homologous desensitization (31). These processes are often
mediated by the phosphorylation of the Ctail by G-protein receptor kinases, recruitment of adaptor
proteins such as B-arrestins 1 and 2, and receptor endocytosis via a clathrin-dependent pathway
(32, 33). Upon ligand binding, the mammalian GnRHR is not phosphorylated, does not recruit

arrestins, and is internalized slowly and with poor efficiency (34-37). Thus, the mammalian
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76  GnRHR is not subject to homologous desensitization in the conventional sense. As a result, the
77  receptor has the potential to continue signaling during times of protracted GnRH secretion, as
78  occurs prior to ovulation. Some have speculated, therefore, that the loss of the Ctail during
79  evolution may have conferred an ability to the mammalian GnRHR to broker long duration, high
80  amplitude LH surges (37, 38), but this was never before addressed directly in vivo. It is notable,
81  however, that LH surges are observed in non-mammalian vertebrates with GnRHRs containing
82  Ctails, such as birds (39). Moreover, GnRHRs lacking Ctails have been observed in some non-
83  mammalian vertebrates (40, 41).
84 To gain greater insight into the potential significance of the loss of the Ctail in the
85 mammalian GnRHR, we generated a knockin mouse model that expresses a chimeric GnRHR in
86  which the chicken GnRHR Ctail was fused in frame to the C-terminus of the murine GnRHR.
87  Importantly, the addition of a chicken Ctail altered, but did not prevent LH surges. Unexpectedly,
88  the data provide novel insight into mechanisms of GnRH-stimulated FSH synthesis.
89
90 RESULTS
91
92 Generation of knock-in mice expressing a chimeric murine/chicken GnRHR
93 Using gene targeting in embryonic stem cells, we generated knock-in mice in which the
94  endogenous exon 3 of Gnrhr was replaced by a modified exon 3 encoding the C-terminus of
95  murine GnRHR fused in-frame with the intracellular Ctail of the chicken GnRHR (Figure 1-figure
96 supplement 1A-B). Heterozygous mice (Gnrhr“®V") were interbred to produce wild-type (WT,
97  Gnrhr'"), heterozygous (Gnrhr©@"), and homozygous (Ctail, Gnrhr©@VC@il) animals, which were
98  born at the expected Mendelian frequencies (Figure 1-figure supplement 1C). Ctail mice expressed
99  an mRNA encoding the chimeric receptor in their pituitaries (Figure 1-figure supplement 1D).
100
101 Ctail mice are hypogonadal and subfertile
102 We assessed the reproductive function of female and male Ctail mice relative to their WT
103 littermates. When paired with WT C57BL/6 males, Ctail females produced smaller litters than WT
104  (Figure 1A). A minority of Ctail mice were profoundly subfertile or infertile. Ctail females
105  exhibited fewer estrous cycles per week (Figure 1B), due to an extended amount of time spent in

106  estrus (Figure 1-figure supplement 2). Ovarian mass was reduced in Ctail females relative to WT
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107  (Figure 1C-D), but uterine weight was not significantly altered (Figure 1E). The numbers of antral
108  follicles (Figure 1F), preovulatory follicles (Figure 1G), and corpora lutea (Figure 1H) were
109  reduced in Ctail relative to WT ovaries, indicating impairments in folliculogenesis and ovulation.
110  Ctail males were hypogonadal (Figure 11-J) and oligozoospermic (Figure 1K), but their seminal
111 vesicle masses were comparable to those of WT (Figure 1LL).

112

113 Serum FSH levels are reduced in Ctail mice

114 To help explain the observed hypogonadism in Ctail mice, we next examined gonadotropin
115  secretion. In females sampled on diestrus afternoon, serum FSH and LH levels did not differ
116  significantly (two-way ANOVA) between genotypes (‘sham’ data in Figure 2A-B), though there
117  was a clear trend for reduced FSH in Ctail mice. Indeed, the difference was significant when
118  analyzed directly after the removal of the confirmed outlier in the WT group [#(19)=2.1, p=0.0012,
119  two-tailed]. A second cohort of females was ovariectomized (OVX) to remove gonadal hormone
120 (steroids and inhibin) feedback and increase endogenous GnRH secretion. Under these conditions,
121  FSH and LH levels increased, as expected (Figure 2A-B). There was no significant genotype
122 difference observed, but both gonadotropins trended lower in OVX Ctail relative to WT females.
123 In males, serum FSH levels were significantly reduced in gonad-intact (‘sham’) Ctail
124 relative to WT mice (Figure 2C). In contrast, both single time point (Figure 2D) and pulsatile LH
125  release were statistically normal in Ctail males (Figure 2-figure supplement 1). FSH levels did not
126  increase post-castration, but the difference between genotypes persisted (Figure 2C). The post-
127  castration increase in LH levels was blunted in Ctail relative to WT males (Figure 2D).

128

129 Pituitary gonadotropin subunit and Gnrhr mRNA levels are altered in Ctail mice

130 To better understand the reduced gonadotropin levels in Ctail mice, we evaluated pituitary
131  gonadotropin subunit (Fshb, Lhb, and Cga) and Gnrhr expression. In gonad-intact (‘sham”)
132 animals, Fshb mRNA levels were significantly reduced in male, but not in female Ctail relative to
133 WT mice (Figure 3A,E). Following gonadectomy, Fshb mRNA levels were increased in both
134 genotypes, but the response was blunted in Ctail mice, significantly so in males (with a clear trend
135  in females) (Figure 3A,E). Similar to serum LH levels, pituitary expression of the Lhb and Cga
136  subunits did not differ between gonad-intact WT and Ctail males and females (Figure 3B-C, F-G).

137  In contrast, following gonadectomy, increases in Lhb and Cga expression were significantly
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138  blunted in Ctail mice (Figure 3B-C, F-QG), paralleling the observed effects on LH secretion (Figure
139  2B,D). Gnrhr mRNA expression was significantly reduced in gonad-intact female and male Ctail
140  relative to WT mice (Figure 3D,H). Following gonadectomy, the difference between genotypes
141  was no longer statistically significant, but levels continued to trend lower in Ctail mice.

142

143 The preovulatory LH surge is blunted in female Ctail mice

144 GnRH secretion is increased post-gonadectomy (because of the loss of steroid negative
145  feedback) and at the time of the LH surge (because of steroid positive feedback). Given
146  impairments in LH production and/or release in gonadectomized Ctail mice, we next examined the
147  naturally occurring preovulatory surge on the afternoon of proestrus. Five of eight WT females
148  (62.5%) exhibited clear LH surges, while no Ctail mice (0% of N = 7) surged on proestrus, as
149  determined by vaginal smearing (Figure 4A-B). As estrous cyclicity was altered in Ctail mice, we
150  reasoned that we might have missed surges that actually occurred. Therefore, we took a different
151  approach to assess natural LH surges, which previously proved successful in our assessment of
152  LH surges in gonadotrope-specific progesterone receptor knockouts (42). Blood samples were
153  collected four times daily over 11 consecutive days. Over the sampling interval, we detected LH
154  surges in 93% of WT mice compared to 43% of Ctail animals (Figure 4C and Figure 4-figure
155  supplement 1). The maximal LH levels measured were significantly blunted in Ctail relative to
156  WT females (Figure 4C). The timing of the surge did not appear to differ between genotypes
157  (Figure 4-figure supplement 1).

158

159  LH release is impaired in Ctail mice following GnRH stimulation

160 Blunted LH release both post-gonadectomy and during the proestrus surge suggested that
161  GnRH action in gonadotropes might be altered in Ctail mice. To more directly assess GnRH
162  responsiveness, we performed GnRH stimulation tests in vivo. Mice of both genotypes released
163  LH in response to exogenous GnRH, with peaks observed 15 minutes post-injection and returning
164  to baseline by 1 hour (Figure 5A,D). However, the amplitude of the response was blunted in Ctail
165 relative to WT mice. Intra-pituitary FSH and LH levels were lower in female Ctail relative WT
166 littermates (Figure 5B-C). In contrast, in males, pituitary FSH content did not differ between
167  genotypes (Figure SE), but pituitary LH content was slightly higher in Ctail than WT males (Figure
168  5F).
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169  GnRH activation of Gay/11via the Ctail receptor is impaired in vitro

170 The reductions in FSH production under basal conditions and in LH release when GnRH
171  secretion was enhanced suggested that GnRH signaling was somehow altered in gonadotropes of
172 Ctail mice. The GnRHR is canonically coupled to Gog11(43). We therefore interrogated Gogi1-
173 dependent signaling downstream of WT and Ctail forms of the murine GnRHR in vitro. As
174  assessed using a Go, BRET-based biosensor, GnRH-dependent Gog activation was markedly
175  attenuated in heterologous HEK 293 cells expressing the Ctail relative to WT GnRHR receptor
176  (Figure 6A), even though cell surface expression of the two receptors was equivalent (Figure 6-
177  figure supplement 1).

178 Gag11 signaling is associated with activation of phospholipase C, which cleaves
179  phosphatidylinositol 4,5-bisphosphate into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate
180  (IP3). As revealed with a DAG BRET-based biosensor, GnRH-dependent DAG production was
181  impaired in HEK 293 cells expressing the Ctail compared to WT receptor (Figure 6B). GnRH
182  stimulation of IP; production (a surrogate for IP3) was also significantly attenuated in HEK 293
183  cells expressing the Ctail GnRHR (Figure 6C).

184

185  GnRH-dependent calcium mobilization, but not ERK signaling, is impaired downstream of the
186  Ctail receptor in HEK 293 cells

187 DAG, alone or in combination with calcium, activates protein kinase C isoforms (PKC)
188  (44). PKC, in turn, activates mitogen activated protein kinase signaling (45). GnRH activation of
189  the extracellular regulated kinase 1/2 (ERK1/2) pathway is particularly important for Lhb
190  transcription (46-48). In the gonadotrope-like cell line, LBT2, GnRH induction of ERK1/2
191  phosphorylation (pERK1/2) is Gag- (Figure 7-figure supplement 1A-B) and PKC-dependent
192  (Figure 7-figure supplement 1C-D) (49, 50), but calcium-independent (Figure 7-figure supplement
193 1E-F). In transfected HEK 293 cells, GnRH induced pERK1/2 equivalently via the WT and Ctail
194  receptors (Figure 7A-B) and in both cases was PKC-dependent (Figure 7C-D). Although the Ctail
195  receptor acquired the ability to recruit B-arrestin-1 (Figure 7-figure supplement 2A-B), GnRH
196  activation of ERK1/2 signaling was arrestin-independent (Figure 7-figure supplement 2C-D).

197 GnRH induction of intracellular calcium mobilization, which depends on IP3, was reduced

198  in Ctail relative to WT GnRHR expressing cells (Figure 7E). This impairment was not caused by
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199  the Ctail receptor’s enhanced internalization, as the defect was not rescued in cells lacking arrestins
200  (Figure 7-figure supplement 2E).

201

202  GnRH-dependent calcium signaling is altered in gonadotropes of GnRHR-Ctail mice

203 As the above analyses were conducted in heterologous cells, we next examined GnRH
204  regulated calcium signaling in gonadotropes of adult male WT and Ctail mice using a whole
205  pituitary ex vivo preparation (see Methods). As expected, the three well-characterized GnRH-
206  induced calcium response patterns were observed in individual gonadotropes of WT mice (Figure
207  8A): oscillatory (Figure 8B), biphasic (Figure 8C-D), and transient (Figure 8E). In contrast,
208  gonadotropes of Ctail mice showed more uniform responses to GnRH (Figure 8F), with extended
209  oscillatory or biphasic patterns that were not seen in WT (Figure 8G-J). There was no significant
210  difference in the area under the curve (AUC) between genotypes (Figure 8K), or the maximum
211  intensity of response (MIF, Figure 8L); however, the number of peaks per cell was significantly
212 higher in Ctail gonadotropes (Figure 8M). When we correlated the AUC with the MIF, we
213  observed a difference in the mobilization of calcium between genotypes, with Ctail gonadotropes
214 having lower amplitude but longer duration intracellular calcium elevations (Figure 8N). WT
215  gonadotropes showed principally oscillatory or biphasic response patterns, whereas Ctail
216  gonadotropes exhibited more extended responses (Figure 80). The transient response pattern
217  occurred in fewer than 1% of cells and therefore was not examined quantitatively.

218 We further examined calcium response patterns to repeated GnRH pulses. Gonadotropes
219  of both genotypes responded to a second GnRH pulse, one hour after the first, with no evidence of
220  desensitization in either case (Figure 8-figure supplement 1). Indeed, the responses to the second
221  pulse were comparable to the first in terms of AUC (Figure 8-figure supplement 1B,E), MIF
222 (Figure 8-figure supplement 1C,F), and oscillatory patterns (Figure 8-figure supplement 1G-M).
223 Next, we asked to what extent the response patterns depended on influx of calcium via voltage-
224  gated L-type channels. As expected, the L-type channel blocker nimodipine altered GnRH
225  responses in gonadotropes of WT animals, reducing both the AUC and MIF, as previously reported
226 in (51) (Figure 8-figure supplement 2A-C). Nimodipine also reduced AUC and MIF in
227  gonadotropes of the Ctail mice (Figure 8-figure supplement 2D-F). GnRH-induced calcium
228  oscillations observed in control gonadotropes were absent in the presence of nimodipine (Figure

229  8-figure supplement 2G-I). Interestingly, the prolonged GnRH-induced calcium oscillations (both
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230  oscillatory and biphasic responses) were decreased considerably in nimodipine-treated Ctail
231  gonadotropes and, in most cells, were no longer present (Figure 8-figure supplement 2J-N).

232

233 GnRH-induction of Fshb expression is dependent on intracellular calcium

234 The mechanisms through which GnRH induces Fshb expression are poorly understood.
235  However, given the impairments in FSH production in Ctail mice (Figure 2 and 3) and altered
236  profile of GnRH-induced calcium signaling via the Ctail receptor (Figure 7E and 8), we asked
237  whether there is a role for calcium in GnRH regulation of Fishb. A single pulse of GnRH was
238  sufficient to induce Fshb, but not Lhb mRNA levels in LBT2 cells (Figure 9A-B). This is not unlike
239  the situation in GnRH-deficient mice (hpg), where once daily GnRH is sufficient to induce FSH
240  but not LH production (52, 53). GnRH-induced Fshb expression in LBT2 cells was blocked by the
241  calcium chelator, BAPTA-AM (Figure 9A), which did not affect basal LAb mRNA levels (Figure
242 9B). Pulsatile GnRH is required for LH induction in GnRH-deficient mice (54). Pulsatile GnRH
243 stimulated both Fshb and Lhb mRNA expression in LBT2 cells and these responses were blocked
244  with BAPTA-AM (Figure 9C-D), but not nimodipine (Figure 9-figure supplement 1).

245

246  Not all C-tails impair Goyg activation and calcium mobilization via chimeric GnRHRs

247 Finally, we asked whether the effects observed with the chicken Ctail on the murine
248  GnRHR occur with other non-mammalian GnRHR C-tails. Therefore, we added C-tails from type
249 11 GnRHRs of Xenopus laevis (frog), Anolis carolinensis (lizard), or Clarias garepinus (catfish) to
250  the murine GnRHR (Figure 10-figure supplement 1). The Anolis C-tail impaired GnRH-induced
251  Gog activation and calcium mobilization in HEK 293 cells, as observed with the chicken C-tail
252 (Figure 10A-B, black and purple). In contrast, GnRH signaled via the Clarias chimeric receptor in
253  amanner indistinguishable from the WT murine GnRHR (Figure 10A-B, green and blue). Addition
254  of the Xenopus C-tail modestly attenuated GnRH-induced Gag activation but had no effect on
255  calcium mobilization (Figure 10A-B, pink). GnRH effectively induced ERK1/2 phosphorylation
256  viaall of the chimeric receptors in a PKC-dependent manner (Figure 10C-D).

257

258  DISCUSSION

259 The loss of the carboxy-terminal tail from the GnRH receptor during mammalian evolution

260  was previously hypothesized to be an adaptation that enabled pre-ovulatory LH surges (36, 55).
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261  The data presented here challenge this idea. Addition of the chicken GnRHR C-tail to the
262  endogenous murine GnRHR blunted but did not block the LH surge. With few exceptions, females
263  expressing the mouse-chicken chimeric GnRHR (GnRHR-Ctail) were fertile, but with smaller
264  litter sizes compared to wild-type mice. Reductions in FSH rather than perturbations of the LH
265  surge likely explain their subfertility. The FSH impairment appears to derive from alterations in
266  GnRH-induced calcium signaling.

267

268  Effects of the chicken C-tail on gonadotropin synthesis and secretion

269 Serum FSH and pituitary Fshb mRNA levels are lower in GnRHR-Ctail than wild-type
270  mice. In males, this is associated with small, but significant decreases in testis mass and
271  spermatogenesis. There is a direct relationship between Sertoli cell number and spermatogenic
272 potential (56). Sertoli cell number is regulated by FSH during early postnatal development in
273 rodents (24, 57). Though we did not quantify Sertoli cells in GnRHR-Ctail males or their FSH
274  levels prior to weaning, it seems likely that the FSH deficiency observed in adulthood also occurs
275  earlier in life in these animals. Indeed, depleting FSH in young but not adult mice reduces testis
276  size and sperm counts (24, 58). In females, reduced FSH levels are associated with decreased
277  numbers of preovulatory follicles. Because most GnRHR-Ctail females exhibit LH surges and/or
278  corpora lutea, it is clear that the majority could and did ovulate. Therefore, the most parsimonious
279  explanation for the subfertility in these females is impaired follicle development secondary to FSH
280  deficiency.

281 Though present, LH surges are altered in most GnRHR-Ctail females. Unfortunately, we
282  were unable to fully characterize the nature of the changes, as we had difficulty capturing surges
283  in these animals when sampled on presumptive proestrus. Therefore, we could not measure the
284  dynamics (the precise time of onset, maximum amplitude, or duration) of their LH surges relative
285  tothose of wild-type mice. Nevertheless, with our modified sampling protocol, we did observe LH
286  surges in GnRHR-Ctail females, which were reduced in amplitude. It is unlikely that this
287  contributed to their subfertility, however, as there are several mouse models with reduced LH surge
288  amplitudes that do not exhibit fertility defects [e.g., (42, 59)]. Moreover, the amplitude of the surge
289  varies dramatically between mice within a given strain [(60) and our unpublished observations].
290  Though we only detected LH surges in ~50% of GnRHR-Ctail mice, it is unlikely that they were

291  truly blocked or absent in half of the animals. In the fertility trial, only 1 of 8 animals was sterile.

10
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292  Similarly, in only 1 of 6 GnRHR-Ctail mice did we fail to observe corpora lutea in their ovaries.
293  Thus, the complete absence of LH surges appears to be a rare event in these mice, most likely
294  explained by inadequate FSH-stimulated follicle development and estrogen positive feedback. The
295  cause of the variable (and low) penetrance of the infertility phenotype is presently unclear, but the
296  animals were notably on a mixed genetic background.

297 The blunted LH surges in GnRHR-Ctail mice may derive, at least in part, from homologous
298  receptor desensitization. The effects of adding C-tails to mammalian GnRHRs have been
299  thoroughly investigated in vitro. In most cases, these manipulations are associated with agonist-
300 induced receptor phosphorylation, arrestin recruitment, and receptor internalization (34, 36, 55,
301 61, 62). We similarly observed that the mouse-chicken chimeric GnRHR used here acquired the
302  ability to recruit arrestin in response to GnRH. It is therefore likely that GnRHR-Ctail is rapidly
303 internalized in response to agonist, but we did not assess this directly. Though arrestin recruitment
304  to the chimera’s C-tail did not appear to explain the altered calcium signaling or retained ERK
305 activation in HEK 293 cells, we acknowledge that multiple GPCR/arrestin conformations,
306 including differences between the receptor core and/or C-tail, can have distinct functions (63-66).
307  Regardless, if we were able to measure the duration of LH surges in GnRHR-Ctail females, we
308  predict that it would be shorter than in wild-type mice. However, as most of these mice ovulated,
309  the amplitude and duration of these surges were clearly sufficient. We recently reported that
310  kisspeptin-54 induces surge-like LH release in juvenile mice. Although the duration of the LH
311 increase is shorter than natural surges, these mice still ovulate efficiently (67). Thus, both the
312 amplitude and duration of natural LH surges are greater than actually needed to induce ovulation
313 in mice.

314

315  Effects of the chicken C-tail on GnRH signaling

316 The reductions in gonadotropin production in GnRHR-Ctail mice indicate that the addition
317  of the chicken C-tail altered GnRH signaling. In heterologous HEK 293 cells, GnRH stimulation
318  of calcium mobilization was greatly impaired downstream of GnRHR-Ctail. This, in turn, appeared
319  to be explained by attenuated activation of Gog and reduced agonist stimulated inositol phosphate
320  production. As GnRH induction of Fshb mRNA expression in homologous LBT2 cells is calcium
321  dependent (68), it is possible that FSH deficiency in GnRHR-Ctail mice may result from alterations
322  in calcium signaling. In contrast, GnRH induction of ERKI1/2 phosphorylation is intact
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323  downstream of GnRHR-Ctail in HEK 293 cells. In gonadotropes, GnRH promotes ERK1/2
324  signaling via PKC, which in turn depends on diacylglycerol (DAG) more so than calcium (69).
325  Though GnRH induction of DAG production was attenuated downstream of GnRHR-Ctail in HEK
326 293 cells, it was sufficient to activate PKC-ERK1/2 signaling. As GnRH regulation of Lhb
327  expression is ERK1/2-dependent (46), this may help explain how LH production was relatively
328  unperturbed in gonad-intact GnRHR-Ctail mice.

329 The Gogq activation and, in particular, calcium mobilization impairments, downstream of
330 GnRHR-Ctail in heterologous cells do not fully recapitulate changes in GnRH signaling in
331  gonadotropes in GnRHR-Ctail mice. However, in both HEK 293 cells and gonadotropes, the
332  GnRHR-Ctail induced a more sustained calcium profile. Gonadotropes possess L-type calcium
333  channels, which are absent in HEK 293 cells (70, 71), though the latter do have endogenous
334 calcium currents (72). GnRH-induced calcium oscillations in gonadotropes reflect both
335 mobilization from ER stores and influx via voltage-dependent L-type channels. The calcium
336  signaling (and defects therein) that we examined in HEK 293 cells is limited to mobilization from
337 internal stores. Nevertheless, it is evident that GnRH-induced calcium oscillations also differ
338  between gonadotropes of wild-type and GnRHR-Ctail mice. In wild-type pituitaries, we observe
339  the previously reported heterogeneity of responses: oscillatory, biphasic, and transient (73). In
340  contrast, GnRH stimulates a more homogenous calcium response in gonadotropes of GnRHR-
341  Ctail mice and one that is not observed in wild-type animals. Relative to wild-type, gonadotropes
342  of GnRHR-Ctail mice show sustained calcium oscillations, which extend well after the GnRH
343 pulse. The mechanisms underlying this sustained activity are not clear but depend to some extent
344  on influx of calcium via L-type channels. Regardless, the changes in calcium signaling from
345  primarily transient intracellular release of calcium to a sustained influx of extracellular calcium
346  may contribute to the observed reductions in FSH synthesis in GnRHR-Ctail mice.

347 In contrast, pulsatile LH secretion, which depends upon GnRH-induced -calcium
348  mobilization (74), appears to be intact in GnRHR-Ctail males [note that we did not measure
349  pulsatile LH secretion in females because of the high variability between estrous cycle stages (60)
350  and the estrous cycle irregularities in GnRHR-Ctail mice]. This ‘normal’ LH secretion may be
351  more apparent than real, however. Exogenous GnRH stimulates less LH secretion in male GnRHR-
352 Ctail than wild-type mice, despite their equivalent pituitary LH contents. GnRH is similarly less

353  effective in stimulating LH release in GnRHR-Ctail females, but they also show marked decreases
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354  in pituitary LH content relative to wild-type, precluding a definitive interpretation of the results.
355  LH secretion is blunted in both sexes following gonadectomy and at the time of the LH surge in
356  females. Therefore, the alterations in GnRH stimulated calcium signaling may also affect LH
357  secretion, which is most evident when GnRH pulse frequency or amplitude is enhanced.

358 It is possible that the phenotypes of GnRHR-Ctail mice are explained by reduced receptor
359  expression rather than (or in additional to) altered receptor function. Indeed, Gnrhr mRNA levels
360 are reduced in gonad-intact GnRHR-Ctail relative wild-type mice. We do not know if this
361 translates into differences in GnRHR protein expression. Unfortunately, we were unable to identify
362  reliable antibodies for measurement of GnRHR protein in the pituitary. We also could not validate
363  GnRHR ELISAs used by others (75) (data not shown). In vitro ligand binding assays in pituitaries
364 from the two genotypes do not provide a viable alternative means for receptor protein
365  quantification, as Gnrhir mRNA levels decrease dramatically in cultured cells relative to in vivo
366  and the genotype difference in Gnrhr expression does not persist in culture (data not shown).
367 Regardless, we hypothesize that the reduced Gnrir mRNA levels in GnRHR-Ctail mice are
368 themselves a consequence rather than a cause of altered GnRH signaling. Not only does GnRH
369  positively regulate the expression of its own receptor (76, 77), but the wild-type and Ctail forms
370  of the murine GnRHR are expressed at equivalent levels when transfected in heterologous cells.
371  Thus, there does not appear to be any inherent difference in the stability of wild-type and Ctail
372  forms of the receptor.

373

374  Evolutionary significance of the loss of the C-tail

375 Finally, in light of all of the results, it is tempting to speculate that the loss of the C-tail
376  from the mammalian GnRHR may have conferred a selective advantage by augmenting G protein
377  coupling, leading to enhanced calcium mobilization, FSH production, folliculogenesis, and
378  fertility. However, more recent phylogenetic analyses suggest that the loss of the C-tail may be an
379 ancient event in jawed vertebrates, predating mammalian evolution (40). It is unclear what
380 advantage this may have conferred when it first emerged and why it has only been retained in
381 mammals and a small number of other vertebrates. We are limited in what we can conclude or
382  interpret from the one mouse model we examined here. While adding the chicken C-tail decreased
383  FSH production, this may not have been the case if we had instead fused the Xenopus or Clarias

384  C-tails, which do not appear to perturb GnRH signaling in vitro. Therefore, the presence of a C-
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385  tail, in and of itself, does not necessarily impair or alter G protein coupling to the GnRHR. The
386  specific sequence of the tail is relevant. It could be informative to reconstruct ancestral GnRHRs
387  (78) and then examine the effects of removing their C-tails on signaling. Though challenging, this
388  may ultimately provide more, or at least parallel, insight into the potential adaptive significance of
389  the loss of the C-tail. Regardless, the data presented here demonstrate that LH surges are possible
390  in mammals in the presence of a GnRHR with a disruptive C-tail and suggest that FSH synthesis
391 is dependent upon the nature of GnRH-dependent calcium signaling in gonadotropes.

392

393 MATERIALS AND METHODS

394
395  Reagents
396 GnRH (LH releasing hormone, L7134), nimodipine (66085-59-4), paraformaldehyde

397 (PFA, 158127), bovine serum albumin fraction V (BSA, 10735078001), Triton X-100 (9002-93-
398 1), dimethyl sulfoxide (DMSO, 472301), anti-Flag antibody (F7425), EZview™ Red ANTI-
399 FLAG® M2 Affinity Gel (F2426), and 3X FLAG® Peptide (F4799) were obtained from Sigma
400  Aldrich (St-Louis, Missouri, USA). The PKC inhibitor G66983 (ab144414) was from Abcam
401  (Cambridge, UK). BAPTA-AM (126150-97-8) was from Tocris (Bristol, UK). TRIzol reagent
402  (15596026) was from Life Technologies (Carlsbad, CA, USA). ProLong Gold antifade (P36931),
403  Pluronic F-127 20% solution (P3000MP), and Fluo4-AM (F1420) were from Thermo Fisher
404  Scientific (Waltham, Massachusetts, USA). Deoxynucleotide triphosphates (AINTPs, 800-401-TL),
405  fetal bovine serum (FBS, 080150), and DMEM (319-005-CL) were from Wisent Inc. (St-Bruno,
406  QC, Canada). Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville,
407 1A, USA). Polyethylenimine (PEI, 23966) was from Polysciences Inc. (Warrington, PA, USA).
408  Coelenterazine cp (10112) and coelenterazine 400a (10125) were from Biotium (Fremont, CA,
409  USA). Phospho-p44/42 MAPK (Thr202/Tyr204 pERK1/2; 9101S) and p44/42 MAPK (ERK1/2;
410  9102S) antibodies were from Cell Signaling Technologies (Danvers, MA, USA). HRP-conjugated
411  goat anti-rabbit (170-6516) and anti-mouse (170-6515) antibodies were obtained from BioRad
412  Laboratories (Hercules, CA, USA).

413

14


https://doi.org/10.1101/2021.09.13.460073
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.09.13.460073; this version posted September 16, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

414  Cell lines and transfections

415 LPT2 cells (79) were provided by Dr. Pamela Mellon (University of California, San Diego,
416 CA, USA). HEK 293 wild-type (WT) and Arrbl;Arrb2 CRISPR knockout (KO) cells were
417  provided by Dr. Inoue Asuka [Tokyo University, Sendai, Japan; (80)]. All cells were maintained
418  and grown in DMEM (4.5 g/L glucose, with L-glutamine and sodium pyruvate) containing 10%
419  (v/v) FBS at 37°C in a 5% CO> atmosphere. Transfections of HEK 293 cells lines were performed
420  using PEI transfection reagent in a mass ratio of 3:1 PEI to DNA.

421
422 Plasmids
423 pGEM-T Easy was purchased from Promega (Wisconsin, USA; Cat # A1360). To generate

424 the flag-tagged murine GnRHR-WT and GnRHR-Ctail expression vectors, the murine Gnrhr
425  coding sequence was amplified by PCR from LBT2 cell cDNA using a forward primer introducing
426  an EcoRI restriction site and omitting the endogenous translation initiation codon and a reverse
427  primer introducing an Xbal restriction site (Table 1). The resulting fragment was digested with the
428 indicated enzymes and ligated in-frame downstream of the flag tag coding sequence preceded by
429  atranslation initiation codon in pcDNA3.0, yielding Flag-GnRHR. To generate the Flag-GnRHR-
430  Ctail vector, the stop codon in Flag-GnRHR was replaced with a Clal restriction site by site-
431  directed mutagenesis (QuikChange protocol). The C-tail coding sequence from the chicken Gnrhr
432 gene (Gallus gallus; NP_989984) was amplified by PCR from chicken embryonic genomic DNA
433 (provided by Dr. Aimee Ryan, McGill University) using primers incorporating Clal sites at both
434  ends (Table 1). This fragment was inserted into the Clal site created at the end of the Gnrhr coding
435  sequence.

436 To generate other chimeric receptors, the C-tail coding sequence from the frog Gnrhr gene
437  (Xenopus leavis; accession number NM_001085707) was PCR amplified from HA-XGnRHR
438  [(81); provided by Dr. Craig McArdle, University of Bristol, Bristol, UK] using primers
439  incorporating Clal sites at both ends (Table 1), replacing the amino acids underlined in Figure 10-
440  figure supplement 1). C-tail coding sequences from the Gnrhr of the lizard Anolis carolinensis
441  (XP_003226613.1) and from the catfish Clarias gariepinus (adapted from the coding sequence of
442 Tachysaurus fulvidraco Gnrhr [XM_027175679.1] based on the peptide sequence described in
443  (62)) were synthesized as double stranded DNA by Twist Biosciences (San Francisco, CA),
444  harboring Clal sites downstream of adaptors added at both ends. These C-tails were PCR
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445  amplified using primers complementary to the adaptor sequences (Table 1), digested with Clal,
446  purified, and ligated into Clal-digested dephosphorylated Flag-GnRHR-Ctail, from which the
447  chicken C-tail was excised. All clones were confirmed by Sanger sequencing at GenomeQuébec,
448  Montreal, Canada.

449 The polycistronic Gog (82) and DAG (83) biosensors, and p-arrestin-1-YFP (84) constructs
450  were provided by Dr. Stéphane Laporte (McGill University, Montréal, Canada). The luminescence
451  obelin biosensor (85) was provided by Dr. Michel Bouvier (Université¢ de Montréal, Canada).
452

453  Targeting vector

454 To generate the downstream chromosomal arm (DCA), a 6.7 kb DNA fragment starting 1
455 kb upstream of murine Gnrhr exon 3 was amplified by PCR using the Expand Long Template
456 PCR System (Roche, Basel, Switzerland) from 129SvEv genomic DNA using primers
457  incorporating 5° Xmal and 3’ Nofl restriction enzyme sites (Table 1). The fragment was cloned
458  into pGEM-T Easy. The stop codon in exon 3 was replaced with a Clal restriction enzyme site by
459  site-directed mutagenesis. The Clal-flanked C-tail coding sequence from the chicken Gnrhr (also
460 used for the Flag-GnRHR-Ctail construct described above) was inserted, and the correct
461  orientation was verified by sequencing. The whole DCA containing the chimeric exon 3 was
462  ligated between the Xmal and Notl sites in pKOII (86), 3’ of the Frt flanked neomycin (neo)
463  selection cassette. We used a two-step process to generate the upstream chromosomal arm (UCA)
464  and the “floxed” exon 3 regions. First, a genomic DNA fragment starting 1 kb upstream of exon 3
465  and terminating immediately after the stop codon in exon 3 was amplified by PCR using a 5’
466  primer introducing a Xmal restriction site and a /loxP site, and a 3’ primer introducing a Pmel
467  restriction site (Table 1). This amplicon, along with a Pmel-Xhol fragment comprising the bovine
468  growth hormone (BGH) polyA sequence (obtained by PCR from the pcDNA3.0 expression vector)
469  were ligated in a 3-part ligation between the Xmal and Xhol restriction sites of pBluescript 11 KS.
470  To complete the UCA, a 3.6 kb fragment spanning exon 2 and terminating 1 kb upstream of exon
471 3 (the position of the upstream loxP site) was amplified by PCR using primers incorporating 5’
472  Kpnl and 3° Xmal sites (Table 1) and joined to the Xmal-Xhol construct (in pBluescript II KS)
473  described above. The whole UCA was then ligated into the Kpnl and Xhol restriction sites in the
474  pKOII vector containing the DCA, 3’ of the diphtheria toxin A (DTa) negative selection cassette.

475  Sequencing was performed to ensure the integrity of the targeting vector and the absence of
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476  mutations in and around exons and splice-junctions (GenomeQuébec, Montreal, Canada). The
477  targeting vector was linearized with Kpnl, phenol-chloroform extracted, and resuspended at a final
478  concentration of 1 pg/pl in Tris-EDTA.

479

480  Generation of mice

481 Twenty-five ng of linearized targeting vector were electroporated into 10 million R1 ES cells
482  (129/SvEv-derived) in triplicate, and each electroporated sample plated on primary mouse
483  embryonic fibroblasts in two 10-cm dishes. The following day, culture media was supplemented
484  with 200 pg/mL G418 for positive selection of clones incorporating the targeting vector. After 8
485  days of selection, 420 clones were picked manually under a dissecting microscope, dissociated in
486  trypsin, and transferred to individual wells of 96-well plates. Cells were cultured for 5 days and
487  then split into three separate plates. Two plates were frozen at -80°C after the addition of 10%
488  DMSO. Cells in the remaining plate were grown to confluence. Genomic DNA was extracted,
489  cleaned with a series of 75% ethanol washes and digested overnight with Xmal. Homologous
490  recombination events were screened by Southern blot using sequential hybridization with 5* and
491 3’ probes external to the homology arms (see Table 1 for the primers used to generate the probes).
492 C57BL/6] blastocysts were microinjected with cells from two correctly targeted clones and
493  transferred into pseudopregnant mothers at the Transgenic Core Facility of the Life Science
494  Complex at McGill University. Resulting chimeric males were bred to C57BL/6J females and
495  germline transmission of ES cell-derived DNA monitored by coat color. Brown pups were
496  genotyped by PCR for the presence of the modified allele (denoted GnrhrC@ilfloxNeo) and later
497  confirmed by Southern blot. The Neo cassette was removed in vivo by breeding GnyhyCiailfloxNeort
498 mice to “flp deleter” mice [B6.12954-Gt(ROSA)26Sor™! (FLPUDym/Rain], obtained from The
499  Jackson Laboratory (87)]. The resulting Gnrhr“@11°%* mice were bred to Ella::Cre transgenic
500 mice [B6.FVB-Tg(Ella-cre)C5379Lmgd/J, obtained from the Jackson Laboratory (88)] to yield
501  Gnrhr®®* mice (genotyped using primers Exon3 and Exon3-Ctail in Table 1). Gnrhr®@* females
502  and males were then crossed to generate wild-type (WT; Gnrhr*'*) and Ctail (Gnrhr©@VCal) mice.
503  Genotyping was verified by PCR using the gDNA Gnrhr primers (Table 1). All animal
504  experiments in Canada were performed in accordance with institutional and federal guidelines and
505  were approved by the McGill University Facility Animal Care Committee (DOW-A; protocol
506  5204). Mice were maintained on a 12:12 light/dark cycle (on/off at 7:00 AM/7:00 PM) and fed
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507  ad libitium. Mouse studies conducted at the National University of Mexico were performed under
508 an institutional protocol similar to the United States Public Health Service Guide for the Care and
509  Use of Laboratory Animals, and according to the Official Mexican Guide from the Secretary of
510  Agriculture (SAGARPA NOM-062-Z00-1999).

511

512 Estrous cycle staging and fertility assessment

513 Estrous cyclicity was assessed in 6-week-old mice for 21 consecutive days as described in
514 (89). At nine weeks of age, females were paired with WT C57BL/6 males (Charles River,
515  Senneville, QC, Canada) for a six-month period. Breeding cages were monitored daily and the
516  frequency of delivery and number of pups per litter were recorded. Pups were removed from cages
517 14 days after birth.

518

519  Reproductive organ analyses, gonadal histology, and sperm counts

520 Testes, seminal vesicles, ovaries, and uteri were collected from 10- to 12-week-old males
521  and females (diestrus afternoon). Body and organ masses were measured on a precision balance.
522 Ovaries were fixed in 10% formalin, paraffin-embedded, and sectioned continuously at 5-pm
523  thickness per section. Sections mounted on slides and then stained with hematoxylin and eosin for
524  antral follicle (AF), preovulatory antral (Graafian) follicle (POF), and corpora lutea (CL) counting
525  asdescribed in (90). For sperm counts, testes were homogenized in 10% DMSO in 1X PBS using
526  a Polytron PT10-35. Heads of mature spermatozoa were counted using a Leica DM-1000
527  microscope (Leica Microsystems, Wetzlar, Germany).

528

529  Gonadectomy

530 Ovariectomy (OVX), castration (Cast), and sham operations were performed on 10-week-
531 old mice following McGill University standard operating procedures #206 and #207

532 (https://www.mcgill.ca/research/research/compliance/animals/animal-research-practices/sop)

533 respectively, as described in (91).

534

535  Blood collection

536 Blood was collected by cardiac puncture two weeks post-operatively (on diestrus afternoon

537  for sham-operated females). Blood was allowed to clot for 30 min at room temperature and
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538  centrifuged at 1000 g for 10 min to collect serum. Sera were stored at -20°C until hormone assays
539  were performed. For LH pulsatility assessment in 10-week-old males, 2 pul of blood were collected
540  from the tail tip every 10 min over 6 hours, starting 3 hours before lights off. For the LH surge
541  onset and profile in 10-week-old females, 2 ul of blood were collected from the tail tip every 20
542  min over 8 hours on proestrus (as assessed by vaginal cytology). For LH surge amplitude
543  assessment, four blood samples (4 ul each) were collected from the tail tip over 11 consecutive
544  days: at 10:00 AM, and at 6:00, 7:00 and 8:00 PM. The surge amplitude was defined as the
545  maximal concentration of LH measured on days determined to be proestrus by vaginal smears. For
546  the GnRH-induced LH release experiment, 4 pl of blood were collected from the tail tip of 10-11-
547  week-old females (diestrus afternoon) and males just prior to and 15-, 30-, and 60-minutes post-
548  i.p. injection of either 0.25 ng (males only), 0.75 ng (females only), or 1.25 ng of GnRH per g of
549  body mass, diluted in 0.9% NaCl. Prior to all tail tip blood collection, animals were acclimatized
550 by massaging the tail daily for two weeks. Tail tip blood samples for LH analysis were immediately
551  diluted (1:30) in 1X PBS containing 0.05% Tween (PBS-T), gently vortexed, and placed on dry
552 ice. Diluted blood was stored at -80°C until assayed.

553

554  Hormone analyses

555 Serum FSH and LH levels were determined in males at the Ligand Assay and Analysis Core
556  at the University of Virginia Center for Research in Reproduction using the mouse/rat LH/FSH
557  multiplex assay (detection limit: 2.4 to 300 ng/mL; intra-assay CV < 10%). In females, serum FSH
558 was measured by the MILLIPLEX kit (MPTMAG-49K, Millipore, Massachusetts, USA)
559  following the manufacturer’s instructions (minimal detection limit: 9.5 pg/mL; intra-assay CV <
560  15%) and serum LH was measured using an in-house sandwich ELISA, as previously described
561  (92) (detection limit: 0.117 to 30 ng/mL; and intra-assay CV < 10%). Whole blood LH levels from
562  both males and females were also measured using the in-house sandwich LH ELISA.

563

564  Gonadotropin pituitary content assessment

565 Pituitaries were collected from 12- to 13-week-old female (randomly cycling) and male
566  mice, placed on dry ice, and manually homogenized in 300 pl cold 1X PBS. Homogenates were

567  centrifuged at 13,000 rpm for 15 minutes at 4°C. Total protein concentration was measured using
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568  the Pierce BCA Protein Assay Kit (23225; ThermoFisher Scientific) following the manufacturer’s
569 instructions.

570 For FSH content assessment, samples were diluted 1:50 and FSH levels were measured by
571  the MILLIPLEX kit (females) or by RIA (males) at the Ligand Assay and Analysis Core at the
572 University of Virginia Center for Research in Reproduction. For LH pituitary content, samples
573 were diluted 1:1,000,000 in PBS-T, and LH levels were measured using the LH ELISA indicated
574  above. FSH and LH values were normalized over total protein content per pituitary.

575

576  GnRH treatment of LBT?2 cells

577 LBT2 cells were plated at 650,000 cells/well in 12-well plates and cultured overnight. The
578  next day, cells were starved for 16-18 hours in serum-free medium. Cells were then pre-treated for
579 20 minutes with BAPTA-AM (20 uM) and then stimulated with one pulse of 10 nM GnRH
580  (hereafter referred to as low GnRH pulse frequency). Two hours post-GnRH stimulation, media
581  wasreplaced with fresh media containing the BAPTA-AM and incubated for an additional 2 hours.
582  For high GnRH pulse frequency treatment, cells were stimulated with 10 nM GnRH for 5 min,
583  every 45 minutes for a total of 10 pulses in the presence of the BAPTA-AM (20 uM) or vehicle.
584  The latter were also included between GnRH pulses.

585

586  Reverse transcription and quantitative PCR

587 Pituitaries were collected two weeks post-gonadectomy (on diestrus afternoon for sham-
588  operated females), snap-frozen in liquid nitrogen, and stored at -80°C. Total RNA from pituitaries
589 and LPT2 cells was isolated with TRIzol following the manufacturer’s instructions. Pituitaries
590  were first homogenized in 500 pl TRIzol using a Polytron PT10-35 homogenizer. RNA
591  concentration was measured by NanoDrop and 250 ng of RNA per sample were reverse transcribed
592  asin (93). Two pul of cDNA were used as a template in 20 pl reactions for quantitative-real time
593  PCR analysis on a Corbett Rotorgene 600 instrument (Corbett Life Science) using EvaGreen
594  reagent master mix. Relative gene expression was determined using the 242t method (94) with
595  the housekeeping gene ribosomal protein L19 (Rpl19) as reference (primers in Table 1).

596
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597  Bioluminescence resonance energy transfer (BRET) assays

598 HEK 293 cells were plated at a density of 400,000 cells/well in 6-well plates. The next day,
599  cells were co-transfected with PEI with 1 pg GnRHR-WT or GnRHR-Ctail expression vector (or
600 empty vector as control) along with 1 pg of a polycistronic Gag biosensor (95) or DAG biosensor
601  (83). Twenty-four hours post-transfection, cells were detached by manual pipetting, and plated on
602  poly-D-lysine-coated 96-well white plates at a density of 50,000 cells per well. The next day, cells
603  were washed twice with Tyrode’s buffer (140 mM NaCl, 1 mM CaCl,, 2.7 mM KCl, 0.49
604 mM MgCly, 0.37 mM NaH>POy4, 5.6 mM glucose, 12 mM NaHCOs3, and 25 mM HEPES, pH 7.5).
605  Next, cells were loaded with 5 uM Coelenterazine 400a for 5 min in the dark at room temperature,
606 and signals were subsequently recorded by a Victor X light plate reader (Perkin Elmer Life
607  Sciences) starting 10 seconds before and continuing 30 seconds after 100 nM GnRH (or vehicle)
608 injection, at 0.33 millisecond intervals. Net BRET was calculated as the ratio of the acceptor signal
609  (GFP10 515/30 nm filter) over the donor signal (RLucll, 410/80 nm filter). ABRET was calculated
610 by subtracting the average of basal BRET signals from ligand-induced signals (96). Experiments
611  with the Gagq biosensor and Anolis, Xenopus, and Clarias chimeric receptors were conducted as
612  above, with the exception that a Synergy 2 Multi-Mode Microplate Reader (Bio Tek) was
613  employed. Acceptor and donor signals were read three times before and after 100 nM GnRH (or
614  vehicle) injection, at 16 s intervals.

615

616  Cell line protein extraction, immunoprecipitation, and western blotting

617 Cellular extracts from HEK 293 and LBT2 cell lines were isolated using RIPA lysis buffer
618 (50 mM Tris-HCI, 150 mM NaCl, 10 mM EDTA, 1% Triton X-100) as described in (97). Total
619  protein concentration was measured using the Pierce BCA Protein Assay Kit (23225;
620  ThermoFisher Scientific) following the manufacturer’s instructions. Fifteen to 30 pg of total
621  protein extracts were resolved by 10% SDS-PAGE, and transferred onto nitrocellulose membranes
622 (1060001, GE Healthcare). Membranes were blocked for 1 hour at room temperature with blocking
623  solution [Tris-buffered saline with 0.05% Tween (TBS-T) containing 5% skim milk]. To
624  investigate ERK1/2 phosphorylation, membranes were probed with rabbit anti-phospho-ERK1/2
625  (1:1000) for 16-18 hours at 4°C. For receptor expression, extracts were first incubated with
626  EZview™ Red ANTI-FLAG® M2 Affinity Gel and eluted with 3X FLAG peptide following

627  manufacturer’s instructions. Membranes were incubated with rabbit anti-Flag (1:1000). Following
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628 3 washes with TBS-T, membranes were further incubated with horseradish peroxidase (HRP)-
629  conjugated goat anti-rabbit antibody (1:5000) in blocking solution for 2 hours at room temperature.
630  For assessment of total ERK1/2 expression, membranes were stripped with 0.3 M NaOH, washed
631  and incubated with anti-ERK1/2 (1:1000) following the same procedure as above for phospho-
632  ERKI1/2. Blots were incubated in Western Lightning ECL Pro reagent (Perkin Elmer) and then
633  exposed on HyBlot CL film (E3012, Denville Scientific) or with a digital GE Amersham Imager
634  600. Band intensities were measured in arbitrary units using Image J software (US National
635  Institutes of Health, Bethesda, Maryland). Phosphorylated-ERK1/2 values were normalized over
636  total ERK1/2 values in the same lane.

637
638 I[P production
639 HEK 293 cells were seeded at 400,000 cells/well in 6-well plates. The next day, cells were

640  transfected with 1 pg of GnRHR-WT or GnRHR-Ctail expression vectors using PEI transfection
641 reagent in a mass ratio of 3:1 PEI to DNA. Twenty-four hours post-transfection, cells were
642  detached by manual pipetting and re-plated in 384-well low volume white plates (15,000
643  cells/well) and incubated for an additional 24 hours. Next, cells were washed and stimulated with
644 0, 10, or 100 nM GnRH for 30 min at 37°C. IP1 production was assessed using IP-ONE-Gq Kit
645  (Cisbio, Codolet, France) following the manufacturer’s instructions. Homogeneous Time-
646  Resolved Fluorescence (HTRF) was measured using a Synergy 2 Multi-Mode Microplate Reader
647 (BioTek) and the ratio was calculated following the manufacturer’s instructions. Data are
648  presented as relative HTRF, where values of stimulated conditions were normalized over the value
649  of untreated GnRHR-WT expressing cells.

650

651  Intracellular calcium mobilization in heterologous cells

652 HEK 293 cells were plated at a density of 400,000 cells/well in 6-well plates. The next day,
653  cells were co-transfected with 1 pg of GhnRHR-WT receptor or the indicated chimeric receptor
654  expression vectors (or empty vector as control), and 1 pg Obelin biosensor, using PEI transfection
655  reagent in a mass ratio of 3:1 PEI to DNA. Twenty-four hours post-transfection, cells (10%/ml)
656  were washed with phenol-free, serum-free DMEM supplemented with 0.1% BSA (media),
657  detached manually, and loaded with media containing 5 mM of Coelenterazine cp for two hours,

658  shaking in the dark, at room temperature. Subsequently, 50,000 cells (in 50 pl) were plated per
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659  well in 96-well white microplates and 100 nM of GnRH (or vehicle) were injected using Synergy
660 2 Multi-Mode Microplate Reader (Bio Tek) or Victor X light plate reader (Perkin Elmer Life
661  Sciences). Luminescence signals were recorded for 30 seconds, every 22 ms, and kinetic
662  measurements were normalized over the maximal response (Lmax) obtained by lysing the cells

663  with 0.1% Triton X-100.

664  Calcium imaging in pituitaries

665 Whole pituitaries were dissected and incubated (37°C, 95% O and 5% CO3) for 30 min
666  with the calcium sensor Fluo 4AM (InVitrogen; Eugene, OR USA) at a final concentration of 22
667 uM in 0.1% DMSO (Sigma, St. Louis MO, USA), 0.5% pluronic acid F-127 (Sigma) in artificial
668  cerebrospinal fluid (ACSF; 18 mM NaCl, 3 mM KCl, 2.5 mM CaCl,, 25.2 mM MgCl,, 2.5 mM
669  NaHCOs;, 11 mM glucose and 1.1 mM HEPES). The pituitaries were immobilized in a drop of 3%
670  agar and placed on top of a Plexiglas chamber, which was then attached to the microscope stage
671  and was continuously perfused (2 mL/min) with ACSF at room temperature. The pituitary was
672  positioned to enable visualization of the ventral surface of the gland.

673 Baseline activity was recorded for 3.5 min while the sample was perfused with ACSF. To
674  evaluate GnRH effects, 1 min baseline activity was recorded, followed by application of 10 nM
675 GnRH (LHRH acetate salt, BACHEM H-4005.0025 1062179; Bubendorf, Switzerland) for 30 s
676  followed by a washout period with ACSF for 1.5 min. GnRH and ACSF solutions were directly
677  applied to the recording chamber by a gravity-fed perfusion system.

678 To evaluate the contribution of voltage-gated calcium channels, after 1 h of recovery, tissue
679  was incubated for 30 s with 20 uM nimodipine (ALOMONE LABS N-150 N150SM0250;
680  Jerusalem, Israel) followed by a second application of 10 nM GnRH alone (Figure 8-figure
681  supplement 1) or in combination with 20 uM nimodipine (Figure 8-figure supplement 2) for 30 s.
682  Finally, to determine cell viability, high potassium solution (50 KCl mM, 120 NaCl mM, 10
683 HEPES mM, 2 CaCl, mM, pH 7.4) was applied for 30 s. For each condition, the numbers of
684  animals and cells analyzed are indicated in the figure legends.

685 Image acquisition was performed with a cooled CCD camera (HyQ; Roper Scientific,
686  Acton MA, USA); 600 images sequences were acquired with each image taken with 200 ms
687  exposure. The tissue was viewed with an epifluorescence microscope (Leica M205FA; Leica
688  Microsystem; Wetzlar, Germany) equipped with a PlanAPO 2.0% (0.35NA) objective lens. The
689  excitation and suppression filters were BP 480/40 and BP 527/30, respectively.
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690 Image sequences (1200 images; 200 ms-exposure) were obtained from a given field of
691  view, before, during, and after GnRH application and were saved in TIFF format. Movies were
692  processed and analyzed with ImageJ macros (NIH) to obtain numerical values of fluorescence
693 intensity corresponding to [Ca*']i changes. Every responsive cell was selected manually from the
694  obtained recordings. Values of fluorescence were corrected for photobleaching and normalized
695  using Igor Pro (Wavemetrics Inc.; Portland, OR, USA) with a semi-automatic routine written by
696  Pierre Fontaneaud (Institute of functional Genomics, Montpellier, France) to obtain AF=F-F0
697  values, which were then plotted with a routine written by Leon Islas, Ph.D. (Medicine Faculty,
698 UNAM, Mexico City) to visualize activity of each cell over time. GnRH responsive cells were
699  selected based on whether fluorescence values changed over time following ligand application.
700  All the cells analyzed responded to the depolarizing solution of high potassium.

701

702 Immunofluorescence microscopy

703 HEK 293 cells were plated on poly-D-lysine (I mg/ml)-coated coverslips, placed in a 24
704  well plate. The next day, cells were transfected with 300 ng GnRHR-WT or GnRHR-Ctail along
705  with 200 ng of pYFP-Arrestin. Twenty-four to 48 hours post-transfection, cells were treated with
706 100 nM GnRH or 1 uM of the GnRH analog Lucrin for 1, 5, or 20 min or left untreated as control.
707  Cells were then fixed for 20 min with fresh 4% PFA and 0.2% Triton X-100. Coverslips were than
708  mounted on glass slides using ProLong Gold. Fluorescence images were acquired with a Leica
709  DM-1000 microscope with a 40X objective, or confocal microscope (Leica SP5) with a 63x 1.4
710  numerical aperture objective. Leica LAS AF image software was utilized for image acquisition.
711

712 Cell surface expression with whole cell anti-Flag ELISA

713 HEK 293T cells were plated at a density of 40,000 cell per well on poly-D-lysine (1 mg/ml)
714 coated 24-well plates. The next day, cells were transfected with 500 ng of empty vector, GnRHR-
715 WT, or GnRHR-Ctail using PEI transfection reagent in a mass ratio of 3:1 PEI to DNA. Forty-
716  eight hours post-transfection, cells were fixed with fresh PFA (4%) for 20 min, washed 3 times
717  gently with 1X PBS, and blocked for 2 hours with blocking solution (1X PBS containing 5% nonfat
718  milk and 5% goat serum). Cells were incubated with rabbit anti-flag antibody (1:5000 in blocking
719  solution) for 2 hours at room temperature. Next, cells were washed 3 times for 5 min each with 1X

720  PBS, and further incubated for 1 hour with HRP-conjugated goat anti-rabbit antibody (1:5000 in
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721  blocking solution), followed by 5 washes for 5 min each with 1X PBS, and finally incubated in
722 500 pl of 3,3',5,5'"-Tetramethylbenzidine substrate for 15 min. The reaction was stopped by adding
723 2N sulfuric acid. Absorbance was measured at 450 nm using a Biochrom Asys UVM 340
724 microplate reader.

725

726  Statistical analyses

727 Statistical analyses were performed using GraphPad Prism software version 6 or 8 (San
728  Diego, California USA, www.graphpad.com), with the following exceptions. LH pulse data from
729  males were deconvoluted using MatLab. For whole-gland intracellular calcium experiments, the
730  area under the curve (AUC) and maximal intensity of fluorescence (MIF) from the normalized
731  values were extracted using R (version 3.5.1; https://www.R-project.org/) along with the following
732 packages: dplyr, pracma, ggplot2 and ggpubr. The number of oscillations in gonadotropes
733 identified with the oscillatory pattern of calcium mobilization was quantified automatically with
734 the MathLab-based toolbox PeakCaller (98). The statistical significance of AUC, MIF, and number
735  of oscillations (peaks) was tested in GraphPad using Wilcoxon rank-sum test when comparing
736  means of two groups, or Wilcoxon signed-rank test when comparing responses of one cell to two
737  stimuli. Statistical tests used, number of experiments, number of biological replicates, and p values
738 are indicated in the figure legends. Results were considered statistically significant when p < 0.05.
739
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Figure 1: Ctail mice are hypogonadal and subfertile. (A) Average litter sizes in WT and Ctail females paired with WT C57BL/6 males
over a six-month breeding trial (* p = 0.0196). (B) Estrous cycle frequency in WT and Ctail females (* p = 0.0384). (C) Ovarian mass of
10-12-week-old females (* p = 0.002). (D) H&E-stained ovarian sections from a WT and a Ctail mouse. (E) Uterine mass of 10—12-
week-old females (ns, p = 0.088). Numbers of (F) antral follicles (* p = 0.0008), (G) preovulatory follicles (* p = 0.0055), and (H) corpora
lutea per ovary (* p = 0.0088). (I) Testes (top) and seminal vesicles (bottom) from a WT and a Ctail male. (J) Testicular mass (* p =
0.0037), (K) number of mature spermatozoa per testis (* p = 0.0468), and (K) seminal vesicle mass (ns,p = 0.3123) in 10- to 12-week-old
males. In A-C, E-H, and J-L, the bar height reflects the group mean and dots and squares reflect individual animals. Student #-tests were
performed for statistical analysis.
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Figure 2: Serum FSH levels are reduced in Ctail mice. Serum (A, C) FSH and (B, D) LH levels were measured
in 10- to 12-week-old sham-operated (Sham) or gonadectomized female (A, B) and male (C, D) WT and Ctail
mice. Females were sampled on diestrus afternoon. Gonadectomized animals were sampled two-weeks post-
ovariectomy (OVX) or castration (Cast). Male serum samples were measured with FSH/LH multiplex assays. In
females, FSH was measured using an FSH Luminex assay and LH levels in females were measured by in-house
ELISA. In each panel, the bar height reflects the group mean and dots and squares reflect individual animals.
Statistical analyses in all panels were performed using two-way ANOVAs, followed by Tukey’s multiple
comparison tests. Bars with different letters differed significantly [Female FSH: WT (sham) vs. Ctail (sham) p =
0.8241; WT (sham) vs. WT (OVX) p = 0.0001; Ctail (sham) vs. Ctail (OVX) p = 0.0010; WT (OVX) vs. Ctail
(OVX) p = 0.4372. Female LH: WT (sham) vs. Ctail (sham) p = 0.99861; WT (sham) vs. WT (OVX) p = 0.0002;
Ctail (sham) vs. Ctail (OVX) p =0.0126; WT (OVX) vs. Ctail (OVX) p = 0.6399; Male FSH: WT (sham) vs. Ctail
(sham) p = 0.0005; WT (sham) vs. WT (Cast) p = 0.7155; Ctail (sham) vs. Ctail (Cast) p = 0.8218; WT (Cast) vs.
Ctail (Cast) p = 0.0002. Male LH: WT (sham) vs. Ctail (sham) p = 0.9162; WT (sham) vs. WT (Cast) p = 0.0002;
Ctail (sham) vs. Ctail (Cast) p = 0.2477; WT (Cast) vs. Ctail (Cast) p =0.0018].
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Figure 3: Pituitary gonadotropin subunit and Gnrhr mRNA levels were regulated by genotype and gonadal status. Relative
pituitary (A, E) Fshb, (B, F) Lhb, (C, G) Cga, and (D, H) Gnrhr mRNA levels in the mice from Figure 2 were measured by RT-qPCR.
Gene expression was normalized to the reference gene ribosomal protein L19 (Rpl19). In each panel, the bar height reflects the group
mean and dots and squares reflect individual animals. Statistical analyses were performed using two-way ANOVA tests, followed by
Tukey’s multiple comparison test. Bars with different letters differed significantly [Female Fshb: WT (sham) vs. Ctail (sham) p =
0.99; WT (sham) vs. WT (OVX) p < 0.0001; Ctail (sham) vs. Ctail (OVX) p = 0.0002; WT (OVX) vs. Ctail (OVX) p = 0.1057.
Female Lhb: WT (sham) vs. Ctail (sham) p = 0.9989; WT (sham) vs. WT (OVX) p < 0.0001; Ctail (sham) vs. Ctail (OVX) p =
0.0033; WT (OVX) vs. Ctail (OVX) p =0.0267. Female Cga: WT (sham) vs. Ctail (sham) p = 0.9893; WT (sham) vs. WT (OVX) p <
0.0001; Ctail (sham) vs. Ctail (OVX) p =0.0016; WT (OVX) vs. Ctail (OVX) p =0.0138. Female Gnrhr: WT (sham) vs. Ctail (sham)
p <0.0001; WT (sham) vs. WT (OVX) p = 0.1332; Ctail (sham) vs. Ctail (OVX) p=0.8731; WT (OVX) vs. Ctail (OVX) p =0.1922.
Male Fshb: WT (sham) vs. Ctail (sham) p = 0.0468; WT (sham) vs. WT (Cast) p = 0.0019; Ctail (sham) vs. Ctail (Cast) p = 0.1103;
WT (Cast) vs. Ctail (Cast) p =0.0109. Male Lhb: WT (sham) vs. Ctail (sham) p = 0.9345; WT (sham) vs. WT (Cast) p < 0.0001; Ctail
(sham) vs. Ctail (Cast) p = 0.4394; WT (Cast) vs. Ctail (Cast) p = 0.0266. Male Cga: WT (sham) vs. Ctail (sham) p = 0.8192; WT
(sham) vs. WT (Cast) p = 0.0013; Ctail (sham) vs. Ctail (Cast) p = 0.9772; WT (Cast) vs. Ctail (Cast) p = 0.0005. Male Gnrhr: WT
(sham) vs. Ctail (sham) p = 0.0029; WT (sham) vs. WT (Cast) p = 0.6634; Ctail (sham) vs. Ctail (Cast) p > 0.9999; WT (Cast) vs.
Ctail (Cast) p = 0.5638].
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Figure 4: LH surge amplitude is attenuated in Ctail females. (A) Preovulatory LH surge profiles in WT (N = 5) and (B) Ctail
females (N = 5) on proestrus, as identified by vaginal cytology. Blood samples were collected every 20 minutes from 4:00 PM
(16:00) to 11:00 PM (23:00). Gray areas represent the dark phase of the light/dark cycle. (C) Maximal LH levels measured on
proestrus from WT and Ctail females sampled 4 times daily for 11 days (see Methods). LH levels were measured in whole blood by
with an in-house ELISA. In panels A and B, each dot reflects the group mean £ SEM. In C, the bar height reflects the group mean
and dots and squares reflect individual animals. A Student #-test was performed for statistical analysis, * p = 0.0006.
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Figure 5: GnRH-stimulated LH release is attenuated in Ctail mice. Whole blood LH levels in 10-12-week-old (A)
female and (D) male WT (blue, N = 12 females and N = 14 males) and Ctail (black, N = 9 for females and N = 11 for
males) mice before (0) and 15-, 30-, and 60-min post i.p. injection of 1.25 ng of GnRH per g of body mass. Each point is
the mean £ SEM. Data were analyzed using two-way ANOVAs, followed by Tukey’s post-hoc tests for multiple
comparisons. Points with different letters differ significantly (females WT vs. Ctail: 0 min p = 0.0514; 15 min p =
0.0139; 30 min p = 0.0002, 60 min p = 0.3536; males WT vs. Ctail: 0 min p =0.959653; 15 min p <0.0001; 30 min p <
0.0001, 60 min p = 0.1112). Intrapituitary contents of (B,E) FSH and (C,F) LH in randomly-cycling (B,C) female and
(E,F) male WT and Ctail mice. The bar height reflects the group mean and dots and squares reflect individual animals.
Data were analyzed by Student #-tests [B, * p = 0.0043; C, *p = 0.0122; E, * p = 0.3977; F, * p = 0.0394]. FSH levels
were measured using a Luminex assay in females and by RIA in males. LH levels were measured with the in-house

ELISA in both sexes.
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Figure 6: GnRH activation of G, diacylglycerol, and inositol phosphate via GnRHR-Ctail is impaired in heterologous cells.
HEK 293 cells were transfected with empty vector (pcDNA3.0), GnRH-WT, or GnRHR-Ctail with (A) G, or (B) DAG BRET-based
biosensors. Cells were loaded with Coelenterazine 400a for 5 min, and luminescence values recorded 10 sec before and 30 sec post-
treatment with vehicle (water) or 100 nM GnRH. ABRET values were calculated as the average of BRET values before treatment
minus the average values post-treatment. Data are shown from 4 independent experiments. Bar heights reflect group means. (C) HEK
293 cells were transfected with GnRHR-WT or GnRHR-Ctail. Cells were treated with vehicle or 100 nM GnRH for 30 min. IP1
production was measured and reported as represented as the inverse of the Homogeneous Time Resolved Fluorescence (HTRF) ratio
relative to control condition. Data are shown from 3 independent experiments. Bar heights reflect group means. In all panels, two-way
ANOVAs followed by Tukey’s multiple comparison test was used for statistical analysis. Different letters indicate statistically
significant differences. In (A), untreated vs. treated with GnRH: pcDNA3.0 p = 0.9969; GnRHR-WT p < 0.0001 and GnRHR-Ctail p =
0.9093. In GnRH treated conditions: pcDNA3.0 vs GanRHR-WT p < 0.0001; pcDNA3.0 vs. GnRHR-Ctail p = 0.7775, and GanRHR-WT
vs. GnRHR-Ctail p < 0.000, and in (B), untreated vs. treated with GnRH: pcDNA3.0 p = 0.9838; GnRHR-WT p < 0.0001 and GnRHR-
Ctail p = 0.0180. In GnRH treated conditions: pcDNA3.0 vs GnRHR-WT p < 0.0001; pcDNA3.0 vs. GnRHR-Ctail p = 0.0029, and
GnRHR-WT vs. GnRHR-Ctail p < 0.0001. In (C), GhnRHR-WT (control) vs. GnRHR-Ctail (control) p = 0.6321; GnRHR-WT (control)
vs. GnRHR-WT (GnRH) p = 0.0004; GnRHR-Ctail (control) vs. GnRHR-Ctail (GnRH) p = 0.0170; GnRHR-WT (GnRH) vs. GnRHR-
Ctail (GnRH) p =0.0073).
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Figure 7: GnRH-stimulated intracellular calcium mobilization, but not ERK1/2 phosphorylation, is attenuated via GnRH-Ctail in
heterologous cells. (A) HEK 293 cells were transfected with GnRH-WT or GnRHR-Ctail. Twenty-four hours post-transfection, cells were
treated with vehicle (water; 0) as control or 100 nM GnRH for 5, 15, 30, 60 and 120 minutes. Whole cell protein lysates were collected and
subjected to SDS-PAGE and western blotting with phospho- (top) or total (bottom) ERK1/2 antibodies. Blots from 1 of 3 replicate
experiments are shown. (B) Data from the 3 independent experiments exemplified in panel A were quantified by normalizing the
densitometry for pERK1/2 to total ERK1/2 and are presented relative to the control condition of the WT receptor. Two-way ANOVA
followed by Tukey’s multiple comparison test was used for statistical analysis. Bars with different letters differed significantly. GnRH-WT: 0
vs. 5 min p=0.0179; 0 vs. 15 min p = 0.7673; 0 vs. 30 min p = 0.9309; 0 vs. 120 min p = 0.9572; GnRH-Ctail: 0 vs. 5 min p = 0.0010; 0 vs.
15 min p = 0.0156; 0 vs. 30 min p = 0.3846; 0 vs.120 min p > 0.9999). (C) HEK 293 cells were transfected with GnRH-WT or GnRHR-
Ctail. Twenty-four h post-transfection, cells were pretreated with 5 uM pan-PKC inhibitor GO6983 for 20 min, and then treated with vehicle
(water) or 100 nM GnRH for 5 min. Western blotting was performed as in panel A. One blot from 4 independent experiments is presented.
(D) Data from the 4 independent experiments exemplified in panel C were quantified and statistically analyzed as in panel B. In GnRH
treated conditions: GnRHR-WT (vehicle) vs. GnRHR-Ctail (vehicle) p > 0.9999; GnRHR-WT (G66983) vs. GnRHR-Ctail (G66983) p =
0.9969; GnRHR-WT (vehicle) vs. GARHR-WT (G66983) p = 0.0001; GnRHR-Ctail (vehicle) vs. GnRHR-Ctail (G66983) p < 0.0001. (E)
HEK 293 cells were transfected with GnRHR-WT, GnRHR-Ctail or empty vector (pcDNA3.0) along with the luminescence Obelin
biosensor. Twenty-four h post-transfection, cells were loaded with Coelenterazine cp for 2 h. Cells were then treated with 100 nM GnRH.
Intracellular Ca?" was measured as relative luminescence emitted every 22 ms over 0.5 min. Data are presented as the ratio of total
luminescence after GnRH over maximal luminescence (not shown) following Triton X-100 treatment from 3 independent experiments (mean

+ SEM).
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Figure 8: GnRH-stimulated calcium responses are altered in gonadotropes of Ctail mice. Raster plots of calcium responses
in gonadotropes from a representative adult male (A) WT and (F) Ctail mouse. Each row represents an individual cell. Cells are
numbered on the y-axis. The x-axis shows time in seconds. The timing of GnRH administration is indicated. The heat map at the
top shows the strength of the response, with yellower colors reflecting stronger calcium responses. Examples of calcium
responses in individual gonadotropes from (B-E) wild-type and (G-J) Ctail mice. (K) Area under the curve (AUC) and (L)
maximum intensity of fluorescence (MIF) were quantified (N =3 WT and N = 8 Ctail). (M) Numbers of oscillatory peaks were
also quantified [p < 0.0001; N = 3 (710 cells) WT and N = 8 (534 cells) Ctail]. (N) Correlation between AUC vs. MIF
measurements from one mouse per genotype (250 cells of WT and 128 cells of Ctail). (O) Comparison of the calcium pattern of
response (N =3 WT and N = 8 Ctail): Oscillatory (O), (73.223 + 7.489 vs 21.037 + 10.262; WT vs Ctail, respectively, p =
Q0121 biphess (3) (18 385 4 .885,15, 10430 £ 607 WT s Ctal, oppectivly,p — ns extended biphasic (EB) (0419 2
(whig o cerlifidel by ﬂee}&gﬁ%;isW%m@iwﬂ%Fgggee&wkg,prﬂ (ﬂ:bés’k)go'aiapia'emmiw' t oseatatoyyit (gEﬁ%deU 969 + 1.497 vs 53.036 +

14.069; WT vs Ctail, respectiveﬁ\ﬁ"f)blg [0} Krafishich tgﬂglli}(ig%ssevvere performed using Wilcoxon rank-sum tests.
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Figure 9: GnRH-induced Fshb expression is calcium-dependent in homologous LBT2 cells. Relative Fshb (A-C) and Lhb
(B-D) expression in LBT2 cells treated with vehicle (DMSO) or 20 uM BAPTA-AM for 20 min followed by treatment with
water (control) or low (A, B) or high GnRH (10 nM) pulse frequency (C, D). Gene expression was assessed by RT-qPCR and
normalized to the reference gene ribosomal protein L19 (Rp//9). Data shown are from 3 independent experiments. The bar
heights reflect group means. Data were analyzed with two-way ANOVAs, followed by post-hoc Tukey test for multiple
comparisons. Bars with different letters differed significantly. Panel A: control (vehicle) vs. GnRH (vehicle) p = 0.0193; control
(vehicle) vs. control (BAPTA-AM) p = 0.9981; control (vehicle) vs. GnRH (BAPTA-AM) p = 0.9933; GnRH (vehicle) vs. GnRH
(BAPTA-AM) p = 0.0122]. Panel B: control (vehicle) vs. GnRH (vehicle) p = 0.5389; control (vehicle) vs. control (BAPTA-AM)
p = 0.8495; control (vehicle) vs. GnRH (BAPTA-AM) p = 0.4184; GnRH (vehicle) vs. GnRH (BAPTA-AM) p = 0.9951. Panel
C: control (vehicle) vs. GnRH (vehicle) p = 0.0072; control (vehicle) vs. control (BAPTA-AM) p > 0.9999; control (vehicle) vs.
GnRH (BAPTA-AM) p = 0.9964; GnRH (vehicle) vs. GnRH (BAPTA-AM) p = 0.0143. Panel D: control (vehicle) vs. GnRH
(vehicle) p = 0.0052; control (vehicle) vs. control (BAPTA-AM) p = 0.8627; control (vehicle) vs. GnRH (BAPTA-AM) p =
0.7190; GnRH (vehicle) vs. GnRH (BAPTA-AM) p = 0.0015.
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Figure 10: Disruption of GnRH signaling via chimeric GnRHRs depends on the sequence of the C-tail. (A) HEK 293 cells were
transfected with the G, biosensor and expression vectors for the indicated chimeric GnRHRs. Cells were treated with GnRH as in Figure
6A. BRET signals were read 3 times before and after GnRH stimulation. ABRET values are as described in Figure 6. Data are shown
from 5 independent experiments. Bars heights reflect the group means. Data were analyzed with one-way ANOVAs, followed by post-
hoc Tukey test for multiple comparisons. Different letters differed significantly. pcDNA3.0 vs. GaRHR-WT p = 0.0086; pcDNA3.0 vs.
GnRHR-Ctail p = 0.9995; pcDNA3.0 vs GnRHR-tail (Xenopus) p = 0.2477; pcDNA3.0 vs. GnRHR-tail (4nolis) p > 0.9999; pcDNA3.0
vs. GnRHR-tail (Clarias) p = 0.0021. (B) HEK 293 cells were transfected with the luminescence Obelin biosensor and expression
vectors for the indicated chimeric GnRHRs. Cells were treated with GnRH and analyzed as in Figure 7E. The mean + SEM of 4
independent experiments is shown. (C) HEK 293 cells were transfected with the expression vectors for the indicated chimeric GnRHRs
and treated and analyzed as in Figure 7C. The western blot shown is representative of 4 independent experiments. (D) The data
exemplified in panel C were quantified and analyzed as in Figure 7B. Bar heights reflect group means. Data were analyzed with one-
way ANOVA, for each receptor, followed by post-hoc Tukey test for multiple comparisons. Bars with different letters differed
significantly. pcDNA3.0: control (vehicle) vs. GnRH (vehicle) p = 0.4955; GnRH (vehicle) vs. GnRH (G66983) p = 0.1373. GnRHR-
WT: control (vehicle) vs. GnRH (vehicle) p = 0.0027; GnRH (vehicle) vs. GnRH (G66983) p = 0.0023. GnRHR-Ctail: control (vehicle)
vs. GnRH (vehicle) p = 0.0050; GnRH (vehicle) vs. GnRH (G66983) p = 0.0006. GnRHR-tail (Xenopus): control (vehicle) vs. GnRH
(vehicle) p = 0.0046; GnRH (vehicle) vs. GnRH (G66983) p = 0.0010. GnRHR-tail (4nolis): control (vehicle) vs. GnRH (vehicle) p =
0.0036; GnRH (vehicle) vs. GnRH (G66983) p = 0.0003. GnRHR-tail (Clarias): control (vehicle) vs. GnRH (vehicle) p = 0.0043;
GnRH (vehicle) vs. GnRH (G66983) p = 0.0007.
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Figure 1-figure supplement 1: Generation of Ctail mice by gene targeting in embryonic
stem cells. (A) Targeting strategy showing the wild-type Gnrhr allele (Gnrhr®), the targeting
construct, the targeted allele (Gnrhr©@10xNeo) " the Flp-recombined allele (GnrhrC@i1ox; Neo),
and the Cre recombined allele (Gnrhr“@"). Exons 2 and 3 are shown as white boxes, with
their corresponding numbers above. The asterisks (*) indicate STOP codons. “X” refers to
Xmal restriction sites. The positions of the 5’ and 3’ Southern blot probes are shown as
horizontal lines below the wild-type and targeted alleles. The sizes of the Xmal restriction
fragments, detected by the 5 and 3’ Southern blot probes, are indicated above the wild-type
and below the targeted alleles. The /oxP sites are indicated with open triangles, and the Frt
sites with black (leftward facing) triangles. The chimeric murine exon 3 fused to the coding
sequence of the chicken GnRHR C-tail (indicated by a grey box) is the labelled as exon
“3+C-tail”. pA: bovine growth hormone polyA signal sequence; Neo: neomycin resistance
cassette; DTa: diphtheria toxin A chain negative selection marker. (B) Confirmation of
successful gene targeting and germline transmission of the modified allele. Southern blot
with 5’ (left) and 3’ probes (right) performed on genomic DNA from a WT (Gnrhr*'") and a
heterozygous mouse carrying the targeted allele (GnrhrCaifloxNeo™y (C) Ctail mice were born
at the expected frequency. Number and percentage (%) of WT (Gnrhr™*), heterozygous
(Gnrhr©@) | and Ctail mice (Gnrhr©®VC@l) mice born from crosses of heterozygous mice.
Pups were counted and genotyped at postnatal day 21. (D) WT and Ctail transcripts
amplified from cDNA reverse transcribed from pituitary RNA of either WT (Gnrhr™) or
heterozygous (Gnrhr“?*) male mice with the recombined allele (after Cre-mediated
recombination). PCR was performed using primers that amplify within exon 3 of the Gnrhr*
transcript (primers Exon 3), or primers that amplify part of exon 3 and the Ctail (primers
Exon3-Ctail). Minus RT (-RT) controls lack the reverse transcriptase enzyme.
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Figure 1-figure supplement 2: Ctail females exhibit altered estrous cyclicity.
Proportion of time spent in each stage of the estrous cycle in WT and Ctail mice.
Individual data points are shown as circles and squares. The height of the bars reflects
the group means. Data at each cycle stage were analyzed with paired #-tests. Bars with

different letters differed significantly. M/D, metestrus/diestrus (* p = 0.0099); P,
proestrus (p = 0.2841); E, estrus (* p = 0.0003).
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Deconvolution of 6-hour LH profiles
Genotype WT (N=6) Ctail (N=6)
Parameter Median Range Median Range P value
Pulse frequency (#/6h) 4 (2-7) 3 (2-7) 0.37
Slow half-life (min) 5.09 (4-11.55) 4 (4-12) 1
Mode (min) 13.3 (11.7-14.5) 16.9 (15.0-21.8) 0.003
Basal secretion (ng/mL/6h) 458 (0.36-31.5) 5.55 (1.06-37.5) 0.64
Pulsatile secretion (ng/mL/6h) 6.47 (1.20-23.8) 14.69 (0.97-23.7) 0.26
Total secretion (ng/mL/6h) 10.96 (1.65-45.0) 17.37 (2.03-61.0) 0.42
Mean pulse mass (ng/mL) 225 (0.38-3.96) 3.82 (0.48-7.35) 0.076
Weibull lambda (#/24h) 194 (11.9-26.8) 133 13.3(11.0-25.9) 0.27
AUC (ng. 6h/mL) 80 (4.8-163) 93 (6.4-22.8) 0.41
Jack ApEn (dimensionless) 1211 (0.472-1.498) | 1.198 (0.261-1.536) 0.67

Figure 2-figure supplement 1: Normal LH pulse frequency in male Ctail mice.
Representative profiles of LH secretion from male (A) WT (blue) and (B) Ctail mice
(black). Gray area represents the dark period of a 7AM/7PM light/dark cycle. Mice
were sampled every 10 min over 6 hours. (C) Deconvolution analysis of LH release
profiles over 6 hours from WT and Ctail mice (N = 6 per genotype). Student ¢-tests
were performed for statistical analysis. Whole blood LH levels were measured using an
in-house LH ELISA.
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Figure 4-figure supplement 1: Ctail females exhibit altered LH surges. Whole
blood LH levels measured at four different time points (10 am, and 6, 7, and 8 pm)
on proestrus in (A) WT and (B) Ctail females. Each line reflects an individual
mouse and data are only shown from mice that surged. The peak LH values from
this analysis were used in Figure 4C.
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Figure 6-figure supplement 1: Cell surface expression of WT and Ctail receptors is
comparable in HEK 293T cells. (A) HEK 293T cells were transfected with either flag-
tagged GnRHR-WT or GnRHR-Ctail expression vector, or empty vector (pcDNA3.0) as
control. Cell lysates were collected and immunoprecipitated (IP) using anti-Flag beads.
Precipitates were than subjected to immunoblot (IB) using an anti-Flag antibody. The blot is
from an individual experiment. (B) Whole cell anti-Flag ELISA performed on non-
permeabilized HEK 293T cells expressing either GnRHR-WT or GnRHR-Ctail. pcDNA3.0
was used as a negative control. Cell surface receptor expression was quantified by dividing
the OD450 for each receptor by the OD450 for pcDNA3.0. Data are shown from 4
independent experiments, with the bar height reflecting the group mean. Statistical analysis
was performed using one-way ANOVA, followed by Tukey’s post-hoc comparison. Bars
with different letters differed significantly. pcDNA3.0 vs. GnRHR-WT p = 0.0020;
pcDNA3.0 vs. GnRHR-Ctail p = 0.0013; GnRHR-WT vs. GnRHR-Ctail p = 0.9495.
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Figure 7-figure supplement 1: GnRH induced ERK1/2 phosphorylation is
Gogi- and PKC-dependent, and calcium-independent in homologous LBT2
cells. (A) LBT2 cells were pretreated with 10 uM FR900359 (Goy; inhibitor) or
vehicle (DMSO) for 1 h, and then treated with vehicle (water) or 10 nM GnRH for 5-
or 15-min. Whole cell protein lysates were collected and subjected to SDS-PAGE
and western blotting with phospho- (top) or total (bottom) ERK1/2 antibodies. Blots
from one of two replicate experiments are shown. (B) Data from independent
duplicate experiments exemplified in panel A were quantified by normalizing the
densitometry for the pERK1/2 bands to the total ERK1/2 bands. Data are presented
as fold phospho-ERK1/2 relative to the control condition. Bar height reflects the
group mean. Data were analyzed by two-way ANOVA, followed by Sidak’s post-hoc
comparison tests. Bars with different letters differed significantly. Vehicle vs.
FR900359: 0 min GnRH p > 0.9999; 5 min GnRH p = 0.0106; 15 min GnRH p =
0.0085]. (C) LPT2 cells were pretreated for 20 min with vehicle (DMSO) or 5 uM
G066983 for 20 min followed by treatment with vehicle (water) or 10 nM GnRH for 5
min. Western blots were performed as in panel A. (D) Data from 3 independent
experiments in exemplified panel C were presented and quantified as in panel B.
Data were analyzed by two-way ANOVA, followed by Sidak’s post-hoc comparison
tests. Bars with different letters differed significantly. Control (vehicle) vs. GnRH
(vehicle) p = 0.0048; Control (G66983) vs. GnRH (G66983) p = 0.3470. Control
(vehicle) vs. Control (G66983) p = 0.9472; GnRH (vehicle) vs. GnRH (G66983) p =
0.0389. (E) LPBT2 cells were pretreated for 20 min with vehicle (DMSO), 20 uM
BAPTA-AM, 5 uM or 10 uM nimodipine, or 10 uM U0126 for 20 min followed by
vehicle (water) or 10 nM GnRH for 5 min. Western blots were performed as in panel
A. (F) Data from 3 independent experiments in panel E were presented and
quantified as in panel B. Data were analyzed by two-way ANOVA, followed by
Sidak’s post-hoc comparison tests. Bars with different letters differed significantly.
Control vs. GnRH: Vehicle p = 0.0103; BAPTA-AM p = 0.0229; Nimodipine (5
uM) p = 0.0377; Nimodipine (10 uM) p = 0.0350; U1026 p > 0.9999.
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Figure 7-figure supplement 2: GnRH-induced pERK1/2 and calcium mobilization via
GnRHR-Ctail are p-arrestin-independent. (A-B) HEK 293 cells were transfected with
expression vectors for GnRHR-WT or GnRHR-Ctail along with YFP-B-arrestin-1. Cells were
either left unstimulated or were treated with (A) 100 nM GnRH or (B) 1 uM Lucrin for 1 or 5
min. Cells were then fixed and imaged on a fluorescence microscope. Puncta at the cell
membrane (white arrows) indicate the recruitment of B-arrestin-1. (C) B-arrestin-1/2 knockout
(Arrl;Arr2 KO) HEK 293T cells were transfected with GnRH-WT or GnRH-Ctail and treated
with vehicle (water) or 100 nM GnRH for 5 min. Whole cell lysates were collected and
subjected to western blotting for pERK1/2 and total ERK1/2 as in Figure 7-figure supplement
1. (D) Data from 2 independent experiments exemplified in panel C were quantified and
analyzed as in Figure 7-figure supplement 1. Data are presented as fold phospho-ERK1/2
relative to the control condition. Data were analyzed by two-way ANOVA, followed by
Sidak’s post-hoc comparison tests. Bars with different letters differed significantly. GnRHR-
WT (control) vs. GnRHR-Ctail (control) p = 0.9178; GnRHR-WT (control) vs. GnARHR-WT
(GnRH) p = 0.0115; GnRHR-Ctail (control) vs. GnRHR-Ctail (GnRH) p = 0.0334; GnRHR-
WT (GnRH) vs. GnRHR-Ctail (GnRH): p = 0.2502. (E) B-arrestin-1/2 KO HEK 293 cells
were co-transfected with pcDNA3.0 (gray), GnRHR-WT (blue), or GnRHR-Ctail (black)
expression vector and the Obelin biosensor. Cells were then treated with 100 nM GnRH.
Luminescence was measured for 30 s at 22 ms intervals. Data from 3 independent
experiments (mean £ SEM) are represented as the ratio of total luminescence after ligand
injection over maximal luminescence (not shown) following Triton X-100 injection.
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Figure 8-figure supplement 1: Gonadotropes of wild-type and Ctail mice respond to
repeated GnRH pulses. Raster plots of calcium responses to first (left) and second
(right) GnRH pulses in gonadotropes from a representative adult male (A) wild-type and
(D) Ctail mouse. Each row represents an individual cell. Cells are numbered on the y-
axis. The x-axis shows time in seconds. The timing of the two GnRH pulses is indicated.
Pulses were separated by 60 min. The yellower colors reflect calcium responses. (B)
Comparison of the AUC after each GnRH stimulus from one WT mouse (201 cells;
13.536 + 6.093 vs. 14.241 = 4.876 a.u. for GnRH1 and GnRH2, respectively; p = 0.0095).
(C) Comparison of the MIF after each GnRH stimulus from one WT mouse (201 cells;
0.285 £+ 0.138 vs. 0.281 + 0.088 a.u. for GnRH1 and GnRH2, respectively; p = ns). (E)
Comparison of the AUC after two GnRH pulses from one Ctail mouse (141 cells; 10.242
+ 3.151 vs. 11.173 £ 4.031 a.u. for GnRH1 and GnRH2, respectively; p = ns). (F)
Comparison of the MIF after the two GnRH pulses from one Ctail mouse (141 cells;
0.196 + 0.054 vs. 0.225 + 0.076 a.u. for GnRH1 and GnRH2, respectively; p = 0.0020).
Examples of calcium responses in individual gonadotropes from (G-I) wild-type and (J-
M) Ctail mice. Statistical analyses were performed using Wilcoxon signed-rank tests.
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Figure 8-figure supplement 2: Nimodipine alters GnRH induced calcium
responses in gonadotropes of wild-type and Ctail mice. The analysis in Figure 8-
figure supplement 1 was repeated but with the L-type calcium channel blocker
nimodipine (Nim) applied prior to and during the second GnRH pulse. Raster plots of
GnRH induced calcium responses in the absence (left) and presence of nimodipine
(right) in gonadotropes from a representative adult male (A) wild-type and (D) Ctail
mouse. The two stimuli were separated by 60 min wash with Krebs-Ringer.
Comparisons of AUC from a (B) wild-type (275 cells; 11.5 £ 4.7 vs. 7.1 £ 2.8 a.u. for
GnRH and GnRH/Nim, respectively; p < 0.0001) and a (E) Ctail mouse (127 cells;
8.15 £ 39 vs. 54 £ 2.0 a.u. for GnRH and GnRH/Nim, respectively; p < 0.0001).
Comparisons of MIF from the (C) wild-type (275 cells; 0.228 + 0.101 vs. 0.163 + 0.07
a.u. for GnRH and GnRH/Nim, respectively; p < 0.0001) and (F) Ctail mouse (127
cells; 0.145 + 0.067 vs. 0.117 + 0.046 a.u. for GnRH and GnRH/Nim, respectively; p <
0.0001). Examples of calcium responses in individual gonadotropes from (G-I) wild-
type and (J-N) Ctail mice. Statistical analyses were performed using Wilcoxon signed-
rank tests.
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Figure 9-figure supplement 1: GnRH-induced Fshb and Lhb expression
does not depend on calcium entry via L-type channels in homologous LPT2
cells. (A) Relative Fshb and (B) Lhb expression in LBT2 cells treated with
vehicle (DMSO) or 10 pM nimodipine for 20 min followed by treatment with
water (vehicle) or high frequency GnRH (10 nM) pulses. Gene expression was
assessed by RT-qPCR and normalized to Rp//9. Data reflect the means of 2
independent experiments. Data were analyzed with two-way ANOVAs, followed
by post-hoc Tukey’s test for multiple comparisons. Bars with different letters
differed significantly. Panel A: Control (vehicle) vs. GnRH (vehicle) p = 0.0178;
Control (vehicle) vs. GnRH (Nimodipine) p = 0.0232; GnRH (vehicle) vs.
GnRH (Nimodipine) p = 0.8545; Control (Nimodipine) vs. GnRH (Nimodipine)
p = 0.0235. Panel B: Control (vehicle) vs. GnRH (vehicle) p = 0.0061; Control
(vehicle) vs. GnRH (Nimodipine) p = 0.0043; GnRH (vehicle) vs. GnRH
(Nimodipine) p = 0.8770; Control (Nimodipine) vs. GnRH (Nimodipine) p =
0.0178.

Figure 9-figure supplement 1


https://doi.org/10.1101/2021.09.13.460073
http://creativecommons.org/licenses/by/4.0/

Anolis TPSFREDMKMCLKGLKLTLTHQEKSLAVIVELKNKED-REQGRPRSSVSNGGTMHTAF

Gallus EESFREDVQLCLRGIEAAISQHVRHKPISVSEKTTKDGDVNGQVTSGGSNGTTVNTVC

Clarias TPSFRADLSRCEFCWRNONASG--KSLVQFSGHRREVSGEAESDLGSGEQPSGQQAQMI

Xenopus TP§EKEDLRSWIRRVSTLLSRKEKNSKQLAGSELN ————— IKDLTSMEGPTSTAVTMQS
kk KKk e Ko . . . *

Figure 10-figure supplement 1: Alignment of the C-tails from the GnRHRs in chicken,
frog, lizard, and catfish. The amino acid sequences of the GnRHR C-tails from Gallus
gallus  (NM_204653.1), Xenopus laevis (NM _001085707), Anolis carolinensis
(XM _003226565.3) and Clarias garepinus (derived from closely related Tachysaurus
fulvidraco, XM _027175679.1) were aligned using ClustalW. Different colors indicate
different amino acid types: Red: small and hydrophobic; Blue: acidic; Magenta: basic; Green:
hydroxyl, sulthydryl, and amine. An asterisk (*) indicates conservation of the amino acid at
that position. A colon (:) indicates similarity of amino acids at that position. Underlined
amino acids were replaced by the Clal restriction site in Gallus and Xenopus (translated to
Ile-Asp) to clone the different C-tails downstream of the murine GnRHR. For Clarias and
Anolis, the Clal restriction site was added upstream of the sequences shown.

Figure 10-figure supplement 1
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