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In brief

To trigger ovulation, gonadotropes in the

pituitary gland release massive amounts

of luteinizing hormone (LH). Götz et al.

describe a state of gonadotrope

hyperexcitability during the LH surge.

This is due to cyclical changes in their ion

channel repertoire preceding the surge;

these changes alter calcium and ROS

signals in gonadotropes.
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SUMMARY
Gonadotropes in the anterior pituitary gland are essential for fertility and provide a functional link between the
brain and the gonads. To trigger ovulation, gonadotrope cells release massive amounts of luteinizing
hormone (LH). The mechanism underlying this remains unclear. Here, we utilize a mouse model expressing
a genetically encoded Ca2+ indicator exclusively in gonadotropes to dissect this mechanism in intact pitui-
taries. We demonstrate that female gonadotropes exclusively exhibit a state of hyperexcitability during the
LH surge, resulting in spontaneous [Ca2+]i transients in these cells, which persist in the absence of any in vivo
hormonal signals. L-type Ca2+ channels and transient receptor potential channel A1 (TRPA1) together with
intracellular reactive oxygen species (ROS) levels ensure this state of hyperexcitability. Consistent with
this, virus-assisted triple knockout of Trpa1 and L-type Ca2+ subunits in gonadotropes leads to vaginal
closure in cycling females. Our data provide insight into molecular mechanisms required for ovulation and
reproductive success in mammals.
INTRODUCTION

Ovulation depends on a precisely timed release of massive

amounts of luteinizing hormone (LH)1,2 that occurs only once

during the female reproductive cycle. This massive release of

LH (known as the LH surge) is essential to drive oocyte matura-

tion and, subsequently, release of the oocyte. A specialized pop-

ulation of cells within the anterior pituitary gland, the gonado-

tropes, are the source of LH. These cells are an essential

component of the reproductive hypothalamic-pituitary-gonadal

(hpg) axis3 and integrate neuroendocrine and steroid hormone

signals originating from the brain and the gonads, respectively.4

Gonadotropes respond to the pulsatile release of hypothalamic

gonadotropin-releasing hormone (GnRH) with an increase in

[Ca2+]i
5 and subsequent release of gonadotropins, LH, and folli-

cle-stimulating hormone (FSH), which control both the produc-

tion of sex hormones and gametes. In females, LH and FSH elicit

strict control over the ovarian cycle,6 maintaining a 24- to 31-day
This is an open access article under the CC BY-N
cycle7 in humans and a 4- to 6-day cycle in rodents.8 To do this,

gonadotropes need to decode GnRH pulses differing in fre-

quency and amplitude as well as cyclically changing steroid hor-

mone levels to adapt LH and FSH production and release

accordingly. Despite a wealth of studies analyzing how gonado-

tropes adapt LH and FSH release in response to GnRH,9–12 very

few experiments have examined how the gonadotropes them-

selves adapt to the changing physiological requirements of the

reproductive cycle. Recent work has described profound tran-

scriptional changes within gonadotropes during the estrous cy-

cle,13,14 yet most experiments studying these cells have been

conducted in dissociated pituitary cells15–17 or in cell lines.18,19

Therefore, these studies on gonadotropes may have negated

any influence of the reproductive cycle and, in addition, cell-to-

cell communication within the anterior pituitary gland.20

Genetic labeling of gonadotropes in mice21 has provided

an entry toward studying the gonadotrope cell population in situ.

To analyze [Ca2+]i signals in gonadotropes, we employed a binary
Cell Reports 42, 112543, June 27, 2023 ª 2023 The Author(s). 1
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Figure 1. Unmasking gonadotrope excitability using increased [K+]ex reveals that gonadotropes from a subset of proestrus females

featuring spontaneous activity are hyperexcitable
(A) Genetic strategy to express GCaMP3 in gonadotropes.

(B) Cell percentage displaying spontaneous Ca2+ peaks (active cell R5 peaks/5 min) in 5 or 8 mM [K+]ex. Three different regions (black dots) were analyzed per

pituitary (5 mM [K+]ex Nmice = 3, ncells = 910 vs. 8 mM [K+]ex Nmice = 3, ncells = 860; ***p < 0.0001).

(C) Cell percentage displaying <5 (***p < 0.0001), 5–10 (p = 0.1132), >10–100 (***p < 0.0001), or >100 (***p < 0.0001) peaks/5 min in 5 mM or 8 mM [K+]ex.

(D) Confocal tile- and z stack whole-mount pituitary image from a GRIC/eR26-GCaMP3 proestrus female (ventral side) displayed as maximum

intensity projection.

(E and F) High magnification confocal images of the areas highlighted in (D). Scale bars, 500 mm (D), 100 mm (E and F).

(G) Representative spontaneous Ca2+ transients in proestrus gonadotropes. Burst-like activity (cell 1), Ca2+ transients with higher (cell 2) or lower amplitude

(cell 3), irregular Ca2+ transients (cell 4), or no change in Ca2+ activity (cell 5) shown.

(H) Ca2+ transient comparison in pars tuberalis (red) and pars distalis (blue) occurring over a 5-min period. Cell groups based on peak number/5 min (<5 peaks,

p = 0.4872; 5–10 peaks, p = 0.6415; >10–100 peaks, p = 0.9598; and >100 peaks, p = 0.036). Bar charts in (B), (C), and (H) are plotted with mean ± SEM.

(legend continued on next page)
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genetic strategy to express the Ca2+ indicator GCaMP3 specif-

ically in these cells.13 We analyzed [Ca2+]i signals within the gona-

dotrope cell population in whole-mount pituitary preparations at

different reproductive cycle stages. We demonstrate that female

gonadotropes display spontaneous [Ca2+]i transients at the time

of the LH surge. This spontaneous [Ca2+]i activity persists in the

absence of in vivo hormonal signals and GnRH signaling. Further-

more, we reveal that L-type Ca2+ channels and transient receptor

potential (TRP) channel A1 ensure this state of hyperexcitability.

Consistent with this, even partial loss of L-type Ca2+ channels

and TRPA1 from the gonadotrope population is sufficient to per-

turb reproductive function in femalemice.Wedemonstrate that al-

terations in intracellular ROS levels as a result of channel compo-

sition changes are important in producing this hyperexcitability.

Taken together, our data show how gonadotropes are modulated

during the mammalian reproductive cycle and provide mecha-

nistic insight into the control of ovulation.

RESULTS

Gonadotropes change into a hyperexcitable state prior
to ovulation
We first asked whether gonadotropes within the intact pituitary

might display intrinsic [Ca2+]i activity at proestrus despite the

absence of GnRH signaling. Using a mouse model that ex-

presses GCaMP3 exclusively in gonadotropes (Figure 1A), we

found that�20% (19.61% ± 4.16%; Nmice = 3, ncells = 910) of go-

nadotropes were spontaneously active in whole-mount pituitary

preparations from these animals. Intriguingly, however, only

some pituitaries isolated from proestrus females showed these

spontaneous [Ca2+]i oscillations. We next asked whether the re-

maining �80% of inactive gonadotropes might actually reside

in a readily excitable state in these active pituitaries. To test

this hypothesis, we exposed the pituitaries to slightly depolariz-

ing conditions by increasing [K+]ex from 5 to 8 mM. We

found that 59.74% ± 3.98% (Nmice = 3, ncells = 860) of gonado-

tropes became spontaneously active under these conditions

(Figures 1B and 1C). This spontaneous activity was largely inde-

pendent of the spatial position within the gland (Figures 1D–1H).

These data demonstrate that the majority of gonadotropes from

these females reside in a readily excitable state.

We next tested whether this state of hyperexcitability is spe-

cific to particular proestrus females or whether slightly depolar-

ized (i.e., 8 mM KCl in artificial cerebrospinal fluid [ACSF]) condi-

tions could also unmask spontaneous [Ca2+]i oscillations in

females from other developmental and estrous cycle stages (Fig-

ure S1). Strikingly, gonadotropes from infant females (Nmice = 5,

ncells = 2,353) showed no spontaneous activity (Figure 1I).

Furthermore, the percentage of gonadotropes with low levels

(5–10 peaks/5 min; Figure S2) of spontaneous activity was only
(I) Cell percentage displaying spontaneous [Ca2+]i peaks in different developmenta

on spontaneous [Ca2+]i activity (Pro active or Pro inactive).

(J) Cell percentage displaying spontaneous [Ca2+]i peaks in males in different de

(silent cell <5 peaks/5 min; white), cells displaying 5–10 peaks/5 min (light gray),

(K) Bar charts representing active cell number with mean ± SEM, proestrus inac

regions, ncells = 2937; ***p < 0.0001), and corresponding LH serummeasurements

Statistical analyses in (B), (C), (H), and K, unpaired t test (two-tailed). Experiment
6% in juveniles (Nmice = 4, ncells = 1,486) and 4% in adult females

at diestrus (Nmice = 6, ncells = 1,664). Taken together, even under

slightly depolarizing conditions, spontaneous activity rarely ex-

ceeded �10% in any developmental or estrous cycle stage

except proestrus.

Todeterminewhether this state of hyperexcitabilitywas specific

to females, we next analyzed spontaneous [Ca2+]i activity in male

mice in the presence of 8 mM [K+]ex. Spontaneous [Ca
2+]i activity

was virtually absent in all male stages analyzed (Nmice = 3, ncells =

1,116 for infants; Nmice = 6, ncells = 1,384 for juveniles; Nmice = 5,

ncells = 1,311 for adults); <1% cells displayed moderate (peak no.

>10–100/5 min) or high (peak no. >100/5 min) [Ca2+]i activity (Fig-

ure 1J). These data demonstrate that this phenomenon occurs

exclusively in female mice and only at proestrus.

We hypothesized that gonadotrope hyperexcitability might

coincide with the preovulatory LH surge at proestrus. Therefore,

we analyzed proestrus females 2.5–0.5 h before the dark phase

(previously, we demonstrated that LH levels in mice are likely to

peak within this time window22) and collected trunk blood in or-

der to correlate spontaneous [Ca2+]i activity with serum gonado-

tropin levels. Spontaneous activity (in the presence of 8 mM

[K+]ex) in proestrus gonadotropes showed a bimodal distribution

(Figure 1I). Gonadotropes within a subset of pituitaries were

highly active (Figures 1I and 1K, proestrus active), with 46% of

the gonadotrope population displaying moderate and 7% high

levels of spontaneous [Ca2+]i activity in these preparations

(Nmice = 8, ncells = 2,937). Strikingly, LH serum levels were

dramatically elevated in these animals (Figure 1K). In contrast,

the remaining proestrus pituitaries (Nmice = 9, ncells = 2,821) did

not contain spontaneously active gonadotropes (Figure 1K, pro-

estrus inactive) and were rather similar to pituitaries prepared

from infant or juvenile males and females or adult males. In

fact, these inactive proestrus pituitaries contained even lower-

numbers of active gonadotrope cells than diestrus pituitaries

(diestrus, 9.13% ± 2.45% vs. proestrus inactive, 1.42% ±

0.43%). Remarkably, we found that LH levels in animals with

active gonadotropes were �30 times higher (proestrus active,

6,093 ± 1,722 pg/mL; Nmice = 7) than those in the proestrus stage

with inactive gonadotropes (proestrus inactive, 204.5 ± 17.54

pg/mL; Nmice = 9). FSH levels were �3-fold higher in the animals

with inactive pituitaries (786.7 ± 124.5 pg/mL, Nmice = 10)

compared with diestrus females (277.1 ± 55.02 pg/mL,

Nmice = 6), suggesting that these animals have already passed

the LH surge and have entered estrus. Previous studies have

shown that FSH levels are increased 2- to 3-fold during estrus

compared with diestrus.23 To further delineate the connection

between the LH surge and spontaneously active gonadotropes

at proestrus, we performed a time-dependent characterization

of proestrus mice 4.5, 2.5, and 0.5 h prior to the dark phase of

the light cycle. At these time points, we sacrificed the animals
l and reproductive stages. Proestrus females are divided into two stages based

velopmental stages. Pie charts for each stage define percentage of silent cells

>10–100 peaks/5 min (gray), and >100 peaks/5 min (dark gray).

tive (Nmice = 9, 33 regions, ncells = 2821), and proestrus active (Nmice = 8, 33

for proestrus inactive (Nmice = 9) and proestrus active (Nmice = 7, **p = 0.0015).

s for (G)–(K) performed with [K+]ex 8 mM.

Cell Reports 42, 112543, June 27, 2023 3



Figure 2. Spontaneously active gonado-

tropes become silent in the absence of extra-

cellular Ca2+

(A) [Ca2+]i activity in gonadotropes after the appli-

cation of Ca2+-free ACSF solution. Cells 1 and 2

display spontaneous activity and initial [Ca2+]i in-

crease upon application of Ca2+-free ACSF solution

(indicated by black line). Spontaneous activity is

blunted 1 min after solution exchange. Cell 3 rep-

resents a minority of cells, which display a [Ca2+]i
increase in the absence of [Ca2+]ex. DF/F0 is plotted

versus time.

(B) Percentage active cells (active cell R5 peaks/

5 min, **p = 0.0044) from three pituitaries. In total,

245 cells were compared using control measure-

ments and measurements in Ca2+-free ACSF solu-

tion plotted as bar charts with means ± SEM. Sta-

tistical analysis, paired t test (two-tailed).

(C) VDCC subunit expression plotted using mean

fragments per kilobase of exon per million mapped

reads (FPKM) value. Values are standardized among

six different hormonal stages (juvenile [Juv] males/

females, adult [Adu] males, lactating ]Lac] females,

diestrus [Di], and proestrus [Pro] females) and

analyzed using the MATLAB clustergram script.

Red, relatively high expression; blue, relatively low

expression. The heatmap was generated using the

transcriptome analysis from Qiao et al.14
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and collected trunk blood for subsequent LH and FSH serum

analysis (Figure S3). Importantly, every pituitary taken from ani-

mals in the LH surge featured spontaneously active gonado-

tropes. We also found spontaneous activity prior to the LH the

surge (as evident by low LH and FSH serum levels). Interestingly,

LH and FSH levels only from active pituitaries increased during

the time course, being low prior to the surge and increasing dur-

ing and at the end of the expected surge. Conversely, high serum

FSH levels with accompanying low LH serum levels (as is typi-

cally found after the LH surge has passed) were largely restricted

to pituitaries with less spontaneously active gonadotropes.

Taken altogether, we speculate that the readily excitable state

begins prior to—and is a prerequisite for—the LH surge.

Preovulatory spontaneous [Ca2+]i activity in
gonadotropes depends on [Ca2+]ex
In order to testwhether spontaneous [Ca2+]i transients ingonado-

tropes in situdepend onCa2+ entry, we next characterized [Ca2+]i
4 Cell Reports 42, 112543, June 27, 2023
oscillations in the absence of extracellular

Ca2+ ([Ca2+]ex). Most [Ca2+]i transients in

gonadotropes within proestrus whole-

mount pituitaries were abolished by the ex-

change of 1 mM Ca2+ solution to Ca2+-free

solution (Figures 2Aand2B). Themeanper-

centage of active cells decreased from an

average of 68.26% ± 6.02% to 2.67% ±

2.67% in Ca2+-free solution (Nmice = 3,

ncells = 245). After re-introducing external

Ca2+ (1 mM), [Ca2+]i transients slowly reap-

peared with a delay of �5 min. These data

suggest that spontaneous [Ca2+]i activity
in gonadotropes in situ results fromCa2+ entry across the plasma

membrane and persists in the absence of the in vivo hormonal

milieu, raising the possibility that the ion channel repertoire of go-

nadotropes changes throughout the estrous cycle.

Molecular modulation of gonadotropes at proestrus
Details about functional changes in gonadotropes on the mo-

lecular level during the altered endocrine conditions of different

physiological states are just beginning to emerge. To address

this question, we had previously produced enriched gonado-

trope populations using fluorescence-activated cell sorting in

order to perform mRNA sequencing.14 When comparing the

expression profile of murine gonadotropes at different hormon-

al stages, we found a high degree of molecular plasticity within

these cells. Capitalizing on the RNA sequencing libraries, we

found a striking plasticity of voltage-dependent Ca2+ channel

(VDCC) subunit expression in gonadotropes that depend on

the hormonal status of the animal. The majority of VDCC



Figure 3. Pharmacological modulation of gonadotropes

(A) Effect of L-type Ca2+-channel agonist (S)-(�)-Bay K 8644 (10 mM) on silent diestrus gonadotropes (Di \, cells 1–3).

(B) Active gonadotrope percentage before (Nmice = 3, ncells = 286) and during (Nmice = 3, ncells = 272) 10- to 15-min Bay K application (***p = 0.0003).

(C) Representative [Ca2+]i traces showing effect of nifedipine (50 mM).

(D) Spontaneously active gonadotrope percentage under control conditions (Nmice = 3, ncells = 257) and in presence (10–15 min) of nifedipine (Nmice = 3,

ncells = 268; *p = 0.0164).

(E) Efficient block of [Ca2+]i transients in gonadotropes by TRPA1 and L-type Ca2+-channel blocker combination (100 mM HC-030031 and 50 mM nifedipine).

(F) Active gonadotrope percentage under control conditions (Nmice = 3, ncells = 241), in presence (5–10 min) of HC-030031 (Nmice = 3, ncells = 241), and in presence

(10–15 min) of HC-030031 and nifedipine (Nmice = 3, ncells = 268). Control vs. HC-030031, p = 0.7225; control vs. Nif + HC, **p = 0.0058; HC vs. Nif + HC,

**p = 0.0031. Statistical analyses in (B), (D), and (F), paired t test (two-tailed); data are represented as mean ± SEM.

(G) Cultured pituitary cells in brightfieldmode (BF; scale bar, 10 mm), GCaMP3-expressing gonadotropes under epifluorescence illumination (wavelength, 488 nm)

and in total internal reflection fluorescence (TIRF) mode.

(H) Spontaneous [Ca2+]i transients over time at different positions (regions of interest [ROIs] 1–4) of a gonadotrope cell under control and nifedipine (50 mM)

blockage conditions. ROIs analyzed in (H) are color highlighted in (G) (TIRF).

(I) Single-cell [Ca2+]i decrease (cell 1), increase (cell 2), and mean [Ca2+]i increase profile ±SEM (16 cells) in gonadotropes upon nifedipine application. DF/F0 is

plotted versus time.
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subunits is specifically upregulated in the proestrus stage (Fig-

ure 2C). These data demonstrate cyclic molecular changes of

the gonadotrope ion channel repertoire just before the LH

surge. Taken together with the Ca2+ imaging data, these

findings indicate that the transcriptional upregulation of

VDCCs before ovulation leads to a cyclic functional gonado-

trope modulation into a state of increased excitability to trigger

ovulation.

Preovulatory spontaneous [Ca2+]i activity in
gonadotropes is ensured by L-type Ca2+ channels and
TRPA1
We found that voltage-gated Ca2+ channels are enriched at pro-

estrus, yet these channels are still expressed in diestrus. There-

fore, it seems that the ion channel repertoire of gonadotropes at

this stage might be insufficient to trigger spontaneous [Ca2+]i
transients despite the presence of some voltage-gated Ca2+
channels. We therefore hypothesized that pharmacological acti-

vation of these channels might trigger [Ca2+]i transients in silent

gonadotropes. We tested this hypothesis by applying the

L-type Ca2+-channel agonist (S)-(�) Bay K 8644 (Bay K) to silent

diestrus gonadotropes. Bay K application was indeed sufficient

to induce [Ca2+]i transients in almost all (95.58% ± 1.99%) dies-

trus gonadotropes (Figures 3A and 3B; control, Nmice = 3, ncells =

286 vs. Bay K, Nmice = 3, ncells = 272), demonstrating the pres-

ence of functional L-type Ca2+-channels in these cells. We next

tested the L-type Ca2+ channel blocker nifedipine (Nif) expecting

to effectively silence active proestrus gonadotropes. Unexpect-

edly, however, gonadotrope responses to Nif were bimodal in

whole-mount pituitary preparations (Figure 3C). Although some

cells depicted the expected decrease in [Ca2+]i (Figure 3C; cells

1 and 2), other gonadotropes responded instead with increased

[Ca2+]i signals (Figure 3C; cell 3). Overall, we only observed a

small decrease in the percentage of spontaneously active
Cell Reports 42, 112543, June 27, 2023 5
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gonadotropes in the presence of Nif (51.43%, Nmice = 3, ncells =

268 vs. 58.27%, Nmice = 3, ncells = 257 in controls; Figure 3D);

suggesting that additional Ca2+ conductance might be involved

in the generation of [Ca2+]i transients in proestrus gonadotropes.

While Nif is a well-known L-type Ca2+ channel blocker, it is

also a potent activator of TRP cation channels TRPA1 and

TRPM3,24,25 which also conduct Ca2+. TRP channels play impor-

tant functional roles in hormone-secreting cells, and we had pre-

viously shown that TRPA1 expression is specifically upregulated

in proestrus gonadotropes.14 In order to avoid Nif-dependent

activation of TRPA1 channels in proestrus gonadotropes, we

blocked TRPA1 using HC-030031 (HC) prior to Nif application.

While pharmacological block of either L-type Ca2+ channels or

TRPA1 failed to efficiently inhibit spontaneous gonadotrope

activity (Figures 3E and 3F), the simultaneous block of both

channels profoundly inhibited spontaneous activity in the major-

ity (78%) of active proestrus gonadotropes (Figure 3F; percent-

age of active cells under control conditions, 58%, Nmice = 3,

ncells = 241 vs. 12.73%, Nmice = 3, ncells = 268 in the presence

of Nif + HC).

To visualize Ca2+ entry and spread within individual gonado-

tropes with higher resolution, we analyzed dissociated

GCaMP3 gonadotropes with spontaneous activity prepared

from adult females using total internal reflection fluorescence

(TIRF) microscopy (Figure 3G). With this technique, we specif-

ically visualize [Ca2+]i within 230 nm of the plasma membrane

on the side where the cells are attached to the substrate (i.e.,

at their footprint). Under control conditions, spontaneous Ca2+

signals spread homogeneously over the entire cell’s footprint

(Figure 3H). In the presence of Nif, overall Ca2+ entry was some-

what dampened and the spread of Ca2+ along the plasma

membrane was strongly reduced (Figure 3H); however, Ca2+

entry was not completely abolished. Instead, we found discrete

Ca2+ entry sites in somegonadotropes (19.35%,Nmice = 3, ncells =

31) under L-type Ca2+ channel blockade. Furthermore, we

observed a rise in [Ca2+]i upon Nif application (Figure 3I, cell 2),

rather than the expected decline (Figure 3I, cell 1), in 51.61%
Figure 4. Virus-assisted triple Cav1.2, Cav1.4, and Trpa1 knockout in go

preovulatory hyperexcitability of gonadotropes

(A) Illustration depicting stereotaxic delivery into mouse pituitary of an AAV enco

Trpa1 expression using CRISPR-Cas. AAVs were injected into GRIC/eR26-LSL-C

CRISPR-based knockout (KO) specifically inGnrhr-expressing gonadotropes. The

Control mice were produced by injection of AAV virus lacking any gRNAs into th

(B) Distribution of identified Trpa1 sequences around predicted CRISPR cleavag

CRISPResso2.

(C) Modified allele percentage (orange) from AAV5_triple gRNA-injected mouse

genes.

(D) Representative images of the vaginal closure phenotype observed inmice injec

(E) Data from all mice depicting the vaginal closure over time following CRISPR-

(F) Number of Ca2+ peaks/min for gonadotropes from proestrus GRIC/eR26-GCa

catalase and glutathione (Nmice = 3, ncells = 373, ****p < 0.0001).

(G) Area under the curve for Ca2+ responses following application of 5 mM [K+]ex, 8

****p < 0.0001).

(H) Active cell percentage (R5 peaks/5 min) following application of 5 mM [K+]ex, 8

5 mM [K+]ex vs. 8 mM [K+]ex, **p = 0.0048; 5 mM [K+]ex vs. 8 mM [K+]ex + Cat + GS

analyses in (F), (G), and (H), one-way ANOVA. Bar charts are plotted as mean ±

(I) Heatmap of changes in normalized fluorescence intensities upon application of

represented in a descending order of fluorescence intensities of Ca2+ response

indicated by the color-coded bar.
of gonadotropes under these conditions. These data corrobo-

rate the whole-mount pituitary Ca2+ imaging results and show

that Ca2+ entry in gonadotropes is mediated via additional

Ca2+-conducting channels such as TRPA1. Taken together,

our findings demonstrate that both L-type Ca2+ channels and

TRPA1 in the gonadotrope plasma membrane ensure the readily

excitable state prior to ovulation.

Virus-assisted triple CRISPR-mediated knockout of
Cacna1c/Cacna1f/Trpa1 in gonadotropes disrupts
reproductive function
To functionally analyze the role of L-type Ca2+ channels (en-

coded by Cacna1c and Cacna1f) and Trpa1, we used a

CRISPR-Cas9 system to specifically disrupt the expression of

these genes in the gonadotropes. We developed a mouse line,

GRIC/eR26-LSL-Cas9-P2A-EGFP, which features Cas9 and

GFP expression specifically in gonadotropes. Next, we stereo-

taxically injected an adeno-associated virus (AAV) to deliver

guide RNAs targeting Cacna1c, Cacna1f, and Trpa1 into the pi-

tuitary (Figure 4A). We originally sought to analyze the estrous

cycle in these mice via vaginal cytology. Strikingly, however,

even partial knockout of Cacna1c, Cacna1f, and Trpa1

(Figures 4B and 4C) within the pituitary was sufficient to cause

vaginal closure (Figures 4D and 4E) with LH and FSH serum

levels comparable with inactive pituitaries (Figure S4). Taken

together, these data demonstrate that Cacna1c, Cacna1f, and

Trpa1 are essential for normal gonadotrope physiology and

that knockout of these genes even in only a fraction of the gona-

dotrope population is sufficient to abolish normal reproductive

function.

Preovulatory hyperexcitability in gonadotropes requires
ROS
Previous studies have shown that GnRH increases intracellular

hydrogen peroxide levels in gonadotropes.26,27 To gain mecha-

nistic insight into the hyperexcitable state of the gonadotropes

at proestrus, we investigated whether intracellular levels of
nadotropes leads to vaginal closure. Endogenous ROS is needed for

ding three guide RNAs (gRNAs) to concomitantly disrupt Cav1.2, Cav1.4, and

as9-P2A-EGFPmice (Nmice = 5), which express the Cas9 enzyme necessary for

Gnrhr/Cas9 enzyme-expressing cells in thesemice are also marked by EGFP.

e same genotype (Nmice = 4).

e site from pituitary DNA of AAV5_triple gRNA-injected mouse, determined by

in both GFP� cells (left) and GFP+ cells (right) for each of the three modified

ted with the triple-gRNAAAV (left), compared with control-injectedmice (right).

mediated KO of the three genes, compared with control mice.

MP3mice following application of 5 mM [K+]ex, 8 mM [K+]ex, or 8 mM [K+]ex with

mM [K+]ex, or 8 mM [K+]ex with catalase and glutathione (Nmice = 3, ncells = 373,

mM [K+]ex, or 8 mM [K+]ex with catalase and glutathione (Nmice = 3, ncells = 373;

H, **p = 0.0097; 8 mM [K+]ex vs. 8 mM [K+]ex + Cat + GSH, p = 0.502). Statistical

SEM.

indicated solutions (373 cells pooled from three mice). Cells in the heatmap are

s to 8 mM [K+]ex. Scale of fluorescence intensity changes in the heatmap are
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ROS are crucial in this phenomenon. We measured [Ca2+]i in go-

nadotropes from GRIC/eR26-GCaMP3 mice at proestrus, and

observed that the hyperexcitability observed in response to

8 mM KCl application was significantly reduced in the presence

of catalase and glutathione, which reduce intracellular ROS

levels (Figures 4F and 4G). Interestingly, the number of peaks/

min was reduced by 34% (Figure 4F; 8 mM KCl, 5.94 vs. 8 mM

KCl + Cat + GSH, 3.92; Nmice = 3, ncells = 373; p < 0.0001), while

the area under curve was completely reduced (Figure 4G; 8 mM

KCl, 320.99 vs. 8 mM KCl + Cat + GSH, �0.1; Nmice = 3, ncells =

373; p < 0.0001). However, the percentage of active cells did not

decrease significantly (Figure 4H; 8 mM KCl, 80.4% vs. 8 mM

KCl + Cat + GSH, 69.53%; Nmice = 3, ncells = 373; p = 0.502).

Changes in fluorescence intensities upon the application of

8 mM KCl in the absence and presence of catalase and gluta-

thione clearly demonstrate the contribution of endogenous

ROS to the preovulatory hyperexcitability of gonadotropes (Fig-

ure 4I). These data indicate that intracellular signaling via ROS is

at least partially responsible for the hyperexcitability observed in

gonadotropes at proestrus.

DISCUSSION

Much research has focused on the regulation of LH and FSH

release by neurons within the hypothalamus such as the GnRH

neurons28 and their afferents, the kisspeptin neurons.14,29

Comparatively few studies, however, have asked whether the

gonadotrope population itself is modulated to facilitate the

changing requirements of the estrous cycle. Here, we find that

the female gonadotrope population cyclically changes into an

active stage persisting over many hours ex vivo in the absence

of any hormonal or neuroendocrine stimulation. These data

demonstrate that the gonadotrope population itself is molecu-

larly tuned to meet the requirements of the specific reproductive

cycle stage. Spontaneous [Ca2+]i activity has also been reported

in cultured rat gonadotropes isolated from ovariectomized fe-

males30; however, under these conditions, spontaneous activity

did not seem to be related to LH release. In contrast, our data re-

vealed a strong correlation between high LH serum levels and

spontaneous activity within whole-mount pituitary preparations.

Cultured cells are usually kept in medium for days before the

Ca2+ imaging experiments with potential impact on gene expres-

sion and signaling. Moreover, ovariectomy affects gonadotrope

function, since it changes the hormonal milieu by removing ste-

roid hormone feedback to the pituitary and the hypothalamus.

We have previously shown that gonadotropes display unique

transcriptome signatures not only during development but

also in different stages of the reproductive cycle.14 Here, we

found that the majority of VDCC subunits were expressed at

higher levels during proestrus. Changing the expression level

of voltage-gated ion channels could feasibly augment the excit-

ability of the gonadotropes, consistent with the state of hyperex-

citability we detect at the time of the preovulatory LH surge. We

further demonstrated that we could trigger [Ca2+]i oscillations by

pharmacologically activating L-type Ca2+ channels at diestrus,

indicating a clear role for these channels in generating [Ca2+]i
transients in gonadotropes. Conversely, blockade of L-type

Ca2+ channels alone was insufficient to abolish preovulatory
8 Cell Reports 42, 112543, June 27, 2023
spontaneous [Ca2+]i activity. Instead, blocking both L-type

Ca2+ channels and TRPA1 was required to silence the gonado-

tropes, indicating mechanistic redundancy in order to ensure

the change into a readily excitable state at the time of preovula-

tory LH surge. Interestingly, adding catalase and glutathione

partially and completely reduced the number of peaks per min-

ute and area under the curve, respectively, without decreasing

the percentage of active cells. Thus, intracellular ROS, which

are increased in gonadotropes by GnRH,26,27 are partially

responsible for the preovulatory hyperexcitability. In line with

this, the gonadotropes remain active, albeit at a lower level, sug-

gesting a complex interplay ofmultiple factors contributing to the

observed hyperexcitability at proestrus. H2O2 activates both

L-type Ca2+ channels and TRPA1.31,32 TRPA1 has been well

studied for its role as a cold sensor,33 chemosensor,34 and me-

chanosensory,35 but little is known about the role of this ion

channel in mammalian reproduction. Intriguingly, TRPA1

knockout mice have been described to have profound reproduc-

tive deficits36; however, the underlying mechanism has not yet

been elucidated. Based on our data, it is tempting to speculate

that preovulatory spontaneous [Ca2+]i activity in gonadotropes

might be disrupted in TRPA1 knockout mice. We propose that

the preovulatory release of GnRH increases the intracellular

ROS levels in gonadotropes via their proestrus-specific channel

complement, activating the highly expressed L-type Ca2+ chan-

nels and TRPA1 and together manifesting the hyperexcitable

phenotype observed at proestrus.

Taken together, our data demonstrate that, once per repro-

ductive cycle, the gonadotrope population changes into a state

of hyperexcitability. We show that this coincides with the LH

surge and that this hyperexcitability is ensured by L-type Ca2+

channels, TRPA1, and ROS levels. We unequivocally demon-

strate that L-type calcium channel subunits and TRPA1 within

the gonadotropes are prerequisites for reproductive function in

female mice and that modulation of ROS levels within the cell

is a potential mechanism underlying this phenomenon. Impor-

tantly, our work demonstrates that gonadotropes not only

respond to GnRH but undergo cycle-specific modulation of their

channel complement in order to trigger ovulation via the LH

surge.

Limitations of the study
While we demonstrate that ROS clearly plays an important role in

gonadotrope hyperexcitability, we have not ruled out additional

mechanisms contributing to this state. This study utilizes Ca2+

imaging in whole-mount pituitary preparations in order to dissect

mechanisms behind the identified hyperexcitability state; how-

ever, emerging in vivo imaging technologies are expected to

enable further refinement of our understanding of gonadotrope

activity.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV5-U6-Cacna1f/Trpa1/Cacna1c-CAG-mCherry This paper N/A

AAV5-U6-control-CAG-mCherry This paper N/A

Chemicals, peptides, and recombinant proteins

(S)-(�)-Bay K 8644 Tocris Cat#1546

Nifedipine Sigma Cat#N7634

HC-030031 Alomone Labs Cat#H-105

Critical commercial assays

MILLIPLEX Map Mouse Pituitary Magnetic Bead Panel Merck Cat#MPTMAG-49K

HEPES Sigma Cat#H3375

MgCl2$6xH2O Sigma Cat#M2670

NaCl Gr€ussing Gmbh Cat#121221000U

KCl Roth Cat#6781.1

CaCl2$2xH2O Sigma Cat#C3306

NaHCO3 Roth Cat#6885.1

NaH2PO4 Roth Cat#4984.1

D-(+)-Glucose Roth Cat#X997.2

EGTA Roth Cat#3054.3

BSA Sigma Cat#A2153

EDTA Sigma Cat#ED2SC

Papain dissociation system Worthington Cat#LK003150

L-Glutathione Reduced Sigma Cat#G4251

Catalase Sigma Cat#C9322

Experimental models: Organisms/strains

Mouse: GnRHR-IRES-Cre (GRIC) (Wen et al.)21 N/A

Mouse: eR26-GCaMP3 The Jackson Laboratory Jackson strain number 028764

Mouse: eR26-LSL-Cas9-P2A-EGFP The Jackson Laboratory Jackson strain number 024857

Software and algorithms

FluoroSNNAP (Fluorescence Single Neuron and Network

Analysis Package) tool for MATLAB

(Patel et al.)37 https://github.com/tapan-patel/FluoroSNNAP

Automated peak counting using MATLAB MathWorks https://www.mathworks.com/

Prism GraphPad https://www.graphpad.com/

Oligonucleotides

Cacna1c forward: GGACAGCAGGGGTGAGACAA This paper N/A

Cacna1c reverse: GCGTCATGCCTGGTGAAAGG This paper N/A

Cacna1f forward: AGCTTCAGAGTGGCAGGGAC This paper N/A

Cacna1f reverse: CCATGGCATCCTGCATCTGG This paper N/A

Trpa1 forward: GCTTAGTTGTAGGTCCCAAGTCC This paper N/A

Trpa1 reverse: GGTGCTGTGTACCCTGATACTG This paper N/A

Other

Cacna1c guideRNA: GTTATCGAACGTGCTCCTAC This paper N/A

Cacna1f guideRNA: GAAGTTCGTGATGCCACCGT This paper N/A

Trpa1 guideRNA: GTCCAGGGCGTTGTCTATCG This paper N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ulrich

Boehm (ulrich.boehm@uks.eu).

Materials availability
AAVs generated in this study will be made available by the lead contact upon reasonable request.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Mice
Animal care and experimental procedures were approved by the animal welfare committee of Saarland University and were per-

formed in accordance with their established guidelines. Experiments were designed based on accepted standards of animal

care and all efforts were made to minimize animal suffering. Mice were kept under a standard light/dark cycle with food and water

ad libitum. GnRHR-IRES-Cre (GRIC) knock-inmice coexpress theGNRHRwith Cre-recombinase.21 The eR26-GCaMP3 reporter line

(Jackson strain number 028764) carries a Cre-activated GCaMP3 under the control of the enhanced ROSA26 locus.38 Heterozygous

GRIC/eR26-GCaMP3 animals in different developmental and hormonal stages were used. The eR26-LSL-Cas9-P2A-EGFP line

carries a Cre-activated Cas9 gene and GFP under the control of the enhanced ROSA26 locus (Jackson strain number 024857). Adult

female heterozygous GRIC/eR26-LSL-Cas9-P2A-EGFP animals were used for stereotactic injections of AAVs carrying multiple

specific guide RNAs into the pituitary to achieve cell-specific gene knockouts.

METHOD DETAILS

Cloning and guide RNA selection
Potential guide RNA (gRNA) sequences were identified using Chopchop39 for each of the 3 genes (Cacna1c,Cacna1f and Trpa1). From

the generated gRNA sequences, an optimal gRNA was selected using both Chopchop and a second program; CasOFFfinder,40 such

that minimal potential off-target binding sites existed. The following gRNAs were selected for targeting; Cacna1c:

GTTATCGAACGTGCTCCTAC; Cacna1f: GAAGTTCGTGATGCCACCGT and Trpa1: GTCCAGGGCGTTGTCTATCG. Each gRNA

was generated as a primer dimer and then independently cloned into either px330A-1x3 (Addgene plasmid no. 58767), px330S-2

(Addgene plasmid no. 58778) or px330S-3 (Addgene plasmid no. 58779) using the BbsI sites present in each of these plasmids.

This inserted each gRNA sequence subsequent to a U6 promoter and immediately upstream of the gRNA scaffold sequence required

for correct interactionwith theCas9 protein. Following sequence verification, the 3U6/gRNA/scaffold constructswere cloned such that

they were all present sequentially in the same plasmid using a Gateway cloning strategy in conjuction with the BsaI restriction enzyme.

Subsequently, theMluI recognition sequence was cloned into AAV5-U6-control-CAG-mCherry (Addgene plasmid no. 91947) and this

site was used alongside Acc65I to ligate the entire block containing the 3 U6/gRNA/scaffold into the mCherry-containing plasmid,

generating AAV5-U6-Cacna1f/Trpa1/Cacna1c-CAG-mCherry (triple gRNAplasmid). The correct incorporation of all elementswas veri-

fied by sequencing of the entire region contained between the 2 ITR sites. For production of a control virus, the unmodified AAV5-U6-

control-CAG-mCherry (Addgene plasmid no. 91947) was used. Sequences of the plasmids used to generate both experimental and

control AAVs are identical in all aspects except that no gRNA sequences are present in the control plasmid.

AAV vector production
Both the triple gRNA and control viruses were produced using the triple transfection helper-free method. This involved transfecting

HEK293T cells in culture with 3 plasmids in a 1:1:1 ratio, the first containing viral genes such as E2 and E4 (phelper Addgene plasmid

no. 112867), the second which facilitates generation of serotype 5 AAV vectors (pAAV2/5 – Addgene plasmid no. 104964) and the

third which dictates the packaged contents of the virus particles, namely either the triple gRNA plasmid (to generate the triple

gRNA AAV) or control plasmid (for control AAV generation) previously described under ‘‘cloning and guide RNA selection.’’ Trans-

fection was undertaken when the cells reached 60–70% confluence using a 4:1 (v:w) ratio of Polyethylenimine (PEI) to plasmid

DNA. 60–72 h after transfection, cells were pelleted and processed to recover the virus. Virus samples were then subjected to pu-

rification through an Iodixanol gradient before desalting and concentration using a centrifugal filter (MWCO 100). Viral titer was

measured by qPCR analysis with primers specific to the ITR region of the packaging plasmid.
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Stereotaxic injection
Stereotaxic injections were performed as follows: six injections with 0.5mL per injection of either triple gRNA AAV or control AAV were

injected to the pituitary. Coordinates were�2.55 mm,�2.7 mm and�2.95 mm antero-posterior, ±0.6 mm lateral to midline, 300 mm

above the sella turcica.41 Animals were checked for vaginal opening every day for 6 weeks.

CRISPR efficiency verification
6 weeks after AAV injection, pituitaries were removed from the mice. Pituitaries were then dissociated using papain and deoxyribo-

nuclease in Earle’s balancedsalt solution (Papain dissociation system;Worthington), andgently agitated for 30min at 37�C.13,14 The
tissue was then mechanically dissociated by pipetting repeatedly with a fire-polished glass pipette. The dissociated cells were

transferred to a 15-mL tube and centrifuged for 5 min at 2500 rpm. Then, the supernatant was discarded and the pellet was resus-

pended in 1mLFACSbuffer (0.1%BSAand 1%EDTA in PBS). GFPpositive pituitary cells were sorted by using SH800SCell Sorter.

GFP negative cells were used as control. The dissociated cells were sorted by fluorescence (endogenously expressed GFP) with

excitation at 488 nm and emission detected at 508 nm. Approximately 20000 sorted cells were obtained for each condition.

DNA was extracted from sorted cells and then targeted amplification was performed via PCR with the primers against Cacna1c,

Cacna1f or Trpa1 (Cacna1c forward: GGACAGCAGGGGTGAGACAA, Cacna1c reverse: GCGTCATGCCTGGTGAAAGG;

Cacna1f forward: AGCTTCAGAGTGGCAGGGAC, Cacna1f reverse: CCATGGCATCCTGCATCTGG; Trpa1 forward: GCTTAGTTG

TAGGTCCCAAGTCC, Trpa1 reverse: GGTGCTGTGTACCCTGATACTG). Amplicons were generated using the above region-spe-

cific primers with additional Illumina universal adaptor sequences. PCR products containing adaptors were purifiedwith Agencourt

AmpureBeads and indexed in a second PCR using Illumina TruSeq adapters. After final AmpureBead Purification amplicons were

pooled in an equimolar ratio and sequenced on aMiSeq (Illumina) using theMiSeq Reagent Kit v2 (500-cycles) in paired-endmode,

aiming at 10,000 reads per amplicon. The sequence was then analyzed by CRISPResso2.42

TIRF microscopy
Images were acquired using an inverted IX 70 microscope (Olympus) equipped with a 100 x/1.45 NA Plan Apochromat Olympus

objective, a TILL-TIRF condenser (TILLPhotonics), and an Evolve512 EMCCD camera (Photometrics). The final pixel size was

160 nm.

Vaginal cytology
Estrous cycle stages were determined by daily vaginal cytology; the vagina was flushed 3–5 times with approximately 10 mL PBS and

unstained samples were smeared on a glass slide and observed under a light microscope with 10x objective (Imager.M2, Zeiss).43

The 4 main estrous cycle stages (proestrus (1), estrus (2), metestrus (3), diestrus (4)) were further divided and intermediate stages

such as late proestrus (1.5), late estrus (2.5), late metestrus (3.5) and late diestrus (4.5), were introduced to predict the estrous cycle

stage more accurately (Figure S1). Before Ca2+ imaging, females went through at least three consecutive cycles. Proestrus females

were sacrificed between 4.5 and 0.5 h before the night phase, corresponding to the proestrus LH surge.22 Diestrus females were

sacrificed during the mid-light phase. All other animals at the developmental stages mentioned above were sacrificed during the

light-phase.

Ca2+ imaging
GRIC/eR26-GCaMP3 animals in different hormonal stages were decapitated and the pituitary quickly removed and transferred into

ice-cold carbogenated artificial cerebrospinal fluid (ACSF 1) (containing (in mM) 124 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, 1.25

NaH2PO4, 5 glucose, pH �7.4 RT, osmolality �300 mosmol/kg) or ACSF 2 for spontaneous Ca2+ imaging recordings, (containing

(in mM) 124 NaCl, 8 KCl, 1 CaCl2, 0.8 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 5 glucose). The whole pituitary was placed into the

recording chamber (Warner Instruments, RC-27LD) with the ventral side up and surrounded by 4% low melting point agarose

(Thermo Scientific). Solutions (ACSF, nifedipine, (S)-(�)-Bay K 8644, HC-030031) and the chamber were continuously heated to

37�C (Warner Instruments, dual automatic temperature controller) resulting in a bath solution of �33�C. The whole-mount pituitary

was allowed to recover and adapt to the preheated chamber for 30 min before the recordings were performed. All solutions were

bath-applied at a flow rate of 2mL/min (Warner Instruments, VC-6 Valve Controller). Ca2+ imaging experiments were performed using

an upright confocal microscope (Zeiss, LSM 710), excitation light 488 nm (argon laser) and emission filter at 493–598 nm. Images (512

x 512 pixel) were taken with a frame rate of 2 Hz using a water immersion 20 x/1.0 NA objective (Zeiss, Plan-Apochromat). Nifedipine

(50 mM, Sigma-Aldrich, N7634) and (S)-(�)-Bay K 8644 (10 mM, Tocris, 1546) were applied for 20 min after a control measurement

(5–10 min). TRPA1 activation was blocked for 10 min using HC-030031 (100 mM, Alomone Labs, #H-105) followed by a 20-min appli-

cation of both blockers, HC-030031and nifedipine. At the end of the experiment high K+ solutionwas administered as a control for cell

viability. For ROS-scavenging experiments, 5 mM and 8mM [K+]ex were applied for 5min each, followed by washing with 5mM [K+]ex
for 8 min; 8 mM [K+]ex with catalase (2000 U/ml, Sigma, C9322) and glutathione (1 mM, Sigma, G4251) was then applied for 5 min,

followed by a 5-min wash with 5 mM [K+]ex.
Cell Reports 42, 112543, June 27, 2023 13



Report
ll

OPEN ACCESS
Hormone measurements
Trunk blood was collected from mice just before the Ca2+ imaging experiment and allowed to clot for 30 min at room temperature,

centrifuged (Centrifuge 5418R) for 10 min at 4 �C at 2,000xg, the serum removed and subsequently centrifuged for a further 10min at

4 �C at 2,000xg. The serum was then transferred to a fresh tube for storage at �20�C until needed. Hormone measurements were

performed using the Luminex xMAP technology (MAGPIX, Luminex Corporation) in combination with the mouse pituitary kit

(MPTMAG-49K, Merck Millipore) according to the manufacturer’s instructions. In brief, the 96-well plate was loaded with one back-

ground sample, standard 1 to 7 samples, and 2 quality control samples, followed by the actual biological serum samples (up to 38

samples, each sample was pipetted twice). Different antibody-immobilized beads were added into each well and incubated over

night at 4�C. Wells were washed the next day and incubated in biotinylated antibodies at room temperature followed by additional

incubation with Streptavidin-Phycoerythrin (PE). Hormone measurements were performed using a MAGPIX Luminex machine (Lu-

minex Corporation). The excitation via the red LED serves for bead detection based on their emission wavelength. The excitation

with the green LED determines the magnitude of the bound antigen based on emission intensity. The analysis was performed using

the xPONENT software. Themeanwas calculated for the duplicates and all measurements with an intra-assay value above 20%were

excluded. Standard curves were generated using the best fit option in xPONENT (Luminex Corporation) resulting in standard curves

fitted mainly to the 5 parameters linear scale weighted model with a coefficient of determination R2 between 0.998 and 1. In four in-

dependent runs the quality controls were within 97% of the expected range with the remaining 3% below the minimum expected

value. Using the quality controls from these 4 independent runs, the inter-assay CV% was calculated to be 19.7%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses of Ca2+ signals in whole-mount pituitaries
ROIs were manually marked using the FluoroSNNAP (Fluorescence Single Neuron and Network Analysis Package) tool for

MATLAB.37 In order to analyze spontaneous [Ca2+]i spikes in gonadotropes isolated at different hormonal stages, active cells

were initially quantified manually. 3 pituitary regions were chosen from 3 different pituitaries isolated from proestrus females with go-

nadotropes showing spontaneous Ca2+ signals. Each region was analyzed manually by counting the percentage of cells exhibiting

spontaneous Ca2+ signals. Next the number of Ca2+ peaks was quantified per cell and per region. These manually acquired data

were then used to establish amethod to automate peak counting usingMATLAB. As shown in Figure S2A themethod using the slope

(DF/F0slope) of the baseline-corrected [Ca2+]i signals (DF/F0) and the counting of spikes above the threshold of 0.15 DF/F0slope corre-

lated well with the manually acquired peak counts (Figure S2B). The number of [Ca2+]i peaks obtained by manual vs. automated

counting were not significantly different (Figure S2C), validating the parameters used for peak detection. Additionally, we calculated

the percentage of cells per pituitary region and compared these values to the automated ones. Cells with a minimum detected peak

number of 5/5 min were defined as active cells. When comparing to the automated method, with regard to the percentage of active

cells, we found an acceptable difference of 13 ± 4.5% to the manually acquired percentage. Manual counting is generally time

consuming and might evoke bias. In addition, it appeared to be difficult or almost impossible to determine the number of peaks in

about 27%of cells (total cell no. = 241) due to poor signal-to-noise ratio (Figure S2A) or wave-like [Ca2+]i signals without any particular

peak. Therefore, the automated method of cell counting with the above-mentioned threshold was applied to all measurements in

order to compare spontaneous [Ca2+]i activity of gonadotropes between different hormonal stages. Pharmacological activation/

silencing of gonadotropes was manually analyzed comparing the percentage of active cells within a time window of 5 min before

and after agonist/antagonist application. Heatmaps for the fluorescence responses were made using MATLAB.

Statistics and illustrations
Unpaired t test (two-tailed), paired t test (two-tailed), one-way ANOVA and two-tailed Mann-Whitney test were used as detailed in the

figure legends. All statistical analyses and the generation of graphs were performed using GraphPad software and R. Figures were

prepared using ZenBlack, Fiji, Adobe Illustrator and Photoshop, Affinity Designer, Affinity Photo and Blender.
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