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Abstract
The pattern of gonadotropin secretion along the estrous cycle was elegantly de-
scribed in rats. Less information exists about the pattern of gonadotropin secre-
tion in gonad-intact mice, particularly regarding the follicle-stimulating hormone 
(FSH). Using serial blood collections from the tail-tip of gonad-intact C57BL/6 
mice on the first day of cornification (transition from diestrus to estrus; hereaf-
ter called proestrus), we observed that the luteinizing hormone (LH) and FSH 
surge cannot be consistently detected since only one out of eight females (12%) 
showed increased LH levels. In contrast, a high percentage of mice (15 out of 21 
animals; 71%) exhibited LH and FSH surges on the proestrus when a single serum 
sample was collected. Mice that exhibited LH and FSH surges on the proestrus 
showed c-Fos expression in gonadotropin-releasing hormone- (GnRH; 83.4% of 
co-localization) and kisspeptin-expressing neurons (42.3% of co-localization) of 
the anteroventral periventricular nucleus (AVPV). Noteworthy, mice perfused on 
proestrus, but that failed to exhibit LH surge, showed a smaller, but significant 
expression of c-Fos in GnRH (32.7%) and AVPVKisspeptin (14.0%) neurons. Finally, 
96 serial blood samples were collected hourly in eight regular cycling C57BL/6 
females to describe the pattern of LH and FSH secretion along the estrous cycle. 
Small elevations in LH and FSH levels were detected at the time expected for the 
LH surge. In summary, the present study improves our understanding of the pat-
tern of gonadotropin secretion and the activation of central components of the 
hypothalamic–pituitary-gonadal axis along the estrous cycle of C57BL/6 female 
mice.
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1   |   INTRODUCTION

The pituitary secretion of luteinizing hormone (LH) and 
follicle-stimulating hormone (FSH) are regulated by hy-
pophysiotropic gonadotropin-releasing hormone (GnRH)-
expressing neurons located in the medial preoptic area 
(MPO) of the hypothalamus. Ovulation is triggered by a 
large burst of LH secretion, called the preovulatory LH 
surge. In rats, LH surge is observed in the transition be-
tween the light and dark phase of the proestrus day, which 
is frequently identified by an abundant number of epithe-
lial cells in the vaginal smear and lasts approximately 10 h 
(Smith et al., 1975). FSH exhibits biphasic peaks at approx-
imately the same time that the LH surge is detected (Smith 
et al., 1975). During the afternoon of proestrus, MPOGnRH 
neurons exhibit c-Fos expression, indicating that these 
neurons are activated immediately before the LH surge 
(Donato Jr. et al., 2009; Le et al., 1999; Lee et al., 1990). 
Of note, c-Fos expression in MPOGnRH neurons is not de-
tected at any other time in the estrous cycle of female rats 
(Lee et al., 1990). c-Fos expression immediately before the 
LH surge is also detected in the anteroventral periventric-
ular and the rostral periventricular nuclei (here referred 
to as AVPV) (Le et al., 1999), and later studies have shown 
that this expression particularly occurs in kisspeptin-
expressing neurons (Christian & Moenter, 2010; Clarkson 
et al., 2008; Mohr et al., 2021; Robertson et al., 2009). Thus, 
the events that induce ovulation can be summarized as 
follows: AVPVKisspeptin neurons are activated by the pro-
gressive increase in estradiol levels along the estrous cycle; 
then, in the afternoon of proestrus, AVPVKisspeptin neurons 
strongly stimulate MPOGnRH neurons, which in turn in-
duce the LH surge (Christian & Moenter, 2010; Goodman 
et al., 2022; Herbison, 2020).

Much of the knowledge on the physiology of the 
hypothalamic–pituitary-gonadal (HPG) axis of females 
was produced in rats, particularly regarding the LH surge. 
However, mice are becoming the dominant experimen-
tal model, among other reasons, due to the availability 
of a large number of genetically modified mouse models 
that allow elegant mechanistic and complex studies on 
the functioning of the HPG axis. Although we observe 
many aspects in common between rats and mice, some 
neuroendocrine differences may exist between these spe-
cies (Campos et al., 2020; Campos et al., 2021; Wasinski 
et al., 2021). For example, the proestrus-like cytology com-
monly found in the vaginal smears of rats is hardly ob-
served in mice that “jump” from diestrus-like cytology to 
an estrous-like pattern (Bertolin & Murphy,  2014; Byers 
et al.,  2012). Consequently, the first day of cornification 
in the vaginal smears of mice seems to be equivalent to 
the proestrus in rats. Thus, a better characterization 
of the HPG axis of gonad-intact mice, including FSH 

determination, is necessary to allow a deeper understand-
ing of this experimental model.

A key aspect that complicates neuroendocrine studies 
in mice, particularly those involving the secretion of pitu-
itary hormones that show a complex and pulsatile secre-
tion pattern, is the relatively low blood volume of these 
animals. However, remarkable progress in analyzing the 
pulsatile pattern of pituitary hormones has been achieved 
in mice (Czieselsky et al., 2016; Ongaro et al., 2021; Steyn 
et al., 2011). Thus, using serial blood collections from the 
tail tip, Czieselsky et al. (2016) demonstrated that, similar 
to rats, female mice also exhibit a surge-like increase in 
LH levels at the transition from the light to dark phase on 
the first day of cornification (transition from diestrus to 
estrus; hereafter called proestrus). However, as reported 
by the authors, out of 11 mice on proestrus, only 7 exhib-
ited increases in LH levels. Furthermore, the temporal 
and amplitude patterns were very different between the 
animals (Czieselsky et al., 2016). Despite this variability, 
several other studies using single or terminal blood col-
lections confirmed that mice exhibit a LH surge at the 
transition from the light to dark phase on the proestrus 
(Bronson & Vom Saal, 1979; McQuillan et al., 2019; Ryan 
& Schwartz,  1980; Silveira et al.,  2017; Wagenmaker & 
Moenter, 2017). On the other hand, the secretion pattern 
of FSH in the estrous cycle of mice has been less investi-
gated. Thus, the present study aims to improve our knowl-
edge about the secretion pattern of the gonadotropins 
along the estrous cycle of gonad-intact C57BL/6 female 
mice. We performed several experiments using different 
approaches to determine circulating LH and FSH levels, 
especially at the moment expected for the LH surge. We 
also investigated the activation of the central components 
of the HPG axis during the LH surge.

2   |   MATERIAL AND METHODS

2.1  |  Animals

Twelve-week-old C57BL/6 female mice were maintained 
in standard conditions of light (12-h light/dark cycle; 
lights on at 8:00) and temperature (22 ± 2°C). The ani-
mals were housed in groups of two to five mice per cage 
in ventilated racks and received a regular rodent chow 
(2.99 kcal/g; 9.4% kcal derived from fat; Nuvilab CR-1, 
Quimtia) and filtered water ad libitum. The estrous cycle 
was monitored for approximately 20–25 consecutive days, 
and we used mice that showed regular estrous cyclicity. 
Females with regular estrous cyclicity needed to present 
at least three complete estrous cycles (clear switching be-
tween diestrus and cornification) within 20 days of analy-
sis. The cycle phases were classified as follows: diestrus 
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(mostly leucocytes, including metestrus) or cornification 
(mostly cornified or epithelial cells without distinction be-
tween proestrus and estrus). The animal procedures were 
previously approved by the Ethics Committee on the Use 
of Animals of the Institute of Biomedical Sciences at the 
University of São Paulo.

2.2  |  Serial blood collection in gonad-
intact and ovariectomized mice

A group of females was subjected to bilateral ovariectomy 
(n = 5), as previously described (Da Silva et al., 2014). The 
efficacy of the ovariectomy was assessed by weighing the 
uteri after euthanizing the animals. All ovariectomized 
(OVX) mice exhibited an absolute uterus mass lower 
than 20 mg. These animals were compared with gonad-
intact females on diestrus (n = 5). Before the blood col-
lection, these mice were adapted 6 days per week to the 
procedure of tail-tip blood sampling for 30 days. This pro-
cedure aimed to simulate the blood collection procedure 
and therefore minimize the effects of stress during the 
day of collection (Wasinski et al., 2020). After the adap-
tation period, the serial blood collection started at 13:00 
(5 h after the lights were on). A surgical blade was used to 
remove a small portion of the tail tip (1 mm), allowing the 
collection of 5 μl blood with a 10 μl pipette at 30-minute 
intervals for 4 h (9 serial collections in each mouse). After 
each blood collection, a fingertip pressure was gently ap-
plied to the tail tip to stop bleeding, and mice were al-
lowed to move freely in their home cages with ad libitum 
access to food and water. The blood sample was imme-
diately transferred to 105 μl (22× dilution) of phosphate-
buffered saline (PBS) containing 0.05% tween-20 (PBS-T), 
placed on dry ice, and stored at −80°C until analysis to 
determine LH and FSH levels.

2.3  |  Serial blood collection at the 
transition from the light to the dark phase 
to detect the LH surge

After the same period of adaptation, another group of regu-
lar cycling C57BL/6 female mice was used to possibly de-
tect the LH surge. However, in this experiment, the serial 
blood collection at 30-min intervals started 2 h before lights 
out and lasted until the first 2 h of the dark phase of the 
day. The mice were distributed into three groups according 
to their estrous cycle phase, which was determined by the 
analysis of the vaginal smears collected in the middle of the 
day: (1) mice in the diestrus on the day of collection and 
that continued on diestrus in the following day (n = 12), (2) 
mice on diestrus in the day of collection and that exhibited 

cornification in the following day (n  =  8), and (3) mice 
that presented the first day of cornification (proestrus) in 
the day of collection (the day before they were on diestrus; 
n = 8). The 9 serial blood samples of each mouse were used 
to analyze LH and FSH levels. Photomicrographs of the 
vaginal smears were taken on the day before the collection, 
the collection day, and the following day.

2.4  |  Detection of the LH and FSH surges 
on proestrus using a single serum sample

To possibly detect the LH and FSH surges on proestrus 
using a single serum sample, mice were distributed into 
three experimental groups: gonad-intact females on dies-
trus (n = 12), gonad-intact females on proestrus (n = 21) 
and OVX mice (n = 10). This experiment was performed 
in two distinct animal cohorts and the hormone levels and 
the activation of central components of the HPG axis were 
analyzed separately in each cohort (Table 1 indicates the 
animals in each cohort). Mice were quickly anesthetized 
with isoflurane and blood was collected from the right 
atrium at the transition from the light to the dark phase 
at 20:30 ± 1 h (12-h light/dark cycle; lights off at 20:00). A 
subgroup of these animals (cohort 2 shown in Table 1) was 
used to analyze the correlation between the hormone lev-
els in samples obtained from tail-tip (whole blood) from 
those collected in the right atrium (serum) before eutha-
nasia. In these animals, the blood sample from the tail tip 
was collected and transferred to PBS-T (20× dilution), fol-
lowed by the collection of the blood from the right atrium, 
approximately 4 min later. Samples from the atrium were 
centrifuged to obtain the serum that was used to analyze 
LH and FSH levels (20× dilution in the assay). Immediately 
after the blood collection, a subgroup of mice was perfused 
with saline followed by a 10% buffered formalin solution 
(~150 ml/mouse). Brains and the uteri were carefully dis-
sected. The uterus mass was determined, whereas the 
brains were submitted to a 30 min post-fixation period in 
formalin at 4°C. Then, the brains were transferred to a 20% 
sucrose solution overnight. A freezing microtome (Leica 
SM2010R) was used to obtain 30 μm thick brain sections 
that were kept in cryopreservation buffer (20% glycerol, 
30% ethylene glycol, and 50% PBS) at −20°C for posterior 
analyses. Each brain was divided into four brain series.

2.5  |  Evaluation of the pattern of 
gonadotropin secretion along the estrous 
cycle of C57BL/6 female mice

To determine the pattern of gonadotropin secretion along 
the estrous cycle, 24 C57BL/6 female mice were acclimated 
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T A B L E  1   Gonadotropin levels, uterus mass, and activation of central components of the HPG axis in mice perfused at the transition 
from the light to the dark phase.

Animal code/
cohort LH (ng/ml) FSH (ng/ml)

Uterus mass 
(mg)

Uterus (mg/g 
b.w.)

% MPOGnRH neurons 
expressing c-Fos

% AVPVkisspeptin 
neurons expressing 
c-Fos

Mice perfused on diestrus

#11/1 0.92 0.14 159.0 0.796 0.0% 0.0%

#12/1 0.48 0.84 129.1 0.569 0.0% 1.7%

#13/1 0.48 0.00 94.8 0.477 0.0% 0.0%

#14/1 0.66 0.86 64.8 0.313 0.0% 0.0%

#15/1 0.60 0.79 45.5 0.209 – –

#16/1 0.24 1.86 41.3 0.199 0.0% 2.3%

#51/2 0.00 0.00 – – – –

#52/2 0.08 0.00 – – – –

#53/2 2.37 0.00 – – – –

#54/2 0.58 0.00 – – – –

#55/2 2.23 0.00 – – – –

#56/2 0.32 0.00 – – – –

Mean 0.75 0.37 89.1 0.427 0.0% 0.8%

Mice perfused on proestrus and exhibiting LH surge

#20/1 28.84 7.28 149.6 0.749 84.1% 69.7%

#21/1 48.82 3.94 145.2 0.677 92.6% 25.0%

#22/1 64.72 7.74 136.8 0.613 83.8% 36.1%

#23/1 42.04 3.08 130.0 0.663 79.3% 19.0%

#24/1 44.90 4.22 123.2 0.595 67.5% 56.9%

#25/1 62.32 6.26 122.5 0.588 88.2% 24.3%

#26/1 52.92 9.34 119.6 0.573 88.5% 39.1%

#27/1 43.34 9.74 119.3 0.573 77.5% 43.0%

#28/1 46.26 10.78 118.2 0.583 75.6% 67.6%

#29/1 40.03 6.50 105.0 0.486 97.3% –

#57/2 25.89 4.78 – – – –

#58/2 13.72 6.60 – – – –

#59/2 45.03 7.00 – – – –

#60/2 51.08 6.07 – – – –

#61/2 15.38 5.10 – – – –

Mean 41.69**** 6.56**** 126.9* 0.610* 83.4%**** 42.3%***

Mice perfused on proestrus without exhibiting LH surge

#30/1 0.86 0.00 154.9 0.738 12.5% 7.7%

#31/1 0.08 9.44 72.8 0.345 0.0% 0.0%

#62/2 0.71 0.00 – – – –

#63/2 4.75 1.88 – – 44.4% 23.4%

#64/2 2.75 0.00 – – – –

#65/2 6.27 0.00 – – 74.1% 25.0%

Mean 2.57#### 1.89## 113.9 0.541 32.7%*## 14.0%*#

OVX mice

#41/1 4.78 36.56 16.1 0.069 – –
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to manipulation for 45 days. The estrous cycle was moni-
tored daily for 25 days. Among 18 females that exhibited 
regular estrous cyclicity, 8 mice were selected for serial 
blood collection because all of them were in diestrus at 
the beginning of collections (n = 7) or on the second day 
of estrus (n = 1). Thus, we would have more chances to 
observe gonadotropin secretion during proestrus and con-
sequently the occurrence of the LH surge. Blood samples 
were collected hourly during 4 consecutive days, totaling 
96 serial collections for each animal. During each collec-
tion, the cage was gently removed from the ventilated rack 
and 4.4 μl of blood was collected from the tail tip and trans-
ferred to 105.6 μl of PBS-T (25× dilution). Each blood col-
lection took less than 1 min and the mice were returned to 
their home cage until the next collection1 h later. The ani-
mal facility room was equipped with red light to allow ma-
nipulation in the dark phase without interfering with the 
circadian rhythm. Six researchers took turns (12 h each) 
to carry out this experiment and all the researchers had 
previously participated in the adaptation of the animals. 
The vaginal cytology was obtained in the morning and in 
the evening of each day, immediately after blood collec-
tion (first and last hour of the light phase, respectively).

2.6  |  Hormone assessment

In-house sensitive sandwich enzyme-linked immu-
nosorbent assays (ELISA) were adapted from pub-
lished protocols to determine plasma LH (Brown 
et al., 2019; Quaresma et al., 2021) and FSH (De Paula 
et al., 2021; Ongaro et al., 2021) levels. A 96-well high-
binding plate (9018, Corning) was coated with 50 μl 
of monoclonal mouse anti-bovine LH beta subunit 

antibody (1:2500; Pablo Ross, UC Davis, 518B7; RRID: 
AB_2756886) or polyclonal guinea pig anti-mouse 
FSH antibody (1:20,000; AFP1760191, NIDDK-NHPP; 
RRID: AB_2665512) overnight at 4°C. After decanting 
the coating antibody, wells were incubated with 200 μl 
of blocking buffer (5% skim milk powder in PBS-T) 
for 2 h at room temperature (RT). The standard curve 
consisted of a twofold serial dilution of mouse recom-
binant LH (AFP-5306A, NIDDK-NHPP) or rat recom-
binant FSH (rFSH-RP-2, AFP4621B, NIDDK-NHPP) in 
0.2% bovine serum albumin (BSA) PBS-T from 0.00976 
to 5 ng/ml and 0.03125 to 16 ng/ml, respectively. The 
wells were incubated with 50 μl of samples at 1:20, 
1:22, or 1:25 dilutions, depending on the experiment, 
for 24 h at RT. The plate was washed in PBS-T and the 
wells were incubated with 50 μl of polyclonal rabbit 
anti-rat LH antibody (AFP240580Rb, NIDDK-NHPP; 
RRID: AB_2665533) or rabbit anti-rat FSH antibody 
(AFPC0972881, NIDDK-NHPP; RRID: AB_2687903) di-
luted in blocking buffer at 1:40,000 and 1:6250, respec-
tively, for 24 h at 4°C. After washing in PBS-T, wells 
were incubated with 50 μl of horseradish peroxidase-
conjugated goat anti-rabbit IgG antibody (A9169-2 ml, 
Sigma-Aldrich) diluted in 50% PBS, 50% blocking 
buffer at 1:30,000 for 90 min at RT. After a final wash 
in PBS-T, wells were incubated with 100 μl of 2 mg/ml 
o-phenylenediamine dihydrochloride (P1526, Sigma-
Aldrich) in citrate–phosphate buffer (pH 5.0) contain-
ing 0.02% hydrogen peroxide for 45 minutes at RT. The 
reaction was stopped with 50 μl of 3 M HCl. The ab-
sorbance was determined at 490 nm with a microplate 
reader (Epoch, Biotek) and the wavelength of 650 nm 
was used for background correction. The hormone lev-
els in the samples were calculated by interpolating the 

Animal code/
cohort LH (ng/ml) FSH (ng/ml)

Uterus mass 
(mg)

Uterus (mg/g 
b.w.)

% MPOGnRH neurons 
expressing c-Fos

% AVPVkisspeptin 
neurons expressing 
c-Fos

#42/1 7.18 36.26 15.9 0.073 – –

#43/1 6.74 36.40 14.0 0.062 – –

#44/1 6.06 32.10 13.5 0.062 – –

#45/1 9.80 41.74 12.6 0.063 – –

#46/2 3.28 37.10 – – – –

#47/2 6.27 38.39 – – – –

#48/2 4.93 35.40 – – – –

#49/2 8.13 39.74 – – – –

#50/2 4.94 28.78 – – – –

Mean 6.21****#### 36.25****#### 14.4**#### 0.066*#### – –

Note: –, not determined or tissue not available. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus diestrus group; #p < 0.05, ##p < 0.01, ####p < 0.0001 
versus LH surge group. These experiments were performed in two distinct cohorts of animals: cohort 1 (#11 to #45) and cohort 2 (#46 to #65). The hormone 
levels and activation of central components of the HPG axis were analyzed separately in each cohort.

T A B L E  1   (Continued)
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optical density of the samples against a nonlinear re-
gression of the standard curve. The LH and FSH assays 
have a lower limit of detection of 0.129 and 0.356 ng/
ml, respectively, considering the dilution factors used. 
The intra-assay coefficient of variation of the ELISA to 
detect LH and FSH was 4.43% and 6.32%, respectively. 
The inter-assay coefficient of variation of the ELISA to 
detect LH and FSH was 7.51% and 18.65%, respectively.

2.7  |  Immunofluorescence staining

Brain sections containing the preoptic area were rinsed 
in 0.02 M potassium PBS, pH 7.4 (KPBS) buffer, and incu-
bated for 1 h in a KPBS with 0.25% Triton X-100 solution 
containing 3% of normal serum, followed by incuba-
tion in an anti-c-Fos antibody (1:10,000; Ab5, Millipore; 
RRID: AB_2314043) overnight under agitation at RT. 
Then, brain sections were rinsed in KPBS and incubated 
for 120 minutes in AlexaFluor488-conjugated AffiniPure 
Fab Fragment donkey anti-rabbit IgG (1:250; Jackson 
ImmunoResearch Laboratories, Cambridge, MA) at RT. 
After washing in KPBS, different brain series were ei-
ther incubated in an anti-GnRH (1:1000; ImmunoStar; 
RRID: AB_572248) or anti-Kisspeptin 10 (1:2000; 
Millipore; RRID: AB_2296529) antibody overnight at 
RT. Subsequently, brain sections were rinsed in KPBS 
and incubated in AlexaFluor594-conjugated whole IgG 
donkey anti-rabbit (1:500; Jackson ImmunoResearch 
Laboratories) for 90 min. After washing in KPBS, brain 
sections were mounted onto gelatin-coated slides 
and covered with Fluoromount G mounting medium 
(Electron Microscopic Sciences).

2.8  |  Image analysis

Epifluorescence or brightfield (from the vaginal smears) 
photomicrographs were acquired using a Zeiss Axioimager 
A1 microscope (Zeiss) using 10× (GnRH neurons and the 
vaginal smears) or 20× (Kisspeptin neurons) objectives. 
Images were analyzed with ZEN software (Zeiss, version 
2.6) and Adobe Photoshop software (Adobe) was used for 
image arranging. The percentage of double-labeled neu-
rons was analyzed in approximately three rostral-caudal 
levels of the medial preoptic area (MPO; Bregma between 
0.345 and 0.545 mm) and the AVPV (Bregma between 
0.345 and 0.02 mm). Only soma in sharp focus was consid-
ered for analysis, plotted electronically using the ImageJ 
software (http://rsb.info.nih.gov/ij/) and classified as 
either single- or double-labeled. The Allen Brain Atlas 
(https://mouse.brain​-map.org/stati​c/atlas) was used as a 
neuroanatomical reference.

2.9  |  Statistical analysis

The Prism software (GraphPad; RRID: SCR_002798) was 
used for the statistical analyses and generation of the 
graphs. Differences between the groups were analyzed 
by the unpaired Student's t-test. Changes in gonadotropin 
levels along time were analyzed using repeated measures 
two-way ANOVA. When the secretion pattern of gonado-
tropins was compared in different types of samples or in 
distinct moments of the estrous cycle, a paired two-tailed 
Student's t-test was used. Correlation analyses were de-
termined using Pearson's correlation coefficient. We 
considered p values <0.05 to be statistically significant. 
The results are expressed as mean ± standard error of the 
mean.

3   |   RESULTS

3.1  |  OVX-induced increases in 
gonadotropin levels can be detected using 
small volumes of serially collected blood 
from the tail tip

Before evaluating the changes in LH and FSH levels in 
regular cycling females, we determined the sensitivity of 
our ELISA to detect physiological increases in gonado-
tropin levels using serial blood collections. For this pur-
pose, 5 μl of blood samples were obtained from the tail tip 
at 30-min intervals from gonad-intact mice on diestrus 
and OVX mice for 4 h. As expected, OVX mice exhibited 
a significant increase in both LH (Figure 1a; p = 0.0011) 
and FSH (Figure  1b; p  < 0.0001) levels, compared with 
gonad-intact mice on diestrus. Thus, our ELISA can de-
tect increases in gonadotropin levels using small volumes 
of serially collected blood from the tail tip.

3.2  |  Effects of sample type on LH and 
FSH values

Although serial collection of small volumes of whole blood 
from the tail tip represents a practical and well-established 
method to analyze alterations in the levels of pituitary 
hormones along time (Chaves et al.,  2022; Czieselsky 
et al.,  2016; Dos Santos et al.,  2022; Ongaro et al.,  2021; 
Steyn et al., 2011; Wasinski et al., 2020), a decreased sen-
sitivity has been reported for the FSH assay compared to 
serum samples (Ongaro et al., 2021). Thus, we compared 
the LH and FSH levels in samples obtained from tail-tip 
(whole blood) from those collected in the right atrium 
(serum) before euthanasia. These samples were collected 
with a time difference of approximately 4 min. We used 

http://rsb.info.nih.gov/ij/
https://mouse.brain-map.org/static/atlas
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female mice in different situations: on diestrus (n  =  6), 
OVX (n  =  5) and on proestrus (n =  9). Using Pearson's 
coefficient, we observed a positive correlation between 
the hormone levels in samples from the tail tip (whole 
blood) or the atrium (serum), in both the LH (Figure 2a) 
and FSH (Figure 2c) assays. However, the absolute values 
were significantly decreased in the whole blood tail-tip 
samples compared with serum samples from the atrium 
(Figure  2b,d). In this regard, the values obtained in the 
serum samples from the atrium were approximately twice 
as high as those obtained in the blood samples from the 
tail tip, either in the LH (Figure 2b) or FSH (Figure 2d) 
assays.

3.3  |  LH surge is not consistently 
detected on the first day of cornification in 
regular cycling C57BL/6 female mice

The same procedure of blood collection from the tail 
tip was now performed in C57BL/6 female mice that 
exhibited regular estrous cyclicity and were previ-
ously adapted to manipulation to detect the spontane-
ously occurring LH surge. Blood collections started 2 h 

before lights out and lasted until the first 2 h of the dark 
phase of the day, which is the time when LH surge is 
detected in rats and mice (Bronson & Vom Saal,  1979; 
Czieselsky et al.,  2016; McQuillan et al.,  2019; Ryan & 
Schwartz,  1980; Silveira et al.,  2017; Smith et al.,  1975; 
Wagenmaker & Moenter,  2017). The mice were distrib-
uted into three groups according to their estrous cycle 
phase. Representative examples of vaginal smears are 
shown in Figure  3a. No statistical differences were ob-
served in LH (Figure  3b) and FSH (Figure  3c) levels in 
mice on proestrus, compared with mice that had their 
blood collected on the afternoon of diestrus, regardless of 
whether they remained in diestrus or had cornification in 
the following day. When gonadotropin levels of the first 
cornification group were examined individually (n  =  8; 
the vaginal cytology of all mice was individually shown in 
Figure 4c), we noticed that only one female exhibited an 
increase in LH levels (Figure 4a), resembling the pattern 
expected of the LH surge (Czieselsky et al., 2016). The LH 
levels of other mice that also presented cornification re-
mained unaltered during the collection period. FSH levels 
were not increased in the mouse that exhibited LH surge, 
as compared with the remaining mice on the first day of 
cornification (Figure 4b).

F I G U R E  1   Circulating gonadotropin 
levels in gonad-intact and OVX mice. 
(a, b) LH and FSH levels were determined 
in blood samples that were obtained 
from the tail tip at 30-min intervals from 
C57BL/6 mice on diestrus (n = 5) and 
OVX mice (1 week after the surgery; 
n = 5) for 4 h. Blood collections started at 
13:00 (12-h light/dark cycle; lights on at 
8:00). Bar graphs represent the average 
values. **P < 0.01; ****P < 0.0001.
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3.4  |  A high percentage of C57BL/6 
females exhibits LH and FSH surge when 
using a single serum sample collected 
on the proestrus

Given the very low percentage of mice exhibiting LH 
surge in our previous experiment and the relatively 
limited information regarding the pattern of LH surge 
in gonad-intact mice, the following experiment was de-
signed to simultaneously determine whether the activa-
tion of key neuronal populations of the HPG axis reflects 
in increases in gonadotropin levels at the time of the LH 
surge. Thus, blood samples were collected in two sepa-
rate cohorts of regular cycling C57BL/6 females on the 
transition from the light to the dark phase to analyze LH 
and FSH levels. All mice perfused on diestrus showed 
low LH levels, indicating the absence of the LH surge 
(Table  1). In contrast, 15 out of 21 mice (71%) on the 
proestrus exhibited very high LH levels, suggesting that 
they were at the time of LH surge (Table 1). As a com-
parison, a group of OVX mice was also analyzed and LH 
levels of mice at the LH surge were almost 7 times higher 
compared with OVX animals (Table 1). FSH levels were 
also significantly increased at the time of LH surge, as 
compared with mice on diestrus (Table 1). However, in 
contrast to that observed in LH levels, FSH serum con-
centration of OVX mice was higher than the levels ob-
served in mice during the LH surge (Table 1). Regarding 

the mice perfused on proestrus but that did not show LH 
surge, one of them (#31) had high FSH levels despite a 
very low LH concentration (Table 1). Mice that exhibited 
LH surge had the uterus mass significantly increased, 
as compared with mice on diestrus (Table 1). Taken to-
gether, a high percentage of C57BL/6 females exhibited 
LH surge when using a single serum sample collected 
on the proestrus. Furthermore, FSH levels are also in-
creased at the time of the LH surge.

3.5  |  c-Fos expression in MPOGnRH and 
AVPVKisspeptin neurons during the LH surge 
in mice

MPOGnRH and AVPVKisspeptin neurons exhibit c-Fos 
expression at the time of LH surge in rats (Donato Jr. 
et al., 2009; Le et al., 1999; Lee et al., 1990). Thus, the 
co-localization between c-Fos and GnRH or Kisspeptin 
was analyzed in a subset of the mice euthanized on the 
transition from the light to the dark phase. No MPOGnRH 
neuron and only a very small percentage of AVPVKisspeptin 
neurons exhibited c-Fos expression in mice perfused on 
diestrus (Table 1 and Figure 5a,b). In contrast, all mice 
that exhibited high LH levels on proestrus, indicating 
the occurrence of LH surge (Table  1), showed a very 
high percentage of MPOGnRH neurons exhibiting c-Fos 
(83.4%; Table  1 and Figure  5c). c-Fos expression was 

F I G U R E  2   Effects of sample type 
on LH and FSH values. (a–d) correlation 
between the hormone levels in samples 
(n = 19) obtained from tail-tip (whole 
blood) from those collected in the right 
atrium (serum) before euthanasia. 
These samples were collected with a 
time difference of approximately 4 min. 
***P < 0.001.
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also consistently observed in AVPVKisspeptin neurons of 
mice that exhibited LH surge, although the percentage 
of co-localization was less (42.3%) than that observed 
in MPOGnRH neurons (Table  1 and Figure  5d). No dif-
ferences in the number of GnRH neurons were ob-
served between mice perfused on diestrus (15.7 ± 1.9 
cells/section) or on proestrus (14.3 ± 1.0 cells/section; 
p = 0.4679). In contrast, the number of kisspeptin neu-
rons was increased in the group of mice that exhib-
ited LH surge (24.9 ± 1.0 cells/section), compared with 
mice on diestrus (20.1 ± 0.6 cells/section; p  =  0.0035). 
Noteworthy, three mice perfused on proestrus but 
that exhibited low LH levels (Table  1; mice #30, #63, 
and #65) showed c-Fos expression in MPOGnRH and 
AVPVKisspeptin neurons, although in a lower percent-
age than that observed in mice that had the LH surge 
(Table  1 and Figure  5e,f). No statistically significant 
correlation between LH levels, FSH levels, uterus mass, 
% of MPOGnRH neurons expressing c-Fos, and % of 
AVPVKisspeptin neurons expressing c-Fos was observed 
in the mice that exhibited LH surge.

3.6  |  Gonadotropin secretion pattern 
along the estrous cycle of C57BL/6 
female mice

In the next experiment, blood samples were collected 
hourly in eight regular cycling C57BL/6 females during 
4 consecutive days. The LH and FSH levels in each hour, 
as well as the vaginal cytology obtained in the morning 
and the evening of each day were shown individually 
(Figures 6 and 7). Five out of eight mice exhibited a tran-
sition from diestrus to estrus during the analyzed period 
(Figures  6 and 7; the cornification was highlighted in 
blue in the pictures of the vaginal cytology). In none of 
these cases, we observed increases in LH levels resem-
bling the pattern of the LH surge. However, a peak in LH 
levels was observed approximately at the transition from 
the light to the dark phase in three mice (#5, #10, and 
#2; the LH peaks were indicated by asterisks; Figure 6). 
Interestingly, these mice also exhibited similar LH peaks 
nearby the beginning of the dark phases in the days fol-
lowing the cornification (these subsequent peaks are 

F I G U R E  3   LH and FSH levels at the 
transition from the light to the dark phase. 
(a) Representative examples of the vaginal 
cytology of each group were provided in 
the figure (vaginal smears were collected 
in the middle of the day). (b, c) blood 
collections at 30-min intervals started 2 h 
before lights out and lasted until the first 
2 h of the dark phase of the day in mice on 
diestrus on the day of collection and that 
continued on diestrus on the following 
day (black line; n = 12), mice on diestrus 
in the day of collection and that exhibited 
cornification in the following day (blue 
line; n = 8) and mice that presented 
cornification in the day of collection (the 
day before they were on diestrus; red line; 
n = 8).
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indicated by arrowheads in Figure 6). FSH levels showed 
a very irregular secretion pattern along the estrous cycle, 
without a noticeable increase at the time expected for the 
LH surge. Three mice (#9, #1 and #8) did not exhibit a 
transition from diestrus to estrus during the collection 
period, as observed in the vaginal cytology (Figure 7).

We compared the LH and FSH levels at the time we 
observed the LH peak of mice #5, #10, and #2 on the 
first day of cornification, with the gonadotropin levels 
observed at the same time of the other analyzed days 
(Figure  8a,b). Although no LH surge was observed in 
these mice, LH levels tended to be higher (p  =  0.0679) 

F I G U R E  4   Individual information of mice in the first cornification/proestrus (transition from diestrus to estrus). (a, b) noticed that only 
one out of eight mice exhibited increased LH levels, which is in accordance with the LH surge (red line). (c) the vaginal cytology of the mice 
that exhibited LH surge was highlighted in red. The vaginal cytology of the seven mice that did not exhibit LH surge was also individually 
shown. The vaginal smears were collected in the middle of the day.
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on the day of the first cornification (peaks indicated by 
asterisks in Figure  6), compared with the LH levels ob-
served on the other days analyzed, considering the same 
time of the day (Figure 8a). Regarding FSH, a significant 
increase (p < 0.05) was observed at the LH peak time, as 
compared with the other days (Figure 8b). Next, mean LH 
and FSH levels were compared between the light and dark 
phases of the day in the eight animals evaluated. No dif-
ferences in the LH and FSH levels were observed between 
the light and dark phases of the day (Figure 8c,d). Finally, 
mean LH levels were similar between the diestrus days 

and the cornification days, including proestrus and es-
trus (Figure 8e). However, FSH levels tended to be higher 
(p = 0.0765) on the days of cornification, compared with 
the days on diestrus (Figure 8f).

4   |   DISCUSSION

The present study aimed to describe the pattern of gon-
adotropin secretion and the activation of central compo-
nents of the HPG in gonad-intact C57BL/6 female mice, 

F I G U R E  5   Activation of MPOGnRH 
and AVPVKisspeptin neurons at the LH 
surge in regular cycling C57BL/6 female 
mice. (a, b), MPOGnRH and AVPVKisspeptin 
neurons (red staining) do not exhibit 
c-Fos expression (green staining) in mice 
on diestrus. Perfusion occurred during the 
transition from the light to the dark phase 
(20:30 ± 1 h; 12-h light/dark cycle; lights 
off at 20:00). (c, d) robust c-Fos expression 
in MPOGnRH and AVPVKisspeptin neurons in 
mice that exhibited the LH surge. These 
mice show cornification on the perfusion 
day (transition from diestrus to estrus) 
and they had high LH levels during the 
perfusion (see Table 1). Arrows indicate 
examples of double-labeled neurons. E-F, 
mice perfused on proestrus but that did 
not have LH surge showed co-localization 
of c-Fos in MPOGnRH and AVPVKisspeptin 
neurons (see Table 1). Scale bars = 100 μm 
(50 μm in the high magnification insets).
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F I G U R E  6   The pattern of LH and FSH secretion throughout the estrous cycle of C57BL/6 mice. LH (black line) and FSH (red line) 
levels were determined hourly through blood collections obtained from the tail tip. The estrous cycle was determined in the morning (in the 
first hour of the light phase) and in the evening (in the last hour of the light phase) during 4 consecutive days (12-h light/dark cycle; lights 
on at 8:00). The four mice described in the figure presented transition from diestrus to estrus during the experiment, which was highlighted 
in blue. The asterisks indicate potential elevations in LH levels at the time expected for the LH surge (transition from the light to the dark 
phase on the first day of cornification). The arrowheads indicate similar LH peaks in the following days.
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particularly during the LH surge. After confirming the ca-
pacity of our protocol to detect physiological increases in 
LH and FSH levels through serial blood collections from 
the tail tip using OVX mice, we investigated the changes 
in these hormones at the time expected for the LH surge. 

Surprisingly, only 1 out of 8 mice (12%) exhibited LH surge 
on the proestrus. Previous studies have already described 
the occurrence of LH surges in mice (Bronson & Vom 
Saal, 1979; Czieselsky et al., 2016; Ryan & Schwartz, 1980). 
However, two studies used male exposition to induce 

F I G U R E  7   The pattern of LH and FSH secretion along the estrous cycle in mice. LH (black line) and FSH (red line) levels were 
determined hourly through blood collections obtained from the tail tip. The estrous cycle was determined in the morning (in the first hour of 
the light phase) and in the evening (in the last hour of the light phase) during 4 consecutive days (12-h light/dark cycle; lights on at 8:00).
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or increase the changes of LH surge (Bronson & Vom 
Saal, 1979; Ryan & Schwartz, 1980), whereas in another 
study that did not expose the female mice to males, the 
authors observed that 63% of females exhibited LH surge 
in the proestrus day (Czieselsky et al., 2016). Additionally, 
the pattern of LH surge was very variable between the 
mice (Czieselsky et al.,  2016). Noteworthy, the pattern 
of the ovulatory LH surge is also extremely variable in 
women (Park et al., 2007). Taken together, a regular es-
trous cyclicity and a clear confirmation of the first corni-
fication in the vaginal smears are not a guarantee that the 
LH surge can be observed in mice.

Some aspects may have contributed to the low per-
centage of mice exhibiting LH surge in our experiment. 
First, our mice are exclusively housed in ventilated racks 
equipped with HEPA filters, so the female's exposure to 
male cues, like pheromones, is minimal. Thus, although 
mice do not require copulation or male exposure to trigger 
the ovulatory LH surge, previous studies indicate that male 
exposure can facilitate this event (Ryan & Schwartz, 1980). 
Accordingly, a former study that observed LH surge in 
male-exposed female mice on proestrus did not find in-
creased LH levels in the absence of male exposure (Ryan 
& Schwartz,  1980). Additionally, mating increases the 
percentage of MPOGnRH neurons expressing c-Fos in OVX 
mice treated with estradiol to induce the LH surge (Wu 
et al., 1992). Therefore, some level of male exposure should 

be considered in experiments wishing to study LH surge 
in gonad-intact mice. The second factor that may be taken 
into consideration is the stress involved in serial blood col-
lections. Although all mice were extensively adapted to the 
procedure of tail-tip blood collection, we cannot discard 
that repeated blood sampling may have blocked the induc-
tion of the LH surge. Although chronic or acute stress does 
not disrupt the estrous cyclicity in female mice, 5 h of ex-
posure to psychosocial stress on midmorning of proestrus 
blunted the LH surge in 14 out of 24 mice on proestrus 
(58%), while the remaining mice (10 out of 24; 42%) still 
exhibited LH surge with similar amplitude to nonstress 
controls (Wagenmaker & Moenter,  2017). Considering 
that the blood collection in our study started 2 h before 
the beginning of the LH surge and the stress induced by 
this procedure is likely significantly lower than the pro-
tocol previously tested (Wagenmaker & Moenter,  2017), 
we believe that the low occurrence of LH surge in our 
experiment cannot be explained by the blood collection 
procedure. However, it is desired that future studies may 
determine glucocorticoid levels in experiments involving 
serial blood collections to measure LH surge. Finally, the 
sensitivity of our assays to detect changes in LH and FSH 
levels from the whole blood collected from the tail-tip is 
probably lower than that obtained from serum/plasma 
samples. In the paper that described the development 
of a highly sensitive ELISA to measure circulating FSH 

F I G U R E  8   Analysis of the pattern 
of LH and FSH secretion throughout 
the estrous cycle of C57BL/6 mice. (a, b) 
differences in mean LH and FSH levels 
at the time the LH peak was detected, 
in comparison with similar times in 
the remaining days of the estrous cycle. 
Data from mice #2, #5, and #10. (c, d) 
differences in mean LH and FSH levels 
between the light and dark phase of the 
day. Data from mice #1, #2, #3, #5, #7, #8, 
#9, and #10. (e, f) differences in mean LH 
and FSH levels between the diestrus and 
the cornification days (including proestrus 
and estrus). Data from mice #2, #3, #5, #7, 
and #10. *P < 0.05.
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levels in mice, the authors reported decreased sensitivity 
of the assay to detect variations in FSH levels using tail-tip 
blood samples (Ongaro et al.,  2021). Therefore, the lack 
of a significant increase in FSH levels in the mouse that 
exhibited the LH surge may be related to this lower sen-
sitivity of the assay in detecting FSH from tail-tip blood 
samples. This limitation has not been reported for the LH 
assay (Czieselsky et al., 2016). In the current study, we ob-
served a strong correlation between the hormone levels 
in samples from the tail tip (whole blood) or the atrium 
(serum). However, the absolute values were significantly 
lower in the whole blood tail-tip samples compared with 
serum samples from the atrium, even though we used the 
same dilution (20×) in the ELISA. This result explains the 
differences in LH levels when the LH surge were analyzed 
by serial blood collections from the tail tip or a single col-
lection from the atrium. In addition, these lower values in 
serial collections can make it difficult to identify the pre-
ovulatory peaks.

Classical studies using female rats or ewes have shown 
that the ovulatory LH surge is preceded by the activation of 
MPOGnRH and AVPVKisspeptin neurons (Hoffman et al., 2011; 
Le et al., 1999; Lee et al., 1990; Merkley et al., 2012; Moenter 
et al., 1993; Smith et al., 2009). Although the c-Fos expres-
sion in MPOGnRH and AVPVKisspeptin neurons has been 
described in female mice, in the majority of the studies, 
LH surge was induced by sex steroid treatment in OVX 
mice (Clarkson et al., 2008; Dungan et al., 2007; Robertson 
et al., 2009; Wu et al., 1992). Thus, the activation pattern 
of MPOGnRH and AVPVKisspeptin neurons during the LH 
surge of gonad-intact mice has been less described. Here, 
we showed that a high percentage (>80%) of MPOGnRH 
neurons located around the organum vasculosum lamina 
terminalis exhibit c-Fos at the LH surge. This percentage 
is higher than that observed in female rats on proestrus 
or in estradiol-treated ewes (approximately 40%) (Donato 
Jr. et al., 2009; Lee et al., 1990; Moenter et al., 1993). To 
our knowledge, only Zhang et al.  (2014) assessed c-Fos 
expression in MPOGnRH neurons in gonad-intact mice 
on proestrus and they observed 66% of co-localization, 
which is in accordance with our data demonstrating a 
higher percentage of MPOGnRH neurons expressing c-Fos 
in mice, as compared with other species. It is well-known 
that AVPVKisspeptin neurons are required for estrogen 
positive feedback (Christian & Moenter,  2010; Clarkson 
et al., 2008; Mohr et al., 2021; Robertson et al., 2009). We 
found that approximately 42% of AVPVKisspeptin neurons 
exhibit c-Fos during the LH surge in gonad-intact mice. 
Another study observed that 25% of AVPVKisspeptin neu-
rons exhibited c-Fos in regular cycling mice on proestrus 
(Zhang et al.,  2014). Noteworthy, while the percentage 
of MPOGnRH neurons exhibiting c-Fos at the LH surge 
was consistently high in all mice (range: 67.5%–97.3%), 

a greater variability was observed in the percentage of 
AVPVKisspeptin neurons exhibiting c-Fos (range: 19.0%–
69.7%). The reasons for this variability are unknown since 
no significant correlation was observed between c-Fos ex-
pression with serum LH and FSH levels or uterus mass. As 
observed in rats or ewes (Le et al., 1999; Lee et al., 1990; 
Moenter et al., 1993), virtually no c-Fos expression was ob-
served in MPOGnRH and AVPVKisspeptin neurons of mice on 
diestrus. Noteworthy, from four mice that were perfused 
on the proestrus but showed low LH levels, mice #30, #63, 
and #65 exhibited evident expression of c-Fos in MPOGnRH 
and AVPVKisspeptin neurons, even though in a lower per-
centage than that observed in mice that had the LH surge. 
Thus, it is possible that the estrogen positive feedback 
did not reach a threshold level sufficient to induce the 
LH surge in these animals. More studies are necessary to 
determine whether this is a common phenomenon in fe-
male mice, possibly explaining the frequent absence of LH 
surges in regular cycling mice, as observed in our study.

In our last experiment, blood samples were collected 
hourly in eight regular cycling C57BL/6 females during 4 
consecutive days to determine LH and FSH levels. Five fe-
males exhibited a transition from diestrus to estrus along 
the collection period, but none of them had a surge-like 
increase in LH and FSH levels at the expected time for 
the LH surge. However, a small peak in LH levels was ob-
served in three mice (#5, #10 and #2) close to the transi-
tion to the dark phase of the day. When LH and FSH levels 
were analyzed during this period and compared with the 
levels found at the same time of the other days, we could 
observe a tendency toward an increase in LH and FSH lev-
els. However, similar increases in LH levels were observed 
in other moments of the estrous cycle, which makes it 
difficult to clearly determine whether we detected only 
random variations of the secretion of gonadotropins 
or the expected surges in the afternoon of proestrus. 
Interestingly, similar elevations in LH levels were ob-
served at the transition from the light to dark phase in the 
days following proestrus. Although speculative, it is possi-
ble that the mechanisms that induce the LH surge in these 
animals reached a subthreshold level. Thus, the failure in 
presenting a “full LH surge” and possibly ovulation may 
have triggered additional attempts in the following days. 
Estradiol treatment in OVX rats can induce successive LH 
surges (Caligaris et al., 1971; Legan et al., 1975; Legan & 
Karsch, 1975). Whether the successive LH peaks observed 
in our study have any similarity to the mechanisms associ-
ated with the repeated estradiol-induced LH peaks in OVX 
rats is unknown.

Estradiol-induced LH surge in OVX mice exhibits a 
lower amplitude than the levels reached in gonad-intact 
female mice on proestrus (Czieselsky et al., 2016; Silveira 
et al., 2017). Interestingly, mean GnRH neuron firing rate 
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was similarly increased in proestrus and OVX + estradiol 
mice, although some differences in the pattern of ac-
tion potentials were observed between these conditions 
(Silveira et al.,  2017). This study provides evidence that 
differences in the activation pattern of the central com-
ponents of the HPG axis may produce LH surges with 
different amplitudes (Silveira et al.,  2017). Therefore, it 
would be interesting that the activity of MPOGnRH and 
AVPVKisspeptin neurons may be compared between gonad-
intact female mice that exhibited a “full LH surge” with 
those that showed smaller peaks.

Taking advantage of the continuous blood collection 
throughout the day, we were able to compare the mean LH 
and FSH levels between the dark and light phases of the 
day. Interestingly, we did not observe significant circadian 
differences in the mean levels of these hormones. It is 
worth mentioning that our experiment was not designed 
to measure LH (and FSH) pulses. Such an experiment 
would require more frequent blood collections (e.g., 5- to 
10-min intervals) (Czieselsky et al., 2016) than the hourly 
assessment performed here. We also compared mean LH 
and FSH levels in different phases of the estrous cycle. In 
accordance with a previous study that assessed LH levels 
at 10 min intervals for 2 h (Czieselsky et al., 2016), we ob-
served similar mean LH levels between the diestrus (in-
cluding metestrus) and cornification (both proestrus and 
estrus). However, a tendency toward an increase in mean 
FSH levels was observed in mice during cornification, as 
compared with diestrus. Although no peak in FSH levels 
was observed on the first day of cornification (proestrus), 
our findings are in accordance with data in rats that show 
higher FSH levels in the proestrus and on the first day of 
estrus (Smith et al., 1975).

In summary, our study exposed several challenges in 
working with gonad-intact mice to evaluate the pattern 
of the HPG axis, especially during the LH surge. We ob-
served that LH surge is often not observed in regular cy-
cling C75BL/6 mice. As a result of this difficulty, many 
researchers prefer to study OVX females treated with es-
trogen to investigate aspects related to the LH surge. At 
least using a single blood collection, we confirmed that 
FSH levels are also increased at the time of the LH surge 
(Ongaro et al., 2021). In addition, we found a higher per-
centage of MPOGnRH neurons expressing c-Fos during 
the LH surge in mice, as compared with other species. 
Conversely, the percentage of AVPVKisspeptin neurons ex-
pressing c-Fos during the LH surge in mice is compatible 
with the values found in rats. Finally, we found evidence 
that in some cases in which a full LH surge is not observed, 
the HPG axis is somewhat activated, either through a 
small percentage of c-Fos expression in MPOGnRH and 
AVPVKisspeptin neurons or via a small peak in LH levels. 
Thus, it is possible that sometimes gonad-intact mice may 

present a subliminal activation of the HPG at the time ex-
pected for the LH surge. To our best knowledge, this phe-
nomenon has not been described in rats and may help to 
explain the irregular occurrence of LH surges in gonad-
intact mice. Taken together, the findings described in our 
study will help future studies aiming to investigate the 
HPG axis and the LH surge in gonad-intact mice.

AUTHORS'  CONTRIBUTION
Daniela O Gusmao did formal analysis and investigation. 
Henrique R Vieira, Naira S Mansano, Mariana R Tavares, 
Ligia MM de Sousa, and Frederick Wasinski did investi-
gation. Renata Frazao contributed to conceptualization, 
methodology, and funding acquisition. Jose Donato Jr 
contributed to conceptualization, data Curation, writ-
ing –original draft, project administration, and funding 
acquisition.

ACKNOWLEDGMENTS
We thank Ana M.P. Campos for the technical assistance 
and Prof. Carol F. Elias (University of Michigan) and 
Prof. Raphael E. Szawka (Universidade Federal de Minas 
Gerais) for the thoughtful discussion about our data. 
This work was supported by the Fundação de Amparo 
à Pesquisa do Estado de São Paulo (FAPESP-Brazil; 
2016/20897-3 to F.W., 2019/21707-1 to R.F., 2017/22189-9 
to N.S.M., 2020/10102-9 to MRT, 2020/01318-8 to J.D.J. 
and 2021/03316-5 to D.O.G.) and Coordenação de 
Aperfeiçoamento de Pessoal de Nível Superior - Brasil 
(CAPES) - Finance Code 001.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 
request.

ORCID
Renata Frazao   https://orcid.org/0000-0002-0877-8453 
Jose Donato Jr   https://orcid.org/0000-0002-4166-7608 

REFERENCES
Bertolin, K., & Murphy, B. D. (2014). 7 - reproductive tract changes 

during the mouse estrous cycle. In B. A. Croy, A. T. Yamada, F. 
J. Demayo, & S. L. Adamson (Eds.), The guide to investigation of 
mouse pregnancy. Academic Press.

Bronson, F. H., & Vom Saal, F. S. (1979). Control of the preovula-
tory release of luteinizing hormone by steroids in the mouse. 
Endocrinology, 104, 1247–1255. https://doi.org/10.1210/
endo-104-5-1247

Brown, R. S. E., Khant Aung, Z., Phillipps, H. R., Barad, Z., Lein, 
H. J., Boehm, U., Szawka, R. E., & Grattan, D. R. (2019). Acute 

https://orcid.org/0000-0002-0877-8453
https://orcid.org/0000-0002-0877-8453
https://orcid.org/0000-0002-4166-7608
https://orcid.org/0000-0002-4166-7608
https://doi.org/10.1210/endo-104-5-1247
https://doi.org/10.1210/endo-104-5-1247


      |  17 of 18GUSMAO et al.

suppression of LH secretion by prolactin in female mice is 
mediated by Kisspeptin neurons in the arcuate nucleus. 
Endocrinology, 160, 1323–1332. https://doi.org/10.1210/
en.2019-00038

Byers, S. L., Wiles, M. V., Dunn, S. L., & Taft, R. A. (2012). Mouse es-
trous cycle identification tool and images. PLoS One, 7, e35538. 
https://doi.org/10.1371/journ​al.pone.0035538

Caligaris, L., Astrada, J. J., & Taleisnik, S. (1971). Release of luteiniz-
ing hormone induced by estrogen injection into ovariectomized 
rats. Endocrinology, 88, 810–815. https://doi.org/10.1210/
endo-88-4-810

Campos, A. M. P., Teixeira, P. D., Wasinski, F., Klein, M. O., 
Bittencourt, J. C., Metzger, M., & Donato, J. J. (2020). Differences 
between rats and mice in the leptin action on the paraventric-
ular nucleus of the hypothalamus: Implications for the reg-
ulation of the hypothalamic-pituitary-thyroid axis. Journal 
of Neuroendocrinology, 9, e12895. https://doi.org/10.1111/
jne.12895

Campos, A. M. P., Wasinski, F., Klein, M. O., Bittencourt, J. C., 
Metzger, M., & Donato, J., Jr. (2021). Fasting reduces the 
number of TRH immunoreactive neurons in the hypotha-
lamic paraventricular nucleus of male rats, but not in mice. 
Neuroscience Letters, 752, 135832. https://doi.org/10.1016/j.
neulet.2021.135832

Chaves, F. M., Wasinski, F., Tavares, M. R., Mansano, N. S., Frazao, 
R., Gusmao, D. O., Quaresma, P. G. F., Pedroso, J. A. B., Elias, 
C. F., List, E. O., Kopchick, J. J., Szawka, R. E., & Donato, J. 
(2022). Effects of the isolated and combined ablation of 
growth hormone and IGF-1 receptors in somatostatin neurons. 
Endocrinology, 163, bqac045. https://doi.org/10.1210/endoc​r/
bqac045

Christian, C. A., & Moenter, S. M. (2010). The neurobiology of 
preovulatory and estradiol-induced gonadotropin-releasing 
hormone surges. Endocrine Reviews, 31, 544–577. https://doi.
org/10.1210/er.2009-0023

Clarkson, J., D'anglemont De Tassigny, X., Moreno, A. S., Colledge, 
W. H., & Herbison, A. E. (2008). Kisspeptin-GPR54 signaling 
is essential for preovulatory gonadotropin-releasing hormone 
neuron activation and the luteinizing hormone surge. The 
Journal of Neuroscience, 28, 8691–8697. https://doi.org/10.1523/
jneur​osci.1775-08.2008

Czieselsky, K., Prescott, M., Porteous, R., Campos, P., Clarkson, J., 
Steyn, F. J., Campbell, R. E., & Herbison, A. E. (2016). Pulse and 
surge profiles of luteinizing hormone secretion in the mouse. 
Endocrinology, 157, 4794–4802. https://doi.org/10.1210/
en.2016-1351

Da Silva, R. P., Zampieri, T. T., Pedroso, J. A., Nagaishi, V. S., Ramos-
Lobo, A. M., Furigo, I. C., Camara, N. O., Frazao, R., & Donato, 
J., Jr. (2014). Leptin resistance is not the primary cause of weight 
gain associated with reduced sex hormone levels in female 
mice. Endocrinology, 155, 4226–4236. https://doi.org/10.1210/
en.2014-1276

De Paula, D. G., Bohlen, T. M., Zampieri, T. T., Mansano, N. S., Vieira, 
H. R., Gusmao, D. O., Wasinski, F., Donato, J., Jr., & Frazao, R. 
(2021). Distinct effects of growth hormone deficiency and dis-
ruption of hypothalamic kisspeptin system on reproduction of 
male mice. Life Sciences, 285, 119970. https://doi.org/10.1016/j.
lfs.2021.119970

Donato, J., Jr., Silva, R. J., Sita, L. V., Lee, S., Lee, C., Lacchini, S., 
Bittencourt, J. C., Franci, C. R., Canteras, N. S., & Elias, C. F. 

(2009). The ventral premammillary nucleus links fasting-
induced changes in leptin levels and coordinated luteinizing 
hormone secretion. The Journal of Neuroscience, 29, 5240–5250. 
https://doi.org/10.1523/Jneur​osci.0405-09.2009

Dos Santos, W. O., Wasinski, F., Tavares, M. R., Campos, A. M. P., 
Elias, C. F., List, E. O., Kopchick, J. J., Szawka, R. E., & Donato, 
J. (2022). Ablation of growth hormone receptor in GABAergic 
neurons leads to increased pulsatile growth hormone secretion. 
Endocrinology, 163, bqac103. https://doi.org/10.1210/endoc​r/
bqac103

Dungan, H. M., Gottsch, M. L., Zeng, H., Gragerov, A., Bergmann, 
J. E., Vassilatis, D. K., Clifton, D. K., & Steiner, R. A. (2007). 
The role of kisspeptin-GPR54 signaling in the tonic regulation 
and surge release of gonadotropin-releasing hormone/lutein-
izing hormone. The Journal of Neuroscience, 27, 12088–12095. 
https://doi.org/10.1523/Jneur​osci.2748-07.2007

Goodman, R. L., Herbison, A. E., Lehman, M. N., & Navarro, V. 
M. (2022). Neuroendocrine control of gonadotropin-releasing 
hormone: Pulsatile and surge modes of secretion. Journal 
of Neuroendocrinology, 34, e13094. https://doi.org/10.1111/
jne.13094

Herbison, A. E. (2020). A simple model of estrous cycle negative 
and positive feedback regulation of GnRH secretion. Frontiers 
in Neuroendocrinology, 57, 100837. https://doi.org/10.1016/j.
yfrne.2020.100837

Hoffman, G. E., Le, W. W., Franceschini, I., Caraty, A., & Advis, J. 
P. (2011). Expression of fos and in vivo median eminence re-
lease of LHRH identifies an active role for preoptic area kis-
speptin neurons in synchronized surges of LH and LHRH in 
the ewe. Endocrinology, 152, 214–222. https://doi.org/10.1210/
en.2010-0066

Le, W. W., Berghorn, K. A., Rassnick, S., & Hoffman, G. E. (1999). 
Periventricular preoptic area neurons coactivated with lutein-
izing hormone (LH)-releasing hormone (LHRH) neurons at the 
time of the LH surge are LHRH afferents. Endocrinology, 140, 
510–519. https://doi.org/10.1210/endo.140.1.6403

Lee, W. S., Smith, M. S., & Hoffman, G. E. (1990). Luteinizing 
hormone-releasing hormone neurons express Fos pro-
tein during the proestrous surge of luteinizing hormone. 
Proceedings of the National Academy of Sciences of the United 
States of America, 87, 5163–5167. https://doi.org/10.1073/
pnas.87.13.5163

Legan, S. J., Coon, G. A., & Karsch, F. J. (1975). Role of estrogen 
as initiator of daily LH surges in the ovariectomized rat. 
Endocrinology, 96, 50–56. https://doi.org/10.1210/endo-96-1-50

Legan, S. J., & Karsch, F. J. (1975). A daily signal for the LH surge 
in the rat. Endocrinology, 96, 57–62. https://doi.org/10.1210/
endo-96-1-57

McQuillan, H. J., Han, S. Y., Cheong, I., & Herbison, A. E. (2019). 
GnRH pulse generator activity across the estrous cycle of female 
mice. Endocrinology, 160, 1480–1491. https://doi.org/10.1210/
en.2019-00193

Merkley, C. M., Porter, K. L., Coolen, L. M., Hileman, S. M., Billings, 
H. J., Drews, S., Goodman, R. L., & Lehman, M. N. (2012). 
KNDy (kisspeptin/neurokinin B/dynorphin) neurons are acti-
vated during both pulsatile and surge secretion of LH in the 
ewe. Endocrinology, 153, 5406–5414. https://doi.org/10.1210/
en.2012-1357

Moenter, S. M., Karsch, F. J., & Lehman, M. N. (1993). Fos expression 
during the estradiol-induced gonadotropin-releasing hormone 

https://doi.org/10.1210/en.2019-00038
https://doi.org/10.1210/en.2019-00038
https://doi.org/10.1371/journal.pone.0035538
https://doi.org/10.1210/endo-88-4-810
https://doi.org/10.1210/endo-88-4-810
https://doi.org/10.1111/jne.12895
https://doi.org/10.1111/jne.12895
https://doi.org/10.1016/j.neulet.2021.135832
https://doi.org/10.1016/j.neulet.2021.135832
https://doi.org/10.1210/endocr/bqac045
https://doi.org/10.1210/endocr/bqac045
https://doi.org/10.1210/er.2009-0023
https://doi.org/10.1210/er.2009-0023
https://doi.org/10.1523/jneurosci.1775-08.2008
https://doi.org/10.1523/jneurosci.1775-08.2008
https://doi.org/10.1210/en.2016-1351
https://doi.org/10.1210/en.2016-1351
https://doi.org/10.1210/en.2014-1276
https://doi.org/10.1210/en.2014-1276
https://doi.org/10.1016/j.lfs.2021.119970
https://doi.org/10.1016/j.lfs.2021.119970
https://doi.org/10.1523/Jneurosci.0405-09.2009
https://doi.org/10.1210/endocr/bqac103
https://doi.org/10.1210/endocr/bqac103
https://doi.org/10.1523/Jneurosci.2748-07.2007
https://doi.org/10.1111/jne.13094
https://doi.org/10.1111/jne.13094
https://doi.org/10.1016/j.yfrne.2020.100837
https://doi.org/10.1016/j.yfrne.2020.100837
https://doi.org/10.1210/en.2010-0066
https://doi.org/10.1210/en.2010-0066
https://doi.org/10.1210/endo.140.1.6403
https://doi.org/10.1073/pnas.87.13.5163
https://doi.org/10.1073/pnas.87.13.5163
https://doi.org/10.1210/endo-96-1-50
https://doi.org/10.1210/endo-96-1-57
https://doi.org/10.1210/endo-96-1-57
https://doi.org/10.1210/en.2019-00193
https://doi.org/10.1210/en.2019-00193
https://doi.org/10.1210/en.2012-1357
https://doi.org/10.1210/en.2012-1357


18 of 18  |      GUSMAO et al.

(GnRH) surge of the ewe: Induction in GnRH and other neu-
rons. Endocrinology, 133, 896–903. https://doi.org/10.1210/
endo.133.2.8344224

Mohr, M. A., Esparza, L. A., Steffen, P., Micevych, P. E., & Kauffman, 
A. S. (2021). Progesterone receptors in AVPV Kisspeptin neu-
rons are sufficient for positive feedback induction of the LH 
surge. Endocrinology, 162, bqab161. https://doi.org/10.1210/
endoc​r/bqab161

Ongaro, L., Alonso, C. A. I., Zhou, X., Brule, E., Li, Y., Schang, G., 
Parlow, A. F., Steyn, F., & Bernard, D. J. (2021). Development 
of a highly sensitive ELISA for measurement of FSH in serum, 
plasma, and whole blood in mice. Endocrinology, 162, bqab014. 
https://doi.org/10.1210/endoc​r/bqab014

Park, S. J., Goldsmith, L. T., Skurnick, J. H., Wojtczuk, A., & Weiss, 
G. (2007). Characteristics of the urinary luteinizing hormone 
surge in young ovulatory women. Fertility and Sterility, 88, 684–
690. https://doi.org/10.1016/j.fertn​stert.2007.01.045

Quaresma, P. G. F., Wasinski, F., Mansano, N. S., Furigo, I. C., Teixeira, 
P. D. S., Gusmao, D. O., Frazao, R., & Donato, J. (2021). Leptin 
receptor expression in GABAergic cells is not sufficient to nor-
malize metabolism and reproduction in mice. Endocrinology, 
162, bqab168. https://doi.org/10.1210/endoc​r/bqab168

Robertson, J. L., Clifton, D. K., De La Iglesia, H. O., Steiner, R. A., 
& Kauffman, A. S. (2009). Circadian regulation of Kiss1 neu-
rons: Implications for timing the preovulatory gonadotropin-
releasing hormone/luteinizing hormone surge. Endocrinology, 
150, 3664–3671. https://doi.org/10.1210/en.2009-0247

Ryan, K. D., & Schwartz, N. B. (1980). Changes in serum hormone 
levels associated with male-induced ovulation in group-housed 
adult female mice. Endocrinology, 106, 959–966. https://doi.
org/10.1210/endo-106-3-959

Silveira, M. A., Burger, L. L., Defazio, R. A., Wagenmaker, E. R., & 
Moenter, S. M. (2017). GnRH neuron activity and pituitary re-
sponse in estradiol-induced vs Proestrous luteinizing hormone 
surges in female mice. Endocrinology, 158, 356–366. https://doi.
org/10.1210/en.2016-1771

Smith, J. T., Li, Q., Pereira, A., & Clarke, I. J. (2009). Kisspeptin neu-
rons in the ovine arcuate nucleus and preoptic area are involved 
in the preovulatory luteinizing hormone surge. Endocrinology, 
150, 5530–5538. https://doi.org/10.1210/en.2009-0712

Smith, M. S., Freeman, M. E., & Neill, J. D. (1975). The control of 
progesterone secretion during the estrous cycle and early 
pseudopregnancy in the rat: Prolactin, gonadotropin and ste-
roid levels associated with rescue of the corpus luteum of 

pseudopregnancy. Endocrinology, 96, 219–226. https://doi.
org/10.1210/endo-96-1-219

Steyn, F. J., Huang, L., Ngo, S. T., Leong, J. W., Tan, H. Y., Xie, T. Y., 
Parlow, A. F., Veldhuis, J. D., Waters, M. J., & Chen, C. (2011). 
Development of a method for the determination of pulsatile 
growth hormone secretion in mice. Endocrinology, 152, 3165–
3171. https://doi.org/10.1210/en.2011-0253

Wagenmaker, E. R., & Moenter, S. M. (2017). Exposure to acute 
psychosocial stress disrupts the luteinizing hormone surge 
independent of estrous cycle alterations in female mice. 
Endocrinology, 158, 2593–2602. https://doi.org/10.1210/
en.2017-00341

Wasinski, F., Klein, M. O., Bittencourt, J. C., Metzger, M., & Donato, 
J., Jr. (2021). Distribution of growth hormone-responsive cells 
in the brain of rats and mice. Brain Research, 1751, 147189. 
https://doi.org/10.1016/j.brain​res.2020.147189

Wasinski, F., Pedroso, J. A. B., Dos Santos, W. O., Furigo, I. C., Garcia-
Galiano, D., Elias, C. F., List, E. O., Kopchick, J. J., Szawka, R. 
E., & Donato, J., Jr. (2020). Tyrosine hydroxylase neurons reg-
ulate growth hormone secretion via short-loop negative feed-
back. The Journal of Neuroscience, 40, 4309–4322. https://doi.
org/10.1523/Jneur​osci.2531-19.2020

Wu, T. J., Segal, A. Z., Miller, G. M., Gibson, M. J., & Silverman, 
A. J. (1992). FOS expression in gonadotropin-releasing hor-
mone neurons: Enhancement by steroid treatment and mat-
ing. Endocrinology, 131, 2045–2050. https://doi.org/10.1210/
endo.131.5.1425409

Zhang, J., Yang, L., Lin, N., Pan, X., Zhu, Y., & Chen, X. (2014). 
Aging-related changes in RP3V kisspeptin neurons predate the 
reduced activation of Gnrh neurons during the early reproduc-
tive decline in female mice. Neurobiology of Aging, 35, 655–668. 
https://doi.org/10.1016/j.neuro​biola​ging.2013.08.038

How to cite this article: Gusmao, D. O., Vieira, 
H. R., Mansano, N. S., Tavares, M. R., de Sousa, L. 
M. M., Wasinski, F., Frazao, R., & Donato, J. (2022). 
Pattern of gonadotropin secretion along the estrous 
cycle of C57BL/6 female mice. Physiological 
Reports, 10, e15460. https://doi.org/10.14814/​
phy2.15460

https://doi.org/10.1210/endo.133.2.8344224
https://doi.org/10.1210/endo.133.2.8344224
https://doi.org/10.1210/endocr/bqab161
https://doi.org/10.1210/endocr/bqab161
https://doi.org/10.1210/endocr/bqab014
https://doi.org/10.1016/j.fertnstert.2007.01.045
https://doi.org/10.1210/endocr/bqab168
https://doi.org/10.1210/en.2009-0247
https://doi.org/10.1210/endo-106-3-959
https://doi.org/10.1210/endo-106-3-959
https://doi.org/10.1210/en.2016-1771
https://doi.org/10.1210/en.2016-1771
https://doi.org/10.1210/en.2009-0712
https://doi.org/10.1210/endo-96-1-219
https://doi.org/10.1210/endo-96-1-219
https://doi.org/10.1210/en.2011-0253
https://doi.org/10.1210/en.2017-00341
https://doi.org/10.1210/en.2017-00341
https://doi.org/10.1016/j.brainres.2020.147189
https://doi.org/10.1523/Jneurosci.2531-19.2020
https://doi.org/10.1523/Jneurosci.2531-19.2020
https://doi.org/10.1210/endo.131.5.1425409
https://doi.org/10.1210/endo.131.5.1425409
https://doi.org/10.1016/j.neurobiolaging.2013.08.038
https://doi.org/10.14814/phy2.15460
https://doi.org/10.14814/phy2.15460

	Pattern of gonadotropin secretion along the estrous cycle of C57BL/6 female mice
	Abstract
	1|INTRODUCTION
	2|MATERIAL AND METHODS
	2.1|Animals
	2.2|Serial blood collection in gonad-­intact and ovariectomized mice
	2.3|Serial blood collection at the transition from the light to the dark phase to detect the LH surge
	2.4|Detection of the LH and FSH surges on proestrus using a single serum sample
	2.5|Evaluation of the pattern of gonadotropin secretion along the estrous cycle of C57BL/6 female mice
	2.6|Hormone assessment
	2.7|Immunofluorescence staining
	2.8|Image analysis
	2.9|Statistical analysis

	3|RESULTS
	3.1|OVX-­induced increases in gonadotropin levels can be detected using small volumes of serially collected blood from the tail tip
	3.2|Effects of sample type on LH and FSH values
	3.3|LH surge is not consistently detected on the first day of cornification in regular cycling C57BL/6 female mice
	3.4|A high percentage of C57BL/6 females exhibits LH and FSH surge when using a single serum sample collected on the proestrus
	3.5|c-­Fos expression in MPOGnRH and AVPVKisspeptin neurons during the LH surge in mice
	3.6|Gonadotropin secretion pattern along the estrous cycle of C57BL/6 female mice

	4|DISCUSSION
	AUTHORS' CONTRIBUTION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


