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Abstract OBJECTIVE: Oxytocin (OXT) could facilitate preovulatory luteinizing hormone 
surge in animals and humans while brain OXT production depends on glial fibril-
lary acidic protein (GFAP)-associated astrocytic plasticity. Here, we examined if 
GFAP expressions in OXT-producing hypothalamic supraoptic nucleus (SON) 
correlate to special estrous stages. 
METHODS: 38 adult female rats were classified into diestrus, proestrus, estrus, 
and metestrus groups determined by vaginal smear. Rats were decapitated and 
the SON was dissected for detecting Fos and GFAP levels by Western Blot and 
immunohistochemistry. 
RESULTS: The result showed that Fos expression was significantly high at pro-
estrus compared to other stages in Western blotting. No significant difference in 
total GFAP expression was observed between rats at different stages of the estrous 
cycle; however, at proestrus GFAP level at the dorsolateral portion of the SON (a 
region filled with OXT neurons) was significantly lower than that at the ventro-
medial portion in immunohistochemistry. 
CONCLUSION: There is a functional correlation between supraoptic neuron 
activity and proestrous OXT peak during estrous cycle; it is likely that a plastic 
change in GFAP expression in astrocytes selectively occurs around OXT neurons 
at proestrus and facilitates OXT release.

 
Abbreviations:
GFAP - Glial fibrillary acidic protein
GnRH - gonadotropin-releasing hormone
IHC - immunohistochemistry
LH - luteinizing hormone
OXT - oxytocin
PVN - paraventricular nucleus
SON - supraoptic nucleus
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INTRODUCTION
The estrus cycle is critically regulated by periodic gonad-
otropin-releasing hormone (GnRH) secretion from the 
medial basal hypothalamus in vertebrates. This regula-
tory effect of GnRH is mainly through two pituitary 
hormones, luteinizing hormone (LH) and follicle stim-
ulating hormone (FSH) (Plant 2015). The GnRH pulse 
generator is under the influence of multiple neural, hor-
monal and environmental inputs to the hypothalamus 
(Maggi et al. 2015). Among them, OXT is apparently 
involved in the follicle development and ovulation. 

Experimental evidence suggests that the effect of 
OXT on reproduction can be achieved via gonadotropin 
release from the anterior pituitary. OXT was present in 
the portal blood of rats at high concentration (Eckland 
et al. 1988) and administration of OXT in adult female 
rats during early proestrus advances the spontaneous 
LH surge and markedly increases peripheral LH levels 
through activation of OXT receptor on the anterior pitu-
itary cells (Evans et al. 1989; Evans & Catt 1989). The 
anterior pituitary which was pre-exposed to OXT had 
an increased LH response to GnRH (Evans et al. 1995). 
Moreover, OXT can act on the hypothalamus to increase 
GnRH release (Selvage et al. 2001; Evans et al. 2012). 
Interestingly, the raised levels of OXT in portal blood 
occur specifically at proestrus (Sarkar et al. 1984). Thus, 
clarification of the regulatory mechanisms underlying 
proestrus OXT secretion is particularly meaningful for 
understandings of the neuroendocrine control of the 
ovulation through the hypothalamic pituitary-ovary axis. 

Brain OXT is synthesized in OXT neurons in the 
supraoptic (SON) and paraventricular (PVN) nuclei 
of the hypothalamus and released into blood from the 
posterior pituitary during ovulatory cycle (Amico et al. 
1981; Mitchell et al. 1981; Kumaresan et al. 1983) and 
into the brain from somatodendritic sites (Neumann 
2007). The activity of OXT neurons is modulated by 
their adjacent astrocytes. In the SON, changes in astro-
cyte morphology and function can dramatically alter 
OXT neuronal activity (Wang & Hatton 2009). In this 
process, glial fibrillary acidic protein (GFAP) in astro-
cytes plays a critical role (Wang & Zhu 2014). Reduction 
of GFAP filament or retraction of astrocyte processes 
can increase OXT neuron excitability in the SON 
(Hatton 1997). It is likely that the proestrus increase 
in OXT release results from a retraction of astrocytic 
processes in the SON. However, experimental evi-
dence is not available yet. To obtain such evidence, we 
detected GFAP level of the SON in female cycling rats. 
The results suggest a possible involvement of astrocytic 
plasticity in the SON in proestrus OXT secretion. 

MATERIAL & METHODS
All procedures in the animal experiments were in 
accordance with the Guidelines on the Use and Care of 
Laboratory Animals set by National Institutes of Health 

and approved by the Institutional Animal Care and Use 
Committee of Harbin Medical University.

Thirty-eight healthy adult female Sprague-Dawley 
rats   were used for this study. The stages of their estrous 
cycle, i.e., diestrus, proestrus, estrus, and metestrus, 
were identified through vaginal smear (Figure 1A). Rats 
with a clear stage were decapitated in the afternoon; 
brains were quickly removed and placed in an ice-cold 
oxygenated, artificial cerebrospinal fluid for ~1 min. 

The methods for immunohistochemistry (IHC) and 
Western blot referred to those that were described previ-
ously (Wang et al. 2007). The primary antibody include 
polyclonal rabbit antibody against Fos (sc-7202, 1:250) 
monoclonal mouse antibody against GFAP (sc-33673, 
1:250) and polyclonal goat antibody against OXT-neu-
rophysin (SC-7810, 1:400). Immunostained sections 
were examined with a Fluorescence microscope (Eclipse 
FN1, Nikon) through a CCD camera (DS Ri2, Nikon).

For Western blot, the methods were also described 
recently with details (Wang et al. 2013b; Wang et al. 
2013a). Monoclonal mouse antibody against β-Actin 
(sc-47778, 1:250) was used as loading control and was 
the product of Santa Cruz Biotechnology (Shanghai) 
Co., Ltd. 

All measures were expressed as means ± SE relative 
to no-secondary control in IHC and to β-actin loading 
controls in Western blot and as arbitrary units of the 
diestrus. Comparisons between groups were performed 
by using One-Way ANOVA analysis or paired t-test of 
the SPSS 17 software. The significance level was set at 
p<0.05. 

RESULTS
Among 38 virgin females, 10 rats were in diestrus, 10 in 
proestrus, 9 in estrus and 9 in metestrus. Fos expression 
together with GFAP at rats of different stages was exam-
ined first in IHC in our preliminary study to determine 
if cellular activity in the SON is correlated with the pro-
estrus OXT peak. The result showed that Fos expression 
was dramatically high at proestrus, which was accom-
panied with a dramatic reduction of GFAP, compared to 
other stages (Figure 1B). This finding is consistent with 
previously reported OXT peaks at the proestrus (Evans 
et al. 2003; Salonia et al. 2005; Moscovice & Ziegler 
2012). However, the low power of initial imaging study 
did not allow us to quantitate these changes accurately. 
Thus, we performed Western blots with SON specimens 
from four rats in each stage. As shown in Figure 1C, Fos 
protein levels were significantly higher in the proestrus 
than that in other stages (p<0.05 by one-way ANOVA). 

We next examined expressions of GFAP level in 
SON lysates from 22 rats to link astrocytic plasticity 
to preovulatory OXT peak. In Western blot, there was 
no significant difference in GFAP level among the four 
estrous stages (n=22, F=0.407, p=0.750 by one-way 
ANOVA) despite the presence of a trend of lower GFAP 
level in proestrus rats (Figure 2A). 
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To resolve the contradiction 
between the observed GFAP levels 
in whole SON and the hypoth-
esized contribution of astrocytic/
GFAP plasticity to OXT secretion, 
we further examined GFAP expres-
sion in IHC in different stages with 
four rats in each stage. In quantita-
tion of GFAP expression, we assayed 
the total intensity of GFAP in the 
SON first, which did not yield a 
significantly value despite all rats in 
the proestrus showed lower levels 
of GFAP staining (Figure 2Ba and 
2Bb1). Thus we further quantitated 
GFAP intensity in OXT neurons-
dominant dorsolateral zone (Mason 
et al. 1984), and compared with that 
in vasopressin neurons-dominant 
ventromedial zone of the SON. The 
result revealed that in the proestrus, 
the ratio of GFAP intensity in the 
dorsolateral versus ventromedial 
portion was significantly lower than 
the ratio in other stages (p<0.05, 
compared to DE or ME by paired 
t-test, two-tailed, Figure 2Bb2). This 
finding supports the hypothesis that 
a plastic astrocytic/GFAP change 
selectively occurs around OXT neu-
rons at proestrus.

Fig. 1. Expressions of Fos protein in the 
supraoptic nucleus (SON) from rats 
in different stages of estrous cycle. 
A. Vaginal smears of female rats in 
diestrus (DE), proestrus (PE), estrus (E) 
and metestrus (ME). B. Representative 
immunohistochemical images of Fos 
protein in red, glial fibrillary acidic 
protein (GFAP) in green and their merges 
in fluorescent microscopy at different 
stages of the estrous cycle. C. Western 
blotting bands of Fos protein at the 
different stages (a) and their summary 
(b). Note that, actin was used as loading 
control; *, p<0.05 in ANOVA. 

Fig. 2. GFAP expression at different stages 
of estrous cycle in the SON. A. Exemplary 
Western blotting bands of GFAP (a) 
and the summary in bar graph (b). The 
numbers in the parentheses represent 
the number of rats used in each stage. B. 
Images of GFAP with OXT neurophysin 
(OT-NP) immune-staining. Ba. 
Representative images showing nuclear 
staining with Hoechst, GFAP and OT-NP, 
respectively. Bb. Bar graph summarizing 
total GFAP intensity (Bb1) and the ratio of 
GFAP in dorsolateral section (DL) versus 
ventromedial section (VM) of the SON 
(Bb2). Other annotations refer to Figure 1.

Fig. 1.

Fig. 2.
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DISCUSSION
Astrocytes can modulate the activity and neurosecre-
tion of OXT neurons in the SON through their mor-
phological and functional plasticity (Wang et al. 2009). 
GFAP plasticity is pivotal in the interaction between 
astrocytes and OXT neurons (Wang & Zhu 2014). More-
over, circulating OXT increases at proestrus (Sarkar & 
Gibbs 1984) and can trigger the LH surge (Evans et al. 
1989; Evans & Catt 1989) that determines the ovula-
tion and appearance of estrus (Plant 2015). Therefore, 
we hypothesized that OXT neuron-associated GFAP 
plasticity is temporally correlated with different stages 
of estrous cycle. Our   result reveals that increased SON 
cellular activity is correlated with proestrus stage and 
GFAP reduction at OXT neuron-dominant region in 
the SON could partially account for the proestrus OXT 
peak despite the insignificant reduction of GFAP pro-
teins in whole SON. 

The reason why we failed to obtain expected GFAP 
reduction from Western blot is likely due to the follow-
ing reasons. First, in the SON, astrocytes are not only 
associated with OXT neurons, but also with their part-
ner cells, vasopressin neurons (Ni et al. 2014). Thus, if 
selective changes in GFAP-associated astrocytic plastic-
ity occur around OXT neurons, this change could be 
averaged by “no change” around vasopressin neurons 
in the Western blotting. Second, GFAP plastic changes 
involve polymerization and depolymerization, assem-
bling and dissembling and spatial distribution of GFAP 
(Yang & Wang 2015). Either depolymerization, dissem-
bling or somatic distribution can appear as glial retrac-
tion that is known to increase neuronal interactions and 
excitation (Hatton 1997). Western blot is used to detect 
GFAP monomer and large fragments but not its fila-
ment that can be detected by IHC. Thus, the failure in 
Western blotting to show GFAP reduction during acti-
vation of SON cells in proestrus could simply reflect a 
depolymerization without dramatic GFAP dissembling 
or decomposition. Thus, we could conclude that there 
is a correlated reduction in astrocytic processes/GFAP 
around OXT neurons at proestrus. 

OXT is a neuropeptide and best known for its roles 
in female reproduction among a variety of physiological 
functions (Yang et al. 2013). OXT can control the estrous 
cycle length by influencing follicle luteinization and 
ovarian steroidogenesis in the ovary through increas-
ing the release of GnRH (Selvage et al. 2001). In female 
baboons OXT level is higher during their periovulatory 
period (Moscovice et al. 2012). Similarly, in ovulating 
women, plasma OXT is significantly lower during the 
luteal phase compared with both of the follicular and 
ovulatory phases (Saloniva et al. 2005). The high level 
of OXT before luteal phase is correlated with LH surge 
and, conversely, OXT receptor antagonists restrain the 
full production of the LH surge in non-pregnant women 
(Evans et al. 2003). Therefore, OXT can modulate the 
activity of hypothalamo-pituitary-gonad axis and the 

ensuing ovulation. Thus, the involvement of GFAP in 
OXT regulation of the hypothalamic pituitary-ovary 
axis have broad biological implication in vertebrate 
reproduction.

In conclusion, GFAP-associated glial retraction in 
the SON during proestrus is temporally associated with 
the previously observed excitatory effect on OXT neu-
rons and OXT release (Wang & Hatton 2009; Hatton 
1997), which in turn stimulates GnRH (Selvage et al. 
2001) and LH (Evans et al. 1989; Evans & Catt 1989) 
release, thereby influencing follicle luteinization and 
ovarian steroidogenesis in the ovary (Pitzel et al. 1993). 
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