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Abstract 
 

The role of RFRP-3 in chronic stress induced reproductive dysfunction and astrocyte 
communication 

 
by 
 

Anna Christine Geraghty 
 

Doctor of Philosophy in Integrative Biology 
 

University of California, Berkeley 
 

Professor Daniela Kaufer, Chair 
 
 
 

Though it is well established that chronic stress induces female reproductive dysfunction, 
whether stress negatively impacts fertility and fecundity when applied prior to mating and 
pregnancy has not been well explored.  My dissertation has investigated the mechanism behind 
stress-induced infertility in female rodents, as well as the long-term effects of chronic stress on 
reproductive success. Using naturally cycling female rats, Chapter 2 looks at changes in 
reproductive hormones and behavior after chronic immobilization stress. I also examined the 
long-term repercussions of chronic stress, allowing animals recovery from the stressors and 
looking at later mating and pregnancy success. My research has focused primarily on the role of 
a reproductive inhibitory hormone, RFRP-3, a hypothalamic peptide modulated by high stress. 
However, in Chapter 3, I investigate a new mechanism for RFRP-3 outside of that role, in 
hippocampal astrocytes. I see that RFRP-3 may also mediate an effect on how astrocytes connect 
and communicate with each other within the hippocampus. This opens a new intriguing line of 
research for novel roles of RFRP-3 outside of reproduction. These studies show that chronic 
stress has long-term effects on pregnancy success, even post-stressor, that are mediated by 
RFRP3, and point to RFRP3 as a potential clinically-relevant single target for stress-induced 
infertility. 
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A. Introduction 
 It is well accepted that stress, as measured by increased glucocorticoid secretion, leads to 
profound reproductive dysfunction. In times of stress, glucocorticoids activate many parts of the 
fight or flight response, mobilizing energy and enhancing survival, while inhibiting metabolic 
processes that are not necessary in the moment. This includes reproduction, an energetically 
costly procedure that is very finely regulated. In the short term, this is meant to be beneficial, so 
you do not waste precious energy needed for survival. However, long-term inhibition can lead to 
persistent reproductive dysfunction, even if no longer stressed. This is because glucocorticoids 
orchestrate a large complex inhibition of the entire reproductive axis. Stress and glucocorticoids 
exhibits both central and peripheral inhibition of the reproductive hormonal axis. While this has 
long been recognized as an issue, understanding the complex signaling mechanism behind this 
inhibition remains somewhat of a mystery. What makes this especially difficult are attempting to 
differentiate the many parts of both of these hormonal axes, and new neuropeptide discoveries in 
the last decade in the reproductive field have added even more complexity to an already 
complicated system. Glucocorticoids (GCs) and other hormones within the hypothalamic-
pituitary-adrenal (HPA) axis (as well as contributors in the sympathetic system) can modulate 
the hypothalamic-pituitary-gonadal (HPG) axis at all levels- GCs can inhibit release of GnRH 
from the hypothalamus, inhibit gonadotropin synthesis and release in the pituitary, and inhibit 
testosterone synthesis and release from the gonads, while also influencing gametogenesis and  
sexual behavior. This chapter is not an exhaustive review of all the known literature however is 
aimed at giving a brief look at both the central and peripheral effects on stress and reproduction. 
 
B. Reproductive Physiology: A primer 

Reproduction in mammals is a complex and precisely regulated hormonal process that 
requires the coordination of both the central nervous system and the peripheral reproductive 
organs for successful procreation. Negative and positive feedback signals tightly regulate the 
reproductive hormonal axis, also known as the hypothalamo-pituitary-gonadal (HPG) axis to 
maintain homeostasis. Perturbations in the axis, such as those caused by stress, can therefore 
have profound effects on reproductive ability, as even small changes can have large effects 
downstream, or even stop the axis in its tracks. Much of this chapter is focused on research 
conducted in rodents, however there are many species and sex differences in reproductive 
research indicating that stress can exert a myriad of effects to inhibit reproduction. 

Studying the reproductive system of males offers a simplistic view of the HPG axis to 
begin examining reproductive physiology. Gonadotropin-releasing hormone (GnRH) is secreted 
from the hypothalamus in pulsatile release, crossing the hypophysial portal system into the 
anterior pituitary. In the pituitary, GnRH stimulates the synthesis and release of luteinizing 
hormone (LH) and follicle-stimulating hormone (FSH). LH and FSH circulate systemically to 
trigger testosterone release from the testes and gametogenesis. In turn, testosterone (T), as well 
and LH and FSH, negatively feedback on the axis to keep it regulated1–6.  

Females, however, present a much more complicated picture when thinking about the 
HPG axis. Unlike males, females experience hormonal surges to trigger ovulation, a 
phenomenon where estrogen switches from exerting negative feedback on the axis to positive 
feedback7–12. In rats, ovulation occurs once every four days. Similarly to males, GnRH is 
released from the hypothalamus, and LH and FSH circulate to the ovaries to trigger the release of 
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estradiol (E2) and progesterone (P) as well as development of the ovum6,12–14. Estradiol from the 
ovaries tightly regulates the HPG axis, negatively feedbacking onto the hypothalamus to inhibit 
GnRH release. However, when the developing ovum is near completion, and ovulation is due to 
occur, there is a switch in the hormonal system. Increasing estradiol secretion from the 
developing follicle triggers a change from negative to positive feedback of estradiol on the 
hypothalamus, resulting in an increase of GnRH secretion and leading to a surge of LH secretion 
from the pituitary to trigger ovulation. However, it was unknown what triggered the switch 
between negative and positive feedback.  

Research in the last decade has shed more light on that switch during ovulation while also 
revealing that the axis is not nearly as simple as it appeared. There are currently two different 
hypotheses on what triggers the switch between negative and positive feedback in the HPG axis. 
Earlier research found that the estrogen surge initiates synthesis of progesterone receptors (PRs) 
in the hypothalamus, indicating progesterone is just as critical for ovulation as the estrogen 
surge15–17. However, studies on ovariectomized (OVX) and andrenalectomized (ADX) rats 
indicate that this progesterone does not come from the ovaries or adrenals, areas typical for 
steroid synthesis and systemic release. OVX rats given a normal dose of E2 can still exhibit LH 
surges18. Additionally, this surge can be blocked by administering trilostane, which inhibits the 
enzyme 3β- hydroxysteroid dehydrogenase (3β-HSD), an enzyme critical for synthesis of 
progesterone18. This data suggests that not only is pre-LH surge progesterone necessary for a 
successful LH surge, it is progesterone synthesized outside of the ovary and adrenals that 
regulates the surge. Hypothalamic progesterone synthesis, also known as neuroprogesterone, is a 
likely location, particularly hypothalamic astrocytes, which have been found to be the main 
source of neuroprogesterone in the hypothalamus, as they have all steroidogenic enzyme 
necessary for synthesis, regulate releasing factors and possess both ERα and ERβ receptors, 
which enable them to respond to the estradiol peak that precedes the LH surge18–23.  

While GnRH is the main coordinator of the HPG axis, secreting from the hypothalamus 
through the hypophysial portal system to the anterior pituitary to stimulate release of LH, there 
are many factors upstream of GnRH that can impact this release, preventing successful 
ovulation. Two in particular, directly in the HPG axis, that have been recently discovered are 
kisspeptin (KISS1) and gonadotropin-inhibitory hormone (GnIH)24–32. These two neuropeptides 
have opposing effects- KISS1 stimulates GnRH release from the hypothalamus33–38, while GnIH 
inhibits it28,39–43. A proposed mechanism of KISS1 action in the neuroprogesterone model of the 
LH surge states that the peak of estradiol also triggers an increase of progesterone receptors 
(PRs) on KISS1 neurons in the hypothalamus which respond to the neuroprogesterone secreted 
from the astrocytes (activated also by estradiol to trigger the neuroprogesterone synthesis, likely 
through membrane estrogen receptors, specifically mERα). Neuroprogesterone, binding to the 
PRs on the KISS neurons, trigger the release of KISS, which then activates the GnRH neurons, 
leading to increased secretion of GnRH to trigger the LH surge from the pituitary22,44–46. 

Another hypothesis for the switch between negative and positive feedback of E2 in the 
hypothalamus argues that progesterone is not the driving factor of ovulation, but it is a derivative 
of progesterone, allopregnanolone, that modulates GnRH release from the hypothalamus via 
increasing glutamate release. This in turn could act on NMDA receptors on the GnRH neurons, 
stimulating GnRH release47–49. While it is still not clear exactly what mechanism is truly 
responsible for positive feedback of E2 during ovulation, the many regulators of GnRH and 
GnRH itself are all impacted by glucocorticoids, and stress can lead to a disruption of 
homeostasis that results in both short-term reproductive dysfunction and long-term infertility.  
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 Stress, whether it is psychological or physical, and the HPA axis can inhibit the 
reproductive axis at every level, from the hypothalamus down to the ovaries or testes. Due to 
how closely regulated the HPG axis is, even small interferences in the hormonal milieu 
responsible for successful breeding can cause major dysfunction in the system. The female 
ovulatory system discussed above, as well as GnRH afferents such as GnIH and KISS, exhibit 
many points at which stress can disrupt the axis and cause fertility issues. While acute stress 
inhibiting the reproductive axis is found to be adaptive, preventing animals from breeding when 
times are not optimal for raising young, chronic stress and long-term shutdown of the 
reproductive axis can lead to prolonged dysfunction and infertility. We will examine how stress 
impacts each part of the reproductive axis individually, and how this can add up to detrimental 
fertility issues.  
 
C. Glucocorticoids and the hypothalamus 

Stress and high glucocorticoids have a profound negative impact on the reproductive 
system, and within the hypothalamus both corticotropin-releasing hormone (CRH) and 
corticosterone (CORT) affect GnRH and its afferents to inhibit reproductive success. As 
discussed above, the timing of ovulation in female rodents is highly regulated by many factors 
influencing GnRH. Stress can impact each one of these factors, combining to effectively shut 
down the reproductive axis at the very beginning. A difficulty in studying the effects of stress on 
reproduction is accurately differentiating between the effects of CRH and the effects of 
glucocorticoids such as CORT directly on stress, as well as determining specifically which level 
of the HPG axis is being directly affected. While it is well accepted that there are central effects 
of CRH directly on GnRH, completely separating those effects from downstream peripheral 
effects of CORT on GnRH is complex. Many manipulations of either CORT or CRH have a 
feedback effect on the other, and you can’t rule out completely the other hormone. However, this 
section will try to help differentiate the two to better understand how stress influences 
reproductive success.  
 

 Direct regulation of GnRH by glucocorticoids 
All central influences on reproduction driven by stress converge on GnRH, and an 

inhibition of the GnRH signal from the hypothalamus can occur both directly and indirectly. 
Even without affecting the peptides, steroids and neurotransmitters that can influence the GnRH 
surge, stress can directly inhibit GnRH release. To regulate LH secretion from the pituitary, 
GnRH is released from the hypothalamus in pulses, and modulation of the pulsatile release of 
GnRH affects downstream gonadotropin release from the pituitary. Many types of stress have 
been found to affect the pulse generator of GnRH, and both CRH and CORT have been 
implicated in this mechanism of action. In rodents, the small size of the hypophysial portal 
system between the hypothalamus and the pituitary has made it has been difficult to truly say that 
GnRH release itself has been inhibited, and many studies use downstream LH release as a proxy 
for inhibition of GnRH. Recent studies using sheep, however, who have a much larger 
hypophysial portal system than rodents, have allowed researchers to truly show that 
glucocorticoids inhibit GnRH release. Studies found that prolonged corticosterone administration 
caused a drop in GnRH release in the portal system of ewes50 supporting the long-standing 
theory that glucocorticoids’ central actions function to inhibit GnRH release from the 
hypothalamus. Intracerebroventricular (ICV) administration of CRH has been found to inhibit 
LH pulses in rats51 and this response can be blocked or reversed by administration of CRH 
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antagonists51,52. It appears that this suppression is mediated in part by both CRH receptor 
subtypes, CRH-R1 and CRH-R2, however which receptor is predominant depends on the type of 
stressor utilized53–55. CRH axon terminals directly interact with GnRH dendrites, and in vitro 
studies have shown that CRH can inhibit GnRH release. Other studies have also shown that 
infusing CRH into the medial preoptic area of females rats lead to a 60% decrease in GnRH 
release from the hypothalamus56,57. Release has also been inhibited in hypothalamic explants 
incubated with CORT and DEX in a dose-dependent manner58.  

Populations of GnRH neurons have been found to express glucocorticoid receptors (GRs) 
directly in both mice and rats59,60, indicating a method for which glucocorticoids (GCs) can act to 
directly inhibit GnRH synthesis and release. Effects of glucocorticoids have also been found to 
inhibit GnRH transcription61–63. Studies in vitro utilize GnRH specific lines such as the GT1 cell 
line, which synthesize and release GnRH64,65 have shown that the GT1 cells do possess 
glucocorticoid receptors66, and that GCs can represses GnRH gene expression and release from 
these cells67. Studies in vivo have shown that chronic CORT treatment can inhibit GnRH 
expression, leading to a decrease in serum LH levels68. This however, had no effect on FSH 
levels, nor did it affect gonadotropin mRNA levels (although further data on that is examined in 
more detail in the next section).  

The effect of peripheral circulating glucocorticoids on GnRH and the LH surge is highly 
variable and likely dependent on the stressor. Many acute stress studies have found that 
glucocorticoids exert a range of effects on the LH surge that range from complete inhibition, to 
little or no effect to a positive activator of LH release. It emphasizes the importance of 
comparing stress paradigms and understanding how different stressors trigger the HPA axis.  
However chronic stress has been shown to inhibit the LH surge and ovulation consistently in the 
literature, indicating that while short-term stressors may exert variable effects on reproduction, 
likely due to the type of stressor, long-term stress reliably causes reproductive dysfunction (more 
of the effect of GCs on the LH surge in the next section).  

There is also an effect of the stress-activated sympathetic system response in GnRH 
inhibition, as noradrenaline (NA) has also been shown to inhibit LH pulses, as well as GABA69–

72. This review is focused on the endocrine interactions between the HPA and the HPG axis, and 
the effects of glucocorticoids specifically, however there is an entire field that could be discussed 
once GCs activate the sympathetic system. Regulation of reproduction is a complex, finely tuned 
process and much still needs to be identified in terms of precisely how stress regulates the 
system, both via the endocrine response as well as the sympathetic response.  
 

Indirect regulation of GnRH by glucocorticoids 
Glucocorticoids may also exert an inhibitory influence on reproduction and GnRH output 

by influencing hormones upstream of GnRH. This also makes it difficult to clearly determine 
experimentally how stress inhibits reproduction. Two hormones in particular have been recently 
identified to lie upstream of GnRH and respond directly to stress, affecting GnRH synthesis and 
secretion from the hypothalamus. Kisspeptin (KISS1) and gonadotropin-inhibitory hormone 
(GnIH), mentioned earlier, have opposing effects on GnRH. KISS1 is an activator of GnRH and 
plays a critical role in the maintenance of the GnRH pulse generator in the hypothalamus as well 
as the estrogen surge responsible for ovulation. Stress has been found to affect KISS1 signaling 
in multiple ways, however there is still much more research to be done to more closely examine 
precisely how stress affects KISS1 signaling. Many different types of stressors, including LPS 
treatment, acute hypoglycemia, restraint stress and isolation, lead to downregulation of KISS1 
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and KISS1r in the mPOA population of kisspeptin neurons, as well as decreases in KISS1 
expression in the arcuate nucleus, leading to downstream decreases in LH secretion73–75. 
Kisspeptin neurons have also been shown to express CRH-R and GR, indicating that they can 
respond directly to stressful stimuli76. These changes can transmit downstream into inhibition of 
the GnRH pulse generator, which has been shown to rely on kisspeptin input, and indirectly to 
downstream inhibition of LH secretion from the pituitary.  

A subset of neurons in the hypothalamus expressing kisspeptin has been implicated in 
modulation of the GnRH pulse generator. These neurons also colocalizes two other 
neuropeptides, neurokinin B and dynorphin (this group of neurons is also called the KNDy 
subpopulation) and this subpopulation has been shown to strongly respond to steroid feedback 
and project directly to GnRH neurons77–80. This subgroup offers even more targets in which 
stress and glucocorticoids can indirectly inhibit the reproductive axis. Dynorphin, an endogenous 
opioid in the brain signals through the kappa-subtype of the opioid receptor (KOR) in the 
hypothalamus, and administering dynorphin to female rats has been shown to inhibit LH pulses 
from the pituitary81. Stress has been shown to increase dynorphin release82 which could lead to 
downstream inhibition of LH83.  

Gonadotropin-inhibitory hormone (GnIH) is another hormone upstream of GnRH that is 
regulated by stress to inhibit reproduction. GnIH was originally discovered in birds28 and a 
mammalian orthologue, RFamide-related peptide-3 (RFRP3) has since been identified in many 
species including rats, mice, hamsters and humans24,25,84. RFRP3 inhibits the GnRH pulse 
generator, decreasing GnRH release from the hypothalamus and leading to decreased 
gonadotropin secretion from the pituitary39,43,85. Both acute and chronic immobilization stress in 
male rats were found to increase RFRP3 mRNA and peptide levels in the hypothalamus and 
adrenalectomy blocked this effect, revealing that this is due to circulating glucocorticoid levels86. 
This increase in RFRP3 by glucocorticoids led to downstream inhibition of LH release from the 
pituitary. In vitro studies utilizing an RFRP3 specific cell line has shown that RFRP3 neurons 
express the glucocorticoid receptor (GR) and also possess two glucocorticoid response elements 
(GREs) at the RFRP promoter region, further evidence pointing to a direct regulation of RFRP3 
neurons by glucocorticoids87,88. These neurons in mammals can directly inhibit GnRH pulses 
from the hypothalamus, a response enhanced by high glucocorticoids after stress. 

These are only a small sample of the possible indirect mechanisms of glucocorticoids on 
GnRH secretion. Much is still not well understood about the mechanism of action of 
glucocorticoids on GnRH levels, especially since there have been a slew of novel discoveries of 
peptides upstream of GnRH that increases the complexity of the regulation of reproductive 
neural systems by glucocorticoids. The difficulty in measuring GnRH levels from rodents has 
also made it difficult to come to concrete conclusions about the mechanism of action of GCs on 
GnRH. However this is an incredibly interesting field of research that is only growing as more 
novel techniques are being utilized.  

 
D. Glucocorticoids and the pituitary 

While many of the stress effects on GnRH can lead to downstream pituitary dysfunction, 
glucocorticoids can also directly influence reproduction at the level of the pituitary. This 
inhibition can happen via many different mechanisms, including changing the sensitivity of the 
pituitary itself to changes in GnRH secretion, a decrease in synthesis of the gonadotropes LH and 
FSH, as well as decreasing the secretion of LH and FSH from the pituitary. However, 
glucocorticoid effects directly on the pituitary in secretion and synthesis are highly variable, 
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indicating that the type of stressor and duration is very important when discussing this. This 
variability may stem from only looking at a part of the inhibition, such as focusing on just LH 
secretion as the output, rather than examining the mechanisms of synthesis and responsiveness of 
the pituitary itself. 

Synthesis of LH and FSH is a highly regulated process involving not just GnRH levels, 
but steroid gonadal hormones as well89,90. LH and FSH are glycoprotein heterodimers that 
consist of a common alpha-subunit (aGSU) and a specific β-subunit for either FSH or LH91. As 
rat and mice gondatrope cells express GRs92, it is likely that GR transcriptional regulation 
influences the synthesis of these subunits, both the specific β-subunits as well as the common 
alpha subunit to also regulate expression levels. Breen et.al. found that both daily immobilization 
stress and corticosteroid administration  led to reduced LH-β mRNA levels, as well as decreased 
LH release from the pituitary in vivo.  They also showed in vitro, using a gonadotope cell line, 
LβT2 that CORT decreases GnRH-induced LHβ mRNA levels as well as identified regions of 
the LHβ gene that respond transcriptionally to GR regulation, finding decreasing promoter 
activity in these regions in response to both CORT and DEX treatments93.  

Acute versus chronic stress exposure is the largest variable that must be considered when 
thinking about gonadotropin release from the pituitary. In fact, many studies of acute stress have 
found an activation of the HPG axis rather than an inhibition. Various studies utilizing multiple 
types of acute stressors on gonadotropin synthesis and release found that acute stress stimulated 
the HPG axis, leading to increased levels of LH, prolactin (PRL) and FSH in the plasma94,95.  
Others have found though that acute administration of glucocorticoids can reduce the LH peak in 
females96,97 and injection of CRH peripherally has been shown to inhibit ovulation and block the 
LH surge completely98. Baldwin and Sawyer found that an acute injection of dexamethasone 
(DEX), a synthesized glucocorticoid that acts with high affinity on GR and mimics the effects of 
CORT, early in the estrous cycle of rats can delay the onset of ovulation. Administration of LH 
though, in addition to DEX, can recover the ovulatory event, indicating that this delay of the 
estrous cycle is due to DEX inhibiting the LH surge necessary for ovulation, rather than a 
problem within the ovary99. Differences in stressors, duration, sample collection and timing of 
the experiment may explain the differences found in LH release from the pituitary after acute 
stress and so it is hard to make concrete conclusions about acute stress and pituitary function in 
reproduction. 

Chronic immobilization stress, on the other hand, has been shown to reliably reduce LH 
levels in both males and females100–107. One such study found that chronic immobilization stress 
reduced plasma levels LH, and prolactin (PRL) with no change in FSH. However, pituitary 
levels of LH and FSH increased, showing that synthesis and secretion are not always matched 
up106. This is critical when comparing studies- not all studies look at both synthesis and secretion 
simultaneously, which may also explain differences in findings. There is some debate that timing 
of sample collection is also critical here- some studies see an initial stimulation of LH but an 
inhibitory response later. One group found that after the first day of a chronic immobilization 
both female rats exhibited an increase in LH plasma levels, however by the end of the chronic 
stress experiment had eventually decreased below control values, supporting the theory that the 
acute stimulation of the HPG axis is only transitory108, although male rats in the same study 
showed a decrease in LH levels at all times.   
 Glucocorticoids can also change the responsiveness of the pituitary to GnRH secretion. 
This may occur via regulation of the GnRH receptor in the pituitary, however other studies have 
shown that this can also occur independently of changes in the GnRH receptor109. Baldwin 
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(1979) found that stress affects estrogen feedback onto the pituitary, making it less responsive to 
GnRH secretion110. GnRH binding to its receptor on the gonadotropes is necessary to induce 
synthesis of the aGSU, LHbeta and FSHbeta subunits, as well as stimulate the dimerization of 
the subunits for successful synthesis and release from the gonadotrope cells. GnRH receptors 
appear to be transcriptionally regulated by GR111,112.  

This section focused predominately on the influence CORT and GR has on LH synthesis 
and secretion, while not really going into the effects of CORT on FSH levels. This is due to the 
even higher variability in the FSH response in regards to stress. FSH secretion levels are rarely 
affected by stress, especially acute stress, showing little to no change in most studies looking at 
it.  This likely is due to other regulatory signals on FSH beyond corticosterone. Many studies, in 
fact, show increases in FSH beta mRNA post-stress, both after immobilization stress and 
corticosterone or cortisol administration in many species in both acute and chronic studies, 
sometimes accompanied by decreases in LH beta or with no change in LH at all93,109,113–115. This 
also happens with little to no change in actual FSH secretion, so it is hard to draw conclusions on 
how stress regulates FSH levels.  

Glucocorticoid inhibition of reproduction at the level of the pituitary is a very 
complicated and confusing field of research with no clear answers. The range of studies utilizing 
different species, different sexes, a variety of stressors as well as different lengths of time of the 
stressors themselves is likely part of the cause of the confusion, however even replicating 
research is difficult. Some studies show that acute stress increases the pituitary gonadotropins, 
some find decreases in gonadotropins. Some studies show changes in the synthesis of the 
gonadotropins, but no change in release and others find that release is altered with no change in 
synthesis. Much research is still to be done in this area to fully elucidate how glucocorticoids 
affect the pituitary directly in terms of reproduction, however all research does agree that GCs 
have many possible effects here.  
 
 
E. Glucocorticoids and the gonads 

The final step in the HPG axis, the gonads, is yet another area in which GCs can regulate 
the HPG axis. In the gonads, GCs can act to inhibit many critical steps to complete the 
reproductive process. Corticosterone can inhibit steroidogenesis, inhibiting the synthesis of 
testosterone (T), estrogen (E) and progesterone (P), as well as directly inhibiting the release of 
these steroids from the gonads. They can modulate the expression of the LH-receptor (LHR) on 
the gonads, changing how the gonads may respond to LH and leading to downstream effects on 
steroids. GCs can also regulate gametogenesis, the development of mature sperm and ovum, to 
inhibit reproduction at the levels of the gamete. These effects can all be completed in the absence 
of influences from the hypothalamus and pituitary, emphasizing how profoundly stress can 
influence reproduction.  

 
Glucocorticoids effects in the testes 
Much of the early work understanding how GCs influence testicular function took place 

in men with Cushing’s syndrome116. Patients with Cushing’s syndrome have high circulating GC 
levels, either due to some sort of disease resulting in high secretion of ACTH from the pituitary 
or exposure to high GCs for long periods of time due to drug or steroid use. Cushing’s patients 
presented an interesting way to study testicular dysfunction in response to high GCs because 
these patients have low circulating testosterone levels, but normal levels of LH release from the 
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pituitary, indicating that the decrease in T levels is due to effects of GCs on the gonads directly 
and not a downstream effect of pituitary dysfunction117.  
 Research has shown that GR is localized to many cells within the testes, including 
importantly the Leydig cells, which is where steroidogenesis occurs within the testes, as well as 
in the primary spermatocytes and the epididymis117–119. This indicates that GRs can regulate not 
only steroidogenesis and the release of T, but spermatogenesis as well, either through affecting 
the primary population of cells or affecting that last steps of maturation in the epididymis. Both 
acute and chronic stress experiments have shown that high GCs inhibits testosterone secretion, 
spermatogenesis and libido120–124 as expected. This effect is due specifically to circulating GC 
levels in the blood and action via GR because ACTH treatment in adrenalectomized animals fails 
to replicate these findings125. Some studies show that this decreased testosterone release can 
occur either via downregulation of the LH receptor in Leydig cells126 or through inhibition of the 
enzymes necessary for testosterone biosynthesis121,122,124,125,127–129. Overall, these changes result 
in decreased testosterone synthesis and release from the gonads. 
 Glucocorticoids may also impact spermatogenesis, as GRs are present on the primary 
spermatocytes as well as within the epididymis. High glucocorticoids have been found to induce 
testicular germ cell apoptosis130,131 as well as Leydig cell apoptosis132, which has a profound 
inhibitory influence on male reproductive abilities. Chronic stress has been shown to also 
decrease the number of spermatids within the testis133, and in humans it has been shown that 
chronic stress leads to decreased sperm numbers, likely through a combination of the above 
responses134. Expression of GR in all these spermatogenic area indicates that glucocorticoids can 
act directly on the testes to regulate sperm production. Stress and high levels of GCs likely 
inhibit reproduction both indirectly and directly at the level of the gonads, with decreased 
secretion of LH from the pituitary decreasing testosterone release, and direct inhibition of 
testosterone synthesis and sperm production by GCs.  
 

Glucocorticoid effects in the ovaries  
The role of glucocorticoids within the ovary is somewhat more complicated than it is 

within the testes. Rather than a straight inhibitory role of GCs on ovarian function, some GC 
effects are actually beneficial to the ovaries and are necessary for maintenance of the follicular 
development pathway. During each cycle, many follicles are activated for development within 
the ovaries, however not all fully develop to maturity and it appears GCs are an active part in 
that selection process. This is necessary for normal ovarian function, but likely is very finely 
controlled, and high stress may tip the balance between a “good” level of GCs and a 
“maladaptive” level that leads to ovarian dysfunction.  

A way in which the ovaries can control levels of GCs through follicular development 
during the female estrous or menstrual cycle is via expression of 11beta-hydroxysteroid 
dehydrogenase (11beta-HSD). Researchers have identified that many of the cells within the 
ovaries, including the follicles and corpus luteum, express 11beta-HSD1, 11beta-HSD2 and 
GR135–139, indicating that there are possibly many regulatory effects of glucocorticoids on 
follicular development and ovarian function. Interestingly, the ovaries differentially regulate 
11beta-HSD1 and HSD2 throughout the cycle. 11beta-HSD2, which inactivates GCs, is highly 
expressed in developing follicles in the ovary, while 11beta-HDS1, which activates GCs, is 
highly expressed in follicles that have been luteinized, meaning they have been activated by an 
LH surge and ready for an ovulatory event135,140,141. This indicates that the ovaries upregulate 
11beta-HSD2 while developing in order to inactivate GCs present in the ovary while the follicles 
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are maturing in order to enhance development, but choose to activate circulating GCs once the 
follicle is released for ovulation. These activated and functional GCs may act as an anti-
inflammatory response triggered by the rupturing of the ovarian surface epithelium during 
ovulation142,143. These two examples show how GCs are likely necessary for normal function of 
the ovaries, however their levels are tightly regulated via variability in expression of the 11beta-
HSD1 and 2. These enzymes are actually manipulated via gonadotropin signals from the 
pituitary, with LH controlling expression of 11beta-HSD1 expression (thus activating GCs 
during ovulation). This regulation via gonadotropins provides a mechanism through which 
excess GCs could influence enzymatic regulation of GCs. As these two enzymes are so narrowly 
regulated during the ovarian cycle, stress and high GC secretion from the adrenals can easily 
dysregulate these signals and cause profound fertility problems in both ovarian function during 
ovulation and uterine function during fertilization, implantation and pregnancy.  

In the ovaries, high amounts of GCs, surpassing the amount that is typically inactivated 
by 11beta-HSD2, can suppress LH function and inhibit estrogen release and synthesis140,144,145. 
Studies both in vivo and in vitro have shown that GCs can influence not only LH response, but 
also inhibit transcription of the enzymes necessary for steroid biosynthesis, critically inhibiting 
p450 aromatase, necessary for conversion of testosterone to estrogen. In rat granulosa cell 
cultures, FSH triggers the increase of aromatase activity, promoting estrogen synthesis for 
ovulation. Administration of both CORT and DEX inhibited this FSH-induced increase, however 
stimulated progesterone synthesis and did not inhibit pre-existing aromatase function. This 
indicates that GCs act to inhibit induction of aromatase activity specifically, not necessarily 
affecting granulosa cell function as a whole146. Glucocorticoid treatment was also found to 
decrease LH receptor in cultured granulosa cells147, indicating that GCs can act directly on the 
ovarian cells to decrease FSH-stimulated functions, including aromatase activity and LH receptor 
binding.  

Interestingly, GCs effects on oocyte maturation appears to be species dependent. Studies 
in humans and pig have shown that GCs can inhibit meiotic development in the oocytes148,149, 
however studies in sheep and mice have shown no effect of GCs on final oocyte 
maturation150,151. However a recent study in mice showed that high levels of CRH in the serum 
of the ovaries due to restraint stress induced ovarian apoptosis, decreasing follicular development 
independent of GR. This increase of CRH was acting on thecal cells in the ovary, decreasing 
testosterone and estrogen levels and increasing progesterone, creating a hormonal imbalance 
between estrogen and progesterone that led to decreased oocyte success152. These differences are 
likely due to problems intrinsic to in vitro models that utilize only the ovarian granulosa cells. In 
addition, another in vivo study in mice utilizing predatory stress found that while high GCs did 
not affect oocyte maturation, blastocyst formation was significantly decreased in these mice, 
showing that GCs may have a stronger effect on embryo development or the oocyte potential for 
fertilization, rather than maturation of the oocytes in general153. The next section will explore 
GCs effects on pregnancy and fertilization more closely.  

The role of glucocorticoid function in the ovary is incredibly complex and narrowly 
regulated.  The actions of GCs are regulated via differential transcription of the two 11beta-HSD 
enzymes, transcription of which is controlled through gonadotropin release form the pituitary. 
Glucocorticoids are critical for maintenance of ovarian function, involved in functional apoptosis 
of follicles to maintain normal follicular development, as well as its anti-inflammatory role 
necessary for ovulation to occur. However, high stress can tip the scales from functional to 
dysfunctional, overwhelming the ability of 11beta-HSD to regulate GC levels and causing 
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ovarian problems ranging from a decreased responsiveness to LH levels, decreased synthesis of 
estrogen due to inhibition of aromatase release, and potentially inhibiting the final step of oocyte 
maturation.  

 
 

F. Glucocorticoids, Implantation and Pregnancy Success 
 Even if an ovum can be successfully developed in times of stress, and the HPG axis still 
functional enough to trigger ovulation, GCs can still act to influence the uterus to prevent 
successful implantation and completion of pregnancy. Glucocorticoids typically act in opposition 
to estrogenic actions, and this becomes increasingly critical in implantation. For successful 
implantation of a blastocyst, progesterone and estrogen regulate uterine cell proliferation, and are 
necessary for the changes in both the blastocyst and uterine epithelium for successful adhesion. 
Glucocorticoids inhibit estradiol-stimulated uterine growth and decreases estrogen receptor 
concentrations in the uterus154–157.  
 Pregnancy itself requires a delicate immune balance and regulation of the maternal 
immune cells in order for survival of both the fetus and the mother. It is suggested that the high 
levels of progesterone (P) released from the corpus luteum of the ovary after ovulation and 
sustained by the placenta throughout pregnancy help regulate the mothers immune system. There 
is some research indicating that membrane-bound progesterone receptors act to inhibit maternal 
T-cell during pregnancy158,159. This combines with a series of other downstream immune events 
that allows the maternal immune system to accept the foreign fetus and expression of 
progesterone and related progesterone factors such as progesterone-induced blocking factor 
(PIBF) continues to increase through pregnancy. High levels of Th1 cytokines in mice have been 
shown to be abortogenic, and progesterone during pregnancy binding to progesterone receptors 
have been shown to release PIBF, which in turn decreases natural killer (NK) cells in the uterus 
and induces Th2 cytokine development, changing the balance towards an anti-abortive immune 
response158–162.  However studies using restraint stress in rodents has found that stress early in 
pregnancy leads to decreased embryo success, showing higher abortion rates in the mice and 
smaller litter sizes163–165. Wiebold et.al. found that this was due to decreases in corpora lutea, 
lower levels of serum progesterone and fewer implantation sites163. Administering a progesterone 
derivative, dydrogesterone, during stress reverses the abortive stress effect, and administering it 
before a stress event itself prevents the decreases in progesterone receptor and decrease in PIBF, 
preventing the stress effect even with lower P levels in the serum164,165. This has even been found 
to improve pregnancy success in women prone to frequent miscarriages166,167. 
 Glucocorticoids play a significant role in pregnancy maintenance, opposing estrogen’s 
ability to ready the uterus for implantation and inhibiting progesterone’s anti-abortive immune 
response. While much of research into this focuses on stress during the pregnancy itself, there 
could be long-term effects of stress prior to the pregnancy that could affect pregnancy success as 
well, maybe via long-term inhibition of progesterone.  
 
G. Conclusion: Stress and its many effects on reproductive ability 
 Physiologically, glucocorticoids exert many effects on surrounding cells and are 
necessary for life. Within normal ranges, GCs regulate homeostasis and are critical for our stress 
response.  In times of stress, high levels of GCs shut down physiological processes not relevant 
for survival in that time, including reproduction. GCs and the HPA axis can act upon every level 
of the HPG axis, both directly and indirectly inhibiting gonadotropin release from the pituitary 
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and exerting direct effects on the gonads. Stress and high GCs decrease the release of GnRH 
from the hypothalamus, either by directly inhibiting GnRH pulses or inhibiting upstream 
regulators of GnRH release. This can lead to downstream decreases in LH release form the 
pituitary, however GCs can also directly inhibit the synthesis and release of gonadotropins from 
the anterior pituitary. The decrease of LH and sometimes FSH from the pituitary can decrease 
steroid release form the gonads, and circulating GCs can also act directly on the gonads to inhibit 
the transcription of enzymes necessary for gonadal steroid biosynthesis. There are sex and 
species differences in all these responses, and this review was only an introduction into the 
research on stress and reproduction. It is a complex and confusing field, however new techniques 
utilizing cell-specific knockdowns of GR and/or other peptides involved in this response can 
help clarify the more specific roles of GCs and reproductive dysfunction. This becomes 
increasingly important as we find that infertility rates continue to increase in humans, likely due 
to high anxiety in day-to-day lives. Understanding the molecular mechanisms behind how stress 
impairs fecundity and reproductive success, especially in females, is critical to helping improve 
fertility rates.  
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Figure 1: Summary of HPG axis. Hormonal control of the hypothalamic-pituitary-gonadal 
axis, or reproductive axis. GnRH is release from the hypothalamus, triggers release of LH and 
FSH from the pituitary, which travels systemically to release sex steroids and maintain 
gametogenesis in the gonads. Negative feedback regulates this axis.  
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Figure 2. HPG and HPA axis interaction. The HPA axis inhibits HPG axis at all levels of the 
hypothalamus 
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Knockdown of hypothalamic RFRP3 prevents chronic stress induced infertility and 

embryo resorption 

From: Geraghty, A. C., Muroy, S. E., Zhao, S., Bentley, G. E., Kriegsfeld, L. J., & Kaufer, D. 
(2015). Knockdown of hypothalamic RFRP3 prevents chronic stress-induced infertility and 
embryo resorption. eLife, 4. doi:10.7554/eLife.04316 

Abstract: Whereas it is well established that chronic stress induces female reproductive 
dysfunction, whether stress negatively impacts fertility and fecundity when applied prior to 
mating and pregnancy has not been explored.  Here we show that stress that concludes four days 
prior to mating results in persistent and marked reproductive dysfunction, with fewer successful 
copulation events, fewer pregnancies in those that successfully mated, and increased embryo 
resorption.   Chronic stress exposure led to elevated expression of the hypothalamic inhibitory 
peptide, RFamide-related peptide-3 (RFRP3), in regularly cycling females. Remarkably, genetic 
silencing of RFRP3 during stress using an inducible-targeted shRNA completely alleviates 
stress-induced infertility in female rats, resulting in mating and pregnancy success rates 
indistinguishable from non-stress controls. We show that chronic stress has long-term effects on 
pregnancy success, even post-stressor, that are mediated by RFRP3. This points to RFRP3 as a 
potential clinically-relevant single target for stress-induced infertility. 

 
A. Main Text: 
High psychological stress inhibits reproductive function when both occur concomitantly 56,168–170. 
From an evolutionary perspective, inhibition of reproductive function by acute stress may be 
adaptive, delaying reproduction in times of duress or resource scarcity 170,171. Chronic stress, 
however can result in persistent, maladaptive sexual dysfunction and suppressed fertility 172. 
Little is understood about the lasting effects of stress exposure. For example, after its cessation, 
can a prior, persistent stressor have long-term negative after-effects on reproductive health? In 
humans, a high-stress environment may be a significant barrier to sexual well-being and 
childbearing. In healthy couples under 30 years of age, 63-80% are unable to conceive within 
three months of attempting, and within one year of attempting pregnancy, 15% of couples remain 
unable to conceive 173. A molecular framework to understand the long-term effects of stress on 
female reproduction, and its implications for human health, is currently lacking.   
The present series of studies sought to answer two main questions: 1) Do stressful events 
negatively impact female reproductive function even following recovery of the stressor, and, if 
so, 2) are the deficits observed mediated by stress-induced elevation of the inhibitory 
neuropeptide, RFamide-related peptide-3 (RFRP3)?  To our knowledge, no study to date has 
elucidated the molecular mechanisms of stress-induced infertility, nor has there been any 
investigation of long-lasting after-effects of pre-conception stress on reproductive success and 
pregnancy outcome. RFRP3, the mammalian ortholog of gonadotropin-inhibitory hormone 
(GnIH) first identified in Japanese quail (Tsusui et al., 2000), is common across mammals, 
including rats and mice 27,174,175, hamsters 24, non-human primates 26 and humans 25, and is a 
hypothalamic hormone that directly inhibits the firing of kisspeptin-sensitive gonadotropin-
releasing hormone (GnRH) neurons in the hypothalamus in mice 42,176. It also reduces 
downstream luteinizing hormone (LH) secretion in rats 177,178, mice 179 and hamsters 175. There is 
some debate as to whether RFRP3 is a hypophysiotropic hormone 39,86,178,180 or only centrally 
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inhibits GnRH to elicit a response 181,182.  Regardless of its mechanism of action, RFRP3 
decreases the synthesis and release of pituitary gonadotropins, LH and follicle stimulating 
hormone (FSH), in many species, including rats and mice 43,85,177–179,183,184. In females, RFRP 
was shown to be regulated throughout the ovulatory cycle in rats and hamsters and it elicits a 
marked inhibitory effect on the preovulatory LH surge through inhibition of GnRH activation in 
rats 185. In male rats, RFRP3 expression is elevated 24 hours after a chronic stressor, suggesting 
that RFRP3 may mediate enduring changes in reproductive function 86.  Levels of the 
glucocorticoid stress hormone (in rodents, corticosterone) may mediate this effect; RFRP3 
neurons in the rat hypothalamus were shown to express glucocorticoid receptor (GR)  (21), as 
well as RFRP-expressing neuronal cell line in vitro (29). Finally, the RFRP promoter region 
includes two glucocorticoid response elements (GRE)s, all together supporting the hypothesis 
that RFRP may be directly regulated by circulating glucocorticoid levels 87. Together, these 
findings provide support for the notion that stress-induced increases in RFRP3 might have long-
lasting negative impact on female reproductive functioning.  Despite knowledge of RFRP’s 
responsiveness to stress and its role in regulating reproductive axis activity, no study to date has 
established a causal link between RFRP and fertility in any species. We set out to test the 
potential role of RFRP expression in stress-induced infertility in females. 

B. Results 

In sum, we found that chronic stress led to elevated RFRP3 at all stages of the ovulatory 
cycle. This elevated level of expression persisted after a full cycle of recovery from stress, 
indicating that the impact of stress on RFRP3 lasts well beyond removal of the stressor. 
Stressed females exhibited fewer successful copulation events, fewer pregnancies in those 
that did successfully mate, and increased frequency of embryo resorption in the achieved 
pregnancies. These marked effects of stress on fertility were completely blocked by 
knockdown of RFRP3, even though RFRP3 function was restored following stress 
cessation.  These findings indicate that stress has lingering negative consequences for 
female reproductive function that are mediated by a transient rise in RFRP3.    

Female rats were subjected to an 18-day stress paradigm followed by quantification of 
hypothalamic markers of reproductive function either immediately after stress exposure or after 
one full estrous cycle (4 days) of recovery (Fig 2.1A). Serum levels of corticosterone (CORT) 
were measured on days 1, 4, 7, 11 and 18 of the 18 days immobilization stress paradigm, and on 
day 22, 4 days after the cessation of stressor. Baseline levels at the onset of stress exposure 
sessions were unchanged throughout the 18 days. However, CORT levels were significantly 
elevated in samples drawn on days 1, 4, 7 and 11 at the end of the three-hour stress exposure.   

On day 22, after 4 days of recovery from the stressor, the stressed rats exhibited serum CORT 
concentrations indistinguishable from baseline values (Fig. 2.1B). Rats exhibit a 4-5 days long 
estrous cycle, with rising estrogen concentrations triggering a surge of luteinizing hormone (LH) 
to initiate ovulation, and estrogen and progesterone driving sexual receptivity on the night of 
proestrus 186. Stress acutely inhibits the LH surge 106 and subsequent sexual receptivity and 
fertility 187,188.  However, it is unknown whether reproductive function continues to be negatively 
impacted even following recovery from stress (defined as exhibiting baseline levels of CORT 
after four days of no stress exposure). Rats were monitored daily by vaginal smear to determine 
whether estrous cyclicity was affected during application of the stressor and to allow separation 
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of animals into different cycle stages (diestrus, proestrus and estrus) at the termination of the 
stressor. Stress did not affect estrous cyclicity, with all animals exhibiting normal vaginal 
cytology throughout the stressor.  At all estrous cycle stages, RFRP3 mRNA expression in the 
hypothalamus was significantly elevated both 0 and 4 days after the stressor was terminated  (Fig 
2.1C and D). Hypothalamic expression of the RFRP3 receptor, G-protein-coupled receptor-147 
(GPR147), was also upregulated after stress during all stages of the cycle, and returned to 
baseline values after the cessation of stress (Fig. 2.1E and F). We did not find significant 
differences in either GnRH or kisspeptin (KISS1) mRNA expression post-stress in any stage of 
the cycle (Fig. 2.1G-J).  However, hypothalamic samples were taken from whole hypothalamus, 
precluding the ability to differentiate between rostral and caudal kisspeptin cell populations, 
potentially masking subtle differences. Notably, the persistent increases in the expression of both 
RFRP3 and its receptor specifically in proestrus coincide with the cyclical onset of sexual 
receptivity, suggesting that RFRP3 provides a mechanistic basis for long-lasting suppression of 
reproductive behavior after stress. 

To investigate whether the stress-induced increase in RFRP3 plays a causal role in prolonged 
sexual inhibition, we developed a conditional viral vector to knock down RFRP3 expression (tet-
OFF lentivirus RFRP3 shRNA) in vivo during the strictly-defined time window of the chronic 
stressor. This lentiviral construct expresses RFRP3 shRNA from a constitutively active CMV 
promoter, driving both shRNA and blue fluorescent protein (BFP) marker expression. When 
exposed to doxycycline (DOX, via drinking water) (Fig. 2.2A), the tet-Off element is prevented 
from driving TRE-initiated transcription and both shRNA and BFP production cease (location 
and extent of viral infection can be seen in Fig. 2.2B and C). Stereotaxic infusion of RFRP3 
shRNA lentivirus into the hypothalamus led to an 87% down-regulation of RFRP3 mRNA 
expression within 7 days relative to a control scrambled shRNA (Fig. 2.2D). Immunohistological 
labeling verified that the peptide level in the hypothalamus was similarly knocked down by 85% 
compared to scrambled control virus, measured 2 weeks following viral injection (Fig. 2.2E, 
representative images of RFRP labeling with either scramble or RFRP-shRNA virus and pre- and 
post-DOX administration Fig. 2.2F-I). Critically, administration of doxycycline in the drinking 
water restored RFRP3 mRNA to normal levels within 4 days (Fig 2.2D). This viral vector system 
permitted knocking down of RFRP3 expression during chronic stress, and restoration of RFRP3 
during the later stages of copulation, mating and birthing, which may rely on RFRP3 function in 
unknown ways. 
 
 A second group of female rats received dorsomedial hypothalamic injections of either RFRP3 
shRNA or a scrambled control shRNA lentivirus three weeks before the 18 days of 
immobilization. Estrous cycles were monitored for each rat with immobilization timed to 
coincide with the onset of estrus, leaving most rats in proestrus 4 days after the end of stress. All 
rats were administered DOX on the final day of stress so that restoration of RFRP3 expression 
coincided with the onset of proestrus after the 4-day recovery period. (Fig. 2.3A). After one full 
estrous cycle of recovery from stress, rats underwent a timed mating test on the night of 
proestrus and were monitored through gestation and birth, to assess the long-term effects of 
stress on reproductive success including successful copulation and pregnancy outcome.  
 
Tail vein serum samples taken at the onset and end of stress sessions on days 1, 11 and 18 
revealed that post-stress circulating levels of CORT were elevated on days 1, and 11 of the 
immobilization period (Fig. 2.3B). Moreover, RFRP3 knockdown during stress did not 
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significantly alter CORT response during stress, indicating an intact hormonal stress response 
(Fig. 2.3B). Stress exposure led to a profound decrease in total reproductive success in females 
that received the control virus:  only 21% of stressed females became pregnant and carried to live 
birth, as compared to 78% of non-stressed females with control virus (Fig. 2.3C).  80% of the 
females that received the RFRP-shRNA virus became pregnant and carried to live birth  (Fig 
2.3C). The stress-induced decline in reproductive success resulted from a cumulative decrease in 
mating success (from 88 and 90% in non-stressed groups to 43% in the stress-scrambled group, 
Fig 2.3D) and pregnancy rates in the females that mated (from 87 and 89% in non-stressed 
groups to 50% in the stress-scrambled group, Fig 2.3E). Interestingly, knockdown of RFRP3 
expression in the hypothalamus during stress exposure prevented the stress-induced suppression 
of reproduction, leading to 79% copulation success, 82% pregnancy success, and overall 
reproductive success to 64%, a rate statistically equivalent to control (non-stress) levels (78%, 
Fig 2.3C).  

Exposure to acute stress on the evening of the third day of pregnancy was reported to lead 
to reduced litter size, via inhibition of implantation which occurs normally 5 days after mating 
157. Therefore, we next assessed whether pre-copulation stress exposure affects pregnancy 
outcome. Stressed females that received control-scrambled shRNA had significantly smaller 
litter sizes (Fig 2.3F, 12.77±0.91 vs. 7.667±2.60 pups/litter, p<0.05) with no difference in 
placental scars (Fig 2.3G, 13.0±0.91 vs.10.667±3.93, p>0.05). Embryo survival was analyzed in 
the females that were successfully impregnated by determining the ratio of placental scars 
(indicative of successful implantation) to the number of live pups in the litter. These were first 
pregnancies for all females, so the number of placental scars is indicative of implantation events 
during this pregnancy. Embryo survival in stressed females that received scrambled shRNA was 
78.8±11.7% of fetuses, compared to 98.1±0.95% and 97.8±1.5% survival in the control 
scrambled and control RFRP-shRNA groups, respectively (Fig 2.3F, p<0.05).  Most remarkably, 
RFRP3 shRNA administration suppressed stress-induced fetal resorption, showing a 93.4±3.2% 
fetal survival rate (Fig 2.3H). These results demonstrate that stress-induced increases in RFRP3 
expression has long-term detrimental effects on female reproductive fitness that persist long after 
the stressor has been removed and CORT levels have returned to baseline. In addition, knocking-
down RFRP3 expression during stress eliminated the stress-induced decrease in sexual 
motivation, decrease in pregnancy success and subsequent increase in embryo resorption.  

We next examined plasma estradiol concentration in animals throughout the stress period 
in both scrambled and RFRP-shRNA groups. We found that animals with RFRP knocked down 
had significantly higher circulating estradiol in proestrus during the stress exposure than animals 
that received the scrambled virus (Fig 2.4A, p<0.01), indicating that RFRP knockdown reverses 
the stress-induced blockade of the E2 rise that occurs during proestrus. Examining animals more 
closely during proestrus, we found that the RFRP-shRNA animals that successfully mated after 
the stressor had significantly higher circulating estradiol in their proestrus periods over the 
course of the stressor than both scrambled groups (Fig 2.4B, p<0.05). 

Finally, we investigated behavioral measures of female receptivity to test its potential 
contribution to the stress-induced reproductive deficits observed. Lordosis intensity is a rating 
(from 0-3) of the quality of all lordosis poses the female exhibits during the mating session, 
when 0 marks no lordosis and 3 is a fully mounted spinal flexion pose. In rats, a common index 
of relative sexual receptivity of a female in the presence of males, is the lordosis quotient (LQ), 
calculated by the number of times the female adopts a lordosis posture scored 2 or higher, 
divided by the number of times a male mounts her. All females included in the study exhibited 
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lordosis when introduced to a male (indicating that they were in the correct stage of their cycle). 
Lordosis intensity did not differ within groups (Fig 2.4C), but, a significant main effect of stress 
revealed that lordosis intensity was significantly suppressed by stress  (F(1, 61)=5.15, p=0.0268). 
Furthermore, lordosis quotient measures revealed significantly lower ratio in the scrambled stress 
group compared to the non stressed groups that received scrambled or RFRP-shRNA (0.30±0.10 
vs. 0.73±0.07 and 0.68±0.07), indicating that stress exposure decreased the relative sexual 
receptivity of the females (Fig 2.4D), congruent with the stress-induced drop in mating success 
we found. Interestingly, LQ ratios in stressed females that received RFRP-shRNA were not 
significantly different from controls ratios (0.53±0.10, Fig 2.4D), demonstrating that knock-
down of RFRP reversed the stress-induced decrease in sexual receptivity, and congruent with the 
reversal of mating success found in this group.  
 
C. Discussion 

In humans, high anxiety and psychological stress can lead to long-term impaired fertility, 
ranging from reduced libido, delayed pregnancy success to the extreme of complete reproductive 
axis suppression as in the case of hypothalamic amenorrhea 168. In our studies, selective knock-
down of hypothalamic RFRP3 during stress exposure preserved all aspects of reproductive 
function that were otherwise reduced in stress-exposed animals. The stress-induced spike in 
RFRP3 initiates a long-lasting suppression of reproduction, well after removal of the stressor, 
perhaps via positive feedback that maintains elevated RFRP3 levels or engages downstream 
suppressive targets. These findings reveal a single molecular target that persistently underlies a 
range of different reproductive dysfunctions that may provide a novel translational framework 
for clinical study of human reproductive health.   

The stress-induced rise in RFRP may be acting on neural circuits influencing mating and 
pregnancy, potentially independently of sex steroids. RFRP projects to multiple brain regions 
responsible for successful reproduction and mating behavior, including the medial preoptic area 
(mPOA) (where it is known to affect GnRH release) as well as the BNST, medial amygdala, 
anterior hypothalamus and arcuate nucleus 175. Piekarski et. al. found that administering RFRP3 
to hamsters reduced sexual motivation (as measured by percent of time spent with castrated vs. 
intact males) and vaginal scent marking without effect on lordosis behavior, similar to our 
present findings. Additionally, RFRP3 administration altered cellular activation in regions of the 
brain implicated in female sexual motivation, including the mPOA, medial amygdala, and BNST 
- all regions that receive RFRP projections. These effects were independent of gonadal steroids 
and kisspeptin cellular activation 189. While we were unable to measure progesterone or prolactin 
in this study, it is possible that RFRP projections to the arcuate nucleus affect dopaminergic 
signaling required for prolactin release and maintenance of progesterone levels and pregnancy 
success. Future studies aimed at systematically examining each step in these processes is 
required to gain a full understanding of the neural circuits underlying the deleterious effects of 
stress on reproduction.   
 In humans, RFRP 1 and 3, and their cognate receptor are expressed in the hypothalamus 
(13). It is possible that manipulation of RFRP3 signaling in humans may relieve stress-related 
reproductive dysfunction, including decreased sex drive, impaired fertility, and increased 
miscarriages. Likewise, if similar mechanisms of stress-induced reproductive suppression are 
common across species, such strategies may be similarly relevant to species bred in captivity that 
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are susceptible to stress-induced infertility, in particular endangered species whose preservation 
depends on captive breeding programs.  

 
D. Methods: 
Experimental Subjects 
Adult female Sprague-Dawley rats were triple-housed on a 12/12-hour light-dark cycle with 
lights on at 0700 hours and ad libitum food and water. For all studies, rats were acclimated for a 
week and then vaginal smears were obtained daily to verify normal cyclicity for 12 d before the 
studies commenced. Rats that did not cycle normally were removed from the study. For the 
chronic stress experiment, rats were immobilized daily from 9am-12pm (N=6 for each cycle time 
point) or left undisturbed in their home cages (N=6 for each cycle time point) until terminal 
samples were collected (stress paradigm described below).  In the RFRP knockdown study, 
animals received stereotaxic injections of either RFRP-shRNA (N=30) or scrambled control 
(N=28), then allowed to recover for three weeks. After recovery, rats were exposed to the same 
stress paradigm as the previous experiment. After cessation of stress all animals were left 
undisturbed in their home cage for 4 days, and on the night of the 4th day observed during timed 
mating (see below). Rats that successfully mated were left in their home cages for the duration of 
gestation and then perfused within 24 h after parturition. (stress/shRNA, N=15, control/shRNA, 
N=15, stress/scrambled, N=14, control/scrambled, N=11). One cage of control/scrambled 
animals were removed from analysis due to fighting. All animal care and procedures were 
approved by the University of California–Berkeley Animal Care and Use Committee (Protocol 
R303-0313BC). 
 
Immobilization Stress 
Rats were immobilized in Decapicone bags (Braintree scientific) and placed in individual cages 
in a fume hood for 3 hours/day for 18 days. Blood samples were collected for corticosterone 
measurement on days 1, 4, 7, 11 and 18 at the onset of the stressor and again at the end of the 3 
hours.  
 
Plasma Corticosterone and E2 Hormone Sampling 
All blood samples were collected from tail vein and centrifuged at 2000 g for 15 min. Plasma 
was extracted and stored at -20 °C until assayed. Corticosterone was measured using a 
Corticosterone EIA kit (Enzo Life Sciences) with individual samples used for analysis. Sample 
values below the detection level of the assay were included as the lowest detectible value. 
Samples were assayed in duplicate and groups were balanced across different plates. Inter-assay 
coefficients were <3% and intra-assay coefficients were <5%. Estradiol assays were measured by 
CalBiotech EIA (Spring Valley, CA) in singlet with individual samples used for analysis. Again, 
sample values below the detection level of the assay were included as the lowest detectible value. 
Inter-assay coefficients were <2% and intra-assay coefficients were <8% 
  
Copulation Tests 
Females verified to be in proestrus were paired with a novel male in a large rectangular cage 
under red light illumination during the lights off phase. The male was permitted to mate with the 
female for up to 2 ejaculations after which the male was removed from the cage. The interactions 
were videotaped and both male and female behaviors were blindly scored post hoc. Females that 
never exhibited lordosis posture during the test were removed from analysis. Females that exhibit 
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at least one lordosis posture but that did not allow the male to achieve intromission were termed 
an “unsuccessful maters” and after 15 min removed from the cage.  
 
Scoring of Sexual Behaviors 
All mating tests were videotaped in real-time for subsequent behavioral scoring. Videos were 
scored by two individuals blind to the experimental conditions. Behaviors of male and female 
animals were scored. The lordosis intensity was scored on a 4-point scale (0-3) as described by 
Hardy and DeBold  190 where 0 indicates no lordosis response and 3 indicates a pronounced 
spinal flexion, and averaged over the number of lordotic poses presented. The lordosis quotient 
(LQ) was determined as the number of lordosis responses (scores of 2 or 3) divided by the total 
number of mounts during the scored session. The number of proceptive behaviors was calculated 
as number of ear wiggles/minute during duration of test, as well as the number of darts and hops 
through duration of test. Males were scored for total number of mounts and intromissions.  
 
Measurement of Placental Scars 
Post-partum mothers were sacrificed 1-day post-partum. The abdominal cavity was opened and 
both uterine horns gently removed. Placental scars were identified as distinctive dark brown 
spots, counted and logged 191. 
 
Virus Preparation 
The viral vector pLenZs-tetOFF-BFP-shRNAmir-HygR was redesigned based on the backbone 
of pGIPZ vector originally from Open Biosystems to implement the new features and better 
single restriction enzyme cutting sites for molecular cloning. Briefly, PCR products for tetOFF 
and its response elements (TetOff Gene Expression System from Clontech), tagBFP (pTagBFP-
H2B vector from Evrogen), and a hygromycin resistant gene (pSilencer-hygro vector from 
Ambion) were inserted in to the original pGIPZ vector to replace the unwanted components (e.g. 
original fluorescent protein and the puromycin resistant gene). The constructed vector map is 
shown in Fig. 2d. To construct the shRNA against RFRP, a 22 nucleotide-mer oligo against 
RFRP gene was designed using the online program maintained by Dr. Ravi Sachidanandam’s 
Lab (http://katahdin.mssm.edu/siRNA/RNAi.cgi?type=shRNA). The oligo was inserted into the 
linearized pLenZs-tetOFF-BFP-shRNAmir-HygR vector using KpnI and EcoRI enzymes after 
adding enzyme arms on both sides of the oligo using PCR. Lentiviral particles were prepared by 
PEG-2000 purification of transfected Hek-293 cells and concentrated to titers of 109–1010 
infectious particles per ml. The control virus was a non-silence vector commercially available 
from Open Biosystems, with similar GC content and BLASTed to verify non-specificity.  
 
RFRP sequence: CACAGCAAAGAAGGTGACGGAA 
Control sequence: CTCTCGCTTGGGCGAGAGTAAG 
 
Stereotaxic Surgery 
Stereotaxic microinjections of the RFRP-shRNA and scrambled control viral particles were 
injected in the hypothalamus as described previously 192. Coordinates for viral injection into the 
dorsal medial hypothalamus were: -3.3mm anterior/posterior, ±0.5 mm medial/ lateral relative to 
bregma, -8.4mm relative to dura with skull level between bregma and lambda. Virus was infused 
at a rate of 0.2 ul/min for 5 min (1ul total). At 6 to 8 h after surgery, all rats received an injection 
of meloxicam (2 mg/kg, s.c.).  
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Immunohistochemical Staining for Virus Verification.  

One series of free-floating sections were rinsed in 0.1M PBS then incubated in 0.3% H202 in 
PBS for 10 minutes. After rinsing, tissue was blocked with 2% normal donkey serum, 0.3% 
Triton-X 100 in PBS, then transferred into primary antibody against GnIH  (PAC123/124, 
1:5000 in PBS plus 0.3% Triton-100 [PBS-T]) and section were incubated in antibody overnight, 
on rotation, at 4°C. The next day, sections were rinsed in PBS and incubated in secondary for 1 
hour at room temperature (Biotin donkey anti-rabbit 1:500, Jackson ImmunoResearch). 
Following rinsing, sections were incubated in ABC reagent (Vector) and then amplified by 
incubating in biotinylated tyramide for 30 min. Tertiary incubation for 1h at room temperature 
followed with streptavidin-Alexa594 (1:1000 in PBS, Jackson Immunoresearch). Following 
tertiary incubation, sections were incubated in an antibody against blue-fluorescent protein (anti-
BFP; 1:5000, Abcam) on a rotating stage, overnight, at 4°C. The next day, sections were rinsed 
in PBS then incubated in secondary antibody for 2 hours at room temperature (donkey anti-rabbit 
cy5, Jackson Immunoresearch). After rinsing in PBS-T, slides were coverslipped using DABCO 
antifading medium and stored in the dark at 4°C. 

 
Real-Time Reverse Transcriptase PCR 
Real-time reverse transcriptase PCR was run on TRIzol-extracted RNA further purified with 
DNase (DNA-free, Ambion). Rat primers were designed using NCBI Primer BLAST software, 
which verifies specificity. The Ct values were determined using PCR miner 193 and normalized to 
the ribosomal reference gene, ribosomal protein L16P (RPLP). There were no significant 
differences in RPLP values across any groups. For all studies, two-step PCR was used, following 
the manufacturer’s instructions for iScript cDNA synthesis kit (BioRad) and then the 
manufacturer’s instructions for SsoAdvanced SYBR supermix (BioRad). Samples were run in a 
BioRad CFX96 real-time PCR system. After the PCR was complete, specificity of each primer 
pair was confirmed using melt curve analysis, and all samples run on a 2% ethidium bromide 
agarose gel with a 50bp DNA ladder (Invitrogen) to verify correct product size.  
 
Primer sequences: 

Primer Forward Reverse Tem
p 

Produ
ct 
Size 

RPLP ATCTACTCCGCCCTCATCCT GCAGATGAGGCTTCCAATG
T 55 159 

RFRP CCAAAGGTTTGGGAGAACA
A 

GGGTCATGGCATAGAGCA
AT 55 110 

GPR147 GGTCAGAACGGGAGTGATG
T 

AGGAAGATGAGCACGTAG
GC 55 119 

LHβ GCAAAAGCCAGGTCAGGG
ATAG AGGCCCACACCACACTTGG 55 92 

FSHβ TTCAGCTTTCCCCAGGAGA
GATAG 

ATCTTATGGTCTCGTACAC
CAGCT 55 305 

TSHβ TCGTTCTCTTTTCCGTGCTT CGGTATTTCCACCGTTCTG 55 245 
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T 
glycoprot
ein alpha 
subunit 

CTATCAGTGTATGGGCTGT
TG  

CTTGTGGTAGTAACAAGTG
C 55 199 

KISS1 TGGCACCTGTGGTGAACCC
TG 

ATCAGGCGACTGCGGGTG
GCA 61.4 202 

GnRH GCAGATCCCTAAGAGGTGA
A 

CCGCTGTTGTTCTGTTGAC
T 55 201 

 
Statistical Analysis 
In the chronic stress and reproductive success experiments, group differences in reproductive 
success, mating success and pregnancy success were examined using G-statistics and Fisher’s 
exact tests on raw numbers, not percentages. Litter size, placental scar, embryo survival, lordosis 
quotient and intensity differences were assessed using two-way analysis of variance (ANOVA) 
followed by Bonferroni post-hoc tests. Differences in genes examined via RT-PCR were 
analyzed by a Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple comparison test for 
post-hoc analysis.  Differences in corticosterone concentrations were subjected to repeated two-
way ANOVAs followed by Bonferroni post-hoc test to determine statistical differences. 
*p<0.05, **p<0.01, ***p<0.001. Statistics were performed using R (for G-statistics and Fisher’s 
exact test) and Prism software.  
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E. Figures: 

 

Fig. 2.1. 18 days chronic stress leads to an upregulation of RFRP mRNA that persists for at 
least one estrous cycle in the rat. (A) Experimental timeline. (B). Corticosterone was measured 
in serum samples from tail vein blood immediately before and after stress sessions on days 1, 4, 
7, 11 and 18, and on day 22, 4 days post stress cessation (N=36/group in 1,4,7,11,18 timepoints, 
N=18/group on 22). (C, E, G, I) Gene expression changes in the hypothalamus immediately after 
stress and (D, F, H, J) 4 days after stress. mRNA levels of  all (mean ± SEM, N≥6) were 
determined using qRT- PCR relative to the ribosomal reference gene RPLP at day 0 and 4 post 
stress cessation. Estrous cycle staging was determined by inspection of daily vaginal smears. 



26 

*p<0.05, **p<0.01, *** p<0.001. PCR statistics were done by a Kruskal-Wallis one-way 
ANOVA followed by Dunn’s multiple comparison test for post hoc analysis, CORT statistics 
analyzed by a repeated two-way ANOVA.   

 

 

 

Fig 2.2.  RFRP-shRNA successfully knocks down RFRP expression in the dorsal medial 
hypothalamus, and expression is recovered upon DOX induction. (A) Map of RFRP-shRNA 
viral plasmid. (B) Brain sectioned and stained with an anti-BFP antibody to label virus infection 
(green) and anti- RFRP two weeks post-injection (WPI) to show injection location and (C) 
spread. Scale bar indicates 100um.. (D) mRNA levels of RFRP following injection of RFRP-
shRNA viral vector were determined using qRT-PCR (WPI= weeks post injection, mean ± SEM, 
N=4).  (E) RFRP3-is cells/section counts in the DMH after two weeks post-injection with either 
scramble or RFRP-shRNA virus (F-I) Brain sectioned stained with anti-RFRP3 antibody two 
weeks post-injection with scramble or RFRP-shRNA virus and before and after DOX 
administration. Scale bar indicates 100um. *p<0.05, **p<0.01, *** p<0.001. Statistics were done 
by one-way analysis of variance (ANOVA) and Bonferroni post-hoc tests.  For mRNA data, 
PCR statistics were done by a Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple 
comparison test for post hoc analysis and statistics for protein counts were a student’s t-test.  
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Fig. 2.3: Knocking down RFRP during stress completely prevents stress-induced 
reproductive dysfunction. (A) Experimental time line. (B) Corticosterone concentrations were 
measured in serum samples from tail vein blood immediately before and after stress sessions on 
days 1,11 and 18. (C) Total reproductive success was measured as percentage of females that 
successfully brought a litter to full term (Scramble/control N=17, Scramble/Stress N=14, 
shRNA/control N=20, shRNA/stress N=14, g-statistics: G=5.836, df=1 p=.016, fisher’s exact test 
p=0.0031). Breaking down total reproductive success, (D) Copulation success was measured as 
percentage of females that exhibited lordosis and allowed a male to achieve intromission within 
15 min (g-statistics: G=2.405, df=1 p=.028, fisher’s exact test p=0.0062) and (E) Pregnancy 
success refers to the percentage of females that got pregnant out of the subgroup that 
successfully copulated (Scramble/control N=15, Scramble/Stress N=6, RFRP-shRNA/control 
N=18, RFRP-shRNA/stress N=11). (F) Litter sizes measured as number of pups born alive 
immediately after birth (dams-Scramble/control N=13, Scramble/Stress N=3, RFRP-
shRNA/control N=16, RFRP-shRNA/stress N=9). (G) Embryos implanted measured as number 
of placental scars identified in the dam’s uterine horns after birth. (H) Embryo resorption was 
calculated as the number of birthed pups divided by number of maternal placental scars and 
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shown as a percentage (indicative of initial implantation, mean ± SEM) *p<0.05, **p<0.01, *** 
p<0.001. Reproductive success statistics were done by G-statistics tests followed by Fisher’s 
Exact test, statistics for litter size, placental scars and embryo resorption were done by a  two-
way analysis of variance (ANOVA) followed by Bonferroni post hoc tests and CORT statistics 
analyzed by a repeated two-way ANOVA.  

 

 

Fig 2.4 RFRP-shRNA animals had increased plasma estradiol on proestrus during stress 
and RFRP-shRNA animals that mated had higher circulating estradiol than scrambled 
animals.  (A) Estradiol levels as measured from tail bleed samples over the cycles of all stressed 
rats with either scrambled or RFRP-shRNA virus (n= 14). (B) Within proestrus, estradiol 
measurements in were separated by mating success and virus (n=10, 21, 11, 25 samples for each 
successive group). (C) Lordosis intensity, or quality of the lordosis pose, scored between 0-3 as 
published in 190 . We found a significant main effect of stress (F(1, 61)=5.15, p=0.0268) however 
no significant differences within groups. (D) Lordosis quotient was calculated as the ratio of 
male mounts to female lordosis poses of a score of 2 or 3. We found a significant main effect of 
stress (F(1, 61)=11.66, p=0.0011), as well a significant decrease in the scramble stress group. 
p<0.05, **p<0.01, *** p<0.001. Estradiol, lordosis intensity and quotient statistics were a two-
way analysis of variance (ANOVA) followed by Bonferroni post hoc tests. 
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Fig. 2.5: Schematic illustration of experiments. Female rats (in pink at top) were injected with 
either an inducible RFRP-shRNA or a scrambled control virus. Each group was furthered 
separated into a no stress control or subjected to 18 days of immobilization stress.  Stressed 
females exhibited fewer successful copulation events, fewer pregnancies in those that did 
successfully mate, and increased frequency of embryo resorption. These marked effects of stress 
on fertility were completely blocked by knockdown of RFRP3. 
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Chapter 3 
A novel role for RFRP3 in astrocyte connectivity and communication 
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A novel role for RFRP3 in astrocyte connectivity and communication 

 
 
Abstract  
 
RF-amide related peptide-3 (RFRP3) was originally identified in mammals as a negative 
regulator of the hormonal reproductive axis, the hypothalamic-pituitary-gonadal (HPG) axis. 
RFRP3 is a hypothalamic neuropeptide known for inhibiting gonadotropin-releasing hormone 
(GnRH) release from the hypothalamus and decreasing gonadotropin synthesis and release from 
the pituitary. Recently, however, we identified RFRP3 expression in hippocampal astrocytes and 
found that white matter astrocytes express both the peptide and its receptor, GPR147. This 
expression is specific to hippocampal astrocytes, as in vivo immunohistochemical staining and 
PCR analysis has found low expression in the cortex and hypothalamus astrocyte populations. 
We have found that high RFRP treatment to hippocampal astrocyte cultures decreases expression 
of connexin 43, a connexin specific to astrocytes and important in gap channel connectivity 
between astrocytes. RNA-seq analysis comparing astrocyte cultures with either RFRP expression 
knocked down or normal expression, has found further changes to astrocyte connexins, including 
decrease in connexin 30, another astrocyte-specific connexin, as well as calcium and potassium 
channels. Scrape-loading assays in hippocampal astrocytes revealed that 24 hour RFRP treatment 
decreases spread of dye in confluent cells, showing that RFRP decreases connectivity between 
astrocytes. These results indicate that RFRP3 may have a novel role in astrocytes, influencing 
calcium signals and communication between astrocytes.  
 
A. Introduction 
 
Astrocytes are the most common cell type in the brain, however research into their function only 
grew more popular in the past 20 years. Originally believed to simply be the “glue” of the brain, 
providing only structural support, astrocytes have since been identified to have numerous 
important functions, such as promoting synaptic development and function, regulating the blood-
brain barrier, and they also play a critical role in extracellular potassium buffering and 
neurotransmitter reuptake194–196. However, an underappreciated field within the study of 
astrocytes is the heterogeneity of astrocytes themselves. Though Ramon y Cajal identified the 
vast array of structural differences in astrocyte populations throughout the brain as early as 
1897197, and others at that time and later identified specifically two different populations of 
astrocytes within brain regions- fibrous white matter astrocytes and protoplasmic grey matter 
astrocytes, differing significantly in structure198–200, few studies investigated their functional 
differences, focusing instead on their phenotypic differences. Newer research, though, supports 
the idea that these two populations are not simply phenotypically different, but functionally 
different as well. Matthias et.al. identified that these two populations of astrocytes expressed not 
only differing levels of GFAP-eGFP expression, but that one population had outwardly 
rectifying K+ channels and express AMPA receptors and no glutamate transporters, while the 
other cell type had inwardly rectifying K+ channels and functional glutamate transporters201. 
Others have also seen this electrical difference202–204. More recently, some have suggested that 
not only are these different populations of astrocytes communicating differently with their 
neuronal counterparts, but they may also be communicating to each other differently205–208.  



32 

 Communication in astrocytes relies predominately on gap junction connections between 
large networks of cells. Gap junctions allow transfer of ions and other signaling molecules 
between astrocytes, and are composed of connexins, a family of transmembrane proteins. While 
there are many connexin proteins in the family, only a few are specifically expressed in 
astrocytes- connexin (Cx) 43 predominately and Cx30 and 26 to a smaller degree209–211. This 
connections also regulate potassium buffering and cellular signaling, both astrocyte-to-astrocyte 
and astrocyte to other cell types, such as oligodendrocytes212. As it becomes increasingly clear 
how critical astrocytes are to normal brain physiology, as indicated by the evidence of the role in 
astrocytes in many neurodegenerative disorders, normal connexin expression and communication 
is absolutely critical.  

RFRP3 was recently discovered in avian and mammalian systems as a hypothalamic 
neuropeptide responsible for inducing massive inhibition of the reproductive axis28,84,174,175. It 
was originally identified within a small population of neurons in the dorsal medial hypothalamus 
(DMH) of rodents. However, RFRP3 neurons extend processes throughout the brains, including 
the medial preoptic area (mPOA) (where it is known to affect GnRH release) as well as the 
BNST, medial amygdala, anterior hypothalamus and arcuate nucleus175, so it is hypothesized that 
it has many other functions other than just reproductive inhibition.  

We discovered that in addition to expression in the DMH of rodents, RFRP3 is also 
highly expressed in astrocyte cells, specifically within white matter tracts of the hippocampus. 
We set out to test the function of RFRP3 expression in astrocytes. Within hippocampal 
astrocytes, we found that RFRP regulates connexin expression, as well as calcium and potassium 
channels, indicating a role for RFRP in astrocyte communication and potassium buffering. These 
findings show a novel role not yet identified for RFRP3, opening a new field of study for RFRP3 
research, as well as potentially identifying a new marker specific for fibrous white matter 
astrocytes.  
 
B. Methods 
 
Animal protocol 
 
Adult and juvenile male and female Sprague-Dawley rats (Charles River) were pair-housed on a 
12 hr light dark cycle with lights on at 07:00 hr. All animal procedures were approved by the UC 
Berkeley Animal Care and Use Committees (Protocol R303-0313BC). 
 
Astrocyte cell cultures  
 
Primary astrocyte cultures were prepared from P1–2 day old Sprague Dawley rat pup 
hippocampi using the method described by McCarthy and Vellis213. Briefly, hippocampi were 
dissected in ice-cold media, chopped and digested using papain from papaya latex extract 
(Sigma, St. Louis, MO) in HBSS (Life Technologies, Carlsbad, CA) for 20 min at 37°C. Papain 
was inactivated using 10% horse serum, cells were centrifuged for 1 min at 350×g and 
resuspended in HBSS and triturated by passing through serological and flame-polished pipettes 
of progressively smaller bores. Cells were then plated in DMEM (Life Technologies) 
supplemented with 10% fetal bovine serum (Axenia BioLogix, Dixon, CA) and 1% 
Penicillin/Streptomycin (Life Technologies) at a density of 3 × 106 in T75 flasks. After reaching 
confluency, flasks were shaken on an orbital shaker at 225 rpm for 2 hr at 37°C. Cells were then 



33 

washed 5× with warm PBS to remove suspended microglia. Astrocytes were then trypsinized and 
re-plated in 100 mm dishes.  
 
Virus Preparation 
Virus prepared as described previously214. In short, lentiviral particles were prepared by PEG-
2000 purification of transfected Hek-293 cells and concentrated to titers of 109–1010 infectious 
particles per ml. The control virus was a non-silence vector commercially available from Open 
Biosystems, with similar GC content and BLASTed to verify non-specificity.  
 
RFRP sequence: CACAGCAAAGAAGGTGACGGAA 
Control sequence: CTCTCGCTTGGGCGAGAGTAAG 
 
Immunohistochemical Staining.  

One series of free-floating sections were rinsed in 0.1M PBS then incubated in 0.3% H202 in 
PBS for 10 minutes. After rinsing, tissue was blocked with 2% normal donkey serum, 0.3% 
Triton-X 100 in PBS, then transferred into primary antibody against RFRP3  (PAC123/124, 
1:5000 in PBS plus 0.3% Triton-100 [PBS-T]) and section were incubated in antibody overnight, 
on rotation, at 4°C. The next day, sections were rinsed in PBS and incubated in secondary for 1 
hour at room temperature (Biotin donkey anti-rabbit 1:500, Jackson ImmunoResearch). 
Following rinsing, sections were incubated in ABC reagent (Vector) and then amplified by 
incubating in biotinylated tyramide for 30 min. Tertiary incubation for 1h at room temperature 
followed with streptavidin-Alexa594 (1:1000 in PBS, Jackson Immunoresearch). Following 
tertiary incubation, sections were incubated in an antibody against GFAP and NeuN (Millpore, 
Billerica, MA) to measure astrocytes and neurons, respectively, on a rotating stage, overnight, at 
4°C. The next day, sections were rinsed in PBS then incubated in secondary antibody for 2 hours 
at room temperature (donkey anti-chicken cy5 (GFAP), donkey anti-mouse AF488 (NeuN), 
Jackson Immunoresearch). After rinsing in PBS-T, slides were coverslipped using DABCO 
antifading medium and stored in the dark at 4°C. 

 
Real-Time Reverse Transcriptase PCR 
Real-time reverse transcriptase PCR was run on TRIzol-extracted RNA further purified with 
DNase (DNA-free, Ambion). Rat primers were designed using NCBI Primer BLAST software, 
which verifies specificity. The Ct values were determined using PCR miner 193 and normalized to 
the ribosomal reference gene, ribosomal protein L16P (RPLP). There were no significant 
differences in RPLP values across any groups. For all studies, two-step PCR was used, following 
the manufacturer’s instructions for iScript cDNA synthesis kit (BioRad) and then the 
manufacturer’s instructions for SsoAdvanced SYBR supermix (BioRad). Samples were run in a 
BioRad CFX96 real-time PCR system. After the PCR was complete, specificity of each primer 
pair was confirmed using melt curve analysis, and all samples run on a 2% ethidium bromide 
agarose gel with a 50bp DNA ladder (Invitrogen) to verify correct product size.  
 
Scrape-loading and dye transfer assay 
 
In vitro confluent astrocytes on 8mm coverslips were washed thoroughly with 1xPBS and loaded 
with 0.5mg/ml Lucifer Yellow fluorescent dye in PBS. Three discreet scrape lines were cut with 
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a scalpel blade on each coverslip (2 coverslips for each group), and then incubated at room 
temperature for 5 minutes. Coverslips were then washed 6 times with PBS and fixed with 4% 
PFA and imaged on an inverted fluorescent scope. To estimate gap junction permeability, one 
image was taken at both sides of each slice, for a total of 6 images per coverslip (12 per group). 
The spread of dye was measured by tracing the fluorescent cell areas, and measuring distance 
across using metamorph software. Distances were averaged together and compared between 
treatment groups.  
 
RNAseq analysis 
 
In vitro hippocampal astrocyte cultures were plated and grown to 50-60% confluency. Plates 
were then treated with either RFRP shRNA or a scramble virus control and allowed 7 days for 
infection. Once infected, cells were treated with puromycin (2ug/ml) to select for viral infected 
cells. Once selection was complete, one group was treated with 10uM RFRP3 for 24 hours. All 
cells were then trizol’d and processed for RNA as explained in the RT-PCR section. Samples 
with high RNA purity (n=3/group) were then indexed using the Illumina TruSeq RNA Library 
Preparation Kit v2 (Illumina, San Diego, CA). Sequencing was run by the UC Berkeley 
Sequencing facility, and all samples were run single-end, multiplexed with 3 samples per lane.  
 
The reads from the untreated sample were aligned using TopHat 2 to the rat genome with the 
Ensembl 78 rat annotation. Cufflinks was run on the resulting alignments to assemble novel 
transcripts. The reads in each of the nine samples were then aligned to that transcriptome and the 
expression in each sample was then quantified using eXpress. The effective read counts for each 
transcript as called by eXpress were then analyzed using DESeq2 using the negative binomial 
likelihood-ratio test to detect differences in mean between any of the three conditions. 
Transcripts with p-value consistent with a false discovery rate of less than 5% were called as 
differentially expressed.   
 
Statistical analysis 
 
Intensity differences were measured by one way analysis of variance (ANOVA) with a 
bonferroni post hoc test to measure within group differences. Differences in genes examined via 
RT-PCR were analyzed by a Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple 
comparison test for post-hoc analysis. Differences in distance as measured by scrape loading 
were determined by a 2 way ANOVA with bonferroni post hoc tests. *p<0.05, **p<0.01, 
***p<0.001. Statistics were performed using Prism software.  
 
 
C. Results 
 
RFRP3 specifically labels fibrous white matter astrocytes in the hippocampus 
 
Immunohistochemical labeling for RFRP3 in in vivo coronal brain sections shows high intensity 
labeling within the hippocampus. A 10x whole brain scan of a slice containing hippocampus 
shows visually how powerful the labeling is (fig 3.1A). RFRP3 is labeled in red, GFAP, a marker 
for fibrous astrocytes is in green, and NeuN, a label for neurons is in blue. Yellow labeling 
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indicates a co-label of RFRP3 with GFAP, and you can see much higher intensity of colabeling 
in the hippocampus than in any other area of the brain. A close-up view of the hippocampus at 
20x shows this much more clearly (fig 3.1B-E). Again, RFRP3 is labeled in red (fig. 3.1C), 
GFAP is in green (fig. 3.1D), and NeuN is in blue (fig. 3.1E). The merged image of all three (fig. 
3.1B) shows that RFRP3 is co-localized only with GFAP, not NeuN, and that this co-localization 
occurs in the white matter tracts of the hippocampus. Example pictures of the cortex (fig. 3.1F) 
show no labeling of RFRP3, with few GFAP cells at all. Within the hypothalamus (fig. 3.1G), 
there appear to be small populations of labeled astrocytes around the dorsal medial region, but 
nowhere near the same amount of cells as within the hippocampus. Integrated intensity 
measurements of RFRP3 show a highly significant increase of RFRP3 labeling within the 
hippocampus as compared to the cortex and hypothalamus (fig. 3.1H, p<0.001), supporting our 
visual confirmation that this is specific to fibrous astrocytes in the hippocampus. Integrated 
intensity measurements comparing juveniles to adults, as well as adult males to adult females, 
show that there are no differences in any group (fig. 3.1I, p=0.1859, F=2.40). This is important, 
as it shows us that there is no developmental or sex differences in RFRP3 expression, it is just 
constant. PCR analysis of in vitro populations of hippocampal, cortical and hypothalamic 
astrocytes show a similar trend as the in vivo intensity measurements- an increased expression 
within the hippocampal cells, as compared to the other two regions (fig. 3.1J, p<0.05). These 
data show that both in vivo and in vitro, RFRP3 is highly expressed in fibrous white matter 
hippocampal astrocytes, and that this is a specific to the hippocampus, with little staining or 
RNA expression in the cortex and hypothalamus, two other regions with high levels of 
astrocytes.  
 
Treatment with RFRP3 for 24 hours leads to decrease in astrocyte connectivity and Cx43 
expression 
 
To determine whether a transcriptional decrease in Cx43 mRNA as shown in the RNAseq data 
leads to a functional decreases in connectivity between cells, we ran a Lucifer Yellow scrape 
loading assay to determine spread of dye in hippocampal astrocyte cells in vitro. Confluent 
astrocytes were treated with RFRP3 for 5 minutes, 1 hour, 6 hours, 18 hours and 24 hours (or 
with vehicle, n=2 coverslips/group). Cells were then washed of RFRP and media, and three 
disparate slices were made onto the coverslips. The cells were incubated with Lucifer Yellow 
dye for five minutes and then fixed and imaged. Representative images of RFRP treated cells and 
vehicle treated cells are shown in Fig. 3.2A&B. Distance, as measured by spread of dye through 
the astrocytes was calculated. Cells treated with RFRP3 for 24 hours showed a significant 
decrease in spread of dye as compared to 24-hour treatment with vehicle (p<0.01). No other time 
point showed significant changes (fig 3.2C).  We also verified that cells from the same astrocyte 
cell culture experiment also experienced changes in connexins. Confluent astrocytes treated with 
RFRP3 for 24 hours showed a significant decrease in Cx43 mRNA levels (fig 3.2D,p<0.001). 
These two pieces of data replicate the same changes we see in connexin levels in the RNAseq 
data, and show that this decrease in Cx43 leads to a functional decrease in connectivity of the 
cells, as measured by dye spread. This could indicate that RFRP3 may also cause decrease in gap 
junction communication, changing astrocyte communication in networks. 
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D. Discussion 
 

Astrocyte heterogeneity is a fascinating and important new line of research in the glia 
field. While it is well accepted that neurons are highly heterogeneous, and there has been much 
evidence that astrocytes have many phenotypic differences, little is understood how those 
phenotypically different sub-populations of astrocytes are functionally and developmentally 
different. It is becoming increasingly apparent, however, that these different populations have 
different electrical and gap junctional coupling. Two hippocampal populations of astrocytes, also 
show distinct differences in glutamate responsivity, a mechanism for their differing gap junction 
coupling. These populations are referred to as GluR (for possession of AMPA glutamate 
receptors) and GluT (for possession of glutamate transporters) and they differ profoundly in gap 
junction coupling201,208. When examined in GFAP-eGFP mice, GluT astrocytes are easily 
identified by their high intensity staining of GFAP, with robust processes. They express high 
levels of glutamate transporter genes, have inwardly rectifying K+ channels, and have strong gap 
junction connectivity. GluR cells, on the other head show little expression of glutamate 
transporter genes, have high levels of AMPA receptors and outwardly-rectifying K+ channels, 
and show little to no gap junction connectivity201,208.  

RFRP3 regulates connexin expression, decreasing Cx43, the predominant connexin in 
astrocytes. It also regulates inwardly-rectifying potassium channels, as well as metabotropic 
glutamate channels, as shown in the RNAseq data, revealing a potential role in not just 
connectivity, but cellular buffering as well. Interesting, the RNAseq data, as well as the scrape 
loading data, suggests that RFRP is expressed in these GluT astrocyte cells specifically, rather 
than the GluR cells. As more research investigates the differences between different 
subpopulations of astrocytes, RFRP3 could become an interesting molecule to focus on. That 
RFRP3 is only expressed in white matter astrocytes in the hippocampus is a completely new 
discovery and one that could be very exciting. Few markers exist that perfectly separate these 
groups of astrocytes, and the identification of one that only labels these GluT cells could prove to 
be very helpful. Much more research needs to be done, however, to better understand RFRP3’s 
role in astrocytes.  

Astrocytes also play a critical role in disease, as more and more research is revealing215,216. 
A better understanding of astrocyte heterogeneity is becoming increasingly needed, as these 
populations likely elicit very different effects in the brain. Especially within the hippocampus, 
which was originally believed to be a single uniform population of astrocytes217. As is becoming 
clearer, the hippocampus as two distinct populations of cells that differ greatly in how they 
communicate. Understanding those different cells, and how to correctly identify them and the 
role they may be contributing to disease, is important. RFRP3 and its novel role in these 
astrocytes could reveal more information into functional differences between these populations.  
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E. Figures 
 

 
 
Fig 3.1. RFRP3 expression in hippocampal astrocytes. (A). 10x scan slide of RFRP3 (red), 
GFAP (green) and NeuN (blue) label. (B-E). Hippocamapal brain sections sliced and stained 
with RFRP3 (red, C), GFAP (green, D) and NeuN (blue, E). (F) representative image of cortex. 
Blue is NeuN and green is GFAP. (G) Representative image of hypothalamus. Red is RFRP3, 
green is GFAP and blue is NeuN. (H) Integrated intensity measurements of RFRP3 in cortex, 
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hypothalamus and hippocampus. (I) Integrated intensity measurements of RFRP3 by age and 
sex. (J) PCR analysis of mRNA levels of RFRP in in vitro cortical, hypothalamic, and 
hippocampal astrocyte cultures. Scale bar indicates 100um. *p<0.05, **p<0.01, *** p<0.001. 
Statistics were done by one-way analysis of variance (ANOVA) and Bonferroni post-hoc tests.  
For mRNA data, PCR statistics were done by a Kruskal-Wallis one-way ANOVA followed by 
Dunn’s multiple comparison test for post hoc analysis. 
 

 
 
Figure 3.2. RFRP treatment decreases connectivity in in vitro hippocampal astrocyte 
cultures. (A) Representative images of vehicle and (B) RFRP treatment in dye spread in 
astrocytes. (C) Changes in distance measured as um from the scrape line. (D) PCR expression 
changes in in vitro hippocampal astrocytes of connexin 43 compared between vehicle and 24 
hour RFRP treatment. Scale bar indicates 100um. *p<0.05, **p<0.01, *** p<0.001. Statistics 
were done by one-way analysis of variance (ANOVA) and Bonferroni post-hoc tests.  For 
mRNA data, PCR statistics were done by a Kruskal-Wallis one-way ANOVA followed by 
Dunn’s multiple comparison test for post hoc analysis. 
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Discussion 

 
A. Stress and RFRP3/GnIH  

 
Stress regulates all parts of the reproductive axis, inhibiting reproductive success at every 

level. RFRP3 effectively functions similarly to stress in its inhibition of reproduction. 
Understanding how stress regulates RFRP3 could be a critical step in better understanding the 
mechanism of stress-induced infertility. While it has been shown that stress has a myriad of 
effects on reproduction, it could be that RFRP is the actual integrator of all this information, and 
stress signals directly to RFRP itself to inhibit reproduction, rather than influencing things 
directly. My dissertation examined the ways in which stress regulates RFRP3 signaling, and how 
this change in signaling may impact reproductive success. 

Our lab previously showed in males that both acute and chronic stress upregulates RFRP3 
mRNA levels, as measured by PCR, and RFRP3 peptide levels. This increase in turn led to 
downstream inhibition of the HPG axis, as shown by decreases in LH levels measured in the 
serum of stressed males. When animals were adrenalectomized before the stressor, removing 
circulating glucocorticoids (GCs) from the blood and preventing a stress-induced increase in 
CORT, these effects on RFRP3 levels were blocked. This indicates that this rise in RFRP3 
during stress is indeed due to the increase in glucocorticoid levels from stress. 
Immunohistochemical staining revealed that RFRP3 neurons in the hypothalamus express high 
levels of the glucocorticoid receptor (GR), which binds GCs in times of stress86. This shows that 
GCs have a direct mechanism for interacting with the RFRP3 neurons. Indeed, other studies have 
shown that the RFRP3 sequence contains at least 2 glucocorticoid response elements (GREs), the 
promoters responsible for triggering GCs effects via the GR receptor87,218. This evidence shows 
that stress can, and does, directly increase RFRP3 levels and respond strongly to the influence of 
stress. 

All the work done previously focused in a male model, where it is simpler to measure 
changes in the reproductive system without the confusion of the estrous cycle and constantly 
changing hormones. Females, however, are a much more interesting model to investigate 
reproductive problems with, though, because female reproduction is typically the limiting step- 
in most species, females bear the young, and if a female cannot reproduce, no young will be born 
that year. Research has shown that females are frequently an ignored model in research 
however219, as many researchers fear that the circulating sex steroids during estrous cycles 
introduce too much variability into the research. Moreover, those that do study females, tend to 
ovariectomized (OVX) the animals and regulate hormone levels that way, as a mechanism for 
decreasing variability. In reproduction, however, that technique is clearly limiting. You cannot 
measure things like pregnancy and litter success in OVX’d animals.  

My thesis focused on examining the regulation of RFRP3 in chronic stress and it’s 
downstream effect on reproductive success in naturally cycling female Sprague-Dawley rats. 
Cycle times were monitored and controlled throughout all experiments by vaginal smearing. This 
allowed us to gain a full picture of the reproductive dysfunction experienced by the animals, with 
an intact stress response and estrous cycle. We first identified that, like in males, females 
increase RFRP3 mRNA levels after 18 days chronic immobilization stress. This increase 
happens in all stages of the estrous cycle. If you allow the animals 4 days of recovery from stress 
(the length of the estrous cycle), increased RFRP mRNA levels are maintained. This increase 
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persists despite the fact that CORT levels are back to baseline within 24 hours after the stressor 
ceases. This is a very interesting connection, as some studies claim that stress levels, as measured 
by CORT, do not in fact correlate to rates of pregnancy success220,221, despite the frequent 
connections attributed to stress and fertility. What this data may show, instead, is that while 
CORT levels are brought down back to baseline through negative feedback within a day, there 
could be downstream effects of stress that do in fact correlate to fertility problems that are not 
measured when simply looking at CORT levels. RFRP3, maintained for at least one estrous cycle 
likely still elicits a strong inhibitory effect onto the reproductive axis, long after CORT levels are 
returned to normal.  

Next, reproductive success was measured post-stress, in terms of mating success rates and 
pregnancy success rates, with no hormonal manipulations. This gives us an idea of how 18 days 
of chronic stress may influence reproductive success in general. We found that stress 
significantly decreased reproductive success by 50%, a cumulative decrease of mating success 
and pregnancy success. These data show that not only does 18 days of stress increase RFRP 
mRNA levels, but also leads to a profound increase in reproductive distress, all while CORT 
levels are low.  

To see whether high RFRP3 post-stress played a role in the mechanism of stress-induced 
reproductive dysfunction, we used an inducible RFRP3 shRNA injected directly into the DMH 
of rats. Utilizing an inducible virus allowed us to specifically eliminate the stress-induced rise of 
RFRP, and return RFRP3 levels back to normal. What we found was that removing RFRP3 
during the stressor completely prevented all stress deficits in reproductive. Animals mated and 
got pregnant in numbers similar to controls, with no apparent deficits. Interestingly, stress 
induced higher levels of embryo resorption than controls during pregnancy, which was also 
prevented by RFRP3 knockdown. This happened after implantation already occurred, as 
placental scar counting showed no differences between any groups. Vaginal smearing also 
indicated that few rats actually lost cyclicity during the stressor. This indicates that maybe RFRP 
is functional in neural networks not critical in ovulation or implantation, but in actual 
maintenance of pregnancy, independently of sex steroids. Others have found data to support this 
conclusion189. Interestingly, RFRP3 fibers project to the arcuate nucleus, an area responsible for 
control of prolactin release via dopaminergic signaling175,222,223. Dopamine-releasing neurons are 
responsible for inhibition of prolactin signaling, and correct regulation of dopamine inhibition on 
prolactin is critical for normal pregnancy maintenance224. RFRP3, via its projections to the 
arcuate nucleus, could be affecting this network, maybe through activation of these dopaminergic 
neurons at the critical early stage of pregnancy when prolactin is absolutely necessary for 
maintenance of the fetuses.  

Another possibility of the role of RFRP3 in pregnancy maintenance could be how in relation 
to progesterone secretion. In humans, Oishi et.al. found that RFRP reduced gonadotropin 
response in the gonads,  as well as inhibited progesterone secretion225. Though we found no sex 
steroid differences, we did not investigate progesterone levels in the pregnant rats. RFRP may be 
disrupting gonadal progesterone maintenance, critical for a successful pregnancy.  
Much more work needs to be done to better understand the neural networks influenced by 
RFRP3 after stress, as well as the length of time RFRP is present in the system. Little is known 
about the biochemistry of RFRP, information that could be critical in understanding what 
happens when high levels of RFRP are released after an event like stress. Also, although RFRP 
has been identified in humans25, not much is known about how it functions in humans. As we try 
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to identify the causes of infertility in humans, understanding how RFRP works could prove to be 
incredibly important and helpful in clinical work.  
 

B. The role of RFRP3 and astrocytes 
 

While working through how stress influences levels of RFRP, I also discovered an interesting 
and potentially novel function for RFRP3 in the brain. Though previously RFRP3 had only been 
identified in neurons in the dorsal medial hypothalamus (DMH) of the rat, I saw high intensity 
labeling of the RFRP3 peptide in a completely new area, and in a different cell type than 
neurons. RFRP3 was being expressed highly in the hippocampus, an area of the brain known for 
its role in learning and memory, and in astrocytes, rather than neurons. Astrocytes are the most 
common cell-type in the brain and research recently has shown that they are responsible for a 
myriad of critical regulations in the brain, including blood-brain barrier integrity, synapse 
development and functionality, and potassium and neurotransmitter buffering in the brain. 
Interestingly, RFRP3 appeared to only by in a certain population of astrocytes in the 
hippocampus, solely within the white matter tracts, known as fibrous astrocytes. Though much 
has been learned recently about the functionality of astrocytes, little is known how their 
populations are functionally different. The fact that not only is RFRP3 expressed in astrocytes, 
but that it is also specific to a small population of astrocytes is fascinating. The final part of my 
thesis was also investigating what a reproductive inhibitory neuronal peptide was doing in white 
matter astrocytes.  

A first step taken in understanding RFRP3 and astrocytes was identifying where it was 
throughout the brain. Though the highest intensity staining was clearly within the hippocampus, 
we had to be sure that this wasn’t overshadowing other populations. Staining for RFRP3, GFAP 
(a marker for astrocytes) and NeuN (a marker for neurons) was conducted on 40 micron slices of 
adult and juvenile rats, both male and female. Staining showed clearly that this was specific to 
astrocytes, as there was localization of RFRP3 to GFAP only, with no colocalization with NeuN 
anywhere outside of the DMH. There was no colocalization of RFRP with GFAP in either the 
cortex or the hypothalamus, two areas with high astrocyte populations. Intensity staining showed 
no differences between males or females, or adults and juveniles. PCR analysis of in vitro 
astrocyte cultures of cortex, hippocampus and hypothalamus showed an increase in hippocampal 
expression relative to the other two regions. This supported the idea that this was in fact specific 
to hippocampal astrocytes. 

Astrocyte heterogeneity is a newer field within astrocyte research, and little is understood 
about the different populations within brain regions. However, it is becoming increasingly 
interesting, especially as research indicates that astrocytes play an important role in development 
of many neurodegenerative diseases215,216. Better understanding subpopulations of astrocytes is a 
critical new line of research in the field. That RFRP3 is expressed in only fibrous astrocytes 
could prove to be incredibly interesting in this field.  
To gain a better understanding of RFRP3 in astrocytes, we did RNAseq transcriptome analysis of 
hippocampal astrocyte cultures, comparing astrocytes with either RFRP3 knocked down using 
our RFRP3 shRNA virus, treatment of cells with high levels of RFRP peptide, or no 
manipulation. We found a significant effect of RFRP3 on genes important for astrocyte 
communication and potassium buffering.  

To investigate the functionality of RFRP’s inhibition of connexin expression, a scrape-
loading assay was conducted on cells treated with RFRP3 or vehicle. We found that treatment 



43 

with RFRP for 24 hours decreased spread of the dye as compared to vehicle controls. This 
implies that the decrease in connexin expression functionally manifests into a decrease in 
connectivity of the astrocytes in vitro, supporting our hypothesis that RFRP may be influencing 
astrocyte communication. Connexins are transmembrane proteins that make up gap junction 
channels. Astrocytes communicate almost exclusively via calcium signaling through gap 
junction connectivity. Understanding connexin regulation in astrocytes is tricky, as gap junctions 
can composed of channels made up entirely of one connexin, or the channels can be 
heterodimers of two different types connexins. Astrocytes predominately express connexin 30 
and 43, and small levels of 26, and channels can be made up of any configuration of the 
three208,211. Different connexins can also be upregulated in compensation for the downregulation 
of another226,227. This makes it difficult to draw strong conclusions from the effect of just one of 
the connexins being downregulated. However, the decrease in spread of the dye with 24 hours of 
RFRP3 treatment indicates that decreasing connexin 43 is critical to gap junction connectivity.  
Though significantly more work needs to be done, this early research into RFRP and astrocytes 
shows that not only is the expression of RFRP real, there may be a functional role for it there. 
Though little is understood about astrocyte heterogeneity, the presence of RFRP in fibrous white 
matter astrocytes is an interesting addition to the field. Some researchers have hypothesized that 
there is likely a heterogeneity in gap junction connectivity as well between these populations, as 
their roles are likely very different, whether they are near a synapse or not207,208,210,228. Perhaps 
RFRP is critical in those differences. 
 
 

C. Summary 
 

Hormones are typically named for their function at the time they are identified. When 
gonadotropin-inhibitory hormone was initially identified in birds, it was named for what it did- 
inhibit gonadotropins. Work thus far on GnIH/RFRP3 has focused on that role, predominately 
examining how it controls the HPG axis, and its interaction with other hormones that also 
regulate the reproductive axis. While many have discussed the wide projections of RFRP3 
neurons throughout the brain, few have investigated what those projections may be significant 
for, though research into them is growing. However, that RFRP3 may have a completely novel 
function in a different cell type altogether is a new field that bears investigating. RFRP3 could 
also play a role in how astrocytes communicate with one another, influencing how information 
moves throughout the hippocampus. This interesting finding could have great impact in better 
understanding the different sub-populations of astrocytes, and offer a new marker for 
identification.  
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