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Abstract 
 

The brain regulates fertility through gonadotropin-releasing hormone (GnRH) 

neurons. Estradiol induces negative feedback on pulsatile GnRH/luteinizing 

hormone (LH) release and positive feedback generating GnRH/LH surges. 

Negative and positive feedback are postulated to be mediated by kisspeptin 

neurons in arcuate and anteroventral periventricular (AVPV) kisspeptin neurons, 

respectively. The work in this dissertation first demonstrated AVPV kisspeptin 

neurons were more excitable during positive feedback by performing 

electrophysiological recordings on cells from cycling and hormonal manipulated 

adult female mice. To test if the estradiol mediated excitability is due to estradiol 

action on estrogen receptor alpha (ERα) in kisspeptin neurons, kisspeptin 

specific ERα knockout mice (KERKO) and Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/Cas9 based AAV vectors that target Esr1 gene 

injected mice were used. The estradiol-induced increase in excitability of AVPV 

kisspeptin neurons was lost in cells from KERKO or AAV ERα knockdown mice. 

The comparable intrinsic excitability between two models suggests activational 

effects of estradiol can regulate firing activity. Besides intrinsic excitability, 

glutamatergic transmission to AVPV and arcuate kisspeptin neurons was 

characterized in cycling and hormonal manipulated adult female mice, as well as 

KERKO mice. This revealed that glutamatergic transmission to AVPV kisspeptin 

neurons is decreased during estradiol negative feedback whereas transmission 

to arcuate kisspeptin neurons is increased during negative feedback; frequency 

of glutamatergic transmission during positive feedback has the opposite pattern, 

being increased to AVPV and decreased to arcuate cells. Deletion of ERα in 

kisspeptin cells decreases glutamate transmission to AVPV neurons and 

markedly increases it to arcuate kisspeptin neurons, which also exhibits 

increased spontaneous firing rate. KERKO mice exhibit increased LH pulse 
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frequency, indicating loss of negative feedback. The CRISPR/Cas9 based AAV 

approach enables spatial- and temporal-specific gene editing in mice. This allows 

us to test the role of estradiol and ERα in AVPV and arcuate kisspeptin neurons 

plays to sense estradiol and orchestrate pulsatile and surge release of GnRH/LH 

and thus reproductive output. 

 



 1 

Chapter 1 Introduction 
 

The goal of this introduction is to review the state of the field at the beginning of 

the development of this dissertation project. 

 

Significance 

Reproductive function includes puberty onset and completion, reproductive 

cyclicity, gametogenesis, fertilization, pregnancy, lactation and senescence; all 

are indispensable to perpetuate species. As a window to overall health, 

reproductive health is vital for all stage of life. Fertility problems affect 20% of 

couples1; ovulatory disorders account for 25% of this total2. Beyond reproductive 

neuroendocrine and sex behavior systems, sex steroids act on many systems 

including nervous, cardiovascular, bone and skeletal system. These demonstrate 

the importance of understanding the reproductive system in physiological and 

pathological conditions. The advance of our knowledge in the field will help 

develop novel therapies for reproductive diseases in human patients, domestic 

animals, and endangered species.  

 

The reproductive axis and estradiol feedback 

Gonadotropin-releasing hormone (GnRH) neurons integrate central and 

peripheral cues, such as steroids, stress, metabolic status, circadian rhythms, 

and olfaction, to send the central output to regulate fertility3. Residing in the 

preoptic area (POA) and anterior hypothalamus and projecting to the median 

eminence, GnRH neurons release GnRH to the hypophyseal portal vasculature 

to stimulate the pituitary to produce and secrete gonadotropins 4,5. High GnRH 

pulse frequency preferably stimulates luteinizing hormone (LH) release, whereas 
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low GnRH pulse frequency preferably promotes follicle-stimulating hormone 

(FSH) release6. The secretion of FSH and LH regulates gonadal gametogenesis 

and steroidogenesis7. The sex steroids including estradiol, progesterone and 

testosterone feed back on the brain to regulate GnRH release, and on the 

pituitary to regulate the responsiveness of gonadotropes to GnRH8–11. In males 

and during most of the female reproductive cycle, sex steroids suppress GnRH 

neuron activity and release12,13. During female preovulatory stage (late follicular 

phase or proestrus), a sustained elevation in estradiol causes a switch of 

estradiol action from negative to positive feedback and thus induces elevated 

GnRH neuronal activity, causing a preovulatory surge of GnRH and subsequent 

LH release, which triggers ovulation14–16. The investigation of the feedback 

regulation of hypothalamus has focused mainly on estradiol, as estradiol is the 

predominant signal to mediate positive feedback, a central focus of this 

dissertation project. 

 

The physiological responses to estradiol in reproductive tissues and organs are 

known to be mediated by at least two subtypes of estrogen receptor, estrogen 

receptor α (ERα) and estrogen receptor β (ERβ), in distinct tissue or cell 

types17,18. In rodents and humans, these subtypes are encoded by different 

genes Esr1 (human ESR1) and Esr2 (human ESR2), respectively. Both ERα and 

ERβ belong to nuclear hormone receptor family and act as ligand-activated 

transcription factors19.  The global knockout of ERα or ERβ, neither lethal, have 

different reproductive deficits. The ERαKO mice are infertile and exhibit disrupted 

reproductive tracks such as hypoplastic uteri, large hemorrhagic cysts and 

absence of corpora lutea in the ovaries, whereas ERβKO mice are fertile but 

have fewer and smaller litters 20,21. Further, ERαKO but not βERKO female mice 

exhibit abnormally high serum LH after gonadectomy and estradiol replacement 

compared to normal control mice22, demonstrating a necessity of ERα, but not 

ERβ in estradiol negative feedback. A neuron-specific ERα KO mouse model 

shares similar impaired negative feedback compared to the global KO model and 

impaired positive feedback marked as an absence of estradiol-induced LH surge 
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release23.  These observations suggest that estradiol negative and positive 

feedback relies on estrogen signaling via ERα-expressing neurons. 

 

Pulse and surge release of GnRH 

As the GnRH release pattern is the central signal to regulate the pituitary 

reproductive function, it is critical to study how GnRH is released in physiological 

and pathological conditions. The challenges remain that long-term monitoring 

GnRH release can only be done in large animals like sheep and primates, from 

which GnRH can be measured in the extracellular space of the median eminence 

using techniques such as push-pull perfusion, in vivo microdialysis or direct 

sampling from pituitary stalk portal blood24–26. This cannot be done in small 

rodents due to their small body size and small hypothalamus and portal 

vasculature27. As the secretion of LH occurs highly correlated with GnRH 

secretion in large animals, LH is often used as a bioassay for central GnRH 

release in small rodents28,29. However, cases remain when LH pattern is not 

faithfully representing GnRH release pattern. One example is the high frequency 

of GnRH pulses in thyroidectomized ewes are not reflected by the less clear LH 

pulses30. This may because a shorter GnRH pulse interval does not provide time 

for the clearance of LH, which has a longer half-life compared to GnRH, thus the 

interpretation between GnRH and LH release patterns need to be carefully 

addressed31. Patterns of GnRH and LH secretion across female reproductive 

cycles have been descried as two release modes: pulsatile and surge release. 

These two patterns are modulated by the biphasic effect of estradiol, negative 

feedback and positive feedback, respectively. 

 

The pulsatile release of GnRH/LH is characterized as discrete pulses separated 

by periods at basal levels. Lower levels of estradiol during the majority of the 

reproductive cycle exert negative feedback to decrease primarily GnRH pulse 

amplitude; estradiol also play a permissive role to facilitate the role of 

progesterone to decrease GnRH/LH pulse frequency32. This negative feedback is 
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critical for maintaining normal gonadotropin secretion, essential for normal 

pubertal process and maintaining reproductive cyclicity 33–36. The patterns of 

GnRH release are critical for the regulation of gonadotropin secretion, 

demonstrated by a classic lesion/replacement study. In rhesus monkeys when 

the medial basal hypothalamus was lesioned to abolish the endogenous GnRH 

release, only those who received episodic but not continuous manner of GnRH 

reestablished pituitary gonadotropin secretion37. Abnormal GnRH secretion is 

involved in a number of reproductive disorders including polycystic ovary 

syndrome, and hypogonadotropic hypogonadism38,39.  

 

The switch of estradiol from negative to positive feedback at the end of follicular 

phase or proestrus triggers a sustained release of GnRH and LH. The surge 

release of GnRH occurs shortly prior to or coincidently with LH surge, and 

continues after the end of LH surge, denaturing from the pulsatile pattern14. 

There is some debate in higher primates about the necessity of the GnRH surge 

for ovulation, as LH surge occurs during an episodic release of free gonadotropin 

alpha subunit, a GnRH secretion marker, in women40. In rhesus monkeys that 

received hypothalamic lesion and unvarying GnRH pulse frequency replacement, 

LH surges also occurred, but could not be induced in the absence of GnRH 

replacement41. It is worth noting that monkeys do exhibit a GnRH surge along 

with the preovulatory or estradiol-induced LH surge42,43. In rodents and sheep, 

the preovulatory surge release of GnRH drives LH surge, which is crucial for 

ovulation44,45. 

 

GnRH central network 

Given the scattered distribution of GnRH neurons in the forebrain, monitoring 

GnRH group-activity is particularly hard. A multi-unit recording study in the 

hypothalamic region of rhesus monkeys reveals an increased overall electrical 

activity correlated with LH pulses46. However, these results are difficult to 

interpret because of the lack of ability to distinguish the signals from GnRH vs 



 5 

other neurons. The application of transgenic techniques really advanced the field 

by visualizing GnRH neurons with a reporter gene under its GnRH gene 

promotor47,48. This allows close examining of GnRH neurons, such as genetic 

profiling and individual GnRH neuronal activity monitoring49. Extracellular and 

whole-cell recordings have been applied to study GnRH neuronal activity. GnRH 

neurons exhibit spontaneous firing activity as well as periods of quiescence on 

brain slices via extracellular and whole-cell current-clamp recordings50–52. Burst 

firing, potentially facilitating hormone release53, has also been found in GnRH 

neurons50,54.  

 

One critical aspect of GnRH electrophysiological properties is their manipulation 

by steroids. Several hormone manipulation paradigms have been used to mimic 

estradiol-induced LH surge to study estradiol positive feedback55. Here I will 

mainly review the paradigm that induces LH surge by constant elevated estradiol, 

as this is the model on which majority of the work in this dissertation has been 

done12. In this model, female mice are ovariectomized and an estradiol implant 

providing a constant physiological level of estradiol is placed at the time of 

surgery. This model produces a daily diurnal-timed LH surge occurring around 

time of lights off; in the morning, LH level remains low due to estradiol negative 

feedback. Correlated to the pituitary output, in this model GnRH neurons also 

exhibit low firing frequency in the morning as the consequence of negative 

feedback and high firing frequency due to positive feedback12. The fast-scan 

cyclic voltammetry (FSCV) technique has been adapted to measure the real-time 

release of GnRH in brain slices, attempting to correlate GnRH activity with the 

hormone release. GnRH release frequency at the median eminent correlates well 

with its firing frequency, low release during negative feedback and high release 

during positive feedback13. These estradiol-modulated changes may be 

attributable to GnRH intrinsic properties as well as fast synaptic inputs or the 

effects of neuromodulators 56–59.  
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Intrinsic properties include the ion channel expression profiles and their kinetics, 

as these can help sculpting the firing output of a neuron. Being closely influenced 

by estradiol signals, GnRH neurons do express ERβ and estrogen receptor 

GPR3060,61. The changes in intrinsic properties of GnRH neurons may be in part 

of attributable to these estrogen receptors that respond to acute rise of estradiol 

and potentially regulate the afterhyperpolarization (AHP) and the slow 

afterdepolarization (ADP) though voltage gated calcium channels, 

hyperpolarization-activated cation channels, and persistent sodium 

channels57,58,62.  

 

Fast synaptic transmission underlies a large proportion neuronal communication 

including the hypothalamic neurons63,64.  Glutamate and/or gamma-aminobutyric 

acid (GABA) act via ionotropic receptors such as GABAA, alpha-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-D-aspartate 

(NMDA) receptors. Both GABA and glutamate are excitatory to GnRH 

neurons65,66. GABAergic and glutamatergic transmission to GnRH neurons is 

increased during positive feedback compared to negative feedback56,59. The 

acutely application of ERα agonist PPT reduced the frequency of GABA 

transmission to GnRH neurons whereas ERβ agonist DPN increased frequency 

of GABA transmission67. These data show that estradiol can act rapidly or long-

term to regulate GABAergic transmission to GnRH neurons in a receptor 

subtype-dependent manner. At least some of these GABAergic and 

glutamatergic GnRH-afferents are likely to express estrogen receptors. 

 

In addition to the fast synaptic transmission, neuromodulators such as vasoactive 

intestinal peptide (VIP), orexin, and kisspeptin are also involved in GnRH 

regulation68–72. These suggest that GnRH neurons may receive endogenous 

released neuropeptide through the terminal of these peptidergic neurons. Both 

neurons in suprachiasmatic nucleus that synthesize VIP and orexin neurons in 

lateral hypothalamic area place fibers close to GnRH neurons73,74. The region 

and role of kisspeptin will be further discussed in the next section. 
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Kisspeptin signaling 

The discovery of the link between KISS1 and KISS1R mutations and 

reproductive deficits including idiopathic hypothalamic hypogonadism, impaired 

pubertal maturation, and low-amplitude LH pulses in patients highlighted the role 

of kisspeptin (KISS1 product) and its receptor (KISS1R product) in puberty and 

fertility 75,76. Transgenic mice that lack Kiss1 and Kiss1r exhibit a similar 

hypothalamic hypogonadism phenotype, confirming the clinical observations76,77. 

Interestingly, Kiss1 KO mice show a more variable and less severe of 

hypothalamic hypogonadism phenotypes compared to Kiss1r KO mice 78,79.  

 

Identification the population of cells expressing Kiss1r is challenging due to the 

lack of antibody reliability. Both in situ hybridization studies and a Kiss1r 

promoter-driven Lacz knock-in mice show the expression of Kiss1r mRNA or its 

reporter protein in several brain regions including the preoptic area, where GnRH 

neurons are located80,81. Later, it was discovered that kisspeptin is a potent 

stimulator of GnRH neurons, as it induces cFos expression in GnRH neurons, a 

marker for recent increased activity82. The direct measurements of GnRH firing 

and release with kisspeptin treatment further demonstrated the stimulatory effect 

of kisspeptin on GnRH firing and release13,72,83.  From a loss-of-function aspect, 

blockade of kisspeptin action by injecting an antibody or a specific antagonist 

decreases GnRH firing and release84. These studies demonstrate a strong 

functional link between kisspeptin and GnRH neurons.   

 

Similar to the identification of Kiss1r, in situ hybridization studies and reporter 

transgenic mice have been used for identification of the expression pattern of 

Kiss1. In rodents, kisspeptin is found in two regions in the arcuate nucleus and 

the anteroventral periventricular nucleus (AVPV) of hypothalamus. The arcuate 

kisspeptin expression occurs in both sexes and AVPV kisspeptin expression is 

predominantly observed in females84. Kisspeptin fibers from AVPV exhibit direct 
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appositions to GnRH cell bodies and arcuate kisspeptin neurons to GnRH 

terminals85,86, supporting a kisspeptin-GnRH direct connection from an 

anatomical perspective.   

 

Both hypothalamic kisspeptin neuronal populations express ERα, ~70% in AVPV 

and ~99% in arcuate nucleus87. These two nuclei respond to elevated estradiol in 

a nucleus-specific manner, with increased kisspeptin mRNA in AVPV and 

decreased in arcuate nucleus88,89. This sets up the working hypothesis in the field 

that arcuate and AVPV kisspeptin neurons have distinct roles in mediating 

estradiol negative feedback and positive feedback, respectively. I will thus review 

the evidence to support their roles separately. 

Arcuate kisspeptin neurons and negative feedback 

The first evidence that suggest the link between arcuate nucleus neurons and LH 

pulse comes from early lesion studies: abolishing the arcuate nucleus abolishes 

LH pulses in rats and monkey90,91. Furthermore, the correlation of mediobasal 

hypothalamic (MBH) neuronal multi-unit activity with LH pulse release has been 

demonstrated in various animals46,92,93, suggesting MBH neurons are involved in 

pulse generation. GnRH neurons in the brain are differently distributed in 

different animal models 94,95. In rodents, GnRH neurons are rare in the MBH, but 

the correlated activity is still observed93, indicating other neuronal populations are 

involved in pulse generation besides GnRH neurons.  Although it is still arguable 

where the neuronal signals come from, arcuate kisspeptin neurons appear to be 

one reasonable source anatomically and functionally. 

 

Besides kisspeptin, these arcuate neurons co-express neurokinin B (NKB) and 

dynorphin A (Dyn), thus they are called KNDy neurons 96–98. Anatomical studies 

suggest these KNDy neurons may form an interconnected network; their cell 

bodies receive close apposition of contacts that express at least one of these 

three peptides99. Also, most KNDy neurons express NKB receptor NK3R and a 

smaller population of KNDy neurons express dynorphin-specific kappa-opioid 

receptor98,100. The functional role of NKB and Dyn has been demonstrated in 
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multi-unit activity (MUA) studies in goats and ewes: intracerebroventricular 

application of NKB or nor-binatorphimine (BNI), a kappa-opioid receptor 

antagonist, to the arcuate nucleus increases the frequency of electrical spikes 

and LH pulse frequency101,102. The application of dynorphin inhibits the MUA 

spikes as well as LH secretion101. Further, estradiol attenuates the stimulatory 

effect of NKB and inhibitory effect of dynorphin. Taken together, these suggest 

NKB plays an excitatory role and dynorphin plays an inhibitory role in LH pulse 

frequency. However, whether these neurons directly drive or only modulate LH 

pulses is still unknown.  

 

KNDy neurons highly express ERα87 and are sensitive to estradiol: they 

decrease kisspeptin, NKB and NKB receptor NK3R mRNA level when estradiol is 

elevated88,89,98. As both kisspeptin and NKB are stimulators of LH pulses, this 

suggests estradiol may directly attenuate activity of GnRH-afferent neurons 

including KNDy neurons, thus further reduce the firing in GnRH neurons and 

release of GnRH. Further evidence comes from examining a kisspeptin-specific 

ERα knockout mouse model. In this model, deletion of ERα from kisspeptin cells 

leads to precocious puberty onset and absence of reproductive maturation as 

these mice exhibited abnormal cyclicity103. This suggests ERα in kisspeptin cells 

is critical for reproductive function including puberty development and 

maintaining cyclicity. However, in this model, ERα is removed from both AVPV 

and arcuate kisspeptin neurons and other kisspeptin cell located centrally and 

peripherally, making the interpretation of the role of arcuate kisspeptin neurons 

not clear.  

 

AVPV kisspeptin neurons and positive feedback 

The AVPV region was associated with surge generation long before the 

discovery of kisspeptin. AVPV neurons are sexually dimorphic and exhibit 

increased cFos expression coincident with the elevated cFos in GnRH neuron 

during the surge104,105. Lesions of the AVPV block the natural occurring 

preovulatory as well estradiol-induced LH surge106–108. As a subgroup of neurons 
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in AVPV, kisspeptin neurons are also highly sexual dimorphic, with kisspeptin 

expressed far more abundantly in females than in males85,109. This suggests 

AVPV kisspeptin may play a female-specific role, further linking it to the female-

specific preovulatory LH surge. 

 

The majority of kisspeptin neurons in the AVPV express ERα (~70%) and can 

directly sense estradiol, supporting their roles in surge genration110. AVPV 

kisspeptin neurons are highly heterogeneous and coexpress various of neuron 

transmitter and neuropeptide including GABA (~75%), glutamate (~20%) and 

tyrosine hydroxylase (~70%)87,111.  AVPV kisspeptin neurons form close contact 

with GnRH cell body and kisspeptin, glutamate and GABA are all excitatory to 

GnRH neurons. The role of tyrosine hydroxylase within kisspeptin neurons is less 

known. AVPV kisspeptin neurons and GnRH neurons both exhibit increased 

cFos expression that correlates with GnRH/LH surge onset112,113, indicating 

elevated electrical activity during positive feedback. The functional roles of these 

neurons including how they fire action potentials to release neuropeptide and 

neurotransmitters to GnRH was not known back then and need to be tested. 

 

Dissertation Project Preview 

Before the studies presented in this dissertation, most of the research on AVPV 

and arcuate kisspeptin neurons are focused on either gene expressions or 

peptide effects on downstream GnRH and LH signal. There has been no direct 

test of the functional roles AVPV and arcuate kisspeptin neuron in negative and 

positive feedback, or estradiol actions on their electrophysiological properties. 

Chapter 2 focuses on how AVPV kisspeptin neurons are modulated by estrus 

cycle and estradiol. Chapter3 investigates on how estradiol and ERα in 

kisspeptin neurons mediate the presynaptic glutamatergic transmission to AVPV 

and arcuate kisspeptin neurons. This chapter also covers the role of ERα in 

kisspeptin neurons plays in arcuate kisspeptin neuronal firing and estradiol 

negative feedback. Chapter4 further tests how ERα in kisspeptin neurons 
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mediates the estradiol-induced shifts in their electrophysiological properties by 

deleting ERα either in early development or during adulthood. Chapter5 

summarizes the work and proposes the next directions. Together these studies 

not only provide insights into the role of ERα in AVPV kisspeptin neurons in 

mediating estradiol-induced shifted excitability, but also demonstrate the distinct 

roles of ERα in AVPV and arcuate kisspeptin neurons. 
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Chapter 2 Excitability and Burst Generation of AVPV Kisspeptin Neurons 
Are Regulated by the Estrous Cycle via Multiple Conductances Modulated 

by Estradiol Action.  
 

Luhong Wang, Richard A. DeFazio and Suzanne M. Moenter 

 

This work was originally published in 2016 in the journal eNeuro 18 May 2016, 3 

(3) ENEURO.0094-16.2016 

 

 

Abstract 

The preovulatory secretory surge of gonadotropin-releasing hormone (GnRH) is 

crucial for fertility and is regulated by a switch of estradiol feedback action from 

negative to positive. GnRH neurons likely receive estradiol feedback signals via 

ERα-expressing afferents. Kisspeptin neurons in anteroventral periventricular 

nucleus (AVPV) are thought to be critical for estradiol positive feedback induction 

of the GnRH surge. We examined the electrophysiological properties of GFP-

identified AVPV kisspeptin neurons in brain slices from mice on the afternoon of 

diestrus (negative feedback) and proestrus (positive feedback, time of surge). 

Firing frequency and action potential bursts were increased on proestrus vs. 

diestrus in extracellular recordings. Whole-cell recordings were used to study 

intrinsic mechanisms of bursting. Upon depolarization, AVPV kisspeptin neurons 

exhibited tonic firing or depolarization-induced bursts (DIB). Both tonic and DIB 

cells exhibited bursts induced by rebound from hyperpolarization. DIB occurred 

similarly on both cycle stages, but rebound bursts were observed more often on 

proestrus. DIB and rebound bursts were both sensitive to Ni2+, suggesting T-type 

Ca2+ currents (IT) are involved. IT current density was greater on proestrus vs. 
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diestrus. In addition to IT, persistent sodium current, INaP, facilitated rebound 

bursting. On diestrus, 4-aminopyridine (4-AP)-sensitive potassium currents 

contributed to reduced rebound bursts in both tonic and DIB cells. Manipulation 

of specific sex steroids suggests estradiol induces the changes that enhance 

AVPV kisspeptin neuron excitability on proestrus. These observations indicate 

cycle-driven changes in circulating estradiol increased overall action potential 

generation and burst firing in AVPV kisspeptin neurons on proestrus vs. diestrus 

by regulating multiple currents 

 

Significance Statement 

The brain controls fertility via the hypothalamo-pituitary-gonadal axis. 

Gonadotropin-releasing hormone (GnRH) neurons form the final output pathway 

but are not directly sensitive to critical elements of gonadal steroid feedback. 

Kisspeptin neurons of the anteroventral periventricular nucleus may convey 

steroid feedback to GnRH neurons. We studied how action potential firing of 

kisspeptin neurons varies between two critical phases of the estrous cycle: 

diestrus when estradiol exerts negative feedback to suppress GnRH release, and 

proestrus when estradiol feedback activates GnRH neurons. Increased 

spontaneous and burst firing on proestrus were observed and attributable to 

estrous-cycle dependent changes in multiple ionic currents. These changes were 

specifically driven by estradiol. This estrous-cycle regulation of kisspeptin neuron 

excitability is likely a critical aspect of female fertility. 

 

Introduction 

GnRH neurons form the final common pathway for central regulation of 

reproduction. GnRH stimulates the pituitary to secrete follicle-stimulating 

hormone and luteinizing hormone (LH) to regulate gonadal functions. Gonadal 

steroids feed back to regulate GnRH release. In males and during most of the 

female reproductive cycle, sex steroids suppress GnRH neuron activity and 
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release12,15,114,115. In females, sustained elevations in estradiol during the 

follicular phase result in a switch of estradiol action from negative to positive 

feedback, inducing GnRH neuron activation, and a preovulatory surge of GnRH 

and LH release116. Although regulated by steroid feedback, GnRH neurons do 

not express detectable levels of most steroid receptors, including estrogen 

receptor alpha (ERα)61,117, which mediates estradiol negative and positive 

feedback118,119. Steroid-sensitive afferents thus likely transmit feedback signals to 

GnRH neurons. Estradiol-sensitive kisspeptin-expressing neurons in the arcuate 

nucleus (ARC) and anteroventral periventricular (AVPV) nucleus may convey 

estradiol negative and positive feedback to GnRH neurons, respectively110.  

Kisspeptin is a potent stimulator of GnRH neuron activity and release72,83. AVPV 

kisspeptin neurons express ERα88, as well as GABA and glutamate (Cravo et al., 

2011), both of which also excite GnRH neurons65,66. AVPV kisspeptin neurons 

synapse on GnRH neurons120,121 and express elevated cFos during the 

GnRH/LH surge122. Infusion of anti-kisspeptin antibodies into the preoptic area123, 

or deletion of ERα specifically from kisspeptin neurons both block estradiol-

induced LH surges124. Together these observations suggest a role for AVPV 

kisspeptin neurons in conveying estradiol positive feedback to GnRH neurons. 

 

Given the evidence for a role for AVPV kisspeptin neurons in estradiol positive 

feedback, a fundamental question is how the firing activity of AVPV kisspeptin 

neurons shifts between estrous cycle stages to increase the release of 

kisspeptin, glutamate and/or GABA during positive feedback. AVPV kisspeptin 

neurons express several ionic conductances that may shape firing patterns125–

127, some of which are regulated by the reproductive cycle 125, but the 

mechanisms that underlie changes in AVPV kisspeptin neuron excitability are not 

fully understood. In particular, release of neuropeptides such as kisspeptin is 

classically linked with high frequency bursts of action potentials (van den Pol, 

2012).  
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We examined spontaneous activity of AVPV kisspeptin neurons, and 

contributions of candidate currents to the firing properties of these cells during 

two estrous cycle stages: the afternoon of diestrus representing estradiol 

negative feedback and the afternoon of proestrus representing positive 

feedback128,129. We then determined the specific circulating steroids that mediate 

the cycle-dependent changes in firing patterns and how different ionic 

conductances contribute. 

 

Material and Methods 

Animals. Kiss1-hrGFP mice130 mice were propagated in our colony. All mice were 

provided with water and Harlan 2916 chow ad libitum and were held on a 

14L:10D light cycle with lights on at 0400 Eastern Standard Time. Mice were 

used during the diestrous or proestrous phases of the estrous cycle determined 

by monitoring vaginal cytology of female mice 60-90 days old for at least a week 

before experiments. Uterine mass was determined after brain slice preparation to 

confirm uteri on proestrus were >100mg, indicating exposure to high estradiol131. 

To examine the role of specific sex steroids, similarly aged adult female mice 

were ovariectomized (OVX) under isoflurane anesthesia (Abbott) and were either 

simultaneously implanted with a Silastic capsule (Dow-Corning) containing 

0.625µg of estradiol suspended in sesame oil (OVX+E) or not treated further 

(OVX). Bupivacaine was provided local to the incisions as an analgesic. These 

mice were studied 2-3d post ovariectomy during the time of estradiol positive 

feedback12. On the day of study, some OVX+E mice received a sc injection at 

0900-1000 Eastern Standard Time of progesterone (300 μg/20 g, OVX+E+P)132, 

or sesame oil vehicle (OVX+E+V). All mice were killed at 1500-1600 Eastern 

Standard Time. There were no differences observed between OVX+E and 

OVX+E+V mice for firing patterns and burst generation; these data were 

combined for analyses and only OVX+E mice were included for further studies to 

reduce animal use. The Institutional Animal Care and Use Committee of the 

University of Michigan approved all procedures. 
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Slice preparation and cell identification. All chemicals were purchased from 

Sigma Chemical Co. unless noted. All solutions were bubbled with 95% O2/5% 

CO2 throughout the experiments and for at least 30 minutes before exposure to 

tissue. The brain was rapidly removed and placed in ice-cold sucrose saline 

solution containing (in mM): 250 sucrose, 3.5 KCl, 26 NaHCO3, 10 D-glucose, 

1.25 NaHPO4, 1.2 MgSO4, and 3.8 MgCl2 (pH 7.6, 345 mOsm). Coronal (300 

µm) slices were cut with a Leica VT1200S (Leica Biosystems). Slices were 

incubated in a 1:1 mixture of sucrose saline and artificial cerebrospinal fluid 

(ACSF) containing (in mM): 135 NaCl, 3.5 KCl, 26 NaHCO3, 10 D-glucose, 1.25 

Na2HPO4, 1.2 MgSO4, 2.5 CaCl2 (pH 7.4, 305 mOsm) for 30 min at room 

temperature (~21- 23 °C) and then transferred to 100% ACSF for additional 30-

180 min at room temperature before recording. For recording, slices were placed 

into a chamber continuously perfused with ACSF at a rate of 3ml/min with 

oxygenated ACSF heated to 31 ± 1 °C with an inline-heating unit (Warner 

Instruments). GFP-positive AVPV kisspeptin neurons were identified by brief 

illumination at 488nm on an Olympus BX51WI microscope. Recorded cells were 

mapped to an atlas133 to determine if any trends based on anatomical location 

emerged; no such trends were apparent in these data sets. Recordings were 

performed from 1 to 3 h after brain slice preparation. No more than three cells 

per animal were included for analysis of the same parameter, and at least 5 

animals were tested per parameter. 

Electrophysiological recording. Recording micropipettes were pulled from 

borosilicate capillary glass (type 7052, 1.65 mm outer diameter; 1.12 mm inner 

diameter; World Precision Instruments, Inc.) using a Flaming/Brown P-97 puller 

(Sutter Instruments) to obtain pipettes with a resistance of 3-5 MΩ for whole-cell 

recordings and 2-3 MΩ for targeted extracellular recordings when filled with the 

appropriate pipette solution. Recording pipettes were wrapped with Parafilm to 

reduce capacitive transients. Recordings were made with an EPC-10 dual patch 

clamp amplifier and Patchmaster software (HEKA Elektronik) running on a 

Macintosh computer. 
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Extracellular recordings  Targeted extracellular recordings were made to obtain 

firing properties of cells under control conditions and with receptors for ionotropic 

GABAA and glutamate synaptic transmission antagonized with a combination of 

picrotoxin (100 μM), APV (D-(−)-2-amino-5-phosphonovaleric acid, 20 μM), and 

CNQX (6-cyano-7-nitroquinoxaline, 10 μM). This method was used as it 

maintains internal milieu and has minimal impact on the firing rate of 

neurons134,135. Recording pipettes were filled with HEPES-buffered solution 

containing (in mM): 150 NaCl, 10 HEPES, 10 glucose, 2.5 CaCl2, 1.3 MgCl2, 

and 3.5 KCl (pH=7.4, 310 mOsm), and low-resistance (22 ± 3 MΩ) seals were 

formed between the pipette and neuron after first exposing the pipette to the slice 

tissue in the absence of positive pressure. Recordings were made in voltage-

clamp mode with a 0 mV pipette holding potential and signals acquired at 20 kHz 

and filtered at 10 kHz. Resistance of the loose seal was checked frequently 

during first 3 min of recordings to ensure a stable baseline, and also before and 

after a 10-min recording period; data were not use if seal resistance changed 

>30% or was >25 MΩ. The first 5 min of this 10-min recording were consistently 

stable among cells and were thus used for analysis of firing rate and burst 

properties. 

Whole-cell recordings  For whole-cell patch-clamp recording, two pipette 

solutions were used. Most recordings were done with a physiologic pipette 

solution containing (in mM): 135 K gluconate, 10 KCl, 10 HEPES, 5 EGTA, 0.1 

CaCl2, 4 MgATP and 0.4 NaGTP, pH 7.2 with NaOH, 305 mOsm. A cesium-

based pipette solution, in which cesium gluconate replaced potassium gluconate, 

was used to reduce potassium currents and allow better isolation of calcium 

currents. All potentials reported were corrected online for liquid junction potential 

of -15.7 mV or -15.0 mV for the physiologic or Cs+-based solution, 

respectively136. For all whole-cell recordings, ACSF contained picrotoxin, APV 

and CNQX as detailed above.  

After achieving a minimum 1.6 GΩ seal and the whole-cell configuration, 

membrane potential was held at -70 mV between protocols during voltage-clamp 

recordings. Series resistance (Rs), input resistance (Rin), holding current (Ihold) 
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and membrane capacitance (Cm) were frequently measured using a 5 mV 

hyperpolarizing step from -70 mV (mean of 16 repeats, 20 ms duration). Only 

recordings with Rin >500 MΩ, Ihold -40 to10 pA and RS < 20 MΩ, and stable Cm 

were used for analysis. Rs was further evaluated for stability and any voltage-

clamp recordings with ∆Rs >15% before and after the recording protocols were 

excluded from analysis; current-clamp recordings with ∆Rs >20% were excluded. 

There was no difference in Ihold, Cm, or Rs among any comparisons.  

Current-clamp recordings Depolarizing and hyperpolarizing current injections (-

50 pA to +50 pA for 500 ms, 5 pA steps) were applied to cells from an initial 

voltage of -71± 2 mV, close to their resting membrane potential -68.8 ± 1.9 

mV137. In a small subset of experiments (n=12), the initial voltage was adjusted to 

-65 mV and -75 mV to test the voltage-dependence of depolarization-induced 

burst firing patterns. Tetrodotoxin (TTX, 1μM) was used to block action potentials 

and reveal underlying changes in membrane potential. NiCl2 (100 µM), ZD7288 

(50 μM) and 4-AP (5 mM) were applied to test the role of T-type calcium, 

hyperpolarization-activated mixed cation, and A-type potassium conductances 

(IA) in generating bursts, respectively. 

Voltage-clamp protocols for IT ACSF containing antagonists of ionotropic GABAA 

and glutamate receptors with TTX (2 µM) and Cs-based internal solution were 

used for all recordings to isolate calcium-currents. Two voltage protocols were 

used to isolate IT.  First, total calcium current activation was examined. 

Inactivation was removed by hyperpolarizing the membrane potential to −110 mV 

for 350 ms (not shown in Figure 2-4 E). Next a 250 ms prepulse of -110 mV was 

given. Then membrane potential was varied in 10 mV increments for 250 ms 

from −110 mV to -30 mV. Finally, test pulse of -40 mV for 250 ms was given. 

From examination of the current during the test pulse, it was evident that no 

sustained (high-voltage activated) calcium current was activated at potentials 

more hyperpolarized than -40 mV. To remove HVA contamination from the step 

to -30 mV, a second protocol was used in which removal of inactivation (-110 

mV, 350 ms) was followed by a 250 ms prepulse at -40 mV, then a step for 250 

ms at -30 mV and finally a test pulse of -40 mV for 250 ms. IT was isolated by 
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subtracting the trace following the -40 mV prepulse from those obtained after the 

-110 mV prepulse for the depolarized variable step to -30 mV; raw traces from 

the initial voltage protocol were used without subtraction for variable steps from -

110 mV to -40 mV because of the lack of observed activation of HVA at these 

potentials. Activation of IT was assessed from the resulting family of traces by 

peak current during the variable step phase. Inactivation of IT was assessed from 

the peak current during the final -40 mV test pulse. For a subset of recordings 

(n=3 cells), NiCl2 (100 μM) was used to block current generated to confirm it was 

IT.  

Voltage-clamp ramp protocols for INaP. Physiologic pipette solution was used for 

voltage-clamp ramp recordings. A voltage ramp from -80 mV to -20 mV at 10 

mV/s was used under control conditions and following TTX (2 µM) application to 

characterize the voltage-dependence and magnitude of persistent TTX-sensitive 

sodium current, INaP. To test the relative role of INaP and IA in cells that did not 

show rebound firing, current during the ramp was quantified under control 

conditions, then following IA block with 4-AP (5 mM), followed by subsequent 

addition of TTX (2 µM). 

Data Analysis. Data were analyzed offline using custom software written in 

IgorPro 6.31 (Wavemetrics) or MATLAB 8.4 (MathWorks, Inc.). For targeted 

extracellular recordings, mean firing rate in Hz was determined over 5 min of 

stable recording. Parameters for identification of bursts were chosen based on 

distributions of interspike intervals and were confirmed by measuring interspike 

interval of bursts that were identified manually using other criteria (upshift of 

baseline and progressive decrease of amplitude). Spikes were considered to 

form a burst if the interspike intervals were <105 ms. Spikes detected after an 

interval greater than 105 ms were considered to be the start of a new burst or 

single spike. Bursts were automatically detected and confirmed by eye with false-

positive detection errors manually corrected68.  

Action potential parameters were quantified for the first action potential evoked in 

a firing train with minimal current injection (rheobase) from -70mV. First spike 

latency was the time from onset of current injection to the peak of first spike. 
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Rate of rise was the maximal slope (dVm/dt) during the rising phase of the action 

potential. Action potential threshold was defined as the membrane potential at 

which the derivative exceeded 2 V/sec 138. Full-width half maximum (FWHM) was 

the width of the spike at half-maximal spike amplitude from threshold. 

Afterhyperpolarization (AHP) amplitude was the difference between threshold 

and the most hyperpolarized potential after the spike. AHP time was the delay 

from threshold to the peak (most hyperpolarized) potential of the AHP. 

In experiments examining IT, the peak current amplitude at each step potential 

(V) was first converted to conductance using the calculated reversal potential of 

Ca2+ (ECa) and G=I/(ECa - V), because driving force was linear over the range of 

voltages examined. The voltage dependencies of activation and steady-state 

inactivation were described with a single Boltzmann distribution: G(V)= Gmax/(1- 

exp [(V1/2 - Vt)/k]), where Gmax is the maximal conductance, V1/2 is the half-

maximal voltage, and k is the voltage dependence (slope) of the distribution. 

Current density of IT at each tested membrane potential was determined by 

dividing peak current by membrane capacitance. 

To quantify the current density of INaP, 5 sweeps of the current induced by the 

ramp protocol were averaged and smoothed with a 10-point boxcar filter. A linear 

fit from -78mV to -70mV was made to correct the leak current for each trace. 

TTX-sensitive sodium current was obtained by subtracting the averaged trace 

recorded under TTX from that under control conditions139. The magnitude of INaP 

was measured at membrane potentials from -70 mV to -40 mV at 2.5 mV 

intervals. Current density as a function of membrane potential was calculated by 

dividing INaP determined at these intervals by membrane capacitance. 

Statistics Data were analyzed using Prism 6 (GraphPad Software) and reported 

as mean ± SEM. The number of cells per group is indicated by n. Data were 

normally distributed and thus comparisons among groups were made by one-

way ANOVA with Bonferroni post hoc analysis or two-way ANOVA with 

Bonferroni post hoc analysis.  For repeated measurements, two-way repeated-

measures (RM) ANOVA with Holm-Sidak post hoc analysis was used. For paired 

data, two-tailed paired Student’s t test was used. For categorical data analysis, 
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Chi-square test of independence or Fisher’s exact test of independence were 

used to test the null hypothesis that categorical variables have no correlation with 

each other. F-test was used to test the null hypothesis that the standard deviation 

for groups is equal. Linear regression was used to test the null hypothesis that 

slope is zero, and to measure the strength of the association (coefficient of 

determination, r2) between two variables. The null hypothesis was rejected if 

p<0.05. FDFn,DFd values from one-way ANOVA, two-way ANOVA or two-way 

repeated-measures (RM) ANOVA are reported in Tables 2-1 to 2-3.  
 

Results 

AVPV kisspeptin neurons exhibit higher spontaneous firing rates and more burst 

firing on proestrus than diestrus. 

Firing activity of GFP-identified kisspeptin neurons within the AVPV was 

monitored using targeted extracellular recordings in acutely-prepared brain 

slices. All cells studied were spontaneously active during the 5-min observation 

period under both control conditions and after blocking ionotropic GABAA and 

glutamate receptors. Figures 2-1A and B show representative firing patterns from 

each group. Figure 2-1C shows the average firing frequency of AVPV kisspeptin 

neurons on diestrus (di, representing negative feedback) and proestrus (pro, 

representing positive feedback) under control conditions (di, n=12; pro, n=11) or 

during antagonism of ionotropic receptors conveying GABAergic and 

glutamatergic fast synaptic transmission (di, n=12; pro, n=11). Consistent with a 

potential role in relaying estradiol positive feedback, the spontaneous firing rate 

of AVPV kisspeptin neurons was greater on the afternoon of proestrus than 

diestrus (Figure2-1C, two-way ANOVA/Bonferroni, p<0.0001). Antagonism of fast 

synaptic transmission via NMDA, AMPA, and GABAA receptors did not alter firing 

rate during either cycle stage (p>0.9). The cycle-dependent difference in firing 

frequency was maintained after blocking ionotropic receptors (p=0.0019). 
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Extracellular recordings were also used to evaluate burst vs. single spike firing. 

Bursts were defined as action potentials occurring within 105 ms of each other 

with progressively decreased amplitude and an upshift of baseline (black lines 

above traces, Figure 2-1B). AVPV kisspeptin neurons exhibit spontaneous burst 

firing during both diestrus (n=12) and proestrus (n=11), but the number of the 

burst events per 5 min was higher on proestrus (Figure 2-1D, two-way 

ANOVA/Bonferroni, p=0.005). The number of the burst events per 5 min was 

decreased on proestrus in the presence of ionotropic glutamate and GABAA 

receptor antagonists (di, n=14, pro, n=13, p=0.02) but was not changed on 

diestrus (p=0.14). Although it appears that the increase in number of bursts in 5 

minutes on proestrus compared to diestrus was maintained when ionotropic 

receptors were blocked, the p-value was just short of that accepted for 

significance (Figure 2-1D, p=0.06). 

 

We next analyzed the numbers of spikes per burst as a function of cycle stage 

(Figure 2-1E, two-way RM ANOVA/Holm-Sidak control, di, n=12, pro n=11; 

receptor antagonist, di=14, pro=13). Under control conditions, there were more 

bursts consisting of two spikes on proestrus than diestrus (p<0.0001). After 

blocking of ionotropic glutamate and GABAA receptors, the number of two-spike 

bursts was decreased on both cycle stages (di, p=0.01, pro, p<0.0001), but was 

still higher on proestrus than diestrus (p=0.005). No difference in number of 

bursts with ≥3 spikes was detected between cycle stages either with or without 

ionotropic receptor antagonists. Following addition of the receptor antagonists, 

however, no cell studied during diestrus (n=13) fired bursts with >2 spikes. This 

is in contrast to control conditions, under which 7 of 12 cells studied on diestrus 

firing bursts of ≥ 3 spikes. Cells studied on proestrus, in contrast, fired bursts with 

≥3 spikes under control conditions as well as when ionotropic receptors were 

blocked. These observations suggest both intrinsic properties and fast synaptic 

transmission likely contribute to burst firing in AVPV kisspeptin neurons and that 

the relative contributions may change with cycle stage. We thus focused our 

remaining studies on intrinsic properties of these neurons.  
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Depolarization induces two firing patterns: tonic firing and depolarization-induced 

bursts (DIB).  

To begin to understand the contributions of the intrinsic properties of AVPV 

kisspeptin neurons to burst firing, we performed whole-cell current-clamp 

recordings on brain slices in the presence of APV, CNQX and picrotoxin to 

antagonize effects attributable to activation of ionotropic glutamate and GABAA 

receptors. AVPV kisspeptin neurons exhibited two distinct firing patterns in 

response to similar magnitude depolarizing steady-state current injection (25 ± 5 

pA, 0.5 s) initiated from -70 ± 2 mV. Representative examples under control 

conditions are shown in Figure 2-2A. Tonic firing was defined as a steady firing 

rate with a consistent instantaneous frequency (overall IF 22 ± 1 Hz, initial IF 29 

± 2 Hz vs. final IF 18 ± 1 Hz, paired t-test p<0.0001, standard deviation of IF 4 ± 

1 Hz, n=25). Depolarization-induced bursting (DIB) cells exhibited an initial burst 

containing 3-4 spikes followed by mild frequency accommodation (overall IF 73 ± 

3 Hz, initial IF 113 ± 4 Hz vs. final IF 13 ± 1 Hz, paired t-test initial vs. final 

p<0.0001; standard deviation of IF, 36 ± 2 Hz, n=16, F-test, tonic vs. DIB 

standard deviation, p<0.0001). Tonic and DIB firing patterns were observed to a 

similar extent on both cycle stages studied (tonic vs. DIB, di 64% vs. 36%, n=19; 

pro 59% vs. 41%, n=22, Fisher’s exact test, p>0.9). We averaged instantaneous 

firing frequency of each cell type on each cycle stage and plotted this as a 

function of spike interval number (Figure 2-2 B, tonic, di, n=12; pro, n=13; DIB, di, 

n=7; pro, n=9). The initial IF of DIB cells was 4-fold larger than that in tonic cells 

on both cycle stages (Figure 2-2B, two-way RM ANOVA/Holm-Sidak, di, 

p<0.0001; pro, p<0.0001). The frequency plots did not show any difference 

between cycle stages in tonic or DIB cells (p>0.1).  

 

We next examined action potential properties of tonic and DIB cells. In Figure 2-

3A, the first action potential evoked by the minimum necessary depolarizing 

current injection is shown in tonic and DIB cells on diestrus (left) and proestrus 

(right). We measured and compared several action potential parameters between 
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cycle stages and cell types (tonic, di, n=12; pro, n=13; DIB, di, n=7; pro, n=9). As 

summarized in Figure 2-3 B-G, action potential threshold, amplitude and timing of 

the afterhyperpolarization potential (AHP) showed a cell firing-type-dependent 

but not cycle-dependent change (two-way ANOVA/Bonferroni, all post-hoc 

p<0.001). First spike latency, rate of rise, and full-width half-maximum (FWHM) of 

the action potential did not change among groups (p>0.1 for all post-hoc tests). 

The minimal necessary current injection (rheobase) itself was not different 

between cycle stages or cell types (di, tonic, 9.6 ± 1.0 pA, DIB 13.3 ± 2.2 pA; pro, 

tonic 10.8 ± 0.8 pA, DIB, 10.1 ± 1.1 pA; two-way ANOVA/Bonferroni, p>0.1 for all 

comparisons). 

 

There was no difference in input resistance (Rin) of tonic firing cells on diestrus 

vs. proestrus (Figure 2-2C, two-way ANOVA/Bonferroni, p=0.47; di, n=12, pro, 

n=13), but Rin of DIB cells was greater on proestrus than diestrus (di, n=7, pro, 

n=9; p=0.04). Within a cycle stage, there was no firing pattern-dependent (tonic 

vs. DIB) difference in Rin (di, p=0.91; pro, p=0.22). The membrane capacitance 

was not different among groups (data not shown, p>0.9). When grouped by cycle 

stage, cells recorded on proestrus had a greater Rin compared to those recorded 

on diestrus (di, n=15, pro, n=15; p=0.01). This cycle-dependent difference in Rin 

was eliminated in recordings using a cesium-based pipette solution (Figure 2-2D, 

n=11 each, p=0.88). Because Rin exhibited a cycle-dependent difference 

between diestrus and proestrus, and only DIB cells showed a cycle-dependent 

difference, it is likely DIB cells contribute the difference in Rin under control 

conditions. The elimination of a difference in Rin with Cs+ internal suggests a Cs+-

sensitive potassium conductance under estrous cycle regulation may contribute 

to the difference in Rin. 

 

Termination of hyperpolarization: rebound bursts and their relationship to the 

firing pattern during depolarization. 

In addition to depolarization-induced firing, many neurons exhibit firing upon 

termination of a hyperpolarizing stimulus140,141. We tested if AVPV kisspeptin 
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neurons exhibit so-called rebound bursts. Cells were injected with 

hyperpolarizing current to achieve a membrane potential of -105 ± 3 mV. After 

termination of hyperpolarization, most AVPV kisspeptin neurons exhibited 

rebound bursts (≥2 spikes), whereas the rest showed either single rebound 

spikes or no rebound as indicated in the representative examples in Figure 2-2A 

(control). The type of rebound events (bursts, single spike, or no spike) differed 

with cycle stage (Figure 2-2E, right, di, n=19, pro, n=22; Chi-square, p<0.001).  

 

We next examined if there was a relationship between the observed firing 

patterns during depolarization and the rebound patterns following termination of 

hyperpolarization. Most cells (di, 8 of 12; pro, 10 of 13) that fired tonically upon 

depolarization had rebound bursts. The remaining cells studied on proestrus (3 of 

13) fired a single spike rebound whereas most other cells studied on diestrus 

showed no rebound (3 of 12) and one cell showed single spike rebound. This 

distribution did not differ with cycle stage (Figure 2-2E, left, Chi-square, p=0.1). 

Strikingly, cells that fired DIB patterns only had rebound bursts on proestrus 

(Figure 2-2E, middle, di, n=7, pro, n=10). 

 

We focused on rebound bursts (≥2 spikes) as they are more likely than single 

rebound spikes to achieve sufficient change in intracellular Ca2+ to influence 

neurosecretion and thus postsynaptic events142. We characterized rebound 

bursts by measuring the initial IF (between spikes 1 and 2) and overall frequency 

of rebound bursts (the number of spikes divided by the duration from the 

termination of hyperpolarization to the peak of the last rebound spike in the 

bursts). The initial IF and overall frequency of bursts in tonic and DIB cells 

showed a firing-pattern-dependent difference (Figure 2-2F, initial IF, tonic, di, 

n=8, pro, n=10; DIB, di, n=7; pro, n=9; Figure 2-2G, overall freq, tonic, di, n=9, 

pro=13; DIB, di, n=7, pro, n=9, two-way ANOVA/Bonferroni). On proestrus, initial 

IF and overall frequency was higher in DIB cells than tonic cells (IF, p<0.0001; 

overall, p=0.03). There was no cycle-dependent change of rebound burst 

frequency in tonic cells (both initial and overall, p>0.9), markedly different from 
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DIB cells, which did not exhibit rebound bursts on diestrus. Our observations thus 

indicate that DIB and tonic cells show different responses to the termination of 

hyperpolarization. The different firing signatures may be linked to differences in 

specific ionic currents.  

 

Estrous cycle regulation of T-type calcium current properties and its role in 

depolarization and rebound firing patterns. 

The observation that cells with different depolarization-induced firing patterns 

could exhibit different rebound patterns based on cycle stage led us to examine 

potential underlying mechanisms in greater detail. We first tested the membrane 

response to termination of hyperpolarization in the absence (to assess initial IF) 

and presence of TTX to assess the depolarizing membrane response (Figure 2-

4A). After TTX application, marked membrane depolarization, often attributable 

to activation of T-type calcium channels143,144, was observed following the 

termination of hyperpolarization in cells that fired rebound bursts but not in cells 

firing either single or no rebound spikes. This was not dependent on cycle stage 

but rather on pre TTX rebound profile. Figure 2-4B shows the correlation 

between rebound IF and amplitude of the depolarization. Rebound IF was 

positively correlated with rebound depolarization amplitude for tonic cells on both 

diestrus and proestrus (Figure 2-4B, di, r2=0.47, p=0.045, n=9; pro, r2=0.84, 

p=0.004, n=9). In contrast, there was no correlation between these properties for 

DIB cells on proestrus (n=7, r2<0.001, p=0.98).  

 

The above observations suggest that in addition to possible differences in 

currents driving action potential properties (Figure 2-3D, F, G), other ionic 

currents might contribute to the difference between tonic firing and DIB cells. In 

other neuron types, the amplitude of rebound depolarization directly correlates 

with the size of transient Ca2+ currents143,144. We tested the effect of Ni2+ (100 

µM, a dose that is fairly specific for T-type channels145) on depolarization-induced 

firing patterns and hyperpolarization-induced rebound bursts. Ni2+ decreased the 

initial IF of the depolarization-induced bursts to roughly half (Figure 2-2A, 
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summary data Figure 2-4G, n=8, paired t-test, p=0.0002). The initial IF after Ni2+ 

application was still higher in DIB cells than that in tonic cells under control (no 

Ni2+) conditions (p=0.006). The initial IF of tonic cells also decreased after Ni2+ 

application (Figure 2-4G, n=11, paired t-test, p=0.049), but to a lesser extent 

(decreased 19 ± 7% in tonic vs. 54 ± 6% in DIB cells, Student’s t-test, p=0.001). 

Since T-type channels are voltage-dependent, we altered the initial membrane 

potential to -65, -70 or -75 mV, and then applied current injection of 25 ± 5 pA to 

depolarize the membrane to generate n ± 2 action potential spikes (n, action 

potential numbers generated at -70mV, with 25 ± 5 pA current injection, Figure 2-

4C). The IF of DIB cells was decreased as initial membrane potential was 

depolarized from -75 to -70 to -65 mV (Figure 2-4D, tonic, n=5, DIB n=6, two-way 

RM ANOVA/Holm-Sidak, all post-hoc in DIB, p<0.0001). No change in IF of tonic 

cells was observed (p>0.1). Rebound bursts were eliminated after Ni2+ 

application in majority of cells recorded on both cycle stages (di, 7 out of 8; pro, 6 

out of 7). The rebound bursts that Ni2+ did not block were reduced from 3-4 

spikes per bursts to a single spike. Together these observations suggest a 

substantial role for Ni2+-sensitive currents, perhaps IT, in both depolarization-

induced and rebound firing patterns. 

 

Persistence of single rebound spikes could be attributable to 100 µM Ni2+ not 

being sufficient to block all channels carrying IT. Alternatively, but not exclusively, 

other channels might affect the occurrence of the rebound bursts. We first 

measured T-type current properties in AVPV kisspeptin neurons. To facilitate the 

isolation of IT, a Cs+-based pipette solution was used to reduce potassium 

conductances and TTX was bath-applied to block fast voltage-dependent sodium 

channels. All cells recorded on diestrus and proestrus exhibited IT based on 

voltage dependence of the observed current. Figure 2-4E shows the 

representative whole-cell voltage-clamp traces of IT triggered by the voltage 

protocol described in the materials and methods. Application of 100 µM Ni2+ 

blocked a majority of the current (73.1 ± 0.4%, n=4) evoked at test pulse of -40 
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mV from -110 mV (Figure 2-4F). This suggests the currents observed are IT and 

that most, but not all, of the current is sensitive to 100 µM Ni2+.  

 

The conductance-voltage relationship was fit with a Boltzmann function. Neither 

the slope factor k nor the voltage-dependence of activation or inactivation were 

different between cycle stages (Figure 2-4H, n=11 each, activation, V1/2, di, -54.5 

± 1.3 mV, pro -53.5± 1.3mV, p=0.59, slope factor k, di, 5.1 ± 0.4, pro 5.5 ± 0.4, 

p=0.59; inactivation, n=12 each, V1/2, di, -66.4 ± 1.6 mV, pro -67.6± 1.5mV, 

p=0.56, slope factor k, di, -3.2 ± 0.1, pro 3.0 ± 0.1, p=0.11, Student’s t-test). The 

current density, however, was greater on proestrus than diestrus at membrane 

potentials between -50 mV and -30 mV (Figure 2-4I, n=11, two-way RM 

ANOVA/Holm-Sidak, p<0.01). The change in current density was not attributable 

to a difference in either membrane capacitance or series resistance between 

groups.   

 

Other voltage-dependent currents modifying rebound bursts: persistent sodium 

current (INaP) and A-type potassium current (IA). 

The generation of rebound bursts can be a complex interplay of multiple channel 

types that pass currents in inward and outward directions. Since rebound firing is 

Ni2+-sensitive, IT likely plays a dominant role in generating rebound bursts. The 

lower likelihood of firing rebound bursts on diestrus vs. proestrus may be 

attributable to estrous cycle regulation of other currents that either facilitate or 

inhibit rebound burst generation. One candidate for a facilitating current is the 

persistent sodium current, INaP, as it activates at membrane potentials in the 

subthreshold range. 

 

We characterized INaP in AVPV kisspeptin neurons on diestrus and proestrus 

using slow (10 mV/s) voltage ramps from -80 to -20 mV (Figure 2-5A, top). 

Ramp-induced current was linear from -80 mV to approximately -65 mV (Figure 

2-5A, bottom). At membrane potentials more depolarized than -65 mV, we 

observed a persistent inward current that peaked near -40 mV. This current was 
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blocked by TTX, suggesting the net current is INaP (Figure 2-5B). The current 

density of INaP was higher on proestrus than diestrus from -55 to -47.5 mV (Figure 

2-5C, D, n=12 each, two-way RM ANOVA/Holm-Sidak, -55 mV, p=0.057, -52.5 

mV, p=0.002, -50 mV, p=0.01, -47.5 mV, p=0.045).  

 

Because INaP appears to be regulated by the estrous cycle, we tested if it 

facilitates rebound burst generation. We divided cells on diestrus into those 

exhibiting rebound bursts (≥ 2 spikes) vs. those not exhibiting any rebound 

spikes, and compared INaP current density of these two groups with that of cells 

on proestrus (all of which had rebound bursts with ≥2 spikes). Figure 2-5C shows 

a representative INaP for each group, and Figure 2-5E shows the quantitative 

current density comparison among groups. INaP current density was lower in cells 

on diestrus that do not fire rebound bursts (n=11) than in those that fire rebound 

bursts (n=9) at membrane potentials between -52.5 and -42.5 mV (two-way RM 

ANOVA/Holm-Sidak, p<0.05). INaP current density between cells exhibiting 

rebound bursts on diestrus (n=9) and proestrus (n=11) was not different (p>0.6). 

This suggests that cells that do not fire rebound spikes likely account for the 

lower INaP current density on diestrus vs. proestrus.  

 

We also considered the possibility that an outward current counteracts inward 

current from INaP and IT to decrease the burst occurrence on diestrus. Because 

Cs+-sensitive potassium channels likely contribute to the decreased Rin on 

diestrus vs. proestrus, we hypothesized potassium currents may contribute to 

silencing of bursts on diestrus for both tonic and DIB cells. In particular we 

examined the 4-AP-sensitive A-type potassium current (IA) because it can be 

activated at relatively hyperpolarized potentials and is thus more likely to play a 

role in modifying spike initiation 138,146,147. We performed current-clamp 

recordings to identify the tonic or DIB cells that did not exhibit rebound spikes on 

diestrus, then treated these cells with 4-AP (5 mM). Of the 12 cells we tested, 

five exhibited rebound during 4-AP treatment (four cells had one rebound spike 

and one cell had a 2-spike burst) (Figure 2-6B, right). These were referred to as 
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4-AP-sensitive cells. The remaining seven cells did not initiate spikes upon 

rebound following 4-AP treatment (4-AP-insensitive). Figure 2-6A shows the 

representative tonic and DIB cells that were 4-AP-sensitive (left) and insensitive 

(right). Figure 2-6B shows that half of the tonic cells (left, n=6) and one third of 

DIB cells (middle, n=6) were 4-AP sensitive. We then compared INaP in cells that 

were 4-AP sensitive (n=5) and insensitive (n=7) and found that current density 

was greater in 4-AP-sensitive group (Figure 2-6C, D, two-way RM ANOVA/Holm-

Sidak, -47.5mV, p=0.04; -45mV,p=0.02). Rin of the tested cells increased after 4-

AP treatment, consistent with the above change when Cs+-based pipette solution 

was used (paired t-test, n=11, control vs. 4-AP, 858 ± 72 vs. 1044 ± 98 MΩ, 

p=0.005). This suggests that for a subset of neurons, potassium channels may 

play an active role to prevent burst generation that may be independent from the 

regulation of INaP and IT.  

 

Some AVPV kisspeptin neurons are known to express hyperpolarization-

activated non-selective cation channels (HCN) and exhibit a sag in membrane 

potential during current-clamp typical of cells exhibiting Ih125. We observed that 

after achieving a hyperpolarized membrane potential of -105 ± 3 mV, 70% of 

AVPV kisspeptin neurons showed sag potential (> 2 mV) on diestrus (n=29, 3.8 ± 

0.5 mV) and 95% on proestrus (n=20, 7.3 ± 0.7 mV). Our results confirmed that 

sag potential is cycle-dependent (Figure 2-6F, Student’s t-test, p=0.0002). To 

examine the role of Ih in generating rebound bursts, we blocked HCN channels 

using ZD7288 (50 µM, Figure 2-6E). This eliminated the sag potential but did not 

affect the number of spikes per rebound burst for cells tested on either stage (di, 

n=5; pro, n=4), consistent with previous findings126. This suggests that although 

Ih is regulated by the estrous cycle, it may play a little or no role in generating 

rebound bursts under our experimental conditions. 
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Estrous cycle regulation of burst properties is attributable to circulating estradiol, 

not progesterone. 

The cycle-dependent changes in burst properties observed above are most likely 

attributed to estrous-cycle dependent changes in circulating levels of ovarian sex 

steroids, in particular estradiol and/or progesterone. To determine the role of 

specific gonadal steroids in these biophysical properties, we set up four groups of 

mice: OVX, OVX+E, OVX+E+P, and OVX+E+V to rule out the potential effects 

induced by injection-associated stress in OVX+E+P mice. OVX+P alone was not 

tested as a single-cell real-time PCR scan148 of AVPV kisspeptin neurons 

harvested from OVX mice indicated only 2 of 10 of these cells expressed the 

estrogen-dependent progesterone receptor 3 days after ovariectomy, vs 7 of 9 

cells in OVX+E from OVX+E mice (not shown).   

 

Short-term firing patterns of AVPV kisspeptin neurons were monitored (as in 

Figure 1) in all four groups (OVX, OVX+E, OVX+E+V, OVX+E+P) via 

extracellular recordings with AMPA, NMDA, and GABAA receptors antagonized. 

There were no differences in firing rate or bursts between OVX+E and OVX+E+V 

mice when we compared all four groups (one-way ANOVA/Bonferroni, p>0.99), 

indicating that injection alone causes no detectable change in firing properties in 

AVPV kisspeptin neurons. OVX+E and OVX+E+V cells were thus combined for 

burst analyses and are reported as OVX+E in Figure 2-7B, C; vehicle-treated 

animals were not included in further studies. Firing frequency in OVX+E, 

OVX+E+P was increased compared to OVX (p<0.0001, p<0.02, respectively), 

whereas no difference was observed between OVX+E+P vs. OVX+E (Figure 2-

7A, B one-way ANOVA/Bonferroni). Spontaneous bursting events were 

increased in cell from OVX+E vs. OVX mice (Figure 2-7C one-way 

ANOVA/Bonferroni, p=0.04). Number of bursts in cells from OVX+E+P mice was 

intermediate to and not different from either that in cells from OVX and OVX+E 

mice. These observations suggest estradiol alters the firing frequency and 

pattern of AVPV kisspeptin neurons, and that addition of progesterone does not 

appear to further shift these parameters.  
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To examine steroid effects on action potential properties, whole-cell recordings 

were used to capture the firing signature of AVPV kisspeptin neurons in OVX, 

OVX+E and OVX+E+P groups in response to depolarization and removal of 

hyperpolarization (Figure 2-7E). Most cells in from OVX+E mice (64%, n= 7 of 

11) and OVX+E+P mice (67%, 6 of 9) exhibit depolarization-induced bursts 

(DIB). In contrast, DIB was not observed in cells from OVX mice and all cells 

from these mice fired in a tonic manner upon depolarization (Figure 2-7D, n=10, 

Chi-square, p=0.003). In response to the removal of hyperpolarization, more cells 

fire rebound bursts in OVX+E and OVX+E+P groups than OVX group: only 30% 

of OVX cells (3 of 10) fire rebound bursts, whereas ~90% OVX+E (10 of 11) and 

OVX+E+P (8 of 9) cells fire rebound bursts (Chi-square p=0.003). The number of 

spikes in rebound bursts was increased in cells from OVX+E (4.7 ± 0.9, n=11) 

compared to OVX (0.9 ± 0.3, n=10, one-way ANOVA/Bonferroni OVX vs OVX+E 

p=0.0007). This parameter had an intermediate value in cells from OVX+E+P 

mice (2.9 ± 0.5, n=9). The latency to the first spike was decreased in cells from 

OVX+E vs OVX mice (p=0.02); again this parameter had an intermediate value in 

cells from OVX+E+P mice (Figure 2-7F). FWHM, and afterhyperpolarization 

(AHP) amplitude was increased in cells from both OVX+E and OVX+E+P mice 

compared to observed in OVX mice (Figure 2-7G, H, see Table 2-3).  

 

We also examined effects of estradiol on modulation of IT and INaP as detailed 

above. Estradiol increased IT current density (Figure 2-8A, C, OVX, n=10, OVX+E 

n=10, two-way RM ANOVA/Holm-Sidak, -50mV p=0.04; -40mV p<0.001; -30mV 

p<0.001) as well as INaP current density (Figure 2-8D, E, OVX=10, OVX+E=11, 

two-way RM ANOVA/Holm-Sidak, -50mV p=0.02; -45mV p=0.01; -40mV p=0.01). 

Similar to the lack of change in voltage-dependent activation and inactivation of IT 

between diestrous and proestrous phases of the estrous cycle, estradiol did not 

affect these parameters (Figure 2-8B n=10 each, activation, V1/2, OVX, -55.3 ± 

1.2, OVX+E, -54.0 ± 1.0, p=0.41, slope factor k, OVX, 5.6 ± 0.5, OVX+E, 5.3 ± 

0.4, p=0.51; inactivation, n=10 each, V1/2, OVX, -66.3 ± 1.3, OVX+E, -69.1 ± 1.5, 
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p=0.09, slope factor k, OVX, -3.3 ± 0.2, OVX+E, -3.3 ± 0.2 p=0.80, Student’s t-

test). The sag potential, which represent the activation of HCN channel at 

hyperpolarized potential, was increased in cells in OVX+E and OVX+E+P groups 

compared to that observed in the OVX group (Figure 2-8F one-way 

ANOVA/Bonferroni, OVX+E vs OVX and OVX+E+P vs OVX, p<0.0001). These 

observations suggest most cycle-dependent effects on AVPV kisspeptin neuron 

firing and associated currents are attributable to estradiol. 

 

Discussion 

Steroid milieu and other cues are integrated to generate a GnRH release pattern 

as the central signal controlling fertility. In most vertebrates, estradiol positive 

feedback induces a surge of GnRH release crucial for ovulation14,116. GnRH 

neurons receive estradiol feedback mainly via steroid-sensitive afferents 

including AVPV kisspeptin neurons149. We demonstrated AVPV kisspeptin 

neurons increase overall and burst firing rate on proestrus vs. diestrus, and 

revealed the estrous cycle regulates interactions of multiple conductances 

contributing to burst generation primarily via cycle-dependent changes in 

circulating estradiol levels (Figure 2-9).  

 

Burst firing is implicated in increasing reliability of neural information processing, 

synaptic plasticity, and neuropeptide/neuroendocrine secretion53,150. For the 

latter, increased cytoplasmic calcium induced by bursts may enhance dense core 

vesicle fusion with the plasma membrane151,152. Shifts towards increased AVPV 

kisspeptin neuron firing frequency and burst events may thus indicate increased 

neurosecretion.  

 

The increased activity of AVPV kisspeptin neurons from proestrous and OVX+E 

mice is consistent with elevated cFos expression in this cell population during the 

preovulatory or estradiol-induced LH surge112,122. Of note, other studies found no 

cycle-dependent shift in the spontaneous firing rate of AVPV kisspeptin neurons, 



 34 

with reports of trends towards either increased or decreased activity on 

proestrus153–155. This contrast may in part be attributable to methodological 

differences including slice thickness, recording duration and time-of-day of 

experiment. Activity of the reproductive neuroendocrine circuitry, particularly that 

involved in estradiol positive feedback, is regulated by time of day116. Slices in 

the present study were prepared at Zeitgeber time (ZT) 10-11, at the peak of the 

reported increase in expression of cFos in AVPV kisspeptin neurons in OVX+E 

mice (ZT9-12)113,156, whereas previous studies were conducted from ZT4-6. 

Notably, firing frequency of AVPV kisspeptin neurons in the present study 

increased by ~20-30% after an 8-10 min stable recording, limiting confidence in 

analysis of longer-term firing patterns. Of note, we did not observe quiesecen 

cells in our extracellular recordings, suggesting AVPV kisspeptin neurons keep a 

certain firing pace during diesturs, when negative feedback is dominent.  

Burst firing may be attributable to intrinsic mechanisms and/or synaptic inputs. 

AVPV kisspeptin neurons receive glutamate and GABA synaptic inputs157, the 

latter of which is known to be regulated by both time of day and estradiol137. 

Blocking fast synaptic transmission reduced but did not eliminate burst firing in 

the present study, suggesting intrinsic mechanisms contribute to bursts. Although 

a role for other transmitters/peptides in AVPV kisspeptin neuron burst generation 

cannot be eliminated, we focused on the intrinsic ionic conductances underlying 

firing and burst generation.  

 

AVPV kisspeptin neurons were classified as tonic or DIB neurons based on 

depolarization-evoked firing patterns from their resting membrane potential. Both 

tonic and DIB cells exhibited rebound bursts induced by hyperpolarization 

termination. The percentage of cells exhibiting DIB and rebound bursts was 

increased by estradiol (OVX vs OVX+E), with rebound bursts also increasing on 

proestrus vs. diestrus. This increase in elicited bursts agreed with increased 

spontaneous firing during both experimentally-induced or cycle-dependent 

elevation of estradiol. Together, these studies suggest depolarization and release 

from hyperpolarization as two possible mechanisms for generating spontaneous 
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bursts observed in extracellular recordings. DIB was not observed in the absence 

of estradiol, indicating a critical role for this steroid in generating closely spaced 

spikes upon depolarization. Of interest, the percentage of cells that fire DIB 

(~70%) is similar to that expressing ERα87,121. Our results add new, functional 

parameters to classify AVPV kisspeptin neurons. Future studies will focus on 

combining the electrophysiological properties with molecular signatures to 

uncover specific roles each cellular subtype may perform. 

 

The distinct action potential signatures of tonic and DIB patterns suggest that 

they may have different channel types contributing to action potential firing 158. 

We next began to decipher the ionic conductances underlying firing properties in 

tonic and DIB cells. The presence of currents at sub-threshold membrane 

potentials can enhance or retard spike generation to influence the overall firing 

patterns in many brain regions58,138,139,159,160 including AVPV kisspeptin 

neurons126,127. In the present studies, the sensitivity of depolarization-induced 

bursting to Ni2+ and initial membrane potential further suggests this firing pattern 

may arise from conductances that are voltage-dependent and/or Ni2+-sensitive. 

Rebound bursts were also Ni2+-sensitive. Further, the positive correlation 

between rebound depolarization when firing was blocked and instantaneous 

frequency of rebound bursts further suggests IT may also be important to 

rebound burst generation. Of note, no such correlation was observed in DIB 

cells; this may be attribute to a higher potassium conductance near the baseline 

potential opposing the action of IT.  

 

Because Ni2+ is not a complete or exclusive blocker of IT and it is difficult to 

attribute the role of a specific conductance to observations in current-clamp 

recordings, voltage-clamp was used to isolate IT. The increased current density 

on proestrus and in cells from OVX+E mice in the absence of shifts in voltage-

dependence suggests that increased channels in the membrane may contribute 

to increased bursting. Interestingly, the current density differed at physiologically-

relevant membrane potentials critical for spike generation. Questions remain if 
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tonic and DIB cells have distinct IT current density because firing properties are 

difficult to quantify with the Cs+-based pipette solution used to quantify IT. 

However, we did not see the voltage-dependence differ between OVX (all tonic) 

vs OVX+E (70% DIB), suggesting these parameters may be less likely to 

contribute to the different burst patterns.  

 

Interestingly, all the cells tested on diestrus exhibited IT, raising the question why 

only half of these cells exhibit rebound bursts. The latter may be attributable to a 

decreased depolarizing conductance and/or an increased hyperpolarizing 

conductance in cells without rebound bursts. We targeted INaP and IA to test this 

postulate because of their activation at subthreshold membrane potentials. We 

found both of these currents may sculpt burst firing in AVPV kisspeptin neurons. 

Cells that did not fire rebound bursts had decreased INaP relative to cells that fired 

rebound bursts in diestrous mice. Furthermore, blocking IA permitted rebound 

spikes in half of the cells recorded on diestrus regardless of their depolarization-

evoked firing pattern. Interestingly, INaP was also different between 4-AP sensitive 

vs. insensitive cells near action potential threshold, suggesting the possibility that 

a smaller INaP makes restoration of bursts by blocking IA less likely. The lack of 

specific INaP blockers precludes parsing its role vs. that of IT in generating 

rebound bursts, but its upregulation upon specific manipulation of estradiol 

suggests this steroid plays a role in the cycle-dependent changes observed. 

 

These observations are consistent with the increasing understanding through 

experimental and computational studies that different interactions among ionic 

conductances can generate the same firing properties in many neurons across 

species159,161. Neurons can achieve similar firing output by adding, deleting or 

modulating different conductances162,163. In AVPV kisspeptin neurons, the 

present results indicate bursts can be generated via depolarization or release of 

hyperpolarization, both of which may recruit multiple ionic conductances. Bursts 

may be triggered and facilitated by increased IT, INaP or decreased IA; and they 

may be silenced or reduced (number of events, frequency) with a combination of 
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decreased IT, INaP and increased IA. In a cell type likely critical to reproduction, the 

ability to produce the appropriate output via a variety of scenarios is pertinent to 

survival of the species. 

 

Another question is which cycle-dependent cues are responsible for regulation of 

multiple ionic conductances. In the present study, we recorded at a consistent 

time of day to control the diurnal input to AVPV kisspeptin neurons. One 

prominent difference between cycle stages is sex steroid milieu, especially 

estradiol, which regulates kisspeptin mRNA and cFos expression122. Specific 

steroid manipulations suggest a dominant role for estradiol in increased current 

density of IT, Ih and INaP, adding strong mechanistic support for estradiol 

regulation of AVPV kisspeptin neuron firing121. Estradiol may act through 

genomic mechanisms to change ion channel expression or function, or via 

membrane-associated mechanisms to effect posttranslational modifications of 

ion channels or insertion into the membrane164,165. Recently, a genetic tracing 

approach suggested only AVPV kisspeptin neurons expressing ERα synapse on 

GnRH neurons121, further supporting the postulate of an estradiol-kisspeptin-

GnRH feedback loop. 

 

In summary, our findings demonstrate that increased firing rate and burst events 

in AVPV kisspeptin neurons on proestrus vs. diestrus likely result from cycle-

dependent changes in estradiol modifying multiple conductances. Burst 

generation may be attributed to the interplay of intrinsic properties with both 

excitatory input and release from inhibition. Our results support previous 

observations and extend these by focusing on regulation of the interactions 

among intrinsic properties in generating the electrophysiological output of AVPV 

kisspeptin neurons. The changes in this output associated with the shift between 

estradiol negative and positive feedback actions likely play an important role in 

female fertility.   
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Figures and Legends 

 
Figure 2-1 Extracelular firing rate of AVPV kisspeptin neurons.  

A. Representative extracellular recordings of AVPV kisspeptin neurons on diestrus (di) and 
proestrus (pro) under control conditions (left) and with AMPA, NMDA, and GABAA receptors 
antagonized (right). B. Areas in grey boxes expanded from A. Black lines over traces in B indicate 
identified bursts. C-D, Mean ± SEM firing frequency (C) and number of burst events (D). E, The 
number of burst events plotted as a function of number of spike per burst on diestrus (grey) and 
proestrus (black) under control conditions (solid line) and with receptor antagonists (dashed line). 
Antag, antagonists of ionotropic GABA and glutamate receptors. * p<0.05 calculated by two-way 
ANOVA/Bonferroni or two-way RM ANOVA/Holm-Sidak test.  
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Figure 2-2 Depolarization and removal of hyperpolarization both induce distinct firing properties.  

A, Representative firing properties of tonic and DIB cells on diestrus and proestrus under control conditions 
and during treatment with Ni2+ (100 µM). B, Mean ± SEM instantaneous frequency (IF) of tonic (solid line) 
and DIB (dash line) cells on diestrus (di, grey) and proestrus (pro, black) plotted as a function of spike 
interval number. C, Input resistance (Rin) for tonic and DIB cells on diestrus and proestrus. D, Rin for cells 
on diestrus and proestrus assessed using physiological (con) and Cs+-based pipette solution. E, Distribution 
of cells that generated rebound bursts (black bar), one rebound spike (hatched bar), or no rebound spikes 
(white bar) on diestrus and proestrus for tonic, DIB, and all cells combined. F-G, Initial IF (F) and overall 
frequency (G) of rebound bursts in tonic and DIB cells on diestrus and proestrus. * p<0.05 calculated by two-
way ANOVA/Bonferroni or two-way RM ANOVA/Holm-Sidak test.  
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Figure 2-3 Action potential properties of AVPV kisspeptin neurons depend on firing pattern during 
depolarization but not cycle stage.  

A, Representative first action potential evoked via minimal necessary depolarizing current in tonic 
(black) and DIB (grey) cells on diestrus (left) and proestrus (right). The line under the action 
potentials indicate timing of current injection (10pA for examples shown except 15pA for the DIB 
cell on proestrus). B-F, Mean ± SEM action potential parameters in tonic cells (open bar for B-C 
and E-G; open circle for D) and DIB cells (hatched bar for B-C and E-G; black circle for D) on 
diestrus (di) and proestrus (pro), including (B) 1st spike latency, (C) action potential rate of rise, 
(D) threshold, (E) full-width half-maximum (FWHM), (F) afterhyperpolarization potential (AHP) 
amplitude and (G) AHP time on diestrus and proestrus. * p<0.05 calculated by two-way 
ANOVA/Bonferroni test tonic vs. DIB.  
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Figure 2-4 Ni2+-sensitive current is critical for bursting patterns and is under estrous cycle 
regulation.  

A, Representative examples for rebound potential of tonic and DIB cells on diestrus and 
proestrus under control conditions (black) and then tested with TTX (1µM) application (red). 
Dashed lines indicate -70mV. B, Positive correlation between rebound depolarization and initial 
instantaneous frequency (IF) was observed in tonic cells on diestrus (di, open circle fitted with 
dashed line) and proestrus (pro, black circle fitted with solid black line) but not in DIB cells on 
proestrus (grey circle fitted with grey line). C, Representative examples of depolarization-induced 
firing pattern of tonic and DIB cells initiated at -65, -70 and -75 mV. D, IF was dependent on 
preceding membrane potential in tonic and DIB cells, each line connects values from the same 
cells at different membrane potentials. E, Voltage protocols for IT isolation; bottom protocol was 
subtracted from top to remove HVA contamination from step -30 mV (bottom, left). 
Representative isolated IT on diestrus (top, left) and proestrus (top,right), each color represents a 
tested voltage. F, Isolated IT was blocked by Ni2+ (100 µM). G, Initial IF of depolarization induced 
firing for tonic and DIB cells under control conditions and with Ni2+ (100 µM) application, paired. H, 
Activation and inactivation of IT conductance was plotted and fit with Boltzmann function to derive 
V1/2 and k value on diestrus (grey dots fitted with grey line) and proestrus (black dots fitted with 
black line). I, Mean ± SEM current density of IT on diestrus and proestrus. * p<0.05 calculated by 
two-way RM ANOVA/Holm-Sidak test.  
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Figure 2-5 Persistent sodium conductance (INaP) facilitates rebound burst generation and is 
regulated by the estrous cycle.  

A (top) ramp protocol, (bottom) and representative raw currents under control conditions (black) 
and after application of TTX (red). Dashed line indicates the linear fit to correct for leak current. B, 
Representative TTX-sensitive INaP obtained by subtracting the TTX trace from the control trace in 
A after linear fit of each. C, Representative INaP in cells that exhibit rebound bursts (red) or no 
rebound spikes (blue) on diestrus and those that exhibited rebound bursts on proestrus (black). 
D-E, Mean ± SEM INaP current density on diestrus (di) vs. proestrus (pro) (D) and with cells parsed 
by cycle stage and rebound firing (E). * p<0.05 calculated by two-way RM ANOVA/Holm-Sidak 
test.  
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Figure 2-6 Subpopulations of cells that exhibit no rebound spikes on diestrus have restored ability 
to generate rebound spike(s) after blocking IA.  

A, Representative firing properties of tonic and DIB cells on diestrus that did not exhibit rebound 
spikes under control conditions (black): 4-AP (5 mM) treatment (grey) restored rebound spike(s) 
in some cells (left) but not others (right). B, Percentage of cells with 4-AP-sensitive (hatched bar) 
or 4-AP-insensitive rebound firing (open bar) for tonic, DIB and all cells combined on diestrus. C, 
Representative INaP in 4-AP-sensitive (black) and 4-AP-insensitive (grey) cells tested on diestrus. 
D, Mean ± SEM INaP current density for 4-AP-sensitive (black) and 4-AP-insensitive (grey) cells 
tested on diestrus. * p<0.05 calculated by two-way RM ANOVA/Holm-Sidak test. E, 
Representative cells on diestrus and proestrus preserved rebound bursts but not sag potential 
after ZD7288 (50µM) application. F, sag potential was increased on proestrus compared to 
diestrus. * p<0.05 Student’s t-test. 
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Figure 2-7 Estradiol but not progesterone increases overall excitability and burst events in AVPV 
kisspeptin neurons. 

A, Representative extracellular recordings of OVX, OVX+E (E, estradiol), OVX+E+P (P, 
progesterone), and OVX+E+V (V, vehicle) with AMPA, NMDA, and GABAA receptors 
antagonized. Grey boxes indicate bursts. B-C, Mean ± SEM firing frequency (B) and number of 
burst events (C) of OVX (black circles), OVX+E (solid red circles), OVX+E+V (open red circles), 
OVX+E+P (blue). D, Percentage of cells that fire depolarization-induced bursts (DIB) or tonic 
patterns on OVX, OVX+E and OVX+E+P groups. E, Representative firing properties of tonic (top) 
and DIB (bottom, except OVX) cells in OVX, OVX+E, and OVX+E+P groups. F-H, Mean ± SEM 
of action potential parameters in OVX (white), OVX+E (hatched) and OVX+E+P (black) groups: 
latency to first spike (F), action potential full-width half-maximum (FWHM) (G), and 
afterhyperpolarization potential (AHP amplitude) (H).  * p<0.05 calculated by one-way 
ANOVA/Bonferroni test.  
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Figure 2-8 Estradiol increases IT and INaP current density density in AVPV kisspeptin neurons.  

A, Voltage protocol (bottom) and representative subtraction-isolated IT in OVX (top left) and 
OVX+E groups (top right). B, Activation and inactivation of IT conductance was plotted and fit with 
a Boltzmann function to derive V1/2 and k value in OVX (black) and OVX+E (red).  C, Mean ± 
SEM current density of IT in OVX (black) and OVX+E (red). D, Representative INaP in OVX (black) 
and OVX+E (red) groups. E, Mean ± SEM INaP density in OVX (black) vs. OVX+E (red) groups. F, 
Mean ± SEM of sag potential induced by hyperpolarization. * p<0.05 calculated by two-way RM 
ANOVA/Holm-Sidak test for D, E; * p<0.05 calculated by one-way ANOVA/Bonferroni test for F  
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Figure 2-9 Schematic model of cyclic regulation of the AVPV kisspeptin-GnRH circuitry.  

On diestrus, low estradiol levels exert negative feedback and AVPV kisspeptin neurons exhibit 
low IT, INaP and Ih. This contributes to reduced overall and burst firing, thus lower release of 
kisspeptin, GABA and glutamate. GnRH neurons exhibit low activity and a pulsatile release 
pattern. On proestrus, high levels of estradiol exert positive feedback action, increasing IT, INaP 
and Ih, facilitate increased overall excitability and, for the former two currents, increased burst 
firing. This increases neurosecretion from these neurons, increasing excitatory drive to GnRH 
neurons via kisspeptin, GABA and glutamate, and also increasing GnRH neuron activity via 
kisspeptin-mediated reduction of IA 71 and increase in TRPC conductance 166. Together the 
intrinsic changes and increased excitatory drive provoke increased release of GnRH 13. 
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Tables 

Table 2-1 Two-way ANOVA parameters for comparison among groups: cells from diestrus vs. 
proestrus mice 
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Table 2-2 Two-way repeated-measures ANOVA for whole-cell comparison among groups: cells 
from diestrus vs. proestrus mice 
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Table 2-3 One-way and two-way ANOVA parameters 
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Abstract 

Estradiol feedback regulates gonadotropin-releasing hormone (GnRH) neurons 

and subsequent luteinizing hormone (LH) release. Estradiol acts through 

estrogen receptor α (ERα)-expressing afferents of GnRH neurons including 

kisspeptin neurons in the anteroventral periventricular (AVPV) and arcuate 

nuclei, providing homeostatic feedback on episodic GnRH/LH release as well as 

positive feedback to control ovulation. Ionotropic glutamate receptors are 

important for estradiol feedback but it is not known where they fit in the circuitry. 

Estradiol negative feedback decreased glutamatergic transmission to AVPV and 

increased it to arcuate kisspeptin neurons; positive feedback had the opposite 

effect. Deletion of ERα in kisspeptin cells decreased glutamate transmission to 

AVPV neurons and markedly increased it to arcuate kisspeptin neurons, which 

also exhibited increased spontaneous firing rate. KERKO mice had increased LH 

pulse frequency, indicating loss of negative feedback. These observations 

indicate ERa in kisspeptin cells is required for appropriate differential regulation 

of these neurons and neuroendocrine output by estradiol. 
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Significance Statement 

The brain regulates fertility through gonadotropin-releasing hormone (GnRH) 

neurons. Ovarian estradiol regulates the pattern of GnRH (negative feedback) 

and initiate a surge of release that triggers ovulation (positive feedback). GnRH 

neurons do not express the estrogen receptor needed for feedback (ERα); 

kisspeptin neurons in the arcuate and anteroventral periventricular nuclei are 

postulated to mediate negative and positive feedback, respectively. Here we 

extend the network through which feedback is mediated by demonstrating that 

glutamatergic transmission to these kisspeptin populations is differentially 

regulated during the reproductive cycle and by estradiol. Electrophysiological and 

in vivo hormone profile experiments on kisspeptin-specific ERα knockout mice 

demonstrate ERα in kisspeptin cells is required for appropriate differential 

regulation of these neurons and for neuroendocrine output. 

 

Introduction 

Gonadotropin-releasing hormone (GnRH) neurons form the final common 

pathway for central regulation of fertility. GnRH stimulates the pituitary to secrete 

the gonadotropins, follicle-stimulating hormone and luteinizing hormone (LH), 

which regulate gonadal functions. Gonadal steroids feed back to regulate GnRH 

release. Estradiol, via estrogen receptor alpha (ERα), plays crucial roles in 

providing both negative and positive feedback to GnRH/LH release 13,15,119. In 

females, low estradiol levels through most of the reproductive cycle provide 

negative feedback, whereas when estradiol levels are high during the 

preovulatory phase of the cycle, estradiol feedback action switches to positive to 

initiate a surge of GnRH/LH release, ultimately causing ovulation 116. As GnRH 

neurons typically do not express detectable ERα61, estradiol feedback is likely 

transmitted to these cells by ERα-expressing afferents. 
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Kisspeptin-producing neurons in the anteroventral periventricular (AVPV) and 

arcuate nucleus are estradiol-sensitive GnRH afferents 96,120,121. Kisspeptin is a 

potent stimulator of GnRH neurons, and its expression is differentially regulated 

in these nuclei by estradiol 69,72,83,88. AVPV kisspeptin neurons were postulated 

as positive feedback mediators as kisspeptin expression is increased 88. 

Subsequent studies demonstrated these neurons are more excitable during 

positive feedback compared to negative feedback, a shift mediated by estradiol 
126,167. ERα in kisspeptin cells is required for positive feedback, as kisspeptin-

specific ERα knockout (KERKO) mice do not exhibit estradiol-induced LH surges 
103,124,168. Arcuate kisspeptin neurons are also known as KNDy neurons because 

of their coexpression of neurokinin B (NKB) and dynorphin 96. NKB and 

dynorphin, respectively, increase and decrease firing rate of these cells 148,169. 

KNDy neurons have been postulated to generate episodic GnRH release and to 

mediate steroid negative feedback on GnRH release frequency 96,170. The 

mechanisms through which these two populations of kisspeptin neurons are 

differentially regulated by estradiol are not fully understood.  

 

In this regard, the network upstream of the kisspeptin-to-GnRH neuron link is 

largely unstudied Activation of ionotropic glutamate receptors is needed to 

generate both pulse and surge modes of LH release 171–173. GnRH neurons, 

however, appear to receive limited ionotropic glutamate input 59,174, suggesting 

GnRH afferents may be the recipients of the transmission involved in estradiol 

feedback. Estradiol increases expression of ionotropic glutamate receptor mRNA 

in AVPV neurons 175 and glutamatergic projections from the AVPV to GnRH 

neurons 176. Glutamate also regulates several processes in the arcuate nucleus 
177, where KNDy neurons reside. We thus hypothesized that ionotropic 

glutamatergic transmission to these two kisspeptin populations is differentially 

regulated via cycle-dependent changes in circulating estradiol levels. KNDy 

neurons use glutamate as a co-transmitter 87 and form a complex network as 

they synapse on each other, as well as on AVPV kisspeptin neurons 120,169. We 

thus further tested if glutamatergic transmission to kisspeptin neurons, firing rate 
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of these neurons and in vivo output of the reproductive neuroendocrine system 

are disrupted in mice lacking ERα in kisspeptin cells (KERKO). 

 

Materials and Methods 

All chemicals were purchased from Sigma Chemical Company (St Louis, MO) 

unless noted. 
Animals. Adult female mice aged 60-120 days were used for these studies. All 

mice were provided with water and Harlan 2916 chow (VetOne) ad libitum and 

were held on a 14L:10D light cycle with lights on at 0400 Eastern Standard Time. 

To delete ERα specifically from kisspeptin cells, mice with Cre recombinase gene 

knocked-in after the Kiss1 promoter (Kiss1-Cre mice) were crossed with mice 

with a floxed Esr1 gene, which encodes ERa (ERa floxed mice)168. The 

expression of Cre recombinase mediates deletion of ERα in all kisspeptin cells 

(KERKO mice). To visualize kisspeptin neurons for recording, mice heterozygous 

for both Kiss-Cre and floxed ERa were crossed with Cre-inducible YFP mice. 

Crossing mice heterozygous for all three alleles yielded litters that contained 

some mice that were homozygous for floxed ERα and at least heterozygous for 

both Kiss1-Cre and YFP; these were used as KERKO mice. Littermates of 

KERKO mice with wild type Esr1, Kiss1-Cre YFP or Kiss1-hrGFP mice 87 were 

used as controls; no differences were observed among these controls and they 

were combined. The University of Michigan Institutional Animal Care and Use 

Committee approved all procedures. 

To study the role of naturally fluctuating ovarian steroids, Kiss1-hrGFP mice were 

used during the diestrous, proestrous or estrous phases of the estrous cycle as 

determined by monitoring vaginal cytology for at least a week before 

experiments. Uterine mass was determined to confirm uteri on proestrus 

were >100mg, indicating exposure to high endogenous estradiol 131. Ovary-intact 

KERKO mice have disrupted estrous cycles with persistent cornified vaginal 

cytology typical of estrus; we thus used females in estrus as controls. To 

examine the role of ovarian estradiol, mice were ovariectomized (OVX) under 
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isoflurane anesthesia (Abbott) and were either simultaneously implanted with a 

Silastic (Dow-Corning) capsule containing 0.625µg of estradiol suspended in 

sesame oil (OVX+E) or not treated further (OVX)12. Bupivacaine (0.25%, APP 

Pharmaceuticals) was provided local to the incisions as an analgesic. These 

mice were studied 2-3d post ovariectomy in the late afternoon, which is the time 

of estradiol positive feedback12. 

Slice preparation and cell identification. All solutions were bubbled with 95% 

O2/5% CO2 throughout the experiments and for at least 30min before exposure 

to tissue. The brain was rapidly removed (1500-1600 Eastern Standard Time; 

Zeitgeber time 10-11) and placed in ice-cold sucrose saline solution containing 

(in mM): 250 sucrose, 3.5 KCl, 26 NaHCO3, 10 D-glucose, 1.25 Na2HPO4, 1.2 

MgSO4, and 3.8 MgCl2 (pH 7.6, 345 mOsm). Coronal (300 µm) slices were cut 

with a Leica VT1200S (Leica Biosystems). Slices were incubated in a 1:1 mixture 

of sucrose saline and artificial cerebrospinal fluid (ACSF) containing (in mM): 135 

NaCl, 3.5 KCl, 26 NaHCO3, 10 D-glucose, 1.25 Na2HPO4, 1.2 MgSO4, 2.5 CaCl2 

(pH 7.4, 310 mOsm) for 30min at room temperature (~21-23 °C) and then 

transferred to 100% ACSF for additional 30-180min at room temperature before 

recording. For recording, slices were placed into a chamber continuously 

perfused with ACSF at a rate of 3ml/min with oxygenated ACSF heated to 30-

31 °C with an inline-heating unit (Warner Instruments). GFP-positive kisspeptin 

neurons were identified by brief illumination at 488nm on an Olympus BX51WI 

microscope. Recorded cells were mapped to an atlas133 to determine if any 

trends based on anatomical location emerged; no such trends were apparent in 

these data sets. Recordings were performed from 1 to 3 h after brain slice 

preparation except for KERKO mice (up to 6h). No more than three cells per 

animal were included for analysis of the same parameter, and at least five 

animals were tested per parameter. Values towards both ends of the data 

distribution were observed within the same animal, and the variance of the data 

was no smaller within an animal than among animals.  

Electrophysiological recordings. Recording micropipettes were pulled from 

borosilicate capillary glass (type 7052, 1.65mm outer diameter; 1.12mm inner 
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diameter; World Precision Instruments, Inc.) using a Flaming/Brown P-97 puller 

(Sutter Instruments) to obtain pipettes with a resistance of 3-4 MΩ for 

extracellular and whole-cell recordings when filled with the appropriate pipette 

solution. Recording pipettes were wrapped with Parafilm to reduce capacitive 

transients; remaining transients were electronically cancelled. Recordings were 

made with an EPC-10 dual patch clamp amplifier and Patchmaster software 

(HEKA Elektronik) running on a Macintosh computer. 

Extracellular recordings. Targeted extracellular recordings were made to obtain 

firing properties of cells without any receptor or channel blockers. This method 

was used as it maintains internal milieu and has minimal impact on the firing rate 

of neurons134,135. Recording pipettes were filled with HEPES-buffered solution 

containing (in mM): 150 NaCl, 10 HEPES, 10 glucose, 2.5 CaCl2, 1.3 MgCl2, and 

3.5 KCl (pH=7.4, 310 mOsm), and low-resistance (<20MΩ) seals were formed 

between the pipette and neuron after first exposing the pipette to the slice tissue 

in the absence of positive pressure. Recordings were made in voltage-clamp 

mode with a 0mV pipette holding potential for 20min and signals acquired at 

10kHz and filtered at 5kHz. Resistance of the loose seal was checked every 

5min during the 20min recordings; data were not use if seal resistance changed 

>30% or was >20MΩ. The first and last 5-min recording is to determine if seal 

resistance is stable (<20% change). We used the middle 10min of recording to 

determine the spontaneous firing frequency. 

Whole-cell recordings. All recordings were done with a physiologic pipette 

solution containing (in mM): 135 K gluconate, 10 KCl, 10 HEPES, 5 EGTA, 0.1 

CaCl2, 4 MgATP and 0.4 NaGTP, pH 7.3 with NaOH, 300 mOsm. All potentials 

reported were corrected online for liquid junction potential of -15.7mV. After 

achieving a minimum 2.5 GΩ seal and then the whole-cell configuration, 

membrane potential was held at -70mV between protocols during voltage-clamp 

recordings. Series resistance (<20MΩ, <20% change during the recording 

period) and the passive properties of the neuron (input resistance >400MΩ, 

membrane capacitance stable, and holding current absolute value <50pA) were 

monitored every 2min from the current resulting from a 5mV hyperpolarizing 
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voltage step from −70mV (mean of 16 repeats, 20ms duration); our algorithm for 

determining passive properties and series resistance discards traces with 

synaptic activity during this protocol. There was no difference in Ihold, Cm, or Rs 

among any comparisons. As reported167, Rin is in AVPV kisspeptin neurons is 

lower on diestrus that proestrus (diestrus, R=739 ± 82, proestrus, R=1136 ± 83, 

p=0.003). No differences in Rin were observed in arcuate kisspeptin neurons 

among groups. 

To record spontaneous AMPA-mediated excitatory postsynaptic currents 

(EPSCs), membrane potential was held at -68mV, the calculated reversal 

potential of Cl- based on Cl- concentration in pipette solution vs ACSF, Cl- activity 

coefficient137 and the recording temperature. We did not use picrotoxin or other 

GABAA receptor blockers to avoid disinhibitory effects on the circuitry that is 

preserved within the slices. No PSCs were observed at a holding potential of -65 

to -70mV after 10μM CNQX application to block AMPA receptors; outward 

GABAA receptor-mediated PSCs were observed when membrane potential was 

depolarized beyond -60mV and inward GABAA receptor-mediated PSCs were 

observed membrane potential was hyperpolarized beyond -70mV (n=4 for both 

AVPV and arcuate). For recording AMPA receptor-mediated miniature excitatory 

postsynaptic currents (mEPSCs), membrane potential was held at -68mV and 

ACSF contained picrotoxin (100μM), APV (D-(−)-2-amino-5-phosphonovaleric 

acid, 20μM) and tetrodotoxin (TTX, 1μM). In this case, TTX blockade of action 

potentials eliminates concerns regarding disinhibition. 

Arcuate kisspeptin neurons are a potential source of glutamate transmission to 

one another 87 as well as to AVPV neurons169; projections among arcuate 

kisspeptin neurons are more likely to be preserved in a slice. Dynorphin can 

inhibit firing activity of arcuate kisspeptin neurons148, we thus tested the effect of 

dynorphin on spontaneous and miniature EPSCs of arcuate kisspeptin neurons. 

Dynorphin A (1µM, Bio-techne) was bath-applied to the brain slices from control 

OVX female and KERKO OVX and OVX+E female for 5min. Both spontaneous 

and miniature EPSCs were recorded as above before and during dynorphin 

treatment, and during subsequent washout. 



 57 

Tail-tip blood collection All adult female mice were ovary-intact and handled more 

than two weeks before experiments. Vaginal cytology of control and KERKO 

mice was determined for more than 10 days prior to sampling. As KERKO mice 

exhibit prolonged cornification typical of estrus, control mice displaying regular 4- 

or 5-day cycles were sampled during estrus. Repetitive tail-tip blood collecting 

was preformed as described (n=6 each control and KERKO)178. After the excision 

of the very tip of the tail, mice were put on a cage top and tail blood (6µl) was 

collected every 6min for 2h from 1300 to 1500. Each time the tail was wiped 

clean and then massaged for about 10s until 6µl blood sample was collected with 

a pipette tip. Whole blood was immediately diluted in 54μL of 0.1M PBS with 

0.05% Tween 20 and homogenized and then kept on ice. Samples were stored 

at −20°C for a subsequent ultrasensitive LH assay. Intra-assay %CV is 2.2%. 

Interassay coefficients of variation were 7.3% (low QC, 0.13 ng/ml), 5.0% 

(medium QC, 0.8 ng/ml) and 6.5% (high QC, 2.3ng/ml). Functional sensitivity is 

0.016ng/ml179. 

Kisspeptin and GnRH challenge. At the end of the frequent sampling period, 

mice received a single intraperitoneal injection of kisspeptin (65.1µg/kg)180. Blood 

was collected before and 15min after injection. GnRH (150µg/kg) was injected 

40-45min after kisspeptin, with blood collected immediately before and 15min 

after injection. 

Pituitary RNA extraction and gene expression. Ovary intact control (estrous stage 

of the cycle) and KERKO female mice were used. Pituitaries were collected from 

these animals; a further set of six pituitaries was collected from animals used in 

recording experiments; these were preserved in RNALater (ThermoFisher) at -

20C until processing. No differences were observed between these and freshly 

processed pituitaries and they were combined for analyses. Tissues were 

homogenized in Qiagen RLT using pellet pestles (BioMasher II, Kimble Chase). 

RNA was extracted (with on-column DNasing) using RNeasy spin columns 

(Qiagen). Sample RNAs (500 ng) and a standard curve of pooled mouse pituitary 

RNAs (1000, 200, 40, and 8ng) were reverse transcribed using Superscript III 

(20µl reaction volume, ThermoFisher) 148. All cDNA was assayed in duplicate for 
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candidate gene messenger RNAs (mRNAs) by hydrolysis probe-based 

quantitative PCR chemistry (TaqMan, ThermoFisher). A final concentration of 

1ng/μl cDNA for unknowns was used for all genes except Fst and Npffr1, which 

required 10ng/µl. The standard curves were similarly diluted. TaqMan primer-

probes for mRNAs of pituitary genes (Kiss1r, Gnrhr, Lhb, Fshb, Cga, Egr1, Fst, 

Npffr1) and housekeeping mRNAs Gapdh and Actb were purchased from 

Integrative DNA Technologies (Table 3-1).  

Primer-probes were resuspended in Tris-EDTA to 20× (5 μm each primer, 10 μm 

probe) as recommended. qPCR was performed using cDNA as described148. In 

brief, 5 μl of diluted cDNA (10 or 1ng/µl) were run in duplicate using TaqMan 

Gene Expression Master Mix (Applied Biosystems) for 40 cycles as indicated by 

the manufacturer. Linearity and parallelism of the amplification was confirmed. 

Amplicon size was confirmed by agarose gel electrophoresis and sequencing for 

custom primer-probe sets.  

Data Analysis. Events (PSCs or action currents) were detected and visually 

confirmed using custom software written in Igor Pro (Wavemetrics)137,181. 

Frequency is reported as the total number of confirmed events divided by the 

duration of recording. Superimposed events were measured from each event's 

baseline for amplitude; such events were excluded from analysis of event 

kinetics including full-width at half-maximum FWHM (ms), an average 10–90% 

decay time (ms), and rise time (ms). LH pulses were detected by a version of 

Cluster182 transferred to IgorPro using cluster sizes of two points for both peak 

and nadir and t-scores of two for detection of increases and decreases. 

Normalized relative gene expression was determined by the ΔΔCt method183. 

Gapdh gene expression was regulated between control and KERKO, thus 

relative gene expression was normalized to Actb. To avoid intra-assay variability 

all samples were assayed within the same assay. 

Experimental design and statistical analysis. Only adult female mice were used 

for these studies as only females exhibit estradiol positive feedback. Our 

objective was to understand the switch between estradiol negative and positive 

feedback regulation in female reproduction. The sample size for each individual 
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experiment is listed in the result session. Data were analyzed using Prism 7 

(GraphPad Software), and are reported as mean ± SEM. The number of cells per 

group is indicated by n. Normality tests were performed using the Shapiro-Wilk 

normality test. Data were compared as dictated by distribution and experimental 

design; tests are specified in the results. All two group comparisons were two-

tailed. Significance was set at p<0.05, all p values <0.1 are indicated in text and 

figures and all p values <0.2 are mentioned in the text. P value for any 

comparison made for which a specific p value is not given was ≥0.2. Parameters 

for all statistical comparisons are reported in Tables 3-2 and 3-3 or in the 

legends. 

 

Results 

Ionotropic AMPA-mediated glutamatergic transmission to AVPV kisspeptin 

neurons is increased during positive feedback (proestrus) compared to negative 

feedback (diestrus and estrus).  

Whole-cell recordings of AMPA-mediated spontaneous excitatory postsynaptic 

currents (sEPSCs) were made in the late afternoon from AVPV kisspeptin 

neurons in brain slices from ovary-intact control mice in different stages of the 

estrous cycle (diestrus, proestrus, estrus), and KERKO mice (persistent cornified 

vaginal cytology similar to estrus; high circulating estradiol similar to 

proestrus168). sEPSCs include both action potential-dependent and action-

potential-independent glutamate release. Representative recordings from each 

cycle stage studied are shown in Figure 3-1A. Frequency of sEPSCs was higher 

on proestrus compared diestrus or estrus in AVPV kisspeptin neurons (Figure 3-

1C, n=11 each, Kruskal-Wallis/Dunn’s test, diestrus vs proestrus, p=0.006; 

proestrus vs estrus, p=0.002; diestrus vs estrus, p>0.99).  

 

To determine if increased sEPSC frequency was attributable to increased 

presynaptic activity and/or increased synaptic release sites, miniature EPSCs 

were recorded (Figure 3-1B). Miniature EPSCs (mEPSCs) arise from the 
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postsynaptic response to activity-independent vesicle fusion and transmitter 

release from the presynaptic neuron. Their frequency is proportional to a 

combination of the number of functional release sites and/or release probability, 

whereas amplitude reflects amount of glutamate release and/or postsynaptic 

AMPA receptor expression184. Frequency of mEPSCs was higher on proestrus 

compared to diestrus or estrus, suggesting increases in release sites and/or 

probability during estradiol positive feedback. On proestrus but not diestrus or 

estrus, mEPSC frequency was lower than that of sEPSCs (sEPSCs 4.5±0.5Hz, 

mEPSCs, 2.3±0.4Hz, two-way ANOVA/Holm-Sidak, p=0.0006). This suggests at 

least some afferents of AVPV kisspeptin cells are preserved within the slices, 

and that the activity of these afferents is increased on proestrus by the hormonal 

changes of the estrous cycle. No changes of amplitude (Figure 3-1D) or kinetics 

of sEPSCs or mEPSCs were observed among groups (Table 3-4). 

 

Estradiol increases glutamatergic transmission to AVPV kisspeptin neurons.  

To test if changes observed in spontaneous and miniature EPSC frequency in 

AVPV kisspeptin neurons observed on proestrus are mediated by circulating 

estradiol, we compared sEPSC and mEPSC frequency in AVPV kisspeptin 

neurons from OVX and OVX+E mice; recordings were done in the late afternoon 

at the time of estradiol-induced positive feedback in OVX+E and proestrous mice. 

Increased frequency of both sEPSCs and mEPSCs (Figure 3-2A-C) was 

observed in cells from OVX+E vs OVX mice (sEPSCs, n=11 each, two-way 

ANOVA/Holm-Sidak, p=0.009; mEPSCs, n=11 each, two-way ANOVA/Holm-

Sidak, p=0.04), suggesting estradiol plays a role in activating afferents of AVPV 

kisspeptin neurons as well as remodeling synaptic release sites. No changes of 

amplitude (Figure 3-2D) or kinetics of EPSCs were observed among groups 

(Table 3-4) 
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ERα expression in kisspeptin cells is required for regulation of glutamatergic 

transmission to AVPV kisspeptin neurons during the estrous cycle and by 

estradiol.  

To test the role of ERα expression in kisspeptin cells in glutamatergic 

transmission to AVPV kisspeptin neurons, we examined EPSC frequency in cells 

from KERKO mice. KERKO mice have persistent vaginal cornification and 

enlarged uteri, indicative of prolonged exposure to elevated estradiol168. 

Nonetheless, sEPSC frequency in AVPV kisspeptin neurons from KERKO mice 

was lower than that observed on proestrus (estradiol peak during the cycle, 

Figure 3-1A, C n=11 for KERKO, one-way ANOVA/Holm-Sidak, p=0.02). 

Frequency of mEPSCs in cells from KERKO mice, however, did not differ from 

that of diestrous or estrous mice (Figure 3-1B, C, n=9 for KERKO, one-way 

ANOVA/Holm-Sidak, p>0.6 for all comparisons). Deletion of ERa from kisspeptin 

cells may thus alter the activity of their primary afferents but appears to have 

minimal effect on synaptic release sites.  

 

To investigate if loss of ERα in kisspeptin cells alters estradiol regulation of 

glutamatergic transmission in KERKO mice, we examined EPSCs in AVPV 

kisspeptin neurons from OVX and OVX+E KERKO mice. In KERKO mice, 

estradiol failed to increase sEPSC and mEPSC frequency it did in control mice 

(Figure 3-2A, C, n=9 for KERKO OVX and OVX+E, two-way ANOVA/Holm-

Sidak, control OVX+E vs KERKO OVX+E). Further, in AVPV cells from KERKO 

mice neither frequency nor amplitude of sEPSCs or mEPSCs were regulated by 

estradiol. No changes of amplitude (Figure 3-2D) or kinetics of EPSCs were 

observed among all groups (Table 3-4). This suggests ERα in kisspeptin cells is 

required for estradiol-dependent regulation of ionotropic glutamatergic afferents 

to AVPV kisspeptin neurons during the estrous cycle. 
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Ionotropic AMPA-mediated glutamatergic transmission to arcuate KNDy neurons 

is decreased during positive feedback (proestrus) compared to negative 

feedback (diestrus or estrus).  

Estradiol differentially regulates the expression of kisspeptin in arcuate and 

AVPV kisspeptin neurons88. To examine if this differential regulation extends to 

physiologic properties, we monitored EPSCs in arcuate KNDy neurons. In 

contrast to AVPV kisspeptin neurons, sEPSC frequency in arcuate KNDy 

neurons was reduced on proestrus compared to diestrus or estrus (Figure 3-3A, 

C, n=13 for diestrus and proestrus, n=12 for estrus, n=9 for KERKO, Kruskal-

Wallis/Dunn’s test, diestrus vs proestrus, p=0.03; proestrus vs estrus, p=0.04 

diestrus vs estrus, p>0.9). The frequency of mEPSCs was increased on estrus 

compared to proestrus. No difference was detected between diestrus and either 

proestrus or estrus (Figure 3-3B, C, diestrus n=12, proestrus and estrus n=11 

each one-way ANOVA/ Holm-Sidak; proestrus vs estrus, p=0.02), suggesting the 

number of release sites and/or release probability may increase on estrus. 

Altered sEPSC frequency in KNDy neurons is thus likely mediated by changes in 

afferent activity. No changes of amplitude (Figure 3-3D) or kinetics of EPSCs 

were observed among all groups (Table 3-4). 

 

Estradiol decreases glutamatergic transmission to arcuate KNDy neurons. 

To test if cycle-mediated changes observed in glutamatergic transmission to 

arcuate KNDy neurons are mediated by estradiol, we compared sEPSC and 

mEPSC frequency in KNDy neurons from OVX vs OVX+E mice. Frequency of 

sEPSCs was lower in OVX+E than OVX mice (Figure 3-4A, C, n=12 each, two-

way ANOVA/Holm-Sidak, p=0.04). No changes were observed in mEPSC 

frequency (Figure 3-4 B, C, n=11 each, two-way ANOVA/Holm-Sidak). This 

suggests the cycle-dependent changes observed above are mostly mediated by 

estradiol modulation of afferent neuron firing. No changes of amplitude (Figure 3-

4D) or kinetics of EPSCs were observed among groups (Table 3-4). 
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ERα expression in kisspeptin cells is required for regulation of glutamatergic 

transmission to arcuate KNDy neurons during the estrous cycle and by estradiol. 

To test the role of ERα expression in kisspeptin cells in glutamatergic 

transmission to KNDy neurons, we examined sEPSC and mEPSC frequency in 

arcuate kisspeptin neurons from KERKO mice. Strikingly, the frequency of 

sEPSCs in cells from KERKO mice was markedly increased compared to 

proestrus; the p values for comparisons to cells from estrous and diestrous mice 

approached the level set for significance (Figure 3-3A, C, n=9 for KERKO, 

Kruskal-Wallis/Dunn’s, KERKO vs proestrus, p<0.001; KERKO vs diestrus, 

p=0.07; KERKO vs estrus, p=0.08). Frequency of mEPSCs in KNDy neurons 

from KERKO mice was greater than in cells from ovary-intact mice during any 

cycle stage (Figure 3-3B, C n=9 for KERKO, one-way ANOVA/Holm-Sidak, 

KERKO p<0.001 vs proestrus, diestrus and estrus). These observations suggest 

that the lack of ERα in kisspeptin cells may increase glutamate release sites 

and/or probability.  

 

We then tested if estradiol regulation of glutamatergic transmission to arcuate 

kisspeptin neurons is altered in KERKO mice. Frequency of sEPSCs was higher 

in cells from OVX+E KERKO than control mice (Figure 3-4A, C, KERKO, n=9 

each, two-way ANOVA/Holm-Sidak, p<0.001), but did not differ between cells 

from OVX control and KERKO mice (p=0.15). This suggests estradiol regulation 

of glutamatergic transmission to arcuate kisspeptin neurons is lost in KERKO 

mice. Frequency of mEPSCs in cells from KERKO mice was increased 

compared to controls in both OVX and OVX+E groups (Figure 3-4B, C, KERKO, 

n=9 each, two-way ANOV/Holm-Sidak, OVX, p=0.04, OVX+E, p=0.006). These 

findings suggest estradiol suppresses presynaptic activity to decrease sEPSC 

frequency during positive feedback. In contrast, in KERKO mice estradiol 

primarily increases synaptic release sites and/or release probability. 
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Glutamatergic transmission to arcuate KNDy neurons was suppressed by 

dynorphin. 

Previous research suggests that arcuate KNDy neurons synapse on each 

other120,169. This is of interest because most KNDy neurons are also 

glutamatergic87 and may thus serve as glutamatergic inputs to one another169. 

Dynorphin suppresses the activity of KNDy neurons148, as well as arcuate POMC 

neurons185, a subpopulation of which (~30%) are also glutamatergic186,187. We 

hypothesized dynorphin decreases glutamatergic transmission to KNDy neurons. 

Bath application of dynorphin A (1µM) suppressed the frequency of both sEPSCs 

and mEPSCs to KNDy neurons within 5min, similar to the time required for it to 

suppress the firing rate of KNDy neurons 148; this effect was reversible and EPSC 

frequency was restored to control values within a 15-min washout period (Figure 

3-5 A, D, sEPSCs, n=7, one-way repeated-measures Friedman/Dunn’s, control 

vs treatment, p=0.007; Figure 3-5B, E, mEPSCs, n=6, one-way repeated-

measures ANOVA/Holm-Sidak, control vs treatment, p=0.02, control vs washout, 

p=0.08 ). To test if EPSC frequency changed with duration of recording, we 

performed mock treatments; in these cells EPSC frequency remained constant 

over a similar time period (Figure 3-5A, D, mock vs control, sEPSCs, n=5, paired 

Student’s t-test). Since EPSC frequency and amplitude were not different 

between cells from OVX and OVX+E KERKO mice, we combined cells from both 

groups to test the effects of dynorphin. As in control mice, dynorphin reduced 

glutamatergic transmission to arcuate KNDy neurons from KERKO mice (Figure 

3-5C, E n=5, one-way repeated-measures Friedman/Dunn’s, control vs 

dynorphin, p=0.02, control vs washout p=0.06). Dynorphin may act on 

presynaptic neurons to decrease the activity-dependent glutamate release, and 

on presynaptic sites to suppress the release of stored glutamate. This modulation 

did not require ERα expression by kisspeptin cells.   
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The short-term firing frequency of KNDy neurons was not influenced by estradiol 

but is increased in KERKO mice.  

Glutamatergic transmission to KNDy neurons is increased when either estradiol 

or kisspeptin-specific ERα expression are removed. The suppression of EPSC 

frequency in these neurons by dynorphin suggests these EPSCs may arise at 

least in part from KNDy-to-KNDy connections. We thus hypothesized that KNDy 

neuronal activity is modulated by estradiol and ERα expression within kisspeptin 

cells. We monitored the spontaneous firing frequency of arcuate kisspeptin 

neurons in OVX and OVX+E control and KERKO mice. KNDy neurons from 

control mice were either quiescent, or exhibited irregular firing. Interestingly, 

neither the short-term firing frequency (Figure 3-6A, B two-way ANOVA/Holm-

Sidak) nor the percentage of firing cells (firing rate ³ 0.01Hz) was different 

between OVX and OVX+E control mice (OVX vs OVX+E, Fisher’s exact test). 

Firing rate in KNDy neurons from OVX+E KERKO mice was increased compared 

to controls (p=0.008) and approached the value set for significance in cells from 

OVX mice (p=0.06). Estradiol did not affect the firing activity of KNDy neurons 

from KERKO mice (Figure 3-6A, B). Further, a higher percentage of cells fired 

action potentials in KERKO compared to control mice (Figure 3-6C, Chi-square, 

p=0.01). In addition to increasing firing rate, the pattern of firing in cells from 

KERKO mice was shifted in a subgroup of cells. Specifically, 3 of 17 cells 

exhibited a distinct and consistent burst pattern throughout the entire 10-min 

observation window (Figure 3-6D); this was not observed in control mice under 

any steroid condition tested, or in any of our previous studies of firing in KNDy 

neurons148,170,188. The loss of ERα in kisspeptin cells thus elevated firing and 

triggered bursting in KNDy neurons; this may contribute to the increased EPSC 

frequency in KNDy neurons and disrupted estradiol negative feedback regulation 

in KERKO mice. 
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ERα in kisspeptin cells is required for pulsatile release of LH and pituitary 

response to kisspeptin. 

Previous work in KERKO mice has shown elevated LH levels during 

development but not in adults103,168. Further, although ERa in kisspeptin cells 

was needed for estradiol positive feedback, ERα was not required for estradiol 

negative feedback124. These studies evaluated LH in single samples. While 

typical in mice because of low blood volume, this method cannot detect 

differences in the pattern of LH release, which is reflective under most 

physiologic circumstances of GnRH release. We utilized a recently-developed179 

assay that allows measurement of LH in small quantities of tail blood to assess 

LH pulse frequency over two hours in KERKO mice and their littermate controls 

on estrus. Representative pulse patterns are shown in Figure 3-7A. Similar to 

previous measures using single-time-point assessment, KERKO mice exhibited 

similar LH-pulse amplitude and baseline compared to control mice (Figure 3-7A, 

B, D) and there was no difference in mean LH between groups (control n=6, 

0.5±0.1ng/µl vs KERKO n=6, 0.5±0.1ng/µl). LH-pulse frequency, however, was 

higher in KERKO mice compared to controls (Figure 3-7C). After the 2h sampling 

period, mice were challenged with kisspeptin and ~0.8h later with GnRH. KERKO 

mice did not exhibit an increase in serum LH after kisspeptin and had a reduced 

respond to GnRH vs controls (Figure3- 7E, F).  

 

To gain insight into possible mechanisms underlying the blunted LH response to 

kisspeptin and GnRH in KERKO mice, we examined gene expression in the 

pituitary from separate groups of estrous control and KERKO mice that had not 

undergone blood (control n=7, KERKO n=8, Figure 3-7G). Steady-state mRNA 

levels of selected genes were determined using quantitative real-time PCR (two-

tailed Student’s t test unless specified). bactin (Actb) was selected as the 

housekeeping gene as Gapdh is known to be regulated by estradiol and 

age189,190, and was differently regulated in pituitaries (p=0.008). Kiss1r (p=0.048) 

but not Gnrhr was decreased in the pituitaries from KERKO mice. Fshb (Mann-

Whitney U test) and Cga were unchanged, whereas Lhb was decreased in 
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KERKO vs control mice (Mann-Whitney U test, p=0.02). For Egr1, a gene 

activated by GnRH and kisspeptin191, the p-value approached significance for a 

decrease in KERKO mice (p=0.07). Fst expression is typically upregulated by 

high-frequency GnRH pulses192 and was increased in pituitaries from KERKO 

mice (p=0.048). The gene encoding the gonadotropin-inhibitory hormone (GnIH) 

receptor, Npffr1, was decreased in pituitaries from KERKO mice (Mann-Whitney 

U test, p=0.01).  

 

Discussion  

GnRH neurons form the final common pathway for control of reproduction and 

receive regulatory input from many sources. Estradiol feedback appears to be 

indirect via ERα-expressing cells, including two hypothalamic kisspeptin 

populations96,110. Similarly, low-frequency activation of ionotropic glutamate 

receptors in GnRH neurons points to an indirect effect of glutamate119,174. We 

extended the estradiol feedback network to include glutamatergic afferents of 

kisspeptin neurons (Figure 3-8). ERα is required in kisspeptin cells for estradiol 

regulation of glutamatergic transmission to kisspeptin neurons, and for regulation 

of LH release in vivo. Estradiol thus acts on multiple nodes of a broad 

neuroendocrine network. 

 

AVPV kisspeptin neurons help mediate estradiol induction of the GnRH/LH 

surge110. During positive feedback (proestrus, OVX+E PM), intrinsic excitability of 

these neurons is increased126,167. The present work supports and extends these 

observations, demonstrating estradiol positive feedback increases glutamate 

transmission to AVPV kisspeptin neurons. Estradiol positive feedback also 

suppresses hyperpolarizing GABAergic transmission to these cells137, indicating 

that during positive feedback, estradiol tilts the balance toward excitatory inputs. 

Coupled with estradiol upregulation of intrinsic conductances underlying bursting 

firing167, AVPV kisspeptin neurons are poised to increase output during positive 

feedback to drive the GnRH/LH surge. 
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The estradiol-induced increase in excitatory glutamatergic drive to AVPV 

kisspeptin neurons is attributable to at least two mechanisms: elevated 

presynaptic activity and changes in release sites. Activity-dependent glutamate 

release likely arises from cells preserved within the slice. Estradiol sensitivity of 

these afferents may come from their expression of estrogen receptors and/or 

through modifications induced by additional layer(s) of estradiol-sensitive 

afferents. Nearby neurons co-expressing ERα and vesicular glutamate 

transporter-2193 are candidates for direct estradiol regulation. Few AVPV 

kisspeptin neurons are glutamatergic87, and interconnections have not been 

reported among these cells120,121, suggesting they are unlikely to be a major 

source of glutamatergic drive to one another. Many AVPV kisspeptin neurons are 

GABAergic87; the concomitant increased activity of and decreased GABAergic 

transmission to these cells during positive feedback provides a functional 

argument against interconnections137,167. The AVPV contains GABA/glutamate 

dual-labeled neurons; in some of these cells, the relative abundance of GABA 

decreases during positive feedback176. The shift towards increased glutamate 

and reduced GABA input to AVPV kisspeptin neurons during positive feedback 

could thus arise from one population utilizing both primary fast synaptic 

transmitters in a differential manner dependent upon estradiol feedback state.  

 

In the AVPV, increased mEPSC frequency during positive feedback suggests 

estradiol increases connectivity and/or release probability184. In other regions, 

estradiol increases dendritic spine density, typically associated with 

glutamatergic synapses194,195. Estradiol also increases AMPA receptor subunit 

expression in unidentified AVPV neurons175; the lack of change in EPSC 

amplitude or kinetics suggest these changes may occur in non-kisspeptin cells. 

Also of interest are preoptic glutamatergic neuronal nitric oxide synthase (nNOS) 

neurons, which project to AVPV kisspeptin neurons and are regulated by 

kisspeptin and estradiol180. Nitric oxide regulation of presynaptic glutamate 

release may contribute to increased glutamatergic transmission to AVPV 

kisspeptin neurons. KNDy neurons also release glutamate onto AVPV kisspeptin 
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neurons169 and may contribute to increased mEPSCs, but not activity-dependent 

changes as typically only processes from KNDy neurons are preserved in AVPV 

slices. 

 

In contrast to AVPV kisspeptin neurons, KNDy neurons are postulated to mediate 

estradiol negative feedback96. In females, estradiol regulation of spontaneous 

firing of KNDy neurons is debated154,196. In short-term recordings, we observed 

no estradiol-induced change in firing frequency. Steroid feedback may primarily 

affect long-term activity patterns of these cells as in males170. Estradiol did, 

however, suppress glutamatergic transmission to KNDy neurons, reducing 

sEPSC frequency. Of interest, mEPSC frequency in KNDy neurons was not 

regulated by estradiol (OVX vs OVX+E) but was increased on estrus compared 

to proestrus. This change in mEPSC frequency may arise from cyclic changes 

ovarian progesterone, which rises after the LH surge, or to other cycle-dependent 

factors. This suggests estradiol positive feedback reduces activity-dependent 

glutamate release but has minimal effects on connectivity and/or release 

probability.  

 

KNDy neuron firing is modulated by two of its neuropeptide products: NKB and 

dynorphin148. Here, dynorphin potently and reversibly suppressed glutamatergic 

transmission to KNDy neurons, likely attributable in part to an inhibitory effect of 

dynorphin on presynaptic activity. Within the arcuate, KNDy (~90%) and POMC 

(~30%) neurons are glutamatergic and express k-opioid receptors87,148,197. 

Dynorphin suppresses firing of both of these populations148,185. The observations 

that dynorphin suppresses activity of these cells and EPSC frequency in KNDy 

neurons suggests POMC and KNDy neurons as glutamatergic afferents of KNDy 

neurons. KNDy neurons synapse on each other120,169 and interconnect 

bidirectionally with POMC neurons 198,199. During proestrus however, POMC 

neurons have elevated cFos expression196, suggesting they may be activated by 

estradiol and potentially release more glutamate. If POMC neurons were major 

afferents of KNDy neurons, one would expect transmission to increase rather 



 70 

than decrease during positive feedback. The dynorphin-induced decrease in 

mEPSC frequency in KNDy neurons suggests dynorphin may also act as a 

retrograde messenger to inhibit activity-independent neurotransmitter 

release200,201 in addition to possible effects on afferent activity.  

 

ERα within kisspeptin is important for regulation of reproduction. Positive 

feedback is disrupted in KERKO mice124 and kisspeptin expression is decreased 

in the AVPV and increased in the arcuate103,168. Estradiol-mediated changes in 

glutamatergic drive to both populations were abolished in KERKO mice. Deletion 

of ERa from kisspeptin cells may alter glutamatergic inputs to AVPV and arcuate 

kisspeptin neurons through organizational and/or activational mechanisms. ERα 

is deleted as soon as Kiss1 is expressed, before birth in KNDy neurons and 

before puberty in AVPV kisspeptin neurons202,203. This may cause developmental 

changes in the circuitry of these cells. Loss of ERα as a transcriptional factor may 

also alter expression of synapse-related genes and signaling pathways. From an 

activational perspective, the failure of estradiol to increase glutamatergic 

transmission to AVPV kisspeptin neurons in KERKO mice may indicate 

glutamate afferents receive cues from kisspeptin cells through local feedback 

circuits. In the arcuate, both spontaneous firing frequency of, and glutamate 

transmission to, KNDy neurons are increased in cells from KERKO mice. These 

correlative observations further indicate KNDy neurons provide glutamatergic 

transmission to themselves. Developmental changes subsequent to ERa deletion 

in kisspeptin cells may alter activity and thus activity-dependent synaptogenesis 

among KNDy neurons. The observed increase in mEPSC frequency in KNDy 

neurons from KERKO mice is consistent with this postulate. Alternatively, but not 

exclusively, increased glutamate release from KNDy neurons may result in 

overall increased KNDy neuron firing frequency and, in some cases, acquisition 

of a burst firing pattern.  

 

Ultimately, changes in hypothalamic kisspeptin neurons may affect GnRH neuron 

activity and pituitary LH release. The increase in LH pulse frequency in KERKO 
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vs control mice is consistent with increased neuroendocrine drive, possibly due 

to increased frequency GnRH release triggered by a KNDy network lacking 

negative feedback. Importantly, LH release reports the integrated output of the 

reproductive neuroendocrine system. The same objective criteria were used for 

pulse detection in both groups; subjectively, LH pulse quality looks poorer in 

KERKO mice. Similar degradation of LH pulse patterns occurs when GnRH 

frequency is high31,204. Fst and Lhb are typically up-regulated by high GnRH-

pulse frequencies189,192. In pituitaries from KERKO mice, Fst is elevated whereas 

Lhb suppressed, perhaps because supraphysiological GnRH pulse frequencies 

reduce Lhb expression205. Deletion of ERα from kisspeptin cells and/or altered 

feedback from other ovarian factors may also affect pituitary gene expression. 

The attenuated response of pituitaries from KERKO mice to kisspeptin and 

GnRH may be explained by decreased Kiss1r expression in pituitary as well. The 

increased LH pulse frequency and altered pituitary gene expression suggest 

ERα in kisspeptin cells play a vital role in negative feedback regulation. 

 

These studies extend the network for estradiol negative and positive feedback 

beyond kisspeptin neurons, demonstrating glutamatergic transmission to 

hypothalamic kisspeptin neurons is a critical component these responses. ERα in 

kisspeptin cells modulates the glutamatergic network upstream of these two 

kisspeptin populations and sculpts central reproductive neuroendocrine output 

within the animal.  
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Figures and Legends 

 
Figure 3-1 Estrous-cycle dependent regulation of glutamatergic transmission to AVPV kisspeptin 
neurons requires ERα in kisspeptin cells. 

A and B, representative spontaneous (A) and miniature (B) post-synaptic currents in AVPV 
kisspeptin neurons in ovary-intact control mice on diestrus, proestrus and estrus and KERKO 
mice. C, Individual values and mean ± SEM sEPSC (left) and mEPSC (right) frequency. D, 
Individual values and mean ± SEM sEPSC (left) and mEPSC (right) amplitude. * p<0.05 
calculated by Kruskal-Wallis/Dunn’s (C) or one-way ANOVA/Holm-Sidak (D) 
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Figure 3-2 Estradiol does not modulate glutamatergic transmission to AVPV kisspeptin neurons 
from KERKO mice. 

A and B, representative spontaneous (A) and miniature (B) post-synaptic currents in AVPV 
kisspeptin neurons in OVX and OVX+E groups in control and KERKO mice. C, Individual values 
and mean ± SEM sEPSC (left) and mEPSC (right) frequency. D, Individual values and mean ± 
SEM sEPSC (left) and mEPSC (right) amplitude. * p<0.05 calculated by two-way ANOVA/Holm-
Sidak.  
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Figure 3-3 Estrous-cycle dependent regulation of glutamatergic transmission to arcuate 
kisspeptin neurons requires ERα in kisspeptin cells. 

A and B, representative spontaneous (A) and miniature (B) post-synaptic currents in arcuate 
kisspeptin neurons in ovary-intact control mice on diestrus, proestrus and estrus and KERKO 
mice. C, Individual values and mean ± SEM sEPSC (left) and mEPSC (right) frequency. D, 
Individual values and mean ± SEM sEPSC (left) and mEPSC (right) amplitude. * p<0.05 
calculated by Kruskal-Wallis/Dunn’s (C, left) or one-way ANOVA/Holm-Sidak (the rest). 
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Figure 3-4 Estradiol does not modulate glutamatergic transmission to arcuate kisspeptin neurons 
from KERKO mice. 

A and B, representative spontaneous (A) and miniature (B) post-synaptic currents in arcuate 
kisspeptin neurons in OVX and OVX+E groups in control and KERKO mice. C, Individual values 
and mean ± SEM sEPSC (left) and mEPSC (right) frequency. D, Individual values and mean ± 
SEM sEPSC (left) and mEPSC (right) amplitude. * p<0.05 calculated by two-way ANOVA/Holm-
Sidak.  
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Figure 3-5 Dynorphin suppresses both sEPSC and mEPSCs frequency in arcuate kisspeptin 
neurons. 

A, representative sEPSCs in arcuate kisspeptin neurons in OVX mice during control, dynA 
treatment and washout period (upper) and during control and mock treatment (lower). B and C, 
representative mEPSCs during control, dynA treatment and washout period in arcuate kisspeptin 
neurons in OVX control mice (B) and in OVX KERKO mice (C). D, Individual values (white) and 
mean ± SEM (black) and sEPSC frequency in arcuate during control, treatment and washout (left) 
and during control and mock treatment (right). One data point that was out of range of the axes is 
indicated in text (10.2Hz). For dynA treatment (left), Friedman statistic=8.9; for mock treatment 
(right), t statistic=1.5, degrees of freedom (df) =4. E, Individual values (white OVX, grey OVX+E) 
and mean ± SEM (black) mEPSC frequency during control, treatment and washout in OVX 
control mice (left, one-way ANOVA, treatment, F(2,10)=4.9; individual, F(5,10)=1.5) and in 
KERKO mice (right, Friedman statistic, 7.6). * p<0.05. 
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Figure 3-6 The short-term firing frequency of KNDy neurons was not modulated by estradiol, but 
was elevated in cells from KERKO mice. 

A, representative extracellular recordings from each group. B, individual values and mean ± SEM 
firing frequency in OVX and OVX+E control and KERKO mice. C, percentage of spontaneously 
active cells in each group; number in bar is total number of cells. D, all bursting cells recorded in 
KERKO group. * p<0.05 calculated by two-way ANOVA/Holm-Sidak. Note difference in timescale 
between A and D. 
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Figure 3-7 ERα in kisspeptin cells is required for estradiol negative feedback regulation of LH 
pulse frequency and pituitary response to kisspeptin. 

A and B, representative LH patterns over 2h in ovary-intact estrous control (A) and KERKO (B) 
adult mice. * indicates LH pulses detected with Cluster. C and D, individual values and mean ± 
SEM LH pulse frequency (C) and amplitude (D); # p<0.05 unpaired Student’s t test. Statistical 
parameters: C, degrees of freedom (df)=10, t statistic=2.5; D, df=10, t statistic=0.1. E and F, 
mean ± SEM LH before and after IP injection of kisspeptin (E) or GnRH (F); # p<0.05 two-way 
repeated measures ANOVA/Holm-Sidak; statistical parameters: E, treatment, F(1,10)=40.2*, 
genotype, F(1,10)=5.3*, interaction, F(1,10)=23.4*; F, treatment, F(1,10)=18.3*, genotype, 
F(1,10)=2.0, interaction, F(1,10)=1.8; *p < 0.05. G, Individual values and mean ± SEM normalized 
relative expression (∆∆ct) of genes in pituitary. All gene expression was normalized to bactin 
gene (Actb). # p<0.05 calculated by unpaired two-tailed Student’s t-test, except Lhb, Fshb and 
Npffr1 for which two-tailed Mann-Whitney U test was used. Statistical parameters: df=13 (except 
Fst, df=12); t statistics, Gapdh, 3.2; Kiss1r, 2.2; Gnrhr, 0.02; Cga, 0.8; Egr1, 2.0; Fst, 2.2; Mann-
Whitney U value, Lhb, 8.5; Fshb, 20; Npffr1, 6.  
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Figure 3-8 Schematic diagrams. 

Schematic of estradiol feedback regulation of glutamatergic transmission to AVPV and arcuate 
kisspeptin neurons during negative feedback (left), positive feedback (middle) and KERKO mice 
(right, loss of feedback). The deletion of ERα from kisspeptin cells disrupts glutamatergic 
transmission to kisspeptin neurons and the negative feedback regulation on LH pulses. 
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Tables 

Table 3-1 Integrative DNA technologies qPCR assays for pituitary gene expression 

Gene IDT assay ID Ref Seq No. Exons 
Amplicon 
size, bp 

Amplicon 
location, bp 

Gapdh Mm.PT.39.1 NM_008084 2-3 140 250-389 

Actb Mm.PT.39a.22214843.g NM_007393 5-6 147 1057-1203 

Kiss1r Mm.PT.49a.16255718.g NM_053244 5-5 76 2626-2701 
Gnrhr Mm.PT.45.16240237 NM_010323 1-2 93 573-665 
Npffr1 Mm.PT.49a.12363343 NM_001177511 3-4 128 342–469 
Lhb Mm.PT.45.5612498 NM_008497 2-3 91 137–227 
Fshb Mm.PT.45.17694677 NM_008045 1-2 104 2–105 
Cga Mm.PT.58.31855537 NM_009889 1-2 109 33-141 
Egr1 Mm.PT.45.13313108 NM_007913 1-2 115 523–637 
Fst Mm.PT.45.6344184 NM_008046 5-6 88 1295–1382 
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Table 3-2 Statistical parameters for one-way ANOVA or Kruskal-Wallis test parameters for 
comparison among groups. 
 

 Parameter (figure) Diestrus, proestrus, estrus and KERKO 

AVPV 

sEPSC frequency (Figure 1C) Kruskal-Wallis statistic = 16.8*** 
sEPSC amplitude (Figure 1D) Kruskal-Wallis statistic = 3.9 
mEPSC frequency (Figure 1C) F (3,38) = 3.259* 
mEPSC amplitude (Figure 1D) F (3,38) = 1.85 

arcuate 
nucleu
s 

sEPSC frequency (Figure 3C) Kruskal-Wallis statistic = 25.8**** 
sEPSC amplitude (Figure 3D) F (3,43) = 0.2087 
mEPSC frequency (Figure 3C) F (3,39) = 43.5**** 
mEPSC amplitude (Figure 3D) F (3,39) = 0.7656 

*p < 0.05; **p < 0.01; ***p < 0.001. 
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Table 3-3 Statistical parameters for two-way ANOVA test parameters for comparison among 
groups: OVX and OVX+E treatment of control and KERKO mice. 

Parameter (figure) Estradiol  Genotype Interaction 
AVPV 
sEPSC frequency (Figure 2C) F(1,37)=6.4* F(1,37)=0.2 F(1,37)=2.5 
sEPSC amplitude (Figure 2D) F(1,37)=0.1 F(1,37)=0.3 F(1,37)=0.1 
mEPSC frequency (Figure 2C) F(1,36)=1.8 F(1,36)=0.4 F(1,36)=3.4 
mEPSC amplitude (Figure 2D) F(1,36)=1.1 F(1,36)=2.2 F(1,36)=0.03 
arcuate nucleus 
sEPSC frequency (Figure 4C) F(1,38)=1.1 F(1,38)=24.7*** F(1,38)=5.8* 
sEPSC amplitude (Figure 4D) F(1,38)=0.2 F(1,38)=1.9 F(1,38)=0.4 
mEPSC frequency (Figure 4C) F(1,36)<0.01 F(1,36)=19.2*** F(1,36)<0.01 
mEPSC amplitude (Figure 4D) F(1,36)=1.0 F(1,36)=0.5 F(1,36)=0.07 
extracellular  
firing frequency (Figure 6B) 

 
F(1,36)=0.01 

 
F(1,36)=14.8*** 

 
F(1,36)=1.0 

*p < 0.05; **p < 0.01; ***p < 0.001. 
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Table 3-4 Kinetics of sEPSCs and mEPSCs in AVPV and arcuate kisspeptin neurons; no statistic 
difference noticed 

 Rise time (ms) FWHM (ms) Decay (ms) 

AVPV sEPSCs    

Ovary-intact 

diestrus 0.25±0.02 2.3±0.1 3.6±0.2 
proestrus 0.25±0.01 2.0±0.1 3.2±0.1 
estrus 0.28±0.04 2.3±0.1 3.6±0.3 
KERKO 0.27±0.04 2.0±0.1 3.0±0.3 

control 
OVX 0.26±0.03 2.3±0.1 3.6±0.2 
OVX+E 0.25±0.03 2.1±0.1 3.3±0.2 

KERKO 
OVX 0.23±0.03 2.0±0.2 3.5±0.2 
OVX+E 0.23±0.03 2.1±0.2 3.8±0.4 

AVPV mEPSCs    

Ovary-intact 

diestrus 0.28±0.02 2.7±0.2 3.5±0.3 
proestrus 0.27±0.02 2.5±0.2 3.3±0.3 
estrus 0.21±0.03 2.0±0.1 3.2±0.2 
KERKO 0.24±0.02 2.1±0.2 3.3±0.4 

control 
OVX 0.28±0.04 2.7±0.1 3.9±0.3 
OVX+E 0.30±0.05 2.1±0.1 2.9±0.2 

KERKO 
OVX 0.24±0.01 2.1±0.1 3.7±0.3 
OVX+E 0.26±0.03 2.2±0.4 3.7±0.2 

arcuate sEPSCs    

Ovary-intact 

diestrus 0.21±0.03 2.5±0.2 3.6±0.3 
proestrus 0.19±0.03 2.1±0.1 3.7±0.2 
estrus 0.18±0.03 2.0±0.1 4.0±0.2 
KERKO 0.20±0.04 2.3±0.2 3.6±0.3 

control 
OVX 0.25±0.03 2.1±0.1 3.4±0.2 
OVX+E 0.21±0.03 2.1±0.1 4.3±0.2 

KERKO 
OVX 0.17±0.03 2.0±0.2 3.8±0.6 
OVX+E 0.22±0.03 2.0±0.1 3.3±0.2 

arcuate mEPSCs    

Ovary-intact 

diestrus 0.23±0.02 2.2±0.1 3.6±0.3 
proestrus 0.19±0.02 2.2±0.1 4.0±0.2 
estrus 0.18±0.02 2.0±0.1 3.8±0.2 
KERKO 0.18±0.02 2.4±0.2 3.8±0.4 

control 
OVX 0.24±0.04 2.1±0.2 3.6±0.2 
OVX+E 0.22±0.04 2.2±0.2 4.4±0.3 

KERKO 
OVX 0.24±0.03 2.1±0.2 3.6±0.3 
OVX+E 0.21±0.03 1.9±0.2 3.0±0.2 
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Chapter 4 CRISPR-Cas9 Mediated Deletion of ERα in AVPV Kisspeptin 
Neurons in Adulthood  

 
 

Abstract 

The brain regulates fertility through gonadotropin-releasing hormone (GnRH) 

neurons. Estradiol induces negative feedback on pulsatile GnRH release and 

positive feedback generating GnRH/luteinizing hormone (LH) surges. Negative 

and positive feedback are postulated to be mediated by kisspeptin neurons in 

arcuate and anteroventral periventricular (AVPV) kisspeptin neurons, 

respectively. Kisspeptin-specific ERα knockout (KERKO) mice exhibit disrupted 

pulse patterns and lack an LH surge. Here we show the estradiol-induced 

increase in excitability of AVPV kisspeptin neurons is lost in KERKO mice. We 

further tested organizational vs activational roles of ERα specifically in AVPV 

kisspeptin neurons by deleting ERα from only this region in adulthood. AAV 

vectors were designed to mediate CRISPR/Cas9 target Esr1 gene deletion only 

in AVPV kisspeptin cells. Firing signatures of AVPV kisspeptin neurons that lost 

ERα in adulthood were comparable to those in KERKO mice, suggesting 

activational effects of estradiol can regulate firing activity. 

 

Introduction 

Infertility is a common clinical problem affecting 15% of couples; ovulatory 

disorders account for 25% of this total206. The hypothalamic-pituitary-gonadal 

(HPG) axis controls reproduction and malfunction of the HPG axis can cause 

ovulatory disorders and/or other disturbances of the reproductive cycle7,207. 
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Gonadotropin-releasing hormone (GnRH) neurons form the final common 

pathway for regulation of reproduction by the hypothalamic component. GnRH 

stimulates the pituitary to secrete follicle-stimulating hormone and luteinizing 

hormone (LH), which regulate gonadal steroid production. Estradiol, via estrogen 

receptor alpha (ERα), plays crucial roles in both homeostatic negative feedback 

and positive feedback to GnRH/LH release13,15,119. In female, low estradiol levels 

suppress GnRH neuron activity and release, whereas sustained elevations in 

estradiol during the late follicular phase of the cycle cause a switch of estradiol 

action from negative to positive feedback, inducing elevated GnRH/LH release 

and triggering ovulation116. As GnRH neurons typically do not express detectable 

ERα61, estradiol feedback is likely transmitted to GnRH neurons by ERα-

expressing afferents. 

 

Kisspeptin neurons in the arcuate and anteroventral periventricular (AVPV) 

regions are estradiol-sensitive GnRH afferents that are postulated to mediate 

estradiol negative and positive feedback, respectively. Kisspeptin potently 

stimulates GnRH neurons and Kiss1 mRNA is differentially regulated in these 

nuclei by estradiol69,72,83,88,96,120,121. AVPV kisspeptin neurons increase cFos 

expression during positive feedback88 and, in brain slices, these neurons are 

more excitable during positive feedback compared to negative feedback, a shift 

mediated by estradiol126,167. Estradiol also alters fast synaptic transmission to 

these cells, increasing glutamatergic inputs on proestrus and reducing 

GABAergic transmission137,208. It is thus not known if the shifted excitability in 

AVPV kisspeptin neurons requires ERα in kisspeptin cells or is derived from 

altered neuromodulatory input.  

 

ERα in kisspeptin cells is critical for estradiol negative and positive feedback, as 

kisspeptin-specific ERα knockout (KERKO) mice exhibit higher frequency LH 

pulses and fail to exhibit an estradiol-induced LH surge103,124,168,208. Although 

informative, the KERKO model has several caveats that limit interpretation. First, 

ERα is deleted as soon as Kiss1 is expressed, before birth in KNDy neurons and 
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before puberty in AVPV kisspeptin neurons 202,203. This may cause 

developmental changes in these cells. Second, ERα is deleted from all kisspeptin 

cells, thus making it impossible to assess independently the role of AVPV and 

arcuate kisspeptin neurons. Combining CRISPR-Cas9 with targeted viral vector 

injection allows deletion of ERα in a nucleus-specific and temporally-controlled 

manner to address the above caveats209. We designed cre-dependent AAV 

vectors that carry single guide RNAs (sgRNAs) that target Esr1 (encoding ERα) 

or Lacz and delivered these vectors to the AVPV of adult female mice that 

express Cas9 in kisspeptin cells. We compared the reproductive phenotypes as 

well as kisspeptin neuronal excitability Cas9-AAV targeted mice with KERKO and 

control mice. 

 

Materials and Methods 

All chemicals were purchased from Sigma Chemical Company (St Louis, MO) 

unless noted. 
Animals. The University of Michigan Institutional Animal Care and Use 

Committee approved all procedures. Adult female mice aged 60-150 days were 

used for these studies. All mice were provided with water and Harlan 2916 chow 

(VetOne) ad libitum and were held on a 14L:10D light cycle with lights on at 0400 

Eastern Standard Time. To delete ERα specifically from kisspeptin cells, as 

previously reported208, mice with the Cre recombinase gene knocked-in after the 

Kiss1 promoter (Kiss-Cre mice) were crossed with mice with a floxed Esr1 gene, 

which encodes ERa (ERa floxed mice)168. The expression of Cre recombinase 

mediates deletion of ERα in all kisspeptin cells (KERKO mice). To visualize 

kisspeptin neurons for recording, mice heterozygous for both Kiss-Cre and floxed 

ERa were crossed with Cre-inducible YFP mice. Crossing mice heterozygous for 

all three alleles yielded litters that contained some mice that were homozygous 

for floxed ERα and at least heterozygous for both Kiss-Cre and YFP; these were 

used as KERKO mice. Littermates of KERKO mice with wild type Esr1, Kiss-Cre 

YFP were used as controls; no differences were observed among these controls 
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and they were combined. To generate kisspeptin-specific Cas9 expressing mice, 

mice with Cre recombinase gene knocked-in after the Kiss1 promoter (Kiss1-Cre 

mice) were crossed with mice that have Cre recombinase-dependent expression 

of CRISPR associated protein 9 (Cas9) endonuclease, a 3X-FLAG epitope tag 

and EGFP directed by a CAG promoter. Ovary-intact KERKO mice have 

disrupted estrous cycles with persistent cornified vaginal cytology typical of 

estrus; we thus used females in estrus as controls; estrous cycle stage was 

determined by vaginal lavage. To examine the role of circulating estradiol, mice 

were ovariectomized (OVX) under isoflurane anesthesia (Abbott) and were either 

simultaneously implanted with a Silastic (Dow-Corning) capsule containing 

0.625µg of estradiol suspended in sesame oil (OVX+E) or not treated further 

(OVX)12. Bupivacaine (0.25%, APP Pharmaceuticals) was provided local to the 

incisions as an analgesic. These mice were studied 2-3d post-surgery. Mice for 

electrophysiological studies were sacrificed in the late afternoon which is the time 

of estradiol positive feedback12; for free-floating immunochemistry staining, mice 

were sacrificed at 1700 EST 2-3d post OVX+E surgery, when the pick of 

estradiol induced LH surge was expected. 

sgRNA design. For spCas9 targets selection and generation of single guide RNA 

(sgRNA), 20-nt target sequences were selected to precede a 5’NGG 

protospacer-adjacent motif (PAM) sequence. To minimize off-targeting effects 

and maximize sgRNA activity, two CRISPR design tools were used to evaluate 

the sgRNAs210,211 that target mouse gene Esr1 exon1 sequences. The two best 

candidate sgRNAs were selected based on predicted lowest off-target effects 

and highest activity. The 1st sgRNA target sequence is 5’-

CACTGTGTTCAACTACCCCG-3’ and the 2nd sgRNA target sequence is 3’-

CTCGGGGTAGTTGAACACAG-5’. Control sgRNA sequence was designed to 

target Lacz gene from Escherichia coli (target sequence: 5’-

TGCGCAGCCTGAATGGCGAA -3’).  

In vitro validation of sgRNAs. C2C12 mouse myoblast cells (a generous gift of 

Dr. Daniel Michele, University of Michigan) were grown in DMEM (Dulbecco's 

Modified Eagle Medium, Thermo Fisher) containing 10% FBS (Thermo Fisher) at 
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37°C in a 5% CO2 atmosphere. Each individual sgRNA was introduced to BsmBI 

site of the lentiCRISPRv2 construct. Cells were transiently co-transfected with 

one of the lentiCRISPRv2 plasmids containing sgRNAs and a standard GFP 

plasmid construct212 using Lipofectamine 3000 (Invitrogen) according to the 

manufacturer’s instructions. Cells were selected for more than 3 weeks with 1 

μg/ml puromycin. Cells were harvested, and DNA was isolated using the Qiagen 

DNA Extraction Kit (Qiagen, Valencia, CA) and sequenced by the sequencing 

core at the University of Michigan.  

AAV vector production. To construct the AAV plasmid, a mCherry-U6 promoter-

sgRNA scaffold segment was synthesized by IDT. After PCR amplification, the 

ligation product containing mCherry-U6 promoter-sgRNA scaffold was cloned in 

reverse orientation into a Cre-inducible AAV vector backbone213. The individual 

sgRNAs were then inserted into the designed SapI site between U6 promoter 

and sgRNA scaffold component. The AAV8 viral stocks were prepared at 

University of North Carolina (UNC) Vector Core (Chapel Hill, North Carolina, 

USA).   

Stereotaxic injections. Kiss1Cre/Cas9-GFP female animals at least two months 

of age were selected, and estrous cycles monitored for >10days before surgery; 

only mice with normal cycles were used further. Mice were anesthetized with 

1.5%–2% isoflurane in preparation for craniotomy. The skull was exposed, 

bregma and lambda were leveled, a hole was drilled, and 100 nl virus injected 

bilaterally via a pulled pipette at the target coordinates at ~5 nl/min. For the 

AVPV region, the coordinates were anteroposterior (AP) +0.98, mediolateral (ML) 

± <0.2 and dorsoventral (DV) -4.7 to -4.8. The pipette was left in place for 5 min 

after injection to allow the virus to diffuse into the brain, then the pipette was 

slowly removed. Carprofen (Rimadyl, 5 mg/kg) were given to the mice before and 

24hrs after the surgery to alleviate postsurgical pain. During a 4wk postsurgical 

recovery, estrous cycles were monitored daily.  

Perfusion and free-floating immunohistochemistry. Mice were anesthetized with 

isoflurane and then transcardial perfused with PBS followed by 10% neutral-

buffered formalin for 10min (~50mL). Brains were removed and placed into the 
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same fixative overnight, followed by 30% sucrose for at least 24h for 

cryoprotection. Brains were cut into 30μm sections on using a cryostat (Leica 

CM3050S) in four series and stored at -20°C in antifreeze solution (25% ethylene 

glycol, 25% glycerol). For staining, sections were washed with PBS and then 

treated with 0.1% hydrogen peroxide. Sections were then placed in blocking 

solution (PBS containing 0.1% Triton X-100, 4% normal goat serum) for 1h, then 

incubated with rabbit anti-ERα (#06-935，Millipore, 1:10000 in blocking solution) 

for 48h at 4°C . The sections were washed then incubated with biotinylated anti-

rabbit antibody (Jackson Immunoresearch, 1:500) followed by ABC amplification 

(Vector Laboratories, 1:500) and nickel-enhanced diaminobenzidine (Thermo 

Scientific) reaction (4.5 min). Sections were washed with PBS and incubated 

overnight with chicken anti-GFP (ab13970, Abcam, 1:2000) and rat anti-mCherry 

(# M11217, Invitrogen, 1:5000) in blocking solution. The next day, sections were 

washed and incubated with Alexa 594-conjugated anti-rat and Alexa 488-

conjugated anti-chicken antibodies for 1hr at room temperature (Molecular 

Probes, 1:500). Sections were mounted and coverslipped (VWR International No. 

48393 251). Images were collected on a Zeiss AXIO Imager M2 microscope, and 

the number of immunoreactive GFP alone, GFP/mCherry, and 

GFP/mCherry/ERα cells were counted in AVPV region. The arcuate region in the 

hypothalamus was examined and no infection of kisspeptin cell bodies was 

observed. 

Extracellular recordings. All recordings were made with receptors for ionotropic 

GABAA and glutamate synaptic transmission antagonized with a combination of 

picrotoxin (100μM), APV (D-(−)-2-amino-5-phosphonovaleric acid, 20μM), and 

CNQX (6-cyano-7-nitroquinoxaline, 10μM). Extracellular recordings were made 

as it maintains internal milieu and has minimal impact on the firing rate of 

neurons 134,135. Recording pipettes were filled with HEPES-buffered solution 

containing (in mM): 150 NaCl, 10 HEPES, 10 D-glucose, 2.5 CaCl2, 1.3 MgCl2, 

and 3.5 KCl (pH=7.4, 310 mOsm), and low-resistance (22±3 MΩ) seals were 

formed between the pipette and neuron after first exposing the pipette to the slice 

tissue in the absence of positive pressure. Recordings were made in voltage-
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clamp mode with a 0 mV pipette holding potential and signals acquired at 20 kHz 

and filtered at 10 kHz. Resistance of the loose seal was checked frequently 

during first 3 min of recordings to ensure a stable baseline, and also before and 

after a 10-min recording period; data were not use if seal resistance changed 

>30% or was >25 MΩ. The first 5 min of this 10-min recording were consistently 

stable among cells and were thus used for analysis of firing rate and burst 

properties. 

Whole-cell recordings. For whole-cell patch-clamp recording, three pipette 

solutions were used. Most recordings were done with a physiologic pipette 

solution containing (in mM): 135 K gluconate, 10 KCl, 10 HEPES, 5 EGTA, 0.1 

CaCl2, 4 MgATP and 0.4 NaGTP, pH 7.2 with NaOH, 305 mOsm. A neurobiotin-

contained solution was made and adjusted to similar Osmolarity containing (in 

mM): 35 K gluconate, 10 KCl, 10 HEPES, 5 EGTA, 0.1 CaCl2, 4 MgATP and 0.4 

NaGTP, pH 7.2 with NaOH, 10 neurobiotin (Vector laboratories). A cesium-based 

pipette solution, in which cesium gluconate replaced potassium gluconate, was 

used to reduce potassium currents and allow better isolation of calcium currents. 

All potentials reported were corrected online for liquid junction potential of -15.7 

mV for the K-gluconate solutions with or without neurobiotin or -15.2 mV for the 

Cs+-based solution136.  

After achieving a minimum 1.6 GΩ seal and the whole-cell configuration, 

membrane potential was held at -70 mV between protocols during voltage-clamp 

recordings. Series resistance (Rs), input resistance (Rin), holding current (Ihold) 

and membrane capacitance (Cm) were frequently measured using a 5 mV 

hyperpolarizing step from -70 mV (mean of 16 repeats, 20 ms duration). Only 

recordings with Rin >500 MΩ, Ihold -40 to10 pA and RS < 20 MΩ, and stable Cm 

were used for analysis. Rs was further evaluated for stability and any voltage-

clamp recordings with ∆Rs >15% before and after the recording protocols were 

excluded from analysis; current-clamp recordings with ∆Rs >20% were excluded. 

There was no difference in Ihold, Cm, or Rs among any comparisons.   
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For current-clamp recordings, depolarizing and hyperpolarizing current injections 

(-50 pA to +50 pA for 500 ms, 5 pA steps) were applied to cells from an initial 

voltage of -71± 2 mV, close to their resting membrane potential -68.8±1.9 mV 137.  

For voltage-clamp protocols for IT, ACSF containing antagonists of ionotropic 

GABAA and glutamate receptors with TTX (2 µM) and Cs-based internal solution 

were used for all recordings to isolate calcium-currents. Two voltage protocols 

were used to isolate IT as previously reported167. First, total calcium current 

activation was examined. Inactivation was removed by hyperpolarizing the 

membrane potential to −110 mV for 350 ms (not shown). Next a 250 ms prepulse 

of -110 mV was given. Then membrane potential was varied in 10 mV 

increments for 250 ms from −110 mV to -30 mV. Finally, test pulse of -40 mV for 

250 ms was given. From examination of the current during the test pulse, it was 

evident that no sustained (high-voltage activated) calcium current was activated 

at potentials more hyperpolarized than -40 mV. To remove HVA contamination 

from the step to -30 mV, a second protocol was used in which removal of 

inactivation (-110 mV, 350 ms) was followed by a 250 ms prepulse at -40 mV, 

then a step for 250 ms at -30 mV and finally a test pulse of -40 mV for 250 ms. IT 

was isolated by subtracting the trace following the -40 mV prepulse from those 

obtained after the -110 mV prepulse for the depolarized variable step to -30 mV; 

raw traces from the initial voltage protocol were used without subtraction for 

variable steps from -110 mV to -40 mV because of the lack of observed 

activation of HVA at these potentials. Activation of IT was assessed from the 

resulting family of traces by peak current during the variable step phase. 

Inactivation of IT was assessed from the peak current during the final -40 mV test 

pulse.  

Post hoc identification of ERα. Pipette solution with neurobiotin was used for 

recordings of cells from CRISPR AAV infected mice. An outside-out patch was 

formed after each recording to reseal the membrane and location of the cells was 

marked on a brain atlas133. The 300 µm brain slices were fixed overnight in 10% 

formalin at 4°C and changed to PBS the next day. Slices were photo-bleached 

with a UV illuminator for ~72h and further checked to make sure no visible 
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fluorescent signal is observed. Sections were then placed in blocking solution 

(PBS containing 0.1% Triton X-100, 4% normal goat serum) for 1h, then 

incubated with rabbit anti-ERα (#06-935, Millipore, 1:10000 in blocking solution) 

for 48 h at 4°C. The sections were washed then incubated with Alexa 594-

conjugated anti-rabbit and Alexa 350-conjugated neutravidin for 1h at room 

temperature (Molecular Probes, 1:500). Sections were mounted and 

coverslipped with (VWR International No. 48393 251). Images were collected on 

a Zeiss AXIO Imager M2 microscope. Cells with neurobiotin-labeled were imaged 

to determine if they showed ERα-immunoreactivity.  

Data analysis and statistics. Data were analyzed offline using custom software 

written in IgorPro 6.31 (Wavemetrics) or MATLAB 8.4 (MathWorks, Inc.). For 

targeted extracellular recordings, mean firing rate in Hz was determined over 5 

min of stable recording. In experiments examining IT, the peak current amplitude 

at each step potential (V) was first converted to conductance using the calculated 

reversal potential of Ca2+ (ECa) and G=I/(ECa - V), because driving force was 

linear over the range of voltages examined. The voltage dependencies of 

activation and steady-state inactivation were described with a single Boltzmann 

distribution: G(V)= Gmax/(1- exp [(V1/2 - Vt)/k]), where Gmax is the maximal 

conductance, V1/2 is the half-maximal voltage, and k is the voltage dependence 

(slope) of the distribution. Current density of IT at each tested membrane potential 

was determined by dividing peak current by membrane capacitance. Data were 

analyzed using Prism 7 (GraphPad Software) and reported as mean ± SEM. The 

number of cells per group is indicated by n. Data were normally distributed and 

thus comparisons among groups were two-way ANOVA or two-way repeated 

measures (RM)with Holm-Sidak post hoc analysis. For categorical data analysis, 

Chi-square test of independence were used to test the null hypothesis that 

categorical variables have no correlation with each other. For each 

electrophysiological parameter comparison, no more than 3 cells per mouse was 

used in control and KERKO mice; no more than 4 cells per mouse was used for 

AAV infected mice. No less than 5 mice were tested per parameter. The variance 
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of the data was no smaller within an animal than among animals. For IHC 

staining, no less than 3 mice were tested per AAV vector. 

 

Results 

AVPV kisspeptin neurons exhibit decreased excitability in KERKO mice 

compared to control and failed to respond to estradiol.  

We first used extracellular recordings to monitor the spontaneous firing rate of 

YFP-identified AVPV kisspeptin neurons in coronal brain slices from ovary-intact 

control and KERKO mice. As the persistent cornified vaginal cytology of KERKO 

mice is similar to estrus168, we used mice in the estrous stage of the reproductive 

cycle as controls. The firing frequency in AVPV kisspeptin neurons was lower in 

KERKO mice compared to control (Figure 4-1a,b, two-way ANOVA/Holm-Sidak, 

p=0.0001). To test if the firing rate of AVPV kisspeptin neurons in KERKO mice 

responds to circulating estradiol, we repeated this study in ovariectomized (OVX) 

and OVX mice with an estradiol implant reproducing physiologic levels (OVX+E). 

Estradiol treatment increased firing rate in cells from control mice, but not 

KERKO mice (Figure 4-1 a,b two-way ANOVA/Holm-Sidak, control OVX vs 

OVX+E, p<0.0001, KERKO OVX vs OVX+E, p=0.9). We next recorded the 

whole-cell firing signatures of these neurons in response to current injection in all 

four groups described above. AVPV kisspeptin neurons in control mice exhibit 

more depolarization-induced bursts (DIB) and rebound bursts when estradiol is 

elevated, confirming previous observations167 (Figure 4-1,c,d,e, Chi-square, DIB, 

p=0.04; rebound, p=0.03). These two bursting features were rare in KERKO mice 

under all conditions and were not regulated by estradiol (Figure 4-1, c,d,e, Chi-

square, DIB, p=0.4, rebound, p=0.3). We also compared the action potential 

output of these cells in response to current injection (0-50 pA, 10 pA increment, 

500 ms). Cells from KERKO mice generated fewer action potentials compared to 

ovary-intact and OVX+E controls, and were similar to cells from the OVX control 

group (Figure 4-1f, two-way repeated-measures ANOVA/Holm-Sidak, intact, 

20pA, p=0.03, 30 pA, p=0.06; OVX+E, 20 pA,40 pA, 50 pA, p=0.04, 30 pA, 
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p=0.02). This may be attributable at least in part to decreased input resistance in 

cells from KERKO mice compare to controls (two-way ANOVA/Holm-Sidak, 

controls 1153±110 MΩ intact, 1040±142 MΩ OVX, 1341±162 MΩ OVX+E; 

KERKO  720±41 MΩ intact, 974±103 MΩ OVX, 989±89 MΩ OVX+E, control vs 

KERKO, intact p=0.02, OVX+E p=0.06).  

 

As both depolarization-induced bursts and rebound bursts are sensitive to NiCl at 

levels that fairly specifically block T-type calcium channels, we measured T-type 

current density (IT). IT was decreased in AVPV Kisspeptin cells from gonad-intact 

KERKO mice compared to controls (Figure 4-1g,h two-way repeated-measures 

ANOVA/Holm-Sidak, -50 mV, p=0.003; -40 mV, p=0.002; -30 mV, p=0.003). The 

activation curve was not different between groups, but the inactivation curve was 

depolarized in cells from KERKO mice (Figure 4-1i, control vs KERKO, unpaired 

two-tailed Student’s t-test, V1/2  activation -52.7±1.6 vs -49.2±0.5 mV, p>0.1; 

slope 6.3 ±1.3 vs 4.7±0.4, p>0.1; V1/2inactivation -72.5±2.7 vs -53.9±1.3 mV, 

p=0.02; slope -11.3±2.8 vs -7.6±1.1, p=0.01).  

 

Design and validation of sgRNAs that target Esr1. 

A caveat of studying the role of ERα in AVPV kisspeptin neurons using KERKO 

mice is that the deletion of ERα (encoded by Esr1) using cre recombinase under 

the control of the kisspeptin promoter is neither time-specific nor location-

specific. We thus utilized the CRIPSR-Cas9 approach to achieve temporal and 

spatial control of Esr1 gene knock down. We first designed two sgRNAs that 

target exon1 of Esr1 based on software prediction210 and tested the efficiency of 

each guide in vitro in C2C12 mouse myoblast cells. The sgRNAs that target Esr1 

and a sgRNA that targets Lacz as a control were subcloned into the 

lentiCRISPRv2 plasmid214, from which Cas9 and the sgRNA are expressed after 

transient transfection of C2C12 cells. Puromycin was used to select successfully 

infected cells. After a ≥3-week selection period, we harvested the cells and 

sequenced the Esr1 region. Cells infected with the sgRNAs targeting Esr1, but 

not Lacz, exhibited a peak-on-peak sequencing pattern, indicating disruption of 
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the gene (Figure 4- 2c). As these in vitro experiments suggested sgRNAs were 

able to mutate Esr1, we designed a Cre-dependent AAV vector that expresses 

the sgRNA and mCherry under control of the U6 promoter; mCherry was used to 

indicate infection of cre-expressing cells (Figure 4-2b). The AAV vector was 

bilaterally stereotaxically injected into the AVPV region of adult female mice that 

express Cas9 and GFP under control of the kisspeptin promoter (Figure 4-2 

a,d,e). The ERa knockout efficiency of the two sgRNAs that targeted Esr1 were 

comparable thus we combined them as a group in the following studies. The 

infection rate for AAV-Esr1 was 79±4% (n=4, Fig2f) and only 27±1% of kisspeptin 

cells expressed ERα (n=3, Figure 4-2g); in mice that received AAV-Lacz, the 

infection rate was comparable at 81±2%, but 70±1% of kisspeptin neurons 

expressed ERα, which is comparable to control mice121(Figure 4-2f,g).  

 

Deletion of ERα in AVPV kisspeptin neurons in adulthood does not affect estrous 

cycles.  

We monitored the reproductive cycles of the mice injected with AAV-sgRNAs for 

≥10 days before and for up to 6wk following surgery. Neither AAV-Esr1 nor AAV-

Lacz disrupted reproductive cyclicity (Figure 4-2h, red dot indicates day of 

injection), even in mice with a high rate of bilateral infection (~80%).  

 

Decreased excitability of AVPV kisspeptin neurons in AAV-Esr1 knockdown 

mice. 

To test if knockdown of ERα in AVPV kisspeptin neurons alters their intrinsic 

excitability, we recorded firing signatures of infected and uninfected cells in 

OVX+E mice. Cells were loaded with neurobiotin during recording for 

identification and stained for ERα post hoc (Figure 4-3a-d). Cells not infected with 

AAV-Esr1 and cells infected with either AAV-Esr1 but in which ERα protein was 

detected exhibited similar firing signatures in terms of DIB and rebound bursts. In 

contrast, cells infected by AAV-Esr1 that had undetectable ERα protein had 

reduced burst firing compared to AAV-LacZ or uninfected groups (Figure 4-3f 
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DIB, Chi-square, p=0.006; 4-3g, rebound, Chi-square, p=0.001). The AAV-Esr1 

group are comparable to KERKO (Figure 4-3f,g DIB and rebound, Chi-square, 

p>0.9 for both). These cells that lost ERα after AAV-Esr1 infections also 

exhibited decreased number of action potentials with step current injection 

compared to cells infected with AAV-Lacz (Figure 4-3e, two-way repeated-

measures ANOVA/Holm-Sidak, AAV-Esr1 vs AAV-Lacz, 20 pA, p=0.08; 30 pA, 

40 pA, p=0.02; 50 pA, p=0.01). In contrast to cells from KERKO mice, input 

resistance was not reduced in Esr1 knockdown mice (one-way ANOVA/Holm-

Sidak, Esr1 vs Lacz vs uninfected, 1255±79 MΩ, 1324±86 MΩ, 1359±107 MΩ, 

p>0.8 for each comparison), suggesting the increased excitability may be due to 

other reasons. The relationship between current injection and number of action 

potentials fired (input-output curve) in cells from KERKO and in AAV-Esr1 

knockdown mice was only different at 50pA injection, with AAV-Esr1 infected 

cells less excitable at this high current injection (Figure 4-3e, two-way repeated-

measures ANOVA/Holm-Sidak, 50pA, p=0.01). Input resistance was greater in 

cells from AAV-Esr1 knockdown mice compared to KERKO mice (unpaired two-

tailed Student’s t test, AAV-Esr1, 1255± 78 MΩ vs 989±83 MΩ, p=0.03).  

 

Discussion 

AVPV kisspeptin neurons are postulated to have a critical role mediating 

estradiol positive feedback signals to generate the GnRH surge. Consistent with 

this postulate, these neurons are more excitable during positive feedback and 

also receive altered fast synaptic transmission. To investigate if altered 

excitability depends on ERα expression by AVPV kisspeptin neurons themselves, 

we compared a kisspeptin promoter driven ERα deletion model (KERKO) with an 

adult AAV-CRIPSR/Cas9-initiated ERα knockdown model (AAV-Esr1) targeted to 

AVPV kisspeptin neurons. AVPV kisspeptin cells in both models are less 

excitable compared to controls, firing fewer bursts of action potentials and having 

a decreased numbers of action potentials in response to current injections. This 

indicates estradiol, via ERα in AVPV kisspeptin neurons, plays an activational 
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role to modulate intrinsic excitability of these cells. The increased IT may be 

attributable to the generation of bursts. The inability to sense estradiol in AVPV 

kisspeptin neurons may thus reduce the release of kisspeptin and impair the 

downstream GnRH/LH surge. This may explain absence of estradiol-induced LH 

surges in KERKO mice124 

 

One caveat of KERKO mice is that ERα is deleted when the kisspeptin gene and 

cre recombinase under its control are first expressed during development, about 

postnatal day 21 in AVPV kisspeptin neurons121. Decreased excitability and 

absence of surge may thus be due to failure of these neurons to develop in an 

appropriate manner. Kisspeptin expression in these cells is estradiol activated 

and fewer cells expressing Kiss1 mRNA are detected in the AVPV of KERKO 

mice168. Further, if the decreased excitability and spontaneous firing observed in 

adults occurs during development, it may alter patterns of activity-dependent 

synaptogenesis and synaptic pruning215.  

 

The results from the AAV-Esr1 model support and extend the data from KERKO 

mice and provide evidence towards accepting the hypothesis that the role of ERα 

in shifting excitability is activational, independent of its role in development of 

these cells. It further suggests that it is ERα within the AVPV population vs other 

kisspeptin-expressing cells as there is also spatial control of the knockdown. One 

caveat of AAV-Esr1 model is that sgRNAs may have off-target actions on other 

regions of the genome beyond the sites predicted by the design software. To 

address this, we included two sgRNAs that target Esr1 and one sgRNA that 

targets Lacz to address the possible off-target effects among groups. It is difficult, 

however, to assess each individual neuron to test if mutations occurred at other 

genes that are potentially involved in neuronal firing properties. Due to the nature 

of the nonhomologous end joining repair machinery activated after CRISPR-

Cas9 initiated cuts, Esr1 gene editing in each cell varies. Despite these possible 

variables, the firing patterns for these cells was consistent with regard to their 

ERa phenotype, with majority of cells without ERa firing in a tonic manner 
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characteristic of a low/no estradiol state. One missing physiologic link is to 

assess if AAV-Esr1 infected mice are able to generate estradiol-induced LH 

surge. This will be studied in the future.  

The reproductive phenotypes of these KERKO and AVPV-targeted ERa 

knockdown mice are quite different. KERKO mice tend to exhibit prolonged 

vaginal cornification and enlarged uteri, neither of which were observed in AAV-

Esr1 infected mice. One possible explanation is that ERα in arcuate kisspeptin 

neurons plays a role in maintaining normal cyclicity through the homeostatic 

regulation of episodic GnRH output, which drives gonadotropins and thus typical 

steroidogenesis, including the estradiol rise that eventually triggers positive 

feedback. In support of this, long-term firing output of these cells is episodic and 

steroid modulated170, and activation of these cells generates a pulse of LH 

release216. Further evidence comes from Tac2-specific ERα KO mice, in which 

ERa is primarily deleted from the arcuate, not the AVPV, kisspeptin population. 

These mice also exhibit prolonged vaginal cornification168. It is also possible that 

the ~26% of AVPV kisspeptin cells with immunoreactive ERα are able to respond 

to an estradiol rise with a sufficient release of kisspeptin to activate downstream 

GnRH neurons to maintain cyclicity. In preliminary studies, however, bilateral 

injection of AAV-Esr1 into the arcuate region in kisspeptin-specific Cas9 mice in 

adulthood is producing prolonged vaginal cornification and disrupted cycles 

within a month post-injection (data not shown), suggesting arcuate kisspeptin 

neurons are more likely to control the hormonal patterns that produce the 

outward expression of reproductive cycles. 

 

In conclusion, utilizing CRISPR-Cas9 AAV, we were able to successfully 

knockdown ERα in kisspeptin neurons specifically in the AVPV region in adult 

female mice. The firing properties of these neurons after loss of ERα were less 

excitable when estradiol is elevated, similar to developmental knockout produced 

in the KERKO model. ERα in AVPV kisspeptin neurons thus plays an activational 

role to increase their neuronal excitability. 
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Figures and Legends 

 
Figure 4-1 AVPV kisspeptin neurons in KERKO mice are less excitable compared to control and 
not regulated by estradiol. 

a, representative extracellular recordings for cells from control and KERKO mice from ovary-
intact, OVX and OVX+E groups. b, individual and mean ± SEM firing frequency of cells from 
control (open circles, intact n=12, OVX n=10, OVX+E, n=10 ) and KERKO groups (black circles, 
intact n=11, OVX n=11, OVX+E, n=9). c, representative firing signatures in response to ± 20 pA 
current injection for 500ms for cells in control and KERKO mice in ovary-intact, OVX and OVX+E 
groups, black arrows indicate rebound bursts and red arrows indicate depolarization induced 
bursts (DIB). d and e, percentage of cells exhibiting DIB (d) and rebound bursts (e) in all groups. 
Total number of cells per group is shown on top of the bar. f, input-output curves for cells in 
control and KERKO mice in ovary-intact (left), OVX (middle) and OVX+E (right) groups. g, voltage 
protocol (bottom) and representative subtraction-isolated IT in control (left, n=5) and KERKO 
groups (right, n=6). h, mean ± SEM current density of IT in in control (left, n=5) and KERKO 
groups (right, n=6). i, activation and inactivation of IT conductance was plotted and fit with a 
Boltzmann function to derive V1/2 and k value in control (n=5) and KERKO mice (n=6). All * 
indicate p<0.05. 
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Figure 4-2 In vitro and in vivo validation of AAV-Esr1 knockdown efficiency on ERa. 

a, kisspeptin-cre Cas9-GFP mice were generated by crossing Kiss1-Cre with Cas9-GFP flox 
mice. b, schematic representation of the cre-inducible AAV vector delivering sgRNAs. c, 
sequencing from C2C12 cells transiently transfected with lentiCRISPR v2 with the sgRNAs 
targeting Esr1 (upper, middle) or Lacz. d and e, AAV-Esr1 and AAV-Laz was bilaterally delivered 
to AVPV region. Brains were stained for GFP (green), mCherry (red) and ERα (black). The 
middle and right panels show the region in box in the left panel. f and g, infection rate of AVPV 
kisspeptin cells (f) and percentage of ERα immunoreactive AVPV kisspeptin cells (g) in mice 
bilaterally injected AAV-Esr1 or AAV-Laz. h, representative reproductive cyclicity of mice that 
received AAV-Esr1 (left, n=6) and AAV-Laz (right, n=4); E, estrus, D, diestrus, P proestrus. The 
red dot indicates the day of stereotaxic surgery. 
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Figure 4-3 Decreased excitability of AVPV kisspeptin neurons in AAV-Esr1 knockdown mice. 

a schematic diagram for whole-cell recording and post hoc identification of ERa in recorded cells 
in OVX+E AAV-Esr1 infected mice. b-d representative firing signatures (c) of cells (top) that were 
not infected by AAV-Esr1 (b) and were immunopositive for ERa (d), infected by AAV-Esr1 
(middle, b) but still immunopositive for ERa (d) and infected by AAV-Esr1 (bottom, b) and not 
immunopositive for ERa (d). e, input-output curves of infected cells with undetectable ERa in 
AAV-Esr1 (black filled circle, n=16), cells infected by AAV-Lacz (grey filled circle, n=14), cells not 
infected by AAV (open circle, n=8), and cells from KERKO mice (green filled circle, n=12) in 
OVX+E groups. f-g percentage of cells exhibiting DIB (f) and rebound bursts (g) in all four 
groups. Total number of cells per group is shown on top of the bar. * indicate p<0.05 
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Chapter 5 Conclusion: Dissecting the Role of ERa on Hypothalamic 
Kisspeptin Neuronal Regulation of Reproduction 

 

 

In this dissertation, my work has been focused on two hypothalamic kisspeptin 

neuronal populations, one in the anteroventral periventricular nucleus (AVPV) 

and the other in arcuate nucleus. I studied their role in mediating estradiol 

feedback from cellular, molecular and whole-body phenotype perspectives, and 

utilized genetic approaches to dissect the role of ERα within kisspeptin cells in 

each nucleus in negative and positive feedback regulation on LH release. 

 

The intrinsic firing of AVPV kisspeptin neurons 

AVPV kisspeptin neurons are thought to mediate estradiol positive feedback. The 

work in Chapter 2 characterized the electrophysiological properties of these 

neurons and their regulation by estradiol during positive feedback. We found 

these neurons are more excitable during estradiol positive feedback, firing more 

action potentials and exhibiting more bursts167. We and others have now 

identified several ionic conductances expressed by AVPV kisspeptin neurons, 

including hyperpolarization-activated cation channels, T-type calcium channels, 

and persistent sodium channels126,127,167. Both electrophysiological recordings 

measuring ionic currents and mRNA expression of these ion channel genes in 

pooled cells suggest these conductances are regulated by estradiol126,127,167. 

These findings are informative as they provide mechanisms on how bursts may 

be sculpted in AVPV kisspeptin neurons. The different firing signatures of these 

AVPV kisspeptin neurons demonstrate their heterogeneity, thus studies are 

needed to answer if subtypes of AVPV kisspeptin neurons exist with their unique 

molecular profiles. Combining the electrophysiological properties with molecular 
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signatures of these cells will help to uncover specific roles each cellular subtype 

may perform. The assumption is that elevated firing of AVPV kisspeptin neurons 

may lead to increased kisspeptin release. However, the direct measure of 

kisspeptin release still remains as one of the biggest challenges in the field.  

This estradiol modulation of intrinsic excitability is likely due to estradiol action 

directly on these neurons, we thus utilized genetic tools to selectively delete ERα 

from these cells. In Chapter 4, we compared two ERα KO models: a 

developmental knockout of ERa in KERKO mice and an adult deletion of ERα 

only in AVPV using a CRISPR/Cas9-based AAV vector. Recordings of AVPV 

kisspeptin cells from two models exhibit similar outcomes in the intrinsic 

excitability: these cells were less excitable and fired less bursts. Thus, we 

conclude ERα in AVPV kisspeptin neurons is required for estradiol action on their 

intrinsic membrane excitability. 

 

These lost-of-function experiments suggest ERa plays a necessary role in 

modulating the excitability of AVPV kisspeptin neurons. However, these models 

have caveats, as KERKO mice have developmental deficits and CRISPR-AAV 

approaches may have off-target effects beyond the ERα gene Esr1. Several 

gain-of-function or restoration experiments may be considered to re-introduce 

ERa to AVPV kisspeptin neurons either in KERKO mice or CRISPR/Cas9-based 

Esr1-targeted AAV injected mice. The former approach helps to answer if ERa in 

AVPV kisspeptin neurons is sufficient to restore the failure to generate estradiol-

induced LH surge in KERKO mice. The latter approach may help to demonstrate 

if the off-target effects of AAV-Esr1, if any, contribute to the decreased excitability 

we observed.  

 

The intrinsic firing of arcuate kisspeptin neurons 

Kisspeptin neurons in arcuate are postulated to mediate estradiol negative 

feedback regulation on GnRH/LH pulse release110. It has been debated if 

estradiol directly modulates arcuate kisspeptin firing. Short-term extracellular 
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recordings of these cells with or without circulating estradiol did to reveal any 

differences (Chapter 3). However, the removal of ERα from these cells in KERKO 

mice greatly increases their firing frequency. Long-term recordings of arcuate 

kisspeptin neurons in male mice suggest sex steroids, including estradiol, may 

modulate the long-term firing patterns but not short-term firing frequency of these 

cells. In females, estradiol may also exert negative feedback by decreasing the 

frequency of peaks in firing rate in long-term recordings. Interestingly, the firing 

rate of arcuate kisspeptin neurons in OVX+E KERKO mice is higher than OVX+E 

control mice. This suggests arcuate kisspeptin neurons require ERα to fire 

properly. Loss of ERα as a transcriptional factor may also alter expression of ion 

channel and synapse related genes and signaling pathways that lead to elevated 

firing.  

 

With regard to the whole-cell firing signatures of arcuate kisspeptin neurons, 

others have demonstrated that they are quite different from the AVPV kisspeptin 

population127, further supporting their different roles in sensing estradiol and 

orchestrating output to regulate reproductive circuitry. From a population activity 

aspect, recently Clarkson, et al. utilized calcium indicator GCaMP6 fiber 

photometry to measure summed arcuate kisspeptin neuron activity based on 

fluctuations in calcium-sensitive fluorescence. The fluorescent activity of arcuate 

kisspeptin neurons correlates well with LH pulse release216. This cell-specific 

readout of kisspeptin neuron activity significantly advanced the understanding of 

pulse-generator beyond the classical MUA study in media basal hypothalamus. 

However, it suffers from its own caveats that individual neuronal activity is 

missing. Optetrode electrophysiological recordings may be applied to distinguish 

individual neurons. 

 

The afferents and efferents of kisspeptin neurons 

Estradiol feedback regulation, although heavily emphasized for its direct action 

on kisspeptin neurons, may be exerted on a boarder network including the 
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afferents of kisspeptin neurons. My colleagues and I further characterized the 

glutamatergic (in Chapter 4) and GABAergic synaptic transmission to AVPV and 

arcuate kisspeptin neurons. Our results suggest glutamatergic and GABAergic 

synaptic inputs to AVPV and arcuate neurons are differentially regulated by 

estradiol137. 

 

In the AVPV kisspeptin population, estradiol positive feedback increases 

glutamate transmission and suppresses hyperpolarizing GABAergic transmission 

to these cells, indicating that estradiol tilts the balance toward excitatory inputs 

during positive feedback. Coupled with estradiol upregulation of intrinsic 

conductances underlying bursting firing, AVPV kisspeptin neurons are poised to 

increase output during positive feedback to drive the GnRH/LH surge. 

Interestingly, in arcuate kisspeptin neurons, estradiol suppresses the activity-

dependent glutamatergic transmission, the opposite direction of its action on 

AVPV kisspeptin neurons. These findings extend the estradiol feedback network 

beyond kisspeptin neurons and suggest glutamatergic transmission to 

hypothalamic kisspeptin neurons may be a critical component of feedback 

regulation. 

 

One critical role for neuroendocrine neurons is to release neurotransmitter and 

particular neuropeptides to their efferents. Only a small portion of kisspeptin 

neurons within the AVPV and ARC project to GnRH neurons120,121. Those in 

AVPV that connect to GnRH neurons are estrogen-sensitive and a high percent 

express tyrosine hydroxylase121. Arcuate kisspeptin neurons may not directly 

contact GnRH soma or proximal dendrites, but rather may primarily contact distal 

processes of these cells in the median eminence120. Further, arcuate kisspeptin 

neurons form close connections with one another and also project to AVPV 

kisspeptin neurons169. However, less is known about where else these kisspeptin 

neurons project besides themselves and GnRH neurons. This is one of the 

questions that the field must answer.  
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Arcuate kisspeptin neurons produce kisspeptin, neurokinin B(NKB) and 

dynorphin, thus are called KNDy neurons96. Ruka, et al. performed extracellular 

recordings on brain slices from male mice and found that NKB stimulates KNDy 

neuron firing frequency whereas dynorphin inhibits it148. Further, Qiu, et al. 

showed that high-frequency photostimulation on arcuate kisspeptin neurons that 

express light-sensitive cation channel channelrhodopsin-2 leads to postsynaptic 

cell membrane depolarization, likely due to neurokinin B acting on its 

receptors169. This supports the assumption that elevated firing rate potentially 

leads to neuropeptide release and further provides evidence on how these 

neuropeptides may be released endogenously to modulate membrane response.  

However, it is still not clear if each neuropeptide is released independently or if 

they are co-released. Both AVPV and arcuate kisspeptin neurons produce 

neurotransmitters and neuropeptides. To examine the importance of 

neurotransmitter release from neuropeptide release, mice with a kisspeptin 

neuron-specific deletion of vesicular glutamate and/or GABA transporter may 

need to be generated and their reproductive phenotypes be examined.  

 

The role ERα in kisspeptin neurons plays on the HPG axis 

Both Mayer C, et al. and Greenwald-Yarnell ML, et al. generated and 

characterized a kisspeptin-specific ERa knockout model. These KERKO mice 

are infertile, have precocious puberty onset and abnormal cyclicity103,168. Dubois, 

et al. demonstrated KERKO mice failed to generate estradiol-induced LH surge, 

suggests ERα in kisspeptin cells is required for estradiol positive feedback 124. 

The role of ERα in kisspeptin cells for negative feedback regulation of LH pulses, 

however, was assumed to be less critical. Previous work on the estradiol 

negative feedback on LH in KERKO mice used a single measurement that either 

revealed no difference between KERKO and control mice or a blunted percent 

reduction103,124,168. The work in Chapter 3 using serial tail-tip blood LH 

measurements shows an increase in LH pulse frequency in KERKO mice 

compared to controls. As LH pulse frequency and amplitude convey critical 
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information for steroid production and regulating cyclicity, our results suggest 

ERa in kisspeptin cells may play critical roles for estradiol negative feedback 

regulation on LH pulse pattern. The loss of negative feedback in KERKO mice 

may be pointed to arcuate kisspeptin neurons, as their increased firing frequency 

and remarkably elevated glutamatergic transmission suggest a loss of negative 

feedback control on this neuronal population208.   

 

The KERKO model fails to response to estradiol negative and positive feedback, 

suggesting the role of ERα in kisspeptin cells plays is critical for these processes. 

However, the KERKO model is not a nucleus-specific KO model, as ERa is 

deleted from all kisspeptin cells. Thus, we cannot conclude the role of ERa in 

each nucleus. A Tac2-Cre ERa KO model (TERKO) may provide evidence to 

answer the role of ERa in arcuate kisspeptin neurons, as only arcuate but not 

AVPV kisspeptin neurons lose the expression of ERa168. Similar to KERKO mice, 

TERKO mice exhibit persistent cornification based on vaginal cytolog168, linking 

abnormal cyclicity to loss of ERa in arcuate kisspeptin neurons. However, this 

model shares the same caveats with KERKO model, since deletion of 

ERa occurs when Tac2 gene expression217 (no later than P12 in the arcuate 

region) and it is thus not possible to distinguish between the activational vs 

organizational role of ERα. The CRISPR/Cas9-based AAV we developed, 

elaborated in Chapter 4, allows us to assess individually the role of ERa in AVPV 

and arcuate kisspeptin neurons in adulthood. The preliminary findings suggest 

ERa in arcuate kisspeptin neurons may be critical for maintaining cyclicity. Future 

work will focus on investigating estradiol regulation on LH pulse and surge in 

mice with each nucleus infected to deplete ERa. Although we only measured LH 

for the ongoing projects, understanding how GnRH neurons fire and release in 

the KERKO, TERKO and AAV CRISPR knockdown mice is critical. Fast-scan 

cyclic voltammetry (FSCV) using carbon-fiber microelectrodes allows GnRH to 

be measured on ex vivo brain slices13. Electrophysiological recordings of GnRH 
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neurons will also help reveal how loss of ERα in kisspeptin neurons affects 

GnRH neurons, the final common output from the brain. 

 

Summary 

The work presented in this dissertation advances the understanding of estradiol 

negative and positive feedback regulation of reproduction. It not only uncovers 

the role of estradiol and ERα in AVPV and arcuate kisspeptin neurons on 

regulating their intrinsic properties and received presynaptic inputs, but also 

reveals likely nucleus-specific roles ERα play to orchestrate LH pulsatile and 

surge release, and thus reproductive output. The CRISPR/Cas9 approaches 

further open doors to investigate genes of the interest in a spatial- and temporal-

specific manner for neuroendocrine cells beyond kisspeptin neurons.  
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