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Abstract 37 

The preovulatory secretory surge of gonadotropin-releasing hormone (GnRH) is crucial for 38 

fertility and is regulated by a switch of estradiol feedback action from negative to positive. GnRH 39 

neurons likely receive estradiol feedback signals via ERα-expressing afferents. Kisspeptin 40 

neurons in anteroventral periventricular nucleus (AVPV) are thought to be critical for estradiol 41 

positive feedback induction of the GnRH surge. We examined the electrophysiological 42 

properties of GFP-identified AVPV kisspeptin neurons in brain slices from mice on the afternoon 43 

of diestrus (negative feedback) and proestrus (positive feedback, time of surge). Extracellular 44 

recordings revealed increased firing frequency and action potential bursts on proestrus vs. 45 

diestrus. Whole-cell recordings were used to study intrinsic mechanisms of bursting. Upon 46 

depolarization, AVPV kisspeptin neurons exhibited tonic firing or depolarization-induced bursts 47 

(DIB). Both tonic and DIB cells exhibited bursts induced by rebound from hyperpolarization. DIB 48 

occurred similarly on both cycle stages, but rebound bursts were observed more often on 49 

proestrus. DIB and rebound bursts were both sensitive to Ni2+, suggesting T-type Ca2+ currents 50 

(IT) are involved. IT current density was greater on proestrus vs. diestrus. In addition to IT, 51 

persistent sodium current, INaP, facilitated rebound bursting. On diestrus, 4-aminopyridine (4-52 

AP)-sensitive potassium currents contributed to reduced rebound bursts in both tonic and DIB 53 

cells. Manipulation of specific sex steroids suggests estradiol induces the changes that enhance 54 

AVPV kisspeptin neuron excitability on proestrus. These observations indicate cycle-driven 55 

changes in circulating estradiol increased overall action potential generation and burst firing in 56 

AVPV kisspeptin neurons on proestrus vs. diestrus by regulating multiple intrinsic currents. 57 

  58 
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Significance Statement 59 

The brain controls fertility via the hypothalamo-pituitary-gonadal axis. Gonadotropin-releasing 60 

hormone (GnRH) neurons form the final output pathway but are not directly sensitive to critical 61 

elements of gonadal steroid feedback. Kisspeptin neurons of the anteroventral periventricular 62 

nucleus may convey steroid feedback to GnRH neurons. We studied how action potential firing 63 

of kisspeptin neurons varies between two critical phases of the estrous cycle: diestrus when 64 

estradiol exerts negative feedback to suppress GnRH release, and proestrus when estradiol 65 

feedback activates GnRH neurons. Increased spontaneous and burst firing on proestrus were 66 

observed and attributable to estrous-cycle dependent changes in multiple ionic currents. These 67 

changes were specifically driven by estradiol. This estrous-cycle regulation of kisspeptin neuron 68 

excitability is likely a critical aspect of female fertility. 69 

  70 
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Introduction 71 

GnRH neurons form the final common pathway for central regulation of reproduction. GnRH 72 

stimulates the pituitary to secrete follicle-stimulating hormone and luteinizing hormone (LH) to 73 

regulate gonadal functions. Gonadal steroids feed back to regulate GnRH release. In males and 74 

during most of the female reproductive cycle, sex steroids suppress GnRH neuron activity and 75 

release (Karsch et al., 1987; Moenter et al., 1990; Lubbers et al., 1998; Christian et al., 2005). In 76 

females, sustained elevations in estradiol during the follicular phase result in a switch of 77 

estradiol action from negative to positive feedback, inducing GnRH neuron activation, and a 78 

preovulatory surge of GnRH and LH release (Christian and Moenter, 2010). Although regulated 79 

by steroid feedback, GnRH neurons do not express detectable levels of most steroid receptors, 80 

including estrogen receptor alpha (ERα) (Hrabovszky et al., 2001), which mediates estradiol 81 

negative and positive feedback (Couse et al., 1999; Christian et al., 2008). Steroid-sensitive 82 

afferents thus likely transmit feedback signals to GnRH neurons. Estradiol-sensitive kisspeptin-83 

expressing neurons in the arcuate nucleus (ARC) and anteroventral periventricular (AVPV) 84 

nucleus may convey estradiol negative and positive feedback to GnRH neurons, respectively 85 

(Oakley et al., 2009).  86 

Kisspeptin is a potent stimulator of GnRH neuron activity and release (Han et al., 2005; 87 

Pielecka-Fortuna et al., 2008; Glanowska et al., 2012). AVPV kisspeptin neurons express ERα 88 

(Smith et al., 2005), as well as GABA and glutamate (Cravo et al., 2011), both of which also 89 

excite GnRH neurons (DeFazio et al., 2002; Kuehl-Kovarik et al., 2002). AVPV kisspeptin 90 

neurons synapse on GnRH neurons (Kumar et al., 2015; Yip et al., 2015) and express elevated 91 

cFos during the GnRH/LH surge (Smith et al., 2006). Infusion of anti-kisspeptin antibodies into 92 

the preoptic area (Kinoshita et al., 2005), or deletion of ERα specifically from kisspeptin neurons 93 

both block estradiol-induced LH surges (Dubois et al., 2015). Together these observations 94 
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suggest a role for AVPV kisspeptin neurons in conveying estradiol positive feedback to GnRH 95 

neurons. 96 

Given the evidence for a role for AVPV kisspeptin neurons in estradiol positive feedback, a 97 

fundamental question is how the firing activity of AVPV kisspeptin neurons shifts between 98 

estrous cycle stages to increase the release of kisspeptin, glutamate and/or GABA during 99 

positive feedback. AVPV kisspeptin neurons express several ionic conductances that may 100 

shape firing patterns (Piet et al., 2013; Zhang et al., 2013b, 2015), some of which are regulated 101 

by the reproductive cycle (Piet et al., 2013), but the mechanisms that underlie changes in AVPV 102 

kisspeptin neuron excitability and the steroids underlying cycle-dependent shifts are not fully 103 

understood. In particular, release of neuropeptides such as kisspeptin is classically linked with 104 

high frequency bursts of action potentials (van den Pol, 2012).  105 

We examined spontaneous activity of AVPV kisspeptin neurons, and contributions of candidate 106 

currents to the firing properties of these cells during two estrous cycle stages: the afternoon of 107 

diestrus representing estradiol negative feedback and the afternoon of proestrus representing 108 

positive feedback (Andrews et al., 1981; Gallo and Bona-Gallo, 1985). We then determined the 109 

specific circulating sex steroids that mediate the cycle-dependent changes in firing patterns and 110 

how different ionic conductances contribute. 111 

Material and Methods 112 

Animals. Kiss1-hrGFP mice (Cravo et al., 2013) mice were propagated in our colony. All mice 113 

were provided with water and Harlan 2916 chow ad libitum and were held on a 14L:10D light 114 

cycle with lights on at 0400 Eastern Standard Time. Mice were used during the diestrous or 115 

proestrous phases of the estrous cycle determined by monitoring vaginal cytology of female 116 

mice 60-90 days old for at least a week before experiments. Uterine mass was determined after 117 

brain slice preparation to confirm uteri on proestrus were >100mg, indicating exposure to 118 
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endogenous high estradiol (Shim et al., 2000). To examine the role of specific sex steroids, 119 

similarly aged adult female mice were ovariectomized (OVX) under isoflurane anesthesia 120 

(Abbott) and were either simultaneously implanted with a Silastic capsule (Dow-Corning) 121 

containing 0.625µg of estradiol suspended in sesame oil (OVX+E) or not treated further (OVX). 122 

Bupivacaine was provided local to the incisions as an analgesic. These mice were studied 2-3d 123 

post ovariectomy during the time of estradiol positive feedback (Christian et al., 2005). On the 124 

day of study, some OVX+E mice received a sc injection at 0900-1000 Eastern Standard Time of 125 

progesterone (300 μg/20 g, OVX+E+P) (Dror et al., 2013), or sesame oil vehicle (OVX+E+V). All 126 

mice were killed at 1500-1600 Eastern Standard Time. There were no differences observed 127 

between OVX+E and OVX+E+V mice for firing patterns and burst generation; these data were 128 

combined for analyses and only OVX+E mice were included for further studies to reduce animal 129 

use. All animal procedures were performed in accordance with the University of Michigan 130 

animal care committee's regulations. 131 

Slice preparation and cell identification. All chemicals were purchased from Sigma Chemical Co. 132 

unless noted. All solutions were bubbled with 95% O2/5% CO2 throughout the experiments and 133 

for at least 30 minutes before exposure to tissue. The brain was rapidly removed and placed in 134 

ice-cold sucrose saline solution containing (in mM): 250 sucrose, 3.5 KCl, 26 NaHCO3, 10 D-135 

glucose, 1.25 NaHPO4, 1.2 MgSO4, and 3.8 MgCl2 (pH 7.6, 345 mOsm). Coronal (300 µm) 136 

slices were cut with a Leica VT1200S (Leica Biosystems). Slices were incubated in a 1:1 137 

mixture of sucrose saline and artificial cerebrospinal fluid (ACSF) containing (in mM): 135 NaCl, 138 

3.5 KCl, 26 NaHCO3, 10 D-glucose, 1.25 Na2HPO4, 1.2 MgSO4, 2.5 CaCl2 (pH 7.4, 305 mOsm) 139 

for 30 min at room temperature (~21- 23 °C) and then transferred to 100% ACSF for additional 140 

30-180 min at room temperature before recording. For recording, slices were placed into a 141 

chamber continuously perfused with ACSF at a rate of 3ml/min with oxygenated ACSF heated 142 

to 31 ± 1 °C with an inline-heating unit (Warner Instruments). GFP-positive AVPV kisspeptin 143 
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neurons were identified by brief illumination at 488nm on an Olympus BX51WI microscope. 144 

Recorded cells were mapped to an atlas (Paxinos and Franklin, 2001) to determine if any trends 145 

based on anatomical location emerged; no such trends were apparent in these data sets. 146 

Recordings were performed from 1 to 3 h after brain slice preparation. No more than three cells 147 

per animal were included for analysis of the same parameter, and at least 5 animals were tested 148 

per parameter. 149 

Electrophysiological recording. Recording micropipettes were pulled from borosilicate capillary 150 

glass (type 7052, 1.65 mm outer diameter; 1.12 mm inner diameter; World Precision 151 

Instruments, Inc.) using a Flaming/Brown P-97 puller (Sutter Instruments) to obtain pipettes with 152 

a resistance of 3-5 MΩ for whole-cell recordings and 2-3 MΩ for targeted extracellular 153 

recordings when filled with the appropriate pipette solution. Recording pipettes were wrapped 154 

with Parafilm to reduce capacitive transients. Recordings were made with an EPC-10 dual patch 155 

clamp amplifier and Patchmaster software (HEKA Elektronik) running on a Macintosh computer. 156 

Extracellular recordings  Targeted extracellular recordings were made to obtain firing properties 157 

of cells under control conditions and with receptors for ionotropic GABAA and glutamate 158 

synaptic transmission antagonized with a combination of picrotoxin (100 μM), APV (D-(−)-2-159 

amino-5-phosphonovaleric acid, 20 μM), and CNQX (6-cyano-7-nitroquinoxaline, 10 μM). This 160 

method was used as it maintains internal milieu and has minimal impact on the firing rate of 161 

neurons (Alcami et al., 2012). Recording pipettes were filled with HEPES-buffered solution 162 

containing (in mM): 150 NaCl, 10 HEPES, 10 glucose, 2.5 CaCl2, 1.3 MgCl2, and 3.5 KCl 163 

(pH=7.4, 310 mOsm), and low-resistance (22 ± 3 MΩ) seals were formed between the pipette 164 

and neuron after first exposing the pipette to the slice tissue in the absence of positive pressure. 165 

Recordings were made in voltage-clamp mode with a 0 mV pipette holding potential and signals 166 

acquired at 20 kHz and filtered at 10 kHz. Resistance of the loose seal was checked frequently 167 

during first 3 min of recordings to ensure a stable baseline, and also before and after a 10-min 168 
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recording period; data were not use if seal resistance changed >30% or was >25 MΩ. The first 5 169 

min of this 10-min recording were consistently stable among cells and were thus used for 170 

analysis of firing rate and burst properties. 171 

Whole-cell recordings  For whole-cell patch-clamp recording, two pipette solutions were used. 172 

Most recordings were done with a physiologic pipette solution containing (in mM): 135 K 173 

gluconate, 10 KCl, 10 HEPES, 5 EGTA, 0.1 CaCl2, 4 MgATP and 0.4 NaGTP, pH 7.2 with 174 

NaOH, 305 mOsm. A cesium-based pipette solution, in which cesium gluconate replaced 175 

potassium gluconate, was used to reduce potassium currents and allow better isolation of 176 

calcium currents. All potentials reported were corrected online for liquid junction potential of -177 

15.7 mV or -15.0 mV for the physiologic or Cs+-based solution, respectively (Barry, 1994). For 178 

all whole-cell recordings, ACSF contained picrotoxin, APV and CNQX as detailed above.  179 

After achieving a minimum 1.6 GΩ seal and the whole-cell configuration, membrane potential 180 

was held at -70 mV between protocols during voltage-clamp recordings. Series resistance (Rs), 181 

input resistance (Rin), holding current (Ihold) and membrane capacitance (Cm) were frequently 182 

measured using a 5 mV hyperpolarizing step from -70 mV (mean of 16 repeats, 20 ms duration). 183 

Only recordings with Rin >500 MΩ, Ihold -40 to10 pA and RS < 20 MΩ, and stable Cm were used 184 

for analysis. Rs was further evaluated for stability and any voltage-clamp recordings with ∆Rs 185 

>15% before and after the recording protocols were excluded from analysis; current-clamp 186 

recordings with ∆Rs >20% were excluded. There was no difference in Ihold, Cm, or Rs among any 187 

comparisons.  188 

Current-clamp recordings Depolarizing and hyperpolarizing current injections (-50 pA to +50 pA 189 

for 500 ms, 5 pA steps) were applied to cells from an initial voltage of -71± 2 mV, close to their 190 

basal membrane potential -68.8 ± 1.9 mV (DeFazio et al., 2014). In a small subset of 191 

experiments (n=12), the initial voltage was adjusted to -65 mV and -75 mV to test the voltage-192 
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dependence of depolarization-induced burst firing patterns. Tetrodotoxin (TTX, 1μM) was used 193 

to block action potentials and reveal underlying changes in membrane potential. NiCl2 (100 µM), 194 

ZD7288 (50 μM) and 4-AP (5 mM) were applied to test the role of T-type calcium, 195 

hyperpolarization-activated mixed cation, and A-type potassium conductances (IA) in generating 196 

bursts, respectively. 197 

Voltage-clamp protocols for IT ACSF containing antagonists of ionotropic GABAA and glutamate 198 

receptors with TTX (2 µM) and Cs-based internal solution were used for all recordings to isolate 199 

calcium-currents. Two voltage protocols were used to isolate IT.  First, total calcium current 200 

activation was examined. Inactivation was removed by hyperpolarizing the membrane potential 201 

to −110 mV for 350 ms (not shown in Figure 4E). Next a 250 ms prepulse of -110 mV was given. 202 

Then membrane potential was varied in 10 mV increments for 250 ms from −110 mV to -30 mV. 203 

Finally, test pulse of -40 mV for 250 ms was given. From examination of the current during the 204 

test pulse, it was evident that no sustained (high-voltage activated) calcium current was 205 

activated at potentials more hyperpolarized than -40 mV. To remove HVA contamination from 206 

the step to -30 mV, a second protocol was used in which removal of inactivation (-110 mV, 350 207 

ms) was followed by a 250 ms prepulse at -40 mV, then a step for 250 ms at -30 mV and finally 208 

a test pulse of -40 mV for 250 ms. IT was isolated by subtracting the trace following the -40 mV 209 

prepulse from those obtained after the -110 mV prepulse for the depolarized variable step to -30 210 

mV; raw traces from the initial voltage protocol were used without subtraction for variable steps 211 

from -110 mV to -40 mV because of the lack of observed activation of HVA at these potentials. 212 

Activation of IT was assessed from the resulting family of traces by peak current during the 213 

variable step phase. Inactivation of IT was assessed from the peak current during the final -40 214 

mV test pulse. For a subset of recordings (n=3 cells), NiCl2 (100 μM) was used to block current 215 

generated to confirm it was IT.  216 
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Voltage-clamp ramp protocols for INaP. Physiologic pipette solution was used for voltage-clamp 217 

ramp recordings. A voltage ramp from -80 mV to -20 mV at 10 mV/s was used under control 218 

conditions and following TTX (2 µM) application to characterize the voltage-dependence and 219 

magnitude of persistent TTX-sensitive sodium current, INaP. To test the relative role of INaP and IA 220 

in cells that did not show rebound firing, current during the ramp was quantified under control 221 

conditions, then following IA block with 4-AP (5 mM), followed by subsequent addition of TTX (2 222 

µM). 223 

Data Analysis. Data were analyzed offline using custom software written in IgorPro 6.31 224 

(Wavemetrics) or MATLAB 8.4 (MathWorks, Inc.). For targeted extracellular recordings, mean 225 

firing rate in Hz was determined over 5 min of stable recording. Parameters for identification of 226 

bursts were chosen based on distributions of interspike intervals and were confirmed by 227 

measuring interspike interval of bursts that were identified manually using other criteria (upshift 228 

of baseline and progressive decrease of amplitude). Spikes were considered to form a burst if 229 

the interspike intervals were <105 ms. Spikes detected after an interval greater than 105 ms 230 

were considered to be the start of a new burst or single spike. Bursts were automatically 231 

detected and confirmed by eye with false-positive detection errors manually corrected (Gaskins 232 

and Moenter, 2012).  233 

Action potential parameters were quantified for the first action potential evoked in a firing train 234 

with minimal current injection (rheobase) from -70mV. First spike latency was the time from 235 

onset of current injection to the peak of first spike. Rate of rise was the maximal slope (dVm/dt) 236 

during the rising phase of the action potential. Action potential threshold was defined as the 237 

membrane potential at which the derivative exceeded 2 V/sec. Full-width half maximum (FWHM) 238 

was the width of the spike at half-maximal spike amplitude from threshold. 239 

Afterhyperpolarization (AHP) amplitude was the difference between threshold and the most 240 
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hyperpolarized potential after the spike. AHP time was the delay from threshold to the peak 241 

(most hyperpolarized) potential of the AHP. 242 

In experiments examining IT, the peak current amplitude at each step potential (V) was first 243 

converted to conductance using the calculated reversal potential of Ca2+ (ECa) and G=I/(ECa - V), 244 

because driving force was linear over the range of voltages examined. The voltage 245 

dependencies of activation and steady-state inactivation were described with a single 246 

Boltzmann distribution: G(V)= Gmax/(1- exp [(V1/2 - Vt)/k]), where Gmax is the maximal 247 

conductance, V1/2 is the half-maximal voltage, and k is the voltage dependence (slope) of the 248 

distribution. Current density of IT at each tested membrane potential was determined by dividing 249 

peak current by membrane capacitance. 250 

To quantify the current density of INaP, 5 sweeps of the current induced by the ramp protocol 251 

were averaged and smoothed with a 10-point boxcar filter. A linear fit from -78mV to -70mV was 252 

made to correct the leak current for each trace. TTX-sensitive sodium current was obtained by 253 

subtracting the averaged trace recorded under TTX from that under control conditions (Khaliq 254 

and Bean, 2010). The magnitude of INaP was measured at membrane potentials from -70 mV to -255 

40 mV at 2.5 mV intervals. Current density as a function of membrane potential was calculated 256 

by dividing INaP determined at these intervals by membrane capacitance. 257 

Statistics Data were analyzed using Prism 6 (GraphPad Software) and RStudio (RStudio, Inc), 258 

and are reported as mean ± SEM. The number of cells per group is indicated by n. Normality 259 

tests were performed using the D’Agostino and Pearson test; all data were normally distributed 260 

except those in Figure 1D (two-way design) and Figure 7C (one-way design). All data requiring 261 

two-way analyses were compared using two-way ANOVA with Bonferroni post hoc analysis; this 262 

test is considered sufficiently robust for non-normally distributed data (Figure 1D only) 263 

(Underwood, 1997).  Data requiring one-way analyses were compared using one-way ANOVA 264 
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with Bonferroni post hoc analysis or Kruskal-Wallis test with Dunn’s post hoc analysis as 265 

dictated by data distribution (KW for Figure 7C only). For repeated measurements, two-way 266 

repeated-measures ANOVA with Holm-Sidak post hoc analysis was used. For paired data, two-267 

tailed paired Student’s t test was used. For categorical data analysis, Chi-square test of 268 

independence or Fisher’s exact test of independence were used to test the null hypothesis that 269 

categorical variables have no correlation with each other. F-test was used to test the null 270 

hypothesis that the standard deviation for groups is equal. Linear regression was used to test 271 

the null hypothesis that slope is zero, and to measure the strength of the association (coefficient 272 

of determination, r2) between two variables. The null hypothesis was rejected if p<0.05.  FDFn,DFd 273 

values from one-way ANOVA, two-way ANOVA or two-way repeated-measures (RM) ANOVA 274 

are reported in Tables 1-3.  275 

Results 276 

AVPV kisspeptin neurons exhibit higher spontaneous firing rates and more burst firing on 277 

proestrus than diestrus. 278 

Firing activity of GFP-identified kisspeptin neurons within the AVPV was monitored using 279 

targeted extracellular recordings in acutely-prepared brain slices. All cells studied were 280 

spontaneously active during the 5-min observation period under both control conditions and 281 

after blocking ionotropic GABAA and glutamate receptors. Figures 1A and B show 282 

representative firing patterns from each group. Figure 1C shows the average firing frequency of 283 

AVPV kisspeptin neurons on diestrus (di, representing negative feedback) and proestrus (pro, 284 

representing positive feedback) under control conditions (di, n=12; pro, n=11) or during 285 

antagonism of ionotropic receptors conveying GABAergic and glutamatergic fast synaptic 286 

transmission (di, n=12; pro, n=11). Consistent with a potential role in relaying estradiol positive 287 

feedback, the spontaneous firing rate of AVPV kisspeptin neurons was greater on the afternoon 288 

of proestrus than diestrus (Figure1C, two-way ANOVA/Bonferroni, p<0.0001). Antagonism of 289 
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fast synaptic transmission via NMDA, AMPA, and GABAA receptors did not alter firing rate 290 

during either cycle stage (p>0.9). The cycle-dependent difference in firing frequency was 291 

maintained after blocking ionotropic receptors (p=0.0019). 292 

Extracellular recordings were also used to evaluate burst vs. single spike firing. Bursts were 293 

defined as action potentials occurring within 105 ms of each other with progressively decreased 294 

amplitude and an upshift of baseline (black lines above traces, Figure 1B). AVPV kisspeptin 295 

neurons exhibit spontaneous burst firing during both diestrus (n=12) and proestrus (n=11), but 296 

the number of the burst events per 5 min was higher on proestrus (Figure 1D, two-way 297 

ANOVA/Bonferroni, p=0.005). The number of the burst events per 5 min was decreased on 298 

proestrus in the presence of ionotropic glutamate and GABAA receptor antagonists (di, n=14, 299 

pro, n=13, p=0.02) but was not changed on diestrus (p=0.14). Although it appears that the 300 

increase in number of bursts in 5 minutes on proestrus compared to diestrus was maintained 301 

when ionotropic receptors were blocked, the p-value was just short of that accepted for 302 

significance (Figure 1D, p=0.06). 303 

We next analyzed the numbers of spikes per burst as a function of cycle stage (Figure 1E, two-304 

way RM ANOVA/Holm-Sidak control, di, n=12, pro n=11; receptor antagonist, di=14, pro=13). 305 

Under control conditions, there were more bursts consisting of two spikes on proestrus than 306 

diestrus (p<0.0001). After blocking of ionotropic glutamate and GABAA receptors, the number of 307 

two-spike bursts was decreased on both cycle stages (di, p=0.01, pro, p<0.0001), but was still 308 

higher on proestrus than diestrus (p=0.005). No difference in number of bursts with ≥3 spikes 309 

was detected between cycle stages either with or without ionotropic receptor antagonists. 310 

Following addition of the receptor antagonists, however, no cell studied during diestrus (n=13) 311 

fired bursts with >2 spikes. This is in contrast to control conditions, under which 7 of 12 cells 312 

studied on diestrus firing bursts of ≥ 3 spikes. Cells studied on proestrus, in contrast, fired bursts 313 

with ≥3 spikes under control conditions as well as when ionotropic receptors were blocked. 314 
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These observations suggest both intrinsic properties and fast synaptic transmission likely 315 

contribute to burst firing in AVPV kisspeptin neurons and that the relative contributions may 316 

change with cycle stage. We thus focused our remaining studies on intrinsic properties of these 317 

neurons.  318 

Depolarization induces two firing patterns: tonic firing and depolarization-induced bursts (DIB)  319 

To begin to understand the contributions of the intrinsic properties of AVPV kisspeptin neurons 320 

to burst firing, we performed whole-cell current-clamp recordings on brain slices in the presence 321 

of APV, CNQX and picrotoxin to antagonize effects attributable to activation of ionotropic 322 

glutamate and GABAA receptors. AVPV kisspeptin neurons exhibited two distinct firing patterns 323 

in response to similar magnitude depolarizing steady-state current injection (25 ± 5 pA, 0.5 s) 324 

initiated from -70 ± 2 mV. Representative examples under control conditions are shown in 325 

Figure 2A. Tonic firing was defined as a steady firing rate with a consistent instantaneous 326 

frequency (overall IF 22 ± 1 Hz, initial IF 29 ± 2 Hz vs. final IF 18 ± 1 Hz, paired t-test p<0.0001, 327 

standard deviation of IF 4 ± 1 Hz, n=25). Depolarization-induced bursting (DIB) cells exhibited 328 

an initial burst containing 3-4 spikes followed by mild frequency accommodation (overall IF 73 ± 329 

3 Hz, initial IF 113 ± 4 Hz vs. final IF 13 ± 1 Hz, paired t-test initial vs. final p<0.0001; standard 330 

deviation of IF, 36 ± 2 Hz, n=16, F-test, tonic vs. DIB standard deviation, p<0.0001). Tonic and 331 

DIB firing patterns were observed to a similar extent on both cycle stages studied (tonic vs. DIB, 332 

di 64% vs. 36%, n=19; pro 59% vs. 41%, n=22, Fisher’s exact test, p>0.9). We averaged 333 

instantaneous firing frequency of each cell type on each cycle stage and plotted this as a 334 

function of spike interval number (Figure 2B, tonic, di, n=12; pro, n=13; DIB, di, n=7; pro, n=9). 335 

The initial IF of DIB cells was 4-fold larger than that in tonic cells on both cycle stages (Figure 336 

2B, two-way RM ANOVA/Holm-Sidak, di, p<0.0001; pro, p<0.0001). The frequency plots did not 337 

show any difference between cycle stages in tonic or DIB cells (p>0.1).  338 
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We next examined action potential properties of tonic and DIB cells. In Figure 3A, the first action 339 

potential evoked by the minimum necessary depolarizing current injection is shown in tonic and 340 

DIB cells on diestrus (left) and proestrus (right). We measured and compared several action 341 

potential parameters between cycle stages and cell types (tonic, di, n=12; pro, n=13; DIB, di, 342 

n=7; pro, n=9). As summarized in Figure 3 B-G, action potential threshold, amplitude and timing 343 

of the afterhyperpolarization potential (AHP) showed a cell firing-type-dependent but not cycle-344 

dependent change (two-way ANOVA/Bonferroni, all post-hoc p<0.001). First spike latency, rate 345 

of rise, and full-width half-maximum (FWHM) of the action potential did not change among 346 

groups (p>0.1 for all post-hoc tests). The minimal necessary current injection (rheobase) itself 347 

was not different between cycle stages or cell types (di, tonic, 9.6 ± 1.0 pA, DIB 13.3 ± 2.2 pA; 348 

pro, tonic 10.8 ± 0.8 pA, DIB, 10.1 ± 1.1 pA; two-way ANOVA/Bonferroni, p>0.1 for all 349 

comparisons). 350 

There was no difference in input resistance (Rin) of tonic firing cells on diestrus vs. proestrus 351 

(Figure 2C, two-way ANOVA/Bonferroni, p=0.47; di, n=12, pro, n=13), but Rin of DIB cells was 352 

greater on proestrus than diestrus (di, n=7, pro, n=9; p=0.04). Within a cycle stage, there was 353 

no firing pattern-dependent (tonic vs. DIB) difference in Rin (di, p=0.91; pro, p=0.22). The 354 

membrane capacitance was not different among groups (data not shown, p>0.9). When 355 

grouped by cycle stage, cells recorded on proestrus had a greater Rin compared to those 356 

recorded on diestrus (di, n=15, pro, n=15; p=0.01). This cycle-dependent difference in Rin was 357 

eliminated in recordings using a cesium-based pipette solution (Figure 2D, n=11 each, p=0.88). 358 

Because Rin exhibited a cycle-dependent difference between diestrus and proestrus, and only 359 

DIB cells showed a cycle-dependent difference, it is likely DIB cells contribute the difference in 360 

Rin under control conditions. The elimination of a difference in Rin with Cs+ internal suggests a 361 

Cs+-sensitive potassium conductance under estrous cycle regulation may contribute to the 362 

difference in Rin. 363 
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Termination of hyperpolarization: rebound bursts and their relationship to the firing pattern 364 

during depolarization 365 

In addition to depolarization-induced firing, many neurons exhibit firing upon termination of a 366 

hyperpolarizing stimulus (Perez-Reyes, 2003; Tadayonnejad et al., 2010). We tested if AVPV 367 

kisspeptin neurons exhibit so-called rebound bursts. Cells were injected with hyperpolarizing 368 

current to achieve a membrane potential of -105 ± 3 mV. After termination of hyperpolarization, 369 

most AVPV kisspeptin neurons exhibited rebound bursts (≥2 spikes), whereas the rest showed 370 

either single rebound spikes or no rebound as indicated in the representative examples in 371 

Figure 2A (control). The type of rebound events (bursts, single spike, or no spike) differed with 372 

cycle stage (Figure 2E, right, di, n=19, pro, n=22; Chi-square, p<0.001).  373 

We next examined if there was a relationship between the observed firing patterns during 374 

depolarization and the rebound patterns following termination of hyperpolarization. Most cells 375 

(di, 8 of 12; pro, 10 of 13) that fired tonically upon depolarization had rebound bursts. The 376 

remaining cells studied on proestrus (3 of 13) fired a single spike rebound whereas most other 377 

cells studied on diestrus showed no rebound (3 of 12) and one cell showed single spike 378 

rebound. This distribution did not differ with cycle stage (Figure 2E, left, Chi-square, p=0.1). 379 

Strikingly, cells that fired DIB patterns only had rebound bursts on proestrus (Figure 2E, middle, 380 

di, n=7, pro, n=10). 381 

We focused on rebound bursts (≥2 spikes) as they are more likely than single rebound spikes to 382 

achieve sufficient change in intracellular Ca2+ to influence neurosecretion and thus postsynaptic 383 

events (Jacobs and Meyer, 1997). We characterized rebound bursts by measuring the initial IF 384 

(between spikes 1 and 2) and overall frequency of rebound bursts (the number of spikes divided 385 

by the duration from the termination of hyperpolarization to the peak of the last rebound spike in 386 

the bursts). The initial IF and overall frequency of bursts in tonic and DIB cells showed a firing-387 

pattern-dependent difference (Figure 2F, initial IF, tonic, di, n=8, pro, n=10; DIB, di, n=7; pro, 388 
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n=9; Figure 2G, overall freq, tonic, di, n=9, pro=13; DIB, di, n=7, pro, n=9, two-way 389 

ANOVA/Bonferroni). On proestrus, initial IF and overall frequency was higher in DIB cells than 390 

tonic cells (IF, p<0.0001; overall, p=0.03). There was no cycle-dependent change of rebound 391 

burst frequency in tonic cells (both initial and overall, p>0.9), markedly different from DIB cells, 392 

which did not exhibit rebound bursts on diestrus. Our observations thus indicate that DIB and 393 

tonic cells show different responses to the termination of hyperpolarization. The different firing 394 

signatures may be linked to differences in specific ionic currents.  395 

Estrous cycle regulation of T-type calcium current properties and its role in depolarization and 396 

rebound firing patterns 397 

The observation that cells with different depolarization-induced firing patterns could exhibit 398 

different rebound patterns based on cycle stage led us to examine potential underlying 399 

mechanisms in greater detail. We first tested the membrane response to termination of 400 

hyperpolarization in the absence (to assess initial IF) and presence of TTX to assess the 401 

depolarizing membrane response (Figure 4A). After TTX application, marked membrane 402 

depolarization, often attributable to activation of T-type calcium channels (Suzuki and Rogawski, 403 

1989; Molineux et al., 2006), was observed following the termination of hyperpolarization in cells 404 

that fired rebound bursts but not in cells firing either single or no rebound spikes. This was not 405 

dependent on cycle stage but rather on pre TTX rebound profile. Figure 4B shows the 406 

correlation between rebound IF and amplitude of the depolarization. Rebound IF was positively 407 

correlated with rebound depolarization amplitude for tonic cells on both diestrus and proestrus 408 

(Figure 4B, di, r2=0.47, p=0.045, n=9; pro, r2=0.84, p=0.004, n=9). In contrast, there was no 409 

correlation between these properties for DIB cells on proestrus (n=7, r2<0.001, p=0.98).  410 

The above observations suggest that in addition to possible differences in currents driving 411 

action potential properties (Figure 3D, F, G), other ionic currents might contribute to the 412 

difference between tonic firing and DIB cells. In other neuron types, the amplitude of rebound 413 



 

 18

depolarization directly correlates with the size of transient Ca2+ currents (Suzuki and Rogawski, 414 

1989; Molineux et al., 2006). We tested the effect of Ni2+ (100 µM, a dose that is fairly specific 415 

for T-type channels, Lee et al., 1999) on depolarization-induced firing patterns and 416 

hyperpolarization-induced rebound bursts. Ni2+ decreased the initial IF of the depolarization-417 

induced bursts to roughly half (Figure 2A, summary data Figure 4G, n=8, paired t-test, 418 

p=0.0002). The initial IF after Ni2+ application was still higher in DIB cells than that in tonic cells 419 

under control (no Ni2+) conditions (p=0.006). The initial IF of tonic cells also decreased after Ni2+ 420 

application (Figure 4G, n=11, paired t-test, p=0.049), but to a lesser extent (decreased 19 ± 7% 421 

in tonic vs. 54 ± 6% in DIB cells, Student’s t-test, p=0.001). Since T-type channels are voltage-422 

dependent, we altered the initial membrane potential to -65, -70 or -75 mV, and then applied 423 

current injection of 25 ± 5 pA to depolarize the membrane to generate n ± 2 action potential 424 

spikes (n, action potential numbers generated at -70mV, with 25 ± 5 pA current injection, Figure 425 

4C). The IF of DIB cells was decreased as initial membrane potential was depolarized from -75 426 

to -70 to -65 mV (Figure 4D, tonic, n=5, DIB n=6, two-way RM ANOVA/Holm-Sidak, all post-hoc 427 

in DIB, p<0.0001). No change in IF of tonic cells was observed (p>0.1). Rebound bursts were 428 

eliminated after Ni2+ application in majority of cells recorded on both cycle stages (di, 7 out of 8; 429 

pro, 6 out of 7). The rebound bursts that Ni2+ did not block were reduced from 3-4 spikes per 430 

bursts to a single spike. Together these observations suggest a substantial role for Ni2+-431 

sensitive currents, perhaps IT, in both depolarization-induced and rebound firing patterns. 432 

Persistence of single rebound spikes could be attributable to 100 µM Ni2+ not being sufficient to 433 

block all channels carrying IT. Alternatively, but not exclusively, other channels might affect the 434 

occurrence of the rebound bursts. We first measured T-type current properties in AVPV 435 

kisspeptin neurons. To facilitate the isolation of IT, a Cs+-based pipette solution was used to 436 

reduce potassium conductances and TTX was bath-applied to block fast voltage-dependent 437 

sodium channels. All cells recorded on diestrus and proestrus exhibited IT based on voltage 438 
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dependence of the observed current. Figure 4E shows the representative whole-cell voltage-439 

clamp traces of IT triggered by the voltage protocol described in the materials and methods. 440 

Application of 100 µM Ni2+ blocked a majority of the current (73.1 ± 0.4%, n=4) evoked at test 441 

pulse of -40 mV from -110 mV (Figure 4F). This suggests the currents observed are IT and that 442 

most, but not all, of the current is sensitive to 100 µM Ni2+.  443 

The conductance-voltage relationship was fit with a Boltzmann function. Neither the slope factor 444 

k nor the voltage-dependence of activation or inactivation were different between cycle stages 445 

(Figure 4H, n=11 each, V1/2 activation, di -54.5 ± 1.3 mV, pro -53.5± 1.3mV, p=0.59, slope factor 446 

k, di 5.1 ± 0.4, pro 5.5 ± 0.4, p=0.59; V1/2 inactivation, n=12 each, di -66.4 ± 1.6 mV, pro -67.6± 447 

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 448 

density, however, was greater on proestrus than diestrus at membrane potentials between -50 449 

mV and -30 mV (Figure 4I, n=11, two-way RM ANOVA/Holm-Sidak, p<0.01). The change in 450 

current density was not attributable to a difference in either membrane capacitance or series 451 

resistance between groups.   452 

Other voltage-dependent currents modifying rebound bursts: persistent sodium current (INaP) 453 

and A-type potassium current (IA) 454 

The generation of rebound bursts can be a complex interplay of multiple channel types that 455 

pass currents in inward and outward directions. Since rebound firing is Ni2+-sensitive, IT likely 456 

plays a dominant role in generating rebound bursts. The lower likelihood of firing rebound bursts 457 

on diestrus vs. proestrus may be attributable to estrous cycle regulation of other currents that 458 

either facilitate or inhibit rebound burst generation. One candidate for a facilitating current is the 459 

persistent sodium current, INaP, as it activates at membrane potentials in the subthreshold range. 460 

We characterized INaP in AVPV kisspeptin neurons on diestrus and proestrus using slow (10 461 

mV/s) voltage ramps from -80 to -20 mV (Figure 5A, top). Ramp-induced current was linear from 462 
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-80 mV to approximately -65 mV (Figure 5A, bottom). At membrane potentials more depolarized 463 

than -65 mV, we observed a persistent inward current that peaked near -40 mV. This current 464 

was blocked by TTX, suggesting the net current is INaP (Figure 5B). The current density of INaP 465 

was higher on proestrus than diestrus from -55 to -47.5 mV (Figure 5C, D, n=12 each, two-way 466 

RM ANOVA/Holm-Sidak, -55 mV, p=0.057, -52.5 mV, p=0.002, -50 mV, p=0.01, -47.5 mV, 467 

p=0.045).  468 

Because INaP appears to be regulated by the estrous cycle, we tested if it facilitates rebound 469 

burst generation. We divided cells on diestrus into those exhibiting rebound bursts (≥ 2 spikes) 470 

vs. those not exhibiting any rebound spikes, and compared INaP current density of these two 471 

groups with that of cells on proestrus (all of which had rebound bursts with ≥2 spikes). Figure 472 

5C shows a representative INaP for each group, and Figure 5E shows the quantitative current 473 

density comparison among groups. INaP current density was lower in cells on diestrus that do not 474 

fire rebound bursts (n=11) than in those that fire rebound bursts (n=9) at membrane potentials 475 

between -52.5 and -42.5 mV (two-way RM ANOVA/Holm-Sidak, p<0.05). INaP current density 476 

between cells exhibiting rebound bursts on diestrus (n=9) and proestrus (n=11) was not different 477 

(p>0.6). This suggests that cells that do not fire rebound spikes likely account for the lower INaP 478 

current density on diestrus vs. proestrus.  479 

We also considered the possibility that an outward current counteracts inward current from INaP 480 

and IT to decrease the burst occurrence on diestrus. Because Cs+-sensitive potassium channels 481 

likely contribute to the decreased Rin on diestrus vs. proestrus, we hypothesized potassium 482 

currents may contribute to silencing of bursts on diestrus for both tonic and DIB cells. In 483 

particular we examined the 4-AP-sensitive A-type potassium current (IA) because it can be 484 

activated at relatively hyperpolarized potentials and is thus more likely to play a role in modifying 485 

spike initiation (Perreault and Avoli, 1991; DeFazio and Moenter, 2002; Amendola et al., 2012). 486 

We performed current-clamp recordings to identify the tonic or DIB cells that did not exhibit 487 
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rebound spikes on diestrus, then treated these cells with 4-AP (5 mM). Of the 12 cells we 488 

tested, five exhibited rebound during 4-AP treatment (four cells had one rebound spike and one 489 

cell had a 2-spike burst) (Figure 6B, right). These were referred to as 4-AP-sensitive cells. The 490 

remaining seven cells did not initiate spikes upon rebound following 4-AP treatment (4-AP-491 

insensitive). Figure 6A shows the representative tonic and DIB cells that were 4-AP-sensitive 492 

(left) and insensitive (right). Figure 6B shows that half of the tonic cells (left, n=6) and one third 493 

of DIB cells (middle, n=6) were 4-AP sensitive. We then compared INaP in cells that were 4-AP 494 

sensitive (n=5) and insensitive (n=7) and found that current density was greater in 4-AP-495 

sensitive group (Figure 6C, D, two-way RM ANOVA/Holm-Sidak, -47.5mV, p=0.04; -496 

45mV,p=0.02). Rin of the tested cells increased after 4-AP treatment, consistent with the above 497 

change when Cs+-based pipette solution was used (paired t-test, n=11, control vs. 4-AP, 858 ± 498 

72 vs. 1044 ± 98 MΩ, p=0.005). This suggests that for a subset of neurons, potassium channels 499 

may play an active role to prevent burst generation that may be independent from the regulation 500 

of INaP and IT.  501 

Some AVPV kisspeptin neurons are known to express hyperpolarization-activated non-selective 502 

cation channels (HCN) and exhibit a sag in membrane potential during current-clamp typical of 503 

cells exhibiting Ih (Piet et al., 2013). We observed that after achieving a hyperpolarized 504 

membrane potential of -105 ± 3 mV, 70% of AVPV kisspeptin neurons showed sag potential (> 505 

2 mV) on diestrus (n=29, 3.8 ± 0.5 mV) and 95% on proestrus (n=20, 7.3 ± 0.7 mV). Our results 506 

confirmed that sag potential is cycle-dependent (Figure 6F, Student’s t-test, p=0.0002). To 507 

examine the role of Ih in generating rebound bursts, we blocked HCN channels using ZD7288 508 

(50 µM, Figure 6E). This eliminated the sag potential but did not affect the number of spikes per 509 

rebound burst for cells tested on either stage (control 3.1 ± 0.2 spikes/burst vs ZD7288 2.9 ± 0.2 510 

spikes/burst, p=0.17, paired Student’s t-test; n=9 total, 5 diestrus, 4 proestrus), consistent with 511 

previous findings (Zhang et al., 2013b). This suggests that although Ih is regulated by the 512 
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estrous cycle, it may play a little or no role in generating rebound bursts under our experimental 513 

conditions. 514 

Estrous cycle regulation of burst properties is attributable to circulating estradiol, not 515 

progesterone 516 

The cycle-dependent changes in burst properties observed above are most likely attributed to 517 

estrous-cycle dependent changes in circulating levels of ovarian sex steroids, in particular 518 

estradiol and/or progesterone. To determine the role of specific gonadal steroids in these 519 

biophysical properties, we set up four groups of mice: OVX, OVX+E, OVX+E+P, and OVX+E+V 520 

to rule out the potential effects induced by injection-associated stress in OVX+E+P mice. 521 

OVX+P alone was not tested as a single-cell real-time PCR scan (as in Ruka et al., 2013) of 522 

AVPV kisspeptin neurons harvested from OVX mice indicated only 2 of 10 of these cells 523 

expressed the estrogen-dependent progesterone receptor 3 days after ovariectomy, vs 7 of 9 524 

cells in OVX+E from OVX+E mice (not shown).   525 

Short-term firing patterns of AVPV kisspeptin neurons were monitored (as in Figure 1) in all four 526 

groups (OVX, OVX+E, OVX+E+V, OVX+E+P) via extracellular recordings with AMPA, NMDA, 527 

and GABAA receptors antagonized. There were no differences in firing rate or bursts between 528 

OVX+E and OVX+E+V mice when we compared all four groups (one-way ANOVA/Bonferroni, 529 

p>0.99), indicating that injection alone causes no detectable change in firing properties in AVPV 530 

kisspeptin neurons. OVX+E and OVX+E+V cells were thus combined for burst analyses and are 531 

reported as OVX+E in Figure 7B, C; vehicle-treated animals were not included in further studies. 532 

Firing frequency in OVX+E, OVX+E+P was increased compared to OVX (p<0.0001, p<0.02, 533 

respectively), whereas no difference was observed between OVX+E+P vs. OVX+E (Figure 7A, 534 

B one-way ANOVA/Bonferroni). Spontaneous bursting events were increased in cell from 535 

OVX+E vs. OVX mice (Figure 7C one-way ANOVA KW/Dunn’s, p=0.03). Number of bursts in 536 

cells from OVX+E+P mice was intermediate to and not different from either that in cells from 537 
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OVX and OVX+E mice. These observations suggest estradiol alters the firing frequency and 538 

pattern of AVPV kisspeptin neurons, and that addition of progesterone does not appear to 539 

further shift these parameters.  540 

To examine steroid effects on action potential properties, whole-cell recordings were used to 541 

capture the firing signature of AVPV kisspeptin neurons in OVX, OVX+E and OVX+E+P groups 542 

in response to depolarization and removal of hyperpolarization (Figure 7E). Most cells in from 543 

OVX+E mice (64%, n= 7 of 11) and OVX+E+P mice (67%, 6 of 9) exhibit depolarization-induced 544 

bursts (DIB). In contrast, DIB was not observed in cells from OVX mice and all cells from these 545 

mice fired in a tonic manner upon depolarization (Figure 7D, n=10, Chi-square, p=0.003). In 546 

response to the removal of hyperpolarization, more cells fire rebound bursts in OVX+E and 547 

OVX+E+P groups than OVX group: only 30% of OVX cells (3 of 10) fire rebound bursts, 548 

whereas ~90% OVX+E (10 of 11) and OVX+E+P (8 of 9) cells fire rebound bursts (Chi-square 549 

p=0.003). The number of spikes in rebound bursts was increased in cells from OVX+E (4.7 ± 550 

0.9, n=11) compared to OVX (0.9 ± 0.3, n=10, one-way ANOVA/Bonferroni OVX vs OVX+E 551 

p=0.0007). This parameter had an intermediate value in cells from OVX+E+P mice (2.9 ± 0.5, 552 

n=9). The latency to the first spike was decreased in cells from OVX+E vs OVX mice (p=0.02); 553 

again this parameter had an intermediate value in cells from OVX+E+P mice (Figure 7F). 554 

FWHM, and afterhyperpolarization (AHP) amplitude was increased in cells from both OVX+E 555 

and OVX+E+P mice compared to observed in OVX mice (Figure 7G, H, see Table 3).  556 

We also examined effects of estradiol on modulation of IT and INaP as detailed above. Estradiol 557 

increased IT current density (Figure 8A, C, OVX, n=10, OVX+E n=10, two-way RM 558 

ANOVA/Holm-Sidak, -50mV p=0.04; -40mV p<0.001; -30mV p<0.001) as well as INaP current 559 

density (Figure 8D, E, OVX=10, OVX+E=11, two-way RM ANOVA/Holm-Sidak, -50mV p=0.02; -560 

45mV p=0.01; -40mV p=0.01). Similar to the lack of change in voltage-dependent activation and 561 

inactivation of IT between diestrous and proestrous phases of the estrous cycle, estradiol did not 562 
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affect these parameters (Figure 8B n=10 each, activation, V1/2, OVX, -55.3 ± 1.2, OVX+E, -54.0 563 

± 1.0, p=0.41, slope factor k, OVX, 5.6 ± 0.5, OVX+E, 5.3 ± 0.4, p=0.51; inactivation, n=10 564 

each, V1/2, OVX, -66.3 ± 1.3, OVX+E, -69.1 ± 1.5, p=0.09, slope factor k, OVX, -3.3 ± 0.2, 565 

OVX+E, -3.3 ± 0.2 p=0.80, Student’s t-test). The sag potential, which represent the activation of 566 

HCN channel at hyperpolarized potential, was increased in cells in OVX+E and OVX+E+P 567 

groups compared to that observed in the OVX group (Figure 8F one-way ANOVA/Bonferroni, 568 

OVX+E vs OVX and OVX+E+P vs OVX, p<0.0001). These observations suggest most cycle-569 

dependent effects on AVPV kisspeptin neuron firing and associated currents are attributable to 570 

estradiol. 571 

Discussion 572 

Steroid milieu and other cues are integrated to generate a GnRH release pattern as the central 573 

output signal controlling fertility. In most vertebrates, estradiol positive feedback induces a surge 574 

of GnRH release crucial for ovulation (Moenter et al., 1992; Christian and Moenter, 2010). 575 

GnRH neurons receive estradiol feedback mainly via steroid-sensitive afferents including AVPV 576 

kisspeptin neurons (Pinilla et al., 2012). We demonstrated AVPV kisspeptin neurons increase 577 

overall and burst firing rate on proestrus vs. diestrus, and revealed the estrous cycle regulates 578 

interactions of multiple conductances contributing to burst generation primarily via cycle-579 

dependent changes in circulating estradiol levels (Figure 9).  580 

Burst firing is implicated in increasing reliability of neural information processing, synaptic 581 

plasticity, and neuropeptide/neuroendocrine secretion (Krahe and Gabbiani, 2004; van den Pol, 582 

2012). For the latter, increased cytoplasmic calcium induced by bursts may enhance dense core 583 

vesicle fusion with the plasma membrane (Jackson et al., 1991; Muschol and Salzberg, 2000). 584 

Shifts towards increased AVPV kisspeptin neuron firing frequency and burst events may thus 585 

indicate increased neurosecretion.  586 
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All AVPV kisspeptin neurons examined were spontaneously active, but activity was greater on 587 

proestrus. The increased activity of AVPV kisspeptin neurons from proestrous and OVX+E mice 588 

is consistent with elevated cFos expression in this cell population during the preovulatory or 589 

estradiol-induced LH surge (Smith et al., 2006; Clarkson et al., 2008). Of note, other studies 590 

found no cycle-dependent shift in the spontaneous firing rate of AVPV kisspeptin neurons, with 591 

reports of trends towards either increased or decreased activity on proestrus (Ducret et al., 2010; 592 

De Croft et al., 2012; Piet et al., 2015). This contrast may in part be attributable to 593 

methodological differences including slice thickness, recording duration and time-of-day of 594 

experiment. Activity of the reproductive neuroendocrine circuitry, particularly that involved in 595 

estradiol positive feedback, is regulated by time of day (Christian and Moenter, 2010). Slices in 596 

the present study were prepared at Zeitgeber time (ZT) 10-11, at the peak of the reported 597 

increase in expression of cFos in AVPV kisspeptin neurons in OVX+E mice (ZT9-12) 598 

(Robertson et al., 2009; Kriegsfeld, 2013), whereas previous studies were conducted from ZT4-599 

6. Notably, firing frequency of AVPV kisspeptin neurons in the present study increased by ~20-600 

30% after an 8-10 min stable recording, limiting confidence in analysis of longer-term firing 601 

patterns.  602 

Burst firing may be attributable to intrinsic mechanisms and/or synaptic inputs. AVPV kisspeptin 603 

neurons receive glutamate and GABA synaptic inputs (Frazao et al., 2013), the latter of which is 604 

known to be regulated by both time of day and estradiol (DeFazio et al., 2014). Blocking fast 605 

synaptic transmission reduced but did not eliminate burst firing in the present study, suggesting 606 

intrinsic mechanisms contribute to bursts. Although a role for other transmitters/peptides in 607 

AVPV kisspeptin neuron burst generation cannot be eliminated, we focused on the intrinsic ionic 608 

conductances underlying firing and burst generation.  609 

AVPV kisspeptin neurons were classified as tonic or DIB neurons based on firing patterns 610 

evoked by depolarizing these cells from their baseline membrane potential. Both tonic and DIB 611 
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cells exhibited rebound bursts induced by hyperpolarization termination. The percentage of cells 612 

exhibiting DIB and rebound bursts was increased by estradiol (OVX vs OVX+E), with rebound 613 

bursts also increasing on proestrus vs. diestrus. Importantly, we observed cells in slices from 614 

the same diestrous mouse that both fire and fail to exhibit rebound bursts. This suggests these 615 

differences are unlikely to be attributed to different steroid levels in vivo.  One postulate is that 616 

the difference in rebound burst firing in cells on diestrus is related to expression of ERα, which 617 

may affect the ionic conductance profiles and firing patterns.  Of interest, the percent of AVPV 618 

kisspeptin neurons expressing ERα is ~ 65% (Clarkson et al., 2008; Mayer et al., 2010) vs. 619 

about 60% cells on diestrus exhibiting no rebound burst properties. This increase in elicited 620 

bursts was consistent with increased spontaneous firing during both experimentally-induced or 621 

cycle-dependent elevation of estradiol. Together, these studies suggest depolarization and 622 

release from hyperpolarization as two possible mechanisms for generating spontaneous bursts 623 

observed in extracellular recordings. DIB was not observed in the absence of ovarian-derived 624 

estradiol, indicating a critical role for this steroid in generating closely-spaced spikes upon 625 

depolarization. Our results add new, functional parameters to classify AVPV kisspeptin neurons. 626 

Future studies will focus on combining the electrophysiological properties with molecular 627 

signatures to uncover specific roles each cellular subtype may perform.  628 

The distinct action potential signatures of tonic and DIB patterns suggest that different channel 629 

types may be contributing to action potential firing in these cells (Bean, 2007). We next began to 630 

decipher the ionic conductances underlying firing properties in tonic and DIB cells. The 631 

presence of currents at sub-threshold membrane potentials can enhance or retard spike 632 

generation to influence the overall firing patterns in many brain regions (DeFazio and Moenter, 633 

2002; Puopolo et al., 2007; Chu et al., 2010; Itri et al., 2010; Khaliq and Bean, 2010) including 634 

AVPV kisspeptin neurons (Zhang et al., 2013b, 2015). In the present studies, the sensitivity of 635 

depolarization-induced bursting to Ni2+ and initial membrane potential further suggests this firing 636 
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pattern may arise from conductances that are voltage-dependent and/or Ni2+-sensitive. 637 

Rebound bursts were also Ni2+-sensitive. Further, the positive correlation between rebound 638 

depolarization when firing was blocked and instantaneous frequency of rebound bursts further 639 

suggests IT may also be important to rebound burst generation. Of note, no such correlation was 640 

observed in DIB cells; this may be attribute to a higher potassium conductance near the 641 

baseline potential opposing the action of IT.  642 

Because Ni2+ is not a complete or exclusive blocker of IT and it is difficult to attribute the role of a 643 

specific conductance to observations in current-clamp recordings, voltage-clamp was used to 644 

isolate IT. The biophysical parameters of IT in AVPV kisspeptin neurons in the present study are 645 

consistent with the parameters measured in other neuronal population (Molineux et al., 2005; 646 

Talavera and Nilius, 2006; Nelson et al., 2007). The increased current density on proestrus and 647 

in cells from OVX+E mice in the absence of shifts in voltage-dependence suggests that an 648 

increased number of channels in the membrane may contribute to increased bursting. 649 

Interestingly, IT current density differed at physiologically-relevant membrane potentials critical 650 

for spike generation. Questions remain if tonic and DIB cells have distinct IT current density 651 

because firing properties are difficult to determine with the Cs+-based pipette solution used to 652 

quantify IT.   653 

Interestingly, all the cells tested on diestrus exhibited IT, raising the question why only half of 654 

these cells exhibit rebound bursts. The latter may be attributable to a decreased depolarizing 655 

conductance and/or an increased hyperpolarizing conductance in cells without rebound bursts. 656 

We targeted INaP, Ih and IA to test this postulate because of their activation at subthreshold 657 

membrane potentials. Previous studies show that INaP current density in AVPV kisspeptin 658 

neurons was increased in mice treated with high estradiol vs. low estradiol levels (Zhang et al., 659 

2015). We found both INaP and IA currents may sculpt burst firing in AVPV kisspeptin neurons. 660 

The lack of specific INaP blockers precludes parsing its role vs. that of IT in generating rebound 661 



 

 28

bursts, but the upregulation of INaP upon specific manipulation of estradiol suggests this steroid 662 

plays a role in the cycle-dependent changes observed. Cells that did not fire rebound bursts had 663 

decreased INaP relative to cells that fired rebound bursts in diestrous mice. These observations 664 

suggest interactions among various currents alter burst firing. Blocking IA permitted rebound 665 

spikes in half of the cells recorded on diestrus regardless of their depolarization-evoked firing 666 

pattern. Interestingly, INaP was also different between 4-AP sensitive vs. insensitive cells near 667 

action potential threshold, suggesting the increased persistent sodium current in 4-AP sensitive 668 

group may be able to influence burst firing with the removal of IA. In 4-AP insensitive group, 669 

removal of IA did not lead to rebound bursts, suggesting that a relatively small IT and/or INaP is not 670 

able to evoke rebound spikes. In the present studies, blocking the hyperpolarization-activated 671 

cation current, Ih, did not affect burst firing induced by current injections during the reproductive 672 

cycle. This current may still play a role in spontaneous bursting in these neurons via interactions 673 

with other conductances activated at subthreshold potentials. In this regard, other studies have 674 

not found an effect of blocking Ih on firing rate during proestrus, although an increase in spike 675 

latency was observed (Piet et al., 2013; Zhang et al., 2013b). Our results suggest an interaction 676 

among two transient currents (IT, IA) and one persistent current (INaP) that may modulate the 677 

bursting generation in AVPV kisspeptin neuronal population, supporting and extending previous 678 

work (Zhang et al., 2015) . Furthermore, potassium currents also appear to play a role in 679 

regulating passive membrane properties by increasing the input resistance on proestrus 680 

compared to diestrus. This may result in an increased gain of the cells to respond to their 681 

afferent stimulus. 682 

These observations are consistent with the increasing understanding through experimental and 683 

computational studies that different interactions among ionic conductances can generate the 684 

same firing properties in many neurons across species (Goldman et al., 2001; Puopolo et al., 685 

2007). Neurons can achieve similar firing output by adding, deleting or modulating different 686 
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conductances (Prinz et al., 2004; Swensen and Bean, 2005). In AVPV kisspeptin neurons, the 687 

present results indicate bursts can be generated via depolarization or release of 688 

hyperpolarization, both of which may recruit multiple ionic conductances. Bursts may be 689 

triggered and facilitated by increased IT, INaP or decreased IA; and they may be silenced or 690 

reduced (number of events, frequency) with a combination of decreased IT, INaP and increased IA. 691 

In a cell type likely critical to reproduction, the ability to produce the appropriate output via a 692 

variety of scenarios is pertinent to survival of the species. 693 

Another question is which cycle-dependent cues are responsible for regulation of multiple ionic 694 

conductances. In the present study, we recorded at a consistent time of day to control the 695 

diurnal input to AVPV kisspeptin neurons. One prominent difference between cycle stages is 696 

sex steroid milieu, especially estradiol, which regulates kisspeptin mRNA and cFos expression 697 

(Smith et al., 2006). Specific steroid manipulations suggest a dominant role for estradiol in 698 

increased current density of IT, Ih and INaP, adding strong mechanistic support for estradiol 699 

regulation of AVPV kisspeptin neuron firing (Kumar et al., 2015). Estradiol may act through 700 

genomic mechanisms to change ion channel expression or function. For example, high estradiol 701 

treatment increased relative levels of CaV3.1 mRNA expression compared to low estradiol 702 

treatment in pools of isolated AVPV kisspeptin neurons (Zhang et al., 2015), although the 703 

question remains if more cells are expressing CaV3.1 mRNA or cells increased its CaV3.1 mRNA 704 

in overall. Additional, estradiol may function via membrane-associated mechanisms to induce 705 

posttranslational modifications of ion channels or insertion/removal into/from the membrane 706 

(Morissette et al., 2008; Vasudevan and Pfaff, 2008). Recently, a genetic tracing approach 707 

suggested only AVPV kisspeptin neurons expressing ERα synapse on GnRH neurons (Kumar 708 

et al., 2015), further supporting the postulate of an estradiol-kisspeptin-GnRH feedback loop. 709 

In summary, our findings demonstrate that increased firing rate and burst events in AVPV 710 

kisspeptin neurons on proestrus vs. diestrus likely result from cycle-dependent changes in 711 
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estradiol modifying multiple conductances. Burst generation may be attributed to the interplay of 712 

intrinsic properties with both excitatory input and release from inhibition. Our results support 713 

previous observations and extend these by focusing on regulation of the interactions among 714 

intrinsic properties in generating the electrophysiological output of AVPV kisspeptin neurons. 715 

The changes in this output associated with the shift between estradiol negative and positive 716 

feedback actions likely play an important role in female fertility.   717 
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Table 1 917 
Two-way ANOVA parameters for comparison among groups: cells from diestrus vs. 918 
proestrus mice 919 
 920 
Extracellular recordings 921 

Parameter (figure) 
Estrous cycle 
stage Antagonists Interaction 

Firing frequency (Figure 1C)  F(1, 42)=37.3 *** F(1,42)=3.0  F(1,42)=1.2 
Bursts/5min (Figure 1D)  F(1, 46)=14.8 *** F(1,46)=8.4**  F(1,46)=0.8 
    
    
Whole-cell recordings 922 

Parameter (figure) 
Estrous cycle 
stage Cesium Interaction 

Input resistance (Figure 2D) F(1,47)=2.3  F(1,47)=7.5 ** F(1,47)=4.2 * 
 
Parameter (figure) 

Estrous cycle 
stage Tonic vs DIB Interaction 

Input resistance (Figure 2C) F(1,37)=1.7 F(1,37)=6.7* F(1,37)=1.2 
Rebound: initial IF (Figure2F) F(1,30)=69.3*** F(1,30)=7.0* F(1,30)=80.3*** 
Rebound: overall freq (Figure 
2G) F(1,34)=34.8*** F(1,34)=7.3* F(1,34)=32.0 *** 
1st spike latency (Figure 3B) F(1,37)=0.8 F(1,37)=0.4 F(1,37)=0.3 
Rate of rise (Figure 3C) F(1,37)=0.6 F(1,37)=0.7 F(1,37)=0.01 
Threshold (Figure 3D) F(1,37)=0.1  F(1,37)=22.6*** F(1,37)=3.8 
FWHM (Figure 3E) F(1,37)=2.1 F(1,37)=2.8 F(1,37)=0.2 
AHP amplitude (Figure 3F) F(1,37)=0.7  F(1,37)=35.3*** F(1,37)=0.1 
AHP time (Figure 3G) F(1,37)=1.6  F(1,37)=26.2*** F(1,37)=0.1 
 923 

*p < 0.05; **p < 0.01; ***p < 0.001. 924 
  925 
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Table 2 926 
Two-way repeated-measures ANOVA for whole-cell comparison among groups: cells 927 
from diestrus vs. proestrus mice 928 
 929 

Parameter (figure) 
Estrous cycle 
stage Interaction Matching 

Control: spike/burst (Figure1E) F(1, 21)=5.6* F(4, 84)=6.7*** F(21, 84)=2.3** 
Antagonists: spike/burst 
(Figure1E) F(1, 25)=11.6** F(4, 100)=11.4*** F(25, 100)=2.8*** 
IT density (Figure 4I) F(1, 20)=4.4* F(8, 160)=4.3*** F(20, 160)=4.7*** 
INaP density (Figure 5D) F(1, 22)=5.4* F(22, 264)=3.6*** F(12, 264)=15.7 *** 
    
Parameter (figure) Tonic vs DIB Interaction Matching 
Diestrus: tonic vs DIB (Figure 
2B) F(1, 16)=84.5*** F(6, 96)=82.6*** F(16, 96)=2** 
Proestrus: tonic vs DIB (Figure 
2B) F(1, 17)=42.2*** F(5, 85)=88.1* F(17, 85)=5.1*** 
Depolarize: IF (Figure 4D) F(1, 9)=46.1*** F(2, 18)=52.2*** F(9, 18)=11.2*** 

Parameter (figure) 

 
Diestrus: 
rebound vs no 
rebound Interaction Matching 

INaP density (Figure 5E) F(1, 16)=7.3* F(12, 192)=5.7*** F(16, 192)=12.7*** 

Parameter (figure) 

 
Rebound: 
diestrus vs 
proestrus Interaction Matching 

INaP density (Figure 5E) F(1, 18)=0.8 F(12, 216)=1.2 F(18, 216)=17.8*** 

Parameter (figure) 
4-AP sensitive 
vs insensitive  Interaction Matching 

INaP density (Figure 6D) F(1, 10)=3.5 F(12, 120)=2.3** F(10, 120)=10.2*** 
 930 
*p < 0.05; **p < 0.01; ***p < 0.001. 931 

  932 
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Table 3 933 
One-way ANOVA parameters for comparison among groups: OVX, OVX+E, OVX+E+P 934 
 935 
Extracellular recording 936 

Parameter (figure) 
OVX, OVX+E and 
OVX+E+P 

Firing frequency (Figure 7B) F(2, 45)=12.7 *** 
  
 937 
Whole-cell Recordings 938 

Parameter (figure) 
OVX, OVX+E and 
OVX+E+P 

1st spike latency (Figure 7F) F(2, 27)=3.9 * 
FWHM (Figure 7G) F(2, 27)=6.3** 
AHP amplitude (Figure 7H) F(2, 27)=7.6** 
Sag potential (Figure 8F) F(2, 27)=35.9*** 

  939 
Two-way repeated-measures ANOVA for comparison among groups: OVX and OVX+E 940 
 941 

Parameter (figure) 
OVX vs 
OVX+E  Interaction Matching 

IT (Figure 8C) F(1, 18)=8.0* F(8, 144)=8.3*** F(18, 144)=4.9*** 
INaP (Figure 8E) F(1, 19)=5.8* F(12, 228)=4.3*** F(19, 228)=12.5*** 

 942 
One-way ANOVA nonparameters Kruskal-Wallis test for comparison among groups: 943 
OVX, OVX+E, OVX+E+P 944 
 945 
Extracellular recording 946 
 947 
Parameter (figure) OVX, OVX+E and OVX+E+P 
Bursts/5min (Figure 7C) Kruskal-Wallis statistic 6.8 
  
*p < 0.05; **p < 0.01; ***p < 0.001. 948 

  949 
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Figure Legends 950 

Figure 1. Firing frequency and burst firing in AVPV kisspeptin neurons are regulated by estrous 951 

cycle stage. A. Representative extracellular recordings of AVPV kisspeptin neurons on diestrus 952 

(di) and proestrus (pro) under control conditions (left) and with AMPA, NMDA, and GABAA 953 

receptors antagonized (right). B. Areas in grey boxes expanded from A. Black lines over traces 954 

in B indicate identified bursts. C-D, Mean ± SEM firing frequency (C) and number of burst 955 

events (D). E, The number of burst events plotted as a function of number of spike per burst on 956 

diestrus (grey) and proestrus (black) under control conditions (solid line) and with receptor 957 

antagonists (dashed line). Antag, antagonists of ionotropic GABA and glutamate receptors. * 958 

p<0.05 calculated by two-way ANOVA/Bonferroni or two-way RM ANOVA/Holm-Sidak test. 959 

 960 

Figure 2. Depolarization and removal of hyperpolarization both induce distinct firing properties. 961 

A, Representative firing properties of tonic and DIB cells on diestrus and proestrus under control 962 

conditions and during treatment with Ni2+ (100 µM). B, Mean ± SEM instantaneous frequency (IF) 963 

of tonic (solid line) and DIB (dash line) cells on diestrus (di, grey) and proestrus (pro, black) 964 

plotted as a function of spike interval number. C, Input resistance (Rin) for tonic and DIB cells on 965 

diestrus and proestrus. D, Rin for cells on diestrus and proestrus assessed using physiological 966 

(con) and Cs+-based pipette solution. E, Distribution of cells that generated rebound bursts 967 

(black bar), one rebound spike (hatched bar), or no rebound spikes (white bar) on diestrus and 968 

proestrus for tonic, DIB, and all cells combined. F-G, Initial IF (F) and overall frequency (G) of 969 

rebound bursts in tonic and DIB cells on diestrus and proestrus. * p<0.05 calculated by two-way 970 

ANOVA/Bonferroni or two-way RM ANOVA/Holm-Sidak test.  971 
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Figure 3. Action potential properties of AVPV kisspeptin neurons depend on firing pattern 972 

during depolarization but not cycle stage. A, Representative first action potential evoked via 973 

minimal necessary depolarizing current in tonic (black) and DIB (grey) cells on diestrus (left) and 974 

proestrus (right). The line under the action potentials indicate timing of current injection (10pA 975 

for examples shown except 15pA for the DIB cell on proestrus). B-F, Mean ± SEM action 976 

potential parameters in tonic cells (open bar for B-C and E-G; open circle for D) and DIB cells 977 

(hatched bar for B-C and E-G; black circle for D) on diestrus (di) and proestrus (pro), including 978 

(B) 1st spike latency, (C) action potential rate of rise, (D) threshold, (E) full-width half-maximum 979 

(FWHM), (F) afterhyperpolarization potential (AHP) amplitude and (G) AHP time on diestrus and 980 

proestrus. * p<0.05 calculated by two-way ANOVA/Bonferroni test tonic vs. DIB. 981 

 982 

Figure 4. Ni2+-sensitive current is critical for bursting patterns and is under estrous cycle 983 

regulation. A, Representative examples for rebound potential of tonic and DIB cells on diestrus 984 

and proestrus under control conditions (black) and then tested with TTX (1µM) application (red). 985 

Dashed lines indicate -70mV. B, Positive correlation between rebound depolarization and initial 986 

instantaneous frequency (IF) was observed in tonic cells on diestrus (di, open circle fitted with 987 

dashed line) and proestrus (pro, black circle fitted with solid black line) but not in DIB cells on 988 

proestrus (grey circle fitted with grey line). C, Representative examples of depolarization-989 

induced firing pattern of tonic and DIB cells initiated at -65, -70 and -75 mV. D, IF was 990 

dependent on preceding membrane potential in tonic and DIB cells, each line connects values 991 

from the same cells at different membrane potentials. E, Voltage protocols for IT isolation; 992 

bottom protocol was subtracted from top to remove HVA contamination from step -30 mV 993 

(bottom, left). Representative isolated IT on diestrus (top, left) and proestrus (top,right), each 994 

color represents a tested voltage. F, Isolated IT was blocked by Ni2+ (100 µM). G, Initial IF of 995 

depolarization induced firing for tonic and DIB cells under control conditions and with Ni2+ (100 996 

µM) application, paired. H, Activation and inactivation of IT conductance was plotted and fit with 997 
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Boltzmann function to derive V1/2 and k value on diestrus (grey dots fitted with grey line) and 998 

proestrus (black dots fitted with black line). I, Mean ± SEM current density of IT on diestrus and 999 

proestrus. * p<0.05 calculated by two-way RM ANOVA/Holm-Sidak test. 1000 

 1001 

Figure 5. Persistent sodium conductance (INaP) facilitates rebound burst generation and is 1002 

regulated by the estrous cycle. A (top) ramp protocol, (bottom) and representative raw currents 1003 

under control conditions (black) and after application of TTX (red). Dashed line indicates the 1004 

linear fit to correct for leak current. B, Representative TTX-sensitive INaP obtained by subtracting 1005 

the TTX trace from the control trace in A after linear fit of each. C, Representative INaP in cells 1006 

that exhibit rebound bursts (red) or no rebound spikes (blue) on diestrus and those that 1007 

exhibited rebound bursts on proestrus (black). D-E, Mean ± SEM INaP current density on diestrus 1008 

(di) vs. proestrus (pro) (D) and with cells parsed by cycle stage and rebound firing (E). * p<0.05 1009 

calculated by two-way RM ANOVA/Holm-Sidak test. 1010 

 1011 

Figure 6. Subpopulations of cells that exhibit no rebound spikes on diestrus have restored 1012 

ability to generate rebound spike(s) after blocking IA. A, Representative firing properties of tonic 1013 

and DIB cells on diestrus that did not exhibit rebound spikes under control conditions (black): 4-1014 

AP (5 mM) treatment (grey) restored rebound spike(s) in some cells (left) but not others (right). 1015 

B, Percentage of cells with 4-AP-sensitive (hatched bar) or 4-AP-insensitive rebound firing 1016 

(open bar) for tonic, DIB and all cells combined on diestrus. C, Representative INaP in 4-AP-1017 

sensitive (black) and 4-AP-insensitive (grey) cells tested on diestrus. D, Mean ± SEM INaP 1018 

current density for 4-AP-sensitive (black) and 4-AP-insensitive (grey) cells tested on diestrus. * 1019 

p<0.05 calculated by two-way RM ANOVA/Holm-Sidak test. E, Representative cells on diestrus 1020 

and proestrus preserved rebound bursts but not sag potential after ZD7288 (50µM) application. 1021 

F, sag potential was increased on proestrus compared to diestrus. * p<0.05 Student’s t-test. 1022 
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Figure 7. Estradiol but not progesterone increases overall excitability and burst events in AVPV 1023 

kisspeptin neurons. A, Representative extracellular recordings of OVX, OVX+E (E, estradiol), 1024 

OVX+E+P (P, progesterone), and OVX+E+V (V, vehicle) with AMPA, NMDA, and GABAA 1025 

receptors antagonized. Grey boxes indicate bursts. B-C, Mean ± SEM firing frequency (B) and 1026 

number of burst events (C) of OVX (black circles), OVX+E (solid red circles), OVX+E+V (open 1027 

red circles), OVX+E+P (blue). D, Percentage of cells that fire depolarization-induced bursts (DIB) 1028 

or tonic patterns on OVX, OVX+E and OVX+E+P groups. E, Representative firing properties of 1029 

tonic (top) and DIB (bottom, except OVX) cells in OVX, OVX+E, and OVX+E+P groups. F-H, 1030 

Mean ± SEM of action potential parameters in OVX (white), OVX+E (hatched) and OVX+E+P 1031 

(black) groups: latency to first spike (F), action potential full-width half-maximum (FWHM) (G), 1032 

and afterhyperpolarization potential (AHP amplitude) (H).  * p<0.05 calculated by one-way 1033 

ANOVA/Bonferroni test or Kruskal-Wallis/Dunn’s as dictated by data distribution. 1034 

 1035 

Figure 8. Estradiol increases IT and INaP current density density in AVPV kisspeptin neurons. A, 1036 

Voltage protocol (bottom) and representative subtraction-isolated IT in OVX (top left) and 1037 

OVX+E groups (top right). B, Activation and inactivation of IT conductance was plotted and fit 1038 

with a Boltzmann function to derive V1/2 and k value in OVX (black) and OVX+E (red).  C, Mean 1039 

± SEM current density of IT in OVX (black) and OVX+E (red). D, Representative INaP in OVX 1040 

(black) and OVX+E (red) groups. E, Mean ± SEM INaP density in OVX (black) vs. OVX+E (red) 1041 

groups. F, Mean ± SEM of sag potential induced by hyperpolarization. * p<0.05 calculated by 1042 

two-way RM ANOVA/Holm-Sidak test for D, E; * p<0.05 calculated by one-way 1043 

ANOVA/Bonferroni test for F. 1044 

 1045 

  1046 
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Figure 9. Schematic model of cyclic regulation of the AVPV kisspeptin-GnRH circuitry. On 1047 

diestrus, low estradiol levels exert negative feedback and AVPV kisspeptin neurons exhibit low 1048 

IT, INaP and Ih. This contributes to reduced overall and burst firing, thus lower release of 1049 

kisspeptin, GABA and glutamate. GnRH neurons exhibit low activity and a pulsatile release 1050 

pattern. On proestrus, high levels of estradiol exert positive feedback action, increasing IT, INaP 1051 

and Ih, facilitate increased overall excitability and, for the former two currents, increased burst 1052 

firing. This increases neurosecretion from these neurons, increasing excitatory drive to GnRH 1053 

neurons via kisspeptin, GABA and glutamate, and also increasing GnRH neuron activity via 1054 

kisspeptin-mediated reduction of IA (Pielecka-Fortuna et al., 2011) and increase in TRPC 1055 

conductance (Zhang et al., 2013a). Together the intrinsic changes and increased excitatory 1056 

drive provoke increased release of GnRH (Glanowska et al., 2012). 1057 
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 Data structure Type of test Power 

Figure 
1c Normal distribution Two-way ANOVA 1.0 

Figure 
1d Non-normal distribution Two-way ANOVA, within-between 

interaction 1.0 

Figure 
1e Normal distribution Two-way ANOVA RM 1.0 

Figure 
2b Normal distribution Two-way ANOVA RM 1.0 

Figure 
2c Normal distribution Two-way ANOVA 1.0 

Figure 
2d Normal distribution Two-way ANOVA 1.0 

Figure 
2e Normal distribution Chi-square 0.8 

Figure 
2f Normal distribution Two-way ANOVA 1.0 

Figure 
2g Normal distribution Two-way ANOVA 0.92 

Figure 
3b Normal distribution Two-way ANOVA 0.85 

Figure 
3c Normal distribution Two-way ANOVA 0.86 

Figure 
3d Normal distribution Two-way ANOVA 1.0 

Figure 
3e Normal distribution Two-way ANOVA 1.0 

Figure 
3f Normal distribution Two-way ANOVA 0.82 

Figure 
3g Normal distribution Two-way ANOVA 0.44 

Figure 
4b Normal distribution Linear regression 0.8 

Figure 
4d Normal distribution Paired t-test 1 

Figure 
4g Normal distribution Paired t-test 1 

Figure 
4h Normal distribution t-test 1 
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Figure 
4i Normal distribution Two-way ANOVA RM 1 

Figure 
5d Normal distribution Two-way ANOVA RM 0.89 

Figure 
5e Normal distribution Two-way ANOVA RM 0.66 

Figure 
6d Normal distribution Two-way ANOVA RM 0.84 

In text 
line 
475 

Normal distribution Paired t-test 0.95 

Figure 
6f Normal distribution t-test 1.0 

Figure 
7b Normal distribution One-way ANOVA 1.0 

Figure 
7c Non-normal distribution One-way ANOVA KW 1.0 

Figure 
7d Normal distribution Chi-square 0.95 

Figure 
7f Normal distribution One-way ANOVA 1.0 

Figure 
7g Normal distribution One-way ANOVA 0.88 

Figure 
7h Normal distribution One-way ANOVA 0.52 

Figure 
8b Normal distribution t-test 1 

Figure 
8c Normal distribution Two-way ANOVA RM 1.0 

Figure 
8e Normal distribution Two-way ANOVA RM 1.0 

Figure 
8f Normal distribution One-way ANOVA 1.0 

 


