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 34 
Abstract 35 
 36 
A population of kisspeptin-GABA co-expressing neurons located in the rostral periventricular 37 
area of the third ventricle (RP3V) is believed to activate gonadotropin-releasing hormone 38 
(GnRH) neurons to generate the luteinizing hormone (LH) surge triggering ovulation.  39 
Selective optogenetic activation of RP3V kisspeptin (RP3VKISS) neurons in female mice for 40 
>30s and ≥10Hz in either a continuous or bursting mode was found to reliably generate a 41 
delayed and long-lasting activation of GnRH neuron firing in brain slices.  Optogenetic 42 
activation of RP3VKISS neurons in vivo at 10Hz generated substantial increments in LH 43 
secretion of similar amplitude to the endogenous LH surge. Studies using GABAA receptor 44 
antagonists and optogenetic activation of RP3V GABA (RP3VGABA) neurons in vitro revealed 45 
that low frequency (2Hz) stimulation generated immediate and transient GABAA receptor-46 
mediated increases in GnRH neuron firing whereas higher frequencies (10Hz) recruited the 47 
long-lasting activation observed following RP3VKISS neuron stimulation.  In vivo, 2Hz 48 
activation of RP3VGABA neurons did not alter LH secretion, whereas 10Hz stimulation evoked 49 
a sustained large increase in LH identical to RP3VKISS neuron activation. Optogenetic 50 
activation of RP3VKISS neurons in which kisspeptin had been deleted did not alter LH 51 
secretion.  These studies demonstrate the presence of parallel transmission streams from 52 
RP3V neurons to GnRH neurons that are frequency dependent and temporally distinct. This 53 
comprises a rapid and transient GABAA receptor-mediated activation and a slower onset 54 
kisspeptin-mediated stimulation of long duration.  However, at the time of the surge, GABA 55 
release appears to be functionally redundant with the neuropeptide kisspeptin being the 56 
dominant co-transmitter influencing GnRH neuron output. 57 
 58 
 59 
Significance statement  60 
 61 
Miscommunication between the brain and ovaries is thought to represent a major cause of 62 
infertility in humans. Studies in rodents suggest that a population of neurons located in the 63 
rostral periventricular area of the third ventricle (RP3V) are critical for activating the 64 
gonadotropin-releasing hormone (GnRH) neurons that trigger ovulation.  The present study 65 
provides evidence that an RP3V neuron population co-expressing kisspeptin and GABA 66 
provides a functionally important excitatory input to GnRH neurons at the time of ovulation. 67 
This neural input releases GABA and/or kisspeptin in the classical frequency dependent and 68 
temporally distinct nature of amino acid-neuropeptide co-transmission. Unusually, 69 
however, the neuropeptide stream is found to be functionally dominant in activating GnRH 70 
neurons at the time of ovulation. 71 
 72 
  73 
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Introduction 74 
Many central neurons use the co-transmission of classical small-molecules as well as 75 
neuropeptide neurotransmitters to signal within their networks (Jan and Jan, 1983; van den 76 
Pol, 2012; Tritsch et al., 2016). It remains, however, that the mechanisms and functions of 77 
co-transmission are poorly understood. While early studies were able to establish some of 78 
the general principles underlying co-transmission (Jan and Jan, 1983; Lundberg and Hokfelt, 79 
1983; Verhage et al., 1991; Burnstock, 2004), optogenetic approaches have now greatly 80 
facilitated the investigation of co-release within the central nervous system (Schone and 81 
Burdakov, 2012). For example, using this approach, the frequency-dependent release and 82 
dynamics of glutamate-acetylcholine (Ren et al., 2011) and glutamate-orexin (Schone et al., 83 
2014) co-transmission have been described for specific neuronal phenotypes.  84 
 85 
The hypothalamus represents a brain region particularly rich in neuropeptides with many 86 
cell types synthesizing multiple peptides alongside small-molecule transmitters (Campbell et 87 
al., 2017; Chen et al., 2017). Despite this extensive amino acid-neuropeptide co-expression, 88 
very little is known about the individual roles or interactions of co-released transmitters. For 89 
example, the impact of the individual transmitters in arcuate nucleus AgRP-NPY-GABA 90 
neurons controlling feeding and other behaviors remain unclear despite intense scrutiny 91 
(Atasoy et al., 2012; Krashes et al., 2013; Padilla et al., 2016; Rau and Hentges, 2017).  92 
Whereas fast GABA release is always found to be functionally important, the contribution of 93 
neuropeptides to the various roles of AgRP-NPY-GABA neuron is often uncertain (Tong et 94 
al., 2008; Atasoy et al., 2012; Krashes et al., 2013; Padilla et al., 2016).  95 
 96 
The kisspeptin neurons located in the rostral periventricular area of the third ventricle 97 
(RP3V) are another hypothalamic cell population expressing multiple transmitters (Semaan 98 
et al., 2010; Clarkson and Herbison, 2011; Cravo et al., 2011; Porteous et al., 2011; Skrapits 99 
et al., 2015). These cells are believed to provide direct excitatory inputs to gonadotropin-100 
releasing hormone (GnRH) neurons to initiate the luteinizing hormone (LH) surge and, 101 
consequently, ovulation (Smith et al., 2006; Herbison, 2016). Co-expression studies have 102 
variously reported that 20 to 75% of RP3V kisspeptin (RP3VKISS) neurons are GABAergic 103 
(Cravo et al., 2011; Cheong et al., 2015) suggesting that RP3V neurons can signal through 104 
both GABA and kisspeptin to regulate the activity of the GnRH neurons (Herbison and 105 
Moenter, 2011; Piet et al., 2015b).  Substantial evidence supports a role for kisspeptin in 106 
activating GnRH neurons at the time of the LH surge (Herbison, 2016). For example, RP3VKISS 107 
neurons project directly to GnRH neurons (Yip et al., 2015) and are known to be activated at 108 
the time of the LH surge (Smith et al., 2006; Clarkson et al., 2008). In contrast, a role for 109 
GABAA receptor signalling in surge generation has long been suspected but remains 110 
unproven (Herbison, 2015).  Unusually within the forebrain, GABAA receptor activation is 111 
depolarizing in adult GnRH neurons (Herbison and Moenter, 2011). 112 
 113 
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In the present investigation, we have employed cell type-specific optogenetic activation of 114 
RP3V GABA (RP3VGABA) and RP3VKISS neurons to examine their ability to activate GnRH 115 
neurons and stimulate LH secretion. Due to the co-expression of kisspeptin and GABA in 116 
RP3V neurons we also questioned the role of GABA-kisspeptin co-transmission from these 117 
cells to the GnRH neurons in vitro and in vivo. We report the existence of frequency-118 
modulated and temporally-distinct neuropeptide and GABA co-transmission streams from 119 
the RP3V to the GnRH neuron. Although GABA release from RP3V neurons is shown to 120 
modulate GnRH neuron firing, this is not found to be influential in vivo where, unusually, it 121 
is the neuropeptide signalling that governs functional output at that time of the LH surge. 122 
 123 
 124 
Materials and Methods 125 
Animals, stereotaxic AAV injections and surgery 126 
Adult female Kiss1-IRES-Cre+/- (Mayer et al., 2010), Kiss1-Cre+/+ (Yeo et al., 2016), Kiss1-IRES-127 
Cre+/-;GnRH-GFP+/- (Spergel et al., 1999), vGAT-IRES-Cre+/- (RRID:IMSR_JAX:028862)(Vong et 128 
al., 2011), vGAT-IRES-Cre+/-;tau-GFP reporter (Wen et al., 2011) and vGAT-IRES-Cre+/-;GnRH-129 
GFP+/- mice were group-housed under conditions of controlled temperature (22±20C) and 130 
lighting (12-hour light/12-hour dark cycle (lights on at 6:00h and off at 18:00h) with ad 131 
libitum access to food and water. The University of Otago Animal Ethics Committee 132 
approved all animal experimental protocols. 133 
 134 
Mice were anesthetized with Isoflurane, placed in a stereotaxic apparatus and given 135 
unilateral or bilateral 0.5-1 L injections of AAV9-EF1-dflox-hChR2-(H134R)-mCherry-WPRE-136 
hGH (2.2 x 1013 GC/mL; Penn Vector Core) into the RP3V (coordinates according to the 137 
Paxinos Brain Atlas, 0.8 mm anterior to bregma and 4.8 mm in depth) at a rate of 100 138 
nL/min. The syringes were left in situ for 3 min before and 10 min after the injections. 139 
 140 
Gonadal steroid induction of the LH surge 141 
Following a recovery period of >3 weeks, mice were anesthetized with Isoflurane and 142 
bilaterally ovariectomized and given an estradiol replacement regimen (OVX+E) that 143 
generates a GnRH/LH surge (Czieselsky et al., 2016). Subcutaneous SILASTIC capsules were 144 
prepared according to Bronson (Bronson and Vom Saal, 1979) by injecting 17- -estradiol 145 
mixed with medical grade adhesive (0.1 mg/mL adhesive) into SILASTIC tubing (internal 146 
diameter 1.0mm, external diameter 2.13mm). When set, the tubing is cut to size (1cm/20g 147 
body weight) to generate capsules that provide 1 g estradiol/20 g body weight. Six days 148 
later, mice received a subcutaneous injection of estradiol benzoate (1 g/20 g body weight) 149 
in the morning and were used for experiments the following day when an LH surge 150 
commences at 17:30h and peaks 90 min later (Czieselsky et al., 2016). 151 
 152 
Immunohistochemistry 153 



 

 5 

Mice were killed by anesthetic overdose and perfused through the heart with 4% 154 
paraformaldehyde. Three sets of 30μm-thick coronal brain sections were cut through the 155 
rPOA and processed for free-floating kisspeptin immunofluorescence using a well 156 
characterized (Clarkson et al., 2009b) polyclonal rabbit anti-kisspeptin antiserum (1:2000, 157 
AC566, gift of Dr. Alain Caraty, Nouzilly, France; RRID:AB_2622231), biotinylated goat anti-158 
rabbit secondary immunoglobulins (1:200, Vector Laboratories Inc., Burlingame; 159 
RRID:AB_2313606) and streptavidin Alexa488 (Molecular Probes, Eugene; 160 
RRID:AB_2336881). Three sections at the level of the periventricular nucleus were analyzed 161 
in each mouse by counting the total number of cells expressing 488-immunofluorescence 162 
and/or mCherry (ChR2). 163 
 164 
Brain slice preparation, light stimulation and cell-attached recordings  165 
Mice were killed by cervical dislocation, decapitated and their brains quickly removed at 166 
times indicated in each experimental section. Coronal brain slices (200-250 m thick) 167 
including the rostral preoptic area (rPOA) and RP3V were cut with a vibratome (VT1000S; 168 
Leica) in an ice-cold solution containing (in mM): NaCl 87, KCl 2.5, NaHCO3 25, NaH2PO4 169 
1.25, CaCl2 0.5, MgCl2 6, glucose 25 and sucrose 75. Slices were then incubated at 30 C for at 170 
least one hour in artificial cerebrospinal fluid (aCSF; in mM): NaCl 120, KCl 3, NaHCO3 26, 171 
NaH2PO4 1, CaCl2 2.5, MgCl2 1.2 and glucose 10. All solutions were equilibrated with 172 
95%O2/5%CO2. Slices were placed under an upright microscope fitted for epifluorescence 173 
(Olympus, Tokyo, Japan) and constantly perfused (1.5 mL/min) with warm (~30 C) aCSF. 174 
GFP-expressing GnRH neurons and mCherry-expressing RP3V neurons were first visualized 175 
by brief fluorescence illumination (excitation 460-480 nm and 530-550 nm, respectively) and 176 
subsequently approached using infrared differential interference contrast optics. Because 177 
the ChR2 excitation spectrum overlaps that of GFP, a waiting period of at least 15 minutes 178 
following fluorescent identification of a GFP-expressing neuron was allowed before starting 179 
any electrophysiological recording. 180 
 181 
Action potential firing was recorded in voltage clamp mode in the cell-attached loose patch 182 
configuration. Recording electrodes (3-5 MΩ) pulled from borosilicate capillaries (Warner 183 
Instruments, Hamden, CT) with a horizontal puller (Sutter Instruments, Navato, CA) were 184 
filled with aCSF including 10 mM HEPES. Low resistance seals (10-30 MΩ) were achieved by 185 
applying either no suction or the lowest amount of suction required to detect spikes. For 186 
ChR2 activation, blue light was delivered to the slice through a 40x immersion objective (0.8 187 
NA, Olympus) via a 470nm light emitting diode (LED, CoolLED) connected to the vertical 188 
illumination port of the microscope. Stimulation consisted of trains of blue light pulses (2 ms 189 
duration; <1 mW) delivered at 2-20 Hz for 5-300 seconds. Electrophysiological signals were 190 
recorded using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) connected 191 
to a Digidata 1440A digitizer (Molecular Devices). Signals were low-pass filtered at 3 kHz 192 
before being digitized at a rate of 10 kHz and stored on a personal computer. Signal 193 
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acquisition and analysis was carried out with pClamp 10 (Molecular Devices; 194 
RRID:SCR_011323). Spikes were detected using the threshold crossing method.  195 
 196 
Electrophysiology analysis  197 
For ChR2-expressing RP3VKISS and RP3VGABA neurons, spike fidelity was calculated by dividing 198 
the number of light-evoked spikes by the number of blue light stimuli and expressed as a 199 
percentage. In GnRH neurons, the effect of blue light stimulation was assessed over two 200 
different time periods: during the stimulation (immediate) and after the stimulation 201 
(delayed). As blue light-induced immediate increases in firing were often transient, the 202 
GnRH neuron response to the first 60 stimuli were measured (first 30 seconds at 2Hz, first 6 203 
seconds at 10Hz). Action potential frequency in 2 second bins was averaged across the 30 or 204 
6 seconds immediately preceding the light train (“baseline”) and during the first 30 or 6 205 
seconds after the onset of the stimulation (“during train”), at 2 and 10Hz, respectively. 206 
Changes in firing were calculated by subtracting “baseline” from “during train”. For delayed 207 
effects, “baseline” was the average action potential frequency in 10 second bins across the 208 
2 min immediately preceding the light train, while “after train” was the average action 209 
potential frequency across the 5 min immediately following the light train.  210 
 211 
In vivo optogenetic experiments 212 
Adult female kisspeptin-IRES-Cre+/- and vGAT-IRES-Cre+/- mice were injected with AAV-ChR2 213 
and given the same GDX and estrogen replacement regimen as detailed above. We also 214 
used Kiss1-Cre+/+ mice in which kisspeptin is deleted from all Kiss1-expressing cells. This 215 
generates mice with an equivalent phenotype to the Kiss1-null mouse (Yeo et al., 2016). In 216 
the context of the present optogenetic studies this provides a useful model in which ChR2-217 
expressing neurons no longer synthesize kisspeptin but do retain their other co-expressed 218 
neuropeptides and transmitters.  219 
At approximately 15:00h on the day of the expected LH surge, mice were anesthetized with 220 
Isoflurane, placed in a stereotaxic apparatus and a 100μm-diameter optic fibre connected to 221 
a laser implanted unilaterally so as to sit immediately above the RP3V (0.8 mm anterior to 222 
bregma, 0.3 mm lateral, 4.5 mm in depth). Ninety minutes later, the experimental protocol 223 
commenced by delivering 5ms 470nm wavelength light at frequencies of 2 or 10Hz for 15 or 224 
30 min (“continuous”), or 10Hz for 6s every 12s over 30 min (“bursting”) depending on 225 
experiment.  For 15 min stimulations, serial blood samples (5μl) were collected from the tail 226 
tip at -5, 0, 5, 10, 15, 30, 45, 60, 75 and 90 min where time 0 is the start of the optogenetic 227 
stimulation. For 30 min stimulations, blood samples were taken at -5, 0, 5, 10, 15, 20, 25, 30, 228 
45, 60, 75 and 90. The blood samples were processed for LH by ELISA as reported previously 229 
(Czieselsky et al., 2016).  230 
 231 
Experimental Design and Statistical Analysis 232 
The sample size for each experiment is given in the Results. Values given in the text and 233 
illustrated in figures are mean ± SEM. For electrophysiological studies, all experiments were 234 
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replicated in at least three different mice in each group with, typically, two slices used from 235 
each mouse. Analyses were undertaken with repeated measures ANOVA and post-hoc 236 
Tukey’s tests, as well as Kruskal-Wallis and Friedman tests as appropriate and stated for 237 
individual experiments.  The number of animals is represented as “N” and “n” represents 238 
the number of cells. The analysis of LH values was undertaken using one-way repeated 239 
measures ANOVA with post-hoc Dunnett’s multiple comparison tests, comparing values to 240 
the -5min LH level. For ANOVA, sphericity was not assumed and Greenhouse-Geisser 241 
corrections made. To compare between groups, statistical comparisons were made by two-242 
way repeated measures ANOVA. Data were analyzed using Prism 6 (GraphPad Software; 243 
RRID:SCR_002798) and reported as mean ± SEM. p values are rounded to three decimal 244 
places and values less than 0.001 are reported as p<0.001. Statistical tests were undertaken 245 
as dictated by the nature of the experiment and are explained in each section of the 246 
Methods. All statistical parameters are reported for each experiment in the Results. 247 
Significance was set at p < 0.05.  248 
 249 
 250 
 251 
Results 252 
 253 
RP3VKISS neuron regulation of GnRH neurons 254 
 255 
Characterization of ChR2 expression in RP3VKISS neurons  256 
Channelrhodopsin-2 (ChR2) fused with mCherry was targeted to RP3VKISS neurons by 257 
injecting AAV9-EF1-dflox-hChR2-(H134R)-mCherry-WPRE-hGH bilaterally into the RP3V of 258 
female Kiss1-IRES-Cre mice. Two weeks after AAV injections, mice were given a seven day 259 
OVX+E regimen and killed on the day of the expected LH surge by anesthetic overdose 260 
followed by perfusion fixation. Kisspeptin-immunoreactive cell bodies were located in their 261 
normal distribution (Fig.1D) with 26.1±2.6 kisspeptin-immunoreactive cells detected per 262 
30 m-thick hemi-section at the level of the periventricular nucleus (n=4). Dual-label 263 
kisspeptin/mCherry cells were located throughout the rostro-caudal extent of the RP3V with 264 
61.7±6.1% kisspeptin neurons expressing ChR2, accounting for 59.8±5.8% of all ChR2 265 
neurons in the RP3V (n=4; Fig.1D). The relatively low % of ChR2 cells with kisspeptin 266 
fluorescence likely reflects the relative insensitivity of the immunofluorescence to detect all 267 
kisspeptin neurons (Clarkson et al., 2009a). Control AAV injections performed in wild-type 268 
mice (n=3) resulted in no mCherry expression confirming the Cre-dependence of the viral 269 
vector.  270 
 271 
Optogenetic activation of RP3VKISS neurons in vitro.   272 
To assess the ability of ChR2 to control the firing of RP3VKISS neurons, coronal brain slices 273 
containing the RP3V were prepared from AAV-injected OVX+E Kiss1-IRES-Cre mice killed on 274 
the day of the expected LH surge. The action potential firing of RP3VKISS neurons was 275 
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recorded by making cell-attached recordings from mCherry-expressing cells and blue light 276 
(470 nm, 2ms) delivered to the slice at 1, 2, 5, 10, 20 and 40Hz (10 pulses per train). RP3VKISS 277 
neurons exhibited action potentials in response to blue light activation with high fidelity 278 
(Fig.1A). Stimulation at 1-10Hz induced action potentials with 100% fidelity while 279 
frequencies of 20Hz and 40Hz generated 89±5 and 35±11% fidelity, respectively (n=10 cells, 280 
4 mice; Fig.1B). The response at 40Hz stimulation was significantly reduced compared with 281 
other frequencies (repeated measures ANOVA F(5,45) = 28.54, p<0.001, post-hoc Tukey’s 282 
tests; Fig.1B). These data show that ChR2-expressing RP3VKISS neurons can faithfully follow 283 
blue light activation up to moderately high stimulation frequencies. Many RP3VKISS neurons 284 
in proestrous female mice fire action potentials in a bursting pattern that, although variable 285 
between cells, often appears as periods of firing with similar on and off intervals (de Croft et 286 
al., 2012; Piet et al., 2015a).   As such, we were interested in examining the effects of 287 
patterned “bursting” activation of ChR2-expressing RP3VKISS neuron and chose to use 10Hz 288 
stimulation with 6s on, 6s off, for 5 min. ChR2-expressing RP3VKISS neurons responded with 289 
near-perfect fidelity of 99±0.1% and 99±1% to both continuous (10Hz for 5 min) and 290 
bursting (5 min) patterns of blue light activation (n=6, 4 and 3 mice, respectively; Fig.1C). 291 
 292 
Optogenetic activation RP3VKISS GnRH neuron pathway in vitro. 293 
Coronal brain slices containing the rPOA were prepared from AAV-injected OVX+E Kiss1-294 
IRES-Cre; GnRH-GFP mice killed between 11:00-13:00h to ensure that the responses of 295 
GnRH neurons are examined on the afternoon of the expected GnRH/LH surge. These slices 296 
include the somata and proximal dendrites of GFP-expressing GnRH neurons, alongside the 297 
projections of ChR2-expressing RP3VKISS neurons (Fig.2AB).   298 
 299 
We first investigated the effect of trains of 470nm light stimulation on the electrical activity 300 
of GFP-expressing GnRH neurons. Blue light elicited a delayed, reversible increase in action 301 
potential firing that greatly outlasted the duration of the stimulation (Fig.2C). Overall, 69 of 302 
97 GnRH neurons (71%) increased their firing in response to blue light stimulation while a 303 
minority of GnRH neurons (29%) were not affected (Fig.2D). We next observed the 304 
dependence of these responses upon stimulation frequency by delivering trains of 300 blue 305 
light pulses at various rates. Of the GnRH neurons exhibiting an increase in firing in response 306 
to 10 or 20 Hz, 80% and 50% responded to a stimulation delivered at 5 and 2 Hz, 307 
respectively (p=0.023, 2 vs 10 Hz, Fisher’s exact test; Fig.2E). Furthermore, the magnitude of 308 
GnRH neuron responses significantly increased with increasing stimulation frequencies 309 
(Kruskal-Wallis test (14.18), p=0.003, post-hoc Dunn’s tests; n=8-10, 6-9 mice; Fig.2F). We 310 
then varied the duration of blue light stimulation trains delivered at 10 Hz. Of the GnRH 311 
neurons responding to a 30 or 60 s stimulation train, 22% were excited by a 10s train while 312 
none were activated by a 5s stimulation (5 and 10s vs 30 and 60s, Fisher’s exact test, all 313 
comparisons p<0.002; Fig.2G). The GnRH neuron change in firing rate increased significantly 314 
with longer train durations (p<0.001, Kruskal-Wallis (22.3) test, post-hoc Dunn’s tests; n=8-315 
9, 6-7 mice; Fig.2H).  316 
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 317 
We next compared the effectiveness of “burst” versus “continuous” 10Hz activation of 318 
RP3VKISS neuron axons. The bursting paradigm (60 pulses at 10 Hz repeated 10 times every 319 
12 s for 2min; Fig.3A) was found to be as effective as the continuous (600 pulses at 10 Hz for 320 
1min; Fig.3B) blue light stimulation in activating GnRH neurons (change in firing 0.71±0.36 vs 321 
0.68±0.39 Hz; Wilcoxon test (W=-4), p=0.81; n=7, 6 mice; Fig.3C,D), with a non-significant 322 
trend towards earlier activation observed with continuous stimulation (Fig.3C). 323 
 324 
 Together, these findings revealed that the selective activation of RP3VKISS neuron axonal 325 
projections provides a robust pathway for stimulating the firing of GnRH neurons. The 326 
activation of RP3VKISS neuron axons at frequencies ≥10 Hz for ≥30 seconds, delivered in 327 
either a continuous or bursting fashion, is sufficient to reliably evoke action potential firing 328 
in GnRH neurons. 329 
 330 
 331 
RP3VGABA neuron regulation of GnRH neurons 332 
 333 
ChR2 control of RP3VGABA neurons.   334 
Channelrhodopsin-2 was targeted to RP3VGABA neurons by injecting the same AAV (AAV9-335 
EF1-dflox-hChR2-(H134R)-mCherry-WPRE-hGH) unilaterally into the RP3V of female Vgat-336 
Cre;tau-GFP reporter mice. Large numbers of mCherry-expressing cells were detected 337 
within and lateral to the RP3V (Fig.4A).  However, even when amplified by 338 
immunofluorescence, the level of GFP expression was insufficient to unambiguously identify 339 
individual GFP-tagged GABA neurons and this precluded a quantitative assessment of 340 
mCherry expression in GABAergic neurons. No mCherry was found in AAV-injected wildtype 341 
littermates. 342 
 343 
To assess the ability of ChR2 to control the firing of RP3VGABA neurons, coronal brain slices 344 
containing the RP3V were prepared from AAV-injected, OVX+E mice killed on the day of the 345 
expected LH surge. Following from the RP3V kisspeptin experiments, and previous 346 
observations (Liu et al., 2011), we chose to examine the effects of 2Hz and 10Hz optogenetic 347 
activation that we reasoned would evoke GABA alone (2Hz) or GABA and neuropeptide 348 
(10Hz) release from GABAergic neurons. Cell-attached recordings were made from mCherry-349 
expressing RP3VGABA neurons and 470-nm light delivered at 2Hz or 10Hz for 5 min (Fig.4B). 350 
Spike fidelity was 100% with 2Hz activation and 92±7% with 10Hz (n=5, 3 mice; Fig.4B). 351 
 352 
Optogenetic activation RP3VGABA GnRH neuron pathway in vitro 353 
Coronal brain slices containing the rPOA were prepared from AAV-injected OVX+E Vgat-Cre; 354 
GnRH-GFP mice killed between 11:00-13:00h on the day of the expected LH surge.  The 355 
effects of 600 light pulses given at 2Hz (5 min) or 10Hz (1 min) on GnRH neuron firing were 356 
determined. Optogenetic activation of rPOA ChR2-expressing GABAergic fibers could evoke 357 
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an immediate increase in GnRH neuron action potential firing during the stimulation and/or 358 
a delayed and prolonged increase in firing that outlasted the period of stimulation 359 
(Fig.5A,B).  360 
 361 
Activating ChR2-expressing axons at 2 Hz caused an “immediate only” response in 11 of 31 362 
(35%) GnRH neurons (7 mice), a “delayed only” response in 7 (23%) GnRH neurons (5 mice;) 363 
and both an immediate and delayed response in 2 GnRH neurons (7%, Fig.5A). The 364 
remaining 11 (35%) GnRH neurons (8 mice) did not show any response to 2 Hz activation. 365 
When 10 Hz blue-light stimuli were applied to rPOA slices, 6 of 33 (18%) GnRH neurons (5 366 
mice) exhibited an “immediate only” response, 10 (30%; 6 mice) showed a “delayed only” 367 
rise in firing frequency and 13 GnRH neurons (39%, 8 mice) exhibited both types of 368 
responses (Fig.5B). Four of 33 (12%) GnRH neurons showed no response to blue light 369 
stimulation.  370 
 371 
The overall percentage of GnRH neurons exhibiting the immediate increases in firing was 372 
similar between 2 and 10 Hz stimulations (42 and 58%, respectively, p=0.31 Fisher’s exact 373 
test) although the magnitude of the effect was larger at 10Hz compared to 2Hz (1.82±0.48 374 
vs 0.32±0.24 Hz, Mann-Whitney U test, p=0.017; Fig.5C). In contrast, the delayed increases 375 
in firing were found more often with 10 Hz (70% GnRH neurons) than 2 Hz (29%) 376 
stimulations (p=0.002 Fisher’s exact test) and the 10Hz activations evoked significantly 377 
larger increases in firing than 2 Hz activations (0.44±0.12 vs 0.11±0.09 Hz, respectively; 378 
Mann-Whitney test, p=0.008; Fig.5D).  379 
 380 
To examine the degree to which GABAA receptor signaling was contributing to these 381 
responses, the effects of pretreatment with gabazine (5 M) were examined. The 382 
immediate responses of GnRH neurons were abolished completely by the GABAA receptor 383 
antagonist at both 2 Hz (0.66±0.19 to -0.08±0.09 Hz, n=6 in 4 mice; Wilcoxon test (W=-21), 384 
p=0.031) and 10 Hz (1.86±0.70 to 0.11±0.15 Hz, n=6 in 5 mice; Wilcoxon test (W=-21), 385 
p=0.031; Fig.5E). In contrast, GABAA receptor blockade had no significant effect on the 386 
delayed responses observed with 2Hz (0.25±0.14 to 0.33±0.14 Hz, n=5 in 3 mice; Wilcoxon 387 
test (W=3), p=0.813) or 10Hz (0.49±0.17 to 0.39±0.19 Hz, n=9 in 5 mice; Wilcoxon test (W=-388 
33), p=0.0547; Fig.5F).  389 
 390 
These observations reveal that stimulation of RP3VGABA axons can evoke an immediate 391 
GABAA receptor-mediated activation of GnRH neuron firing and/or a delayed, prolonged 392 
stimulation that is independent of GABAA receptor activation. 393 
 394 
 395 
RP3VKISS and RP3VGABA neuron regulation of LH secretion in vivo 396 
 397 
Effects of optogenetic activation RP3VKISS neurons on LH secretion in vivo.  398 
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The studies above demonstrate that 10Hz activation of RP3VKISS neurons exerts potent, long-399 
lasting stimulatory effects upon GnRH neuron firing in vitro.   To determine the functional 400 
relevance of these findings, we examined the effects of RP3VKISS neuron activation on LH 401 
secretion in vivo. Anesthetized, AAV-injected, OVX+E mice were implanted with a 100 m-402 
diameter optic fiber ending just above the RP3V at 15:00h on the day of the expected LH 403 
surge and optogenetic stimulation coupled with tail-tip serial blood sampling begun 90min 404 
later.   405 
 406 
In the first experiment, the effect of “continuous” 10Hz blue light stimulation (473nm laser, 407 
5mW) for 15 min on LH secretion was examined in AAV-injected Kiss1-IRES-Cre+/- (N=5) and 408 
AAV-injected Kiss1-IRES-Cre-/- (control, N=5) mice.  In Kiss1-IRES-Cre+/- mice, activation of 409 
ChR2 was found to evoke a substantial increase in LH secretion with peak LH =6.2±0.9 ng/ml 410 
(repeated measures ANOVA F(1.5, 5.9) = 25.8, p=0.0016; post-hoc Dunnett’s tests p=0.007, 411 
0.023, 0.041 at 10, 15, 20 min, respectively) that peaked at the end of the 15-min 412 
stimulation and then slowly declined to reach basal levels by 80 min (Fig.6A). The identical 413 
treatment to AAV-injected, Cre-negative littermate controls resulted in no changes in LH 414 
secretion (Fig.6A). We next examined the effect of a longer 30 min period of RP3VKISS neuron 415 
stimulation and also compared the effects of “continuous” and “bursting” patterns of 416 
RP3VKISS neuron stimulation. Continuous 10Hz activation for 30 min (18,000 pulses) evoked 417 
a large increase in LH secretion that continued to rise to peak levels of 7.0±0.7 ng/ml LH 418 
(repeated measures ANOVA F(2.3, 9.1) = 28.3, p<0.0001; post-hoc Dunnett’s tests p=0.002, 419 
0.010, 0.003, 0.002, 0.001, 0.001, 0.005, 0.008 at 10, 15, 20, 25, 30, 35, 50 and 65 min, 420 
respectively) by the end of the period of illumination, with a slow return towards basal 421 
levels for the duration of the experiment (Fig.6B).  The bursting pattern of activation for 30 422 
min (10Hz, 6s on 6s off; 9,000 pulses total) generated peak LH levels of 9.0±0.9 ng/ml LH 423 
(repeated measures ANOVA F(1.5, 4.4) =9.22, p=0.029; post-hoc Dunnett’s tests p=0.042, 424 
0.024, 0.019 at 25, 30 and 35 min, respectively) followed by a similar slow decline (Fig.6B). 425 
The profiles of LH secretion generated by continuous and bursting patterns of RP3VKISS 426 
neuron activation were not significantly different (two-way repeated measures ANOVA 427 
F(8,56)=1.09, p=0.384; Fig.6B). Similarly, the total LH released above baseline, measured as 428 
area under the curve, was not significantly different between the continuous (37±2 ng/ml) 429 
and bursting (51±9 ng/ml) patterns of RP3VKISS neuron activation (Mann-Whitney test, 430 
p=0.286). 431 
 432 
Effects of optogenetic activation RP3VGABA neurons on LH secretion in vivo.  433 
Anesthetized, AAV-injected, OVX+E Vgat-Cre mice were treated in the same manner as 434 
Kiss1-IRES-Cre mice above.  The effects on LH secretion of “continuous” 2Hz and 10Hz 435 
stimulation for 15 min (5ms pulses, 473nm laser at 5mW) on LH levels was examined. 436 
Activation at 2Hz was found to generate a small delayed rise in LH secretion but this was not 437 
significantly greater than baseline (N=8, repeated measures ANOVA F(1.7,11.6)=2.0, 438 
p=0.184) or different to controls (N=4, repeated measures ANOVA F(2.0,6.0)=0.48, p=0.641; 439 
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Fig.6C). Controls were mice with either no AAV transfection or misplaced optic fibers above 440 
or lateral to the RP3V. Activation at 10Hz evoked a potent increase in LH secretion reaching 441 
5.0±0.7 ng/ml by the end of the blue light stimulation (N=7, repeated measures ANOVA 442 
F(2.3,13.7)=21.6, p<0.001, post-hoc Dunnett’s tests p=0.049, 0.008, 0.005 and 0.009 at 10, 443 
15, 20 and 35min, respectively) with levels declining towards baseline by 60 min (Fig.6D).  444 
Control mice with no ChR2 transfection or miss-placed optic fibers exhibited no change in 445 
LH secretion during 10Hz blue light illumination for 15 min (N=6, repeated measures ANOVA 446 
F(2.7,13.5)=2.98, p=0.073; Fig.6D).  447 
 448 
 449 
Relative contributions of RP3V GABA-kisspeptin signalling in regulating GnRH neuron 450 
firing 451 
 452 
The above data demonstrate that the 10Hz stimulation of RP3VKISS and RP3VGABA neurons is 453 
a powerful activator of GnRH neuron firing resulting in potent and long-lasting effects on LH 454 
secretion. Furthermore, direct comparisons between the effects of 10Hz activation of 455 
RP3VKISS and RP3VGABA neurons on GnRH neuron firing in vitro (Fig.7A) and on LH secretion in 456 
vivo (Fig.7B) revealed very similar electrical and secretion response profiles. As 20-75% of 457 
RP3VKISS neurons are GABAergic (Cravo et al., 2011; Cheong et al., 2015), it was likely that 458 
10Hz optogenetic stimulation in these two animal models was activating the same 459 
population of RP3V neurons utilizing GABA-kisspeptin co-transmission. 460 
 461 
To explore this, we first established the degree to which GABAA receptor signaling was 462 
contributing to GnRH neuron responses following optogenetic activation of RP3VKISS 463 
neurons in AAV-injected, Kiss1-IRES-Cre;GnRH-GFP mice. A brain slice preparation was 464 
established in which two 1-min stimuli (10Hz) separated by 15 min generated identical 465 
GnRH neuron responses (Fig.7C).  We then tested the role of GABAA transmission by 466 
including 5 M gabazine over the time of the second stimulus (S2).   The presence of 467 
gabazine during S2 resulted in a marked reduction in the immediate GnRH neuron response 468 
(0.65±0.23 to -0.07±0.07 Hz, p=0.009, 2-way ANOVA with Bonferroni post-test; Fig.7D) while 469 
the delayed GnRH neuron response was unaffected (0.52±0.07 to 0.42±0.08 Hz, p=0.999, 470 
two-way ANOVA with Bonferroni post-test; n=10 in 5 mice; Fig.7C-E).  471 
 472 
This indicated that, as in experiments stimulating RP3VGABA neurons, GABA release 473 
contributed to immediate GnRH neuron responses to RP3VKISS neurons activation. To verify 474 
this, we re-assessed the responses of individual GnRH neurons to optogenetic RP3VKISS 475 
neuron activation and found that 9 of 69 responding GnRH neurons (13%) exhibited the 476 
immediate activation profile (Fig.7G).  In the next experiment, we identified four such GnRH 477 
neurons exhibiting this immediate response in Kiss1-IRES-Cre;GnRH-GFP mice (N=4), and 478 
tested the effects of gabazine.  This was again found to abolish the immediate activation 479 
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evoked by 10 Hz blue-light stimulation (change in firing 0.79±0.23 to -0.17±0.17Hz, one-way 480 
paired t-test, p=0.042) while having no effect on the delayed response (Fig.7H). 481 
 482 
In the absence of effective kisspeptin receptor antagonists (Albers-Wolthers et al., 2017), 483 
the contribution of kisspeptin to GnRH neuron responses after RP3VGABA neuron activation is 484 
difficult to establish. Nevertheless, using dual immunofluorescence we were able to 485 
demonstrate that 21±8% of RP3V kisspeptin neurons expressed mCherry/ChR2 in AAV-486 
injected, OVX+E Vgat-Cre mice (N=5). Thus, as in Kiss1-IRES-Cre animals, optogenetic 487 
stimulation in Vgat-Cre mice would be expected to activate a population of GABA-kisspeptin 488 
neurons that project to GnRH neurons.  489 
 490 
To evaluate the functional importance of the neuropeptide kisspeptin in RP3V neurons, we 491 
returned to the in vivo optogenetic approach but took advantage of a different kisspeptin-492 
Cre mouse line in which homozygous mice have Kiss1 deleted from all Cre-expressing 493 
kisspeptin neurons (Yeo et al., 2016). Anesthetized, AAV-ChR2-injected, Kiss1-Cre+/+ OVX+E 494 
mice of this line were given the sample blood sample collection and 15-min RP3V blue light 495 
illumination protocol as in the prior experiments. This was found to have no effect on LH 496 
secretion (repeated measures ANOVA F(1.4,2.7)=4.95, p=0.124; Fig.7B).  497 
 498 
 499 
 500 
Discussion 501 
 502 
We report here that the RP3V provides two parallel input streams to GnRH neurons 503 
represented by a fast, low-frequency activated GABAergic pathway and slower onset, high-504 
frequency stimulated kisspeptin signal (Fig.8). While these input streams occur can within 505 
individual RP3V neurons co-expressing GABA and kisspeptin, it is evident that some RP3V 506 
neurons express only GABA or kisspeptin.  In considering the functional implications of 507 
these RP3V inputs we first discuss kisspeptin and GABA as individual components before 508 
addressing co-transmission.  509 
 510 
RP3VKISS neuron control of GnRH neurons and LH secretion 511 
The selective optogenetic activation of RP3VKISS neurons was found to trigger a delayed but 512 
powerful stimulation of firing in ~70% of GnRH neurons. This is in good agreement with 513 
evidence that RP3VKISS neurons project to GnRH neurons (Kumar et al., 2015; Yip et al., 514 
2015), that express the kisspeptin receptor in a selective manner within the rPOA (Herbison 515 
et al., 2010), and that exogenous kisspeptin generates a similar delayed but potent 516 
activation of ~80% of GnRH neurons (Piet et al., 2015b). We find that RP3VKISS neurons need 517 
to be activated at 5-10Hz for at least 30s to activate spiking in GnRH neurons. A prior study 518 
has reported that 20Hz optogenetic stimulation at 30s depolarizes GnRH neurons in vitro 519 
(Qiu et al., 2016). This 10Hz threshold for kisspeptin neuron activation is compatible with 520 
the prevailing concept that neuropeptide secretion requires high frequency stimulation of 521 
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the nerve terminal (Lundberg and Hokfelt, 1983; Verhage et al., 1991; Leng and Ludwig, 522 
2008; Schone and Burdakov, 2012).   523 
 524 
The selective activation of RP3VKISS neurons also resulted in a robust increase in LH secretion 525 
in vivo. This observation provides critical support for the hypothesis that RP3VKISS neurons 526 
underlie the generation of the GnRH/LH surge (Clarkson and Herbison, 2009; Oakley et al., 527 
2009; Roa et al., 2009; Khan and Kauffman, 2012; Herbison, 2016). We find that activating 528 
RP3VKISS neurons for 15 min generates a 1h-long, ~6ng/ml rise in LH whereas activation for 529 
30 min evokes a 90 min-duration increase in LH with peak levels of ~8ng/ml.  While the 530 
amplitude of the rise in LH is the same as the endogenous LH surge in OVX+E mice (~8ng/ml 531 
LH), the profile of LH secretion is different with optogenetics generating a rapid 15-30 min 532 
increase to peak compared with the normal gradual rise over ~ 90 min (Czieselsky et al., 533 
2016).  As also indicated by cFOS studies in GnRH and kisspeptin neurons (Lee et al., 1992; 534 
Poling et al., 2017), this suggests that a more gradual pattern of increased RP3VKISS neuron 535 
firing occurs on the afternoon of the surge.  536 
 537 
We also examined here the impact of evoking a bursting pattern of kisspeptin input to the 538 
GnRH neurons. While this generated a profile of GnRH neuron activation equivalent to that 539 
of the continuous stimulation, it was intriguing to note that this was much more efficient at 540 
generating LH secretion in vivo with 9,000 burst pulses having same magnitude effect as 541 
18,000 continuous pulses. This suggests that the bursting activation of GnRH neurons, and 542 
presumably episodic release of GnRH into the pituitary portal system, is a more efficient 543 
stimulation profile for the pituitary gland at the time of the surge. Interestingly, this was not 544 
found to be the case for the pulsatile mode of LH secretion (Campos and Herbison, 2014). 545 
 546 
 547 
RP3VGABA neuron control of GnRH neurons and LH secretion 548 
A previous study using low frequency electrical activation of all neurons in the RP3V 549 
identified the presence of GABAergic inputs from this area to GnRH neurons (Liu et al., 550 
2011). This is confirmed here using more selective optogenetic activation of RP3VGABA 551 
neurons. While we were unable to establish immunohistochemically that ChR2 was 552 
expressed only in GABA neurons in the RP3V, we note that the Vgat-Cre line used here 553 
targets GABAergic neurons selectively throughout the brain (Vong et al., 2011) and that the 554 
immediate effects of optogenetic RP3VGABA neuron activation were abolished completely by 555 
a GABAA receptor antagonist.  556 
 557 
The activation of RP3VGABA neurons in the brain slice generated an immediate GABAA 558 
receptor-mediated increase in firing in ~50% of GnRH neurons. This confirms the excitatory 559 
nature of GABAA receptor activation by endogenous GABA release in adult GnRH neurons 560 
(Herbison and Moenter, 2011). In many cases, we note that the increase in GnRH firing did 561 
not persist for the duration of optogenetic stimulation. This may be due to the fatigue of the 562 
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releasable pool of GABA from RP3VGABA neuron terminals or a variety of postsynaptic 563 
changes in the GnRH neuron.  564 
 565 
Low frequency 2Hz activation of the RP3VGABA GnRH neuron input generated modest 566 
(<0.3Hz) changes in GnRH neuron firing but no significant effects on LH secretion in vivo. 567 
Although even single action potentials generate elevated calcium concentrations in GnRH 568 
nerve terminals (Iremonger et al., 2017), this indicates that small GABAA receptor-mediated 569 
increases in GnRH neuron firing have little impact on pituitary LH secretion at the time of 570 
the LH surge.  Notably, a selective 90% deletion of GABAA receptor signaling at the GnRH 571 
neuron was previously found to have no effect on the LH surge (Lee et al., 2010) and a 572 
recent study using a realistic model of the LH surge reported that GnRH neuron GABAA 573 
receptor dynamics do not change at this time (Liu et al., 2017). Nevertheless, the acute 574 
administration of GABAA receptor antagonists into the rPOA effectively blocks the LH surge 575 
in rats (Herbison and Dyer, 1991). Thus, although a fast stimulatory RP3VGABA GnRH neuron 576 
pathway clearly exists, its functional impact on gonadotropin secretion remains unclear.  It 577 
is also important to consider that the RP3VGABA input is only one of several GABAergic 578 
pathways impinging on the GnRH neuron cell body (Christian and Moenter, 2007; Penatti et 579 
al., 2010; Moore et al., 2015). 580 
 581 
 582 
GABA-kisspeptin co-transmission 583 
Evidence presented here suggests that the activation of RP3VKISS/GABA neurons for >30s and 584 
~10Hz will be encoded into two parallel frequency-dependent and temporally-differentiated 585 
spike outputs to GnRH neurons (Fig.8). In one stream, GABA acts as a rapid, temporally 586 
precise signal while the other provides a delayed but potent, long-lasting stimulus to GnRH 587 
neurons. This latter action is almost certainly mediated by kisspeptin; it is identical in profile 588 
between Kiss1-IRES-Cre and Vgat-Cre mice, the same as that observed with exogenous 589 
kisspeptin (Piet et al., 2015b), and the effects on LH secretion are ablated completely with 590 
selective deletion of kisspeptin from kisspeptin neurons. This effect of kisspeptin is 591 
compatible with current concepts of slow neuropeptide transmission being used when long-592 
lasting effects are required (Leng and Ludwig, 2008; Schone and Burdakov, 2012); in this 593 
case, the activation of GnRH neurons for hours to generate the GnRH/LH surge (Smith et al., 594 
2006; Herbison, 2016).  595 
 596 
The role of the temporally precise GABA signal in RP3V co-transmission is less clear. The 597 
GABA release itself is shown here to not have any direct impact upon LH secretion and 598 
unlike other GABA co-expressing neurons (Tritsch et al., 2016), does not seem to interact 599 
with its co-transmitter kisspeptin. Blockade of GABAA receptor signaling in vitro was not 600 
found to affect the subsequent delayed activation of GnRH neurons.  It is possible that 601 
conventional, fast GABA signaling represents the “basal” mode of RP3VKISS/GABA GnRH 602 
neuron communication active throughout the estrous cycle, with kisspeptin transmission 603 
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only becoming dominant on the day of the LH surge when sub-populations of RP3VKISS 604 
neurons are able to transcend to >10Hz firing rates (Fig.8).  At present, the firing rates of 605 
RP3VKISS neurons across the estrous cycle or time of the LH surge remain unknown in vivo.  606 
 607 
We note that only ~40% of GnRH neurons were demonstrated to receive RP3V inputs 608 
exhibiting functional GABA-kisspeptin co-transmission. This is not unexpected given that 609 
GABA and kisspeptin are co-expressed in sub-populations of RP3V kisspeptin and GABA 610 
neurons (Cravo et al., 2011; Cheong et al., 2015) and, at this stage, it is unclear which sub-611 
populations of GnRH neurons are innervated by which RP3VKISS/GABA neurons (Kumar et al., 612 
2015; Herbison, 2016). Interestingly, it was recently reported that RP3VKISS neurons 613 
innervating GnRH neurons were enriched in tyrosine hydroxylase (TH) (Kumar et al., 2015), 614 
suggesting that dopamine may be another co-expressed transmitter in these cells. However, 615 
activation of the RP3V as a whole failed to generate dopamine receptor-mediated responses 616 
in GnRH neurons (Liu and Herbison, 2013) and the selective deletion of TH from kisspeptin 617 
neurons was recently found to have no impact on GnRH neurons or fertility (Stephens et al., 618 
2017). It is possible that, as in some other neural populations (Xenias et al., 2015), TH does 619 
not synthesize dopamine in RP3VKISS neurons. 620 
 621 
In summary, we demonstrate that the selective optogenetic activation of RP3VKISS neurons 622 
provides a potent stimulus to GnRH neuron firing and LH secretion at the time of the LH 623 
surge. For many GnRH neurons, sustained activation of RP3V neuronal inputs results in the 624 
generation of two parallel modes of synaptic transmission; a rapid and transient GABAA 625 
receptor-mediated activation and a slower onset kisspeptin-mediated stimulation of long 626 
duration.  During such times of sustained activation, the release of GABA becomes 627 
functionally redundant as the neuropeptide kisspeptin represents the dominant co-628 
transmitter regulating output of the GnRH neuron and LH secretion.   629 
 630 
  631 
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Figure legends 632 
 633 
Figure 1: ChR2-mCherry control of RP3VKISS neuron firing. A: Dual immunofluorescence 634 
showing kisspeptin (green), mCherry (red) and dual-labelled (yellow/orange) cells in the 635 
RP3V of an AAV-ChR2-mCherry injected Kiss1-IRES-Cre mouse. Inset expanded to right. The 636 
relative intensities of the GFP and mCherry result in many cells being orange. An asterisk 637 
indicates two cells expressing only mCherry for reference. B: Example traces illustrating the 638 
response of an RP3VKISS neuron to trains of 10 blue-light pulses delivered at 5, 10, 20 and 40 639 
Hz. C: Summary graph of spike fidelity as a function of stimulation frequency in 10 different 640 
RP3VKISS neurons. Spike fidelity significantly decreases at 40 Hz (**: P<0.01). D: Example 641 
traces illustrating the response of RP3VKISS neurons to a 5-min blue light stimulation train at 642 
10 Hz (continuous) and to burst stimulation (60 pulses at 10 Hz every 12 sec) delivered over 643 
5 minutes (bursts). Insets show individual spikes at expanded timescales.  644 
 645 
Figure 2: Optogenetic activation of RP3VKISS neuron axons excites GnRH neurons.  A: 646 
Schematic representation of optogenetic brain slice experiment. B: Photomicrograph 647 
showing a GnRH-GFP neuron surrounded by RP3V origin mCherry-positive fibers opposing 648 
its cell body and primary dendrite (yellow overlap).  C,D: Example traces and corresponding 649 
rate meters below (10 second bins) of GnRH neurons that increased its firing rate (C) or was 650 
unaffected (D) by 10 Hz blue-light stimulation of RP3VKISS neuron axons. C,D: Increasing 651 
stimulation frequency, with a constant number of pulses, increases the proportion of 652 
responding GnRH neurons (E) and the magnitude of their responses (F). G,H: Increasing the 653 
stimulus duration, at 10 Hz, increases the proportion of excited GnRH neurons (G) and the 654 
magnitude of their responses (H). Bars with differing letters are significantly (P<0.05) 655 
different to each other.  656 
 657 
Figure 3: Continuous versus burst kisspeptin activation of GnRH neurons. A,B: Example 658 
traces and corresponding rate meters (10 second bins) showing a GnRH neuron response to 659 
600 pulses delivered at 10 Hz either in bursts (A) or continuously (B). C. The time course of 660 
averaged responses to burst (white circles) and continuous (grey circles) beginning at the 661 
blue arrow are shown for 7 GnRH neurons. D. The mean change in firing evoked by the two 662 
stimulation patterns is not significantly different. 663 
 664 
Figure 4: ChR2-mCherry control of RP3VGABA neuron firing A: Photomicrograph showing 665 
location of fiber optic and expression of mCherry following unilateral injection of AAV-ChR2-666 
mCherry into the RP3V of a Vgat-Cre mouse. AC, anterior commissure; OC optic chiasm. B: 667 
Example traces illustrating the response of an RP3VGABA neuron to 5-min continuous 668 
stimulation trains at 10 Hz (upper trace) and at 2 Hz (lower trace). Insets show individual 669 
spikes at expanded timescales. 670 
 671 
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Figure 5: Optogenetic activation of RP3VGABA neuron axons excites GnRH neurons. A,B: 672 
Example traces and corresponding rate meters below (10 second bins) illustrating the 673 
effects of blue-light stimulation trains (300 pulses) on GnRH neuron firing. GnRH neurons 674 
increased their action potential firing during the stimulation train (immediate), after the 675 
stimulation train (delayed) or both (immediate & delayed) in response to 2 Hz (A) or 10 Hz 676 
(B) stimuli. C: The immediate response to the stimulation train was seen in similar 677 
proportions of GnRH neurons, but was of larger magnitude at 10 Hz (* P<0.05; numbers of 678 
cells at base of histograms). D: The delayed response to the stimulation train was evoked in 679 
a larger proportion of GnRH neurons and had a larger magnitude at 10 Hz compared with 2 680 
Hz (**: P<0.01). E: The immediate response at both 2 and 10 Hz was abolished by 5 M 681 
gabazine (* P<0.05), whereas the delayed response (F) was not altered.  682 
 683 
Figure 6: Effects on LH secretion of optogenetic activation of RP3VKISSand RP3VGABA neurons 684 
in vivo. A: Activation of RP3VKISS neurons at 10Hz for 15 min increases LH secretion in AAV-685 
injected Kiss1-IRES-Cre mice (n=5) but not wild-type controls (n=5). Symbols in red show 686 
time points significantly different to pre-stimulation values (repeated measures ANOVA with 687 
post-hoc Dunnett’s, see text for exact p values). B: Activation of RP3VKISS neurons at 10Hz 688 
for 30 min using either a bursting (n=4) or continuous (n=5) stimulation pattern significantly 689 
increases LH secretion in AAV-injected Kiss1-IRES-Cre mice. C: Activation of RP3VGABA 690 
neurons at 2Hz for 15 min has no significant effect on LH secretion in AAV-injected Vgat-Cre 691 
mice (n=8) or controls (n=4). D: Activation of RP3VGABA neurons at 10Hz for 15 min 692 
significantly increases LH secretion in AAV-injected Vgat-Cre mice (n=7) but not controls 693 
(n=6). Symbols in red show time points significantly different to pre-stimulation values 694 
(repeated measures ANOVA with post-hoc Dunnett’s tests, see text for exact p values). 695 
 696 
Figure 7: GABA-kisspeptin co-transmission in the regulation of GnRH neuron firing and LH 697 
secretion. A: Superimposition of GnRH neuron firing responses to optogenetic activation 698 
(600 pulses at 10 Hz) of RP3VGABA neuron (white circles) or RP3VKISS neuron (grey circles) 699 
axons. B: Time course of LH secretion in response to 15 min, 10Hz optogenetic activation of 700 
RP3VGABA neurons (from Fig.5D), RP3VKISS neurons (from Fig.5A), and RP3VKISS neurons in 701 
which kisspeptin has been deleted (kiss null). C: Two successive optogenetic activations (600 702 
pulses at 10 Hz) of RP3VKISS neuron axons were delivered at 15-minute intervals, with the 703 
second stimulus delivered in the presence of gabazine (GBZ; 5 M) in the bath. D: Expanded 704 
view of the one minute optogenetic stimulation period showing the suppression of 705 
immediate mean GnRH neuron firing by GBZ (green trace). E: The immediate response was 706 
abolished by GBZ, whereas the delayed response was unaffected (**: p<0.01). F: The 707 
immediate response of a GnRH neuron to a blue-light stimulation train (600 pulses at 10 Hz) 708 
is abolished in the presence of GBZ. G: Time course showing the mean firing rates of 9 GnRH 709 
neurons that exhibited immediate responses to blue-light stimulation in AAV-injected Kiss1-710 
IRES-Cre mice.  H: In a further four GnRH neurons displaying this immediate response 711 
following 10Hz blue light stimulation of RP3VKISS neuron axons (black line), treatment with 712 
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GBZ (green line) abolished the immediate increase in firing but had no effect on the delayed 713 
increase observed after the stimulation.  714 
 715 
Figure 8: Schematic diagram showing proposed frequency-dependent control of GnRH 716 
neuron firing by RP3V neurons. Neurons utilizing GABA alone (green), kisspeptin alone (blue) 717 
and both transmitters innervate GnRH neuron cell bodies and proximal dendrites. Top. At 718 
low firing frequencies (2Hz), RP3V neuronal populations only release GABA that generates 719 
small transient increases in GnRH neuron firing (green) and has no substantial impact upon 720 
LH secretion (red). Bottom. At higher firing frequencies (10Hz), proposed to occur on the 721 
afternoon of proestrus, RP3V inputs to GnRH neurons now release kisspeptin (blue) to 722 
generate the preovulatory LH surge (red).  723 
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