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ABSTRACT 61 
 62 
Orexin (also known as hypocretin) neurons are considered a key component of the ascending 63 
arousal system. They are active during wakefulness, at which time they drive and maintain 64 
arousal, and are silent during sleep.  Their activity is controlled by long-range inputs from many 65 
sources, as well as by more short-range inputs, including from presumptive GABAergic neurons 66 
in the lateral hypothalamus/perifornical region (LH/PF). To characterize local GABAergic input to 67 
orexin neurons we employed channelrhodopsin-2 (ChR2)-assisted-circuit-mapping in brain 68 
slices. We expressed ChR2 in GABAergic neurons (Vgat+) in the LH/PF and recorded from 69 
genetically-identified surrounding orexin neurons (LH/PFVgat → Orx).  We performed all 70 
experiments in mice of either sex. Photostimulation of LH/PF GABAergic neurons inhibited the 71 
firing of orexin neurons through the release of GABA, evoking GABAA-mediated inhibitory 72 
postsynaptic currents (IPSCs) in orexin neurons. These photo-evoked IPSCs were maintained 73 
in the presence of tetrodotoxin, indicating direct connectivity.  Carbachol inhibited LH/PFVgat → 74 
Orx input through muscarinic receptors.  By contrast, application of orexin was without effect on 75 
LH/PFVgat → Orx input, whereas dynorphin, another peptide produced by orexin neurons, 76 

inhibited LH/PFVgat → Orx input through -opioid receptors.  Our results demonstrate that orexin 77 
neurons are under inhibitory control by local GABAergic neurons and that this input is 78 
depressed by cholinergic signaling, unaffected by orexin and inhibited by dynorphin.  We 79 
propose that local release of dynorphin may, via collaterals, provide a positive feedback to 80 
orexin neurons and that during wakefulness orexin neurons may be disinhibited by acetylcholine 81 
and by their own release of dynorphin. 82 
 83 

  84 
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Significance Statement 85 

 86 
The lateral hypothalamus contains important wake-promoting cell populations, including orexin-87 
producing neurons. Iintermingled with the orexin neurons there are other cell populations that 88 
selectively discharge during non-REM or REM sleep. Some of these sleep-active neurons 89 
release GABA and are thought to inhibit wake-active neurons during REM and non-REM sleep. 90 
However, this hypothesis had not been tested. Here we show that orexin neurons are inhibited 91 
by a local GABAergic input. We propose that this local GABAergic input inhibits orexin neurons 92 
during sleep, but that during wakefulness this input is depressed, possibly through 93 
cholinergically-mediated disinhibition and/or by release of dynorphin from orexin neurons 94 
themselves.   95 
 96 
  97 
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INTRODUCTION 98 
 99 

Orexin (also called hypocretin) neurons play an essential role in wake maintenance. 100 
Selective loss of orexin-producing neurons in humans, as occurs in narcolepsy (Blouin et al., 101 
2005; Crocker et al., 2005), results in chronic daytime sleepiness, which can interfere with the 102 
ability of narcopleptics to remain attentive in school, work or while driving (Scammell, 2015).  103 
Disruption of orexin signaling in mice, rats, and dogs produces a very similar phenotype, 104 
including short bouts of wake and frequent transitions between behavioral states (Chemelli et 105 
al., 1999; Mochizuki et al., 2004).  106 

Orexin neurons are wake-active, wake-promoting, fire maximally during wake and 107 
extracellular levels of orexin are highest during wakefulness (Kiyashchenko et al., 2002; Lee et 108 
al., 2005). The firing rate of orexin neurons also increases during periods of movements and 109 
explorative behaviors, whereas they are mostly silent in non-REM (NREM) and REM sleep (Lee 110 
et al., 2005; Mileykovskiy et al., 2005), although occasional discharges are observed during 111 
REM sleep when small movements or twitches occur (Lee et al., 2005; Mileykovskiy et al., 112 
2005).  Optogenetic and chemogenetic activation of the orexin neurons rouses mice from sleep, 113 
prolongs wakefulness and strongly suppresses REM sleep (Adamantidis et al., 2007; Sasaki et 114 
al., 2011). Similarly, intraventricular injection of orexin produces long periods of wakefulness 115 
and suppresses REM sleep for several hours (Mieda et al., 2011).  116 

Our understanding of how orexin neurons and their activity is regulated remains 117 
incompletely understood.  However, several lines of evidence suggest that during NREM and 118 
REM sleep orexin neuronal activity may be suppressed by inhibitory GABAergic inputs. For 119 
example, GABA release in the posterior hypothalamus is higher during NREM and REM sleep 120 
(Nitz and Siegel, 1996) and injection of the GABA antagonist bicuculline during the light-on (or 121 
sleep) period, induces cFos expression in orexin neurons. This latter finding suggests that 122 
during sleep orexin neurons are under an endogenous GABAergic inhibition that prevents them 123 
from firing (Alam et al., 2005). The source of this synaptic GABA remains unknown, although 124 
local GABAergic sleep active neurons may contribute to the inhibition of orexin neurons during 125 
NREM and REM sleep. In general support of this hypothesis, single unit recordings and cFos 126 
studies have shown that the LH/PF region contains a large number of GABAergic (positive for 127 
Vgat immunoreactivity) sleep-active (NREM and REM) neurons (Alam et al., 2002; Koyama et 128 
al., 2003; Hassani et al., 2010).  While many of these GABAergic sleep-active neurons send 129 
descending projections to the brainstem (Verret et al., 2006; Clement et al., 2012), they also 130 
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provide local collaterals (Hassani et al., 2010) that could inhibit surrounding wake-active 131 
neurons during NREM and REM sleep, including the orexin neurons.  132 

Here, we examined local LH/PH GABAergic afferent input to orexin neurons (LH/PFVgat → 133 
Orx) and, moreover, sought to understand how the LH/PFVgat → Orx circuit may be modulated 134 
by cholinergic input and/or local release of orexin and dynorphin.  To do so, we expressed 135 
channelrhodopsin-2 (ChR2) in LH/PFVgat neurons, recorded photo-evoked inhibitory 136 
postsynaptic currents (IPSCs) in surrounding orexin neurons and examined the effect of bath 137 
application of carbachol, orexin and dynorphin on the photo-evoked IPSCs. 138 
 139 
MATERIALS and METHODS 140 

Animals and stereotaxic viral injections 141 

All mice were treated in accordance with guidelines from the NIH Guide for the Care and 142 
Use of Laboratory Animals. All protocols were approved by Beth Israel Deaconess Medical 143 
Center Institutional Animal Care and Use Committee. We used 2-4 month old Vgat-IRES-Cre 144 
mice of either sex. The Vgat-IRES-Cre mice express cre-recombinase under control of the 145 
GABA vesicular transporter promoter to limit recombination to GABAergic neurons (Vong et al., 146 
2011). To activate input from local GABAergic neurons onto orexin neurons, we used in vitro 147 
ChR2-assisted circuit mapping with dual AAV injections. To express ChR2 selectively in LH/PF 148 
GABAergic neurons we, as previously described (Mochizuki et al., 2011), placed unilateral 149 
microinjections of AAV-DIO-ChR2-YFP (9-15nl; AP: -1.3mm, DV: -5.2mm, ML: 0.9mm) (Paxinos 150 
and Franklin, 2001) into the LH/PF region of Vgat-IRES-Cre mice (n = 31 for whole-cell 151 
recordings and n = 2 for in situ hybridization for Vgat mRNA). This is a cre-dependent AAV 152 
coding for ChR2 fused to enhanced yellow fluorescent protein (AAV5 Ef1a-DIO-hChR2 153 
(H134R)-eYFP; 6.6x1012 virus molecules/ml; prepared by the UNC Gene Therapy Center, 154 
University of North Carolina, Chapel Hill). To identify orexin neurons in recording slices, we also 155 
placed unilateral microinjections of AAV-h-orexin-tdTomato (120 nl; AP: -1.3mm, DV: -5.4mm, 156 
ML: 0.9mm) (Paxinos and Franklin, 2001) into the LH/PF region.  In this AAV the construct 157 
contains a 1.3 kb fragment of the human prepro-orexin promoter that drives expression of 158 
tdTomato in orexin neurons (AAV8-h-orexin-tdTomato; 1.7x1013 pfu/ml). The construct was a 159 
kind gift of Takeshi Sakurai, Kanazawa University (Saito et al., 2013) and it was packaged into 160 
an AAV8 by UNC Gene Therapy Center.  161 

Brain slice preparation, recordings and analysis  162 
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We recorded orexin neurons from across the medial-lateral extent of the orexin field. Orexin 163 
neurons were identified by the expression of tdTomato and by post-hoc orexin immunoreactivity. 164 
We and others have previously shown that approximately 80% of the tdTomato-labeled neurons 165 
are double-labeled for orexin immunoreactivity (Saito et al., 2013; Agostinelli et al., 2016). The 166 

tdTomato-labeled neurons lacking orexin are small (<10 m) and ventral and dorsal to the 167 
orexin field whereas all the tdTomato-labeled neurons in the orexin field that were larger than 20 168 

m express orexin and have the typical physiological characteristics of orexin neurons 169 

(Agostinelli et al., 2016). Therefore, we recorded only large (>20 m) tdTomato-labeled neurons 170 
in the LH/PF region.  171 

Six to eight weeks after AAV injections, we prepared LH/PF slices for electrophysiological 172 
recordings. Mice were anesthetized with isoflurane via inhalation, and transcardially perfused 173 
them with ice-cold cutting ACSF (N-methyl-D-glucamine, NMDG-based solution) containing (in 174 
mM): 100 NMDG, 2.5 KCl, 1.24 NaH2PO4, 30 NaHCO3, 25 glucose, 20 HEPES, 2 thiourea, 5 175 
Na-L-ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgSO4 (pH 7.3 with HCl when carbogenated with 176 
95% O2 and 5% CO2). We quickly removed the mouse brains and sectioned them in coronal 177 

slices (250 m thick) in ice-cold cutting ACSF using a vibrating microtome (VT1200S, Leica, 178 
Bannockburn, IL, USA). We transferred the slices containing the LH/PF to normal ACSF 179 
containing (in mM): 120 NaCl, 2.5 KCl, 1.3 MgCl2, 10 glucose, 26 NaHCO3, 1.24 NaH2PO4, 4 180 
CaCl2, 2 thiourea, 1 Na-L-ascorbate, 3 Na-pyruvate (pH 7.4 when carbogenated with 95% O2 181 
and 5% CO2, 310-320 mOsm).  182 

We recorded from orexin neurons that expressed tdTomato using a combination of 183 
fluorescence and infrared differential interference contrast (IR-DIC) video microscopy. We used 184 
a fixed stage upright microscope (BX51WI, Olympus America Inc.) equipped with a Nomarski 185 
water immersion lens (Olympus 40X / 0.8 NAW) and IR-sensitive CCD camera (ORCA-ER, 186 
Hamamatsu, Bridgewater, NJ, USA), and we used Micro-Manager software (Open Imaging) to 187 
acquire real time images. We recorded in whole-cell configuration using a Multiclamp 700B 188 
amplifier (Molecular Devices, Foster City, CA, USA), a Digidata 1322A interface, and Clampex 189 
9.0 software (Molecular Devices). We photostimulated LH/PFVgat cell bodies axons and synaptic 190 
terminals expressing ChR2 using full-field 10 ms flashes of light (~ 10 mW/mm2, 1 mm beam 191 
width, otherwise specified we photostimulated at 0.1 Hz, for a minimum of 30 trials) from a 5 W 192 
LUXEON blue light-emitting diode (470 nm wavelength; #M470L2-C4; Thorlabs, Newton, NJ, 193 
USA) coupled to the epifluorescence pathway of the microscope. 194 

For all the recordings in voltage-clamp mode, we used a Cs-methane-sulfonate-based 195 
pipette solution containing (in mM): 125 Cs-methane-sulfonate, 11 KCl, 10 HEPES, 0.1 CaCl2, 1 196 
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EGTA, 5 Mg-ATP and 0.3 Na-GTP (pH adjusted to 7.2 with CsOH, 280 mOsm). We added 197 
0.5% biocytin in the pipette solution to mark the recorded neurons. We recorded photo-evoked 198 
inhibitory postsynaptic currents (IPSCs) at holding potential of 0 mV in ACSF (Cl- reversal 199 
potential = -64 mV) containing 1 mM kynurenic acid. For the recordings in current-clamp mode, 200 
we used a K-gluconate-based pipette solution containing (in mM): 120 K-Gluconate, 10 KCl, 3 201 
MgCl2, 10 HEPES, 2.5 K-ATP, 0.5 Na-GTP (pH 7.2 adjusted with KOH; 280 mOsm). 202 

Data analysis and statistics. 203 
We analyzed data using Clampfit 10 (Molecular Devices) and IGOR Pro 6 (WaveMetrics, 204 

Lake Oswego, OR, USA). To ensure unbiased detection of the synaptic events, the IPSCs were 205 
detected and analyzed automatically using Mini Analysis 6 software (Synaptosoft, Leonia, NJ, 206 
USA). We considered cells to be responsive to photostimulation if their IPSC probability during 207 
the first 50 ms following the light pulses was greater than 30% (baseline IPSC probability = 6.28 208 
± 0.67%, n = 116). We considered IPSCs to be photo-evoked if they had a latency within ± 1 ms 209 
of the median value calculated in each neuron from the IPSCs recorded in the first 50 ms 210 
following photostimulation. IPSCs with a latency outside that interval were considered to be 211 
independent of photostimulation. We calculated the latency of the photo-evoked IPSCs as the 212 
time difference between the start of the light pulse and the 5% rise point of the first IPSC (Hull et 213 
al., 2009). For the paired pulse test, we used 300 ms inter-pulse intervals. To record photo-214 

evoked synaptic events in the presence of tetrodotoxin (TTX; 1 M), we bath applied the 215 
potassium blocker, 4-AP (1 mM) (Hull et al., 2009; Petreanu et al., 2009). The application of 4-216 
AP prolongs depolarization of the presynaptic terminals it ensures enough Ca2+ influx to trigger 217 
synaptic release in the absence of action potentials (Kole et al., 2007; Shu et al., 2007).  218 

We bath-applied carbachol, orexin and dynorphin-A (DynA) for 10 minutes. Unless 219 
specified, we calculated the amplitude of photo-evoked IPSC in control ACSF, scopolamine and 220 
nor-BNI by averaging the last 30 photo-evoked IPSCs before the drug applications. We 221 
calculated the amplitude of photo-evoked IPSCs for drug applications (carbachol, orexin and 222 
DynA) by averaging the last 30 photo-evoked IPSCs of the 10-minute application interval. And, 223 
for washout, we calculated amplitude by averaging the last 30 photo-evoked IPSCs of the 20-224 
minute wash-out interval.  225 

We measured the sIPSC frequency over a 5 minute interval in control, just before the drug 226 
applications (carbachol, orexin or DynA), over the last 5 minutes of 10-minute drug applications, 227 
and over the last 5 minutes of 15-minute washouts. We statistically compared mean sIPSC 228 
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inter-event interval cumulative distributions using two-way repeated measures ANOVA followed 229 
with Bonferroni's multiple comparisons post-hoc test.  230 

We represented data as mean  SEM and n = number of cells per group. Unless 231 
otherwise specified we compared group means using unpaired, paired t-tests or repeated 232 
measures one-way ANOVA followed with Fisher’s LSD post-hoc test. An α < 0.05 was 233 
considered significant. 234 

Peak-scaled non-stationary fluctuation analysis 235 

We used peak-scaled non-stationary fluctuation analysis to determine changes in GABAA 236 
single channel current (i) or in the number of GABAA channels activated (N) in response to 237 
carbachol and dynorphin (Robinson et al., 1991; Traynelis et al., 1993; Momiyama et al., 2003). 238 
We low-pass filtered and then aligned the peaks of photo-evoked IPSCs. We scaled the 239 
averaged mean-current waveform to the peak amplitude of individual photo-evoked IPSCs, 240 
squared the difference and then sampled this variance time series in 30 bins of equal current 241 
decrement from peak to baseline. The binned variance, was plotted against the mean-current 242 
amplitude. We estimated the N and the i values by least-squares fitting of the peak-scaled 243 
variance and mean-current curve to the equation: δ2 = iI – I2 / N + b where δ2 is the variance, I is 244 
the mean-current, and b is baseline variance. For each cell and each condition (carbachol or 245 
dynorphin applications) we selected a minimum of 20 photo-evoked IPSCs that had no 246 
overlapping spontaneous IPSCs. All the analysis was done using software written in Python 3 247 
(www.python.org). 248 

Chemicals  249 

We purchased orexin-A from Bachem (Bubendorf, Switzerland), dynorphin-A, bicuculline 250 
methiodide, nor-BNI and carbachol from Tocris Bioscience (Ellisville, MO, USA), scopolamine 251 
from Abcam (Cambridge, MA), TTX and kynurenic acid from Cayman Chemical (Ann Arbor, MI, 252 
USA). All other chemicals were from Fisher Scientific (Waltham, MA, USA). 253 

Immunohistochemistry 254 

Immediately following the in vitro recordings, recorded and adjacent slices were fixed 255 
overnight in 10% buffered formalin. To verify the location of ChR2-YFP expressing neurons we 256 
immunolabeled all the slices against YFP. We incubated them over two nights in chicken anti-257 
GFP antibody (1:500; Invitrogen, Carlsbad, CA, USA). This is a polyclonal antibody that reliably 258 
detects GFP as well as YFP. We then incubated the slices overnight in Alexa-488-conjugated 259 
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donkey anti-chicken antibodies (1:500; Jackson ImmunoResearch Laboratories, West Grove, 260 
PA, USA). We wet mounted the immunolabeled slices and we scanned whole sections using a 261 
slide scanner (Olympus VS120) at a final magnification of 200X. We used a z-stack at 1-μm 262 
intervals to image through the section. We viewed stacks of images using OlyVIA software to 263 
identify the region containing transduced somata. We plotted the outline regions containing 264 
ChR2-YFP neurons onto template drawings (Paxinos and Franklin, 2001) using Photoshop 265 
(Adobe). We compiled the distribution of ChR2-YFP expression in a color map using a Python 266 
script (www.python.org) generously provided by Dr. Venner, Harvard University (Venner et al., 267 
2016). We represented the region of overlap of the maximum number of overlapping cases in 268 
white, with the hues to yellow, orange, to deep red indicating fewer cases.   269 

After completing the mapping of the ChR2-YFP expressing neurons, we further processed 270 
the recorded slices for orexin immunolabeling.  We incubated the recorded slices over two 271 
nights in goat anti-orexin-A primary antibody (1:500; Santa Cruz Biotechnology, Dallas, TX, 272 
USA), followed by an overnight incubation in mouse Alexa-647-conjugated anti-goat secondary 273 
antibodies (1:500; Jackson ImmunoResearch Laboratories) and streptavidin-conjugated Alexa-274 
405 (1: 500; Invitrogen) to label the recorded neurons filled with biocytin. We used confocal 275 
microscopy to verify that the recorded neurons (labeled in blue- Alexa-405) were double labeled 276 
for orexin immunoreactivity (labeled in far-red-Alexa-647). We imaged and photographed 277 
double-labeled sections using a Zeiss LSM 880 confocal microscope. We pseudocolored far-red 278 
as magenta.  279 

For the immunostaining in Figure 1B we incubated the sections (40 μm) overnight in 280 
chicken anti-GFP antibody (1:5,000; Invitrogen), followed by 2 hours incubation in donkey biotin-281 
conjugated anti-chicken secondary antibodies (1:500, Jackson ImmunoResearch Laboratories) 282 
and then 1 hour incubation in streptavidin-conjugated Cy5 (1:1000, Molecular Probes, Waltham, 283 
MA, USA). We imaged and photographed the sections using a Zeiss LSM 880 confocal 284 
microscope. We pseudocolored Cy5 as green.  285 

We performed digoxigenin (DIG)-labeled RNA probe in situ hybridization for Vgat RNA in 286 
two Vgat-IRES-Cre mice injected with AAV-DIO-ChR2-YFP into the LH/PF region. Eight weeks 287 
after AAV injection, we anesthetized the mice with isoflurane via inhalation and transcardially 288 
perfused them with 50 ml of buffered 10% formalin (pH 7.0; Fisher Scientific, Fair Lawn, NJ). 289 
Brains were then post-fixed in formalin overnight, cryoprotected in a 20% sucrose solution and 290 

cut into 40 m sections. Sections were washed in RNAse-free phosphate buffered saline (PBS), 291 
containing diethylpyrocarbonate (DEPC) and then incubated in hybridization buffer at 53˚C (1 292 
hour). The Vgat probe was denatured at 80˚C (10 min) and then it was added to the 293 
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hybridization buffer and incubated overnight at 53˚C. The sections were then washed in saline 294 
citrate (SSC) with 50% formamide at 53˚C (2 hours). Sections were washed in tris buffered 295 
saline (TBS; pH 7.5; 30 min), incubated in 1% blocking reagent (Roche Applied Science, 296 
Penzberg, Germany; 30 min) and then incubated overnight in peroxidase conjugated DIG 297 
antibody (1:500, Roche Applied Science, Penzberg, Germany). After being washed in TBS, the 298 
sections underwent Tyramide signal amplification (TSA) Cy3 (1:50, Perkin Elmer, Waltham, MA; 299 
30 min), then they were washed first in TBS and then in PBS, mounted and coverslipped in 300 
deionized water. The Vgat probes were produced by Dr. Shigefumi Yokota, University School of 301 
Medicine, Izumo, Japan. We imaged and photographed the sections using a Zeiss LSM 880 302 
confocal microscope. 303 

 304 

RESULTS 305 

To test whether the activity of orexin neurons is controlled by local GABAergic neurons we 306 
employed ChR2-assisted circuit mapping in vitro brain slices. We specifically expressed ChR2 307 
in GABAergic neurons in the LH/PF region and recorded from fluorescently labeled orexin 308 
neurons. To do so, we injected a cre-dependent AAV-DIO-ChR2-YFP and an AAV-h-orexin-309 
tdTomato into the LH/PF region of Vgat-IRES-Cre mice (Vong et al., 2011). These injections 310 
produce expression of ChR2-YFP in GABAergic neurons and tdTomato in orexin neurons (Fig. 311 
1A-B).  Histological assessment confirmed expression of ChR2 restricted to neurons in the 312 
LH/PF region.  Transduced neurons from individual injections spanned - in the rostral caudal 313 
dimension - from the retrochiasmatic hypothalamus to the caudal pole of the dorsomedial 314 
hypothalamus (DMH), with the shared region of transduction (>80% of mice) spanning from the 315 
rostral ventromedial hypothalamus to the compacta region of the DMH. Within this rostral-316 
caudal continuum, transduced neurons were predominately located lateral to the fornix, medial 317 
to the optic tract and ventral to the zona incerta (see transduction map in Fig. 1C).   318 

To test the selectivity of the AAV-DIO-ChR2-YFP for Vgat expressing neurons in the LH/PF 319 
region we performed DIG-labeled RNA probe in situ hybridization for Vgat RNA in two Vgat-320 
IRES-Cre mice injected with AAV-DIO-ChR2-YFP into the LH/PF region. We found a high level 321 

of selectivity  98.9% of neurons expressing ChR2-YFP (n = 266) also expressed Vgat mRNA 322 
(Fig. 1D). Some neurons (30.5%) expressed Vgat but not ChR2-YFP. 323 

The AAV-h-orexin-tdTomato efficiently labels orexin neurons so that they can be visualized 324 
for in vitro electrophysiological recordings (Saito et al., 2013; Agostinelli et al., 2016). We 325 
recorded from 121 tdTomato labeled neurons in the perifornical region. We efficiently labeled 80 326 
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of the 121 recorded neurons with biocytin from the recording pipette and processed the 327 
recorded slices for orexin immonoreactivity. Seventy-five out of 80 biocytin-filled neurons were 328 
immunolabeled for orexin confirming the orexin phenotype of the recorded neurons (Fig. 1E-F). 329 
The recorded neurons that were negative for orexin immunoreactivity were discarded.  Of the 330 
116 tdTomato labeled neurons used in the analysis, 75 were further confirmed to be orexin 331 
containing neurons by immunostaining for orexin and 41 were only identified by the expression 332 
of tdTomato. Based on the results from the 80 biocytin labeled neurons we estimated that 333 
following the injection of AAV-h-orexin-tdTomato, about 6% (5 out of 80) of the tdTomato-334 
labeled neurons might not express orexin.  335 

Photostimulation of the GABAergic neurons in the LH/PF region inhibited the firing of 336 
orexin neurons (Fig. 2A) and evoked inhibitory postsynaptic currents (IPSCs) in 71 out of 116 337 
recorded orexin neurons (Fig. 2B-D). In addition, of the recorded neurons in which the orexin 338 
phenotype was determined by both expression of tdTomato and post-hoc immunoreactivity for 339 
orexin, 53 out of 75 responded to photo-activation of the LH/PFVgat → Orx input. Photo-evoked 340 
IPSCs were blocked by bicuculline (n = 3) indicating release of GABA and activation of GABAA 341 
receptors (Fig. 2B). Neurons that responded to photostimulation (n = 71), had photo-evoked 342 
IPSCs in response to 2/3 of the light pulses (average probability: 77.3 ± 2.7%; Fig. 2D). There 343 
was no difference in baseline sIPSC probability between neurons that responded to 344 
photostimulation (n = 71) and neurons that did not (n = 45; two-ways ANOVA, F = 0.86, p = 345 
0.56; Fig. 2D). 346 

Photostimulation of the LH/PFVgat → Orx input evoked IPSCs in orexin neurons also in the 347 
absence of action potentials. As others have reported in ChR2-assited circuit mapping studies 348 
(Hull et al., 2009; Dergacheva et al., 2017), we also found that TTX (1 μM) alone eliminates the 349 
photo-evoke IPSCs but they were reinstated after coapplication of 4-AP (TTX and 4-AP 1 mM, 350 
in 12 out of 14 neurons tested). These results support direct monosynaptic connectivity between 351 
LH/PF GABAergic neurons and most of the orexin neurons (Fig. 2E). In two of these neurons in 352 
which the photo-evoked IPSCs were maintained in TTX and 4-AP the orexin phenotype was 353 
determined by both the expression of tdTomato and by post-hoc immunoreactivity for orexin. 354 
Paired pulse tests (300 ms inter-pulse intervals) showed robust paired pulse depression (PPR: 355 
0.386 ± 0.086, n =8; p = 0.013, paired t-test, comparing P1 vs P2 photo-evoked IPSC 356 
amplitudes) suggesting high synaptic release probability in response to photostimulation of 357 
LH/PFVgat → Orx input (Fig. 2F). The average photo-evoked IPSC peak amplitude was 46.73 ± 358 
5.54 pA and photo-evoked IPSC latency was 7.23 ± 0.35 ms (n = 71; Fig. 2G-H). Furthermore, 359 
the neurons in which connectivity was maintained in TTX had an average photo-evoked IPSC 360 
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latency of 6.27 ± 0.54 ms (n = 12), whereas, the two neurons in which the photo-evoked IPSCs 361 
disappeared in TTX had longer latencies: 14.1 ms and 17.9 ms (Fig. 2G-H). Long latency 362 
together with TTX sensitivity in a small number of neurons is supportive of additional 363 
polysynaptic connectivity.  364 

The effects of carbachol, orexin and dynorphin on the LH/PFVgat → Orx input 365 

The orexin field is innervated by cholinergic fibers (Schafer et al., 1998) and cholinergic 366 
agonists depolarize and increase the firing of orexin neurons through the activation of 367 
postsynaptic muscarinic receptors (Yamanaka et al., 2003; Bayer et al., 2005; Ohno et al., 368 
2008).  We therefore examined the effects of carbachol specifically on input from local 369 
GABAergic neurons to orexin neurons (LH/PFVgat → Orx). We photostimulated LH/PF 370 
GABAergic neurons and tested the effects of carbachol on photo-evoked IPSCs in orexin 371 
neurons (Fig. 3). Carbachol (15 μM) reduced the amplitude of the photo-evoked IPSCs by 47.91 372 
± 6.97% and this effect was reversed after 20 min washout (n = 10; repeated measures one-373 
way ANOVA and Fisher’s LSD post-hoc test, p = 0.021, control vs carbachol and p = 0.024, 374 
washout vs carbachol; Fig. 3A). Of these ten neurons in which carbachol inhibited the LH/PFVgat 375 
→ Orx input, 8 were identified as orexin containing neurons by both the expression of tdTomato 376 
and by post-hoc immunoreactivity for orexin. The muscarinic receptor antagonist scopolamine 377 
(10 μM) abolished the effect of carbachol (n = 5; p = 0.85, paired t-test when comparing the 378 
photo-evoked IPSC amplitude in scopolamine vs scopolamine + carbachol and p < 0.001 379 
unpaired t-test when comparing the reduction of the photo-evoked IPSC amplitude by carbachol 380 
in control ACSF and by carbachol in scopolamine) demonstrating that carbachol inhibits the 381 
LH/PFVgat → Orx input through muscarinic receptors (Fig. 3B-C). The effect of carbachol on the 382 
photo-evoked IPSC amplitude was not associated with changes in photo-evoked latency (n = 383 
10; one-way ANOVA, F = 0.182, p = 0.834; Fig. 3D) or probability (one one-way ANOVA, F = 384 
2.453; p = 0.105; Fig. 3E). We also found that in the same neurons in which carbachol inhibited 385 
the LH/PFVgat → Orx input, carbachol had no effect on the spontaneous IPSC frequency 386 
(sIPSCs; n = 10, one-way ANOVA, F = 0.038, p = 0.963; Fig. 3F-G). This finding indicates that 387 
while the LH/PFVgat → Orx input is greatly suppressed by cholinergic agonists, most of the 388 
GABAergic input to the orexin neurons is unaffected suggesting that the cholinergic control of 389 
the GABAergic input to orexin neurons is input selective. 390 

During wakefulness orexin is released locally and acts in a positive feedback manner on 391 
orexin neurons (Kiyashchenko et al., 2002; Li et al., 2002; Yamanaka et al., 2010). We therefore 392 
examined the effects of orexin on the LH/PFVgat → Orx input and found that orexin-A (300 nM) 393 
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had no effects on the amplitude of the photo-evoked IPSCs (n = 7; p = 0.24, paired t-test; when 394 
comparing the photo-evoked IPSC amplitude in control ACSF vs orexin; Fig. 4A-B) indicating 395 
that LH/PFVgat → Orx input is not controlled by local release of orexin. Of these seven neurons 396 
in which orexin had no effect on the LH/PFVgat → Orx input, 5 were identified as orexin 397 
containing neurons by both the expression of tdTomato and by post-hoc immunoreactivity for 398 
orexin. We also found that orexin-A did not affect the photo-evoked IPSC latency (n = 7; one-399 
way ANOVA, F = 0.223 and p = 0.803; Fig. 4C), or probability (one one-way ANOVA, F = 2.882 400 
and p = 0.089; Fig. 4D) and in the same neurons in which orexin-A had no effect on the  401 
LH/PFVgat → Orx input, orexin-A significantly increased the sIPSC frequency (+27.90 ± 8.03%; n 402 
= 7; one-way ANOVA and Fisher’s LSD post-hoc test, p = 0.029, control vs orexin-A; and p = 403 
0.0347; Fig. 4E-F). Thus, unlike carbachol that only reduced the LH/PFVgat → Orx input but had 404 
no effect on the sIPSC frequency, orexin-A had no effect on the input from local GABAergic 405 
neurons (LH/PFVgat → Orx input) but it increased the frequency of the overall GABAergic input to 406 
orexin neurons. The source of this GABAergic input that is increased by orexin remains 407 
unknown.    408 

Orexin neurons also produce and co-release the endogenous opiate dynorphin (Chou et 409 
al., 2001; Torrealba et al., 2003; Crocker et al., 2005; Muschamp et al., 2014). Dynorphin 410 
inhibits orexin neurons directly and indirectly by depressing glutamatergic afferent inputs to 411 
orexin neurons (Li and van den Pol, 2006). We next examined the effects of dynorphin on the 412 
LH/PFVgat → Orx input. Dynorphin-A (DynA; 500 nM) reduced the amplitude of the photo-evoked 413 
IPSCs by 37.53 ± 5.99%, and was reversed after 20 min washout (n = 7 one-way ANOVA and 414 
Fisher’s LSD post-hoc test, p = 0.047, control vs DynA and p = 0.048, washout vs DynA; Fig. 415 
5A; in 4 of these seven neurons the orexin phenotype was determined by both the expression 416 

of tdTomato and by post-hoc immunoreactivity for orexin). The -opioid receptor antagonist nor-417 

BNI (1 M) completely abolished the effects of DynA on the photo-evoked IPSC amplitude 418 

demonstrating that DynA inhibits the LH/PFVgat → Orx input through the activation of -opioid 419 
receptors (n = 5; p = 0.311, paired t-test when comparing the photo-evoked IPSC amplitude in 420 
nor-BNI vs nor-BNI + DynA and p = 0.0015 unpaired t-test when comparing photo-evoked IPSC 421 
amplitude by DynA in control ACSF and by DynA in nor-BNI; Fig. 5B-C). In addition, dynorphin 422 
directly inhibits orexin neurons and this effect has been shown to quickly desensitize (Li and van 423 
den Pol, 2006). Conversely, we found that the effect of DynA on the LH/PFVgat → Orx input did 424 
not desensitize during the 10-minute application (n = 7, p = 0.169, paired t-test when comparing 425 
DynA -mediated inhibition of photo-evoked IPSCs at 5 min vs 10 min DynA applications; Fig. 5 426 
A,C). We also found that DynA did not affect the photo-evoked IPSC latency (n = 7; one-way 427 
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ANOVA, F = 0.146, p = 0.866; Fig. 5D), or probability (one-way ANOVA, F = 1.084 and p = 428 
0.359; Fig. 5E). In the same neurons in which DynA inhibited the LH/PFVgat → Orx input, DynA 429 
also significantly reduced the sIPSC frequency:  +29.76 ± 7.69% (n = 7 one-way ANOVA and 430 
Fisher’s LSD post-hoc test, p = 0.019, control vs DynA; Fig. 5F-G). Unlike carbachol and orexin, 431 
DynA reduced both the LH/PFVgat → Orx input and the overall GABAergic input to orexin 432 
neurons. 433 

We next used the peak-scaled non-stationary fluctuation analysis (Traynelis et al., 1993; 434 
Momiyama et al., 2003) to assess whether carbachol and dynorphin inhibit the LH/PFVgat → Orx 435 
input by affecting the unitary GABAA current or the number of GABAA receptors activated or 436 
both (Fig. 6). For each cell, we obtained parabolic variance vs current amplitude curves. We 437 
estimated the ionic channel current (i) and the number of activated channels (N) open at the 438 
peak of the photo-evoked IPSCs, in control and during carbachol and DynA inhibition of the 439 
photo-evoked IPSCs. We found that carbachol and DynA reduced the photo-evoked IPSC 440 
amplitude not by reducing GABAA unitary current, which remained unchanged (“i” in control: 441 
0.52.x ± 0.02 pA; carbachol: 0.51 ± 0.04 pA; n = 8, p = 0.64, paired t-test, Fig.6A and B; and 442 
control: 0.52 ± 0.03 pA; and in DynA: 0.52 ± 0.03 pA; n = 8, p = 0.34, paired t-test, Fig. 6C and 443 
D), but by decreasing  the number of activated GABAA channels (“N” in control: 129.3 ± 26.4; 444 
carbachol: 81.1 ± 16.7; n = 8, p = 0.009, paired t-test, Fig.6A and B; and control: 160.7 ± 38.6; 445 
DynA: 114.2 ± 34.3; n = 8, p = 0.004, paired t-test, Fig.6C and D). These results indicate that 446 
both carbachol and dynorphin likely reduce the amount of GABA released by LH/PFVgat neurons 447 
onto the orexin neurons (LH/PFVgat → Orx).   448 

 449 
DISCUSSION 450 

Using ChR2-assisted circuit mapping we showed that GABAergic neurons in the PF/LH 451 
region directly inhibit surrounding orexin neurons through the release of GABA and activation of 452 
GABAA receptors. We then demonstrated that carbachol depresses LH/PFVgat → Orx input 453 
through muscarinic receptors, that orexin has no effect on LH/PFVgat → Orx input, and that 454 

dynorphin reduces LH/PFVgat → Orx input strength through -opioid receptor signaling.   455 

Local GABAergic input to orexin neurons  456 

 The activity of orexin neurons is controlled by ascending and descending afferent inputs 457 
(Yoshida et al., 2006) from many brain regions implicated in behavioral state regulation, 458 
including: the basal forebrain, preoptic area, posterior hypothalamus, dorsal raphe nucleus and 459 
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parabrachial nucleus (Sakurai et al., 2005; Henny and Jones, 2006b; Yoshida et al., 2006; 460 
Fuller et al., 2011; Anaclet et al., 2015; Gonzalez et al., 2016). Recent in vitro optogenetic 461 
studies have confirmed functional synaptic connectivity for some, but not all, of these inputs 462 
(Muraki et al., 2004; Saito et al., 2013; Agostinelli et al., 2016; Chowdhury and Yamanaka, 463 
2016). In addition, there is evidence that local neurons within the orexin field may contribute to 464 
the regulation of orexin neuronal activity, although we are just starting to understand how this 465 
local circuitry functions (Burt et al., 2011; Bonnavion et al., 2016).  466 

In the present study, we employed ChR2-assisted circuit mapping in brain slices, to 467 
selectively activate the LH/PFVgat → Orx input. To identify the orexin neurons, we labeled them 468 
using AAV-h-orexin-tdTomato injected in the LH/PF region. Consistent with previous studies, we 469 
found that ~94% of the recorded tdTomato-labeled cells were double labeled for orexin 470 
immunoreactivity (Saito et al., 2013; Agostinelli et al., 2016). Optogenetic stimulation of the 471 
LH/PF GABAergic neurons confirmed synaptic connectivity to the orexin neurons (LH/PFVgat → 472 
Orx input). We found that photostimulation of GABAergic neurons (i.e., Vgat +) in the LH/PF 473 
region inhibited the firing of surrounding orexin neurons through GABAA signaling and this input 474 
is mainly monosynaptic. In addition, the long response latency (> 10 ms) of some orexin 475 
neurons (~18%) and the sensitivity of photo-evoked IPSCs to TTX (2 out of 14 neurons) 476 
suggests the existence of additional polysynaptic connectivity. We also found that ~ 60% of the 477 
recorded orexin neurons receive input from LH/PF Vgat neurons (i. e., photo-evoked IPSCs in 478 
71 out of 116 recorded orexin neurons) and that ~2/3 of the light pulses evoked IPSCs in the 479 
synaptically connected neurons, indicating high fidelity activation of the LH/PFVgat → Orx input. 480 
The LH/PFVgat → Orx input displayed paired pulse depression supporting a high probability of 481 
synaptic release in response to photostimulation (Debanne et al., 1996; Bonci and Williams, 482 
1997).  483 

The GABAergic neurons that give rise to the LH/PFVgat → Orx input are mainly located in the 484 
orexin field lateral to the fornix, medial to the optic tract and ventral to the zona incerta. 485 
Consistent with this anatomical distribution, a previous study identified small interneurons 486 
projecting to, and intermingled with, orexin neurons, although their neurotransmitter content was 487 
not known (Sakurai et al., 2005). Recent studies have shown that photostimulation of leptin 488 
receptor expressing neurons (LepRb) in the lateral hypothalamus inhibits orexin neurons 489 
through GABA release (Bonnavion et al., 2015), suggesting that some of the LH/PFVgat → Orx 490 
input that we photostimulated may have included LepRb neurons. Conversely, MCH neurons 491 
that have been shown to project to the orexin neurons (Guan et al., 2002) are an unlikely source 492 
of the LH/PFVgat → Orx input, in particular because they appear to express little, if any, Vgat 493 
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(Chee et al., 2015; Jennings et al., 2015; Herrera et al., 2017; Romanov et al., 2017). A recent 494 
study has demonstrated that stimulation of Lhx6 GABAergic neurons of the zona incerta, 495 
promotes sleep by direct inhibition of orexin neurons (Liu et al., 2017). Because our AAV 496 
injections did not included the zona incerta, it is unlikely that we activated the same neurons. On 497 
the other hand, Lhx6 GABAergic neurons are also present in the lateral hypothalamus 498 
(Shimogori et al., 2010), but the question of whether the LH Lhx6 GABAergic neurons are sleep-499 
promoting and project to orexin neurons will need further investigation.     500 

Regulation by cholinergic and peptidergic signaling 501 

The orexin field receives cholinergic afferent inputs (Sakai et al., 1990; Schafer et al., 502 
1998) that mainly originate from cholinergic neurons of the brainstem laterodorsal tegmental 503 
and pedunculopontine tegmental (LDT and PPT) nuclei (Woolf and Butcher, 1986; Sakai et al., 504 
1990; Kroeger et al., 2017) . The projection from the basal forebrain, in contrast, mostly 505 
originates from glutamatergic and GABAergic inputs, with a minimum contribution from the 506 
cholinergic neurons (Gritti et al., 1994; Henny and Jones, 2006b, a; Agostinelli et al., 2016).  507 
Recent studies have also shown that the activity of brainstem cholinergic neurons strongly 508 
correlates with cortical fast activity of wakefulness and REM sleep and activation of these 509 
neurons suppresses slow wave EEG activity (Boucetta et al., 2014; Kroeger et al., 2017). 510 
Furthermore, the firing rate of cholinergic LDT/PPT neurons during active wakefulness, when 511 

fast  and  EEG activities are high, is double that of quiet wakefulness (Boucetta et al., 2014). 512 
Since cholinergic signaling directly excites orexin neurons it has been proposed that 513 
acetylcholine may facilitate the activation of orexin neurons during alert states (Bayer et al., 514 
2005; Sakurai et al., 2005; Ohno et al., 2008; Zhou et al., 2015). We found that carbachol 515 
through muscarinic receptors depresses inhibitory input from local GABAergic neurons to orexin 516 
neurons (LH/PFVgat → Orx). We also found that cholinergic control of the GABAergic input to 517 
orexin neurons is input selective. Carbachol strongly depresses the LH/PFVgat → Orx input 518 
whereas it has no significant effect on sIPSC frequency. This finding indicates that while most of 519 
the GABAergic input to orexin neurons is not affected by cholinergic signaling, the GABA input 520 
from local GABAergic neurons (LH/PFVgat → Orx) is selectively and strongly inhibited. In 521 
addition, peak-scaled non-stationary fluctuation analysis indicates that carbachol inhibits local 522 
GABAergic input to orexin neurons by reducing the number of activated GABAA channels, but 523 
not the GABAA unitary current, supporting a presynaptic mechanism. We propose that, during 524 
wakefulness, release of acetylcholine activates orexin neurons through both a direct (Bayer et 525 
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al., 2005; Sakurai et al., 2005) and an indirect mechanism, i.e., disinhibition by suppressing the 526 
local inhibitory circuit LH/PFVgat → Orx.  527 

A recent optogentic study reported that photostimulation of orexin neurons releases orexin 528 
which in turn affects the activity of MCH neurons, providing important proof of concept that 529 
orexin neurons can control local circuits (Apergis-Schoute et al., 2015). Microdialysis studies 530 
showing that orexin levels in the LH are higher during active wakefulness than during NREM 531 
sleep (Kiyashchenko et al., 2002) provides further support for local release of orexin. We 532 
examined the effects of orexin-A specifically on the LH/PFVgat → Orx input. Unlike what we 533 
found with carbachol applications, orexin-A does not affect the LH/PFVgat → Orx input but 534 
increases the sIPSC frequency in orexin neurons. This finding suggests that, while the local 535 
GABAergic input to orexin neurons is not sensitive to orexin, other GABAergic inputs from 536 
unidentified origins are strongly enhanced by orexin signaling. 537 

Orexin neurons also produce and co-release the endogenous opiate dynorphin (Chou et 538 
al., 2001; Torrealba et al., 2003; Crocker et al., 2005; Muschamp et al., 2014).  Thus, it is 539 
conceivable that, like orexin, dynorphin is also locally released (Li and van den Pol, 2006).  540 
Importantly, orexin and dynorphin are known to produce opposite effects on their post-synaptic 541 
targets. Orexin, for example, excites postsynaptic neurons and increases synaptic inputs, 542 
whereas dynorphin inhibits postsynaptic neurons and synaptic inputs (Tallent, 2008; Bruchas 543 
and Chavkin, 2010; Kukkonen and Leonard, 2014). Similar complex actions by orexin and 544 
dynorphin have been found within the LH (Li et al., 2002; Li and van den Pol, 2006; Yamanaka 545 
et al., 2010; Apergis-Schoute et al., 2015).  In the present study, we found that orexin and 546 
dynorphin differentially affect GABAergic input from local GABAergic neurons to orexin neurons: 547 

orexin has no effect on LH/PFVgat → Orx input, whereas dynorphin acting through -opioid 548 
receptors strongly inhibits the LH/PFVgat → Orx input. Compared to carbachol and orexin, DynA 549 
seams to produce a broader effect on the GABAergic input to orexin neurons. DynA depresses 550 
the LH/PFVgat → Orx input and reduces sIPSC frequency in orexin neurons indicating that in 551 
addition to the LH/PFVgat → Orx input, other GABAergic inputs are depressed by dynorphin.  552 

We also found that dynorphin action is likely presynaptic since, as we found for carbachol, 553 
dynorphin reduced the number of activated GABAA channels but not the GABAA unitary current. 554 
Analogously, previous work has shown that dynorphin in the LH inhibits the GABAergic afferent 555 
input to NPY neurons and this effect is mediated by a presynaptic mechanism (Li and van den 556 
Pol, 2006)   557 

Dynorphin inhibits orexin neurons and this effect quickly desensitizes (Li and van den Pol, 558 
2006), whereas we found that dynorphin inhibits the LH/PFVgat → Orx input and this effect is 559 
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unaltered throughout the duration of DynA application, suggesting that the k-opioid receptors on 560 
the LH/PFVgat → Orx input do not desensitize or they only desensitize following longer 561 
exposures to DynA. Overall our results indicate that local release of orexin and dynorphin 562 
produce a synergistic auto-excitation of orexin neurons.  Specifically, orexin excites orexin 563 
neurons (Li et al., 2002; Yamanaka et al., 2010) whereas, dynorphin directly inhibits orexin 564 
neurons and concurrently disinhibits them by depressing inhibitory afferent inputs from local 565 
GABAergic neurons. While the direct inhibition of the orexin neurons by dynorphin quickly 566 
desensitizes (Li and van den Pol, 2006) , the dynorphin inhibition of the LH/PFVgat → Orx is 567 
maintained. These results suggest that when dynorphin is released, the disinhibitory effect may 568 
first be counterbalanced by direct inhibition, but over time, the disinhibitory effect of dynorphin 569 
might prevail. 570 

There are several brain areas that contain both dynorphin-expressing neurons and 571 
neurons that project to the LH/PF region, including: the bed nucleus of the stria terminals, the 572 
central amygdala, the preoptic area, the arcuate, the DMH, the ventromedial and the 573 
paraventricular nuclei of the hypothalamus and in the brainstem the periaqueductal gray, LDT 574 
and lateral parabrachial nuclei (Merchenthaler et al., 1997; Yoshida et al., 2006). All of these 575 
regions send strong to moderate projections to the LH/PF region, but it remains unclear what 576 
percentage of these inputs originate from dynorphin expressing neurons. In summary, while 577 
dynorphin controls neuronal activity through pre- and postsynaptic effects (Chou et al., 2001; Li 578 
and van den Pol, 2006) and the orexin population is the likely source of dynorphin in the LH/PF 579 
region, we cannot exclude the possibility that LH/PF-projecting regions that contain dynorphin 580 
expressing neurons may also contribute to these responses.  581 

Physiological significance and neuronal circuitry controlling orexin neurons 582 

Lesions of the LH/PF region produces hypersomnia (Gerashchenko et al., 2003) whereas 583 
stimulation of this same region increases wakefulness for several hours, (Alam and Mallick, 584 
2008; Choudhary et al., 2014) strongly supporting a role for the LH/PF region in promoting 585 
arousal.  Electrophysiological recordings and cFos studies have also revealed that a large 586 
number of neurons in this region are active during wakefulness (Estabrooke et al., 2001; Alam 587 
et al., 2002; Koyama et al., 2003; Lee et al., 2005), although there is also a substantial 588 
population of neurons that fire maximally during either NREM or REM sleep (Alam et al., 2002; 589 
Koyama et al., 2003; Hassani et al., 2010).  These sleep active neurons include MCH neurons 590 
(Hassani et al., 2009). However, the MCH neurons are only a small fraction, with the larger 591 
percentage of these sleep active neurons being GABAergic and expressing Vgat (Hassani et 592 
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al., 2010). In addition, cFos studies have found many neurons in this region express cFos 593 
during rebound sleep after sleep deprivation or REM sleep deprivation (Verret et al., 2003; 594 
Modirrousta et al., 2005; Verret et al., 2006; Clement et al., 2012) and their anatomical 595 
distribution matches the location of the Vgat neurons that we transfected with ChR2. 596 

Several lines of evidence support the hypothesis that, during sleep, orexin neurons are 597 
tonically inhibited by a strong GABAergic input.  The finding that GABA levels in this region are 598 
higher during sleep as compared to wakefulness is consistent with this hypothesis (Nitz and 599 
Siegel, 1996; Alam et al., 2005).  In addition, blocking GABAergic signaling in the LH/PF 600 
activates orexin neurons and reverses the REM sleep-like state induced by carabachol 601 
injections into the pons, suggesting that orexin neurons are likely inhibited by a GABAergic input 602 
during REM sleep (Alam et al., 2005; Lu et al., 2007). We propose that GABAergic neurons in 603 
the LH/PF region that are active in NREM and REM sleep suppress the activity of orexin 604 
neurons during these behavioral states.  The GABAergic REM active neurons in the LH/PF 605 
region also innervate brainstem regions that are important for REM regulation (Verret et al., 606 
2006; Clement et al., 2012). Thus LH/PF REM-active GABAergic neurons can promote REM 607 
sleep through both descending projections to the brainstem and inhibition of surrounding orexin 608 
neurons.  609 

Recent experimental work using optogenetic and chemogenetic tools has found that 610 
activation of LH/PF Vgat neurons arouses mice from NREM sleep (Herrera et al., 2016; Venner 611 
et al., 2016) and anesthesia (Herrera et al., 2016; Venner et al., 2016). These arousal effects 612 
are mediated through inhibition of the thalamic reticular nucleus or, possibly, sleep-active 613 
neurons of the ventrolateral preoptic area (VLPO). These results suggest that GABAergic 614 
neurons comprise an important subpopulation of LH/PF wake-promoting neurons.  It is 615 
conceivable that there are at least two LH/PF Vgat neuronal populations with opposite 616 
behavioral state activities and separate efferent projections: one that is wake-active and 617 
suppresses the activity of sleep promoting regions, and one that is sleep active and inhibits 618 
wake promoting neurons, including the orexin neurons.  In support of this hypothesis, while 619 
optogenetic stimulation of LH Vgat terminals in the locus coeruleus (LC) arouses mice from 620 
NREM and REM sleep likely by disinhibiting noradrenergic LC neurons (Herrera et al., 2016), 621 
LH neurons expressing both LepRb and galanin – which are putative Vgat expressing neurons 622 
(Vong et al., 2011) – project directly to noradrenergic LC neurons (Laque et al., 2013). These 623 
results suggest potentially different roles of Vgat neurons in sleep vs wakefulness. More 624 
importantly, optogenetic activation of LH LepRb neurons delays the transition from sleep to 625 
wake (Herrera et al., 2016), supporting the possibility of a sleep-promoting subpopulation 626 
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among LH Vgat neurons. Identification of additional cellular markers should permit the functional 627 
parsing of these two Vgat neuronal populations.  628 

The GABAergic neurons in the LH comprise a complex population involved not only in sleep 629 
and wake regulation but also in reward, food intake and behavioral food seeking (Bonnavion et 630 
al., 2016; Herrera et al., 2017). Interestingly, while optogenetic stimulation of LH Vgat neurons 631 
in NREM sleep promotes awakenings (Herrera et al., 2016), prolonged optogenetic stimulation 632 
of the same neurons during wakefulness produces increased food consumption (Jennings et al., 633 
2015; Carus-Cadavieco et al., 2017). Recent work has also shown that, while chemogenetic 634 
activation of LH Vgat neurons increases both food-seeking and food-consumption behaviors, 635 
activation of LH galanin neurons, a subpopulation of Vgat LH neurons, increases food-seeking 636 
behavior but not overall increase in food intake (Qualls-Creekmore et al., 2017), suggesting 637 
another example of functional diversity among LH Vgat subpopulations. It is still unclear whether 638 
arousal and food seeking are functions regulated by the same or different Vgat populations. 639 
Additionally, as proposed recently, these two functions could operate in sequential order, first 640 
producing arousal and then eliciting food intake or in parallel, and in which case activation of the 641 
VGat neurons would simultaneously promote arousal, food seeking and consumption (Herrera 642 
et al., 2017).  643 

In summary, we have demonstrated that orexin neurons are inhibited by a local 644 
GABAergic input. This input is depressed by acetylcholine and dynorphin but it is unaffected by 645 
orexin. We propose that this local GABAergic circuit inhibits orexin neurons during both NREM 646 
and REM sleep, whereas during wakefulness orexin neurons are disinhibited by cholinergic 647 
input and by their own release of dynorphin.  Local release of dynorphin regulates the LH/PFVgat 648 
→ Orx circuit and may provide a positive feedback, through local collaterals, to orexin neurons. 649 

 650 

  651 
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FIGURE LEGENDS 652 

 653 
Figure 1. ChR2 circuit assisted mapping of LH/PFVgat → Orx input.  A) Schematic of the 654 
experimental design used to map connectivity between local GABAergic neurons and orexin 655 
neurons in brain slices (LH/PFVgat → Orx). We injected an AAV-DIO-ChR2-YFP and an AAV-h-656 
orexin-tdTomato into the LH/PF region of Vgat-IRES-Cre mice to produce expression of ChR2-657 
YFP in GABAergic neurons and tdTomato in orexin neurons. Six weeks after the AAV injections 658 
we recorded in brain slices. We photostimulated cell bodies, and terminals of local GABAergic 659 
neurons while recording from orexin neurons that express tdTomato.  B) An example of a Vgat-660 
IRES-Cre mouse injected with AAV-DIO-ChR2-YFP and AAV-h-orexin-tdTomato. Confocal 661 
photomicrograph showing in the perifornical region local GABAergic neurons expressing ChR2-662 
YFP (in green; immunolabeled against YFP; indicated by the arrows) and native tdTomato 663 

fluorescence in orexin neurons (red; scale bars: 40 m).  C) Heatmap of AAV-DIO-ChR2-YFP 664 
injection sites of 29 recorded Vgat-IRES-Cre mice showing overlapping regions of ChR2-YFP 665 
expressing neurons. D)  Confocal images of ChR2-YFP expressing neurons (in green) and in 666 

situ hybridization for Vgat RNA in red (scale bar: 20 m; white arrows: double labeled neurons 667 
and blue arrows: neurons expressing Vgat mRNA but not ChR2-YFP). E) Confocal images of 3 668 
recorded tdTomato-expressing neurons filled with biocytin and post-hoc labeled with 669 
streptavidin-conjugated Alexa-405 (in blue) that are double labeled for orexin immunoreactivity 670 

(in magenta; scale bar: 40 m).  F) Map of the distribution of n = 77 recorded neurons that were 671 
found after post-hoc labeling for biocytin (red dots: 72 recorded neurons (+) for orexin 672 
immunoreactivity; blue dots: 5 recorded neurons (-) for orexin immunoreactivity). Atlas levels are 673 
per Franklin and Paxinos, 2001; opt: optic tract; cp: cerebral peduncle; mt: mammillothalamic 674 
tract; f: fornix. 675 
 676 
Figure 2. Orexin neurons are inhibited by local GABAergic neurons (LH/PFVgat → Orx 677 
input).  A) Photostimulation of LH/PFVgat neurons and terminals expressing ChR2 inhibits action 678 
potential firing of orexin neurons (4 trains at 10 Hz; K-gluconate-based pipette solution).  B) In 679 
voltage-clamp mode photostimulation of the LH/PFVgat → Orx input evokes photo-evoked IPSCs 680 
in orexin neurons that are blocked by bicuculline (20 uM) demonstrating release of GABA (grey: 681 
30 photo-evoked IPSCs; black: average photo-evoked IPSC).  C) Raster plot of GABAergic 682 
IPSCs in a representative orexin neuron before, during and after stimulation of LH/PFVgat → Orx 683 
pathway (50 ms bins). D) Average IPSC probability of neurons that responded to the activation 684 
of the LH/PFVgat → Orx input (n = 71 neurons; black dots) and of neurons that did not respond to 685 
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photostimulation (n = 45; blue dots; 100 ms bins). E) Photo-evoked IPSCs recorded in control 686 
ACSF (left) are blocked in TTX (1 μM; center) and are reinstated when TTX is coapplied with 4-687 
AP (right; TTX 1 μM + 4-AP 1 mM; grey: 30 photo-evoked IPSCs; black: average photo-evoked 688 
IPSC), indicating monosynaptic connectivity.  F) Pairs of photo-evoked IPSCs (300 ms intervals) 689 
shows robust paired pulse depression. G-H) Photo-evoked IPSC amplitude (G) and latency (H). 690 
Black dots: mean values of individual orexin neurons; red filled dots: mean values of neurons in 691 
which connectivity was then tested in TTX and was TTX-resistant; red empty dots: mean values 692 
of neurons in which connectivity was blocked TTX (for each cell the average of the photo-693 
evoked IPSCs was calculated from the response to 30 trials); red lines: population mean ± 694 
SEM; n = 71).  Photo-evoked IPSCs were evoked by single, pairs (in F) or trains (in A) of 10 ms 695 
light pulses and were recorded at Vh = 0 mV using the Cs-methane-sulfonate-based pipette 696 
solution.  697 
 698 
Figure 3. Carbachol inhibits LH/PFVgat → Orx input.  A-B) Carbachol (15 μM) reduces the 699 
amplitude of the photo-evoked IPSCs and this effect is blocked by the muscarinic receptor 700 
antagonist, scopolamine (10 μM; B). In grey: 30 photo-evoked IPSCs; in black: average photo-701 
evoked IPSCs. C) Summary graph comparing the carbachol-mediated inhibition in control ACSF 702 

(Carb; n = 10) and in the presence of scopolamine (Scop + Carb; n = 5; ** p  0.01 unpaired t-703 
test). D-E) Carbachol has no significant effect on the photo-evoked IPSC latency (D, n = 10; 704 
one-way ANOVA, F = 0.182, p = 0.834) or photo-evoked IPSC probability (E, n = 10; one-way 705 
ANOVA, F = 2.453; p = 0.105). F-G) In the same neurons in which carbachol inhibits the 706 
LH/PFVgat → Orx input, carbachol has no effect on the sIPSC frequency. Cumulative distribution 707 
plots of sIPSC inter-event intervals compiled from 10 orexin neurons (F; 200 ms bins; two-way 708 
ANOVA, F = 0.79; p = 0.99). Mean values of sIPSC frequency (G; n = 10; one-way ANOVA, F = 709 
0.038, p = 0.963). Photo-evoked IPSCs were evoked by 10 ms light pulses and were recorded 710 
at Vh = 0 mV using the Cs-methane-sulfonate-based pipette solution.  711 
 712 
Figure 4. Effects of orexin on the LH/PFVgat → Orx input.  A) Orexin-A (300 nM) produces no 713 
changes on photo-evoked IPSC amplitude (grey: 30 photo-evoked IPSCs; black: average 714 
photo-evoked IPSC).  B) Time course of photo-evoked amplitude before, during and after orexin 715 
application (mean photo-evoked IPSC; n = 7). C-D) Orexin has no significant effect on photo-716 
evoked IPSC latency (C, n = 7; one-way ANOVA, F = 0.223, p = 0.803) or photo-evoked IPSC 717 
probability (D, n = 7; one one-way ANOVA, F = 2.882; p = 0.089). E-F) In the same neurons in 718 
which orexin has no effects on the photo-evoked IPSCs, orexin increases the sIPSC frequency. 719 
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Cumulative distribution plots of sIPSC inter-event intervals compiled from 7 orexin neurons (E; 720 
200 ms bins; two-way ANOVA, F = 2.276; p < 0.001; Bonferroni’s multiple comparisons post-721 
hoc test, ** p < 0.01 comparing control and OxA). Mean values of sIPSC frequency (F; n = 7; 722 
one-way ANOVA, F = 4.113, p = 0.0393; ** p < 0.01, Fisher’s LSD post-hoc test). IPSCs were 723 
evoked by 10 ms light pulses and were recorded at Vh = 0 mV using the Cs-methane-sulfonate-724 
based pipette solution.  725 
 726 
Figure 5. Effects of dynorphin on the LH/PFVgat → Orx input.  A) DynA (500 nM) reduces the 727 
amplitude of the photo-evoked IPSCs and this effect does not desensitize during 10 min DynA 728 
application. Con: 30 photo-evoked IPSCs recorded just before DynA-application and average 729 
photo-evoked IPSC; DynA (5 min): 6 photo-evoked IPSCs recorded between 4 and 5 min of a 730 
10-min DynA-application and average photo-evoked IPSC; DynA (10 min): 6 photo-evoked 731 
IPSCs recorded between 9 and 10 min of a 10-min DynA-application and average photo-evoked 732 
IPSC; wash: 30 photo-evoked IPSCs recorded after 10 min washout and average photo-evoked 733 
IPSC (grey: individual photo-evoked IPSCs; black: average photo-evoked IPSC). B) The effect 734 

of DynA is abolished by the -opioid receptor antagonist nor-BNI (1 M; grey: 30 photo-evoked 735 
IPSCs; black: average photo-evoked IPSC).  C) Summary graph representing the DynA-736 
mediated inhibition in control ACSF after 5 min application of DynA (DynA 5-min; n = 7); after 10 737 
min application of Dyn-A (DynA 10 min; n = 7) and in the presence of nor-BNI (nor-BNI + DynA; 738 

n = 5, one-way ANOVA, F = 11.00 and p = 0.001; Fisher’s LSD post-hoc test, ** p < 0.01 739 

comparing both DynA 5 min and DynA 10 min vs nor-BNI + DynA). D-E) DynA has no 740 
significant effect on the photo-evoked IPSC latency (D, n = 7; one-way ANOVA, F = 0.146, p = 741 
0.866), or photo-evoked probability (E, n = 7; one one-way ANOVA, F = 1.084 and p = 0.359). 742 
F-G) In the same orexin neurons in which DynA inhibits the LH/PFVgat → Orx input, DynA also 743 
reduces the sIPSC frequency. Cumulative distribution plots of sIPSC inter-event intervals 744 
compiled from 7 orexin neurons (F; 200 ms bins; two-way ANOVA F = 4.606, p < 0.001; 745 
Bonferroni’s multiple comparisons post-hoc test, ** p < 0.01 comparing control and DynA). Mean 746 
values of the sIPSC frequency (G; n = 7; one-way ANOVA, F = 4.956, p = 0.019; ** p < 0.01, 747 
Fisher’s LSD post-hoc test).  Photo-evoked IPSCs were evoked by 10 ms light pulses and were 748 
recorded at Vh = 0 mV using the Cs-methane-sulfonate-based pipette solution.  749 
 750 
Figure 6. Carbachol and dynorphin reduce the number of GABAA receptor channels but 751 
not their unitary current. We used the peak-scaled non-stationary fluctuation analysis to 752 
assess whether carbachol and dynorphin inhibit the LH/PFVgat → Orx input by reducing the 753 
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unitary GABAA current (i) or the number of GABAA receptors activated (N).  A)  Current/variance 754 
relationship for photo-evoked IPSCs shown in the inset on the right (control: black; carbachol: 755 
red; top traces superimposed average IPSCs; bottom traces normalized IPSCs).  B) Summary 756 
plot of the mean GABAA unitary current (n = 8; p = 0.64 paired t-test) and mean number of 757 

GABAA receptor channels (n = 8; ** p  0.01 paired t-test) in control and carbachol.  C) 758 
Current/variance relationship for photo-evoked IPSCs shown in the inset on the right (control: 759 
black; DynA: red; top traces superimposed average IPSCs; bottom traces normalized IPSCs).  760 
D) Summary plot of the mean GABA unitary current (n = 8; p = 0.34 paired t-test) and mean 761 

number of GABAA receptor channels (n = 8; ** p  0.01 paired t-test) in control and DynA. 762 
 763 
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