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Abstract 38 

Unraveling the roles of distinct neuron types is a fundamental challenge to understand 39 

brain function in health and disease. In the amygdala, a brain structure regulating emotional 40 

behavior, the diversity of GABAergic neurons is only partially explored. We report a novel 41 

population of GABAergic amygdala neurons expressing high levels of neuronal nitric oxide 42 

synthase (nNOS). These cells are predominantly localized along basolateral amygdala (BLA) 43 

boundaries. Performing ex vivo patch clamp recordings from nNOS+ neurons in Nos1-44 

CreER;Ai9 mice, we observed that nNOS+ neurons located along the external capsule display 45 

distinctive electrophysiological properties, axonal and dendritic arborization and 46 

connectivity. Examining their c-Fos expression, we found that paracapsular nNOS+ neurons 47 

are activated during a period of undisturbed sleep following sleep deprivation, but not during 48 

sleep deprivation. Consistently, we found that dorsal raphe serotonin (5-HT) neurons, which 49 

are involved in sleep-wake regulation, innervate nNOS+ neurons. Bath application of 5-HT 50 

hyperpolarizes nNOS+ neurons via 5-HT1A receptors. This hyperpolarization produces a 51 

reduction in firing rate and, occasionally, a switch from tonic to burst firing mode, thereby 52 

contrasting with the classic depolarizing effect of 5-HT on BLA GABAergic cells reported so 53 

far. Thus, nNOS+ cells are a distinct cell type of the amygdala that controls the activity of 54 

downstream neurons in both amygdaloid and extra-amygdaloid regions in a vigilance state-55 

dependent fashion. Given the strong links between mood, sleep deprivation and 5-HT, the 56 

recruitment of paracapsular nNOS+ neurons following high sleep pressure may represent an 57 

important mechanism in emotional regulation. 58 

  59 
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Significance statement 60 

Understanding the function of GABAergic neurons of the amygdala can greatly 61 

improve our knowledge of the cellular underpinnings of emotional behavior and improve 62 

therapies for psychiatric disorders. Here we report a novel GABAergic neuron type of the 63 

BLA that displays high levels of neuronal nitric oxide synthase. This neuron type shows high 64 

or low early gene expression during sleep or wakefulness, respectively. Our data suggest that 65 

reduced recruitment of these cells during sleep deprivation could originate, at least in part, 66 

from their inhibition by 5-HT, which is preferentially released during wakefulness but not 67 

during sleep. This work provides an important link between a specific GABAergic cell type 68 

of the amygdala, a wake-promoting neuromodulator and the sleep-wake cycle. 69 

  70 
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Introduction 71 

The presence of functionally heterogeneous GABAergic neurons equips the brain with 72 

unparalleled computational power (Klausberger and Somogyi, 2008; Hangya et al., 2014). 73 

Deciphering the operations carried out by distinct classes of inhibitory cells is considered one 74 

of the major neurobiological challenges (Lovett-Barron and Losonczy, 2014). 75 

The basolateral amygdala (BLA) is a cortical-like brain region controlling emotional 76 

behavior (Duvarci and Paré, 2014; Janak and Tye, 2015). Compared to hippocampus or 77 

neocortex, our knowledge of anatomy, physiology and role in behavior of specific 78 

GABAergic populations in the rodent BLA is limited (Capogna, 2014). From a functional 79 

perspective, two inhibitory neuron classes have received particular attention so far: the 80 

parvalbumin (PV)-expressing and the somatostatin (SOM)-expressing interneurons (Rainnie 81 

et al., 2006; Woodruff and Sah, 2007a; Wolff et al., 2014). 82 

Many other GABAergic neuron types have been detected in the BLA of rodents 83 

(Spampanato et al., 2011), but our understanding of their functional roles is scant. In addition 84 

to the expression of PV and SOM, BLA interneurons express a variety of neurochemical 85 

markers, such as calbindin (McDonald and Mascagni, 2001; Bienvenu et al., 2012), calretinin 86 

(McDonald and Mascagni, 2001), vasoactive intestinal peptide (Mascagni and McDonald, 87 

2003), cholecystokinin (Jasnow et al., 2009; Vogel et al., 2016) and neuronal nitric oxide 88 

(nNOS, McDonald et al., 1993; Usunoff et al., 2006). Neurons of the BLA expressing nNOS 89 

represent a particularly intriguing cell population(s) for several reasons. First, in areas with 90 

interneuron diversity similar to the BLA, such as hippocampus or neocortex, nNOS+ neurons 91 

are as abundant, or even denser, than PV+ and SOM+ cells (Fuentealba et al., 2008; Tricoire 92 

and Vitalis, 2012), suggesting a prominent impact on both hippocampal and cortical circuits. 93 

Second, they are able to modulate neurons through a variety of mechanisms including slow 94 

inhibition (Capogna and Pearce, 2011), retrograde release of nitric oxide (Li et al., 2014), and 95 
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potentially via other neuropeptides (Fuentealba et al., 2008; Tricoire and Vitalis, 2012), 96 

suggesting they might fulfill a different function from other classical interneuron types. 97 

Third, neocortical nNOS+ neurons co-expressing SOM and NPY are thought to be atypical 98 

long-range GABAergic projection neurons (Tomioka et al., 2005; Tamamaki and Tomioka, 99 

2010), and this might also apply to the BLA (McDonald et al., 2012; McDonald and Zaric, 100 

2015). In spite of their prominence, the physiological and behavioral roles of GABAergic 101 

nNOS+ neurons of the BLA remain elusive. 102 

The activity of BLA GABAergic neurons is eminently controlled by subcortical 103 

neuromodulators released during arousal, such as 5-HT, acetylcholine and noradrenaline 104 

(Tully et al., 2007; Bocchio et al., 2015; Unal et al., 2015a). Among those, 5-HT 105 

neurotransmission is compelling because it modulates emotional learning in the BLA 106 

(Bocchio et al., 2016), but it is also involved in the sleep-wake cycle (Portas et al., 2000; Gao 107 

et al., 2002). Specifically, extracellular forebrain 5-HT levels are low during NREM and 108 

REM sleep and high during wake (Portas et al., 1998; Bjorvatn et al., 2002). Consistently, 109 

electrophysiological experiments have shown that DRN 5-HT neurons fire at higher rates 110 

during wakefulness, at lower rates during non-rapid eye movement (NREM) sleep and they 111 

are virtually silent during rapid eye movement (REM) sleep (Sakai, 2011). Since the activity 112 

of BLA neurons also follows the sleep-wake cycle (Paré and Gaudreau, 1996), 5-HT could 113 

play a crucial role in the vigilance state-dependent activity of BLA cells. 114 

At a cellular level, the most commonly established effect of 5-HT in the BLA is the 115 

depolarization of GABAergic interneurons (Rainnie, 1999), and among those of PV+ 116 

interneurons via 5-HT2A receptors (Bocchio et al., 2015). However, recent in situ 117 

hybridization data have shown that BLA NPY+ cells, some of which are thought to be 118 

nNOS+ (McDonald et al., 1993), can also express inhibitory 5-HT1A receptors (Bonn et al., 119 

2013), suggesting 5-HT could also hyperpolarize some GABAergic cells. Defining the 120 
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diversity of 5-HT actions on BLA neuron types is crucial if we are to understand the cellular 121 

dynamics occurring in the BLA across different brain states. 122 

In this study, we aimed to functionally characterize nNOS+ neurons of the mouse BLA 123 

and to shed light on their behavioral role. Additionally, we wished to probe whether the 5-HT 124 

modulation of nNOS+ neurons is in line with the action of 5-HT on previously characterized 125 

GABAergic neurons, and whether this modulation is consistent with nNOS+ neurons 126 

behavioral recruitment. 127 

Materials and methods 128 

Animals 129 

Since nNOS is broadly expressed during development (Bredt and Snyder, 1994), but its 130 

expression is more restricted to particular cells following postnatal day 15 (Kubota et al., 131 

2011; Taniguchi et al., 2011), an inducible Cre driver line (Nos1-CreER, Jackson 132 

Laboratories, B6;129S-Nos1tm1.1(cre/ERT2)Zjh/J, stock number 014541) was used to elicit Cre 133 

recombination postnatally. Nos1-CreER+/- mice were crossed with Ai9+/+ reporter mice 134 

(Jackson Laboratories, B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, stock number 007909) to 135 

generate Nos1-Cre;Ai9 offspring. To quantify the overlap of neurochemical markers, WT 136 

C57BL/6J mice (Charles River) were used. For anterograde tracing experiments SERT-Cre+/- 137 

mice (MMRRC, B6.Cg-Tg(Slc6a4-cre)Et33Gsat, stock number 031028-113 UCD) were 138 

used. Mice were housed with their littermates with ad libitum access to food and water in a 139 

dedicated housing room with a 12/12 h light/dark cycle. To induce Cre recombinase and label 140 

nNOS+ neurons with tdTomato, Nos1-CreER;Ai9 mice (postnatal day 20-45) received 1-3 141 

intraperitoneal injections of tamoxifen (10 mg/ml in corn oil, 10 μl/g body weight per day). 142 

For patch clamp and anatomical experiments, mice (postnatal day 27-60 age) were used at 143 

least one week after the first tamoxifen injection. 144 
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For sleep experiments, adult male C57BL/6J mice (15 weeks age) were individually 145 

housed in custom-made clear plexiglass cages (20.3 × 32 × 35 cm) with free access to a 146 

running wheel and ad libitum food and water. Cages were housed in ventilated, sound-147 

attenuated Faraday chambers (Campden Instruments, two cages per chamber) under a 148 

standard 12/12 h light-dark cycle (lights on 0800, ZT0, light levels ~120-180 lux). Room 149 

temperature and relative humidity were maintained at 22 ± 1°C and 50 ± 20%, respectively. 150 

Mice were habituated to both the cage and recording cables for a minimum of 16 days prior 151 

to recording. 152 

All procedures involving experimental animals were performed in compliance with the 153 

Animals (Scientific Procedures) Act, 1986 (UK) and associated regulations, under approved 154 

project licenses by Home Office UK (30/3061 and 70/7483) and with Society for 155 

Neuroscience Policies on the Use of Animals in Neuroscience Research. 156 

Ex vivo recordings 157 

Nos1-CreER;Ai9 mice (postnatal day 27-60) were decapitated under deep isoflurane 158 

anesthesia (4% in O2), and their brains were rapidly removed and placed in ice-cold sucrose-159 

containing artificial cerebrospinal fluid (ACSF) cutting solution containing (in mM): 75 160 

sucrose, 87 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 25 glucose, 161 

saturated with 95% O2, 5% CO2, at pH 7.3-7.4. Slices (325 μm thickness) including the 162 

amygdala were cut (Microm HM 650 V, Thermo Fisher Scientific Inc., Germany) and 163 

transferred on a nylon mesh where they were maintained in a chamber initially containing 164 

sucrose ACSF cutting solution at 37 °C for 30 min. During this period the cutting solution 165 

was gradually substituted (5 mL/min) with normal ACSF consisting of (in mM): 130 NaCl, 166 

24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 2.5 CaCl2, 1.5 MgSO4, 10 glucose, saturated with 95% 167 

O2, 5% CO2, at pH 7.3.  168 
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Slices were transferred to a submerged recording chamber and continuously perfused 169 

with oxygenated ACSF at a rate of ~5 mL/min at 34 ± 1 °C. Neurons were visualized with an 170 

upright Axioskop microscope (Zeiss, Germany) using phase contrast microscopy under a 171 

LUMPlanFI 60× immersion objective (Olympus, Japan). A mercury vapor short-arc lamp 172 

(100W, N HBC 103; Zeiss, Germany) was connected to the epifluorescence system to 173 

visualize the tdTomato+ neurons. Micropipettes (5-6 MΩ) were pulled from borosilicate 174 

glass capillaries (GC120F, 1.2 mm, Harvard Apparatus, UK) with a DMZ puller (Zeitz-175 

instrumente, Germany). Somatic whole-cell patch-clamp recordings were performed from 176 

visually identified tdTomato+ neurons. Electrodes were filled with an intracellular solution 177 

composed of (in mM): 126 K-gluconate, 4 KCl, 4 ATP-Mg, 0.3 GTP-Na2, 10 Na2-178 

phosphocreatine, 10 HEPES and 0.2-0.4% Biocytin, osmolarity 270–280 mOsmol/L without 179 

Biocytin, pH 7.3 adjusted with KOH. 180 

For paired recordings, the presence of a connection was tested by evoking an action 181 

current (3 ms-long voltage step from -60 mV to 0 mV) in pc-nNOS cells. In some cases (n = 182 

3), nearby cells were loaded with the same intracellular solution mentioned above (ECl: -91 183 

mV) and held in voltage clamp mode at -40 mV. The remaining cells (n = 16) were loaded 184 

with an intracellular solution with higher Cl- to increase the driving force of inhibitory 185 

postsynaptic currents (IPSCs, ECl: -12 mV). This solution consisted of (in mM): 42 K-186 

gluconate, 84 KCl, 4 ATP-Mg, 0.3 GTP-Na2, 10 Na2-phosphocreatine, 10 HEPES and 0.2-187 

0.4% Biocytin, osmolarity 270–280 mOsmol/L without Biocytin, pH 7.3 adjusted with KOH. 188 

In these cases, nearby cells were held at -65 mV. Since this resulted in inward polarity of Cl- 189 

currents, glutamatergic transmission was blocked with either 3 mM kynurenic acid (or 10 μM 190 

NBQX and 50 μM D-AP5) to isolate GABAergic IPSCs. Action currents were evoked at 191 

least ten times, with 20 s interval between sweeps. Principal neurons were distinguished from 192 

interneurons according to the following parameters: 1) smaller fast after-hyperpolarization 193 
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(fAHP) amplitude and prominent medium AHP in an instantaneous firing rate protocol; 2) 194 

adapting, <20 Hz maximum firing rates; 3) lower input resistance (Rin, < 150 MΩ); 4) longer 195 

spike half-width (~1 ms). Electrophysiological signals were amplified using an EPC9/2 196 

amplifier (HEKA Electronik, Germany) and acquired using Patchmaster software (HEKA 197 

Electronik, Germany). Recordings were accepted only when the initial seal resistance was 198 

greater than 2 GΩ, the holding current necessary to clamp the cell at -60 mV was smaller 199 

than -50 pA and the series resistance did not change by more than 20% throughout the 200 

experiment. No correction was made for the liquid junction potential (16 mV) between the 201 

pipette and the ACSF. 202 

Membrane potential (Vm) during 5-HT application was monitored while holding 203 

neurons in current clamp at -60 ± 2 mV. Hyperpolarizing and depolarizing current steps were 204 

injected every 10 s to monitor Rin and firing, respectively. At the end of the recording, some 205 

slices containing Biocytin-filled cells were fixed overnight at 4 °C in 4% paraformaldehyde 206 

(PFA) and 15% saturated picric acid in 0.1 M PB. After 24 h, slices were embedded in gelatin 207 

and re-sectioned into 60-80 μm thick sections with a VT-1000 vibrating microtome (Leica, 208 

Germany). 209 

Analysis of ex vivo recordings 210 

Analysis of synaptic currents and intrinsic membrane properties were performed using 211 

IGOR Pro (Wavemetrics Inc.) and MATLAB (Mathworks, Inc.). The Rin was calculated from 212 

the slope of steady-state voltage responses to a series of 8-10 subthreshold current injections 213 

(from -30 to +60 pA) lasting 400 ms. The afterhyperpolarization (AHP, mV) was determined 214 

from the first spike in response to a juxtathreshold positive current injection. The spike 215 

duration of the action potential was measured as the width at half amplitude between the 216 

threshold potential and the peak of the action potential, which was evoked by a strong (800-217 
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1000 pA) and short (2-5 ms) depolarizing current pulse. The membrane time constant τ was 218 

estimated from the monoexponential curve fitting of voltage responses to a -30 pA 219 

hyperpolarizing pulse. The rheobase (pA) was determined as a 50 ms current injection, able 220 

to generate a spike in 50% of the cases out of 10 trials. The instantaneous firing rate (Hz) was 221 

defined as the number of action potentials evoked during a 1 s depolarizing current pulse of 222 

twice the amplitude of the rheobase current. The membrane capacitance was calculated as the 223 

ratio between the time constant and the Rin. The adaptation index (range: 0-1) was defined as 224 

the ratio between the first and last interspike intervals (ISI, ms) elicited by the same pulse 225 

used to measure the instantaneous firing rate. The resting Vm was estimated by averaging a 226 

20 s current clamp trace recorded at 0 pA holding current. Although many nNOS+ neurons 227 

were spontaneously active, spikes did not contaminate this estimate because firing rates were 228 

<5 Hz and the average of the 20 s trace matched the Vm sampled during ISIs. 229 

To minimize artificial changes in firing rate due to recording conditions, cell-attached 230 

recordings were performed in loose-patch configuration (<50 MΩ seal). Spikes were acquired 231 

in voltage clamp by setting the pipette potential to obtain 0 pA of membrane current (Alcami 232 

et al., 2012). Neurons were defined as ‘bursting’ during 5-HT application if the peak of ISI 233 

histogram (in Log scale) was <100 ms. 234 

EEG Recordings and Sleep deprivation 235 

Surgical procedures and electrode implantation 236 

Surgical procedures were carried out using aseptic techniques under isoflurane 237 

anesthesia (3-5% induction, 1-2% maintenance) and Metacam (1-2 mg/kg, s.c., Boehringer 238 

Ingelheim Ltd.) was administered preoperatively. During surgery, animals were head-fixed 239 

using a stereotaxic frame (David Kopf Instruments, CA, USA) and liquid gel (Viscotears, 240 

Alcon Laboratories Ltd.) was applied to protect the eyes. In all animals, 241 
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electroencephalogram (EEG) screws were placed in the frontal (motor area, AP +2 mm, ML 242 

2 mm) and occipital (visual area, V1, AP -3.5/-4 mm, ML 2.5 mm) cortical regions using 243 

procedures previously described (Cui et al., 2014). A reference screw electrode was placed 244 

above the cerebellum and an additional anchor screw was placed in the left parietal 245 

hemisphere to ensure implant stability. EEG screws were soldered (prior to implantation) to 246 

custom-made headmounts (Pinnacle Technology Inc.) and all screws and wires were secured 247 

to the skull using dental acrylic. Two single stranded, stainless steel wires were inserted 248 

either side of the nuchal muscle to record electromyography (EMG). Saline (0.1 mL/20 g 249 

body weight, s.c.) was administered post operatively and animals were provided thermal 250 

support throughout and following surgery. Metacam (1-2 mg/kg) was orally administered for 251 

at least three days after surgery. A minimum two week recovery period was permitted prior to 252 

cabling the animals. 253 

Experimental design 254 

On the experimental day, following a stable 24 h baseline recording, mice were divided 255 

into two groups: sleep deprivation (SD, n = 4) and SD+recovery sleep (RS, n = 4). RS was 256 

defined as the sleep opportunity occurring immediately following SD, and was limited to 1.5-257 

2 hours (Morairty et al., 2013). In both groups, SD was performed in the animal’s home cage 258 

for a continuous 4 h period starting at light onset. During this time, animals were 259 

spontaneously awake and their behavior as well as their EEG/EMG recordings were under 260 

constant visual observation. Sleep was prevented by regularly providing the animals with 261 

novel objects, an effective method that mimics natural conditions of wakefulness, is 262 

ethologically relevant, and does not appear to stress the animals (Palchykova et al., 2006; 263 

Vyazovskiy et al., 2007). All mice were well habituated to the experimenter and to the 264 

exposure to novel objects prior to the experiment. Novel objects included nesting and 265 

bedding material from other cages, wooden blocks, paper boxes and tubes of different shape 266 
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and color. SD was successful with 97.98 ± 2.51% of time spent awake during the 4 h 267 

procedure. After completion of the SD, animals in the SD-group were injected with an 268 

overdose of Euthatal (pentobarbitone sodium, 200 mg/mL, 0.3 ml i.p.) and upon loss of a 269 

response to toe pinch were perfused transcardially with 30 ml of 0.9% phosphate buffered 270 

saline (PBS) followed by 50 mL of 4% PFA in 0.1 M PB. All mice were perfused within 271 

approximately 30 minutes after the end of 4-h SD, and were kept awake continuously until 272 

the moment of injection with Euthatal. The SD+RS group were allowed to sleep undisturbed 273 

for a period of 1.5-2 h (an average of 1.81 ± 0.15 h spent in NREM and REM sleep) and then 274 

perfused according to the same procedure. Special care was taken to ensure that the animals 275 

in SD+RS group were not awake for longer than a few min prior to the injection of Euthanal. 276 

Brains were removed, post-fixed in 4% PFA (in 0.1 M PB) overnight at 4 °C, then thoroughly 277 

washed in PBS and left in 0.1 M PB + 0.05% sodium azide until further processing for c-278 

Fos/nNOS immunohistochemical analysis (see below). c-Fos protein is a marker of neuronal 279 

activation that is produced in 30-60 min following stimulus/behavior onset (Sheng and 280 

Greenberg, 1990; Morgan and Curran, 1991). Several lines of evidence indicate that c-Fos 281 

levels can rapidly increase and decrease during both wake and sleep (Basheer et al., 1997; 282 

Cirelli and Tononi, 2000; Gerashchenko et al., 2008). These aspects render c-Fos staining a 283 

convenient approach to investigate effects of sleep and waking on neuronal activity (Cirelli 284 

and Tononi, 2000). 285 

EEG recordings and power spectra analysis 286 

Data acquisition was performed using the Multichannel Neurophysiology Recording 287 

System (TDT, FL, USA). Cortical EEG was recorded from frontal and occipital derivations. 288 

EEG/EMG data were filtered between 0.1-100 Hz, amplified (PZ5 NeuroDigitizer pre-289 

amplifier, TDT) and stored on a local computer at a sampling rate of 256.9 Hz. EEG/EMG 290 

data were resampled offline at a sampling rate of 256 Hz. Signal conversion was performed 291 
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using custom-written MATLAB scripts and was then transformed into European Data Format 292 

(EDF) using open source Neurotraces software (www.neurotraces.com). For each recording, 293 

EEG power spectra were computed by a Fast Fourier Transform (FFT) routine for 4-s epochs 294 

(using a Hanning window), with a 0.25 Hz resolution (SleepSign Kissei Comtec Co.). 295 

Vigilance states were scored offline through manual visual inspection of consecutive 4-s 296 

epochs (SleepSign, Kissei Comtec Co.). Two EEG channels (frontal and occipital) and EMG 297 

were displayed simultaneously to aid vigilance state scoring. Vigilance states were classified 298 

as waking (low voltage, high frequency EEG with a high level or phasic EMG activity), 299 

NREM sleep (presence of slow waves, EEG signal of a high amplitude and low frequency) or 300 

REM sleep (low voltage, high frequency EEG with a low level of EMG activity). Great care 301 

was taken to eliminate epochs contaminated by eating, drinking or gross movements resulting 302 

in artifacts in at least one of the two EEG derivations. 303 

Anterograde tracing 304 

To selectively label dorsal raphe 5-HT axons, the viral vector AAV2-EF1a-DIO-305 

hChR2(E123T/T159C)-EYFP (UNC Vector Core) was stereotaxically injected (1 μl at 100 306 

nL/min) into the dorsal raphe nuclei (coordinates (mm) according to bregma and the brain 307 

surface; anterior-posterior -4.1; dorso-ventral -2.5, -2.2, -1.9) of SERT-Cre mice (P30-P75) 308 

anesthetized using 1-2 % isoflurane in oxygen (2 L/min). On recovery from surgery, mice 309 

were administered 0.3 mg/kg s.c. buprenorphine for post-operative analgesia. Three weeks 310 

were allowed for anterograde tracing before fixation by perfusion. 311 

  312 
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Histological procedures 313 

Immunohistochemistry 314 

For quantification of the overlap between neurochemical markers, mice were 315 

transcardially perfused with saline followed by 4% PFA, 15% saturated picric acid in 0.1 M 316 

phosphate buffer (PB). Brains were sectioned using a vibratome (Leica VT 1000 S) into 60 317 

μm thick slices. Sections were stored in 0.1 M PB containing 0.05% sodium azide until 318 

further usage. Re-sectioned slices (60-80 μm thickness) containing recorded and Biocytin-319 

filled neurons were incubated overnight at 4 °C in 1:2000 Alexa488-conjugated Streptavidin 320 

(Invitrogen). Following blocking with 10% normal donkey serum (NDS) for 1 h at RT, 321 

sections were incubated overnight at 4 ºC with the following primary antibodies. Anti-5-HT 322 

raised in rabbit (1:2500, kindly provided by Prof. H. Steinbusch, Maastricht University, the 323 

Netherlands), anti-c-Fos raised in rabbit (1:500, Abcam, cat. no. ab7963), anti-GFP raised in 324 

chicken (1:1000, Aves Labs, cat. no. GFP-1020), anti-nNOS raised in goat (1:500, Abcam, 325 

cat. no. ab1376), anti-NK1 (substance P receptor) raised in rabbit (1:1000, Chemicon, 326 

AB5060), anti-somatostatin raised in rat (1:250, Chemicon, cat. no. MAB354), anti-VGAT 327 

raised in rabbit (1:500, kindly provided by Prof. M. Watanabe, Frontier Institute Co. Ltd., 328 

Hokkaido, Japan. http://www.frontier-institute.com). Following 3× washes in PBS, 329 

immunoreactivity was revealed with Alexa488- (1:500), DyLight®Cy3- (1:500) or 330 

Alexa647-conjugated (1:250) secondary antibodies (all raised in donkey, Jackson 331 

Immunoresearch). For negative controls, the primary antibody was routinely omitted from the 332 

staining procedure with no positive fluorescence signal detected. In some cases, each 333 

secondary antibody was omitted in turn to confirm its specificity. Nissl staining was obtained 334 

via incubation in NeuroTrace® 640/660 Deep-Red Fluorescent Nissl Stain (1:200, Thermo 335 

Fisher, cat. no. N-21483). 336 
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All reagents were diluted in PBS containing 0.3% Triton X-100. Immunoreactivity was 337 

visualized using an epifluorescence microscope (AxioImager M2, Zeiss) or a laser-scanning 338 

confocal microscope (LSM 510, Zeiss). The boundaries between nuclei were determined with 339 

brightfield microscopy or Nissl staining. 340 

Quantification of overlap between neurochemical markers 341 

Sections containing the BLA of SD and SD+RS mice were imaged with the 342 

epifluorescence microscope mentioned above and StereoInvestigator software (MBF 343 

Bioscience). A region of interest delineating either the BLA or the external capsule next to 344 

the LA was defined using and brightfield microscopy under a 5× 0.16 NA objective lens. For 345 

quantification of neurochemical markers expressed by nNOS cells, stereological sampling 346 

was carried out in both hemispheres from 1 out of 3 sections in the range -0.8 to -2.2 mm 347 

from bregma. Series of tiled stacked images were acquired using a 40× 1.3 NA oil-immersion 348 

objective and 1 μm steps at depth of 2 to 22 μm (‘optical sections’) from the upper surface of 349 

each section. In order to minimize artifacts arising from surface irregularities, the first 2 μm 350 

from the upper surface were defined as ‘guard zone’ and not scanned. Counting was 351 

performed offline in StereoInvestigator. A neuron was counted only if its immunopositive 352 

nucleus came into focus in the optical section. Nuclei already in focus at the top optical 353 

section were not counted (West, 1999). For quantification of overall % of c-Fos+ cells in the 354 

paracapsular area, stereological counting was performed by sampling three evenly spaced 355 

sections in the range -0.8 to -2.2 mm from bregma. To ensure quantification of neuronal c-356 

Fos, a Nissl staining was used. Only nuclear c-Fos expression in Nissl-stained cells with 357 

diameter >10 μm was quantified. The experimenter was blind to behavioral testing 358 

conditions. Data were exported to Excel (Microsoft) and pooled for further analysis. 359 

  360 
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Neurolucida reconstruction 361 

Two-dimensional drawings were carried out for two Biocytin-filled cells to reveal 362 

dendrites and axonal arborization present in the 325 μm-thick slice. 60-80 μm-thick sections 363 

were processed with DAB using a previously published protocol (Unal et al., 2015b). 364 

Drawings were made using Neurolucida software (MBF Bioscience) under a light 365 

microscope (100× objective). Final drawings were corrected for tissue shrinkage caused by 366 

Triton X-100 processing. Dendritic and axonal lengths were calculated using the same 367 

software. 368 

Statistical testing 369 

Data are presented as means ± SEM values. Distributions were compared using 370 

Student’s t-tests or one-way ANOVAs with Bonferroni post hoc correction. Statistical 371 

analysis was performed with Graphpad Prism (Graphpad Software) and Sigmaplot (Systat 372 

Software Inc.) where p < 0.05 was considered statistically significant.  373 

Drugs 374 

Serotonin hydrochloride, WAY 100635 maleate, NBQX, D-AP-V and SR95531 were 375 

purchased from Tocris Bioscience. Kynurenic acid and tamoxifen were purchased from 376 

Sigma-Aldrich. 377 

  378 
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Results 379 

Neurochemical profile of nNOS+ type I neurons of the BLA 380 

We aimed to uncover the anatomical and physiological features of GABAergic nNOS+ 381 

neurons of the BLA. First, we immunolabeled mouse coronal brain sections containing the 382 

amygdala for nNOS. We detected neurons with strong nNOS expression and others with light 383 

immunoreactivity (Fig. 1A), suggesting that nNOS+ neurons of the BLA can be classified 384 

according to the intensity of nNOS expression, as in the case of neocortex (Yan et al., 1996; 385 

Smiley et al., 2000; Lee and Jeon, 2005). Following previously used nomenclature (Yan et 386 

al., 1996; Perrenoud et al., 2012), we refer to neurons with strong nNOS expression as ‘type 387 

I’ nNOS+ cells and to neurons with weak nNOS expression as ‘type II’ nNOS+ cells. Type I 388 

neurons displayed large ovoid somata and bitufted dendrites, whereas type II neurons had 389 

more heterogeneous soma size and dendritic emissions. 390 

In cortical areas, type I nNOS+ cells often co-express other SOM, neuropeptide Y 391 

(NPY) and neurokinin 1 receptor (NK1). To investigate if this co-expression pattern also 392 

applies to the BLA, we examined the proportion of type I and type II nNOS+ cells expressing 393 

these three markers. We found that 93 ± 4% of nNOS+ type I cells co-expressed SOM (n = 3 394 

brains), 95 ± 2% co-expressed NPY (n = 6 brains) and 85 ± 2% co-expressed NK1 (n = 3 395 

brains, Fig. 1A-C). In contrast, nNOS+ type II cells were mostly devoid of these 396 

neurochemical markers, with 2 ± 2% co-expressing SOM (n = 3 brains), 9 ± 3% co-397 

expressing NPY (n = 6 brains) and no cell co-expressing NK1 (n = 3 brains, data not shown). 398 

Thus, intense nNOS labeling identifies a neurochemically homogeneous population of 399 

BLA neurons. Since observations of neocortical nNOS+ neurons have demonstrated that type 400 

II cells are more heterogeneous and comprise several cell types (Tricoire and Vitalis, 2012), 401 

further investigations were focused on nNOS+ type I neurons. The latter cells were localized 402 



 

 19

primarily along BLA borders, namely adjacent to the external capsule, intermediate capsule 403 

and the border between basal (BA) and basomedial nuclei (Fig. 1D), in line with previous 404 

reports of nNOS+ ‘border cells’ (McDonald et al., 1993; Usunoff et al., 2006). Importantly, 405 

type I neurons represented the great majority of cells expressing SOM and NPY (98.4 ± 406 

1.6%, n = 2 brains). 407 

Intrinsic electrophysiological properties of pc-nNOS neurons 408 

To study the physiology of nNOS type I neurons of the BLA, we crossed an inducible 409 

Cre driver mouse line (Nos1-CreER, Taniguchi et al., 2011) with an Ai9 reporter line. This 410 

enabled specific expression of tdTomato in nNOS+ neurons (97.9 ± 0.7% nNOS/tdTomato 411 

overlap, n = 3 brains), because neurons that express nNOS only transiently during 412 

development were not labeled with tdTomato. To selectively target nNOS+ type I neurons, 413 

we prepared acute coronal brain slices and performed whole-cell patch clamp recordings 414 

from tdTomato+ cells located along the EC that separates the lateral amygdala (LA) from the 415 

endopiriform claustrum/piriform cortex (in the following named as paracapsular nNOS+, pc-416 

nNOS, neurons). In this region, type I cells constitute 80 ± 3% (n = 3 brains) of nNOS+ 417 

neurons and are easily distinguishable from type II cells due to their significantly larger ovoid 418 

somata (area 128 ± 5 vs. 88 ± 2 μm2, p < 0.0001, n = 25 cells from 6 brains). 419 

We examined the intrinsic membrane properties displayed by pc-nNOS neurons in 420 

brain slices from Nos1-CreER;Ai9 mice (Fig. 2 and Table 1, n = 10 neurons). These cells were 421 

characterized by high Rin (852.8 ± 51.8 MΩ), high membrane time constant (τ, 27.2 ± 2.0 ms) 422 

and high excitability (rheobase current 28.3 ± 4.0 pA), with even small positive current 423 

injections leading to sustained firing. Consistent with the general physiology of BLA SOM+ 424 

neurons (Wolff et al., 2014), pc-nNOS neurons were not fast-spiking (instantaneous firing 425 

rate 23.2 ± 1.8 Hz) and showed relatively broad spikes (half-width 0.75 ± 0.04 ms). 426 

Additionally, pc-nNOS cells exhibited very depolarized resting Vm (-39.7 ± 2.4 mV), often 427 
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resulting in spontaneous firing (Fig. 2E). Finally, when hyperpolarizing currents were 428 

injected, pc-nNOS neurons displayed a depolarizing sag and rebound depolarization (Fig. 2). 429 

Both responses were mediated by the hyperpolarization-activated cationic current, Ih, because 430 

they were abolished by the Ih blocker ZD7288 (30 μM; sag ratio: control 0.813 ± 0.031, 431 

ZD7288 1.076 ± 0.081; rebound amplitude: control 5.9 ± 1 mV, ZD7288 -4.5 ± 3.3 mV, both 432 

p = 0.048, paired t-test, n = 4, Fig. 2F).  433 

Projection pattern and synaptic connectivity of paracapsular type I nNOS+ neurons 434 

Thus, pc-nNOS neurons are highly excitable, because they display high Rin, low 435 

rheobase currents and depolarized Vm, suggesting that even small depolarizing synaptic 436 

inputs can elicit action potentials in these cells. To clarify the involvement of pc-nNOS cells 437 

in the BLA microcircuit, recorded neurons were filled with Biocytin to allow post hoc 438 

anatomical examinations (Fig. 3A). Biocytin-filled pc-nNOS cells revealed bitufted dendrites, 439 

mainly running parallel to the external capsule. The projection pattern of pc-nNOS neurons 440 

was examined with immunofluorescence in 13 cells in which the axon was filled with 441 

Biocytin. The majority of pc-nNOS cells (10/13) innervated the BLA complex. Notably, 442 

many pc-nNOS (8/13 cells) also sent axonal branches outside the BLA, specifically to the 443 

endopiriform claustrum (7/13 cells), perirhinal (6/13 cells) and piriform (4/13 cells) cortices. 444 

Additionally, one cell innervated the ectorhinal and temporal association cortices, one the 445 

amygdalo-striatal transition area/caudate putamen and one the caudate putamen. This 446 

suggests that pc-nNOS cells are not interneurons, because they do not exclusively innervate 447 

the BLA, but also extra-amygdaloid regions. 448 

Two pc-nNOS cells were further processed for DAB and reconstructed (Fig. 3B, C). 449 

One of them displayed a dendritic length of 1555.4 μm. Its axon innervated the BLA 450 

(2912.14 μm) as well as the caudate-putamen (1954.04 μm; cell MB131202_1, Fig. 3B). The 451 
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other one displayed a dendritic length of 1253.45 μm and innervated the BLA more densely 452 

(8077.08 μm). However, shorter axonal branches also targeted the amygdalo-striatal 453 

transition area/caudate-putamen (185.57 μm), the dorsal endopiriform claustrum (519.97 454 

μm), and the perirhinal cortex (558.8 μm; MB151113_2, Fig. 3C). Both cells (together with 455 

the other 11 cells observed with fluorescence microscopy) did not show a dense local axonal 456 

plexus in the BLA like other NPY+ cells (neurogliaform cells, Manko et al., 2012). 457 

Additionally, their axon terminals did not usually form perisomatic basket-like formations (as 458 

observed in basket cells, Bienvenu et al., 2012; Vereczki et al., 2016), suggesting that the 459 

majority of postsynaptic targets could be dendrites. Thus, pc-nNOS neurons modulate the 460 

BLA but also extra-amygdaloid regions. 461 

Immunofluorescence stainings for vesicular GABA transporter (VGAT) of sections 462 

contained Biocytin-filled axons revealed that pc-nNOS boutons are VGAT+ (n =2 cells, Fig. 463 

4A), confirming that these cells are GABAergic. To study their output synaptic connectivity, 464 

we performed paired whole-cell recordings with pc-nNOS as presynaptic neurons and nearby 465 

(within ~100 μm distance) BLA cells as postsynaptic. Firing of a pc-nNOS cell evoked a 466 

detectable unitary synaptic current in only 1/11 principal neurons (Fig. 4B). The unitary 467 

synaptic response amplitude was 7.8 pA, its 20-80% rise time was 1.4 ms, and the 468 

monoexponential fitted decay time constant was 29.5 ms. The outward current polarity 469 

(recorded with normal intracellular with 4 mM Cl-) and its kinetic suggest its identity as a 470 

GABAergic unitary IPSC (uIPSC). We could not detect any postsynaptic response in five 471 

pairs with another pc-nNOS as postsynaptic. Likewise, no postsynaptic response was evoked 472 

in three nearby nNOS/tdTomato-negative interneurons. Thus, in striking contrast to 473 

neurogliaform cells, which are also NPY+ and display a high connection probability (77%, 474 

Manko et al., 2012), pc-nNOS appear to connect only sparsely with nearby BLA principal 475 

cells. Collectively, these data show that pc-nNOS neurons represent a distinctive GABAergic 476 
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neuron type, because they appear different in terms of electrical, anatomical and connectivity 477 

properties from interneuron types described so far. 478 

Sleep activates pc-nNOS neurons 479 

Next, we asked in which behavior(s) and brain state(s) pc-nNOS neurons of the BLA 480 

could be activated. In the neocortex, nNOS+ neurons have been shown to be inactive after a 481 

period of wakefulness, but active after a period of spontaneous sleep or sleep following SD 482 

(Gerashchenko et al., 2008; Morairty et al., 2013). Notably, SD prior to sleep appears to be 483 

crucial for their activation (Dittrich et al., 2014). Since SD is associated with emotional 484 

imbalance (Baglioni et al., 2010) and heightened amygdala responsiveness to salient stimuli 485 

(Yoo et al., 2007), a similar pattern of pc-nNOS activation could mean that these neurons 486 

track the emotional component of sleep homeostasis. 487 

To investigate whether the activity of pc-nNOS neurons in the amygdala is associated 488 

with vigilance state, we performed chronic sleep EEG recordings in eight mice. As expected, 489 

during baseline the animals slept predominantly during the light period, and both the typical 490 

declining trend of EEG SWA and characteristic vigilance state-dependent differences in EEG 491 

spectra were apparent (Fig. 5A-B) (Huber et al., 2000). To determine the activity of pc-nNOS 492 

neurons in relation to sleep-wake state mice were subjected to a 4 h SD beginning at light 493 

onset. The SD was successful, with on average 97.98 ± 2.51% of time spent awake during the 494 

4 h period. While one group was sacrificed immediately after SD (SD, n = 4 mice), ensuring 495 

animals were continuously awake until the moment of perfusion (see methods), a second 496 

group of mice (SD+RS group, n = 4 mice) were allowed a 1.5-2 h sleep opportunity (group 497 

average: 1.81 ± 0.15 h) before perfusion. During this interval, the animals were awake for 498 

only 5.86 ± 4.13 % of the total recording time, while 94.14 ± 4.13 % of the interval was spent 499 

asleep (89.07 ± 4.78 and 12.48 ± 0.97 min of NREM and REM sleep respectively). As typical 500 

for early sleep after sleep deprivation, NREM EEG spectral power in slow frequencies during 501 
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RS interval were consistently above corresponding baseline values, with the maximal 502 

increase observed below 4 Hz (Fig. 5D). To determine the activation of pc-nNOS neurons, 503 

we examined the expression of c-Fos (a marker of neuronal activation, Sheng and Greenberg, 504 

1990) in pc-nNOS+ cells in both groups of mice (SD and SD+RS; Fig. 5E). Strikingly, we 505 

detected no c-Fos+ pc-nNOS in mice sacrificed immediately after SD (n = 4 brains, 21 ± 3 506 

nNOS neurons counted per brain) In contrast, the percentage of c-Fos+ pc-nNOS neurons 507 

was significantly higher in SD+RS mice (p = 0.0088, unpaired t-test, n = 4 brains, 22 ± 3 508 

nNOS neurons counted per brain, Fig. 5F).  509 

Notably, the effect of SD and RS is highly specific for pc-nNOS neurons, because the 510 

proportion of c-Fos+ neurons (regardless of their neurochemical identity) in the paracapsular 511 

region was higher after SD and lower after RS (p = 0.0494, unpaired t-test, n = 4 per brains 512 

per condition, 223 ± 48 neurons counted per SD brain, 197 ± 22 neurons counted per SD+RS 513 

brain, Fig. 5G). This finding is in line with previous reports (Cirelli et al., 1995; Semba et al., 514 

2001). These results define a relationship between a specific identified neuron type of the 515 

amygdala, namely GABAergic nNOS neurons adjacent to the external capsule, and vigilance 516 

state. 517 

Dorsal raphe 5-HT neurons innervate pc-nNOS neurons 518 

It has been proposed that the brain state-dependent activity of cortical nNOS+ type I 519 

cells is powerfully controlled by inhibition exerted by neuromodulators released in arousal 520 

states, such as 5-HT, acetylcholine, noradrenaline and histamine (Kilduff et al., 2001). 521 

Conversely, sleep-promoting peptides and hormones have been suggested to promote the 522 

recruitment of cortical nNOS+ type I cells (Kilduff et al., 2011). Indeed, the release of 5-HT 523 

from dorsal raphe neurons is highly dependent on the sleep-wake cycle (Portas et al., 2000). 524 

Specifically, the firing of raphe neurons and, as a consequence, extracellular forebrain 5-HT 525 
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levels are low during sleep and high during spontaneous wakefulness (Portas et al., 1998; 526 

Sakai, 2011) or SD (Bjorvatn et al., 2002). 527 

Based on this evidence, we hypothesized that dorsal raphe 5-HT neurons target pc-528 

nNOS cells. To this end, we traced the axons of dorsal raphe 5-HT neurons by injecting the 529 

viral vector AAV2-EF1a-DIO-EYFP in the dorsal raphe of SERT-Cre mice (Fig. 6A). This 530 

resulted in selective expression of enhanced yellow fluorescent protein (eYFP) in dorsal 531 

raphe 5-HT neurons (with 100% of eYFP+ cells also expressing 5-HT, n = 3 brains, Fig. 6B). 532 

eYFP+ axons innervated the amygdaloid complex, including the BLA (Fig. 6C). Although 533 

the LA displayed relatively sparse eYFP+ axons, the pericapsular area, where pc-nNOS are 534 

located, displayed stronger eYFP+ innervation. Examining sections double labeled for eYFP 535 

and nNOS from three transfected brains, we consistently found eYFP+ axonal varicosities in 536 

appositions with pc-nNOS somata (Fig. 6D) or dendrites (Fig. 6E). These observations 537 

suggest that pc-nNOS cells could be modulated by 5-HT released by dorsal raphe neurons. 538 

5-HT inhibits pc-nNOS neurons 539 

To test the above-mentioned possibility, electrophysiological and pharmacological 540 

experiments were performed. We recorded pc-nNOS neurons in cell-attached configuration 541 

(n = 18). As reported above, pc-nNOS neurons fired spontaneously in control conditions. 542 

Bath application of 50 μM 5-HT produced a significant reduction in firing rate (from 3.6 ± 543 

1.6 Hz to 1.6 ± 0.4 Hz, p < 0.0001, paired t-test, Fig. 7A-C), suggesting an inhibitory effect 544 

of 5-HT. Furthermore, 5-HT enhanced pc-nNOS cell firing irregularity (CV ISI: 0.5 ± 0.06 in 545 

control and 2.9 ± 0.4 in presence of 5-HT, p < 0.0001, paired t-test, Fig. 7D) and, in a 546 

minority of cells (n = 7), caused a switch from tonic to burst firing (intra-burst ISI: 25-70 ms 547 

range, Fig. 7A, E, F). Thus, the action of 5-HT on pc-nNOS is inhibitory, and not excitatory, 548 

and contrasts with the previously reported depolarizing effects on other BLA GABAergic 549 

neuron populations (Rainnie, 1999; Jiang et al., 2009; Bocchio et al., 2015). 550 
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To study the mechanisms through which 5-HT inhibits pc-nNOS neurons firing, we 551 

performed whole-cell patch-clamp recordings from these neurons in current clamp. 552 

Consistent with the inhibition of firing, application of 50 μM 5-HT elicited membrane 553 

hyperpolarization (from -59.3 ± 0.2 mV to -64 ± 0.7 mV, p = 0.001, one-way ANOVA with 554 

Bonferroni post hoc test, n = 10, Fig. 8A, B, D), together with a reduction of the Rin (by 11.3 555 

± 1.9%, p = 0.0006, one-way ANOVA with Bonferroni post hoc test, n = 10, Fig. 8). Both 556 

effects were blocked by prior incubation with the 5-HT1A antagonist, WAY100635 (10 μM; 557 

p = 0.0235 and p = 0.0064, respectively, paired t-tests, n = 5, Fig. 8). Finally, we confirmed 558 

that 5-HT1A-mediated hyperpolarization occurred by a direct effect on pc-nNOS neurons, 559 

and was not an indirect network action, because it persisted in presence of synaptic blockers 560 

(10 μM NBQX, 50 μM D-AP-V, 10 μM SR95531, p = 0.0017, paired t-test, n = 5, Fig. 8H). 561 

Thus, pc-nNOS cells are hyperpolarized by 5-HT via 5-HT1A receptors, in line with the 562 

expression of 5-HT1A mRNA in NPY+ BLA neurons (Bonn et al., 2013). 563 

Together, these data indicate that pc-nNOS neurons are distinct from other BLA 564 

GABAergic cells in that they are hyperpolarized and not depolarized by 5-HT. This 565 

hyperpolarization leads to a reduction in firing rate and, in a few cases to a switch in firing 566 

mode. Such 5-HT inhibition could mediate, at least in part, the sleep-wake-dependent 567 

modulation of pc-nNOS activity, because extracellular forebrain 5-HT levels are lower during 568 

sleep than during wake and SD (Portas et al., 1998; Bjorvatn et al., 2002).  569 

Discussion 570 

The present study provides novel information on nNOS+ type I neurons that surround 571 

the BLA. In particular, it describes for the first time the anatomical and physiological 572 

properties of these cells, as well as their synaptic connectivity, their activity throughout sleep 573 

and wakefulness, and their 5-HT innervation and modulation. We discovered that nNOS+ 574 
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type I neurons are distributed along the boundaries of the BLA and express SOM, NPY and 575 

NK1. We observed that pc-nNOS neurons are GABAergic, display high intrinsic excitability, 576 

relatively broad spikes, voltage sag, rebound depolarizations and project both inside and 577 

outside the BLA. The activity of pc-nNOS (measured by their c-Fos expression) is low 578 

during sleep deprivation and high during subsequent sleep. As a putative cellular mechanism 579 

of pc-nNOS cell inhibition during sleep deprivation (and more generally wake), 5-HT, known 580 

to depolarize GABAergic cells in the BLA, instead hyperpolarizes pc-nNOS cells. Although 581 

previous groups reported the presence of putative GABAergic nNOS+ neurons of the BLA 582 

(McDonald et al., 1993; Usunoff et al., 2006), their physiology and role in behavior remained 583 

unexplored. 584 

We discovered that BLA nNOS+ neurons can be divided based on the strength of 585 

nNOS expression, as previously described for neocortex (Yan et al., 1996). As for neocortex 586 

(Magno et al., 2012; Perrenoud et al., 2012), we have termed neurons with strong nNOS 587 

expression ‘type I’ nNOS+ cells and neurons with weak nNOS expression ‘type II’. We 588 

found that nNOS+ type I neurons of the BLA co-express SOM, NPY and NK1. This 589 

combination of neurochemical markers is consistent with patterns of expression of cortical 590 

type I nNOS+ cells (Kubota et al., 2011). These data corroborate the notion that the BLA 591 

exhibits cortex-like GABAergic neuron diversity patterns (Spampanato and Sah, 2011; 592 

Capogna, 2014). We found that BLA nNOS+ type I neurons are preferentially located along 593 

the BLA, namely along the external capsule, intermediate capsule and border between BA 594 

and basomedial nucleus. Additionally, examination of Biocytin-filled pc-nNOS neurons 595 

revealed that their dendrites run in parallel to external or intermediate capsules. The 596 

functional reason of this specific localization remains enigmatic. Since external and 597 

intermediate capsules are fiber bundles containing axons that originate from several external 598 

structures, this distribution might favor their recruitment by glutamatergic axons from distant 599 
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areas (for instance sensory thalamus and cortex). Preferential recruitment of these cells could 600 

also be facilitated by their high input resistance, low rheobase current and depolarized resting 601 

membrane potential. Overall, these features determine a high intrinsic excitability, with even 602 

small excitatory inputs able to elicit action potentials. 603 

Interestingly, SOM+ and NPY+ neurons located in the external capsule next to the 604 

BLA have been shown to be long-range projection neurons sending their axons to entorhinal 605 

cortex (McDonald and Zaric, 2015) and basal forebrain (McDonald et al., 2012). Our study 606 

did not demonstrate whether pc-nNOS cells project to these areas or other distant regions, 607 

mainly because their axon is likely severed in acute brain slices. However, we found that 608 

nNOS type I cells represent virtually all (98.4%) SOM+ and NPY+ cells of the BLA, 609 

suggesting that the SOM+ and NPY+ pericapsular neurons retrogradely labeled by McDonald 610 

and colleagues could indeed be pc-nNOS cells. 611 

Neurolucida reconstructions of two pc-nNOS cells suggest that these neurons are not 612 

pure projection neurons, because they have considerable local projections to the BLA. 613 

Nonetheless, for the majority of filled pc-nNOS cells we detected axonal branches in nearby 614 

structures such as endopiriform claustrum, piriform cortex and amygdalo-striatal transition 615 

area/caudate-putamen. In some cases, an axonal branch projected for several hundreds of μm 616 

into caudate-putamen or cortex. However, we never detected a main, thicker axon typical of 617 

other GABAergic long-range projection neurons, e.g. hippocampo-septal and septo-618 

hippocampal cells (Jinno et al., 2007; Unal et al., 2015b). Importantly, we cannot fully rule 619 

out that pc-nNOS cells have a thicker, main axon that is myelinated and therefore could not 620 

be visualized using fluorescence or light microscopy. Nevertheless, our data keep open the 621 

intriguing possibility that pc-nNOS cells coordinate BLA activity with extra-amygdaloid 622 

regions.  623 
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Using paired whole-cell recordings, we detected a presynaptic pc-nNOS cell 624 

functionally connected, likely via a GABAergic connection, to a postsynaptic BLA principal 625 

cell. This indicates that BLA principal cells are one of the postsynaptic targets of pc-nNOS 626 

neurons. Crucially, pc-nNOS connection probability to principal cells (1/11) is much lower 627 

than the one of other BLA NPY+ interneurons (neurogliaform cells, Manko et al., 2012) or of 628 

BLA PV+ interneurons (Woodruff and Sah, 2007b). It is not clear whether pc-nNOS cells 629 

target BLA GABAergic cells, because we did not detect connections from pc-nNOS cells and 630 

nearby pc-nNOS cells (0/5) or nearby nNOS-negative interneurons (0/3). In addition to 631 

clarifying pc-nNOS postsynaptic targets (both in the BLA and in extra-amygdaloid regions), 632 

future studies should assess which cellular domains of BLA principal cells are targeted by pc-633 

nNOS neurons. In the BLA, SOM+ neurons target distal dendrites of principal neurons, as 634 

well as dendrites and cell bodies of interneurons. In line with potential dendritic targeting, our 635 

Neurolucida reconstructions revealed that pc-nNOS cells do not innervate BLA or extra-636 

amygdaloid regions with perisomatic basket-like terminals. 637 

Pc-nNOS cells are likely to modulate other neurons not only via GABA release, but 638 

also via other neurochemicals, namely nNOS, NPY and SOM. Nitric oxide signaling has 639 

been shown to promote long-term potentiation at inhibitory synapses in the LA (Lange et al., 640 

2012), while SOM and NPY appear to hyperpolarize LA principal neurons via G protein-641 

coupled inwardly rectifying potassium channel activation (Meis et al., 2005; Sosulina et al., 642 

2008). 643 

The present study suggests that pc-nNOS cells modulate amygdaloid and extra-644 

amygdaloid neurons in a vigilance state-dependent manner, because our c-Fos data 645 

demonstrate that these cells are strongly activated during sleep (at least when sleep follows 646 

sleep deprivation). In contrast, pc-nNOS+ neurons do not express c-Fos after prolonged 647 

wakefulness. To our knowledge, our results represent the first demonstration of a GABAergic 648 
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neuron type of the amygdala that dichotomously changes its activity as a function of the 649 

sleep-wake cycle. Thus, selective sleep activation of nNOS+ type I neurons appears to be 650 

more widespread and not only restricted to the cortex (Gerashchenko et al., 2008; Morairty et 651 

al., 2013; Dittrich et al., 2014).  652 

In agreement with previous findings (Semba et al., 2001), we show that the overall 653 

neuronal activation in the paracapsular area is higher after sleep deprivation than recovery 654 

sleep, i.e. a pattern of activation that is opposite to the one of pc-nNOS neurons. This 655 

observation suggests cell type-specific, and not broad, sleep activation in the BLA. 656 

Importantly, it is not clear whether all nNOS+ type I neurons along or inside BLA boundaries 657 

are equally inhibited by 5-HT and activated by recovery sleep following sleep deprivation. In 658 

this study, we limited our quantification to pc-nNOS neurons adjacent to the external capsule 659 

to match the location of our patch-clamp recordings. 660 

5-HT has been proposed to be one of the neuromodulators promoting inhibition of 661 

nNOS type I cells in neocortex (Kilduff et al., 2011; Tricoire and Vitalis, 2012). Our study 662 

corroborates this hypothesis, because we detected axons from dorsal raphe 5-HT neurons 663 

innervating pc-nNOS cells. In addition, electrophysiological experiments demonstrate that 5-664 

HT hyperpolarizes pc-nNOS cells via 5-HT1A receptors. As this hyperpolarization was 665 

associated with a decrease in Rin, it likely arises from the opening of a K+ conductance, as 666 

described in hippocampal neurons (Andrade and Nicoll, 1987). Interestingly, striatal nNOS 667 

interneurons are also inhibited by 5-HT, but this effect is mediated by another class of 668 

serotonin receptors (5-HT2C, Cains et al., 2012). Furthermore, in a subset of cells 5-HT also 669 

altered the pc-nNOS neurons’ firing mode from tonic to bursting. This bursting physiology in 670 

response to membrane hyperpolarization resembles effects previously reported in striatal low-671 

threshold spike interneurons (Dehorter et al., 2009; Beatty et al., 2012), cells that are also 672 

SOM+, NPY+ and nNOS+ (Kawaguchi, 1993; Ibáñez-Sandoval et al., 2011). However, this 673 
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might originate from different mechanisms because pc-nNOS neurons do not display a low-674 

threshold spiking phenotype. The effect exerted by 5-HT provides a putative cellular 675 

mechanism that could explain, at least in part, the activity of pc-nNOS neurons across sleep 676 

and wakefulness. Their 5-HT-mediated inhibition, an effect previously proposed by Kilduff 677 

et al. (2011), could be prominent during sleep deprivation, when 5-HT release from raphe 678 

neurons is high, compared to NREM and REM sleep, when 5-HT release is lower (Portas et 679 

al., 1998).  680 

It is unlikely that 5-HT is the only neurotransmitter released during wake and arousal 681 

that suppresses pc-nNOS neuron activity. For example, paracapsular SOM+ and NPY+ 682 

neurons have been shown to co-express the muscarinic type 2 acetylcholine receptor 683 

(McDonald and Mascagni, 2011), implying an inhibitory action of acetylcholine. Since pc-684 

nNOS neurons express NK1 receptors, a putative source of neuromodulatory excitatory drive 685 

on these cells is the NK1 agonist, substance P. Importantly, NK1+ neurons have been shown 686 

to regulate anxiety and reward processing (Gadd et al., 2003; Truitt et al., 2009). Future 687 

studies should establish whether pc-nNOS neuron activity is high during sleep due to intrinsic 688 

membrane properties or also because stronger excitatory inputs. These inputs could include 689 

peptides and hormones released during sleep such as adenosine, as proposed by Kilduff et al. 690 

(2011) or glutamatergic axons contained in external/intermediate capsules. 691 

In summary, our work turns the spotlight on a novel BLA GABAergic cell type that is 692 

activated by sleep and inhibited by wakefulness and 5-HT, and establishes a link between 693 

BLA circuits and sleep-wake history. Given the crucial involvement of the BLA in 694 

conditioned fear and anxiety (Tovote et al., 2015), this discovery is particularly compelling 695 

because sleep deprivation has been shown to impact both emotional phenomena (Graves et 696 

al., 2003; Silva et al., 2004). In the future, intersectional genetic approaches will allow 697 

selective tagging of nNOS+ type I neurons (He et al., in press), for instance by taking 698 
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advantage of their SOM, NPY or NK1 expression. In addition to facilitating their targeting 699 

for electrophysiological recordings, these strategies could also permit specific manipulation 700 

of BLA nNOS+ type I cells during behavior, which could probe their precise role in sleep and 701 

emotion regulation. 702 

  703 
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Figure legends and tables 916 

Fig. 1 - Neurochemical profile and localization of nNOS+ type I neurons of the BLA 917 

A, confocal stack (z-stack: 27 μm) showing co-localization of SOM and NPY in BLA 918 
neurons with strong nNOS expression (nNOS+ type I, arrows) and no SOM and NPY 919 
immunoreactivity in neurons with weak nNOS expression (nNOS+ type II, arrowheads). B, 920 
confocal stack (z-stack: 13 μm) showing co-localization of NK1 in BLA nNOS+ type I 921 
neurons (arrows) and no NK1 immunoreactivity nNOS+ type II neurons (arrowheads). C, 922 
93.2 ± 6.5% of nNOS+ type I neurons co-expressed SOM (n =3 brains), 95.4 ± 5.4% co-923 
expressed NPY (n = 6 brains) and 84.6 ± 3.1 co-expressed NK1 (n = 3 brains). D, Three 924 
coronal sections illustrating the distribution of BLA nNOS+ type I neurons at different 925 
rostrocaudal positions. nNOS+ type I cells plotted at each level were mapped by collapsing 926 
three neighboring 60 μm-thick sections. Data are presented as means ± SEM. Abbreviations: 927 
BLV: basolateral ventral amygdala; BMA: basomedial amygdala; CeA: central amygdala, 928 
CoA: cortical amygdala; CPu: caudate-putamen; Pir ctx: piriform cortex; PRh, perirhinal 929 
cortex. 930 
  931 
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Fig. 2 – Electrophysiological properties of pc-nNOS neurons 932 

A, co-localization of tdTomato and nNOS in BLA neurons from a Nos1-CreER;Ai9 mouse. B, 933 
voltage responses to hyperpolarizing-depolarizing current pulses (range: −30/+15 pA, 5 pA 934 
steps, 400 ms) used to construct the I–V plot shown in C and to determine the value of Rin. D, 935 
adapting instantaneous firing, obtained by injecting twice the rheobase current for 1 s. E, 936 
spontaneous firing at resting Vm (Vm rest). F, action potential evoked by a short depolarizing 937 
current (3 ms, +800 pA). G, voltage sag and rebound depolarization generated by 938 
hyperpolarizing current injection (500 ms, -150 pA) and blocked by Ih blocker ZD7288 (30 939 
μM). 940 
  941 
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Fig. 3 – Axonal and dendritic arborization of pc-nNOS neurons 942 

A, Biocytin-labeled pc-nNOS neuron co-expressing tdTomato. B, Neurolucida reconstruction 943 
from a pc-nNOS cell (MB131202_1) with dendrites (black) running parallel with the 944 
intermediate capsule and axon (green) innervating both the BLA and the caudate-putamen 945 
(CPu). C, Neurolucida reconstruction from another pc-nNOS cell (MB151113_2) with 946 
dendrites (black) mostly running parallel with the external capsule and axon (green) 947 
innervating mostly the BLA, but also the dorsal endopiriform claustrum (DEn), the perirhinal 948 
cortex (PRh ctx) and the amygdalo-striatal transition area (AStria)/caudate putamen (CPu). 949 
Other abbreviations: CeA: central amygdala; ec: external capsule. Data are presented as 950 
means ± SEM.  951 
  952 
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Fig. 4 – VGAT expression and connectivity of pc-nNOS cells 953 

A, top, VGAT immunoreactivity of Biocytin-filled axonal varicosities of a pc-nNOS neuron 954 
(arrows). Bottom, VGAT immunoreactivity in a Biocytin-filled bouton from another pc-955 
nNOS cell (arrow). B, dual whole-cell recording (voltage clamp) showing a presynaptic pc-956 
nNOS neuron functionally connected to a postsynaptic PN. Top, schematic showing the dual 957 
whole-cell recording configuration. Middle, action current evoked in the presynaptic pc-958 
nNOS. Bottom, unitary IPSC (uIPSC) recorded in the postsynaptic PN (holding potential: -40 959 
mV; grey, overlap of ten sweeps repeated every 10 s; black, average of the ten sweeps). Inset: 960 
stereotypical PN firing evoked by 500 ms-long, +100 pA current injection in the postsynaptic 961 
cell held at -65 mV. C, rate of connectivity between a pc-nNOS and BLA cells. 1/11 nearby 962 
PN received a uIPSC, whereas no uIPSC could be recorded in five nearby pc-nNOS cells or 963 
three nearby nNOS-negative interneurons. 964 

  965 
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Fig. 5 –pc-nNOS neurons are activated during sleep 966 

A, 24 h profile of EEG slow wave activity (SWA, EEG power between 0.5-4.0 Hz, displayed 967 
as % of mean 24 h baseline; white bar: 12 h light period; dark bar: 12 h dark period) recorded 968 
in the frontal cortex and below the distribution of sleep-wake stages (W= wakefulness, N= 969 
NREM sleep, R= REM sleep) from a representative mouse. Note, as expected, sleep 970 
predominates and SWA shows a typical decline during the 12 h light period. B, EEG power 971 
spectral density during waking, NREM sleep and REM sleep shown for the frontal EEG (n = 972 
7). Note the state dependent differences in cortical activity. C, top, representative profile of 973 
SWA during the 4 h sleep deprivation (SD) and subsequent sleep opportunity/recovery sleep 974 
(RS) in one individual mouse. Bottom, the distribution of sleep-wake stages. Mice in the SD 975 
Group were sacrificed at the end of SD at ZT4 (n = 4) while the remaining mice in the 976 
SD+RS Group (n = 4) were sacrificed after the sleep opportunity. D, EEG spectral density in 977 
NREM sleep (displayed as a ratio of the mean 24 h baseline) during the sleep opportunity 978 
after SD (n = 4). Note the typical increase in SWA relative to the corresponding baseline 979 
interval after a period of prolonged waking. Thin lines represent power density from single 980 
mice, whereas thick lines represent mean power density from all four mice. E, Top panels, 981 
confocal stack (z-stack: 29 μm) showing lack of c-Fos immunoreactivity in pc-nNOS cells 982 
after SD. A median filter was applied (x, y radius: 5 pixels). Arrowhead: a c-Fos+ cell 983 
immunonegative for nNOS. Bottom panels, confocal stack (z-stack: 31 μm) showing c-Fos 984 
immunoreactivity in two pc-nNOS cells (arrows) following SD+RS.. A median filter was 985 
applied (x, y radius: 5 pixels). Insets: magnification of one the c-Fos+ pc-nNOS cells (z-986 
stack: 5 μm, no filtering was applied). F, Quantification of c-Fos expression in pc-nNOS 987 
neurons. No pc-nNOS neuron expressed c-Fos following SD, whereas 31.4 ± 16.4% were c-988 
Fos+ after subsequent RS (n = 4 per condition). G, Quantification of c-Fos expression in 989 
paracapsular Nissl-stained cells. Overall, c-Fos+ neurons were more abundant following SD 990 
(3.7 ± 1.1%) than subsequent RS (0.6 ± 0.5%, n = 4 per group) ** p < 0.01. * p < 0.05. Data 991 
are presented as means ± SEM. 992 
 993 
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Fig. 6 –Dorsal raphe 5-HT neurons innervate pc-nNOS neurons 995 

A, Cre-dependent expression of an anterograde tracer in the dorsal raphe nuclei (DRN) of 996 
SERT-Cre mice B, Confocal stack (z-stack: 5.61 μm) showing selective expression of eYFP 997 
in 5-HT immunopositive neurons in the dorsal raphe nuclei. MRN: median raphe nuclei. C, 998 
nNOS immunoreactivity and innervation by dorsal raphe 5-HT neurons in the amygdaloid 999 
complex. The external paracapsular region display prominent innervation. D, Confocal stack 1000 
(z-stack 11.1 μm) showing an axonal varicosities from a dorsal raphe 5-HT neuron 1001 
juxtaposed to a pc-nNOS neuron soma (arrow). Inset: magnification of the somatic 1002 
apposition (single optical section, 0.37 μm thickness). E, Confocal stack (z-stack 5.49 μm) 1003 
showing an axonal varicosity from a dorsal raphe 5-HT neuron juxtaposed to a pc-nNOS 1004 
neuron dendrite (arrow). Inset: magnification of the dendritic apposition (single optical 1005 
section, 0.37 μm thickness).  1006 

  1007 
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Fig. 7 – 5-HT inhibits pc-nNOS neurons 1008 

A, representative cell-attached recording from a pc-nNOS neuron (voltage clamp mode) 1009 
inhibited by bath application of 5-HT (50 μM). In this cell, 5-HT did not trigger burst firing. 1010 
B, representative cell-attached recording from a pc-nNOS neuron (voltage clamp mode) in 1011 
which bath application of 5-HT elicited both a reduction in firing rate and burst firing. Insets: 1012 
magnified examples of tonic firing in control conditions and burst firing upon bath 1013 
application of 5-HT (50 μM). C, significant decrease in firing rate promoted by 5-HT (from 1014 
3.6 ± 1.6 Hz to 1.6 ± 0.4 Hz, p < 0.0001, paired t-test, n = 18). D, significant increase in 1015 
firing irregularity (measured by the CV of the ISI: from 0.5 ± 0.06 to 2.9 ± 0.4, p < 0.0001, 1016 
paired t-test, n = 18) caused by 5-HT. E, 5-HT application enhances the burstiness of pc-1017 
nNOS neurons: the peak of the ISI histogram (in Log scale) shifts to the left (n = 18). F, 5-1018 
HT triggered spike bursts only in 7/18 pc-nNOS neurons. The remaining neurons displayed 1019 
only a reduction in firing rate upon 5-HT application. G, In 4 cells displaying bursts upon 5-1020 
HT application, 5-HT was re-applied in presence of synaptic blockers (10 μM NBQX, 50 μM 1021 
AP-V and 10 μM SR95531). In these conditions 5-HT still triggered bursting (the peak of the 1022 
Log ISI histogram shifted to the left), suggesting synaptic inputs are not necessary for 1023 
bursting activity. **** p < 0.0001. Data are presented as means ± SEM.  1024 
  1025 
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Fig. 8 – Direct hyperpolarization of pc-nNOS neurons by 5-HT via 5-HT1A receptors 1026 

A, effect of 5-HT on voltage responses to depolarizing current injection of representative pc-1027 
nNOS neuron (20 pA, 300 ms) in control conditions (left) and in presence of 5-HT1A 1028 
antagonist WAY100635 (10 μM, right). B, time course of the effect of 5-HT on the Vm of pc-1029 
nNOS neurons (n = 10). C, time course of the effect of 5-HT on the Rin of pc-nNOS neurons 1030 
(n = 10). D, 5-HT significantly hyperpolarizes pc-nNOS cells (from -59.3 ± 0.2 mV to -64 ± 1031 
0.7 mV, p = 0.001, one-way ANOVA with Bonferroni post hoc test, n = 10). E, 5-HT 1032 
significantly reduced the Rin of pc-nNOS cells (by 11.3 ± 1.9%, p = 0.0006, one-way 1033 
ANOVA with Bonferroni post hoc test, n = 10). F-G, 5-HT-evoked hyperpolarization and Rin 1034 
reduction are significantly reduced by 10 μM WAY100635 (p = 0.0235 and p = 0.0064, 1035 
respectively, paired t-tests, n = 5). H, 5-HT significantly hyperpolarizes pc-nNOS cells even 1036 
in presence of synaptic blockers (10 μM NBQX, 50 μM AP-V and 10 μM SR95531; p = 1037 
0.0017, paired t-test, n = 5), suggesting a direct effect. *** p < 0.001. ** p < 0.01. * p < 0.05. 1038 
Data are presented as means ± SEM.  1039 
 1040 
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Table 1 - Electrophysiological properties of pc-nNOS neurons 

Abbreviations: Rin: input resistance; CV ISI: coefficient of variation of the interspike interval 
(calculated on the instantaneous firing rate); fAHP: fast after-hyperpolarization; Vm rest: resting Vm 
 

Electrophysiological parameter Mean ± SEM (n = 10) 

Rin (MΩ) 852.8 ± 51.8 

Membrane τ (ms) 27.2 ± 2.0 

Membrane capacitance (pF) 32.8 ± 3.1 

Rheobase current (pA) 28.3 ± 4.0 

Instantaneous firing rate (Hz) 23.2 ± 1.8 

Adaptation index 0.62 ± 0.05 

CV ISI 0.429 ± 0.071 

Rebound depolarization amplitude (mV) 9.6 ± 1.4 

Rebound depolarization area (mV × s) 36.5 ± 0.8 

Sag ratio 0.915 ± 0.010 

Spike half width (ms) 0.75 ± 0.04 

Spike amplitude (mV) 80.6 ± 1.6 

fAHP (mV) 16.5 ± 1.2 

Threshold potential (mV) -31.6 ± 0.8 

Vm rest (mV) -39.7 ± 2.4 

 

 


