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GABAergic parafacial zone is a medullary slow–wave–sleep 
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Abstract

Work in animals and humans suggest the existence of a slow–wave sleep (SWS) promoting/EEG 

synchronizing center in the mammalian lower brainstem. While sleep–active GABAergic neurons 

in the medullary parafacial zone (PZ) are needed for normal SWS, it remains unclear if these 

neurons can initiate and maintain SWS or EEG slow wave activity (SWA) in behaving mice. We 

used genetically targeted activation and optogenetic–based mapping to uncover the downstream 

circuitry engaged by SWS–promoting PZ neurons, and we show that this circuit uniquely and 

potently initiates SWS and EEG SWA, regardless of the time of day. PZ neurons 

monosynaptically innervate and release synaptic GABA onto parabrachial neurons that in turn 

project to and release synaptic glutamate onto cortically–projecting neurons of the magnocellular 

basal forebrain; hence a circuit substrate is in place through which GABAergic PZ neurons can 

potently trigger SWS and modulate the cortical EEG.

A “good night’s sleep” is an established prerequisite for optimal physiologic, psychologic 

and cognitive function, yet the sub–cortical brain structures regulating sleep, in particular 

slow– wave–sleep (SWS), and its electroencephalogram (EEG) correlates remain 

incompletely understood. One model of sleep–wake regulation posits a flip–flop switching 

mechanism that involves mutually inhibitory interactions between sleep–promoting neurons 

in the ventrolateral preoptic area (VLPO) and wake–promoting neurons in the brainstem and 

hypothalamus1, 2. While this model has heuristic value for understanding the neurobiology 

of sleep and its disorders, it does not fully account for data derived from early 

neurophysiologic and transection experiments in animals3-5 and more recent human–based 

functional magnetic resonance imaging (fMRI) studies6 that have suggested the existence of 

a SWS–promoting/EEG synchronizing “center” in the lower brainstem of mammals. Even 

though animals with lesions of the VLPO show a dramatic (ca. 40–50%) and sustained 

increase in waking, about half of the normal behavioral and electrographic SWS remains7, 

indicating additional circuitry for promoting SWS must exist. The intensity of cortical slow–

Correspondence to: Jun Lu; Patrick M. Fuller.
*Corresponding Authors

NIH Public Access
Author Manuscript
Nat Neurosci. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
Nat Neurosci. 2014 September ; 17(9): 1217–1224. doi:10.1038/nn.3789.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



wave–activity (SWA: 0.5–4Hz) during SWS is also widely accepted as a reliable indicator 

of sleep need; is thought to mediate the general restorative function of sleep8, 9; and is 

thought to play a role in memory consolidation10, synaptic homeostasis11 and other aspects 

of cortical plasticity12. Hence, elucidating the location and identity of extra–VLPO neurons 

that generate SWS and cortical SWA remains central to our understanding of not only brain 

sleep per se but also many sleep–dependent neurobiological processes. Towards this end, it 

was recently reported that sleep–active GABAergic neurons in the medullary parafacial zone 

(PZ) are needed for normal SWS13. However it remains unclear if these neurons are capable 

of driving SWS or EEG SWA in intact animals, and how these putative SWS–promoting PZ 

neurons may be functionally, synaptically coupled with more rostrally situated circuitry 

capable of influencing the cortical EEG.

Results

PZ GABAergic neurons promote SWS in behaving mice

To test the ability of GABAergic PZ neurons to initiate SWS in behaving animals, we 

placed bilateral injections of an adeno–associated viral (AAV) vector containing an 

excitatory modified muscarinic G protein–coupled receptor (DIO–hM3Dq–mCherry–

AAV10; Fig. 1b) expressed in a cre–dependent manner into the PZ (Fig. 1a–b,f–g and 

Supplementary Fig. 1) of Vgat–IRES–cre mice14 (Fig. 1c–e) and non–cre expressing 

littermates. Robust cell–surface expression of the hM3Dq receptors was observed on 

GABAergic PZ neurons of Vgat–IRES–cre mice (Fig. 1f–g) but was absent in non–cre–

expressing littermates, confirming the requirement for cre activity to enable hM3Dq 

expression within PZ GABAergic neurons. Injections of the hM3Dq agonist clozapine–N–

oxide [CNO 0.3mg/kg, intraperitoneal (IP)], which is otherwise pharmacologically inert, 

also drove c–Fos expression in hM3Dq–expressing GABAergic neurons in the PZ (Fig. 1h), 

confirming ligand–induced activation of hM3Dq–expressing GABAergic PZ neurons in 

vivo. CNO–driven depolarization and firing of hM3Dq–expressing GABAergic PZ neurons 

was also confirmed in whole cell, current clamp recordings (Fig. 1i). Importantly, in 

baseline condition, we observed no differences between Vgat–IRES–cre mice expressing 

hM3Dq in GABAergic PZ neurons and non–hM3Dq–expressing littermate mice in hourly 

sleep–wake or the EEG power spectra (Supplementary Fig. 2 and Supplementary Table 1), 

demonstrating that, in the absence of the ligand (CNO), hM3Dq receptors are without effect 

on sleep–wake parameters. Similarly, IP injections of CNO were without significant effect 

on these same parameters in non–hM3Dq–expressing mice (Supplementary Fig. 3 and 

Supplementary Table 2), indicating that electrographic or physiologic changes observed in 

hM3Dq–expressing mice following CNO administration is directly linked to the activation 

of PZ GABAergic neurons.

Following IP vehicle injections at 7PM [lights–off], mice expressing the hM3Dq receptor in 

GABAergic PZ neurons displayed a typical night hypnogram with long bouts of 

wakefulness marked by high EMG activity and low EEG SWA (Fig. 2a). Following IP CNO 

injections however mice fell asleep with a short latency (Fig. 3b and Supplementary Table 

2) and SWS, marked by low electromyogram (EMG) activity and high EEG SWA (Fig. 2b–

c), was significantly increased during the 3 hr post–injection period as compared with 
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vehicle (Fig. 3b and Supplementary Table 2). SWS bout length was also significantly 

increased during the 3 hr post–CNO injection period (Supplementary Table 2), indicating a 

consolidate CNO–induced SWS. More specifically, when SWS bout duration was analyzed 

as a function of bout length for baseline or vehicle injection conditions, the preponderance 

of SWS occurred in 1–10 min bouts, with no bouts exceeding 20 min. (Fig. 3e). Following 

administration of CNO however the preponderance of SWS occurred in bouts longer than 5 

min and ca. 35% of the SWS amount occurred in bouts longer than 20 min. The SWS EEG 

was also enriched with SWA during the first hour of CNO–induced SWS as compared with 

SWS following vehicle injection (Fig. 2b, Fig. 3c and Supplementary Fig. 4). By contrast, 

higher frequencies such as beta and gamma were decreased. Because SWA is a widely 

accepted marker of SWS quality and intensity9, 15, 16 and high EEG frequencies are 

indicative of cortical activation and wakefulness17, our findings suggest that GABAergic PZ 

neurons can influence both the quantitative and qualitative aspects of SWS. SWS delta 

power is typically maximal during the dark period, following long, consolidated bouts of 

wakefulness. Interestingly, activation of PZ GABAergic neurons by CNO resulted in higher 

SWS delta power than the maximum observed during time–of–day equivalent spontaneous 

sleep in these mice. The same was true when CNO injections were performed during the 

light period (Fig. 4c), which is a time of high “sleep drive” in mice. Even more significantly, 

activation of PZ GABAergic neurons by CNO during the normal sleeping period increased 

SWS amount and bout lengths beyond the maximum observed during time–of–day 

equivalent spontaneous sleep (Fig. 4b,e and Supplementary Table 2). The consolidated SWS 

and elevated SWA observed after activation of PZ GABAergic neurons is similar to the 

sleep rebound following sleep deprivation. Furthermore, the deep SWS induced by CNO 

administration appeared to satisfy the homeostatic need for sleep for the remainder of the 

dark period (Fig. 2b). In general agreement with the behavioral and EEG findings, CNO 

administration produced a marked reduction in cortical c–Fos (Supplementary Fig. 5), 

indicative of a quiescent cellular cortex. Finally, acute and selective silencing of PZ 

GABAergic neurons at 10AM (a time of high sleep pressure in the mouse), which we 

achieved using a cre-enabled inhibitory modified muscarinic G protein-coupled receptor 

(DIO-hM4Di-mCherry-AAV10), strongly decreased the percentage time spent in SWS over 

a 2 hour post-CNO injection period as compared with vehicle injections (Supplementary 

Fig. 6). Hence, and in agreement with our previous findings, PZ GABAergic neurons also 

appear to be necessary for the initiation of normal SWS, even during times of high sleep 

drive.

CNO–induced SWS occurred at the expense of both wake (W) and rapid eye movement 

(REM) sleep, which were significantly decreased 3 and 9 hrs, respectively, following CNO 

administration (Fig. 3a,d). During the 3 hr post–CNO injection period, W bout duration was 

significantly decreased as compared with vehicle injections. Specifically, the preponderance 

of W amount occurred in 10s–10 min bouts following CNO administration, whereas most W 

amount occurred in bouts 10 min or longer following vehicle injections (Fig. 3e). During the 

remaining hours of the active (dark) period, and unlike that observed following the daytime 

CNO injections (Fig. 4a), W amount was significantly increased between 10PM and 7AM 

(Fig. 3a), suggesting that wake, like sleep, may also be under some level of homeostatic 

regulation, i.e., a wake rebound. With respect to REM sleep, its latency was significantly 
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increased (Fig. 3d and Supplementary Table 2) and REM sleep amount remained significant 

decreased over the remaining hours of the active period following CNO injection (Fig. 3d). 

During the subsequent light period, REM sleep amount returned to control levels, and no 

REM sleep rebound was seen, resulting in a net and significant decrease in REM sleep 

amount over the 24 hrs following CNO injection (46.6 ± 7.4 vs 72.8 ± 5.3 min after vehicle 

injection, p = 0.0028; n = 13). As SWS and wake homeostasis in general takes precedence 

over that for REM sleep, we also analyzed REM sleep on the second night following the 

7PM CNO injections, but still found no evidence of REM recovery (Supplementary Table 

2).

PZ directly inhibits BF–projecting PB neurons

In a previous study we showed that PZ sleep–active neurons project to the wake– promoting 

parabrachial nucleus (PB)13. Given that projections from glutamatergic PB neurons to the 

magnocellular basal forebrain (BFmc), but not the thalamus, are indispensable for 

maintaining cortical activation and wakefulness18, 19, we hypothesized that GABAergic PZ 

neurons might promote SWS and SWA by inhibiting the wake–promoting PB–BFmc–cortex 

circuit. In other words, we predict that PZ GABAergic neurons monosynaptically project to 

and produce inhibitory postsynaptic events in PB neurons that specifically and 

monosynaptically innervate neurons of the BFmc. To test this hypothesis, we injected a cre–

dependant vector containing channelrhodopsin–2 (DIO–ChR2(H134R)–mCherry–AAV; 

ChR2–mCherry) into the PZ and retrograde fluorescent microspheres were injected into the 

ipsilateral BFmc of Vgat– ires–cre mice (Fig. 5a). Histological assessment confirmed 

accurate bead placement in the BF (Fig. 5b–c) and mCherry–positive somas restricted to the 

GABAergic PZ (Fig. 5e–f). Photo– stimulation of PZVgat cell bodies expressing ChR2–

mCherry elicited robust photocurrents and trains of brief blue–light flashes entrained the 

firing of PZVgat neurons up to 5 Hz (Supplementary Fig. 7). To determine whether 

activation of PZ axons evoked GABA release in the PB, we photostimulated PB slices 

containing ChR2–mCherry expressing axons that originated from PZVgat neurons (Fig. 5d). 

The flashes of blue light evoked fast inhibitory postsynaptic currents (IPSCs) in PB neurons 

that were retrogradely labeled from the BFmc (n = 7/18 neurons). The light stimuli induced 

synaptic events of amplitude comparable to spontaneous IPSCs (Fig. 5h), indicating that the 

responses were in the physiological range. Moreover, based upon the rapid kinetics, both the 

spontaneous and photo–evoked responses occurred in the soma and proximal dendrites of 

the cell. The photo–evoked IPSCs were also completely abolished by bicuculline (20 μM, 

Fig. 5g) indicating that these responses were mediated by the release of GABA and by the 

activation of GABAA postsynaptic receptors. In BFmc–projecting PB neurons that exhibited 

synaptic responses (PZVgat→PB) the probability of any given light pulse evoking a 

synchronous IPSC was 58.0 ± 5.6% (n = 7, Fig. 5i–j). Three stimuli were used to show that 

1) the response was consistent across stimulation, and 2) no depression occurred following 

repeated stimulation, i.e., individual synaptic response had equivalent amplitudes. The 

photo–evoked IPSCs in PB neurons projecting to BFmc had an average onset delay of 6.2 ± 

0.3 ms, a peak amplitude of 23.1 ± 3.2 pA, and a charge transfer of 1.02 ± 0.21 pC (single 

light pulses; n = 7). Photostimulation evoked IPSC’s in PB neurons even in the presence of 

tetrodotoxin (TTX; n = 4; Fig. 5k) supporting a direct synaptic connectivity from PZ to PB 

(PZVgat→PB→BFmc).
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As neurons of the BFmc directly and heavily innervate the cerebral cortex (most regions and 

layers)20 we sought to confirm, using a similar approach to the foregoing, that glutamatergic 

PB neurons monosynaptically project to and produce excitatory postsynaptic responses in 

cortically–projecting BF neurons. To do so we placed injections of ChR2–mCherry into the 

lateral PB and retrograde fluorescent microspheres into the ipsilateral prefrontal cortex 

(PFC) of Vglut2–ires–cre mice (n = 3; Fig. 5l). Histological assessment confirmed accurate 

bead placement in the PFC and mCherry–positive somas restricted to the glutamatergic 

lateral PB (Fig. 5m–n). To determine whether activation of PB axons evoked glutamate 

release in BFmc neurons that were retrogradely labeled from the PFC, we photostimulated 

slices containing ChR2–mCherry expressing axons that originated from PBVglut2 neurons. 

The flashes of blue light evoked action potential firing and short latency excitatory 

postsynaptic currents (EPSCs) in cortically–projecting neurons of the BFmc (6/7 neurons; 

average onset delay: 5.9 ± 0.6 ms; n = 4) suggesting a direct synaptic connectivity from PB 

to BFmc (PBVglut2→BFmc→PFC). Responses to photostimulation in BFmc neurons were 

completely abolished by 6,7– dinitroquinoxaline–2,3–dione (DNQX; 30 μM; Fig. 5o–q) 

indicating that these responses were mediated by the release of glutamate and by the 

activation of α–Amino–3–hydroxy–5–methyl– 4–isoxazolepropionic acid (AMPA) 

postsynaptic receptors. In summary, GABAergic PZ neurons monosynaptically innervate 

and release synaptic GABA onto PB neurons that in turn project to and release synaptic 

glutamate onto cortically–projecting neurons of the BFmc. Hence the 

PZVgat→PBVglut2→BFmc→PFC circuit represents a functional circuit substrate through 

which PZ GABA neurons can regulate cortical circuitry to potently modulate behavioral 

state and EEG SWA (Supplementary Fig. 8).

Discussion

Batini’s study in 1958 of the midpontine pretrigeminal preparation, which resulted in 

chronic insomnia (i.e., forebrain desynchrony), inspired the hypothesis that the caudal 

brainstem contained SWS–promoting/EEG synchronizing structures3. The location and 

existence of SWS– promoting/EEG synchronizing circuitry in the mammalian brainstem has 

however remained unresolved. In the present study we show, for the first time, that 

activation of a delimited node of GABAergic neurons located in the medullary PZ can 

potently initiate SWS and cortical SWA in behaving animals. We further describe a 

functional, synaptic brainstem–forebrain–cortex pathway through which these neurons can 

modulate behavioral state and the cortical EEG.

PZ induces physiologic SWS and cortical SWA

There is every indication that the SWS and cortical SWA induced by activation of PZ 

GABAergic neurons in our experiments is physiologic. First, the power spectral distribution 

for CNO–induced SWS is identical to that of the ”spontaneous” SWS observed following 

control injections. Second, as in normal SWS, we observed a gradual but persistent decrease 

in delta power over the course of the SWS episode21. Third, as expected of a “sleeping 

brain” c-Fos expression by cortical neurons was quiescent22. And, finally, a waking rebound 

was observed following the induction of SWS, indicating that CNO–induced SWS satisfied 

sleep need. A deeper inspection of the data further suggest that the CNO–induced SWS was, 
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in fact, a higher ‘quality’ SWS as compared with normal SWS. For example, delta power 

was higher and SWS bouts were longer as compared with normal SWS. This is reminiscent 

of the “deep” SWS observed following sleep deprivation23, 24. In addition, CNO–induced 

SWS showed decreased power in the beta–gamma (20–60 Hz) band, which together with 

increased delta power is indicative of a high quality electrographic SWS25. In sum, the 

increase in delta power at a time when delta is normally maximal (i.e., ZT12, which is the 

beginning of the dark period)9, 16, the increase in SWS when sleep drive is normally 

maximal (i.e., ZT3), the short latency to SWS following CNO administration, and the length 

and consolidated nature of the CNO–induced SWS all strongly indicate that activation of PZ 

GABAergic neurons can rapidly and potently induces physiologic SWS and cortical SWA. 

Moreover, and consistent with a SWS–promoting function, acute inhibition of PZ 

GABAergic neurons – at a time of day approximating peak sleep drive – strongly decreased 

the percentage time spent in SWS.

It is also of interest that CNO–induced SWS at ZT12, which is a time that the mice are 

normally highly awake, resulted in an apparent “wake deprivation”. In other words, 

following CNO–induced SWS at ZT12, the mice showed a significantly greater amount of 

wake, indicating a wake “rebound”. In contrast, no wake rebound was observed following 

CNO–induced SWS at ZT3, which is a time that the mice are normally deeply asleep. 

Unlike wake, sleep deprivation is relatively easy to induce and study, and a homeostatic 

“rebound” of sleep following sleep deprivation is a widely accepted phenomenon in the 

sleep field. Our findings suggest that CNO–induced SWS at ZT12 may have produced a 

wake deprivation and a subsequent wake “rebound”, secondary to the induction of high 

quality SWS. That we only observed a wake “rebound” following CNO–induced SWS 

during the normal waking but not sleeping period, is further evidence that the wake 

“rebound” is directly linked to wake deprivation and not a non– specific response to CNO–

induced SWS. Rather, we interpret this finding as evidence that wake, like sleep, may also 

be under some level of homeostatic regulation. This interpretation would be consistent with 

the vital biological role of wake, which is a behavioral state subserving a myriad of 

biological imperatives, including feeding and reproducing.

Interestingly, REM sleep was also inhibited during CNO–induced SWS and for a longer 

period than the apparent CNO–induced SWS effect. Why REM sleep was so strongly 

inhibited is unclear to us, but one explanation may be that the high SWS pressure followed 

by the high wake pressure prevented REM generation. This explanation, however, is not 

entirely consistent with the physiology observed following activation of PZ GABAergic 

neurons during the day– time. Specifically, following the CNO–induced SWS at ZT3, 

waking pressure did not appear to be higher, i.e., no apparent W “rebound” and normal 

amounts of SWS were observed far sooner than the 9h REM suppression observed. It is also 

the case that a previous study found that lesions of the rat PZ did not affect REM sleep 

quantity, whereas disruption of GABAergic transmission by PZ neurons in the mouse 

reduced REM sleep in proportion to SWS13. It therefore remains unclear if PZ GABAergic 

(or intermingled non–GABAergic PZ neurons) are involved in REM sleep control and thus 

we feel it is premature to assign a role for PZ in REM sleep control. It is also possible that 

PZ GABAergic neurons may project to and inhibit neurons that regulate the hippocampal 

and/or cortical EEG features of REM sleep, e.g., the precoeruleus region26.
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GABAergic PZ inhibits a major wake-promoting circuit

In this study we show that PZ GABAergic neurons project to and produce inhibitory 

postsynaptic events in presumptive wake–promoting PB neurons, which in turn project 

directly to the BFmc. This finding not only begins to establish a mechanism and substrate 

through which PZ GABAergic neurons can produce SWS and cortical SWA, but also links 

the PZ to circuitry previously established to play a key role in maintaining wakeful 

consciousness. For example, the PB→BF pathway is critically involved in EEG activation 

and wakefulness. Indeed, ablation of the PB or BF results in a coma–like state in rats, 

suggesting that an intact PB→BF pathway is an absolute requirement for desynchronization 

of the cortical EEG18. And while a PZ→PB projection was established in a previous study13 

the neuronal phenotype and neurotransmitter used remained to be clarified. Here we show 

that PZ GABAergic neurons release synaptic GABA on BF–projecting PB neurons, 

suggesting not only a previously unrecognized source of potent inhibitory influence on the 

PB→BF pathway, but also a circuit substrate through which the PZ can modulate cortical 

activity. This contention is further supported by our ChR2–assisted mapping experiments 

demonstrating functional, synaptic connectivity between glutamatergic PB neurons and 

cortically–projecting BF neurons. In other words our optogenetic–based mapping 

experiments support a circuit model wherein activation of the PZ results in inhibition of the 

PB and hence the loss of excitatory drive to cortically– projecting BFmc neurons. The result 

is a decrease in the fast frequencies that are characteristic of cortical activation/

desynchonization and wakefulness, which then directly or indirectly drives the appearance 

of slow waves and delta waves that are characteristic of cortical synchronization and SWS. 

Several aspects of this proposed circuit model remain to be tested and it may ultimately be 

the case that the PZ modulates cortical activity through other or additional ascending 

pathways/nodes. For now however it remains unclear if the PZ is interconnected with other 

sleep– and wake–promoting nodes beyond the wake–promoting PB. There are apparently 

projections to the PZ from hypocretin/orexin neurons in the lateral hypothalamus27, however 

it is not clear whether these contact PZ sleep–promoting neurons. The VLPO apparently 

does not project to the PZ28 and vice versa29. Hence how the PZ may interact with other 

circuit elements of the “sleep switch” system remains an important area of future 

investigation.

It similarly remains unclear if the forebrain VLPO and the hindbrain PZ operate with any 

synergy to generate whole brain sleep. The SWS “phenotype” that develops following 

lesions of these structures are different, which suggest divergent roles for the VLPO and PZ 

in SWS regulation. Specifically, both VLPO and PZ lesions result in a ca. 50% decrease in 

daily SWS, yet the reduction in SWS after VLPO or PZ lesions derives from fundamentally 

different changes in SWS architecture. In the case of VLPO lesions, it is the duration of 

SWS episodes that is reduced30 whereas in the case of PZ lesions it is the number of SWS 

episodes that is reduced13. To us these differences suggest that the VLPO may be more 

critically involved in SWS consolidation whereas the PZ is more critically involved in SWS 

initiation, although the extent to which the continued activity of PZ GABAergic neurons 

may contribute to the duration of the initiated SWS bout remains unknown. Regardless, 

future studies on animals with both VLPO and PZ lesions or dual activation/inactivation 
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studies will help clarify the extent to which the VLPO and PZ may work synergistically or, 

alternatively, function redundantly, in the production of SWS.

It is also worth mention that work reaching back many decades has suggested that the 

nucleus of the solitary tract (NTS) may comprise, at least in part, a SWS–promoting 

brainstem node5, 31. While the NTS has the ability to modulate cortical activity and, 

importantly, our study does not preclude a SWS–promoting role for the NTS, there exist no 

data showing that NTS lesions produce insomnia or that they increase the amount of time 

spent awake31-35, whereas PZ lesions do13. The PZ is, in fact, along the outflow tract from 

the NTS, and may receive its input, and so the PZ may, in addition to regulating the amount 

of SWS, serve as a link in an ascending pathway (vagal→NTS→PZ) that promotes sleep 

following, for example, a heavy meal, i.e., post–prandial somnolence.

In conclusion, in the present study we demonstrated that all polygraphic and 

neurobehavioral manifestation of SWS, including SWA, can be initiated in behaving 

animals by the selective activation of a delimited node of GABAergic medullary neurons. 

Our findings also suggest a synaptic brainstem–forebrain pathway through which these 

GABAergic PZ neurons can potently modulate behavioral state and cortical activity and 

may provide a structural basis for how brainstem inputs (Supplementary Fig. 8), including 

those that are activated by vagal nerve stimulators used to control epilepsy, may affect the 

forebrain EEG36. These findings contribute to our understanding of how the brain regulates 

and organizes cycles of sleep–wake and may inform the development of drugs to better 

regulate states of sleep and wakefulness in patients with sleep or neurological disorders. 

This study moreover provides a new and potentially highly useful model system for the 

study of the SWS state and its regulation as well as for understanding the role of SWS in a 

continuum of physiologic and neurobiologic processes that SWS has been linked with, 

including energy metabolism, cognition, learning and cortical plasticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cre–dependent expression of the hM3Dq receptor in PZ GABAergic neurons
(a) coronal section outline shows the injection target (delimited node of PZ GABAergic 

neurons) in Vgat–IRES–cre mice. (b) details of hSyn–DIO–hM3Dq–mCherry–AAV 

(hM3Dq–AAV) vector injected. (c) GFP immunolabeling in the brain of Vgat–IRES–cre, 

lox–GFP mice shows the location of GABAergic (VGAT+) PZ neurons (scale bar = 500 

μm); (d) higher power photomicrograph of GABAergic PZ neurons targeted for injection 

(scale bar = 250 μm); (e) morphology of magnocellular PZ GABAergic neurons (scale bar = 

65 μm); (f) bilateral expression (brown immunoreactivity in neuropil) of the hM3Dq 

receptor in PZ GABAergic neurons following AAV–mediated transduction (scale bar = 300 

μm). (g) expression of hM3Dq receptors is evident on the cell surface and processes of 

GABAergic PZ soma (scale bar = 70 μm). (h) high magnification image showing red–brown 

cytoplasmic and neuropil immunostaining with black nuclear c–Fos immunoreactivity 

indicates excitation of GABAergic hM3Dq+ PZ neurons by CNO (scale bar = 20 μm). (i) 
CNO (500 nM bath applied) produced depolarization and firing in hM3Dq–expressing 

GABAergic PZ neurons in brain slices. 4v: fourth ventricle; 7n: facial nerve; Cre: cre–
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recombinase; CNO: clozapine–N–oxide; DTg: dorsal tegmental nucleus; PnC: pontine 

reticular nucleus; PZ: parafacial zone.
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Figure 2. Administration of CNO induces all polygraphic manifestations of slow–wave–sleep 
(SWS) in mice expressing the hM3Dq receptor in GABAergic PZ neurons
Example hypnogram, fast Fourier transform (FFT)–derived delta (0.5–4 Hz) power and 

EMG activity over 12 hrs following (a) vehicle (b) or CNO (0.3 mg/kg, IP; ZT12) 

administration in a mouse with bilateral hM3Dq receptor expression in PZ GABAergic 

neurons. Panel c shows the hypnogram, FFT–derived delta (0.5–4 Hz) power and EMG 

activity during 12 hr light period following panel b. The raw EEG and EMG traces 

following vehicle or CNO injection (arrow on the hypnogram) in 2a and b respectively 

provide unambiguous evidence of CNO–induced SWS/SWA in mice expressing hM3Dq in 

GABAergic PZ neurons. Note that, as compared to vehicle injection, CNO injection rapidly 

induced SWS, itself characterized by increased SWA density and amount. Color code: red = 

wakefulness (W), green = SWS and blue = REM sleep (RS). CNO: clozapine– N–oxide
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Figure 3. CNO administration promotes SWS at the expense of both wakefulness and REM sleep
Panels a, b and d show the sleep–wake quantities following vehicle and CNO (0.3 mg/kg, 

IP; 7 P.M.; n = 13) injections in mice with bilateral expression of the hM3Dq receptor in PZ 

GABAergic neurons, including the average hourly sleep–wake amounts (% of time ± SEM); 

the total sleep–wake amounts (± SEM) during (1) the 3 hrs post–injection period 

(7PM-10PM), (2) the remainder (9 hours) of the dark/active period (10PM-7AM) and (3) the 

subsequent 12 hour light period (7AM-7PM); and the SWS and REM sleep latencies (± 

SEM). Panel c shows the SWS power spectrum changes (± SEM) over baseline during the 3 

hr post–injection period for vehicle injection as compared with the first hour post–injection 

period for CNO (0.3 mg/kg, IP; ZT12; n = 8 mice) and the quantitative changes (± SEM) in 

power for the δ (0.4–4.3 Hz), θ (4.3– 9.8 Hz), α (9.8–19.9 Hz) and β+ γ (19.9–59.8 Hz) 

frequency bands (± SEM) following vehicle or CNO (0.3 mg/kg, IP; n = 8) administrations. 

In Panel e time–weighted frequency histograms show the proportion (± SEM) of W or SWS 

amounts in each bout length to the total amount of W or SWS in the 3 hours post–injection 

period following vehicle or CNO administration (0.3 mg/kg, IP; n = 13). CNO: clozapine–

N–oxide two-way ANOVA followed by a post hoc Bonferroni test or paired T test * p < 

0.05.
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Figure 4. Activation of PZ GABAergic neurons increases slow–wave–sleep (SWS) during the 
subjective day
Panels a, b and d show sleep–wake quantities following vehicle and CNO (0.3 mg/kg, IP; 

10 A.M.; n = 13) injections in mice with bilateral expression of the hM3Dq receptor in PZ 

GABAergic neurons, including the average hourly sleep–wake amounts (% of time ± SEM); 

the total sleep–wake amounts (± SEM) during (1) the 3 hrs post–injection period 

(10AM-1PM), (2) the remainder (6 hrs) of the light/sleep period (1PM-7PM), (3) the 

subsequent 12 hr dark period (7PM-7AM) and the next day first 3 hr of the light period 

(7AM-10AM); and the SWS and REM sleep latencies (± SEM). Panel c shows the SWS 

power spectrum changes over baseline during the 3 hr post–injection period for vehicle 

injection as compared with the first, second and third hour post–injection period for CNO 

(0.3 mg/kg; n = 7 mice) and the quantitative changes (± SEM) in power for the δ (0.4–4.3 

Hz), θ (4.3–9.8 Hz), α (9.8–19.9 Hz) and β+ γ (19.9–59.8 Hz) frequency bands (± SEM) 

following vehicle or CNO (n = 7) administrations. In panel e time–weighted frequency 

histograms show the proportion (± SEM) of W or SWS amounts in each bout length to the 

total amount of W or SWS in the 3 hours post–injection period following vehicle or CNO 

administration (n = 13). CNO: clozapine–N–oxide; two-way ANOVA followed by a post 
hoc Bonferroni test or paired T test * p < 0.05.
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Figure 5. Channelrhodopsin–2–assisted circuit mapping to establish PZVgat→PB→BF and 
PBVglut2→BFmc→PFC synaptic connectivity
(a–f) To map connectivity of 3rd–order downstream PZVgat targets we injected green–

retrograde beads into the BFmc (b–c) and DIO– ChR2–mCherry–AAV into the PZ of Vgat–
IRES–cre mice (e–f; mCherry immunoreactivity in brown) and we recorded retrogradelly 

labeled PB neurons (d). (g) Photostimulation of PZVgat terminals evoked GABAergic IPSCs 

in BFmc–projecting PB neurons (h) Photo–evoked IPSCs (pIPSCs) and spontaneous IPSCs 

(sIPSCs) had similar decay kinetics (single exponential fits SD: sIPSC = 0.013 and pIPSC = 

0.023; τ: sIPSC = 19.02 ms and pIPSC = 18.70 ms). (i–j) Raster plot and average IPSC 

probability following photostimulation of PZVgat→PB pathway (50 ms bin; n = 5; ± S.E.M). 

(k) Photo–evoked GABAergic IPSCs recorded in TTX (1 μM + 4–AP 1 mM), indicating 

monosynaptic connectivity. (l–n) To map PBVglut2→BFmc→PFC connectivity we injected 

green–retrograde beads into the PFC and DIO–ChR2–mCherry–AAV into the PB of 

Vglut2–IRES–cre mice (m, beads; n, mCherry native fluorescence). (o–q) Photostimulation 

of PBVglut2 terminals produced glutamate release and spike firing in PFC–projecting BFmc 

neurons (p–q, Vh =−60mV). Photostimulation: 5 ms pulses or 2 ms in k. Bicuculline–

methiodide 20 mM and DNQX 30 μM). Scale bars: 500 μm in b and m–n; 30 μm in d–e. 

Abbreviations: 3V, 3rd ventricle; 7n, facial nerve, ac, anterior commissure; BFmc, 

magnocellular basal forebrain; HDB, horizontal diagonal band of Broca; LC, locus coerleus; 

LDT, lateraldorsal tegmental nucleus; MCPO, magnocellular preoptic nucleus; PB, 

parabrachial nucleus; PFC, prefrontal cortex; PZ: parafacial zone; scp: superior cerebral 

peduncle; SI: substantia innominate.
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