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Abstract

Electrophysiological recordings indicate that neurons which discharge maximally in association 

with distinct sleep-wake states are distributed through the brain, albeit in differing proportions. As 

studied using juxtacellular recording and labeling within the basal forebrain, four functional 

principal cell types are distinguished as: wake/paradoxical sleep (W/PS)-, slow wave sleep 

(SWS)-, W- and PS-max active. They are each comprised by both GABA and glutamate neurons, 

in addition to acetylcholine neurons belonging to the W/PS group. By their discharge profiles and 

interactions, the GABA and glutamate neurons of different groups are proposed to have the 

capacity to generate sleep-wake states with associated EEG and EMG activities, though to also be 

importantly regulated by neuromodulatory systems, each of which belong to one functional cell 

group.

Introduction

Over the last century the principal regions and chemical modulators of sleep-wake systems 

in the brain were identified through application of lesion, stimulation and pharmacological 

approaches in association with chemical neuroanatomical study (see for review, [1]). Yet, 

only recently have the principal cell types of these regions been distinguished using 

electrophysiological recordings of chemically identified neurons to fully characterize their 

discharge profiles and thereby understand how they can regulate sleep-wake states, as will 

be presented in this review (Figure 1).

From early studies of the effects of lesions in humans and experimental animals (see for 

review [2]), the generation of sleep and wake states was attributed to different regions of the 

brain: sleep to the anterior hypothalamus, preoptic area and basal forebrain (BF) and wake to 

the posterior hypothalamus (PH) and brainstem reticular formation (RF) (Figure 1). Yet, 

within these regions, electrical stimulation could elicit different states depending upon the 

frequency of the stimulation: slow, eliciting slow wave electroencephalogram (EEG) activity 

with sleep and fast, eliciting fast EEG activity with wake along with elevated postural 

muscle electromyogram (EMG) (Figure 1), suggesting that the same neurons would drive 

Correspondence: Barbara E. Jones, Montreal Neurological Institute, 3801 University Street, Montreal, QC, Canada H3A 2B4; Tel: 
514-398-1913; barbara.jones@mcgill.ca. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Neurobiol. Author manuscript; available in PMC 2018 June 01.

Published in final edited form as:
Curr Opin Neurobiol. 2017 June ; 44: 101–109. doi:10.1016/j.conb.2017.03.018.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different EEG activities and states or that different neurons within the same region would 

drive different EEG activities and states. In the thalamus, where specific sensory-motor relay 

and nonspecific projection neurons transmit inputs from the periphery and brain to the 

cerebral cortex, recording studies indicated that the same neurons would influence cortical 

activity and state by different patterns of slow vs. fast activity during naturally occurring 

slow wave sleep (SWS) and wake (W) (see for review, [3]). Yet within the brainstem, 

hypothalamus, preoptic area and BF areas, unit recording studies indicated that different 

neurons discharged more selectively during different states [3]. Accordingly in these regions, 

specific neuronal cell groups were thought to be responsible for the three major states of W, 

SWS and rapid eye movement sleep (REMS) or as was originally called in animals 

according to its essential character by Jouvet, paradoxical sleep (PS), as employed here 

(Figure 1). In the forebrain, neurons which discharged relatively selectively during SWS 

and/or PS, as sleep-active neurons, were recorded in the BF and preoptic area [4,5]. In the 

PH and brainstem RF, W-active neurons whose discharge was correlated with EEG or 

behavioral correlates of waking and EMG were recorded [6–8]. And in different regions of 

the brainstem, neurons which discharged relatively selectively during PS were identified (see 

for review, [3]).

Pharmacological studies along with chemical neuroanatomical and lesion studies 

subsequently revealed the very important and ostensibly state-selective roles of 

neuromodulatory systems, notably the monoamine and acetylcholine (ACh) containing 

neurons, in sleep-wake states (see for review, [9]). Yet to fully understand the way in which 

each of these specific systems could actually regulate or modulate sleep-wake states, it was 

necessary to know the way in which the specific neurons discharged in relation to the sleep-

wake states. With the discrete localization of the noradrenaline (NA) neurons in the locus 

coeruleus (LC) nucleus (Figure 1) for which extensive evidence indicated an important role 

in W, it was possible to record specifically from those NA neurons and learn that they 

discharge selectively during W, as W-active neurons, and become silent during sleep, to be 

off during PS [10,11].

On the other hand, the activity of ACh neurons could not be recorded with any certainty, 

since they lie intermingled with large numbers of noncholinergic, including GABA and 

glutamate (Glu), neurons in the BF [12] (Figure 1). Like the ACh neurons, BF GABA and 

Glu neurons project to the cerebral cortex [13]. Other GABA and Glu neurons project 

caudally to the PH and perhaps beyond [14]. Given this chemical and hodological, along 

with apparent functional heterogeneity of the BF cell population, it was essential to be able 

to record from chemically identified cells in order to determine the specific discharge 

properties and profiles of the ACh, GABA and Glu BF neurons.

Principal functional cell types and their neurotransmitters in the BF

By applying the technique of juxtacellular recording and labeling of neurons using 

micropipettes in naturally sleeping-waking head-fixed rats, we identified four functionally 

distinguishable principal sleep-wake cell types along with their neurotransmitters in the BF 

[15,16]. Each cell type was characterized according to the relationship of its average 

discharge rate to sleep-wake states and EEG and EMG activity (Figure 2).
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1. The most populous functional cell type in the BF is represented by neurons 

which discharge in association with fast cortical activity during both W and PS, 

thus called W/PS-max active neurons (Figure 2). They represented almost half of 

all neurons recorded in the region and were comprised by 20% ACh, 30% GABA 

and the remaining 50% putative (or identified) Glu neurons. Based upon results 

from neuroanatomical (above) and physiological studies in anesthetized animals, 

most of these are assumed to have ascending projections to the cerebral cortex. 

Their discharge was positively correlated with gamma (30–60 Hz) EEG activity, 

which they are presumed to positively modulate in part by direct projections onto 

interneurons or principal cells in the cerebral cortex (Figure 1).

2. A much smaller functional cell type in the BF is represented by neurons which 

discharge in association with cortical slow waves during SWS and thus called 

SWS-max active neurons (Figure 2). They represented almost 20% of neurons 

recorded in the region and were comprised by a slight majority GABA and a bit 

less than half putative (or identified) Glu neurons. Also based upon other studies, 

most of these are assumed to have ascending projections to the cerebral cortex. 

Their discharge was negatively correlated with gamma activity and positively 

correlated with delta activity (0.5–4.0 Hz), either of which they may influence in 

part by direct projections to different cortical neurons (Figure 1).

3. A very small functional cell group in the BF is represented by neurons which 

discharge in association with behavioral arousal and high muscle tone during 

waking, thus called W-max active neurons (Figure 2). They represented only 

10% of all neurons recorded in the BF and were comprised in the vast majority 

by Glu and few GABA neurons. Their discharge was positively correlated with 

postural muscle tone recorded on the EMG. From other studies, they are assumed 

to give rise primarily to descending projections to the PH and perhaps beyond by 

which they may indirectly influence behavior and muscle tone across the sleep-

wake cycle (Figure 1).

4. Another relatively small functional group of neurons are those which discharge 

maximally during PS, called PS-max neurons (Figure 2). These represented a bit 

more than 20% of all neurons recorded in the BF and were comprised in the 

majority (>60%) of GABA and the remainder putative (or identified) Glu 

neurons. These neurons increased their discharge during sleep and particularly 

PS, when muscle tone is minimal or absent. Their discharge was negatively 

correlated with EMG. Through other studies, they are assumed to give rise 

primarily to descending projections to the PH and perhaps beyond, by which 

they could indirectly influence behavior and muscle tone across the sleep-wake 

cycle (Figure 1).

Finally, another small cell group is represented by those neurons which discharge at the 

same rate across all states and are thus state-indifferent and called wsp (for W/SWS/PS 

equivalent) neurons (Figure 2). They represented a very small proportion of neurons 

recorded (< 5%), though could be underrepresented by selection in these studies. All such 

wsp recorded neurons were putative (or identified) Glu.

Jones Page 3

Curr Opin Neurobiol. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We would thus consider there to be four basic functional sleep-wake regulatory cell types 

and an additional state-indifferent group of cells in the BF. They each appear to give rise to 

local collaterals through which they may influence the other cell types, in addition to their 

primary long ascending or descending projections [16]. Particularly with the use of 

micropipettes (which have minimal bias for the size of cells recorded), these four functional 

cell types have also been found by other investigators in the BF and the adjacent preoptic 

area [4,17–19]. In fact as here, within no one region or nucleus were all neurons found to be 

sleep-active in the BF or preoptic area. These findings would support results from c-Fos 

studies which found that all nuclei of the BF and preoptic area contained wake-active and 

sleep-active neurons, and that both wake-active and sleep-active neurons included GABA 

and presumed Glu neurons, albeit in differing proportions [20]. The four principal functional 

cell types recorded by us in the BF would thus appear to represent the basic functional cell 

types of the sleep-wake regulatory circuits distributed through the BF and preoptic area, 

areas and nuclei which many lesion studies suggested were primarily involved in generating 

sleep (including the ventrolateral preoptic nucleus, which is portrayed as the sleep center 

[17,18,21]). It would instead appear that functionally different cell types are codistributed 

through these regions, albeit with varying concentrations or predominance. It should also be 

pointed out that no one of these functional cell types is comprised by neurons utilizing one 

particular neurotransmitter or modulator, and all are comprised by both GABA and Glu 

cells, albeit with varying proportions. On the other hand, all ACh BF cells are W/PS-max 

active neurons and can thus be identified with the function of cortical activation during W 

and PS.

It was also surprising to learn that in the PH, which from early work was considered to be a 

wake center, the same four principal functional cell types have been recorded, especially 

when using micropipettes, with a significant proportion of sleep-max, particularly PS-max 

active cells [19,22]. Although not sampled in an exhaustive manner using the juxtacellular 

technique, we also found all four functional cell types in the PH including a significant 

number of GABA (and putative or identified Glu) sleep-max, particularly PS-max active 

cells [23].

Principal cell types in the pontomesencephalic tegmentum

The principal cell types identified in the BF have also been identified by us in the 

cholinergic cell area of the pontomesencephalic tegmentum using juxtacellular recording 

and identification [24] (Figure 1). As in the BF, the W/PS-max active cells which discharge 

in association with fast gamma cortical activity represented about half of all cells in the 

laterodorsal/sublaterodorsal/medial pedunculopontine tegmental (LDT/SubLDT/mPPT) 

nuclei and were comprised by equal proportions of ACh, GABA and Glu neurons. From 

neuroanatomical studies, these neurons are assumed to give rise to important ascending 

pathways as part of the ascending reticular activating system to relays in the thalamus, 

hypothalamus and BF, as well as to other neurons in the RF. The other important group 

representing near 25% of cells was comprised by GABA and more numerous Glu PS-max 

active neurons whose discharge is negatively correlated with EMG activity and which are 

assumed to give rise to important projections into the brainstem RF and possibly spinal cord 

to influence EMG activity indirectly. Finally, a significant number of W-max active cells, 
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whose discharge was positively correlated with EMG, represented almost 20% of recorded 

cells, were identified entirely as Glu containing and also assumed to give rise to projections 

into the brainstem RF and possibly spinal cord to influence behavior and EMG activity 

indirectly. Using micropipettes for recording, other researchers have also found W/PS-, W- 

and PS-max active neurons in the region of the ACh neurons in the pontomesencephalic 

tegmentum (see for review, [19]).

Modeling the activity and interaction of principal cell types across sleep-

wake states

Given the reciprocal profiles of discharge of the principal functional cell types in the BF 

across sleep-wake states, it appeared that these profiles could be generated by interactions 

between the four principal functional cell groups and their constituent ACh, GABA and Glu 

neurons. With Cordova, Naqib and Pack, we sought to test the most simple models of 

interaction between these cells that could simulate their discharge profiles and with those, 

the changes in the EEG and EMG activities that underlie the three principal states of W, 

SWS and PS [25] (Figure 3). Using principles of a dynamical systems model previously 

applied by Tamakawa et al. [19], we entered the normalized discharge rates across sleep-

wake stages of representative identified cell types recorded in the BF [16] (Figure 2). The 

model began with the finding cum principle that GABA and Glu neurons constitute each 

principal functional cell type, in addition to ACh neurons which also comprise the W/PS-

max cell type in the BF. ACh neurons were incorporated just like Glu neurons, as excitatory 

neurons and GABA as inhibitory neurons. We thus assumed that the excitatory neuron of 

each pair (or set) could excite the inhibitory neuron of that functional pair, whose output 

would go to the excitatory neuron of the reciprocally related pair. In addition, the Glu state-

indifferent wsp cell type would provide a continual excitatory input to all neurons and serve 

as a continuous driving force for the model. The W/PS-max active and SWS-max active 

neurons would together form an EEG module whose output would be to the cerebral cortex 

onto interneurons and principal cells, which would generate fast gamma activity. The W-

max active and PS-max active neurons would together form an EMG module whose 

(ultimate though indirect) output would be to the motor nuclei (of brainstem or spinal cord) 

onto interneurons and motor neurons, which would generate EMG activity. Based upon a 

mutual inhibition by the opposing groups of each module, oscillations in activity could be 

generated which are similar to those occurring naturally across sleep-wake states. A more 

complex interaction must occur between these modules in the generation of three states and 

most notably PS. For this, a reciprocal interaction between the EEG and EMG modules was 

applied, with however the excitatory output of Glu neurons to the W-max and the excitatory 

output of ACh neurons only to the PS-max cells, according to evidence that ACh 

differentially modulates W vs. PS active neurons (see below). In this manner, the discharge 

profiles of the principal cell types across the sleep-wake states could be simulated along with 

an output of changing gamma EEG activity (as principal cell output) and EMG activity (as 

motor neuron output) to generate three distinct sleep-wake states together with transitional 

stages reflecting the oscillatory nature of the activity modulation and sleep-wake cycle.
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Activity and roles of neuromodulatory systems

Glu and GABA neurons distributed through the core of the forebrain and brainstem are 

assumed to compose the effector neurons of EEG and EMG changes that underlie sleep-

wake states and to have the capacity to generate these states by their different discharge 

profiles and interactions. Neuromodulatory systems nonetheless play important if not critical 

roles in modulating the activity of the Glu and GABA neurons. Whereas in our parsimonious 

model, we incorporated only excitatory output of ACh neurons including that to cortical 

principal and PS-max active neurons (Figure 3), there is considerable pharmacological 

evidence to indicate a critical role of inhibitory as well as excitatory cholinergic output 

through different muscarinic (M) receptors (Rs) (Figure 1). Thus ACh likely has an 

excitatory action upon W/PS-max and PS-max active neurons through AChM1Rs and an 

inhibitory action upon W-max active neurons through AChM2Rs, as has been suggested by 

pharmacological studies showing differential effects of ACh on different BF neurons [26] 

and brainstem neurons [27] and the induction of PS by local injections of the cholinergic 

agonist, carbachol, in the BF or brainstem which depends importantly upon AChM2Rs 

[28,29].

Moreover, the role of NA LC neurons, which are known as typical W-max active neurons 

[11] is executed through differential actions upon different neurons in the BF and preoptic 

area, where NA excites W/PS-active ACh and likely other GABA and Glu W/PS neurons 

through adrenergic α1 receptors (Aα1Rs) and inhibits sleep-active noncholinergic, including 

GABA neurons, through Aα2Rs [20,26,30–32] (Figure 1). Moreover, from early 

pharmacological studies (see for review [33]), it is known that ACh can only elicit PS under 

the conditions that the monoamines are depleted and thus the NA and other monoamine 

neurons inoperative or silent.

A key role of orexin (Orx or hypocretin) in the promotion of waking with muscle tone has 

been well known since the discovery that it is the peptide which is missing in narcolepsy 

with cataplexy (see for review [34]). With juxtacellular recording and identification, we 

established that the Orx neurons discharge maximally during W and stop firing during SWS 

and PS, as W-max active neurons [35] (Figure 1). Innervating and exciting all other arousal 

systems, including importantly the NA LC neurons [36], by diffuse projections throughout 

the brain and spinal cord, the Orx neurons thus play a key role in stimulating and 

maintaining arousal. It is likely that only with their silence during sleep or absence as in 

narcolepsy with cataplexy that ACh neurons can elicit PS with muscle atonia.

Using the juxtacellular technique, we were also able to record from identified melanin 

concentrating hormone (MCH) neurons, which are intermingled with the Orx neurons in the 

PH and found that they discharged in a manner reciprocal to that of the Orx neurons, 

selectively during sleep and most actively during PS, as PS-max active neurons [37] (Figure 

1). They are also inhibited by NA In contrast to the Orx neurons, which are primarily excited 

by NA [38]. Through inhibitory actions on diffusely distributed targets, including 

importantly the NA LC neurons [39], MCH neurons could promote sleep.
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New information from optogenetic and chemogenetic manipulation of 

chemically specific cell groups

Applying newly available techniques based upon genetic tagging and optical or 

pharmacological manipulation of specific cells, it has recently become possible to 

selectively stimulate specific cell groups and thus test their role in sleep-wake regulation. 

Particularly for the neuromodulatory systems, these approaches have thus substantiated 

many of the theories concerning the roles of sleep-wake regulatory cell groups. Applying 

optogenetics, selective activation of the Orx neurons was shown to promote waking [40], 

whereas that of MCH neurons was shown to promote SWS and PS [41–43], corroborating 

the roles of these W-max and PS-max active cells, respectively (Figure 1). Even more 

potently, it was shown that selective activation of NA LC W-active neurons rapidly elicited 

waking with prominent behavioral arousal [44] (Figure 1).

With regard to the ACh neurons, photo-stimulation of these in the BF and 

pontomesencephalic tegmentum has been associated with elicitation of cortical activation 

and a transition from slow wave EEG in SWS to fast EEG with either W or PS [45–48], thus 

confirming the role of ACh neurons in stimulating cortical activation by their discharge 

during both W and PS (Figure 1).

Demonstration of the roles of the Glu and GABA presumed sleep-wake effector neurons has 

proven more problematic, given the functional heterogeneity and intermingling of these cell 

types in multiple regions (Figure 1). Thus stimulation of all Glu or GABA neurons in any 

region would have opposing and/or diverse influences. Yet, photo- or chemo-stimulation of 

genetically tagged Glu or GABA, like ACh, BF neurons commonly evoked cortical 

activation [47,49], likely reflecting the fact that these groups are all comprised in the 

majority by W/PS-max active neurons. Selective tagging of a subset of the GABA neurons 

as has been possible in the BF for the parvalbumin neurons, which comprise the vast 

majority of the cortically projecting GABA neurons [50], revealed that their photo-

stimulation elicits cortical activation with gamma activity [47,51]. Yet, it is possible that 

cortically projecting SWS-max active GABA BF neurons also contain parvalbumin, in 

which case the effect of stimulating parvalbumin like GABA BF neurons would likely also 

be determined by the predominance of the most numerous W/PS-max active GABA neurons 

in that region. In this regard, recording of GABA along with Glu and ACh photo-tagged 

neurons using an optrode in BF mainly revealed cells of the predominant W/PS-max active 

type though did find some somatostatin neurons which discharged maximally during SWS 

and which when stimulated elicited SWS [47]. However, even the somatostatin GABA 

neurons were found to be heterogeneous in their discharge profiles in this study. We would 

thus assume that the effect of photo-stimulation or chemo-stimulation in the BF can provide 

coherent effects when involving ACh neurons, given their functional homogeneity, whereas 

the effect of stimulating the functionally heterogeneous GABA or Glu cell populations 

would likely reflect the role of the predominant cell type, which in the BF is W/PS-max 

active. Similarly, in the PH, photo-stimulation and chemo-stimulation of GABA neurons has 

elicited awakening [52,53], again presumably reflecting the effect of stimulating the 
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predominant cell type of what are functionally heterogeneous GABA neurons in that area as 

well.

In the brainstem, photo-stimulation of GABA and Glu neurons would also have the same 

problem as in the BF, yet has revealed certain prominent roles of GABA or Glu neurons in 

SWS, PS and/or muscle atonia, corresponding presumably to the predominant functional cell 

type in those areas [54–56].

Conclusions

In summary, research over the past century has progressively revealed the discharge profiles 

of neurons in different regions along with their different projections and different 

neurotransmitters or neuromodulators by which they regulate sleep-wake states. Four 

principal functional cell types have been distinguished through the core of the forebrain and 

brainstem, W/PS-max, SWS-max, W-max and PS-max active, which are each comprised by 

both GABA and Glu neurons of differing proportions in different regions and which through 

their activities and interactions constitute the effector neurons of sleep-wake state 

generation. Acting in part upon GABA and Glu effector neurons, neuromodulatory systems, 

including importantly ACh, NA, Orx and MCH neurons, each constitute one principal 

functional cell type and accordingly selectively promote different states with their EEG and 

EMG correlated activities. With increasingly specific genetic tagging of cell types according 

to both neurotransmitter and receptor [57] and calcium imaging [58] along with photo 

manipulation of the tagged cells, it is possible that future studies will reveal the full image of 

the differential distributions and activities of constituent cells of the principal functional cell 

types along with their interactions to further our understanding of sleep-wake regulatory 

circuits and the generation of sleep-wake states.
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Highlights

Four functional cell types are distinguished by firing rate across sleep-wake states.

Each functional cell type is comprised by both GABA and glutamate neurons.

GABA and glutamate neurons of the four types are co-distributed through the 

brain.

They have the capacity to regulate sleep-wake states with EEG and EMG activity.

They are regulated in turn by functionally homogeneous neuromodulatory cell 

types.
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Figure 1. 
Schematic sagittal diagram of the rat brain showing principal cell types of the sleep-wake 

regulatory circuits. Three distinct sleep-wake states of wake (W), slow wave sleep (SWS) 

and paradoxical sleep (PS) are associated with distinct electroencephalogram (EEG, upper 

left) and electromyogram (EMG, lower right) activities which are in turn regulated by four 

functionally distinct cell groups according to their discharge profiles and major long 

projections: W/PS-max active (red), SWS-max active (blue), W-max active (orange) and PS-

max active (green) in addition to state-indifferent wsp (gray) neurons, as recorded with the 

juxtacellular technique and fully characterized in the basal forebrain (BF) and also in the 

pontomesencephalic tegmentum and posterior hypothalamus (PH). Cells depicted were all 

identified according to their neurotransmitter. Based upon in vivo and in vitro 
pharmacological studies, the different neurons are assumed to bear particular receptors (R) 

for ACh (muscarinic, M) or NA (adrenergic, A), which are associated with excitation 

(AChM1R; Aα1R) or inhibition (AChM2R; Aα2R). Abbreviations: Abbreviations: 7g, genu 

7th nerve; ac, anterior commissure; ACh, acetylcholine; BF, basal forebrain; CPu, caudate 

putamen; Cx, cortex; EEG, electroencephalogram; EMG, electromyogram; Gi RF, 

gigantocellular RF; Glu, glutamate; GP, globus pallidus; ic, internal capsule; LC, locus 

coeruleus nucleus; LDTg, laterodorsal tegmental nucleus; MCH, melanin concentrating 

hormone; Mes RF, mesencephalic RF; NA, noradrenaline; oc, optic chiasm; Orx, orexin,; 

PH, posterior hypothalamus; PnC RF, pontine, caudal part RF; PnO RF, pontine, oral part 

RF; PS, paradoxical sleep; RF, reticular formation; s, solitary tract; scp, superior cerebellar 

peduncle; SWS, slow wave sleep; Th, thalamus; VTA, ventral tegmental area; W, wake.
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Figure 2. 
Discharge rates of principal cell types in BF across sleep-wake stages. Normalized average 

rates of firing shown with normalized average gamma (30 – 60 Hz) EEG activity and EMG 

activity across sleep wake stages of active or attentive wake (aW), quiet wake (qW), 

transition to SWS (tSWS), slow wave sleep (SWS), transition to PS (tPS) and paradoxical 

sleep (PS). Rates were taken from one exemplary neuron for each cell type [16]. Cells were 

recorded and filled with Neurobiotin using the juxtacellular technique for subsequent 

immunohistochemical identification of their neurotransmitter, as acetylcholine (ACh), 

GABA or (putative or identified) glutamate (Glu). They were classified into one of the four 

principal cell types (W/PS-max, SWS-max, W-max and PS-max) or state-indifferent (wsp) 

by statistical analysis of their rates in aW, SWS and PS.
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Figure 3. 
Model of the principal cell types and their connections in sleep-wake regulatory circuits 

within the BF. Based upon the normalized firing rates of the exemplary principal cell types, 

W/PS, SWS, W and PS along with wsp and of the EEG gamma and EMG activities (Figure 

2), the most parsimonious set of connections were applied in designing a dynamical systems 

model (with 14 elements) that would simulate the cells’ discharge profiles with EEG and 

EMG activities (as reflected in principal cortical or principal motor neuron output) across 

sleep-wake stages. Connections ending with arrows are excitatory and those ending with 

bars are inhibitory. Abbreviations: Cx, cortex; IN, interneuron; P, principal neuron; SC, 

spinal cord.
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