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Abstract

Hippocampus was disynaptically connected to medial habenula (MHb) in my previous DTI study. Observed probabilistic axonal
tracts linked hippocampus to septum, and amygdala to bed nucleus of stria terminalis (BNST). Septum and BNST projected to MHb,
then from MHb to pineal gland. Question is what is the MHb doing and why it receives information from hippocampus via septum?
Thus, this study explores the connectivity of MHb, predicts its functional role and how it is linked to memory replay. My combination
of known findings about septum and MHb connectivity and function led to this circuit-based idea that posterior septum activates
MHb, MHD activates interpeduncular nucleus (IPN), and then IPN stimulates MRN and its serotonin release. Proposed hypothesis is
that MHb-IPN-MRN circuit promotes slow wave sleep (SWS), high serotonin and low acetylcholine state. Main prediction is that this
SWS-promoting circuit reciprocally suppresses the output of the theta- promoting regions, both the active wake-on and REM-on neu-
rons. Theta rhythm is strongest in high acetylcholine states, and is induced by supramamillary area (SUM) medial septum (MS) that
project to hippocampus and other theta-coupled regions. The MHb-IPN-MRN pathway likely inhibits also few regions that stimulate
the theta-generating SUM and MS, such as the wakefulness promoting nucleus incertus (NI), posterior and lateral hypothalamus (PH,
LH), laterodorsal tegmentum (LDT), and the REM sleep promoting LDT neurons. Theta rhythm in wakefulness enables binding infor-
mation with their spatio-temporal and relational context by hippocampus, while the SWS supports rest, replay and transfer of hip-
pocampally stored interconnected information and their cortical reactivations, e. g. in retrosplenial cortex linked to autobiographic

memory or in prefrontal cortex that can combine information from any sources.
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Introduction

Known role of serotonin in inducing SWS

Serotonin signal in the brain induces behavioural and emotional relaxation, slow-down and rest while dopamine promotes action, lo-
comotion, motivation, speeding up. Serotonin is present early during embryogenesis, probably to slow down/lower heart rate and blood
pressure (by activating parasympathetic system). Later on, the same serotonin slows down skeletal muscles movement (running, loco-
motion) and breathing, attenuates sympathetic system by inhibiting amygdala and dorsal anterior cingulated cortex (dACC), plus might
enable the relaxation phase in ON-OFF rhythmic motor activity of axial muscles in fish where contraction alternates with extension. Brain
serotonin slows down locomotion, calms down the active avoidance, negative emotions and drive, makes us rest and relax, promotes
well-being [1], satisfaction and reconstructive (deep) stage of sleep called slow wave sleep or non-REM (SWS or NREM) sleep. SWS shows
high amplitude, low frequency EEG, while the rapid eye movement (REM) sleep shows low amplitude, high frequency EEG oscillations
in cortex [2]. The SWS is known for its recovery-restorative function, calcium cascade of nocturnal proteosyntesis and also for the replay
and transfer of the contextually/relationally bound information from the hippocampus to cortex, by replaying the waking neuronal firing
patterns in hippocampus and cortex during temporally coupled hippocampal sharp-wave/ripples (SWRs) and cortical spindles [3]. The
5-10 Hz oscillations in the hippocampal local field potential called theta rhythm occur during voluntary exploration, locomotion and REM
sleep [4-6]. REM sleep is proportionally more abundant in young mammals [7]. The EEG patterns of sleep and wakefulness become adult-
like only after full development of the cortex [8]. The fast EEG synchrony typical of wakefulness develops through adolescence in humans,

similar to prolonged cortical maturation in higher primates [9].

Serotonin from the dorsal raphe nucleus (DRN) has been functionally grouped with the arousal-promoting neuromodulators im-
portant for wake state: noradrenaline, histamine, orexin (hypocretin) and acetylcholine. Orexin stabilizes wakefulness, as its deficiency
causes narcolepsy disorder with inability to maintain long waking periods, with abrupt transitions into SWS sleep, and intrusions of REM
sleep into waking [10]. In addition, the mice deficient in norepinephrine or histamine sleep more and have no trouble to fall asleep after
mild stress. In contrary, mice lacking serotonin receptor 5-HT1A (inhibitory receptor, also MRN autoreceptor) have 400% more REM
sleep. The orexin, histamine and noradrenaline neurons have highest firing rate in wakefulness [11]. Extracellular electrophysiological re-
cordings in freely moving cats have shown that DRN serotonergic neurons fire tonically during wakefulness, decrease their activity during
slow wave sleep (SWS), and are nearly quiescent during REM [12,13]. In contrary, the acetylcholine levels in the rat thalamus (innervated
by mesopontine cholinergic neurons) are intermediate in SWS but high in both REM and wake-state [14]. In addition, the acetylcholine
release during active waking is increased by approximately 75% compared to quiet waking [15]. Interestingly the tonic dopamine firing

seems to be present in all sleep-wake cycles, and burst firing was found in both wake and REM sleep [16].

Raphe system lesion in cats caused permanent insomnia and diminution of cerebral serotonin [17] and MRN lesions produced unin-
terrupted theta [18,19]. Serotonergic firing is inversely correlated with the occurrence of ponto-geniculo-occipital PGO-waves [20] that
are typical for REM sleep.

Inhibition of serotonin synthesis in cats induced PGO- waves also in waking state [21]. Injection of serotonin precursor induced SWS
and suppressed REM sleep for 5 - 6 hours [22-25]. So, these SWS-promoting effects of serotonin are not caused by the wakefulness linked
DRN and its cortical, striatal and amygdalar projections involved in choice behavior and well- being, but by the MRN that has the needed
subcortical afferents and efferents to interact with the other SWS-promoting regions, and to suppress the theta, wakefulness and REM
sleep promoting regions. Main MRN efferents target midline forebrain including supramamillary nucleus (SUM), medial mamillary body
(MMB), medial septum and vertical diagonal band of Broca (MS/vDBB), posterior hypothalamus (PH), lateral habenula (LHb), periforni-
cal hypothalamus (PeF), midline and intralaminar thalamus, zona incerta (ZI) and hippocampus (Vertes and Linley, 2008). Main MRN
and DRN afferents are from lateral and medial preoptic area (LPO, MPO), LHb, lateral hypothalamus (LH) and PeF (both produce orexin),
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dorsomedial nuclei of hypothalamus (DMN), midbrain nuclei, locus coeruleus (LC), caudal raphe nuclei, laterodorsal thalamus (LDT) and
periaqueductal grey (PAG). Additional MRN afferents are from IPN and MB, while the DRN afferents are from amygdala, bed nucleus of
stria terminalis (BNST), lateral septum (LS), substantia nigra, DBB and tuberomamillary nucleus (TMN). Serotonin hyperpolarizes cho-
linergic burst neurons in the rat LDT in vitro [26], so opposes/suppresses the theta circuit, wake and REM sleep states that require this
acetylcholine signal. Serotonergic MRN projections inhibit also theta bursting of MS/vDBB, the source of hippocampal theta rhythm [27].
This was found by recordings in mice MS/DBB and hippocampus after inhibition of MRN by 5-HT1A agonist on its autoreceptors. This is
a functional evidence for known antagonism between the SWS- provoking MRN and the theta-generating MS/vDBB region.

Cholinergic agonists promote theta rhythm and PGO waves in rats and cats, but serotonergic neurons inhibit theta rhythm and PGO
waves. The reciprocal interaction model of sleep control [28,29] proposed that REM-on neurons increase their firing just prior and during
REM, while REM-off neurons show reverse pattern. The cholinergic REM-on neurons were located in LDT and PPT. The norepinephrine
and serotonin REM-off neurons (from locus coeruleus and raphe nucleus) were found to be inhibited during REM sleep, and to inhibit
REM-on (cholinergic) neurons in LDT/PPT during waking and SWS. Many studies support this mutual inhibition between the REM sleep
and SWS circuits. For example, reversible inactivation of LC and DRN by cooling decreased REM sleep [30]. In cats were REM-on LDT/PPT
neurons inhibited by serotonin agonist, while WAKE-on/REM-on neurons were unaffected [31]. Role of acetylcholine in promoting REM
sleep in animals was found in early studies [32,33]. Multiple studies in humans showed that enhancement of cholinergic tone decreases

REM sleep latency and increases its amount [34-39].

Based on combination of functional findings and anatomical connectivity of the medial habenula (MHb), interpeduncular nucleus
(IPN) and serotonergic MRN in the literature, this new hypothesis shows how the MHb - IPN - MRN circuit (linked to the low acetyl-
choline and high serotonin state) promotes slow wave sleep. This idea proposes antagonism (reciprocal inhibition) between this SWS-
promoting circuit and the theta- promoting circuit formed by SUM and MS/vDBB. The strength of theta oscillations increases during both
active wake and REM sleep. Theta rhythm is linked to high acetylcholine release in brainstem and thalamus. This model predicts also a
functional opposition between the MHb = IPN - MRN circuit and some regions that stimulate the theta-promoting circuit: nucleus incer-
tus (NI), PH, LH, LDT and ventral tegmental nucleus of Gudden (VTg). Both MRN and LPO are known to promote SWS. As the IPN projects
to LPO, it might also potentiate the LPO effects.

After first describing the function and connectivity of proposed MHb-IPN-MRN circuit, the following sections will try to show its inter-
esting known and predicted interactions with several regions involved in control of wakefulness, sleep, in theta oscillations, or contextual

memory formation and recall.

The medial habenula pathway

This study extends the prevailing models of sleep and wakefulness control in the brain, by adding the MHb and IPN regions to the
known systems and circuits. It will provide wider context, circuit based and functional evidence for the idea that posterior septum (PS)
activates MHb, which activates IPN, which stimulates serotonergic MRN to promote SWS and to inhibit the theta-, wakefulness and REM
sleep promoting regions [40]. This idea came from my DTI probabilistic tractography study in humans, which showed disynaptic axonal
tracts that connected hippocampus and amygdala (via dorsal thalamus and via fornix) to septum and anterior BNST, which both projected
to MHb. The observed axonal tracts from hippocampus and amygdala passed tightly by both septum and aBNST, then turned posteriorly
by anteromedial thalamus (AM), and reached to MHb via stria medialis, then projected from MHb to the pineal gland. This pathway
resembled the MHb afferents known from tracing studies in rat. The observed tract branched around septum and BNST to reach also
hypothalamus, and via the amygdalofugal pathway passing by/through substantia innominata (SI) it was linked also with dorsal central

amygdala (CeA) and hippocampus.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.



SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

242

Also, the vACC showed axonal links to (or from) septum and BNST, so the well-being signal from vACC might control strength of septal
and BNST output. Now we need to look into anatomy and physiology data to see what these diverse septo-habenular projections could
do, to guess their possible functions and roles. Anatomical studies show input to MHb from posterior septum and BNST, and main output
from MHb to IPN, which then projects to MRN. So, it is possible that these projections have stimulating effects that lead to serotonin re-

lease from MRN.

Medial habenula, MHb. Its connectivity and proposed role

The main MHb input comes from supracommissural septum [41]. Triangular septum (TS) with input from hippocampal dentate gyrus;
and septofimbrial nucleus (SF) with input from fimbria of hippocampus form posterior septum (PS) and project to MHb [42]. The MHb
receives input from the glutamatergic and ATPergic triangular septum, from cholinergic septofimbral nuclei, from GABAergic medial
septum and vertical DBB (MS/vDBB), from serotonergic raphe, noradrenergic locus coeruleus neurons and sympathetic superior cervical
ganglion, from substance P-ergic anterior medial part of BNST (amBNST or BAC, bed nucleus of anterior commissure), and from dopami-
nergic ventral tegmental area, VTA [41,43-45]. MHb has also afferents from LDT, and reciprocal connections with MS/vDBB [46], which
my model suggest to have all inhibitory effects. Model further proposes that triangular and septofimbrial septal nuclei stimulate MHb,
while the MS/vDBB, and noradrenergic LC and sympathetic system neurons attenuate the output of MHb. The theta-generating MS/DBB
likely inhibits MHb because MHb via IPN stimulates serotonergic MRN that promotes SWS and suppresses few regions of theta- promot-
ing circuit: SUM, MS/vDBB and LDT. Similarly, the stress (and light) evoked noradrenaline (NA) input suppresses MHb pathway to inter-
rupt or postpone induction of SWS in the unsafe circumstances. In addition, the substance P likely activates MHb when the circumstances
are safe enough to afford sleep (without imminent threat to survival). This might be supported by the TS and aBNST/BAC connectivity
that forms two parallel pathways: dentate gyrus = TS > ventral MHb - IPN core, and the medial amygdala (MeA) - BAC > dorsal MHb
- lateral IPN [45] and by the increased fear and arousal after BAC lesions. In addition, the BAC input comes from the anxiety decreasing
medial amygdala (MeA). In my opinion the amBNST/BAC projections might also attenuate SUM, LC, VTA, SI, paraventricular thalamus
(PVT), periacqueductal grey (PAG), CeA, and stimulate besides the MHb also the LPO.

Medial habenula projects to and activates pineal population of silent cells [47-49] known to produce melatonin in the dark period.
Light stimulation on retina inhibits melatonin synthesis by activating suprachiasmatic nucleus (SCN), which then activates paraventricu-
lar hypothalamic nucleus (PVN, known for hormonal reaction to stress) that stimulates sympathetic system in superior cervical ganglia
that inhibits pineal gland and MHb by norepinephrine release [50]. Some PVN fibres innervate pineal gland directly [51]. Norepinephrine
(NE) released from sympathetic terminals at pineal gland attenuates nicotinic cholinergic input from parasympathetic system and MHb
[52].

Parasympathetic autonomic system is linked to slowing down heart beat and respiration, to rest and digestion.

The superior MHb is glutamatergic and also expresses Interleukin-18 (IL-18); the dorsal MHb is both glutamatergic and substance
P-ergic. Both the superior and dorsal MHb have hight density of mu-opioid receptor; while the inferior parts of MHb are both cholinergic
and glutamatergic [53,54]. MHb sends topographically organized glutamate, substance P and acetylcholine output to IPN [44,55,56]. So,
itis interesting that MHb that belongs to the SWS- and serotonin- promoting system produces also acetylcholine (the main neuromodula-
tor of the opposing theta- promoting circuit). Substance P from the MHb was found released in lateral habenula [57,58] and VTA [59]. My
prediction is that MHb attenuates both LHb and VTA output to enable SWS. The MHb projects to IPN via the internal part of fasciculus
retroflexus and via IPN it controls MRN, LPO and LDT [56,60]. So, the IPN likely stimulates MRN and LPO, and inhibits LDT.

Based on its anatomical connectivity and interactions with neuromodulators, this model proposes that MHb stimulates SWS via the
MHb - IPN > MRN pathway that also suppresses the theta, wakefulness, alertness and REM driving regions. This is supported by dense
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mu opioid receptors (that bind morphine, the sleep inducing substance) in MHb, and by circadian rhythmicity of MHb neurons [60-63]. By
the markedly increased MHb and IPN metabolic activity during anesthesia (pentobarbital, ether and chloral hydrate) in rats [64], and also
by the fact that the MHb neurons produce sleep promoting interleukin IL-18 [53] and might control via IPN the MRN serotonin. Further
evidence comes from high firing rates of MRN cells during SWS and during non-exploratory waking states in rats (when not recording new
information by hippocampus), and their low firing rates during the theta linked exploration and REM sleep [65,66]. Firing of serotonergic
DRN neurons is high in wakefulness, lower in SWS and minimal in REM sleep [67]. The cholinergic activity in LDT/PPT as well as the ace-
tylcholine levels in cortex and hippocampus are high in wakefulness and REM sleep [15,68]. Discharge rate of noradrenergic LC neurons
is highest during active waking, significantly lower during quiet waking, and ceased during SWS and REM sleep [69]. Another studies
found lower LC firing during SWS in rats than during wakefulness [11]. The lack or low NE in SWS fits its alarm/alert inducing function.
Histamine neurons of tuberomammillary nucleus (TMN) in posterior hypothalamus (PH) are active only in wakefulness, highest at high

vigilance, low at quiet waking and silent during SWS and REM [70].

Wake, SWS and REM circuits (ON and OFF regions)

The LPO or ventrolateral preoptic area (VLPO) induces SWS by inhibiting cholinergic LDT/PPT and nucleus basalis of Meynert NBM
(source of cortical stimulation and gamma coupling, inhibited by adenosine), noradrenergic LC, histaminergic TMN (and PH), orexinergic
LH and serotonergic DRN, so by inhibiting the wake-promoting monoaminergic arousal system [71]. Reciprocally the TMN, LC, orexiner-
gic LH and GABAergic NBM inhibit VLPO, either directly or via interneurons [72]. LDT/PPT and orexinergic LH stimulate cholinergic and
parvalbumin containing NBM neurons that induce fast gamma coupling in cortex [73]. Orexin stabilizes wakefulness by exciting cortex,
TMN, LC, DRN, VTA and LDT/PPT [67,74,75].

In addition, the serotonergic and noradrenergic (REM-off) regions are suppressed by REM- promoting PnO, SubCoeruleaus (SubC) or
medullar dorsal paragigantocerullar nuclei (DPGi), directly or via nearby GABAergic REM-on neurons [76,77]. Reciprocally, the LC and
DRN inactivation increased REM sleep [30]. Norepinephrine inhibited mesopontine cholinergic (probably REM- on) neurons [78], while
serotonin injection into SubCoeruleus in rats suppressed PGO waves in pons without affecting thalamic or cortical PGO [79]. REM-on
LDT/PPT neurons were inhibited by 5-HT 1A agonist in cats while the wake-on/REM-on neurons of LDT/PPT were not [31]. Also, the
LPO that induces SWS is inhibited by REM-on nuclei that stimulate GABA (REM-on) neurons nearby LPO. Both the SWS-on, deep mesen-
cephalic reticular nucleus (also named LPT) and the wake-on, vIPAG nucleus (that stimulates locomotion and motor neurons) do inhibit
REM-on regions SubC and PnO/RPO. The PnO is known to be stimulated by REM-on neurons of PPT/LDT.

So, my model predicts reciprocally inhibitory interactions between the SWS- promoting MHb - IPN - MRN circuit and the theta-
promoting circuit SUM - MS/vDBB - hippocampus. It also proposes the opposition (reciprocal inhibition) between this MHb pathway
activation and the activity of regions that stimulate the theta-generating circuit: NI, VTg, LDT and PH; as well as those regions that stimu-
late wakefulness: histaminergic TMN, orexinergic LH, gamma coupling inducing NBM, value-signaling/action-urging VTA, and alert/alarm
linked LC. So, there is also functional opposition (mutual inhibition) between the SWS- promoting circuit (MHb-IPN-MRN and LPO) ver-
sus the wakefulness promoting orexin, histamine, norepinephrine and the locomotion triggering and value-signaling dopamine system.

SWS- promoting circuit might show similar opposition with regions of the REM-promoting circuits, REM-on LDT/PPT, PnO, PnC or SubC.

Brain regions with theta rhythm

The theta oscillations in hippocampus occur during awake exploration and during REM sleep [80]. They are generated by supramamil-
lary nuclei (SUM) that determine theta frequency and activate medial septum and vertical limb of diagonal band of Broca (MS/vDBB) that
determine theta amplitude and induce theta oscillations in hippocampus and other target regions that show theta-rhythm [81]. The SUM
is activated by nucleus pontis oralis PnO/RPO in anesthetized rats during REM [82-84], possibly also by LDT. During waking state is SUM
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activated for example by posterior hypothalamus (PH), orexinergic LH, dopaminergic (VTA) and nucleus incertus (NI) input, while the
NI induces theta rhythm in MS by release of insulin-like peptide relaxin-3 [85]. Another way to induce theta coupling in the brain might
be via reciprocal connections between prefrontal cortex and SUM. Both SUM and MS project to hippocampus and medial mamillary body
(MMB). The MMB and SUM have reciprocal connections with the ventral tegmental nucleus of Gudden (VTg) that (similar to SUM, MMB
and MS) shows theta oscillations and similar to NBM and hDBB contains neurons with parvalbumin. Parvalbumine GABAergic cells from
hDBB and NBM generate fast gamma synchronization in cortex (so possibly also in VTg). Medial part of MMB projects to the anteromedial
nuclei (AM), while its lateral part projects to the anteroventral (AV) nuclei of ATN. Both AV and AM show theta rhythm. Prefrontal cortex
projects to AV (top down control) but is reciprocally connected with AM, so AM might contextually bias the source of information in pre-
frontal cortex working memory depending on event-based context and memories and associations linked to it. Prefrontal cortex involved
in goal-directed control of behavior, evaluation, predictions, decision making and planning projects also to MMB. Hippocampal efferents
from subiculum project via fornix to septum (via fornix but my DTI results showed also dorsomedial thalamic tract), anterior thalamic nu-
clei and mamillary bodies (Aggleton., et al. 2005). Further regions that demonstrate theta rhythm are subicular, retrosplenial, entorhinal,
perirhinal, posterior cingulate cortex (PCC), ACC and medial prefrontal cortices that receive afferents from MS/DBB, anteromedial and an-
teroventral nuclei of ATN. Based on its connectivity, my prediction is that AM has role in automatic context- based selection of information
from episodic and relational memories that will reach prefrontal cortex and working memory based on their associations with ongoing
events. Prefrontal cortex input to AM and AV might on the other hand help to select recall of those episodic memories, events, scenarios,

cognitive schemes and task rules that are relevant to current context, goals, task set, situation, and thoughts in working memory.

Interestingly both the theta inducing MS/vDBB and the gamma inducing hDBB have reciprocal connections [46] with the IPN, MHb,
LHb, hippocampus, amygdala, subiculum, entorhinal cortex, piriform cortex, retrosplenial cortex, cingulate cortex (perhaps both PCC and
ACC), insula (codes aversive properties of things and subjects, pain and taste), and temporal pole (codes identities of objects and sub-
jects). Thus, this model predicts reciprocal inhibition of the MS/vDBB and hDBB by MHb and IPN, as well as the inhibition of MS/vDBB
and hDBB by LHb (to decrease theta and gamma rhythm linked to recording of new information and arousal). These cortical regions and
amygdala might reciprocally induce the MS/vDBB and hDBB firing and be driven by them into theta and gamma coupling. The theta cou-
pling in cortex might also be induced by SUM. Other afferents of MS/DBB are from PPT/LDT, LC, VTA, orexinergic LH, DRN and MRN [46].

Supramamillary nucleus, SUM and some of its interactions

SUM controls the frequency of hippocampal theta activity via MS/DBB, while MS/vDBB controls its amplitude [81]. SUM is known to
stimulate theta rhythm during exploration in rats [83] that gets disrupted by serotonergic MRN. SUM in rats has reciprocal connection
with MMB, VTg, PH, LH, AH, LDT, MS/DBB, lateral septum (LS), PAG, LPO, medial preoptic hypothalamic nucleus (MPO, involved in regula-
tion of body temperature), MRN, DRN, VTA (VTA encodes expected reward value signal and novelty), cognitive anterior cingulate cortex
(homologue of human cognitive PFC), medial and ventrolateral orbital cortex (processing of rewards and punishments). SUM afferents
come also from IPN, lateral habenula (LHb) [86], VMH, BNST, subiculum and nucleus prepositus. SUM efferents project also to anterome-
dial and anteroventral thalamic nuclei (AM, AV), reuniens nuclei, intralaminar thalamic nuclei, centromedian thalamic nuclei (CM), medio-
dorsal thalamus (MDT, involved in value-based selection of choices that are further encoded in prefrontal working memory), substantia
innominata (SI, which includes primate NBM homologue), hippocampus, dentate gyrus (receives strong input), entorhinal cortex (EC),
frontal cortex, subthalamic nucleus (STN), amygdala, LC and cerebellar nuclei (CN), [86-90]. So, this model predicts stimulating input
to SUM from wakefulness promoting regions of PH, LH, LDT (from wake-on/REM-on LDT cells), from VTA (with dopamine that signals
value), from PAG, and prefrontal cortex (that informs SUM about meanings of things and events around us). Model proposes inhibitory
input from LHb, and from SWS- promoting IPN, MRN and LPO to SUM. Similarly, this model suggests stimulatory effects of SUM on VTg,
AM, AV, CM, MDT, S], amygdala, entorhinal and prefrontal cortex function, and predicts inhibitory effect of SUM efferents on MRN output.
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Ventral tegmental nucleus of Gudden, VTg and its connectivity

VTg has reciprocal projections with MMB. VTg has input from prefrontal, cingulate, insular and retrosplenial cortex, MRN, IPN and LHb,
maybe even from NBM, PH, LH and LPO as VTg receives input from basal forebrain and hypothalamus [91]. Both VTg and SUM receive LHb,
IPN and MRN projections, so this model predicts that they have inhibitory effect on both these regions that demonstrate theta oscillations.
Because the VTg is needed for alternate choice working memory and during mental navigation tasks, but not during SWS sleep. In addi-
tion, the VTg has possibly stimulating input from dorsal tegmental nucleus of Gudden (DTg), vestibular nucleus (head movement signals),
substantia nigra pars compacta (SNc, that signals informational value to brain, what is meaningful, relevant, what way of doing things is
right), VTA (signals expected reward value), LC (alarm signal), PAG (fear response) and from dopaminergic cells in zona incerta (ZI, linked
to locomotion). VTg has input also from fields of Forel, nucleus of Darkschewitsch (reflex gaze), interstitial nucleus of Cajal (integration of

head and eye movements) and nucleus prepositus hypoglossi.

Many VTg neurons projecting to MMB are parvalbumin positive, so capable to transfer fast gamma oscillations important for WM and

focused attention.

Nucleus incertus, NI and its interaction with SWS-circuit

The NI is known to induce theta rhythm and to increase spatial working memory performance (and theta-power in hippocampus), by
releasing peptide relaxin-3 into MS/DBB [85]. Even in the anaesthetised rats did the relaxin-3 antagonist in medial septum decreased the
PnO-induced hippocampal theta power [85]. The NI in rats has reciprocal connections with cortical affective evaluation regions: prelimbic
cortex (homologue of dorsal anterior cingulated cortex, dACC in primates), medial and ventrolateral orbital cortex; with cognitive anterior
cingulate cortex (cognitive PFC homologue); with retrosplenial cortex important for autobiographic memory; with subcortical MRN, IPN
[54,92], LPO, ZI, medial LHb, SUM, PH, LH, ventrolateral PAG, MS/vDBB (GABAergic negative feedback) and pontine reticular nucleus.
Medial LHb inhibits MRN and projects to intermediate part of the IPN [93,94]. This model predicts that the cortical input likely stimulates
via NI the theta coupling to enhance the recording of episodes with affective and informative meanings to us. Based on the properties of
SWS- promoting circuit MHb-IPN-MRN, this model predicts that LHb and the theta- opposing regions IPN and MRN do reciprocally inhibit
the output of the theta- and arousal inducing NI, and that LHb also inhibits the IPN output to MRN.

The NI in rats and mice has receptors for CRH (corticotropin releasing hormone), orexin, MCH (melanin concentrating hormone,
linked to sleep), oxytocin, serotonin 5-HT1A and ghrelin [95-101]. So, the serotonergic MRN likely inhibits NI during SWS, while the
wakefulness linked agents activate NI to enforce arousal, theta coupling and the recording of new events in hippocampus. This model
suggests that histaminergic and orexinergic neurons of PH/LH stimulate NI, as both also promote wakefulness, and that LPO inhibits NI,
as LPO promotes SWS that opposes theta state and arousal. NI in rats projects also to all hippocampus especially to dorsal fimbria and
ventral dentate gyrus, CA3 and subiculum, to entorhinal cortex, claustrum, SI, PPT, LS, triangular and septofimbrial septal nuclei, MHb,
MMB, lateral mamillary body (LMB), AV, AM, AD, nucleus reuniens, CM, MDT , DRN, PVT, PVN, dorsomedial thalamic nucleus (DMN), VMN,
MPO, supraoptic hypothalamic nucleus (SON), anterior hypothalamus (AH), arcuate nucleus, amygdala, BNST, contralateral NI, nucleus
accumbens (NAc, involved in motivation/drive and inhibitory avoidance), ZI, VTA, SNc, and superior colliculus (SC) [92,102-104]. This
model predicts that NI (besides its known effect on medial septum theta rhythm) activates its targets in PFC, RSC, hippocampus, BNST, LS,
PAG, PVN, PVT, MDT and CM; but inhibits MHb, IPN, MRN and LPO leading to suppression of SWS.

Triangular and septofimbrial septal nuclei. Some of their interactions

Triangular septum (TS) projects to MHb, IPN and LHb [42]. Posterior septum (PS) that includes TS and septofimbrial septal nuclei (SF)
has GABAergic projections to NI (and NI projects to PS), SUM and MRN. Also, medial septum and horizontal DBB (hDBB) have GABAergic
projections to nucleus incertus [105]. By proposing SWS- promoting role of PS, this model suggests that TS inhibits LHb to disinhibit the
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serootnergic MRN, and that TS and SF inhibit NI and SUM, but activate MRN (by inhibiting MRN interneurons). The NI is known to induce
theta by its relaxin-3 release in MS [85]. Horizontal DBB together with NBM is the main source of the cortical cholinergic innervation and
the parvalbumin containing GABAergic projection neurons that induce fast gamma rhythm linked to thinking, attention, working memory
and feature binding. So, the hDBB might induce cholinergic activation or even gamma oscillations in NI towards informative and salient

stimuli to increase temporal coupling (and temporal summation) towards important information.

Median raphe nucleus, MRN and its interactions

Major MRN input is from IPN, LHb, MS, MB, LPO, MPO, LH, perifornical hypothalamus, DMN, PAG, LDT, LC and infralimbic cortex in
rats (homologue of ventral ACC in humans). Medial LHb reciprocally inhibits serotonergic MRN [93]. MRN projects to medial mammillary
body (MMB), SUM, PH, perifornical hypothalamus (PF/LH), cholinergic MS/vDBB, hDBB, NBM, septum, VTA, dopaminergic A13 region of
Z1, LC, LDT/PPT, subcoeruleus, LHb, IPN, MPO, nucleus reuniens, mediodorsal thalamus (MDT), central medial, paracentral and central
lateral nuclei of midline intralaminar thalamus, suprachiasmatic nucleus (SCN), hippocampus and NAc [82,106]. Cortical projections
from MRN are light and restricted to perirhinal, entorhinal and some prefrontal cortex. MRN stimulation enhances the secretion of go-
nadotropins [107]. Glutamate input to MRN was increased during non-theta phase of anesthesia in rats but not after tail pinch [108]. This
evidence supports the proposed activation of MRN by MHb during SWS, as MHb is also stimulated by anesthetics, possibly disinhibited
by morphine, and has indirect input to MRN via IPN. So, this model predicted that MHb stimulates IPN, which stimulates MRN to release
serotonin during SWS. Both LPO and MRN promote SWS and suppress some regions of cholinergic theta- promoting circuit. So, this model
proposes that LPO and possibly vACC activate MRN, while the MS/vDBB, MMB, LDT, orexinergic LH, noradrenergic LC, and fear response
related PAG inhibit MRN. Similarly, to the known MRN inhibition of SUM, this model suggests that MRN attenuates also the following theta,
working memory or arousal linked regions: MMB, MS/vDBB, histaminergic PH, orexinergic LH, VTA, A13 of ZI, intralaminar and midline
thalamic nuclei. Hippocampal theta induced by SUM and MS activation was produced after MRN inhibition by glutamatergic antagonists,

GABA agonist and serotonin 1A agonist (acting via MRN autoreceptor) in urethane anesthetized rats [27,109-111].

Interpeduncular nucleus, IPN

Main IPN input comes from MHb, less from medial LHb, MPO, ventral hypothalamus, MRN, DRN, dorsal and ventral tegmental nuclei
of Gudden (DTg, VTg), LDT, PAG, SUM, premamillary nuclei, LC, sparse input comes from hDBB [87,90], and some from VTA neurons that
contain dopamine and corticotropin releasing factor (CRF), (Zhao-Shea,, et al. 2013). The IPN neurons are mostly GABAergic and project
to MRN, DRN, LPO, MPO, LDT, DTg and VTg (strongly), medial mamillary body (MMB, weakly), NI, nucleus basalis of Meynert (BNM), LC,
PAG, MS/DBB, LH, hypothalamus, entorhinal cortex (EC), hippocampus, MDT, nucleus gelatinosus, and midline thalamic nuclei [60,87,92].
LDT has reciprocal connections with IPN, but also with MRN and LPO. So, it is possible that IPN, MRN and LPO attenuate LDT output, to
promote SWS, and vice versa that LDT suppresses IPN, MRN and LPO.

As gabaergic parvalbumine containing NBM projection neurons induce cortical gamma (40- 100 Hz) oscillations and wakefulness
[112] and project to VTg, while the VTg shows theta oscillations, also contains fast firing parvalbumin GABA neurons (projecting to MMb),
and is needed in alternation task working memory [113], this model suggests an inhibitory effect of IPN on NBM and VTg. It proposes that
IPN stimulates the SWS-promoting LPO and MRN serotonin release; but attenuates the output of theta and arousal promoting regions:
VTg, DTg, MMB, NI, LDT, NBM, LC and fight-or- flight response of PAG. In addition, the model predicts that medial LHb that inhibits MRN
possibly inhibits also IPN (by targeting IPN interneurons) and itself is inhibited by MHb. The IPN interneurons might be targeted also by
dopamine and CRH release from VTA to interrupt sleep. Similarly, the IPN is probably inhibited by DTg, VTg, LDT, PAG, hDBB, SUM, pre-

mamillary nuclei and LC.
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Lateral preoptic area, LPO and some interactions predicted by model

GABAergic neurons in the VLPO promote sleep by inhibiting arousal-promoting circuits, such as TMN, NBM, LC and DRN [67,114-116].
LPO was found to promote SWS. LPO projects also to SUM, LDT and PPT, and based on their properties this model proposes that LPO
inhibits them. This inhibition might be reciprocal. It was found that MRN serotonin inhibits LTD, PPT and SUM. Both LPO and LH project
to LHb, RMTg and VTA.

So, this model predicts stimulatory effect of LPO on rostromedial tegmental nucleus (RMTg), and inhibitory effect of LPO on LHb
and VTA, to disinhibit the MRN serotonin release during SWS (suppressed by medial LHb, i.e. in depression) but to inhibit the dopamine
groups (SNc/A9, VTA/A10 and A11) that do facilitate locomotion, value-based learning, drive (go-for-it) and activate spinal motor neu-
rons (A11). This claim is supported by robust locomotor activation after infusion of the GABAA agonist muscimol into the RMTg [117].
The orexinergic LH projections on the other hand likely stimulate VTA and inhibit LHb and RMTg. Another supporting fact is that the LDT
is essential for burst firing of VTA dopamine neurons [118]. Stimulation of (wake-on?) PPT or LDT excites dopaminergic neurons of VTA
and SNc (Lacey, et al. 1990) and is needed for maintenance of burst firing of dopamine neurons [118]. The RMTg is known for reciprocal
connections with LDT, PPT, pontine and medullary reticular formation, and for strongly suppressing effect on VTA, SNc and DRN [119-
123]. This model proposes that RMTg mutually suppresses LDT and PPT to decrease arousal and locomotion (e.g. after injuries, in sick-
ness, in depression). So, the LPO uses the LHb and RMTg as “switch off- switch on” buttons to enable SWS, by boosting the serotonergic
MRN system and by suppressing the dopaminergic SNc and VTA system. Actually, the LPO might activate just that part of RMTg (lateral?)
that suppresses SNc and VTA, because the serotonergic DRN firing is reduced during SWS but ceased only during REM sleep. Interestingly
respiratory rate is higher in REM sleep compared with both non-REM sleep and wakefulness, in line with the inhibition/cessation of se-

rotonergic firing at MRN and DRN, and with calming serotonergic effect on respiration.

Similarly, to the LPO, also the SWS-on deep mesencephalic nuclei might suppress dopamine system. That population of BNST neurons,
which promotes reactivity to threat, activates VTA and inhibits LPO, most probably inhibits also the LHb and RMTg to disinhibit motor
reactivity. Also, the MS/DBB has input to LHb, RMTg and VTA, possibly to induce there the theta coupling. This model predicts inhibitory
effect of LPO projections to SUM, to suppress theta oscillations during SWS. The main inhibitory input to LPO comes from GABAergic
neurons of NBM, lateral septum and BNST [124-126]. Their role in fast gamma coupling, panic and anxiety response supports the LPO
role in SWS. Threat suppresses SWS by inhibiting LPO, what leads to lower RMTg activity: causing rise in dopamine firing, agitation and
impulsive response. Interestingly cholinergic projections from the mesopontine tegmentum inhibit the RMTg at muscarinic M4 recep-
tors, while exciting VTA dopamine neurons at M5 receptors [127,128]. So, this acetylcholine might come from wake promoting LDT to
disinhibit dopamine system, to fuel motion, motivated behaviour, drive, reward and value/meaning based learning in wakefulness and
awareness. The LPO projects also to reticular thalamic nucleus involved in up and down states during SWS, and to hippocampus, cortex

and parabrachial nucleus (PB, part of pain pathway), possibly to promote SWS sleep.

Lateral habenula, LHb and its proposed role in theta control and REM sleep

LHb directly and via RMTG activation strongly suppresses (for few milliseconds) dopamine and serotonin release [93,129-132]. Look-
ing at the lateral habenula connectivity and function my conclusion is that LHb might be used as a “switch-off” button to suppress sero-
tonin (MRN and DRN) and to lower dopamine (SNc, VTA) firing during REM. Although serotonin, noreinephrine and histamine neurons

cease firing during REM sleep, dopamine neurons show bursting activity in both wakefulness and REM sleep.

Main LHb input is from GPi, LH, VTA, DRN, MRN, LPO (reciprocal), MS/vDBB, SI, NBM, PH, PAG and BNST [41,133]. LHb projects to
SUM [86], and medial LHb innervates intermediate IPN [94]. LHb inhibits dopaminergic VTA/SNc and serotonergic DRN/MRN, and stimu-
lates GABAergic RMTg that directly inhibits DRN, VTA and SNc [119-122]. LHb projects also to LC, TMN, PH, LH, LDT, PPT, NBM, SI, MS/
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DBB, SUM, LPO, ZI, PVT, MDT (involved in value-based choice selection), raphe pontis nucleus, contralateral LHb and to REM-promoting
PnO [56,134]. So, my prediction is that LHb suppresses the SWS-promoting LPO and IPN. Lateral habenula inhibition of MRN is already
well-known. This model proposes that LHb attenuates wake-on cholinergic, GABAergic or glutamatergic neurons in LDT, PPT, NBM, SI,
MS/DBB, then noradrenergic LC, histaminergic PH/TMN, and orexinergic LH neurons, glutamatergic SUM. Further prediction is that LHb
attenuates also VTg, DTg, ZI, SC, PAG, CM (centromedian thalamic nucleus) and MDT (deselecting choices) to decrease movement and
arousal after defeat, after repeatedly bad feedback/outcomes, in chronically hostile environment and during REM sleep. Chronic pain and
negative feedback overstimulate LHb, causing learned helplessness, to stop us moving and exerting/losing energy for things that repeat-

edly hurt and harm us and decrease our well-being or survival.

PPT stimulates STN during REM sleep (Fernandez-Mendoza., et al. 2009) enhancing the fast (15 - 35 Hz) subthalamic oscillatory activ-
ity. STN then activates LHb by stimulating internal globus pallidus (GPi), as GPi has strong glutamatergic input to LHb. So probably the
firing of subthalamic neurons activates GPi, which then causes activation of LHb during REM sleep. This REM (and preREM, shortly before
REM) sleep stimulation of LHb helps to suppress dopamine and serotonin release during REM, so prevents switching into waking and into
SWS state, respectively. Prolonged LHb activation might lead to suppression of SUM and weakened theta oscillations in the brain, as the
LHb projects to SUM, and this model predicts that SUM is suppressed by LHb. In addition, the SNr inhibits PPT. It is not clear if the LHb
inhibits the wake -on PPT/LDT neurons (which stimulate VTA/SNc) or also the REM-on LDT/PPT neurons. LHb might not suppress REM-
on LDT/PPT groups (as they are used to trigger the theta-frequency in SUM during REM sleep), but might attenuate wake/REM-on LDT
and PPT neurons leading to decrease in arousal and awareness. If would LHb inhibit REM-on LDT/PPT, it might cause gradual suppression
of REM state and support the switching/alternations between the REM sleep and SWS.

The PPT/LDT is known to activate SubC and medullary reticular nuclei that inhibit motor neurons during REM sleep, causing muscle
atonia. Overstimulation of LHb, by chronic pain, loss, worries, bad outcomes, or by low basal dopamine or serotonin signal in brain (lead-
ing to LHb disinhibition) actually prolongs REM sleep and shortens SWS. The reason for this might be that the shortage of brain serotonin
signal when feeling down disinhibits LHb what leads to further suppression of serotonin release. The lack of serotonin then disinhibits
the REM-on circuit and shortens SWS stage. Increased REM sleep duration was found in depression (Steriade and McCarley, 1990). This
finding supports my prediction that LHb is one of the effectors activated by REM-on neurons in LDT/PPT, possibly via STN.

Interestingly LHb projects to Pn0O, so might promote (or control) REM sleep not only by suppression of dopamine and serotonin. Model
predicts that wake-on orexinergic LH neurons inhibit LHb and RMTg, thus causing rise in VTA/SNc dopamine and reactivity (i.e. when
hungry). The REM-on, melanin concentrating hormone (MCH) neurons of LH might inhibit dopaminergic A11 stimulation of motor neu-
rons, or activate SubC or PnO. Further prediction of this model is that LHb suppresses NBM activity, e.g. in depression and after repeated
defeat and loss, what leads to weakened attention, working memory strength via weakened fast gamma based cortical coupling. As tonic,
fast oscillatory (20 - 40 Hz) cortical activity is elicited by NBM stimulation [135].

Reticular nucleus pontis oralis and caudalis. Some of their interactions

Subcoeruleus, nucleus pontis caudalis (PnC) and oralis (PnO/RPO) receive REM-on LDT/PPT input and promote REM sleep. Both PnC
and PnO project to oculomotor/visual system. The PnC projections to STN might enhance the REM linked motor response suppression.
Movement suppression in REM is caused by SubC that inhibits spinal motor neurons via reticular medullar nuclei. Wake-on norepi-
nephrine is known to inhibit SubC while the wake-on PPT group inhibits PnC. The theta rhythm inducing PnO projects to SUM, LDT, IPN,
lateral mamillary body (LMB), mesencephalic reticular formation (that projects to reticular thalamic, reuniens and subthalamic nucleus),
retrorubral nucleus, VTA, SNc, zona incerta (ZI), specific PAG regions and CM [82]. So, question is why the PnO interacts with the LMB
during REM sleep? The LMB with its head-direction cells receives DTg and postsubicular hippocampal input, and projects to DTg and

anterodorsal thalamic nucleus AD. The AD is reciprocally connected with postsubicular hippocampus and with retrosplenial cortex. The
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LMB might (besides spatial navigation) support navigation on temporal axes (distant past, less distant past, things ahead.) of memory,
what is not a strong feature of dreams. Content of dreams is often evolving in incongruous temporal context, with jumps between scenes.
Perhaps a random activation of LMB and reuniens during REM serves to mix up and link distant and fresher events and memories into

wider cognitive map [136].

Conclusions

Theta oscillations are evoked either during active waking state by what is going on around us, so by contextual and stimulus based
novelty, salient sensory input, interesting or meaningful stimuli, good/valuable or bad/harmful things. Theta rhythm is induced also by
REM-on PnO projections to SUM, or via LDT projections to SUM and MS/DBB. In quiet waking without novelty and during consumatory
(repetitive) behaviour there is low need to record new information, so it was linked to replay of previously encoded information, after the
theta rhythm enabled recording events, contexts and interrelations between things. Possibly, when the hippocampal dentate gyrus gets
full and new information lead to interference, the hippocampus stimulates posterior septum to induce SWS via MHb-pathway, to clean
up short term memory storage for new input. The MHb - IPN - MRN circuit then promotes SWS and antagonizes the theta promoting
circuit, wake and REM sleep. Besides the main idea, this study brought new predictions about interactions of some SWS- versus theta-

promoting regions with LHb, RMTg, LPO, VTg and NI. And their effects on sleep/wake control.

This model predicted that lateral habenula projections to SUM have inhibiting effects and attenuate theta rhythm. It also proposed that
LHb suppresses the wake-promoting substantia innominata/nucleus basalis (SI/NBM), as well as the SWS-promoting LPO. LHb is known
to suppress (for miliseconds) dopamine and serotonin release. Consequent decrease in dopamine input then lowers the NBM output (as
dopamine stimulates NBM). One of the purposes of dopamine suppression by LHb might be to decrease arousal after chronic defeat and
chronic negative feedback, to stop us moving and losing energy for bad choices, to unlearn wrong (no more valid) ideas, and to deselect
the suboptimal choices, decisions and prediction from working memory. Because the LHb attenuates NBM via suppressing dopamine in

system, and LHb projects to NBM, the LHb might act in similar way on NBM and directly inhibit it.

Further my circuit-based findings suggest that LHb reciprocally inhibits LPO and orexinergic lateral hypothalamus. While LPO pos-
sibly activates RMTg. This study also suggested how can LHb promote REM sleep. Via the REM-on PPT neurons stimulation of STN that
activates SNr and GPi, which then activate LHb to suppress dopamine and serotonin release during REM. The IPN - LPO and LPO > MRN
connections link together two SWS- promoting systems: proposed MHb - IPN ->MRN and LPO. My prediction is that IPN stimulates LPO
and LPO stimulates MRN but it has to be tested.

This work seems to be the first circuit based model of the MHb-IPN-MRN circuit function. It extended the known system for control of
wakefulness and sleep, by adding the role of MHb and IPN to the known serotonergic MRN system. The MHb increases its activity during
anesthesia, and anesthesia is similar to SWS stage. This model combined connectivity references (on regions involved in sleep-wake con-
trol and on MHb) and the available (partial) functional findings from the literature. It predicted how do MHb and IPN promote slow wave
sleep: by stimulating serotonergic MRN, as well as by inhibiting the opposing theta-promoting circuit, wakefulness and REM sleep regions.
It showed few new interactions of theta-promoting regions, known to enable recording of new information in hippocampus in active wake
linked to theta state. SWS is known for replay of relationally and spatio- temporally bound information in hippocampus. So, because the
SWS and REM states are involved in different functions, it has sense that there is opposition/inhibitory effect between MHb-IPN-MRN
and the theta- promoting circuit. Different neural regions, neuromodulators and states are needed in recording than in replay. Because of
proposed circuit based opposition between SWS - promoting and theta- promoting regions, some new relations and interactions between
the less known regions of sleep-wake system could be predicted. For example, that LHb inhibits IPN and SUM, or that LPO (SWS promoting
region) inhibits LHb and VTA but stimulates RMTg to oppose/suppress REM state.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.



SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

250
Bibliography

1. Vadovicova K and Gasparotti R. “Reward and adversity processing circuits: their competition and interactions with dopamine and
serotonin signaling”. Science Open Research (2014).

2. Jouvet M. “Recherches sur les structures nerveuses et les mecanismes responsables des differentes phases du sommeil physiologique”.
Archives Italiennes de Biologie 100 (1962): 1250-1256.

3. Buzsaki G. “Two-stage model of memory trace formation: a role for noisy brain states”. Neuroscience 31.3 (1989): 551-570.

4. O’Keefe ] and Recce ML. “Phase relationship between hippocampal place units and the EEG theta rhythm”. Hippocampus 3.3 (1993):
317-330.

5. Bland BH and Oddie SD. “Theta band oscillation and synchrony in the hippocampal formation and associated structures: the case for
its role in sensorimotor integration”. Behavioural Brain Research 127.1-2 (2001): 119-136.

6. Buzsaki G. “Theta oscillations in the hippocampus”. Neuron 33.3 (2002): 325-340.
7. Roffwarg HP, et al. “Ontogenetic development of the human sleep- dream cycle”. Science 152.3722 (1966): 604-619.

8. Blumberg MS,, et al. “The ontogeny of mammalian sleep: a response to Frank and Heller (2003)”. Journal of Sleep Research 14.1
(2005): 91-98.

9. Uhlhaas PJ,, et al. “The development of neural synchrony reflects late maturation and restructuring of functional networks in hu-
mans”. Proceedings of the National Academy of Sciences of the United States of America 106.24 (2009): 9866-9871.

10. Sakurai T. “The neural circuit of orexin (hypocretin): maintaining sleep and wakefulness”. Nature Reviews Neuroscience 8.3 (2007):
171-181.

11. Aston-Jones G and Bloom FE. “Activity of norepinephrine-containing locus coeruleus neurons in behaving rats anticipates fluctua-
tions in the sleep-waking cycle”. Journal of Neuroscience 1.8 (1981): 876- 886.

12. McGinty D] and Harper RM. “Dorsal raphe neurons: depression of firing during sleep in cats”. Brain Research 101.3 (1976): 569-575.

13. Trulson ME and Jacobs BL. “Raphe unit activity in freely moving cats: correlation with level of behavioral arousal”. Brain Research
163.1 (1979): 135-150.

14. Williams JA,, et al. “State-dependent release of acetylcholine in rat thalamus measured by in vivo microdialysis”. Journal of Neurosci-
ence 14.9 (1994): 5236-5242.

15. Marrosu F, et al. “Microdialysis measurement of cortical and hippocampal acetylcholine release during sleep-wake cycle in freely
moving cats”. Brain Research 671.2 (1995): 329-332.

16. Dahan L., et al. “Prominent burst firing of dopaminergic neurons in the ventral tegmental area during paradoxical sleep”. Neuropsy-
chopharmacology 32.6 (2007): 1232-1241.

17. Jouvet M, etal. “Permanent insomnia and diminution of cerebral serotonin due to lesion of the raphe system in cats”. Journal of Physi-
ology 59.1 (1967): 248.

18. Maru E,, et al. “Effects of median raphe nucleus lesions on hippocampal EEG in the freely moving rat”. Brain Research 163.2 (1979):
223-234.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://arxiv.org/ftp/arxiv/papers/1304/1304.4201.pdf
https://arxiv.org/ftp/arxiv/papers/1304/1304.4201.pdf
https://sommeil.univ-lyon1.fr/articles/jouvet/arch_ital_biol/sommaire.php
https://sommeil.univ-lyon1.fr/articles/jouvet/arch_ital_biol/sommaire.php
https://www.ncbi.nlm.nih.gov/pubmed/2687720
https://www.ncbi.nlm.nih.gov/pubmed/8353611
https://www.ncbi.nlm.nih.gov/pubmed/8353611
https://www.ncbi.nlm.nih.gov/pubmed/11718888
https://www.ncbi.nlm.nih.gov/pubmed/11718888
https://www.ncbi.nlm.nih.gov/pubmed/11832222
http://science.sciencemag.org/content/152/3722/604
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2637352/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2637352/
https://www.ncbi.nlm.nih.gov/pubmed/19478071
https://www.ncbi.nlm.nih.gov/pubmed/19478071
https://www.ncbi.nlm.nih.gov/pubmed/17299454
https://www.ncbi.nlm.nih.gov/pubmed/17299454
https://www.ncbi.nlm.nih.gov/pubmed/7346592
https://www.ncbi.nlm.nih.gov/pubmed/7346592
https://www.ncbi.nlm.nih.gov/pubmed/1244990
https://www.ncbi.nlm.nih.gov/pubmed/218676
https://www.ncbi.nlm.nih.gov/pubmed/218676
file:///D:\Journal%20of%20Neuroscience
file:///D:\Journal%20of%20Neuroscience
https://www.ncbi.nlm.nih.gov/pubmed/7743225
https://www.ncbi.nlm.nih.gov/pubmed/7743225
https://www.ncbi.nlm.nih.gov/pubmed/17151599
https://www.ncbi.nlm.nih.gov/pubmed/17151599
https://www.unboundmedicine.com/medline/citation/5629519/%5bPermanent_insomnia_and_diminution_of_cerebral_serotonin_due_to_lesion_of_the_raphe_system_in_cats%5d_
https://www.unboundmedicine.com/medline/citation/5629519/%5bPermanent_insomnia_and_diminution_of_cerebral_serotonin_due_to_lesion_of_the_raphe_system_in_cats%5d_
https://www.ncbi.nlm.nih.gov/pubmed/218681
https://www.ncbi.nlm.nih.gov/pubmed/218681

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

251

19. Yamamoto T, et al. “Effects of midbrain raphe stimulation and lesion on EEG activity in rats”. Brain Research Bulletin 4.4 (1979): 491-
495.

20. Lydic R, et al. “The time-course of dorsal raphe discharge, PGO waves, and muscle tone averaged across multiple sleep cycles”. Brain
Research 274.2 (1983): 365-370.

21. Jacobs BL,, et al. “Neurochemical bases of the PGO wave”. Brain Research 48 (1972): 406-411.

22. Bogdanski DE, et al. “Pharmacological studies with the serotonin precursor, 5-hydroxytryptophan”. Journal of Pharmacology and
Experimental Therapeutics 122.2 (1958): 182-194.

23. Monnier M and Tissot R. Helvetica Physiologica Et Pharmacologica Acta 16 (1958): 255.

24. Costa R, et al. “Brain concentrations of biogenic amines and eeg patterns of rabbits”. Journal of Pharmacology and Experimental
Therapeutics 130.1 (1960): 81-88.

25. Delorme F. University of Lyons (1966).

26. Luebke JL, et al. “Serotonin hyperpolarizes cholinergic low-threshold burst neurons in the rat laterodorsal tegmental nucleus in vi-
tro”. Proceedings of the National Academy of Sciences of the United States of America 89.2 (1992): 743-747.

27. Kinney GG, et al. “Medial septal unit firing characteristics following injections of 8-OH-DPAT into the median raphe nucleus”. Brain
Research 708.1-2 (1996): 116-122.

28. Hobson JA, et al. “Sleep cycle oscillation: reciprocal discharge by two brainstem neuronal groups”. Science 189.4196 (1975): 55-58.

29. McCarley RW and Hobson JA. “Neuronal excitability modulation over the sleep cycle: a structural and mathematical model”. Science
189.4196 (1975): 58-60.

30. Cespuglio R, et al. “Alterations in the sleep-waking cycle induced by cooling of the locus coeruleus area”. Electroencephalography and
Clinical Neurophysiology 54.5 (1982): 570-578.

31. Thakkar MM, et al. “Behavioral state control through differential serotonergic inhibition in the mesopontine cholinergic nuclei: a
simultaneous unit recording and microdialysis study”. Journal of Neuroscience 18.14 (1998): 5490-5497.

32. George R, et al. “A cholinergic mechanism in the brainstem reticular formation: induction of paradoxical sleep”. International Journal
of Neuropharmacology 3.6 (1964): 541-552.

33. Hernandez-peon R, et al. “Limbic cholinergic pathways involved in sleep and emotional behavior”. Experimental Neurology 8.2
(1963): 93-111.

34. Berkowitz A, et al. “Pilocarpine, an orally active muscarinic cholinergic agonist, induces REM sleep and reduces delta sleep in normal
volunteers”. Psychiatry Research 33.2 (1990): 113-119.

35. Hohagen F, et al. “Influence of the cholinergic agonist SDZ 210-086 on sleep in healthy subjects”. Neuropsychopharmacology 9.3
(1993): 225-232.

36. Lauriello J., et al. “The cholinergic REM sleep induction test with pilocarpine in mildly depressed patients and normal controls”. Bio-
logical Psychiatry 33.1 (1993): 33-39.

37. Riemann D, et al. “Cholinergic neurotransmission, REM sleep and depression”. Journal of Psychosomatic Research 38.1 (1994): 15-25.
38. Sitaram N and Gillin JC. “Development and use of pharmacological probes of the CNS in man: evidence of cholinergic abnormality in

primary affective illness”. Biological Psychiatry 15.6 (1980): 925-955.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/314836
https://www.ncbi.nlm.nih.gov/pubmed/314836
https://www.ncbi.nlm.nih.gov/pubmed/6626966
https://www.ncbi.nlm.nih.gov/pubmed/6626966
https://www.ncbi.nlm.nih.gov/pubmed/4345601
http://jpet.aspetjournals.org/content/122/2/182
http://jpet.aspetjournals.org/content/122/2/182
http://jpet.aspetjournals.org/content/130/1/81
http://jpet.aspetjournals.org/content/130/1/81
https://www.ncbi.nlm.nih.gov/pubmed/1731349
https://www.ncbi.nlm.nih.gov/pubmed/1731349
https://www.ncbi.nlm.nih.gov/pubmed/8720866
https://www.ncbi.nlm.nih.gov/pubmed/8720866
https://www.ncbi.nlm.nih.gov/pubmed/1094539
https://www.ncbi.nlm.nih.gov/pubmed/1135627
https://www.ncbi.nlm.nih.gov/pubmed/1135627
https://www.ncbi.nlm.nih.gov/pubmed/6181980
https://www.ncbi.nlm.nih.gov/pubmed/6181980
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3612523/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3612523/
http://www.sciencedirect.com/science/article/pii/0028390864900760
http://www.sciencedirect.com/science/article/pii/0028390864900760
http://www.sciencedirect.com/science/article/pii/0014488663900372
http://www.sciencedirect.com/science/article/pii/0014488663900372
https://www.ncbi.nlm.nih.gov/pubmed/2243887
https://www.ncbi.nlm.nih.gov/pubmed/2243887
https://www.ncbi.nlm.nih.gov/pubmed/8280346
https://www.ncbi.nlm.nih.gov/pubmed/8280346
http://www.biologicalpsychiatryjournal.com/article/0006-3223(93)90275-I/abstract
http://www.biologicalpsychiatryjournal.com/article/0006-3223(93)90275-I/abstract
https://www.ncbi.nlm.nih.gov/pubmed/7799246
https://www.ncbi.nlm.nih.gov/pubmed/7459412
https://www.ncbi.nlm.nih.gov/pubmed/7459412

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties
252
39. Sitaram N, et al. “REM sleep induction by physostigmine infusion during sleep”. Science 191.4233 (1976): 1281-1283.

40. Vadovicova K. “Affective and cognitive prefrontal cortex projections to the lateral habenula in humans”. Frontiers in Human Neurosci-
ence 8 (2014): 819.

41. Herkenham M and Nauta W]J. “Afferent connections of the habenular nuclei in the rat.A horseradish peroxidase study, with a note on
the fiber-of-passage problem”. Journal of Comparative Neurology 173.1 (1977): 123-145.

42. Raisman G. “The connections of the septum”. Brain 89 (1966): 317-348.

43. Gottesfeld Z. “Origin and distribution of noradrenergic innervation in the habenula: a neurochemical study”. Brain Research 275.2
(1983): 299-304.

44. Qin C and Luo M. “Neurochemical phenotypes of the afferent and efferent projections of the mouse medial habenula”. Neuroscience
161.3 (2009): 827-837.

45. Yamaguchi T, et al. “Distinct roles of segregated transmission of the septo-habenular pathway in anxiety and fear”. Neuron 78.3 (2013):
537-544.

46. Woolf NJ. “Cholinergic systems in mammalian brain and spinal cord”. Progress in Neurobiology 37.6 (1991): 475-524.
47. Axelrod ]. “The pineal gland”. Endeavour 29.108 (1970): 144-148.

48. Ronnekleiv OK and Moller M. “Brain-pineal nervous connections in the rat: an ultrastructure study following habenular lesion”. Ex-
perimental Brain Research 37.3 (1979): 551-562.

49. Ronnekleiv OK,, et al. “Single unit recordings in the rat pineal gland: evidence for habenulo-pineal neural connections”. Experimental
Brain Research 39.2 (1980): 187-192.

50. Teclemariam-Mesbah R,, et al. “Anatomical demonstration of the suprachiasmatic nucleus-pineal gland”. Journal of Comparative Neu-
rology 406.2 (1999): 171-182.

51. Reuss S and Moller M. “Direct projections to the rat pineal gland via the stria medullaris thalami”. Cell Tissue Research 244.3 (1986):
691-694.

52. Yoon]Y, et al. “Modulation of nicotinic receptor channels by adrenergic stimulation in rat pinealocytes”. American Journal of Physiol-
ogy - Cell Physiology 306.8 (2014): C726-C735.

53. Sugama S, et al. “Neurons of the superior nucleus of the medial habenula and ependymal cells express IL-18 in rat CNS”. Brain Re-
search 958.1 (2002): 1-10.

54. Aizawa H,, et al. “Molecular characterization of the subnuclei in rat habenula”. Journal of Comparative Neurology 520 (2012): 4051-
4066.

55. Ren ], et al. “Habenula cholinergic neurons co-release glutamate and acetylcholine and activate postsynaptic neurons via distinct
transmission modes”. Neuron 69.3 (2011): 445-452.

56. Herkenham M and Nauta WJ. “Efferent connections of the habenular nuclei in the rat”. Journal of Comparative Neurology 187.1 (1979):
19-47.

57. Kim U and Chang S. “Dendritic morphology, local circuitry, and intrinsic electrophysiology of neurons in the rat medial and lateral
habenular nuclei of the epithalamus”. Journal of Comparative Neurology 483.2 (2005): 236-250.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/176724
https://www.ncbi.nlm.nih.gov/pubmed/25386128
https://www.ncbi.nlm.nih.gov/pubmed/25386128
https://www.ncbi.nlm.nih.gov/pubmed/845280
https://www.ncbi.nlm.nih.gov/pubmed/845280
https://www.ncbi.nlm.nih.gov/pubmed/6354358
https://www.ncbi.nlm.nih.gov/pubmed/6354358
https://www.ncbi.nlm.nih.gov/pubmed/19362132
https://www.ncbi.nlm.nih.gov/pubmed/19362132
https://www.ncbi.nlm.nih.gov/pubmed/23602500
https://www.ncbi.nlm.nih.gov/pubmed/23602500
https://www.ncbi.nlm.nih.gov/pubmed/1763188
https://www.ncbi.nlm.nih.gov/pubmed/4195878
https://www.ncbi.nlm.nih.gov/pubmed/520442
https://www.ncbi.nlm.nih.gov/pubmed/520442
http://link.springer.com/article/10.1007/BF00237549
http://link.springer.com/article/10.1007/BF00237549
https://www.ncbi.nlm.nih.gov/pubmed/10096604
https://www.ncbi.nlm.nih.gov/pubmed/10096604
https://www.ncbi.nlm.nih.gov/pubmed/3521883
https://www.ncbi.nlm.nih.gov/pubmed/3521883
https://www.ncbi.nlm.nih.gov/pubmed/24553185
https://www.ncbi.nlm.nih.gov/pubmed/24553185
https://www.ncbi.nlm.nih.gov/pubmed/12468024
https://www.ncbi.nlm.nih.gov/pubmed/12468024
https://www.ncbi.nlm.nih.gov/pubmed/22700183
https://www.ncbi.nlm.nih.gov/pubmed/22700183
https://www.ncbi.nlm.nih.gov/pubmed/21315256
https://www.ncbi.nlm.nih.gov/pubmed/21315256
https://www.ncbi.nlm.nih.gov/pubmed/226566
https://www.ncbi.nlm.nih.gov/pubmed/226566
https://www.ncbi.nlm.nih.gov/pubmed/15678472
https://www.ncbi.nlm.nih.gov/pubmed/15678472

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

253

58. Antolin-Fontes B, et al. “The habenulo- interpeduncular pathway in nicotine aversion and withdrawal”. Neuropharmacology 96
(2014): 213-222.

59. Claudio Cuello A, et al. “Substance P containing and cholinergic projections from the habenula”. Brain Research 149.2 (1978): 413-
429.

60. Groenewegen HJ., et al. “Cytoarchitecture, fiber connections, and some histochemical aspects of the interpeduncular nucleus in the
rat”. Journal of Comparative Neurology 249.1 (1986): 65-102.

61. McCormick DA and Prince DA. “Actions of acetylcholine in the guinea-pig and cat medial and lateral geniculate nuclei, in vitro”. Journal
of Physiology 392 (1987): 147-165.

62. Quick MW, et al. “a3f 4 subunit- containing nicotinic receptors dominate function in rat medial habenula neurons”. Neuropharmacol-
ogy 38.6 (1999): 769-783.

63. Guilding C and Piggins HD. “Challenging the omnipotence of the suprachiasmatic timekeeper: are circadian oscillators present
throughout the mammalian brain?” European Journal of Neuroscience 25.11 (2007): 3195-3216.

64. Herkenham M. “Anesthetics and the habenulo-interpeduncular system: selective sparing of metabolic activity”. Brain Research 210.1-
2 (1981): 461-466.

65. Jacobs BL and Azmitia EC. “Structure and function of the brain serotonin system”. Physiological Reviews 72.1 (1992): 165-229.

66. MarrosuF, et al. “5-HT 1A agonists induce hippocampal theta activity in freely moving cats: role of presynaptic 5-HT 1A receptors”.
Brain Research 739.1-2 (1996): 192-200.

67. Saper CB,, et al. “The sleep switch: hypothalamic control of sleep and wakefulness”. Trends in Neurosciences 24.12 (2001): 726-731.

68. Sakai K. “Some anatomical and physiological properties of ponto-mesencephalic tegmental neurons with special reference to PGO
waves and postural atonia during paradoxical sleep”. In the Reticular Formation Revisited, eds Hobson JA., Brazier M A B., editors.
(New York: Raven Press) (1980): 427-447.

69. Takahashi K, et al. “Locus coeruleus neuronal activity during the sleep-waking cycle in mice”. Neuroscience 169.3 (2010): 1115-1126.

70. Takahashi K, et al. “Neuronal activity of histaminergic tuberomammillary neurons during wake-sleep states in the mouse”. Journal of
Neuroscience 26.40 (2006): 10292-10298.

71. Strecker RE,, et al. “Adenosinergic modulation of basal forebrain and preoptic/anterior hypothalamic neuronal activity in the control
of behavioral state”. Behavioural Brain Research 115.2 (2000): 183-204.

72. Steininger TL., et al. “Subregional organization of preoptic area/anterior hypothalamic projections to arousal-related monoaminergic
cell groups”. Journal of Comparative Neurology 429.4 (2001): 638-653.

73. Kim T, etal. “Cortically projecting basal forebrain parvalbumin neurons regulate cortical gamma band oscillations”. Proceedings of the
National Academy of Sciences of the United States of America 112.11 (2015): 3535-3540.

74. Kilduff TS and Peyron C. “The hypocretin/orexin ligand receptor system: implications for sleep and sleep disorders”. Trends in Neu-
rosciences 23.8 (2000): 359-365.

75. Bernard R, et al. “Hypocretin-1 activates G proteins in arousal- related brainstem nuclei of rat”. Neuroreport 13.4 (2002): 447-450.

76. Gervasoni D., et al. “Electrophysiological evidence that noradrenergic neurons of the rat locus coeruleus are tonically inhibited by
GABA during sleep”. European Journal of Neuroscience 10.3 (1998): 964-970.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/25476971
https://www.ncbi.nlm.nih.gov/pubmed/25476971
https://www.ncbi.nlm.nih.gov/pubmed/352479
https://www.ncbi.nlm.nih.gov/pubmed/352479
https://www.ncbi.nlm.nih.gov/pubmed/2426312
https://www.ncbi.nlm.nih.gov/pubmed/2426312
https://www.ncbi.nlm.nih.gov/pubmed/2833597
https://www.ncbi.nlm.nih.gov/pubmed/2833597
http://www.sciencedirect.com/science/article/pii/S0028390899000246
http://www.sciencedirect.com/science/article/pii/S0028390899000246
https://www.ncbi.nlm.nih.gov/pubmed/17552989
https://www.ncbi.nlm.nih.gov/pubmed/17552989
https://www.ncbi.nlm.nih.gov/pubmed/7225821
https://www.ncbi.nlm.nih.gov/pubmed/7225821
http://physrev.physiology.org/content/physrev/72/1/165.full.pdf
https://www.ncbi.nlm.nih.gov/pubmed/8955939
https://www.ncbi.nlm.nih.gov/pubmed/8955939
https://www.ncbi.nlm.nih.gov/pubmed/11718878
https://www.ncbi.nlm.nih.gov/pubmed/20542093
https://www.ncbi.nlm.nih.gov/pubmed/17021184
https://www.ncbi.nlm.nih.gov/pubmed/17021184
https://www.ncbi.nlm.nih.gov/pubmed/11000420
https://www.ncbi.nlm.nih.gov/pubmed/11000420
https://www.ncbi.nlm.nih.gov/pubmed/11135241
https://www.ncbi.nlm.nih.gov/pubmed/11135241
http://www.pnas.org/content/112/11/3535.abstract
http://www.pnas.org/content/112/11/3535.abstract
https://www.ncbi.nlm.nih.gov/pubmed/10906799
https://www.ncbi.nlm.nih.gov/pubmed/10906799
https://www.ncbi.nlm.nih.gov/pubmed/11930158
https://www.ncbi.nlm.nih.gov/pubmed/9753163
https://www.ncbi.nlm.nih.gov/pubmed/9753163

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

254

77. GervasoniD,, et al. “Role and origin of the GABAergic innervation of dorsal raphe serotonergic neurons”. Journal of Neuroscience 20.11
(2000): 4217-4225.

78. Williams JA and Reiner PB. “Noradrenaline hyperpolarizes identified rat mesopontine cholinergic neurons in vitro”. Journal of Neu-
roscience 13.9 (1993): 3878-3883.

79. Datta S, et al. “Regulation of rapid eye movement sleep in the freely moving rat: local microinjection of serotonin, norepinephrine,
and adenosine into the brain stem”. Sleep 26.5 (2003): 513-520.

80. Vanderwolf CH. “Hippocampal electrical activity and voluntary movement in the rat”. Electroencephalography and Clinical Neuro-
physiology 26.4 (1969): 407-418.

81. Pan WX and McNaughton N. “The supramammillary area: its organization, functions and relationship to the hippocampus”. Progress
in Neurobiology 74.3 (2004): 127-166.

82. Vertes RP and Martin GF. “Autoradiographic analysis of ascending projections from the pontine and mesencephalic reticular forma-
tion and the median raphe nucleus in the rat”. Journal of Comparative Neurology 275.4 (1988): 511-541.

83. Vertes RP and Kocsis B. “Brainstem-diencephalo-septohippocampal systems controlling the theta rhythm of the hippocampus”. Neu-
roscience 81.4 (1997): 893-926.

84. 0ddie SD,, et al. “The midline posterior hypothalamic region comprises a critical part of the ascending brainstem hippocampal syn-
chronizing pathway”. Hippocampus 4.4 (1994): 454-473.

85. Mas,, etal “Modulation of hippocampal theta oscillations and spatial memory by relaxin-3 neurons of the nucleus incertus”. Learning
and Memory 16.11 (2009): 730-742.

86. Kiss]., etal. “Possible glutamatergic/aspartatergic projections to the supramammillary nucleus and their origins in the rat studied by
selective [(3)H]D-aspartate labelling and immunocytochemistry”. Neuroscience 111.3 (2002): 671-691.

87. Vertes RP and Fass B. “Projections between the interpeduncular nucleus and basal forebrain in the rat as demonstrated by the antero-
grade and retrograde transport of WGA- HRP”. Experimental Brain Research 73.1 (1988): 23-31.

88. Hayakawa T, et al. “Neuroanatomical study of afferent projections to the supramammillary nucleus of the rat”. Anatomy and Embryol-
ogy 188.2 (1993): 139-148.

89. Thinschmidt JS. “The supramammillary nucleus: does it play a role in the mediation of hippocampal theta rhythm?” MA Thesis.
Florida Atlantic University (1993).

90. Contestabile A and Flumerfelt BA. “Afferent connections of the interpeduncular nucleus and the topographic organization of the
habenulo-interpeduncular pathway: an HRP study in the rat”. Comparative Neurology 196.2 (1981): 253-270.

91. IrleE, etal. “Afferents to the ventral tegmental nucleus of Gudden in the mouse, rat, and cat”. Journal of Comparative Neurology 228.4
(1984): 509-541.

92. Goto M, et al. “Connections of the nucleus incertus”. Journal of Comparative Neurology 438.1 (2001): 86-122.

93. Wang RY and Aghajanian GK. “Physiological evidence for habenula as major link between forebrain and midbrain raphe”. Science
197.4298 (1977): 89-91.

94. Kim U. “Topographic commissural and descending projections of the habenula in the rat”. Journal of Comparative Neurology 513.2
(2009): 173-187.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/10818157
https://www.ncbi.nlm.nih.gov/pubmed/10818157
https://www.ncbi.nlm.nih.gov/pubmed/8103553
https://www.ncbi.nlm.nih.gov/pubmed/8103553
https://www.ncbi.nlm.nih.gov/pubmed/12938803
https://www.ncbi.nlm.nih.gov/pubmed/12938803
http://www.sciencedirect.com/science/article/pii/0013469469900923
http://www.sciencedirect.com/science/article/pii/0013469469900923
https://www.ncbi.nlm.nih.gov/pubmed/15556285
https://www.ncbi.nlm.nih.gov/pubmed/15556285
https://www.ncbi.nlm.nih.gov/pubmed/3192756
https://www.ncbi.nlm.nih.gov/pubmed/3192756
https://www.ncbi.nlm.nih.gov/pubmed/9330355
https://www.ncbi.nlm.nih.gov/pubmed/9330355
https://www.ncbi.nlm.nih.gov/pubmed/7874237
https://www.ncbi.nlm.nih.gov/pubmed/7874237
https://www.ncbi.nlm.nih.gov/pubmed/19880588
https://www.ncbi.nlm.nih.gov/pubmed/19880588
https://www.ncbi.nlm.nih.gov/pubmed/12031353
https://www.ncbi.nlm.nih.gov/pubmed/12031353
https://www.ncbi.nlm.nih.gov/pubmed/2463180
https://www.ncbi.nlm.nih.gov/pubmed/2463180
https://www.ncbi.nlm.nih.gov/pubmed/8214629
https://www.ncbi.nlm.nih.gov/pubmed/8214629
https://www.ncbi.nlm.nih.gov/pubmed/7217357
https://www.ncbi.nlm.nih.gov/pubmed/7217357
http://onlinelibrary.wiley.com/doi/10.1002/cne.902280406/abstract
http://onlinelibrary.wiley.com/doi/10.1002/cne.902280406/abstract
https://www.ncbi.nlm.nih.gov/pubmed/11503154
https://www.ncbi.nlm.nih.gov/pubmed/194312
https://www.ncbi.nlm.nih.gov/pubmed/194312
https://www.ncbi.nlm.nih.gov/pubmed/19123238
https://www.ncbi.nlm.nih.gov/pubmed/19123238

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

255

Bittencourt JC and Sawchenko PE. “Do centrally administered neuropeptides access cognate receptors? An analysis in the central
corticotropin-releasing factor system”. Journal of Neuroscience 20.3 (2000): 1142-1156.

Greco MA and Shiromani P]. “Hypocretin receptor protein and mRNA expression in the dorsolateral pons of rats”. Brain Research,
Molecular Brain Research 88.1-2 (2001): 176-182.

Marcus N, et al. “Differential expression of orexin receptors 1 and 2 in the rat brain”. Journal of Comparative Neurology 435 (2001):
6-25.

Saito Y., et al. “Expression of the melanin-concentrating hormone (MCH) receptor mRNA in the rat brain”. Journal of Comparative
Neurology 435.1 (2001): 26-40.

Vaccari C,, et al. “Comparative distribution of vasopressin V1b and oxytocin receptor messenger ribonucleic acids in brain”. Endocri-
nology 139.12 (1998): 5015-5033.

Mani BK,, et al. “Neuroanatomical characterization of a growth hormone secretagogue receptor-green fluorescent protein reporter
mouse”. Journal of Comparative Neurology 522.16 (2014): 3644-3666.

Miyamoto Y, et al. “Developmental expression and serotonergic regulation of relaxin 3/INSL7 in the nucleus incertus of rat brain”.
Regulatory Peptides 145.1-3 (2008): 54-59.

Olucha-Bordonau FE,, et al. “Cytoarchitecture and efferent projections of the nucleus incertus of the rat”. Journal of Comparative
Neurology 464.1 (2003): 62-97.

Olucha-Bordonau FE,, et al. “Distribution and targets of the relaxin-3 innervation of the septal area in the rat”. Journal of Comparative
Neurology 520.9 (2012): 1903-1939.

Teruel-Marti V., et al. “Anatomical evidence for a ponto-septal pathway via the nucleus incertus in the rat”. Brain Research 1218
(2008): 87-96.

Sanchez-Perez AM.,, et al. “Septal projections to nucleus incertus in the rat: bidirectional pathways for modulation of hippocampal
function”. Journal of Comparative Neurology 523.4 (2015): 565-588.

Vertes RP and Linley SB. “Efferent and afferent connections of the dorsal and median raphe nuclei in the rat”. In Serotonin and sleep:
molecular, functional and clinical aspects, eds Monti JM, Pandi-Perumal SR, Jacobs BL, Nutt D] (Birkhnser Verlag, Basel) (2008):
690-692.

James MD,, et al. “Dopaminergic neurones in the zona incerta exert a stimulatory control on gonadotrophin release via D1 dopamine
receptors”. Neuroendocrinology 45.5 (1987): 348-355.

Varga V, et al. “Reduction of the extracellular level of glutamate in the median raphe nucleus associated with hippocampal theta
activity in the anaesthetized rat”. Neuroscience 84.1 (1998): 49-57.

Kinney GG., et al. “Injections of excitatory amino acid antagonists into the median raphe nucleus produce hippocampal theta rhythm
in the urethane anesthetized rat”. Brain Research 654.1 (1994): 96-104.

Kinney GG, et al. “Injections of muscimol into the median raphe nucleus produce hippocampal theta rhythm in the urethane anes-
thetized rat”. Psychopharmacology 120.3 (1995): 244-248.

Vertes RP, et al. “Pharmacological suppression of the median raphe nucleus with serotonin1A agonists, 8-OH-DPAT and buspirone,
produces hippocampal theta rhythm in the rat”. Neuroscience 60.2 (1994): 441-451.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/10648719
https://www.ncbi.nlm.nih.gov/pubmed/10648719
https://www.ncbi.nlm.nih.gov/pubmed/11295245
https://www.ncbi.nlm.nih.gov/pubmed/11295245
https://www.ncbi.nlm.nih.gov/pubmed/11370008
https://www.ncbi.nlm.nih.gov/pubmed/11370008
https://www.ncbi.nlm.nih.gov/pubmed/11370009
https://www.ncbi.nlm.nih.gov/pubmed/11370009
https://www.ncbi.nlm.nih.gov/pubmed/9832441
https://www.ncbi.nlm.nih.gov/pubmed/9832441
https://www.ncbi.nlm.nih.gov/pubmed/24825838
https://www.ncbi.nlm.nih.gov/pubmed/24825838
https://www.ncbi.nlm.nih.gov/pubmed/17870193
https://www.ncbi.nlm.nih.gov/pubmed/17870193
https://www.ncbi.nlm.nih.gov/pubmed/12866129
https://www.ncbi.nlm.nih.gov/pubmed/12866129
https://www.ncbi.nlm.nih.gov/pubmed/22134882
https://www.ncbi.nlm.nih.gov/pubmed/22134882
https://www.ncbi.nlm.nih.gov/pubmed/18514169
https://www.ncbi.nlm.nih.gov/pubmed/18514169
https://www.ncbi.nlm.nih.gov/pubmed/25269409
https://www.ncbi.nlm.nih.gov/pubmed/25269409
http://link.springer.com/chapter/10.1007%2F978-3-7643-8561-3_3
http://link.springer.com/chapter/10.1007%2F978-3-7643-8561-3_3
http://link.springer.com/chapter/10.1007%2F978-3-7643-8561-3_3
https://www.ncbi.nlm.nih.gov/pubmed/3035408
https://www.ncbi.nlm.nih.gov/pubmed/3035408
https://www.ncbi.nlm.nih.gov/pubmed/9522361
https://www.ncbi.nlm.nih.gov/pubmed/9522361
https://www.ncbi.nlm.nih.gov/pubmed/7982102
https://www.ncbi.nlm.nih.gov/pubmed/7982102
https://www.ncbi.nlm.nih.gov/pubmed/8524970
https://www.ncbi.nlm.nih.gov/pubmed/8524970
https://www.ncbi.nlm.nih.gov/pubmed/8072690
https://www.ncbi.nlm.nih.gov/pubmed/8072690

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

256

Brown RE and McKenna JT. “Turning a negative into a positive: ascending GABAergic control of cortical activation and arousal”.
Frontiers in Neurology 6 (2015): 135.

Dillingham CM,, et al. “Calcium- binding protein immunoreactivity in Gudden? tegmental nuclei and the hippocampal formation: dif-
ferential co-localization in neurons projecting to the mammillary bodies”. Frontiers in Neuroanatomy 9 (2015): 103.

Saper CB,, et al. “Role of the ventrolateral preoptic area in sleep induction”. In: Hayaishi O, Inoue S, eds. Sleep and sleep disorders:
from molecule to behavior. Tokyo: Academic (1997): 281-294.

Luppi PH,, et al. “Inhibitory mechanisms in the dorsal raphe nucleus and locus coeruleus during sleep”. In: Lydic R Baghdoyan HA
eds. Handbook of behavioral state control: molecular and cellular mechanisms. Boca Raton, FL: CRC (1999): 195-211.

Lydic R and Baghdoyan HA. “Sleep, anesthesiology, and the neurobiology of arousal state control”. Anesthesiology 103.6 (2005):
1268-1295.

Lavezzi HN,, et al. “Modulation of locomotor activation by the rostromedial tegmental nucleus”. Neuropsychopharmacology 40.3
(2014): 676-687.

Lodge D] and Grace AA. “The laterodorsal tegmentum is essential for burst firing of ventral tegmental area dopamine neurons”. Pro-
ceedings of the National Academy of Sciences of the United States of America 103.13 (2006): 5167-5172.

Perrotti LI, et al. “DeltaFosB accumulates in a GABAergic cell population in the posterior tail of the ventral tegmental area after psy-
chostimulant treatment”. European Journal of Neuroscience 21.10 (2005): 2817-2824.

Jhou TC,, et al. “The mesopontine rostromedial tegmental nucleus: A structure targeted by the lateral habenula that projects to the
ventral tegmental area of Tsai and substantia nigra compacta”. Journal of Comparative Neurology 513.6 (2009): 566-596.

Jhou T, et al. “The Rostromedial Tegmental Nucleus (RMTg), a GABAergic Afferent to Midbrain Dopamine Neurons, Encodes Aversive
Stimuli and Inhibits Motor Responses”. Neuron 61.5 (2009): 786-800.

Kaufling J., et al. “Afferents to the GABAergic tail of the ventral tegmental area in the rat”. Journal of Comparative Neurology 513.6
(2009): 597-621.

Balcita-Pedicino ] ., et al. “The inhibitory influence of the lateral habenula on midbrain dopamine cells: ultrastructural evidence for
indirect mediation via the rostromedial mesopontine tegmental nucleus”. Journal of Comparative Neurology 519.6 (2011): 1143-
1164.

Zahm DS, et al. “Direct comparison of projections from the central amygdaloid region and nucleus accumbens shell”. European Jour-
nal of Neuroscience 11 (1999): 1119-1126.

Zahm DS, et al. “On lateral septum-like characteristics of outputs from the accumbal hedonic hotspot of Pecina and Berridge with
commentary on the transitional nature of basal forebrain boundaries”. Journal of Comparative Neurology 521.1 (2013): 50-58.

Zahm DS. “The evolving theory of basal forebrain functional-anatomical acrosystems”. Neuroscience and Biobehavioral Reviews 30.2
(2006): 148-172.

Wasserman DI, et al. “Cholinergic control of morphine-induced locomotion in rostromedial tegmental nucleus versus ventral teg-
mental area sites”. European Journal of Neuroscience 38.5 (2013): 2774-2785.

Wasserman DI, et al. “Muscarinic control of rostromedial tegmental nucleus (RMTg) GABA neurons and morphine-induced locomo-
tion”. Society for Neuroscience Abstracts 364 (2014): 2.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/26124745
https://www.ncbi.nlm.nih.gov/pubmed/26124745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4523888/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4523888/
http://www.crcnetbase.com/doi/abs/10.1201/9781420048247.ch13
http://www.crcnetbase.com/doi/abs/10.1201/9781420048247.ch13
https://www.ncbi.nlm.nih.gov/pubmed/16306742
https://www.ncbi.nlm.nih.gov/pubmed/16306742
https://www.ncbi.nlm.nih.gov/pubmed/25164249
https://www.ncbi.nlm.nih.gov/pubmed/25164249
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1458812/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1458812/
https://www.ncbi.nlm.nih.gov/pubmed/15926929
https://www.ncbi.nlm.nih.gov/pubmed/15926929
https://www.ncbi.nlm.nih.gov/pubmed/19235216
https://www.ncbi.nlm.nih.gov/pubmed/19235216
https://www.ncbi.nlm.nih.gov/pubmed/19285474
https://www.ncbi.nlm.nih.gov/pubmed/19285474
https://www.ncbi.nlm.nih.gov/pubmed/19235223
https://www.ncbi.nlm.nih.gov/pubmed/19235223
https://www.ncbi.nlm.nih.gov/pubmed/21344406
https://www.ncbi.nlm.nih.gov/pubmed/21344406
https://www.ncbi.nlm.nih.gov/pubmed/21344406
https://www.ncbi.nlm.nih.gov/pubmed/10103108
https://www.ncbi.nlm.nih.gov/pubmed/10103108
https://www.ncbi.nlm.nih.gov/pubmed/22628122
https://www.ncbi.nlm.nih.gov/pubmed/22628122
https://www.ncbi.nlm.nih.gov/pubmed/16125239
https://www.ncbi.nlm.nih.gov/pubmed/16125239
https://www.ncbi.nlm.nih.gov/pubmed/23773170
https://www.ncbi.nlm.nih.gov/pubmed/23773170

SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep. A Circuit-Based

Model of Functional Properties

129.

130.

131.

132.

133.

134.

135.

136.

257
Christoph GR,, et al. “Stimulation of the lateral habenula inhibits dopamine-containing neurons in the substantia nigra and ventral

tegmental area of the rat”. Journal of Neuroscience 6.3 (1986): 613-619.

Park MR. “Monosynaptic inhibitory postsynaptic potentials from lateral habenula recorded in dorsal raphe neurons”. Brain Research
Bulletin 19.5 (1987): 581-586.

Ji H and Shepard PD. “Lateral Habenula Stimulation Inhibits Rat Midbrain Dopamine Neurons through a GABAA Receptor-Mediated
Mechanism”. Journal of Neuroscience 27.26 (2007): 6923-6930.

Matsumoto M and Hikosaka O. “Lateral habenula as a source of negative reward signals in dopamine neurons”. Nature 447.7148
(2007): 1111-1115.

Sutherland R]. “The dorsal diencephalic conduction system: a review of the anatomy and functions of the habenular complex”. Neu-
roscience and Biobehavioral Reviews 6.1 (1982): 1-13.

Araki M,, et al. “The efferent projections of the rat lateral habenular nucleus revealed by the PHA-L anterograde tracing method”.
Brain Research 441.1-2 (1988): 319-330.

Metherate R, et al. “Cellular bases of neocortical activation: modulation of neural oscillations by the nucleus basalis and endogenous
acetylcholine”. Journal of Neuroscience 12.12 (1992): 4701-4711.

Phillipson OT and Pycock CJ. “Dopamine neurons of the ventral tegmentum project to both medial and lateral habenula”. Experimen-
tal Brain Research 45.1-2 (1982): 89-94.

Volume 5 Issue 6 April 2017
© All rights reserved by Karin Vadovicova.

Citation: Karin Vadovicova. “SWS- Promoting MHb-IPN-MRN Circuit Opposes the Theta- Promoting Circuit, Active Wake and REM Sleep.
A Circuit-Based Model of Functional Properties”. EC Neurology 5.6 (2017): 239-257.


https://www.ncbi.nlm.nih.gov/pubmed/3958786
https://www.ncbi.nlm.nih.gov/pubmed/3958786
https://www.ncbi.nlm.nih.gov/pubmed/3690368
https://www.ncbi.nlm.nih.gov/pubmed/3690368
https://www.ncbi.nlm.nih.gov/pubmed/17596440
https://www.ncbi.nlm.nih.gov/pubmed/17596440
https://www.ncbi.nlm.nih.gov/pubmed/17522629
https://www.ncbi.nlm.nih.gov/pubmed/17522629
https://www.ncbi.nlm.nih.gov/pubmed/7041014
https://www.ncbi.nlm.nih.gov/pubmed/7041014
https://www.ncbi.nlm.nih.gov/pubmed/2451982
https://www.ncbi.nlm.nih.gov/pubmed/2451982
https://www.ncbi.nlm.nih.gov/pubmed/1361197
https://www.ncbi.nlm.nih.gov/pubmed/1361197
https://www.ncbi.nlm.nih.gov/pubmed/6799315
https://www.ncbi.nlm.nih.gov/pubmed/6799315

	_GoBack

