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Neural circuits and emotional
processing in rapid eye
movement sleep
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Mammalian sleep consists of non-rapid eye movement sleep (NREMS) and rapid
eye movement sleep (REMS), accounting for approximately 75% and 25% of total
sleep, respectively. REMS is characterized by low-amplitude and high-frequency
theta oscillations in the brain, muscle atonia, intermittent muscle twitches, rapid
eye movements, and rapid breathing. Although relative brief in duration, REMS is
evolutionarily conserved across species. Notably, REMS plays a critical role in
emotion regulation and its dysregulation has been closely associated with
neuropsychiatric disorders such as post-traumatic stress disorder (PTSD) and
depression. However, the precise neural mechanisms that initiate and terminate
REMS, as well as the exact pathophysiological relationships between REMS and
psychiatric conditions, remain poorly understood. In recent years, research on
the circuitry and functional roles of REMS has advanced considerably, with
growing evidence implicating several cortical and brainstem regions in its
regulation. Here, we review the mechanisms of mammalian REMS in terms of
brain anatomy and neural circuits, which constitute highly distributed networks
spanning the cortex, brain stem, hypothalamus, and other regions. We also
summarize the role of REMS in negative emotion processing. Finally, we
propose key open questions that need to be addressed in future studies.
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Introduction

Humans spend one-third of their lives in sleep, which is crucial for maintaining normal
physiological functions. There are two states of human sleep, non-rapid eye movement
sleep (NREMS) and rapid eye movement sleep (REMS), distinguishable through
electroencephalogram (EEG), electromyogram (EMG), and eye movement tracking.
REMS was discovered and defined in 1953 by recording electrooculograms and
observing periodic rapid eye movements and twitching during sleep in humans (1).
Further, a significant correlation between these peculiar eye movements and dreaming
was discovered (1). REMS, though it accounts for about one-fourth of human sleep time,
has unique physiological significance and is indispensable for emotion processes in humans
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(2, 3). Clinically, REMS disorders may lead to conditions such as
rapid eye movement sleep behavior disorder (RBD) and narcolepsy,
but the pathogenesis remains unclear. Therefore, researching the
neural mechanisms of REMS can provide a theoretical basis for
precise clinical treatment of related disorders. In recent years, rapid
developments in chemogenetics, optogenetics, and calcium imaging
have enabled high-resolution fine-tuning of sleep-related neurons.
Researchers using these novel techniques have identified additional
brain regions and circuits that regulate REMS, leading to rapid
progress in the study of REMS. This review is based on a
comprehensive literature search conducted in major academic
databases, including PubMed and Web of Science, for articles
published between 2010 and 2025. Following a rigorous
assessment of the quality and relevance of the retrieved full-text
articles, we synthesize key recent research advances. Our analysis
focuses on the neural regulatory mechanisms of REMS and its
impact on emotions. We also propose unresolved critical questions.
This article will provide a theoretical basis for exploring new
strategies in the treatment of REMS disorders.

Neural circuits for REMS
Cortical regulation of REMS

Classical studies in cats by Michel Jouvet and others
demonstrated that the brainstem is necessary and sufficient for
REMS generation, as mesopontine lesions abolished REMS while
cortical lesions or transections above the brainstem preserved
NREMS-REMS cycles (4). However, recent studies have revealed
complementary roles of the cortex in REMS regulation (5). For
instance, Wang and colleagues employed mesoscale calcium
imaging and optogenetics in mice to demonstrate for the first
time the essential role of the occipital cortex in promoting the
transitions from NREMS to REMS and in REMS homeostasis—a
phenomenon wherein selective deprivation of REMS leads to an
elevated REMS pressure and a subsequent increase in REMS
amount during recovery sleep (6). In mice, calcium imaging
showed heightened activity in the occipital cortex during a
pattern designated as the “REMS-like state”. In contrast, the state
characterized by increased neuronal activity in other brain regions,
with the exception of the occipital cortex, is referred to as the
“REMS-opponent state” (7). Oscillations between REMS-like and
REMS-opponent state were observed in cortical activity during
NREMS, indicating the presence of REMS pressure and
suggesting the role of the occipital cortex in the homeostatic
regulation of REMS. Optogenetic inhibition of occipital cortical
activity reduced the transitions from NREMS to REMS and
significantly shortened REMS duration. Conversely, activation of
occipital cortical activity produced opposite effects, indicating its
bidirectional role in regulating REMS-NREMS transitions (7).

The occipital cortex includes the retrosplenial cortex (RSC) and
the visual cortex. Evidence suggests that the RSC is notably active
during REMS, with increased neuronal firing rates (8-10). Using
TRAP2 (targeted recombination in active populations) mice to label
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neurons active during REMS and wakefulness, it was found that the
active neurons during REMS are primarily located in the superficial
layers of the RSC (11). Another study found more precise regulation
of REMS by the RSC during its two sub-stages of REMS: quiescent
REMS (qREMS), characterized by low motor activity and slower
theta oscillations (6.5-7.5 Hz), and active REMS (aREMS), which
exhibits prominent phasic activities such as eye movements, facial
twitches, and whisker movements, along with faster theta
oscillations (8.2-10 Hz) (12). Dong et al. used large-field calcium
imaging and two-photon imaging to find that the RSC is the starting
point of cortical calcium activity waves during REMS, with selective
activation of pyramidal neurons in layers 2/3 of the RSC during
REMS (12). However, RSC neuronal activity patterns differ during
REMS, activating at different stages, matching the transition from
qREMS to aREMS. Optogenetic inhibition of the excitatory neurons
in the RSC could suppress the transition between REMS sub-stages,
shortening REMS duration, whereas inhibition during NREMS did
not induce a sleep phase transition. These results reveal the role of
the RSC in maintaining REMS and in the transition between its sub-
stages (12). Retrograde tracing in the RSC revealed projections from
the lateral pontine area, a key site for REMS generation, suggesting a
connection between the RSC and the pontine area in REMS
regulation. The RSC also receives projections from the
hippocampus and may be involved in the generation of
hippocampal theta oscillations (9). The RSC has connections to
the claustrum (CLA) and the medial septum (MS), which may
participate in memory consolidation and dream occurrence (5, 11).

The aREMS state reported by Dong et al. features enhanced
theta-phase coupling of fast oscillations and eye movements (12),
consistent with findings from other mouse and rat REMS sub-stages
studies (13, 14). However, it is important to note that the
classification of REMS sub-stages differs between mice and
humans. In humans, classification is based on the presence of
rapid eye movements during REMS; periods with eye movements
are defined as phasic REMS, while periods without are defined as
tonic REMS (15, 16). These sub-stages also have distinct
physiological functions. For example, respiratory rate is slower
during tonic REMS in humans (17) and also during short REMS
episodes in mice, when tonic REMS predominate (18). Additionally,
phasic REMS is associated with a reduction in environmental
awareness (16), and both tonic and phasic REMS are implicated
in disorders such as RBD and epilepsy (19-22). More specifically, in
patients with RBD, violent dream-enactment behaviors frequently
occur during phasic REMS, which coincides with aberrant
activation of the motor cortex (19, 20). Furthermore, during
phasic REMS, there is a marked suppression of the generation
and propagation of interictal spikes and pathological high-
frequency oscillations, contributing to the suppression of epileptic
activity (21, 22). Therefore, investigating REMS sub-stages is crucial
for elucidating the physiological functions of REMS and advancing
therapeutic strategies for related disorders.

Recent studies indicate that excitatory pyramidal neurons in the
medial prefrontal cortex (mPFC) become more active during the
initiation and maintenance of REMS. Optogenetic activation of
these neurons in mice facilitates the transition from NREMS to
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REMS and prolongs REMS duration via projections to the lateral
hypothalamus (LH), possibly by engaging local melanin-
concentrating hormone (MCH) neurons which are known REMS-
promoting population (23, 24). In contrast, activation of inhibitory
neurons in the mPFC reduces theta oscillations and shortens REMS,
promoting transitions from REMS to wakefulness (23), possibly
through suppression of REMS-active inhibitory neurons in the
posterior LH (25). However, the specific subpopulations in the
LH that mediate the opposing effects of mPFC excitatory and
inhibitory neurons on REMS remain unidentified, warranting
further investigation. Additionally, cFos expression in the anterior
cingulate cortex (ACC), medial entorhinal cortex, and the
hippocampal dentate gyrus (DG) in mice increased during REMS
hypersomnia following REMS deprivation (REMSD). The
activation of these cortical neurons is due to inputs from
glutamate neurons of the CLA, GABA/glutamate neurons of the
supramammillary nucleus (SuM), and GABAergic neurons of the
MS (5, 11, 26).

In summary, certain cortical areas are activated during REMS.
They participate in the initiation and regulation of REMS by
functioning through local cortical microcircuits or subcortical
deep nuclei. Among them, the RSC potentially receives direct
inputs from the pons and relays signals to other cortical areas like
primary visual cortex and ACC. Collectively, they govern both the
transition from NREMS to REMS and the progression between
different REMS substages. However, a deeper understanding of the
cortical mechanisms underlying REMS regulation and the
generation of distinct theta oscillation patterns is needed.

Brainstem regulation of REMS

The brainstem, a key site for subcortical regulation of REMS, is
composed of the midbrain, pons, and medulla oblongata,
containing several nuclei involved in the generation, maintenance,
and regulation of REMS. The laterodorsal tegmental nucleus (LDT)
and pedunculopontine tegmental nucleus (PPT) within the pons are
identified as areas of REMS initiation, comprising cholinergic,
glutamatergic, and GABAergic neurons (27-29). The cholinergic
neurons of LDT/PPT are recognized as REMS-ON neurons.
Optogenetic activation of these neurons in mice can induce
transitions from NREMS to REMS, increasing the frequency of
REMS episodes (30). Advances in calcium imaging have revealed
active glutamatergic neurons in the LDT during REMS (31).
Chemogenetic activation of GABAergic PPT neurons slightly
reduced REMS (29). Recent research indicates that signals from
substantia nigra dopaminergic neurons and PPT cholinergic
neurons may integrate into the amygdala to increase REMS (32).
The sublaterodorsal nucleus (SLD), located ventrally to the
aqueduct and periaqueductal gray and also known as the
subcoeruleus, plays a crucial role in generating REMS and its
characteristic atonia—the temporary paralysis of skeletal muscle
(33, 34). The neurons in the SLD are active during REMS and
immunohistochemical staining of rat brain slices after REMSD
reveals that most cFos+ neurons in the SLD are glutamatergic
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(35). The SLD receives projections from LDT/PPT cholinergic
neurons (36) and LH orexin neurons, thus enhancing its output
and gap junction conductance and consolidating the brain’s active
state (37). The SLD projects to the medulla, potentially linked to
atonia production during REMS. The latest research shows that
ablation of neurons expressing corticotropin-releasing hormone-
binding protein (Crhbp) in the SLD specifically reduces REMS and
impairs muscle atonia during REMS in mice (38). Crhbp+ neurons
in the SLD that project to the medulla promote REMS. Within the
medullary area receiving projections from Crhbp+ neurons,
neurons expressing nitric oxide synthase 1 (Nosl) project to the
SLD and promote REMS, suggesting a positively interacting loop
between the pons and the medulla operating as a core REMS
circuit (38).

The medulla oblongata is another important brain region
involved in REMS regulation. It has been shown that glycinergic/
GABAergic neurons in the ventral medulla (VM) hyperpolarize
somatic motoneurons in the spinal cord and induce muscle atonia
during REMS. In mice, rats, and cats, inactivation of these
inhibitory neurons in the ventromedial medulla (vmM) induced
abnormal motor behaviors during REMS, resembling RBD
symptoms (34, 39, 40). VM GABAergic neurons in mice are
active during REMS, relieving the ventrolateral periaqueductal
gray (VIPAG) GABAergic inhibition on REMS-promoting nuclei
and promoting REMS (41). GABAergic neurons in the dorsomedial
medulla (dmM) of mice also promote the initiation and
maintenance of REMS, likely through projections to the midline
nuclei (42). The lateral and dorsal paragigantocellular nuclei (LPGi/
DPGi) GABAergic neurons may receive projections from the SLD,
inhibiting downstream REMS-off neurons like dorsal raphe nucleus
(DRN) serotonergic and locus coeruleus (LC) noradrenergic
neurons to promote REMS (43-46).

The rostromedial tegmental nucleus (RMTg), a midbrain region
also known as the tail of the ventral tegmental area (VTA), is
primarily composed of GABAergic neurons. Our previous work
identified it as a crucial region for the initiation and maintenance of
NREMS (47). Recent studies further reveal that RMTg GABAergic
neurons play a significant role in terminating REMS. Optogenetic
activation of these neurons during REMS promptly transitions mice
to brief wakefulness; conversely, their inhibition converts NREMS
into REMS and prolongs its duration (48). Electrophysiological
recordings show that the activity of RMTg GABAergic neuron is
low at REMS onset but increases with REMS duration, reflecting
accumulation of REMS pressure. These neurons facilitate
transitions from REMS to wakefulness by disinhibiting
glutamatergic neurons in the LDT (48). The vIPAG GABAergic
neurons in the midbrain also play significant roles in REMS and are
predominantly REMS-off neurons. These neurons terminate REMS
by inhibitory projections to downstream pontine REMS-on
neurons. They receive upstream inhibitory projections from LH
MCH neurons, VM GABAergic neurons, etc., thereby inhibiting
REMS (41, 49, 50). A latest study demonstrates that activation of
GABAergic neurons in the dorsal part of the deep mesencephalic
reticular nucleus (dDpMe) rapidly terminates REMS, whereas their
inhibition induces REMS. These neurons exert REMS by
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projections to the SLD and LH (51). Additionally, activating
dDpMe GABAergic neurons prevents cataplexy in mice with
damaged hypothalamic orexinergic neurons, offering significant
insights into the pathophysiological mechanisms of cataplexy (51).

In short, the brainstem plays a critical role in the generation and
maintenance of REMS, as well as in the regulation of muscle tone
changes during REMS. An increasing number of brainstem nuclei
have been identified as involved in its regulation. Future research is
needed to further explore the heterogeneity of brainstem neurons.

Hypothalamic regulation of REMS

Neurons in the LH critically regulate REMS initiation and
maintenance. MCH neurons promote REMS by inhibiting REMS-
off neurons in the vIPAG/dDpMe and wake-promoting
histaminergic neurons in the tuberomammillary nucleus (TMN)
(24, 52), while orexinergic neurons activate the SLD to maintain
REMS and its homeostasis (37, 53). Located in the anterior
hypothalamus, the preoptic area (POA) contains several subtypes
of GABAergic neurons, including corticotropin-releasing hormone
(CRH) and cholecystokinin neurons. These GABAergic neurons
promote REMS by projections to the TMN (54). Lateral preoptic
(LPO) neurons exhibit peak activity during REMS. Furthermore,
mice with deleted GluN1 NMDA receptor subunit from LPO have
strongly reduced cortical theta oscillations during REMS, suggesting
that theses neurons are essential for generating REMS theta power
(55). The dorsomedial hypothalamic nucleus contains galanin-
positive GABAergic neurons that either promote REMS via
projections to the raphe pallidus or inhibit it via projections to
the POA (56). Located in the posterior hypothalamus, the lateral
SuM projects to the DG, co-releasing GABA and glutamate (57, 58).
Activation of the SUML-DG pathway in mice increases theta and
gamma power during REMS (57). Additionally, LIM homeodomain
factor (Lhx6)-expressing GABAergic neurons in the mouse zona
incerta are highly active during REMS. These neurons
bidirectionally regulate REMS, as ablation suppresses REMS,
while optogenetic stimulation promotes it (59-61). Therefore,
during REMS, the hypothalamus regulates REMS and its
characteristic waveform changes through its interconnections and
interactions with the brainstem and cortex.

Other nuclei regulating REMS

Beyond the cortex, brainstem, and hypothalamus, REMS is
modulated by other brain regions. In the olfactory bulb of rats, an
adenosine A, receptor antagonist increases REMS, while an A,
receptor agonist suppresses it (62). Similarly, infusion of a
cannabinoid (CB1) receptor agonist into the MS of rats promotes
REMS (63). In the basal lateral amygdala (BLA), a transient
dopamine increase terminates NREMS and initiates REMS in
mice by acting on BLA dopamine receptor D, (Drd2)-expressing
neurons (64). The entopeduncular nucleus (EP) contributes to
REMS promotion in mice via somatostatin (Som) neurons that
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project to the lateral habenula (LHb) (65). Additionally, LHb
glutamatergic neurons in mice are preferentially active during
REMS. Their ablation induces a significant decrease in REMS,
whereas their activation increases it (66). Although some studies
report that CLA neurons are activated during REMS in rats (5, 26),
in vivo two-photon calcium imaging reveals that those projecting to
the RSC are suppressed during this state in mice (67).

In all, the neural network underlying REMS regulation is
summarized in Figure 1.

REMS and emotion

Emerging evidence indicates that REMS plays a crucial role in
emotion processing. Disruption of REMS is linked to affective
disorders, including anxiety and depression (68-71). Conversely,
emotional disorders can result in REMS abnormalities (72).

REMS and anxiety

REMS influences anxiety through multiple mechanisms,
including neurotransmitters, signaling pathways, and special
neural circuits (73). For instance, chronic REMSD during
adolescence elevates norepinephrine and serotonin levels in the
amygdala and hippocampus, impairing physical development and
inducing anxiety-like behaviors in rats (74). REMSD also induces
anxiogenic effects by triggering neuroinflammatory responses,
which involve the activation of signaling pathways such as NF-kB
and tumor necrosis factor, along with microglial activation in the
PFC (75). The link between REMS disruptions and anxiety is
further supported by evidence from specific circuit manipulations.
Local ablation of SLD neurons reduces REMS and increases
anxiety-like behaviors (76). Chemogenetic inhibition of LHb
glutamatergic neurons chronically inhibits REMS and also
elevates anxiety in mice (65). It is critical to note that the stress
inherent in REMSD methodologies confounds these interpretations
(71). Future research requires low-stress models to clarify the
specific role of REMS in anxiety pathogenesis.

REMS and depression

Sleep disturbances, particularly REMS abnormalities such as
shortened latency and prolonged duration, are common symptoms
of depression (77-82). However, the precise mechanisms by which
REMS affects depression remains unclear (83). Evidence suggests
that endogenous substances and their signaling pathways may link
REMS and depression. On one hand, acute REMSD in mice
decreases brain-derived neurotrophic factor (BDNF) levels in
serum and brain regions such as the PFC, PPT, and hippocampus
in mice and induces depressive-like behaviors (84). Moreover,
treatment with the antidepressant escitalopram elevates BDNF
levels and ameliorates depressive-like behaviors in REMS-
deprived mice (85). On the other hand, short-term REMSD can
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locus coeruleus.

also have antidepressant effects in rats subjected to chronic
unpredictable mild stress. This improvement is mediated by
enhanced adenosine signaling and increased phosphorylation/
expression of CREB1 (cyclic-AMP response element-binding
protein 1)/YAP1 (Yes-associated protein 1)/c-Myc axis (81), or
via inhibition of mPFC VIP neurons to increase pyramidal neuron
excitability (86). The orexin system is also implicated in REMS
abnormalities associated with depression (87). Administration of
orexin A in the vmPFC exerts antidepressant effects, reversible by
OrexinlR and TrkB receptor antagonists, suggesting orexin
influences depressive behaviors via downstream TrkB-mediated
signaling pathways (88). Furthermore, potentiation of neuronal
activity in the LHb was associated with increased REMS in a
depression mouse model induced by restraint stress (66).

Patients with depression frequently exhibit a shortened REMS
latency and a prolonged REMS duration in clinical studies (78, 89,
90). Additionally, individuals with major depressive disorder (MDD)
often show increased REM density—characterized by a greater
frequency of rapid eye movements during REMS, particularly in
the first REMS period (91-94). However, clinical observations have
yielded divergent findings. For instance, Liu et al. reported that MDD
patients exhibited extended REMS latency and reduced REMS
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duration (95), whereas Fuente et al. found no significant difference
in REMS latency between MDD patients and healthy controls (96).
These discrepancies may arise from variations in patient
demographics, such as age, sex, and comorbidities. Emerging
neuroimaging evidence illuminating the close relationship between
MDD and REMS may offer a potential explanation for this
phenotypic heterogeneity. Multimodal magnetic resonance imaging
(MRI) analyses have linked cortical thinning in limbic regions with
the severity of depressive symptoms (97). Furthermore, baseline
REMS amount in MDD patients has been correlated with
symptomatic improvement, potentially mediated through
regulating neural activity in the left inferior temporal gyrus and
cerebral blood flow in the bilateral paracentral lobule (83). Another
MRI study associated higher REMS latency and less REMS amount
with reduced voxel-mirrored homotopic connectivity in the
precentral gyrus and inferior parietal lobule in MDD patients (95).
These insights suggest that MRI analysis of the relationship between
REMS abnormalities and brain functional connectivity in MDD
patients can predict disease severity and prognosis. Moreover,
clinically targeting these specific altered brain regions with
neuromodulation to restore normal structure and function may
circumvent the adverse effects of systemic pharmacotherapy.
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REMS and fear

REMS plays a critical role in fear memory processing, relying on
brain activity in regions like the hippocampus, amygdala, and
cortex. Its disruptions can dysregulate this process and lead to
excessive fear memory consolidation and impaired extinction,
ultimately contributing to the development of post-traumatic
stress disorder (PTSD) (98-100). It is characterized by symptoms
of traumatic re-experiencing, avoidance, and negative emotions,
frequently develops in disaster survivors and military veterans as a
consequence of major traumatic exposure (101-104). Clinically,
PTSD patients frequently exhibit REMS disturbances, including
increased frequency but shorter duration of REMS (105-107). By
synthesizing evidence from both basic and clinical research on the
relationship between REMS and fear memory, this review aims to
provide insights that could inform therapeutic strategies for REMS-
related fear disorders such as PTSD.

Basic research shows that compared to NREMS, mice awaken
more readily to predator odor during REMS, indicating heightened
responsiveness to threatening stimuli and environmental danger
detection (108). This heightened arousal is mediated by the
activation of CRH-positive neurons in the medial subthalamic
nucleus, as chemogenetic or optogenetic inhibition of these
neurons significantly prolongs awakening latency upon predator
odor exposure in mice. Beyond immediate threat detection, REMS
also plays a critical role in fear memory processes including the
acquisition, consolidation, and extinction. Several brain regions
such as the MS, SLD, and cortex are involved. Selective
optogenetic silencing of GABAergic neurons in the MS during
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post-learning REMS impairs fear memory acquisition (109), while
SLD lesions induced by diphtheria toxin A in rats or specific
ablation of SLD glutamatergic neurons in mice completely abolish
REMS and significantly enhance fear memory consolidation (110).
Furthermore, the activity of pyramidal neurons in the infralimbic
cortex during REMS promotes fear memory extinction, as
inhibiting these neurons specifically during REMS disrupts this
process (111).

Clinical evidence also supports the important role of REMS in
fear memory processing. In one study, participants underwent fear
acquisition tasks and were assigned to either sleep deprivation (SD)
or normal sleep conditions. Post-awakening tests showed that SD
impaired fear memory recall, and consolidation strength was
positively correlated with REMS duration (112). Theta activity
during REMS has been linked to hippocampal reactivation during
this process (113), and computational modeling suggests that
simulated theta oscillation may help to reduce forgetting (114).
However, the role of REMS in fear consolidation remains
controversial. Another study found that reactivation of
conditioned stimuli during later REMS after fear acquisition does
not affect fear memory consolidation (115). On the other hand,
REMS facilitates fear extinction. When subjects underwent partial
REMSD after fear acquisition, they showed impaired discrimination
of threatening stimuli and weakened extinction memory (112).
Neuroimaging studies suggest that REMS-dependent fear memory
consolidation and extinction may involve hyperactivity in fear-
related regions such as the basolateral amygdala and ACC, and
extinction-related regions such as the prefrontal and infralimbic
cortex, respectively (111, 112, 116). Although excessive fear

PPT

Fear-related regions

Summary of anxiety-, depression-, and fear-related brain regions in the context of aberrant REMS in rodent research. Neuronal types include Glu,
GABA, and CRH. Anxiety-related brain regions (yellow circuits) include the mPFC, hippocampus, BLA, LHb, and SLD. Depression-related brain
regions (green circuits) include the mPFC, hippocampus, LHb, and PPT. Fear-related brain regions (pink circuits) include the IL, MS, mSTN, and SLD.
Glu, glutamatergic; GABA, GABAergic; CRH, corticotropin-releasing hormone. IL, infralimbic cortex; mPFC, medial prefrontal cortex; MS, medial
septum; BLA, basal lateral amygdala; LHb, lateral habenula; mSTN, medial subthalamic nucleus; SLD, sublaterodorsal nucleus; PPT,

pedunculopontine tegmentum
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generalization is a hallmark of PTSD, the role of REMS in this
process requires further clarification. Some clinical evidence
indicates that REMS can enhance discrimination between threat
and safety signals, thereby inhibiting fear generalization (117).

Overall, REMS exerts multifaceted influences on fear
processing. Further basic and clinical research is warranted to
elucidate how REMS and its characteristic theta oscillations
contribute to fear regulation.

In summary, nuclei associated with anxiety, depression, and
fear in the context of aberrant REMS is summarized in Figure 2.

Discussion and outlook

This review has synthesized recent understanding of the neural
circuitry underlying mammalian REMS and its functional
significance in emotional processing. Despite recent progress,
several fundamental questions remain unanswered. First, although
cortical involvement in REMS regulation is increasingly recognized,
whether it exerts influence via subcortical nuclei requires further
elucidation. Second, while the brainstem and hypothalamus are
well-established as crucial regulators, the nature of their functional
interaction and concurrent coordination in modulating REMS, as
well as the identity of genetically defined neuronal subpopulations
within these regions need clearer delineation. Third, the activity
changes observed from neural recordings during REMS do not
inherently establish a causal role in controlling this state. Although
optogenetic or chemogenetic manipulations can induce REMS,
such artificial activation may introduce non-specific physiological
confounds, complicating interpretation. Finally, it is likely that
distinct neural subcircuits govern discrete components of REMS,
such as its duration, muscle atonia, and ocular movements. We
propose that future studies will assess REMS alterations across
multiple dimensions, including but not limited to latency,
fragmentation, theta power, atonia, and emotion-related
behavioral changes.

Functionally, REMS critically modulates emotional processing,
yet fundamental questions persist: (1) differential neural
mechanisms by which REMS regulates distinct emotions,
(2) potential crosstalk between emotional domains mediated by
shared REMS pathways, (3) specific functional contribution of
REMS-characteristic theta oscillations to affective regulation,
(4) contradictory findings such as opposing effects of REMSD on
depression and fear memory consolidation. Despite these
uncertainties, accumulating evidence positions REMS disruption
as a core element in the pathophysiology of negative affect,
highlighting REMS-focused interventions, including a circuit-
specific neuromodulation or brain rhythm entrainment, as
promising therapeutic strategies. Any clinical translation, such as
the use of established techniques like deep brain stimulation, must
be guided by ethical oversight, social safety considerations, and fully
informed consent. Future research must prioritize elucidating
emotion-specific REMS circuitry, decoding theta dynamics via
multimodal imaging/computational modeling, developing REMS
biomarkers for clinical personalization, and translating circuit
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mechanisms into precise neuromodulation protocols for
neuropsychiatric disorders.

Translating circuit mechanisms from basic research into clinical
practice will involve several other challenges, in addition to the
directions mentioned above. First, the anatomical homology and
functional conservation of neural circuits of REMS regulation
between rodents and humans require further validation. Second,
while techniques like optogenetics allow precise manipulation in
animals, achieving comparable precision and safety in humans
remains a significant challenge. The development of closed-loop
neuromodulation systems for dynamic REMS regulation and the
assessment of neurotransmitter-based therapies may represent
promising avenues. Future pharmacological strategies could aim
to fine-tune neurotransmitter release or develop structural analogs
to normalize REMS architecture, thereby alleviating associated
emotional symptoms.
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