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Abstract. Consciousness arises from dynamic cross-scale interactions, yet its neural substrates 
remain fragmented across spatiotemporal hierarchies. This review synthesizes pivotal advances 
from the past five years (2020-2025), integrating perturbational complexity mapping, optogenetic 
dissection, and multimodal neuroimaging to delineate core mechanisms. Key findings include: (1) 
thalamocortical reverberations generating conscious-state-specific EEG signatures (e.g., off-period-
rebound sequences; (2) frontoparietal network failure in disorders of consciousness, characterized 
by collapsed information broadcasting and metabolic disruption; (3) the claustrum as a multimodal 
hub whose degeneration impairs perceptual coherence; and (4) septal-hippocampal-accumbens 
control of gamma oscillations governing state transitions. Technological innovations—from 
adversarial collaborations testing IIT/GNWT to taVNS-mediated circuit neuromodulation —reveal 
how targeted interventions can restore pathological networks. We further highlight persistent 
challenges: rodent-human translational gaps, unresolved theoretical contradictions, and ethical 
constraints in causal human manipulation. This synthesis provides an evidence-based scaffold for 
future consciousness research, bridging microcircuits to clinical therapeutics.  
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1. Introduction 

Consciousness remains a defining challenge for neuroscience, with its subjective qualities emerging 

from multilayered neural interactions spanning synaptic microcircuits to global networks. This 

Review synthesizes critical advances from the past five years (2020-2025), leveraging perturbational 

complexity mapping, optogenetic dissection of arousal pathways, and adversarial multimodal studies 

to delineate the neural substrates of conscious states. Converging evidence now implicates 

thalamocortical reverberations [1], frontoparietal broadcasting deficits in disorders of consciousness 

[2], claustral multimodal integration [3], and septal-hippocampal-accumbens control of state 

transitions [4] as core mechanistic pillars. Yet persistent fragmentation exists between microscopic 

dynamics and macroscale theories, while clinical translation demands bridging species-specific gaps. 

By integrating recent methodological innovations—from ultra-high-field fMRI in aphantasia [5] to 

taVNS-mediated neuromodulation [6]—we outline an evidence-based framework for how cross-scale 

circuit interactions sustain consciousness. This synthesis aims to catalyze targeted therapeutics for 

pathological states and inspire next-generation adversarial collaborations. 

2. Core Neural Circuits for Conscious Processing 

2.1. Thalamocortical Circuits 

Thalamocortical interactions constitute a critical substrate for conscious processing. Perturbational 

complexity studies in awake mammals reveal that direct stimulation of deep cortical layers evokes a 

stereotypic local response: an initial brief excitation followed by a biphasic sequence comprising a 

profound 120-ms off period and rebound excitation. This pattern is mirrored in thalamic nuclei, where 
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burst spiking contributes to a pronounced late component in evoked EEG. These dynamics originate 

from reciprocal cortico-thalamo-cortical loops, generating long-lasting, spatially complex EEG 

signatures characteristic of wakefulness. Crucially, both the cortical/thalamic off period-rebound 

sequence and the late EEG component are attenuated during locomotion and abolished under 

isoflurane anesthesia, indicating their necessity for maintaining conscious states. Thus, 

thalamocortical circuits act as dynamical hubs that amplify and sustain neural complexity in response 

to perturbations—a hallmark of conscious processing [1]. 

2.2. Frontoparietal Networks 

Frontoparietal networks (FPNs), encompassing distributed prefrontal, temporal, parietal, and 

subcortical regions, critically mediate information integration and broadcasting essential for 

conscious awareness. Integrative analyses combining directed connectivity modeling (resting-state 

fMRI) with metabolic assessments ([¹⁸F]FDG-PET) reveal profound FPN disruptions in patients with 

disorders of consciousness (DoC) [2]. Specifically, DoC patients exhibit significantly impaired neural 

signal propagation and responsiveness to both endogenous and in silico exogenous perturbations 

within FPNs. Mechanistically, this impaired propagation correlates with severe reductions in glucose 

metabolism across key network nodes, highlighting the dependence of functional communication on 

metabolic integrity [2]. 

This functional breakdown manifests as a dual failure: (1) a marked inability of posterior cortical 

regions to convey information effectively within the broader network, and (2) a significant reduction 

in the broadcasting capacity from critical subcortical, temporal, parietal, and frontal hubs [2]. 

2.3. The Claustrum 

The claustrum, a thin bilateral subcortical structure beneath the insular cortex, serves as a critical 

nexus for integrating multimodal information across cortical and subcortical networks. Its uniform 

cytoarchitecture and extensive reciprocal connections with sensory, prefrontal, limbic, and motor 

regions position it as a putative coordinator of coherent conscious percepts [3]. Pathologically, 

claustral structural and volumetric alterations are implicated in several neurological disorders: 

Neurodegenerative diseases: Atrophy in Parkinson's (PD) and Alzheimer's (AD) correlates with 

cognitive decline and disrupted perceptual binding. Psychiatric disorders: Aberrant connectivity is 

observed in schizophrenia (impaired sensorimotor integration) and depression (altered reward 

processing). 

Neurodevelopmental conditions: Dysregulation in autism spectrum disorder potentially contributes 

to sensory hypersensitivity and social deficits. 

Despite advances in molecular and genetic tools, the claustrum's precise circuitry and mechanistic 

role in consciousness remain elusive. Its strategic location and divergent connectivity underscore its 

potential as a global integrator, yet comprehensive models linking its microcircuits to conscious 

processing require further investigation [3]. 

2.4. The Septal-Hippocampal-Accumbens Circuit 

Emerging evidence identifies the interconnected medial septum (MS), hippocampus, and nucleus 

accumbens (NAc) – forming the septal-hippocampal-accumbens circuit – as a critical modulator of 

conscious state transitions. Pathophysiological alterations within this circuit underlie discrete 

perturbations in conscious awareness. Elevated hippocampal gamma oscillations (30-100 Hz) 

represent a signature electrophysiological feature associated with aberrant conscious states, including 

post-ictal automatisms following hippocampal seizures and schizophrenia-like symptoms induced by 

NMDA receptor antagonists (PCP/ketamine) [4]. These high-amplitude gamma rhythms correlate 

with behavioural hyperactivity and deficits in sensorimotor and sensory gating. Critically, the medial 

septum is required for generating both this pathological gamma activity and the concomitant 

abnormal behaviours [4]. Downstream signalling, mediated by hippocampal glutamatergic 

projections to the NAc and subsequent dopaminergic transmission within the NAc, is essential for 
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expressing these behavioural disruptions [4]. Conversely, suppression of consciousness, such as 

during general anaesthesia, is characterized by diminished hippocampal gamma amplitude, 

corresponding to unconsciousness in humans or loss of righting reflex in animals [4]. Experimental 

attenuation of this circuit—achieved through inactivation or lesion of the MS, NAc, or connected 

nodes—mitigates both aberrant gamma increases and associated behavioural pathologies induced by 

hippocampal seizures or NMDA receptor antagonism [4]. Furthermore, compromising the septal-

hippocampal-accumbens system significantly reduces the anaesthetic dose required to suppress 

gamma activity and induce unconsciousness [4]. Collectively, these findings establish this tripartite 

circuit as a fundamental regulator of conscious level. Its dysregulation underpins the behavioural 

hyperactivity and neural dysfunction characteristic of psychotic states, whereas its suppression is 

intrinsically linked to diminished consciousness [4]. 

3. Modulatory Systems Regulating Conscious States 

3.1. Arousal Pathways 

Distributed neural circuits comprising arousal pathways dynamically regulate transitions between 

conscious states, integrating inputs from sleep-promoting, wake-promoting, and anesthesia-sensitive 

nuclei. Key nodes include: 

3.1.1. VLPO and Dopaminergic Modulation 

The ventrolateral preoptic nucleus (VLPO) is critical for sleep-wake regulation and anesthesia-

induced unconsciousness. Propofol (PRO) activates sleep-promoting GABAergic VLPO neurons via 

GABA_A receptors, increasing spontaneous excitatory postsynaptic currents (sEPSCs) while 

suppressing inhibitory currents (sIPSCs). Dopamine (DA) counteracts PRO-induced excitation 

specifically through D1 receptors, attenuating sEPSC frequency and restoring sIPSC dynamics; D1 

antagonism reverses DA's effects [7]. 

3.1.2. BNST GABAergic Neurons 

GABAergic neurons in the bed nucleus of the stria terminalis (BNST) exhibit peak firing during 

wakefulness and REM sleep, suppressed under anesthesia. Optogenetic activation induces 

wakefulness, accelerates emergence from anesthesia, and sustains cortical arousal. Lesions impair 

dark-phase sleep architecture, while the BNST→ventral tegmental area (VTA) pathway promotes 

reanimation [8]. 

3.1.3. SuM Glutamatergic Neurons 

Supramammillary (SuM) glutamatergic neuron activity declines before loss of consciousness (LOC) 

and rises preceding recovery of consciousness (ROC) under sevoflurane. Chemogenetic inhibition 

prolongs LOC and delays emergence, while optogenetic stimulation of SuM or its projections to the 

medial septum (SuM→MS) induces cortical activation and behavioral arousal under steady-state 

anesthesia, identifying SuM as a hub for anesthetic state transitions [9]. 

3.1.4. POA Tac1 Neurons 

Preoptic area (POA) Tac1 neurons regulate endogenous arousal and resist anesthetic unconsciousness. 

Chemogenetic activation consolidates wakefulness, obliterates sleep, and stabilizes consciousness 

against isoflurane and sevoflurane, delaying induction and accelerating emergence [10]. 

3.2. Cortical and Neurotransmitter-Specific Circuits 

3.2.1. Basal Forebrain (BF) Systems 

Optogenetic BF cholinergic activation accelerates emergence from propofol, enhancing β/γ 

oscillations; glutamatergic stimulation induces broad-spectrum cortical activation [11]. 
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3.2.2. EEG Spatial Shifts 

State-dependent spectral shifts include alpha anteriorization (occipital→frontal) during NREM sleep 

and propofol anesthesia, beta anteriorization in REM, and theta posteriorization in N2/N3, suggesting 

shared macro-scale oscillatory organization [12]. 

3.3. Summary 

Arousal pathways operate through a multi-nodal framework (VLPO, BNST, SuM, POA) integrating 

inhibitory (GABAergic) and excitatory (glutamatergic, cholinergic) signals to gate consciousness. 

Anesthetics co-opt these circuits, but distinct mechanisms—such as D1-mediated dopaminergic 

modulation in VLPO or SuM-driven cortical activation—enable targeted manipulation of arousal 

states, ensuring stability across physiological and pharmacologically perturbed conditions. 

4. Methodological Advances in Consciousness Circuit Mapping 

4.1. Optogenetics/Chemogenetics 

Optogenetics and chemogenetics enable precise spatiotemporal manipulation of specific neural 

circuits, revolutionizing the investigation of neural substrates underlying consciousness states like 

sleep-wakefulness and anesthesia [8,9]. 

BNST GABAergic Neurons: Fiber photometry and optogenetics demonstrate state-dependent activity 

(high in wake/REM, suppressed in anesthesia). Optogenetic activation initiates/sustains wakefulness 

and induces arousal from anesthesia, mapping critical wake-promoting circuits [8]. 

SuM Glutamatergic Neurons: Studies reveal reduced SuM activity pre-LOC and increased activity 

during ROC under sevoflurane. Lesioning or optogenetic stimulation modulates induction, 

maintenance, and emergence from steady-state anesthesia. Optogenetic activation promotes 

behavioral arousal and cortical activity under anesthesia, highlighting their role in regulating 

consciousness states [9]. 

These techniques provide unprecedented insights, allowing an integrative framework from 

microcircuits to global networks. Future integration with high-resolution neuroimaging and 

multimodal approaches promises a more comprehensive understanding. 

4.2. High-Resolution Neuroimaging 

Advanced neuroimaging, particularly ultra-high field fMRI and electrophysiology, maps large-scale 

brain networks and dynamics during conscious processing. 

fMRI in Aphantasia: 7T fMRI studies in congenital aphantasia (impaired visual imagery despite intact 

description) reveal domain-specific and domain-general neural circuits for visual consciousness. 

Typical imagers activate left-hemisphere frontoparietal areas, ventral temporal domain-preferring 

regions, and a domain-general Fusiform Imagery Node (FIN). Aphantasia shows reduced FIN-

frontoparietal connectivity, indicating disrupted cortico-cortical interactions critical for visual 

imagery generation [5], underscoring integrated activity across high-level visual cortex and 

frontoparietal networks for conscious visual experience. 

EEG and Neuropixels in Corticothalamic Interactions: Perturbational complexity analysis 

(stimulation + EEG/Neuropixels) identifies neural signatures. Cortical stimulation in awake mice 

evokes a biphasic excitation-off-rebound sequence linked to thalamic burst spiking and pronounced 

late EEG components, driven by cortico-thalamo-cortical dynamics. These signatures diminish 

during running and vanish under isoflurane, emphasizing arousal state modulation and coordinated 

cortical-thalamic-frontoparietal activity in consciousness [1]. 
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4.3. Multimodal Integration 

Multimodal integration resolves theoretical debates. A landmark adversarial collaboration between 

Global Neuronal Workspace (GNW) and Integrated Information Theory (IIT) proponents combines 

fMRI (spatial NCC hierarchies), M-EEG (millisecond temporal dynamics: global ignition vs. 

sustained posterior activity), and iEEG (causal validation) to test divergent predictions on 

spatiotemporal dynamics of visual consciousness across theory-neutral labs [13]. 

5. Pathological Alterations in Consciousness Circuits 

5.1. Disorders of Consciousness (DoC) 

DoC following brain injury stems from severe disruptions in large-scale neural propagation and 

dynamic information flow. Integrative fMRI/[¹⁸F]FDG-PET analyses reveal a tripartite failure: 

impaired perturbation propagation, posterior cortical disconnection hindering integration, and 

collapsed broadcasting from key hubs (subcortical, temporal, parietal, frontal), correlating with 

critical glucose hypometabolism [2]. TMS-EEG confirms weakened effective information flow, 

particularly loss of bidirectional frontal-motor-parietal connectivity, most pronounced in vegetative 

state/unresponsive wakefulness syndrome (VS/UWS) and correlating with clinical impairment. 

Thalamofrontal-cortical information transfer breakdown emerges as a core pathophysiological 

signature. Interventions like transcutaneous auricular vagus nerve stimulation (taVNS) show promise 

for restoring network dynamics [14]. 

5.2. Psychiatric Conditions 

Emotional arousal dysregulation in PTSD and major depression links to aberrant connectivity within 

circuits governing embodied self-awareness and top-down control. Neuroimaging reveals 

pathological decoupling of the posterior insula and temporoparietal junction (TPJ) from midline 

temporal structures (posterior cingulate cortex - PCC, hippocampus), impairing interoceptive-

contextual memory integration and leading to exaggerated threat reactivity [15]. Reduced dorsolateral 

prefrontal cortex (dlPFC) top-down modulation compromises cognitive control over salience and 

autonomic arousal. Alpha-rhythm neurofeedback (NFB) enhancing dlPFC engagement restores 

anterior insula-TPJ-default mode network connectivity. Improved alpha-downregulation correlates 

with normalized posterior insula activity (interoceptive mapping) and reduced hyperarousal, 

confirming circuit-specific remediation [15]. This positions insula-temporal circuit pathology as a 

transdiagnostic feature of impaired consciousness integration; therapeutic neuromodulation offers a 

pathway for restoring emotional homeostasis. 

5.3. Neurodegeneration 

Emerging evidence implicates claustral structural and functional perturbations in neurodegenerative 

pathogenesis. Volumetric reductions and morphological abnormalities are documented in Parkinson's 

(PD) and Alzheimer's (AD) [3]. The claustrum's role as a hub for multimodal sensory integration and 

coherent percept generation suggests its degeneration disrupts integration, potentially contributing to 

fluctuations in attention, awareness, and conscious experience coherence. Its strategic connectivity 

profile positions claustral changes as potential early biomarkers or significant contributors to network 

dysfunction in these diseases, warranting further investigation into its specific roles [3]. 

6. Clinical Significance 

Clinically, taVNS demonstrates feasibility in facilitating recovery from DOC. Case reports document 

accelerated behavioral improvements (e.g., elevated clinical scores within weeks) and fMRI-verified 

activation of consciousness-relevant networks following taVNS regimens [6]. Its non-invasive profile, 

coupled with replicable vagal sensory evoked potentials [16], positions taVNS as a safer alternative 

to invasive VNS, avoiding surgical risks while retaining neuromodulatory efficacy [17,18,19]. 
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Reported side effects are minor (e.g., transient cutaneous tingling), supporting its favorable safety 

tolerance. While current evidence relies heavily on non-randomized trials and requires validation 

through larger controlled studies, taVNS represents a mechanistically grounded, scalable intervention 

with significant potential to modulate dysfunctional macrocircuits in DOC and promote functional 

recovery. 

Brain state identification, defined as quasi-stable spatiotemporal patterns of neuronal activity 

measurable via neuroimaging (e.g., EEG, fMRI), provides a critical framework for diagnosing and 

treating disorders of consciousness (DoC) (e.g., unresponsive wakefulness syndrome, minimally 

conscious state) [20,21]. In pathological unconsciousness, brain states exhibit slowed oscillatory 

frequencies (dominant delta waves), reduced functional connectivity, and impaired network 

complexity, particularly in thalamocortical loops and the default mode network (DMN). These 

biomarkers enable objective stratification beyond behavioral assessments, reducing misdiagnosis 

rates. 

This integrative framework, delineating the bidirectional interplay between neural circuit 

identification and modulation, holds profound clinical promise, particularly for diagnosing and 

treating disorders of consciousness (DoC). The structured identification arm leverages advanced 

neuroimaging (e.g., high-density EEG, functional MRI) and signal processing to capture pathological 

brain states characteristic of coma, unresponsive wakefulness syndrome, or minimally conscious 

states. Critically, it enables the extraction and rigorous validation of electrophysiological or metabolic 

features directly relevant to conscious processing within these patient populations. Complementing 

this, the modulation arm provides a principled pathway for therapeutic intervention. Techniques such 

as transcranial direct current stimulation (tDCS) and deep brain stimulation (DBS) can be precisely 

targeted to manipulate these validated consciousness-relevant features. Subsequent application in 

clinical cohorts allows for the systematic assessment of therapy-induced changes in both overt 

behavioral responsiveness and covert neural markers of awareness, followed by comprehensive 

evaluation of resultant whole-brain network dynamics. The core strength of this framework lies in its 

inherent feedback loop: successful neuromodulation leading to measurable improvements in 

consciousness confirms the causal relevance of the targeted neural features (Modulation > 

Identification confirmation). Conversely, the discovery of robust, consciousness-specific biomarkers 

empirically guides the development and refinement of novel neuromodulation strategies 

(Identification > Modulation empirically-driven targeting). This dynamic, evidence-based cycle 

fosters the development of individualized neurotherapeutic protocols, moving beyond symptomatic 

management towards mechanism-driven restoration of conscious brain states. The framework's 

adaptability ensures its continued relevance, readily incorporating emerging neurotechnologies and 

discoveries to refine clinical management strategies for devastating consciousness impairments [22]. 

7. Future Perspectives 

The quest to decipher the neural substrates of consciousness demands an integrative paradigm 

bridging microcircuit mechanisms, global network dynamics, and theoretical constructs. While 

converging evidence from quantum biological hypotheses [23], revolutionary neurotechnologies [24], 

and adversarial collaborations testing IIT/GNWT [25] has advanced the field, critical translational 

and conceptual gaps persist. 

7.1. Persisting Challenges 

Species-Specific Limitations: Mechanistic insights from rodent models (e.g., thalamocortical 

reverberation [1]; septal-hippocampal gamma oscillations [4]) cannot fully capture human subjective 

experience due to divergent neuroanatomical hierarchies. 

Unresolved Theoretical Contradictions: Adversarial collaborations refute core predictions of 

dominant frameworks—IIT’s sustained posterior synchrony and GNWT’s prefrontal “ignition” 

during conscious access remain unsupported [25], necessitating quantitative alternatives. 
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Clinical-Technological Disconnect: Optogenetic/chemogenetic tools (e.g., SuM→MS pathway 

manipulation [9]) are ethically non-transferable to humans, while non-invasive alternatives lack 

spatiotemporal precision for causal testing. 

7.2. Converging Pathways Forward 

To transcend these barriers, a tripartite strategy is proposed: 

Multiscale Computational Synthesis: 

Develop biophysically constrained neural network models integrating subcellular processes (e.g., 

microtubule dynamics, gap junction coupling [26]) with large-scale network interactions, simulating 

how quantum-classical interfaces (Orch OR/cemi) modulate emergent conscious states. 

Validate models against adversarial experimental paradigms that dissociate perceptual binding (IIT-

predicted) from access consciousness (GNWT-predicted; extending [25]). 

Next-Generation Human Neuroscience: 

Leverage hybrid neurotechnology: Combine transcranial focused ultrasound (spatial precision) with 

high-density EEG/fNIRS (temporal resolution) to perturb frontoparietal-thalamic hubs during graded 

awareness tasks. 

Exploit clinical electrophysiology: Utilize intracranial recordings in epilepsy patients to map causal 

links between hippocampal gamma [4], thalamocortical off-periods [1], and subjective report fidelity 

across anesthesia/sleep states. 

Theory-Driven Clinical Translation: 

Implement precision neuromodulation: Optimize taVNS protocols [6] using individual dynamic 

connectivity fingerprints to restore consciousness-relevant circuits (e.g., septal-hippocampal-

accumbens axis [4]) in DoC patients. 

Advance perioperative consciousness monitoring: Integrate ultrafast fMRI [24] with spectral EEG 

biomarkers (e.g., anteriorized alpha [12]) for real-time assessment of anesthetic depth in high-risk 

surgeries. 

7.3. Synthesis: From Mechanisms to Therapies 

A unified consciousness science requires synergistic iteration between computational modeling, 

human experiments, and clinical applications. Validated multiscale frameworks will transform brain-

machine interfaces for neural prosthetics, enable personalized cognitive therapeutics for 

neurodegeneration [23], and resolve enduring philosophical debates through empirical rigor. Success 

hinges on sustained cross-disciplinary convergence—neuroscience, quantum biology, and clinical 

neurology must co-evolve to decode consciousness, one of nature’s final frontiers. 

8. Conclusion 

Recent advances illuminate consciousness as an emergent property of cross-scale circuit dynamics: 

thalamocortical off-periods sustain local complexity [1], frontoparietal networks enable global 

integration [2], and septal-hippocampal gamma oscillations gate state transitions [4]. Pathological 

disruptions—from tripartite network failure in DoC to insula-temporal decoupling in psychiatric 

disorders—validate these circuits' clinical significance. Methodological innovations, notably 

adversarial multimodal studies [25] and non-invasive neuromodulation [6], demonstrate how 

mechanistic insights can drive therapies. Future progress requires overcoming three barriers: (1) 

translating rodent-specific mechanisms to human consciousness, (2) resolving theoretical 

contradictions via quantitative frameworks, and (3) developing ethically viable causal tools for human 

circuits. Integrating multiscale computational models, focused ultrasound-electrophysiology hybrids, 

and connectivity-guided taVNS will transform empirical insights into precision therapeutics for 

consciousness pathologies. 
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