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Abstract 28 

 29 

Beyond their role in immune signalling, cytokines have emerged as key neuromodulators 30 

influencing processes including neurotransmitter function, neuronal excitability, synaptic 31 

plasticity, neurogenesis, myelination, and cortical sleep-state. These roles are observed in 32 

both the healthy brain and during infections when they reorient motivational, cognitive, and 33 

emotional responses. Experimental evidence from human and non-human primate immune 34 

challenge studies has been pivotal to understanding these effects. By showing that elevated 35 

cytokines readily induce transdiagnostic symptoms, including anhedonia, social withdrawal, 36 

psychomotor slowing, and cognitive impairment, they have also helped demonstrate that 37 

inflammation contributes to the shared neural dysfunction observed across psychiatric and 38 

neurological disorders. Cytokines modulate glutamatergic and GABAergic neurotransmission, 39 

impair dopaminergic and serotonergic signalling, and regulate homeostatic synaptic scaling, 40 

leading to altered network connectivity and behavioural deficits. While research has often 41 

focused on single cytokines in isolation, neuroimmune signalling occurs through 42 

combinatorial cytokine codes, requiring systems-level approaches to understand their 43 

interactive effects. Advances in neuroimaging, molecular neuroscience, and biophysical 44 

modelling offer opportunities to link cellular cytokine action with macroscale network 45 

dysfunction, enabling mechanistic insights into cytokine-mediated neuromodulation. 46 

Clinically, cytokine-targeting therapies hold promise for treating inflammation-driven 47 

cognitive and mood disorders, but their long-term impact on neuroplasticity remains 48 

uncertain. Future research should characterize immune signatures predictive of 49 

neuropsychiatric symptoms, identify cell-type-specific cytokine effects, and integrate 50 

multiscale modelling to refine understanding of neuroimmune interactions. 51 

Reconceptualising cytokines as fundamental regulators of neural function rather than merely 52 

inflammatory mediators is crucial for developing precision medicine to mitigate immune-53 

driven brain dysfunction and improve mental health outcomes. 54 

 55 

Key-words: Cytokines; Neuromodulation; Behavioural integration; Imaging Biomarkers; 56 

Immunopsychiatry; Precision Psychiatry 57 
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1. Introduction 59 

Cytokines are central to inter-cellular communication, particularly within the immune system. 60 

Traditionally known for coordinating responses to infection, injury, and inflammation, recent 61 

reviews/perspectives highlight their roles as neuromodulators (1-3). Cytokine receptors are 62 

widely expressed in the central nervous system (CNS), facilitating actions on neuronal 63 

excitability, synaptic plasticity, and network stability(4) which govern cognition, motivation, 64 

and emotion(1-3), even in the noninflamed state. 65 

Neuromodulators are broadly defined as substances that modulate neuronal 66 

excitability and synaptic plasticity over slower timescales - typically acting at nanomolar to 67 

picomolar concentrations - and exerting their effects on distributed circuits rather than 68 

discrete synapses. Cytokines meet these criteria and have therefore been increasingly 69 

recognized as bona fide neuromodulators. For example, IL-17A has been shown to directly 70 

increase the excitability of human sensory neurons, providing compelling evidence of direct 71 

neuromodulatory actions in primates(5). Recent work has also demonstrated that IL-17E (also 72 

known as IL-25) and its receptor IL17RB are expressed across the brain and regulate neuronal 73 

activity, highlighting an unexpected neuroimmune axis with regionally organized functional 74 

roles(6). Additionally, immune checkpoint inhibitors have been shown to regulate 75 

hippocampal neuron activity in nonhuman brain slices(7). Unlike classical neurotransmitters, 76 

which mediate rapid, localized communication, cytokines function as long-range modulators 77 

that can shape neural activity over extended spatial and temporal scales(8). By altering 78 

synaptic strength, neurotransmitter release, and neuroplasticity, cytokines also serve as a 79 

critical interface between peripheral immune activity and CNS function(3). These 80 

multifaceted roles in fundamental neuronal processes not only help maintain brain 81 

homeostasis but also enable rapid reorientation of behavioral responses during infection or 82 

inflammation(1, 3, 9). 83 

Emerging research links elevated cytokine levels to transdiagnostic symptoms, 84 

including cognitive dysfunction, mood disturbances, anhedonia, social withdrawal, and 85 

psychomotor slowing, suggesting a shared mechanism across psychiatric and neurological 86 

disorders(9-11). Experimental studies in humans and non-human primates using immune 87 

challenge paradigms, such as interferon-alpha (IFN-α), lipopolysaccharide (LPS), and typhoid 88 

vaccination, provide causal evidence that inflammation alters neural circuits involved in 89 

motivation, executive function, and reward processing(9, 11). 90 

Here, we focus on how experimental studies in humans and non-human primates, 91 

combined with knowledge of cytokine production, receptor distribution and mechanisms of 92 

action within the CNS, have provided new insights into their neuromodulatory roles and 93 

established cytokines as fundamental regulators of neural function, beyond their classical 94 

roles in immunity. We cover their influence on neurotransmission, synaptic plasticity, and 95 

neural network dynamics, highlighting clinical implications for immune-driven neural 96 
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dysfunction. The recognition of cytokines as fundamental regulators of brain function is 97 

placing immune-brain interactions at the center of neuropsychiatric research and emerging 98 

precision therapies. 99 

2. Cytokines production and its regulation in the CNS                                   100 

Within the central nervous system (CNS), cytokines are produced by a diverse range of cellular 101 

sources, including glial cells (microglia, astrocytes, and oligodendrocytes) (12), neurons(13, 102 

14), endothelial cells at the blood-brain barrier (BBB)(15), meningeal immune cells(16), the 103 

skull bone marrow(17), and the choroid plexus(18) (see Supplementary material for an 104 

extended review and Figure 1). Single-cell transcriptomics integrating receptor and ligand 105 

expression data, such as those in the Allen Human Brain Atlas efforts(19, 20), have shed light 106 

on the highly specialized roles of different CNS cell populations in cytokine-mediated 107 

signalling (Supplementary Figure 1). Rapid advances in producing a human cell atlas and 108 

discovery that humans consist of thousands (not hundreds) of individual cell types will 109 

undoubtedly advance this still further in the coming years(21, 22). 110 

3. Cytokine receptor signalling and distribution within the CNS 111 

Within the CNS, cytokine receptors are expressed across diverse cell types, including neurons, 112 

glia, and the endothelial cells of the blood-brain barrier (BBB)(23). The distinct distribution of 113 

cytokine receptor families, such as Type I and Type II cytokine receptors, the TNF receptor 114 

superfamily, IL-1 and TGF-β receptor families, and chemokine receptors(24) varies 115 

substantially across brain and spinal cord regions, thereby shaping region and circuit-specific 116 

cytokine sensitivity. This aligns closely with network-based models for the pathophysiology of 117 

psychiatric disorders (see Supplementary material for extended review and Figure 2).  118 

4. Mechanisms of Neuromodulation by Cytokines 119 

As illustrated below, cytokines exert neuromodulatory effects through a complex interplay of 120 

mechanisms that regulate neuronal excitability, neurotransmitter balance and synaptic 121 

plasticity and remodelling(2, 3) (Figure 3). 122 

4.1. Ion Channel Modulation 123 

Ion channels regulate neuronal excitability, synaptic transmission, and network dynamics, 124 

making them key targets of cytokine neuromodulation. Cytokines modulate voltage-gated 125 

sodium (Na⁺), calcium (Ca²⁺), and potassium (K⁺) channels through receptor interactions, 126 

intracellular signalling cascades, and post-translational modifications, with effects that can be 127 

direct, opposing, and context-dependent (4, 25). For example, in vitro patch-clamp studies in 128 

rat hippocampal neurons have shown IL-1β enhances sodium channel conductance, resulting 129 

in lowering of activation thresholds and an increase in neuronal excitability, particularly in 130 

circuits involving top-down and bottom-up regulation of emotion like the prefrontal cortex, 131 
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and amygdala(4, 25, 26). TNF-α, IL-6, and IL-1β inhibit voltage-gated calcium channels 132 

(VGCCs), reducing presynaptic Ca²⁺ influx and limiting neurotransmitter release through 133 

TNFR1-PKC signalling(27). This mechanism is proposed to protect against excitotoxicity, 134 

however, of potential importance to depression, it also impairs synaptic plasticity and 135 

cognition by disrupting synaptic vesicle fusion(4, 25). IL-1β further suppresses voltage-gated 136 

K⁺ channels, prolonging depolarization and increasing microglial activation. This sustained 137 

excitability fosters a pro-inflammatory environment exacerbating neuroinflammation in 138 

disorders such as Alzheimer’s disease. This imbalance is also thought to contribute to the 139 

excitation-inhibition deficits observed in schizophrenia, bipolar disorder and autism spectrum 140 

disorder(2, 4, 28). Cytokines also modulate transient receptor potential (TRP) channels such 141 

as TRPV1 and TRPA1, which are key to nociceptive signalling and central pain amplification 142 

but less explored in the context of neuropsychiatric disorders(29). 143 

4.2. Regulation of neurotransmitter and monoaminergic neuromodulatory systems 144 

Cytokines can also alter neurotransmission by disrupting excitatory-inhibitory 145 

neurotransmission and modulating monoaminergic systems(2). Pro-inflammatory cytokines 146 

like TNF-α can enhance glutamate release and impair astrocytic reuptake, increasing 147 

extracellular glutamate and excitatory drive, contributing to neuroinflammatory conditions 148 

such as schizophrenia and depression(30-32). This might represent an important mechanism 149 

of resistance to conventional treatment in subsets of patients with elevated inflammatory 150 

markers(33), where innovative therapeutics such as ketamine might hold particular 151 

promise(34). In vitro studies in rat hippocampal neurons found that IL-6, however, inhibits 152 

excitatory transmission by upregulating adenosine A1 receptors and downregulating 153 

mGluR2/3, potentially modulating stress-induced excitotoxicity but at the cost of cognitive 154 

function(35, 36).  155 

Cytokines also impair GABAergic signalling. TNF-α reduces GABA-A receptor 156 

expression, weakening inhibition and promoting hyperexcitability linked to anxiety, cognitive 157 

rigidity, and seizures. In contrast, IFN-γ increases GABA release in prefrontal cortex, while IL-158 

1β upregulates α5-GABA-A receptors, contributing to inflammation-induced memory 159 

deficits(37-39). Preclinical in vivo rodent studies indicate that positive and negative 160 

modulators of α5-GABA-A receptors have antidepressant-like actions, likely involving 161 

improved signal-to-noise ratio in cortical microcircuits(40). While involvement of α5-GABA-A 162 

receptors in inflammation-induced mood impairment remains to be established, these agents 163 

could potentially offer new alternatives for treating depression and cognitive impairment in 164 

inflamed subgroups. 165 

Relevant to inflammation-associated depression and psychomotor slowing, IL-6 and 166 

TNF-α downregulate tyrosine hydroxylase, reducing dopamine synthesis in the striatum (50-167 

52). They also decrease D2 receptor availability and increase dopamine transporter 168 

expression, leading to accelerating dopamine clearance and anhedonia in non-human 169 
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primates (41-43). Similarly, IL-1β and TNF-α enhance serotonin transporter activity(44, 45), 170 

depleting extracellular serotonin and contributing to depression, as observed in patients 171 

under IFN-α therapy(46, 47). The kynurenine pathway (KP), which diverts tryptophan from 172 

serotonin synthesis toward neuroactive metabolites, is a key link between immune activation 173 

and neurotransmitter disruption(48). Quinolinic acid, an NMDA receptor agonist, exacerbates 174 

excitotoxic glutamate signalling, further impairing neural function in inflammatory 175 

conditions(49). Interestingly, psychedelics, which are attracting increasing attention in 176 

neuropsychiatry, appear to modulate the KP directly through enzyme regulation and 177 

indirectly through the gut-brain axis and immune interactions(50). 178 

4.3. Synaptic Plasticity and Pruning 179 

Cytokine influences on long-term potentiation (LTP) and long-term depression (LTD), key to 180 

synaptic functional plasticity, learning and memory, provide another mechanism for adaptive 181 

and maladaptive changes in neural circuits relevant to psychiatry (2). At low levels, IL-1β 182 

enhances synaptic plasticity by increasing NMDA receptor phosphorylation and calcium 183 

influx. However, excessive IL-1β inhibits LTP, promotes LTD, and weakens synapses, 184 

contributing to memory deficits in late-life depression and Alzheimer’s disease(2, 51-53). 185 

Homeostatic synaptic scaling, which stabilizes network activity, is also cytokine-186 

dependent(54). Here, TNF-α regulates AMPA receptor trafficking, increasing receptor 187 

insertion under low synaptic activity to restore excitability and promoting receptor 188 

internalization under excessive activity to reduce excitatory drive. Chronic TNF-α elevation 189 

disrupts this balance contributing to the synaptic dysregulation seen in schizophrenia, 190 

epilepsy and multiple sclerosis(55). Cytokines also influence synaptic pruning, a microglia-191 

mediated process implicated in schizophrenia and neurodevelopment disorders(56). Here, 192 

microglia eliminate weak synapses via complement-mediated tagging, with proteins like C1q 193 

and C3 marking synapses for removal(57). IL-6 enhances complement expression, 194 

accelerating synaptic elimination. Moreover, interferons, for instance, regulate a broad array 195 

of interferon-stimulated genes (ISGs) involved in metabolism, synaptic pruning, and oxidative 196 

stress(58, 59). 197 

5. Experimental Evidence from Human and Primate Studies with Immune Challenges 198 

Controlled immune modulation models, including IFN-α, LPS, typhoid vaccination, and anti-199 

TNF-α therapy, enable precise manipulation of inflammatory signalling, offering insights into 200 

cytokine-driven neuromodulation(11, 60, 61). IFN-α (interferon-alpha) has been shown to 201 

cross the BBB, allowing it to directly influence brain function(62). LPS is a prototypical 202 

pathogen-associated molecular pattern that activates the innate immune system through a 203 

Toll-like receptor 4-dependent pathway(63). LPS administration and typhoid vaccination in 204 

humans induce peripheral IL-6, TNF-α, and IL-1β elevations, with downstream effects on CNS 205 

activation, though direct CNS measurements in humans remain limited(59, 62, 64-66). When 206 

combined with neuroimaging (fMRI, PET, EEG), these models reveal inflammation-induced 207 
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brain changes affecting mood, cognition, and behaviour. Studies in humans (Supplementary 208 

Table S1) demonstrate how acute immune activation mirrors symptoms of psychiatric and 209 

neurological disorders, while primate studies (Supplementary Table S2) provide mechanistic 210 

insights into cytokine effects on neural circuits. Below, we review key findings from both. 211 

5.1. Human Studies 212 

Human immune challenge studies demonstrate that acute inflammation affects motivation, 213 

cognition, social behaviour, mood, sleep, pain perception, and interoception, mirroring 214 

symptoms in disorders with chronic immune dysregulation (Supplementary Table S1). These 215 

effects are linked to changes in neurotransmission, network connectivity, and metabolic 216 

activity within key brain circuits (summarized in Figure 4), similarly observed across patients 217 

with neurological and psychiatric disorders.  218 

5.1.1. Motivation and Reward: Cytokines regulate motivation and reward sensitivity, 219 

a key factor in depression, fatigue-related disorders, and anhedonia. Individuals undergoing 220 

immune activation, whether due to infection, chronic illness, or therapeutic cytokine 221 

administration, exhibit blunted reward anticipation, reduced effort-based decision-making, 222 

and heightened avoidance behaviours -hallmarks of sickness behaviour that closely resemble 223 

motivational deficits in psychiatric disorders. A striking example is the use of interferon-alpha 224 

(IFN-α) in hepatitis-C and melanoma, which frequently induces anhedonia, psychomotor 225 

slowing, and social withdrawal(67, 68). These behavioural effects correlate with increased 226 

proinflammatory cytokine levels (IL-6, TNF-α, and IL-1β) and disrupted dopaminergic 227 

signalling(41, 69), suggesting that neuroimmune interactions shape motivational 228 

impairments in inflammation-associated depression.  229 

Neuroimaging studies provide converging evidence: [18F]FDG-PET scans reveal 230 

reduced glucose metabolism in prefrontal cortex alongside increased basal ganglia activity, 231 

indicative of impaired reward processing after IFN-α(70, 71). Functional MRI (fMRI) studies 232 

confirm blunted striatal responses during reward anticipation associated with increased 233 

circulating IL-6 and TNF-α, consistent with cytokine-induced alterations in dopaminergic 234 

transmission(72). Even milder immune challenges, such as typhoid vaccination, transiently 235 

reduce ventral striatal activity and shift motivation from approach to avoidance behaviour, 236 

reinforcing the idea that immune activation biases decision-making toward threat avoidance 237 

at the expense of goal-directed reward-seeking(73, 74). This effect extends to effort-based 238 

decision-making, where inflammation increases the perceived cost of exerting effort, 239 

contributing to fatigue, anergia, and amotivation seen in chronic inflammatory conditions, 240 

major depression, and schizophrenia(75, 76). These findings support a cytokine-dopamine 241 

interaction model, where inflammation-induced glial activation, kynurenine pathway shifts, 242 

and altered dopamine synthesis lead to functional impairments in the striatum and prefrontal 243 

cortex.  244 
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Understanding how cytokines reconfigure motivational circuits provides a 245 

neurobiological basis for targeting neuroinflammation in psychiatric conditions, offering 246 

potential therapeutic avenues such as anti-inflammatory treatments, neuromodulation, and 247 

pro-dopaminergic interventions to restore motivational processing in affected 248 

individuals(75). 249 

5.1.2. Cognition and Executive Function: Inflammation impairs cognitive flexibility, 250 

working memory, and executive control, reflecting disrupted network integration(77). LPS 251 

administration slows cognition and weakens attentional control. PET studies confirm 252 

increased glial activation (evidenced by increased TSPO PET binding using multiple tracers, 253 

such as [11C]PBR28 or [18F]DPA-714) in limbic and cortical regions, reinforcing the role of pro-254 

inflammatory cytokines in cognitive dysfunction. Time-frequency analyses of EEG signals 255 

reveal reduced theta power, impairing cognitive control(78), and increased beta power, 256 

shifting attentional states(79). These changes, also seen in disorders like schizophrenia and 257 

neurodegeneration, highlight inflammation’s impact on neural efficiency and connectivity. 258 

5.1.3. Mood and Emotional Regulation: Cytokine-induced inflammation contributes 259 

to low mood, heightened negative affect, and emotional reactivity, central to depression and 260 

anxiety. IFN-α therapy frequently induces depressive symptoms, including sadness, fatigue, 261 

and emotional blunting. Similarly, LPS administration increases negative mood(80). 262 

Functional MRI data links these effects to amygdala hyperactivity and subgenual anterior 263 

cingulate cortex (sACC) dysfunction, both implicated in affective disorders(81, 82). IFN-α 264 

heightens amygdala reactivity, while anti-TNF-α therapy dampens it, suggesting cytokine 265 

modulation of emotional processing and psychosocial stress reactivity(83). Evidence from in 266 

vivo human IFN-α therapy studies confirms increased cerebrospinal fluid (CSF) concentrations 267 

of serotonin metabolites (5-HIAA), reflecting disrupted serotonergic turnover, alongside 268 

worsening depressive symptoms(48). Noteworthy, symptoms improve with specific serotonin 269 

reuptake inhibitors(47). IFN-α and LPS administration enhance serotonin transporter (SERT) 270 

activity, increasing serotonin reuptake and depleting synaptic serotonin, a mechanism linked 271 

to the onset of depression during cytokine therapy(84). In vivo PET imaging human studies 272 

confirm that TNF-α inhibition reduces SERT binding ([123I]-CIP), supporting the hypothesis that 273 

inflammatory blockade can restore serotonergic homeostasis and mitigate affective 274 

symptoms(45). 275 

5.1.4. Social Behaviour: Cytokines influence social behaviour, promoting withdrawal 276 

and reduced social interest. IFN-α-treated individuals report diminished social 277 

motivation(37), while LPS administration increases perceived social disconnection(85). 278 

Functional MRI shows blunted striatal responses to social rewards, suggesting inflammation 279 

disrupts social reinforcement processing(86). Increased amygdala reactivity to social threats 280 

may drive avoidance behaviour, contributing to social withdrawal in depression and 281 

schizophrenia. 282 
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5.1.5. Pain and Interoception: Inflammation amplifies pain perception and 283 

interoceptive awareness(87). Functional task-based MRI studies show that LPS and IFN-α 284 

administration heighten activity in pain-processing regions like the anterior insula, mid-285 

cingulate cortex, and thalamus, increasing pain unpleasantness even without altered 286 

thresholds(88-91). These effects extend to social and emotional pain, with fMRI studies 287 

showing decreased empathy(92). Additional correlational evidence has shown that increases 288 

in CSF and peripheral IP-10 (CXCL10) and IL-8 are associated with increased pain 289 

sensitivity(93). 290 

5.1.6. Sleep: Inflammation disrupts sleep architecture, likely through cytokine effects 291 

on serotonergic and homeostatic regulation. Elevated peripheral IL-6 levels have been 292 

associated with reduced sleep continuity and increased nighttime awakenings in both clinical 293 

and experimental studies. In contrast, central administration of IL-1β enhances non-rapid eye 294 

movement (NREM) sleep and increases EEG delta (0.5–4 Hz) power, a marker of sleep 295 

intensity, across multiple species including rodents, cats, primates, and humans(94-96). 296 

Immune challenge models using IFN-α or LPS further show increased wakefulness, reduced 297 

slow-wave sleep (SWS), and prolonged REM latency, leading to fragmented, non-restorative 298 

sleep patterns(97-99).  299 

Beyond global changes in sleep stages, recent work suggests that cytokines may also 300 

influence “local sleep” dynamics - a phenomenon where specific brain regions enter sleep-301 

like states independently of global vigilance(100). IL-1 and TNF-α have been shown to 302 

modulate local delta power in cortical areas, reflecting use-dependent sleep regulation and 303 

neuronal recovery at the circuit level(94-96). This may be particularly relevant in 304 

inflammation, where regional cytokine gradients and receptor expression patterns vary. 305 

Aberrant local sleep induction during wakefulness may contribute to lapses in attention, 306 

fatigue, and slowed cognition(101), while impaired local NREM expression in task-relevant 307 

areas during sleep could hinder neural replay and consequently memory consolidation and 308 

emotional processing(102, 103). Thus, cytokine-induced alterations in local sleep 309 

homeostasis may represent a key mechanism linking inflammation to the neurocognitive 310 

symptoms observed in depression, chronic fatigue, and neurodegenerative conditions.311 
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5.2. Primate Studies 312 

Non-human primates (NHPs) provide a critical translational model for studying the 313 

neuromodulatory role of cytokines. Their close phylogenetic relationship to humans, 314 

including similarities in brain structure, immune response, and behavioural repertoire, makes 315 

them uniquely suited to bridge the gap between basic research and clinical applications. A 316 

significant advantage of NHP models is the possibility of precisely controlled experimental 317 

conditions, enabling rigorous investigation into how specific cytokines influence neural 318 

activity, connectivity patterns, and resulting behaviors. Such controlled experimental 319 

manipulations are typically infeasible or unethical in human studies, underscoring the value 320 

of NHP research for elucidating cytokine-driven neuromodulation(104).  321 

Administration of lipopolysaccharide (LPS), a potent immune stimulant, in baboons 322 

provides an established experimental model to study systemic inflammation and 323 

neuroimmune interactions. Such inflammatory challenges induce marked neuroinflammation 324 

characterized by elevated translocator protein (TSPO) expression(105) ([11C]PBR28) and 325 

colony-stimulating factor 1 receptor (CSF1R) binding ([11C]CPPC) (106), reflecting activated 326 

microglia in the central nervous system. This robust neuroinflammatory response closely 327 

parallels findings from human PET imaging studies, thus validating the translational utility of 328 

NHP models for understanding immune–CNS interactions in psychiatric and neurological 329 

disorders. 330 

Studies in rhesus monkeys further illustrate the translational relevance of NHP to help 331 

us dissect further mechanisms of cytokine-induced neuromodulation. For instance, 332 

administration of interferon-alpha (IFN-α) - a cytokine commonly used therapeutically in 333 

humans - results in decreased striatal dopamine release. This reduction in dopamine 334 

availability is associated with pronounced anhedonia and anxiety-like behaviors, symptoms 335 

that mirror depressive phenotypes frequently observed in patients receiving IFN-α 336 

treatment(107). Critically, these behavioral and neurochemical changes can be partially 337 

reversed by dopamine precursors such as L-DOPA(107), providing mechanistic insights into 338 

immune-induced mood dysregulation and potential therapeutic avenues(108) 339 

(Supplementary Table S2). Advanced neuroimaging and neurochemical techniques, such as 340 

PET imaging combined with microdialysis, have confirmed cytokine-mediated disruptions in 341 

dopamine neurotransmission within the striatum of rhesus monkeys(107). These findings 342 

directly link peripheral immune activation to alterations in central reward circuitry, offering 343 

strong translational evidence that cytokines modulate mood, motivation, and reward 344 

processing through specific neurochemical pathways.  345 

6. Clinical Implications: Inflammation-driven neural dysfunction as a transdiagnostic factor 346 

A core set of transdiagnostic symptoms emerges in response to cytokine dysregulation, 347 

including anhedonia, psychomotor slowing, cognitive impairment, social withdrawal, fatigue, 348 
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and altered sleep patterns. These symptoms are consistently reported in neuropsychiatric 349 

conditions such as depression, psychosis, chronic fatigue, Parkinson’s disease, and multiple 350 

sclerosis, where immune dysregulation is also often observed(109). That experimental 351 

immune challenges can reliably induce similar symptoms in healthy individuals provides 352 

compelling evidence that cytokine signalling is not merely a secondary consequence of 353 

disease but might be an active participant in shaping neuropsychiatric dysfunction in a way 354 

that transcend traditional disease boundaries(110, 111), at least in subsets of patients with 355 

heightened inflammation. 356 

These insights position a cytokine-driven framework as a potential unifying model for 357 

understanding psychiatric disorders, with significant implications for diagnosis and 358 

treatment(61). Traditional classifications rely on broad symptom clusters, but stratifying 359 

patients based on inflammatory markers may better help refine therapeutic 360 

approaches(111). However, not all neuropsychiatric patients show elevated inflammatory 361 

markers, which vary according to genetic predisposition, early-life exposures(112), and 362 

comorbidities(113). Integrating immune biomarkers into clinical assessments could enable a 363 

more mechanistically informed and personalized approach to mental health care, improving 364 

outcomes for patients with immune-related neuropsychiatric symptoms. 365 

By restoring cytokine-mediated homeostatic brain function, future treatments may 366 

address not only symptomatic relief but also the underlying neural dysfunction. 367 

Pharmacological strategies targeting neuroinflammation include cytokine inhibitors such as 368 

TNF-α and IL-6 blockers, which have shown promise in treating inflammation-associated 369 

depression and cognitive dysfunction in patients with elevated inflammatory markers(111). 370 

Modulation of microglial activity through agents like TSPO ligands, minocycline, and CSF1R 371 

inhibitors may also alleviate mood and cognitive symptoms, while antidepressants with anti-372 

inflammatory properties, such as SSRIs, bupropion, and ketamine, could offer dual benefits 373 

by addressing both neurotransmitter imbalances and immune dysfunction(111).  374 

Beyond pharmacological treatments, non-pharmacological interventions play a crucial 375 

role in mitigating inflammation-driven neuropsychiatric symptoms. Regular physical activity 376 

and anti-inflammatory diets rich in omega-3 fatty acids and polyphenols have been shown to 377 

reduce systemic inflammation and improve mood and cognition (114). Vagus nerve 378 

stimulation, which modulates inflammatory responses, has demonstrated efficacy in 379 

treatment-resistant depression and cognitive disorders(115). Mind-body interventions, 380 

including mindfulness, meditation, and cognitive-behavioural therapy, can help counteract 381 

stress-induced inflammation, promoting emotional and cognitive resilience(116). 382 

Irrespectively of the type of intervention though, treatments must reduce pathological 383 

inflammation without disrupting immune functions essential for neurodevelopment and 384 

plasticity.  385 
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7. Outstanding Questions and Directions for Future Research 386 

Despite progress, key gaps remain in understanding cytokine neuromodulation, particularly 387 

in integrating immune-brain models with patient-specific variability for targeted therapies. 388 

Research has largely focused on individual cytokines, overlooking their dynamic interactions 389 

within broader immune networks. Cytokine effects depend on combinatorial signalling, 390 

timing, spatial distribution, and receptor crosstalk(117, 118). A systems-level approach 391 

incorporating longitudinal multi-cytokine profiling and network modelling is needed to clarify 392 

how immune signals shape neural function in health and disease. 393 

A major challenge is determining cell-type specificity in cytokine action. While 394 

microglia are key immune sensors, astrocytes, oligodendrocytes, and neurons also respond 395 

to cytokines, influencing neuroplasticity, metabolism, and synaptic remodelling(1, 2). The 396 

same cytokine can have opposing effects depending on cell type and receptor expression. 397 

Single-cell RNA sequencing and spatial proteomics will be important for clarifying how 398 

cytokine responses differ across microglia, astrocytes, and neurons. 399 

Bridging molecular immune mechanisms with macroscale neural activity remains 400 

another hurdle. While neuroimaging shows inflammation disrupts networks governing 401 

motivation, cognition, and emotion, these findings lack mechanistic clarity. Multiscale 402 

biophysical modelling(119) integrating cytokine signalling with neural oscillations, 403 

neurotransmitter dynamics, and network connectivity could clarify causal links between 404 

immune activation and neuropsychiatric symptoms. For instance, computational frameworks 405 

like The Virtual Brain(120) or Human Neocortical Neurosolver(121) could be extended to 406 

include cytokine signalling nodes that modulate excitatory/inhibitory balance or plasticity 407 

thresholds. In parallel, human PET imaging of cytokine receptors combined with fMRI and EEG 408 

could help validate model predictions. Additionally, comparing acute vs. chronic 409 

inflammatory states across immune challenge paradigms may clarify how transient vs. 410 

sustained cytokine exposure differentially reshapes network topology. Ultimately, this 411 

multilevel integration could identify mechanistic pathways by which specific immune profiles 412 

produce distinct symptom clusters. 413 

Despite their value in identifying the neural circuits most sensitive to inflammation, 414 

and their relationship with discrete symptoms, most immune challenge models allow only a 415 

brief snapshot into the effects of systemic inflammation on the brain. For example, most 416 

studies only investigate effects 3-8 hours after immune challenge, thus in their current guise 417 

they may be less useful for providing insights into inter-individual differences in response to 418 

more chronic immune activation. This is important, as many neuropsychiatric and 419 

neurodegenerative disorders involve persistent, low-grade inflammation rather than acute 420 

immune responses. To date, relatively few studies have investigated how brain and 421 

behavioural responses to acute inflammatory challenges relate to changes observed with 422 

more chronic inflammation or whether characterisation of acute responses can predict the 423 
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longer-term consequences of sustained inflammation(83, 122). Future studies should 424 

investigate whether responses to acute inflammation constitute good experimental models 425 

by examining their predictive power for outcomes in chronic conditions. 426 

Related to this, there is limited understanding of the duration and reversibility of 427 

inflammation-induced neural changes. While acute immune activation causes temporary 428 

cognitive and mood disruptions, long-term effects may involve maladaptive plasticity, 429 

microglial priming, and persistent neurotransmitter imbalances(123). Longitudinal studies 430 

leveraging recent advances in machine learning and artificial intelligence for identifying 431 

individuals at risk for prolonged impairments and determining whether early interventions 432 

can prevent chronic neuropsychiatric and neurodegenerative conditions is essential. 433 

Age-related differences in immune-neural interactions also require study. Older adults 434 

exhibit heightened cognitive and mood disturbances following immune activation, likely due 435 

to increased microglial reactivity and weakened neuroprotection(124, 125). Whether 436 

inflammation accelerates neurodegeneration or interacts with pre-existing vulnerabilities 437 

remains uncertain. Understanding these processes is crucial for designing interventions to 438 

mitigate inflammation-driven cognitive decline. 439 

 440 

8. Conclusions 441 

Experimental and clinical evidence now supports cytokines as neuromodulators that 442 

influence neural excitability, connectivity, and behaviour. Immune challenge studies in 443 

humans and non-human primates show that transient inflammation can trigger 444 

neuropsychiatric symptoms resembling those in chronic disorders, urging a shift from viewing 445 

cytokines as mere inflammatory byproducts to recognizing their direct role in brain function. 446 

Reframing cytokines as neuromodulators invites novel therapeutic strategies that restore 447 

immune–neural balance, moving beyond symptom relief to address core neurophysiological 448 

dysfunction. Advances in neuroimaging, transcriptomics, and computational modelling now 449 

allow detailed examination of cytokine effects at cellular and circuit levels, potentially 450 

uncovering novel therapeutic targets. Although anti-inflammatory therapies have shown 451 

some promise in reducing depressive symptoms, their long-term impact on neural plasticity 452 

and cognition remains uncertain. Clinical heterogeneity must be acknowledged explicitly, as 453 

not all forms of depression or other psychiatric conditions will necessarily have inflammatory 454 

underpinnings. Recognizing this variability is crucial for precision psychiatry, ensuring 455 

targeted interventions tailored to individual neuroimmune profiles.  456 

 457 
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Legends for tables and figures 
 
Figure 1. Sources of Cytokines in the CNS. Cytokines in the brain are produced by a diverse 

range of cell types, including microglia, astrocytes, neurons, endothelial cells of the blood-

brain barrier (BBB), meningeal immune cells, and the skull bone marrow. Microglia are the 

primary cytokine producers, releasing both pro- and anti-inflammatory cytokines that shape 

synaptic plasticity and neuronal health. Astrocytes and neurons also contribute to cytokine 

signalling, mainly under conditions of stress and injury but at basal conditions too. The blood-

brain barrier acts as a key interface, regulating cytokine exchange between the periphery and 

the CNS. Cytokines released into the periphery during systemic inflammation stimulate 

afferent fibbers of the vagus nerve, which relays these immune signals to the brainstem. 

During health, these molecules play vital roles in maintaining neural health by supporting 

synaptic plasticity, neurogenesis, and metabolic homeostasis(2, 23). However, triggering of 

neuroinflammation through stress, injury, or infection rapidly perturbs brain function and 

when severe or chronic contributes to neuropsychiatric disorders. 

 

Figure 2. Cytokine Receptor Distribution Across Brain Regions (Allen Human Brain Atlas). 

Gene expression was measured in multiple samples across the whole brain using microarray 

as part of the Human Brain Atlas. Data can be downloaded from https://human.brain-

map.org/. Samples were mapped to parcels of the Desikan-Killiany atlas(126), after 

normalization, using the abagen toolbox (https://abagen.readthedocs.io). Only parcels of the 

left brain are displayed as gene expression data is only available for two donors in the atlas. 

Warmer colours indicate higher expression (Z-score), while cooler colours represent lower 

expression levels. The right panel shows principal component analysis (PCA) scores derived 

from cytokine receptor expression patterns, summarizing dominant spatial variance in 

cytokine-related neurobiology. Cytokine receptors expression can be described by two main 

components, which captured 50.1% of the variance in a parallel analysis using the varimax 

rotation method. The heatmap (bottom right) presents Spearman correlations between PCA 

scores and structural brain alterations across psychiatric disorders, based on ENIGMA 

consortium neuroimaging meta-analyses (available as part of the ENIGMA toolbox at 

https://enigma-toolbox.readthedocs.io/en/latest/index.html). Type I cytokine receptors 

(e.g., IL-6R, CSF1R) are most prominently expressed in the hippocampus, prefrontal cortex, 

and anterior cingulate - regions involved in mood and cognition - while Type II receptors (e.g., 

IFNGR1) are enriched in basal ganglia and entorhinal areas, supporting roles in motivation 

and psychomotor control. Bidirectional signalling is evident in TNF and IL-1 receptor families, 

balancing neuroinflammatory and neuroprotective responses. The co-expression of pro- and 

anti-inflammatory receptors in key circuits suggests a dynamic equilibrium that shapes 

neurobehavioural homeostasis. 

Figure 3. Cytokine modulation of monoaminergic, GABAergic and glutamatergic 

neurotransmission. The diagrams summarize the multiple mechanisms through which 
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cytokines can regulate the synthesis, release, reuptake, and postsynaptic signalling of 

monoamines (dopamine, serotonin, noradrenaline), GABA and glutamate.  

Figure 4. Neurobehavioral effects of immune challenges in humans. 

This schematic illustrates key brain regions in which structure, function, or neurochemistry 

have been shown to be modulated by immune challenges in human studies. Behavioral and 

cognitive domains are positioned adjacent to the brain regions most consistently implicated 

in those functions, providing an intuitive mapping of immune-related neurobehavioral 

effects. While many regions contribute to multiple domains, this layout emphasizes primary 

associations without implying strict one-to-one mappings. The figure synthesizes converging 

evidence from neuroimaging, pharmacological, and translational studies examining the 

impact of inflammation on human brain function. 
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