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SUMMARY

Cytokines are key messengers by which immune cells communicate, and they drive many physiological pro-
cesses, including immune and inflammatory responses. Early discoveries demonstrated that cytokines, such
as the interleukin family members and TNF-a, regulate synaptic scaling and plasticity. Still, we continue to
learn more about how these traditional immune system cytokines affect neuronal structure and function.
Different cytokines shape synaptic function on multiple levels ranging from fine-tuning neurotransmission,
to regulating synapse number, to impacting global neuronal networks and complex behavior. These recent
findings have cultivated an exciting and growing field centered on the importance of immune system cyto-
kines for regulating synapse and neural network structure and function. Here, we highlight the latest findings
related to cytokines in the central nervous system and their regulation of synapse structure and function.
Moreover, we explore how these mechanisms are becoming increasingly important to consider in
diseases—especially those with a large neuroinflammatory component.
INTRODUCTION

One neuron communicates with the next at the synapse (see Box

1 for glossary of terms)—the site at which a neurotransmitter is

released to control neural circuit (see Box 1 for glossary of terms)

function. However, it is now emerging that immune system cyto-

kines, canonically involved in peripheral inflammatory pro-

cesses, are playing important neuromodulatory roles to regulate

neurons and their synapses. Indeed, immune mechanisms have

now been shown to modulate synapse development, plasticity,

and cognition in the central nervous system (CNS). Further, these

immune-based mechanisms can have profound consequences

on the normal function of the CNS (i.e., social behavior, cogni-

tion, and balanced mental state) and for diseases involving

inflammation of the CNS. Among the immune molecules that

regulate neural circuits are immune cytokines, such as inter-

ferons, interleukins, and chemokines, and their cognate recep-

tors. In the periphery, cytokines are typically expressed at low

levels basally, but their release is further stimulated upon an in-

flammatory stimulus (pathogen-associated molecular pattern

molecules [PAMPS], damage-associatedmolecular patternmol-

ecules [DAMPs], etc.) binding its cognate receptor on a cell

membrane to stimulate a transcriptional increase in cytokines

and their subsequent release. Intriguingly, numerous studies

have now identified that many of these cytokines and their re-

ceptors are expressed by resident CNS cells, including neurons

and glia, where they modulate baseline electrophysiological

properties of synapses, synaptic remodeling, plasticity, and cir-

cuit-wide activity. To this end, cytokine signaling pathways such

as via interferon gamma (IFNg), TNF-a, IL-1, IL-4, IL-6, and IL-13
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have been identified as key regulators of social behavior as well

as learning and memory. Additionally, some immune cytokines

are even present within the CNS during normal neurodevelop-

ment in prenatal life and play multifaceted roles in brain circuit

development.

While many different types of immune mechanisms have now

been shown to regulate synaptic connectivity (major histocom-

patibility class I molecules, complement, etc.),1,2 this review

will focus on the most recent findings that immune cytokines

act as modulators of synapses in the CNS. We note that the

term ‘‘cytokine’’ can be interpreted broadly to include molecules

that also act as growth factors, such as brain-derived neurotro-

phic factor (BDNF). This review will focus onmolecules that have

more traditionally been associated with the peripheral immune

system (such as the tumor necrosis factor family, the interferons,

interleukins, and chemokines). We will also discuss how this

complex interplay between cytokines and synapses has implica-

tions for neural circuit dysfunction in disease.

CYTOKINE REGULATION OF BASAL EXCITATORY
SYNAPTIC TRANSMISSION

Some of the most compelling evidence supporting a role for cy-

tokines as regulators of synapses are early experiments showing

that these molecules can directly impact basal excitatory and

inhibitory synaptic function and structure (Figure 1). In vitro

work is foundational and is now supported by investigation

of the interplay between cytokines and synapses in vivo.

Here, we briefly review this foundational work as a basis for un-

derstanding the mechanistic underpinnings by which these
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Box 1. Glossary of terms

Synapses: structures that allow neurons to transmit neurotransmitter from one neuron to the next. Generally, a synapse

is comprised of a presynaptic terminal of one neuron, which then releases presynaptic vesicles containing neurotransmitter

into the synaptic cleft to bind neurotransmitter receptors embedded in the postsynaptic membrane of a neighboring neuron.

Neural circuits: a population of neurons connected by synapses to carry out a specific function upon activation. The connection

of neural circuits forms neuronal networks.

Glutamate: the major excitatory neurotransmitter.

g-aminobutyric acid (GABA): the major inhibitory neurotransmitter.

Excitatory synaptic transmission: communication between neurons such that one neuron is stimulated to release more

neurotransmitter, which is typically glutamate.

Excitatory postsynaptic currents (EPSCs): are electrophysiological measures of excitatory synaptic transmission.

Neural excitability: neural excitability depends on the membrane potential of the postsynaptic neuron that can be altered by

neurotransmitters released at synapses. The membrane potential is set by permeable ion channels and active pumping mecha-

nisms. During synaptic transmission, neurotransmitters depolarize the membrane potential until voltage-gated sodium channels

start an action potential. Neurotransmitters have either excitatory (i.e., depolarizing such as glutamate) or inhibitory (i.e., hyperpo-

larizing such as GABA) effects.

Inhibitory tone: neurons that receive synaptic inputs fromGABAergic neurons are prevented from firing and releasing neurotrans-

mitter to neighboring neurons. This tone is maintained until either a sufficiently potent excitatory synaptic stimulus overcomes the

inhibitor or until the inhibitory synaptic input is released.

Inhibitory postsynaptic currents (IPSCs): see EPSC. IPSCs are associated with inhibitory GABAergic transmission.

N-methyl-D-aspartate receptor (NMDAR): a ligand-gated ion channel on the postsynaptic membrane that binds the excitatory

neurotransmitter glutamate. Upon neurotransmitter binding, this receptor allows calcium ions to flow into the postsynaptic neuron

to generate mEPSPs or EPSPs.

a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor (AMPAR): another type of ligand-gated ion channel on the

postsynaptic membrane that binds glutamate and facilitates excitatory neurotransmission. This receptor underlies most forms of

synaptic plasticity.

GABAA receptor (GABAAR): a ligand-gated ion channel on the postsynaptic membrane that binds the inhibitory neurotransmitter

GABA. Upon neurotransmitter binding, this receptor allows chloride ions to flow into the postsynaptic neuron to generate mIPSPs

or IPSPs.

Miniature excitatory postsynaptic potential (mEPSP): a postsynaptic potential is a change inmembrane potential due to neuro-

transmitter binding a ligand-gated ion channel on the postsynaptic neuron. This ligand binding makes a postsynaptic neuron more

likely to generate electrical activity necessary for neurotransmitter signaling to a neighboring neuron. mEPSPs are recorded in the

presence of the sodium channel blocker tetrodotoxin to block all spontaneous neuronal activity.

Miniature inhibitory postsynaptic potential (IPSP): see mEPSP. mIPSPs are associated with GABAergic transmission. They are

inhibitory and generally decrease the potential of a neuron to communicate with the next.

Dendritic spine: small protrusions along excitatory neuron dendrites that contain postsynapticmachinery necessary for excitatory

synaptic transmission.

Hippocampus: an area of the brain that plays a major role in learning and memory formation.

Cortex: the brain’s outermost layer that is subdivided into many regions that regulate a multitude of functions such as sensory

processing, memory, learning, emotions, arousal, and consciousness.

Thalamus: a brain region that is a ‘‘relay station’’ for most sensory information coming into and out of the brain.

Synaptic plasticity: plasticity is the ability of the brain to change and adapt to new information. Synaptic plasticity controls how

effectively neurons communicate with each other. This is closely linked to synaptic strength, i.e., the amount of current produced in

a postsynaptic neuron by an action potential in the presynaptic neuron.

Synaptic pruning: a natural process in the brain of most mammals between early childhood and adulthood, wherein unneeded

or redundant synapses are eliminated. This process is thought to maintain efficient brain function during learning and has been

linked to neurodevelopmental disorders such as schizophrenia or autism spectrum disorder.

Contextual fear conditioning: a learning paradigm in which an animal learns to associate a novel context with an aversive

mild foot shock.
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cytokines modulate synapse plasticity and function in vivo,

which we discuss later in this review. In this first part, we focus

on the regulation of excitatory synaptic transmission.

The actions of IL-1b on excitatory synapses exemplifies the

direct interplay between cytokines and synaptic function. IL-1b

is part of the IL-1 family of cytokines. After being cleaved by

caspase-1 into a mature form, it is then secreted and binds its
cognate receptor IL-1R1. This receptor binding elicits the bind-

ing of the co-receptor IL-1RAcP to the IL-1b-IL1R1 complex

and activation of downstream signaling, typically through

MyD88. Early in vitrowork, whichwas also supported in an in vivo

seizure model, showed that IL-1R1 is expressed by excitatory

glutamatergic neurons where it associates with the glutamate re-

ceptor N-methyl-d-aspartate receptor (NMDAR) (see Box 1 for
Immunity 56, May 9, 2023 915



Figure 1. The effects of immune cytokines
on baseline physiology of synapses
It is now appreciated that cytokines can impact
the baseline function of excitatory (left) and
inhibitory (right) synapses. They can regulate
excitatory (left) and inhibitory (right) neuro-
transmission on the postsynaptic membrane
by regulating the amount of ion channels or
neurotransmitter receptors expressed or local-
ized to the membrane. They can regulate the
number of synaptic vesicles on the presynaptic
side and can regulate adrenergic signaling,
which subsequently modulates synaptic activity.
Red boxes denote an effect of decreasing
excitatory (left) or inhibitory (right) transmission,
and green boxes denote an effect of increasing
excitatory (left) or inhibitory (right) transmission.
A1R, A1 adrenergic receptor; AMPAR, a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor; Cav, voltage-gated calcium (Ca2+)

channel; Nav, voltage-gated sodium (Na+) channel; GABA, g-aminobutyric acid; GABAR, g-aminobutyric acid receptor; GABAAR, g-aminobutyric acid
type A receptor.

ll
Review
glossary of terms) subunit NR2B.3,4 This work further showed

that IL-1R1/NR2B association upon IL-1b binding facilitated

NR2B phosphorylation and enhanced Ca2+ flux through the

NMDAR upon glutamatergic synaptic transmission, which

increased neuronal excitability. Conversely, a number of largely

in vitro studies have suggested that IL-1b generally dampens

neuronal excitability by decreasing the flow of ions through

voltage-gated Na+ (Nav), Ca2+ (Cav), and K+ (Kv) channels.5

Besides IL-1b, TNF-a has emerged as a major driver of

neuronal excitability. Unlike IL-1b-mediated regulation of

NMDARs, TNF-a regulates another type of glutamate receptor

in excitatory neurons called a-amino-3-hydroxy-5-methyl-4-iso-

xazole propionic acid receptors (AMPARs) (see Box 1 for glos-

sary of terms). Also, while IL-1b generally inhibits voltage-gated

ion channels to limit excitability, TNF-a can increase the excit-

ability of neurons by enhancing the transcription of Nav1.3 and

Nav1.8 in vivo.6 TNF-a belongs to the type 2 transmembrane

family that can be expressed in a membrane-bound form

(mTNF-a), which can be cleaved into a secreted form (sTNF-a).

sTNF-a activates TNFR1, whereas mTNF-a typically acts

through TNFR2. In neurons in the cortex (see Box 1 for glossary

of terms), spinal cord, amygdala, and the periphery, sTNF-a

binding to TNFR1 results in increased glutamate receptor 1

(GluR1)-containing AMPARs to increase neuronal excitability

(discussed further in homeostatic scaling section) (reviewed in

Vezzani and Viviani5). TNF-a can further enhance the excitability

of cerebellar Purkinje neurons in vivo by activating phospha-

tases, which decreases small-conductance Ca2+-activated K+

channels (SK channels).7 The cellular sources of TNF-a, as well

as IL-1b and other cytokines that regulate basal excitatory

neurotransmission, remains an open question. However, in vivo

evidence supports microglia as a major source of TNF-a in the

hippocampus (see Box 1 for glossary of terms), striatum (see

Box 1 for glossary of terms), and cortex7–11 as well as astrocytes

and Bergman glia in the cerebellum.12,13

Interestingly, IL-6 has seemingly opposing effects to TNF-a

and IL-1b. That is, IL-6 generally works to dampen basal neural

activity. For example, early data in hippocampal cultures sug-

gested that IL-6 inhibits excitatory neurotransmission by pro-

moting upregulation ofadenosine A1 receptors, whichwill induce
916 Immunity 56, May 9, 2023
a decrease in neural activity.14 IL-6 has also been shown to

dampen basal neural activity in cultured neurons by decreasing

Ca2+ flux through transcriptional regulation of Cav channels.15,16

Toward more in vivo relevance, mice were made to overexpress

IL-6 in astrocytes (GFAP-IL6) and basal excitatory neurotrans-

mission was decreased in cerebellar Purkinje neurons.17 Howev-

er, the endogenous cellular source(s) of IL-6, the downstream

signaling critical to elicit these IL-6 dependent effects on basal

excitatory neurotransmission, and the in vivo significance of

IL-6 on basal neurotransmission in the absence of transgenic

overexpression remain open questions. Still, an intriguing aspect

of all these studies showing IL-1b-, TNF-a-, and IL-6-dependent

regulation of basal excitatory neurotransmission is that these cy-

tokines can have opposing effects, which could serve to main-

tain circuit homeostasis normally and during inflammation.

CYTOKINE REGULATION OF INHIBITORY TONE

In addition to regulating excitability through glutamate receptors

and voltage-gated ion channels, immune system cytokines have

also been implicated in regulating inhibitory g-aminobutyric acid

(GABA) (see Box 1 for glossary of terms) and subsequent inhib-

itory tone in the CNS. One emerging key regulator of inhibitory

tone (see Box 1 for glossary of terms) is the type 2 immune cyto-

kine IL-4. Specifically, the IL-4 receptor alpha (IL-4Ra) was

demonstrated to be expressed presynaptically in excitatory

and inhibitory hippocampal neurons, and deficiency in IL-4Ra

in vivo in mice led to a decrease in synaptic vesicle pools, which

contain neurotransmitter, in these neurons.18 In mouse hippo-

campal slices, IL-4Ra deficiency decreased the basal activity

of both excitatory and inhibitory neurons as indicated by electro-

physiological recordings of miniature excitatory postsynaptic

currents (mEPSCs) (see Box 1 for glossary of terms) and minia-

ture inhibitory postsynaptic currents (mIPSCs) (see Box 1 for

glossary of terms). This resulted in increased spontaneous post-

synaptic currents (sPSCs) (see Box 1 for glossary of terms) re-

flecting the net result of excitatory and inhibitory currents at

the neuron level. The altered presynaptic function eventually re-

sulted in a higher excitatory drive, which is in line with the pre-

dominant influence of the inhibitory plasticity on neuronal
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excitability.19 The authors furthermore showed that acute IL-4

application increased mIPSC frequencies, and this electrophys-

iological change at synapse was through activation of protein ki-

nase C gamma (PKCg) signaling downstream of IL-4Ra. The

study indicates that decreased inhibitory synapse function in

IL-4Ra-deficient neurons is the largest influence on elevated

excitatory drive leading to increased cortical excitability in vivo.18

This enhanced network excitability due to IL-4Ra deficiency

translated into increased exploratory and locomotor behaviors

as well as decreased anxiety levels. Concomitantly, fear learning

was impaired, although less pronounced. Thus, IL-4 and IL-4Ra

play a role in maintaining CNS synaptic function, neural excit-

ability (see Box 1 for glossary of terms), and overall behavior

through its actions on both excitatory and inhibitory neurons.

IL-4-dependent effects on inhibitory transmission are further

supported by other work showing that IL-4 is T cell derived

and regulates learning and memory in vivo through its actions

on GABAergic transmission (discussed later in Hebbian plas-

ticity).20 Here, the single-nucleus transcriptome of dentate gyrus

neurons activated during a behavioral task to induce memory

formation (contextual fear conditioning, see Box 1 for glossary

of terms) indicated that IL-4Ra regulated the expression of genes

associated with synapse organization, synaptic plasticity (see

Box 1 for glossary of terms), and synapse structure. One impor-

tant consideration for all these studies related to IL-4/IL-4Ra

signaling is IL-13. IL-13 also binds IL-4Ra, and mice deficient

in IL-13 have similar phenotypes with those deficient in

IL-4.21,22 Thus, both cytokines, which are likely T cell derived,

could be regulating excitatory neurotransmission through

IL-4Ra.

Similar to IL-4 and IL-13, IFNg derived from meningeal T cells

has also emerged as a potent regulator of inhibitory neurotrans-

mission. IFNg is the sole member of the type 2 interferons. It is

typically produced by T cells and natural killer cells and is a

potent amplifier of peripheral inflammation. It was first shown

in mice deficient in T cells that there were learning and memory

defects.23–25 Later work demonstrated that meningeal T cell-

derived IFNg acted on GABAergic neurons expressing the

IFNg receptor IFNGR1 in the prefrontal cortex to increase

GABAergic currents in projection neurons.26 More recently,

IFNg was shown to act presynaptically, likely through nitric ox-

ide, to increase the release of the inhibitory neurotransmitter

GABA.27,28 The behavioral manifestations of IFNg-dependent

changes in GABAergic transmission include learning and mem-

ory impairments and deficits in social behavior.23–26

As IL-4 and IFNg have emerged as key regulators of

GABAergic tone in the CNS, it is also important to consider other

immune cytokines. For example, in vitrowork has suggested that

IL-1b increases tonic inhibitory tone by regulating the number

and subunit content of GABAA receptors (see Box 1 for glossary

of terms) on neurons through activation of P38-MAPK down-

stream of IL-1R1.29 Toward a cellular source of IL-1b, a group

studying the effects of ethanol exposure on GABAergic trans-

mission demonstrated that IL-1b can be derived from neurons

and microglia to promote GABA release in vivo.30 In contrast,

TNF-a decreases inhibitory tone in vitro and in vivo by inducing

protein phosphatase 1-dependent endocytosis of surface

GABAA receptors.31,32 The cellular source of TNF-a in this

context remains an open question, but it is highly enriched in
microglia throughout the brain.8–11,33 Similar to excitatory neuro-

transmission, it is intriguing to consider that the opposing effects

of all these cytokines on GABAergic transmission are important

to maintain circuit homeostasis.

CYTOKINE REGULATION OF SYNAPTIC STRUCTURE

In addition to regulation of basal function, cytokines have

emerged as important regulators of synapse structure, which ul-

timately impacts basal neurotransmission. Most of this evidence

has been in the context of development where neuronsmust first

grow their axonal projections to their postsynaptic targets. This

is followed by a period of exuberant synaptogenesis and then

a period of synaptic pruning (see Box 1 for glossary of terms),

whereby a subset of these synapses that form in excess are elim-

inated while other synapses are strengthened and elaborated in

the circuit.

Some of the first evidence suggesting a role for cytokines in the

regulation of structural synaptic connectivitywas in the context of

microglia-mediated synaptic pruning.Microglia are residentCNS

macrophages that have emerged as key regulators of synaptic

pruning by engulfing and removing a subset of synapses.34 In

these studies, the effects of cytokines on synapses are less direct

and were mediated indirectly through cytokine effects on micro-

glia, which subsequently engulf and remove structural synapses.

For example, ablation of the fractalkine receptor (CX3CR1), a

G-protein-coupled (Gai) chemokine receptor highly enriched in

microglia, resulted in a delay in synapse maturation in the hippo-

campus and barrel cortex35,36 and a delay in the removal of

excess synapses by microglia in the hippocampus in vivo.35 In

more recent studies, it was shown that the fractalkine ligand

CX3CL1 is expressed in neurons and promotes microglia to re-

move synapses via CX3CR1 in an activity-dependent manner.37

Further, deficiency inCX3CR1 results indefects in functional con-

nectivity, decreasedsocial behavior, andenhanced repetitivebe-

haviors.38

Related to the role of CX3CL1-CX3CR1 signaling in synapse

removal by microglia, IL-33- IL1RL1 (also known as ST2)

signaling was also identified to regulate microglial synaptic prun-

ing in vivo.39 IL-33 is an IL-1 family member that plays important

roles in type 2 innate immunity with well-described roles as a

cellular alarmin. In the developing spinal cord, it was shown

that IL-33 produced by astrocytes stimulates microglia express-

ing IL1RL1 to engulf and remove excess synapses from a-motor

neurons in the spinal cord.39,40 In contrast, in the adult hippo-

campus, astrocyte-derived IL-33-IL1RL1 signaling promotes ho-

meostatic synapse formation in response to prolonged

decreased neuronal activity and promotes spatial memory for-

mation.41 However, neurons in the adult hippocampus also

seem to produce a distinct isoform of IL-33 called Il33b.42 In

contrast to astrocytes, conditional deletion of IL-33 in neurons

resulted in a defect in extracellular matrix remodeling by micro-

glia through IL1RL1 and a subsequent failure of new spine

growth and decreased neurogenesis in the hippocampus.42

These studies reveal that IL-33 is a critical regulator of synapse

numbers, and its effects can differ depending on the cellular

source of IL-33, the IL-33 isoform, and the developmental stage.

Another aspect of synapse pruning and integration of new syn-

apses into a circuit is stabilizing and strengthening synapses that
Immunity 56, May 9, 2023 917



Box 2. Hebbian and homeostatic forms of synaptic plasticity

Hebbian mechanisms such as long-term potentiation (LTP) and long-term depression (LTD) are fast and persisting input-specific

modifications of synaptic transmission at individual synapses. This plasticity allows for a stable but, at the same time, flexible sys-

tem. In contrast, homeostatic synaptic scaling stabilizes plasticity and maintains proper circuit function by scaling up or down the

excitability of the entire neuron. Throughout our lifetime, the brain faces the challenge of keeping neuronal networks functional un-

der varying conditions. This requires continuous fine-tuning of neuronal networks to not only dynamically adapt to new challenges

but also return to stable set points. Processes ensuring this stability in the nervous system act by homeostatic alteration of synaptic

strength, homeostatic synaptic scaling. During times of prolonged changes in neural activity, the neuron adjusts the strength of all

its synapses tomaintain a set point level of activity. To achieve this, neuronsmust detect perturbation of activity via internal sensors

and then translate the information in order to regulate synaptic neurotransmitter receptor expression and/or localization. Still, the

distinction and/or connection between Hebbian plasticity and homeostatic scaling remains an open question, but it has been pro-

posed that homeostatic mechanisms serve to keep LTP and LTD-based mechanisms in balance.46
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are not eliminated. Interestingly, another cytokine of the TNF su-

perfamily called cytokine tumor necrosis factor-like weak

inducer of apoptosis or TWEAK (TNFSF12) and its receptor

FN14 have been now implicated in synapse stabilization and

maturation.43,44 In the developing visual thalamus (see Box 1

for glossary of terms), FN14 in neurons promoted mature

bulbous spines. However, this FN14 effect was inhibited upon

binding to TWEAK derived from microglia. Thus, FN14 normally

promotes the formation and/or maintenance of synapses, and

this effect is blocked near TWEAK-expressing microglia.44 The

signaling downstream of FN14 in neurons in this context remains

an open question, but another group has shown some insight

into the downstream signaling in the adult hippocampus. This

group showed recently in the adult hippocampus that TWEAK

binding to Fn14 changes the phosphorylation state of several

synaptic proteins and decreases basal synaptic transmission.45

This change in synaptic protein phosphorylation and decrease in

transmission could result in destabilization of synapses, which is

supported by experiments in this same study in which blocking

TWEAK-Fn14 signaling protected synaptic impairments in

Alzheimer’s disease (AD) and stroke-relevant mouse models.

CYTOKINE REGULATION OF FUNCTIONAL PLASTICITY

Through mechanisms that likely involve the modulation of base-

line properties of neurons described above (Figure 1), cytokines

have also been shown to regulate Hebbian and homeostatic

forms of synaptic plasticity (Box 2). Hebbian mechanisms,

including long-term potentiation (LTP) and long-term depression

(LTD), are relatively rapid modifications of synaptic transmission

at individual synapses. In contrast, homeostatic synaptic scaling

stabilizes plasticity and maintains proper circuit function by

scaling up or down the excitability of the entire neuron. Here,

we review mounting evidence that immune cytokines are

involved in both forms of plasticity.

First, we discuss immune cytokine modulation of Hebbian

mechanisms (Box 2). There is a large body of literature demon-

strating that the addition of cytokines to brain slices ex vivo can

modify Hebbian plasticity, including LTP and LTD (reviewed in

Prieto and Cotman47 and Bourgognon and Cavanagh48). In

much of this work, these effects are blocked by their cognate re-

ceptor antagonists. Here, wewill focus on studies that provide ge-

neticevidence thatcytokinescanmodulateHebbian formsofplas-

ticity (LTP and LTD), which underlie learning and memory in vivo.
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Some of the first genetic evidence that supported a role for cy-

tokines in Hebbian plasticity in vivo involved manipulation of IL-

1b signaling. Inmice overexpressing a negative regulator of IL-1b

(IL-1ra) or in mice deficient in the IL-1 receptor IL1R1, learning

andmemory and hippocampal LTPwere impaired.49–51 Large in-

creases in IL-1b in vivo similarly impaired hippocampal-depen-

dent memory, but smaller increases in IL-1b in the hippocampus

improved memory.49 Adding to the complexity, IL-1b appears to

have a stronger effect on hippocampal-dependent learning in

younger 2- to 4-month-old mice compared to older 6-month-

old mice.52 That is, young mice deficient in IL-1b or IL1RL1

had defects in spatial learning, but these defects were no longer

present in older mice. These results suggest more robust neuro-

modulatory effects of IL-1b on Hebbian plasticity in young cir-

cuits, which are concentration dependent. It is intriguing to

consider that the decrease in IL-1b-dependent plasticity in older

mice may be an underlying factor by which plasticity decreases

during aging. The downstream signaling eliciting these IL-

1b-dependent effects on Hebbian plasticity are far from being

elucidated, but one possibility is through BDNF—a molecule

that regulates LTP at the synapse and is regulated by IL-1b

in other contexts.53 Interestingly, TWEAK-FN14 signaling,

which also alters basal neurotransmission (discussed above),

dampens LTP in hippocampal slices similar to IL-1b. Unlike IL-

1b, the concentration-dependent effects of TWEAK on this plas-

ticity have not been investigated.45

IL-6 and TNF-a have also been described to regulate Hebbian

plasticity. Similar to IL-1b, these effects are highly dependent on

concentration.54–56 One explanation for these concentration-

dependent effects of CNS cytokines on LTP could be cell-type

specificity. Cytokines can directly impinge on neurons express-

ing cytokine receptors to impact NMDARs or AMPARs (dis-

cussed in previous section) and plasticity. But, at higher concen-

trations, these cytokines may also signal to glial cells, which

secondarily impact synaptic plasticity to have different effects.

For example, neuroinflammatory levels of TNF-a can act through

astrocytes expressing TNFR1 to enhance presynaptic glutamate

release in the hippocampus and impair contextual memory in

mice.57 Still, the cellular source(s) of TNF-a, as well as IL-1b

and IL-6, to regulate Hebbian plasticity remains an open ques-

tion. At least in the context of homeostatic plasticity (discussed

below), microglia are emerging as a major source of TNF-a.8,33

Besides cytokines derived locally from resident CNS cells, cy-

tokines derived from immune cells in the meninges can regulate
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Hebbian forms of plasticity. This includes IL-4. It was first shown

that mice deficient in T cells or IL-4 had defects in hippocampal-

dependent learning and memory and LTP.20,23,24 Moreover, the

behavioral effects on learning and memory were attenuated

upon adoptive transfer with wild-type, but not IL-4�/�, T cells.24

Since this initial work, it has now been shown that T cell-derived

IL-4 is acting on inhibitory neurons, which express the receptor

IL-4Ra.18,20 Although it is less clear what is downstream of

IL-4Ra in inhibitory neurons to elicit changes in learning and

memory, PKCg has been shown to be downstream of IL-4Ra in

neurons to elicit changes in network excitability.18

Molecules belonging to the chemokine family of cytokines have

also been identified to regulate Hebbian plasticity. This has been

most widely studied with respect to two different G-protein-

coupled chemokine receptors, CX3CR1 and C-C chemokine re-

ceptor 5 (CCR5). In ex vivo hippocampal slices, it was first shown

thatCX3CL1depressedglutamatergic transmissionand impaired

LTP, which was blocked in CX3CR1�/� slices.58–60 Similar

depression of LTP by CX3CL1-CX3CR1 signaling was shown

in vivo in the spinal cord.61 In contrast, other work has shown a

defect in hippocampal LTP inCX3CR1�/� slices and concomitant

defects in behavioral learning and memory in vivo.62 Like with

other cytokines, conflicting data in these studies could arise

from variations in experimental conditions such as concentra-

tion-dependent effects of CX3CL1 on LTP, differing ages of

mice, sex of the mice, brain regions, or differences in LTP induc-

tion paradigms. These are all important considerations as one in-

terprets results related to plasticity. For example, LTP or LTD will

bemore restricted in older mice and the induction of plasticity will

differ in different brain regions depending on the composition of

neuronsandglial cells. LTP inductionscanalso varywidely across

labs and can yield results that are seemingly contradictory. Thus,

experimentalmethodsshouldalwaysbe taken intostrongconsid-

eration when evaluating and comparing these studies.

CCR5 is another G-protein-coupled chemokine receptor

discovered to inhibit Hebbian plasticity. CCR5 is most widely

studied in the context of HIV infection, where it normally

promotes viral infection in macrophages.63 CCR5 antagonists

effectively block HIV and improve cognitive impairment in

patients.64,65 Strikingly, genetic ablation of CCR5 resulted in

increased levels of MAPK and cAMP-responsive element-bind-

ing protein (CREB) in the hippocampus and enhanced hippo-

campal LTP in slices.66 It was proposed that CCR5 is normally

a break on MAPK- and CREB-dependent signaling. Most

recently, the same group showed that CCR5 and its ligand

CCL5 dictate the temporal window for memory linking.67 Briefly,

memory linking occurs when twomemories are acquired within a

short time period such that the retrieval of one memory is more

likely to trigger the retrieval of the other memory by activating

the same ensemble of neurons. Neuronal CCR5 increased in

expression following contextual fear conditioning and ablating

this signaling in hippocampal neurons resulted in a blockade in

neuronal ensemble formation and subsequent memory linking.67

This work lays the foundation for further understanding the

cellular sources of the ligands for CX3CR1 and CCR5 and deter-

mining how this chemokine signaling mechanistically impacts

downstream signaling in neurons and glia to impact plasticity.

Besides Hebbian plasticity, another form of plasticity that

modulates neuronal networks is homeostatic synaptic scaling
(Box 2). During times of prolonged changes in neural activity,

the neuron scales all of its synapses up or down to maintain a

‘‘set point’’ level of activity.46 Thus, synaptic scaling is thought

to counteract Hebbian forms of plasticity to maintain circuit ho-

meostasis (Box 2). Intriguingly, TNF-a has now emerged as a key

regulator of synaptic scaling by regulating the expression and

localization of synaptic neurotransmitter receptors. This began

with seminal work showing that a chronic decline in hippocampal

neuronal activity in vitro triggers glial TNF-a release, which

induces an increase in surface AMPARs at the neuronal mem-

brane.68,69 It was further shown that TNF-a rapidly increases sur-

face levels of b3 integrin to mediate AMPAR accumulation.70

Since these initial findings, cell-specific inducible Cre lines or

gene expression have been used to show that microglia are a

major cellular source of TNF-a necessary for modulating syn-

apse plasticity and homeostatic scaling.8,9,33 Toward a structural

correlate, it was recently shown by in vivo imaging in cortical

neurons that dendritic spines (see Box 1 for glossary of terms)

became larger during synaptic scaling.71 Importantly, TNF-a

can regulate synaptic scaling differently depending on the neuro-

transmitter receptor. For example, TNF-a induces an increase in

GluR1 subunit-containing AMPARs in cultured hippocampal

neurons through a phosphatidylinositol 3-kinase (PI3K)-depen-

dent process.31,32 Remarkably, in the same neuronal cultures,

it induces the endocytosis of GABAA receptors, resulting in

fewer surface GABAA receptors and decreased inhibitory

synaptic strength.31,32 TNF-a can also have opposing effects

on receptor membrane insertion or removal depending on the

neuron subtype.8,32 This work is reviewed in the following dis-

cussion on the role of immune system cytokines at synapses in

disease.

CYTOKINE MODULATION OF SYNAPSES AND
NEURONAL CIRCUITS: IMPLICATIONS FOR DISEASE

Considering the importance of cytokines for synaptic transmis-

sion, plasticity, structure, and overall behavior, it is conceivable

that cytokines are relevant for synaptic dysfunction in disease.

While studies on cytokine involvement in neurological disease

are numerous, here we focus specifically on studies that show

a direct impact of cytokines on synapses in the in vivo disease

context.

Some of the strongest links between cytokines and synaptic

dysfunctionwere established inmultiple sclerosis (MS) (Figure 2),

where loss of synapses correlates with functional decline.72–75

Much of this work has shown that cytokines can regulate a

number of different MS pathologies, such as demyelination

and axon degeneration, which impact synapses downstream.

For example, IL-4 has been shown to protect axons and promote

axonal outgrowth via modulation the F-actin cytoskeleton,

which, in turn, likely protects synapses.76

An emerging potent regulator of MS, which has a more direct

effect on synapses in disease, is TNF-a. In a mouse model rele-

vant to MS (experimental autoimmune encephalomyelitis, EAE),

peripherally derived TNF-awas shown by in vivo two-photon live

imaging to induce increased turnover of postsynaptic dendritic

spines and presynaptic axonal boutons in the somatosensory

cortex.77 Further, stereotactic injection of IFNg and TNF-a

into rats that were previously immunized with myelin
Immunity 56, May 9, 2023 919



Figure 2. Immune cytokine impact on
network activity in pathology
Emerging evidence reveals that immune cytokines
play a role in different brain diseases by modifying
neuronal function. Thereby, subsequent changes
in synaptic transmission result in changes in
network activity and brain plasticity and eventually
lead to behavioral phenotypes. Red and green
indicate detrimental and beneficial effects on dis-
ease pathology, respectively.
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oligodendrocyte glycoprotein induced transient, focal cortical le-

sions and silencing of cortical neurons adjacent to the injury.78 In

contrast, in a mouse model of experimental relapsing-remitting

neuroinflammation, TNF-a produced by neurons themselves

caused an increased frequency of neuronal calcium, intensified

spontaneous neuronal activity in the cortex, and heightened anx-

iety.79 Additionally, both the increased cortical neuronal circuit

activity and anxiety-like behavior in these mice were reduced

by the local administration of the TNF-a inhibitor infliximab.

This is further supported by data from humans in which overex-

cited cortical microcircuits and heightened anxiety are clinical

features in many MS patients.80 It is possible that TNF-a-depen-

dent enhanced neuronal activity during MS may first serve a

compensatory homeostatic scaling role following prolonged

decreased activity during the relapsing phase of disease.

Perhaps, later TNF-a becomes pathological, leading to excito-

toxicity and increased neuronal death.

In AD (Figure 2), elevated cytokines have also been shown to be

upstream of synapse loss. For example, type 1 interferon stimu-

lates microglia-mediated synapse loss and memory impairment

in AD-relevant neurodegeneration.81,82 In these AD-relevant

mice, IFNg receptor blockade or deletion of the IFN-I receptor

(IFNAR) specifically frommicroglia reduced synapse loss, reactive

microgliosis, and learning impairments. Toward a cellular source

of IFNg, another group has shown that IFNg produced by T cells

is critical to induce microglia-mediated synapse removal and

learning impairments in flavivirus-induced neurodegeneration.83
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Two other pro-inflammatory cytokines

reported to play a role at synapses in AD

are TNF-a and IL-17A. For example, in a

rat model relevant to AD, TNF-a was

shown to reduce inhibitory GABAergic

neurotransmission and increase excit-

atory glutamatergic transmission prior to

pathology.84,85 In addition, IL-17A-pro-

ducing gd17 T cells were recently shown

to accumulate in the brain and the

meninges of female, but not male, trans-

genic AD mice and were responsible for

synaptic dysfunction and cognitive

decline.86 Toward a mechanism by which

IL-17 is impacting synapse dysfunction

and cognitive decline, IL-17A in other con-

texts is derived from meningeal gd17

T cells, which can inhibit glutamatergic ac-

tivity, short-term memory, and LTP.87,88

Interestingly, some of the same im-

mune system cytokines implicated in

synaptic impairments in neurological dis-
orders in adults have also been implicated in neural circuit abnor-

malities in neurodevelopmental disorders. For example,

offspring from mothers with a brain deficit in TNF-a exhibited

low innate fear.89 These data suggest that maternal-derived

TNF-a can impact brain circuit development in utero to impact

anxiety-like behaviors. In contrast, TNF-a signaling in the ventral

hippocampus appears to sustain stress-induced synaptic

changes and anxiety behavior in later life.33 The later group

further showed that TNF-a is elevated in microglia following

stress, and this induces an increase in AMPAR currents in the

hippocampus (see also homeostatic scaling).

Besides this work on TNFa, some of the most compelling data

supporting a role of cytokines on neural circuits in development

are in models of maternal immune activation (MIA) (Figure 2). In

mothers that have an infection (e.g., flu) during pregnancy, there

is increased risk of offspring with autism spectrum disorders

(ASD) and schizophrenia (SZ).90 In rodent models of MIA, expo-

sure of pregnant dams to a peripheral immune challenge, such

as polyinosinic:polycytidylic acid (Poly(I:C)) a synthetic double-

stranded RNA that mimics a viral infection, results in offspring

that have behavioral deficits reminiscent of ASD or SZ.90–92

Additionally, these Poly(I:C) offspring have cortical abnormalities

in the primary somatosensory cortex and sociability defects.93,94

It was further shown that sociability defects and cortical abnor-

malities were largely due to IL-17A produced by maternal

T helper 17 cells.93 Interestingly, IL-17A has the opposite effect

in adults through IL-17Ra expression in excitatory neurons in
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the somatosensory cortex.94,95 Direct injection of IL-17A into the

primary adult somatosensory cortex or elevating IL-17A with

lipopolysaccharide injection resulted in attenuation of sociability

phenotypes in MIA offspring. A separate study further showed

that meningeal gd T cell-derived IL-17A induces baseline anxi-

ety-like behavior in wild-type adult mice via the IL-17A-receptor

expressed in cortical glutamatergic neurons.96 It is likely that the

cellular source of IL-17, the timing of its release, the brain region

affected, and the concentration dictate distinct social or anxiety-

like behavioral manifestations.

Similar to IL-17A, IL-6 has also been implicated inMIA-induced

behavioral and synaptic changes. In a similar Poly(I:C) model of

MIA or when pregnant dams were injected with IL-6 alone, there

were ASD and SZ-like behavioral defects (prepulse inhibition and

latent inhibition defects) in the offspring.97 In the Poly(I:C) model,

these effects were attenuated when pregnant dams were also in-

jected with an antibody to block IL-6 or when Poly(I:C) was in-

jected into IL-6�/� mice. Toward a synaptic mechanism, very

recently it was demonstrated that injection of pregnant dams or

their embryos with IL-6 elicited a synaptogenic transcriptional

program after binding IL-6R-b-receptor subunit glycoprotein

130 receptor in neurons.98 Ultimately, this transcriptional pro-

gram elicited by IL-6-IL-6R signaling in neurons resulted in

elevated structural and functional glutamatergic synapses in

the hippocampus in the embryos and hyperconnectivity in adult

offspring. It is possible that IL-6 and IL-17A are both inducing ef-

fects during MIA but on different neurons. This is likely due to

neuron-specific expression of interleukin receptors. Moreover,

the cellular sources of these cytokines remain to be fully deci-

phered. In the case of IL-17, this appears to be largely T cell

derived. However, the cellular source(s) of IL-6 is less clear.

Additional insights into how cytokines impact synapses in dis-

easehavebeendemonstrated in the context of epilepsy (Figure2).

For example, in mice deficient in interferon regulatory factor 8

(IRF8), a transcription factor necessary for microglia maturation,

therewaselevatedTNF-a inmicroglia and increasedsusceptibility

to lethal seizures.9 If a blood-brain barrier (BBB)-permeable TNF-a

inhibitor, but not a BBB-impermeable inhibitor, was administered,

lethal seizureswereattenuated in IRF8�/�mice. Incontrast, TNF-a

can also inhibit seizures when directly injected into the hippocam-

pus.99 It has been suggested that TNF-a can exert opposing ef-

fects on seizures depending on which receptor it binds. TNFR1

generally promotes seizure induction, while TNFR2 has the oppo-

siteeffect.100 In support of this idea, globaldeletionofTNFR1 (p55)

results in a decrease in basal firing rate but nochange in glutamate

or KCl-induced neuronal activity, whereas global deletion of

TNFR2 (p75) had the opposite effect.101,102

In addition to TNF-a, elevated IL-1b and IL-18 promote

seizures. IL-1b application to hippocampal slices induced

hyperexcitability, and blocking the IL-1b receptor IL1R1 blocked

this hyperexcitability in vitro and attenuated seizures in mice

in vivo.103–105 This is likely through IL-1b effects on excitatory

and inhibitory neurotransmission (Figure 1). In contrast, defi-

ciency in a related cytokine IL-18 can exacerbate seizure activity

by enhancing basal neurotransmission and increasing synapse

numbers.106 Interestingly, both cytokines are released upon

NLRP3 inflammasome activation during neurodegeneration. It

is possible that the two cytokines counteract each other in an

attempt to maintain homeostasis.
An influence of TNF-a on synaptic function has also emerged

in addiction (Figure 2). The original work on TNF-a in cortical neu-

rons showed that it drove the insertion of AMPARs to regulate

homeostatic scaling.68,69 Instead, in striatal neurons, TNF-a

drives the internalization of synaptic AMPARs in the context of

cocaine administration.8 Repeated cocaine administration

induced striatal microglia to release TNF-a, thereby depressing

synaptic strength and limiting the development of behavioral

sensitization. It was also shown that the increase in TNF-a pro-

duction bymicroglia during cocaine administration can suppress

cocaine-induced behavioral sensitization. Thus, microglial

TNF-a has an adaptive role in the response to cocaine, and it rai-

ses the possibility that TNF-a could be an effective treatment of

drug-induced behavior. Similarly, during morphine withdrawal,

there is a marked increase in TNF-a accompanied by diminished

glutamatergic transmission in the lateral habenula.107 As the

lateral habenula normally encodes aversive stimuli and contrib-

utes to negative emotional states, the authors concluded that

habenular TNF-a controls synaptic plasticity and behavioral

adaptations to morphine.

Similar to addiction, TNF-a also appears to impact synapses

and homeostatic plasticity during neuropathic pain (Figure 2).

Pain-related information is transmitted through the spinal cord,

as well as hippocampal and spinal neuronal circuits. It has

been shown that this pain processing at the synaptic level is

regulated by microglial TNF-a production.108,109 Moreover, the

intracellular protease caspase-6 (CASP6) directly modulates

spinal cord synaptic transmission and inflammatory pain by

releasing TNF-a from microglia.110

CONCLUDING REMARKS

Immune system cytokines are emerging potent regulators of

synapses. Many of these molecules are now appreciated to

modify the overall excitatory and inhibitory tone of synaptic con-

nectivity, which ultimately impacts functional and structural syn-

aptic plasticity. Ultimately, this cytokine-dependent regulation of

synapses impacts behavioral output, including learning and

memory, anxiety, and social behaviors.

One intriguing aspect of cytokine function on synapses is that

a single cytokine can have seemingly opposite effects (e.g.,

enhancing excitation and enhancing inhibition) depending on

the concentration. Some cytokines can also have opposing ef-

fects to other cytokines on synapses. Therefore, it is difficult to

surmise general principles by which cytokines modulate circuits.

However, it is possible that the nervous system has evolved the

counteracting, concentration-dependent effects of cytokines on

synapses to help maintain circuits in homeostasis, particularly

during times of inflammation. Technical advances are required

to more precisely measure the local concentration of multiple

cytokines simultaneously within neural circuits. For example,

sensors to more accurately measure cytokine levels in vivo

would be key to determine the local cytokine concentration at

functional and dysfunctional synapses across different neuronal

populations. Also, in many of the contexts described above, the

cellular sources of the cytokine and cognate receptor are not

fully elucidated. This is important to consider as the same cyto-

kine may have very different effects depending on the cell type

and its receptor binding. Also, cytokines can be produced by
Immunity 56, May 9, 2023 921
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resident CNS cells, but they can also originate from infiltrating

immune cells or from immune cells within brain barriers (e.g.,

meninges). Therefore, mapping the cellular sources of cytokines,

their cognate receptors, and downstream signaling will be

important. Such a mapping strategy would better establish

cytokine-dependent cell-to-cell interactions more concretely

throughout the nervous system basally and during disease.

Another important aspect of cytokine-dependent modulation

of synapses is the implications for disease. While previous

work has emphasized cytokines as critical regulators of more

generalized inflammation in the CNS, we are just beginning to

unravel the impact of these molecules on synapse dysfunction

in disease. For example, TNF-a is now well described to affect

the excitability of circuits, but these effects have not yet been

systematically assessed in all brain pathologies. Also, deter-

mining how the entire ‘‘cytokine cocktail’’ impacts synapses in

disease is complex and likely involves neurons and glial cells.

These effects are concentration dependent and age dependent.

It should be mentioned that additional work has reported periph-

eral immune challenge effects, such as infection, on circuit func-

tion.111,112 Also, immune cytokines have also been suggested,

albeit indirectly, to impact neuronal function in behavioral

disorders such as stress.11,113 Determining how to manipulate

cytokine levels more locally and cell specifically, as well as

unraveling the processes at the synapse itself, will likely be

necessary for further elucidating cytokine effects at synapses

in these contexts and for developing effective therapeutics.

Finally, it is of utmost importance to confirm these crucial dis-

coveries in the human system. Although this will partially consist

of descriptive studies in humans, it is necessary to determine

whether the exciting discoveries pertaining to the role of cyto-

kines on synapses in animal models translate. One possibility

is to test these cytokine-synapse interactions in human induced

pluripotent stem cell systems or in humanized mouse models.

Together, these are key steps toward furthering our understand-

ing of the broad impact of cytokines on synapses and for the

development of new cytokine-based therapies for treating

underlying synapse dysfunction in disease.
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