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Abstract

Neuronal communication underlies all brain activity and the genesis of complex behavior. 

Emerging research has revealed an unexpected role for immune molecules in the development and 

plasticity of neuronal synapses. Moreover microglia, the resident immune cells of the brain, 

express and secrete immune-related signaling molecules that alter synaptic transmission and 

plasticity in the absence of inflammation. When inflammation does occur, microglia modify 

synaptic connections and synaptic plasticity required for learning and memory. Here we review 

recent findings demonstrating how the dynamic interactions between neurons and microglia shape 

the circuitry of the nervous system in the healthy brain and how altered neuron-microglia signaling 

could contribute to disease.

Introduction

The nervous system and immune system interact on many levels in health and disease. 

Emerging data reveal that many immune-related molecules have homeostatic and 

physiological functions in the brain. Surprisingly, several proteins associated with adaptive 

and innate immunity are localized to synapses where they regulate circuit development and 

plasticity in the healthy brain. Microglia are the resident immune phagocytes of the central 

nervous system (CNS) and have profound effects on neuronal circuits. Much like their 

peripheral counterparts, microglia act as sentinels against damage and disease; however, they 

also play a crucial role in shaping and maintaining the synaptic network under physiological 

conditions.
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Recent work has revealed that microglia are key regulators of neuronal and synapse function 

in the healthy brain. Remodeling of neuronal synapses occurs constantly throughout life. 

During development, neurons must wire together correctly in order to establish the mature 

CNS circuit, which requires a process of elimination of select synapses, or synapse 
pruning. Adult neuronal circuits are also highly dynamic, with synaptic connections in 

many areas constantly undergoing remodeling based on experience, resulting in synaptic 
plasticity. Decreased neuronal activity at synapses in both the developing and adult nervous 

system has been linked to physical removal of these less active connections [1–5]. Although 

there are cell-autonomous mechanisms leading to synapse turnover, recent work has shown 

that microglia are key regulators of synaptic remodeling during development and in the adult 

CNS via non-cell-autonomous mechanisms. These mechanisms involve immune-related 

molecules that regulate the dynamic interactions of microglia with synapses under normal 

physiological conditions. Here we review recent research in this emerging area of 

neuroimmunology and discuss mechanisms underlying microglia-synapse interactions and 

potential implications for neural circuit function, cognition and behavior.

Sculpting Circuits During Development

During brain development, neurons form an excess of synaptic connections, many of which 

are subsequently removed during synapse pruning, a process necessary for appropriate brain 

connectivity. Emerging work implicates microglia and immune-related molecules as key 

regulators of developmental pruning via refinement of immature synapses [6–8]. High 

resolution imaging studies have established that microglia engulf pre and post-synaptic 

elements (i.e. axonal terminals and dendritic spines) during developmental periods of 

refinement in the CNS [9, 10]. Several potential ‘find-me’ and ‘eat-me’ pathways have been 

identified, most of which are shared with the immune system. CX3CL1 acts as both a 

membrane tethered chemokine as well as a secreted version [11] and binds its receptor 

CX3CR1, which is exclusively expressed by microglia in the CNS [12, 13]. In Cx3cr1 knock 

out (Cx3cr1KO) mice, a transient increase in density of electrically immature dendritic 

spines was observed in the developing hippocampus [9]. A similar delay in synapse 

maturation was seen in the barrel cortex of mice when CX3CR1 was lost [14]. Although the 

underlying mechanisms are not yet clear, one possibility is that neuronal secretion of the 

CX3CL1 chemokine attracts resident microglia through a ‘find-me’ mechanism, which then 

affects synaptic maturation through an undiscovered pathway [15].

Another set of immune molecules implicated in developmental synaptic remodeling is the 

classical complement cascade, an innate immune pathway that functions to eliminate 

pathogens and apoptotic cells from the periphery. Surprisingly, classical complement 

proteins C1q and C3 are widely expressed in the healthy postnatal brain and localize to 

subsets of immature synapses [16, 17], while the complement receptor 3 (CR3) is expressed 

in resident microglia [17, 18]. In the mouse visual system, C1q, C3, and TGF-beta, the 

upstream regulator of C1q, are required for proper refinement of the retinogeniculate 
system [18, 19]. Microglial engulfment of synapses is decreased in C3 and CR3 KO mice 

[10] (Figure 1), consistent with the hypothesis that complement proteins at developing 

synapses leads to targeted engulfment by phagocytic microglia. Importantly, microglia-

mediated synaptic elimination depends on neuronal activity, as microglia preferentially 
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phagocytose less active presynaptic inputs [10]. This raises the intriguing possibility that 

C1q and C3 are activity-dependent ‘eat-me’ signals that bind to less active synapses, thus 

flagging them for removal by microglia. Thus complement proteins have parallel functions 

in the nervous and immune systems to mark unwanted elements for elimination. A major 

distinction, however is that complement–mediated synapse elimination occurs in the healthy 

brain in the absence of neuroinflammation.

Surveying the Adult Brain

Synaptic connections in the adult CNS are highly dynamic and are constantly undergoing 

changes in strength and connectivity. Pioneering in vivo imaging studies revealed that the 

processes of microglia are highly motile and are continually extending, retracting and 

interacting with synapses [20–23]. It is thought that this dynamic process motility allows 

microglia to assess or ‘survey’ surrounding synapses and respond accordingly. For example, 

in the visual cortex 94% of microglial processes touch synaptic elements at any given point 

in time, and these contacts were found to be correlated with both increased growth and 

elimination of small spines [22]. Furthermore, decreasing the strength of synaptic input to 

the visual cortex during dark adaptation causes decreased microglia process motility that 

was reversed upon re-exposure to light and visual stimulation [22]. Thus, microglia seem to 

be able to change their surveillance properties in response to changes in neuronal activity.

Intriguingly, several studies have provided evidence that adenosine triphosphate (ATP), 

which is known as an important purinergic signal molecule for peripheral immune cells, is 

released during high neuronal activity to promote enhanced surveillance by microglial 

processes [24–27] (Figure 2). In the retina of adult mice, application of glutamate receptor 

agonists α-amino-3-hydroxy-5-methyl-isoxazolepropionic acid (AMPA) or kainate triggered 

an ATP-mediated microglial process outgrowth [25]. More recently, it was discovered that 

multiple brief applications or prolonged application of N-Methyl-D-aspartic acid (NMDA) 

also triggered an ATP-dependent outgrowth of microglia processes in the hippocampus and 

cortex [26, 27]. The outgrowth was characterized by extension of processes away from the 

cell body and the formation of bulbous tips, which are growth cone-like structures at the 

leading edge of extending processes (Figure 2). Whole cell patch clamp experiments 

revealed that activation of dendritic NMDA receptors on single neurons was sufficient to 

trigger microglia process outgrowth [26], thereby demonstrating a direct link between 

neuronal activity and microglia process dynamics. In the zebrafish larvae, neuronal activity 

was reduced by microglia contact while conversely, preventing microglial processes from 

contacting spontaneously active neurons significantly enhanced neuronal activity [24]. These 

observations imply an active rather than passive form of surveillance and suggest that 

neuronal activity itself can be altered by microglial contact. This is further supported by the 

observation that preventing ATP-mediated microglial process outgrowth exacerbated 

evoked-seizure activity and mortality [27]. Taken together, ATP-mediated communication 

between highly active neurons and the brain’s resident immune cells might provide an 

important but still to be defined feedback to regulate neuronal activity. A major question for 

future studies is whether or how this form of microglia surveillance impacts synaptic 

function and plasticity.
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Neural-Immune Interactions Modify Synaptic Plasticity

The activity-dependent modulation of synaptic strength in the adult brain is thought to 

underlie memory, learning and widespread aspects of adaptive behavior. Both strengthening 

and weakening of synapses can result from changes in neuronal activity.. Emerging research 

demonstrate changes in synaptic strength and behavior can arise from signaling in immune-

related pathways, particularly those governed by microglia.

The interaction between the microglia chemokine receptor CX3CR1 and its CNS ligand, 

neuronal CX3CL1, allows for precise communication between neurons and microglia and 

can result in changes in neuronal activity. Application of CX3CL1 to acutely stimulate 

microglia in brain slices caused a dose-dependent depression of synaptic transmission that 

was not observed in the CX3CR1 deficient mouse [28]. This synaptic depression was 

mediated by the adenosine A3 receptor, as the depression was blocked by A3 (but not A1 or 

A2) receptor antagonists and was not observed in A3 deficient mice. Thus, a chemokine 

expressed by neurons acts on microglia to reduce the activity of neurons via a feedback 

pathway. The mechanisms underlying this feedback loop still remain to be uncovered.

In addition to the acute action of CX3CL1-CX3CR1 signaling, chronic reduction of this 

signaling pathway by permanent deletion or reduction of CX3CR1 leads to elevated levels of 

the inflammatory cytokine interleukin (IL)-1β, leading to a reduction of long-term 

potentiation (LTP) in the brain. Ventricular infusion of an IL-1β receptor antagonist for four 

weeks via osmotic mini pumps reversed the impaired LTP, while infusion of an inactivated 

antagonist did not [29]. Intact chemokine signaling between neurons and microglia and 

appropriate levels of CNS cytokines are therefore crucial for maintenance of normal 

plasticity mechanisms.

The important role of cytokines is further demonstrated by the finding that tumor necrosis 

factor α (TNFα) can modify synaptic strength via a process termed synaptic scaling [30]. 

Chronic blockade of synaptic transmission in cultured hippocampal slices increased the ratio 

of AMPA receptor to NMDA receptor-mediated synaptic current through a TNFα-dependent 

mechanism [30]. However, in the striatum, TNFα signaling that was upregulated by 

application of dopamine D2 receptor antagonists, led to a reduction of calcium-permeable 

AMPA receptors [31, 32]. The opposite effects of TNFα during synaptic scaling in the 

hippocampus and striatum imply that synaptic modification by cytokine release may have 

substantially different actions in different regions, and thereby a single factor can impact 

circuit function in multiple ways.

Interestingly, not all neural-immune pathways implicated in neuronal plasticity involve 

canonical immune molecules. Recent work has identified a potential role for microglial 

brain derived neurotrophic factor (BDNF), in maintaining expression of postsynaptic 

glutamate receptor subtypes, the composition of which is necessary for proper synaptic 

plasticity. Selective deletion of microglia or genetic removal of microglial-derived BDNF in 

mice at P30 decreases synaptic expression of two specific glutamate receptor subtypes, 

GluN2B and GluA2, without affecting the overall density of neurons or synapses in the 

cortex and hippocampus [33]. Synaptic responses recorded in layer V pyramidal neurons in 
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these mice were also altered compared to controls, with the current responses being 

dominated by the GluN2A receptor subunit. These results suggest that microglial BDNF 

may alter synaptic levels of GluN2B, the NMDA receptor subunit associated with immature 

circuits. As microglia express very low levels of BDNF in the brain, future studies are 

needed to clarify the roles of neuronal and microglial BDNF, particularly the mechanisms of 

how microglial BDNF mediates synaptic plasticity.

There is a further link between microglia and the progressive replacement of the NMDA 

receptor subunit GluN2B by GluN2A that occurs during early brain development [34]. 

During this developmental period, microglia transiently express the signaling receptor 

subunit DAP12. The developmental switch from GluN2B to GluN2A is prevented in DAP12 

deficient mice but is recapitulated by fetal activation of microglia [35], demonstrating that 

even early alterations of microglia development and signaling can lead to long-lasting 

changes in synaptic function.

Inflammation and early changes in neuro-immune interactions alter 

plasticity

Inflammatory stimuli have been shown to alter synaptic plasticity and depending on the 

stimulus can result in either aberrant synaptic depression or potentiation. For example, 

interaction between neuronal CD200, a membrane glycoprotein, and its receptor, CD200R 

on microglia, contribute to maintaining microglia in their surveillance state, and mice 

deficient for CD200 exhibit a more inflammatory phenotype with increased levels of TNFα, 

but not IL-1β. Expression of the pattern recognition receptors, Toll-like receptor (TLR) 2 

and TLR4 was also increased in these mutants. The increase in TNFα was associated with a 

reduction in LTP and application of TNFα to acute hippocampal slices caused a similar 

reduction in LTP as CD200 deficiency [36]. Moreover, application of TLR2 and TLR4 

agonists at concentrations that did not affect LTP in WT mice inhibited LTP in slices 

prepared from CD200 deficient mice [37]. Chronic CNS inflammation thus has dramatic 

effects on the expression of cytokines, resulting in deficits in plasticity.

Acute inflammation can also profoundly alter neuronal activity. Treatment of acute 

hippocampal brain slices with LPS (10 μg/ml) in combination with oxygen deprivation 

triggered long-term depression (LTD) both in juvenile rats and adult mice [38, 39]. 

Surprisingly, the effect of LPS was mediated by microglial CR3 and not the canonical LPS 

receptor, TLR4, as LTD was still observed in TLR4 deficient mice while it was abolished in 

CR3 deficient mice. The synergistic effect of CR3 activation by LPS and hypoxia promoted 

NADPH oxidase-mediated production of reactive oxygen species that in turn induced 

protein phosphatase 2A (PP2A) regulated endocytosis of AMPA receptors, resulting in LTD 

[39]. Interestingly, blocking PP2A also abolished CX3CL1 evoked AMPA current 

depression [28]. Together, these observations demonstrate that immune signaling is capable 

of indirectly modulating synaptic plasticity. Although the functional impact of microglial-

dependent LTD remains to be determined, one possibility is that it could protect neurons 

from excitotoxicity. Alternatively, this microglial-induced LTD could lead to cognitive 

impairment due to inappropriate weakening of synaptic strength.
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In contrast to LPS and hypoxia, lower concentrations of LPS (500 ng/ml) alone can enhance 

synaptic strength by evoking ATP release from microglia, a process that is abolished in 

TLR4 deficient mice and microglia deficient mice (PU-1−/−). Similarly, application of the 

anti-inflammatory drug minocycline and inhibition of P2Y1 receptors also prevented LPS 

evoked potentiation, while direct stimulation of P2Y1 receptors mimicked this potentiation, 

even in PU-1−/− mice. Both LPS- and P2Y1-evoked potentiation were found to be mGluR5 

dependent [38]. Different levels of inflammation can therefore have opposing effects on 

plasticity mechanisms.

In addition to CNS inflammation, peripheral inflammation is also associated with changes in 

synaptic plasticity in the hippocampus. A single intracolonic administration of 2,4,6-

trinitrobenzenesulfonic acid in rats resulted in increased synaptic transmission, as measured 

from acute hippocampal brain slices, while both LTP and LTD were impaired compared to 

controls. This enhanced synaptic transmission was correlated with a decrease in both 

GluN2B and GluA2 and could be reversed by blocking GluA2-lacking AMPA receptors or 

by blocking inflammation with minocycline [40]. It is thus clear that inflammation in the 

body can affect the function of CNS circuits, likely leading to aberrant neuronal activity and 

behavior.

Functional and Behavioral Consequences of Altered Immune Signaling in 

the CNS

The establishment and maintenance of appropriate connectivity within neuronal networks 

are critical for adult behavior and cognition. Given the evidence that microglia and immune 

signaling can sculpt neuronal circuits, it is perhaps unsurprising that these same pathways 

also affect higher brain processes. In Cx3cr1KO mice, both juveniles and adults show 

decreased social interaction as well as increased repetitive behaviors, traits often linked to 

autism spectrum disorders. In juveniles this behavior is correlated with the transient synaptic 

pruning deficits observed in KO animals [41]. Similar to CX3CR1, the immune receptor 

Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) and its adapter protein DAP12 

are expressed exclusively by microglia in the CNS [42, 43]. Mutations in TREM2 or DAP12 

in human patients results in Nasu-Hakola disease, which is characterized by bone cysts and 

ultimately presenile dementia [44–46]. In mice, loss of DAP12 also results in behavioral 

alterations, such as a reduced startle response following acoustic stimuli and lowered 

prepulse inhibition [47], which is associated with schizophrenia in humans. Mutations of 

microglia-specific genes thus have a significant effect on behavior, demonstrating the 

importance of intact immune mechanisms for normal CNS function.

In addition to the impact of deficits in specific microglial genes, there are several examples 

of behavioral consequences due to microglial loss. For example, deletion of the Hoxb8 gene 

results in reduction of microglia and compulsive grooming [48]. This obsessive compulsive 

disorder-like behavior was rectified following a bone marrow transplant from WT mice. 

Depletion of microglia via specific expression of diphtheria toxin receptor in these cells led 

to impaired motor learning and loss of motor learning-dependent synapse formation [33]. 

Finally, in Mecp2 KO mouse, a mouse model of Rett Syndrome, transplantation of WT bone 
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marrow rescued some deficits of the KO, suggesting microglia play a protective role in Rett 

Syndrome [49]. It is therefore clear that healthy microglia are required for a functional 

nervous system. The specifics of how microglia are involved in these diverse circuits and 

behaviors, particularly how they are communicating with neurons, will serve as important 

directions for future research. Moreover, a landmark fate mapping study revealed that 

microglia develop from myeloid progenitors in the yolk sac and colonize the brain early in 

embryonic development [50], suggesting that microglia have the potential to influence many 

aspects of brain development and wiring even before synaptic connections are formed.

Microglia-Synapse Interactions in Aging and Disease

As individuals age, their cognitive functioning gradually declines as well. It is now 

appreciated that the aging immune system may contribute to this decline. The structure of 

aging microglia changes from a highly ramified morphology to less elaborate arbors, while 

their numbers increase and their mosaic distribution becomes more irregular [51]. They also 

become less dynamic and slower to respond to tissue injury [52]. Furthermore, RNA 

sequencing revealed downregulation of transcripts associated with endogenous ligand 

recognition and upregulation of those involved in pathogen recognition and neuroprotection 

in aged microglia compared to healthy adult controls [53]. While these changes have been 

investigated in the context of neuroinflammation or immune challenge to the CNS [54], the 

effects on synaptic structure and function in the non-inflamed brain is still relatively 

mysterious. Further work must be done to elucidate whether and how aging microglia and 

their secreted factors affect synapses in the CNS.

Microglia have been extensively studied in the context of the neuroinflammation that is 

associated with many neurodegenerative disorders. However, as discussed above, microglia 

play a vital role in the maintenance and development of normal, healthy brains. The 

response of microglia to a variety of neuronal signals, the release of critical factors from 

microglia and the phagocytosis of synapses that have to be eliminated perhaps due to 

inactivity, for example, are now known to be part of the normal sculpting and refinement of 

CNS circuitry during development and in the adult brain. This raises the possibility that 

misregulation of these neural-immune interactions, rather than activation of a separate 

inflammatory cascade, can directly contribute to cognitive decline in aging and pathological 

changes in disorders of the CNS. For example, mutations in the microglia specific immune 

receptor TREM2 has been identified as a significant risk factor for neurodegenerative 

diseases, such as Alzheimer’s and Parkinson’s disease [55, 56]. These forms of 

neurodegeneration are known to involve early synapse loss and dysfunction. Future studies 

are needed to investigate whether immune dysregulation can lead directly to synapse and 

cognitive dysfunction.

Concluding Remarks

The roles for microglia, the resident immune cells of the brain, and the signaling pathways 

of the immune system, have been found to be important for normal brain development, 

circuit refinement and synaptic plasticity in ways that were previously unsuspected. The 

longstanding concept of an immune-privileged brain has been transformed so that now it is 
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known that the immune system has a unique and privileged relationship with the brain that 

goes well beyond merely responding to inflammation. Elements of the immune system, 

including microglia and immune molecules, are required for proper development of synaptic 

contacts and wiring of the neuronal network during development. Furthermore, throughout 

life microglia respond to immune signals from the periphery or to stimulation of immune 

receptors and can change the strength of synaptic connections between neurons, even 

altering activity-dependent changes called plasticity that are required for learning and 

memory.. Interestingly, microglia-neuronal communication involves immunological ‘find-

me’ and ‘eat-me’ signals that allow microglia to target specific synapses both in 

development and during adult surveillance. Furthermore, the evidence that neuronal activity 

itself alters microglia motility and that microglia in turn can affect behavior indicates that 

understanding neuron-microglia communication will undoubtedly lead to important insights 

about all aspects of the CNS, from development to behavior to disease.

Glossary

Dark adaptation refers to the deprivation of visual experiences. This is generally 

achieved by housing juvenile mice in complete darkness, which 

increases dendritic spine turnover in the visual cortex.

Dendritic spines are postsynaptic neuronal structures that are correlated with 

neuronal synapses. Physically they appear as a protrusion along 

neuronal dendrites.

Excitotoxicity refers to the toxic effect that certain neurotransmitters (e.g., 

glutamate) can exert on excitatory cells (e.g., neurons) and 

eventually leads to cell death.

Neuronal synapses are connections between neurons that allow for rapid 

communication via release of neurotransmitters (e.g. glutamate) 

from a presynaptic neuron and consequently activation of receptors 

on a postsynaptic neuron. In this review ‘synapse’ will refer only to 

neuronal synapses and not immunological synapses.

The 
retinogeniculate 
system

refers to the neurons of the retina (retinal ganglion cells) projecting 

to and synapsing with postsynaptic relay neurons in the dorsal 

lateral geniculate nucleus of the visual thalamus. This system has 

played a crucial role in elucidating mechanisms of synaptic pruning 

due to its stereotyped development and relative ease of 

manipulation.

Synaptic plasticity is the process by which synapses increase or decrease in strength 

following alterations in neuronal activity. For example, long-term 

potentiation (LTP) and long-term depression (LTD) are persistent 

changes in synaptic strength following high frequency stimulation 

or a prolonged patterned stimulus, respectively. LTP leads to 

strengthened synapses, while LTD results in synaptic weakening. 
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Synaptic plasticity mechanisms are thought to underlie learning and 

memory.

Synaptic pruning is the developmental process by which immature or extraneous 

synapses are eliminated. This process is essential in sculpting of a 

functional and mature neuronal circuit. Low activity synapses are 

preferentially pruned over highly active synapses.

Synaptic scaling refers to a feedback mechanism whereby postsynaptic AMPA 

receptor insertion or deletion is used to scale synaptic strength up or 

down to ensure consistent electrical output from synaptic inputs.

Whole cell patch 
clamp

is a technique that allows access to the intracellular environment of 

a cell through a glass micropipette and thereby enables the 

possibility of controlling and recording the cells electrical 

properties.
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Trends Box

• During brain development, complement-mediated engulfment of synapses by 

microglia is required for activity-dependent refinement of neuronal circuits.

• Microglia processes constantly move as they survey the surrounding 

environment in response to neuronal activity. Increased neuronal activity 

increases process extension enhancing surveillance.

• Microglia can modify activity - dependent changes in synaptic strength between 

neurons that underlie memory and learning using classical immunological 

signaling pathways involving cytokine release and NADPH oxidase activation.

• Altered immune system function in the brain triggered by inflammatory 

responses or immune dysregulation can lead to cognitive dysfunction and 

behavioural abnormalities.
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Figure 1. Microglial-mediated Synaptic Pruning
A. Confocal image of a microglia (green) in the lateral geniculate nucleus (LGN) 

surrounded by synaptic inputs from both eyes (blue and red) that were visualized by 

intraocular injections of different colored anterograde tracers. For more details please see 

[10]. B. In wild type mice, microglial engulfment of synaptic material is observed at 

postnatal day (P)5 as depicted in the cartoon. Elimination of synapses (referred to as 

synaptic pruning) is required for circuit refinement, as schematized by segregation of red 

and blue inputs into distinct territories (P30). C. Insufficient synaptic pruning as observed in 
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C1q, C3, CR3 deficient mice results in impaired circuit refinement. Lack of CX3CR1 has 

been associated with reduced synaptic pruning in other brain regions [9, 14].
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Figure 2. Microglia Surveillance
A. Two photon image of a microglia (green) and the dendrites of a single patch-filled CA1 

pyramidal neuron (red) in a hippocampal brain slice from a CX3CR1-EGFP mouse. The 3D 

rendering was made using ImageJ. For more details please see [26]. B. The cartoons 

illustrate the surveillance by microglial processes under baseline conditions. The blue and 

grey shaded regions represent the positions of microglial processes at different time points. 

High neuronal activity triggers enhanced surveillance, which is schematized by the 

movement from blue to light grey over time.
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Table 1

Immune alterations resulting in synaptic modifications or behavioural changes

Immune alteration Synaptic modification Behavior

CD200 KO (Increased levels of T NFα, TLR2 
and TLR4)

Reduced LTP in acute mouse hippocampal slices [37]

Elevated TNFα (Evoked by inhibition of 
synaptic transmission)

Synaptic scaling in mouse hippocampal slices [30]

Elevated TNFα (Evoked by blockage of D2 
receptors)

Reduction of calcium-permeable AMPA receptors in 
striatum [31, 32]

LPS (10 μg/ml) + hypoxia (CR3 and NADPH 
oxidase-dependent production of ROS)

Triggers LTD by PP2A-dependent endocytosis of AMPA 
receptors in rat and mouse hippocampal slices [38, 39]

LPS (500 ng/ml) (TLR4-mediated ATP 
release and activation of P2Y1)

Triggers LTP by activation of mGluR5 in mouse 
hippocampal slices [38]

Peripheral inflammation (colonic 
inflammation for 4 days)

Increased synaptic transmission and impaired LTP and LTD 
in rat hippocampal slices [40]

Microglia-neuron contact (evoked by visual 
stimulation)

Reduced neuronal activity in the optic tectum in zebrafish 
larvea [24]

MHCI (H2-Db) KO Deficits in synaptic pruning in the mouse retinogeniculate 
system [57]

Activation of CX3CR1 (by bath application of 
CX3CL1)

Depression of synaptic transmission in rat and mouse 
hippocampal slices [28, 58]

C1q KO (Failure to prune excessive 
excitatory synapses)

Structural modification of dendritic spines of cortical 
neurons [16] and enhanced LTP in the dentate gyrus of adult 
mice [59]

Less age-related cognitive 
and memory decline in 
hippocampus dependent 
behavior test [59]

CX3CR1 KO (elevated IL-1β ) Reduced LTP (reversed by IL-1β receptor antagonist) [29] Decreased social interaction 
and increased repetitive 
behaviors [41]

Depletion of microglia (with diphtheria toxin) 
and depletion of microglial-derived BDNF

Decreases learning-dependent formation of dendritic spines 
and altered mEPSC in mouse cortical neurons [33]

Reduced motor learning and 
decreased fear response [33]

DAP12 KO Delayed switch from GluN2B to GluN2A and enhanced 
LTP in mouse hippocampal slices [35, 60]

Reduced startle response and 
lowered prepulse inhibition 
[47]

P2Y12KO (selective microglial receptor 
activated by ATP/ADP)

Exacerbate evoked-seizure 
activity and mortality [27]

Hoxb8 KO Compulsive grooming which 
was reversed by bone marrow 
transplant from WT mice 
[48]

Mecp2 KO Rett Syndrome-like 
phenotype, recued by bone 
marrow transplant from WT 
mice [49]
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