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Abstract

Microglia are the immune cells of the brain. In the absence of pathological insult, their highly motile processes continually
survey the brain parenchyma and transiently contact synaptic elements. Aside from monitoring, their physiological roles at
synapses are not known. To gain insight into possible roles of microglia in the modification of synaptic structures, we used
immunocytochemical electron microscopy, serial section electron microscopy with three-dimensional reconstructions, and
two-photon in vivo imaging to characterize microglial interactions with synapses during normal and altered sensory
experience, in the visual cortex of juvenile mice. During normal visual experience, most microglial processes displayed direct
apposition with multiple synapse-associated elements, including synaptic clefts. Microglial processes were also distinctively
surrounded by pockets of extracellular space. In terms of dynamics, microglial processes localized to the vicinity of small and
transiently growing dendritic spines, which were typically lost over 2 d. When experience was manipulated through light
deprivation and reexposure, microglial processes changed their morphology, showed altered distributions of extracellular
space, displayed phagocytic structures, apposed synaptic clefts more frequently, and enveloped synapse-associated
elements more extensively. While light deprivation induced microglia to become less motile and changed their preference
of localization to the vicinity of a subset of larger dendritic spines that persistently shrank, light reexposure reversed these
behaviors. Taken together, these findings reveal different modalities of microglial interactions with synapses that are subtly
altered by sensory experience. These findings suggest that microglia may actively contribute to the experience-dependent
modification or elimination of a specific subset of synapses in the healthy brain.
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Introduction

Upon invasion of the central nervous system during embryonic

and early postnatal development, bone-marrow-derived microglia

become involved in apoptosis and phagocytic elimination of

supernumerary neurons [1–3]. As they complete their differenti-

ation, microglia change their morphology from amoeboid to

ramified and are thought to become quiescent [4]. In the event of

pathological insult, microglia rapidly become activated, thicken

and retract their processes, migrate to the site of injury, proliferate,

and participate in the presentation of antigens, phagocytosis of

cellular debris, and secretion of proteases that promote microglial

motility, as well as myelin and extracellular matrix degradation

[5–7]. Additionally, activated microglia can separate presynaptic

axon terminals from postsynaptic neuronal perikarya or dendrites

in a process known as synaptic stripping [8].

Even though microglia are quiescent under non-pathological

conditions, their highly motile processes continually survey the

local environment and make transient contacts with astrocytes,

neuronal perikarya, axon terminals, and dendritic spines in vivo

[9–11]. Microglial apposition with astrocytic and neuronal

elements has also been observed with electron microscopy (EM)

in situ [9], but a detailed analysis of microglial ultrastructural

relationships is still lacking. Reports of spontaneous engulfment of

cellular debris [10] suggest that resting microglia may exert

phagocytic roles in the healthy brain. Because changes in the level

of neuronal activity can also modify the volume of neuropil that

microglia sample [10], as well as their frequency of contact with

axon terminals [9], Wake et al. [9] proposed that resting microglia

could monitor the functional state of synapses. However, aside

from immune surveillance, the fate of synaptic architecture under

the care of microglia remains poorly understood. The dynamic

nature of microglial processes and their interaction with synapses

suggest that microglia could effect structural changes at synapses,

which are crucial to circuit remodeling and brain plasticity.

To begin to investigate this possible task of quiescent microglia

at synapses, we verified whether microglial interactions with

synapses occur at random or coincide with structural synaptic

changes and alterations in sensory experience. Specifically, we

characterized the ultrastructural and structural/dynamic interac-

tions between microglia and synapse-associated elements during

normal sensory experience, sensory deprivation, and subsequent

light exposure in the primary visual cortex (V1) of juvenile mice. In

addition to revealing the three-dimensional (3-D) geometry of cell–
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cell contacts between microglia and all synapse-associated

elements (dendritic spines, axon terminals, perisynaptic astrocytic

processes, and synaptic clefts), our observations uncovered new

modes of microglia–synapse interaction under non-pathological

conditions, particularly the regulation of the perisynaptic extra-

cellular space and the phagocytosis of synaptic elements.

Moreover, we found that microglia specifically localize to the

vicinity of a subset of synaptic elements in vivo, in particular the

structurally dynamic and transient dendritic spines. Lastly, we

demonstrate that several modalities of microglia–synapse interac-

tions are regulated by sensory experience. Thus, our findings

indicate that microglia are not activated only during early brain

development or pathological conditions; rather, they also subtly

change their behavior toward synapses in correspondence with

sensory experience. This raises the intriguing possibility that

microglia may contribute to fine-tuning the plastic capacities of

individual synapses in the healthy brain.

Results

Ultrastructural Relationships between Microglia and
Synapses

To provide a detailed view of the modes of interaction between

microglia and excitatory synapses, we analyzed their ultrastruc-

tural relationships in layer II of mouse V1 on postnatal day (P) 28,

around the peak of the critical period for experience-dependent

plasticity [12]. Using immunocytochemical EM with an antibody

against the microglia-specific marker IBA1 [13] (see Figure S1 for

IBA1 immunostaining at the light microscopic level), we found

that microglial cell bodies, as well as proximal and distal processes,

juxtaposed synapse-associated elements including synaptic clefts

(Figures 1A–1C), an area generally thought to be exclusively

reserved for astrocytic processes. Quantitative analysis revealed

that the vast majority of microglial process profiles directly

contacted at least one of the synapse-associated elements (synaptic

index: 94%60.6%; ,1,000 mm2 of neuropil in each of three

animals). Axon terminals, dendritic spines, perisynaptic astrocytic

processes, and synaptic clefts were contacted by microglial

processes, in decreasing order of frequency (n = 150 IBA1-positive

microglial processes; three animals; see Table S1 for detailed

analysis), and more than one synapse-associated element was

generally contacted by each process (68%64%; see Table S2).

To uncover the 3-D relationships between microglia and

synapse-associated elements, we used serial section EM (SSEM)

with 3-D reconstructions (Figures 2 and S2) in layer II of mouse

V1 at P28. The 3-D reconstructions showed that proximal and

distal microglial processes simultaneously contacted synapses of

different shape and size, with typically more than one subcellular

element contacted at individual synapses (Figures 2B, 2D, 2E,

S2A, and S2B). Whereas most contacts between microglia and

synapses occurred en passant along microglial processes, without

morphologic evidence of specialization, strikingly, the reconstruct-

ed distal microglial process displayed finger-like protrusions that

wrapped around a dendritic spine making a synapse with an axon

terminal (Figure 2B, 2D, and 2E). Interestingly, the proximal

microglial process was found to engulf cellular components (see

SSEM images in Figure S4, but also the reconstructed cellular

inclusion in Figures 2B, 2C, and S2A, S2B, S2C), suggesting

microglial involvement in phagocytosis during normal sensory

experience, along with our immunocytochemical EM observations

that microglial perikarya and large processes sometimes contained

cellular inclusions. Lastly, analysis of the series also showed

occasional coated pits at the sites of cell–cell contact between

microglia and dendritic spines, axon terminals, or astrocytic

processes, either inside microglia or inside synapse-associated

elements (see Figures 1D and S3 for examples).

Distinctive Properties of the Microglia-Associated
Extracellular Space

Immunocytochemical EM and SSEM also revealed the appear-

ance of large electron-lucent extracellular spaces nearby microglia,

with both acrolein (Figures 1A–1C and 2A) and glutaraldehyde

(Figure 1D) fixatives. Pockets of extracellular space, which consists

of interstitial fluid supplemented with various extracellular matrix

proteins, were otherwise rarely observed around any other

structural elements in juvenile mice, in clear contrast with early

postnatal stages of development [14–16]. Areas of extracellular

space apposing IBA1-positive microglia were found to be

significantly larger (985641 nm2; n = 3 animals; ,500 mm2 of

neuropil in each) than areas not associated with IBA1-positive

processes (382618 nm2; p,0.0002; Figure 1E). This analysis likely

underestimated the association of extracellular space with microglial

processes because of the partial penetration of antibodies under

these stringent immunocytochemical conditions. In fact, most

extracellular spaces were associated with unlabeled structural

elements that resembled microglia morphologically (see Materials

and Methods for identification criteria). In addition, areas of a

microglial process and associated extracellular space were tightly

correlated (r = 0.48; p,0.0001; n = 150 processes; three animals;

Figure 1F), suggesting that microglia may exert a large influence in

the creation of such space. SSEM with 3-D reconstructions also

showed that microglia-associated spaces exhibited highly complex

and varied morphologies (Figures 2B, 2C, and S2C). Quantitative

analysis of the series revealed that the 3-D pockets of extracellular

space varied in volume by two orders of magnitude: from 20,223 to

7,048,921 nm3 (mean: 905,834 nm3; median: 150,225 nm3; n = 15

extracellular spaces; Table S3). In light of these results, when

considering the interactions of synapses and microglia, it is

important to take into account the complex organization of

extensive contacts between a single microglia and every synapse-

Author Summary

Microglia are important players in immune responses to
brain injury. In the event of pathological insults, microglia
rapidly become activated and acquire the ability to release
various inflammatory molecules that influence neuronal
survival as well as synaptic function and plasticity. Similarly
to macrophages in other areas of the body, activated
microglia can engulf, or phagocytose, cellular debris and
are believed to eliminate synapses. In the absence of
pathological insult, microglia are more quiescent, but still,
these immune surveillants continually sample their sur-
rounding environment and contact neighboring cells and
synapses. To further explore the roles of microglia at
synapses under non-pathological conditions, we used
quantitative electron microscopy and two-photon in vivo
imaging to characterize the interactions between quies-
cent microglia and synaptic elements in the visual cortex
of juvenile mice. We also examined the ‘‘activity-depen-
dent’’ processes involved by preventing light exposure in a
group of mice. We show surprising changes in microglial
behavior during alterations in visual experience, such as
increased phagocytosis of synaptic elements and interac-
tion with subsets of structurally dynamic and transient
synapses. These observations suggest that microglia may
participate in the modification or elimination of synaptic
structures, and therefore actively contribute to learning
and memory in the healthy brain.

Microglial Interactions with Synapses
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associated element at multiple synapses, interrupted by many

pockets of geometrically complex microglia-specific extracellular

spaces, simultaneously throughout the neuropil.

Taken together, our findings from immunocytochemical EM

and SSEM with 3-D reconstructions indicate that microglia are

uniquely positioned to play several physiological roles at synapses:

through cell–cell communication with perisynaptic astrocytic

processes, dendritic spines, and axon terminals simultaneously,

as well as through the regulation of the extracellular environment

intervening between them.

Dynamics of the Structural Relationships between
Microglia and Synapses

To characterize the structural dynamics of microglia–synapse

interactions, we used two-photon in vivo imaging of layers I/II of

V1 in juvenile CX3CR1-GFP/Thy1-YFP mice [17,18], in which

both microglia and layer V neurons are fluorescently labeled. We

utilized a thinned-skull preparation, which minimizes brain injury

and allows long-term tracking of microglial dynamics without

causing microglial activation [19] (Figure S5). Even though the

resolution of two-photon microscopy (see Materials and Methods

Figure 1. Ultrastructural interactions between microglia and synapses during normal sensory experience. (A–C) EM images showing
IBA1-immunostained microglial (m+) cell bodies (A), as well as large (B) and small (C) processes, surrounded by extended extracellular space
(asterisks) and contacting axon terminals (blue), dendritic spines (pink), perisynaptic astrocytes (green), and synaptic clefts (arrowheads). d, dentrite;
N, nucleus; p, perikaryon. Scale bars = 250 nm. (D) EM image showing extended microglia-associated extracellular spaces (asterisks) after
glutaraldehyde instead of acrolein fixation. The unlabeled microglial process (m) makes direct contacts with dendritic spines (s) and axon terminals (t),
and displays an inclusion (in), as well as a clathrin-coated pit (black arrow) at the site of contact with a spine. Scale bar = 250 nm. (E) Extracellular
space areas with or without contact with IBA1-positive microglial process (mean 6 SEM). **, p,0.01. (F) Correlation between the areas of microglial
processes and associated extracellular space (r = 0.48; p,0.0001). See also Figure S1 and Tables S1 and S2.
doi:10.1371/journal.pbio.1000527.g001

Microglial Interactions with Synapses
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Figure 2. 3-D reconstructions of the ultrastructural interactions between microglia and synapses during normal sensory
experience. (A) SSEM image showing a microglia (beige) contiguous to a neuronal perikaryon (p), with its associated extracellular space (asterisks)
and contacted synapse-associated elements. Color scheme as in Figure 1. in, inclusion. (B) Partial 3-D reconstruction of the microglial proximal

Microglial Interactions with Synapses

PLoS Biology | www.plosbiology.org 4 November 2010 | Volume 8 | Issue 11 | e1000527



for details on measurement of the experimental point spread

function) prevents visualization of direct contacts between

fluorescently labeled elements, it enables the study of their

structural dynamics and determination of close proximity (the

apparent colocalization of fluorescence for microglial and

neuronal elements was considered putative contact). A recent

study demonstrated a relatively constant duration (4.606

0.08 min) of putative contacts between microglia and synaptic

elements in layer II/III of juvenile mouse V1 [9]. In contrast, our

time-lapse imaging (every 5 min for 30–120 min) revealed similar

contacts between microglial processes and a subset of the YFP-

labeled dendritic spines and axon terminals (n = 37 putative

contacts with spines and 29 putative contacts with terminals in

eight animals; Figures S7A and 3A; see Videos S1 and S4) that

varied between 5 and 50 min. The cortical layers examined or the

identity of synapses imaged (GFP-M and YFP-H mice label

different subsets of pyramidal cells) [20–23] might explain this

discrepancy. Nevertheless, these differences in contact duration

reveal a new dimension in microglial interactions with synapses in

the healthy brain.

To verify whether microglial processes target specific subsets of

synapses, we measured the size of dendritic spines and axon

terminals in the presence and absence of a putative microglial

contact. In this analysis, we noticed that dendritic spines that were

in close proximity to microglial processes at any point during the

imaging session were generally smaller than the rest of the spine

population. We quantitatively recorded spine size at the beginning

of imaging and found that dendritic spines receiving putative

contact during imaging were significantly smaller than spines

remaining non-contacted (p,0.001; n = 31 contacted spines in five

animals and 45 non-contacted spines in three animals, with

infrequent stubby spines excluded; see Materials and Methods).

When microglia came into close proximity with these synaptic

structures, individual pre- and postsynaptic elements both

expanded and shrank: 38% of axon terminals grew, 55% shrank,

and 7% remained stable (Figure S7B and S7C). Average axon

terminal sizes were not significantly different with and without

putative microglial contact (size differential: 21%63%; p.0.9;

n = 24 terminals and 29 putative contacts in three animals; Figure

S7B and S7C), nor correlated to initial terminal size or putative

microglial contact duration (p.0.5 and p.0.2, respectively; Figure

S7D and S7E). In contrast, 62% of dendritic spines grew, 32%

shrank, and 6% remained stable during putative contact;

additionally, we observed a significant increase in average spine

sizes in the presence versus in the absence of putative microglial

contact (size differential: 9%63%; p,0.03; n = 31 spines and 37

contacts in five animals; Figure 3B). These changes were generally

transient, since dendritic spine size was not significantly different

between before and after the contact (p.0.9; Figure 3C). No

correlation between size change and putative contact duration was

noted (p.0.9; Figure S8A), but the size change and initial spine

size were significantly correlated (r = 0.28; p,0.001; Figure 3D),

with the smallest spines undergoing the largest size changes during

contact. Indeed, the comparison of small and large dendritic spines

revealed a significant difference in their structural changes during

putative microglial contact (average size differential for large

spines: 1%63%; for small spines: 17%65%; p,0.01; Figures 3E,

3F, S8B, and S8C). Therefore, these observations indicate that

microglial processes preferentially localize to small and structurally

dynamic dendritic spines.

To determine whether spines targeted by microglia exhibit a

different long-term fate with respect to their longevity, we carried

out chronic in vivo imaging experiments tracking individual

dendritic spines over a period of 2 d (Figure 3G and 3H).

Surprisingly, we found that dendritic spines that received putative

microglial contact during the first imaging session were more

frequently eliminated (24%66%; n = 30 spines in four animals)

than non-contacted spines (7%63%; p,0.05; n = 56 spines in four

animals). Interestingly, among contacted dendritic spines, only

small spines were lost (8/18 small spines and 0/12 large spines

lost). We conclude that the subset of small and dynamic dendritic

spines contacted by microglia also have an increased rate of

elimination over a span of 2 d. Our two-photon imaging results

raise the intriguing possibility that microglia may not only monitor

the functional status of synapses, but also exert control on

structural changes or spine elimination either through direct

contact or indirect signaling that requires close microglia–synapse

proximity.

Ultrastructural Relationships between Microglia and
Synapses during Alterations in Sensory Experience

To investigate whether microglial behavior towards synapses is

regulated by sensory experience, we altered visual experience by

housing juvenile mice in complete darkness (dark adaptation [DA])

for 6 d, from the beginning to the peak of the critical period [12].

Binocular deprivation increases dendritic spine motility and

turnover in mouse V1 in vivo [24,25]; this provides an excellent

model to correlate microglial behavior with the experience-

dependent modification and elimination of synapses under non-

pathological conditions. While microglial processes were generally

larger in layer II of V1, they exhibited two morphological

phenotypes at the ultrastructural level: some processes appeared

very large and thick (‘‘bulky’’; Figure S10D and S10E), while

others exhibited many short, thin fingers and appeared ‘‘spindly’’

(Figures 4C and S10F). Both types of microglial processes made

multiple contacts with synapse-associated elements, including

synaptic clefts (Figures 4C and S10D, S10E, S10F). Microglial

perikarya and bulky processes often contained cellular inclusions

(p,0.0001; n = 3 control and 3 DA animals; 50 IBA1-immuno-

positive microglial processes each; Figures 4A, 4B, 4E, S9A, S10D,

and S10E), which sometimes resembled dendritic spines or axon

terminals, suggesting their phagocytic engulfment by microglia.

Spindly processes typically ensheathed dendritic spines or axon

terminals and displayed extended extracellular space areas

(Figures 4C and S10F). Microglial process area (p,0.01; n = 3

animals per condition; 50 IBA1-immunopositive processes each;

Figure 4F; Table S1) and extracellular space area (p,0.05; n = 3

animals; Figure 4G; Table S1) were significantly increased during

DA, with the correlation between microglial process area and

extracellular space area remaining significant (r = 0.44; p,0.0001;

n = 150 processes in three animals; Figure S9B). In contrast,

microglial process density (DA: 13166; control: 14266 processes

process (P; taupe) cut in transverse. Purple indicates the inclusion. Both processes simultaneously contact multiple axon terminals (blue), dendritic
spines (red), and perisynaptic astrocytic processes (green), and are distinctively surrounded by extracellular space pockets of various size and shape
(white; black arrows). (C) Additional view showing only microglia, dendritic spines, and extracellular space. (D and E) Insets illuminating the 3-D
geometry of the distal protrusion and its structural relationships with one axon terminal (t1), two dendritic spines (s1 and s2; postsynaptic density in
dark red), and a pocket of extracellular space (white), which are partially reconstructed. For clarity, an astrocytic process was removed from the scene.
Scale bars = 250 nm. See also Figures S2, S3, S4 and Table S3.
doi:10.1371/journal.pbio.1000527.g002
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per 1,000 mm2 of neuropil; n = 3 animals; 1,000 mm2 of neuropil

each; Figure S9C) and synaptic index (DA: 95%60.6%; control:

94%60.6%; n = 3 animals; Figure S9D) were unchanged by

sensory experience (p.0.3 and p.0.1, respectively). Surprisingly,

contacts with synaptic clefts were more frequent in DA animals

(p,0.05; n = 3 animals per condition; total for 50 processes each;

Figure 4H; Table S1) than controls, while contact frequency with

dendritic spines, axon terminals, and astrocytic processes was

unchanged (Figures 4H and S9E; Tables S1 and S2). Furthermore,

as expected from extended microglial processes, their average

perimeter of contact with every synapse-associated element was

also increased during visual deprivation (spine: p,0.01; astrocyte:

Figure 3. Structural/dynamic interactions between microglia and dendritic spines during normal sensory experience in vivo. (A)
Time-lapse images showing three dendritic spines (green; red arrowheads) contacted by microglia (yellow; white arrowheads) over 45 min. Scale
bar = 5 mm. (B) Dendritic spine size changes during microglial contact. (C) Dendritic spine size before, during, and after contact. (D) Correlation
between the initial dendritic spine size and the change in spine size during contact. (E) Average size changes in the presence versus in the absence of
microglial contact for large and small dendritic spines (mean 6 SEM). (F) Change in small dendritic spine size during microglial contact. (G) Images
from chronic experiments showing the elimination of a dendritic spine that had been contacted by a microglial process over 2 d (white arrowhead
during the contact; orange arrowhead after the contact), while the other contacted (white arrowheads during the contact; red arrowheads after the
contact) and non-contacted (red arrowheads) spines remain stable. Scale bar = 5 mm. (H) Proportion of dendritic spines eliminated over 2 d in spine
populations contacted and not contacted by microglia during the first imaging session (mean 6 SEM). Values in (B), (C), and (F) were normalized to
the first condition, and values in (D) were normalized to the size of the largest spine. au, arbitrary units. *, p,0.05; **, p,0.01. See also Figures S5, S6,
S7, S8 and Videos S1 and S4.
doi:10.1371/journal.pbio.1000527.g003
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Figure 4. Ultrastructural relationships between microglia and synapses during altered visual experience. (A and B) EM image from a
DA animal showing multiple cellular inclusions (in) in an IBA1-positive microglial perikaryon (m+). (B) shows a magnified view of the boxed region in
(A). One inclusion resembles a dendritic spine (‘‘s’’) receiving a synapse from an axon terminal (‘‘t’’), while the other inclusion contains an
accumulation of cellular membranes (‘‘cm’’). a, perisynaptic astrocyte; N, nucleus; s, dendritic spine; t, axon terminal. Scale bars = 250 nm. (C and D)
EM images taken in DA (C) and DA+light (D) animals displaying two ‘‘spindly’’ microglial processes making multiple contacts with synapse-associated
elements, including synaptic clefts (white arrowheads). Note that the process in (C) is surrounded by extended extracellular space (asterisks) in
contrast with the process in (D). Color scheme as in Figure 1. d, dendrite. Scale bars = 250 nm. (E) Change in the total number of cellular inclusions for

Microglial Interactions with Synapses
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p,0.02; terminal: p,0.05; n = 3 animals per condition; 50

processes each; Figure 4I; Table S1). Thus, our ultrastructural

observations reveal subtle experience-dependent changes in the

behavior of microglia, most notably an expansion of their

processes and associated extracellular space, an increased

occurrence of cellular inclusions, an increased frequency of

contact with synaptic clefts, and an increased apposition with

every synapse-associated element.

To determine whether these changes in behavior could be

reversed by reexposure to daylight, we subjected mice to DA for

6 d followed by a fixed 12-h light/dark cycle for 2 d (DA+light), as

a few hours of reexposure to light after dark rearing (i.e., housing

in complete darkness from birth) can cause rapid molecular

changes at synapses, cause structural changes of dendritic spines,

and reverse the effects of dark rearing on synaptic transmission

and plasticity [26–29]. At the ultrastructural level in layer II of V1,

most microglial process profiles appeared bulky during light

reexposure, contained many inclusions, and were surrounded by

small pockets of extracellular space (see Figures 4D and S10G,

S10H, S10I for examples). Quantitative analysis revealed that

microglial process area returned to control levels (p.0.2 versus

control; p.0.09 versus DA; n = 3 animals per condition; Figure 4F)

while microglia-associated extracellular space area was significant-

ly reduced following light reexposure (p,0.004 versus control;

p,0.02 versus DA; n = 3 animals per condition; Figure 4G). In

contrast, the number of cellular inclusions, many of which

contained elements resembling synaptic profiles (Figure S10G,

S10H, S10I), remained significantly higher than in control animals

(p,0.008 versus control; p.0.2 versus DA; n = 3 animals per

condition; Figure 4E). Similarly, contacts with synaptic clefts

(p,0.03 versus control; p.0.9 versus DA; n = 3 animals per

condition; Figure 4H) and perimeters of contact with dendritic

spines (p,0.01 versus control; p.0.4 versus DA; Figure 4I) and

axon terminals (p,0.02 versus control; p.0.6 versus DA), but not

with perisynaptic astrocytes (p.0.2 versus control and DA),

remained extended. Future experiments with longer light

exposures after deprivation will be needed to determine whether

these phenomena can be reversed with further light reexposure.

Taken together, these observations reveal a complex interaction

between sensory-driven activity and microglial behavior. While

the expansion of microglial processes and associated extracellular

spaces reversed after brief reexposure to daylight, microglial

ensheathment of dendritic spines and axon terminals, as well as

their phagocytic inclusion, were still increased.

Dynamic Relationships between Microglia and Synapses
during Alterations in Sensory Experience

To assess the dynamic changes in microglia–synapse interac-

tions during visual deprivation, we used two-photon imaging of

layers I/II of V1 in juvenile mice that were subjected to DA for 8–

10 d, from the beginning to the peak of the critical period [12].

Microglial processes appeared thickened and sparse, and more

often terminated into crown-like structures resembling phagocytic

cups than in control animals [30] (Figure 5A and 5B; Video S2, as

well as Figure S12 and Videos S4 and S5 for comparison of

microglial morphology in control and DA animals). We also found

that the average motility of microglial processes was significantly

reduced (Figure 5C and 5D) when assayed in two ways: comparing

morphology over a 5-min interval (motility index; control:

8%60.8%; DA: 6%60.5%; p,0.05; n = 10 microglia in four

control animals and 8 microglia in four DA animals) and over a

25-min interval, where the difference between control and DA

animals was more pronounced (control: 11%60.8%; DA:

7%60.6%; p,0.01). Quantitative analysis of dendritic spines

showed that spines not receiving putative microglial contact were

significantly smaller in DA animals than in non-light-deprived

animals (p,0.001; n = 45 spines in three animals per experimental

condition), whereas contacted spines were equally small in both

DA and control animals (p.0.5; Figure 5E), in agreement with an

observed reduction in synaptic strength during binocular depriva-

tion [31,32] and the smaller sizes of dendritic spines during

synaptic depression [33,34]. Surprisingly, dendritic spines puta-

tively contacted by microglia in DA animals were significantly

bigger than non-contacted spines (p,0.05), revealing that

microglia no longer localize to smaller spines in this condition.

The average duration of putative microglial contact with dendritic

spines was slightly increased in DA animals (1062 min; n = 13

contacts in three animals) compared with controls (961 min;

n = 37 contacts in five animals; Figure S11A), but the difference

was not significant (p.0.8), suggesting that increased coverage of

synaptic elements by microglia is not a result of longer duration of

contact. Similarly, the frequency of putative contacts with

individual dendritic spines was unchanged by sensory experience

(DA: 160.08; control: 160.07 contacts per 40 min; p.0.6; Figure

S11B). Lastly, most dendritic spines shrank during microglial

contact (29% grew, 57% shrank, and 14% remained stable; n = 12

spines and 14 putative contacts in three animals), unlike in the

control condition, where most spines grew. While average size

changes during contact were not significant (size differential:

24%64%; p.0.3; Figure S11C), interestingly, dendritic spine

shrinkage persisted after microglial contact, with a significant

difference in size between before and after the contact (p,0.02;

Figure 5F), a phenomenon which may contribute to the reduction

in size of the spine population. These results indicate that sensory-

deprived microglia undergo subtle behavioral changes reminiscent

of activation, including reduced motility, thickened processes, and

phagocytic specializations. Intriguingly, despite unaltered duration

and frequency of microglial contacts with synaptic elements, their

preference of localization did change, from a subset of smaller

dendritic spines that transiently grow to a subset of bigger spines

that persistently shrink.

To further investigate these experience-dependent changes in

microglial behavior, juvenile animals that were subjected to DA

for 6–8 d were reexposed to daylight for 2 d before two-photon

imaging of layers I/II of V1. Microglial morphologies resembled

those in control animals, with generally thinner and more

abundant processes within the neuropil (Figure S12; Video S6),

but microglial processes still displayed phagocytic structures

(Video S3). Microglial motility in animals reexposed to light was

similar to that in control animals and was significantly increased

compared with DA animals, when assessed during a 5-min interval

(motility index = 10%60.8%; p.0.2 versus control; p,0.001

versus DA; eight microglia in three DA+light animals; Figure 5D)

and a 25-min interval (motility index = 13%61.3%; p.0.1 versus

50 IBA1-positive microglial processes during DA and DA+light (mean 6 SEM). (F and G) Change in microglial process area and microglia-associated
extracellular space area for 50 IBA1-positive microglial processes during DA and DA+light (mean 6 SEM). (H and I) Total number of contacts and
average perimeter of contact between 50 IBA1-positive microglial processes and every synapse-associated element (mean 6 SEM). *, p,0.05;
**, p,0.01; ***, p,0.001. Black asterisks refer to comparisons with control animals and grey asterisks to comparisons with DA animals. See also
Figures S9 and S10 and Tables S1 and S2.
doi:10.1371/journal.pbio.1000527.g004
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Figure 5. Changes in microglial behavior during altered visual experience. (A) Time-lapse images taken in a DA animal showing a microglial
process that terminates into a structurally stable phagocytic cup (white arrow), while another process dynamically contacts two dendritic spines (red
arrowheads before the contact; white arrowheads during the contact). Scale bar = 5 mm. (B) Time-lapse images showing another example of a
structurally stable phagocytic cup (white arrow) in a DA animal. Scale bar = 10 mm. (C) Time-lapse images showing the motility of microglia during
normal visual experience over three time points, 0, 5, and 25 min. Images from each time point were colored in red, green, and blue, respectively, and
then merged to reveal microglia-associated pixels that were unchanged throughout the three time points (stable; white), changed in one of the three
time points (dynamic; yellow and fuchsia), or changed in two of the three time points (highly dynamic; red, green, or blue). Scale bar = 10 mm. (D)
Change in microglial motility index during DA and DA+light, measured as the proportion of the pixels that differed between images of a single
microglia taken 5 or 25 min apart (mean6SEM). Black asterisks refer to comparisons with control animals, and green or blue asterisks to comparisons
with DA animals. (E) Initial size of non-contacted and contacted dendritic spines in control, DA, and DA+light animals (mean 6 SEM). Black asterisks
refer to comparisons with non-contacted spines in control animals, dark grey asterisks to comparisons with non-contacted spines in DA animals, and
light grey asterisks to comparisons with non-contacted spines in animals reexposed to light. (F) Dendritic spine size before, during, and after
microglial contact in DA animals (left) and DA+light animals (right). Data were normalized to the first condition for presentation purposes. *, p,0.05;
**, p,0.01; ***, p,0.001. See also Figures S11 and S12, as well as Videos S2, S3, S5, and S6.
doi:10.1371/journal.pbio.1000527.g005
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control; p,0.0007 versus DA). Quantitative analysis of dendritic

spines showed that spines receiving putative microglial contacts

were of similar sizes to those in non-light-deprived and light-

deprived animals (p.0.1 versus control and DA; n = 14 contacted

spines in three DA+light animals; Figure 5E), while non-contacted

spines were significantly bigger in animals reexposed to light

(p,0.01 versus control; p,0.0001 versus DA; n = 45 spines in

three animals per condition). The sizes of contacted and non-

contacted spines were not significantly different in animals

reexposed to light (p.0.9; Figure 5E), indicating that microglia

no longer localize to specific spine types as in control or DA

animals. Lastly, microglia–synapse interactions showed similar

structural effects on dendritic spines as in control conditions. Most

dendritic spines increased in size during putative microglial

contact (67% grew, 20% shrank, and 13% remained stable;

average size differential: 13%65%; p,0.01 comparing with/

without and before/during contact; n = 14 spines and 15 putative

contacts in three animals; Figures 5F and S11C), and this growth

was transient (p.0.8 comparing size differential before/after

contact; Figure 5F). These results reveal additional changes in

microglial behavior that can be reversed by brief reexposure to

daylight, particularly their motility and preference of contact for

subsets of dendritic spines.

Discussion

Beyond immune surveillance, the physiological roles of

quiescent microglia at synapses are unknown. Here we show that

different modalities of microglial behavior are subtly altered by

sensory experience, including regulation of extracellular spaces,

apposition and phagocytosis of synaptic elements, dynamic

interaction with subsets of dendritic spines, and motility of

microglial processes.

Microglial Regulation of Perisynaptic Extracellular Spaces
One of the most striking findings of our study was the

demonstration of distinctive extracellular spaces closely correlated

with the presence of microglial processes. Our EM observations

revealed large electron-lucent pockets of extracellular space

surrounding microglia. To our further surprise, we also observed

changes in the distribution of these microglia-associated extracel-

lular spaces during alterations in visual experience: an expansion

during light deprivation and shrinkage during light reexposure.

Although alteration of these spaces by brain fixation and

embedding for EM may warrant further investigation, we

observed them under all conditions tested. In future experiments,

it will be important to determine whether microglial processes

create this extracellular space themselves or move in to fill space

that is created by an unknown mechanism. In any case, our

findings of microglia-specific extracellular spaces suggest that

microglia have an intimate relationship with their extracellular

milieu and may even regulate their surrounding environment in a

unique and specific way that is determined by physiological

conditions.

If microglia directly modulate the extracellular space, they may

do this through the secretion of various proteases that degrade

extracellular matrix proteins, including cathepsins, metallopro-

teases, and tissue-type plasminogen activator [35]. This proteolytic

degradation of specific matrix proteins could, in turn, facilitate

microglial motility, as suggested by the finding that the migratory

behavior of cathepsin S–deficient microglia is severely impaired in

vitro [35]. In line with this, the volume of extracellular space

greatly decreases during postnatal cortical development, concom-

itant with changes in extracellular matrix composition and

reductions in cell migration and process elongation [14–

16,36,37]. The appearance of extracellular spaces specifically

associated with microglial processes could therefore reflect their

highly motile behavior, relative to other structural elements of

neuropil in juvenile cortex. Additionally, regulation of the

extracellular matrix composition by microglia-derived proteases

could contribute to dendritic spine motility and pruning, as well as

activity-dependent and experience-dependent plasticity, which are

profoundly affected in vitro and in vivo by treatments with

proteases that degrade extracellular matrix proteins [38–43].

Microglial Apposition and Phagocytosis of Synaptic
Elements

Immunocytochemical EM and SSEM with 3-D reconstructions

enabled us to analyze the morphology of microglial processes and

their ultrastructural relationships with the other subcellular

compartments of neuropil—astrocytic processes, axon terminals,

and dendritic spines—in situ at high spatial resolution. Building on

previous EM observations that microglia contact axon terminals

and dendritic spines [9,44,45], our quantitative analysis revealed

that most microglial processes directly appose not only axon

terminals and dendritic spines, but also perisynaptic astrocytic

processes and synaptic clefts. Our SSEM with 3-D reconstructions

also uncovered the 3-D relationships between microglia and

synapses, revealing that microglial processes contact multiple

synapse-associated elements at multiple synapses simultaneously.

Additionally, we found clathrin-coated pits at interfaces between

microglia and dendritic spines, axon terminals, or perisynaptic

astrocytic processes, suggesting clathrin-mediated endocytosis of

membrane-bound receptors and their ligands, a phenomenon

known to initiate various cellular signaling events [46]. Since

clathrin-coated pits also occur at the tips of most spinules

undergoing invagination, as previously observed in small dendritic

spines, axon terminals, and perisynaptic astrocytic processes of

mouse hippocampus [47], this may suggest trans-endocytosis of

membrane-bound receptors and their ligands, in addition to a

direct exchange of cytoplasm, between microglia and synapse-

associated elements. To better understand the functional signifi-

cance of these forms of molecular communication between

microglia and synapse-associated elements, it will be important

to identify the molecules that are being internalized during their

dynamic interactions.

Following visual deprivation and reexposure to daylight, our

EM results revealed that microglial processes change their

morphology, appose synaptic clefts more frequently, and envelop

synapse-associated elements more extensively. Since glial presence

at the synaptic cleft was classically restricted to astrocytic processes

regulating synaptic function through modification of the extracel-

lular space geometry and bidirectional communication with

synaptic elements [48,49], this novel finding suggests that

microglia may also contribute uniquely to synaptic transmission

and plasticity in the healthy brain. Additionally, the ensheathment

of synaptic elements and synaptic clefts by microglial processes

may imply their participation in activity-dependent synapse

elimination [50], through a separation of pre- and postsynaptic

elements reminiscent of synaptic stripping, as previously reported

between axon terminals and neuronal cell bodies during immune

responses [8]. Lastly, our EM and two-photon in vivo imaging

observations revealed that a subpopulation of microglial processes

displays phagocytic structures, with an increasing prevalence

during alterations in visual experience, thus providing evidence for

a microglial role in phagocytic engulfment under non-pathological

conditions. This is supported by observations that quiescent

microglia can spontaneously engulf tissue components in vivo [10]
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and that activated microglia play an essential role in phagocytosis

of cellular debris [1–3,5,6]. At the ultrastructural level, we also

found cellular inclusions that resembled dendritic spines or axon

terminals, suggesting that quiescent microglia can phagocytose

synaptic elements in juvenile cortex. In line with this, classical

complement proteins C1q and C3 were recently shown to be

involved in the pruning of inappropriate retino-geniculate

connections during early postnatal development [51]. Since C1q

and downstream complement protein C3 can trigger a proteolytic

cascade leading to microglial phagocytosis, this finding supports a

model in which microglia may contribute to synaptic pruning

under non-pathological conditions [52]. Taken together, our

findings indicate that distinct modes of microglial interactions with

synapses, most notably apposition, ensheathment, and phagocy-

tosis, are subtly regulated by sensory experience.

Dynamic Microglial Interaction with Subsets of Dendritic
Spines

Two-photon visualization of microglia and synaptic elements

with two different colors in CX3CR1-GFP/Thy1-YFP mice

enabled clear distinction of the separate structures, which

facilitated identification of their putative contacts. This approach

revealed transient localization of microglial processes to the

vicinity of dendritic spines and axon terminals, in agreement with

observations from a recent study [9]. In our study, clear distinction

of the separate structures also allowed, for the first time,

measurement of dendritic spine and axon terminal morphological

changes during episodes of proximity with microglial processes.

Our results revealed a specificity of these putative microglial

contacts for a subset of small, transiently growing, and frequently

eliminated dendritic spines. This is consistent with previous

findings showing that in mouse visual and somatosensory cortical

areas in vivo, small dendritic spines are more motile and more

frequently eliminated than their larger counterparts

[20,22,24,53,54]. Dendritic spines undergoing long-term potenti-

ation transiently or persistently enlarge in vitro [33,34,55,56], but

since dendritic spine structural changes can occur independently

of changes in synaptic strength [57], a connection between

putative microglial contact and synaptic plasticity remains to be

determined. During light deprivation, microglia preferentially

localized to larger dendritic spines that persistently shrank, akin to

spines undergoing long-term depression in vitro [33,34] or

shrinking before elimination in vivo [58], while during reexposure,

microglia reversed to contacting spines that transiently grew, as in

control animals. This uncovers a specificity of microglial

interaction for subsets of structurally dynamic and transient

dendritic spines, a specificity that, surprisingly, changes with

sensory experience.

In future experiments, correlating the temporal dynamics of

microglial contact with dendritic spine activity could be achieved

by in vivo labeling of neurons with electroporated calcium

indicators [59] or viral delivery of genetic calcium indicators

[60]. A challenge with such techniques will be their invasive

nature; the mechanical disruption of the brain alone during

indicator delivery can result in microglial activation. Additionally,

it will be important to determine whether microglial contacts

occur in response to structural changes in dendritic spines and

whether such contacts instruct subsequent spine elimination. This

will, however, require new technical advances enabling interfer-

ence with microglial contacts while preserving physiological

conditions. Importantly, whether direct microglial contacts, such

as observed with EM, are required for these structural changes or

whether microglia can exert effects on synapses without close

apposition will need to be explored.

Motility of Microglial Processes
Several lines of evidence, including those presented here,

suggest that microglial motility may be regulated by neuronal

activity. A pioneer study reported an increase in the volume

sampled by quiescent microglia in vivo over a period of 1 h after

application of the ionotropic GABA receptor blocker bicuculline,

whereas the sodium channel blocker tetrodotoxin had no

significant effects [10]. More recently, microglia were shown to

retract their processes and reduce their frequency of contact with

axon terminals in vivo, over a period of 4–6 h after binocular

enucleation or intraocular injection of tetrodotoxin [9]. In our

study, two-photon analysis revealed a global decrease in microglial

motility during light deprivation without correlated changes in the

duration or frequency of microglial contact with individual

dendritic spines. This may highlight differences between short-

term (1–6 h) and long-term (8–10 d) microglial responses to

sensory deprivation or distinguish between more invasive manip-

ulations, which approximate nervous system injury, and more

physiological paradigms such as DA. Our observations further

suggest that subsets of microglial processes may have different

behavior: those in contact with dendritic spines may be highly

motile, while others (for example bulky microglial processes

displaying phagocytic structures) may become less motile. It is also

possible that spindly microglial processes (,100 nm), which were

typically devoid of cellular inclusions and surrounded by extended

extracellular space, were undetected with two-photon imaging and

therefore not accounted for in our motility analysis. This could

explain the finding that microglial motility decreased during light

deprivation while microglia-associated extracellular spaces ex-

panded. However, as we found an increase in microglial motility

during light reexposure that was accompanied by a decrease in

microglia-associated extracellular space areas, it is likely that

microglial motility and extracellular space areas are regulated

independently.

Conclusion
Using several technical approaches, we were able to provide a

qualitative and quantitative characterization of the ultrastructural

and structural/dynamic interactions between microglia and

synapses under non-pathological conditions. This characterization

revealed specific modalities of microglia–synapse interactions that

are subtly altered by sensory experience, supporting the exciting

possibility that microglial influence on synaptic plasticity is not

restricted physiologically to an immune response to brain injury

and disease.

Materials and Methods

Animals
Animals were treated in strict accordance with the University of

Rochester Committee on Animal Resources and the United States

National Institutes of Health standards. Light-reared animals were

housed under a fixed 12-h light/dark cycle; DA animals were

placed in complete darkness for 6–10 d, from P20–P22 until P28–

P32 (the onset of experimentation); DA+light animals were housed

under a fixed 12-h light/dark cycle for 2 d following DA until P29–

P32 (the onset of experimentation). For immunocytochemical EM

and SSEM, eight C57Bl/6 mice (P28) were anesthetized with

sodium pentobarbital (80 mg/kg, i.p.) and perfused through the

aortic arch with 3.5% acrolein followed by 4% paraformaldehyde

as previously described [14,61] or with 2.75% glutaraldehyde in 2%

paraformaldehyde to compare extracellular space areas surround-

ing microglia between both types of fixatives. For two-photon

imaging [17], 21 CX3CR1-GFP/Thy1-YFP mice (P28–P39), in
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which microglia and cortical layer V neurons are respectively

GFP- and YFP-labeled [17,18], were anesthetized with a mixture

of fentanyl (0.05 mg/kg, i.p.), midazolam (5.0 mg/kg), and

metatomadin (0.5 mg/kg) [62] and kept at 37uC with a heating

pad. Stereotaxical coordinates encompassing a 2- to 3-mm-

diameter region (A +0.16 to A +0.64, between 2 and 3 mm from

the midline) [63] were used to identify V1. In all cases, DA

animals were anesthetized in the dark using infrared goggles or a

darkroom red light before undergoing perfusion or surgery in the

light. After acute (30 min to 2 h) and chronic (two imaging

sessions over 2 d, 30 min to 2 h each) two-photon imaging, eight

mice were perfused with 4% paraformaldehyde to confirm that

microglia are not activated by the surgical procedure and imaging

paradigm (Figure S4).

Immunoperoxidase Staining for Light Microscopy and EM
Transverse sections of the brain (50 mm thick) were cut in ice-

cooled PBS (0.9% NaCl in 50 mM phosphate buffer [pH 7.4])

with a vibratome. Sections were immersed in 0.1% sodium

borohydride for 30 min at room temperature (RT), washed in

PBS, and processed freely floating following a pre-embedding

immunoperoxidase protocol previously described [14,61,64,65].

Briefly, sections were rinsed in PBS, followed by a 2-h pre-

incubation at RT in a blocking solution of PBS containing 5%

normal goat serum and 0.5% gelatin. They were incubated for

48 h at RT in rabbit anti-IBA1 antibody (1:1,000 in blocking

solution; Wako Pure Chemical Industries) and rinsed in PBS. After

incubation for 2 h at RT in goat anti-rabbit IgGs conjugated to

biotin (Jackson Immunoresearch) and with streptavidin-horserad-

ish peroxidase (Jackson Immunoresearch) for 1 h at RT in

blocking solution, labeling was revealed with diaminobenzidine

(0.05 mg/ml) and hydrogen peroxide (0.03%) in buffer solution

(DAB Peroxidase Substrate Kit; Vector Laboratories).

Sections for light microscopy were mounted onto microscope

slides, dehydrated in ascending concentrations of ethanol, cleared

in xylene, and coverslipped with DPX (Electron Microscopy

Sciences). Sections for EM were post-fixed flat in 1% osmium

tetroxide and dehydrated in ascending concentrations of ethanol.

They were treated with propylene oxide, impregnated in

Durcupan (Electron Microscopy Sciences) overnight at RT,

mounted between ACLAR embedding films (Electron Microscopy

Sciences), and cured at 55uC for 48 h. Areas of V1, at a level

approximating the transverse planes A +0.16 to A +0.72 [63], were

excised from the embedding films and re-embedded at the tip of

resin blocks. Ultrathin (65–80 nm) sections were cut with an

ultramicrotome (Reichert Ultracut E), collected on bare square-

mesh grids, stained with lead citrate, and examined with a Hitachi

7650 electron microscope.

Light Microscopy Imaging
Light microscope pictures of IBA1 immunostaining were taken

at 206 in layer II of V1, using a Spot RT color digital camera

(Diagnostic Instruments).

EM Imaging and Data Analysis
Eighty pictures were randomly taken at 40,0006 in layer II of

V1 in each animal (n = 3 control, 3 DA, and 3 DA+light),

corresponding to a total surface of ,1,000 mm2 of neuropil per

animal. Cellular profiles were identified according to criteria

previously defined [14,44,66,67]. In addition to their IBA1

immunoreactivity, microglial cell bodies were recognized by their

small size and the clumps of chromatin beneath their nuclear

envelope and throughout their nucleoplasm. Microglial processes

displayed irregular contours with obtuse angles, dense cytoplasm,

numerous large vesicles, occasional multivesicular bodies, vacuoles

or cellular inclusions (large lipidic vesicles, profiles of cellular

membranes, and profiles of other structural elements including

dendritic spines and axon terminals), and distinctive long stretches

of endoplasmic reticulum. These morphological characteristics

enabled identification of microglial processes on an ultrastructural

level in non-immunocytochemical SSEM and non-immunocyto-

chemical glutaraldehyde-fixed material.

In each of three control and three DA animals (,1,000 mm2 of

neuropil per animal), IBA1-immunopositive microglial process

profiles were counted and their contacting structural elements

identified. A synaptic index was calculated based on the

percentage of IBA1-positive microglial processes contacting

synapse-associated elements divided by the total number of

IBA1-positive microglial processes (Figure S9). It is important to

note that since analysis was performed on single sections, different

microglial process profiles could be part of a single microglial

process, which may lead to an overestimation of the synaptic index

in this analysis. In 39 pictures in each of three control animals

(,500 mm2 of neuropil per animal), all extracellular space areas

wider than synaptic clefts (10–20 nm) [66] were measured and

determined to contact or not contact IBA1-stained microglial

processes (Figure 1; Table S3).

To characterize the ultrastructural relationships between

microglia and synapse-associated elements, 50 randomly selected

IBA1-positive microglial processes per animal were analyzed in

more detail with Image J software (United States National

Institutes of Health). For measurement of microglial process and

extracellular space areas, individual microglial processes and all

their adjacent extracellular spaces wider than synaptic clefts were

traced with the freehand line tool. Their area was quantified in

pixels and converted into nanometers (Figures 1, 4, and S9; Table

S1). For quantification of contacts between microglial processes

and synapse-associated elements, we first counted all direct

juxtapositions between individual microglial processes and den-

dritic spines, axon terminals, synaptic clefts, and perisynaptic

astrocytic processes (Figure 4; Table S1). For example, microglial

processes contacting synaptic clefts were also contacting dendritic

spines and axon terminals. Since most microglial processes

contacted multiple synapse-associated elements simultaneously,

we performed a second analysis where we categorized individual

microglial processes based on their contacting partners: dendritic

spine only, axon terminal only, perisynaptic astrocytic process

only, spine+terminal, spine+astrocytic process, terminal+astrocytic

process, or spine+astrocytic process+terminal. Microglial contacts

with synaptic clefts were included in the spine+terminal or

spine+astrocytic process+terminal categories (Table S2). For

measurement of perimeters of contact between microglia and

dendritic spines, axon terminals, or perisynaptic astrocytic

processes, all microglial cell membranes in direct juxtaposition

with these structural elements were traced with the freehand line

tool (Figure 4; Table S1). Their length was quantified in pixels and

converted into nanometers.

SSEM, 3-D Reconstructions, and Quantitative Analysis
A series of 100 ultrathin sections (65 nm) was cut, collected on

pioloform-coated grids, stained with lead citrate, and examined

with a JEOL JEM-1230 electron microscope. Fifty serial images of

a microglial process were taken at 10,0006. The alignment of

images, tracing of structural elements, and 3-D reconstructions

were performed with the Reconstruct software [68]. To calculate

the volume of 15 extracellular spaces, we measured their area in all

sections in which they appeared and multiplied their total area by

the number and thickness of sections.
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Two-Photon In Vivo Imaging and Data Analysis
The skull above V1 was exposed, cleaned, glued to a thin metal

plate, and carefully thinned to an approximately 20- to 30-mm

thickness, using a high-speed dental drill (Fine Science Tools) and

a microsurgical blade [19,24,69]. Drilling was interrupted

periodically, and sterile saline was applied on the skull to prevent

heat-induced damage.

A custom-made two-photon microscope [70] with a Ti:Sap-

phire laser (Mai Tai; Spectra Physics) tuned to 920 nm was used

for transcranial imaging. Fluorescence was detected using two

photomultiplier tubes in whole-field detection mode and a 506-nm

dichroic mirror with 580/180 (green channel: GFP) and 534/34

(yellow channel: GFP and YFP) emission filters. A 206 water-

immersion lens (0.95 N.A.; Olympus) was used throughout the

imaging session. Dendrites and axons near microglia, located at

least 50 mm below the pial surface, were imaged under a digital

zoom of 4–66, using the FluoView software. Z stacks taken 1 mm

apart were acquired every 5 min for 30 min to 2 h. To measure

the resolution of two-photon imaging under our experimental

conditions, we imaged subresolution fluorescent beads (0.1–

0.2 mm diameter; Molecular Probes) to obtain the experimental

point spread function. The measured 1/e radius was 0.35 mm

radially and 1.3 mm axially, corresponding to the X/Y and Z

resolution, respectively.

Analysis of microglial contacts with dendritic spines (n = 5

control animals, 3 DA animals, and 3 DA+light animals) and axon

terminals (n = 3 control animals), changes in synaptic structures

(n = 3 and 5 control animals with terminals and spines,

respectively, 3 DA animals with spines, and 3 DA+light animals

with spines), dendritic spine turnover (n = 4 control animals), and

microglial motility (n = 4 control animals, 4 DA animals, and 3

DA+light animals) was performed with Image J software. Axon

terminals were identified as finger-like protrusions (.0.2 mm) from

the axon or bead-like structures along the axon (at least two times

the axon diameter), as previously described [54]. While dendritic

spine morphology exists as a continuum, different behaviors have

been assigned to spines with different structures [71]. Therefore

we classified dendritic spines into mushroom, thin, and stubby

types based on their length and spine head volume, as previously

described [24]. The only three stubby spines contacted by

microglia were excluded from the analysis of spine size because

of their rarity and the difficulty of measuring their fluorescence

intensity. Consequently, we also removed stubby spines from the

analysis of size for non-contacted and contacted dendritic spines.

Among thin and mushroom spines, we determined a range of

normalized dendritic spine sizes. The spines belonging to the first

quarter of this range were considered ‘‘small,’’ and those in the

other three-quarters were identified as ‘‘large.’’ Filopodia were

rarely observed at these ages and were excluded from the analysis.

For visualization of microglial contacts with dendritic spines and

axon terminals, the green channel was arbitrarily assigned the

color red and the yellow channel assigned the color green,

enabling the visualization of microglia in yellow and neuronal

elements in green (see Figure S6). Microglial contacts were

identified manually by stepping through the Z stack without

projection. All microglial contacts (colocalization of fluorescence

for microglia and synaptic elements) that started and ended during

imaging were included in the analysis.

For analysis of changes in synaptic structures, the background

was subtracted from each of the two channels and the green

channel bleedthrough was subtracted from the yellow channel (see

Figure S6 for uncorrected and corrected images). In the stacks

unadjusted for brightness or contrast, dendritic spines and axon

terminals were analyzed for fluorescence at the Z level where they

appeared brightest. A line was traced through each element, and a

fluorescence plot profile was created, which was then fitted to a

Gaussian. Because the majority of dendritic spines are below the

resolution of our two-photon microscope [72], the maximal

fluorescence (amplitude of the Gaussian fit) was used to assess the

relative spine size (see Figure S8C for sizes of large spines assessed

with the width of the fluorescence profile [1/e1/2 radius of the

Gaussian fit] to rule out underestimation of their size changes

during putative contact). Since axon terminals are generally much

larger than dendritic spines, the width of the Gaussian fit to the

fluorescence profile was used to determine their relative size. To

rule out contamination of neuronal measurements by any

unsubtracted bleedthrough of microglial fluorescence, we analyzed

thin fluorescent axons (n = 1 axon in each of 14 animals) that were

contacted by microglia, using the height of the Gaussian fit to

assess relative size. Axon size measured in this manner was

relatively unchanged between populations with and without

microglial contact (average size differential of 20.1%61%; see

Figure S6D and S6E), as expected for these structurally stable

elements.

Size differentials of terminals and spines were calculated as the

ratio of size difference with and without contact over the size

without contact. In order to compare spine size between animals,

we normalized spine fluorescence by the maximal fluorescence in

the adjacent dendrite. Axon terminals and dendritic spines with

size differentials under 1% were considered stable. For presenta-

tion purposes, we normalized the size of terminals and spines by

dividing each individual structure’s average size in the presence of

microglial contact (with or during) by its average size in the

absence of microglial contact (without, or before or after). We also

normalized the size of terminals and spines by dividing each

individual structure’s average size by the size of the largest

terminal or spine.

To determine the turnover of dendritic spines that were or were

not contacted by microglia in the first imaging session, the position

of individual dendritic spines was compared between time points

separated by 2 d. The proportion of eliminated dendritic spines

was defined as the proportion of spines from the original

population not observed on the second day of imaging. Spines

located more than 0.8 mm laterally from their previous location

were considered to be new spines.

For measurement of microglial motility, images centered on the

cell body from five consecutive Z levels were projected into two

dimensions, for each microglia and each time point analyzed (0, 5,

and 25 min). For each microglia, the images were aligned and

grouped into a stack. Stacks were adjusted for brightness and

contrast, and then binarized. For each microglia, the difference

between images taken at the 0- and 5- or 25-min time points was

calculated. A motility index was determined, as the proportion of

the pixels that differed between the two images.

Statistical Analysis
Analyses were performed with Prism 5 software (GraphPad

Software). All values reported in the text are mean 6 standard

error of the mean (SEM). For all statistical tests, significance was

set to p,0.05. Two-tailed unpaired Student’s t tests and linear

regressions were used for both EM and two-photon analyses. For

two-photon analyses, two-tailed paired Student’s t tests were also

used to compare the size of the same dendritic spines or axon

terminals in the presence versus in the absence of microglial

contact. Sample size (n) represents individual animals for EM

(except for correlation analysis, where n represents individual

extracellular space and microglial process areas) and synaptic

elements or microglial contacts for two-photon analyses (except for
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analysis of dendritic spine turnover, where n represents individual

animals).

Supporting Information

Figure S1 Light microscopic image showing immuno-
peroxidase staining for IBA1, under the same immuno-
cytochemical conditions as used for EM. The staining is

restricted to microglia, which shows its specificity. Scale

bar = 50 mm.

Found at: doi:10.1371/journal.pbio.1000527.s001 (0.88 MB TIF)

Figure S2 Other views of the 3-D reconstruction that
further reveal the geometry of the microglia-associated
extracellular spaces. In (A), axon terminals (blue), dendritic

spines (red), and perisynaptic astrocytes (green) are made semi-

transparent. Taupe indicates microglia. In (B), the axon terminals

are removed from the display, while in (C) only the microglial

process and extracellular space are shown. Scale bars = 250 nm.

Found at: doi:10.1371/journal.pbio.1000527.s002 (1.45 MB TIF)

Figure S3 SSEM images showing additional examples of
coated pits at the sites of cell–cell contact between
microglia and synapse-associated elements. In these

examples, the vesicles that appear coated (black arrows) are found

inside a microglial process (m), at the sites of contact with an

astrocytic process (a) (A), a dendritic spine (s) (B), and an axon

terminal (t) (C). d, dendrite; N, nucleus; p, perikaryon. Scale

bar = 250 nm.

Found at: doi:10.1371/journal.pbio.1000527.s003 (2.05 MB TIF)

Figure S4 SSEM images from an animal undergoing
normal visual experience, showing the phagocytic
engulfment of cellular debris by a microglial process.
Images are separated by 65 nm. *, extracellular space; a, astrocyte;

d, dendrite; in, cellular inclusion; m, microglial process; N,

nucleus; p, perikaryon; s, dendritic spine; t, axon terminal. Scale

bars = 250 nm.

Found at: doi:10.1371/journal.pbio.1000527.s004 (4.02 MB TIF)

Figure S5 Z projections showing the morphology of
microglia in brain sections of animals perfused after
two-photon in vivo imaging. The imaged area is shown in (A),

and the corresponding contralateral area is shown in (B). The pial

surface is presented at the top of the image in both cases. The

similar polarity, thickness, and density of microglial cell bodies and

processes (green) confirm that microglia are not activated by

transcranial imaging. Scale bar = 15 mm.

Found at: doi:10.1371/journal.pbio.1000527.s005 (1.47 MB TIF)

Figure S6 Separation of GFP and YFP fluorescence in
CX3CR1-GFP/Thy1-YFP mice. (A) Two-photon images from

the yellow channel (YFP+GFP; left) and green channel (GFP;

right) in their uncorrected state. (B) Two-photon image from the

yellow channel corrected with subtraction of background and GFP

fluorescence for analysis of axon terminal and dendritic spine sizes.

(C) Merge of the yellow and green channels (assigned the colors

green and red, respectively) and adjustment of brightness and

contrast for visualization of microglial contacts (yellow) with

neuronal elements (green). (D) Two-photon image showing a

contact between a microglial process (yellow) and a small axon

(green; white arrowhead) during normal sensory experience. (E)

Axon size without versus with microglia contact, normalized to the

first condition for presentation purposes. au, arbitrary units.

Found at: doi:10.1371/journal.pbio.1000527.s006 (1.42 MB TIF)

Figure S7 Structural/dynamic interactions between
microglia and axon terminals during normal visual

experience in vivo. (A) Time-lapse image showing an axon

terminal (green; blue arrowhead) contacted by microglial processes

with bulbous endings (yellow; white arrowhead) over 20 min.

Scale bar = 5 mm. (B and C) Axon terminal size without versus

with microglial contact (B) or before, during, and after contact (C),

normalized to the first condition for presentation purposes. (D and

E) Lack of correlation between microglial contact duration or

initial terminal size (normalized to largest axon terminal) and the

change in axon terminal size during microglial contact. au,

arbitrary units.

Found at: doi:10.1371/journal.pbio.1000527.s007 (1.17 MB TIF)

Figure S8 Additional analysis of structural/dynamic
interactions between microglia and dendritic spines
during normal visual experience in vivo. (A) Lack of

correlation between microglial contact duration and the change in

dendritic spine size during contact. (B and C) Change in the size of

large dendritic spines assessed with the amplitude of the Gaussian

fit to the fluorescent profile (as for other analyses of dendritic spine

size presented in the Results section) or with the width of the

fluorescent profile (1/e1/2 radius of the Gaussian fit; see Materials

and Methods section), confirming that the size changes of bigger

spines were not underestimated with assessments of maximal

fluorescence.

Found at: doi:10.1371/journal.pbio.1000527.s008 (0.13 MB TIF)

Figure S9 Additional analysis of ultrastructural inter-
actions between microglia and synapse-associated ele-
ments during altered visual experience. (A) EM image

taken in a DA animal showing a microglial (m+) perikarya that

contains vacuole (vac) and cellular inclusions (in). *, extracellular

space; ma, myelinated axon; N, nuleus. Scale bar = 250 nm. (B)

Correlation between the areas of microglial processes and

associated extracellular space in DA animals. (C) Total number

of IBA1-immunopositive microglial processes in a surface of

1,000 mm2 of neuropil, in control versus DA animals (n = 3 animals

per experimental condition; mean 6 SEM). (D) Synaptic index in

control versus DA animals (n = 3 animals per experimental

condition; mean 6 SEM). (E) Proportion of simultaneous

microglial contacts with one, two, or three synapse-associated

elements (n = 3 control and 3 DA animals; mean 6 SEM).

Found at: doi:10.1371/journal.pbio.1000527.s009 (1.17 MB TIF)

Figure S10 EM images showing additional examples of
microglial processes contacting multiple synapse-asso-
ciated elements, including synaptic clefts, in the differ-
ent experimental conditions. a, perisynaptic astrocytic

process; d, dendrite; m, microglial process, s, dendritic spine; t,

axon terminal. White arrowheads indicate synaptic clefts. Scale

bars = 250 nm. In (A–C; control animals), the small microglial

processes (m+) are devoid of cellular inclusions and surrounded by

narrow extracellular space. In (D–F; DA animals), larger

microglial processes (m+) display bulky (D and E) or spindly (F)

morphologies. While the bulky processes contain cellular inclu-

sions resembling profiles of dendritic spine (‘‘s’’), axon terminal

(‘‘t’’), or cellular membranes (‘‘cm’’), the spindly process is

surrounded by extended extracellular space. In (G–I; DA+light

animals), the large-to-small microglial processes display vacuole

(vac) and cellular inclusions resembling terminals (‘‘t’’) as well as a

synapse between a dendritic spine (‘‘s’’) and a terminal (‘‘t’’). Little

extracellular space is observed.

Found at: doi:10.1371/journal.pbio.1000527.s010 (7.32 MB TIF)

Figure S11 Additional analysis of structural/dynamic
interactions between microglia and dendritic spines
during altered visual experience in vivo. (A and B)
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Duration and frequency of microglial contacts with individual

dendritic spines during 40-min imaging sessions, in DA and

control animals (mean 6 SEM). (C) Dendritic spine size without

versus with microglial contact in DA animals (left) and DA+light

animals (right), normalized to the first condition for presentation

purposes. *, p,0.05.

Found at: doi:10.1371/journal.pbio.1000527.s011 (0.14 MB TIF)

Figure S12 Time-lapse images showing additional ex-
amples of microglial morphology and motility in the
different experimental conditions. Images from control (A),

DA (B), and DA+light (C) animals are shown. In (B), note the

thickening of microglial processes, which also are sparse. Scale

bars = 10 mm. See also Videos S4–S6.

Found at: doi:10.1371/journal.pbio.1000527.s012 (6.14 MB TIF)

Table S1 Changes in the ultrastructural interactions
between microglia and synapse-associated elements
with visual experience.
Found at: doi:10.1371/journal.pbio.1000527.s013 (0.21 MB TIF)

Table S2 Changes in the ultrastructural interactions
between microglia and different combinations of syn-
apse-associated elements with visual experience.
Found at: doi:10.1371/journal.pbio.1000527.s014 (0.14 MB TIF)

Table S3 Diversity in microglia-associated extracellu-
lar space volumes.
Found at: doi:10.1371/journal.pbio.1000527.s015 (0.16 MB TIF)

Video S1 Time-lapse video showing the structural/
dynamic interactions between microglia and dendritic
spines during normal visual experience in vivo. Multiple

contacts between microglial processes displaying bulbous endings

(yellow) and dendritic spines (green), as well as contacts with

dendritic branches (green), are observed over 1 h. Images were

acquired at the same depth, approximately 50 mm below the pial

surface.

Found at: doi:10.1371/journal.pbio.1000527.s016 (7.75 MB AVI)

Video S2 Z stack showing examples of microglial
processes ending in phagocytic cups during DA in vivo.
Images of microglia (yellow) were acquired 1 mm apart, starting

approximately 50 mm below the pial surface. Two phagocytic cups

are shown (arrows), with the smallest one surrounding a YFP-

positive neuronal element (green).

Found at: doi:10.1371/journal.pbio.1000527.s017 (0.77 MB AVI)

Video S3 Z stack showing examples of microglial
processes ending in phagocytic cups in a DA+light

animal in vivo. Images were acquired 1 mm apart, starting

approximately 50 mm below the pial surface. Three phagocytic

cups are shown (arrows), with the small one at the left surrounding

a YFP-positive neuronal element (green).

Found at: doi:10.1371/journal.pbio.1000527.s018 (0.97 MB AVI)

Video S4 Time-lapse video showing the morphology
and motility of microglia during normal visual experi-
ence in vivo. Five microglia (yellow) contacting multiple axons

(green) and axon terminals (green) are shown. Note the presence of

a small structure resembling a phagocytic cup (arrow) near YFP-

positive axonal elements (green). Images were acquired at the same

depth, approximately 50 mm below the pial surface, every 5 min

for 30 min.

Found at: doi:10.1371/journal.pbio.1000527.s019 (0.32 MB AVI)

Video S5 Time-lapse video showing the morphology
and motility of microglia during DA in vivo. Four microglia

(yellow) displaying sparse processes in the neuropil are shown.

Images were acquired at the same depth, approximately 50 mm

below the pial surface, every 5 min for 30 min.

Found at: doi:10.1371/journal.pbio.1000527.s020 (0.48 MB AVI)

Video S6 Time-lapse video showing the morphology
and motility of microglia during DA followed by
reexposure to light in vivo. Three microglia (yellow)

contacting multiple dendrites (green) and dendritic spines (green)

are shown. Images were acquired at the same depth, approxi-

mately 50 mm below the pial surface, every 5 min for 30 min.

Found at: doi:10.1371/journal.pbio.1000527.s021 (0.76 MB AVI)

Acknowledgments

We are grateful to Libby Perry and Robert Smith at the Medical College of

Georgia for SSEM cutting and imaging, Gayle Schneider and Karen L.

Bentley at the Electron Microscope Research Core Facility of the

University of Rochester Medical Center for technical assistance, Shao-

Ming Lu and Harris A. Gelbard for the use of their peristaltic pump and

vibratome, Cassandra E. Lamantia and Aaron Levy for technical and

animal assistance, and Harris A. Gelbard and Cynthia D. Rittenhouse for

helpful comments on the manuscript.

Author Contributions

The author(s) have made the following declarations about their

contributions: Conceived and designed the experiments: MET AKM.

Performed the experiments: MET. Analyzed the data: MET. Contributed

reagents/materials/analysis tools: RLL. Wrote the paper: MET AKM.

References

1. Marin-Teva JL, Dusart I, Colin C, Gervais A, van Rooijen N, et al. (2004)

Microglia promote the death of developing Purkinje cells. Neuron 41: 535–

547.

2. Frade JM, Barde YA (1998) Microglia-derived nerve growth factor causes cell

death in the developing retina. Neuron 20: 35–41.

3. Upender MB, Naegele JR (1999) Activation of microglia during developmentally

regulated cell death in the cerebral cortex. Dev Neurosci 21: 491–505.

4. Cuadros MA, Navascues J (1998) The origin and differentiation of microglial

cells during development. Prog Neurobiol 56: 173–189.

5. Hanisch UK, Kettenmann H (2007) Microglia: active sensor and versatile

effector cells in the normal and pathologic brain. Nat Neurosci 10: 1387–1394.

6. Ransohoff RM, Perry VH (2009) Microglial physiology: unique stimuli,

specialized responses. Annu Rev Immunol 27: 119–145.

7. Lucin KM, Wyss-Coray T (2009) Immune activation in brain aging and

neurodegeneration: too much or too little? Neuron 64: 110–122.

8. Trapp BD, Wujek JR, Criste GA, Jalabi W, Yin X, et al. (2007) Evidence for

synaptic stripping by cortical microglia. Glia 55: 360–368.

9. Wake H, Moorhouse AJ, Jinno S, Kohsaka S, Nabekura J (2009) Resting

microglia directly monitor the functional state of synapses in vivo and determine

the fate of ischemic terminals. J Neurosci 29: 3974–3980.

10. Nimmerjahn A, Kirchhoff F, Helmchen F (2005) Resting microglial cells are

highly dynamic surveillants of brain parenchyma in vivo. Science 308:

1314–1318.

11. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, et al. (2005) ATP mediates

rapid microglial response to local brain injury in vivo. Nat Neurosci 8: 752–758.

12. Gordon JA, Stryker MP (1996) Experience-dependent plasticity of binocular

responses in the primary visual cortex of the mouse. J Neurosci 16: 3274–3286.

13. Ito D, Imai Y, Ohsawa K, Nakajima K, Fukuuchi Y, et al. (1998) Microglia-

specific localisation of a novel calcium binding protein, Iba1. Brain Res Mol

Brain Res 57: 1–9.

14. Tremblay ME, Riad M, Chierzi S, Murai KK, Pasquale EB, et al. (2009)

Developmental course of EphA4 cellular and subcellular localization in the

postnatal rat hippocampus. J Comp Neurol 512: 798–813.

15. Fiala JC, Feinberg M, Popov V, Harris KM (1998) Synaptogenesis via dendritic

filopodia in developing hippocampal area CA1. J Neurosci 18: 8900–8911.

16. Bondareff W, Narotzky R (1972) Age changes in the neuronal microenviron-

ment. Science 176: 1135–1136.

17. Jung S, Aliberti J, Graemmel P, Sunshine MJ, Kreutzberg GW, et al. (2000)

Analysis of fractalkine receptor CX(3)CR1 function by targeted deletion and

green fluorescent protein reporter gene insertion. Mol Cell Biol 20: 4106–4114.

Microglial Interactions with Synapses

PLoS Biology | www.plosbiology.org 15 November 2010 | Volume 8 | Issue 11 | e1000527



18. Feng G, Mellor RH, Bernstein M, Keller-Peck C, Nguyen QT, et al. (2000)

Imaging neuronal subsets in transgenic mice expressing multiple spectral
variants of GFP. Neuron 28: 41–51.

19. Xu HT, Pan F, Yang G, Gan WB (2007) Choice of cranial window type for in

vivo imaging affects dendritic spine turnover in the cortex. Nat Neurosci 10:
549–551.

20. Trachtenberg JT, Chen BE, Knott GW, Feng G, Sanes JR, et al. (2002) Long-
term in vivo imaging of experience-dependent synaptic plasticity in adult cortex.

Nature 420: 788–794.

21. De Paola V, Holtmaat A, Knott G, Song S, Wilbrecht L, et al. (2006) Cell type-
specific structural plasticity of axonal branches and boutons in the adult

neocortex. Neuron 49: 861–875.
22. Holtmaat AJ, Trachtenberg JT, Wilbrecht L, Shepherd GM, Zhang X, et al.

(2005) Transient and persistent dendritic spines in the neocortex in vivo. Neuron
45: 279–291.

23. Grutzendler J, Kasthuri N, Gan WB (2002) Long-term dendritic spine stability

in the adult cortex. Nature 420: 812–816.
24. Majewska A, Sur M (2003) Motility of dendritic spines in visual cortex in vivo:

changes during the critical period and effects of visual deprivation. Proc Natl
Acad Sci U S A 100: 16024–16029.

25. Keck T, Mrsic-Flogel TD, Vaz Afonso M, Eysel UT, Bonhoeffer T, et al. (2008)

Massive restructuring of neuronal circuits during functional reorganization of
adult visual cortex. Nat Neurosci 11: 1162–1167.

26. Mower GD, Christen WG, Caplan CJ (1983) Very brief visual experience
eliminates plasticity in the cat visual cortex. Science 221: 178–180.

27. Viegi A, Cotrufo T, Berardi N, Mascia L, Maffei L (2002) Effects of dark rearing
on phosphorylation of neurotrophin Trk receptors. Eur J Neurosci 16:

1925–1930.

28. Philpot BD, Sekhar AK, Shouval HZ, Bear MF (2001) Visual experience and
deprivation bidirectionally modify the composition and function of NMDA

receptors in visual cortex. Neuron 29: 157–169.
29. Tropea D, Majewska AK, Garcia R, Sur M (2010) Structural dynamics of

synapses in vivo correlate with functional changes during experience-dependent

plasticity in visual cortex. J Neurosci 30: 11086–11095.
30. Ohsawa K, Imai Y, Kanazawa H, Sasaki Y, Kohsaka S (2000) Involvement of

Iba1 in membrane ruffling and phagocytosis of macrophages/microglia. J Cell
Sci 113(Pt 17): 3073–3084.

31. Maffei A, Nataraj K, Nelson SB, Turrigiano GG (2006) Potentiation of cortical
inhibition by visual deprivation. Nature 443: 81–84.

32. Goel A, Lee HK (2007) Persistence of experience-induced homeostatic synaptic

plasticity through adulthood in superficial layers of mouse visual cortex.
J Neurosci 27: 6692–6700.

33. Nagerl UV, Eberhorn N, Cambridge SB, Bonhoeffer T (2004) Bidirectional
activity-dependent morphological plasticity in hippocampal neurons. Neuron 44:

759–767.

34. Zhou Q, Homma KJ, Poo MM (2004) Shrinkage of dendritic spines associated
with long-term depression of hippocampal synapses. Neuron 44: 749–757.

35. Nakanishi H (2007) Microglial proteases. In: Lajtha A, Banik N, eds. Handbook
of neurochemistry and molecular neurobiology: Neural protein metabolism and

function. Berlin: Springer-Verlag. pp 551–564.
36. Dityatev A, Schachner M (2003) Extracellular matrix molecules and synaptic

plasticity. Nat Rev Neurosci 4: 456–468.

37. Sykova E (2004) Extrasynaptic volume transmission and diffusion parameters of
the extracellular space. Neuroscience 129: 861–876.

38. Mataga N, Mizuguchi Y, Hensch TK (2004) Experience-dependent pruning of
dendritic spines in visual cortex by tissue plasminogen activator. Neuron 44:

1031–1041.

39. Oray S, Majewska A, Sur M (2004) Dendritic spine dynamics are regulated by
monocular deprivation and extracellular matrix degradation. Neuron 44:

1021–1030.
40. Pizzorusso T, Medini P, Berardi N, Chierzi S, Fawcett JW, et al. (2002)

Reactivation of ocular dominance plasticity in the adult visual cortex. Science

298: 1248–1251.
41. Mataga N, Nagai N, Hensch TK (2002) Permissive proteolytic activity for visual

cortical plasticity. Proc Natl Acad Sci U S A 99: 7717–7721.
42. Muller CM, Griesinger CB (1998) Tissue plasminogen activator mediates

reverse occlusion plasticity in visual cortex. Nat Neurosci 1: 47–53.
43. Berardi N, Pizzorusso T, Maffei L (2004) Extracellular matrix and visual cortical

plasticity: freeing the synapse. Neuron 44: 905–908.

44. Shapiro LA, Perez ZD, Foresti ML, Arisi GM, Ribak CE (2009) Morphological
and ultrastructural features of Iba1-immunolabeled microglial cells in the

hippocampal dentate gyrus. Brain Res 1266: 29–36.

45. Murabe Y, Sano Y (1982) Morphological studies on neuroglia. V. Microglial

cells in the cerebral cortex of the rat, with special reference to their possible

involvement in synaptic function. Cell Tissue Res 223: 493–506.

46. Le Roy C, Wrana JL (2005) Clathrin- and non-clathrin-mediated endocytic

regulation of cell signalling. Nat Rev Mol Cell Biol 6: 112–126.

47. Spacek J, Harris KM (2004) Trans-endocytosis via spinules in adult rat

hippocampus. J Neurosci 24: 4233–4241.

48. Theodosis DT, Poulain DA, Oliet SH (2008) Activity-dependent structural and

functional plasticity of astrocyte-neuron interactions. Physiol Rev 88: 983–1008.

49. Perea G, Navarrete M, Araque A (2009) Tripartite synapses: astrocytes process

and control synaptic information. Trends Neurosci 32: 421–431.

50. Bastrikova N, Gardner GA, Reece JM, Jeromin A, Dudek SM (2008) Synapse

elimination accompanies functional plasticity in hippocampal neurons. Proc Natl

Acad Sci U S A 105: 3123–3127.

51. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, et al. (2007)

The classical complement cascade mediates CNS synapse elimination. Cell 131:

1164–1178.

52. Perry VH, O’Connor V (2008) C1q: the perfect complement for a synaptic feast?

Nat Rev Neurosci 9: 807–811.

53. Zuo Y, Lin A, Chang P, Gan WB (2005) Development of long-term dendritic

spine stability in diverse regions of cerebral cortex. Neuron 46: 181–189.

54. Majewska AK, Newton JR, Sur M (2006) Remodeling of synaptic structure in

sensory cortical areas in vivo. J Neurosci 26: 3021–3029.

55. Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H (2004) Structural basis of

long-term potentiation in single dendritic spines. Nature 429: 761–766.

56. Lang C, Barco A, Zablow L, Kandel ER, Siegelbaum SA, et al. (2004) Transient

expansion of synaptically connected dendritic spines upon induction of

hippocampal long-term potentiation. Proc Natl Acad Sci U S A 101:

16665–16670.

57. Yang Y, Wang XB, Frerking M, Zhou Q (2008) Spine expansion and

stabilization associated with long-term potentiation. J Neurosci 28: 5740–5751.

58. Holtmaat A, Wilbrecht L, Knott GW, Welker E, Svoboda K (2006) Experience-

dependent and cell-type-specific spine growth in the neocortex. Nature 441:

979–983.

59. Nagayama S, Zeng S, Xiong W, Fletcher ML, Masurkar AV, et al. (2007) In

vivo simultaneous tracing and Ca(2+) imaging of local neuronal circuits. Neuron

53: 789–803.

60. Mank M, Santos AF, Direnberger S, Mrsic-Flogel TD, Hofer SB, et al. (2008) A

genetically encoded calcium indicator for chronic in vivo two-photon imaging.

Nat Methods 5: 805–811.

61. Tremblay ME, Riad M, Bouvier D, Murai KK, Pasquale EB, et al. (2007)

Localization of EphA4 in axon terminals and dendritic spines of adult rat

hippocampus. J Comp Neurol 501: 691–702.

62. Mrsic-Flogel TD, Hofer SB, Ohki K, Reid RC, Bonhoeffer T, et al. (2007)

Homeostatic regulation of eye-specific responses in visual cortex during ocular

dominance plasticity. Neuron 54: 961–972.

63. Franklin KB, Paxinos G (2008) The mouse brain in stereotaxic coordinates. New

York: Academic Press. 216 p.

64. Riad M, Garcia S, Watkins KC, Jodoin N, Doucet E, et al. (2000)

Somatodendritic localization of 5-HT1A and preterminal axonal localization

of 5-HT1B serotonin receptors in adult rat brain. J Comp Neurol 417: 181–194.

65. Tremblay ME, Riad M, Majewska A (2010) Preparation of mouse brain tissue

for immunoelectron microscopy. J Vis Exp. doi: 10.3791/2021.

66. Peters A, Palay SL, Webster H (1991) The fine structure of the nervous system:

the neurons and supporting cells. Philadelphia: W.B. Saunders. 528 p.

67. Murabe Y, Sano Y (1982) Morphological studies on neuroglia. VI. Postnatal

development of microglial cells. Cell Tissue Res 225: 469–485.

68. Fiala JC (2005) Reconstruct: a free editor for serial section microscopy. J Microsc

218: 52–61.

69. Marker DF, Tremblay ME, Lu SM, Majewska AK, Gelbard HA (2010) A thin-

skull window technique for chronic two-photon in vivo imaging of murine

microglia in models of neuroinflammation. J Vis Exp. doi: 10.3791/2059.

70. Majewska A, Yiu G, Yuste R (2000) A custom-made two-photon microscope

and deconvolution system. Pflugers Arch 441: 398–408.

71. Rittenhouse CD, Majewska AK (2009) Synaptic mechanisms of activity-

dependent remodeling in visual cortex during monocular deprivation. J Exp

Neurosci 2: 23–41.

72. Svoboda K (2004) Do spines and dendrites distribute dye evenly? Trends

Neurosci 27: 445–446.

Microglial Interactions with Synapses

PLoS Biology | www.plosbiology.org 16 November 2010 | Volume 8 | Issue 11 | e1000527



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


