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Experience-Dependent Synaptic Plasticity in V1 Occurs
without Microglial CX3CR1
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Brief monocular deprivation (MD) shifts ocular dominance and reduces the density of thalamic synapses in layer 4 of the mouse primary
visual cortex (V1). We found that microglial lysosome content is also increased as a result of MD. Previous studies have shown that the
microglial fractalkine receptor CX3CR1 is involved in synaptic development and hippocampal plasticity. We therefore tested the hypoth-
esis that neuron-to-microglial communication via CX3CRI is an essential component of visual cortical development and plasticity in
male mice. Our data show that CX3CR1 is not required for normal development of V1 responses to visual stimulation, multiple forms of
experience-dependent plasticity, or the synapse loss that accompanies MD in layer 4. By ruling out an essential role for fractalkine
signaling, our study narrows the search for understanding how microglia respond to active synapse modification in the visual cortex.
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Significance Statement

Microglia in the visual cortex respond to monocular deprivation with increased lysosome content, but signaling through the
fractalkine receptor CX3CR1 is not an essential component in the mechanisms of visual cortical development or experience-

dependent synaptic plasticity.

Introduction

The study of ocular dominance (OD) plasticity has greatly ad-
vanced the understanding of how experience and deprivation
modify the brain and behavior. Monocular deprivation (MD)
shifts the relative responsiveness of cortical neurons away from
the deprived eye and toward the nondeprived eye (Hubel et al.,
1977; Fagiolini et al., 1994; Gordon and Stryker, 1996; Sawtell et
al., 2003; Frenkel and Bear, 2004). It has been established that
functional deprived-eye depression in layer 4 (L4) is mediated
by NMDA receptor (NMDAR)-dependent AMPA receptor
(AMPAR) internalization (for review, see Cooke and Bear, 2014).
Additionally, there are well known anatomical changes in genicu-

Received Aug. 23, 2016; revised Sept. 15, 2017; accepted Sept. 19, 2017.

Author contributions: R.W.S., B.S., A.E., and M.F.B. designed research; RW.S., E.E.M., CA.W., and A.E. performed
research; B.S. contributed unpublished reagents/analytic tools; R.W.S., E.EM., AE., and M.F.B. analyzed data;
RW.S., EEM., B.S., A.E., and M.F.B. wrote the paper.

This work was supported by National Institutes of Health Grants R01-EY012309 and R01-EY0237 and by the
Howard Hughes Medical Institute. We thank Arnie Heynen, Ming-Fai Fong, Weifeng Xu, and Troy Littleton for helpful
scientific discussions, and Jeff Gavornik for creating custom stimulus generation Matlab analysis code. We thank Erik
Sklar, Amanda Coronado, Suzanne Meagher, and Nina Palisano for technical and administrative support.

The authors declare no competing financial interests.

Correspondence should be addressed to Mark F. Bear, The Picower Institute for Learning and Memory, Massa-
chusetts Institute of Technology, 43 Vassar Street, 46-3301, Cambridge, MA 02139. E-mail:mbear@mit.edu.

DOI:10.1523/JNEUR0SCI.2679-16.2017
Copyright © 2017 the authors  0270-6474/17/3710541-13%15.00/0

locortical axons and synapses after MD (Hubel et al., 1977; Shatz
and Stryker, 1978; Friedlander et al., 1991; Antonini and Stryker,
1993; Antonini et al., 1999). Quantitative immunoelectron mi-
croscopy (immuno-EM) in the mouse binocular visual cortex
demonstrates that structural effects of MD can occur as rapidly as
the functional, electrophysiologically measured effects (Coleman
et al., 2010). However, the mechanisms that couple and coordi-
nate functional and structural plasticity are largely unidentified.

During developmental circuit refinement, microglia phagocy-
tose synapses in an activity-dependent manner. Altering the bal-
ance of competing retinal ganglion cell (RGC) input to the lateral
geniculate nucleus (LGN) shifts microglial phagocytosis toward
the removal of a weaker input and away from a stronger input
(Schafer et al., 2012). Furthermore, proper pruning following eye
opening does not occur in the absence of complement system
components that signal through microglia, leaving aberrant RGC
synapses and ocular inputs improperly segregated (Stevens et al.,
2007; Schafer et al., 2012).

Fractalkine (or CX3CL1) is believed to be an important addi-
tional signal for microglia to monitor and influence synaptic
plasticity. Fractalkine is a transmembrane protein expressed by
neurons of the forebrain, which can be cleaved by cathepsin S or
metalloproteases to release a soluble isoform containing the
chemokine domain (Garton et al., 2001; Sheridan and Murphy,
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2013). Fractalkine binds exclusively to the fractalkine receptor
(CX3CR1), a Gi-protein-coupled receptor expressed by microglia
within the brain (Jung et al., 2000), allowing for highly selective
signaling from neurons to microglia. Local fractalkine signaling is
therefore ideally positioned to coordinate synapse elimination and
functional long-term synaptic depression.

In the hippocampi of the transgenic Cx3crl KO mouse (Jung et
al., 2000), there are increases in dendritic spines and PSD95 puncta
(Paolicelli et al., 2011) and fewer multisynaptic boutons than in WT
animals (Zhan et al., 2014), suggesting that without proper frac-
talkine signaling, synapse loss is stunted and specific synapses do not
mature and strengthen. The absence of the fractalkine receptor also
impacts the cortex: in the developing mouse somatosensory cortex,
Cx3crl KO thalamocortical synapses are functionally immature,
with delayed increases in the GluN2A/GluN2B and AMPAR/
NMDAR ratios (Hoshiko et al., 2012).

Although it is evident that Cx3crl KO mice show synaptic
deficits during development, the question remains as to whether
experience-dependent plasticity occurs without the fractalkine
receptor. CX3CR1 is highly expressed in V1 at ages characterized
by heightened activity-dependent synaptic plasticity (Nimmer-
jahn et al., 2005; Tremblay et al., 2010). Both the Cx3crI KO
hippocampus and barrel cortex have increased numbers of weak
synapses, which are normally removed or strengthened in WT
brains. This deficit might additionally manifest as an inability to
properly target and remove synapses from a weakened input. We
therefore tested the hypotheses that CX3CR1 is required for the
following: (1) the proper functional development of the visual
system, (2) experience-dependent increases in synaptic strength
in V1, (3) the functional and structural consequences of MD in
V1, and (4) microglial activation in V1 after MD. The data sug-
gest that microglia indeed respond structurally after MD, but that
fractalkine signaling is not required for synaptic remodeling. Vi-
sual system development and experience-dependent plasticity in
V1 proceed normally in the absence of CX3CR1.

Materials and Methods

Mice

All procedures involving laboratory animals occurred at the Massachu-
setts Institute of Technology, adhered to the guidelines of the National
Institutes of Health, and were approved by the Committee on Animal
Care at the Massachusetts Institute of Technology. Mice were housed
in groups of 25 with food and water available ad libitum and main-
tained on a 12 h light/dark cycle. CX3CRI1 transgenic mice (B6.129P-
Cx3crl "™HtY/] RRID:IMSR_JAX:005582) mice, wherein green fluorescent
protein (GFP) has replaced the first coding exon of the CX3CRI gene
(Jungetal., 2000) were obtained from The Jackson Laboratory and main-
tained on a C57BL/6 background. All mice used were CX3CR1 *'* (WT)
and CX3CRI '~ (KO) male littermates, resulting from parents heterozy-
gous for the CX3CRI gene and were genotyped by Transnetyx using real-
time PCR for the CX3CRI (WT) and GFP (KO) genes. All experiments were
conducted blind to genotype and treatment.

Labeling eye-specific projections to the LGN

Juvenile mice [postnatal day (P) 28] were anesthetized with isoflurane
(1.5-2%). To access the vitreous chamber for cholera toxin B (CTB)
injection, the temporal portion of the globe was reflected anteriorly by
gently pulling a 7-0 silk suture threaded through the conjunctiva and
securing it to the operating surface. The conjunctiva was then trimmed
using fine-angled scissors to expose the sclera. A small puncture was
made at the corneoscleral junction into the vitreous chamber with a fine
needle. A glass micropipette with a tip diameter of 40—-50 wm was at-
tached to a Nanoject II injection system (Drummond Scientific) and
inserted into the vitreous chamber at a depth of ~2 mm. Animals re-
ceived 1 ul intravitreal injections of CTB conjugated to Alexa fluoro-
phores (Thermo Fisher Scientific) into each eye: the left eye received
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CTB-Alexa-647 and the right eye received CTB-Alexa-555. The eye was
then rinsed with sterile eye drops and coated with an antibiotic ointment
to prevent infection.

After 48 h, animals were anesthetized with Nembutal and perfused
with 4% paraformaldehyde in PBS. Sixty micrometer coronal brain slices
containing the LGN were collected, and every second slice was mounted
on glass slides with fluoromount G. Three sections representing the mid-
dle third of the LGN were selected per hemisphere. Z stacks were ac-
quired with confocal microscopy (Olympus confocal microscope) and a
20X objective lens, with a step size of 5 wm, resulting in 8 —10 images per
brain slice.

For analysis, background fluorescence was subtracted and normalized
(0-255) using Fiji (http://fiji.sc, RRID:SCR_002285). Grayscale images
were converted into binary, and an ROI containing only the LGN was
traced. The “add images” function was used to superimpose the channels
containing the 555-generated and 647-generated signal. Pixels were
counted to measure the area of the contralaterally labeled retinal projec-
tion, the area of the ipsilaterally labeled retinal projection, and the area
containing overlap of both projections.

Visually evoked potential surgery

Mice were first injected with 0.1 mg/kg Buprenex subcutaneously to
provide analgesia. They were then anesthetized with an intraperitoneal
injection of 50 mg/kg ketamine and 10 mg/kg xylazine. Before surgical
incision, 1% lidocaine hydrochloride anesthetic was injected under the
mouse’s scalp. The skull was then cleaned with iodine and 70% ethanol.
A steel head post was affixed to the skull anterior to bregma using cya-
noacrylate glue. Burr holes (<0.5 mm) were then drilled in the skull over
binocular V1 (3.1 mm lateral to lambda). Tapered tungsten recording
electrodes (FHC), 75 um in diameter at their widest point, were im-
planted in each hemisphere, 450 wm below the cortical surface. Silver
wire (A-M Systems) reference electrodes were placed over the prefrontal
cortex. Mice were allowed to recover for =24 h before head fixation.

Stimulus delivery

Visual stimuli consisted of full-field, 100% contrast, sinusoidal gratings
presented on a computer monitor. Visual stimuli were generated using
custom software written in either C+ + for interaction with a VSG2/2
card (Cambridge Research Systems.) or Matlab (MathWorks, RRID:
SCR_001622) using the PsychToolbox extension (http://psychtoolbox.
org, RRID:SCR_002881) to control stimulus drawing and timing. The
display was positioned 20 cm in front of the mouse and centered, thereby
occupying 92 X 66° of the visual field. Visual stimuli consisted of full-
field sinusoidal grating stimuli phase-reversing at a frequency of 2 Hz.
Mean stimulus luminance was 27 cd/m *. Grating stimuli spanned the full
range of monitor display values between black and white, with y-correction to
ensure constant total luminance in both gray-screen and patterned stim-
ulus conditions. Experiments were fully automated and each stimulus
block consisted of 200 phase reversals with 30 s intervals between each
stimulus presentation, during which the screen was gray but of equiva-
lent luminance.

Each day’s recordings used oriented stimuli =30° different from any
experienced previously by the individual mouse and was never within 20°
of horizontal as these orientations are known to elicit visually evoked
potentials (VEPs) of greater magnitude than oblique stimuli. For acuity
experiments, stimuli were presented binocularly with 200 phase reversals
of each stimulus at 100% contrast and spatial frequencies as noted in the
text. During stimulus-selective response potentiation (SRP) experi-
ments, binocular stimuli were presented with 400 phase reversals of each
stimulus at 100% contrast, with the spatial acuity and orientation de-
noted in the text. This was repeated identically every day for 7 d. On the
seventh day, a novel orientated stimulus was presented interleaved with
the trained stimulus to confirm stimulus specificity. During MD exper-
iments, stimuli of 100% contrast at 0.4 cycle/® were presented and re-
corded to each eye separately, with the opposing eye blocked by an
opaque drape placed flush with the animal’s nose.

In vivo electrophysiology
VEP recordings were conducted in awake, head-restrained mice. Before
recording, mice were habituated to the restraint apparatus by sitting in


https://scicrunch.org/resolver/IMSR_JAX:005582
https://scicrunch.org/resolver/SCR_002285
https://scicrunch.org/resolver/SCR_001622
https://scicrunch.org/resolver/SCR_002881

Schecter et al. @ Microglia in Visual Cortical Plasticity

situ in front of a gray screen for a 30 min session on each of 2 consecutive
days. For repeated experiments in older animals (SRP and acuity), the
animals were rehabituated before rerecording. For experiments in which
monocular VEPs were acquired, mice were also habituated to the occlud-
ing paddle positioned in front of each eye. Data were extracted from the
binary storage files and analyzed using custom software written in C++,
Matlab, and Labview. VEP magnitude was then quantified by measuring
trough—peak response magnitude averaged over all phase reversals.

Eyelid suture

Under isoflurane anesthesia (1.5-2%), hair surrounding the eye was re-
moved and lid margins were trimmed. The eye was thoroughly flushed
with sterile saline and antibiotic ophthalmic ointment (Vetropolycin,
Pharmaderm) was applied to the eye. Using 6-0 vicryl sutures, ~5
stitches were placed along the extent of the trimmed lids and knots were
secured with cyanoacrylate glue.

Three days after lid closure, suture integrity was inspected and animals
whose eyelids were not fully sealed were excluded from further experi-
ments. In experiments where VEPs were recorded after MD, the animal
was placed under isoflurane anesthesia (1.5-2%) and the sutured eye was
opened and cleaned with saline. Animals were given 30—60 min of re-
covery from anesthesia in a light-blocked cage before being recorded
with a visual stimulus of orthogonal orientation.

Tissue preparation for EM

Perfusions. Animals were anesthetized with Nembutal and transcardially
perfused with Tyrode solution until vasculature was flushed clear
(<2 min). This was immediately followed by 100 ml of 4% PFA/0.5%
glutaraldehyde in PB (EM grade; Electron Microscopy Sciences). Exper-
imental animals were always perfused on the same day as littermate
controls. Tissue was postfixed for 1-2 d at room temperature, during
which the brains were transferred to the University of Virginia for EM
analysis.

Immunohistochemistry. Visual cortex blocks were placed in a vibratome
and cut at 60 wm. For each group of animals, yoked, littermate control
tissue was always processed with experimental tissue. Sections were sub-
sequently immersed in a 1% sodium borohydride/PB solution, followed
by a series of PB rinses until borohydride solution was cleared. Free-
floating sections were stored in PBS containing 0.05% NaNj; at 4°C.
VGIluT2 was visualized using guinea pig anti-VGluT2 (Millipore Biosci-
ence Research Reagents, RRID:AB_1587626) diluted 1:5000 in PBS, pH
7.4, containing 0.9% NaCl, 1% BSA, and 0.05% NaNj; at room temper-
ature for 36—48 h. Next, sections of V1 were immersed in biotinylated
anti-guinea pig IgG (Vector Laboratories, RRID:AB_2336132) second-
ary antibody at 1:100 for 2 h. Sections were then incubated in ABC
solution for 2 h, followed by three rinses in PBS for 3 min. Sections were
then exposed to a 1% diaminobenzidine (DAB) solution in the presence
0f 0.003% H,0, with gentle agitation for 5-8 min.

Embedding. Using previously published protocols, the embedding
procedure was performed blind to the history of the tissue, thereby elim-
inating any biases in selecting regions for analysis (Erisir et al., 2001;
Nahmani and Erisir, 2005). DAB-treated sections were rinsed in PB and
treated with 1% osmium tetroxide in PB for 30—45 min. Osmicated
sections were then treated with 4% uranyl acetate in 70% ethanol for 2 h,
and they were dehydrated in a series of ethanols. Sections were then
dehydrated in acetone and placed in a 1:1 acetone-to-resin (Epon 812,
Electron Microscopy Sciences) mixture for 2 h. Next, sections were
placed in full resin for 2 h, flat-embedded between two acetate sheets
(Aclar, Ted Pella), and cured in a 60°C oven. Binocular V1 was delineated
using a brain atlas based on C57BL/6] mice, and the region of V1 that
represents the upper binocular hemifield, which served as the site for
previous electrophysiological recordings (Frenkel and Bear, 2004), was
identified. Tissue containing all six cortical layers was excised from the
flat embed and placed in a plastic capsule, which was then filled with
resin. Capsules were cured in a 60°C oven overnight or until polymer-
ized. Embedded sections were traced using a camera lucida. Capsule
blocks were then trimmed down to a trapezoid that contained only L4,
and ultrathin sections (~70 nm) were collected on 200 mesh copper
grids (Ted Pella) using an ultramicrotome (Ultracut UCT, Leica). As
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Figure 1. Segregation of ocular inputs to LGN is normal in juvenile (x3cr7 KO animals.

A, Schematic of eye injection procedure, where anterograde tracers (CTB Alexa Fluor conju-
gates) are injected into each eye, labeling RGC projections in the LGN. B, Representative images
of LGN with contralateral retinal projections (blue), ipsilateral projections (yellow), and the
overlapping signal of both eyes (green). (, Average of labeled LGN areas shows no difference in
any measurement between genotypes (contralateral, p = 0.585; ipsilateral, p = 0.528; over-
lap, p = 0.482). D, Overlap between contralateral and ipsilateral projections is minimal (n = 6
WT, 10 KO animals).

antibody penetration can be limited to several micrometers from the
surface of individual thick vibratome sections, ultrathin sections were
collected at a plane nearly parallel to the surface, thereby maximizing the
width of the tissue that contained labeled regions. Using this cutting
approach, we obtained strips of labeled tissue that were =50 (and =150)
um wide. Data collection was performed within the first 10-100 wm
from the tissue-resin transition zone on ultrathin sections. Particular
care was paid during ultrathin sectioning to obtain tissue “strips” that
contain the tissue—resin transition zone and that span all of L4 dorsoven-
trally. Collecting sections in this manner allowed for ample sample area
(~25 photographs; 20-30 um? per EM) within each ultrathin section
containing cortical L4. Moreover, the width of the labeled strip enabled
us to choose optimal areas for both VGIuT?2 labeling and ultrastructural
preservation. Although the specific dimensions of this labeled strip nec-
essarily varied from section to section, in the rare instance wherein ultra-
thin sections did not adhere to the above criteria they were omitted from
all of our analyses. These strips were then systematically photographed
(blind to tissue history) to obtain minimally overlapping images of L4,
regardless of label or profiles present in the sections.

Ultrathin sections were examined on a JEOL 1010 EM. Digital pictures
were captured using a 16 megapixel SIA-12C (Sia Cam) camera coupled
with MaxIm DL CCD software (Diffraction Limited). Individual ultra-
thin sections were photographed at the tissue—resin interface, in which
label is present within a 50—150-um-wide strip along the dorsoventral
expanse of L4 as described above. Images captured at 12,000X magnifi-
cation yielded 2030 um ? per micrograph, excluding blood vessels, my-
elinated axons, and somata areas.

EM image analysis and quantification. Each EM micrograph was exam-
ined using Image-Pro Plus, version 5.0, software (Media Cybernetics), at
a final screen magnification of 60,000—80,000X. Profiles were identified
as synaptic terminals if they met the following criteria: (1) the presence of
=3 vesicles, (2) parallel alignment of presynaptic terminal membrane in
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Figure 2.  Development of visual acuity as measured by VEPs is normal in Cx3cr7 KO animals. A, Experimental timeline of visual acuity assessment in juvenile and adult mice. Animals were

implanted and VEPs recorded in response to grating stimuli of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 cycle/° as juveniles (P28) and later as adults (P60). B, VEP magnitudes do not vary between
(x3cr1 KO animals (magenta) and WT animals (black) as juveniles (solid lines) or adults (dashed lines), including difficult-to-detect spatial frequencies, which yield VEP magnitudes greater than
noise (gray bar; n = 8 WT, 7 KO animals). C, Experimental timeline of visual acuity development following eye opening. VEPs were recorded every other day from P21 to P31 across four spatial
frequencies (0.05,0.2,0.5,and 0.7 cycle/°) with a uniquely oriented (separated by 30° to prevent response potentiation; Cooke and Bear, 2010). D, Thereis no detectable difference between KO and
WT mice at any of the four spatial frequencies tested. In both genotypes, there is a gradual increase in VEP magnitude as the animal matures (n = 14 WT, 17 KO animals).

apposition with that of the postsynaptic membrane (Colonnier, 1968;
Peters et al., 1991), and (3) a pronounced asymmetric postsynaptic den-
sity (PSD). In each digital picture, vesicle-filled profiles that displayed a
synapse at the level of cross section (i.e., synaptic terminals) were iden-
tified and classified as containing VGIuT2-DAB chromogen (labeled) or
unlabeled.

In each micrograph, the numbers of synaptic terminals labeled or
unlabeled were counted, terminal profile areas and synapse lengths (PSD
lengths) were quantified, and the effective sampling area was measured.
Effective sampling area was calculated as the total area of an individual
micrograph minus the area occupied by cell bodies, blood vessels, and
myelinated axons, as these elements may otherwise inflate the amount of
neuropil available for synaptic interaction nonuniformly across photo-
graphs. Synapses were traced by following the entire length of the PSD
along the parallel membranes of the synapse. In the event that a PSD was
perforated, the synapse was assumed to continue along the length of the
perforation.

Because experimental manipulations can potentially introduce varia-
tions in synaptic elements that could bias the sampling procedure, the
volumetric density method was used as previously described (N, = N,/d,
where N, is the number of terminals per square micrometer and d is the
average synapse length in micrometers (Beaulieu and Colonnier, 1985;
DeFelipe et al., 1999; Erisir and Harris, 2003). This quantification
method allows for estimations of synaptic terminal densities and has
been shown to yield a reliable measure of profile density for asymmetric
synapses in the cerebral cortex (DeFelipe et al., 1999; Erisir and Harris,
2003). The size—frequency method is sometimes preferred over the opti-
cal dissector method because it accounts for sampling biases introduced

by the fact that the sampled unit (synapse) is several times larger than the
tissue section thickness (Merchdn-Pérezet al., 2009). Although the vol-
umetric density method yields nearly identical results to the optical
dissector method applied in the same tissue samples, the former is ad-
vantageous because it allows analysis of considerably larger areas in the
cortex, reducing the variation across samples (DeFelipe et al., 1999; Benes
and Lange, 2001). Furthermore, in immunostained ultrathin sections, as
used in this study, the sampling is performed at the border of tissue and
resin, which progresses in consecutive sections; this makes volumetric
density a more feasible method to obtain enough data for meaningful
statistical comparisons between experimental and control groups after
multiple manipulations (Erisir and Harris, 2003; May et al., 2008). The
percentage of VGluT2-labeled synaptic terminals in L4 was determined
as follows: %N, |,petea = 100 X (N, 1 ipetea’ N, air)- To control for variations
in signal intensity, tissues obtained from experimental and control ani-
mals (yoked controls) were always processed together and all values were
normalized to the means of yoked controls.

Immunohistochemistry

Three days after lid suture, mice (P31) were deeply anesthetized with
Fatal-Plus ( pentobarbital) and the brain was removed and drop-fixed for
4 h at room temperature. Immediately following fixation, the brain was
sectioned into 60 wm coronal slices using a vibratome. Slices containing
the visual cortex were incubated with blocking solution (10% fetal bo-
vine serum in PBS with 0.2% Triton X-100) for 1 h at room temperature
and then with anti-Ibal rabbit primary antibody (1:1000; 019-19741,
Wako Chemicals, RRID:AB_2314667) and anti-CD68 mouse antibody
(1:400; FA-11, AbD Serotec, RRID:AB_323909) diluted in blocking so-
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lution overnight at 4°C. Slices were then washed three times with PBS
and incubated with the secondary antibody (Alexa-647-conjugated anti-
rabbit IgG, 1:500; RRID:AB_10393158; Alexa-568-conjugated anti-
mouse IgG, 1:500; RRID:AB_2534013) and Hoechst 33342 (1:10,000;
Thermo Fisher Scientific) for 1 h at room temperature. Slices were
washed three times with PBS and mounted with fluoromount-G on
slides. Images were taken with a 40X objective (0.95 numerical aperture;
Olympus) on a confocal fluorescence microscope (Fluoview F1000,
Olympus). L4 of the binocular visual cortex was identified by anatomical
hallmarks, including the location of the dentate gyrus, location and shape
of the white matter, and intensity of Hoechst stain.

Using the Ibal channel only, ROIs were drawn around microglial cell
bodies in Fiji. The CD68 channel was then autothresholded and the
microglia soma ROIs were overlaid on top. Using the “measure” func-
tion, the area of each soma as well as the percentage of the area containing
CD68 staining was determined. An ROI not containing microglia was
used to quantify the background staining of each imaging area, and this
value was subtracted from all cell measurements.

Experimental design and statistical analysis

All data are expressed as a mean * SEM and n represents individual
animals (biological replicate), except in data about CD68 activation per
cell and EM synaptic terminal size. In these cases, 7 is a cell or terminal,
respectively, and is noted in the text. Sigmaplot was used for parametric
statistical analysis. With two samples, ¢ tests were performed. When com-
paring =3 groups, normality of distribution and homogeneity of varia-
tion was tested and ANOVAs were applied. When ANOVAs yielded
significance, Student—-Newman—Keuls (SNK) post hoc tests with adjust-
ment for multiple comparisons were applied for individual comparisons.
Repeated-measures ANOVAs were applied for all within-subject com-
parisons. For other comparisons, unpaired ANOVAs were used. For vol-
umetric density EM measurements, one-way ANOVAs with nested
replicate measures were used. p < 0.05 is used as a threshold for signifi-
cance for all parametric comparisons and exact values are reported
within the results. With CD68 activation and EM synaptic terminal size,
the data are not normally distributed. In these cases, nonparametric tests
(Mann—Whitney U) were performed using SPSS software. To correct for
repeated comparisons, statistical significance for nonparametric tests
was p < 0.005.

Results

CX3CR1 is not required for segregation of retinal geniculate
inputs into the LGN

During early postnatal development, the mouse LGN develops
from a structure containing large areas of overlap between the
RGC projections from each eye to one that is distinctly segre-
gated. Microglia are necessary for this process, engulfing the
projections pruned away (Schafer et al., 2012) in a manner that
requires proper immune signaling (Stevens et al., 2007; Bou-
langer, 2009). This raises the possibility that LGN segregation will
be disrupted in the absence of CX3CR1, which may impact both
binocular cortical development and visual cortical plasticity.

To determine whether CX3CR1 influences retinal axon segre-
gation, we labeled eye-specific inputs with an anterograde tracer
(CTB) conjugated to a different fluorophore (Alexa-555 or Alexa-647)
in littermate mice (Fig. 1A, B). We chose to analyze brains from
P28-P30 mice because it is a complementary time point to our
electrophysiology studies and eye segregation within the LGN is
complete. We found no significant difference between either the
areas occupied by the contralateral eye (Fig. 1C, blue; WT,
83.91 * 1.88%; KO, 83.88 = 2.91% of total dLGN; p = 0.585 ¢
test) or ipsilateral eye (yellow; WT, 17.65 = 3.09; KO, 18.57 =
2.27% of total dLGN area; p = 0.528 ¢ test). Furthermore, we did
not see an increased area of overlapping projections (Fig. 1D,
green; WT, 2.08 = 0.29%; KO, 2.48 * 0.52% of total dLGN area;
p = 0.482 ttest), the hallmark of disrupted LGN segregation. This
confirms that at the RGC level, microglia lacking CX3CRI are
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Table 1. Summary of visual acuity

Age of recording

Stimulus spatial frequency Genotype Juvenile (P28) Adult (P60)

0.05 cycle/° WT 181+ 18 wV 130 = 11 uV
Ko 161 = 18 v 110 = 8 uV
p 0.224 0.204

0.1 cycle/° WT 158 = 11 uV 140 + 11 v
0] 140 £ 17 uV 13214V
p 0.282 0.617

0.2 cycle/° WT 24+ 14 v 17313V
Ko 195 =13 uV 155 10 pV
p 0.075 0.265

0.3 cycle/ WT 180 £ 21wV 173 £20 WV
Ko 171+ 12wV 146 + 12 uV
p 0.584 0.084

0.4 cycle/° WT 85 =10 wV 108 = 15 uV
Ko 78 £ 4V 89 = 8 uV
p 0.703 0.21

0.5 cycle/° WT 527wV 87 =17 uV
ko 58+=8uV 738V
p 0.759 0.388

0.6 cycle/° WT 2E5uV 638V
ko B4uV 61+7uV
p 0.950 0.933

0.7 cycle/ WT 31E6uV 49 =6 uV
Ko 32+3uV 45+ 5V
p 0.954 0.828

still capable of sculpting thalamic circuits during visual system
development. We cannot rule out the possibility of a subtler effect
on the rate of segregation, but by the peak of the critical period for
OD plasticity ~P30, segregation is complete.

Juvenile and adult Cx3cr1 KO mice have normal visual acuity
Like LGN segregation, the quality of vision is also a reflection of
the proper developmental wiring of the visual system. VEPs offer
a way to quantify visual function in mice at the level of the pri-
mary visual cortex and these recordings match behavioral mea-
sures of visual acuity (Prusky and Douglas, 2003; Cooke et al.,
2015). This method is also well suited for chronic recording from
awake mice over a developmental time course.

Juvenile Cx3crl KO and WT littermate mice (P25) were im-
planted with VEP recording electrodes within L4 of the binocular
primary visual cortex, a depth that yields the maximum negative-
going VEP (Huang et al., 1999; Sawtell et al., 2003). VEPs were
recorded in juvenile mice (at P28) across a range of eight spatial
frequencies (0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 cycle/°). One
month later (at P60), these animals were recorded from again
using the same spatial frequencies (Fig. 2A). We found no differ-
ence between visual acuity of WT and Cx3crI KO mice either as
juveniles or adult animals (Fig. 2B; Table 1; ANOVA animal age,
P28: p = 0.360; P60: p = 0.192).

We considered the possibility that there might be a delay in the
development of visual acuity in the Cx3crl animals that occurs
during initial light exposure shortly after birth, but is ameliorated
by 1 month of age. We implanted mice with VEP electrodes as
close to eye opening as technical limitations allowed (the earliest
weaning age, P18). VEPs in response to four different spatial
frequencies (0.05, 0.2, 0.5, and 0.7 cycle/°) presented binocularly
were recorded every other day from P21 to P31 (Fig. 2C). We
found no differences between VEP magnitudes of WT or KO
animals at any of the spatial frequencies tested (Fig. 2D; Table 2).
Over the 10 d of testing, there was a gradual increase in VEP
magnitude particularly at low spatial frequencies in both geno-
types (ANOVA animal age: 0.05 cycle/°, p < 0.001; 0.2 cycle/,
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Table 2. Summary of visual acuity development
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Age of recording
Stimulus spatial frequency Genotype P21 P23 P25 P27 P29 P31
0.05 cycle/° WT 119 % 15 uV 160 = 25 uV 159 27 pV 175 = 29 juV 167 = 29 juV 207 + 38 v
Ko 126 + 21 ¥ 127 =18 ¥ 166 = 32 ¥ 142+ 37 WV 17239 ¥ 190 = 30 ¥
p 0.872 0.424 0.861 0.432 0.894 0.691
0.2 cycle/” Wt 132 %19 pv 165 = 20 ¥ 209 % 21 v 201 = 25 v 198 = 20 v 210 % 25 v
Ko 148 + 17 wV 150 = 15 wV 200 20 v 201 + 23 v 216+ 19 v 215+ 19 v
p 0.540 0.567 0.747 0.978 0.499 0.840
0.5 ycle/® WT 36+ 8V 3947wl 48 =10 v 48+ 8 uy B9y 4713y
Ko 45+ 10 v 46 + 11 pV 57+ 12V 60 = 15 pV 60 =+ 12 uV 63+ 17 v
p 0.308 0.461 0.450 0.166 0.133 0.291
0.7 cycle/® WT 19+ 5 uV 15+ 4V Brauy B5+5uv 26+ 4uv T +7ul
Ko B+apy N+3uy 2%+ 4uV 2%+ 4uV =N N
p 0.412 0.253 0.602 0.858 0.421 0.991
p < 0.001; 0.5 cycle/®, p = 0.141; 0.7 A Record binocular VEPs Record binocular VEPs
cycle/°, p = 0.043). These data show that 45° 75°
the quali'Fy of visi'on in the absence of electrode ' . 131_)0 ' . 16;°
CX3CR1 is approximately equal to that of implant (novel) (novel)
WT animals across developmental age. l
habituate¢ ¢ ¢ ¢ ¢
Juvenile and adult Cx3crl KO mice — { oo Lo
express SRP P22 P25 P31 P66
SRP is a substrate for a form of visual learn- B D
ing induced by daily presentations of a vi- P25 - P31
sual stimulus of a particular orientation
(Frenkel etal., 2006). This plasticity requires ¢
NMDAR signaling and AMPAR insertion
(Frenkel etal., 2006) and employs the mech-
anism of long-term synaptic potentiation
(LTP; Cooke and Bear, 2010). SRP provides
a robust measure of experience-dependent c E
synaptic strengthening. 500 - o 500 wT o
Following the standard VEP implanta- | . ]
tion surgery, littermate mice aged P25- 3 400 | L 1 | \>:} 400 1 | | 11 I
P31 were binocularly presented with a 2 1l 1 2
phase-reversing sinusoidal grating stimu- 2 300 - 2 300 A
lus of a specific orientation, repeated ev- & )
. @ IS
ery day for 7 d (Fig. 3A). On the final day = 200 S 200
of SRP induction, the mice were presented £ &
. : A Y 100 Y 100
with a stimulus of a novel orientation ran-
domly interleaved with the familiar stim- ] [ ]
ulus to confirm that SRP was specific to day 12345677 12345677 day 12345677 12345677
novel novel novel novel
the trained stimulus. In our WT animals, age p2s P31 P25 P31 age P60 P66 P60 P66
the amplitude of VEPs evoked by the fa-
miliar visual stimulus increases across Figure3. Ca3cr7 KO mice demonstrate normal experience-dependent synaptic potentiation following SRP. A, Experimental

presentation days to approximately dou-
ble that evoked by a novel stimulus, which
is consistent with published data (Frenkel
et al., 2006; Cooke and Bear, 2010).

To measure the quality of SRP during
the visual system critical period, we began
SRP induction 2 weeks earlier than has
previously been investigated (Fig. 3A). We
discovered that the kinetics of SRP induc-
tion in P25 WT mice was very different

timeline of SRP protocol. Animals were implanted at P22 and habituated to the recording apparatus 48 h later. Over the next 7 d,
binocular VEPs were recorded from awake, head-fixed animals, driven by the same stimulus with an orientation of 45°. On the final
day, an additional visual stimulus with a novel orientation of 135° (red) was interspersed with the trained 45° stimuli (orange). A
month later, this same weeklong protocol was repeated with adult animals and a new stimulus (75°, 165° on test day). B, Average
traces showing VEPs potentiate similarly in WT and Cx3cr KO juvenile mice. €, An asymptote of VEP amplitude is reached after 1d
of stimulus exposure, yet a novel stimulus is not potentiated, demonstrating that the increased VEP magnitude is specific to the
trained stimuli. D, Average traces of VEPs in adult animals potentiate similarly in Cx3cr7 KO and WT adult mice. E, VEP magnitude
gradually increases across 7 d and is specific to the trained stimuli (filled bars, first day of stimulus presentation; open bars, repeated
stimulus; scale bar for traces: 100 wV by 100 ms; WT, n = 11 animals; KO, n = 9 animals).

indistinguishable from that of WT animals (ANOVA genotype,

from that previously detected in older animals: the VEP doubled
after only 1 d of stimulus exposure (Fig. 3B, C; Table 3; WT day 1
vs WT day 2, p < 0.001 SNK post hoc), a plateau that was unaf-
fected by the additional days of training and is specific to the
trained stimuli (WT day 7 vs WT day 7 novel, p < 0.001 SNK post
hoc). Juvenile Cx3crl KO animals had SRP induction that was

p=0.659).

We repeated SRP induction with these same animals using
uniquely oriented spatial frequencies 1 month later (Fig. 3A). In
adult mice using our standard SRP timeline beginning in animals
~2 months of age, we found the classically reported incremental
SRP induction approaching a plateau following 5-7 d of training
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Table 3. Summary of SRP induction

Age of recording

SRP recording day Genotype Juvenile (P25-P31) Adult (P60 —P66)

1 Wt 153 + 10 wV 200 + 14 uV
Ko 148 £ 25 uV 180 == 25 vV
p 0.912 0.671

2 WT 302 + 31 uV 263 + 25 uV
ko 307 =39 v 274 =31 vV
p 0.914 0.822

3 W1 335 % 36 ¥ 289 =33 pV
ko 3244w 31 =39V
p 0.791 0.639

4 WT 316 == 25 vV 33532V
Ko 342 + 34 uV 316 = 37 uV
p 0.562 0.684

5 WT 33534 uV 364 =30 wV
Ko 396 = 41 pV 388 = 35 pV
p 0.174 0.21

6 WT 31731V 392 46 uV
ko 358 =35 vV 397 = 36 uV
p 0.356 0.911

7 W1 342 35 v 364 = 37 ¥
ko 377 =29 wV 425+ 4 uV
p 0.356 0.933

7: novel stimulus WT 141 £12uV 159 £20 wV
Ko 123+ 21wV 164 = 28 v
p 0.427 0912

in WT animals (Fig. 3D, E; Table 3). Adult Cx3cr1 KO animals
express SRP over a similar time course and magnitude equivalent
to adult WT animals (ANOVA genotype, 0.778).

The age-dependent difference in SRP induction raises intriguing
possibilities about developmental differences in visual cortical syn-
aptic potentiation. However, we did not find any differences in
Cx3crl KO SRP expression as compared with WT. This leads us to
conclude that the visual circuit does not require CX3CR1 to produce
LTP-like synaptic plasticity.

Brief lid suture induces an OD shift in WT and Cx3cr1
KO mice
It has been repeatedly shown that OD in the primary visual cortex
as measured by VEPs can be strongly shifted by suturing closed
the contralateral eyelid in juvenile mice (Frenkel and Bear, 2004).
The ratio of VEP amplitudes evoked by stimulation of each eye
provides a reliable index of OD and is in close agreement with
single-unit recordings (Liu et al., 2008; Yoon et al., 2009).
Juvenile mice (P25) were implanted with VEP recording elec-
trodes in binocular V1 within L4 (Fig. 4A). Phase-reversing grat-
ing stimuli were presented monocularly to each eye and the
amplitude of evoked responses was recorded (Fig. 4A). During
baseline recordings at P28, we observed that the ratio of con-
tralateral eye VEP amplitude to ipsilateral eye VEP amplitude
(the C/I ratio, Fig. 4C, green) for both WT and KO animals was
~2 (WT pre-MD C/I ratio, 1.81 = 0.24 wV; KO pre-MD C/I
ratio, 2.00 = 0.17 wV; ANOVA genotype, p = 0.778), similar to
published contralateral eye dominance in mice. Before MD, the
amplitude of VEPs driven by the contralateral eye was not differ-
ent between genotypes (Fig. 4B, blue; WT contralateral pre-MD,
76.41 £ 7.53 uV; KO contralateral pre-MD, 78.47 = 7.75 uV;
ANOVA genotype, p = 0.487), nor by the ipsilateral eye (Fig. 4B,
yellow; WT ipsilateral pre-MD, 53.87 * 7.15 uV; KO ipsilateral
pre-MD, 45.22 £ 7.09 wV; ANOVA genotype, p = 0.661).
After 3 d of MD, an OD shift was manifested as both depres-
sion of deprived-eye VEP amplitudes (Fig. 4B; WT contralateral
post-MD, 42.67 = 7.96 wV, p = 0.003 SNK post hoc; KO con-
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tralateral post-MD, 57.12 = 14.08 wV, p = 0.044 SNK post hoc;
ANOVA MD condition, p < 0.001) and potentiation of open-eye
VEP amplitudes (Fig. 4B; WT ipsilateral post-MD, 74.59 = 11.99
wV, p = 0.031 SNK post hoc; KO ipsilateral post-MD, 72.36 *
11.21 pV, p = 0.007 SNK post hoc; ANOVA MD condition p <
0.001), with no significant differences between WT and KO
animals (contralateral ANOVA MD X genotype interaction: p =
0.396; ipsilateral ANOVA MD X genotype interaction: p =
0.644). This ratio of responses driven by each eye was rapidly
shifted as a consequence of contralateral eyelid closure, such that
after 3 d of MD, the C/I ratio became ~1 for both genotypes (Fig.
4C; WT post-MD C/I ratio, 0.92 = 0.27, p = 0.010 SNK post hoc;
KO post-MD C/I ratio, 0.84 = 0.16, p = 0.001 SNK post hoc;
ANOVA MD X genotype interaction: p = 0.540).

Brief lid suture reduces both thalamocortical synapse density
and size in WT brains, but only density in Cx3cr1 KO mice
We were intrigued by the possibility that elimination of frac-
talkine signaling might abrogate structural remodeling while
leaving functional plasticity intact. Therefore, we next investi-
gated how 3 d of MD affects thalamocortical synapse size and
density using quantitative immuno-EM. We used the vesicular
glutamate transporter (VGIuT2) antibody to specifically label
thalamocortical terminals in the mouse (Nahmani and Erisir,
2005; Coleman et al., 2010). This approach allows separate anal-
ysis of presynaptic input that originates from the LGN and other
(mostly intracortical) sources (Fig. 5A, B). Previous studies have
shown that 3 d of MD results in a structural OD shift wherein
thalamocortical synapses are less dense and their presynaptic ter-
minals are smaller (Coleman et al., 2010). We confirmed this
finding: in L4 of the binocular visual cortex in WT animals, there
was a significant decrease in the volumetric density of VGluT2-
labeled synapses normalized to total volumetric density of each
brain that had undergone 3 d of MD (Fig. 5D; WT, 0.23 *+ 0.01
wm?, WT+MD: 0.16 + 0.02 wm?>, p = 0.005 SNK post hoc) but
no impact on volumetric density of all WT synapses (Fig. 5C; WT,
0.98 = 0.12 um* WT+MD, 1.10 + 0.11 m?> p = 0.02 SNK post
hoc). Furthermore, we found that the terminal size decreased as a
consequence of MD (Fig. 5E; median: WT, 0.30 wm?* WT+MD,
0.24 um?, p < 0.001 Mann—Whitney U).

In Cx3crl KO brains following 3 d of MD, we also found a
significant decrease in the normalized density of VGluT2-labeled
synapses (Fig. 5G; KO, 0.28 * 0.02 nm*; KO+MD, 0.23 * 0.01
nm?>, p = 0.003 SNK post hoc) and no change in the synapse
density of all synapses (Fig. 5F; KO, 0.79 = 0.03 nm*; KO+MD,
0.80 = 0.02nm’; p = 0.505 Mann—-Whitney U). However, unlike
WT animals, there was no impact of MD on terminal size of
labeled synapses in KO animals (Fig. 5H; median: KO, 0.27 wm %
KO-+MD, 0.27 wm % p = 0.852 Mann-Whitney U).

We also found a difference in the baseline properties of thalamo-
cortical synapses between WT and KO animals. Comparing the ge-
notypes during unmanipulated sensory experience, KO brains
have higher normalized volumetric densities of labeled synapses
(Fig. 6A; filled bars, p = 0.020 SNK post hoc) with smaller termi-
nal sizes when compared with WT brains (Fig. 6B, solid lines; p =
0.005 SNK post hoc). In the case of unlabeled synapses in non-MD
animals, KO brains have slightly lower densities than WT brains
(Fig. 6A, open bars; p = 0.006 SNK post hoc), but no difference in
terminal size (Fig. 6B; WT labeled vs WT unlabeled, p < 0.001
Mann-Whitney U; KO labeled vs KO unlabeled, p < 0.001 Mann—
Whitney U).
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Unlabeled synapse density increases
following brief lid suture in WT and
Cx3cr1 KO brains

Record monocular VEPs
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Populations of axons originating from the eilgzlrgr?te MD gfjﬂ,
thalamus or from within the cortex itself
have different baseline dynamics and reac- habituate l l
tiveness to sensory input (De Paola et al., — } —— Contralateral Ipsilateral
2006; Yamahachi et al., 2009). We were P25 P28 P31 eye aye
therefore curious whether unlabeled, pre-
sumptive corticocortical synapses of binoc-
ular cortex 14 would react differently to B \_Avﬁ\” Lﬁ\w/&\// A/~ ':v\/% C
MBD. In WT animals that had undergone 3 d . .
of MD, we found a slight but significantin- _ g - - 23 . .
crease in the density of putative corticocortical =, & " "
connections; the normalized volumetric den- g 75 &2
sity of unlabeled synapses increases following E 50 >
MD (Fig. 7A; WT, 079 = 002 nm’ & 2,
WT+MD, 0.85 * 0.02nm%p = 0004 SNK = 25 E
post hoc) with the same effect in KO animals & IS
(Fig. 7C; KO, 0.73 = 0.03 nm” KO+MD, = pre post pre post ©0 pre post pre post
0.78 + 0.01 nm?; p = 0.035 SNK post hoc). MD MD MD MD MD MD MD MD

Both WT and KO animals showed the wT KO WT KO
classic phenotype of intracortical termi-

Figure4. Effect of brief MD on OD shift unaffected in Cx3cr7 mutants. 4, Left, Timeline of 3 d MD experiment. Right, Diagram of

nals being smaller than thalamocortical
terminals (Fig. 6B, dashed lines; WT la-
beled vs WT unlabeled, p < 0.001; KO
labeled vs KO unlabeled, p < 0.001
Mann-Whitney U). However, the way in
which these unlabeled presynaptic termi-
nals react to brieflid suture is significantly
different: in WT animals, intracortical ter-
minal size is unchanged following MD
(Fig. 7B; median: WT, 0.19 pmm?
WT+MD, 0.18 um? p = 0.067 Mann-Whitney U), whereas in
KO animals, intracortical terminals increase in size following MD
(Fig. 7D; median: KO, 0.19 um? KO+MD, 0.21 um?, p < 0.001
Mann—Whitney U).

In summary, brief MD of WT animals causes a higher density
of presumptive intracortical terminals with no change in their
size, whereas in Cx3crl KO animals, brief MD results in a higher
density of intracortical terminals and a small but significant in-
crease in their size.

Brief lid suture increases lysosome content within microglia

but does not affect migration in WT and Cx3cr1 KO animals

Three days of monocular lid suture results in decreased thalamocor-
tical synaptic input to L4 of binocular V1 (Coleman et al., 2010;
Khibnik et al., 2010). We hypothesized that if microglia are required
for this process, there might be increased microglia recruitment to
the location of this change in input. Using the microglia-specific
antibody Iba-1, we did not find any difference in the density of Ibal-
stained microglia in L4 of binocular V1 in WT animals whether or
not they had undergone MD (Fig. 8B; WT, 192.50 * 28.17 cells/
mm? WT+MD, 183.33 * 24.00 cells'mm?* ANOVA MD condi-
tion, p = 0.968). When microglia are pathologically activated,
surveying processes are retracted and soma size increases (Thomas,
1992). We found decreased microglial soma size as a result of brief
MD in WT mice that is not statistically significant (Fig. 8C; WT,
81.81 + 2.87 um?% WT+MD, 73.26 * 2.51um? ANOVA MD
condition, p = 0.004; WT vs WT+MD, p = 0.059 SNK post hoc).
This trend may be a consequence of increased microglial projec-
tion volume, similar to that found recently by Sipe et al. (2016),
which enables increased parenchymal scanning following MD.

VEPrecording apparatus: anawake mouse is head-restrained in front of a computer screen with a phase-reversing grating stimulus
presented monocularly, with an occluder blocking one eye. VEPs driven by the eye contralateral to the recorded hemisphere are
shown in blue and the eye ipsilateral to the recorded hemisphere is shown in yellow. B, After 3 d of MD of the contralateral eye
(post-MD), VEPs driven by the contralateral/deprived eye decrease significantly in both genotypes (ANOVA condition, p < 0.001;
WT pre-MD vs WT post-MD, p = 0.003; KO pre-MD vs KO post-MD, p = 0.044), while VEPs driven by the ipsilateral/open eye
increased significantly in both genotypes (ANOVA condition, p << 0.001; WT pre-MD vs WT post-MD, p = 0.031; KO pre-MD vs KO
post-MD, p = 0.007). €, The OD shift can be measured through a ratio of contralateral VEP to ipsilateral VEP, shifting from ~2:1
to 1:1following MD in both WT and KO animals (scale bar for traces: 50 wV by 100 ms; n = 15 WT animals, 15 KO animals; post hoc
tests, *p << 0.05 after 2-way ANOVA).

When phagosomes engulf material, the endosome containing
the foreign material fuses with lysosomes containing digestive
enzymes (Peri and Niisslein-Volhard, 2008). The presence of
CD68, a lysosome membrane protein expressed in cells of my-
eloid origin (Song et al., 2011), can reflect microglial phagocytic
state (Schafer et al., 2012; Tanaka et al., 2013). We therefore
quantified CD68 immunoreactivity within microglia somas to
determine whether there was increased lysosomal content fol-
lowing MD (Fig. 84). We found a striking increase in microglia-
specific CD68 staining in WT animals that underwent 3 d of MD
(Fig. 8D; WT, 7.41 £ 1.40% soma size; WT+MD, 16.25 = 2.19%
soma size; ANOVA MD condition < 0.001; WT p = 0.003 SNK
post hoc), and increased CD68 staining within individual microglia
somas (Fig. 8E; WT vs WT'+MD, p < 0.001 Mann—Whitney U).

Many previous studies have found a microglia recruitment
deficit as a result of CX3CR1 deletion, which is consistent with its
chemoattractant function. In KO animals, there is a transient
deficit in microglia density in the developing hippocampus
(Paolicelli et al., 2011) and increased microglia density in the
white matter of the motor cortex (Ueno et al., 2013). However, a
study of the mouse somatosensory cortex found no difference in
microglia density in L4 of Cx3cr1 KO animals. The authors report
arecruitment deficit, but at a finer level reflective of the thalamic
input, suggesting that there may be small, specific microdomains
(Hoshiko et al., 2012). Our findings parallel the somatosensory
cortex data: we found no significant difference between the L4
microglia density in WT and Cx3crl KO mice in baseline condi-
tions (Fig. 8B; KO, 171.25 % 18.95 cells/mm * ANOVA genotype,
p = 0.572), and like WT animals, KO animals have no recruit-
ment difference followinglid suture (Fig. 88; KO+MD, 178.57 +
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Labeled Synapses

Labeled Terminals
(Thalamocortical)
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deficient microglia are capable of reacting
to changes in activity and upregulating
their phagocytotic machinery, but to an
extent slightly less than WT microglia.

Discussion

There is burgeoning interest in the role of
microglia in removing synapses and axon
arbors tagged for elimination during de-
velopment, particularly with recent evi-
dence that this process may go awry in
developmental brain disorders, such as
schizophrenia (van Berckel et al., 2008;
Monji et al., 2009; Frick et al., 2013; Sekar
et al., 2016) and autism (Vargas et al.,
2005; Morgan et al., 2010; Tetreault et al.,
2012; Chen et al., 2015). Synapses that
have undergone functional long-term de-
pression (LTD) have been shown to be
subsequently eliminated (Zhou et al.,
2004; Bastrikova et al., 2008), and there is
abundant evidence that MD triggers both
LTD and synapse elimination in the visual
cortex (Cooke and Bear, 2014). Thus, OD
plasticity provides an excellent opportu-
nity to investigate the mechanism by

B WT

#[DWT+MD

Terminal area (um?2)

which functionally depressed synapses
might be tagged for elimination by micro-
glia. In this study, we confirmed that 3 d of

ya MD triggers the functional depression of

deprived-eye responses and the shrinkage
/ and loss of thalamocortical synapses in
V1, and additionally showed that this pe-
riod of synaptic remodeling is character-
ized by increased lysosomal content of
microglia in L4. The microglia response to
MD could simply reflect the removal of
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Figure 5.

23.58 cells/mm* ANOVA genotype MD interaction, p = 0.720).
Also, similar to WT animals, Cx3crI KO microglia have signifi-
cantly smaller soma sizes following MD (Fig. 8C; KO, 88.16 =
3.45 um* KO+MD, 76.93 = 4.59 um? p = 0.014 SNK post hoc).

Lysosomal content per animal also increases after MD in
Cx3crl KO animals (Fig. 8D; KO, 7.76 *= 1.05% soma size;
KO+MD, 14.04 * 1.95% soma size). On an individual microglial
cell basis, there is a significant difference following MD in the
KO animals (Fig. 8E; KO vs KO+MD, p < 0.001 Mann—Whitney
U). However, when comparing microglia of WT animals that
have undergone MD to microglia of KO animals that have un-
dergone MD, there is significantly less lysosome content in
KO+MD microglia (Fig. 8E; WT'+MD vs KO+MD, p = 0.001
Mann-Whitney U). This leads us to conclude that CX3CRI1-

Terminal area (um?2)

Thalamocortical synapses are less dense following brief MD in both WT and Cx3¢r7 KO animals. A, B, Example EMs of
WT (4) and KO (B) cortical slices. Synapses (arrows) are classified as originating from thalamic input based upon VGlut2 immuno-
reactivity (black, t+) or a lack of VGlut2 immunoreactivity (t—; s, spine; d, dendrite; m, mitochondria; scale bar, 500 m). , D,
Total volumetric density of all synapses in WT animals is unchanged following MD (C; p > 0.05), but the normalized volumetric
density of labeled synapses (Nviabeled/Nvrotal) is significantly decreased (D; p = 0.005), as is the size of the terminals (E; p <
0.001). F, G, In KO animals, similar to WT animals, total volumetric density is unchanged after MD (F; p > 0.05) and normalized
volumetric density of labeled synapses is decreased (G; p = 0.003). H, However, unlike WT brains, the size of labeled terminals is
unaffected by MD in KO brains (p = 0.852; n = 3 WT, 3 WT+MD, 3 KO, and 6 KO-+ MD animals; terminal n = 489 WT, 381
WT+MD, 473 KO, 843 KO+ MD; post hoc tests, **p << 0.01 after ANOVA; #p << 0.005, Mann—Whitney U test).

05 1 1.5 debris following synapse elimination, or it

could represent the active participation
of microglia in activity-dependent synap-
tic plasticity. Distinguishing between
these two alternatives would require evi-
dence of engulfment of thalamocortical
synapses, and our attempts to detect en-
gulfment of the vGluT2 antigen in visual
cortex after MD failed. This outcome was
not entirely unexpected, as this antigen
proved to be difficult to detect in LGN mi-
croglia during pruning at earlier ages, even
though retinogeniculate synapses express
vGluT?2 and are robustly engulfed by microglia (Schafer etal., 2012).
Our interpretation is that the antigen is rapidly degraded after
phagocytosis and is only detectable inside microglia when rates of
engulfment are very high. In any case, although the hypothesis that
microglia engulf and eliminate thalamocortical synapses following
MD is supported by the increased lysosomal content of microglia, it
remains to be tested definitively.

Coordinating microglial and synaptic responses to
experience-dependent plasticity

To test the intriguing hypothesis that changes in neural activity
are communicated to microglia via the fractalkine receptor to
refine synaptic connectivity (Paolicelli et al., 2011), we studied
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visual development and plasticity in mice
lacking CX3CR1. Our experiments show,

>

however, that this receptor is not re- g 140
quired for refinement of connections in 8 120
the LGN by P30, for the maturation of 2 100 1
visual responsiveness, for experience- ag’ S 80 |
induced and deprivation-induced plastic- S g 60 |
ity in V1, for the structural remodeling of 3 = 0]
thalamocortical synapses, or for the in- 3

crease in microglial lysosomal content in § 201

L4 after MD. We therefore conclude that
neuron—microglia communication via fra-
ctalkine receptors is not required for the
key features of OD plasticity in L4.

Our findings clearly indicate that one
must look elsewhere to account for coordina-
tion of synaptic and microglial activity. A con-
temporaneous study, corroborating our
finding of a microglial response following
MD, showed that microglia of L2/3
hyper-ramify after MD and contain
GluR1-inclusions (Sipe et al., 2016). Fur-
thermore, this study showed that this mi-
croglial activation is abrogated by disrupting signaling mediated
by the Gi/o-coupled purinergic receptor P2Y12. Of particular
interest, the OD shift following MD was also absent in the P2Y12
KO mouse (Sipe etal., 2016). These exciting results are consistent
with the hypothesis that microglia may indeed play an integral
role in the synaptic response to MD, at least in the superficial
layers of V1. Indeed, microglia express other receptors that me-
diate synaptic remodeling and synaptic function in other systems
(Schafer et 2012; Parkhurst et al., 2013). In accordance with the
findings of Sipe et al. (2016), we also find that unlike pathological
activation of microglia, in which cell size typically increases, mi-
croglial size decreases after MD. These observations suggest that
some markers of microglial activation can be regulated inde-
pendently of those associated with pathological conditions.

Our study reveals heterogeneity in the role of CX3CR1 in
cortical and hippocampal plasticity. In 1-month-old Cx3crl KO
mice, there is a reduction in microglial density of the hippocam-
pus (Paolicelli et al., 2011) and subsequent poor performance in
hippocampal-dependent learning (Rogers et al., 2011). However, we
found no deficit in the density of microglia of the visual cortex,
and proficiency equal to WT animals in SRP, a form of visual
learning. Apparently, microglia in the hippocampus use the che-
motaxic guidance of CX3CRI to contribute to learning, whereas
they use other homing signals in the cortex. One key difference
between plasticity in hippocampus and cortex is the existence of
ongoing adult neurogenesis in the dentate gyrus, which is mod-
ulated by microglia and contributes to the mnemonic functions
of this structure (Kitabatake et al., 2007; Gemma and Bachstetter,
2013).

Figure 6.

Baseline differences in the visual cortex of WT and CX3CR1
KO mice

Our data appear to rule out a major role for fractalkine signaling
in the development and plasticity of the visual cortex (of course
with the caveat that visual functions not tested in our study may
have been affected by the loss of CX3CR1). Nevertheless, in the
course of our investigation, we did note several differences. Our
EM data of animals with unmanipulated vision reveal a baseline
difference between WT and Cx3cr1 KO animals. Thalamocortical
synapses in KO brains are smaller, but more numerous. In ferret
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animals with unmanipulated vision shows a baseline difference between WT and (x3¢r7 KO brains such that KO animals have a
higher density of labeled thalamocortical synapses (p = 0.006; filled bars) and a lower density of unlabeled corticocortical
synapses (p = 0.020; open bars). B, Though the population of unlabeled synaptic terminals (dashed lines) are no different
between non-MD genotypes (p = 0.580), there is, however, a significant difference between the terminal sizes of labeled
synapses between WT and Cx3cr7 KO brains (solid lines; Mann—Whitney Utest, p = 0.005). The populations of both genotypes are
significantly different between labeled and unlabeled terminal sizes (WT, p << 0.001; KO, p << 0.001; n = 3 WT animals, 3 KO
animals; terminal n = 489 labeled WT, 473 labeled KO, 1243 unlabeled WT, and 1014 unlabeled KO; post hoc tests *p << 0.05 after
ANOVA, **p < 0.01; #p < 0.005, Mann—Whitney U test).
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Figure 7.  Intracortical synapses are denser following brief MD in both WT and KO animals.

A, B, Following MD, WT brains have increased normalized volumetric densities of unlabeled
synapses (4; p = 0.004) and no change in unlabeled terminal size (B; p = 0.067). C, D, In KO
animals, MD also causes an increase in the unlabeled synapse normalized volumetric density
(G p = 0.035) and additionally an increase in unlabeled terminal size (D; p << 0.001;n = 3WT, 3
WT~+MD, 3KO, and 6 KO-+MD animals; terminal n = 1243 WT, 1410 WT+MD, 1014 KO, and 2228
KO+MD; post hac tests, *p << 0.05 after ANOVA; **p < 0.01; #p << 0.005, Mann—Whitney U test).

visual cortex, thalamocortical input and synapse density is a
product of age; by adulthood, they have fewer thalamocortical
synapses that are larger (Erisir and Dreusicke, 2005). It may be
the case that the KO cortex is less mature than the age-matched
WT cortex, which would parallel data found in the hippocampus
(Paolicelli et al., 2011) and the barrel cortex (Hoshiko et al.,
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shrinkage and removal of thalamic input,
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but intracortical synapses were not in-
cluded in the analysis (Coleman et al.,
2010). An intriguing possibility is that
the observed increase in unlabeled syn-
apses is related to our finding of preco-
cious strengthening of the nondeprived
eye response in our experiments. Pre-
vailing models of open-eye potentiation
assume this occurs at thalamocortical syn-
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* * CD68 reactivity (% of soma size) ing interventions that could reopen juve-
Figure8. Microglia have increased lysosome content following brief MD. A, Example images of microglia in L4 of binocular V1 nile adaptability.
(cortical structure identified with Hoechst 33342; scale bar, 500 m) stained with anti-Iba1 to label all microglia (green; scale bar, .
Conclusion

10 um), and anti-CD68 to label microglial lysosomes (red). In the merged image, the (D68 puncta are specific to microglial somas
(except for blood vessels; note the faint vertical line running through the image). B, In the hemisphere contralateral to the deprived
eye, the density of microglia in L4is not different between genotypes (ANOVA genotypes, p = 0.572) or following MD (ANOVA MD
condition, p = 0.968). C, The volume of the microglia soma (i.e., excluding ramified processes) decreases slightly in WT animals
following MD, though not significantly (p = 0.059), as well as decreasing in KO animals (p = 0.014), which may be a product of
increased ramification. D, Per animal averages of the amount of lysosome content within microglial somas increases following MD
in both genotypes (WT, p = 0.003; KO, p = 0.026). E, Cumulative distributions of individual microglial CD68 increase following
MD. On this per-microglia basis, (CX3CR1 KO+ MD microglia have less lysosome reactivity when compared with WT+MD microglia
(WTvs KO, p = 0.093; WT vs WT+MD, p < 0.001; KO vs KO+MD, p < 0.001; WT+MD vs KO+MD, p = 0.001; post hoc tests,
*p << 0.05 after 2-way ANOVA; #p << 0.005, Mann—Whitney U test; n = 4 WT, 4 WT-+MD, 6 KO, 6 KO-+ MD animals).

2012), suggesting an overall developmental delay in the brains of
Cx3crl KO mice, but one that does not impact visual cortical
plasticity. Our results are consistent with the synaptic multiplicity
model of the KO hippocampus proposed by Zhan et al. (2014); it
is possible that the presence of numerous weak, small thalamo-
cortical synapses prevents the formation of large, strong synapses
at a lower density.

Novel findings on the synaptic responses to MD and
development of SRP

Our EM analysis on WT animals revealed that brief MD impacts
unlabeled, presumably intracortical synapses. In a previous
study, we showed that deprived-eye depression is associated with

The question of how the modification of
synaptic function sculpts the anatomical or-
ganization of neural circuits in the brain is
important. Although substantial progress
has been made in recent decades identifying
the synaptic mechanisms for experience-
dependent visual cortical development
and plasticity, little is known about how
these early modifications ultimately
manifest as modifications of entire axon
arbors. An attractive hypothesis is that neuron-to-microglia
communication plays an active role in pruning ineffective syn-
apses and circuits, and fractalkine signaling is in an ideal position
to mediate such communication. However, despite some evi-
dence for a role for fractalkine signaling in synaptic changes in
some brain regions, our thorough test of this hypothesis in the
visual cortex has failed to reveal any significant contribution of
CX3CRI to the functional development of the visual cortex, or to
the functional and structural consequences of early MD. Never-
theless, in the course of our studies we discovered that microglia
in visual cortex L4 respond vigorously to MD at timepoints when
synapses are undergoing functional depression and structural
elimination. By ruling out an essential role for fractalkine signal-
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ing, our study narrows the search for understanding how micro-
glia respond to active synapse modification in the visual cortex.
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