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Deficient Surveillance and Phagocytic Activity of Myeloid
Cells Within Demyelinated Lesions in Aging Mice Visualized
by Ex Vivo Live Multiphoton Imaging
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Aging impairs regenerative processes including remyelination, the synthesis of a new myelin sheath. Microglia and other infiltrating
myeloid cells such as macrophages are essential for remyelination through mechanisms that include the clearance of inhibitory mole-
cules within the lesion. Prior studies have shown that the quantity of myeloid cells and the clearance of inhibitory myelin debris are
deficient in aging, contributing to the decline in remyelination efficiency with senescence. It is unknown, however, whether the impaired
clearance of debris is simply the result of the reduced number of phagocytes or if the dynamic activity of myeloid cells within the
demyelinating plaque also declines with aging and this question is relevant to the proper design of therapeutics to mobilize myeloid cells
for repair. Herein, we describe a high-resolution multiphoton ex vivo live imaging protocol that visualizes individual myelinated/demy-
elinated axons and lipid-containing myeloid cells to investigate the demyelinated lesion of aging female mice. We found that aging lesions
have fewer myeloid cells and that these have reduced phagocytosis of myelin. Although the myeloid cells are actively migratory within the
lesion of young mice and have protrusions that seem to survey the environment, this motility and surveillance is significantly reduced in
aging mice. Our results emphasize the necessity of not only increasing the number of phagocytes, but also enhancing their activity once
they are within demyelinated lesions. The high-resolution live imaging of demyelinated lesions can serve as a platform with which to
discover pharmacological agents that rejuvenate intralesional remodeling that promotes the repair of plaques.
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Introduction
Demyelination is the loss of the myelin sheath surrounding an
axon, resulting in impaired axonal conduction and degeneration

(Irvine and Blakemore, 2008; Matute and Ransom, 2012). Remy-
elination is the synthesis of a new myelin sheath and is important
for restoring efficient saltatory conduction and metabolic sup-
port to the axon (Franklin and Kotter, 2008; Saab et al., 2013),
reflecting an endogenous process involving the recruitment and
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Author contributions: K.S.R., J.K., W. Tang, W. Teo, J.R.P., P.K.S., and V.W.Y. designed research; K.S.R., J.K., W.
Tang, W. Teo, and J.R.P. performed research; K.S.R., J.K., W. Tang, W. Teo, J.R.P., P.K.S., and V.W.Y. analyzed data;
K.S.R., J.K., W. Tang, W. Teo, J.R.P., P.K.S., and V.W.Y. wrote the paper.

This work was supported by operating grants from the Canadian Institutes of Health Research (CIHR), the Mul-
tiple Sclerosis Scientific Research Foundation, the Multiple Sclerosis Society of Canada, and the Alberta Innovates–
Health Solutions (AIHS) CRIO Team program. K.S.R. is supported by a Vanier Canada Graduate Scholarship and a
studentship from the University of Calgary Faculty of Medicine. W.Tang was supported by a summer studentship
from Alberta Innovates Health Solutions. J.R.P was supported by fellowships from CIHR, T. Chen Fong, AIHS, and the
Donna Joan Oxford award from the MS Society of Canada. We thank the Hotchkiss Brain Institute Advanced

Microscopy Platform (AMP) Facility for use of the Nikon A1R multiphoton microscope and NIS Elements and
the Live Cell Imaging Facility for access to Imaris software.

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. V. Wee Yong, University of Calgary, 3330 Hospital Drive, Calgary,

Alberta T2N 4N1, Canada. E-mail: vyong@ucalgary.ca.
DOI:10.1523/JNEUROSCI.2341-17.2018

Copyright © 2018 the authors 0270-6474/18/381973-16$15.00/0

Significance Statement

The repair of myelin after injury depends on myeloid cells that clear debris and release growth factors. As organisms age,
remyelination becomes less efficient correspondent with fewer myeloid cells that populate the lesions. It is unknown whether the
dynamic activity of cells within lesions is also altered with age. Herein, using high-resolution multiphoton ex vivo live imaging with
several novel features, we report that myeloid cells within demyelinated lesions of aging mice have reduced motility, surveillance,
and phagocytic activity, suggesting an intralesional impairment that may contribute to the age-related decline in remyelination
efficiency. Medications to stimulate deficient aging myeloid cells should not only increase their representation, but also enter into
lesions to stimulate their activity.
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myelinating oligodendrocytes (Franklin and ffrench-Constant,
2008). Many factors influence the remyelination response, in-
cluding inhibitors in the microenvironment, inflammation, and
the age of the subject (Kotter et al., 2011).

Focal models of demyelination have shown that the innate
immune response, consisting of myeloid cells such as activated
microglia and infiltrating monocyte-derived macrophages, is es-
sential for remyelination (Kotter et al., 2001, 2005). These innate
immune cells release important growth factors for OPC matura-
tion in addition to clearing inhibitory myelin debris (Kotter et al.,
2005; Miron et al., 2013; Yuen et al., 2013). This inflammatory
response declines with aging (Shaw et al., 2013; Rawji et al.,
2016b) and is thought to underlie the deficiency in remyelination
that occurs with senescence (Zhao et al., 2006; Ruckh et al., 2012).
The decreased inflammatory response in aging is manifested as
delayed and lowered macrophage/microglia recruitment, a dys-
regulation in several chemokines and cytokines, and an accumu-
lation of myelin debris (Zhao et al., 2006; Ruckh et al., 2012).

Studies conducted to date have used static histological sec-
tions to document the reduced representation of macrophages/
microglia within focally demyelinated lesions from aging
animals. Therefore, it is not clear whether these cells, once within
the lesion, are dynamically altered in their activity in surveying
the lesion microenvironment. This has implications for thera-
peutics because strategies to enhance the representation of my-
eloid cells into aging demyelinated lesions may be ineffectual if
the infiltrating cells remain compromised within the lesion mi-
croenvironment. We therefore sought to visualize the activity of
microglia and infiltrating myeloid cells within demyelinated le-
sions and investigate whether aging cells are deficient in their
dynamic activity. Using multiphoton ex vivo live imaging, we find
that aging myeloid cells are significantly less motile and display
reduced surveillance in the lesion microenvironment. In addi-
tion, aging lesions have fewer myeloid cells, many of which are
deficient in myelin phagocytosis. These observations provide in-
sights into the factors influencing the decreased efficiency of re-
myelination in the aging demyelinated lesion and introduce a
novel high-resolution technique for imaging the lesion in real
time.

Materials and Methods
Mice. All experiments were performed in accordance with the Animal
Care Committee at the University of Calgary. Mice were housed at the
University of Calgary Animal Resource Center per regulations stated in
the Canadian Council of Animal Care. For live imaging experiments,
heterozygous Cx3cr1 GFP/� mice (RRID:IMSR_JAX:005582) (Jung et al.,
2000), which are used to visualize microglia and other myeloid cells such
as macrophages and dendritic cells, were crossed with Thy1YFP � mice
(RRID:IMSR_JAX:003782) (Feng et al., 2000), which are used to visual-
ize dorsal column axons, to produce double-transgenic mice capable of vi-
sualizing both axons and myeloid cells concurrently (Stirling et al., 2014).
For histology and immunofluorescence, homozygous Ccr2RFP/RFP:
Cx3cr1GFP/GFP mice (obtained from Dr. Paul Kubes, University of Calgary)
were crossed with C57BL/6 mice (purchased from Charles River Laborato-
ries) to generate Ccr2RFP/�: Cx3cr1GFP/� mice (Saederup et al., 2010). All
mice were on a C57BL/6 background. Female mice were used in this study at
2–3 months of age (young) and 9–12 months of age (aging).

Lysolecithin demyelination. Mice were anesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg) administered through intraperitoneal
injection. The analgesic buprenorphine (0.05 mg/kg) was administered
subcutaneously. Ophthalmic solution was applied to each eye to keep the
eyes moist during surgery. The back was shaved with a razor and the
surgical field was disinfected with 70% ethanol and iodine. Focal demy-
elination was produced by intraspinal injection of the lipid-disrupting
detergent lysolecithin (L1381, lysophosphatidylcholine; Sigma-Aldrich)

using a pulled microcapillary (TW150F-3; World Precision Instruments)
attached to a 10 �l syringe (#701; Hamilton) with polyethylene tubing
(427406; Intramedic). In preparation of intraspinal injection, the micro-
capillary was filled with 0.5 �l of 1% lysolecithin in PBS.

The sedated mouse was positioned in a stereotactic frame and a mid-
line incision was performed over the upper back. Retractors were used to
separate the underlying adipose and muscle tissue to reveal the vertebral
column. The protrusion of the T2 thoracic vertebra was used to locate the
intervertebral space between T3 and T4, where tissue was removed with
spring scissors, exposing the dorsal spinal cord. A 30 gauge metal needle
was used to clear the dura, after which the midline dorsal column white
matter was distinguished from the gray matter. Using the stereotaxic
frame, the microcapillary was lowered 100 �m below the pial surface into
the dorsal white matter, after which 0.5 �l of lysolecithin was injected at
a rate of 0.25 �l/min. After injection, the microcapillary was maintained
in position for an additional 2 min to prevent backflow of lysolecithin.
The microcapillary was then removed, the muscle and skin were sutured,
and the mouse was placed in a thermally controlled environment to
recover. A second dose of buprenorphine (0.05 mg/kg) was administered
subcutaneously 12–16 h after surgery.

Ex vivo multiphoton live imaging. Three days after lysolecithin-
induced demyelination, mice were killed and transcardially perfused
with 20 ml of equilibrated cold artificial CSF (aCSF). The aCSF solution
was prepared per the following concentrations: 151 mM NaCl, 3 mM KCl,
2 mM CaCl2, 1.25 mM NaH2PO4, 2 mM MgSO4, 26 mM NaHCO3, and 10
mM dextrose. Laminectomy of the dorsal vertebral column was per-
formed to expose the spinal cord. A 1 cm segment of the thoracic spinal
cord encompassing T3/T4 was excised, leaving the ventral vertebral col-
umn intact. The ventral vertebral column of the spinal cord segment was
then used to suspend the sample in an imaging chamber (RC-27L; Har-
vard Apparatus), eliminating contact with the axons. The suspended
spinal cord was then incubated for 10 min with the lipophilic dye Nile red
(N-1142; Life Technologies) at a final concentration of 10 �M to visualize
myelin.

A perfusion system was used to keep the spinal cord segment viable by
continuously circulating aCSF within the imaging chamber. The aCSF
was bubbled with 95% O2/5% CO2 and maintained at a constant tem-
perature of 35°C using an in-line thermal sensor (64-0353; Harvard Ap-
paratus) and an objective heater system (CL-100; Warner Instruments).
Once the spinal cord was suspended in the imaging chamber, we allowed
1 h to elapse to ensure the viability of the spinal cord sample. If �3% of
axons displayed features of axonal dystrophy, the sample was discarded.
We have shown previously that the ex vivo spinal cord can be maintained
in a viable state for up to 12 h using this perfusion system (Stirling et al.,
2014).

All images were acquired using a Nikon A1R multiphoton microscope
using a 25� water-immersion apochromatic lens with a 1.1 numerical
aperture. Samples were excited with a wavelength of 930 nm (GFP, YFP,
and Nile red) at �10 –15 mW at the tissue. A spectral detector was used to
collect emission spectra ranging from 490 – 650 nm at 10 nm intervals,
allowing the GFP, YFP, and Nile red emission spectra to be captured. All
images were acquired at the center of the lesion with dimensions of 200
�m by 200 �m. Z-stacks with an optical thickness of �1.5 �m per slice
were taken to obtain a depth of �30 �m. Images were taken in the same
location every 15 min over the course of 2–3 h to examine the dynamics
of the lesion site. Due to the extent of imaging in the same location, a
minor degree of photobleaching may be present. Control experiments of
uninjured dorsal columns from young and aging mice were also imaged
using the same protocol as the lesioned dorsal columns.

Postacquisition image analysis. For visualization and analysis, the 4D
image data were imported into ImageTrak (written by P.K.S.). Image
stacks were autoregistered to correct for X–Y drift between each image.
The images were spectrally unmixed as we described previously (Stirling
et al., 2014). Spectral unmixing was necessary to separate overlapping
emission spectra such as GFP and YFP. Emission maxima separated by
10 nm can be separated and pseudocolored for visualization, producing a
tricolor image in which red represents Nile red, green represents GFP,
and white represents YFP. To generate accurate spectral unmixing
results, regions of interest are selected in which pure YFP, GFP, and Nile
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Figure 1. Ex vivo multiphoton live imaging of a demyelinated dorsal column in Cx3cr1 GFP/�:Thy1YFP � mice. A, Schematic of ex vivo live imaging protocol depicting injection of lysolecithin into
the dorsal spinal cord with a pulled microcapillary, followed by excision of the spinal cord at 3 d after demyelination, incubation with Nile red, suspension and immersion of spinal cord in aCSF
perfusion system, imaging under multiphoton microscope, and post-acquisition analysis. B, Representative spectrally unmixed images acquired from (Figure legend continues.)
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red is present. The spectral signatures from these regions of interest are
then used to unmix the remainder of the images. Within each image,
z-stacks at the top and the bottom of each image volume were com-
pressed to produce a maximum intensity projection (MIP). The spec-
trally unmixed MIPs at each time point were merged together to produce
a 2D video of lesion activity over 2–3 h.

Using the videos, the number of phagocytic Cx3cr1GFP/� cells were quan-
tified at each time point. Phagocytic cells were defined as Cx3cr1GFP/� cells
that contained visible Nile red particles within the soma. The number of
phagocytic Cx3cr1 GFP/� cells at each time point was then averaged to
produce an estimate of the number of Cx3cr1 GFP/� cells within the
lesion.

To investigate 3D aspects such as morphology and motility of lesional
Cx3cr1GFP/� cells, image stacks acquired from the multiphoton microscope
were spectrally unmixed in NIS Elements (Nikon; RRID:SCR_014329). For
this spectral unmixing sequence, the preloaded spectral signatures for
“EGFP” and “EYFP” were used. To unmix Nile red, the spectral signature for
“Alexa Fluor 594” was selected. The unmixed image stacks were then im-
ported into Imaris (Bitplane; RRID:SCR_007370), in which 3D reconstruc-
tions were produced from the z-stacks. Surfaces were created using the same
parameters for both young and aging lesions. Surfaces were subsequently
edited after creation. Reconstructed images at different time points were
then merged to create a single 3D volumetric rendering of the lesion over 2–3
h. ImarisTrack was used to track the distance, displacement, and speed of
individual Cx3cr1GFP/� cells over time. A reference frame was applied to an
obvious feature such as an axonal endbulb in each frame to correct for
translational X–Y–Z drift over time. Our best effort was used to correct for
rotational drift. All motility measurements were made in relation to the
reference frame. Volumetric rendering was used to obtain measurements
such as cell surface area, volume, and sphericity. In addition, ImarisColoc
was used to quantify the percentage of Nile red-labeled lipids present within
Cx3cr1GFP/� cells.

Histology and immunofluorescence. To characterize the Cx3cr1 GFP/�

cells in the lesion, Ccr2 RFP/�: Cx3cr1 GFP/� mice (Saederup et al., 2010)
were injected with 0.5 �l of 1.0% lysolecithin into the dorsal white matter
and then euthanized 3 d after demyelination. Mice were killed by tran-
scardial perfusion of 20 ml of cold PBS followed by cold 4% phosphate-
buffered paraformaldehyde (PFA). The spinal cord was dissected and a 1
cm segment of the thoracic spinal cord encompassing the lesion was
isolated. This segment was postfixed in 4% PFA overnight at 4°C, fol-
lowed by cryoprotection in 30% sucrose for 3 nights at 4°C. The spinal
cord segments were then frozen in cryomolds containing optimal cutting
temperature medium (25608-930, VWR) using 2-methylbutane
(M32631; Sigma-Aldrich) and dry ice and then stored at �80°C until
sectioning. A cryostat was used to obtain coronal sections at a thickness
of 20 �m, after which sections were stained for histology and immuno-
fluorescence.

To visualize myelin, sections were stained with eriochrome cyanine R
(32752; Sigma-Aldrich) and neutral red. Sections were first thawed at
room temperature for 30 min, followed by transfer to CitriSolv (22-143-
975; Fisher Scientific) for 1 min. Slides were then rehydrated in graded
ethanol solutions (isopropanol, 100%, 95%, 90%, 70%, 50%, and water)
for 1 min each. Slides were incubated in eriochrome cyanine solution for
15 min. The slides were then washed for 1 min in water and differentiated
with 0.5% ammonium hydroxide (320145; Sigma-Aldrich) for 10 s.
Slides were washed with water for 1 min and then dehydrated in graded
ethanol solutions (water, 50%, 70%, 90%, 95%, 100%, and isopropanol)

for 1 min each. Slides were finally stored in CitriSolv and coverslipped
with Acrytol mounting medium (3801700; Leica Biosystems). Bright-
field images were captured using an Olympus BX51 microscope.

For immunofluorescence analysis, frozen slides were thawed at room
temperature for 30 min. Slides were first blocked with a PBS solution
containing 10% horse serum, 1% bovine serum albumin, 0.1% cold fish
gelatin, 0.1% Triton X-100, and 0.05% Tween 20. Sections were then
incubated with primary antibodies overnight in a PBS solution contain-
ing 1% bovine serum albumin, 0.1% cold fish gelatin, and 0.5% Triton
X-100. To amplify the signal produced from the Cx3cr1 GFP/� cells, a
chicken polyclonal anti-GFP antibody (Aves Labs, GFP-1020; 1:1000;
RRID:AB_10000240) was used. To stain for macrophages/microglia, a
rabbit polyclonal anti-Iba1 antibody (Wako, 019-19741; 1:500; RRID:
AB_839504) was used. To assess myeloid cell activation markers, a rat
monoclonal anti-CD16/CD32 antibody (BD PharMingen, 553142;
1:100; RRID:AB_394657) and a rat monoclonal anti-MHC II antibody
(Bio-Rad, MCA1387; 1:100; RRID:AB_321620) were used. An Armenian
hamster monoclonal anti-CD11c antibody (Abcam, ab33483; 1:100;
RRID:AB_726084) was used to stain dendritic cells. After 3 5 min washes
with PBS containing 0.05% Tween 20, corresponding secondary anti-
bodies (1:400) were added with nuclear yellow (1:1000) for 2 h at room
temperature. Sections were washed again 3 times for 5 min each in PBS
containing 0.05% Tween 20, after which they were coverslipped with
Gelvatol mounting medium. Images were captured on a Nikon C1si
spectral confocal microscope. Brightness and contrast was adjusted using
ImageJ (RRID:SCR_003070). To assess the percentage of Cx3cr1 GFP/�

cells expressing either CD16/CD32 or MHC II, ImarisColoc was used.
Experimental design and statistical analyses. Statistical analysis and pro-

duction of graphs was performed using GraphPad Prism 6.0 software
(RRID:SCR_015807). For all analyses, three to four mice per group were
analyzed. For cell density measurements, each mouse was considered an
n of 1. For morphology measurements in young and aging uninjured
controls, between 1 and 11 cells were quantified per mouse from 3 young
mice and 3 aging mice. For morphology and motility measurements in
demyelinated lesions, each cell was considered an n of 1 and between 41
and 145 cells were quantified per mouse across 3– 4 mice per group. For
analysis of the percentage of phagocytosis, the colocalization of Nile red
at each time point was considered an n of 1 and 7 time points were
assessed per mouse across 3– 4 mice. All analyses consisting of two groups
were conducted with one-tailed Student’s t tests. All analyses consisting
of four groups with two independent variables (time and age) were
conducted with a two-way ANOVA with a Bonferroni’s multiple-
comparisons test. Graphs in the figures display the mean and SEM.

Results
Live multiphoton imaging of demyelinated dorsal
column lesions
To produce a focal demyelinating lesion in the dorsal column
with minimal mechanical damage, we injected lysolecithin via
microcapillary attached to a 10 �l syringe (Fig. 1A). We per-
formed ex vivo live imaging experiments on naive and lesioned
dorsal column tissue 3 d after demyelination. To visualize micro-
glia, infiltrating myeloid cells, and axons, we performed all our
experiments on Cx3cr1 GFP/�:Thy1YFP� mice in which the my-
eloid cells express GFP under control of the fractalkine receptor
(CX3CR1) promoter and axons express YFP under the control of
the neuronal Thy1 promoter (Feng et al., 2000; Jung et al., 2000;
Stirling et al., 2014). We used the lipophilic dye Nile red to label
myelin (Arnaud et al., 2009; Stirling et al., 2014). We acquired
high-resolution images under the multiphoton microscope, which
we then analyzed using various software programs (Fig. 1A).

Imaging of the healthy dorsal column revealed longitudinal
Thy1YFP� axons ensheathed by Nile red-positive myelin sheaths
(Fig. 1B). Ramified Cx3cr1 GFP/� microglia were evenly distrib-
uted in the spinal cord. We were able to maintain axonal and
myelin viability for at least 3 h of imaging, as reflected by a lack

4

(Figure legend continued.) Cx3cr1 GFP/�:Thy1YFP � uninjured mice incubated with Nile red.
Cx3cr1 GFP/� microglia (green) are distributed throughout the spinal cord. Thy1YFP � dorsal
column axons are pseudocolored in white and run longitudinally and in parallel. Myelin is in red
and appears as intact myelin sheaths surrounding Thy1YFP � axons. The health and viability of
the spinal cord preparation can be sustained for 3 h, as evidenced by the lack of axonal spheroids
or other dystrophic features. C, Representative spectrally unmixed images contrasting an unin-
jured dorsal column with a lesioned dorsal column 3 d after demyelination. In the latter, axons
are disrupted or transected and myelin is no longer present as continuous structures around
axons. Scale bars, 10 �m.
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Figure 2. Cx3cr1 GFP/� cells are Iba1-positive macrophages/microglia and CD11c-positive dendritic cells. A, Representative spinal cord cross-sections from young and aging mice stained with
eriochrome cyanine (blue) and neutral red (red) to detect myelin and nuclei, respectively. Shown are uninjured dorsal columns and lesioned dorsal columns 3 d after demyelination.
B, Representative spinal cord cross-sections of uninjured dorsal columns from young and aging mice display evenly distributed ramified Cx3cr1 GFP/� microglia (green). Also shown are
lesioned dorsal columns from young and aging mice 3 d after demyelination. These lesions display accumulation of Cx3cr1 GFP/� cells. C, Representative images of demyelinated lesions from
young and aging mice stained with the macrophage/microglia marker Iba1 (red). Most Cx3cr1 GFP/� cells (green) are also Iba1-positive (orange). D, Representative images of demyelinated lesions
from young and aging mice stained with CD11c (red). The majority of Cx3cr1 GFP/� cells (green) display a low or negligible level of CD11c (orange). Also present are CD11c-positive, GFP-negative cells
(red). Scale bars, 100 �m.
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of pathological features such as axonal spheroids or myelin
unraveling.

The lesioned spinal cord 3 d after demyelination was charac-
terized by a focal region of denuded axons that were no longer
running longitudinally (Fig. 1C). We also observed areas of Nile
red-positive myelin debris, axonal spheroids, and an increase in
the quantity of Cx3cr1 GFP/� cells in the lesion. The Cx3cr1 GFP/�

cells appeared amoeboid in morphology and had enlarged cyto-
plasms, representing activated microglia and infiltrating myeloid
cells. It is not possible to differentiate Cx3cr1-expressing macro-

phages, dendritic cells, and microglia definitively, so these are
collectively referred herein as myeloid cells.

To obtain histological confirmation of demyelination using
this method, we killed mice for histology and stained cyrosections
with the myelin stain eriochrome cyanine. In uninjured spinal
cords, the intact dorsal column appeared blue when stained with
eriochrome cyanine (Fig. 2A). Within the demyelinated dorsal
columns, however, a lack of blue corresponding to myelin loss
was evident. These results, therefore, provide histological evi-
dence of demyelination using this method. Furthermore, we

Figure 3. Ex vivo multiphoton live imaging facilitates high-resolution acquisition of many features in the lesion microenvironment. A, Spectrally unmixed image depicting a demyelinated dorsal
column lesion with infiltration of activated Cx3cr1 GFP/� microglia and other myeloid cells (green). Nile red-positive myelin debris (red) is present within the lesion. Thy1YFP � axons (white) appear
with axonal endbulbs. Normal appearing white matter is visible in the top portion of the image with intact Thy1YFP � axons surrounded by normal appearing Nile red-positive myelin sheaths.
B, Spectrally unmixed image of a region caudal to the lesion site depicting Wallerian degeneration. This site has many Thy1YFP � axonal endbulbs (white) and Cx3cr1 GFP/� cells (green). C, Denuded
Thy1YFP � axons with a prominent axonal endbulb on one axon. D, Spectrally unmixed image of a dystrophic Thy1YFP � axon (white) with its respective Nile red-positive myelin sheath (red).
E, Spectrally unmixed image of phagocytic Cx3cr1 GFP/� cells (green) containing Nile red-positive phagosomes (red) within the cytoplasm. Thy1YFP � axonal fragments (white) are also evident in
this image. F, 3D reconstruction of a demyelinated dorsal column lesion with infiltrating activated Cx3cr1 GFP/� cells (green) and Thy1YFP � axons (white). G, Single amoeboid Cx3cr1 GFP/� cell that
has been 3D reconstructed. H, Example of a 3D-reconstructed Cx3cr1 GFP/� cell in the process of engulfing a Thy1YFP � axonal endbulb. I, 3D reconstruction of a single phagocytic Cx3cr1 GFP/� cell
containing numerous Nile red-positive phagosomes (red) within its cytoplasm. Scale bars, 10 �m.
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Figure 4. Live imaging of unlesioned young and aging dorsal columns does not alter microglia cell number of morphology over 90 min of imaging. A, Representative 3D-reconstructed still frames
of time-lapse videos of uninjured dorsal columns from young and aging mice. The first time point (0 Minutes Imaging) and the final time point (90 Minutes Imaging) are displayed. Cx3cr1 GFP/�

microglia are depicted in green and Thy1YFP � axons are shown in white. B, There is no change in the number of Cx3cr1 GFP/� microglia over 90 min of live imaging (interaction, F(1,8) � 0.2456, p �
0.6335; time, F(1,8) � 1.447, p � 0.2634; age, F(1,8) � 0.6102, p � 0.4572). C, Representative 3D reconstructions of a single Cx3cr1 GFP/� microglial cell (green) from uninjured dorsal columns from
young and aging mice. The same cell is shown at the first time point (0 Minutes Imaging) and the final time point (90 Minutes Imaging) for both the young and aging condition. D, Graph comparing
the surface area of Cx3cr1 GFP/� microglia over the 90 min imaging session in uninjured young and aging dorsal columns (interaction, F(1,62) �1.154, p�0.2869; time, F(1,62) �0.1541, p�0.6960;
age, F(1,62) � 0.139, p � 0.7106). E, Measurements of the cellular volume of Cx3cr1 GFP/� microglia over the 90 min imaging session in uninjured young and aging dorsal columns (interaction,
F(1,62) � 1.238, p � 0.2702; time, F(1,62) � 0.1773, p � 0.6751; age, F(1,62) � 0.8302, p � 0.3657). F, Graph depicting the mean sphericity of Cx3cr1 GFP/� microglia over the 90 min imaging
session in uninjured young and aging dorsal columns (interaction, F(1,62) � 1.123, p � 0.2934; time, F(1,62) � 0.3178, p � 0.5750; age, F(1,62) � 0.004751, p � 0.9453). Values are represented
as mean and SEM. Results were analyzed with a two-way ANOVA with a Bonferroni’s multiple-comparisons test. For B, each data point was of individual mice and 3 young mice and 3 aging mice were
analyzed. For D–F, between 1 and 11 cells were quantified per mouse from 3 young mice and 3 aging mice. n.s., Not significant. Scale bars: A, 20 �m; C, 10 �m.
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observed evenly distributed ramified Cx3cr1 GFP/� microglia in
the intact dorsal column and accumulation of Cx3cr1 GFP/� cells
in the demyelinated dorsal column lesions (Fig. 2B).

We further characterized the histological sections to deter-
mine whether the Cx3cr1 GFP/� cells are microglia as well as infil-
trating macrophages and Cx3cr1-expressing dendritic cells,
which have been described to also infiltrate the injured CNS
(D’Agostino et al., 2012). We first investigated whether the
Cx3cr1 GFP/� cells express the macrophage/microglia marker
Iba1. Indeed, the majority of Cx3cr1 GFP/� cells were Iba1 immu-
noreactive (Fig. 2C). To gain a better appreciation of the cellular
identity of the Cx3cr1 GFP/� cells, we stained sections for CD11c, a
marker highly upregulated in dendritic cells. Many of the
Cx3cr1 GFP/� cells also displayed low expression of CD11c (Fig.
2D). Because most of the Cx3cr1 GFP/� cells are Iba1-positive,
these cells are presumably macrophages/microglia that have been
reported to also upregulate CD11c after injury (Wlodarczyk et al.,
2014). We also observed, however, few cells that showed high
expression of CD11c and low expression of GFP, which may have
been infiltrating dendritic cells. Based on this histological character-
ization, we were therefore likely visualizing Cx3cr1GFP/� microglia,
macrophages, and dendritic cells (which we refer to collectively as
myeloid cells) during our live imaging experiments.

We sought to further characterize this technique and the le-
sion microenvironment by capturing high-resolution images of
different features found within the lesion. As mentioned above,
the lesion displayed an accumulation of activated myeloid cells,
many of which were round and amoeboid (Fig. 3A). When imaging
sites caudal to the lesion, we observed Wallerian degeneration, as
depicted by the presence of axonal endbulbs and amoeboid myeloid
cells (Fig. 3B). Furthermore, we documented the presence of several
axonal spheroids, which is a hallmark feature of early axonal injury
(Nikić et al., 2011) (Fig. 3C). Other pathological features included
the appearance of dystrophic axons, in which the myelin sheath was
not contiguously apposed to the axon (Fig. 3D). Finally, we observed
several myeloid cells that contained Nile red-positive phagosomes,
suggesting that these cells have phagocytically engulfed lipid debris
(Fig. 3E).

In addition to features visualized in 2D, surface rendering
enabled the observation of several other aspects within the lesion
microenvironment. Such information includes the 3D interrela-
tion of axons and myeloid cells (Fig. 3F), morphological features
of individual myeloid cells (Fig. 3G), instances of active myeloid
cell phagocytosis of axonal endbulbs (Fig. 3H), and engulfed
lipids within myeloid cell phagosomes (Fig. 3I). It is important to
note that these features, in addition to the 2D aspects, were ob-
served in lesions of both young and aging mice. Altogether, these
experiments highlighted the ability to acquire high-resolution
features of live healthy and lesioned spinal cord ex vivo.

Ex vivo multiphoton live imaging does not alter microglia cell
number or morphology in the uninjured young and aging
dorsal column
Before investigating whether lesional myeloid cells of young and
aging mice display differences in their phagocytic and dynamic
properties, we first sought to characterize whether the ex vivo live
imaging setup induced any changes in the resting microglia pop-
ulation. To investigate this, we imaged three uninjured young
spinal cords and three uninjured aging spinal cords for 90 min
and examined whether the dissection or live imaging induced any
changes in microglia cell number or morphology. As shown in
Figure 4, A and B, microglia density did not change over the 90
min of imaging, showing that the laser did no induce a response

in which microglia would accumulate. To determine whether live
imaging stimulated changes in morphology, we used surface ren-
dering to measure the surface area, volume, and sphericity of
individual microglial cells at each time point (Fig. 4C). We found
that there was no change in these indices over the 90 min of
imaging (Fig. 4D–F, Movie 1, Movie 2). These results demon-
strate that the ex vivo live imaging setup does not promote any
significant changes in microglia over the imaging session and
does not induce any artifactual differences between young and
aging resting microglia.

Lesions from aging mice have fewer phagocytic microglia and
infiltrating myeloid cells
We next quantified the number of Cx3cr1 GFP/� myeloid cells that
contained Nile red-positive phagosomes in addition to the
amount of Nile red-labeled lipids engulfed by these cells. To ac-
complish this, we used two strategies. First, we used maximum-
intensity projections of spectrally unmixed images to quantify the
number and percentage of Cx3cr1 GFP/� cells that contained Nile
red-positive phagosomes within their cytoplasm. This was a 2D

Movie 1. Although movement of processes are evident, young mi-
croglia do not migrate over 90 min of ex vivo multiphoton live imaging in
the uninjured spinal cord. Shown is a 3D-reconstructed movie of a rep-
resentative uninjured dorsal column from a young mouse in which every
frame represents 15 min of imaging. Cx3cr1 GFP/� microglia are shown
in green and Thy1YFP � axons are shown in white.

Movie 2. Aging microglia do not migrate over 90 min of ex vivo mul-
tiphoton live imaging in the uninjured spinal cord. Shown is a 3D-
reconstructed movie of a representative uninjured dorsal column from
an aging mouse in which every frame represents 15 min of imaging.
Cx3cr1 GFP/� microglia are shown in green and Thy1YFP � axons are
shown in white.
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Figure 5. Lesions from aging mice have fewer Nile red-positive Cx3cr1 GFP/� cells that are also less phagocytic. A, Example of spectral unmixing in which a true color image depicting spectral data
from 490 – 650 nm is unmixed into a GFP, YFP, and Nile red channel. B, Representative spectrally unmixed images from lesions in a young mouse (left) and aging mouse (right) 3 d after
demyelination. Thy1YFP � axons are displayed in white, Nile red-labeled myelin is shown in red, and Cx3cr1 GFP/� cells are shown in green. C, Lesions from young mice have significantly more
Cx3cr1 GFP/� cells containing Nile red-positive phagosomes than lesions from aging mice (t � 1.988, df � 6, p � 0.0470). D, 3D reconstruction of Cx3cr1 GFP/� cells containing Nile red-positive
phagosomes in lesions from young and aging mice 3 d after demyelination. E, There is no difference in the percentage of Cx3cr1 GFP/� cells that contain (Figure legend continues.)
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analysis and was unable to provide information regarding the
amount of Nile red contained within each cell. Therefore, we
used a second method in which GFP and Nile red were 3D colo-
calized, providing information as to how much Nile red was pres-
ent within GFP-positive cells. As shown in Figure 5A, the spectral
unmixing algorithm that we used is able to separate the signal
discretely from the GFP, YFP, and Nile red present in one z slice
of the true color image. We have shown previously that this algo-
rithm is able to distinguish spectral peaks as close as 10 nm apart,
enabling the very close spectra of YFP and GFP to be separated
(Stirling et al., 2014) and allowing Cx3cr1 GFP/� cells containing
Nile red to be identified easily. Using spectrally unmixed maxi-
mum intensity projections, we found that several Nile red-
positive cells were present in the lesions of both young and aging
mice 3 d after demyelination (Fig. 5B, Movie 3, Movie 4). We
quantified both the number of Nile red-containing Cx3cr1 GFP/�

cells and the percentage of Cx3cr1 GFP/� cells with phagocytosed
Nile red. Compared with young lesions, aging lesions had signif-
icantly fewer phagocytic Cx3cr1 GFP/� cells (Fig. 5C). There was
no difference, however, in the percentage of cells that were
phagocytic between young and aging lesions (Fig. 5E). Because
the percentage of phagocytic cells did not differ between young

and aging lesions, we questioned whether aging myeloid cells
engulfed less lipid than young myeloid cells. To address this ques-
tion, we used the second method in which Nile red-positive vox-
els were colocalized with GFP-positive voxels, thereby providing
the amount of Nile red-labeled lipids engulfed by Cx3cr1 GFP/�

cells (Movie 5, Movie 6, Movie 7, Movie 8). Using this approach,
we found that aging Cx3cr1 GFP/� cells had a significant reduction
in the amount of Nile red-labeled lipids that were engulfed (Fig.
5F,G, Movie 7, Movie 8). It is important to note, however, that,

4

(Figure legend continued.) Nile red-positive phagosomes in lesions from young mice compared
with lesions from aging mice (t � 0.3516, df � 6, p � 0.3686). F, At 3 d after demyelination,
lesions from aging mice display a significant reduction in the percentage of total GFP signal
colocalized with Nile red (t � 2.8, df � 54, p � 0.0035). G, Lesions from aging mice show a
significant reduction in the amount of Nile red phagocytosed per Cx3cr1 GFP/� cell (t � 3.215,
df � 51, p � 0.0011). Values are represented as mean with the SEM. Results were analyzed
with a one-tailed Student’s t test. For C and E, each data point represents one mouse. For F and
G, the percentage and volume of Nile red colocalized with Cx3cr1 GFP/� cells, respectively, were
quantified from several time points in each of 4 young mice and 4 aging mice. *p	0.05; **p	
0.01; n.s., Not significant. Scale bars, 10 �m.

Movie 3. Lesions from young mice have a large accumulation of
Cx3cr1 GFP/� cells that are also phagocytic. Shown is a movie depicting
spectrally unmixed maximum intensity projections of a representative
lesion from a young mouse in which every frame represents 15 min of
imaging. Cx3cr1 GFP/� cells are shown in green, Thy1YFP � axons are
shown in white, and Nile red-labeled myelin is shown in red.

Movie 4. Lesions from aging mice do not display a large accumu-
lation of Cx3cr1 GFP/� cells and do not have many phagocytic
Cx3cr1 GFP/� cells. Shown is a movie depicting spectrally unmixed
maximum intensity projections of a representative lesion from an
aging mouse in which every frame represents 15 min of imaging.
Cx3cr1 GFP/� cells are shown in green, Thy1YFP � axons are shown
in white, and Nile red-labeled myelin is shown in red.

Movie 5. The young lesion microenvironment can be live imaged in
3D over time with Cx3cr1 GFP/�: Thy1YFP � mice. Shown is a 3D spec-
trally unmixed movie of a representative lesion from a young mouse in
which every frame represents 15 min of imaging. Cx3cr1 GFP/� cells are
shown in green, Thy1YFP � axons are shown in white, and Nile red-
labeled myelin is shown in red. Some of the phagocytosed Nile red-
labeled lipids may be obscured by the GFP signal.
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because the same anatomical location in the lesion is imaged
continuously for at least 2.5 h, there is some degree of photo-
bleaching, which results in a decrease in both the GFP and Nile
red signal over time. In summary, these results demonstrate that
aging lesions have significantly fewer phagocytic myeloid cells
and also display decreased engulfment of lipid debris. These de-
ficiencies may contribute to the decreased phagocytosis of inhib-
itory myelin debris in aging lesions.

Aging microglia and infiltrating myeloid cells have
altered morphology
Because microglia and infiltrating myeloid cells undergo a signif-
icant change in morphology after injury and features such as
process extension and retraction are important for surveillance of
the microenvironment, we sought to determine whether aging
myeloid cells had any alterations in morphology. To address this
question, we used surface rendering to measure the surface area,

volume, and sphericity of individual cells at each time point over
the imaging session. We first found that both young and aging
Cx3cr1 GFP/� cells within the demyelinated lesion appeared more
amoeboid compared with Cx3cr1 GFP/� microglia from the unin-
jured controls (Fig. 4C, 6A). This was accompanied by a decrease
in cell surface area, volume, and an increase in sphericity. These
observations highlight the change in morphology that these cells
undergo from the uninjured state to the injured state. When
comparing young and aging Cx3cr1 GFP/� cells within the demy-
elinated lesions, aging Cx3cr1 GFP/� cells had a significant reduc-
tion in mean surface area associated with a decrease in the
number of cellular processes protruding from the cell (Fig.
6A,B). In addition, aging cells displayed a significant decrease in
mean cell volume (Fig. 6C). We next measured the mean sphe-
ricity of individual cells, which is defined by the ratio of the
surface area of a perfect sphere to the surface area of the cell
given that the sphere is volumetrically equal to the cell (Fig.
6D) (Wadell, 1935). Sphericity is therefore an indication of
how amoeboid the cell is and a perfect sphere would have a
sphericity of 1.0; any cell with protrusions would have a
sphericity 	1.0. Sphericity, however, cannot be used as an indi-
cation of the activation state of a cell. Through this measurement,
we found that aging Cx3cr1 GFP/� cells had a mean sphericity of
0.66, whereas young cells had a mean sphericity of 0.63 (Fig. 6D),
indicating that aging cells are more amoeboid and have fewer cellular
protrusions with which to survey the microenvironment.

To determine whether aging cells displayed a greater degree of
activation, we stained histological sections for common activa-
tion markers of myeloid cells and quantified the percentage of
colocalization between Cx3cr1 GFP/� cells and the respective acti-
vation marker. We chose to assess CD16/CD32 as well as major
histocompatibility complex II (MHC II), both of which have been
reported to be upregulated in proinflammatory myeloid cells (Law-
rence and Natoli, 2011; Rawji and Yong, 2013). Although we found
no difference in CD16/CD32 between young and aging Cx3cr1GFP/�

cells, we observed a trend of increased MHC II expression in young
Cx3cr1GFP/� cells (Fig. 6E–H). Because this experiment was con-
ducted with a sample size of four to five mice, a larger sample size
may establish a significant difference. In addition, because this char-
acterization is limited to the two markers that we probed, investigat-

Movie 6. The aging lesion microenvironment can be live imaged in
3D over time with Cx3cr1 GFP/�: Thy1YFP � mice. Shown is a 3D spec-
trally unmixed movie of a representative lesion from an aging mouse in
which every frame represents 15 min of imaging. Cx3cr1 GFP/� cells are
shown in green, Thy1YFP � axons are shown in white, and Nile red-
labeled myelin is shown in red. Some of the phagocytosed Nile red-
labeled lipids may be obscured by the strong GFP signal.

Movie 7. Lesions from young mice contain several Cx3cr1 GFP/� cells
that have phagocytosed lipid debris. Shown is a 3D-reconstructed movie
of a representative lesion from a young mouse in which every frame
represents 15 min of imaging. Cx3cr1 GFP/� cells are shown in green.
Nile red that is colocalized with GFP is shown in red and represents
engulfed lipids. The GFP surfaces were made transparent to visualize
engulfed lipids.

Movie 8. Lesions from aging mice display fewer Cx3cr1 GFP/� cells
that have phagocytosed lipid debris. Shown is a 3D-reconstructed movie
of a representative lesion from an aging mouse in which every frame
represents 15 min of imaging. Cx3cr1 GFP/� cells are shown in green.
Nile red that is colocalized with GFP is shown in red and represents
engulfed lipids. The GFP surfaces were made transparent to visualize
engulfed lipids.
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Figure 6. Lesions from aging mice have alterations in Cx3cr1 GFP/� cell morphology. A, Representative 3D reconstructions of a single Cx3cr1 GFP/� cell from a young and an aging mouse 3 d after
demyelination. B, Graph comparing the mean surface area of Cx3cr1 GFP/� cells over the entire imaging session in lesions from young and aging mice 3 d after demyelination (t � 2.323, df � 624,
p � 0.0103). C, Measurements of the mean cellular volume of Cx3cr1 GFP/� cells over the entire imaging session in lesions from young and aging mice 3 d after demyelination (t � 3.768, df � 624,
p 	 0.0001). D, Graph depicting the mean sphericity of Cx3cr1 GFP/� cells over the entire imaging session in lesions from young and aging mice 3 d after demyelination (t � 3.382, df � 624, p �
0.0004). E, Representative images of lesions from young and aging mice immunostained with antibodies to Cx3cr1 GFP/� (green) and the activation marker CD16/CD32 (red). Shown are the
individual channels and the merged image. F, There is no difference in the percentage of Cx3cr1 GFP/� cells that are colocalized with the activation marker CD16/CD32 (t � 0.1691, df � 7, p �
0.4353). G, Representative images of lesions from young and aging mice immunostained with antibodies to Cx3cr1 GFP/� (green) and the activation marker MHC II (red). Displayed are the individual
channels and the merged image. H, Lesions from young mice show an increased trend in the percentage of Cx3cr1 GFP/� cells that are colocalized (Figure legend continues.)
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ing other markers of activation or using other approaches such as
transcriptomics may reveal more subtle changes in lesional myeloid
cell proinflammatory activity with age.

Aging myeloid cells exhibit decreased surveillance within the
demyelinated lesion
We investigated whether Cx3cr1 GFP/� cells in the lesion are dy-
namically active and if this activity is altered in the aging lesion.
To address this question, we generated 3D reconstructions of the

4

(Figure legend continued.) with MHC II (t � 1.074, df � 7, p � 0.1591). Values are represented
as mean with the SEM. Results were analyzed with a one-tailed Student’s t test. For B–D,
between 41 and 145 cells were quantified per mouse from 4 young and 4 aging mice. For F and
H, each data point represents one mouse. *p 	 0.05; ***p 	 0.001; n.s., Not significant. For A,
scale bars, 10 �m. For E and G, scale bars, 100 �m.

Figure 7. Aging Cx3cr1 GFP/� cells are significantly less motile in the lesion and are fewer in number. A, Representative 3D-reconstructed still frames of time-lapse videos of lesions from young
and aging mice 3 d after demyelination. Cx3cr1 GFP/� cells are shown in green and Thy1YFP � axons are shown in white. Displacement vectors are shown in blue. B, Lesions from young mice contain
significantly more Cx3cr1 GFP/� cells than lesions from aging mice 3 d after demyelination (t � 3.584, df � 4, p � 0.0115). C, Representative diagram displaying displacement vectors of individual
Cx3cr1 GFP/� cells over imaging session in young and aging lesions 3 d after demyelination. Thy1YFP � axons are shown in white. D, E, Graphs comparing the mean displacement (t � 3.631, df �
574, p � 0.0002; D) and mean speed (t � 1.778, df � 574, p � 0.0380; E) of individual Cx3cr1 GFP/� cells in lesions from young and aging mice 3 d after demyelination. F, Graph displaying the track
straightness (t � 5.052, df � 574, p 	 0.0001) of individual Cx3cr1 GFP/� cells in lesions from young and aging mice 3 d after demyelination. Values are shown as mean and SEM. Results were
analyzed with a one-tailed Student’s t test. For B, each data point represents one mouse. For D–F, between 41 and 145 cells were quantified per mouse from 3 young mice and 3 aging mice.
*p 	 0.05; ***p 	 0.001. Scale bars, 10 �m.
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z-stacks acquired at each time point over the imaging session
(Fig. 7A, Movie 9, Movie 10). The 3D reconstructions enabled us
to track the positions of each cell over the imaging session in the
lesion. We measured the mean displacement, speed, and distance
of individual Cx3cr1 GFP/� cells over the duration of the imaging
session. From these measurements, we found that Cx3cr1 GFP/�

cells are indeed motile within the lesion microenvironment (Fig.
7A, Movie 9, Movie 10). In addition to fewer aging Cx3cr1 GFP/�

cells in the lesions, aging cells displayed a significant decrease in
mean displacement and speed (Fig. 7B–E). These results can be
further interrogated by a measurement known as the confine-
ment index, also known as track straightness, which is defined as
the ratio of the displacement to the distance (Beltman et al.,
2009). Using this measurement, we found that the aging cells had
a significant reduction in the track straightness, suggesting that,
although aging Cx3cr1 GFP/� cells exhibit motility, they are more
confined within the lesion volume (Fig. 7E).

Altogether, these results suggest that, in addition to less accu-
mulation of aging myeloid cells within lesions, these cells are less
phagocytic, less motile, and appear to have reduced surveillance
within the lesion microenvironment.

Discussion
Ousman and David (2000) were the first to perform a detailed
analysis of the recruitment of various immune cells to the lyso-
lecithin demyelinated lesion in the adult mouse spinal cord. They
found that activated macrophages/microglia were the predomi-
nant cells recruited to the lesion. Other studies have demon-
strated that a depletion of macrophages results in the impairment
of remyelination, not only due to a lack of myelin debris clear-
ance, but also due to a dysregulation in important growth factors
implicated in OPC maturation (Triarhou and Herndon, 1985,
1986; Kotter et al., 2001, 2005). Because these are static histolog-
ical studies, it is uncertain how the macrophages/microglia were
responding in real time within the demyelinated lesion. Mul-
tiphoton live imaging permits the visualization of dynamic cellu-
lar activity and this has allowed the demonstration that microglia
in the healthy CNS are constantly surveying the microenviron-
ment, retracting and extending processes in a dynamic manner
(Davalos et al., 2005; Nimmerjahn et al., 2005). Furthermore,
after various types of injury to the CNS, microglia quickly re-
spond toward the lesion (Davalos et al., 2005; Nimmerjahn et al.,
2005; Damani et al., 2011; Stirling et al., 2014). In a model of
spinal cord injury, multiphoton time-lapse imaging demon-
strated that these cells are quite migratory within the traumatic
lesion cavity (Evans et al., 2014).

We used the model of ex vivo live imaging described herein for
several reasons. First, as stated above, assessing static histological
sections does not reveal any information on the dynamic activity
of macrophages/microglia and other myeloid cells such as den-
dritic cells within the lesion. Understanding the dynamic prop-
erties of microglia and infiltrating myeloid cells is important in
understanding their function within the lesion microenviron-
ment. Importantly, highlighting dynamic deficiencies in the ag-
ing myeloid cell population provides more insight into how aging
affects injury. Second, live imaging does not introduce the same
artifacts that are introduced by fixation or freezing in traditional
cryosectioning of histological sections. Such artifacts have been
known to change the volume of the tissue and therefore make
morphological assessments inaccurate (Chatterjee, 2014). Here,
we were able to make accurate observations of morphology due
to the 3D data acquisition in real time. Third, it is very challeng-
ing to image white matter tracts in vivo due to the deep anatom-
ical location of these tracts in the brain. In addition, the
challenges of in vivo imaging of the spinal cord arise from move-
ment artifact introduced from the respiratory pattern and the
heartbeat. Such artifacts usually require artificial ventilation and
motion correction for drift introduced from the heartbeat. Al-
though ex vivo live imaging preparations do not have the substan-
tial drift introduced from the respiratory pattern and the
heartbeat, these preparations do display a degree of rotational
drift that is difficult to correct. The effect of this drift is minimal,
however, as our control experiments do not display any move-
ment of the resting microglia. Nonetheless, development of more
sophisticated drift correction algorithms will only enhance future
ex vivo live imaging studies. Fourth, due to the delayed matura-
tion of white matter tracts within the CNS, the use of ex vivo
preparations from newborn mouse brain slices is unsuitable.
Therefore, we resorted to using an ex vivo preparation of the
spinal cord to examine the dynamic properties of a lesioned white

Movie 9. Young Cx3cr1 GFP/� cells are very motile in the demyeli-
nated lesion 3 d after demyelination. Shown is a 3D-reconstructed
movie of a representative lesion from a young mouse in which every
frame represents 15 min of imaging. Cx3cr1 GFP/� cells are shown as a
spectrum in which purple cells display the least displacement and red
cells display the greatest displacement over 90 min. Thy1YFP � axons
are shown in white.

Movie 10. Aging Cx3cr1 GFP/� cells do not exhibit extensive motility
in the demyelinated lesion 3 d after demyelination. Shown is a 3D re-
constructed movie of a representative lesion from an aging mouse in
which every frame represents 15 min of imaging. Cx3cr1 GFP/� cells are
shown as a spectrum in which purple cells display the least displace-
ment and red cells display the greatest displacement over 90 min.
Thy1YFP � axons are shown in white.
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matter tract in real time. Using this technique, we were able to
keep the spinal cord morphologically viable for up to 12 h
(Stirling et al., 2014) and to retain a ramified microglia phenotype
in the uninjured context. We are able to image precisely a focal
white matter lesion over time and quantify changing dynamics in
myeloid cell properties. Altogether, this technique presents a
novel method for investigating spinal cord white matter tracts
without the challenges presented by in vivo spinal cord imaging.

For remyelination, the innate inflammatory response consist-
ing of activated microglia and infiltrating macrophages has been
shown to be essential (Kotter et al., 2001, 2005). These cells clear
inhibitory myelin debris and release important growth factors for
OPC recruitment and differentiation (Ruckh et al., 2012; Miron
et al., 2013; Rawji et al., 2016a). This immune response, however,
declines with age and is thought to contribute to the age-related
decrease in remyelination efficiency (Zhao et al., 2006; Ruckh et
al., 2012; Shaw et al., 2013; Natrajan et al., 2015; Rawji et al.,
2016b; Safaiyan et al., 2016). Because most of these studies have
been conducted in vitro or from static sections in situ, it is not
known whether the dynamic activity of macrophages/microglia
within the demyelinated lesion change with aging. We have
therefore used high-resolution ex vivo multiphoton microscopy
to image in real time the dynamic activity of microglia and other
infiltrating myeloid cells such as macrophages and dendritic cells
in lesions of young and aging mice that have been demyelinated
with lysolecithin. We found that, at 3 d after demyelination, the
aging lesion contained fewer total Cx3cr1 GFP/� cells, which may
reflect a decrease in the recruitment, proliferation, or perhaps a
deficiency in both of these processes. Of the less myeloid cells
present in the aging lesions, significantly fewer contained phago-
somes labeled with the lipophilic dye Nile red. It is important to
note, however, that the percentage of phagocytic cells did not
differ between young and aging lesions, suggesting that aging cells
are not impaired in the engulfment of lipid debris. However,
there was significantly less Nile red present within each aging cell.
These results suggest that the reduced phagocytosis of inhibitory
myelin debris in aging lesions is due to both a decrease in the
number of aging phagocytes to the lesion and a reduction in the
amount of myelin debris taken up by aging myeloid cells. Because
these lesions were analyzed relatively early at 3 d after demyelina-
tion, the percentage of Cx3cr1 GFP/� cells containing Nile red-
positive debris was 	10%. Analysis of later time points after
demyelination will likely result in a greater percentage of
Cx3cr1 GFP/� cells containing Nile red-positive debris.

In addition, the motility of aging Cx3cr1 GFP/� cells within the
lesion was significantly reduced compared with young cells and
many aging cells also appeared stationary. Furthermore, aging
myeloid cells have fewer cellular processes than young cells, po-
tentially contributing to a reduction in the surveillance of the
surrounding microenvironment. Altogether, these results sug-
gest that, in addition to there being fewer cells in the aging lesion,
the phagocytic capacity and surveillance activity of these cells is
also lowered, potentially contributing to the reduced clearance of
inhibitory molecules and therefore delayed remyelination in the
aging CNS.

The finding of reduced activity of aging Cx3cr1 GFP/� cells
within the lesion environment may reflect intrinsic deficiencies
of the aging innate immune cells or extrinsic changes in the aging
lesion microenvironment, such as the elevated amounts of unde-
fined inhibitors of myeloid cell functions or changes in the stiff-
ness of the extracellular matrix (Rawji et al., 2016b). An approach
to resolving lesion-intrinsic or environmental mechanisms could
be the implant of young myeloid cells into the young versus aging

brain. Indeed, when aging lysolecithin-demyelinated mice were
paired with young mice through heterochronic parabiosis, young
macrophages were observed to infiltrate the aging lesion, result-
ing in enhanced myelin debris clearance and improved remyeli-
nation (Ruckh et al., 2012). Moreover, investigating the potential
factors underlying the decreased activity of aging myeloid cells
should reveal important targets to help enhance surveillance and
repair within the aging demyelinated lesion. Further, medica-
tions to enhance the activity of myeloid cells in aging lesions may
improve the phagocytic clearance of inhibitory myelin debris,
thereby providing a more conducive environment for OPCs to
mature into myelinating oligodendrocytes. This approach was
shown to be effective in young mice, in which combined treat-
ment with amphotericin B, which stimulates activity, and mac-
rophage colony stimulating factor, which increases cell numbers,
increased representation of macrophages/microglia in the demy-
elinated lesion and promoted remyelination (Döring et al., 2015).

In conclusion, we have used a high-resolution multiphoton
live imaging technique to examine the dynamic activity of young
and aging Cx3cr1 GFP/� myeloid cells in the demyelinated spinal
cord. We found that these cells are not static in the lesion, but are
active and motile within the microenvironment. Importantly,
aging cells exhibit decreased motility and phagocytosis, contrib-
uting to the lack of debris clearance in the aging CNS. Strategies
that enhance the intralesional motility and phagocytic potential
of aging myeloid cells may promote remyelination in the aging
CNS. In addition, we have described a novel technique to exam-
ine, in high resolution, the pathophysiology of the demyelinated
lesion in real time.
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