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Abstract
The innate immune system is comprised of cellular sentinels that often serve as the first
responders to injury and invading pathogens. Our basic understanding of innate immunity is
derived from research conducted in peripheral lymphoid tissues. However, it is now recognized
that most non-lymphoid tissues throughout the body are equipped with specialized innate immune
cells that are uniquely adapted to the niches in which they reside. The central nervous system
(CNS) is a particularly interesting compartment because it contains a population of post-mitotic
cells (neurons) that are intolerant of robust, cytopathic inflammatory responses observed in many
peripheral tissues. Thus, evolutionary adaptations have fitted the CNS with a unique array of
innate immune sentinels that facilitate the development of local inflammatory responses but
attempt to do so in a manner that preserves the integrity of its post-mitotic residents. Interestingly,
studies have even suggested that CNS resident innate immune cells contribute to the homeostasis
of this compartment and promote neural activity. In this review we discuss recent advances in our
understanding of CNS innate immune sentinels and how novel imaging approaches such as
intravital two-photon laser scanning microscopy (TPLSM) have shed light on these cells during
states of health and disease.
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Origin and Anatomy of CNS Innate Immune Cells
The adult CNS is inhabited by several innate immune cells that are derived from primitive
myeloid precursors or hematopoietic cells. The lineage derivation of these cells is discussed
extensively in several recent reviews1-3 and thus will only be mentioned briefly here. The
most abundant CNS innate immune sentinels reside in the parenchyma and are referred to as
microglia. It was originally thought that microglia were bone marrow-derived; however,
recent studies have elegantly shown that these cells come from primitive yolk sac
progenitors and can be maintained in the parenchyma for life without replenishment from
the bone marrow.4 In mice, primitive macrophages appear in the embryonic (E) yolk sac at
E7.5, differentiate into microglia and colonize the CNS before vascularization of the embryo
occurs. Thus, microglia share many features with macrophages, but are nevertheless
uniquely adapted to function in the CNS parenchyma. For example, microglia have small
cell bodies from which many ramifications (or branches) emanate (Fig. 1A and D; Vid. S1).
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These branches are highly dynamic and continually scan the parenchyma (Vid. S1).5 From
end to end, microglia can span distances of 50 to 100 microns, and it is estimated that
collectively these cells survey the entire parenchymal space every 2–3 h.5

In contrast to microglia, all other innate immune sentinels residing in the normal CNS are
hematopoietically-derived.1-3 Most of these cells are of a myeloid lineage and can be
visualized using CX3CR1-green fluorescent protein (GFP)6 and lysozyme M-GFP (LysM-
GFP)7 mice (Figs. 1 and 2). The CNS is bathed in a fluid referred to as cerebral spinal fluid
(CSF), which is generated by the choroid plexus. CSF is continually pumped throughout the
ventricles and lining of the CNS (or meninges), and these structures are anatomically
distinct from the CNS parenchyma. The meninges, choroid plexus, and perivascular spaces
are inhabited by specialized myeloid sentinels that are aptly named meningeal, choroid
plexus, and perivascular macrophages, respectively.1 Meningeal macrophages are long,
worm-like cells that sit along meningeal vessels (Figs. 1A–C and 2A–C; Vids. S1 and S2).
These cells, visible in CX3CR1-GFP and LysM-GFP reporter mice, are stationary in the
uninflamed brain but highly dynamic; their protrusions constantly scan the space around
meningeal blood vessels (Vids. S1 and S2). Perivascular macrophages are sentinels that
inhabit the spaces around blood vessels which penetrate the brain parenchyma. The
macrophages residing in this space have a more compact, amoeboid shape (Figs. 1A, 1E, 2A
and 2E) and continually scan their perivascular niche similar to meningeal macrophages
(Vids. S1 and S2). Lastly, a specialized population of macrophages resides in the choroid
plexus. This anatomical region is particularly vulnerable to peripheral insults because it
contains fenestrated blood vessels (most other vessels in the CNS are non-fenestrated).
Thus, it is important to have innate immune sentinels monitor this specialized anatomical
region. To date, choroid plexus macrophages have not been imaged in four dimensions (4D),
but it is likely that these cells possess dynamic scanning properties similar to meningeal and
perivascular macrophages.

CNS resident microglia and macrophages are all classified as antigen presenting cells
(APCs) given their ability to present peptides in MHC class II complexes; however,
microglia often considered poor antigen presenters relative to their bone marrow-derived
myeloid counterparts.8,9 This conclusion is based primarily on ex vivo stimulation assays in
which APCs are extracted from the brain and mixed with antigen-specific T cells. It remains
to be determined whether a similar conclusion will be drawn when CNS APCs are studied
intravitally. While microglia and macrophages have the capacity to present antigen,
dendritic cells (DCs) are the most potent APCs in the body. The brain was once thought
devoid of DCs, but recent studies have revealed that the meninges and choroid plexus
contain a population of CD11c-expressing cells that are bone marrow-derived, FMS-like
receptor tyrosine kinase 3 (Flt3) ligand responsive, and have a 5–7 d half-life.10 In addition,
genomic analyses demonstrated that these cells are similar to splenic DCs.10 CD11c-YFP
reporter mice11 are commonly used to define the anatomy of DCs in the resting brain (Fig.
3; Vid. S3).12,13 CD11c-YFP+ cells are sparsely distributed in the meningeal space and look
morphologically different than worm-like meningeal macrophages (Figs. 1C and 2C; Vids.
S1 and S2). CD11c-expressing cells can also be found in perivascular spaces and
occasionally the brain parenchyma itself.12,13 While CD11c is often used as a marker to
define DCs in peripheral tissues, it is unclear whether all CD11c-expressing cells in the CNS
represent bona fide DCs or rather a mix of innate immune cells (the latter is more likely).
For example, microglia are not DCs but are known to upregulate CD11c upon
activation,9,14,15 and a small fraction even express CD11c in the resting brain.12,13 Thus,
CNS DCs should be not identified on the basis of CD11c expression alone. Nevertheless, it
is clear that the concept of the CNS being devoid of professional APCs must be revised.
This compartment contains an elaborate sentinel program with cells poised to detect
damage, infections, etc. in all relevant anatomical positions.
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CNS Imaging
Noninvasive visualization techniques involving Doppler ultrasound, computed tomography
(CT), positron electron tomography (PET), and magnetic resonance imaging (MRI) have
allowed precise mapping of neuroanatomical structures and are commonly used in clinical
settings to facilitate diagnosis of CNS disorders. However, these techniques do not provide
the spatial and temporal resolution required to monitor the dynamics of innate immune
sentinels in the CNS during states of health and disease. To advance our understanding of
cellular dynamics, researchers have utilized advanced light microscopy approaches such as
time-lapse confocal microscopy and two-photon laser scanning microscopy (TPLSM) in
combination with fluorophores/fluorescent proteins to image the CNS in 4D.16,17 Five years
following the development of TPLSM,18 Yuste and colleagues first reported the imaging of
calcium dynamics in dendritic spines of rat hippocampal neurons in brain slice cultures.19

Since then, remarkable technological improvements in TPLSM have coincided with exciting
new discoveries in the fields of neuroscience and neuroimmunology.5,19-28

TPSLM is an optical imaging approach that relies on fluorescence emission detection.18

Early TPLSM studies utilized fluorescent labeling techniques such as Ca2+ indicator dyes,
immunohistochemical stains, etc.29,30 In 1996, shortly after green fluorescent protein (GFP)
was successfully cloned from the jellyfish Aequorea victoria, Potter et al. conducted the first
TPSLM imaging of GFP in developing optic ganglia of Drosophila.31 Since then,
fluorescent proteins derived from jellyfish and corals have become mainstream tools in the
TPLSM community.17,32 Use of TPSLM to advance our understanding of the nervous
system in mammals began with the imaging of brain slice cultures.33 This approach was
then quickly adapted to anesthetized rodents which represented an “intravital” preparation
that revolutionized the field of neuroscience by allowing researchers to visualize the
dynamics of cellular processes in living animals.34,35 Another exciting technical advance
was the development and application of non-toxic, water soluble quantum dots (Qdots) to
intravital imaging.36 For example, intravenous injection of Qdots enabled researchers to
visualize microvasculature and the dynamics of blood flow in living tissues including the
brain. Similarly, sulforhodamine 101 (SR101) was debuted around the same time as a red
fluorescent dye that is specifically taken up by astrocytes and can be used to label these cells
in the living brain.37,38 In addition to fluorescent markers, TPLSM researchers have also
taken advantage of properties inherent to tissues of interest such as autofluorescence,
second-harmonic generation and third-harmonic generation.39,40 Visualization of structures
like collagen, retinol, NADPH, flavins, etc. can all be achieved by TPLSM without having
to specifically label them.39 Collectively, the aforementioned tools represent just a few
advances that have aided TPLSM researchers in their ability to study the living nervous
system. With each passing year, the field further matures and continues to provide a plethora
of new tools that make multidimensional, multi-color, high-resolution (spatial and temporal)
TPLSM imaging in living tissues even easier to conduct. These advances propel researchers
toward seminal discoveries in the fields of neuroscience and neuroimmunology, some of
which will be highlighted in the paragraphs that follow.

Microglia
Our current understanding of microglial biology is deeply rooted in the seminal work of Pío
del Río Hortega who first named these cells and is considered the “Father of
Microglia.”41,42 Using a silver staining technique and a light microscope, he described the
ramified morphology of microglia and predicted their phagocytotic capabilities.
Subsequently, examination of autopsied brain tissue revealed that microglia become
activated and transform into amoeboid cells during most CNS diseases that involve injury or
perturbation of the parenchyma. Over the years, advancements made in microscopy,
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genetics, cell culture techniques, flow cytometry, and immunohistochemistry have enhanced
our ability to probe microglial functions and have yielded significant breakthroughs. With
current technology, it is now possible to capture microglial dynamics in the living nervous
system as they respond to different challenges (Vid. S1).

Initial time-lapse imaging studies of microglia were conducted using a phase-contrast
microscope to visualize these cells in cortical cell cultures. The data from these studies
revealed that microglia extend and retract their processes, are sometimes motile, are
morphologically plastic, and show a high degree pinocytotic activity.43,44 These seminal
observations provided a foundation for microglia behavior that was later confirmed ex vivo
and in vivo. Microglia dynamics were first studied ex vivo by Brockhaus and colleagues
who used time lapse video microscopy to image the corpus callosum in brain slices.45

Microglia labeled with the fluorescent lipid, DiIC18, were shown to migrate to the cut
surface of brain slices (which represents an injury response), actively survey the damaged
area with their branched processes, and finally phagocytose dead cells. A few years later
Dailey and Waite published another technique to label microglia with fluorescently-tagged
plant isolectin (FITC-IB4).46 Using this approach, they imaged the endocytic and
phagocytic properties of microglia in rat hippocampal brain slices with a scanning laser
confocal microscope.46 In general, these microglial labeling approaches resulted in some
background staining of other brain structures such as blood vessels; thus, the identification
of microglia was often confirmed based on their unique morphological features. With further
advances in labeling and 3D volumetric reconstructions, Stence et al. captured the temporal
transformation of microglial activation as they changed morphologically from ramified to
amoeboid in response to the acute mechanical injury that occurs when cutting brain slices.47

In concert, these studies demonstrated ex vivo that microglia are rapid responders to brain
injury.

While ex vivo studies are insightful, all innate immune sentinels in the CNS (including
microglia) are contextual cells whose behaviors are shaped by the niches in which they
reside. Brain slices are commonly used to study the nervous system ex vivo, but it is
important to note that the process of brain removal and cutting induces a rapid change
(within minutes) in the dynamics and activation status of innate immune cells. Thus, it is not
possible to study the normal physiology and function of these cells in brain slice cultures. To
gain insights into microglia in vivo, researchers have opened windows into the brain by
performing craniotomies or skull thinning, which allow visualization of the underlying brain
parenchyma using imaging techniques such as TPLSM.16 Two landmark studies in 2005
revealed that microglia are stationary in the resting CNS, but their processes are highly
dynamic and continually scan the parenchymal space around them.5,48 This observation was
made by imaging the neocortex of living CX3CR1-GFP+/- mice6 with a two-photon
microscope. Interestingly, these studies also showed that microglia rapidly respond to a
laser-induced injury by extending their processes toward the focus of damage.
Mechanistically, microglial process extension was mediated by ATP released from the
damaged cells and surrounding astrocytes, which was detected by G protein-coupled
purinergic receptors on the responding microglia.48 This pathway affords microglia and
other innate immune sentinels with the ability to rapidly respond to cellular damage49—a
response that declines with age.50 In fact, it is likely that microglia respond to similar signals
generated along the cutting surface of ex vivo brain slices. Microglia are exquisitely
sensitive to their surroundings and can flux calcium in response to the death of just a single
neuron.51 More recently, it was revealed that even the type of cranial window used for
intravital TPLSM studies can influence the behavior of microglia.52 Insertion of a glass
window is typically preceded by a craniotomy during which a portion of the skull bone is
removed. As expected, this results in disruption of the underlying meninges and induces a
massive injury response that spreads across the ipsilateral hemisphere.52 To prevent this
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injury, a new approach was developed, which is referred to as skull thinning.52,53 This is
achieved by gently thinning down the skull bone by hand. Importantly, use of a thinned skull
window (if performed correctly) does not induce activation of brain resident innate immune
sentinels, which allows them to be studied in a physiological setting. Ever since the first
intra-vital TPLSM study of microglia was published,5 there has been great enthusiasm in the
field. Our insights into microglia dynamics during states of health and disease has already
improved and more pioneering studies are underway.

Microglia dynamics have been studied in several animal models of Alzheimer disease (AD).
Progressive accumulation of β-amyloid (Aβ) deposits in extracellular spaces of the brain is a
hallmark feature of AD. In most cases, these deposits (or plaques) are surrounded by
activated microglia. To establish the role of microglia in AD, researchers have used several
approaches including TPLSM. Using reporter mice that allow visualization of plaque
formation, it was recently revealed that plaques can form quickly (within a day) and
microglia become activated and recruited to the site shortly thereafter (1–2 d later).54 When
microglia were depleted for a 4-week period using CD11b-thymidine kinase transgenic
mice, no changes in plaque size or neuritic dystrophy were observed, suggesting that
microglia do not influence amyloid deposition over this time interval.55 However, a role for
microglia in AD pathogenesis was demonstrated in CX3CR1GFP/GFP mice (a knockout for
CX3CR1) imaged by TPLSM.56 CX3CR1 is expressed by several CNS myeloid sentinels
including microglia (Fig. 1; Vid. S1). Neurons express the ligand, CX3CL1, which can
facilitate interactions with microglia. CX3CR1 deficiency did not alter the ability of
microglia to phagocytose Aβ, but did significantly decrease neuronal cell death in AD
mice.56 In contrast, another TPLSM study demonstrated that CX3CR1 deficiency increased
the number and phagocytic ability of microglia around plaques in AD mice, but did not
impact neuronal cell death.57 The discrepancy between these two studies might be explained
by the different murine AD models that were used. At present, the exact role of CNS
myeloid cells in the pathogenesis of AD is not entirely clear. Some studies suggest that
parenchymal microglia are responsible for phagocytosing Aβ,56,58 whereas other have
concluded that bone-marrow derived myeloid cells are more important.59 Either way, a
therapeutic approach that should be considered in humans with AD is to improve Aβ uptake
by both CNS-resident and peripherally-derived myeloid cells.

Microglial dynamics have also been examined during vascular events that occur in the CNS.
For example, Rosidi and colleagues recently studied the innate myeloid response to a
cortical microhemorrhage induced by a focal laser injury.60 As expected, microglia
responded within hours by extending processes directionally toward the damaged blood
vessel, and the distance of responding cells in relation to the lesion was relatively short (~90
μm from the injury). Following an ischemic event, regional blood flow can influence
microglia dynamics.61 Interestingly, it was also demonstrated in a recent study that
microglia interact directly with neuronal synapses for up to an hour following a transient
ischemic event.62 Under steady-state conditions, microglia make brief contacts with
synapses that last ~5 min; however, following an ischemic event the duration of these
interactions increases significantly. It is postulated that these post-ischemic interactions
contribute to synaptic remodeling, as they were often followed by disappearance of the
presynaptic bouton. This theory is consistent with the general role that microglia play in
synaptic remodeling in the healthy brain.63

Because our understanding of microglia cannot rely on invasive imaging techniques alone, it
is important to develop and employ noninvasive imaging strategies that are ultimately useful
in human subjects. Imaging of single iron labeled cells by MRI is already possible with a
spatial resolution of ~50 μm.64 With an increase in temporal resolution, it should soon be
possible to obtain dynamic information about iron-labeled cells of interest. The application
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non-invasive imaging modalities to humans are particularly important for the assessment of
cellular activation. Microglia and other brain-resident innate immune cells are remarkably
sensitive to local perturbations and can serve as barometers for CNS diseases. Thus, it is
incredibly important to develop non-invasive imaging techniques to assess the activation
status of innate immune sentinels in the CNS. For example, a PET based imaging approach
involving a radio-labeled tracers was recently used to detect activated microglia in the
thalamus of patients with ischemic stroke and dementia.65-67 This technique exploits the fact
that microglia increase expression of the benzodiazepine binding receptor upon activation,
and the PET tracer, carbon 11-labeled (R)-PK11195, has high a specificity for this receptor.
The presence of activated microglia around amyloid plaques was also successfully mapped
by PET in the cortex of human subjects with Alzheimer disease.68 These studies
demonstrate the feasibility of using non-invasive imaging techniques like PET to probe the
activation status of innate immune sentinels in the nervous system of humans.

Juxtavascular Microglia
As their name suggests, juxtavascular microglia are anatomically positioned adjacent to
parenchymal blood vessels and are in direct contact with the glial limitans.69-71 Because of
their close proximity to the blood brain barrier (BBB), juxtavascular microglia are thought
to respond to vascular signals and perhaps even sample blood components at the
perivascular glia limitans;72 however, there is little information about the cellular dynamics
of these cells in vivo. One study by Grossmann et al. used time-lapse imaging of rat
hippocampal brain slices to study the dynamics of FITC-IB4 stained juxtavascular microglia
in response to the cutting injury.70 This study concluded that juxtavascular microglia
respond more quickly to injury than microglia not associated with blood vessels. In addition,
juxtavascular microglia were observed moving along the brain microvessels in response to
traumatic injury. It remains to be determined whether these cells respond similarly in vivo
given that the generation of brain slices results in a complete disconnection from the
vascular system, which has the potential to trigger atypical cellular behaviors. Thus, it will
be important in future studies to monitor juxtavascular microglia intravitally through a
thinned skull window and determine whether these cells do indeed sample vascular
components and respond to injury by migrating along parenchymal vessels. It will also be
important to develop markers to distinguish juxtavascular microglia from perivascular
macrophages (a bone-marrow derived cell).

Perivascular Macrophages
Perivascular macrophages reside in the perivascular spaces around subpial blood vessels that
enter the brain (referred to as the Virchow-Robin space) as well as parenchymal blood
vessels. These cells are not ramified like microglia, but instead have flat, slightly elongated
cell bodies that allow them to wrap around vessel walls and scan the contents of the
perivascular space (Fig. 1E and 2E; Vids. S1 and S2).73 Hickey and Kimura were the first to
demonstrate that perivascular macrophages are bone marrow-derived APCs capable of
presenting antigen to lymphocytes.74 Additional studies revealed that perivascular
macrophages are replenished by blood-derived myeloid cells and that this occurs as early as
two weeks post-bone marrow transplantation.75 It was similarly demonstrated in a murine
model of amyotrophic lateral sclerosis (ALS) that CX3CR1-GFP+/- myeloid cells from the
bone marrow entered the CNS and inhabited the perivascular spaces as disease developed.76

Collectively, these data indicate that bone marrow-derived myeloid cells can cross the BBB
and differentiate into perivascular macrophages during physiological and pathophysiological
conditions.
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Perivascular macrophages respond quickly to systemic immune challenges as evidenced by
upregulation of cyclooxygenenase-2 following peripheral administration of lipolysaccharide
(LPS).77 Peripheral LPS injection also induces IL-1β production in cells adjacent to
parenchymal blood vessels, which include perivascular macrophages.78 Following
disruption of vascular barriers, perivascular macrophages play an important role in
scavenging materials that traverse endothelial tight junctions. For example, intravenously
injected horseradish peroxidase, low density lipoprotein, and ferritin accumulate in
perivascular phagocytes following barrier activation with IL-1β or TNF-α.79,80 The
scavenging capacity of perivascular macrophages is further supported by studies showing
that these cells express mannose receptors that facilitate the uptake of complex
carbohydrates.81,82 Because of their anatomical position and ability to rapidly respond to
blood-derived stimuli, perivascular macrophages should be considered among the most
important innate immune sentinels in the CNS. These cells provide an early warning system
to the brain parenchyma about peripheral challenges that have gained access to the blood
supply.

Following activation, perivascular macrophages initiate rapid defense mechanisms to protect
the brain. Given their position along blood vessels, these cells are considered potent
modulators of CNS immune activity and are critical for protection against invading
microbes.83,84 For example, protection against cryptococcus neoformans, a fungus that
causes meningitis and encephalitis in immunosuppressed humans, is mediated by CD4+ T
cells and MHC II expression on perivascular macrophages (not parenchymal microglia).84

Perivascular macrophages also serve as a reservoir for human immunodeficiency virus
(HIV) in humans, even before neurological symptoms develop.85 Infection of these bone
marrow-derived myeloid cells likely provides HIV with a gateway into the CNS. In addition,
activation of perivascular macrophages and other CNS myeloid sentinels by HIV has the
potential to trigger neurological dysfunction.86 At present, perivascular macrophages are
thought to be important in many CNS inflammatory conditions. Because many perivascular
myeloid cells also express DC markers (e.g., CD11c),13 it will be important to define the
exact lineage of all CNS perivascular immune cells as well as how they directly contribute
to various inflammatory conditions. This opportunity is now available given our ability to
visualize perivascular myeloid cells by TPLSM using fluorescent protein reporter mice
(Figs. 1 and 2; Vids. S1 and S2).

Dendritic Cells
Consistent with its immunoprivileged status,87 the CNS was once considered a tissue
without DCs. Intuitively, this made sense because DCs are potent APCs, and the CNS is
intolerant of fulminant inflammatory responses. However, upon further investigation, it
became clear that the CNS maintains a population of CD11c+ DC-like cells that bear
resemblance to splenic DCs.9,10,12,15 These cells are bone marrow-derived and reside
primarily in the meninges, choroid plexus, perivascular spaces, and juxtavascular
parenchyma.12,13 They also have the ability to present self-antigen and stimulate T cells.10

As mentioned, CD11c-YFP reporter mice11 are commonly used to study CNS resident
DCs;9,10,12,15 however, many different cell lineages can express CD11c, particularly after an
inflammatory challenge. Microglia, meningeal macrophages, perivascular macrophages, etc.
all have the capacity to express CD11c, which must be considered when non-specifically
classifying all CD11c+ cells as DCs. Under steady-state conditions, TPLSM time-lapses
have revealed that CD11c-YFP expressing cells in the meninges are morphologically
distinct from worm-like meningeal macrophages, but some do look similar to perivascular
macrophages visible in CX3CR1-GFP and LysM-GFP reporter mice (Fig. 3; Vid. S3). CNS
DCs are of a myeloid lineage based on their CD11b expression8,13,15 and resemble in many
ways the bone-marrow derived perivascular APCs that Hickey and Kumura described in
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1988.74 While there has been some confusion with nomenclature over the years, it is clear
that bone marrow-derived, CNS-resident CD11c+ cells are excellent antigen
presenters.8,9,15,88

With functional capabilities on par with their peripheral counterparts, CNS DCs actively
participate in most inflammatory processes within the nervous system.15 For example,
following viral8,9 and parasitic89 infections, CD11c+ cells accumulate in the brain. This
increased number of CD11c+ cells is explained by upregulation of CD11c on activated
microglia as well as infiltration of blood-derived DCs.9 A recent TPLSM study of
Toxoplasma gondii immunity in acute brain slices revealed that CD11c-YFP cells change in
morphology from amoeboid (resting) to dendriform (activated) following infection and
interact directly with parasite-specific CD8+ T cells.89 In these studies, the T cells were
highly motile, whereas the CD11c-YFP+ APCs were sessile. CD11c-YFP+ APCs were also
shown to influence the cell cycle program of virus-specific CD8+ T cells by promoting
stable arrest and mitosis during viral meningitis.90 Cytotoxic lymphocytes (CTL) can
migrate through the blood in active stages of cell cycle and then complete this cell cycle
program by splitting into daughter cells (cytokinesis) upon interaction with cognate peptide-
MHC I bearing APCs residing in the virally infected meninges.90 Collectively, these studies
demonstrate that CD11c+ APCs can promote T cell division and modulate their effector
functions in the infected CNS.

CD11c-expressing cells have also been observed in the CNS during other inflammatory
conditions such as ischemia and autoimmunity.15,91-93 Following cerebral ischemia, brain
resident CD11c+ cells were found at the infarct border, whereas peripherally-derived
CD11c+ cells populated the lesion core.91 These cells had increased expression of MHC II
and co-stimulatory molecules, but how they contribute to infarct development or resolution
remains unknown. The importance of CD11c+ cells in the development of experimental
autoimmune encephalomyelitis (EAE), a CNS autoimmune disease, is better understood.
Induction of EAE involves immunization with myelin components or adoptive transfer of
myelin-specific CD4+ T cells. Disease development is critically dependent on interactions
with CNS APCs,92-94 and recent studies showed that bone marrow-derived perivascular
CD11c+ cells alone can stimulate myelin-reactive CD4+ T cells and promote disease
development.92 This finding is supported by a seminal TPLSM study in which myelin-
specific and bystander CD4+ T cells were visualized in the spinal cord of living animals
during the development of EAE.27 Both myelin-specific and bystander T cells were capable
of extravasating from blood vessels and migrating through the meninges and perivascular
spaces; however, only myelin-reactive cells could enter the spinal cord parenchyma and this
occurred after engagement of antigen-bearing local APCs. It is presently unclear which CNS
APC(s) can support T cell movement from the meninges into the parenchyma, but it is
assumed that bone marrow-derived CD11c+ APCs play a critical role in this process.

Meningeal and Choroid Plexus Macrophages
Meningeal and choroid plexus macrophages are bone-marrow derived myeloid cells that
reside in the anatomical niches denoted by their names. Because the barrier structures in the
meninges and choroid plexus are not as secure as the BBB in the CNS parenchyma, it is
important to have a vigilant sentinel program in these anatomical compartments. At present,
there is almost no dynamic information about these specialized macrophages. Imaging
choroid plexus macrophages would pose a particular challenge given their deep localization
in the ventricular system. Meningeal macrophages, on the other hand, are more accessible
although still understudied. The worm-like macrophages visible in LysM-GFP mice line
most meningeal blood vessels (Figs. 1C and 2C; Vids. S1 and S2) and thus could be
considered a perivascular macrophage of the meninges. Interestingly, there are other
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morphologies visible in the meninges of LysM-GFP mice (Fig. 2E; Vid. S2), and it is
presently unclear whether these cells are CD11c+ DCs or another specialized lineage
altogether. Overall, there is still much to be learned about the innate immune cells that
inhabit the meninges and ventricular system.

Given their proximity to the blood supply and less fortified barriers, it is predicted that the
meninges and choroid plexus would serve as portals for leukocyte entry into the CNS. This
notion is supported by a recent study demonstrating that CCR6-deficient mice are resistant
to EAE.95 Interestingly, CCL20, the ligand for CCR6, is expressed on epithelial cells that
comprise the choroid plexus. In the absence of CCR6, myelin-reactive CD4+ T cells became
trapped in the choroid plexus and could not enter the CNS parenchyma to cause disease.
These data combined with the recent TPLSM work by Bartholomaus and colleagues27

demonstrate that the choroid plexus and meninges provide portals into the CNS, and the
gatekeepers are anatomically specialized macrophages and dendritic cells that are
continually replenished by the bone marrow.

Monocytes
Under steady-state conditions, the CNS is surveyed by a small pool of resting monocytes
(CD62L+Ly6ClowCX3CR1high), and their numbers increase dramatically during acute and
chronic inflammation (CD62L+Ly6ChiCX3CR1low), mostly due to infiltration from the
periphery.96,97 Because monocytes are myeloid cells, they often give rise to tissue-specific
macrophages during inflammation. Infiltration of circulating Ly6C+ monocytes into the
CNS and their subsequent participation in CNS pathogenesis is well documented during
states of injury, infection, and autoimmunity.26,96,98-100 In fact, it was reported recently that
Ly6ChiCCR2+ circulating monocytes can migrate into the CNS parenchyma and convert
into microglia.101,102 However, this conversion was dependent on first pre-conditioning the
brain with irradiation. Using parabiotic (non-irradiated) animals, it was later demonstrated
that monocytes do not in fact convert into microglia under physiological or
pathophysiological conditions.100 Inhibition of monocyte recruitment into the CNS revealed
that they are required for the development of EAE; however, they do not remain in the
parenchyma as microglia after the disease subsides.100

We are just beginning to gain insights into the dynamics of monocytic surveillance of the
CNS during steady-state and inflammatory conditions. Auffray and colleagues were the first
to observe in the periphery that CX3CR1-GFP+ expressing monocytes routinely survey
uninflamed blood vessels by crawling along endothelium in a LFA-1 dependent manner.103

This patrolling behavior was required for rapid tissue entry following infection with Listeria
monocytogenes. Vascular patrolling by monocytes has also been observed in CNS
vessels.104 Following direct injection of GFP-labeled monocytes into an entorhinal cortex
lesion, some cells migrated out of the CNS into the deep cervical lymph nodes (CLN).99 The
cells traveled along the olfactory nerves in transit to the CLN. These data suggest that
monocytes can exit the brain, although the importance of this finding remains unclear.
During viral meningitis, a recent TPLSM study demonstrated that myelomonocytic cells
(which include monocytes and neutrophils) can contribute to severe vascular damage.26 In
LysM-GFP reporter mice infected with LCMV, imaging through a thinned skull window
revealed that neutrophils damage meningeal blood vessels by synchronous extravasation,
whereas monocyte-derived cells localized perivascularly and appeared to damage blood
vessels using a different (currently unknown) mechanism. Importantly, these cells were
recruited to the meninges in part by chemokines released by infiltrating CTL. Given the
contribution of monocytes to the pathogenesis of many different CNS inflammatory
conditions, it is clear that while these cells are essential for a potent anti-microbial defense,
they can also contribute to severe vascular and parenchymal pathology. Thus, it will be
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important to gain additional insights into the in vivo dynamics of these cells as they
participate in pathogenic vs. non-pathogenic activities within the CNS.

Future Perspectives
The CNS like most tissues is inhabited by an elaborate network of innate immune sentinels
that bear some specialized functions based on the anatomical niche in which they reside.
Over the years we have learned a great deal about these CNS residents, especially how they
contribute to various inflammatory processes. These cells are poised to protect and even
repair the CNS when needed. The recent application of intravital TPLSM to the study of
CNS sentinels has markedly improved our understanding of how these cells function in the
living brain (particularly if imaged through a thinned skull window). The advantage of using
this approach is that immune sentinels can be studied in physiological micro-environments,
which is important because these cells are heavily influenced by their surroundings.
Extraction from the CNS environment changes their morphology and physiology. Because
of their overall abundance and accessibility, microglia are the most commonly studied innate
immune cells in the CNS by TPLSM. Much less is known about the dynamics of meningeal,
choroid plexus, and perivascular sentinels. Using modern tools, it is now possible to monitor
all of these cells in the living CNS during states of health and disease. The advantage of
TPLSM is that labeled cells of interest can be studied anatomically and temporally in their
native environment. This is particularly important for delicate cells or those with long
processes (e.g., microglia and dendritic cells) that become damaged upon extraction. With
TPLSM, the transformation of an innate cell from a resting to an activated state can be
visualized in real-time, thus eliminating questions about lineage derivation. In general, there
is still some confusion about innate immune cell lineages in the CNS and how they uniquely
contribute to inflammatory processes. Microglia, macrophages, and dendritic cells can all
share common markers (e.g., CD11c) and are sometimes lumped together when studying
CNS inflammatory responses. Using morphological features in combination with different
reporter mice (e.g., Figs. 1-3; Vids. S1-S3), it should be possible to define anatomical niche-
specific immune responses in their entirety. Given the technologies in hand, we have arrived
at an exciting time in the field of neurobiology when neural-immune interactions can be
studied in living systems in real-time.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Visualization of brain myeloid cells in CX3CR1-GFP mice. TPLSM was used to capture 4D
time-lapses through a thinned skull window of a naïve CX3CR1-GFP+/- mouse. The bone
was thinned down manually to a thickness of ~30 μm and then imaged using a Leica SP5
two-photon microscope fitted with a 20x water dipping objective (1.0 NA). For imaging, the
lens was dipped into artificial cerebral spinal fluid placed on top of the thinned skull
window. Images were collected with a 1.0 μm step size to a depth of 100 μm beneath the
skull surface. Z stacks were acquired every minute. Panel A shows the xy distribution of
innate myeloid cells (green) in the meninges and neocortex of a naïve mouse brain. Blood
vessels (red) were labeled by injecting 655-nm quantum dots intravenously before imaging.
Panel B shows an xz projection from the same image stack in which the skull bone (blue),
meninges, and brain parenchyma are visible. The white dotted line denotes the glial limitans.
The Virchow-Robin space adjacent to a large blood vessel is also visible (white arrow). Note
that the density of innate myeloid cells is greater in the parenchyma than in the meninges.
CX3CR1-GFP+/- mice can be used to visualize meningeal macrophages (C, white arrow),
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microglia (D), and perivascular macrophages (E, white arrow). Meningeal macrophages (C)
are worm-like cells that line blood vessels in the meninges. Perivascular macrophages (E)
reside in Virchow-Robin spaces and adjacent to blood vessels found the brain parenchyma
(white arrow). Microglia (D) are the most common CNS myeloid cell and are distributed
uniformly throughout the brain parenchyma. Note that microglia are highly ramified cells,
whereas meningeal and perivascular macrophages are not. See Video S1.
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Figure 2.
Visualization of peripherally-derived myelomonocytic cells in LysM-GFP mice. A 3D time-
lapse was captured through a thinned skull window of a naïve LysM-GFP mouse in a
manner similar to that described in Figure 1. Monocytes, macrophages, and neutrophils (but
not microglia) are visible in this transgenic mouse strain. Panel A (xy maximal projection)
shows the distribution of myelomonocytic cells (green) in relation to blood vessels (red).
Note in B (xz projection) that the LysM-GFP+ cells reside exclusively in the meningeal and
perivascular spaces. Three cellular morphologies are depicted in panels C–E (labeled 1–3).
Worm-like meningeal macrophages (C) are visible along meningeal blood vessels similar to
those seen in CX3CR1-GFP+/- mice. On occasion, neutrophils / monocytes (D) can be
observed patrolling blood vessels. In addition, amoeboid cells (E) are also visible around
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blood vessels (possibly perivascular macrophages). Skull bone is shown in blue. See Video
S2.
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Figure 3.
Visualization of CD11c-YFP+ APCs. A 3D time-lapse was captured through a thinned skull
window of naïve CD11c-YFP mouse in a manner similar to that described in Figure 1. The
majority of CD11c-YFP+ cells (green) visible through a thinned skull reside in the meninges
and perivascular spaces. Panels A (xy projection) and B (xz projection) show that CD11c-
YFP+ cells are sparsely distributed in the meninges and perivascular spaces of a naïve
mouse. There are three distinct cellular morphologies depicted in panels C–E (labeled 1–3).
Small spheroid cells (C) that resemble monocytes are visible around blood vessels. There
are also long stringy cells 50–75 μm in length (D) that are not completely juxtaposed to the
vasculature but are instead intertwined with vessels. Lastly, juxtavascular CD11c-YFP+ cells
(E) are visible that share some similarities (e.g., amoeboid) to the perivasular macrophages
seen in LysM-GFP mice. Skull bone is shown in blue. See Video S3.
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