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Aix Marseille Université, Centre Européen de Recherche en Imagerie Médicale, Marseille,
France
3
These authors contributed equally to this work.

Neuroinflammation demands a comprehensive appraisal in situ to gain in-depth
knowledge on the roles of particular cells and molecules and their potential
roles in therapy. Because of the lack of appropriate tools, direct visualization
of cells has been poorly investigated up to the present. In this context, reporter
mice expressing cell-specific fluorescent proteins, combined with multiphoton
microscopy, provide a window into cellular processes in living animals. In
addition, the ability to collect multiple fluorescent colors from the same sample
makes in vivo microscopy uniquely useful for characterizing many parameters
from the same area, supporting powerful correlative analyses. Here, we present
an overview of the advantages and limitations of this approach, with the purpose
of providing insight into the neuroinflammation field. We also provide a review
of existing fluorescent mouse models and describe how these models have
been used in studies of neuroinflammation. Finally, the potential for developing
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advanced genetic tools and imaging resources is discussed. 
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INTRODUCTION
In recent years, accumulating evidence has
suggested that neuroinflammation is a major
component of several central nervous system
(CNS) pathologies. A prerequisite for a more
comprehensive description of immunological
processes in the brain is a thorough characterization of the function of the different immune cell types involved. This can only be
achieved at the systemic level in animal models by long-term visualization and mapping of
neuroimmune cellular dynamic interactions in
the living brain. It is thus imperative to have
reliable and reproducible tools and measures
that are both sensitive and, more importantly,
specific to neuroinflammation. The development and use of appropriate in vivo imaging methods can help in our understanding

of the location and extent of neuroinflammation in different stages of a disorder, its natural
time course, and its relation to neurodegeneration. Currently, there is only a small amount
of in vivo evidence derived from neuroimaging methods because the methods and models
that are actually specific and sensitive to neuroinflammation are relatively new or only just
being developed.
Moreover, given the CNS complexity and
diversity of pathologies involving neuroinflammation, neither a single animal model
nor a single imaging modality will ever yield
precise information on all aspects of neuroinflammation. Therefore, while several animal
models have already been used to study neuroinflammation, more are needed. Because of
the powerful genetic tools available, the mouse
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has proven to be a highly useful mammalian
system for studying the pathophysiology of
human diseases.
The main purpose of this review is not to
present an exhaustive summary of recent studies but rather to illustrate the unique application of fluorescently labeled mice for detailed
long-term monitoring of motile immune cells
in the healthy CNS as well as in a context of
disease. To do so, we will make a case for the
multiphoton imaging approach as a discovery
platform in the field of neuroimmunology and
brain disease research to help decipher in vivo
mechanisms that cannot otherwise be studied.
Data derived from these studies help to generate hypotheses, provide unexpected novel in
vivo insights, and sometimes allow for rapid
preclinical development.

CELLS IMPLICATED IN
NEUROINFLAMMATION
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Neuroinflammation is observed in many
brain disorders, especially those with a neurodegenerative course such as stroke, multiple sclerosis (MS), Alzheimer’s disease, and
Parkinson’s disease (Weiner and Selkoe, 2002;
Schwartz, 2003), but also in schizophrenia and
malignant CNS neoplasms (e.g., glioblastoma
multiforme; Kore and Abraham, 2014), among
many others. Depending on the specific condition, different cell types and molecular mediators (e.g., cytokines, chemokines; Kore and
Abraham, 2014) participate in a cascade of
events that leads to damage of brain tissue but
ultimately also controls brain repair.
The brain parenchyma is separated from
peripheral tissue by the blood brain barrier
(BBB), which prevents blood immune cells
from entering the brain under normal conditions (Zlokovic, 2008; McAllister and van de
Water, 2009). Indeed, the CNS has its own
innate immune system that operates mainly
through the activation of astrocytes and microglial cells as part of neuroinflammation
(Schwartz, 2003).
Microglial cells are the resident
macrophages of the brain (Ginhoux et al.,
2010; Kierdorf et al., 2013; Perdiguero et al.,
2014). In contrast to other populations of
myeloid lineage, adult microglial cells derive
from primitive myeloid precursors that arise
in the yolk sac early during embryonic development (Ginhoux et al., 2010). Postnatally,
microglia have the potential for cell renewal
without contribution of blood-born myeloid
precursors. Upon signals induced by injury,
microglial cells have been shown to adapt

their phenotypes and functions to protect
neurons and to signal the peripheral immune
system through the release of chemical signals
(London et al., 2013).
Microglial cells are usually the initial responders to tissue insult or damage. They are
activated in response to molecules present in
injured tissue. When active, the cells change
their shape and function to initiate phagocytosis. In addition, activated microglial cells,
in concert with astrocytes, release cytokines
(Aloisi et al., 2000) that lead to a cascade
of events modulating the neuroinflammatory
response. As part of this process, the glial
cells also release cytotoxic metabolites (Banati et al., 1993) that can damage surrounding
tissue. Microglial cell activation and proliferation occurs in almost any single pathology
affecting the CNS and, depending on the level
of activation, may lead to the infiltration of
deleterious peripheral leucocytes. Therefore,
activation was seen more as a problem than
an advantage, and the use of drugs has been
proposed to prevent microglial cells activation (Aisen, 2002; Gao et al., 2003; Block and
Hong, 2005; Rock and Peterson, 2006). However, similarities between macrophages and
microglial cells led to the suspicion that the
latter might also differentiate into a state that
is beneficial instead of harmful for neurons
(London et al., 2013).
Although astrocytes are of ectodermal origin, they have immunological capabilities as
well (Gimsa et al., 2013). When activated, astrocytes are supposed to produce immunoregulatory cytokines (e.g., TGF-β; Hailer et al.,
1998; Aloisi et al., 2000), but an additional
role as antigen presenting cells (APCs) has
also been proposed (Aloisi et al., 2000). In
MS lesions, reactive astrocytes express CD1
molecules, particularly CD1b (Battistini et al.,
1996), which can present lipid antigens to specialized T-cell subsets (Naidenko et al., 2000)
suggesting that astrocytes could participate in
the presentation of non-peptide antigens to T
cells. However, unlike microglial cells, astrocytes do not express CD11 (Yang et al.,
2010). Moreover, in vivo, while microglial
cells express MHC-II readily upon activation,
astrocytic MHC-II expression occurs only at
high cytokine doses (Hindinger et al., 2012).
A recent review describes the known roles
of astrocytes in neuroinflammation (Gimsa
et al., 2013), although much remains to be
deciphered.
Whereas circulating monocytes invade
the CNS parenchyma under neuroinflammatory conditions, it appears that they are
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highly versatile and heterogeneous. The
mononuclear phagocyte system, defined as a
hematopoietic cell lineage derived from progenitor cells in the bone marrow, is composed of three major cell types: monocytes,
macrophages, and dendritic cells (DCs). Furthermore, two types of monocytes exist, including classical (Ly6Chi CCR2+ CX3CR1lo )
and non-classical (Ly6Clo CCR2− CX3CR1hi )
monocytes (see below for markers). Both types
cross the BBB under pathological conditions.
The former are pro-inflammatory and infiltrate the CNS in a chemokine-dependent manner through leptomeningeal routes; the latter
are involved in the resolution of inflammation
but have to transmigrate through the ventricular choroid plexus epithelium before arriving
at the site of inflammation (Shechter et al.,
2013). The molecular and functional phenotype of these monocytes evolves according to
the signals that they encounter in the brain
parenchyma.
Current evidence concerning microglial
cells suggests that macrophages in the CNS
can not only contribute to the generation of
inflammatory lesions but also block inflammation, thus participating in regenerative and
repair mechanisms (Shechter et al., 2013).
These studies emphasize that distinct functions are attributed to the different subsets
of myeloid cells in the course of CNS inflammation. However, it is difficult to delineate resident microglial cells from infiltrating
myeloid cells using currently known markers
(e.g., CD45/CD11b, CX3CR1, Iba1). As such,
a complete understanding of microglial and
monocyte-derived cell types based on surface
phenotype combined with imaging techniques
documenting their parenchymal localization,
differentiation kinetics, and interactions would

be of great benefit in preclinical models of
CNS inflammation.

MARKERS EXPRESSED BY
MICROGLIAL CELLS VERSUS
MYELOID CELLS
A very comprehensive review of what
is presently known concerning markers for
microglial- and monocyte-derived cells has
been recently published (Greter et al., 2015).
Data are summarized in Table 1.
CD11c is a widely used marker of DCs
and microglial cells. CD11c is a leukocyte
integrin comprising an alpha X subunit that,
along with CD18 (a leukocyte beta 2 integrin polypeptide), forms the CD11c/CD18 heterodimer. This heterodimer is important in
leukocyte adhesion, migration, and cell-tocell interaction during immune responses. Beside its primary expression in APCs of the
meninges and choroid plexus in resting conditions (Anandasabapathy et al., 2011), CD11c
is also expressed at lower levels on other infiltrated immune cells such as natural killer
(NK) cells, subpopulations of macrophages,
and activated T cells (Lindquist et al., 2004).
Whereas CD11c has been widely targeted to
identify microglial cells in transgenic mice as
described below, the specific identification of
microglial cells in injured CNS is quite challenging.
Presently, a consensus with respect to
nomenclature in CNS-resident versus CNSinfiltrating myeloid cells under inflammatory
conditions has not been effectively reached.
A more detailed separation of these cell types
in an inflamed brain is needed to help decipher the specialized functions of their different
members in pathological conditions. This will

Table 1 Central Nervous System (CNS) Myeloid Cells and Their Defining Lineage Markersa

State

Cell

Markers

Steady state

Microglia (resting)

CD45low ; CX3 Cr1high ; F4/80+ ; CD11b+ ; CD115+ ;
MerTK+ ; CD64+ ; Siglec-H+ ; FCRLS+ ; P2ry12+

Perivascular macrophage

CD45high ; CX3 Cr1high ; F4/80+ ; CD11b+ ; CD115+

Monocyte (in the blood)

CD45high ; CX3 Cr1low ; F4/80+ ; CD11b+ ; CD115+ ;
Ly6Chigh ; CCR2+

Macrophage (in the brain
parenchyma)

CD45high ; CX3 Cr1low ; F4/80+ ; CD11b+ ; CD115+ ;
CD64+ ; Ly6C± ; CCR2± ; MHCII+ ; CD11cint

Microglia (activated)

CD45high ; CX3 Cr1high ; F4/80+ ; CD11b+ ; CD115+ ;
MHCIIint ; CD11cint

Inflammation

a In the steady state and under inflammatory conditions, myeloid cells in the CNS express a diverse, yet overlapping set of

markers commonly used to discriminate between mononuclear phagocyte system members. Adapted from (Greter et al.,
2015).
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be assisted by the advent of microarray technology and next generation sequencing (Das
et al., 2015).

IMAGING
NEUROINFLAMMATION
In vivo imaging data can assist in achieving
an understanding of the dynamics of mechanisms involved in inflammation at the cellular level. However, many neuroinflammation
imaging techniques, such as magnetic resonance imaging (MRI; Pasternak et al., 2015),
do not display sufficient sensitivity to perform
studies at a cellular level.

PET/SPECT
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The methods that are specific and sensitive to neuroinflammation are relatively
new or only just being developed. Positron
emission tomography (PET) is currently
one of the main neuroimaging modalities
used to identify neuroinflammation in vivo
(Jacobs and Tavitian, 2012). Single-photon
emission computed tomography (SPECT) is
based on similar principles as PET, with technical modifications making SPECT less sensitive when tracer concentrations are low but
more accurate spatially. The PET scanner produces three-dimensional (3D) images representing the counts of detected gamma rays
emitted by tracers, which are radionuclides
chemically incorporated into a biologically
compatible or biologically active molecule.
In the case of inflammation, the main
tracer used is 1-(2-chlorophenyl)-N-methylN-(1-methyl-propyl)-3-isoquinoline carboxamide (PK11195), which is a ligand for a protein of the outer mitochondrial membrane—
the translocator protein-18-kd (TSPO; Venneti
et al., 2013)—expressed during mitochondrial
activation (Saba et al., 2015). The technique
allows the study of temporal dynamics of this
molecular neuroinflammatory component in
vivo in animal models. Quantification of TSPO
in mice is, however, quite challenging (Tóth
et al., 2015). TSPO is located exclusively in
glial cells in the brain parenchyma (Chen and
Guilarte, 2008) and confined to areas such as
the choroid plexus, the ependymal layer, and in
perivascular cells in the normal healthy brain
(Kannan et al., 2009). In the injured nervous
system, increased TSPO levels are specific
to primary or secondary areas of injury expressing activated microglial cells (Chen and
Guilarte, 2008). TSPO is also expressed, albeit to a lesser extent, in reactive astrocytes
(Rupprecht et al., 2010). This is a limitation

for the use of this molecule, since the different cell types expressing it have different roles
in the resolution of neuroinflammation. Moreover, although state-of-the-art small-animal
devices are being constructed with resolutions
of 0.8 mm or better that approach the physical
limits for emission of carbon-11 or fluorine18, the imaging technique lacks the resolution
that would otherwise allow the differentiation
of the various cell types. Finally, a disadvantage of PET utilization is also that radioactive
animals must be housed in a manner that satisfies radioactivity safety requirements.

Multiphoton Excitation Fluorescence
Microscopy
In contrast, recent developments in fluorescence imaging technology, together with the
generation of transgenic mice expressing fluorescent proteins linked to specific endogenous
proteins, make the mouse a powerful model organism to study neuroinflammation. In particular, two-photon (2P) excitation fluorescence
microscopy allows subcellular-scale 3D imaging of complex media over depths of several
hundred micrometers, and it has become an
indispensable tool for volume and live-tissue
studies. It is highly sensitive and has good
specificity, which makes it useful for imaging the physiology, morphology, and cell-cell
interactions in inflamed tissue of living animals with high resolution and for viewing
cellular events in real time. Due to the excitation wavelength (700 to 1200 nm in the nearinfrared range) tissue scattering and absorption are minimized, allowing maximization
of imaging penetration depth (Niesner et al.,
2008; Hoover and Squier, 2013). Moreover,
nanomolar concentrations of fluorophores can
be detected in vivo in volumes as small as few
μm3 (Malcor et al., 2012), comparable to PET
scan sensitivity of femtomolar concentrations
in mm3 .
In addition, when illuminated by the short
duration, high-intensity laser pulses (1 watt)
required for 2P microscopy, ordered structures such as collagen (Fig. 1), tubulin, and
myosin are responsible for the recombination
of two low-energy photons into a single photon of double- or triple-energy during a process known as second or third harmonic generation (Tsai et al., 2012). Emission of second
harmonic photons thus provides an endogenous contrast that allows for morphological
observation in collagen-rich or microtubulerich structures such as the lymph node and the
brain (Kwan et al., 2009; Winkler et al., 2010;
Güç et al., 2014).
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Figure 1 Endogenous contrast revealed by intravital microscopy provides information on the
micro-organization of collagen in the superficial layers of the spinal cord of a healthy wild-type
adult mouse. (A) When excited at 1050 nm, endogenous second harmonic signal (blue) and blood
vessel fluorescent signal (red) following injection of 655-Qdot probes are visible. (B) When excited
at 940 nm, endogenous second harmonic signal (yellow) and blood vessel fluorescent signal (pink)
following injection of 655-Qdot probes are visible. Scale bar: 20 μm.

However, until recently, implemented
methodology did not provide simultaneous,
efficient, and independent multiphoton excitation of more than two spectrally distinct
chromophores, but recent significant improvements in this direction have been achieved
(Mahou et al., 2012; Ricard and Debarbieux,
2014).
Imaging inflammation in the CNS requires
chronic imaging of the same area for long periods of time (i.e., days). A variety of techniques
have been used to access the cortex, with the
thinned skull and cranial window techniques
dominating in the literature. The thinned skull
technique (Marker et al., 2010) consists of
drilling the skull enough to allow 2P imaging
of the underlying brain. The advantage of this
method is the reduced risks of tissue injury,
but the inconvenience is the inhomogeneity
of the overlying bone layer, hence inhomogeneous optical properties and limited depth.
The cranial window technique consists of the
full removal of part of the skull and its replacement by a thin glass window, thus improving
sensitivity and imaging depth.
Careful consideration of both sterile technique and surgical expertise are paramount to
a successful imaging experiment regardless of
the approach taken, since both techniques can
lead to transient inflammation. A very com-

prehensive review comparing and contrasting
the pros and cons of each method has been recently published (Dorand et al., 2014). Similarly, a few techniques have been developed for
implanting and maintaining windows over the
spinal cord of adult mice for high-throughput
imaging data acquisition (Fenrich et al., 2012;
Tang et al., 2014). Such glass windows are
not required when using the eye as a model.
Having accounted for the optical properties of
the eye, the corneal model of inflammation
offers unique advantages for direct in vivo
visualization of infiltrating and resident immune cells with minimal surgical manipulation (Chen et al., 2013). However, since the
eye is not part of the CNS, extrapolation of the
results to CNS diseases is limited.

Limitations of Multiphoton
Microscopy
Although 2P microscopy is clearly a very
promising technology, it poses some challenges. First of all, it requires the presence
of fluorescence in the sample. This has to be
introduced into living animals, as discussed
in the following section. Then, because each
image is acquired pixel by pixel, the volume
of tissue that can be imaged in a reasonable
time (typically 1 hr) is small (i.e., a few mm3 ).
Therefore, the density of fluorescent objects
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of interest within the imaged tissue must be
high enough to ensure that they will be present
there. Nevertheless, parsimonious density of
fluorescent objects is preferable to uniform
distribution in the whole tissue since the contrast is optimal for objects surrounded by dark
space or by different colors. Another limitation
is the presence of physiological respiratory and
heart movements that impede the desired micrometric resolution of cell processes. These
movements can, however, be partially compensated by image acquisition gating (Taylor
et al., 2011), on line autofocussing (Laffray
et al., 2011), or postacquisition registration
(Rohde et al., 2005). Solutions to these problems are awaiting the development of fast, noninvasive whole body imaging methods with
single cell resolution.

Exogenous Fluorescent Labels
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Exogenous fluorescent labels can be used to
label vascularization or cells of interest ex vivo
prior to reinjection in the subject (Table 2).
For example, blood vessels can be highlighted
by injection of a fluorescent marker such as
70kDa dextran, conjugated to either fluorescein or rhodamine B isothiocyanate. The interest of fluorescent dextrans is that they can
be taken up by macrophages from the vascular
compartment within a few hours, resulting in
a long-term intravital labeling of macrophage
populations (Fig. 2). For selective labeling of
the vascular compartment, quantum dots are
preferred to labeled dextran as they barely accumulated in phagocytic cells (Fig. 1; Fenrich et al., 2012). Quantum dots are small,
inorganic nanoparticles that emit a specific
wavelength of light depending on their size,
from ultraviolet to near infrared. Moreover,
these nanoparticles are promising scaffolds
for other imaging applications (e.g., designing
quantum-dot surfaces with various functionalities for use as nanosensors or as fluorescent
probes; Utschig et al., 2015).
We have emphasized the diversity of cells
involved in neuroinflammation and the set of
markers allowing their phenotyping as well as
outlined the importance of studying their kinetics of recruitment, distribution, and interactions. Some of the earliest studies to visualize
the immune response in situ were performed
using adoptive transfer of exogenously labeled
cells. In this context, cell populations collected
in vivo were purified and labeled with fluorescent dyes (usually with nonoverlapping emission spectra), such as CFSE (Koyanagi et al.,
2015), SNARF (Singh et al., 2011), CMAC
(Tauskela et al., 2000) or DiI (Vandepitte et al.,

2010). Although this has been useful for shortterm trafficking and migration studies, cell division results in the dilution of dyes and makes
them difficult to track.

Cell-Type-Specific Expression of
Fluorophores Requires Genetic
Systems
Genetically encoded proteins represent
fantastic new tools for long-term labeling, manipulation, and characterization of inflammatory cells in real time and with cellular specificity. Since the breakthrough discovery of the
green fluorescent protein (GFP; Prendergast
and Mann, 1978), a protein that can be excited with blue light to emit green fluorescence, a large number of other fluorescent
proteins have been discovered and constantly
optimized. Today, they comprise a palette of
proteins spanning the spectrum from ultraviolet to far red, laying the basis for multicolor
imaging (Stepanenko et al., 2011). Usually,
they exhibit very high extinction coefficients
and very high quantum yields, properties making them very bright. Genes coding for fluorescent proteins can be introduced into the mouse
genome to be expressed in specific cells thanks
to specific promoters. This addition provides
a unique and selective way to label subpopulations of cells that can be visualized under conventional or 2P microscopy. Moreover,
fluorescent molecules can be linked to multiple proteins with various functions, such as
calcium (Jiang et al., 2014), voltage (Gong,
2015), glutamate (Marvin et al., 2013), or caspase (Yan et al., 2014) sensors. These conjugated molecules allow for the activation of the
fluorescent protein when the sensor binds to
the appropriate stimulus molecule. The fluorescent proteins can be cytoplasmic, nuclear,
or membranous. Care should be taken so that
the localization of the large fluorescent protein does not impede cell physiology or receptor signaling. Years of experience seem to indicate that cytoplasmic expression is usually
safe for the cells. These activity probes are
powerful tools to visualize specific responses
of the targeted cells. They can be combined
with previously described genetically encoded
fluorescent proteins to identify the cell type.

FLUORESCENT MICE ALLOWING
CELL VISUALIZATION TO
DECIPHER THE DYNAMICS OF
INFLAMMATORY RESPONSES
The generation of various reporter mice
expressing fluorescent proteins under promoters specific for different cell types (e.g.,
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Table 2 Wavelengths of Excitation and Emission of Commonly Used Dyesa

Visualization molecules

Abbreviation

Bi-photon
excitation

Conventional
excitation

Emission

Fluorescent proteins,
jellyfish-derived

eBFP
eCFP
eGFP
eYFP

780
860-920
880-930
960

380
433
488
513

440
475
509
527

Fluorescent proteins,
coral-derived

Kaede (before conversion)

730

508

518

Kaede (after conversion)

730

572

582

tdTomato

900-1000

554

581

DsRed

930-990

558

583

mCherry

760 or
900-1000

587

610

CMF2HC

780-800

371

464

CFSE

780-820

492

517

CMFDA

800

492

517

FITC

780-800

494

520

CMTMR

780-820

541

565

SNARF

700-810

563

639

CMTPX

780-800

577

602

Texas Red

780-920

595

615

700

346

475

Indo-1 with Ca

700

330

401

Fura-2

700-850

363

512

700-850

335

505

700-850

366

511

700-850

336

505

800

433

475

TN-XXL with Ca

800

433

527

Hoechst

780

350

461

DAPI

700

358

461

FM 1-43

830

480

565

Rhodamine 123

780-860

507

529

DiI

700

549

565

Sulforhodamine 101

840-890

586

605

DiD

780

644

665

Chemical dyes

Calcium indicators

Indo-1
2+

2+

Fura-2 with Ca
Fura-4 F

2+

Fura-4 F with Ca
TN-XXL

2+

Organelle visualization dyes

a Adapted

from Kawakami and Flügel (2010).

DCs, neutrophils, macrophages) has permitted
long-term tracking of many different types of
immune cells in vivo. Moreover, the most important consequence of neuroinflammation being damage to axons/neurons, it is particularly
interesting to generate mice allowing direct
observation of axonal damages.

In this section we have compiled the existing and most used transgenic reporter mouse
lines. Most of them are available through
The Jackson Laboratory (JAX Repository).
There are no indications in the published
data that the fluorescent proteins are toxic
to the animals. We have highlighted in a
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Figure 2 Intravital labeling for two-photon microscopic imaging of phagocytic immune cell populations in adult mouse spinal cord. (A-E) Spinal cord of a LysM-eGFP+ mouse immediately after
injection of Texas Red 70 kDa dextran (A and B) or Cascade Blue 70 kDa dextran (D and E).
LysM-eGFP cells (green, C) are present in both the blood and the parenchyma. Note that the dye
is confined to the blood vessels where LysM-eGFP+ cells (green) circulate. (F-J) After injection
(72 hr) of Texas Red (F and G) or Cascade Blue (I and J) dextran, the dye is mainly accumulated
in LysM-eGFP cells (green, H) of the brain parenchyma and faintly labels the blood vessels. Scale
bar A, D, F, I: 100 μm; B, C, E, G, H, J: 20 μm.

few examples of how, when combined with
optimized imaging conditions, these models
have led to basic insight in disease related
processes.

Microglial Cells, DCs: CD11c-Related
Lines
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The CD11c-eYFP, also known as the
B6.Cg-Tg(Itgax-Venus)1Mnz/J line (Lindquist et al., 2004), and CD11c-DTR/GFP
(Jung et al., 2002) transgenic reporter mice
were created to overcome the difficulty of
distinguishing subpopulations of macrophages
from cells of DC lineage. In these transgenic mice, the mouse integrin alpha X (Itgax,
Cd11c) gene promoter, which is exclusively
expressed in DCs of the immune system and
in a subpopulation of microglial cells, is used
to drive a fluorescent protein (CD11c-eYFP
mice) and the diphtheria toxin (DT) receptor
expression (CD11c-DTR/GFP mice). Mice are
not sensitive to DT, as they lack a receptor.
Consequently, a selectively expressed human
DT receptor can be used to eliminate the targeted population. The co-expressed fluorescent marker may be used to measure the extent to which the target population is depleted,
as well as the kinetics of its repopulation
(Cailhier et al., 2005). A conditional mutation
(CD11c-Cre-GFP mouse line) is also available

through The Jackson Laboratory. Such mice
have been used to assess distribution and mobility of DCs in the periphery and to anatomically map and phenotype a discrete population
of eYFP-positive cells within the microglial
cells (Bulloch et al., 2008).
In the C57BL/6J-Tg(Itgax-cre,-EGFP)
4097Ach/J and NOD.B6-Tg(Itgax-cre,EGFP)4097Ach/J lines, the CD11c promoter
directs bicistronic Cre and eGFP protein
expression to DCs resulting in equimolar expression of eGFP and Cre recombinase. When
bred with mice containing a loxP-flanked
sequence of interest, the resulting offspring
may have a Cre-mediated recombination
of the flanked sequence thus allowing the
selective identification of DC and microglial
cell populations.
In MHC-eGFP mice (Boes et al., 2002),
the endogenous class II product is replaced
by a fluorescently tagged version, encoding a
protein composed of an intact class II chain
fused at its carboxyl terminus with eGFP.
The MHC II-eGFP mice are phenotypically
normal.

Microglial Cells, Macrophages:
CX3CR1-Related Lines
Similar reporter mice were generated by
targeting fractalkin receptor CX3CR1 whose
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Figure 3 Green fluorescent resident microglial cells and circulating monocytes in CX3CR1eGFP mouse. (A) Two-photon microscopy images of the inflamed spinal cord in a CX3CR1-eGFP
mouse following injection of 655-Qdots probes after experimental autoimmune encephalomyelitis (EAE) induction. Spinal cord central vein (red) is surrounded by high densities of CX3CR1expressing microglial cells (green). Scale bar: 100 μm. (B) Labeled cell populations include
microglial cells at different stages of differentiation (white arrows 1 and 3) as well as circulating
monocytes/macrophages (white arrow 2). Scale bar: 30 μm.

expression is high in microglial cells and mature macrophages (Fig. 3).
In CX3CR1GFP/+ knock-in (KI) mice, one
copy of the CX3CR1 gene has been replaced
by GFP, leaving the endogenous promoter intact (Jung et al., 2000). In heterozygous animals, CX3CR1 expression remains detectable
because the animals possess one allele for
fluorescence visualization of cells expressing
CX3CR1 and one allele for expression of the
functional receptor.
B6.129P(Cg)-Ptprca -CX3CR1tm1Litt /LittJ
and B6.129P-CX3CR1tm1Litt /J are two different lines of mice where eGFP, but not the
endogenous gene, is expressed in brain microglial cells as well as monocytes, DCs, and
NK cells (Jung et al., 2000). Peripheral blood
from heterozygous mice expresses detectable
levels of eGFP in the same cell subsets.
Heterozygous mice are viable, fertile, normal
in size, and do not display any gross physical
or behavioral abnormalities. This makes them
suitable for studies of immune cell migration
or trafficking, without distinguishing cell
subsets and without functional studies.

To gain insight into the functional impact of these cells and avoid any developmental issue, another strain was designed
for induced CX3CR1 deletion at determined
ages. B6.129P2(Cg)-CX3CR1tm2.1(cre/ERT)Litt /
WganJ are CX3CR1CreER mice expressing a
Cre-ER fusion protein and eYFP from endogenous CX3CR1 promoter/enhancer elements
(Littman, 2013; Parkhurst et al., 2013). eYFP
immunofluorescence is observed in CX3CR1expressing microglial cells, mimicking endogenous gene expression patterns. When
CX3CR1CreER mice are bred with mice containing loxP-flanked sequences, tamoxifeninducible, Cre-mediated recombination will
result in deletion of the floxed sequences.
When bred with mice containing a loxPflanked STOP cassette upstream of a red fluorescent protein (DsRed) sequence, 93.9% of
CX3CR1-eYFP+ microglial cells were found
to coexpress YFP and DsRed after 5 days
of tamoxifen treatment. Only a few DsRed+
microglial cells (0.3% ± 0.01%) were found
in the brain in the absence of tamoxifen
(Parkhurst et al., 2013).
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Three main mouse lines have been generated to preferentially highlight myeloid cells
and monocytic populations. In the C57BL/6Tg(CD68-EGFP)1Drg/J line (Iqbal et al.,
2014), hCD68-GFP transgenic mice express
eGFP under the control of human CD68 promoter/enhancer sequences. Whereas eGFP is
observed in tissue-resident macrophages including microglial cells, it is expressed in
100% of bone marrow monocytes and 60%
of bone marrow-derived neutrophils (Iqbal
et al., 2014). Adoptively transferred CD68GFP monocytes that traffic to the sites of inflammation retain high-level GFP expression
72 hr after differentiation into macrophages
in situ (Iqbal et al., 2014).
The C57Bl/6J-LysM-eGFP mouse line
(Faust et al., 2000) has been generated by
homologous recombination in order to insert
the eGFP gene into the LysM locus. This
method was chosen because LysM is specifically expressed in the myelomonocytic cell
lineage (macrophages and neutrophil granulocytes; Faust et al., 2000). In adult healthy
mice, LysM-eGFP cells are only found in the
blood. Their characterization revealed that the
eGFPhigh polymorphonuclear (PMN) granulocytes outnumbered LysM-eGFP monocytes by
five to one (Faust et al., 2000). Homozygous
animals are viable but exhibit an increased inflammatory response due to the complete deletion of lysozyme 2 gene. Although conditional
mutant mice for LysM do exist in The Jackson Laboratory Repository, their transgenic
construct does not include any reporter gene.
These mice should then be crossed with classical LysM-eGFP mice to combine visualization
and inducible deletion.
The B6.FVB-Tg(ITGAM-DTR/EGFP)34Lan/J mice theoretically express weak eGFP
in monocytes/macrophages under the control
of the human CD11b promoter along with a
DT inducible system (Duffield et al., 2005).
Although intraperitoneal injection of DT ablates monocyte/macrophage cells in the peritoneal cavity, in the kidney and ovary it fails
to influence hepatic sinusoidal and alveolar
macrophages, as well as recruited or circulating PMNs, despite PMN leukocyte expression
of CD11b (Duffield et al., 2005). However,
transgene expression is not sufficient to be detected by fluorescence-activated cell sorting
(FACS) analysis in these mice, and in all cases
the macrophage population is restored by day
4 following a single intraperitoneal dose of DT
(Duffield et al., 2005).

Recently, several fluorescent reporters have
been developed for cytokines, including IL2, IL-10, IL-12, and IFN-γ, making it possible to visualize the production of cytokines in
vivo and to characterize how these cytokineproducing populations interact with other cell
types.

Double (or More) Labeled Mice
Interestingly, the difference in fluorescence
emission spectra for eGFP and eYFP allows
for intravital identification of the two fluorophores in double labeled LysM-eGFP ×
Cd11c-eYFP animals (Fenrich et al., 2012). In
the context of research on neuroinflammation,
these animals are particularly appropriate to
study the contribution of resident and peripheral immune cells in neuropathology.
Given the diversity of immune cells that
compose the neuroinflammatory response, red
fluorescent mice lines were also engineered
to generate easy to separate color-coded mice
by subsequent breeding. A red knock-in (KI)
mouse was created with an RFP sequence
(a DsRed variant) replacing the first 279
base pairs of the open reading frame coding
for the chemokine receptor type 2 (CCR2).
Homozygous CCR2RFP/RFP KI animals were
crossed with CX3CR1GFP/GFP homozygous
animals to obtain heterozygous double KI
animals CX3CR1+/GFP CCR2+/RFP , an elegant
“two-colored” mouse model suitable for immunological studies combining red and green
fluorophores. In these mice, distinct monocyte
populations express the two chemokine
receptors. Notably, CX3CR1 distinguished a
monocyte subset in peripheral blood, so-called
resident and phenotypically recognized as
LFA-1+ /LSel− /Ly6C− /CCR2− /CX3CR1high ,
whereas CCR2 marked LFA-1− /LSel+ /
inflammatory
Ly6C+ /CCR2+ /CX3CR1low
monocytes (Auffray et al., 2009).
A similar dual reporting strategy might
help refine the characterization of immune cells interacting with CX3CR1expressing populations. Indeed, in the
B6.Cg-Tg(Cx3cl1/mCherry)1Jung/J mouse
line, Exon 1 of the chemokine CX3CL1
(fractalkin), the ligand for CX3CR1, has
been replaced with the mCherry fluorescent
protein. mCherry is observed in mature
neurons in the hippocampus, striatum, cortical
layer II, and epithelial cell layers (Kim et al.,
2011). When CX3CL1cherry mice are bred
with B6.129P-CX3CR1tm1Litt/J mice, the
generated double mutant mice allow the study
of the CX3CL1 and CX3CR1 interface in
tissues and live animals.
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The aforementioned red mice can now
be crossed with mice expressing CFP or/and
GFP in specific cells to refine the description
of the immune interactome. Although there
has been limited use of reporter fluorescent
mice to investigate the dynamics of infiltrating leukocytes and resident myeloid cells in
CNS pathologies to date, some valuable examples are cited below. They illustrate that
these mice yield exciting results relative to
the behavior of cells expressing the designated fluorophores and to a fine description
of cellular population changes in various disease paradigms. This is a fundamental prerequisite in order to provide instructive functional
hypotheses for future experiments to test the
relevance of cell subsets and to tailor efficient
treatments aimed at dampening neuroinflammation by targeting critical cellular responses
with candidate drugs.

USE OF TRANSGENIC REPORTER
MICE EXAMPLES
Studies on microglial cell proliferation
during early embryonic spinal cord invasion
(Rigato et al., 2012), on neuron-glia interactions in the context of neuroinflammation
(Garcia et al., 2013), and in neurodegenerative diseases such as Alzheimer’s disease
(Fuhrmann et al., 2010) or Parkinson’s disease
(Virgone-Carlotta et al., 2013) have benefited
from mouse models involving CX3CR1 and
its ligand fractalkin. This pathway was indeed
found to play a pivotal role in immunological and inflammatory processes. In a model
of experimental autoimmune encephalomyelitis (EAE), CX3CR1-deleted mice exhibited
more severe neurologic deficiencies (Utschig
et al., 2015). Notably, loss of CX3CR1 was
associated with an increased accumulation
of CD115+ /Ly6C- /CD11c+ DCs in EAEaffected brains that correlated with enhanced
demyelination and neuronal damage. Despite
a lack of in vivo imaging data, overall results suggested that EAE severity observed
in CX3CR1-deficient mice was due to an absence of fractalkin signaling on peripheral
bone marrow-derived cells.
Our team (Fenrich et al., 2013) crossed
the Thy1-CFP-23 (Feng et al., 2000), LysMGFP (Faust et al., 2000), and CD11c-eYFP
(Lindquist et al., 2004) mice to create
Thy1-CFP/LysM-GFP/CD11c-eYFP triple
transgenic mice with multiple fluorescent
cell populations (Fig. 4). We studied the
spatiotemporal recruitment of resident and peripheral myelomonocytic cells to a spinal cord

injury site and their heavily debated role in injury progression. Using chronic, quantitative
intravital 2P microscopy of adult mice with
spinal cord injuries, we showed that infiltrating
LysM-positive and resident CD11c-positive
myelomonocytic cells have distinct spatiotemporal recruitment profiles and exhibit changes
in morphology, motility, phagocytic activity,
and axon interaction patterns over time
(Fenrich et al., 2012). Such data underscore
the importance of precise timing and targeting
of specific cell populations in developing
therapies.
Concerning brain tumors (Ricard et al.,
2013), we used protocols optimized for orthotopic glioblastoma grafting in mice that
were able to recapitulate the biophysical constraints normally governing tumor progression
and were suitable for intravital 2P microscopy.
Tumor cells and blood vessels were repeatedly
imaged during tumor development. Quantitative correlative analyses of dynamic imaging
data over wide fields allowed us to look for
correlations between blood vessel density, tumor cell density, and tumor proliferation. Despite extensive vascular remodeling and the
formation of new vessels along with tumor
growth, no correlation was found between local cell density and the extent of local blood
vessel density whatever the tumor area or time
points. The technique, moreover, proves useful
for comparative analysis of mice subjected to
anti-angiogenic treatments that target VEGF
or to AMD3100, an antagonist of the CXCR4
receptor. Altogether, these in vivo observations indicate that, in the brain, tumor growth
can be sustained without an increase in blood
vessel density and point to the role of inflammatory cells to govern tumor growth. In this
case establishing and imaging the tumor in
LysM-GFP/CD11c-eYFP mice (Ricard et al.,
2014) should allow a test of the hypothesis.

FUTURE DIRECTIONS
Conceivably, the paradigms used in these
studies could be adapted to any colored transgenic mouse line to draw general conclusions
about the cellular mechanisms contributing to
the disease in experimental animal models.
Moreover, transgenic mice have emerged as
a promising model to study human immunity
in vivo (Bonte et al., 2016). The overall goal
of combining transgenic reporter mice with 2P
imaging is to confirm that the cell interactions
and migrations proposed on the basis of coculture data actually occur in vivo in living
and functioning animals.
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Figure 4 Triple transgenic Thy1-CFP/Cd11c-eYFP/LysM-eGFP fluorescent reporter mouse used
to study neuroinflammatory events in vivo by two-photon microscopy. (A) Following injection of
655-Qdot probes, standard two-color imaging highlights blood vessels (red) and Thy1-expressing
axons (cyan) in the spinal cord of an adult mouse 17 days after experimental autoimmune encephalomyelitis (EAE) induction. (B) In an additional eYFP channel acquired concomitantly with
A, the high density of CD11c-eYFP+ microglial cells (yellow) reveals the pathological activation
of central nervous system resident immune cells during EAE progression. (C) At this stage of
the disease, circulating LysM-eGFP+ peripheral immune cells (green) are also recruited in the
parenchyma, as visible in a fourth color channel. (D) Simultaneity of channels acquisition combined
with spatial and temporal resolution allows for intravital identification of cellular contact between
resident (yellow) and peripheral (green) immune cells (white arrow). These contacts are transient,
lasting a few seconds (delay between C and D: 65 sec). Image acquired at 940 nm light excitation.
Scale bar: 20 μm.
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The combination of multicolor reporter
mice with intravital 2P microscopy is expected
to provide valuable and unique information to
assess the role of individual genes in the context of the international Knockout Mouse Phenotyping Program (KOMP). By systematically
breeding every KO animal with multicolor fluorescent reporter mice, it will become possible
to evaluate the direct and indirect impact of
gene deletions on identified cell populations
and on the dynamic interactions that they establish with other cellular components.

Moreover, it will be very helpful to cross
the reporter mice with available transgenic
mouse models of disease. These multiple fluorescence mice would allow for visualizing
the evolution of neuroinflammation markers
and disease targets throughout the course of
the disease in living animals. For example,
a transgenic Alzheimer’s model was successfully crossed with reporter transgenic mice to
image neurons and microglial cells through
cranial glass windows (Fuhrmann et al., 2010).
This study revealed that microglial cells are
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recruited to the neuron before and not after the
elimination of the neuron, with increased migration velocity, and that neuronal elimination
depends on intact communication between microglial cells and the neuron via fractalkin and
CX3CR1.
Finally, this approach is fully compatible
with drug and pharmaceutical tool tests on disease animal models. Even more interesting, the
effect of potential drugs would be achieved not
only on the disease-targeted cells, but also on
neurons, vascularization, and any other desired
cell type, with direct correlations between animal health and behavior (Malcor et al., 2012;
Ricard and Debarbieux, 2014; Serres et al.,
2014; Tang et al., 2015).
The next goals of research will likely be:
(1) to distinguish neurotoxic from neuroprotective leukocyte populations; (2) to identify
and visualize key molecules and their receptors in vivo; and, (3) to image the targets of
future therapeutics together with key outcome
predictors such as neuronal integrity.
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