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Stem and progenitor cells of the developing and adult brain can be effectively identified and
manipulated using reporter genes, introduced into transgenic reporter mouse lines or recom-
binant viruses. Such reporters rely on an ever-increasing variety of fluorescent proteins and a
continuously expanding list of regulatory elements and of mouse lines engineered for cell- or
time-specific recombination. An important extension of stem-cell-based genetic strategies is
an opportunity to explore the properties of newly generated neurons and their contribution to
synaptic plasticity. Here, we review available strategies for marking and quantifying various
classes of stem and progenitor cells in the adult brain, genetically tracing their progeny, and
studying the properties of stem cells and new neurons. We compare various experimental
approachesto labeling and investigating stem cells and their progeny and discuss caveats and

limitations inherent to each approach.

n adult humans and animals, neural stem cells
maintained at specific locations in the adult
brain, can produce new neurons that integrate
into the existing neural circuits and contribute
to neural plasticity. Neural stem cells are the
only proven source of new neurons in the adult
brain; therefore, our understanding of the fea-
tures and the role of newly generated neurons
depends on the ability to identify adult stem
cells, trace their lineage, and reveal basic mech-
anisms governing their maintenance, division,
differentiation, and death.
There are various strategies to visualize,
identify, and enumerate stem cells and their
progeny in the adult brain in vivo. Traditionally,

studies of neurogenesis relied on immuno-
cytochemical staining of brain sections using
stem-cell-specific antibodies and their com-
binations and on marking (“birth dating”) di-
viding stem cells and their progeny using
thymidine analogs. These techniques are now
complemented by powerful genetic approaches
for ontogenetic labeling: generation of trans-
genic reporter animals constitutively express-
ing marker proteins; indelible labeling of stem
cells and their progeny using inducible (usually
Cre-based) recombination; and viral delivery of
marker genes to stem cells and their progeny.
The general strategy for all genetic approaches
to neurogenesis is to drive the expression of live
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markers, such as fluorescent proteins (FPs) of
various color, maturation time, stability, or
localization, in defined subclasses of stem cells
and their progeny. This review will focus on
these genetic approaches, describing available
genetic tools and their applications for studying
adult neurogenesis (with a bias toward hippo-
campal neurogenesis) and discussing their ad-
vantages and limitations. Interested readers can
also consult other reviews in this series, includ-
ing a review on detection and phenotypic char-
acterization of adult neurogenesis (Kuhn et al.
2015).

TRANSGENIC AND VIRAL STRATEGIES
FOR IDENTIFICATION OF NEURAL
STEM CELLS AND THEIR PROGENY

Much of the current knowledge about adult
neural stem cells and their immediate or distant
progeny has been obtained through the use of
constitutive transgenic mouse lines with genet-
ically encoded markers. In such lines, a specific
promoter, by directing expression of an FP,
helps to identify cells, their subpopulations, or
defined classes of their progeny. The range of
such lines is steadily expanding, providing an
abundant choice of reagents to probe adult
stem cells. This general strategy is increasingly
supplemented by the use of inducible transgenic
mouse lines, in which Cre recombinase is ac-
tivated by tamoxifen or doxycycline at a given
time point to mark the progeny of the cells that
have undergone recombination; again, a steadily
growing collection of inducible lines facilitates
the choice of genetic reagents. These two trans-
genic approaches, constitutive and inducible,
are paralleled by the application of viral in-
fection to label stem cells and/or their prog-
eny. Delivery of viral vectors, usually based
on adeno-associated viruses (AAVs), lentivirus-
es (LVs), and retroviruses (RVs) is increasingly
taking advantage of the progress in generating
transgenic mouse lines (for instance, by using
regulatory elements validated in transgenics)
and facilitates and accelerates analysis of adult
neurogenesis. Viral-based approaches are fur-
ther benefiting from efforts and progress in
human gene therapy. In addition, all three ap-

proaches rely on progress in generating new
varieties of FPs.

Constitutive Transgenic Reporter Lines

The key to genetic reporter strategies is identi-
tying regulatory elements that would reliably
drive expression of the fluorescent marker in
the cell subtype of choice. The most straightfor-
ward approach would be to express the marker
under control of appropriate elements and
apply standard approaches (pronuclear injec-
tion, bacterial artificial chromosomes (BACs),
or knockin techniques) to generate transgenic
mouse lines constitutively expressing the mark-
er protein. Constitutive transgenic labeling is
conceptually similar to immunohistochemical
detection of cell subpopulations, identifying
newly generated cells in a differentiation stage-
specific manner. Numerous transgenic report-
er mouse lines with constitutive expression of
FPs became valuable instruments for visualiz-
ing stem and progenitor cells and adult-born
neurons for studying their properties and for
dissecting neuronal or astrocytic differentiation
cascades into defined steps (reviewed by Dha-
liwal and Lagace 2011); below, we highlight a
few such lines that cover distinct developmental
stages of neuronal birth and maturation.

Inducible Reporter Lines

Yet another set of valuable genetic tools for
studying adult neurogenesis is presented by
mouse lines carrying a fusion between Cre re-
combinase and a hormone-binding domain of
the estrogen receptor, the latter mutated to have
it respond to an exogenous (tamoxifen or its
metabolite 4-hydroxy-tamoxifen) but not the
natural ligand (Jensen and Dymecki 2014).
When such a line (a driver) is crossed with a
reporter line containing an FP gene whose ex-
pression is normally prevented by a STOP se-
quence flanked by the loxP recombination sites
(areporter line), injection of tamoxifen triggers
recombination and FP accumulation in the
competent cells. If such labeled cells self-renew
or produce differentiated progeny, these deriv-
atives will be also labeled by the FP (which is
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usually controlled by a strong constitutive pro-
moter to maximize the chances of its expression
in a widest range of cell types).

As with the constitutive reporters, there is a
continuously expanding list of mouse lines with
the chimeric recombinase expression controlled
by regulatory elements active in neural stem/
progenitor cells or their progeny. These lines
have been successfully used to visualize neuro-
genesis and to track the fate of a particular cell
type, which was competent for tamoxifen-in-
duced recombination at the time of induction
(reviewed by Dhaliwal and Lagace 2011; Ima-
yoshi et al. 2011; Sun et al. 2014). For instance,
Nestin-CreER, Glil-CreER, Glast1-CreER, and
Sox32-CreER lines have been used to track the
progeny of type 1 cells (stem cells), and double-
cortin (DCX)-CreER lines have been used to
track the progeny of type 2 cells (transiently
amplifying progenitors). Furthermore, induc-
ible recombination has been applied for clonal
analysis of the stem-cell lineage and activity
(Bonaguidi et al. 2011; Song et al. 2012; Jang
et al. 2013; Merkle et al. 2014). Detailed map-
ping of the stem-cell differentiation cascade us-
ing inducible reporter lines complements the
data obtained using constitutive reporters, po-
tentially enabling the timing of the entire cas-
cade and deduction of the fate of every subpop-
ulation of stem and progenitor cells in the adult
brain.

This review does not attempt to cover the
rapidly growing field of genetic fate mapping
for the adult neurogenic zones, but will mention
several issues to consider when planning or in-
terpreting such experiments. First, one has to
remember that even when using the same regu-
latory elements to drive the expression of Cre
recombinase, the resulting lines may not carry
exactly the same features. For instance, several
widely used Nestin-CreER driver lines show
substantial variability in the specificity and effi-
ciency of recombination induced in the bigenic
combinations with a reporter line (Sun et al.
2014; G Enikolopov, unpubl.). Conversely, dif-
ferent reporter lines can show somewhat differ-
ent results even when combined with the same
driver line (G Enikolopov, unpubl.). Although
this may not be important for the broad picture

Genetic Analysis of Adult Neurogenesis

of fate choice, it may become critical when
considering small populations or rare events in
the neurogenic zones. Second, one should not
expect full correspondence between the cells
marked in the constitutive reporter lines and
cells undergoing initial recombination in the in-
ducible bigenic reporter lines. Third, one has to
keep in mind that not only the progeny but the
initial cells that have undergone recombination
will become stained by the FP expression. There-
fore, it may be important to compare various
time points after induction to better distinguish
the original recombined cells from their proge-
ny. For instance, one may see type 1, type 2,
immature neurons, mature neurons, astrocytes,
pericytes, and oligodendrocyte progenitors sev-
eral weeks after tamoxifen induction in a bi-
genic strain containing a particular Nestin-
CreER driver, but only some of these cells will
correspond to the bona fide progeny of stem cells
(i.e., some other labeled cell types could corre-
spond to the “original” recombined cells that
may not have produced any progeny). Finally,
one has to consider that quantitative assessment
of the progeny cell types (e.g., neurons vs. astro-
cytes) may greatly vary depending on the driver
line, particularly if the driver covers overlapping
but not identical populations (e.g., a line in
which recombination is induced in both type 1
and type 2 cells may be interpreted as producing
a higher proportion of neurons than a line, in
which recombination is induced only in type 1
cells, even if the relation among these cell types
is linear).

Viral Labeling of Neural Stem Cells
and Their Progeny

An alternative to generating a transgenic report-
er line is often provided by the availability of
viral vectors to transduce stem and progenitor
cells and their progeny. Viral gene delivery has
been used extensively to transduce cells in a
wide range of species, including humans, as an
approach to gene therapy (Thomas et al. 2003;
Cockrell and Kafri 2007). Different types of viral
vectors, particularly AAV, IV, and RV based, have
been designed for such delivery. Their use offers
both shorter analysis time than regular trans-
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genic approaches and, often, greater flexibility,
particularly when combined with transgenic
lines with a defined expression range of the re-
porters they carry.

AAV is a DNAvirus in the Parvoviridae fam-
ily with no known pathogenesis in humans
(Smith 2008). These vectors normally express
transgenes transiently, although there are sug-
gestions that low levels (<<15%) of integration
into the host genome can occur (McCarty et al.
2004). AAVs can carry transgenes up to ~5 kb
in length, although some reports state that DNA
fragments up to 9 kb can be integrated (Allocca
et al. 2008). Although specific serotypes of AAV
usually infect defined populations of cells, they
can infect both dividing and nondividing cells.
This broad spectrum of infection capability, to-
gether with the inability to fully integrate into
the host genome, limits the application of AAVs
in labeling adult neural stem cells. However,
specificity of the AAV-based reporters can be
improved by using cell-type-specific promoters.
Specificity can be further improved by relying
on conditionally activated reporter expression;
for instance, a loxP-flanked FP gene can be en-
gineered to be active only in a specific subtype of
cells by delivering the recombinant virus to the
neurogenic zones of a transgenic animal ex-
pressing Cre recombinase under a specific pro-
moter. Here, tissue or cell specificity is enforced
by the possibility of a temporal control; for in-
stance, by injecting a viral vector carrying a
loxP-based green fluorescent protein (GFP) at
a given time into a specific area of the brain of
the Sox-Cre or Nestin-Cre transgenic animal.

Another type of viral vector used to trans-
duce neural cells is based on the LV of the Retro-
viridae family. An important feature of LV is
that it can carry fairly large insert sizes, up
to 12 kb. LVs integrate into the genome in a
well-defined manner, which, especially when
combined with Cre-Lox recombination or Tet
expression systems, allows for high degree of
temporal control (Carlen et al. 2009). The enve-
lope protein of the viral particle determines
both the cell type to be infected and the mech-
anism by which the virus gains entry to the cell.
The most commonly used envelope protein is
glycoprotein G from vesicular stomatitis virus

(VSVG). Because VSVG-pseudo-typed LVs in-
fect all central nervous system (CNS) cell types,
the specificity of these vectors is achieved by
using specific promoters driving expression of
the inserted reporter. With an appropriate pro-
moter, these viruses can mark neural stem cells
with level of specificity similar to those of regu-
lar transgenic approaches.

Although AAVs and LVs are efficient in in-
fecting neuronal and glial cells in the nervous
system, tracing and manipulating neural stem
cells requires the virus to specifically target this
population of dividing cells. In the past few de-
cades, retroviral vectors, those derived from the
Moloney murine leukemia virus (MMLV), for
example, have been engineered to target divid-
ing cells. During integration into an infected
cell, the RV binds surface receptors located on
the host cell’s plasma membrane. After binding,
the viral membrane, via its envelope protein,
and the host cell membrane fuse with genetic
material transmitted into the host cell. The ret-
roviral genetic material is then replicated in the
host cell by reverse transcriptase to produce
DNA from the viral RNA genome. If the host
cell enters division and, therefore, breaks down
its nuclear membrane during mitosis, retroviral
integrase becomes capable of inserting the viral
DNA into the host genome. The genomic inte-
gration site depends on the virus subtype and
shows a preference for loci with high transcrip-
tional activity (Mitchell et al. 2004). After inte-
gration, the RV-based vector replicates as part
of the host cell’s DNA. Thereafter, the infected
host cells and their progeny will carry the re-
porter transgene. Thus, RV vectors allow ex-
pression of one or multiple transgenes under
the control of a particular promoter (e.g., cyto-
sine—adenosine—guanine [CAG], glial fibrillary
acidic protein [GFAP], Nestin, or DCX) specif-
ically in dividing cells; therefore, when a popu-
lation of labeled cells is later analyzed, it can be
presumed that the precursor cell underwent di-
vision at or near the time of infection.

Fluorescent Markers for Cell Labeling

A key component of constitutive, inducible, or
viral reporters is an FP driven by appropriate
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regulatory elements. The palette of FP expres-
sion in transgenic reporter lines is constantly
increasing, with GFP, cyan fluorescent protein
(CFP), DsRed, mCherry, and tdTomato rou-
tinely used. In addition, more advanced vari-
ants of FPs are continuously being generated
and characterized for the purposes of genetic
cell labeling. There is an ongoing effort to
expand the range of available FPs with new
excitation/emission features (with a particular
emphasis on the far-red end of the spectrum in
proteins, such as mKate), altered multimeriza-
tion, stability, or solubility (Chudakov et al.
2010). A parallel effort focuses on generating
FPs that are slowly maturing (such as dTimer),
are photoactivatable (such as KikGR and Kaede),
photoswitchable (such as Dendra) and revers-
ibly switchable (such as Dronpa) (reviewed by
Abe and Fujimori 2013; Shcherbakova et al.
2014). Although only a few of these proteins
have been used to mark neural tissue, their ap-
plication in other types of transgenic models
(reviewed by Abe and Fujimori 2013) helps in
selecting appropriate candidates (e.g., avoiding
FP versions that may be detrimental or toxic to
the cells and the animal).

An important point to consider is that even
with the most selective and stringent regulato-
ry elements expression of the FP marker does
not exactly recapitulate expression of the endo-
genous gene from which these elements were
derived. FPs may persist in cells longer than
the corresponding protein; therefore, cells that
would otherwise not be marked by convention-
al means (e.g., by immunocytochemical stain-
ing for that protein) would be highlighted
using this approach. Conversely, FPs may also
persist for a shorter time than the correspond-
ing endogenous protein, therefore compressing
the range of highlighted cell types. This should
not necessarily be considered a disadvantage;
for instance, an FP that remains in a progeny
cell longer than the endogenous protein may
provide an opportunity to visualize both the
original cell and its progeny and infer the lineage
relationships between them. The ability to dis-
sociate the presence of the FP marker from that
of the cognate protein is taken further in report-
er lines expressing Fucci proteins, whose accu-

Genetic Analysis of Adult Neurogenesis

mulation is controlled by the phase of the cell
cycle (Abe et al. 2013).

USING REPORTER LINES TO DISSECT
NEURONAL DIFFERENTIATION CASCADE

The constantly growing list of available consti-
tutive reporter mouse lines allows investigators
to apply the most appropriate transgenic model
to the question at hand. These lines use various
regulatory elements and FPs of different color
and subcellular localization to provide access to
virtually any subclass of stem, progenitor, and
differentiated cells in the adult brain.
Historically, much information has been de-
rived from lines expressing FPs under the con-
trol of the regulatory elements derived from
the gene encoding the stem-cell marker nestin.
Crucial among these elements is a powerful en-
hancer located in the second intron of the gene,
which can direct expression of a chosen marker
to neuroepithelial and neural stem cells of the
embryo and adult animal (Zimmerman et al.
1994). This enhancer has been used in combi-
nation with various other regulatory elements to
generate Nestin-GFP reporter lines (Yamaguchi
et al. 2000; Kawaguchi et al. 2001; Mignone et al.
2004) and later derivatives (Encinas et al. 2006;
Encinas and Enikolopov 2008). Several lines of
evidence show that FP-positive cells in these
Nestin-based transgenic lines accurately repre-
sent neural stem and early progenitor cells in the
developing and adult nervous system and cover
the vast majority of such cells (Kronenberg et al.
2003; Kempermann et al. 2004; Mignone et al.
2004; Encinas et al. 2006, 2011b; Encinas and
Enikolopov 2008). Nestin-based reporter lines
continue to be generated and a researcher can
now choose among multiple lines that differ in
the color of the FP, its fluorescence intensity, or
its subcellular localization. For instance, a series
of mouse lines has been generated that uses the
same vector backbone containing the promoter
and enhancer of the rat Nestin gene to drive
expression of GFP, mCherry, CFP with nuclear
localization (CFPnuc), or H2B-GFP (the latter
two with nuclear localization of the signal)
(Mignone et al. 2004; Encinas et al. 2006; Enci-
nas and Enikolopov 2008). Moreover, even the
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basic Nestin-GFP-expressing lines are available
in different variations (e.g., using different pro-
moters in addition to an obligatory enhancer)
(Yamaguchi et al. 2000; Kawaguchi et al. 2001;
Mignone et al. 2004). Although the basic pat-
tern of the transgene expression is similar in all
of these lines, such variations may become im-
portant when particular subpopulations of stem
and progenitor cells are followed or character-
ized in more detail.

To illustrate the application of constitutive
Nestin-based reporter lines for studying adult
neurogenesis, consider three FP lines that use
exactly the same promoter and enhancer ele-
ments derived from the rat Nestin gene (Fig.
1). In Nestin-GFP mice (Mignone et al. 2004),
the fluorescent signal highlights all of the soma
and the processes of stem and early progenitor
cells (Fig. 1A) and these mice are well suited for
the studies of the distribution and morphology
of neuronal precursors in the developing and
adult brain. In Nestin-CFPnuc mice (Encinas
et al. 2006) the signal is localized in the cell
nucleus and the distribution of the stem and
progenitor cells is visualized as a punctuate pat-
tern. This nuclear representation of stem and
progenitor cells greatly reduces the complexity
of their distribution pattern and permits their
unambiguous enumeration by means of confo-
cal stereology (Fig. 1B). Moreover, Nestin-GFP
and Nestin-CFPnuc lines can be crossed to effi-
ciently visualize both the soma and the nuclei
of stem and progenitor cells (Fig. 1C). In Nes-
tin-mCherry animals (Ding et al. 2012; G Eni-
kolopov, unpubl.), stem and progenitor cells
are marked by red fluorescence; this becomes
important for generating multiallelic report-
er lines, in which an FP of a different color
marks the progeny of stem cells (e.g., Nestin-
mCherry/Nestin-Cre-ER /ZEG mice) or other
types of stem cells (e.g., Nestin-mCherry/
Sox2-GFP mice). Together, this set of matching
lines expands the palette of available colors and
the range of possible experiments.

Remarkably, in these lines, expression of FPs
also marks stem/progenitor cells in a range of
nonneural tissues—anterior pituitary, ovaries,
bone marrow, hair follicles, skeletal muscle, tes-
tis, and liver among them (Davidoff et al. 2004;

Figure 1. Neural stem and progenitor cells are visu-
alized in Nestin-fluorescent protein (FP) reporter
mice. (A) Neural stem cell and progenitor cells
(green) in the dentate gyrus (DG) of Nestin-green
fluorescent protein (GFP) mice (glial fibrillary acidic
protein [GFAP] staining for astrocytes, red). (B) Nu-
clei of neural stem cell and progenitor cells (green) in
the DG of Nestin-CFPnuc mice (Nestin staining of
radial processes, red; DAPI staining of the cell nuclei,
blue). (C) Nuclei (orange) and soma of neural stem
cell and progenitor cells (green) in the DG of the
Nestin-GFP /Nestin-CFPnuc hybrid mice (images
courtesy of JM Encinas, A-S Chiang, and G Enikolo-
pov). Scale bars, 50 pm (A); 40 pm (B); 30 pm (C).
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Gleiberman et al. 2005, 2008; Day et al. 2007;
Mignone et al. 2007; Mendez-Ferrer et al. 2010;
Flesken-Nikitin et al. 2013). This provides an
ability to identify and analyze stem cells in these
tissues in the same animal, thus facilitating the
experimental design for multiplex monitoring
changes in the stem-cell compartments of dif-
ferent tissues.

For the adult hippocampus, the use of Nes-
tin-based reporter lines allows one to define
classes of precursors in the dentate gyrus (DG)
based on the morphology of the labeled cells, the
marker proteins that they express, and their mi-
totic activity. Several main classes of cells in the
neuronal lineage in the DG can be identified and
visualized by reporter transgenes; these classes
encompass and partially overlap the categories
of neuronal precursors defined by other ap-
proaches. The main stem-cell class is represent-
ed by radial glia-like GFAP/Nestin/vimentin/
brain lipid-binding protein (BLBP)/Sox2-
positive, Nestin-FP-expressing cells, whose so-
ma resides in the subgranular cell zone (SGZ).
These cells have been defined as type 1 cells
(Kronenberg et al. 2003; Kempermann et al.
2004), GFP-bright cells (Mignone et al. 2004),
retinoic acid (RA) cells (Seri et al. 2004), and
quiescent neural progenitors (QNPs) (Encinas
et al. 2011b). FPs continue to be expressed in
progeny of these radial glia-like stem cells.
Such cells still reside in the SGZ but lack the
radial processes (type 2 cells) (Kronenberg
et al. 2003; Kempermann et al. 2004); these
cells have also been described as GFP-dim cells
(Mignone et al. 2004) and amplifying neural
progenitors (ANPs) (Encinas et al. 2006,
2011b). The FP signal in Nestin-based lines
gradually disappears as progenitors exit the
cell cycle. Further classes of precursors are rep-
resented by postmitotic neuroblasts that cease to
express FP markers, by immature neurons that
express neuronal markers and whose morphol-
ogy gradually changes to that of mature granule
cells (GCs), and by mature differentiated GC
neurons with developed apical dendrites and
axons forming the mossy fiber. These neuro-
nally differentiating cells can be identified and
studied using other reporter lines, in which
FP expression is driven by the promoters of

Genetic Analysis of Adult Neurogenesis

the DCX, proopiomelanocortin (POMC), or
GADG67 genes as described in the following sec-
tion. Thus, the use of reporter mice enables
efficient dissection of the neuronal differentia-
tion cascade in the DG into distinct steps and
assembly of a detailed scheme of entire cascade
(Encinas et al. 2006, 2011b; Encinas and Eniko-
lopov 2008). As a following step, this scheme
can be used to determine the classes of stem
and progenitor cells in the DG that are affected
by various pro- and antineurogenic factors and
stimuli (for examples of such analyses, see En-
cinas et al. 2006, 2011a; Park et al. 2013).

The use of reporter mice also enabled our
studies (G.E.), which indicate a new model for
the quiescence, maintenance, and division of
the adult hippocampal stem cells. Our results
show that adult neural stem cells may remain
quiescent for their entire postnatal life, but,
when activated, rapidly divide several times in
quick succession to bud off daughter cells that
eventually yield neurons, whereas the remaining
stem cell differentiates into a mature astrocyte,
thus leaving the stem-cell pool. Hence, most
hippocampal stem cells can be described as
a “single-use” or a “disposable” unit—used in
adulthood only once and then abandoned in its
stem-cell capacity. We also found that astrocytic
differentiation of hippocampal stem cells is
tightly coupled to their division, that all dividing
stem cells of the hippocampus convert into as-
trocytes, and that new astrocytes of the DG de-
rive from these stem cells. Thus, targeted appli-
cation of Nestin-based reporter lines suggests a
new basic mechanism of neural stem cell disap-
pearance in the aging hippocampus—their di-
vision-coupled astrocytic differentiation (Enci-
nas et al. 2011b).

The application of Nestin-based reporter
lines described above is provided merely as a
guide. The same approach can be used to further
define the subpopulations of stem cells and
study their properties. For instance, adult radial
glia-like stem cells are successfully visualized in
lines that use regulatory elements of Glil, GFAP,
GLAST, BLBP, Prominin, Ascll, Hes5, or Sox2
genes to drive expression of FPs (Nolte et al.
2001; Liu et al. 2006; Steiner et al. 2006; Suh
et al. 2007; Lugert et al. 2010; Bonaguidi et al.
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2011; Encinas et al. 2011b; Kim et al. 2011; De-
Carolis et al. 2013), and the challenge is to use
these lines to define various phases of the stem-
cell life cycle. In conclusion, an expanding range
ofavailable reporter lines offers an ample genetic
toolbox to cover (essentially, to “tile”) the entire
differentiation cascade leading from stem cells
to new neurons and astrocytes (Fig. 2), and to
study the features of distinct steps of the cascade.

USING REPORTER LINES TO DEFINE
MATURATION OF NEW NEURONS

Here, as a guide, we describe several lines that
have been particularly useful for dissecting the
process of maturation of newborn neurons in
the DG.

Nestin-Based Transgenic Lines

In addition to investigations of stem-cell divi-
sion and differentiation, Nestin-GFP mice have
also been used to study the physiological prop-
erties of neural precursors and the signaling
mechanisms involved in their maturation. Early
studies show that acute hippocampal slices of
Nestin-GFP mice GFP-expressing cells, which

fall into two classes based on morphology, also
show different intrinsic membrane properties
(Filippov et al. 2003; Fukuda et al. 2003). The
larger type 1 cells with radial processes have
passive membrane properties and low input re-
sistance typical of astrocytes, whereas the small-
er type 2 cells have higher input resistance and
some voltage-gated currents. Type 1 cells are
reported to show tonic y-aminobutyric acid
(GABA,) receptor-mediated currents (Song
et al. 2012; but see Tozuka et al. 2005), whereas
some type 2 cells also receive synaptic GABA-
ergic currents (Tozuka et al. 2005; Wang et al.
2005; Song et al. 2013). Based on the identifi-
cation of GABAergic signaling to progenitors
and immature neurons, many subsequent stud-
ies have illustrated specific mechanisms con-
tributing to GABA-mediated regulation of
adult neurogenesis (Dieni et al. 2012).

DCX-Based Transgenic Lines

DCX is a microtubule-associated protein criti-
cally involved in neuronal migration and neu-
rite outgrowth that is widely used as a marker
for phenotypic identification of neuronal pre-
cursors and immature neurons. DCX is not ex-
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Figure 2. Schematic summary of the neuronal and astrocytic differentiation cascades in the dentate gyrus (DG)
as reflected in transgenic reporter mouse lines. POMC, Proopiomelanocortin; DCX, doublecortin; BLBP, brain
lipid-binding protein; GFAP, glial fibrillary acidic protein. (From data in Encinas et al. 2011b; modified, with

permission, from the authors.)
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pressed exclusively in newborn cells, as it can be
reexpressed in certain populations of mature
neurons that are undergoing structural plastic-
ity (Nacher et al. 2001). However, in the DG and
olfactory system, it is reliably expressed in neu-
ronal precursors and newborn neurons (Brown
et al. 2003; Couillard-Despres et al. 2005).
Couillard-Despres and colleagues (2006) gener-
ated transgenic mice using the identified 3.5-kb
fragment upstream of the DCX ATG start codon
to drive expression of GFP or DsRed. Labeled
cells have a variety of immature morphologies,
consistent with the range of developmental
stages that are characterized by DCX expression.
DCX-based transgenic reporters have been used
to examine immature cells in aged mice and to
isolate immature neurons for gene-expression
profiling (Couillard-Despres et al. 2006; Bracko
et al. 2012). Recent work has also characterized
the electrophysiological properties of a similar
line of DCX-enhanced green fluorescent pro-
tein (EGFP) mice developed by the Gene Ex-
pression Nervous System Atlas BAC transgenic
project (GENSAT) (Spampanato et al. 2012).
Transgenic mice expressing inducible re-
combinase under control of the DCX promoter
are useful for selectively identifying and manip-
ulating new neuron maturation, because this
approach avoids Cre expression in stem-cell
populations that continually produce addition-
al cohorts of new neurons (Jablonska et al. 2010;
Zhang et al. 2010; Cheng et al. 2011). One
unique feature of two of these DCX-CreER lines
is that they enable selective manipulation of
either SGZ or subventricular zone (SVZ) neuro-
genesis, because each line expresses the trans-
gene in complementary neurogenic regions
(Yang et al. 2011). Xiong and colleagues used
the hippocampal-specific line to show that
spine density on immature neurons undergoes
biphasic growth, with a robust increase in spine
density in the first weeks followed by a reduction
in density over the next 2 mo suggestive of syn-
aptic pruning (Cheng et al. 2011). Gallo and
colleagues showed that DCX-expressing neuro-
blasts in the SVZ respond to demyelination of
the corpus callosum by switching cell fate and
migratory behavior to become oligodendro-
cytes that repopulate the demyelinated region

Genetic Analysis of Adult Neurogenesis

(Jablonska et al. 2010). Together, these induc-
ible lines provide high spatial and temporal pre-
cision for examining and manipulating adult-
generated neurons.

POMC-EGFP Reporter Mice

Transgenic mice with EGFP expressed under the
control of regulatory sequences in the POMC
gene labels postmitotic newborn GC (Over-
street et al. 2004). DG expression requires cryp-
tic promoter sequences distinct from those re-
quired for expression in POMC-producing cells
of the pituitary and POMC expression is unde-
tectable, indicating that POMC-EGFP in the
DG is unrelated to expression of the POMC
gene product. Characterization of hippocampal
FP expression in the POMC-EGFP mouse re-
veals that labeled cells have a generally homog-
enous morphology consisting of small cell bod-
ies located near the SGZ and a primary dendrite
that branches within the inner molecular layer
(Fig. 3A) (Overstreet et al. 2004). FP-labeled
cells have membrane properties consistent with
immature neurons, including a very high in-
frared (IR), averaging ~9 GOhm in perforated
patch recordings (Overstreet-Wadiche et al.
2005). Colabeling with BrdU is detected be-
tween 3 and 24 d after BrdU administration,
with the peak of colabeling at 10 to 12 d (Over-
street-Wadiche et al. 2006). At this developmen-
tal stage, GABAergic synapses are the primary
source of synaptic input, whereas excitatory glu-
tamatergic synapses are just beginning to form
(Markwardt et al. 2009, 2011; Chancey et al.
2013, 2014). Thus, POMC-EGFP mice allow
identification of an early developmental stage
at the onset of synaptic integration. This stage
is achieved by newborn GCs in the first 3 wk
following exit from cell cycle, with an average
time of just under 2 wk. POMC-Cre transgenic
mice have also proven useful for manipulating
gene expression in postmitotic dentate GCs
(McHugh et al. 2007; Nakashiba et al. 2012).
The uniform membrane properties and
morphology of POMC-EGFP-labeled cells sug-
gest that they constitute a relatively brief devel-
opmental stage with a temporal window of FP
expression that is shorter than that seen in DCX
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Figure 3. Studying neural maturation with transgenic reporter mice. (A) Confocal images from reporter mice
that identify progressive maturational stages of adult-born neurons. Proopiomelanocortin (POMC)-enhanced
green fluorescent protein (EGFP) labels cells that are just under 2 wk of age (Overstreet-Wadiche et al. 2006).
GAD67-green fluorescent protein (GFP) labels cells are at 1 to 3 wk (Zhao et al. 2010). Nestin-CreER > /Ail4
labeling allows identification at any stage after tamoxifen-induced recombination (Lagace et al. 2007). Scale bar,
100 pm. (B) (Top) Reconstructed, labeled neurons from the indicated reporter mice illustrate the progressive
maturation of granule cell morphology. (Bottom) Examples of voltage responses to current injections illustrate
the maturation of intrinsic excitability. Scale bars, 20 mV (A); 100 ms (B). (From Dieni et al. 2013; modified,

with permission, from the authors.)

and GADG67 transgenics. Although they typi-
cally lack dendritic spines and functional glu-
tamatergic input (Overstreet et al. 2004), a
fraction of POMC-GFP-labeled cells have glu-
tamatergic transmission mediated by N-methyl-
p-aspartate (NMDA) receptor-only “silent” syn-
apses (Chancey et al. 2013). The presence of si-
lent synapses along with the lack of AMPA re-
ceptor (AMPAR)-containing synapses and the
depolarized reversal potential for GABA-acti-
vated currents (Overstreet-Wadiche et al. 2005)
make POMC-GFP-labeled newborn GCs a valu-
able tool for studying the role of GABA depolar-
ization in activity-dependent synaptogenesis
(“synapse unsilencing”). We found that GABA
depolarization is necessary for activity-induced
synapse unsilencing at the first nascent synapses
on adult born neurons, both in vitro and in
response to brief exposure of adult mice to an
enriched environment (Chancey et al. 2013).

Furthermore, pharmacological and optogenetic
approaches reveal that the first glutamatergic
synapses arise from hilar mossy cells that make
up the associational/commissural pathway
rather than from the performant path that orig-
inates in the entorhinal cortex (Kumamoto et al.
2012; Chancey et al. 2014). Because the rate of
GC maturation is not homogeneous and subject
to regional and activity-dependent modulation
(Overstreet-Wadiche et al. 2006; Piatti et al.
2011; Snyder et al. 2012), the ability to identify
adult-born neurons at a homogeneous func-
tional stage is useful for identifying mechanisms
of synaptogenesis that persist for only a brief
period during GC maturation.

GADG67 Reporter Mice

GAD67, one of the synthetic enzymes for
GABA production, is typically associated with
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GABAergic interneurons. But, recently, BAC
transgenic mice expressing GFP under the con-
trol of GAD67 regulatory elements revealed ro-
bust expression in immature dentate GC (Zhao
et al. 2010). Similar to many other GAD67-
based reporter lines, GABAergic interneurons
in other brain regions express GFP, but in this
line hippocampal interneurons are unlabeled.
Interestingly, the transient expression of GFP
in immature GCs appears to result from the
low level of GAD67 expressed in developing
GC mossy fibers (Sandler and Smith 1991; Slo-
viter et al. 1996; Zhao et al. 2010). GAD67-la-
beled GCs share several features with POMC-
labeled GCs, including overlap with immature
markers like DCX and PSA-NCAM, as well as
immature morphology. However, GAD67-la-
beled cells also have sparsely spiny dendrites
that extend through the molecular layer, and
they display a range of synaptic and electrophys-
iological properties. GAD67-labeled immature
GCs are highly colabeled with BrdU between 7
and 21 d after BrdU administration, suggesting
they overlap with the early developmental stage
identified in POMC-GFP transgenics but also
label new GCs at a more mature stage (Zhao
et al. 2010). The intrinsic and synaptic proper-
ties of immature GCs in another line of GAD67-
GFP mice have also been well characterized
(Cabezas et al. 2013). Although the func-
tional role of GABA synthesis in immature
GCs remains controversial (Uchigashima et al.
2007), recent work using GAD67-GFP trans-
genic mice showed that GABA release from
immature mossy fibers can modulate mossy fi-
ber excitability via GABAy autoreceptors (Ca-
bezas et al. 2012).

Inducible Reporter Lines

We (L.O.-W.) recently characterized the matura-
tion of intrinsic and synaptic electrophysiologi-
cal properties of immature GCs using Nestin-
CreER"? mice (Lagace et al. 2007; Decarolis et
al. 2013) crossed with R26R-TdTomato reporter
mice (Dieni et al. 2013). Similar to retroviral
labeling, inducible transgenic systems based on
promoters selective for stem cells or progenitors
allow identification of neural progeny at any de-
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sired time interval after recombination is initi-
ated. The time resolution of birth dating using
Nestin-based inducible reporters is restricted by
continual production from the population of
Nestin-expressing stem cells, that is, the interval
after tamoxifen induction will determine only
the oldest postmitotic age of labeled GC. But,
because the morphology of labeled cells is visi-
ble in acute slices, targeting recording based on
cell morphology can select for functional stages.
For example, selecting GCs with the most ma-
ture dendritic structure at each interval post-
tamoxifen injection resulted in a similar time
course for the maturation of action potential
properties as reported in prior retroviral label-
ing studies (Fig. 3B). In conclusion, all stages of
adult neuronal development can be targeted for
electrophysiological analysis using the wide va-
riety of currently available mouse lines, includ-
ing POMC-GFP, GAD67-GFP, and inducible
Nestin-Cre and DCX-Cre.

USING RETROVIRUS VECTORS FOR
LINEAGE TRACING IN THE ADULT BRAIN

Constitutive and inducible transgenic lines
have become valuable tools for studying adult
neurogenesis. However, a number of limitations
inherent to these approaches remain. For in-
stance, in many cases, the FP intensity is insuf-
ficient for a detailed in vivo analysis of stem cells
or their progeny. In addition, in transgenic an-
imals, it is often difficult to birth date labeled
cells. Furthermore, in some cases, transgenic re-
porter lines may be poorly suited for the clonal
analysis of individual stem cells. As an example,
although it is possible to sparsely label neural
precursors and trace their lineages in the DG of
Nestin-CreER-based reporter mice, the genera-
tion time of the labeled lineage is difficult to
trace and the resulting fluorescent signal is not
always bright enough for in vivo experiments.
Some of these limitations can be overcome
using retroviral labeling of the dividing cells in
the adult brain. Stereotaxic injection of a retro-
viral vector carrying an FP into the neurogenic
zones will allow some of these cells to be infect-
ed as they undergo mitosis and will result in
progeny expressing the FP. Given the short life-
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span of RVs in vivo, one viral bolus will label
only a small population of neurons that were
born within a short time period since the injec-
tion. The development of newborn neurons
can, therefore, be investigated at any time after
retroviral injection to observe cells of different
ages and at different stages of differentiation.
A typical experiment for single-cell analysis
of a desired developmental process in vivo often
uses an RV carrying an FP gene and a strong
promoter element. When this approach is ap-
plied to the DG, a high level of FP expression in
newborn granule neurons makes their clear vi-
sualization possible, with robust labeling of
their dendrites and axons. Newborn cells and
their organelles are usually visible within a few
days following injection, and dendritic spines
can be traced from the earliest stages of devel-
opment. Whole-cell recordings from newborn
neurons at different developmental stages en-
able the study of properties unique to newborn
cells, such as the process of synaptic integration
into existing neural circuits during maturation.
Marker expression in fine neuronal substruc-
tures, such as thin dentate GC axons and small
dendritic spines, depends on the quality and
titer of the virus, the promoter used, and the
time elapsed from the infection step. In the past
decade, retroviral labeling has been successfully
used to dissect the process of neuronal develop-
ment and reveal some of its underlying mecha-
nisms. For instance, the method was instrumen-
tal for demonstrating that adult-born dentate

GC first receive GABAergic inputs, followed,
after 2 wk, by glutamatergic innervation (Ge
et al. 2006, 2007). Similarly, retroviral labeling
has been successfully used for tracing the syn-
aptic integration of new neurons in the olfacto-
ry bulb (Ming and Song 2011).

ADVANTAGES AND LIMITATIONS OF
THE TRANSGENIC AND VIRAL SYSTEM
FOR STUDYING ADULT NEUROGENESIS

Constitutive and inducible reporter lines and
viral systems to a large degree complement
each other for the purposes of genetic, molecu-
lar, and physiologic analysis of adult neurogen-
esis. Table 1 illustrates the strength and weak-
ness of the available and to-be-developed
(shaded) methods for ontogenetic cell labeling.

Transgenic reporter lines with genetically
encoded markers have several advantages when
identifying and monitoring newborn neurons
and their precursors. Similar to retroviral label-
ing, transgenic labeling allows full morphologi-
cal analysis of labeled cells in fixed and in live
preparations, with the additional advantage
that quantitative analysis can be performed be-
cause, unlike retroviral labeling, expression of
the marker is independent of injection parame-
ters, such as injection site or the viral titer. Ad-
ditionally, transgenic reporter lines with nuclear
FPs can be used for precise quantitation of
subtle changes in the size of particular pop-
ulations of cells. Transgenic systems are also

Table 1. The strength and weakness of the available and to-be-developed (shaded) methods for ontogenetic
cell labeling

Labeling Birth  Marker Gene  Physiology
suitability dating  level  Quantitation delivery tests
Constitutive reporter Good, dense Limited Poor to Good Good Limited to
animals good good
CreER and Cre reporter Subdose inducers, good, Limited Poor to Poor Limited Limited
animals sparse good
Retroviral labeling Embryo cortex, good Good  Fair Poor Limited Good
(Low titer) Adult brain, poor Good Poor Poor Limited Limited
Retroviral Cre + Cre Low titer, good, sparse Good Poor Limited Limited Limited
reporter animals
Viral Cre + Cre High titer, good, sparse ~ Good  Good Limited Good Good

reporter r etrovirus
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noninvasive, thus there are no potential con-
founding factors resulting from inflammation
and injury at the injection site. Furthermore,
transgenic animals can be subjected to behavior-
al analysis. Finally, reporter mice can be easily
crossed with other genetically modified mice to
examine the role of specific genes or mutations
in adult neurogenesis.

An important caveat to consider, however,
is that constitutive transgenic systems generally
use regulatory elements of genes that are tran-
siently expressed in individual cells during spe-
cific stages of their development; because some
developmentally regulated genes might be re-
expressed in mature neurons that may be un-
dergoing structural or functional changes, spec-
ificity of the transgene expression in newborn
cells must be confirmed by other approaches.
Furthermore, because transgenic labeling iden-
tifies cells based on their ability to express a
stage-specific marker, constitutive transgenic
reporter lines provide a snapshot of a popula-
tion of cells at a particular developmental stage.
In contrast, labeling using inducible transgenic
lines, retroviral vectors, or thymidine analogues
(e.g., BrdU), permanently marks cells generated
at a specific time (“birth date”), allowing indi-
vidual cells to be tracked over time. The inter-
pretations of the two types of labeling (transgen-
ic vs. retroviral or BrdU) are, thus, quite distinct
and warrant careful consideration when choos-
ing which approach to use when studying con-
tinually regenerating and maturing populations
of newborn neurons and their precursors.

Among many advantages of the retroviral
labeling is the ability to target dividing stem
cells with high precision, good suitability for
birth dating and clonal analysis, and high po-
tential for the physiological analysis of the prog-
eny. For instance, transgenic approaches have
been applied with stage-specific promoters for
lineage tracing, but different sets of stem cells in
mammals have similar developmental trajecto-
ries and, as a result, lineage tracing and genetic
manipulation using these methods may cover
an amalgam of large populations of cells. In
contrast, the viral approach uses stereotaxic to
deliver RVs, resulting in local cell transduction.
By combining a retroviral vector with a promot-
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er of interest, it becomes possible to increase the
specificity of the marker expression and to tar-
get cells of a specific population or at a partic-
ular developmental stage. An added benefit of
the viral approach is the short time course re-
quired for experiments.

RVs have been successfully used to mark
and birthdate clonally related neurons in the
developing cortex, but challenges remain for
replicating this process in adult tissue. In the
tully developed brain, retroviral labeling mostly
marks single adult-born neurons (Suh et al.
2007). This sparse labeling may result from the
fact that RVs infect dividing cells in the prolif-
erative zone, in which transiently amplifying
cells represent the largest population because
most adult neural stem cells in vivo are quies-
cent (Doetsch et al. 1999; Kronenberg et al.
2003; Bonaguidi et al. 2011; Encinas et al.
2011b). Thus, the vast majority of targets for
viral infection in the adult DG are transiently
amplifying progenitors. This limitation restricts
many aspects of lineage study of hippocampal
neural stem cells using the retroviral method.

One possible solution to overcome this
limitation is to develop a virus-based labeling
method to specifically target active radial glia-
like progenitors in the DG. For instance, be-
cause the GFAP promoter is active in most hip-
pocampal neural stem cells but promptly turns
off in the intermediate progenitors, GFAP-Cre
mouse lines or lentivirus with GFAP promoter
are able to deliver the Cre recombinase into
the stem-cell population. Therefore, these cells
can be labeled by constructing a retrovirus with
a Cre-dependent cassette carrying an FP gene
or other genes of interest. Such combinatorial
methods (infecting a transgenic animal with
Cre-dependent reporter cassette with a Cre-car-
rying retrovirus or combining a Cre-carrying LV
with a retrovirus carrying Cre-dependent re-
porter cassette) should allow labeling specific
actively dividing stem and progenitor cell pop-
ulations and their neuronal lineages.

Although the retroviral method has proven
powerful in marking and manipulating trans-
duced stem cells and their progeny, some re-
strictions remain. Viruses and their delivery are
invasive and, thus, may introduce trauma and
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inflammation, confounding interpretation. In
the past decade, technical advancements, such
as purified high titer stocks of viruses and fine
injection needles, have been introduced to min-
imize these unwanted effects. The relatively
small number of cells transduced restricts the
use of the retroviral method for most behavioral
tests. Another common limitation of the viral
method is the significant effect of the large
insert size on the viral titer. Finally, transgene
insertion can potentially disrupt endogenous
gene function.

Overall, although retrovirus-based genetic
labeling and manipulation has some limita-
tions, it provides a powerful tool to visualize and
genetically control neural stem cells and their
progeny for studying their generation and de-
velopment.

In conclusion, progress in transgenic and
viral reporter systems for studying neurogenesis
will be propelled by (1) an increased repertoire
of fluorescent markers; (2) an ever-growing col-
lection of available reporter animal lines; (3) the
introduction of recombination systems other
than Cre/loxP (e.g., Flp/FRT); (4) using tetra-
cycline-dependent gene expression or recombi-
nation (e.g., using Tet-based activators) in the
reporters and establishing binary or ternary set-
ups that would exploit various inducible and
conditional expression/recombination systems
(e.g., pursuing intersectional genetics; Jensen
and Dymecki 2014); (5) increased quantitative
resolution of the analysis; and (6) creative com-
bination of the available viral and transgenic
techniques.
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