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Analyzing the variation in different subpopulations of newborn neurons is central to the study of
adult hippocampal neurogenesis. The acclaimed working hypothesis that different subpopulations
of newborn, differentiating neurons could be playing different roles arouses great interest.
Therefore, the physiological and quantitative analysis of neuronal subpopulations at different
ages is critical to studies of neurogenesis. Such approaches allow cells of different ages to
be identified by labeling them according to their probable date of birth. Until very recently,
only neurons born at one specific time point could be identified in each experimental animal.
However the introduction of different immunohistochemically compatible markers now enables
multiple subpopulations of newborn neurons to be analyzed in the same animal as in a line-up,
revealing the relationships between these subpopulations in response to specific influences
or conditions. This review summarizes the current research carried out using these techniques
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and outlines some of the key applications.
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INTRODUCTION

The accurate labeling of newborn cells in the adult brain poses a
fundamental challenge in the study of adult neurogenesis. Adult
brain neurogenesis is closely linked with learning and memory, and
it has also been implicated in anxiety and depression (for recent
reviews, see Aimone et al., 2010; Deng et al., 2010). Furthermore,
many parameters associated with adult neurogenesis are altered
in models of Alzheimer’s and other neurodegenerative diseases,
and in models of ischemia or schizophrenia. Adult neurogenesis
has attracted considerable attention due to the cellular proper-
ties observed during this period, which may be adapted to rescue
neuronal loss due to aging or neurodegenerative processes. In the
adult hippocampus, newborn neurons are granule neurons of
the dentate gyrus, whose precursors reside locally in the inner side
of the granular layer, known as the subgranular zone (SGZ). The
cells born in the adult dentate gyrus are derived from neural stem
cells (NSC; type-1 cells); these cells are either quiescent (a small
proportion) or divide slowly, to generate another group of rapidly
dividing cells known as intermediate progenitor cells (type-2a cells).
The progeny of these cells are neuroblasts that either continue to
proliferate or exit the cell cycle to mature and differentiate into
granule neurons, apparently indistinguishable from the rest of the
dentate gyrus granule neurons. It will be important to note here
that these cell populations can be traced using relatively specific
markers (Figure 1). These markers can be easily used in conjunc-
tion with “birth-marking” labels to determine that the different
subpopulations were actually born in the adult brain.

In recent years, the labeling of newly born cells in the adult
brain has been almost overwhelmingly ruled by the use of 5-bromo-
3’-deoxy-uridine (BrdU). “The underlying principle is straight-
forward: a permanent marker is brought into a cell of interest at
the time point of division and the later fate of this cell is studied.
Because the marker is persistent, it is possible to retrospectively

conclude with confidence that a marked cell must have under-
gone cell division at the time when the marker was injected (sic)”
(Kempermann, 2006). The protocol involves the administration of
the thymidine analog (normally by intraperitoneal injection, and
to a lesser extent via drinking water) which incorporates into the
dual helix of any cell actively synthesizing DNA during the period
the product remains systemically available and active in the body
(usually around 2 h or less). After the animal is sacrificed, staining
is detected by immunohistochemistry using antibodies specifically
directed against the analog.

BrdU has been the marker of choice in recent years for sev-
eral reasons, in part because this method requires no radioactiv-
ity unlike the use of tritiated thymidine, which for decades was
used to label dividing cell populations during brain development.
Furthermore, BrdU staining is readily detected by immunohisto-
chemistry. The only significant drawback of this technique is the
requirement to unmask the epitopes recognized by the primary
antibody against BrdU using hydrochloric acid. Naturally there
some other minor issues are involved in its use, though these have
largely been solved over the years.

One of the most interesting parameters that can be assessed by
the labeling of dividing cells is survival time, defined as the time
between the incorporation of the BrdU and that of the animal’s
sacrifice. The age of labeled cells is equivalent to the survival time
(i.e., cells are 1 month old if the animal injected with BrdU was
sacrificed 1 month after BrdU injection).

A key limitation of this method is its ability to recognize only
a single pool of BrdU incorporated into the body, regardless of
when and how it was administered. This has significant implica-
tions: all incorporated BrdU is detected as a single signal, and
hence, the cell populations that have incorporated BrdU are
indistinguishable. Therefore, BrdU administration must be suf-
ficiently discrete in time (depending on the experimental design)
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FIGURE 1 | Summary of the cell types in adult hippocampal neurogenesis and the expression of the main markers.

so that cell populations to be marked by BrdU are also consist-
ent in terms of age. This issue is particularly important in short
experiments (i.e., days). If the animal is injected with BrdU over
n days, and sacrificed 1 week after the last injection, the cohort
of labeled cells is considered to be between 7 and 7—n days old.
Therefore, the injection rate in conjunction with the survival
time can produce large differences, and in the worst cases, cell
populations that are markedly heterogeneous in terms of age
may be labeled equally. Within the framework of the experi-
mental design, the investigator must judge what heterogeneity
in terms of age can be accepted in the target cell population. In
contrast, in a long-term survival experiment, several injections
administered over consecutive days can label a cohort of cells
that are subsequently identified as a single group, not taking into
account the age difference between the cells marked by the first
and the last injection.

This inherent limitation of BrdU labeling implies that each ani-
mal can only contain a population of cells marked, as homogeneous
as possible in terms of age, precluding any distinction between cells
of very different ages. BrdU injections at two times sufficiently
separated would generate similarly labeled cells although they
are very different. For this reason, the data from cell populations
with qualitatively different ages has been achieved by using differ-
ent experimental groups (different animals) that were subjected
to different injection regimes of BrdU and/or different survival
times (e.g., group A is sacrificed after 1 week to analyze 1 week old
cells, while group B is sacrificed after 1 month to analyze 1 month
old cells). This approach has generated a large amount of data.
However, it is not a trivial matter that these comparisons between
cell populations of different age, born in the adult brain, have been
analyzed to date in different animals. It is clear that the study of
possible direct relationships between subpopulations of qualita-
tively different age is strengthened considerably when performed
in the same animal, avoiding potential confounding factors due
to any intra-group variability between individuals. This problem

can now be avoided by the use of a recent technique that permits
two or three cell subpopulations of different ages to be labeled in
the same animal.

This method involves the injection of the thymidine analogs
5-i0odo-2’-deoxy-uridine (IdU) and 5-chloro-2’-deoxy-uridine
(CldU), which can be unequivocally distinguished from one other
using respective antibodies anti-CldU and anti-IdU, labeling two
populations of different ages in the same animal.

It only takes a dual immunohistochemistry to detect the two
cell populations of different age born in the adult brain, triple
immunohistochemistry in the event that is also to characterize the
phenotype of these two subpopulations.

The first attempts to cope with the problem were not so simple.
Certainly, the first works reporting the separate detection of two
different halogenated nucleotides that have been incorporated in
DNA, used immunofluorescence dual-staining methods in vitro
(Shibui et al., 1989; Bakker et al., 1991; Aten et al., 1992). However,
these methods required complex histological procedures to distin-
guish between the two antibodies.

By using this technique, an early study by Manders et al. (1992)
compared different replication patterns by using immunofluores-
cence dual staining of cell nuclei in vitro, after incorporating two
independent markers of DNA replication in the same nucleus,
and recording fluorescence signals with a dual-color confocal
microscope. However, one of the first studies reporting the use of
dual birthdate labeling in the brain used BrdU and IdU in human
patients (Hoshino et al., 1992). The authors injected brain tumors
patients with BrdU, followed 5 h later by IdU. The percentage of
BrdU* cells was used to establish the S phase fraction, while the IdU/
BrdU and BrdU/IdU ratios were used to establish the duration of
the S phase and other parameters of cell cycle kinetics. Subsequently,
Burns and Kuan (2005) were able to distinguish different cell popu-
lations depending on the embryonic day the cells were generated
during cortical development, by using antibodies raised in dif-
ferent species (rat and mouse) to distinguish two deoxyuridines
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(again BrdU and IdU), and further incubation with species-specific
secondary antibodies conjugated to different fluorophores. This
method permits the separate evaluation of dual-labeled cells (BrdU
and IdU signal) and single-labeled cells (BrdU signal). This way,
the authors also demonstrated the length of the S phase of neural
progenitor cells in the adult mouse dentate gyrus.

CHARACTERIZATION AND SET-UP

A number of papers have described different approaches to imple-
ment these protocols. In most of them, both thymidine analogs were
injected in the same animal to a number of individuals. The first
consideration must be the analog dose injected. For this purpose,
three important factors have to be taken into account in the use of
two thymidine analogs at a time: (i) the absence of cross-reactivity
in the immunohistochemistry, (ii) the possibility to detect them
along with markers of lineage/differentiation, making possible the
identification of the maturational state of the newborn cell/neuron
and nevertheless, (iii) the ability to quantify the number of these
cells by means of stereology. Each of these requirements can be
fulfilled by the use of equimolar administration of CldU and IdU
to the animals, as demonstrated by Vega and Peterson (2005).

For this goal, we have used in mice doses of CIdU and IdU that
are equimolar to the BrdU dose. Specifically, we use to prepare it
according to the 50 mg/kg bw BrdU dose. This dose was selected
because the cells with a nucleus completely filled by the labeling
at this dose, or a nucleus containing easily identifiable patches of
chromatin marked by the fluorophore at this dose, can clearly be
identified as cells that were in S phase in time of administration of
the thymidine analog, thus preventing to analyze cells with a weak
incorporation possibly due to DNA repair or other unknown fac-
tors. The doses used were 42.75 mg/kg bw for CldU and 56.75 mg/
kg bw for IdU. The use of saturating doses of BrdU, CldU, and IdU
has been described previously by Leuner et al. (2009).

Nevertheless, the doses of thymidine analogs used in the lit-
erature vary considerably. One of the most common approaches
is to administer a first analog over a 2—3 week period, and after
a variable intermediate period without labeling (see Re-entering
the cell cycle), then the second analog over a subsequent 2—3 week
period. This protocol has usually been achieved by administering
the nucleosides in drinking water (see for example Maslov et al.,
2004; Gobeske et al., 2009) at 1 mg/ml both nucleosides, while
Bonaguidi et al. (2008) used 1.15 mg/ml CIdU and 0.85 mg/ml
IdU with 2.5% sucrose. Other approaches consist of intraperitoneal
injection of the analogs. This way the doses used has been hetero-
geneous either, see for example Bauer and Patterson (2005) using
16.67 mg/ml CIdU in saline and 10 mg/ml IdU in PBS/NaOH,
pH 8.0, while Gobeske et al. (2009), Mira et al. (2010), and Stone
etal. (2010) used 10 mg/ml CIdU in saline and IdU equimolar to
CldU, what means to use doses adjusted volumetrically to the molar
equivalent of 50 mg/kg BrdU for each animal. The authors used
42.5 mg/kg CldU and 57.5 mg/kg IdU.

Although a number of authors used doses of CIdU and IdU equi-
molar to that of BrdU, this BrdU dose itself varies in the literature
from 50 mg/kg bw BrdU (as used by ourselves), some others used
equimolar doses to 100 mg/kg bw (for example Breuniget al.,2007).
A number of other authors have published the use of equimolar
doses but not mentioning to what BrdU dose.

Despite the variability in the protocols used, and despite the
completely different injection regimes used, all these studies report
reliable and consistent labeling. In our studies, CldU can easily be pre-
pared in 0.9% saline. IdU by using 0.1 M PBS with 2 drops of 5N NaOH
added per 1015 ml PBS. This solution was then heated 2—3 times in
a microwave oven without boiling and vigorously stirred manually.

The next parameter to be taken into account is the survival time.
Several groups have used different survival times in different groups
of animals to characterize and set-up the technique. Specifically,
we injected CldU and IdU at different time points in the same
animals and they were then sacrificed either 24 h or 2 weeks after
the last injection.

Finally, mice were anesthetized with pentobarbital, transcardi-
ally perfused with saline followed by 4% paraformaldehyde in phos-
phate buffer (PB). The brains were removed, post-fixed overnight
in the same fixative and sectioned with a vibratome (50 um thick
sections). The slices were pre-incubated with 0.5% Triton X-100
and 0.1% bovine serum albumin, and then dual immunohisto-
chemistry was performed. Briefly, we used rat anti-CldU antibody
(Accuratechemicals 1:500) and a mouse anti-IdU antibody (BD
Biosciences 1:500) overnight. Primary antibodies were detected
by using secondary Alexa-conjugated antibodies from Molecular
Probes (1:1,000): Alexa 488 conjugated donkey anti-rat for the
anti-CldU antibody, Alexa 594 conjugated donkey anti-mouse
for the anti-IdU antibody overnight, and the reverse fluorophore-
conjugated antibodies for the control experiments switching the
colors of the secondary antibodies. Sections were counterstained
finally with DAPI (Calbiochem 1:1,000) for 10 min.

We found and consistently replicate the result that cells were
labeled in decreasing numbers with increasing survival time, as
expected, and this was consistent for both analogs. In addition, the
number of cells dual labeled for CldU and IdU (CldU*/IdU" cells)
in the same animal also decreases as the time between injections
of each thymidine analog increased, as is expected (see Figure 2
taken from Llorens-Martin et al., 2010).

7. O 5
24 h survival 1 week survival

ClaU*/IaU*/DAPI
ClaU*/1aU*/DAPI

FIGURE 2 | Representative pictures of CldU* and IdU cells in set-up
experiments. The thymidine analogs were injected in the same individuals
separated by either 24 h or 1 week; BrdU-equimolecular dosages of CldU and
IdU were injected. Animals were then sacrificed 2 h after the last injection. We
found that the injection of different thymidine analogs separated by more than
1 day (1 week survival) led to no overlapping of the labeling, while in the 24 h
experiment a huge proportion of cells were co-labeled, as expected. The
labeling was assessed in the hippocampal dentate gyrus of adult mice. The
pictures were registered from 50 pm thick coronal sections, and both are
taken from Llorens-Martin et al. (2010). ML, molecular layer; GCL, granule cell
layer; SGZ, subgranular zone.
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Other authors had previously demonstrated the feasibility and
reliability of both analogs to produce a replicable and consistent
labeling of dividing cells. In this way, Vega and Peterson (2005)
showed that simultaneous equimolar delivery of both IdU and
CldU co-labeled all cells with both markers. Next they demon-
strated that the administration of equimolar concentrations of IdU
and CldU 1 day apart is able to label three populations of prolifera-
tive cells (one of the markers or both together).

In a different experiment, we changed the order of the injec-
tions with respect to our design mentioned above; some animals
were injected CldU first and later IdU, while other animals were
injected in reverse order. The quality of aforementioned labeling
unchanged whatever the order in which the analogs were injected.
The number of cells obtained after 24 h survival either with CIdU
or IdU, and the number of cells obtained after 2 weeks survival by
injecting CIdU or IdU, were consistently similar.

Bonaguidi et al. (2008) performed a number of interesting
control experiments. By labeling with IdU and CldU separated
in time by several weeks, the authors could see in the granule cell
layer (GCL) of the hippocampal dentate gyrus that older cells were
located farther within the GCL than younger cells, consistent with
labeling two temporally distinct precursor populations. Besides,
dual-labeled cells were found in very low numbers.

Our experiments have all been performed in mice, like many
other authors. However, a number of studies have reported simi-
lar protocols, and importantly, similar results about the reli-
ability of the technique by using rats. Problems of specificity,
cross-reactivity, and feasibility of the technique, don’t therefore
seem to rely on the species the experiments have been carried
out up to date.

We have never encountered cross-reactivity problems of the
antibodies in tissue from mice. Cross-reactivity has not been a
major problem frequently reported in the literature, except for the
early works by Shibui et al. (1989) by using BrdU and IdU, or the
work by Aten etal. (1992) by using CldU and IdU detected by means
of anti-BrdU antibodies specific for BrdU-CIdU or only BrdU.
The former work required complicated histological procedures to
ensure the specificity of staining, while the second one required
the use of a high-salt buffer to differentially remove binding from
each substrate. None of these problems are common today with
the commercially available antibodies.

TROUBLESHOOTING

The simplicity of the protocols reviewed here makes this technique
affordable and easy to implement. There are no special considera-
tions to take into account in dealing with the development of the
technique (except for the commentaries on cross-reactivity above
mentioned). However, we will mention a couple of minor issues:
the first is the consideration on the order in which the analogs
are injected into animals in experimental designs aimed at scor-
ing two subpopulations of qualitatively different age. Although we
have seen experimentally that CldU/IdU can be administered in
any order obtaining identical results in the type and quality of cell
labeling, we first administered in our experiments CldU, and IdU
later, because the long-term experiments course with a significant
non-negligible increase in body weight of animals, which forces to
inject large amounts of the second analog. Due to the considerably

greater cost of the current commercially available CldU versus IdU,
we inject CIdU first, when the animals are smaller, allowing to
considerably save product.

The second is relative to the dissolution of the IdU. IdU has a
low solubility in water. This should not be a problem if one has
in mind a couple of considerations. First, the product should
be prepared immediately prior to injection, taking great care to
its dissolution (see above). Second, if the experiment includes a
large number of animals, the product may begin to precipitate
and crystallize after half an hour of its dissolution. In this case,
the product must be re-diluted, or, if it is expected to spend more
than half an hour to inject all animals, the product can be pre-
pared in two batches.

CONCERNS

The use of thymidine analogs CldU and IdU might hit a last hurdle:
the sensitivity and specificity of these analogs was not enough to
carry out reliable studies (Leuner et al., 2009). Of course, if the
sensitivity is somewhat lower than that of BrdU, it is not a relevant
issue if we are not interested in calculating an estimate of the actual
number of cells in the tissue under study. If this were the case,
the analysis of the data would suffer with this concern. But for
comparative studies of experimental animal groups treated equally,
the differential sensitivity with respect to BrdU is not relevant,
because it is not here to estimate the actual number of cells in S
phase at the time of injection to survive until sacrificing the animal,
but rather to compare the apparent number of these cells between
experimental groups. This assertion deserves a deeper discussion:
itis not that our estimate (the number of labeled cells, obtained by
using similar CldU and IdU), is biased. By contrast, the differential
relative sensitivities of CldU and IdU, among themselves and with
BrdU, and the greater penetration and specificity of the respective
antibodies will simply yield estimates of the number of labeled
cells that are not intrinsically comparable, but each marker itself
is not biased. In a word, different analogs produce different data
accuracy in terms of sensitivity, but we have no prime facie evidence
that the resulting estimator is biased. Therefore, it is quite useful
for comparison between experimental groups. It is not, however,
to compare studies from different authors if some use BrdU and
other CIdU, for example, or if the object of study is to estimate the
actual number of surviving cells that were in S phase at the time
of injection.

SOME RESULTS AND DISCUSSION

Labeling of cell nucleus with the thymidine analog BrdU has
been used to identify proliferating cells for years (see for example
Wojtowicz and Kee, 2006). The progression through S phase is
considered a hallmark event to birthdate a cell. CldU and 1dU
can reliably be used in the same way (Vega and Peterson, 2005).
“Because neurons are strictly postmitotic, a BrdU-positive neu-
ron that is detected some time after BrdU injection must have
originated from a cell that divided at exactly the time when BrdU
was systemically available (sic)” (Kempermann, 2006). CldU and
IdU are known from 45 years ago, and its potential for dual
labeling has been used in cytometry over the last 30 years (for
a recent review, see for example Yokochi and Gilbert, 2007).
However, its application for the studies of adult neurogenesis
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has not begun until the middle of the last decade, including the
analysis of its ability to be used to identify transplanted cells to
the central nervous system (see Burns et al., 2006 for a study of
the potential for transfer of thymidine analogs from grafted cells
to dividing host cells).

CORRELATIONS BETWEEN CELL POPULATIONS OF DIFFERENT AGE

One of the biggest advantages of studying two cell populations
of qualitatively different age in the same animal is that any hypo-
thetical relationship between such populations can be analyzed
directly. For example, one obvious and direct relationship, the
possible influence of higher or lower rate of survival of an older
cell population on the survival rate of the younger cell popula-
tion, for instance, can be ruled out by analyzing the correlation
between the numbers of cells in each population. The higher or
lower number of older newborn cells can be correlated significantly
with greater or lesser number of younger newborn cells. So we can
discard or not a working hypothesis based on the premise that the
quantity of one population could affect the survival of the other
subpopulation. So far, this analysis would be performed by evalu-
ating the effect of a given treatment on two experimental groups
made of different animals, each group with a unique different
labeling, one group to study a population of age X, and another
group to study the population of age 2X, for example. The results
would take the following form: the effect of treatment is that the
survival of the younger population X is increased (or vice versa),
while the survival of the older population 2X decreases (or vice
versa). In this format, no further conclusions could be drawn, but
most important, it is always possible to argue that unknown fac-
tors may have influenced the difference in treatment effect, what
we call a group effect.

By contrast, with two immunohistochemically compatible
markers as CldU and IdU, the analysis could be done by evaluating
the effect of treatment on only one group of animals, avoiding the
group effect. The results would take the following form: the effect
of treatment is that the survival of X increases (or decreases), while
2X survival decreases (or increases), and a statistically significant
correlation (or not) exists between both populations, in the sense
that the animals with a higher number of 2X old cells, have fewer
X old cells, for example. This conclusion alone allows to assess
a hypothesis formulated as “the number of adult-born neurons
surviving a treatment or condition in a given brain region, affects
or modulates the survival of neurons born at a later stage in the
same region.”

A quantitative approach as specified, on the number of new neu-
rons, can also be adapted to assess a number of different morpho-
logical features, such as the degree of maturation of new neurons,
the expression of other markers of differentiation, the number of
dendritic branches, the number of synaptic buttons, etc. Such an
approach has been recently used by Tronel et al. (2010), to dem-
onstrate that spatial learning influences the development of the
dendritic trees of the newborn neurons through different, inter-
related ways depending on the age and differentiation stage of the
different subpopulations of new cells.

All assumptions made about the possible influence of a popu-
lation of old new neurons on young new neurons arise from the
possibility of studying both subpopulations coexisting together in

the same tissue, coexisting in a single section of one animal, in the
same way as suspects must be identified in a line-up in which they
are all placed together in front of the witness. This method, when
possible, is significantly more reliable than attempting to identify
suspects by just looking at them one at a time. Similarly, any com-
parison of different populations is most effective when performed
in the same animal. This immediately rules out possible artifacts
or unknown interfering factors that could contribute to the effects
observed in different animals.

In a recent study, our group addressed the issue that environ-
mental enrichment (EE) specifically modulates hippocampal neu-
rogenic cell populations over time (Llorens-Martin etal.,2010). We
used the dual-birthdating to study two subpopulations of newborn
neuron in mice: those born at the beginning and at the end of
enrichment. In this way, we demonstrate that while short-term cell
survival is upregulated after an initial 1 week period of enrichment,
after long-term enrichment (2 months) neither cell proliferation
nor the survival of the younger newly born cell populations are
distinguishable from that observed in non-enriched control mice.
In addition, we show that the survival of older newborn neurons
alone (i.e., those born at the beginning of the enrichment) is higher
than in controls, due to the significantly lower levels of cell death.
These findings suggested an early selective, long-lasting effect of EE
on the neurons born in the initial stages of enrichment. Therefore,
we could conclude that EE induces differential effects on distinct
subpopulations of newborn neurons depending on the age of the
immature cells.

A different and elegant approach of this analysis was used by
Bauer and Patterson (2005) to distinguish between nucleoside
incorporation due to either cell proliferation or DNA repair/apo-
ptosis, by injection of IdU and CldU before and after brain irra-
diation, respectively. With this approach, the authors were able to
compare the putative incorporation of nucleoside during DNA
repair (after irradiation, through a possible increase in CldU labe-
ling due to cell proliferation plus DNA repair) and the IdU incor-
poration (due to cell proliferation only). They reported evidences
that nucleosides are not significantly incorporated during DNA
repair in the adult brain, and that labeling is not detected in dying
postmitotic neurons.

Similarly, CldU and IdU injection before or after EE or running
were used to analyze the promoting effect of physical-cognitive
activity on the different cell subpopulations involved in the neuro-
genic process, by means of a complete battery of neurogenic mark-
ers (Gobeske et al., 2009). Thus, CldU or IdU labeling, together
with cell lineage identity assessment (by means of Sox2 or GFAP
for NSC, nestin for early progenitors, doublecortin for young
neurons, and NeuN for mature neurons) enabled the authors to
conclude the role of the signaling pathway they were interested
(BMP) in the neurogenic process and its role as a mediator of
the procognitive and proneurogenic effects of enrichment and
exercise. Importantly, they demonstrated that both exercise and
noggin increased proliferation across the lineage: from progeni-
tors to neuroblasts, but also that increased medium-term sur-
vival (7-10 days). This work is a very good example of how the
dual-birthdating technique can be combined with a battery of
molecular markers to better characterize the cellular subpopula-
tions under study.

www.frontiersin.org

May 2011 | Volume 5 | Article 76 | 5


http://www.frontiersin.org/neurogenesis/archive

Llorens-Martin and Trejo

Multiple birthdating analyses

Obviously, the approaches listed here are only the first assays
using CldU and IdU (together with other techniques) that have
been published applied to the analysis of adult neurogenesis. Many
others are possible and will be published shortly. Just to mention
a few of them, one interesting possibility might be the use of ret-
roviruses to infect dividing cells in the dentate GCL of adult ani-
mals. Recently, Tronel et al. (2010) published an interesting study
demonstrating that learning-induced changes in new neurons are
long-lasting and specific to adult-born neurons in the dentate gyrus.
For this purpose, the authors labeled newborn neurons by infecting
the dentate gyrus with a retrovirus with a ubiquitous, long-term
GFP-expressing promoter. On the same day, animals were adminis-
tered BrdU. This way the authors could show the influence of learn-
ing on the length of dendrites of 3-month old newborn neurons
(BrdU labeled). This type of analysis will be extended further in the
near future by the use of dual-birthdating, by incorporating both
CldU and IdU, and retrovirus infection at different time points.
A recent review about these last approaches and its combination
with dual-birthdating markers has been published by Landgren
and Curtis (2010).

A different approach has been used to distinguish between new-
born granule neurons in the adult dentate gyrus (labeled with IdU)
and the granule neurons born during development (CIdU). With
this technique, Stone et al. (2010) have demonstrated that the inte-
gration rates of dentate granule neurons into memory networks
does not appear to depend on the developmental stage of genera-
tion of granule cells, and that a functional equivalence between the
different developmental stages exist.

DUAL-BIRTHDATING AND BEHAVIOR

The comparison of two neuronal populations of different ages in
the same animal can be particularly informative when combined
with behavioral analyses. Until very recently, and even today, many
studies have evaluated the effect of a treatment or an animal’s con-
dition on their behavior and on neurogenesis in separate groups
of animals. Thus, these studies were required to consider the pos-
sible effects of behavioral testing on the survival or proliferation of
newborn neurons. Many other studies accounted for this possible
influence by quantifying neurogenesis both in groups of animals
undergoing behavioral tests and in untested animals (see e.g.,
Llorens-Martin et al., 2007). It is obvious that after taking into
account the possible effect of behavior on neurogenesis, the most
interesting studies of neurogenesis and behavior should be car-
ried out in the same animals. For example, it is of great interest to
determine whether a treatment or condition has anxiolytic and/or
procognitive effects, and increases adult hippocampal neurogen-
esis in the same animal. However, this whole approach should be
made in duplicate to assess a second subpopulation of new neurons
of different age. Up to date, the problem was that in this case, it
could always be argued that they were different animals, and that
the response in behavioral tests could differ between experimental
groups in a way that influenced neurogenesis.

In contrast, using two immunohistochemically compatible
markers in the same animal, which also undergoes a behavioral
testing, it is now possible to test the hypothesis whether the imple-
mentation of a behavior, or the effect of a treatment or condi-
tion on such behavior is related to a variation in an old or young

neurogenic population and not the other, because everything is
quantified in the same animal (taken into account once again the
possibility of the influence of behavioral tests on neurogenesis, as
already mentioned).

One of the earliest and best examples about how to take advan-
tage of this kind of approach is the elegant work by the laboratory
of Nora Abrous (Dupret et al., 2007). The authors injected rats
with IdU 7 days before a water maze training in order to label the
newborn cells for which survival should be increased by learning.
CldU was injected 3 days before the start of the training in order
to label newly born cells that, as stated in the working hypothesis,
might die as a consequence of learning. They found that learning
promoted the survival of IdU-labeled cells generated 1 week before
exposure to the task, while decreased the survival of CldU-labeled
cells that were born 3 days before the start of the training. Both
groups of data were associated with the corresponding decreases
and increases in positive labeled pyknotic nuclei, respectively. This
way the authors showed that learning-induced increases in sur-
vival and apoptosis of newborn cells are interrelated processes,
and that learning promotes survival of relatively mature neurons,
apoptosis of more immature cells, and finally, proliferation of
neural precursors.

DIFFERENT STIMULI OR RE-EXPOSITION TO A STIMULUS AND DUAL
LABELING OF NEWBORN NEURONS

A different and interesting target where the present approach can
be quite useful deals with the re-exposition of animals to given
stimuli. Our laboratory has addressed recently the issue whether
the antidepressant and proneurogenic effects of EE are different
in animals that are naive or pre-exposed to the stress inducing
helplessness, and whether these differential effects are exerted on
distinct neurogenic subpopulations (Llorens-Martin, Tejeda and
Trejo, submitted). The repeated exposure to a forced swimming
stressor was analyzed together with the effects of EE on different
neurogenic populations distinguished by age and differentiation
state, by means of using CldU and IdU at separated times in the
same animals. We have found that younger cells are more sensitive
and responsive to the conditions, both the positive and negative
effects. These data will be relevant to identify the cell populations
that are the targets of stress, depression, and enrichment, and that
form part of the mechanism responsible for mood dysfunctions.

TEMPORAL DISCRIMINATION OF CELL CYCLE

All the approaches described so far takes advantage of the use of
the two markers in distinct neuronal populations generated at dis-
tinct times. But a second approach that is now possible to address
through the use of two immunohistochemically compatible mark-
ers, benefits from the use of the two markers very close in time. A
first benefit of such an approach is to analyze the effect of a given
treatment on proliferation or immediate survival, compared with
the effect on short-term survival. An interesting study that took
advantage of this benefit of dual labeling is the work by Thomas
et al. (2007). The authors tested the hypothesis whether an acute
psychosocial stress affected proliferation, short-term survival
or immediate survival. They used sequential thymidine analog
administration (CldU and IdU) as follows: three consecutive days
of twice-daily (every 12 h) injections of either IdU (the first 2 days)
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or CldU (the third day). Next, the animals were sacrificed either on
day forth or 7 days later. This way, the authors were able to tem-
porally discriminate DNA replication, by administering equimolar
doses of CIdU and IdU that, in turn, were equimolar of BrdU usual
doses. As stress session took place in the third day, when CldU was
injected, the authors could demonstrate that short-term survival
but not initial proliferation or immediate survival was altered in
response to stress.

RE-ENTERING THE CELL CYCLE

The use of two deoxyuridines has been used to analyze cell popu-
lations able to eventually re-enter the cell cycle. Adult neurogenic
niches are characterized for having a rapidly dividing population of
proliferative progenitors, and a slowly dividing population of NSC
that maintain themselves and generate the progenitors; the latter
population therefore retain for longer times a nucleoside label. The
approach consists of an initial period of administration of the first
analog (2-3 weeks) during which NSC, proliferative progenitors,
and a proportion of more differentiated cells will become labeled.
However, only some cells will retain labeling, either slowly dividing
NSC or differentiated cells (cells which did not dilute the labeling
due to active division). The surviving population that retain label
for long periods can next be distinguished by administration of
a 2-3 weeks second round of a second analog, that will be incor-
porated only by NSC. Maslov et al. (2004) used this approach
with IdU and CIdU to establish whether cells that retain a first
nucleoside over long periods eventually re-enter the cell cycle in
the subependymal zone (SVZ) of the lateral ventricles. Bonaguidi
etal. (2008) did the same in the SGZ of the hippocampal dentate
gyrus, to demonstrate that the SGZ contains a small population
of slowly dividing NSC.

With a similar approach, other works have analyzed the distinct
subpopulations of newborn cells able to exit or re-enter the cell
cycle after a manipulation of a putative regulative factor is made
[like for example in the study of Notch by Breunig et al. (2007)].
And recently, the different properties, morphologies, and mecha-
nisms controlling maintenance and differentiation of distinct
subpopulations of NSC in the adult dentate gyrus GCL, has been
explored by Lugert et al. (2010) by using CldU and IdU separated
by 1-6 or 11 days in different sets of experiments, to demonstrate
that two distinguishable populations of NSC exist in the SGZ (qui-
escent and actively dividing), and importantly, some of these cells
can reversibly change its properties to reconstitute the quiescent or
the dividing subpopulations, a process involving Notch.

By using the same reasoning above mentioned, this approach
let Miraetal. (2010) demonstrate the delicate equilibrium between
neural stem cell proliferation and quiescence in the SGZ, suppos-
edly intended to prevent the premature depletion of NSC activity
in the mature brain. The authors used the BMP signaling pathway
and noggin in a way similar to that above mentioned, to study
the consequences of depleting the pool of quiescent NSC. They
used CIdU at the time when noggin was administered, and IdU
several weeks later, thereby CldU* cells retaining label are either
NSCs that do not dilute the nucleoside or cells that have matured
to granule neurons. That way, the authors could analyze the NSCs
that re-entered the cell cycle by means of the dual labeling with
IdU. Some other authors have used the same strategy, for example

to analyze the effect of LIF on NSCs from ventricular zone (Bauer
and Patterson, 2006). A recent review of these approaches and its
technical details has been published (Tuttle et al., 2010).

A second benefit stems from the fact that whether the time differ-
ence in the administration of the two markers is short enough, it is
likely that a proportion of cells that captured the first analog during
S phase of cell cycle can be detected in a new round of S phase of
the cycle with the second analog. This possibility opens the door
to studies in which a particular treatment or condition may have
an influence on cell cycle re-entry in neurogenic subpopulations
during short time periods, and to study the intermediate progenitor
cells subpopulation. One such study has been published recently
(Brandt et al., 2010), designed to distinguish between cell cycle
exit and continued division at the progenitor cell level. Specifically,
the authors analyze the proportion of type-2b/3 cells re-entering
S phase by labeling the cells by means of the two thymidine ana-
logs. This way, Brandt and collaborators have demonstrated that
running promotes both proliferation and cell cycle exit of DCX*
type-3 precursors.

MULTIPLE LABELING
Recent work (Chehrehasa et al., 2009) has shown the possibility to
label two different populations of dividing cells by means of BrdU
(revealed by immunohistochemistry as mentioned), and EAU (the
thymidine analog 5-ethyl-2’-deoxyuridine, detected by click chem-
istry; Bradford and Clarke, 2011). However, several laboratories
including ours are experiencing some complications to implement
triple labeling including EdU, because some of the commercially
available antibodies against CldU or IdU cross-react with EdU.
We do not doubt that soon we will see the solution of these
transient technical problems and we will witness the chance to label
more than two subpopulations of cycling cells in the same animal
by using three markers. The only limits will be the number of both
secondary antibodies and colors separated enough to be clearly
differentiated in the confocal microscope we can get.

CONCLUSION

We think that the possibility of reliably detecting dual labels of cell
birthdating (“birth-marking”labels; Kempermann, 2006) represents
aqualitative improvement in the tools available to analyze adult neu-
rogenesis, as we demonstrate in the studies cited here. The ability to
unequivocally identify separate subpopulations of newborn neurons,
according to their age, each with putative different maturational states
and in turn, different properties, will continue to improve (however,
see the interesting insight by Eisch and Mandyam, 2007) advancing
in the analysis of the role/s of the immature new neurons, because
the properties of different populations of newborn neurons and
their influence in the performance of different behaviors will be fully
understood only when studied in the same animal.
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