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Abstract
Neurogenesis studies on the adult mouse hippocampal subgranular zone (SGZ) typically report
increases or decreases in proliferation. However, key information is lacking about these proliferating
SGZ precursors, from the fundamental - what dose of bromodeoxyuridine (BrdU) is appropriate for
labeling all S phase cells? - to the detailed - what are the kinetics of BrdU-labeled cells and their
progeny? To address these questions, adult C57BL/6J mice were injected with BrdU and BrdU-
immunoreactive (IR) cells were quantified. Initial experiments with a range of BrdU doses (25-500
mg/kg) suggested that 150 mg/kg labels all actively dividing precursors in the mouse SGZ.
Experiments using a saturating dose of BrdU suggested BrdU bioavailability is less than 15 minutes,
notably shorter than in the developing mouse brain. We next explored precursor division and
maturation by tracking the number of BrdU-IR cells and colabeling of BrdU with other cell cycle
proteins from 15 min to 30 days after BrdU. We found that BrdU and the G2/M phase protein pHisH3
maximally colocalized 8 hr after BrdU, indicating that the mouse SGZ precursor cell cycle length is
14 hr. In addition, triple labeling with BrdU and PCNA and Ki-67 showed that BrdU-IR precursors
and/or their progeny express these endogenous cell cycle proteins up to 4 days after BrdU injection.
However, the proportion of BrdU/Ki-67-IR cells declined at a greater rate than the proportion of
BrdU/PCNA-IR cells. This suggests that PCNA protein is detectable long after cell cycle exit, and
that reliance on PCNA may overestimate the length of time a cell remains in the cell cycle. These
findings will be critical for future studies examining the regulation of SGZ precursor kinetics in adult
mice, and hopefully will encourage the field to move beyond counting BrdU-IR cells to a more
mechanistic analysis of adult neurogenesis.
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Introduction
Adult hippocampal neurogenesis is increasingly appreciated as a process, not a time point
(Kempermann et al., 2004). It begins with precursor proliferation, progresses through neuronal
differentiation and survival, and culminates in integration of neurons into hippocampal
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circuitry. While evidence suggests that each step of this process can be regulated, it is clear
that many manipulations that alter adult hippocampal neurogenesis do so by influencing the
proliferation of precursors in the subgranular zone (SGZ). This distinction between effects on
proliferation and survival underscores the importance of understanding key technical aspects
of how cells in the adult mouse SGZ divide. Additional information about how mouse SGZ
cells divide and how long they reside in the cell cycle would allow for a more mechanistic
exploration of regulation of adult neurogenesis.

The first key piece of information that is needed is the optimal dose of the exogenous marker,
bromodeoxyuridine (BrdU), for labeling all cells in S phase of the cell cycle. BrdU doses given
to adult mice vary from multiple injections of 50 mg/kg to a single injection of 150 mg/kg
(Kempermann et al., 1998, Mandyam et al., 2004), and therefore likely label different cohorts
of S phase cells. Identification of the S phase saturating dose of BrdU is a key first step in
precise evaluation of the mechanisms underlying regulation of proliferation, and will foster
comparison of results across laboratories. An elegant study by Cameron and McKay showed
that in the adult rat, a single high dose of BrdU saturated the S phase population without causing
overt damage to the labeled cells (see Tables 1 and 2 in (Cameron and McKay, 2001)).
However, such information is lacking for the mouse. Given that transgenic mice are
increasingly assessed for alterations in proliferation and neurogenesis, and that SGZ precursors
appear to be distinct in rat versus mouse (see below), determination of which dose of BrdU is
appropriate for mouse studies is needed.

A second piece of information that is needed involves the cell cycle of mouse SGZ precursors.
Estimates of the cell cycle and its components in the rat and mouse SGZ are very different (rat
vs. mouse: length of cell cycle, 24.7 hr vs. 12-14 hr; length of S phase, 9.5 hr vs. 7.6 hr; percent
of cell cycle devoted to S phase, 38% vs. 54-63%; percent of cell cycle devoted to G2/M, 18%
vs. 32-38% (Cameron and McKay, 2001,Hayes and Nowakowski, 2002)). This fundamental
information has been used to explore key technical details in the adult rat SGZ, such as
following the fate and kinetics of several generations of BrdU-labeled cells and their progeny
after BrdU injection (Dayer et al., 2003). Such critical information is still needed for the mouse,
even considering Hayes and Nowakowski’s groundbreaking work in identifying other cell
cycle parameters in the adult mouse SGZ (Hayes and Nowakowski, 2002). Such technical
details of the mouse SGZ precursors will help us better utilize transgenic mice that are currently
available to mark cells at different stages of cell division (Sawamoto et al., 2001, Overstreet
et al., 2004)), therefore allowing us to uncover cellular mechanisms in regulation of adult
neurogenesis.

A final piece of information needed is how endogenous cell cycle proteins compare in their
ability to provide insight into SGZ precursor proliferation. In studying adult neurogenesis, it
is common to label and visualize precursors with exogenous S phase markers, such as BrdU
(Miller and Nowakowski, 1988, Cameron and Gould, 1996). Alternatively, expression of
endogenous cell cycle markers can be used to detect dividing precursors. Proliferating cell
nuclear antigen (PCNA) and Ki-67 have long been used to assess regulation of neurogenesis
in tissue where labeling with BrdU is not feasible or untenable, such as in natural populations
and human post-mortem tissue (Celis et al., 1986, Bacchi and Gown, 1993, Brown et al.,
2003a, Curtis et al., 2003, Dayer et al., 2003, Wharton et al., 2005, Reif et al., 2006). Many
studies refer to PCNA or Ki-67 as “endogenous cell cycle markers” and use them almost
interchangeably as markers of dividing cells (Kee et al., 2002, Gil et al., 2005, He et al.,
2005). However, review of the literature suggests that PCNA and Ki-67 have distinct
characteristics that should be considered prior to using these markers for studies of adult
hippocampal neurogenesis. For example, while Ki-67 expression indicates proliferation,
PCNA expression can indicate proliferation, DNA repair, or cell death (Pandey and Wang,
1995). In addition, biochemical analyses indicate the half-life of PCNA is 20 times longer than
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the half-life of Ki-67 (Khoshyomn et al., 1993, Karamitopoulou et al., 1994, Lopez-Girona et
al., 1995). Therefore, PCNA protein expression may remain detectable either long after cell
cycle exit or may be reflective of cell death, thus the use of PCNA as a marker of proliferation
may overestimate the number of cells in the cell cycle. In vitro data also suggest that PCNA
and Ki-67 are not equally expressed in all cell cycle phases (Gerdes et al., 1984, Celis and
Celis, 1985, Takahashi and Caviness, 1993, Kawabe et al., 2002, Eisch and Mandyam,
2004). In sum, while PCNA and Ki-67 are often used to label and study the regulation and cell
cycle kinetics of proliferating cells, a detailed comparison of the strengths and limitations of
these endogenous markers for adult neurogenesis studies is warranted.

Here we probe for answers to these questions about SGZ precursors by qualitatively and
quantitatively examining BrdU-immunoreactive (IR) cells in the adult mouse SGZ at multiple
time points after BrdU. We first assess the dose of bromodeoxyuridine (BrdU) sufficient to
label all S phase cells in the adult mouse SGZ, and we explore whether a higher dose of BrdU
labels more cells merely because it has a longer bioavailability. We explore how long BrdU-
labeled daughter cells are added to the cell cycle in the adult mouse SGZ, quantifying BrdU-
IR cells and clusters as well as colabeling with endogenous cell cycle proteins. We also
specifically evaluate the utility of endogenous cell cycle proteins PCNA and Ki-67 to reveal
information about SGZ precursors. Finally, we compare cell cycle kinetic data gleaned from
using endogenous cell cycle proteins to previous estimations of cell cycle kinetics in the
embryo, in other brain regions, and in other species.

Experimental Procedures
Animals

Adult, male C57BL/6J mice (initial weight 23-27 g, 9-11 weeks old; Jackson Laboratories)
were used. Mice were group housed (maximum 5/cage) in a facility approved by the
Association for the Assessment and Accreditation of Laboratory Animal Care International
(AAALAC) at the University of Texas Southwestern Medical Center, with a 12:12 light:dark
cycle and with free access to food and water. Mice were acclimated to vivarium conditions for
at least one week prior to experimentation. All experiments conformed to guidelines of both
the UT Southwestern Institutional Animal Care and Use Committee and AAALAC. The
investigators took all steps to minimize the number of mice used for these experiments, and to
minimize animal suffering.

BrdU injections and tissue preparation
For the BrdU dose response studies, mice received BrdU (Boehringer Mannheim, dissolved
in 0.9% saline and 0.007 N NaOH; one injection of 25-500 mg/kg given in equal volumes i.p.;
n = 2-4 per dose) to label dividing cells and were sacrificed 2 hrs post injection. For the BrdU
time course study, mice received BrdU (one injection of 150 mg/kg i.p.; n = 4-6 for each time
point) to label dividing cells and were sacrificed at various time points post-injection to
examine proliferation (0.25, 0.5, 2, 8, 15, and 24 hr), differentiation (48 and 96 hr, or 2 and 4
days), and survival (240 and 720 hr, or 10 and 30 days). All mice were anesthetized with chloral
hydrate prior to intracardial perfusion with chilled phophate buffered saline (1XPBS; 5 min,
flow rate of 7 ml/min) and 4% paraformaldehyde in PBS (pH 7.4, 15 min). The brains were
postfixed overnight at 4 °C with 4% paraformaldehyde and stored in 30% sucrose solution.
Brains were cut through the hippocampus (bregma -0.82 to -4.24 (Paxinos and Franklin,
2001)) at 30 μm in the coronal plane on a freezing microtome as described previously (Eisch
et al., 2000). Sections were stored at 4 °C in 0.1% NaN3 in PBS until processed for
immunohistochemistry (IHC).
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Antibodies
The following primary antibodies were used for IHC. Rat monoclonal anti-BrdU (cat#
OBT0030; clone BU1/75-ICR1; Accurate, Westbury, NY; 1:100) was raised against BrdU.
Staining was not seen in animals that did not receive BrdU, and the pattern of staining was
similar to that previously reported (Eisch et al., 2000, Mandyam et al., 2004). Rabbit polyclonal
anti-pHisH3 (cat# sc-8656; Santa Cruz Biotechnology, Santa Cruz, CA, 1:50) was raised
against amino acid sequence containing phosphorylated Ser 10 of Histone H3 of human origin.
This antiserum stains a single 20 kDa band on Western blot (Ng et al., 2004). Via IHC, the
pattern of staining was similar to that previously reported (Mandyam et al., 2004), with cells
presenting a diverse nuclei morphology reminiscent of pro-, meta-, ana-, and telophase. Mouse
monoclonal anti-PCNA (cat# MAB4078; clone 19A2; Chemicon International, Temecula, CA;
1:4000) was raised against whole PCNA of human origin. This antiserum stains a single 36
kDa band on Western blot (Migheli et al., 1999). The pattern of staining was similar to that
previously reported (Mandyam et al., 2004). Rabbit polyclonal anti-Ki-67 (cat# NCL-Ki-67p;
Novocastra Laboratories, Norwell, MA; 1:500) was raised against prokaryotic recombinant
fusion protein corresponding to a 1086bp Ki-67 motif-containing cDNA fragment. The pattern
of Ki-67 staining was similar to that previously reported (Dayer et al., 2003) with nuclear
morphology reminiscent of prophase. For single labeling colorimetric IHC for BrdU, sections
were incubated with biotinylated anti-rat IgG (cat# BA4001; Vector Laboratories, Burlingame,
CA; 1:200). For double labeling fluorescent IHC for BrdU/pHisH3, sections were incubated
with secondary donkey anti-rat CY5 or donkey anti-rabbit CY2 IgG (Cat# 712-175-150;
711-225-152; Jackson ImmunoResearch, West Grove, PA; 1:200). For triple labeling
fluorescent IHC BrdU/Ki-67/PCNA sections were incubated with secondary donkey anti-rat
CY2 (Cat# 712-225-150; Jackson ImmunoResearch, West Grove, PA; 1:200), donkey anti-
rabbit CY3 IgG (711-165-152; Jackson ImmunoResearch, West Grove, PA; 1:200), and HRP-
conjugated anti-mouse IgG (cat# PI-2000; Vector Laboratories, Burlingame, CA; 1:400)
followed by CY5 tyramide signal amplication (cat# SAT705A; PerkinElmer life sciences,
Boston MA; 1:50).

Immunohistochemistry
Every ninth section through the hippocampus was slide mounted and dried overnight prior to
IHC. Slides were coded prior to IHC and the code was not broken until after analysis was
complete. Slide mounted sections were subjected to three pretreatment steps as described
previously (Mandyam et al., 2004). Slides were incubated with 0.3% H2O2 for 30 min to
remove endogenous peroxidase activity. Non-specific binding was blocked with by incubation
in 3% serum and 0.3% Triton-X in 1XPBS for 30 min. Sections were then incubated with
primary antibody (in 3% serum and 0.3% Tween-20) for 18-20 hr at room temperature. After
washing with 1XPBS, the sections were exposed to either fluorescent- and HRP-tagged (triple
labeling studies) or biotin-tagged (single labeling studies) secondary antibodies for 60 min.
For single labeling, slides subsequently incubated in ABC for 1 hr (cat# PK-6100; Vector
Laboratories, Burlingame, CA) and staining was visualized with diaminobenzadine (DAB;
cat# 34065; Pierce Laboratories, Rockford, IL). Sections were counterstained with Fast Red
(Vector). For triple labeling, the sections were simultaneously incubated with all primary
antibodies (BrdU, PCNA, Ki-67 or pHisH3), followed by sequential fluorescent- (for BrdU,
pHisH3, Ki-67) or HRP-tagged (for PCNA) secondary antibody staining. Tyramide signal
amplification (cat# SAT704A; PerkinElmer Life Sciences, Boston, MA) was used to visualize
PCNA staining, and DAPI was used as a fluorescent counterstain (Roche, Basel, Switzerland).
Omission or dilution of the primary antibody resulted in lack of specific staining, thus serving
as a negative control for IHC.
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Microscopic analysis and quantification
After IHC, three types of analysis were performed to localize and quantify immunoreactivity.
First, bright field or epifluorescent staining of the coded slides was visualized and quantified
with an Olympus BX-51 microscope. Staining was examined and quantified in the subregions
of the hippocampal dentate gyrus (bregma -0.82 to -4.24) as previously described (Mandyam
et al., 2004, Donovan et al., 2006), including the SGZ, molecular layer (Mol), hilus (Hil) and
outer granular cell layer (oGCL; Fig 1h; (Paxinos and Franklin, 2001)). The SGZ was the focus
of these studies as it has been shown to be the most proliferative region in the dentate gyrus.
However, the other hippocampal regions were quantified to assess the proliferative capacity
of the dentate gyrus subregions and to contrast them with the more neurogenic SGZ (Eisch and
Mandyam, 2004, Donovan et al., 2006). The cells in the SGZ divide in clusters (Garcia-
Verdugo et al., 1998, Cameron and McKay, 2001). To gain insight into how cells divide within
each cluster over time, and how clusters of cells separate into daughter clusters as they mature,
we quantified BrdU-IR cell and cluster counts at each dose and each time point. DAB-stained
tissue was counted for cells and clusters, with a cluster defined as one or more IR cells touching
each other at 400X or 1000X magnification (Fig 2a-c). BrdU-IR cells and clusters were
quantified in the dentate gyrus using the optical fractionator method in which every ninth
section through the hippocampus was examined (bregma -0.82 mm to -4.24 mm; (Eisch et al.,
2000, Paxinos and Franklin, 2001)). The total number of BrdU-IR cells and clusters in the
layers of the dentate gyrus were multiplied by 9 and are reported as total number of clusters or
cells per layer. Raw data for cluster or cell counts were subjected to statistical analysis. On the
same slides, cell death was assessed by observing and quantifying BrdU-IR pyknotic cells –
chromatin dense cells evident with counterstain – throughout the SGZ and the outer granule
cell layer (Cameron and Gould, 1996).

Second, after quantification of BrdU-IR cells and clusters throughout the dentate gyrus by DAB
staining, phenotypic analysis was performed on fluorescently labeled BrdU-IR cells. Using a
confocal microscope (Zeiss Axiovert 200 and LSM510-META; emission wavelengths 488,
543, and 633), cells were scanned and optically sectioned in the Z plane as described previously
(Mandyam et al., 2004). All analysis was done at a magnification of 630X to 1000X.
Fluorescently labeled confocal images presented here were taken from one 0.45 μm optical
slice and imported into Photoshop (Adobe Systems) for composition purposes. For pHisH3/
BrdU analysis, all pHisH3 cells in the SGZ from each mouse (n = 4-6) at each time point post
BrdU (0.25, 2, 8, 15, 24, 48, 72, 96, 240, 720 hr) were subjected to phenotypic analysis to
determine colocalization of pHisH3 and BrdU. The percent of pHisH3-IR cells that were BrdU-
IR were subjected to statistical analysis. For BrdU/Ki-67/PCNA analysis, fifty to sixty BrdU-
IR cells in the SGZ from each mouse (n = 4-6) at each time point post BrdU (0.5, 2, 8, 15, 24,
48, 72, 96, 240, 720 hr) were subjected to phenotypic analysis to calculate the proportion of
cells that were BrdU/PCNA/Ki-67, BrdU/PCNA-IR, BrdU/Ki-67-IR, or only BrdU-IR at each
time point. These ratios were subjected to statistical analysis.

Third, after phenotypic analysis of BrdU-IR with Ki-67, PCNA or pHisH3, further validation
of colocalization was achieved by importing stacks of Z images into a 3D reconstruction
program, Volocity (Improvision). Rotation, transient modification of contrast and brightness,
orthogonal analysis, and 3D rendering were performed as described earlier (Mandyam et al.,
2004).

Data analysis
Data are represented as mean ± SEM, and are considered significant if p<0.05. Statistical
analysis was performed with either one-way ANOVA followed by Tukey’s post hoc
comparisons or Student’s t test using GraphPad Prism version 3.00 for Mac (GraphPad
Software).
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Results
Dose response of BrdU in adult C57BL/6J mice

To determine the relationship between BrdU dose and BrdU-IR cell counts in the adult mouse
SGZ, we performed two separate dose response experiments. In the first experiment (Fig 1a,
Experiment I; Fig 1b), we compared 50 and 150 mg/kg doses (Hayes and Nowakowski,
2002,Kronenberg et al., 2003,Mandyam et al., 2004) with lower (25 mg/kg) and higher (300,
500 mg/kg) doses. In the second experiment (Fig 1a, Experiment II; Fig 1c), we directly
compared 50, 100 and 150 mg/kg doses. In both dose response experiments, mice were
sacrificed 2 hr after a single BrdU injection and BrdU-IR cells were qualitatively examined
and quantified in the SGZ.

In the first dose response experiment, qualitative analysis revealed that BrdU-IR cells in mice
that received injections of 25 or 50 mg/kg BrdU were significantly lighter in staining, with
punctate cells so faint that they were barely visible. No obvious differences were seen in the
staining and appearance of BrdU-IR cells in mice that received injections of 150, 300 or 500
mg/kg. Quantitatively, the number of BrdU-IR cells was lowest in the 25 mg/kg mice,
significantly greater in the 150 mg/kg mice, but not significantly different between 150, 300,
and 500 mg/kg mice (Fig 1a, Experiment I; Fig 1b). We concluded that a dose of 150 mg/kg
or higher was needed to label all the cells in – or saturate – S phase, and that less than 150 mg/
kg was insufficient to label all the S phase cells in the adult mouse SGZ.

We next tested this conclusion by directly comparing 150 mg/kg BrdU with doses of BrdU
commonly used in mouse neurogenesis studies: 50 and 100 mg/kg (Hildebrandt et al., 1999,
Kronenberg et al., 2003, Holmberg et al., 2005, Tozuka et al., 2005). We found that 150 mg/
kg labeled significantly more cells than 50 mg/kg (Fig 1a, Experiment II; Fig 1c). However,
given the trend for 150 mg/kg to label more cells than 100 mg/kg, and our desire to not be on
the rising portion of the labeling curve (Fig 1c), we used a BrdU dose of 150 mg/kg for all
remaining studies. Taken together, this suggests that 150 mg/kg of BrdU or higher is sufficient
to label all cells in S phase in the adult mouse SGZ.

One explanation for the increased number of labeled cells observed with higher doses of BrdU
is that higher doses lead to longer bioavailability of BrdU relative to the lower doses. To address
this, mice were given 150 mg/kg BrdU and sacrificed 0.25 or 2 hr later. We found no significant
difference in the number of BrdU-IR cells between 0.25 or 2 hr (mean ± s.e.m: 0.25 hr, 2616
± 204; 2 hr, 3069 ± 185; p = 0.15 by unpaired t test). This confirms that 150 mg/kg labels all
actively cycling cells in S phase in the adult SGZ, and that this effect is not due to longer
bioavailability of this 150 mg/kg dose. Furthermore, the lack of significant difference in BrdU-
IR cell counts between 0.25 and 2 hr suggests that BrdU bioavailability is under 0.25 hr (15
min) in adult mouse SGZ.

BrdU-IR cells and clusters in adult mouse SGZ
Proliferating cells in the adult SGZ divide in clusters (Cameron and McKay, 2001, Mandyam
et al., 2004, Kahn et al., 2005). To determine the rate at which cells multiply in the adult mouse
SGZ, and to determine key aspects of cell and cluster division, we injected adult mice with an
S phase-saturating dose of BrdU (150 mg/kg). BrdU-IR cells and clusters in the SGZ and other
dentate gyrus regions were qualitatively examined and quantified over a time course from 0.25
hr to 720 hr (15 min to 30 days).

In keeping with previous descriptions of BrdU-IR cells in the adult mouse SGZ (Hayes and
Nowakowski, 2002, Mandyam et al., 2004), qualitative analysis at proliferation time points
(0.25, 2, 8, and 15 hr) revealed elongated BrdU-IR cells presenting dark staining throughout
the nucleus (Fig 2a-c). Cells were often in clusters, with the densest clusters evident at 8-15 hr
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after BrdU (Fig 2c). After 96 hr, a mixed population of dark and light stained cells was visible,
with lighter cells presenting an oval nuclear morphology and often appearing as single cells
(Fig 2d). At later survival time points (240 and 720 hr), the intensity of staining decreased and
cells uniformly appeared oval or round in shape and as single cells (Fig 2d-f).

Based on this qualitative assessment of how cells divide in clusters and appear to mature into
single cells, we next quantified BrdU-IR cells and clusters in the SGZ and dentate gyrus regions
to gain more insight into the dynamic nature of precursor division. As stated above, the number
of BrdU-IR cells in the SGZ did not increase between 0.25 and 2 hr (Fig 2h-i). BrdU-IR cells
between the 0.25 and 2 hr time point at the SGZ have moved from the S phase where they were
labeled into the next phases of the cell cycle, Gap 2 (G2) and mitosis (M). Since we saw no no
increase in cell number between 0.25 and 2 hr, we can assume that it takes longer than 2 hr for
a BrdU-IR cell in the mouse SGZ to reach M. Previously, G2/M phase of the mouse SGZ cell
cycle was assumed to be approximately 4.5 hr based on the first appearance of BrdU-IR mitotic
figures 4.5 hr after BrdU injection (Hayes and Nowakowski, 2002). Our quantitative data
presented here agrees with this previous qualitative observation that the length of G2/M is
greater than 2 hr.

Compared to 0.25 hr, the number of BrdU-IR cells increased at 8 hr (the duration of one half
of the cell cycle of mouse SGZ precursors (Hayes and Nowakowski, 2002); Fig 2h), suggesting
that some of the BrdU-IR cells had moved into and through M phase. The number of BrdU-
IR cells doubled at 15 hr (the duration of one cell cycle; Fig 2i), suggesting that each BrdU-
IR cell had been through M phase, and therefore a minimum of one cell cycle by 15 hr. After
15 hr, the number of BrdU-IR cells did not increase, and the number of BrdU-IR cells decreased
from 24 hr until 720 hr (Fig 2h-i). The first appearance of BrdU-IR pyknotic cells was at 24
hr, suggesting death of a portion of BrdU-IR cells. However, the number of BrdU-IR pyknotic
was extremely low at the 24 hr and later timepoints and the numbers were insufficient for
statistical analysis. Therefore, our observation of pyknotic/BrdU-IR cells should be considered
descriptive, and not quantitative.

In regards to clusters, the increase in the number of BrdU-IR SGZ clusters at 8 hr and the
doubling at 15 hr (compare Fig 2h-i to Fig 2j-k) indicate similar kinetics of BrdU-IR clusters
and cells during these early time points after BrdU labeling. A second peak of BrdU-IR cluster
number occurred at 96 hr. This suggests that at 96 hr after BrdU injection – four to six cell
division cycles after BrdU incorporation (Hayes and Nowakowski, 2002) – cells within a
cluster are separating into individual BrdU-IR cells. The gradual decrease between 96 and 240
hr suggests that independent clusters start to disappear – likely due to BrdU dilution or cell
death - and that one or both of these mechanisms continue until 720 hr.

Combining the cell and cluster data, we found that the number of cells per cluster increased
between 0.25 and 8 hr, underscoring our impression of rapid cell division in clusters, and
remained level until 48 hr (Fig 2l). There was a 50% decrease in the cells per cluster at 96 hr
compared to 48 hr, and single cells (one BrdU-IR cell per cluster) were evident by 240 and
720 hr (Fig 2e, f and l). The cell per cluster data therefore supports the hypothesis that by 96
hr after BrdU incorporation, individual cells begin to break out of the parent cluster, presumably
to differentiate and migrate into the granule cell layer.

BrdU-IR cells and clusters in other dentate gyrus regions
In the same tissue in which the SGZ was analyzed, BrdU-IR cells and clusters in other
hippocampal regions were quantified to contrast the proliferative capacity of the molecular
layer, hilus and outer granule cell layer (see Fig 2g, Fig 2m-o) with the more neurogenic SGZ
(Eisch and Mandyam, 2004,Mandyam et al., 2004). The time course of the number of BrdU-
IR cells in the molecular layer did not show an initial increase at 8 hr, but approximately doubled
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at 15 hr, revealing cell division kinetics similar to the SGZ. The number of cells declined after
15 hr until 720 hr, building on our assumption that cells in the molecular layer and SGZ have
similar kinetics of cell birth, cell cycle exit and cell death. The time course of the number of
BrdU-IR cells in the hilus did not show an initial increase in the number of cells at 8 hr but
doubled 48 hr after BrdU (Fig 2m), implying dissimilar hilar cell cycle kinetics from cells in
the SGZ and the molecular layer. The number of BrdU-IR cells in the outer granule cell layer
did not double (Fig 2m). In addition of BrdU-IR cell analysis, we further quantified BrdU-IR
clusters in the molecular layer, hilus, and outer granule cell layer to highlight changes that may
be associated with differences in the proliferative capacities of these dentate gyrus subregions.
In the molecular layer, the number of clusters approximately doubled at 15 hr (Fig 2n).
Surprisingly, the time course of the number of BrdU-IR clusters in the molecular layer did not
show a second peak at 96 hr, suggesting that migration of cells within a cluster in the molecular
layer occurs at a different pace than in the SGZ. The time course of the number of BrdU-IR
clusters in the hilus and the outer granule cell layer did not reveal any migration pattern of cells
from clusters in these regions (Fig 2n). Overall we show that cells in the dentate gyrus
subregions are born and multiply in clusters, but that the time course of these divisions is
distinct from those that occur in the more proproliferative environment of the SGZ.

Double labeling of BrdU-IR cells with pHisH3 in the adult mouse SGZ
We next restricted our focus to SGZ precursors in order to build on previous studies on the cell
cycle of these cells (Cameron and McKay, 2001, Hayes and Nowakowski, 2002). To determine
the approximate cell cycle phase of BrdU-IR cells throughout the time course (0.25 to 720 hr),
sections from the BrdU time course study (Fig 2) were double labeled with antibodies against
BrdU and pHisH3, a marker for G2/M of the cell cycle (Fig 3a-i) (Mandyam et al., 2004). The
specificity of pHisH3 for G2/M is due to the selective phosphorylation of HisH3 on the serine
10 residue in G2 and M (Hendzel et al., 1997). Every pHisH3-IR cell was analyzed from each
animal at every time point (average of 26.8 ± 4.9 pHisH3 cells from each animal; n = 4-6
animals for each time point) for colocalization with BrdU (Fig 3).

We assessed the percentage of pHisH3-IR SGZ cells that were double-labeled with BrdU (Fig
3j), and we applied this quantitative data to the model of the mouse SGZ precursor cell cycle
previously put forth (Hayes and Nowakowski, 2002). We wondered if our data would allow
us to fine tune this model in which the length of the cell cycle was estimated to be 12-14 hr,
with S phase occupying 7.6 hr and G2/M occupying 4.5 hr (Fig 3k). The percent labeling
indicated in Fig 3j approximately correlates with the percent of blue arrow overlapping the
G2/M phase at each time point in Fig 3k.

Our analysis revealed that no pHisH3 cells in the SGZ were double-labeled with BrdU at 0.25
hr (Fig 3j ). This suggests that pHisH3 is not expressed in the first 15 minutes of G2/M phase
(Fig 3k). The percent of all pHisH3-IR cells that were BrdU-IR was maximal at 8 hr (78.8 ±
10.4%; Fig 3d-f and j). This high percentage is consistent with the large number of S phase
cells that will have moved into G2/M phase 8 hr after BrdU injection (Fig 3k). The percent of
all pHisH3-IR cells that were BrdU-IR dropped to 8% 24 hr (1 day) after BrdU injection. This
lower percentage is expected based on previous models of cell cycle length and the assumption
that the some of the initial BrdU-labeled S phase cohort will have exited the cell cycle 24 hr
after BrdU injection (Fig 3k). There was a second, non-significant peak at 96 hr compared to
the 48 and 240 hr, suggesting that there were even fewer BrdU-IR cells cycling at 96 hr than
at 24 hr. Considering Fig 3j and Fig 3k together, two main conclusions can be made. First, S
phase is greater than 7 hr, underscoring previous estimations of S phase of the mouse SGZ
precursors (Fig 4k; (Hayes and Nowakowski, 2002,Burns and Kuan, 2005)). Second, the length
of the cell cycle in SGZ precursors is 14 hr, fine tuning the previous estimation of 12-14 hr
(Hayes and Nowakowski, 2002).
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Comparison of endogenous markers Ki-67 and PCNA in adult mouse SGZ
A steady population of actively dividing precursors exists in the adult SGZ (Cameron and
McKay, 2001). However, the steady state of this population has not been addressed with
endogenous cell cycle proteins, like Ki-67 or PCNA (Kee et al., 2002, Mandyam et al.,
2004), which are both expressed in many phases of the cell cycle in vitro (Celis et al., 1984,
Gerdes et al., 1984). In addition, recent work suggests that the circadian cycle can influence
hippocampal neurogenesis (Holmes et al., 2004, Kochman et al., 2006). Given that mice for
this time course study were injected with BrdU at similar times of day but were sacrificed at
different times during the circadian cycle, analysis of the precursor expression of Ki-67 or
PCNA at these different sacrifice times would reveal if our results or our interpretation of the
results were influenced by the circadian cycle.

We performed Ki-67 and PCNA IHC on hippocampal sections used for the BrdU time course
study (Fig 2). This allowed us to quantify the total number of proliferating cells at any given
time point. Ki-67 and PCNA-IR cells were seen in the SGZ, Mol, Hil and oGCL as clusters
with multiple cells per cluster (Fig 4a-d). Here we report the number of Ki-67 and PCNA-IR
clusters across time, but the time course is the same for the number of cells. There were
approximately 2700 Ki-67 or PCNA-IR clusters in the SGZ at any given time point, indicating
a steady proliferative environment (Fig 4c, d). The number of Ki-67 or PCNA-IR clusters in
the subregions of the dentate gyrus (molecular layer, hilus, and outer granule cell layer) were
significantly lower than the number of clusters in the SGZ (SGZ: 2673 ± 93; Mol: 731 ± 21;
Hil: 335 ± 25; oGCL: 90 ± 8; p<0.01; Fig 4c, d), underscoring that the SGZ is the most
proliferative region in the dentate gyrus. Overall there was no significant difference in the
number of Ki-67 or PCNA-IR clusters in the SGZ or dentate gyrus subregions over the time
course (Fig 4c, d). Interestingly, there were fewer Ki-67-IR clusters in the molecular layer
when compared to PCNA (380 ± 14 Ki-67-IR clusters vs. 731 ± 21 PCNA-IR clusters; p<0.05;
Fig 4c vs. 4d Mol), suggesting differential labeling pattern of the endogenous markers in the
molecular layer subregion of the dentate gyrus. These data indicate that a population of
precursors in the SGZ and dentate gyrus subregions can be quantified by endogenous markers,
and that the size of this population does not fluctuate over the circadian cycle.

Co-labeling of BrdU-IR cells with PCNA and Ki-67 in the adult mouse SGZ
One way to determine how long after BrdU injection BrdU-labeled progeny continue to cycle
is to see how long BrdU-labeled progeny continue to express endogenous cell cycle proteins.
To this end, sections from the time course study were triple labeled with antibodies against
BrdU and two endogenous cell cycle proteins, PCNA and Ki-67. In vitro data suggests a 20-
fold longer half-life of PCNA relative to Ki-67 (Khoshyomn et al., 1993, Karamitopoulou et
al., 1994, Lopez-Girona et al., 1995), but this difference has never been shown in situ. We
hoped that triple labeling of BrdU/PCNA/Ki-67 would (a) reveal how long daughter cells were
added after BrdU incorporation, based on the presence of PCNA or Ki-67 and in comparison
with the BrdU cell number data shown in Fig 1 and (b) allow direct comparison of the utility
of PCNA and Ki-67 and rough assessment of their in situ half-lives.

PCNA- and Ki-67-IR cells were distributed similarly in the dentate gyrus, with both antibodies
frequently labeling the same cell (Fig 5a-l). The portion of cells triple labeled for BrdU/Ki-67/
PCNA-IR cells was very high 0.25 hr after BrdU injection, and then decreased from 0.25 to
720 hr, with a corresponding increase in the portion of BrdU-IR cells negative for PCNA and
Ki-67 (Fig 5m). This supports that a steady portion of BrdU-IR progeny exit the cell cycle
asynchronously over time, presumably to begin the progression towards neuronal maturity
(Brown et al., 2003b). Fig 5m also shows that the portion of BrdU-IR progeny that are BrdU/
PCNA-IR is still evident 240 hr after BrdU, well after the disappearance of BrdU/Ki-67/PCNA-
IR cells. This suggests that Ki-67 and PCNA proteins may have different biological half-lives,
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with PCNA protein expression persisting long after cell cycle exit. Further insight into this
possibility was gained by comparing the time course of BrdU/Ki-67-IR cells vs. BrdU/PCNA-
IR cells (Fig 5n). The percent of BrdU-IR SGZ cells that were Ki-67-IR was very high at 0.25
hr and then progressively decreased: 97.9 ± 1.3% at 0.25 hr, 6 ± 3.7% at 96 hr, and 0% at 240
hr. Notably, the percent of BrdU-IR cells that were Ki-67-IR was decreased by 50% at 15 hr
(Fig 5n). The percent of BrdU-IR SGZ cells that were PCNA-IR also was very high initially:
100% at 0.25 hr (Fig 5n). However, the rate of decline was sharply different: 100% at 0.25, 2,
8 and 15 hr, gradually decreased to 33.5 ± 8.3% at 96 hr, and did not reach 0% until 720 hr.
Emphasizing this significant and dramatic difference in BrdU/Ki-67 vs. BrdU/PCNA
populations, the percent of BrdU/PCNA-IR cells declined at statistically different rate than the
percent of BrdU/Ki-67-IR cells, with 50% reduction evident at approximately 17.42 hr for
Ki-67 and 85.08 hr for PCNA (decay constants via one phase exponential decay: Ki-67 = 0.039
± 0.005; PCNA = 0.008 ± 0.001; p<0.0001 by unpaired t test; Fig 5n). This rightward shift of
PCNA labeling supports its much longer half-life relative to Ki-67, and may indicate that PCNA
protein is detectable in BrdU-IR daughter cells long after terminal exit from the cell cycle. In
addition to indicating a striking difference in the characteristics of Ki-67 vs. PCNA, these
findings suggest that at any given time point, the population of BrdU-IR cells in the SGZ is
asynchronously cycling (Ormerod, 2004), with BrdU-IR daughter cells exiting the cell cycle
at different times, presumably on their way to their mature phenotype (Dayer et al., 2003).

Discussion
Key aspects of precursor cell division from the adult mouse SGZ are revealed in this study.
We identify a dose of BrdU sufficient to saturate the S phase cohort of SGZ precursors in the
adult mouse. Using a saturating dose of BrdU, we highlight the tendency of SGZ cells and
other proliferative subregions of the dentate gyrus to divide in clusters. Our time course analysis
shows the number of cells, clusters, and cells per cluster increasing and then decreasing from
0.25 to 720 hr after BrdU labeling, offering a glimpse into the dynamics of cells dividing in
clusters. Our BrdU and pHisH3 analysis confirms that dividing SGZ precursors transiently
express pHisH3 during G2/M phase, allows us to fine tune the previous estimate of the cell
cycle length to 14 hr, and reveals that that BrdU-IR progeny are detectable up to 96 hr (6-7
divisions) after BrdU labeling. Finally, our BrdU, Ki-67 and PCNA analysis suggests that these
two endogenous markers of proliferation have discrete in vivo half-lives, with PCNA likely
being detectable long after cell cycle exit.

Below we discuss these data in more detail and underscore the potential of this information to
enhance our understanding of the regulation of adult neurogenesis. However, we first must
address an assumption underlying this work, and indeed, underlying most adult neurogenesis
work that utilizes BrdU: BrdU labels a relatively homogeneous population of SGZ precursors.
Initially this assumption may seem incorrect given that multiple populations of proliferating
cells exist in the adult hippocampal SGZ (Alvarez-Buylla and Lim, 2004, Kempermann et al.,
2004, Abrous et al., 2005), and perhaps each ‘type’ of dividing cell (e.g. stem vs. transient
amplifying progenitor) has different cell cycles, or is labeled at different doses of BrdU.
However, available data suggests that stem cells (type 1) account for less than 3% of BrdU-IR
cells when examined 2 hr after injection (Kronenberg et al., 2003). This emphasizes that a
single injection of BrdU primarily labels transient amplifying cells (type 2). Of course, further
work is needed to assess if type 2a vs. type 2b cells have similar cell cycles or sensitivities to
BrdU labeling. Since the vast majority (85%) of our BrdU-IR cells at 2 hr are presumably type
2a cells (Kronenberg et al., 2003), however, it is reasonable to proceed on the assumption that
our data target a relatively homogeneous population of transient amplifying progenitor cells,
and therefore are valid to apply to adult mouse SGZ precursors.
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Optimal dose of BrdU
Many studies of adult neurogenesis utilize multiple injections of BrdU, spaced by hours or
days, in order to label a large number of dividing cells. Certain circumstances, such as cell
cycle analysis, require multiple injections of BrdU (Cameron and McKay, 2001, Hayes and
Nowakowski, 2002). However, multiple injections of BrdU will result in BrdU incorporation
in more regions of the newly synthesized DNA than single injections, and therefore are
accompanied by toxicity concerns (Kolb et al., 1999). In addition, data resulting from studies
that utilize multiple injections of BrdU are difficult (if not impossible) to interpret due to the
mixed “age” of the labeled cells, or how much time has passed since their terminal exit from
the cell cycle (Eisch, 2002). A key variability in these experiments is also the dose employed
of BrdU. Notably, recent experiments in rat have shown that use of a dose of BrdU that does
not label all S phase cells can lead to false conclusions (Eadie et al., 2005). Clearly,
identification of a dose of BrdU that saturates, or labels, all S phase cells will facilitate data
interpretation, prevent false conclusions, and allow comparison of results across different
research groups. While a saturating dose of BrdU is known for the rat (Cameron and McKay,
2001, Eadie et al., 2005), rat and mouse differ in key factors that may influence BrdU
incorporation, such as permeability of the blood brain barrier (Yuan et al., 1994). Therefore it
is important that the saturating dose of BrdU is specifically determined in the mouse.

We gave adult mice a range of BrdU doses and counted BrdU-IR cells prior to their reaching
mitosis ((Hayes and Nowakowski, 2002); Fig 3). This timing was critical in order to examine
the S phase cohort without the confounding influence of mitotic cell division presumed to occur
approximately 4.5 hr after BrdU labeling. We found the optimal dose to label all S phase cells
in the adult mouse SGZ is equal to or greater than 150 mg/kg of BrdU (Fig 1). While this is
less than the range of BrdU doses shown to saturate rat SGZ precursors (Cameron and McKay,
2001, Eadie et al., 2005), it is close enough to suggest that rat and mouse require a similar dose
of BrdU to saturate S phase cells. In order to prevent the underestimation of S phase cohort in
the mouse, especially in experiments involving treatment groups (regulation of proliferation
by exercise, drugs of abuse, etc.), we recommend a BrdU dose of 150 mg/kg. While we did
not find that 150 mg/kg of BrdU labeled statistically more cells than 100 mg/kg (Fig 1c), we
prefer 150 mg/kg since, unlike 100 mg/kg, it does not appear to be on the rising aspect of the
dose response curve.

Bioavailability of BrdU
Key aspects of division (e.g. length of S phase, length of cell cycle) are known to change with
maturation of the animal (Alexiades and Cepko, 1996) and even between distinct brain regions
(Morshead and van der Kooy, 1992, Hayes and Nowakowski, 2002). In addition, other factors
that influence BrdU half-life, such as permeability of the blood brain barrier and ability to
metabolize BrdU, likely also change with maturation or between brain regions (Sharma et al.,
1995, Gould and Gross, 2002). Using a dose of BrdU that labels all S phase cells in the adult
mouse SGZ, we find evidence that BrdU availability for incorporation into DNA is less than
15 min. This estimate is less than reported for in the developing mouse brain (Packard et al.,
1973, Hayes and Nowakowski, 2000), where 27-38 minutes is needed to label S phase cells.
However, this difference is not surprising given characteristics in adult vs. prenatal/early
postnatal brain that may influence BrdU metabolism and clearance (Rich and Boobis, 1997,
Bauer and Bauer, 2000). While precise evaluation of BrdU bioavailability is outside the scope
of this study, our estimate of 15 min may serve as a reasonable starting point for future studies
that perform a more directed and thorough analysis of BrdU bioavailability in adult mouse
brain (e.g. using brain and serum levels of BrdU along with BrdU-IR cell counts).
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Time course of cell division in the adult mouse dentate gyrus
We performed a quantitative analysis of BrdU-IR cells over a thirty-day period to determine
the time course of cell division in the adult mouse SGZ. In order to ensure complete labeling
of S phase cells at a given time point and to track the cell counts of cells as they mature, mice
were given one injection of a saturating dose of BrdU and sacrificed at various time points 0.25
to 720 hr (Fig 2). Cell counts did not change between 0.25 and 2 hr, suggesting that cells had
not undergone mitosis after 2 hr, and that G2/M phase is greater than 2 hr. An alternative
explanation for a lack of increase between 0.25 and 2 hr that must be considered is cell death
(Biebl et al., 2000,Dayer et al., 2003,Heine et al., 2004). This is unlikely for two reasons. First,
a length of G2/M greater than 2 hr is consistent with previous estimates in the mouse SGZ (4.5
hr, (Hayes and Nowakowski, 2002)). Second, BrdU-IR cells increase 1.3 fold between 2 to 8
hr and 2.2 fold between 2 and 15 hr, emphasizing that they all passed through mitosis at the
expected time (Hayes and Nowakowski, 2002). If cells were dying due to the 150 mg/kg dose,
it is unlikely that this doubling from 2 to 15 hr would occur. Indeed, the 2.2 fold increase in
the number of cells from 2 hr to 15 hr reflects the completion of one entire cell cycle and mitosis
of all cells that were in S phase at the time of injection (for more discussion, see (Cameron and
McKay, 2001)). These results fit well with the steady-state cell cycle model previously reported
by Hayes and Nowakowski in the adult mouse SGZ (Hayes and Nowakowski, 2002), where
the cell cycle is estimated to be 12-14 hr. Notably, the doubling of the cells after the first mitosis
strongly suggests that this higher, saturating dose of BrdU is not toxic to dividing cells.

After all BrdU-labeled cells have gone through mitosis, the number of cells decreased 1.5 fold
from 15 hr to 24 hr. Since the cells have already gone through mitosis, this loss is unlikely to
be due to dilution of BrdU label, but rather to cell death. While the number of BrdU-IR pyknotic
(and presumably dying) cells per section were too low to quantify in this study, the earliest
time point we found BrdU-IR pyknotic cells was 24 hr after BrdU, similar to in the rat (Dayer
et al., 2003). However, while in the rat SGZ the first indirect evidence of cell death is during
the first mitosis after BrdU injection (Dayer et al., 2003), in the mouse SGZ the evidence of
cell death at 24 hr is between the first and second mitosis. It is possible that use of a saturating
dose of BrdU, as used here for the mouse and previously in the rat (Dayer et al., 2003) – while
important to gauge cell division prior to mitosis – might artificially induce cell death after
mitosis. However, three lines of evidence suggest that this is natural, and not BrdU-induced,
cell death. First, BrdU-IR cell counts did not decrease between 24 to 96 hr, as might be expected
if BrdU were toxic. Second, combinatorial data with antibodies against several endogenous
cell cycle proteins (discussed below) show that precursors were actively dividing at 24, 48 and
96 hr, which would be unexpected if the cells were dying. Third, Dayer et al. saw no enhanced
cell loss as they doubled the dose of BrdU (Dayer et al., 2003). Steady loss of cells continued
to occur between 96 hr and 720 hr, suggesting that precursor cell death, maturity or exit from
the cell cycle contributed to the loss of cells by thirty days after BrdU.

In addition to addressing the time course of cell division in the SGZ of adult mouse, we have
quantified precursors over a similar time course in dentate gyrus subregions that have been
reported to contribute to hippocampal plasticity and have neurogenic environments (Amaral
and Witter, 1995, Wang et al., 2000, Kempermann et al., 2003, Doetsch and Hen, 2005). The
dentate gyrus subregions – molecular layer, hilus, and outer granule cell layer – have been
examined previously (Mandyam et al., 2004), and have proved useful in solving controversies
in regulation of hippocampal neurogenesis (Donovan et al., 2006). Region specific quantitative
analysis indicated that precursors in the molecular layer have similar kinetics to those in the
SGZ, and that the precursors in hilus and outer granule cell layer are distinct from the cells in
SGZ and the molecular layer (Fig 2). While it is unclear what these findings mean at this early
stage in the appreciation of dividing cells in other dentate gyrus subregions, in the future the
distinct cell cycle kinetics of dentate gyrus subregions may be useful to better understand
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regulation of hippocampal cytogenesis in these regions, for example, as seen after seizures or
in other pathological conditions (Hellsten et al., 2005, Van der Borght et al., 2005, Donovan
et al., 2006).

Time course of cluster and cells per cluster counts in the SGZ
Cells are known to divide in clusters, presumably due to their association with the vasculature
niche (Palmer, 2002). A few reports have appreciated the difference and relationship between
cells and clusters in the rat (Cameron and McKay, 2001, Kahn et al., 2005, Kim et al., 2005)
and mouse (Mandyam et al., 2004, Donovan et al., 2006), and one found differential regulation
of cells versus clusters (Kahn et al., 2005). Given that the vasculature niche appears critical to
the stability and regulation of the clusters of dividing cells (Palmer et al., 2000, Ernst and
Christie, 2006), it is surprising that clusters have received relatively little attention. Since
clusters may be dynamic in nature, clearly the optimal way to explore how precursors divide
in clusters is in thicker sections that maintain the three-dimensional structure of a cluster, and/
or with time-lapse microscopy in vitro, as has been used to study developmental neurogenesis
(Gal et al., 2006). Technical limitations with such studies preclude immediate application of
such an analysis in the mouse SGZ. As a reasonable alternative, we examine the number of
cells, clusters, and cells per cluster in the SGZ and adjacent dentate gyrus subregions after a
single BrdU injection. This approach has the benefit of low variability between animals (Fig
2), and it has several benefits over comparable in vitro approaches, including the ability to
examine cells up to 30 days after a single BrdU injection and to retain the in vivo
microenvironment so critical to regulation of adult neurogenesis (Abrous et al., 2005).

Our data suggest that the BrdU time course approach can provide insight into how cells divide
in clusters and mature over time. Here we define a BrdU-IR “cluster” as one or more IR cells
touching each other at high magnification (Mandyam et al., 2004). At a short, or proliferating,
time point after BrdU, BrdU-IR clusters consisted of more than one IR cell, and at survival
time points BrdU-IR clusters had only one IR cell. In general, the dynamic pattern of clusters
quantified here supports previous qualitatitive data that precursor cells appear as clusters of
cells during proliferation and as individual cells at later, survival time points. However, the
analysis of the number of BrdU-IR clusters provided additional detail not evident from
examining the number of BrdU-IR cells alone. For example, at a time point when the number
of BrdU-IR cells was relatively steady (24-96 hr), the number of BrdU-IR clusters increased.
One interpretation of these data is that the cells in a given cluster move apart between 24 and
96 hr, an interpretation that is supported when the data are viewed as number of cells per cluster.
In fact, since 96 hr appears to be a time point when SGZ precursors no longer appear as clusters,
analysis of this time point may be useful in exploring the mechanism underlying regulation of
precursor proliferation. For example, additional studies might assay BrdU-IR cells at 96 hr
post BrdU for altered levels of key cell-cell adhesion proteins, like EphB2 (Conover et al.,
2000) and postmitotic proteins like SOX13 (Wang et al., 2005). In general, the analysis of cells
per cluster detailed here for the adult mouse SGZ provides a new tool in the exploration of
regulation of adult neurogenesis and mechanisms underlying that regulation.

Endogenous cell cycle markers: stability and half-life of protein
The hippocampal SGZ has a steady output of precursors providing a asynchronous population
of cells at any given time point (Seri et al., 2004). If given as a saturating dose, BrdU putatively
labels all transient amplifying cells in S phase. Since cells dilute BrdU with each subsequent
division, as a result of dilution, BrdU-labeled cells are undetectable by IHC after a few cell
divisions (Cameron and McKay, 2001, Dayer et al., 2003). The dilution of exogenous labeling
impedes detection of BrdU-IR cells and therefore may hinder precise counts of the precursor
population. Utilizing endogenous markers, such as pHisH3, Ki-67, or PCNA, in combination
with BrdU to quantify proliferating population partially solves the dilution problem associated
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with exogenous markers. However, it is unclear how stable endogenous cell cycle proteins are
in vivo. This is important given the increasing number of publications that rely on endogenous
markers to quantify and assess regulation of cell proliferation.

To determine the stability of endogenous protein labeling in vivo and to find out how long
BrdU-IR daughter cells are added to the proliferating population, we labeled BrdU-IR cells
with endogenous cell cycle markers for proliferation (pHisH3, Ki-67 and PCNA). The pHisH3/
BrdU percent labeling in the SGZ showed transient expression of pHisH3 in BrdU-IR cells at
the G2/M phase of the cell cycle. Qualitative analysis of pHisH3/BrdU-IR showed a bell shaped
labeling between 0.25 and 24 hr, with none to very little labeling at 0.25 and 24 hr and maximal
double labeling at 8 hr. These data fit well with previously reported expression of pHisH3 in
the G2/M phase of the cell cycle (Fig 3j and k, pHisH3/BrdU-IR cells in the pie charts; (Hendzel
et al., 1997)). Using the expression pattern of BrdU/pHisH3 labeling we were able to estimate
the cell cycle length of SGZ precursors. The percent of BrdU-IR cells positive for pHisH3 fits
with a 14 hr cell cycle model (Fig 3k, 0 hr), whereas 12, 13 or 15 hr models did not correlate
with the expression pattern. This allows us to fine-tune previous estimates of 12-14 hr of the
mouse SGZ cell cycle length to 14 hr. Additional studies should find the time course of transient
expression of pHisH3 useful to reveal changes in the G2/M phase of the cell cycle. For example,
combinatorial analysis of pHisH3/BrdU with Chk1 (G2/M checkpoint protein; (Carr et al.,
1995)) will help determine changes in cell cycle progression caused by DNA damage.
Importantly, one could use the expression pattern of pHisH3/BrdU to detect induction of cell
cycle proteins that prevent programmed cell death. One such example is ErbB2 (Yu, 2001),
where co-labeling of pHisH3/BrdU/ErbB2 would determine the anti-apoptotic mechanism of
external factors to decrease cell proliferation.

To address the issue of how long cells were putatively dividing after BrdU incorporation, we
triple labeled BrdU-IR cells with Ki-67 and PCNA. Ki-67 was chosen because of its expression
in most phases of the cell cycle, the short half-life of the protein, and its increasing use to label
dividing cells in the adult mammalian SGZ (Gerdes et al., 1984, Karamitopoulou et al.,
1994, Kee et al., 2002, Dayer et al., 2003, Eisch and Mandyam, In Press). PCNA was chosen
because it is expressed in all phases of the cell cycle including those not expressed by Ki-67
(Gerdes et al., 1984, Celis and Celis, 1985). The disadvantage of PCNA is the long half-life of
the protein (Khoshyomn et al., 1993, Lopez-Girona et al., 1995). Nearly all BrdU-IR cells were
Ki-67 (97.9%) and PCNA (100%) positive at the 0.25 hr time point, which was expected as
both Ki-67 and PCNA are markers of cell proliferation and BrdU-IR cells were mostly in S
phase at 0.25 hr (Fig 5m, n). Strikingly, the percent labeling of BrdU with Ki-67 (80.9%) and
PCNA (100%) was different at 2 hr. At 2 hr 26% of the BrdU-IR cells have moved into G2/M
phase of the cell cycle (based on cell cycle kinetics from (Hayes and Nowakowski, 2002)),
suggesting that Ki-67 may not be expressed in all parts of G2/M. The percent labeling of BrdU
with Ki-67 (50.6%) and PCNA (100%) at 15 hr is also significantly different. This difference
in double labeling can be attributed to the short half-life of Ki-67 and the steady-state model
of cell division of mouse SGZ cells (Hayes and Nowakowski, 2002). The decrease in BrdU/
Ki-67 labeling to 50% at 15 hr is consistent with our BrdU time course data (compare Fig 2h
and 5n). For example, even though there was doubling of BrdU-IR cells between 2 and 15 hr
(Fig 2h), only 50% of cells at 15 hr were actively cycling (Ki-67 positive; Fig 5m, n). At 24
hr the 50% of cells that were Ki-67 negative were lost, supporting that some precursors died
after the first mitosis. The lack of decrease in BrdU/PCNA labeling at 15 hr suggests that PCNA
protein remains detectable in proteins long after the terminal exit of cells from the cell cycle.
Therefore, PCNA’s long half-life may lead to overestimation of the proliferating population.
The excess labeling with PCNA may hinder the utility of PCNA in future cell cycle kinetic
analysis, particularly if a decrease in the number of proliferating cells is expected (Wharton et
al., 2005).
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The percent labeling of BrdU with Ki-67 (33.2%) and PCNA (92%) at 24 hr reveals evidence
of BrdU-IR cells exiting the cell cycle (Fig 5m, n). Cell cycle exit of precursors at 24 hr is
further supported by the first appearance of ‘BrdU alone’ cells that are negative for Ki-67 and
PCNA. The decrease in percent labeling of BrdU with Ki-67 (6%) to almost 0% at 96 hr
suggests that, on average, dividing daughter BrdU-IR cells were added up to 6-7 divisions and
were visible up to 4 days after a single injection. Therefore the cell division history of the BrdU-
IR cells can be approximately determined up to a period of 4 days (96 hr), this time frame is
similar in mouse and rat SGZ precursors (Dayer et al., 2003). It is surprising that 0% of BrdU-
IR cells are PCNA-IR 720 hours after labeling. Although there may have been some stem cell
precursors with longer cell cycle time in the SGZ labeled by the BrdU pulse, dilution after
division may hinder BrdU labeling in such cells. Furthermore, the population of such primary
precursors may be so small that some cycling cells may have been excluded by experimental
sampling. Importantly, the number of ‘BrdU alone’ cells increased gradually over the time
course and at 30 days we can postulate that all the BrdU-IR cells had attained a matured
phenotype and exit the cell cycle.

These data with endogenous cell cycle proteins emphasize that Ki-67 and PCNA not only have
significant differences in their in vivo half-lives but also that Ki-67 is a more accurate marker
for quantitative analysis of cell proliferation of SGZ precursors. Overall, these results stress
the utility of endogenous markers in combination with exogenous markers not only to birth
date and determine technical details of the cell cycle kinetics of cycling cells, but also to
determine important differences in the in vivo half-lives of commonly used endogenous
markers to help guide future research in regulation of adult neurogenesis.
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oGCL  
outer granule cell layer

PCNA  
proliferating cell nuclear antigen

pHisH3  
phosphorylated histone H3

SGZ  
subgranular zone
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Figure 1. Dose response of BrdU in C57BL/6J mice
(a) Tabular representation of BrdU dose response from Experiment I (25, 50, 150, 300 and 500
mg/kg) and Experiment II (50, 100, 150 mg/kg). (b-c) Graphical representation of the total
number of BrdU-IR cells or clusters in the SGZ after a single injection of BrdU 2 hr earlier
from experiment I (b) and experiment II (c). n=3-4 for each BrdU dose, **p<0.01 and *p<0.05
when compared to 150 mg/kg dose, by one-way ANOVA Tukey’s post-hoc analysis.
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Figure 2. Morphology and quantitative analysis of BrdU-IR cells and clusters at different time
points after a single injection of BrdU
a-f: Dark brown staining of BrdU-IR cells at 2 hr (b), 8 hr (c), 15 hr (d); light brown with
punctate staining of BrdU-IR cells at 96 hr (d), 240 hr (f) and 720 hr (g). Clusters of multiple
BrdU-IR cells are seen in proliferation time points (b-d); clusters of single BrdU-IR cells are
seen in survival time points (e-g). Arrow points to BrdU-IR cells. g: Schematic of one coronal
section of mouse dentate gyrus (bregma -2.18) indicates the different regions examined:
Subgranular zone (SGZ, hatched), molecular layer (Mol, dark gray), hilus (Hil, light gray) and
outer granule cell layer (oGCL, red not hatched). h-l: Quantitative data of BrdU-IR cells (h-
i), clusters (j-k) and cells per cluster (l) in the SGZ. All time points are significantly different
from 15 hr time point in (h). All other time points except 96 hr and 240 hr are significantly
different from 15 hr time point (j). m-o Quantitative data of BrdU-IR cells (m), clusters (n)
and cells per cluster (o) in the Mol, Hilus and oGCL. Data is expressed as mean ± SEM. n =
4-8 animals at each time point. *p<0.05 when compared to 0.25 hr time point by one-way
ANOVA, Dunnett’s post-hoc analysis. Scale bar = 10 μm in f, applies a-f.
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Figure 3. BrdU-IR cells express pHisH3 during G2/M phase of the cell division cycle
(a-i) Confocal single z plane images of proliferating cells labeled with pHisH3 in green (a, d,
g; CY2) and BrdU in blue (b, e, h; CY5). Double labeling of BrdU and pHisH3 (a-c): 2 hr after
single BrdU injection, (d-f): 8 hr after single BrdU injection, (g-h): 15 hr after single BrdU
injection. j: The proportion of pHisH3-IR cells that are BrdU positive in the SGZ. Every
pHisH3-IR cell was analyzed from each animal at every time point (average of 26.8 ± 4.9
pHisH3 cells from each animal; n = 4-6 animals for each time point). Inset in j shows extended
x axis between 0 and 30 hr. k: Pie chart indicating the cell cycle of proliferating cells of adult
mouse SGZ; S phase (white), G2/M (gray/hatched) and G1 (black). The ratio of the different
phases in the pie chart is proportional to the time line of each phase: total cell cycle 14 hr; S
7.6 hr; G2/M 4.5 hr; and G1 1.9 hr (Hayes and Nowakowski, 2002). The position of the blue
arrow is indicative of the position of BrdU-IR cells (cells in S phase at time of BrdU injection)
at the time point indicated below each pie chart. The percent of BrdU-IR cells in G2/M (blue
arrow in pie chart) approximately correlates with the percent of BrdU-IR cells labeled with
pHisH3 (see j). The small differences between the actual (x-y graph in j) vs. theoretical (pie
chart in k) data may be due to the small number of pHisH3-IR cells available for analysis. The
number in parenthesis after the time point below each pie chart suggests the approximate
number of cell cycles that have occurred since BrdU incorporation. Data is expressed as mean
± SEM. *p<0.05 when compared to the 0.25 hr time point. Scale bar = 10 μm, applies a-i.
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Figure 4. Distribution and quantitative analysis of Ki-67 and PCNA-IR clusters in the dentate gyrus
of adult mouse brain
a:Representative coronal section of mouse dentate gyrus stained for PCNA; b: stained for
DAPI nuclear staining (200X; bregma - 2.18) indicates the different regions examined:
Subgranular zone (SGZ), molecular layer (Mol), hilus (Hil) and outer granule cell layer
(oGCL). c: Quantitative data of Ki-67-IR clusters in the dentate gyrus. n = 6-8 animals at each
time point. d: Quantitative data of PCNA-IR clusters in the dentate gyrus. n = 4-8 animals at
each time point. Arrowhead points to a cell in SGZ, thin arrow points to a cell in oGCL and
thick arrow points to a cell in the Mol. Data are expressed as mean ± SEM; *p < 0.05 when
compared to Ki-67 Mol clusters by one-way ANOVA Bonferroni’s Multiple Comparison Test.

Mandyam et al. Page 24

Neuroscience. Author manuscript; available in PMC 2008 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Comparison of endogenous markers Ki-67 and PCNA with exogenous marker BrdU over
a BrdU time course
(a-l): Confocal single z plane images of proliferating cells labeled with Ki-67 in red (a, e, i;
CY3), BrdU in green (b, f, j; CY3), and PCNA in blue (c, g, k; CY5). Triple labeling of BrdU
with Ki-67 and PCNA (a-d): 2 hr after single BrdU injection, (e-h): 15 hr after single BrdU
injection, (i-l): 96 hr after single BrdU injection. m: Stacked bar graph indicating ratios of
BrdU labeling; white stacked bar- triple labeled BrdU/PCNA/Ki-67-IR cells, orange stacked
bar- double labeled BrdU/Ki-67-IR cells, aqua stacked bar- double labeled BrdU/PCNA-IR
cells, and green stacked bar- single labeled BrdU-IR cells. 50 to 60 BrdU-IR cells in the SGZ
from each mouse were randomly selected for confocal analysis. The ratios of cells are indicated
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as a percent of 100 and the total sum up to 100% for each group. n: x-y graph of the ratios of
BrdU/PCNA and BrdU/Ki-6-IR. The BrdU/PCNA curve is shifted rightward compared to
BrdU/Ki-67, the 50% labeling is 15 hr for BrdU/Ki-67 and 80 hr for BrdU/PCNA. n = 4-6
animals for each time point. Data is expressed as mean ± SEM. Scale bar in i = 10 μm, applies
a-l.
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