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ABSTRACT
Adult neurogenesis is often studied by labeling new cells with
the thymidine analog bromodeoxyuridine (BrdU) and using im-
munohistochemical methods for their visualization. Using this
approach, considerable variability has been reported in the
number of new cells produced in the dentate gyrus of adult
rodents. We examined whether immunohistochemical meth-
ods, including BrdU antibodies from different vendors (Vector,
BD, Roche, Dako, Novocastra, and Accurate) and DNA dena-
turation pretreatments alter the quantitative and qualitative
patterns of BrdU labeling. We also compared the sensitivity
and specificity of BrdU with two other thymidine analogs,
iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU). We
found that the number of BrdU-labeled cells in the dentate
gyrus of adult rats was dependent on the BrdU antibody used
but was unrelated to differences in antibody penetration. Even

at a higher concentration, some antibodies (Vector and Novo-
castra) stained fewer cells. A sensitive BrdU antibody (BD) was
specific for dividing cells; all BrdU-labeled cells stained for
Ki67, an endogenous marker of cell proliferation. We also
observed that DNA denaturation pretreatments affected the
number of BrdU-labeled cells and staining intensity for a
marker of neuronal differentiation, NeuN. Finally, we found that
IdU and CldU, when used at molarities comparable to those
that label the maximal number of cells with BrdU, are less
sensitive. These data suggest that antibody and thymidine
analog selection, as well as the staining procedure employed,
can affect the number of newly generated neurons detected in
the adult brain, thus providing a potential explanation for some
of the variability in the adult neurogenesis literature. J. Comp.
Neurol. 517:123–133, 2009.
© 2009 Wiley-Liss, Inc.
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Altman and Das (1965, 1966, 1967) reported that new neu-
rons are produced in the adult mammalian brain over 40 years
ago. However, the study of adult neurogenesis has become
widespread only recently, largely due to the use of bromode-
oxyurdine (BrdU) as an in vivo marker of proliferating cells
(Cameron and Gould, 1996; Kuhn et al., 1996). BrdU is a
thymidine analog that can be integrated into cells undergoing
DNA synthesis. This label is then visualized by using immu-
nohistochemistry (Abrous et al., 2005; Christie and Cameron,
2006; Wojtowicz and Kee, 2006; Kuhn and Cooper-Kuhn,
2007). BrdU labeling is often combined with immunolabeling
for cell type-specific markers to determine the identity of
newly born cells. Using BrdU labeling, it has become ac-
cepted that new neurons are produced throughout adulthood
in the dentate gyrus (Gage, 2002). This phenomenon has been
demonstrated in all mammalian species examined, ranging
from rodents to primates, including humans (Eriksson et al.,
1998; Gould et al., 1999; Lindsey and Tropepe, 2006). Adult
neurogenesis in the dentate gyrus has been studied most

extensively in rodents, and although there is consensus re-
garding its existence, controversy remains about its magni-
tude and regulation, largely because different laboratories
have reported variable results.
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One potential reason for these inconsistencies may be the
wide variations in experimental design with BrdU studies. The
number of BrdU-labeled cells in the dentate gyrus is affected
by the age (Kuhn et al., 1996; Cameron and McKay, 1999;
Leuner et al., 2007) and strain of the animal (Kempermann et
al., 1997), the dose and regimen of BrdU injections, and the
post-BrdU injection survival time (Christie and Cameron,
2006; Wojtowicz and Kee, 2006; Kuhn and Cooper-Kuhn,
2007). However, even in instances when these variables re-
main constant, the reported number of BrdU-labeled cells
ranges dramatically across studies. For example, injecting
age-matched control male Sprague-Dawley rats with 200
mg/kg of BrdU followed by a 2-hour survival time has led to
reports of BrdU-labeled cells in the bilateral dentate gyrus
ranging from under 3,000 (Fornal et al., 2007) to over 5,000
(Dayer et al., 2003). This raises the possibility that some quan-
titative differences in BrdU labeling within the dentate gyrus
arise from variations in histological procedures.

At present, numerous BrdU antibodies are in use, and their
relative sensitivity and specificity remain unknown, which
could lead to imprecise and conflicting results (Saper and
Sawchenko, 2003; Rhodes and Trimmer, 2006). Moreover,
BrdU antibodies recognize BrdU only in single-stranded DNA
(Gratzner et al., 1982; Vanderlaan and Thomas, 1985). As a
result, denaturation steps are necessary for antibody/antigen
binding to occur. Denaturation techniques vary greatly, some-
times involving incubation in solvents and/or application of
high heat (Kuhn et al., 1996; Cameron and Gould, 1996; Gould
et al., 1999; Leuner et al., 2006a; Wojtowicz and Kee, 2006;
Tang et al., 2007). These methodological variations may have
important consequences for histological quality, and they may
thus impact quantitative measurement and phenotypic as-
sessment of newborn cells.

Several recent reports have used iododeoxyuridine (IdU)
and chlorodeoxyuridine (CldU), thymidine analogs with a
structure similar to BrdU, to label newly generated neurons
(Bauer and Patterson, 2005; Burns and Kuan, 2005; Vega and
Peterson, 2005; Thomas et al., 2007; Dupret et al., 2007).
These analogs can be detected individually by different anti-
bodies that have been reported to recognize IdU or CldU
exclusively (Burns and Kuan, 2005; Vega and Peterson, 2005;
Thomas et al., 2007). However, these studies did not use IdU
and CldU at molarities comparable to those of BrdU that label
the maximal number of cells (i.e., 200–300 mg/kg; Cameron
and McKay, 2001). Thus, it remains unclear whether these
analogs are as sensitive as BrdU at detecting newly generated
neurons in the dentate gyrus.

Here, we systematically compared multiple commonly used
BrdU antibodies and report large differences in their sensitiv-
ity. We also evaluated the number of labeled cells in the
dentate gyrus following injection with the thymidine analogs
IdU and CldU. At doses equimolar to that of BrdU, which
labels the maximal number of cells (Cameron and McKay,
2001), IdU and CldU labeled fewer cells than BrdU and could
not be discriminated because of antibody cross-reactivity.
Finally, we examined different DNA denaturation pretreat-
ments and demonstrate that in addition to affecting the num-
ber of BrdU-labeled cells, denaturation methods produce vari-
ations in the staining quality of the neuronal marker NeuN. On
the basis of the data presented here, optimal procedures for
the detection of new neurons are suggested.

MATERIALS AND METHODS
Animals

For all experiments, adult male Sprague-Dawley rats (8–10
weeks of age) were used (Taconic Farms, Germantown, NY).
Rats were acclimated to the colony for at least 5 days prior to
injection with BrdU, IdU, or CldU. Rats were group housed
(2–3/cage), provided with unlimited access to food and water,
and maintained on a reverse 12:12-hour light-dark cycle with
lights on at 19:00 hours. All procedures were conducted in
accordance with Princeton University AALAC and The Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Preparation and injection of thymidine analogs
The dose of BrdU used for all experiments was 200 mg/kg.

This dose was selected because it labels the maximal number
of cells in the dentate gyrus (Cameron and McKay, 2001). For
purposes of comparison, IdU and CldU doses were equimolar
to the BrdU dose. Solutions of BrdU (Sigma-Aldrich, Milwau-
kee, WI, cat. no. B5002, lot no. 076K1307) were prepared in
sterile saline with 0.007 M NaOH at 20 mg/ml. IdU and CldU
were less soluble than BrdU and, at the high doses used for
this study, required dilution in a larger volume. IdU (MP Bio-
medicals, Irvine, CA, cat. no. 100357, lot no. 2742J) was pre-
pared at 6 mg/ml and CldU (Sigma-Aldrich, cat. no. C6891, lot
no. 106K1306) at 10 mg/ml, both in sterile saline with 0.007 M
NaOH. The pH of all thymidine analog solutions was approx-
imately 7.0.

Rats (n � 6/group) were injected i.p. at approximately 13:00
hours with one of the thymidine analogs and perfused after a
2-hour survival time. An additional group of rats (n � 6) was
given BrdU injections on the same day and time but perfused
after a 3-week survival time.

Histological procedures
Rats were anesthetized with an overdose of sodium pento-

barbital and transcardially perfused with 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.5). Brains were dis-
sected from the skulls and postfixed for at least 2 days. Then
40-�m-thick coronal sections throughout the entire rostro-
caudal extent of the dentate gyrus were cut with a Vibratome
from half brains into a bath of 0.1 M phosphate-buffered saline
(PBS; pH 7.5). Each immunohistochemical reaction was per-
formed simultaneously from all rats within a given experiment
to maximize the reliability of comparison across groups.

Immunoperoxidase staining for
BrdU, CldU, and IdU

A 1:12 series of sections from rats sacrificed at the 2-hour
(BrdU, IdU, or CldU) or 3-week (BrdU) postinjection survival
times was mounted onto glass slides and allowed to dry
overnight. For pretreatment, 0.1 M citric acid (pH 6.0) was
microwaved (GE, model no. JEM25GY001) at power level 10
for �3 minutes. Slides were then placed into the heated citric
acid, microwaved for 5 minutes at power level 2, removed
from the microwave, and allowed to cool for 20 minutes.
Slides were then rinsed 3X in PBS, incubated in trypsin for 10
minutes, rinsed, denatured in 2 N HCl/PBS for 30 minutes, and
rinsed again. For BrdU staining, slides were incubated over-
night at 4°C in one of the following antibodies (technical
information for each one was provided by the manufacturer):
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1. Vector anti-BrdU (Burlingame, CA, cat. no. VPB209, lot no.
103009, 103010), clone 85-2C8, generated by using mice
immunized with a conjugate of BrdU and Helix pomatia
hemocyanin.

2. BD BioSciences anti-BrdU (San Jose, CA, cat. no. 347580,
lot no. 63272, 70048), clone B44, derived from hybridization
of mouse Sp2/0-Ag14 myeloma cells with spleen cells from
mice immunized with iodouridine-conjugated ovalbumin.

3. Roche anti-BrdU (Mannheim, Germany, cat. no.
11170376001, lot no. 93596620), prepared by using mice
immunized with a BrdU-bovine serum albumin conju-
gate. Lymphocytes isolated from the spleen were fused
with Ag8.653 myeloma cells to create the BMC9318
clone.

4. Dako anti-BrdU (Glostrup, Denmark, cat. no. M0744, lot no.
00031732), clone Bu20a, generated by using mice immu-
nized with BrdU conjugated to bovine serum albumin.

5. Novocastra Vision Biosystems anti-BrdU (Newcastle Upon
Tyne, UK, cat. no. NCL-BrdU, lot no. 103013), clone 85-
2C8, derived from hybridization of mouse P3-X63.Ag8 my-
eloma cells with spleen cells from mice immunized with a
conjugate of BrdU and Helix pomatia hemocyanin.

6. Accurate anti-BrdU (Westbury, NY, cat. no. OBT0030, lot
no. H8365), clone BU1/75 ICR1, raised in rat.

All antibodies were monoclonal, react with BrdU in single-
stranded DNA, and do not cross-react with thymidine. For IdU
or CldU staining, slides were incubated in mouse monoclonal
antibody against BrdU (BD or Accurate). Antibodies were di-
luted 1:200, or 1:100 where noted, in PBS with 0.5% Tween-
20.

A 1:12 series of sections from a separate group of rats
sacrificed 2 hours after BrdU injection was:

1. Slide mounted and subjected to the denaturation pretreat-
ment described above (HCl).

2. Slide mounted, outlined with a PAP pen, rinsed 3X with
PBS, and then placed in a food steamer (Oster, model no.
5712) preheated to �99°C and covered with 1 ml of 10 mM
sodium citrate buffer. After 15 minutes, the lower steamer
rack was removed and allowed to cool for 2 minutes, and
the slides were rinsed (steam heating; Tang et al., 2007).

3. Rinsed, free-floating, 3X in TBS, incubated in 50%
formamide/2X SSC (0.3 M NaCl, 0.03 M sodium citrate) for
2 hours at 65°C, rinsed in 2X SSC for 5 minutes, incubated
in 2 N HCl/TBS at 37°C for 30 minutes, rinsed in 0.1 M boric
acid (pH 8.5) for 10 minutes and then in TBS, incubated in
TBS/0.25% Triton X-100/3% normal horse serum for 30
minutes, and rinsed in TBS (HCl � formamide; Kuhn et al.,
1996).

After pretreatments, sections were incubated overnight at
4°C in the BD mouse monoclonal antibody against BrdU di-
luted 1:200 in PBS (HCl, steam heating) or TBS (HCl � form-
amide) with 0.5% Tween-20.

Following overnight incubation in primary antibodies, sec-
tions were rinsed, incubated with biotinylated horse anti-
mouse (1:200; Vector, cat. no. BA2000, lot no. S0721, T0205)
or biotinylated goat anti-rat (1:200; Chemicon, Temecula, CA,
cat. no. AP183B, lot no. 0512017268, 0701049350) for 60 min-
utes, rinsed, incubated with avidin-biotin complex (1:100; Vec-
tor, cat. no. PK6100) for 60 minutes, rinsed, and reacted in
0.01% diaminobenzidine with 0.003% H2O2 (Sigma-Aldrich,

cat. no. D4293). Free-floating tissue was mounted onto glass
slides and allowed to dry for 2 hours. All slides were counter-
stained with cresyl violet, dehydrated, cleared with Citrisolv
(Fisher Scientific, Fair Lawn, NJ), except where noted, and
coverslipped with Permount (Fisher Scientific) or with
glycerol/PBS (3:1) for antibody penetration analysis.

Immunofluorescent co-labeling of BrdU and Ki67
Free-floating 40-�m-thick sections from rats sacrificed at

the 2-hour time point were rinsed 3X in TBS, pretreated with 2
N HCl/TBS for 30 minutes, rinsed, and then incubated at 4°C
in rabbit polyclonal anti-Ki67/TBS (1:500; Novocastra Vision
BioSystems, cat. no. NCLKi67p, lot no. 301114) and mouse
monoclonal anti-BrdU/TBS (1:200; BD) with 0.5% Tween-20.
The rabbit polyclonal anti-Ki67 antibody was generated by
using prokaryotic recombinant fusion protein corresponding
to a 1,086-bp Ki67 motif containing cDNA (manufacturer’s
technical information). A double band at 245–395 kDa is de-
tected by Western blot analysis (Key et al., 1993). Specific
staining of dividing cells in the adult rat dentate gyrus by this
antibody has been demonstrated previously (Dayer et al.,
2003). Following overnight incubation, sections were rinsed
and incubated for 1 hour in the dark with goat anti-rabbit
Alexa 488/TBS (1:250; Invitrogen Molecular Probes, Carlsbad,
CA, cat. no. A11034, lot no. 51726A) and goat anti-mouse
Alexa 568/TBS (1:250; Invitrogen Molecular Probes, cat. no.
A11031, lot no. 39053A). Sections were rinsed, mounted onto
glass slides, dried for at least 2 hours in the dark, and cover-
slipped with glycerol/TBS (3:1). As a control, brain sections
from a rat that did not receive a BrdU injection was processed
as described above.

Immunofluorescent labeling of NeuN
Sections (40 �m thick) from rats sacrificed at the 3-week

time point were rinsed 3X in TBS and then subjected to one of
the following pretreatments:

1. Incubation in 2 N HCl/TBS for 30 minutes (HCl).
2. Transfer of sections with a brush onto a slide outlined with

a PAP pen containing a pool of 10 mM sodium citrate
buffer, such that the sections floated in the incubation
solution. The slides were then transferred to the preheated
steamer and heat-treated for 15 minutes at �99°C. The
lower steamer rack was then removed and allowed to cool
for 2 minutes. Subsequent steps were performed free float-
ing (steam heating; Tang et al., 2007)

3. Incubation in 50% formamide/2X SSC for 2 hours at 65°C,
rinsing in 2X SSC for 5 minutes, incubation in 2 N HCl at
37°C for 30 minutes, rinsing in 0.1 M boric acid (pH 8.5) for
10 minutes and then in TBS, and incubation in TBS/0.25%
Triton X-100/3% normal horse serum for 30 minutes (HCl �
formamide; Kuhn et al., 1996).

After pretreatments, sections were rinsed 3X in TBS and
then incubated at 4°C in mouse anti-NeuN (Chemicon, cat. no.
MAB377, lot no. 0607036763) diluted 1:500 in TBS with 25
�l/ml of 10% Tween-20. This antibody was raised against
purified cell nuclei from mouse brain and has been shown to
recognize two to three bands at 46–48 kDa by Western blot
(manufacturer’s technical information; Lind et al., 2005). The
next day, tissue was rinsed, incubated in secondary goat
anti-mouse Alexa 488:TBS (1:500; Invitrogen Molecular
Probes, cat. no. A11029, lot no. 54421A) for 30 minutes in the
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dark, rinsed, mounted onto glass slides, dried for at least 2
hours in the dark, and coverslipped with glycerol/TBS (3:1).

Data analysis
Slides were coded prior to data collection. The code was

broken after the analysis of each experiment was complete.

BrdU, IdU, and CldU peroxidase analysis
The numbers of BrdU-, IdU-, or CldU-labeled cells on every

12th unilateral section throughout the entire rostrocaudal ex-
tent of the dentate gyrus (granule cell layer, subgranular zone,
and hilus) were counted at 1,000� with an Olympus BX-50
light microscope by using a modified version of the optical
fractionator method (West et al., 1991; Ngwenya et al., 2005).
The estimated total number (N) of BrdU-, IdU-, or CldU-
labeled cells was calculated according to the following for-
mula: N � �Q � (t/h) � (1/asf) � (1/ssf) where �Q is the sum
of counted labeled cells (excluding cells in the outermost focal
plane), t is the mean section thickness, h is the height of the
optical disector, asf is the area sampling fraction, and ssf is
the section sampling fraction. Optical fractionator rules typi-
cally require the use of guard zones at the upper and lower
surfaces of the section. However, tissue sections shrink sub-
stantially (to �15 �m) in the z-dimension when mounted on
slides, dried, processed for immunohistochemical staining,
counterstained, dehydrated, and cleared. Consequently, we
used a modified optical fractionator technique in which we did
not use guard zones, making the height of the counting frame
equal to the section thickness. Because we used an exhaus-
tive sampling scheme, asf was equal to one. Thus, the sim-
plified formula for the estimated total number of labeled cells
was: N � �Q � (1/ssf), which is the total number of labeled
cells counted multiplied by the reciprocal of the section sam-
pling fraction (1/24).

Brightfield photographs were taken with an Olympus
U-PMTUC camera attached to the microscope using Im-
agePro software (Media Cybernetics, Bethesda, MD). Images
were cropped and optimized by adjusting brightness and
color balance in Adobe Photoshop 7.0 (San Jose, CA). Pho-
tographs were resized and arranged in Canvas 8 (Deneba
Software, Miami, FL).

For purposes of comparison, the density of BrdU-labeled
cells was also determined in the subventricular zone (SVZ;
Kuhn et al., 1996; Mirescu et al., 2004). This analysis included
a substantial part of the SVZ, but excluded the anterior por-
tion. BrdU-labeled cells in the SVZ present on every 12th
unilateral coronal section of the dentate gyrus were counted
(�1.8 to �4.8 mm from Bregma; Paxinos and Watson, 1998)
and expressed as the number of cells per mm3. The volume of
the analyzed area was determined by using Cavalieri’s prin-
ciple on video-projected images with cross-sectional area
measurements performed using ImagePro software (Gun-
dersen et al., 1999).

Antibody penetration analysis
Analyses of antibody penetration were performed by using

the z-axis encoder on an Olympus BX-60 microscope at-
tached to a computer equipped with StereoInvestigator soft-
ware (MicroBrightField, Williston, VT). Section thickness and
depth of labeling penetration (minimum and maximum) from
the surface of the section were measured for all labeled cells
in the granule cell layer and subgranular zone at 1,000�. Cells

that had a maximum depth penetration greater than half of the
section thickness were also quantified in order to determine
the percentage of labeled cells that penetrated to the center
of the section.

BrdU and Ki67 immunofluorescent analysis
Analyses were done by using the 40� objective on a Zeiss

Axiovert confocal microscope (Zeiss, Oberkochen, Germany)
with Argon 458/488 and HeNe 543 lasers. A sequence config-
uration to scan each channel separately was employed in
order to avoid cross-talk between fluorescent labels. For each
brain, the percentage of Ki67-labeled cells in the dentate
gyrus (granule cell layer and subgranular zone) that expressed
BrdU was determined from 40–50 randomly selected Ki67-
labeled cells. In addition, the percentage of BrdU-labeled cells
in the dentate gyrus that expressed Ki67 was determined from
8–40 randomly selected BrdU-labeled cells per brain. For
both analyses, optical stacks of 1-�m-thick sections were
obtained through putatively double-labeled cells. To verify
double-labeling throughout their extent, cells were examined
in orthogonal planes. Confocal images were acquired and
stacked by using Zeiss 510LSM software, cropped, adjusted
for contrast by using Adobe Photoshop 7.0, and then resized
and arranged in Canvas 8.

NeuN immunofluorescent analysis
Optical sections (1 �m thick) were scanned from the den-

tate gyrus by using the 40� objective on a confocal micro-
scope with an Argon laser and Zeiss 510LSM software. Ten
frames were obtained per rat per pretreatment condition,
while holding the scanning parameters constant. Outlines of
all NeuN-stained cell bodies in the scans were traced by using
the measurement tool in the LSM software, and the mean
intensity for each cell body was determined (0–255 grayscale).
The outline was then moved to an adjacent region void of any
NeuN-positive cell bodies, and a background optical intensity
measure was recorded. Every labeled cell was analyzed in this
manner. Signal was defined as the mean intensity value for the
cell bodies. Background was defined as the mean intensity
value for the regions containing no stained cell bodies. The
signal/noise ratio was calculated according to the following
formula: (Signal � Background)/Standard Deviation of the
Background. Fluorescent images were acquired by using the
LSM software, cropped in Adobe Photoshop 7.0, and then
resized and arranged in Canvas 8. No other digital manipula-
tions were employed.

Statistical analysis
Means � SEMs were determined for each variable (BrdU,

IdU, or CldU cell counts; signal/noise ratios; antibody pene-
tration depth). Data were subjected to either a two-tailed,
unpaired t-test or analysis of variance (one or two way) fol-
lowed by Newman-Keuls post hoc comparisons, when appro-
priate. Statistical significance was accepted at P < 0.05.

RESULTS
Commonly used BrdU antibodies are not

equivalently sensitive
Using antibodies from Vector, BD, and Roche, we com-

pared the number of newborn cells in the dentate gyrus from
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rats perfused 2 hours after BrdU injection and found large
differences across groups (F(2,15) � 75.81, P < 0.0001; Fig.
1A). BrdU antibodies from BD and Roche labeled more cells
than Vector (P < 0.001 for each post hoc comparison), with no
difference observed between BD and Roche. In a second
comparison, we extended our analysis to include three addi-
tional BrdU antibodies (Dako, Novocastra, and Accurate),
again by using a 2-hour post-BrdU survival time. For compar-
ison, we also included the BD antibody. Again, we observed
differences in the number of BrdU-labeled cells in the dentate
gyrus depending on the BrdU antibody used (F(3,20) � 6.17,

P < 0.005; Fig. 1B). Novocastra labeled the fewest number of
cells compared with the other antibodies (P < 0.05 for each
post hoc comparison), which did not differ from one another.

To address the possibility that the differences in the number
of BrdU-labeled cells is due to differential permeability of
antibodies into slide-mounted sections, we assessed whether
a high staining (BD) and a low staining (Vector) antibody
penetrate throughout the section thickness equally. For both
antibodies, labeled cells were distributed throughout the sec-
tion, with the majority of labeling (�80%) found in the center of
the �15-�m section height. There was no difference in the

Figure 1.
BrdU antibodies do not label the same number of cells in the dentate gyrus. A: BD and Roche antibodies detected significantly more
BrdU-labeled cells in the dentate gyrus with a 2-hour post-BrdU survival time compared with Vector. The number of BrdU-labeled cells did not
differ between BD and Roche. B: In a second comparison, we extended our analysis to include three other BrdU antibodies (Dako, Novocastra,
and Accurate) in addition to BD. Novocastra detected the fewest number of BrdU-labeled cells compared with all other antibodies, whereas the
remaining antibodies did not differ from each other. C: Similar results were obtained 3 weeks following BrdU administration. Vector and
Novocastra detected the fewest BrdU-labeled cells relative to all other antibodies examined, with the remaining antibodies not differing
significantly from each other. Bars represent mean � SEM. *, P < 0.05.
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minimum (t10 � 0.44, P > 0.05) or maximum (t1010 � 1.84, P >
0.05) depth of labeling penetration (Supplementary Fig. 1A).
Because there is considerable collapse when sections are
mounted on slides, dried, processed for immunohistochemi-
cal staining, counterstained, and dehydrated, it may be diffi-
cult to detect complete label penetration. Thus we performed
an additional analysis on slide-mounted sections that were
stained by using peroxidase methods and coverslipped with
glycerol/PBS. Without the counterstain and dehydration
steps, section collapse was less, with a final section thickness
of �25 �m. We again found no differences in antibody pene-
tration (minimum: t10 � 0.35, P > 0.05; maximum: t10 � 0.33,
P > 0.05) between BD and Vector antibodies (Supplementary
Fig. 1B), with the majority (�80%) of labeling evident in the
center of the section. These data suggest that variations in the
number of BrdU-labeled cells are likely due to differences in
antibody sensitivity rather than antibody permeability.

To assess whether these differences were specific to a
short post-BrdU injection survival time, we compared all six
BrdU antibodies on tissue from rats injected with BrdU and
perfused after 3 weeks. Again, we found large differences in
the number of BrdU-labeled cells in the dentate gyrus

across groups (F(5,30) � 8.01, P < 0.0001; Fig. 1C). Vector
and Novocastra labeled the fewest cells compared with all
other antibodies (P < 0.05 for each post hoc comparison).
BD, Roche, Dako, and Accurate antibodies stained more
cells in the dentate gyrus and did not differ significantly
from each other. Qualitatively, labeling intensity in the den-
tate gyrus was greatest in tissue stained with antibodies
that labeled the most cells (Fig. 2; Supplementary Fig. 2).
BrdU-labeled cells could be visualized at a total magnifica-
tion of 100� for BD, Dako, Accurate, and Roche, whereas
Vector and Novocastra required visualization using at least
400�. Staining was not observed in the dentate gyrus with
any of the antibodies on tissue from a rat that did not
receive a BrdU injection.

Similar differences were observed in the number of BrdU-
labeled cells in the SVZ across antibodies following a 2-hour
post-BrdU survival time. Vector labeled the fewest cells com-
pared with BD and Roche (F(2,15) � 6.02, P < 0.01; Supple-
mentary Fig. 3A). In a second comparison, Novocastra labeled
the fewest cells (F(3,20) � 3.43, P < 0.05; Supplementary Fig.
3B), but differed significantly only from Dako.

Figure 2.
BrdU antibodies, analogs, and pretreatments produce variable histology. A,B: BrdU-labeled cells (arrows) in the dentate gyrus from sections
stained with Vector (A) or BD (B) antibodies 3 weeks after BrdU administration. C,D, F,G: High-magnification examples of BrdU-labeled cells in
the granule cell layer (gcl) 2 hours (C,D) and 3 weeks (F,G) after BrdU administration as detected with Vector (C,F) or BD (D,G). At both the 2-hour
and 3-week time points, more BrdU-labeled cells were detected with the BD antibody. E,H: High-magnification examples of IdU- and
CldU-labeled cells in the gcl 2 hours after equimolar delivery of the analogs as detected with the BD antibody. IdU and CldU labeled fewer cells
than BrdU and could not be discriminated because of antibody cross-reactivity. I–K: Immunofluorescence double labeling of Ki67 and BrdU (I)
(J). Merged image shown in K. All BrdU-labeled cells detected with the BD antibody stained for Ki67, indicating specificity for dividing cells. L–P:
Confocal images of NeuN staining from sections pretreated with HCl alone (L), HCl � formamide (M,N),or steam heating (O,P). HCl � formamide
and steam heating pretreatments were variable in their staining patterns; some had high background (M,O) whereas others had no nuclear
staining (N,P). Scale bar � 10 �m in B (applies to A,B), H (applies to C–H), K (applies to I–K), and P (applies to L–P).
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Sensitive BrdU antibodies are specific
To rule out the possibility that BrdU antibodies that label a

high number of cells do so nonspecifically, we evaluated the
specificity of a high-staining BrdU antibody (BD). Tissue from
rats injected with BrdU followed by a 2-hour survival time was
co-labeled with Ki67. Because Ki67 is an endogenous marker
expressed during most phases of the cell cycle including
S-phase (Kee et al., 2002; Eisch and Mandyam, 2007), all
BrdU-labeled cells should co-express Ki67. However, not all
Ki67 positive cells should co-express BrdU because BrdU
only labels cells undergoing DNA synthesis. Indeed, we found
that 100% of the BrdU-labeled cells in the dentate gyrus
stained for Ki67, whereas only 47.8 � 8.1% of the Ki67-labeled
cells stained for BrdU (Fig. 2I–K). Tissue from a rat that did not
receive a BrdU injection showed Ki67, but not BrdU, labeling.
These data suggest that the high-staining BD antibody spe-
cifically labels cells that are in S-phase at the time of the BrdU
injection.

Less sensitive antibodies are not made equally
sensitive by increasing their concentration

We examined whether the less sensitive BrdU antibodies
(Vector and Novocastra) could be made more sensitive by
increasing their concentration from 1:200 to 1:100. We also
assessed whether the Dako antibody, which labels a large
number of new cells at 1:200 (Fig. 1), would label even more
cells with an increased concentration of 1:100. We found that
Dako at 1:100 did not label more cells in the dentate gyrus or
SVZ than at 1:200 (dentate gyrus: compare Fig. 3 with Fig. 1;
SVZ: compare Supplementary Fig. 4 with Supplementary Fig.
3). However, at both the 2-hour (F(2,15) � 4.72, P < 0.05; Fig.
3A) and 3-week (F(2,15) � 35.34, P < 0.0001; Fig. 3B) post-BrdU
survival times, there were differences in the number of BrdU-

labeled cells in the dentate gyrus across antibodies at the
1:100 dilution. Vector again labeled the fewest cells at both
time points (P < 0.05 for each post hoc comparison). In
contrast, increasing the concentration of the Novocastra an-
tibody amplified the number of BrdU-labeled cells at both 2
hours and 3 weeks; however, at 3 weeks, the number of cells
labeled by Novocastra did not reach the number labeled by
Dako (P < 0.001). Thus, increasing the concentration of the
less sensitive antibodies did not equivalently enhance their
sensitivity.

At the 1:100 dilution, similar differences were observed in
the SVZ across antibodies following a 2-hour post-BrdU sur-
vival time. Vector labeled the fewest cells compared with
Dako and Novocastra (F(2,15) � 9.55, P < 0.005; Supplemen-
tary Fig. 4). Increasing the concentration of the Novocastra
antibody amplified the number of BrdU-labeled cells to a
number comparable to that labeled by Dako.

Denaturation methods affect the number of
BrdU-labeled cells and staining for NeuN

To test whether methods for DNA denaturation affect the
number of BrdU-labeled cells, we stained tissue by using the
BD antibody in combination with three different pretreatment
methods: HCl alone (Cameron and McKay, 2001; Leuner et al.,
2006a), HCl � formamide (Kuhn et al., 1996), or steam heating
(Tang et al., 2007). Qualitatively, BrdU peroxidase staining
resulting from steam heating was less defined compared with
HCl alone or HCl � formamide. Quantitatively, we found that
whereas HCl alone and HCl � formamide resulted in similar
numbers of BrdU-labeled cells in the dentate gyrus, steam
heating revealed fewer labeled cells (F(2,15) � 5.08, P < 0.05;
Fig. 4A). Pretreatment methods had no effect on the density of

Figure 3.
Less sensitive BrdU antibodies are not made more sensitive by increasing their concentration. At both the 2-hour (A) and 3-week (B) survival
times, a 1:100 concentration of the Vector antibody labeled fewer cells in the dentate gyrus compared with the Dako antibody. In contrast, a
1:100 concentration of the Novocastra BrdU antibody amplified the number of BrdU-labeled cells at both 2 hours and 3 weeks. However, at 3
weeks, the number of cells labeled by Novocastra was lower than that labeled by Dako. Bars represent mean � SEM. *, P < 0.05 vs. Dako; **,
P < 0.05 vs. Dako and Vector.
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BrdU-labeled cells in the SVZ (F(2,15) � 2.04, P > 0.05; Sup-
plementary Fig. 5).

We also examined whether pretreatment methods impact
phenotypic assessment of newborn cells by calculating a
signal/noise ratio for immunofluorescence staining of the ma-
ture neuronal marker NeuN. Compared with tissue stained for
NeuN using the HCl alone protocol, the signal/noise ratio was
substantially reduced when HCl � formamide or steam heat-
ing pretreatment methods were used (F(2,15) � 8.83, P < 0.005;
Fig. 4B). Qualitatively, HCl � formamide and steam heating
were variable in their NeuN staining patterns—some sections
had high background, whereas others had no nuclear staining
(Fig. 2L–P).

The thymidine analogs IdU and CldU are neither
as sensitive nor as specific as BrdU

By using doses of IdU and CldU equivalent to a saturating
dose of BrdU (Cameron and McKay, 2001), we evaluated the
sensitivity and specificity of IdU and CldU and compared them
with that of BrdU in separate groups of rats that were injected
with these analogs and perfused after a 2-hour survival. BD
and Accurate antibodies were selected for this comparison,
because prior studies have reported that these antibodies are
specific to IdU and CldU, respectively (Vega and Peterson,
2005; Thomas et al., 2007).

Overall, BrdU-labeled cells were more abundant in the den-
tate gyrus (F(2,26) � 55.06; P < 0.0001; Fig. 5) and SVZ (F(2,26) �
25.73, P < 0.0001; Supplementary Fig. 6) than either IdU- or
CldU-labeled cells, suggesting that these thymidine analogs
are not labeling S-phase cells with equal probability. More-
over, the detection of IdU and CldU was not specific to the
antibodies we tested for the dentate gyrus (F(2,26) � 34.10, P <
0.0001) and SVZ (F(2,26) � 11.64, P< 0.0005). Although BD
detected more IdU-labeled cells than Accurate (P < 0.0001),
some IdU-labeled cells were detected with the Accurate an-
tibody. Also, although Accurate detected more CldU-labeled

cells than BD (P < 0.05), a substantial number of CldU-labeled
cells were detected with the BD antibody.

DISCUSSION
These results demonstrate that commonly used BrdU anti-

bodies do not label an equivalent number of cells. BrdU anti-
bodies from Vector and Novocastra stained fewer cells in both
the dentate gyrus and SVZ than BD, Roche, Dako, and Accu-

Figure 4.
Denaturation pretreatment methods affect the number of BrdU-labeled cells and staining for the mature neuronal marker, NeuN, in the dentate
gyrus. A: Fewer BrdU-labeled cells were detected with steam heating on tissue stained by using peroxidase methods. B: Tissue stained for
NeuN immunofluorescence using the HCl alone pretreatment had a substantially higher signal:noise ratio than tissue stained for NeuN using
either HCl � formamide or steam heating pretreatments. Bars represent mean � SEM. *, P < 0.05.

Figure 5.
The thymidine analogs IdU and CldU are not as sensitive as BrdU.
Overall, BrdU-labeled cells in the dentate gyrus were more abundant
than either IdU- or CldU-labeled cells (**, P < 0.05), suggesting that
these thymidine analogs are not labeling cells undergoing S-phase
with equal probability. Also, BrdU antibodies did not label IdU or CldU
with specificity. Although BD detected more IdU-labeled cells than
Accurate, some IdU-positive cells were found with the Accurate anti-
body. In addition, both BD and Accurate detected a substantial num-
ber of CldU-labeled cells. Bars represent mean � SEM. *, P < 0.05.
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rate antibodies. Antibody penetration was similar for a low
(Vector) and a high (BD) staining antibody, suggesting that
variations in the number of BrdU-labeled cells are likely due to
differences in antibody sensitivity rather than antibody per-
meability. The differences in the number of BrdU-labeled cells
across antibodies were not eliminated by increasing the con-
centration of the less sensitive antibodies. Moreover, a high-
staining antibody (BD) did not label nonspecifically, because
all BrdU-labeled cells expressed Ki67, an endogenous marker
of proliferating cells. Additional variability in BrdU labeling
occurred with different denaturation pretreatments: HCl alone
and HCl � formamide stained more cells in the dentate gyrus
than steam heating. Pretreatments also differentially affected
immunofluorescent staining for the mature neuronal marker,
NeuN—greater staining was observed with HCl-alone pre-
treatment. Finally, labeling with the thymidine analogs IdU and
CldU resulted in fewer stained cells compared with BrdU.
Whereas both IdU and CldU labeled a comparable number of
cells in the dentate gyrus and SVZ, each stained fewer cells
than BrdU using sensitive antibodies. Moreover, labeling with
IdU and CldU at molarities comparable to those used for
staining the maximal number of BrdU-labeled cells yielded
antibody cross-reactivity. Given that the present work utilized
peroxidase staining and brightfield microscopy, additional
work is needed to assess the extent to which these findings
apply to fluorescence methods. Nonetheless, these data sug-
gest that current methodologies for studying adult neurogen-
esis are not equally sensitive and in some cases can lack
specificity.

BrdU antibodies
Antibody selection is an important issue (Saper and

Sawchenko, 2003; Rhodes and Trimmer, 2007), which until
now has not been examined with regard to adult neurogen-
esis. In this study, differences in the number of BrdU-labeled
cells were detected in the dentate gyrus and SVZ depending
on the antibody used. Because antibody permeability did not
differ between a high (BD) and low (Vector) staining antibody,
the differences we observed are likely a result of varied anti-
body sensitivity.

Vector and Novocastra were the least sensitive and stained
the fewest cells. These antibodies, although from different
suppliers, are generated from the same clone (85-2C8). De-
spite a similar origin, Novocastra generally stained more cells
than Vector. Increasing the concentration from 1:200 to 1:100
rendered Novocastra, but not Vector, equivalently sensitive to
the high-staining antibodies at the 2-hour post-BrdU survival
time. At the 3-week survival time, Novocastra stained more
cells than Vector at the 1:100 concentration; however, Novo-
castra still labeled fewer cells than the more sensitive BrdU
antibodies. One possible explanation for staining differences
between the 2-hour and 3-week survival times for Novocastra
at 1:100 is that after a 2-hour survival, BrdU-labeled cells are
easier to detect because cells that incorporated BrdU have
not divided and thus diluted the label.

DNA denaturation pretreatments
BrdU antibodies recognize BrdU in single-stranded DNA

(Gratzner, 1982; Vanderlaan and Thomas, 1985), thus neces-
sitating denaturation pretreatments before primary antibody
incubation. To investigate whether pretreatments alter the
number of BrdU-labeled cells, we compared three BrdU stain-

ing protocols. Two used HCl for denaturation (Cameron and
McKay, 2001), but one also included high-temperature incu-
bation in the solvent formamide (Kuhn et al., 1996). The third
protocol used steam heating for denaturation (Tang et al.,
2007). By using a sensitive and specific BrdU antibody (BD),
we found that protocols using HCl yielded the highest number
of BrdU-labeled cells in the dentate gyrus. Thus, combined
use of less sensitive antibodies and suboptimal pretreatments
would likely further degrade staining procedures, altering data
qualitatively and quantitatively.

In addition to differences in staining, cell counting methods
are also critical (Saper, 1996) and may influence the number of
BrdU-labeled cells reported. Here, we used a modified optical
fractionator method that is common in studies of adult neu-
rogenesis (Cameron and McKay, 2001; Drapeau et al., 2003;
Malberg et al., 2003; Ngwenya et al., 2005; Siwak-Tapp et al.,
2007). Although some have argued that such modified stereo-
logical methods simply count profiles (Coggeshall and Lekan,
1996), it remains to be tested whether modified and strict
stereological approaches produce similar outcomes. One way
in which these different counting methods may yield incon-
sistent results in the numbers of BrdU-labeled cells is under
conditions such as harsh pretreatments, which lead to differ-
ential cell loss from the surface of the tissue section (i.e., lost
caps). However, this explanation is unlikely to account for the
data presented here because we avoided counting cells in the
outermost focal plane where lost caps are likely to be located.

In contrast to the dentate gyrus, the number of labeled cells
in the SVZ was unaffected by different pretreatments. This
regional difference in sensitivity may be related to variations in
BrdU availability for uptake. Because of its location in the
ventricles, as opposed to in the parenchyma, proliferating
cells in the SVZ may have greater access to BrdU than those
in the dentate gyrus. Even with histological procedures that
reduce staining intensity, cells heavily labeled with BrdU are
likely to remain detectable in the SVZ. However, these findings
should not be used as evidence that multiple BrdU injections
be employed to label cells heavily throughout the brain. The
choice of injection protocol must be thoughtfully considered
within the context of the questions addressed in a particular
experiment (Christie and Cameron, 2006).

Pretreatments also affected NeuN immunofluorescent
staining in the dentate gyrus. The signal/noise ratio of NeuN
staining was highest for HCl alone and was substantially re-
duced with the other methods, suggesting that the assess-
ment of a new cell phenotype is sensitive to pretreatment
methods. It is likely, however, that methods diminishing NeuN
staining reduce the probability that cells containing relatively
less NeuN (i.e., immature cells) will be detectable. The extent
to which this variable contributes to inconsistencies in reports
of adult neurogenesis in regions outside of the dentate gyrus
and SVZ remains unknown (Gould, 2007), but it may be rele-
vant that many negative reports used the HCl � formamide
method (Kornack and Rakic, 2001; Ehninger et al., 2003;
Bhardwaj et al., 2006).

IdU and CldU as alternatives to BrdU
The thymidine analogs IdU and CldU have an advantage

over BrdU labeling alone; both can be injected into the same
animal, so cells produced at different time points can be
simultaneously assessed (Vega and Peterson, 2005; Thomas
et al., 2007; Dupret et al., 2007). For this technique to produce
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interpretable results, antibodies for one analog must not
cross-react with the other. Previous work identified antibodies
that recognize IdU or CldU exclusively (Burns and Kuan, 2005;
Vega and Peterson, 2005). However, these studies did not use
IdU and CldU at molarities comparable to those of BrdU,
which labels the maximal number of cells (i.e., 200–300 mg/
kg; Cameron and McKay, 2001). We demonstrate that when
doses of IdU and CldU are increased to an equivalently satu-
rating dose of BrdU, detection specificity is lost, resulting in
antibody cross-reactivity. Another difficulty with this ap-
proach is that IdU and CldU are less soluble than BrdU,
necessitating larger injection volumes. This problem is most
evident with IdU, which required a concentration of 6 mg/ml to
achieve solubility. Large injection volumes are stressful, mak-
ing this an unsuitable treatment for adult neurogenesis studies
(Mirescu and Gould, 2006).

At doses similar to those of a saturating BrdU dose, neither
IdU nor CldU labeled as many cells in the dentate gyrus or SVZ
as labeled by BrdU. It is unlikely that these differences are due
to a stimulatory effect of BrdU itself on cell proliferation be-
cause the numbers of Ki67-labeled cells in the dentate gyrus
are similar in BrdU-injected and noninjected animals, even
when saturating doses of BrdU are used (Kee et al., 2002;
Hancock et al., 2009). Instead, the data presented here sug-
gest that studies using IdU and CldU (even at high doses)
underestimate the number of newborn cells. This effect is
likely due to differences in the sensitivity of the analogs them-
selves, but could also be related to the sensitivity of the
antibodies used to detect them.

Prior work examining lower doses of BrdU, IdU, and CldU
found similar numbers of labeled cells in the SVZ across
markers using fluorescence methods (Bauer and Patterson,
2005). It is possible that at high doses, like those used here,
IdU and CldU are not completely available for uptake by cells
in S-phase, either because they remain somewhat insoluble or
have saturated uptake mechanisms. Making relative compar-
isons may require lower doses to prevent cross-reactivity,
which can also be eliminated by using BrdU antibodies at
greater dilutions. Indeed, a study using lower doses of IdU
and CldU, as well as less concentrated BrdU antibodies, re-
ported no such cross-reactivity (Vega and Peterson, 2005).
Future studies should include controls injected with a single
analog to examine nonspecific staining with BrdU antibodies
and should assess whether each analog labels similar num-
bers of cells given identical experimental conditions.

Potential contribution of histology to variability
in adult neurogenesis studies

Adult neurogenesis in the dentate gyrus was first reported
in the 1960s but was not accepted for decades. Earlier evi-
dence may have been discounted because it was reported to
be a quantitatively minor process (Gross, 2000). The original
studies used 3H-thymidine autoradiography on relatively thick
tissue sections (Altman and Das 1965, 1966, 1967), a method
that underestimates the number of labeled cells (Gross, 2000).
The application of BrdU labeling provided further evidence
that new cells in the dentate gyrus were neurons and that
adult neurogenesis is robust, supporting the idea that the
production of new neurons in the adult brain may be function-
ally relevant (Cameron and McKay, 2001).

The present report suggests that commonly used BrdU
methods likely underestimate the number of new neurons,

and furthermore emphasizes the need to standardize BrdU
labeling procedures. It also raises the question of whether
studies that use less sensitive antibodies, thymidine analogs,
or suboptimal pretreatments remain useful when making rel-
ative comparisons across groups. Because histological pro-
cedures are usually standardized across studies within a lab-
oratory and similarly applied among groups within an
experiment, it is likely that degradation of staining would
affect all groups equally. However, it is theoretically possible
that a population of cells containing only a small amount of
BrdU exists in a certain experimental group, perhaps because
the manipulation slows entry into S-phase or enhances the
survival of cells that underwent multiple divisions after label-
ing. In these instances, the most sensitive conditions may be
necessary to stain this lightly labeled population and thus
detect group differences. Although such scenarios may be
uncommon, they are perhaps relevant when studies of similar
design but varying histological methods produce inconsistent
results. It is noteworthy that in many instances, relative group
differences are preserved across a range of antibodies. For
example, different BrdU antibodies have been used to dem-
onstrate enhancements in adult neurogenesis following learn-
ing (Leuner et al., 2006a; Epp et al., 2007) and physical activity
(Stranahan et al., 2006; Pereira et al., 2007), as well as stress-
induced decrements in cell proliferation (Malberg et al., 2003;
Mirescu et al., 2004). Yet, conflicting reports exist regarding
the regulation of adult neurogenesis by these factors (Leuner
et al., 2006b; Mirescu and Gould, 2006; Thomas et al., 2007).
Although some differences are likely due to variables includ-
ing BrdU dose and regimen, cell counting methods, animal
age, strain, species, and sex, as well as duration and specifics
of the experimental manipulation (Mitra et al., 2006; Mohapel
et al., 2006; Engesser-Cesar et al., 2007), the possibility that
differences in histological procedures play some role should
be considered.
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