Corrections

MEDICAL SCIENCES. For the article ‘‘Linkage disequilibrium
in human populations,’’ by Christine Lonjou, Weihua Zhang,
Andrew Collins, William J. Tapper, Eiram Elahi, Nikolas
Maniatis, and Newton E. Morton, which appeared in issue 10,
May 13, 2003, of Proc. Natl. Acad. Sci. USA (100, 6069–6074;

First Published April 29, 2003; 10.1073兾pnas.1031521100), due
to a printer’s error, the last three column headings in Table 5
incorrectly contained dashes in ‘‘European-Asian,’’ ‘‘AfricanAmerican-Yoruban,’’ and ‘‘African-Eurasian’’ instead of the
necessary minus signs. The corrected table appears below.

Table 5. Weighted difference estimates ⴞ standard errors: Samples with cosmopolitan maps
Estimated
 estimated
, M estimated
, M estimated

Parameter

European ⫺ Asian

African-American
⫺ Yoruban

African ⫺ Eurasian



⫺ln M

0.001 ⫾ 0.043
0.005 ⫾ 0.048
⫺0.002 ⫾ 0.006

0.162 ⫾ 0.053
0.110 ⫾ 0.052
0.026 ⫾ 0.011

0.638 ⫾ 0.046
0.418 ⫾ 0.052
0.130 ⫾ 0.013

www.pnas.org兾cgi兾doi兾10.1073兾pnas.1432848100

MEDICAL SCIENCES. For the article ‘‘Normal viability and altered

pharmacokinetics in mice lacking mdr1-type (drug-transporting)
P-glycoproteins,’’ by Alfred H. Schinkel, Ulrich Mayer, Els
Wagenaar, Carla A. A. M. Mol, Liesbeth van Deemter, Jaap
J. M. Smit, Martin A. van der Valk, Arie C. Voordouw, Hergen
Spits, Olaf van Tellingen, J. Mark J. M. Zijlmans, Willem E.
Fibbe, and Piet Borst, which appeared in issue 8, April 15, 1997,
of Proc. Natl. Acad. Sci. USA (94, 4028–4033), the authors note
the following correction. Fig. 1, and the first few lines of the
Materials and Methods and Results sections, indicate that during
gene disruption, exons 3 and 4 of the Mdr1b gene were deleted.
However, there is an error in the map of the Mdr1b gene: exon
3 is positioned upstream (not downstream) of the first indicated
NcoI site. As a consequence, only exon 4 of Mdr1b was deleted,
and not exons 3 and 4. For the validity of the Mdr1b and
Mdr1a兾1b knockout mouse strains, this error has no consequences: deletion of exon 4 alone still results in a frameshift and
still removes the first transmembrane segment plus some flanking sequences in Mdr1b. The absence of Mdr1b at the protein
and functional level in the knockout mice also remains well
documented. This correction, therefore, does not affect the
conclusions of the paper.

NEUROSCIENCE. For the article ‘‘Transplanted bone marrow generates new neurons in human brains,’’ by Éva Mezey, Sharon
Key, Georgia Vogelsang, Ildiko Szalayova, G. David Lange, and
Barbara Crain, which appeared in issue 3, February 4, 2003, of
Proc. Natl. Acad. Sci. USA (100, 1364–1369; First Published
January 21, 2003; 10.1073兾pnas.0336479100), the lettering in the
Fig. 2 legend is incorrect. The corrected legend should read:
‘‘Fig. 2. Neuronal markers colocalize with the Y chromosome.
Fluorescent microscopic images of neocortex from patients 2
(B, D, and F) and 3 (C) and hippocampus from patients 1 (A)
and 3 (E). The green color represents the immunostaining for
neuronal markers Kv2.1 (A–D) and NeuN (E and F), and the red
color represents the Y chromosome. All cell nuclei are stained
with 4⬘,6-diamidino-2-phenylindole, a blue fluorescent chromosomal marker. All images are overlays of the images seen
through the three separate filters. Arrows point to cells that are
labeled with neuronal markers and are also Y chromosomepositive. In the Kv2.1 immunostaining, the initial axons of some
neurons can also be visualized. (Scale bars ⫽ 10 m.)’’
www.pnas.org兾cgi兾doi兾10.1073兾pnas.1332662100
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CORRECTIONS

BIOCHEMISTRY. For the article ‘‘Crystal structure of a photoactive
yellow protein from a sensor histidine kinase: Conformational
variability and signal transduction,’’ by Sudarshan Rajagopal
and Keith Moffat, which appeared in issue 4, February 18, 2003,
of Proc. Natl. Acad. Sci. USA (100, 1649–1654; First Published
January 31, 2003; 10.1073兾pnas.0336353100), the authors note
that part of Fig. 1B was incorrectly labeled as a  helix. It should
have been labeled as a 3–10 helix. This correction does not affect
the conclusions of the article. The corrected figure and its legend
appear below.

Fig. 1. Crystal structure of Ppr-PYP. (A) A simulated annealing composite
omit map at 2.0 level of the ␤1–␤2 turn of chain B. (B) Chain B of Ppr-PYP with
secondary structure labeled according to ref. 20.
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Adult bone marrow stem cells seem to differentiate into muscle,
skin, liver, lung, and neuronal cells in rodents and have been shown
to regenerate myocardium, hepatocytes, and skin and gastrointestinal epithelium in humans. Because we have demonstrated
previously that transplanted bone marrow cells can enter the brain
of mice and differentiate into neurons there, we decided to
examine postmortem brain samples from females who had received bone marrow transplants from male donors. The underlying
diseases of the patients were lymphocytic leukemia and genetic
deficiency of the immune system, and they survived between 1 and
9 months after transplant. We used a combination of immunocytochemistry (utilizing neuron-specific antibodies) and fluorescent
in situ hybridization histochemistry to search for Y chromosomepositive cells. In all four patients studied we found cells containing
Y chromosomes in several brain regions. Most of them were
nonneuronal (endothelial cells and cells in the white matter), but
neurons were certainly labeled, especially in the hippocampus and
cerebral cortex. The youngest patient (2 years old), who also lived
the longest time after transplantation, had the greatest number of
donor-derived neurons (7 in 10,000). The distribution of the labeled
cells was not homogeneous. There were clusters of Y-positive cells,
suggesting that single progenitor cells underwent clonal expansion
and differentiation. We conclude that adult human bone marrow cells
can enter the brain and generate neurons just as rodent cells do.
Perhaps this phenomenon could be exploited to prevent the development or progression of neurodegenerative diseases or to repair
tissue damaged by infarction or trauma.

N

eurogenesis used to be thought to be completed during
embryonic life in rodents as well as humans. During the last
decade, however, numerous studies have suggested that neurogenesis continues in adult animals and humans, at least to a
certain extent in a few privileged areas of the brain (1–4). Most
of these studies have focused on endogenous neural progenitor
cells (neural stem cells) localized in the subventricular zone of
the lateral ventricle and in the dentate gyrus in the hippocampus
in rodents (4). In the monkeys these cells are present in the
hippocampus and neocortex (5, 6). Likewise, Eriksson et al. (7)
found that new neurons are generated continuously in the
human dentate gyrus throughout life.
It is also conceivable that stem cells from other sources might
enter the brain and form neurons there. Uchida et al. (8) isolated
CNS stem cells from human fetal tissue and transplanted them
into the brains of mice, where they subsequently proliferated and
differentiated into neuronal cells. One source of such cells in the
brain could be the bone marrow. Adult bone marrow stem cells
seem able to differentiate into muscle, skin, liver, lung, and
neural cells in rodents (9–18). Furthermore, transplanted bone
marrow cells in humans have also been shown to form myocardial cells (19, 20), hepatocytes (21, 22), and epithelium of the
skin and gastrointestinal tract (20). Because we have demonstrated previously that transplanted bone marrow cells migrate
into the brains of mice and give rise to neurons there (15), we
hypothesized that the same thing might occur in the human CNS
after bone marrow transplantation. We tested this hypothesis by
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looking for Y chromosome-positive neuron-like cells in postmortem brain samples from females who had received bone
marrow transplants from male donors.
Methods
Four female patients who had had bone marrow transplants from
male donors were selected from the autopsy files of The Johns
Hopkins Hospital. Patient 1 had Omenn’s syndrome, was transplanted at 9 months of age, and died 10 months later. Patient 2
had Hodgkin’s disease and was transplanted at 34 years of age.
Patient 3 had acute lymphocytic leukemia and was transplanted
at 10 years of age. Patient 4 had acute lymphocytic leukemia and
was transplanted at 20 years of age. Patients 2–4 died within ⬇2
months of receiving their transplants.
Formalin-fixed, paraffin-embedded sections (6 m) from the
following brain areas were examined in each case: neocortex,
striatum including the lateral ventricular wall, hippocampus with
adjacent mesial temporal lobe structures, and cerebellum. Sections from three nontransplanted female patients were used as
negative controls for Y-chromosomal staining. Sections from
four male patients were used as positive controls. One tissue
sample each from a male and a control female brain were
reembedded together into one paraffin block and serially sectioned at a thickness of 6 m; sections from this block were used
as controls in all experimental series.
After deparaffinization in Citrisolv (Fisher Scientific) the
sections were rehydrated, and heat-induced antigen retrieval was
performed in a histology microwave oven by using a citrate
buffer (Citra-plus, Innogenex, San Ramon, CA) for 5 min at 600
W. Next, immunostaining was performed by using primary
antibodies that were detected by the Sternberger peroxidase
antiperoxidase (PAP) method (23) followed by either biotinylated tyramide (for Kv2.1) or FITC-tyramide plus [(for neuronal nuclear antigen (NeuN)] (Perkin–Elmer). The primary antibodies used were directed against two neuronal proteins: NeuN
(24), a neuron-specific nuclear protein, and Kv2.1, a neuronspecific voltage-gated potassium channel antibody (25, 26).
Kv2.1 was recognized as a neuron-specific potassium channel
that was first described in the principal neurons of the hippocampus and cortex and later shown to be present in the vast majority
of interneurons as well (26). The NeuN antibody was a mouse
monoclonal (used at 1:1,000) (Chemicon), and the Kv2.1 antibody was a rabbit polyclonal (used at 1:500, Alomone, Jerusalem). After immunostaining, the in situ hybridization was carried
out as described (15) by using a digoxigenin-labeled riboprobe
complementary to the satellite region of the human Y chromosome. We prepared the template from which we made probe
from human genomic DNA by using primers that amplified a
1.3-kb-long DNA of the human Y chromosome. The probe was
visualized by using peroxidase-conjugated antidigoxigenin antibody (Roche, Indianapolis) followed by a tyramide-CY3 fluoThis paper was submitted directly (Track II) to the PNAS office.
Abbreviations: NeuN, neuronal nuclear antigen; Kv2.1, neuron-specific potassium channel.
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rochrome plus (Perkin–Elmer) amplification. At the end, all
sections were stained with a 1% Sudan-black solution to mask
lipofuscin-induced autofluorescence, which is a common problem when working with human brain tissue (27). All sections
were stained with 4⬘,6-diamidino-2-phenylindole (DAPI,
Sigma), a chromosomal stain to label nuclei, and mounted with
80% glycerol兾20% Tris. A separate series of sections was
hybridized by using a radiolabeled Y chromosome probe, which
is easily visualized at low magnification. This enabled us to count
Y-positive cells and examine their overall distribution. All
sections were viewed with conventional Leitz and confocal Zeiss
microscopes.
In addition to the nontransplanted male and female brains, to
make sure of the specificity of the techniques we ran as controls
immunostaining with amplification without primary and兾or
without the secondary antibodies.
Analysis of the distribution of Y chromosome-positive cells
was done as follows. The Y chromosome probe was radiolabeled
with [35S]UTP and hybridized to brain sections. After emulsion
coating and autoradiographic development of the sections, the
Y-positive nuclei were counted at low magnification (⫻10). The
counts in individual 1.2-mm2 microsquares (visual field) of a grid
that covered the entire section were determined. The mean and
Mezey et al.

variance of the counts and the variance-to-mean ratio were
calculated. In a random (Poisson) distribution, the variance-tomean ratio is 1. Therefore, the nearness to 1 of this ratio is a
measure of the randomness of the distribution (28).
Results
In the control male brain sections we detected the Y chromosome with both the fluorescent and autoradiographic techniques
in ⬎90% of the nuclei, whereas no labeling was observed in the
brain sections of female patients who have not received transplants. In each of the transplanted patients examined we readily
detected Y-positive cells by means of autoradiography. In all
patients using conventional fluorescent microscopy we observed
double-labeled cells that were positive for both the Y chromosome and one of the neuronal markers as shown in an example
in Fig. 1. Most of the cells that were double-labeled with the Y
chromosome and the neuronal markers were detected in the
hippocampus and the neocortex of patients (Fig. 2). The antibody that binds to Kv2.1 gave a very convincing staining of
neuronal somata and dendrites in all cortical areas and in the
hippocampus (as described in the literature; see ref. 26), and also
a few axons seemed to show a patchy immunostaining after signal
amplification.
PNAS 兩 February 4, 2003 兩 vol. 100 兩 no. 3 兩 1365
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Fig. 1. (A) A 6-m-thin section from somatosensory cortex of patient 2 demonstrates the presence of the Y chromosome depicted as red dots and viewed
through a rhodamine filter. The same field as in A is shown when viewed through the FITC filter to demonstrate the immunostaining for the neuronal marker
NeuN in green (B), and the UV filter shows all cell nuclei in blue after staining with 4⬘,6-diamidino-2-phenylindole, a chromosomal stain (C). (D) The overlay of
the three filters, where arrows point to cells that carry all markers, indicating that they derived from the donor bone marrow (Y chromosome-positive) and bear
the specific neuronal marker NeuN. Arrowheads point at nonneuronal donor-derived cells. (Scale bars, 10 m.)

Fig. 2. Neuronal markers colocalized with the Y chromosome. Fluorescent microscopic images of neocortex from patients 2 (A–C) and 1 (E) and hippocampus
from patients 1 (D) and 3 (F) are shown. The green color represents the immunostaining for neuronal markers Kv2.1 (A–D) and NeuN (E and F), and the Y
chromosome is represented by the red fluorescent dots. All cell nuclei are stained with 4⬘,6-diamidino-2-phenylindole, a chromosomal marker that shows up as
blue fluorescence. All images are overlays of the images seen through the three separate filters to show all colors. Arrows point to cells that are labeled with
neuronal markers and are also Y chromosome-positive. In the Kv2.1 immunostaining the initial axons of some neurons can also be visualized. (Scale bars, 10 m.)

Confocal z series confirmed the presence of Y chromosomes
in the nuclei of the same cells that were immunopositive for the
neuronal markers. Examples from two patients are shown in Fig.
3. In the patient with the greatest number of double-labeled cells
(patient 1), the distribution of the Y-positive cells suggested that
clonal expansion had occurred: We detected no labeled cells in
many visual fields but typically saw clusters of positive cells when
such cells were detected. This pattern was easier to recognize in
the autoradiographic sections, which could be examined at low
magnification. In several clusters, the Y-positive cells were both
neuronal and nonneuronal. In the cortex, based on morphology
and location, the Y-positive neurons were small pyramidal cells,
whereas in the hippocampus the Y-positive cells seemed to be
granule cells. We also saw Y-positive cells in the white matter,
some of which looked like oligodendrocytes based on the shape,
size, and arrangement of their nuclei. We saw many Y-positive
cells inside vessels (in cross section) and also some Y-positive
endothelial cells in the vascular wall.
We counted all the Y chromosome-positive cells in two entire
sections of striatum兾cortex and hippocampus兾cortex blocks
from two patients, analyzing 281 and 247 microscopic fields from
patients 1 and 3, respectively (Table 1). In patient 1 we found 519
Y-positive cell nuclei among 182,000 nuclei (stained with
1366 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0336479100

ethidium bromide), and in patient 3 we found 1,842 Y-positive
nuclei among 196,700. In the same sections we found 19 and 5
Y chromosome-containing nuclei, respectively, that also colocalized with neuronal antigens. Based on these observations and
conservatively assuming that 25% of all nuclei in the human
brain are neurons [this number in the cortex of primates varies
between 27% and 60% (29, 30)], one in every 2,000–4,000
neurons might derive from the bone marrow.
When we evaluated the distribution of Y chromosomepositive cells in patients 1 and 3 we found that it was not random.
The variance-to-mean ratios of all counts in microsquares overlaying the sections studied were calculated to be 10.2 (patient 1)
and 4.7 (patient 3).
Discussion
Several studies have shown that there is neurogenesis in the adult
brain, even though it may be limited. Cells with neuron-specific
markers can be formed by neural stem cells in vivo (1, 3, 31) as
well as by bone marrow cells in vitro (32, 33) and in vivo (9, 15).
Recently, Priller et al. (34) published a picture of a well differentiated, enhanced GFP-positive Purkinje cell in the cerebellum
of a mouse transplanted with enhanced GFP-tagged bone marrow from a second animal. Along with earlier studies, this finding
Mezey et al.
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Fig. 3. Two confocal z series are shown. (A–D) Optical sections (1-m-thin) of a neocortical neuron from patient 2. (E–F) Optical 1-m-thin slices of a
hippocampal granule cell from patient 1. Both cells are immunostained with the neuronal marker Kv2.1 (green); the Y chromosome is red (CY3-plus), and
the nucleus is blue (4⬘,6-diamidino-2-phenylindole). The arrowheads point to the double-labeled cells. Note that the cell nucleus and the Y chromosome
are consistently in the same plane.

was a significant step toward showing that fully functional
neurons can be generated from bone marrow cells. Based on our
present study, we have no way of knowing which population of
bone marrow cells entered the CNS and differentiated into cells
expressing neuronal morphology and neuronal markers. Mesenchymal stem cells have been shown to differentiate into many
different cell lineages (35). All of our patients received total
bone marrow transplants containing both hematopoietic and
mesenchymal stem cells.

Recently, two studies (36, 37) suggested the possibility that
Y-positive cells of bone marrow origin might simply fuse with
embryonic stem cells instead of transdifferentiating into cells
characteristic of various tissues. Although this idea is interesting, no data support its relevance in vivo (see ref. 38). In
fact, the fusion process is very inefficient in vitro: 1 in a million,
which is a figure much lower than the number of doublelabeled cells that we see in the brain. Recently, Castro et al.
(39) failed to detect blue cells in the brains of lethally

Table 1. Number of Y chromosome-positive (Yⴙ) cells in two patient samples
Patient
1
3
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No. of visual fields
(1 field ⫽ 0.94 mm2)

No. of
Y⫹ nuclei

No. of
all nuclei

No. of Y⫹ nuclei
in cells with neuronal markers

281
247

519
1,842

182,000
196,700

19
5
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neurons) were from patient 1, the youngest studied, who had
her transplant in infancy and also had the longest posttransplant survival time. All the other patients lived only weeks
after the transplant, and there was no significant difference in
the number of donor-positive cells in their brains.
It should also be noted that among the Y-positive cells,
neurons were consistently in the minority. Based on their
nuclear morphology, size, and location, we feel that the
nonneuronal cells bearing the Y chromosome were a mixture
of oligodendrocytes, astrocytes, and possibly microglia. We
also detected endothelial, meningeal, and ependymal cells that
were Y-positive. Finally, many circulating white blood cells
within the vascular lumen were also Y-positive, as one would
expect.
Our analysis showed that the distribution of Y-positive cells
within the brain is not random. Instead, the cells appeared in
clusters, a spatial distribution that suggests nondifferentiated
cells may enter an area and then further propagate there. In
these areas we see different kinds of Y-positive cells (neuronal
and nonneuronal). One possibility is that one undifferentiated
cell migrates into an ‘‘area of need’’ and then goes through
asymmetrical divisions to produce different lineages of cells.
Another possibility is that many progenitor cells are ‘‘called in,’’
and they differentiate into different lineages of cells. Whichever
is the case, we speculate that areas in need of new cells (because
of physiological turnover or pathological loss of cells) may be
able to signal to potential stem cells to coax them into the region,
and then clonal expansion occurs to help restore the number of
cells to normal. Therefore, it will be very important to try to find
the factors responsible for inducing stem cells to migrate into
lesioned or sick areas of the brain. Discovering these factors
could aid the attempt to use bone marrow cells to repair the
brain.

irradiated mice that received bone marrow from Rosa26 mice
with a ␤-galactosidase-containing transgene. The use of protein products of transgenes as markers to follow graft fate is
plagued with problems, but to date these may not have been
emphasized enough. It is practically impossible to achieve
ubiquitous transgene expression. Transgenes, including those
driven by the Rosa26 promoter, suffer from instability in
several tissues. Furthermore, to detect low levels of lacZ is
difficult, and the detection is sensitive to fixation and staining
conditions (40). Because one would have expected to see at
least labeled microglia in the brain, one must assume that the
results reported were due to technical problems.
In the present cases it is difficult to make general statements
about the extent of CNS colonization or to conclude whether
cells enter the brain continuously or just at the time of the
transplant. All of our patients received irradiation to eliminate
the underlying disease. We do not know how much effect the
irradiation might have on the migration of circulating cells into
the brain by either injuring the blood– brain barrier and兾or
releasing possible recruiting factors due to the injury caused by
the radiation. It is known, however, that circulating blood cells
are able to enter the brain parenchyma freely in healthy
subjects (41). We studied a limited number of patients with
different diseases, ages, survival times after transplant, and
treatments of postmortem tissue. Because of the technical
difficulties of double-labeling cells in paraffin-embedded postmortem tissue and the fact that we had to reduce the sensitivity
of the method to eliminate background, we believe that our
numbers are in fact lower that the real number of differentiating cells in vivo. Although we found donor (i.e., Y chromosome-positive) cells exhibiting two specific neuronal markers
(NeuN and Kv2.1) in the hippocampus and neocortex in all
three of the patients with technically satisfactory samples, the
numbers of double-labeled cells were much lower than those
reported in rodents (9, 15). We found 2–5 Y-positive neurons
per 10,000 human neurons vs. 50 per 10,000 rodent neurons.
Whether this is a species difference is unclear. The sections
with the highest number of newly formed neurons (7 per 10,000

We thank Ted Usdin for help in preparing the human Y chromosome
probe; Carolyn Smith for help in confocal microscopy; and Michael
Brownstein and Harold Gainer for helpful suggestions and for editing the
manuscript.
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