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TABLE 2. Methods for pretreatment and incubation with antibodies
Combinations of antibodies
B-catenin N-cadherin
Procedures " PSA Ki67 BrdU B-catenin Ki67 PSA PSA GFP KI67 PSA
primary antibodies 1* mouse IgG anti-Ki67 mouse IgG anti-Ki67 rabbit IgG anti-B-catenin mouse IgG anti-Ki67
1-3 overnight, 4°C rabbit IgG anti-B-catenin mouse IgG anti-N-cadherin
1
Pretreatment 1* 100% Methanol 100% Methanol 100% Methanol 100% Methanol
1
primary antibodies 2* mouse IgM anti-PSA mouse IgM anti-PSA mouse IgM anti-PSA mouse IgM anti-PSA
rabbit IgG anti-GFP

1-3 overnight, 4°C
!

secondary antibodies 1 + 2*
1-2 hrs, r.t.***

1

anti-mouse IgG + cy3**
anti-mouse IgM + Cy2

Pretreatment 2* 2N HCI
30 min, r.t.%%*
primary antibodies 3* rat IgG anti-BrdU

1-2 overnigt, 4°C

i

secondary antibodies 3*
1-2 hrs, r.t.**

anti-rat IgG + Cy5

anti-mouse IgG + Cy3**
anti-mouse IgM + Cy5
anti-rabbit IgG + FITC

anti-mouse IgG + Cy3**
anti-mouse IgM + Cy5
anti-rabbit IgG + FITC

anti-mouse IgG + Cy3**
anti-mouse IgM + Cy5
anti-rabbit IgG + FITC

The Immunchistochemical methods without pretreatments are discribed in the Materials and Methods.
*Each step was followed by washing with PBS or PBS-T. 10 min X 3 In case of incubation with HCI, Borate buffer was used for the first washing.

**anti-mouse IgG [y]
***r.t.; at room temperature

Immunohistochemistry

The primary and secondary antibodies were diluted with
PBS or 0.1% Triton X-100 in PBS (PBS-T) containing 0.1%
BSA. In triple staining without pretreatment (GFAP/Ki67/
Hu, S1008/Ki67/Hu, MASH-V/Ki67/Hu, GFAP/MASH-1/Hu,
GFP/Hwki67, GFP/Hu/GFAP), free-floating vibratome
sections were incubated with a mixture of primary anti-
bodies at 4°C for 1-3 nights and then with a mixture of
secondary antibodies at room temperature for 1-2 hours.
Each step was followed by washing with PBS or PBS-T.

For immunostaining using anti-PSA the vibratome sec-
tions were pretreated with 100% methanol for 30 minutes
to enhance the penetration of IgM antibody into neural
tissues. In the case of immunostaining using anti-PSA and
anti-Ki67, the sections were first incubated with mouse
IgG monoclonal anti-Ki67 and then pretreated with 100%
methanol for 30 minutes, because the methanol pretreat-
ment caused artifacts in Ki67 immunostaining. For BrdU
immunostaining the sections were pretreated with 2N-
HCI at 37°C for 30 minutes to denature the DNA and then
neutralized with Borate buffer (pH 8.5) at room tempera-
ture for 10 minutes. The sections were incubated with a
primary antibody or a mixture of primary antibodies for
12-72 hours at 4°C and then with a secondary antibody or
a mixture of secondary antibodies for 1-2 hours at room
temperature. The detailed pretreatment and incubation
with antibodies for each staining are shown in Table 2.

Finally, the sections were mounted on glass slides with
a solution of 30% ethylene glycol and 25% glycerin in 0.1
M PB. The sections were examined with a Zeiss confocal
laser scanning microscope 510 or 510 META with 20X,
40X, 64X objectives and, in some cases, fluorescence im-
ages were digitally zoomed 1.2X to 2X. Stacks of optical
sections (0.9 and 1.8 um in thickness) were obtained at
0.45- and 0.9-um increments on the z-axis, respectively.
The images were corrected for brightness and contrast
and composed using the Zeiss LSM Image Browser and
Adobe Photoshop 5.5 (San Jose, CA).

Slice culture preparation

Postnatal day 5 (P5) rats were injected stereotactically
with 0.5 pL of our modified retrovirus vector, GCDNsap-
EGFP retrovirus (posterior, 1.2 mm from bregma; lateral,
2.1 mm; ventral, 2 mm), as described previously (Suzuki et
al., 2002; Namba et al., 2005). Three days after the retro-
viral injection (P8) the rats were deeply anesthetized with
diethyl ether. Hippocampal slices at a thickness of 350 pm
were prepared by the standard method (Stoppini et al.,
1991; Sakaguchi et al., 1997). The hippocampal slices were
transferred onto a collagen-coated glass bottom dish (35
mm in diameter, WillCo Wells, The Netherlands). Ninety
pL: of a mixture of 50% MEM (Invitrogen), 25% heat
inactivated horse serum (Invitrogen), and 25% Hank’s
balanced salt solution (Invitrogen) supplemented with
penicillin-streptomycin-glutamine (Invitrogen) and glu-
cose at a final concentration of 6.5 mg/ml was added to
the well of the glass-bottom dish (22 mm well diameter).

Time-lapse confocal imaging

Time-lapse recording was performed manually using an
inverted confocal laser-scanning microscope (LSM510
META; Zeiss, Germany) and minimal laser excitation
(typically 1% of an Argon 488 laser) to prevent photodam-
age and photobleaching. To follow the movements of the
labeled cells, stacks of images were collected in the z-plane
every 2 hours using a 20X objective. Between the time-
points the slices were kept in a water-jacketed incubator
at 37°C and 5% CO,. Time-lapse sequences were arranged
using Photoshop (Adobe Systems).

Cell counting and statistical analysis

To calculate the proportions of cell phenotypes of BrdU,
Ki67 and GFP-labeled cells, confocal z-stack images were
analyzed. We used 3-7 animals per group and counted
5-12 sections per animal. The chi-square test was used for
statistical analysis. '
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RESULTS
BrdU experiments

In the initial experiments we examined 2-month-old
rats, which are generally used in experiments on adult
neurogenesis. As described previously (Seki, 2002), the
" SGZ of the young adult rats contained many PSA+ cells.
Radially or tangentially oriented processes extended from
the PSA+ cells and formed a continuous plexus consisting
of their cell bodies and tangential processes along the
border between the hilus and GCL (Fig. 1A). Most Ki67+
cells formed clusters in the same region. When rats were
fixed 3 days after the BrdU injection, most BrdU+ cells
were found in the subgranular zone and innermost part of
the GCL. Although BrdU+ cells were frequently located in
clusters of Ki67+ cells, they were also found outside the
clusters and were more dispersed than Ki67+ cells (Fig.
1A2). Proliferative Ki67+ cells and newly generated
BrdU+ cells appear to be buried within the continuous
plexus of PSA+ elements (Fig. 1A3-5). In this situation
we could not determine how newly generated cells migrate
from the proliferating sites and develop neurites.

For this reason, in the next experiments we used
middle-aged rats with decreased numbers of newly gener-
ated cells BrdU+, Ki67+ proliferating cells and PSA+
immature+ cells, and there was nearly no continuous
plexus consisting of PSA+ tangential processes (Fig. 1B-
D). Therefore, we could easily observe the relationship
among proliferative sites containing Ki67+ cells, newly
generated BrdU-labeled cells, and developing PSA + cells.

In older rats, a few masses of PSA+ developing cells
were seen as patches (Fig. 1B—G). The majority of Ki67-
positive cells (76%) formed clusters that contained 4.3
cells on average (Fig. 1B,C,E,G), although a small number
of single Ki67+ cells and doublets were also observed. In
the present experiment we regarded a cell aggregate of
more than two cells as a cluster. At times, two clusters
were in close proximity and appeared to be one huge
cluster that contained ~10-20 cells. Approximately half
of the clusters of Ki67+ cells (48%) contained PSA+ cell
bodies (Fig. 1B,E). Additionally, strongly PSA+ cells were
very frequently seen in close proximity to clusters of
Ki67+ cells and their tangential processes extended and
penetrated the clusters or contacted the surface of the
clusters (Fig. 1C-E,G). Consequently, the Ki67+ cells and
PSA+ cells appeared to form a cluster. When the cluster
cells expressed PSA strongly, they were mostly Ki67-
negative (Fig. 1B,C), suggesting that they were postmi-
totic. However, weakly PSA+ cluster cells frequently ex-
hibited Ki67 immunoreactivity (Figs. 1C,E2, 3B, 6C,D).

One day after the BrdU injection BrdU-labeled cells
were seen in the SGZ and innermost part of the GCL (Fig.
1B). The majority of BrdU-labeled cells (81%) were found
in clusters composed of Ki67+ cells and PSA+ cells (Figs.
1B, 2). Most BrdU-labeled cells (94%) inside the clusters
were positive for Ki67 at 1 day after the BrdU injection.

Three days after the BrdU injection, half of the BrdU-
labeled cells (56%) were still present in the clusters and
frequently expressed Ki67 (73%), whereas the rest of the
BrdU+ cells (44%) were located outside the clusters (Figs.
1C,E1-3, 2) and were almost negative for Ki67. The im-
munoreactive intensity varied in the BrdU-labeled cells.
We found dot-like weak BrdU immunoreactivity in a sub-
stantial population of the BrdU+ cells (Fig. 1C5). This
suggests that neural precursor cells divide a few times, in
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accordance with the reports of previous studies (Alvarez-
Buylla and Lim, 2004; Kempermann et al., 2004a). A
subpopulation of BrdU-labeled cells expressed PSA
strongly and extended tangential and/or radial processes
(Fig. 1D-F). In some cases, radial processes resembled
dendrites of the granule cells (Fig. 1D2). This observation
suggests that cells labeled with BrdU in the final cell
division may develop dendrite-like processes as early as 3
days after the labeling.

Five to 7 days after the BrdU injection, most BrdU-
labeled cells (80%) were present outside the clusters and
dispersed around a cluster of Ki67+ cells, although a
small population of the BrdU-labeled cells (20%) remained
in the clusters (Figs. 1G, 2). There is a significant differ-
ence in the proportion of Ki67 cells inside and outside the
clusters between 1 and 5-7 days after BrdU injection (P <
0.0001). Most of the BrdU-labeled cells were positive for
PSA and had tangential and/or radial processes. At times
they appeared to connect with clusters of Ki67+ cells
through PSA+ tangential processes. Part of the BrdU-
labeled PSA + cells became granule-cell-like cells (data not
shown), as has been shown in young adult rats (Seki,
2002b; Seki and Arai, 1993).

Analysis of the nature of cluster cells

In the subsequent experiments we explored develop-
mental signals associated with the clusters and found very
specific B-catenin expression in the SGZ and innermost
part of the GCL (Fig. 3). The strong B-catenin expression
was restricted mainly to cells forming clusters, although
the weak ubiquitous expression was present throughout
the entire hippocampus. p-Catenin expression was
present in Ki67+/PSA+, Ki67+/PSA—, and Ki67—/PSA+
cells in the clusters, but was not found in Ki67+ cells in
the hilus (Fig. 3A,B). The B-catenin expression of PSA+
cells outside clusters was mostly very low. Furthermore,
the distribution pattern of strong B-catenin expression
was found to almost completely coincide with that of
strong N-cadherin expression in clusters (Fig. 3C), al-
though weak ubiquitous N-cadherin expression was seen
throughout the entire hippocampus. On a part of the
plasma membrane of the cluster cells, B-catenin,
N-cadherin, and PSA expressions appeared to coexist.

To examine the nature of proliferating cells, sections
were immunostained with the antibodies for a neuronal
marker, Hu, a proneuronal marker, MASH-1 (Kageyama
et al., 1997; Okano and Darnell, 1997), and astrocytic
markers, GFAP and S1008. Hu is known to be expressed
by both immature and mature neurons (Okano and Dar-
nell, 1997). It is generally difficult to count GFAP+/Ki67+
or GFAP+/BrdU+ cells because it is very hard to distin-
guish between GFAP+ cells and GFAP— cells surrounded
by GFAP+ processes (Seki, 2002b; Shapiro et al., 2005). In
this experiment, we counted Ki67+ cells that contained
GFAP+ filaments in Hu+ cell bodies (Fig. 4A). This triple
staining allows us to determine the number of GFAP+
cells more precisely than previously possible. Most Ki67+
proliferating cells express neuronal marker Hu (94%;
Figs. 4A-C, 5) and the proneuronal marker MASH1 (88%;
Fig. 4C,E). Hu expression in proliferating cells was much
stronger in the cytoplasmic rim than in nuclei when com-
pared with that in mature neurons. The subpopulation of
Ki67+/Hu+ proliferating cells was strongly positive for
GFAP (38%; Figs. 4A, 5) and Ki67+/Hu-/GFAP+ cells
were rare (2%; Figs. 4F, 5). In the case of Ki67+/Hu-/



Fig.1. Analysis of newly generated BrdU-labeled cells using a cell
proliferation marker, Ki67, and an immature neuronal marker, PSA,
in 2-month-old (A) and 6-month-old (B-G) rats. The number of PSA+
immature neurons was reduced in 6-month-old rats (B1,C1,D1) when
compared with 2-month-old rats (Al). Three-dimensional images of
Al-2, A3-5, B2-4, C6-7, D2, and G1-4 were reconstructed from 10,
11, 11, 11, 8, and 6 optical slices, respectively. Each image of A1-2,
A3-5, B2-4, C2-5, D2-3, E1-3, F1-3, and G2-4 is obtained from the
same optical sections with different filters. A: Many PSA+ imma-
ture+ neurons can be seen along the border of the GCL (GC) and hilus
(H; Al). There are also Ki67+ proliferating cells and newly generated
cells labeled by the BrdU that was injected into rats at 3 days before
fization (A1-5). The BrdU+ cells appear to be more dispersed than
the Ki67+ cells (A2), suggesting that newly generated cells may
migrate from proliferating sites. Ki67+ and BrdU+ cells appear to be
buried in a plexus formed by PSA+ cells (A3). Note that PSA+
processes wind around Ki67+ and BrdU+ cells and are branched on
them (arrowheads in A3). B-G: In 6-month-old rats BrdU was injected

1 (B), 3 (C-F), or 7 (G) days before fixation. Neurogenic regions are
recognized as small patches consisting of Ki67+ proliferating cells,
BrdU+ newly generated cells, PSA+ neuroblasts, and immature neu-
rons (arrows in B1, C1, D1). The processes of PSA+ neuroblasts or
immature neurons close to clusters appear to invade the clusters
(arrowheads in C2-7 D2, E1, G1). Some BrdU-labeled cells are simul-
taneously positive for Ki67, suggesting that cells labeled 1-7 days ago
are still in the cell cycle (arrows and arrowheads in B3,4 and arrows
in C2,4,5, and orthogonal images of B5 and G5). Note that newly
generated BrdU+/PSA+ cells give rise to radial (arrows in D2,3),
tangential (arrows and arrowheads in E1-3) or both (F1-3) processes.
Image C7 is obtained by 90° rotation of image C6 around the vertical
axis to reveal the processes indicated by the arrowhead in C7. At 7
days after BrdU injection BrdU-labeled cells are distributed around a
cluster of Ki67+ cells (G). Note radial and tangential PSA+ processes
of newly generated BrdU+ cells are entangled. Scale bars = 100 um
in A1,B1,C1,D1; 10 um in A3,B2,B5,C2,C6,D2,E1,F1,G1,G5. '
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Fig. 2. The percentages of BrdU-labeled cells inside (black bars) or
outside (gray bars) clusters of Ki67+ cells from 1 and to 5~7 days after
BrdU injection. The percentage of the BrdU+ cells inside clusters is
very high at 1 day after BrdU injection, but thereafter is decreased
linearly between 1 and 7 days after BrdU injection, whereas the
percentage of the BrdU+ cells outside clusters is increased. This
indicates that cell proliferation occurs mainly in clusters and the
developing cells migrate from the clusters to their surroundings.

Fig. 3. Cluster cells express p-catenin and N-cadherin. Immuno-
histochemistry was performed in rats at the ages of 2 (A,C) and 6 (B)
months. Clusters pointed by arrowheads in Al and B1 are enlarged in
A3-5 and B3-5, respectively. Strong B-catenin expression is mainly
found in cluster cells comsisting of Ki67+ proliferating/PSA+ or
Ki67+/PSA~ cells, and postmitotic PSA+ cells (arrows and arrow-
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GFAP+ cells of the SGZ the number might have been
somewhat underestimated, since clear Hu+ cell bodies
were not seen. Most Ki67+/Hu+ cells were very weakly
positive for S1008 (Fig. 4B). MASH-1 expression was con-
fined to nuclei. The majority of MASH-1+ cells were also
positive for Hu (68%; Fig. 4C-E) and the subpopulation
was positive for GFAP (54%, Fig. 4D,E). At times we found
Ki67+/Hu+/GFAP+ or MASH-1+/Hu+/GFAP+ cells
with a radial process (Fig. 4A,E). These results indicate
that most of the proliferating cells express neuronal mark-
ers, and the subpopulation expresses neuronal (or proneu-
ronal) and astrocytic markers simultaneously.

Retrovirus analysis

To observe the fine morphology and intercellular rela-
tionship of newly generated cells, retrovirus-EGFP was
directly injected into one location of the right and left
dentate gyrus, and the rats were then fixed 2, 3, 4, and 5
days after the injection.

GFP expression in cells infected by retrovirus appeared
by 2 days after the injection and were distributed within
200—-400 pm of the injection site.. Two days after the
retrovirus injection 71% of GFP-labeled cells were found
in clusters of Ki67+ cells. The average number of GFP-
labeled cells within clusters was 2.45. There were two
types of clusters of GFP+ cells: tangentially elongated

heads in A,B). B-Catenin expression almost completely coincides with
N-cadherin expression (C). Note that not all B-catenin expression is
associated with PSA+ cells (arrowheads in B4,5), particularly those
outside clusters (arrows in A5, B3-5, C4). GC, granule cell layer; H,
hilus. Scale bars = 100 pm in Al; 50 pm in B1; 10 pm in A3,B3.



Fig. 4. Nature of Ki67+ proliferating cells. Single sections were
immunostained with several antibodies (as indicated) and were ob-
served with different filters. The same numbers in cells (A,B,D,F) or
arrows (E) indicate the same cells. Most Ki67+ proliferating cells
express neuronal marker Hu (A,B) or proneuronal marker MASH1
(C). Some Ki67+/Hu+ cells are simultaneously positive for GFAP (1,
2 in A, 1 in F) and very weakly positive for S1008 (1, 2, 3 in B).

Ki67+/GFAP+/Hu- cells are rare (2 in F). The majority of MASH1+
cells are also positive for Ki67 and express both Hu and GFAP (1, 2 in
D and arrow in E). Note that Hu expression is stronger in the cyto-
plasmic rim than in the nuclei (A~F), and that cells with a radial
process express both Hu and GFAP (1 in A and arrow in E). Scale
bars = 10 pum.
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Fig. 5. Composition of Ki67+ proliferating cells in the GCL and
SGZ of the dentate gyrus. The hippocampal section was immuno-
stained for Ki67, Hu, and GFAP (Black, Ki67+/Hu+/GFAP+; dark
gray, Ki67+/Hu+/GFAP~; light gray, Ki67+/Hu—/GFAP+; white,
Ki67+/Hu~/GFAP—). The number indicates the percentage of immu-
noreactive cells. Most of the Ki67+ proliferating cells express a neu-
ronal marker, Hu, and one-third express Hu and GFAP.

clusters under the GCL or SGZ (Fig. 6A) and radially
elongated clusters that invade the innermost part of the
GCL (a similar type of cluster in Fig. 6B,C). Various types
of GFP-labeled cells were found: cells with short processes
forming a cluster or doublet (71%), cells with tangentially
oriented long processes (10%), cells with radially oriented
long processes (3%), and single cells with short and fine
processes (16%; Figs. 6A, 8). Other than these cells, cells
with long fine multipolar processes were observed, partic-
ularly in great numbers near the injection sites, and these
appeared to be inflammatory reactive glial cells. We did
not count these cells.

Three days after the retrovirus injection the number of
GFP-labeled cells had increased and the percentages of
types of GFP-labeled cells were as follows: célls with short
processes forming a cluster or doublet (65%), cells with
tangentially oriented long processes (15%), cells with ra-
dially oriented long processes (3%), and single cells with
short and fine processes (27%; Figs. 6B,C, 7A-C, 8). A
process that was more than double the length of the long
axis of the cell body was regarded as long. Clusters that
were elongated radially or tangentially contained 2-8
cells (Fig. 6B,C and a similar type of cluster in Fig. 6A).
The average number of GFP-labeled cells within a cluster
was 4.43. The majority of the GFP-labeled cells in the
clusters expressed Ki67 (52%) and Hu (90%), and 88% of
the Ki67+/GFP+ cells expressed Hu. Some GFP+/Ki67+/
Hu+ cells in radially elongated clusters had radially ori-
ented processes (Fig. 6C1,2). A subpopulation of the
GFP+/Ki67+ cells also expressed PSA, although PSA im-
munoreactivity was weaker in Ki67+ than Ki67—~ cells
(Fig. 6C). In a rare case, dividing PSA+ cells were found,
supporting the notion that some of the PSA+ cells are
proliferative precursor cells (Fig. 6D). GPF+/Hu+ cells in
clusters had GFAP+ filaments that sometimes formed
circles (Fig. 6E). A subpopulation of GFP+/Ki67+/Hu+
cells gave rise to short processes that engulfed neighbor-
ing cells (Fig. 7A). Outside the clusters, most of the GFP+
cells were negative for Ki67 and had tangential processes
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that very frequently made contact with Ki67+ cell clus-
ters (Fig. 7B,C).

Four days after the retrovirus injection, cells forming
clusters had decreased in number (13%) and the majority
of the GFP-labeled cells had tangentially (59%) or radially
(14%) oriented processes or both (7%; Figs. 7D-G, 8).
There are significant differences in the proportions of clus-
ter cells to noncluster cells (P < 0.0001) and tangential
cells to nontangential cells (P < 0.0001) between 2 and 4
days after retrovirus injection. Most of the GFP+ cells
outside the Ki67+ cell clusters were negative for Ki67 and
had tangential or radial processes. One of the tangential
processes arising from the GFP+ cells frequently made
contact with Ki67+ proliferating cells (Fig. 7D,F). Some
GFP+/Ki67— cells with a radial process lay at the center
of the clusters and gave rise to long tangential processes in
addition to the radial process (Fig. 7E). In both cases the
processes were branched at the sites of contact with the
clusters of Ki67+ cells and appeared to surround the
Ki67+ proliferating cells (Fig. 7D,E). Additionally, at 5
days after the retrovirus injection we found GFP+ cells
with tangential and radial processes, both of which made
contact with Ki67+ proliferating cells (Fig. 7H). Most of
the radial processes were fine, and arose mainly from
GFP+ cell bodies or partly from tangential processes. A
minor portion of the radial processes was thick, had fine
stick-like processes, and resembled developing dendrites
of the dentate granule cells (Fig. 7G). The increase in
GFP+ cells with tangential processes preceded that in
GFP cells with radial processes, suggesting that newly
generated cells develop tangential processes first and then
radial processes (Fig. 8). Our previous study has shown
that most of the GFP-labeled cells become typical granule
cells 30 days after retrovirus injection (Tanaka et al.,
2004).

Time-lapse imaging

The in vivo analysis of BrdU/Ki67/PSA labeling and
retrovirus-GFP labeling suggested the possibility that
newly generated cells with tangential processes first mi-
grate tangentially and then extend radial processes dur-
ing the course of granule cell development. To observe the
developmental course directly we performed time-lapse
imaging in slice culture of the hippocampus from P8 rats
that were injected with retrovirus bearing the GFP gene
into the dentate regions at P5. As previously reported
(Namba et al., 2005), during the early postnatal period
neurogenesis occurs predominantly in the hilus and par-
tially in the SGZ, whereas in adults neurogenesis occurs .
exclusively in the SGZ. Because postnatal neurogenesis in
the SGZ continues from the early postnatal to adult
stages, we assume that adult-type neurogenesis occurs in
the SGZ of the early postnatal dentate gyrus.

In agreement with the previous in vivo experiments
(Namba et al., 2005), GFP-labeled cells were found mainly
in the hilus and partially in the SGZ of the cultured
hippocampal slices. We observed the SGZ of 40 hippocam-
pal slices over 24 hours and found 10 cells migrating
tangentially and 11 cells involved in neurite development.
GFP-labeled cells possessing tangentially oriented leading
and trailing processes migrated tangentially through the
SGZ (Fig. 9A). Although the trailing processes of the neu-
roblasts sometimes became very thin during their migra-
tion, the tip seemed to be left behind. Additionally, we
observed radially migrating neuroblasts. However, it was
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difficult to determine whether the GFP+ cells migrated
just within the GCL (putative adult-type migration) or
from the hilus to the GCL (putative early postnatal-type
migration), because most of the GFP+ progenitor cells
were present in the hilus and migrated radially to the
GCL during early postnatal period (Namba et al., 2005).

In another case, GFP-labeled cells exhibited shortening
of their tangential processes and then gave rise to a very
thin radial process. When the thin radial process devel-
oped, the cells still possessed the short tangential process.
Subsequently, the radial process gradually became thick,
branched, and finally developed into dendrite-like radial
processes (Fig. 9). The results of the present time-lapse
imaging experiments show that at least a subpopulation of
neuroblasts actually migrates tangentially and then ex-
tends apical dendrites. These results support the above-
mentioned interpretation of the in vivo data.

DISCUSSION

The present data show that in the adult hippocampal
neurogenic region, proliferative neural precursors and
postmitotic neuroblasts form clusters whose cells express
cell adhesion molecules, such as N-cadherin/catenin and
. PSA. They also show that the postmitotic neuroblasts
move tangentially from the cell proliferation site, leaving
trailing processes behind at the proliferation site, which is
followed finally by extension of radially oriented den-
drites. The present results suggest that a systematic cel-
lular arrangement and intercellular interaction of prolif-
erating cells and neuroblasts exist in adult hippocampal
neurogenesis.

Clustering

Although several recent reports have described that
proliferating cells make clusters in the SGZ of the hip-
pocampus (Palmer et al., 2000; Seki, 2002b; Seri et al.,
2004), the intercellular relationship of the cellular compo-
nents forming clusters in the hippocampus have not been
fully understood. The present BrdU/Ki67 and retrovirus-
GFP analysis indicate that proliferating cells form clus-
ters together with postmitotic neuroblasts, and that Hu+
proliferating cells within clusters sometimes engulf neigh-
boring cells by their short processes (Fig. 7A). In this
regard, it has previously been reported that GFAP+ cells

also surround or engulf neighboring neuroblasts (Palmer-

et al., 2000; Seki, 2002b; Seri et al., 2004; Shapiro et al.,

Fig. 6. Retrovirus-GFP analysis demonstrating the detailed mor-
phology of newly generated cells in clusters. Newly generated cells
were labeled with retrovirus-GFP at 2 (A) or 3 (B-E) days before
fixation. A: A tangentially elongated cell cluster is located under the
GCL or the SGZ. Note that Hu expression in GFP+ cells is stronger in
the cytoplasmic rim than in the nuclei (A,B,E). B: A radially elongated
cell cluster has invaded the innermost area of the GCL. Most GFP-
labeled cells are positive for Ki67 (A-D) and Hu (A,B,E), suggesting
that they are still in the cell cycle and have already been committed to
the neuronal lineage. C: A subpopulation of the Ki67+ proliferating
cells expresses PSA (2, the same numbers in cells indicate the same
cells). Note that not all GFP+/Ki67+ cells express PSA (1) and a
strongly PSA expressing cell (3) associated with a cell cluster with-
draws from the cell cycle. D: GFP-labeled cells expressing PSA are
dividing. E: A GPF+/Hu+ cell in a cluster have GFAP+ filaments
that forms circles (1). GC, granule cell layer; H, hilus. Scale bars = 10
pwm.
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2005). Thus, various types of cells within clusters can
interact on the surfaces of apposed cells.

Furthermore, strong p-catenin and N-cadherin expres-
sion were seen exclusively in the cells inside clusters, and
coexisted on the plasma membrane of the cluster cells.
Additionally, PSA was found to colocalize partially with
B-catenin. It is well known that PSA modulates the cell
adhesion mediated by NCAM, L1, and cadherin (Rut-
ishauser and Landmesser, 1996; Fujimoto et al., 2001),
whereas pB-catenin enhances cadherin-mediated cell adhe-
sion (Takeichi and Abe, 2005). PSA is also reported to
facilitate cell migration in the subventricular zone (Ono et
al., 1994) and enhance neurite formation (Rutishauser
and Landmesser, 1996). Thus, the balance between PSA
and N-cadherin/g-catenin expressions may be involved in
the regulation of cell proliferation, differentiation, and
migration (Rutishauser and Landmesser, 1996; Nelson
and Nusse, 2004; Petridis et al., 2004).

Additionally, B-catenin has been known as a key com-
ponent of the Wnt signaling pathway (Nelson and Nusse,
2004). Wnt families are shown to be expressed by cells in
the inner border of the GCL (Shimogori et al., 2004) and to
be involved in adult neurogenesis (Madsen et al., 2003; Lie
et al., 2005). Thus, it is also possible that both the Wnt and
N-cadherin pathways play a role in adult neurogenic
events within the clusters.

Nature of cluster cells

Most of the proliferating cells expressed a neuronal
marker, Hu, and a proneuronal marker, MASH-1. This
suggests that most proliferative precursor cells are com-
mitted to the neuronal cell lineage. Similarly, proliferative
Hu+ neuronal precursors have been reported in the em-
bryonic neocortex (Miyata et al., 2004) and early postnatal
hippocampus (Namba et al., 2005). Furthermore, one-
third of the proliferating cells were double-labeled for both
Hu and GFAP or MASH-1 and GFAP. Because primary
neural precursor cells are known to express GFAP (Seri et
al., 2001; Filippov et al., 2003; Fukuda et al., 2003; Garcia
et al., 2004; Kempermann et al., 2004a), the Hu+/GFAP+
and MASH-1+/GFAP+ cells could represent an interme-
diate state when proliferative GFAP+ cells change into
proliferative Hu+ neuronal precursor cells. Similar inter-
mediate cells have also been found in the postnatal den-
tate gyrus (Namba et al., 2005).

Furthermore, some of the Hu+/GFAP+ and MASH-1+/
GFAP+ cells had a radial process. In this respect, GFAP+
radial cells (or radial glial cells) were previously consid-
ered to be primary precursor cells and are negative for
markers such as DCX (Kempermann et al., 2004a). Since
the present results suggest that at least the subpopulation
of GFAP+ radial cells has already been committed to the
neuronal cell lineage, the identity of the GFAP+ radial
cells should be reconsidered.

Migration and neurite formation

Several reports have described immature granule cells
with long tangential processes in the adult dentate GCL in
normal and epileptic rats (Seress and Mrzljak, 1987,
Spigelman et al., 1998; Nacher et al., 2001; Seki, 2002b;
Dashtipour et al., 2002; Jones et al., 2003; Ribak et al.,
2004; Seri et al., 2004; Shapiro and Ribak, 2005; Esposito
et al., 2005). Further, recent electrophysiological studies
have shown proliferative precursor cells with short tan-
gential processes (van Praag et al., 2002; Fukuda et al,,
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Figure 7
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2003; Kempermann et al., 2004a; Alvarez-Buylla and Lim,
2004; Esposito et al., 2005; Tozuka et al., 2005). Yet the
questions remain about when the long or short tangential
processes appear during the developmental course and
whether or not these cells with tangential processes mi-
grate tangentially.

The present quantitative data of BrdU/Ki67 labeling
and retrovirus labeling indicate that during the develop-
mental course proliferating cells inside clusters have short
tangential processes, and when postmitotic cells withdraw
from the proliferative site they extend long tangential
processes. Furthermore, these in vivo experiments and in
vitro time-lapse imaging of early postnatal hippocampal
slices showed that the cells with long tangential processes

.migrated tangentially, then their tangential processes
shortened and began to extend thin radial processes that
become apical dendritic processes. The present study,
however, does not preclude any other migration pattern,
such as oblique or radial migration. A radially elongated
shape of cell clusters suggests that newly generated cells
migrate radially at a short distance within the clusters. In
time-lapse imaging of early postnatal hippocampal slices,
some GFP+ neuroblasts were found to migrate radially in
the GCL. However, a higher incidence of the tangentially

" oriented neuroblasts in the in vivo analysis of the adult
dentate gyrus suggests that most of the neuroblasts mi-
grate tangentially and the minority migrates with a dif-
ferent pattern. There may also be some difference in ra-
dial migration between the early postnatal and adult
dentate gyrus.

During the tangential migration the migrating cells ap-
peared to leave a tangential process behind in the clusters.
In this regard, it is worth noting that similar intercellular

Fig. 7. Neurite formation of the newly generated cells that were
labeled with retrovirus-EGFP at 3 (A-C) 4 (D-G) or 5 (E) days before
fixation. The same number in cells (A,B), the arrows or arrowheads
(C—H) indicate the same cells. A: In a cluster of Ki67+/Hu+ cells, two
cells labeled with GFP (1, 2) extend short processes that engulf a
neighboring cell (3). Note that Ki67+ cells make contact with a large
Hu+ cell. B: GFP+/Hu+ cells form a cluster. Most of the cells express
Ki67 (arrowhead, 1 and 2), but one cell is devoid of Ki67 (arrow),
suggesting that the latter cell has withdrawn from the cell cycle. The
postmitotic cell (arrow) gives rise to a tangentially oriented process
and seems to migrate from the cluster. C: A GFP+ postmitotic cell
gives rise to tangentially oriented processes. The left and the right
processes appear to be a leading and a trailing process, respectively,
and the right one makes contact with a cluster of Ki67+ cells (arrow).
The GFP+ cell appears to express PSA weakly. D: A postmitotic
GFP+/Hu+ cell (arrow) tangentially extends an oriented process that
makes contact with Ki67+ proliferating cells; it branches there and
give rise to fine processes (double arrowheads in D1, 3, 4). The image
D4 is obtained by 90° rotation of image D3 around the horizontal axis
to reveal the contacts between the GFP+ fine processes and Ki67+
proliferating cells (single arrowheads and double arrowheads in D3,
4). E: A GFP+ cells in a cluster of Ki67+ cells extends radial (arrow)
and tangential (arrowhead) processes. F: A GFP+ cell has both radial
and tangential processes, with the tip of the latter appearing to reach
a Ki67+ cell cluster (arrowhead). G: A GFP+ cells at an advanced
developmental stage extend a dendrite-like radial process that has a
small spine-like protrusion. The inset shows a higher magnification
image of the radial process. H: A postmitotic GFP+/Hu + cell extends
apical (arrow in H1) and basal processes (arrowheads in H1), both of
which make contact with Ki67 cells. Three-dimensional images of
D2-3, E, F, G, H1 were reconstructed from 11, 12, 8, 17, and 16 optical
slices, respectively. GC, granule cell layer; H, hilus. Scale bars = 10
wm.
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Fig. 8. Change in the cluster and morphology of GFP+ cells dur-
ing development. At 2 days after the retrovirus injection, a majority of
GFP+ cells form clusters (white bars). This type of GFP+ cell rapidly
decreases in percentage during development, whereas GFP cells with
tangential (black bars) or radial (dark gray bars) processes increase.
GFP+ cells with short processes or without processes are indicated by
light gray bars. Note that GFP cells with a radial processes increase
later than GFP+ cells with tangential processes, suggesting that
newly generated cells may develop tangential processes first and then
a radial process.

relationships have so far been well studied in the devel-
oping neocortex where the neuroblasts migrate along ra-
dial glial processes (Rakic, 1971, 2003; Marin-Padilla,
1998; Miyata et al., 2001; Tamamaki et al., 2001; Gaiano
and Fishell, 2002; Fujita, 2003; Tabata and Nakajima,
2003; Noctor et al., 2004; Ever and Gaiano, 2005). Re-
cently, radial glial cells have been demonstrated to be
neural progenitor cells (Miyata et al., 2001; Tamamaki et
al., 2001; Noctor et al., 2004), which also means that
proliferative neural progenitor cells and migrating neuro-
blasts make contact with each other. These intercellular
relationships between proliferating cells and migrating
neuroblasts suggest that embryonic and adult neurogen-
esis may share similar mechanisms in neuronal develop-
ment.

In summary, the present analysis shows how neural
precursor cells proliferate, migrate, and extend their
neuronal processes (Fig. 10). Cell proliferation primar-
ily occurs in clusters where proliferating cells and post-
mitotic neuroblasts express N-cadherin/B-catenin and
PSA. They are in close contact with each other and
extend short processes that sometimes engulf neighbor-
ing cells. During the developmental stages the nature of
the neural precursor cells in the clusters could change
as follows: Ki67+/GFAP+/B-catenin+/N-cadherin+,
Ki67+/GFAP+/B-catenin +/N-cadherin+/Hu+, Ki67+/B-
catenin+/N-cadherin+/Hu+, Ki67+/B-catenin+/N-cadherin+/
Hu-+/PSA+, and B-catenin+/N-cadherin+/Hu+/PSA+ cells.
However, the proliferation of precursors outside the clus-
ters to a small extent cannot be excluded. When postmi-
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Fig. 9. Time-lapse imaging of the development of GFP-labeled
cells in slice culture from postnatal day 8 (P8) rats that were injected
with retrovirus bearing GFP gene into the dentate regions at P5. As A
tangentially oriented GFP-labeled cell has migrated tangentially. The

- upper left image shows a projection image of confocal laser scanning
microscopy and differential interference contrast (DIC) microscopy
after 0 hours in culture. The lighter area indicates the GCL. The
migrating cell (arrowhead) has tangentially oriented leading and

Fig. 10. Hypothetical model of cell clustering, migration, and neu-
rite formation in adult hippocampal neurogenesis. (a) Proliferating
cells are forming clusters. Most proliferating cells in the cluster ex-
press Hu, an immature and mature neuronal marker, and the subset
expresses PSA, an immature neuronal marker. These cells inside
clusters specifically express $-catenin (B-cat) and N-cadherin (N-cad).
(b) In the cluster newly generated cells often extend short processes
that engulf neighboring cells. (c) Postmitotic cells remain in the clus-
ters during a certain period. Consequently, the clusters contain both
Ki67+ proliferating cells and PSA+ postmitotic neuroblasts, both of
which express B-catenin and N-cadherin. (d) When the newly gener-

totic neuroblasts withdraw from the clusters, p-catenin
and N-cadherin expressions are downregulated and PSA
expression is upregulated. PSA+ postmitotic neuroblasts

trailing processes, the latter of which appears to have become very
thin after 6—10 hours in culture and somewhat thicker after 12 hours.
The arrow indicates radially oriented cells that migrate a short dis-
tance radially. B: A tangentially oriented GFP-labeled cell whose
tangential processes have shortened and given rise to new thin radial
processes can be seen. The thin radial processes are developing into
thick dendrite-like processes. The position of the GFP-labeled cell in
the dentate gyrus is indicated by the arrow in 9B1. Scale bar = 20 um.

@ Ki67+/3-cat+N-cadIGFAP+

@ Ki67+/3-cat+N-cad/GFAP+Hu+

WM Kie7+p-cat+N-cadiHu+

@ xi67+/3-cat+N-cadiHu+/PSA+

0 j-cat+N-cad/Hu+/PSA+

ated cells withdraw from the clusters, they lose their strong f-catenin
and N-cadherin expression, and PSA expression is increased. Then
they migrate mainly tangentially, extending tangentially oriented
processes; one of these processes is left behind within the clusters. (e)
The tangential neuroblasts begin to extend radial processes. However,
they still have basal dendrites that sometimes make contact with the
clusters. (f) The radial processes develop into dendrites of the granule
cells. (g) Finally, the neurcblasts develop into mature granule cells
and lose their PSA expression. The systematic cellular arrangement
and intercellular relationship may function as a favorable environ-
ment that supports neurogenesis in adult neural tissue.

migrate mainly tangentially from the clusters, extending
their tangentially oriented long processes, one of which
often retains contact with the proliferative site. These
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close intercellular relationships via these cell adhesion
molecules may play a functional role in the signaling of
adult hippocampal neurogenesis. Next, the neuroblasts
shorten their tangential processes and begin to extend
thin radial processes that become apical dendritic pro-
cesses similar to those of the granule cells. These obser-
vations suggest that adult hippocampal neurogenesis has
a systematic cellular arrangement and intercellular asso-
ciation. In the adult hippocampus, proliferating neural
progenitor cells are surrounded by adult tissue that seems
to be an inappropriate environment for neurogenesis, as
has been described in transplantation experiments (Su-
honen et al., 1996; Shihabuddin et al., 2000; Seki, 2003).
The systematic cellular arrangement and intercellular re-

_lationship may function as a favorable environment that
supports neurogenesis in adult neural tissue.
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Silencing of transduced genes hampers production of
transgenic mice using retroviral vectors. We show stable
expression of the enhanced green fluorescent protein
(EGFP) gene in chimeric mice generated from retro-
- virally transduced embryonic stem cells. The vector was
a murine stem cell virus-typed retroviral vector
(GCDsap) in which the long terminal repeat and
primer-binding site were derived from a PCC4 cell-
passaged myeloproliferative sarcoma virus and the
endogenous retrovirus dl587rev, respectively. To in-
crease the viral titer, the vector was packaged with
vesicular stomatitis virus G protein, which allowed
concentration of the virus into pellets followed by
resuspension in serum-free medium. In chimeric mice,
EGFP was detected in various tissues including hemato-
poietic cells, neurons, cardiac muscle, and intestine.
Furthermore, high expression was maintained in the
progeny of these mice, suggesting successful germline
transmission of active proviruses. Although the propor-
tion of EGFP-expressing cells and the mean intensity of
EGFP expression varied among tissues and mice, 100%
of peripheral blood leukocytes expressed EGFP in mice
carrying a single provirus copy, as well as in their
progeny. Therefore, the gene transfer system described
here provides a useful tool not only to generate
transgenic animals but also to manipulate human
embryonic stem cells.

Received 19 july 2006, accepted 27 October 2006; published online 19
December 2006. doi:10.1038/sj.mt.6300063

INTRODUCTION

Retroviral vectors are widely used and versatile gene transfer
vehicles in gene therapy as well as basic sciences." However,
attenuation of transgene expression over time is a serious
drawback for genetic manipulation of immature cells, such as
hematopoietic or embryonic stem (ES) cells, with vectors such as

those derived from the Moloney, murine leukemia virus
(MoMLV).*™ Gene silencing is currently ascribed to de novo
methylation of the long terminal repeat (LTR) and to inhibitory
effects of transcriptional repressors that bind to responsive
elements in the vector construct.>® A vector containing an LTR
derived from a PCC4 cell-passaged myeloproliferative sarcoma
virus (PCMV), which is less susceptible to methylation than the
original MoMLV-derived LTR,” has been demonstrated to
maintain transgene expression in ES cells. Gene silencing occurs
in ES cells deficient in DNA methylase and is observed within 2
days of transduction, despite the requirement more than 7 days
to complete for LTR methylation,>™ suggesting that factors
other than DNA methylation halt transgene expression. Among
these, “factor A” is a repressor protein that inhibits transcription
of the viral genome.'' This protein binds to the repressor-
binding site, an 18-bp DNA element overlapping the primer-
binding site (PBS) located downstream of the 5LTR of MoMLV,
resulting in strong inhibition of transgene expression in
immature cells.’* One vector that exemplified this concept is
the murine stem cell virus (MSCV)-typed vector, in which the
LTR and PBS are derived from PCMV and the mouse
endogenous retrovirus di587rev, respectively.'> However, con-
tinued expression in chimeric mice generated from transduced
ES cells, and in their progeny, remains a challenge.'®

We have established an improved gene transfer system using
MSCV-typed retroviral vectors, allowing high transduction
efficiency and continued expression of the transgene in
immature cells, including hematopoietic stemn cells.!*17 A special
feature of this system is that the vectors are packaged in vesicular
stomatitis virus G protein by transduction into 293gpg,'®
allowing production of high-titer virus supernatants by con-
centration of the virus into pellets, followed by resuspension
with a small amount of serum-free medium. To assess the ability
of the vector system to maintain transgene expression through-
out ontogenesis, chimeric mice were generated from ES cells
transduced with the enhanced green fluorescent protein (EGFP)
gene.

Correspondence: Masafumi Onodera, Major of Medical Sciences, Graduate School of Comprehensive Human Sciences, University of Tsukuba,
1-1-1 Tennodai, Tsukuba, Ibaraki 305-8575, japan. E-mail: monodera@md.tsukuba.ac.jp
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RESULTS

Stable expression of EGFP in transduced ES cells

Both the structure of the GCDsap vector encoding the full-length
EGFP ¢DNA (Figure 1a) and a method used to produce the
EGFP-expressing recombinant retroviruses packaged in the
vesicular stomatitis virus G protein (VSV-G) envelope are
described in the Materials and Methods section. The titer of the
concentrated virus was approximately 2.0 x 107 infectious units
(IU)/ml, as assessed on Jurkat cells. No replication-competent
retrovirus was detected.

When ES cells were transduced with the EGFP gene by adding
100 ul of the concentrated virus supernatants into the culture,
more than 90% of the cells expressed EGFP for up to 50 days
after transduction (Figure 1b). On the other hand, a nearly
identical vector, GC/EGFP, which contained the original
MoMLV-derived PBS that contained the target sequence for
the repressor protein factor A, was unable to maintain EGFP
expression in transduced cells and expression rapidly declined
within 5 days, falling to 12% at 38 days after transduction
(Supplementary Figure S1). Expression was also maintained in
clones arising from the GCD/EGFP-transduced ES cells that had
been isolated by single-cell sorting with fluorescence-activated
cell sorting (FACS) and propagation (Supplementary Figure
§2). Although three independently established clones showed
similar levels and intensities of EGFP expression, Southern blot
analysis revealed that the number of provirus copies integrated
into the genomes of the ES clones differed greatly (Figure 1c).
High expression of EGFP was maintained even after differentia-
tion into cells of bone and muscle (mesoderm; Figure 2a-c),
squamous epithelium (ectoderm; Figure 2d-f), and adipose
tissue (endoderm; Figure 2g and h) following development of

a b
97%
GCD/EGFP peme————
Neol Notl BamH| 2
s, . SA| £
MoMLV ‘1 EGFP cDNA 4 PcMv | &
10° 1Q' 102 10° 10*
EGFP
C Clone no. 1 Clone no. 2 Clone no. 3
0
€
=
Q
[]
) - T
10° 10" 10% 10° 10° 10° 10" 10% 10° 10* 10° 10' 102 10% 10*

EGFP

Figure T Structure of the retroviral vector GCD/EGFP and EGFP
expression in transduced ES cells. The retroviral vector GCD/EGFP has
the PCMV-derived LTR with intact splice donor (SD) and splice acceptor
(SA) sequences and the EGFP ¢cDNA is cloned between Ncol and Notl
sites (a). The vector is cut at one site with BamHIl. A closed box
represents the primer-binding site derived from di587rev. Abbreviations
present in the vector are labeled as follows: MoMLY, Moloney murine
leukemia virus; PCMV, PCC4 cell-passaged myeloproliferative sarcoma
virus; ¥ +, packaging signal. EGFP expression in the transduced ES cells
14 days after transduction (b) and in three independent clones
" generated from progenitors sorted among ES cells (¢) was analyzed
with FACS Calibur. EGFP expression levels of untransduced ES cells are
shown as solid lines. High-molecular-weight DNA was obtained from the
ES clones and their provirus copy number was determined by Southern
blot analysis using BamHI. The number of bands hybridized with an
EGFP ¢cDNA probe is considered to be the number of provirus copies.
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Figure 2 ES cells transduced with GCD/EGFP were transplanted
intraperitoneally into sub-lethally irradiated non-obese diabetic/
severe combined immunodeficient mice. Six weeks later, teratomas
formed in the peritoneal cavity were excised, and sectioned with
monoclonal antibodies against myoglobin (b) and cytokeratin (e) (¢ and
f are merged images combining a with b, and d with e, respectively).
Sections were stained with hematoxylin and eosin (g) and a monoclonal
antibody against GFP (h). Adipose tissue areas expressing EGFP are
indicated with an arrowhead.

teratomas from the transduced ES cells transplanted into non-
obese diabetic/severe combined immunodeficient mice.

EGFP expression in mice derived from transduced ES
cells

To assess whether the vector was capable of maintaining the
expression of EGFP throughout ontogenesis, non-sorted trans-
duced ES cells were microinjected into 3.5-day blastocysts of
C57BL/6 (B6) mice within 5 days after transduction to generate
chimeric mice. The birth ratio of chimeric mice, determined by
coat color, was 67% (24 out of 36 mice; Table 1). Among those
24 mice, 17 (71%) expressed EGFP in hematopoietic lineage cells
of their peripheral blood (Figure 3a), bone marrow (Figure 3b),
thymus (Figure 3c), and spleen (Figure 3d). EGFP expression
was also detected in other tissues, including cerebrum (Figure
3e), cerebellum (Figure 3f), cardiac muscle (Figure 3g), and
intestinal tracts (Figure 3h). The expression was also maintained
through F1 mice into F2 mice generated by mating B6 mice
(Figures 3i, j, and 4 and Table 1). Southern blot analysis
revealed that each genome-integrated provirus copy was
independently transmitted to gametes, resulting in the genera-
tion of F1 and F2 mice with different integration patterns by
fertilization with gametes of B6 mice. Interestingly, a chimeric
mouse shown in Figure 4 gave birth to F1 mice that could be
categorized into three groups based on the level of EGFP
expression (high, intermediate, and low), and all F1 mice in each
group showed an identical provirus integration pattern.
Furthermore, only mice with high EGFP expression (Figure 4,
left panels) gave birth to F2 mice that also highly expressed
EGFP. The integration pattern in the F2 mice was identical to
that in their parents, suggesting that the proviruses integrated in
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these mice were not silenced through multiple rounds of
gametogenesis and development.

Correlation between provirus copy number and EGFP
expression level

To assess correlation between provirus copy number and EGFP
expression level, high-molecular-weight DNA was obtained from

Table 1 Birth ratios and EGFP expression® in transgenic mice

Mice with transduced
ES-derived cells

Mice with EGFP-expressing
hematopoietic cells

Chimeric 24/36 (67%) 17/24 (71%)
mice

F1 mice® 95/114 (83%) 47/95 (49%)

F2 mice® 32/56 (57%)

EGFP, enhanced green fluorescence protein; ES, embryonic stem. ®Results
Eresent the number of indicated mice/total mice (percentage of indicated mice).
F1 mice were born from four chimeric mice with EGFP expression. “F2 mice
were born from two F1 mice with EGFP expression.

© The American Society of Gene Therapy

mice with various percentages of EGFP-expressing cells in the
peripheral blood, and provirus copy numbers were determined
by Southern blot analysis (Figure 5). Four chimeric mice (lanes
1-4) showed different integrated patterns. Their progeny (lanes
59 from mouse 1 and lanes 10-13 from mouse 4) inherited
provirus copies from their parents independently. The number of
provirus copies integrated into the genomes of F1 mice varied
substantially from mouse to mouse, ranging from 2 to 7.
Interestingly, mice with a large number of provirus copies did not
always strongly express EGFP strong (lanes 6 and 10), whereas
EGFP expression was observed in mice with fewer provirus
copies (lanes 5 and 13). F2 mice born from mouse 13 seemed to
be divided into two groups: those with weak EGFP expression
(lane 14) and those with strong expression (lanes 15-17). Finally,
100% of peripheral blood leukocytes of F3 mice with a single
provirus copy, indicated by the arrowhead (lanes 18 and 19),
expressed EGFP. This was also true for F5 mice (lanes 22 and 23).
Detailed analysis of the integration site is under way using linker
amplification-mediated PCR.>> No tumorigenesis has been
observed in chimeric mice and their progeny over 1 year.
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Figure 3 EGFP expression in chimeric mice. EGFP expression was detected in hematopoietic cells of peripheral blood (a), total bone marrow
population (b), thymus (c), and spleen (d). Results of histograms in which cell populations are indicated present EGFP expression patterns of the cell
population gated by FACS Calibur. A solid line represents EGFP expression levels of untransduced ES cells. EGFP expression was also detected in
various tissues including cortical areas of the cerebrum (e), the granular layer to molecular layer of the cerebellum (f), cardiac muscle and Purkinje
fibers of the hearts (g), and villi and Auerbach’s and Meissner’s neuroplexus of intestinal tracts (h). An F1 mouse embryo at 13.5 days post coitum

with stereomicroscopy (i) and fluorescence microscopy (f).
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Figure 4 EGFP expression and integration patterns from a chimeric

. mouse to F2 mice. A chimeric mouse gave birth to F1 mice that could
be categorized into three groups by the level of EGFP expression (high
F1 No. 1, intermediate F1 No. 2, and low F1 No. 3). F1 No. 1 gave birth
to F2 mice with high EGFP expression (F2 No. 1). An integration pattern
of provirus copies in each mouse, as determined by Southern blot
analysis, is presented together with FACS analysis. A solid line represents
EGFP expression levels of untransduced ES cells.

DISCUSSION

This study has demonstrated that the retroviral vector GCDsap
packaged in the VSV-G envelope allowed stable transgene
expression in mice generated from ES cells transduced with the
EGFP gene. This is the first report, to our knowledge, that
vectors derived from an oncoretrovirus are capable of main-
taining transgene expression in transgenic mice throughout
ontogenesis. Successful germline transmission of active provirus
copies, resulting in maintenance of expression in their progeny,
should be especially noted. The high success rate of generation of
transgenic mice observed in the present study may be mainly
attributed to the specific vector construct and viral envelope
used, as an identical vector to GCDsap except for the PBS,
GCsap,”® which has the original MoMLV-derived PBS while
carrying the PCMV-derived LTR, was not capable of maintaining
EGFP expression in ES cells (data not shown). Of importance is
that GCsap and GCDsap differed only in whether or not they
harbored the target sequences for the negative transcription
factor, factor A.”’ As the MoMLV-derived PBS functioned as a
strong repressor for any promoter,'> the binding of factor A to
the PBS may exercise a decisive influence on silencing of
transgene expression in ES cells.

Given the critical involvement of the PBS in gene silencing in
ES cells, however, another important question is why conven-
tional MSCV-typed retroviral vectors have not achieved
continued transgene expression in chimeric mice.'® This also is
partly owing to the vector construct, in that the GCDsap is a
spliced-type vector like the MFG vector that provides higher
levels of transgene expression per provirus.'®*® However, the
main reason is likely that high-titer virus supernatants could be
prepared by packaging the vector within the VSV-G envelope,
resulting in high transduction efficiency of ES cells. This has
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Figure 5 Correlation between provirus copy number and EGFP
expression level. High-molecular-weight DNA was obtained from mice
with various percentages of EGFP-expressing cells and their provirus
copy numbers were determined by Southern blot analysis. Four chimeric
mice with similar EGFP expression levels were analyzed (lanes 1-4). F1
mice (lanes 5-9 and lanes 10-13) were born from the chimeric mice
whose samples are in lanes 1 and 4, respectively. All F2 mice were born
to mouse 13 and all F3 mice were born to mouse 17. The percentages of
EGFP-expressing cells in the peripheral blood are indicated below.

both in mice and in other species.’®>* Considering that the
provirus copy number in ES cells transduced with conventional
retroviral vectors was not higher than that obtained with
lentiviral vectors,?®?*?> the high transduction efficiency ob-
tained from the present study should be noted. It is often
suggested that the higher the provirus copy number, the greater
the transgene expression.>® Our results, in which mice with a
single provirus copy expressed EGFP strongly, might suggest that
high transduction efficiency increases the probability of integra-
tion into sites relevant for maintenance of transgene expression.
If so, a detailed analysis of integration sites may permit
identification of sites that are buffered from inactivation
throughout morphogenesis.

" As the yield of transgenic mice in the present study was
comparable to that . obtained with conventional methods,
retroviral infection per se likely had no deleterious effects on
the ability of ES cells to generate chimeric mice. With the vector
system, ES cells can be multi-infected with retroviruses that
incorporate different markers, allowing analysis of interactions
of multiple genes. Furthermore, the system may lead to wider
selection of mice that express the transgene in appropriate tissues
or at required levels based on different integration sites. This
method is technically less demanding and allows infection of
various species by using the VSV-G envelope.”® It might be
useful for genetic modification of ES cells derived from any
species, including human beings. Thus, the gene transfer method
described here assists in the production of transgenic animals. It
may also provide useful tools to develop future combination
therapies of genetic and regenerative medicine using human ES
cells.

MATERIALS AND METHODS

Mice. - C57BL/6 mice were purchased from Nihon Clea (Tokyo, Japan)
and Charles River Japan (Yokohama, Japan). All experiments were
performed under institutional guidelines.



Stable Transgene Expression irr Mice Derived from ES Cells

Retroviral vectors. GCsap(MoMLV)'® was digested with HindIIl and
Sacl to replace fragments containing the MoMLV-derived 3'LTR with
corresponding HindIII-Sacl fragments of the PCMV-derived 3'LTR from
pMSCV-neoEB14 (GCsap(PCMV)). The vector was further digested
with Sacl and EcoRI to replace fragments containing 5'LTR and the FBS
derived from MoMLV with the corresponding 5'LTR and PBS of the
MND vector. The PBS of the MND vector is derived from dl587rev*®
(GCDsap(PCMV)). Ncol-NotI fragments of EGFP cDNA were inserted
into the Ncol-Notl-digested vector to generate GCD/EGFP. The vector
was converted to ‘corresponding retroviruses packaged in VSV-G
envelope by transduction into 293gp.*! The viral titer of GCD/EGFP
was approximately 2.0 x 107 IU/ml as assessed on Jurkat cells.

Transduction into ES cells. Mouse ES cells (E14) were cultured
according to supplier’s recommendations.? Single-cell suspensions were
transduced once by adding 100 ul of the concentrated virus supernatants
to the culture at a multiplicity of infection of 1. The number of EGFP-
positive cells and the mean florescent protein intensity were quantified
by FACS Calibur or FACS Vantage (Becton Dickinson, San Jose, CA).
Teratomas were obtained from sub-lethally irradiated (250cGy) non-
obese diabetic/severe combined immunodeficient mice (Sankyo Lab
Service, Tokyo, Japan) that had been transplanted intraperitoneally
qwith single-cell suspensions of 5 x 10° transduced ES cells. Six
weeks after transplantation, resultant tumors were harvested, fixed in
4% paraformaldehyde before freezing in OCT medium (Tissue Tek,
Sakura Finetek, Torrance, CA), and cryostat-sectioned. Parallel sections
were stained with anti-myoglobin (Dako, Kyoto, Japan) or anti-
cytokeratin (Zymed, San Francisco, CA) antibodies that were
detected with Cy3-conjugated anti-rabbit IgG antibody (Amersham
Biosciences Corp., Piscataway, NJ). Three-micrometer sections were
also stained with hematoxylin and eosin, and counterstained with
rabbit anti-GFP antibody (Molecular Probes, Eugene, OR) that
was detected with diaminobenzidine (DAB, Dojin Chem, Kumamoto,
Japan).

Generation of chimeric mice. Chimeric mice were generated by a
conventional method where the EGFP-transduced ES cells were
microinjected into day 3.5 blastocysts of B6 mice, followed by
transferring to host uteri.”® The resultant chimeric mice were mated
with B6 mice to obtain their progeny. Whole-mount immunohistostain-
ing was performed by a method described elsewhere.®* Samples were
examined using Axioplan 2 and AxioVision 3.1 softwares (Carl Zeiss,
Oberkochen, Germany).

Cell surface analysis. Hematopoietic cells were stained with phycoer-
ythrin-conjugated rat anti-mouse CD4 (RM4-5), CD8 (53-6.7), Mac-1
(M1/70), Ter119 (Terl19), and NKI1.1 (PK136) antibodies; allophyco-
cyanin-conjugated rat anti-mouse B220 (RA3-6B2), Gr-1 (RB6-8C5),
and ¢-KIT (2B8) antibodies; and phycoerythrin-Cy5-conjugated rat
anti-mouse CD3 (142-2C11), CD4 (RM4-5), and B220 (RA-6B2)
antibodies. After being washed with phosphate-buffered saline contain-
ing 2% fetal calf serum, stained cells were analyzed by FACS Calibur or
FACS Vantage. All reagents were purchased from BD Biosciences
PharMingen (San Diego, CA).

Southern blot analysis. High-molecular-weight DNA was obtained
from transduced ES cells or mouse tails. Twenty micrograms of genomic
DNA was digested with BamH]I, electrophoresed in 1% agarose gel,
transferred to a nylon membrane, and hybridized to [2-32P)dCTP
(deoxycytidine 5'-triphosphate) labeled EGFP c¢DNA. The restriction
enzyme BamHI cuts the vector at one site and therefore the number of
fragments hybridized with the probe is considered to be the number of
provirus copies integrated in host genomes.
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SUPPLEMENTARY MATERIAL

Figure S1. Comparison of two retroviral vectors analyzed.

Figure S$2. ES cells transduced with GCD/EGFP were sorted by FACS
and EGFP expression was analysed on the indicated day.
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Abstract

Donor lymphocytes function as a double-
edged sword in- allogeneic stem cell trans-
plantation (allo-SCT), that is, they attack leu-
kemic cells (graft versus leukemia, GVL) as
well as patient’s normal tissues such as liver,
intestines, and skin (graft -versus host dis-
ease, GVHD). The strong GVL reaction has
made: infusions- of donor lymphocytes {DLI)
an effective treatment for relapsed leukemia
after allo-SCT, especially for relapse of chron-
ic myelogenous leukemia. However, the use
of DLI is severely limited by the risk of a
potential life-threatening compliéation, GVHD.

In 2004, we started a phase I/l clinical trial

of DLI using donor lymphocytes transduced

with the retroviral vector SFCMM-3 that
expressed the herpes simplex virus thymidine
kinase gene for patients with -rélapsed leuke-
mia after allo-SCT at the Tsukuba University
Hospital. The TK-DLI is-aimed at control of
severe GVHD by administration of ganciclovir

(GCV) if it occurs while maintaining the maxi- -

mum GVL effects. So far, we have done nine
transduction -procedures-and infused the

Keywords gene therapy, retroviral vector, suicide
gene, graft—versus—/eukem/a donor lymphocyte
infusion
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donor.lymphocytes into five patients {2 AML,
2 ALL, and 1 MDS). All patients receved
approximately 1x10° cells per kilogram of

‘body weight. In the result, four out of five

patients showed some clinical responses
such as inhibition of leukemic cell growth,
mitigation of lymph node swelling;.and'iowing
the values of molecular markers -of tumors
after infusions of the transduced cells. One
AML patient achieved complete remission
and no relapse signs have been observed
over 1 year after the treatment. Two patients
developed GVHD (1 acute and 1 chronic) and
the acute GVHD. (grade i) was successiully
controlled by administration of GVC, in the

- absence of immunosuppressive drugs. No

adverse effects.related: to gene therapy have
been observed. The clinical trials confirmed
the therapeutic potential and safety of TK-DLI
as a treatment for relapsed leukemia and the
effectiveness of in vivo administration of GCV
to eradicate the transduced cells: The TK-DLI -
is expected to -offer the potential of a safer
and more effective adoptive immune cell
therapy for-patients with hematologic malig-
nancies in combination with allo-SCT.
(Gene Therapy 2007;. p286 -294, 2007)

lntroductlon :
Transplantation of hematopmetlc stem
cells (HSCs) from HLA-matched related

“donors following: both. high-dose: systemic

chemotherapy and total-body ‘irradiation (TBI)
is the most-effective treatment for patients
with hematological malignancies. (1-3). Tae



