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Next, we examined the requirement for Lats in the regulation
of Yap localization during preimplantation development. The
mouse has two Lats genes, both of which are expressed
throughout preimplantation development (Figure 3A). Since null
mutations in either gene do not disrupt preimplantation develop-
ment (McPherson et al., 2004; St. John et al., 1999; Yabuta et al.,
2007), we overexpressed a catalytically inactive (kinase dead;
KD) variant of Lats2, designed to dominantly inhibit both Lats1
and Lats2. As predicted, embryos overexpressing Lats2-KD ex-
hibited clearly reduced p-Yap levels (Figure 6D), as well as Yap
accumulation in nuclei of inside cells (Figure 6E) and a significant
increase in Cdx2 in inside cells (type Ill embryos) (Figures 6B and
6C). Finally, to genetically explore the role of Lats1/2, we gener-
ated a null allele of Lats7, and we examined embryos obtained
from intercrossing Lats1*/~; Lats2*/~ mice. Consistent with the
analysis of Lats2-KD overexpression, Lats7™/~; Lats2~/~ double
mutant embryos exhibited nuclear accumulation of Yap and
strong Cdx2 expression in inside cells (n = 6/7) (Figure 6F;
Figure S2). Taken together, these observations strongly suggest
that Lats1/2 regulate Yap localization during preimplantation
development.

Cell-Cell Contact Inhibits Nuclear Accumulation of Yap
in Inside Cells

In cultured cells, the subcellular localization of Yap and therefore
Tead activity are controlled by cell-cell contacts via the Hippo
signaling pathway (Ota and Sasaki, 2008; Zhao et al., 2007).
We therefore asked whether cell contact is also involved in the
regulation of Yap localization in preimplantation embryos. To
examine whether the degree of cell-cell contact can regulate
the subcellular localization of Yap in three-dimensional cell
aggregates, we first examined its localization in cultured aggre-
gates of a mouse ES cell line, EB5. Yap was detected only in the
cytoplasm of cells internal to the aggregates, whereas Yap was
detected in the nucleus and cytoplasm of outer cells of aggre-
gates (Figure 6G, left). Similar results were obtained for aggre-
gates of an epithelial cell line, MTD1A (Figure 6G, right). These
correlative results suggest that circumferential cell contacts
may inhibit the nuclear localization of Yap.

We next disrupted E-cadherin-mediated cell adhesion by
using the E-cadherin blocking antibody ECCD1. As reported
(Shirayoshi et al., 1983), treatment of compacted 8-cell embryos
with ECCD1 led to decompaction. Culture of these embryos led
to the reestablishment of cell adhesion, recompaction, and blas-
tocoel formation, although the timing of this latter process was
premature, resulting in ICM sizes that were either small or unde-
tectable (Figure 6H; Figure S3; data not shown) (Shirayoshi et al.,
1983). As expected based on the severe reduction of ICM in
older ECCD1-treated embryos, Yap was not strictly excluded
from nuclei of inside cells among ECCD1-treated embryos
examined shortly after recompacting (18- to 22-cell stages, n =
6/8) (Figure 61, middle). In fact, inside cells exhibited levels of
nuclear Yap comparable to those of outside cells in some
embryos (n = 2/8) (Figure 6l, right). Conversely, p-Yap levels
were clearly reduced in inside cells of ECCD1-treated embryos
(Figure 6J). Thus, continuous maintenance of circumferential
cell-cell contact or adhesion is a prerequisite for the proper regu-
lation of Yap phosphorylation and repression of Yap accumula-
tion in the nuclei of inside cells.

Developmental Cell 16, 398-410, March 17, 2009 ©2009 Elsevier Inc.

Cell Position Can Regulate Yap Localization

and Cell Fate

The observation that the degree of cell contact correlates with
Yap localization and activity provided a potential link between
embryo topology and cell fate specification. To test this hypoth-
esis, we examined Yap localization and Cdx2 expression after
the manipulation of cell position, by using two different
approaches. First, we forced cells to occupy an inside position
in reaggregated embryos. Embryos were dissociated at the 8-
cell stage, a stage at which Yap is nuclear in all cells, and prior
to the creation of inside cells. In nondissociated 8-cell embryos,
apicobasal cell polarization can be visualized by examining Ez-
rin, which localizes to the apical cell pole (Louvet-Vallee et al.,
2001). However, in individual 1/8 blastomeres, this pattern was
lost, as was nuclear Yap (Figure 7A). Next, we aggregated indi-
vidual blastomeres from three different embryos into one large
chimera, with some cells now occupying a position internal to
the others. In these reaggregated embryos, outside cells rees-
tablished polarity, and nuclear Yap and Cdx2 were detected.
In contrast, neither nuclear Yap nor Cdx2 were detected in inside
cells (Figure 7B).

As a second approach to manipulating cell position, we exam-
ined the dynamics of Yap localization and Cdx2 expression in the
regenerating TE after immunosurgery (Rossant and Lis, 1979;
Spindle, 1978). After immunosurgery, most embryos had rees-
tablished a morphologically distinct TE layer and blastocoel by
24 hr (n = 4/7), and nuclear Yap and Cdx2 were detected in
outside cells of all regenerates (Figure 7C, n = 7/7). At 12 hr after
immunosurgery, some cells appeared to be flattening on the
surface of the ICM (n = 5/5), and nuclear Yap and Cdx2 were de-
tected in these cells, although levels were apparently weaker
compared with levels seen in later stages of regeneration
(Figure 7D, n = 4/5). Together, these observations support the
hypothesis that cell position influences the cell fate in preimplan-
tation embryos by regulating subcellular localization of Yap.

DISCUSSION

Tead4 Instructively Regulates Multiple Transcription
Factors to Promote Trophoblast Development

Although Tead4 is required for Cdx2 expression in vivo, the un-
patterned expression of Tead4 (Nishioka et al., 2008) made it
difficult to predict that Tead4 restricts Cdx2 expression to
outside cells during TE formation. We have shown that the
activity of Tead4 is regulated, and that its activation is sufficient
to regulate multiple factors in parallel to promote trophoblast fate
specification in the ES cell model (Figure 7E). These observations
are consistent with our analysis of Tead4 mutant embryos (Nish-
ioka et al., 2008), and with the fact that the Tead4 mutant pheno-
type is more severe than loss of Cdx2 alone (Strumpf et al.,
2005). Thus, Tead4 appears to act at the top of a hierarchy of
trophoblast-specific transcription factors, among which Cdx2
plays a central role. However, we do not yet know whether
Tead4 regulates Cdx2 directly, since the Cdx2 trophoblast
enhancer has not been identified. Whereas Tead4-Yap activates
Cdx2 in the outer cells, the uniform expression of Oct3/4 up to
the late blastocyst stage would suggest that Cdx2 receives
persistent suppressive input from Oct3/4 (Dietrich and Hiiragi,
2007; Niwa et al., 2005). Tead4 may, therefore, promote Cdx2
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Figure 7. Cell Position Controls Nuclear
Localization of Yap

(A) Altered Yap localization and cell polarity (Ezrin)
in dissociated blastomeres of the 8-cell embryo.
(B) Localization of Yap, PKCY, and Ezrin in reag-
gregated embryos.

(C and D) Yap localization and Cdx2 expression in
isolated inner cell masses (C) 24 hr and (D) 12 hr
after immunosurgery. Arrowheads indicate Yap-
positive nuclei.

(E) A model of the transcriptional network regu-
lating TE development.

(F) A model of cell position-dependent fate speci-
fication in preimplantation embryos. See Discus-
sion for details.
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ence Yap localization, the exact mecha-
nisms underlying this phenomenon
remain elusive. One likely mechanism is
the difference in the degree of cell-cell
contacts. Inside cells are surrounded
entirely by outside cells, whereas outside
cells have an outside-exposed surface.
Thus, the degree of cell contact could
influence Lats- and/or Hippo-mediated
cell signaling. Cell contact-based
changes in Hippo signaling have been

outer cell

expression by overcoming this negative input. Thus, Tead4
instructively regulates multiple transcription factors to promote
trophoblast development.

Lats and Yap Convert Positional Information

into Cell Fate Information

Two classical models of cell fate specification during preimplan-
tation development are the Inside-Outside Model, in which,
topological differences dictate cell fates (Tarkowski and Wro-
blewska, 1967), and the Polarity Model, wherein differential
inheritance of information present along the apicobasal axis
dictates both cell position and fate (Johnson and Ziomek,
1981). These models are not mutually exclusive and provide
a framework for interpreting our results (Figure 7F). As we have
shown, two components of the Hippo signaling pathway, Lats
and Yap, are involved in the establishment of position-depen-
dent Tead4 activity and cell fate specification. In inside cells,

proposed to explain cell contact-medi-
ated inhibition of proliferation in cultured
cells (Ota and Sasaki, 2008; Zhao et al.,
2007), and cell contacts are actually
required for the suppression of nuclear Yap in inside cells of
preimplantation embryos.

Although our observations generally support the Inside-
Outside model of early lineage specification, they do not rule
out involvement of the Polarity Model. In addition to cell-cell
contact, other information, such as cell polarization or the pres-
ence of an exposed apical surface, may also contribute to differ-
ential Yap localization in the early embryo, for example by
restricting the localization or activity of Hippo signaling compo-
nents. In support of this, dissociated blastomeres, which do
not receive cell contact information and also lose polarity, did
not exhibit nuclear Yap. As two transmembrane receptors, Fat
and CD44, are known upstream regulators of Hippo signaling
(Bennett and Harvey, 2006; Hamaratoglu et al., 2006; Morrison
et al., 2001; Silva et al., 2006; Willecke et al., 2006), it is tempting
to speculate that signaling through these proteins may transmit
cell contact information to Lats/Yap in preimplantation embryos.

inner cell
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Although recently it has been shown that Ras-MAPK signaling
promotes TE development (Lu et al., 2008), its relationship to
Tead4-Yap remains unknown. Interestingly, MAPK signaling
negatively regulates Tead activity in cultured cells (Thompson
et al., 2003).

Our model places importance on the suppression of Tead4
activity in inside cells to establish differential Tead4 activity along
the inside-outside axis. Active Tead4 induces and/or reinforces
Cdx2 expression, overcoming Oct3/4-mediated repression in
outside cells, whereas inactive Tead4 together with Oct3/4 may
suppress Cdx2 expression in inside cells. Inactive Tead4 likely
acts as arepressor and suppresses Cdx2 expression, as switch-
ing roles between activator and repressor is a typical feature of
transcription factors at the end of signaling pathways (Barolo
and Posakony, 2002). Continuous operation of this mechanism
throughout preimplantation development likely ensures posi-
tion-dependent cell fate specification, whereas inside and
outside daughters are produced from mothers that are initially
outside (Fleming, 1987). This system would confer a degree of
developmental flexibility on preimplantation mouse embryos.
Recently identified asymmetric distribution of Cdx2 mRNA
(Jedrusik et al., 2008) may also be involved in this process.

A Role for Hippo Signaling in Preimplantation Embryos
The Hippo signaling pathway mediates cell contact-mediated
growth inhibition in cultured cells (Lei et al., 2008; Ota and
Sasaki, 2008; Zhao et al., 2007, 2008), but our evidence
suggests a slightly different role during preimplantation develop-
ment. Although cell contact is still involved, growth inhibition is
not, since changes in Yap localization suppressed Cdx2 expres-
sion without affecting cell number. A similar role in cell fate spec-
ification has been observed in Drosophila photoreceptor differ-
entiation (Mikeladze-Dvali et al., 2005), suggesting that Hippo
signaling may regulate distinct cellular outcomes, depending
on the context.

EXPERIMENTAL PROCEDURES

Cell Culture

EBS ES cells were cultured on gelatin-coated dishes in the absence of feeder
cellsin ES medium (Glasgow modification of Eagle’s medium (GMEM) supple-
mented with 10% (v/v) FCS, 1000 U/ml LIF, 1x sodium pyruvate, 1X nones-
sential amino acids, 1074 M fB-mercaptoethanol) (Niwa et al., 1998) containing
10 pg/ml blasticidin S. SECER4 ES cells (Niwa et al., 2005) were cultured in ES
medium containing 10 ng/mi blasticidin S and 1 ug/ml puromycin. To establish
ES cells stably expressing Tead4VP16ER (5TVER7 and 5TVER16), EB5 ES
cells were electroporated with linearized pCAG-Tead4VP16ER-IP and were
selected with 1 pg/ml puromyecin in ES cell medium containing 10 pg/ml blas-
ticidin S. Tead4 =/~ ES cells and derivatives were maintained in serum-free Cul-
tiCell medium (Stem Cell Sciences, Japan) (Ogawa et al., 2004). To establish
Tead4™~ ES cells stably expressing Cdx2ER (T4CER9 and T4CER10),
Tead4 ™~ ES cells (#1-5) (Nishioka et al., 2008) were electroporated with line-
arized pCAG-Cdx2ER-IP (Niwa et al., 2005) and were selected with 1 pg/ml
puromycin in CultiCell serum-free ES medium. To establish Cdx2~/~ ES cells
stably expressing Tead4VP16ER (CTVERS and CTVER20), dko23-5 ES cells
(Niwa et al., 2005) were electroporated with linearized pCAG-Tead4VP16ER-
IP and selected with 1 pg/ml puromycin in ES cell medium containing 10 ng/
ml blasticidin S and 200 pg/ml G418. In dko23-5 ES cells, expression of
Oct3/4 does not change during differentiation, because Oct3/4 is expressed
from a transgene (Niwa et al., 2005). To induce transgenes, 5ECER4,
T4CER9, and T4CER10 were induced with 1 ng/ml tamoxifen in ES medium.
5TVER? and 5TVER16 were induced with 0.1 ng/ml tamoxifen, and CTVERS
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and CTVER20 were induced with 0.2 ng/ml tamoxifen; higher doses of tamox-
ifen resulted in significant cell death of 5TVER7, 5TVER16, CTVERS, and
CTVER20. Induction of ES cell differentiation into TS cells was performed as
previously described (Niwa et al., 2005).

ES cell transfection with siRNA was performed by using Lipofectamine 2000
as previously described (Hough et al., 2006), by using feeder-free conditions.
For Oct3/4 knockdown, three predesigned Stealth siRNAs (Stealth Select
RNAi) targeting Oct3/4 (Pou5f1-MSS237605, Pous5f1-MSS237606, and
Pou5f1-M8S237607) were obtained from Invitrogen. Pou5f1-MSS237605
and Pou5f1-MSS237606 clearly reduced Oct3/4, whereas Pou5fi-
M88237607 exhibited a weaker effect. The two former siRNAs were therefore
used and produced similar results. The representative result with Pou5fi-
MSS237605 siRNA is shown in a figure. The Stealth RNAi Negative Control
Medium GC Duplex (Invitrogen) was used for control experiments.

MTD1A (Hirano et al., 1987), NIH 3T3, and Hel.a cells were cultured in Dul-
becco’s Modified Eagle’s Medium containing 10% Fetal Calf Serum (DMEM +
10% FCS).

For detailed information about plasmids, see Supplemental Data.

Luciferase Assay

NIH 3T3 or Hel a cells were seeded at a density of 1 x 10° cells/well on 12-well
plates 24 hr before transfection. A DNA mixture consisting of effector (50 ng),
PCMV-Gal4 (BD) or pCMV-Gal4-Tead4C (50 ng), pG4-TK-Luc (200 ng), and
pCS2-f-gal (50 ng) were transfected for 24 hr with 2 ul FUGENE HD (Roche).
Lysate preparation, luciferase, and p-galactosidase assays were performed
as described (Sasaki et al., 1999). Luciferase activities were normalized to
B-galactosidase activities. For each experiment, values from two samples
were averaged and are presented with standard errors.

RT-PCR

Total RNA was isolated from ES cells or embryos by using Trizol reagent (Invi-
trogen) by following the manufacturer’s instruction. cDNA was prepared from 1
ng total RNA by using Ready-To-Go You-Prime First-Strand Beads (GE
Healthcare) or Superscript Il reverse transcriptase (Invitrogen) and Oligo-dT
primers (Invitrogen) per manufacturers’ instructions. cDNA was diluted 1:200
for quantitative PCR reactions. Primers and conditions for Quantitative-PCR
(Q-PCR) reactions for Cdx2, Eomes, Psx1, Hand1, ltga7, Oct3/4, Sox2, Fgf4,
and Gapdh are described by Niwa et al. (2005). Q-PCR was performed by
using SYBR Premix Ex Taq (Takara Bio, Kyoto Japan) and an ABI PRISM
7900HT (Applied Biosystems). Expression of each gene was normalized to
the expression of Gapdh. Average results and standard errors from three inde-
pendent measurements are presented.

Mouse Lines

Wild-type litters were obtained by crossing C57BL/6 and [C57BL/6XDBAJF1
mice. Yap"™S™ mice (Morin-Kensicki et al., 2006) were crossed with Actb:Cre
transgenic mice to remove the neomycin cassette flanked by loxP sites.
Resulting mice (Yap~"") are referred to as Yap mutant mice in this paper.
Wwtr1 mutant mice (Taz'*°?) were previously described (Makita et al., 2008).
Lats2 mutant mice were previously described (Yabuta et al., 2007). The Lats?
mutant allele was generated by homologous recombination in ES cells in
H.N.’s laboratory. Exon 1 (E1), containing a translation initiation codon, was re-
placed with a cassette containing the Pgk promoter, the neomycin resistance
gene, and the Pgk polyA signal (Figure S4A), resulting in generation of a null
allele. Details for the generation and characterization of Lats7 mutants will be
described elsewhere by N.Y. and H.N. Mice were housed in environmentally
controlled rooms in the Laboratory Animal Housing Facility of the RIKEN Center
for Developmental Biology, under the institutional guidelines for animal and re-
combinant DNA experiments.

Embryo Culture and Embryo Manipulation

Embryo culture was performed as previously described (Nishioka et al., 2008).
Treatment of embryos with ECCD1 (Takara Bio, Kyoto Japan) was performed
as previously described (Shirayoshi et al., 1983). Dissociation of 8-cell-stage
embryos was performed as previously described (Dietrich and Hiiragi, 2007),
and blastomeres were reaggregated by gentle rocking in U-bottom, MPC-
coated 96-well plates (Nunc).

407



RNA Injection

Poly(A)-tailed RNA was synthesized from cDNAs cloned into the pcDNAS.1-
poly(A)83 plasmid (Yamagata et al., 2005), and purified RNAs were injected
into both blastomeres of 2-cell-stage embryos according to standard proto-
cols (Hogan et al., 1994). Details of plasmids used are provided in Supple-
mental Data.

Immunofiuorescent Staining

Immunofluorescent staining of embryos was performed by following standard
protocols. Inside cells were identified by acquiring Z-series confocal images of
the stained embryos with LSM510 META (Zeiss). Embryos were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at room
temperature, and then washed in PBS + 0.2% goat serum (PBSS) for 5 min.
Embryos were subsequently permeabilized with 0.2% Triton X-100 in PBS
for 20 min at room temperature, washed in PBSS for 5 min, blocked with
2% goat serum in PBS (blocking solution), and incubated overnight with
primary antibodies diluted in blocking solution at 4°C. After washing in
PBSS for 5 min, embryos were incubated with the following secondary anti-
bodies diluted in PBSS for 1 hr at room temperature: Alexa Fluor 488 goat
anti-rabbit (Molecular Probes, A11034; 1:4000) and/or Alexa Fluor 594 goat
anti-mouse (Molecular Probes, A11005; 1:4000). Nuclei were visualized by
staining with 4,6-diamidino-2-phenylindole dilactate (DAPI; Molecular Probes,
D3571). For detection of p-Yap, all solutions up to primary antibody were sup-
plemented with Phosphatase Inhibitor Cocktail (Nacalai Tesque, Kyoto, Japan)
at 1:100. For APPase treatment, ~10 embryos were incubated with 2000 U
Lambda Protein Phosphatase (Sigma P9614) in 100 ml APPase buffer supplied
by the manufacturer at 30°C for 1 hr prior to blocking.

Statistics

Statistical analyses were performed with Prism4 statistical software (Graph-
Pad) by using Fisher's exact probability test. For all comparisons, experimental
results were compared with control results (8-globin-injected). For experi-
ments shown in Figures 2, 4, and 6, the frequencies of type Ill embryos were
compared. For experiments shown in Figure 5, frequencies of type IV embryos
were compared. Statistically significant differences (p < 0.05) are indicated by
asterisks.

Quantification of Immunofluorescent Signals

Confocal images of the stained embryos were acquired with LSM510 META
(Zeiss). Average pixel intensities of the Yap and DAPI in nuclear cross-section
were measured by using MetaMorph software (Molecular Devices). Yap
nuclear signal values were normalized to the DAPI signal. Average values
from multiple embryos are presented with standard deviation.

Immunosurgery

Embryos were harvested around E3.0, zonae pellucida were removed, and
embryos were subsequently incubated with nonpreadsorbed rabbit anti-
mouse lymphocyte antibody (Cedarlane) diluted 1:8 in KSOM for 25 min in
a 37°C incubator. Embryos were washed through five droplets of KSOM and
then incubated as described above in anti-rabbit Alexa Fluor 488 (1:400,
Molecular Probes) for 15 min. Embryos were again washed in KSOM, and
then incubated as described above for 8 min in guinea pig complement
(Cedarlane) diluted 1:4 in KSOM, and lysed cells were removed by extensive
flushing through a pulled glass needle. Resulting inner cell masses were
screened for efficient removal of TE by brief examination of fluorescence signal
by fluorescence microscopy. Efficiently lysed ICMs were then incubated in
KSOM as described above until the indicated time points, then harvested for
immunostaining and confocal analysis as described (Ralston and Rossant,
2008). Antibodies used included rabbit anti-YAP (Cell Signaling; 1:100); mouse
anti-Cdx2 (Biogenex; 1:200); anti-mouse Alexa 546, anti-mouse Alexa 488,
and Dragb (Molecular Probes; all at 1:400), and all images were collected
during a single confocal session with identical confocal settings.

SUPPLEMENTAL DATA

Supplemental Data include four figures, one table, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
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Introduction

For nearly 30 years, the genetic manipulation of laboratory
mice has contributed substantially to the development of many
fields in medical research and mammalian biology. Remarkably,
by genetically altering the mouse genome with single nucleotide
precision, it is now possible to create mice with desired genetic
modifications to assess gene function in healthy animals and in
animal models for human diseases. One major issue associated
with mouse genetic engineering is that the biological function of
engineered genes can vary with their genetic background {1-3].
This often raises serious concerns, because transgenic (I'G) or
knockout (or knockin, KI) mice are generated in strains that have
historically been selected for the ease and convenience of
generating the TG or knockout strain, rather than phenotypic
characterization of the mutation itself. For example, most

PLoS ONE | www.plosone.org

embryonic stem (ES) cell lines used for knockout experiments
are derived from the 129 strain. Unfortunately, however; this
strain has significant biological limitations that interfere with the
phenotypic analysis of a target mutation. It consists of a diverse
and complex family of substrains {4] and many of these have an
atypical brain structure [5]. Therefore, for facilitating definition of
transgene or gene-targeted effects over a given genetic back-
ground, the engineered gene should be introduced from the donor
strain into the desired recipient strain.

The classical protocol for such purpose is congenic breeding:
serially backerossing the gene donor to the recipient strain
accompanied by selection for progeny carrying the desired gene
in each backcross generation. This protocol calls for 10 backeross
generations (N10), followed by an intercross (1) to produce
founders that are homozygous for the desired gene (theoretically
more than 99% of the genome) [6]. Although the strategy is
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simple, the process is expensive and time consuming, requiring
roughly 3-4 years to produce any given congenic strain. To
overcome this weakness, reduction of backcross generations for the
establishment of congenic strains has been achieved using marker-
assisted selection protocols (MASP), the so-called ‘speed con-
genics’. The time required for deriving such congenic strains is
about 1-2 years, depending on the robustness and intensiveness of
the polymorphic analysis between the gene donor and recipient
strains [7].

One interesting suggestion is that the breeding cycle could be
shortened by superovulating and breeding juvenile females (3-4
weeks) followed by embryo transfer to mature females for
production of the next generation [8]. This might shorten the
generation time down to 6-7 weeks and reduce the whole
congenic procedure to 1 year. This ‘supersonic congenics’ strategy
was promising, but has not proved practical because of the imited
number of oocytes that can be produced and because there are
great individual differences in response to superovulation resumes.

We have attempted to develop another high-speed congenic
strategy through the male germline. Recently, we have shown that
the genomes of male germ cells from the first wave of
spermatogenesis have the ability to support embryonic develop-
ment to term. Mouse round spermatids—the youngest haploid
male germ cells—appear first at 17 days after birth and can be
used for the production of offspring by round spermatid injection
(ROSI) into oocytes [9]. We applied this technique to the
generation of congenic strains from mice with mixed genotypes
bearing a transgene, a targeted KI gene or chemically induced
mutant genes. At each generation, males used for backcrossing
were selected based on polymorphic marker analysis: low density
screening MASP using 74-176 markers distributed uniformly
throughout the genome. The recipient strain for the expected
genetic background was C57BL./6 for all lines of congenics. The
results were very consistent and the time for producing a congenic
strain was reduced significantly. Therefore, our high-speed
congenic system would be very useful for the accelerated analysis
of genes of interest under a defined genetic background.
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Results and Discussion

Definition of the optimal male age for spermatid
collection

In mice, round spermatids can be collected from 17-day-old
males at the earliest and their genomes can support full term
embryonic development after injection into oocytes using ROSI
[9]. However, the efficiency of producing offspring using these
round spermatids was extremely low (0.9%) because of their very
low incidence in testicular cell suspensions (<2%). This might
compromise the accurate identification of round spermatids within
a limited time of oocyte micromanipulation. Therefore, we first
checked the proportion of round spermatids in testicular cell
suspensions from males aged 18, 20, 22 and 24 days to define the
optimal age for applying ROSL As shown in Figure 1, the
percentages of round spermatids in testicular suspension increased
consistently from days 18 to 24 with statistically significant
differences between groups (P<0.05). This resulted in easier
identification of round spermatids under a microscope: thus, the
time required for picking up a single round spermatid was roughly
60, 15, 10 and 10 sec using cell suspensions collected at days 18,
20, 22 and 24, respectively. Therefore, we defined day 22 to be the
earliest age of males that allowed the efficient identification of
round spermatids in testicular cell suspensions. Testes of the mice
at day 22 were smaller than in adults, but we could still collect
sufficient round spermatids from a single testis to perform a ROSI
experiment (about 150-250 injected oocytes).

Congenics of gene-modified strains using first-wave
round spermatids

To test whether high-speed congenics using the first wave of
round spermatids could be used practically, we applied the
technique to three different types of gene-modified strains, TG, KI
and N-ethyl-N-nitrosourea (ENU)-mutant strains. At each gener-
ation, a male used for the next application of ROSI was selected

based on showing fewer heterozygous alleles by polymorphic
markers that could identify the donor (DBA/2 and 129) and

20 22 24
Male age (day)

Figure 1. Definition of the optimal male age for spermatid collection. a) Representative photomicrograph of a cell suspension prepared
from the testis of a male mouse at 24 days of age. Arrows indicate round spermatids, which are easily identified by a round nucleus and a high
cytoplasmic/nuclear ratio. b) The proportion of round spermatids among testicular cells from 18 days to 24 days after birth. The percentages of round
spermatids in testicular suspension increased consistently from days 18 to 24 (P<<0.05 between groups). The cells were counted in two different

males by two different operators. The horizontal bars indicate the average.

doi:10.1371/journal.pone.0004943.9g001
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recipient strains (B6Cr and B6J). Backcross ROSI was repeated
until the N4 or N3 generation. After this, additional backcrossing
was continued by natural mating to reduce the undetected gaps of
contaminating donor alleles [10].

The Tasa Tenus TG strain we used was generated from embryos
produced by IVF using (B6CrxDBA/2)F1 strain oocytes and
B6Cr strain spermatozoa, and maintained by full-sib mating. The
N1 offspring were obtained by ICSI using a donor male at F7. As
shown in Figure 2a, N5 backeross offspring were obtained on day
188 and all 74 markers were identified as B6 homozygous in one of
two carrier males.

The Ednad”™* K1 strain was derived from ES cells with a
(B6Crx129"7/SyJcl)F1 genetic background [11]. The first N1
generation was obtained by IVF using B6Cr oocytes and
spermatozoa from a chimeric mouse. All 86 markers were
homozygous for B6Cr as early as at N3 (day 106; 2 out of 14
carrier males) and N4 offspring were obtained on day 151
(Figure 2b).

The ENU-induced growth differentiation factor 5 (Gdf3) mutant
line had a mixed genetic background of B6] and DBA/2] [12]. For
this combination of inbred strains, more dense polymorphic
markers were available using single nucleotide polymorphism
(SNP) assays as well as microsatellite genotyping (176 markers; see
Materials and Methods). The N5 generation was obtained on day

a
90 .
.,_J N2

N3 (188 days)
70 N1

60

-
(=]
o

80

50

Markers homozygous for B6 (%)

40

1} 50 100 150 200

100 +
90 4J—T\l—‘5
80 N4 (190 days)
70
60
50
40

20 £
0 50 100 150 200

N3

Markers homozygous for B6 (%)

High-Speed Congenic Strategy

190 and was 97.7% (172/176) homozygous for B6] (Figure 2c).
The following N6 and N7 generations produced by IVF were
98.8% and 99.4% homozygous for BG], respectively.

The efficiency rates in backcross breeding by ROSI in these
gene-modified strains are shown in Table 1. All the modified genes
could be propagated successfully into the next generations by
ROSIL The male carriers finally obtained were all fertile and
propagated the modified genes to the next generation by natural
mating.

Significance of congenic breeding using first-wave male
germ cells

Congenic strains have been used extensively for the study of
mouse genetics including definition of phenotypic effects of genes
on specific genetic backgrounds and identification of genes or
genomic segments affecting the phenotypes of interest by
quantitative trait Jocus (QQTL) analysis. However, it takes about
2-3 years to construct a congenic strain with a level of genetic
homogeneity that is reliable for research (>99% or more) [6}. To
accelerate congenic breeding, MASP has been developed by
taking advantage of precise information on mouse genetics {7].
Another approach for efficient congenics should be rapid
generation turnover by assisted reproduction techniques. The
use of immature females proposed by Behringer [8] was applied

b

100 > .
£ ‘ N4
g 90 N3 (151 days)
ﬁ a0 (106 days)
S
g 70 N2
§ 60
[
g 50
% N1
= 40
0 50 100 150 200

Figure 2. Time course of generation turnover and the rate of markers homozygous for the C57BL/6 {B6) type. a) Vasa-Venus transgenic
strain. All markers (n=74) were homozygous for B6 at N5 on day 188, b) Ednra“™*”* knockin strain. All markers (n = 86) were homozygous for B6 at N3
on day 106 and N4 offspring were obtained on day 151. ¢) ENU-induced Gdf5 mutant strain. The N5 generation was obtained on day 190 and was
97.7% (172/176) homozygous for B6. There were 74, 86 and 176 polymorphic markers, which identified the alleles for the C57BL/6Cr:DBA/2Cr, C57BL/
6Cr:129 and C57BL/6J:DBA/2J strains, respectively. Each generation turnover was between 42 and 45 days: the age of the donor male plus the

gestation period (20 days) minus the one-day overlap between them,
doi:10,1371/journal.pone.0004943.g002
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Table 1. Results of congenic breeding by round spermatid injection (ROSI) in three gene-modified strains,

194 (933 )

177 (81.9)

N5 24 216
g
22-24 467

Total (ROSI 61l
Control {C578L/6)

349 (74.7 )

Age {day) of No. of oocyes No. (%) of No, of
Generation male used that survived oocytes that 2-cells No. (%) No. (%) No. (%) of No. {%]) of
Strain produced  for ROSI ROSI developed to 2-cells transferred implanted born males born male carriers
Vasa-Verus - N ~Addleqcsh e 3 15 fo(67)  5(383) 5(33) 50333
(ransgenic d S FEEHE Eiiniy "' ‘ o J : o o i . i
N2 24 182 164 69 (42.1 ) 24 (146) 12{(7.3) 4(24)
Moo 13 M9 24@220)  4B7)  208) 109
N4 22 172 156 14 (9.0) 6(3.8) 2{(13)
. . ; il - 10@1) ) 2is)
Ednra-EGFP N1 Adult {iVF) 166 135 (81.3) 135 62 {45.9) 49(36.3) 23(170) 12{89)
knockin®*
- 30321) 0083y 0k sgs)
N3 235 (90.0) 107 {45.5) 52{221) 30(128) 14{60)
g N4 5 15 72(B5) 39081) 19(8) .
ENU-induced N1 Adult (IVF) 80 49 (61.3) 49 Not observed 26 (53.1) 14 (286 )
mutant

68 (3S.i } 26 (134} ‘

91 {51.4) 34(19.2) 10(56)

. 673363) 271 (46) 12V ies)
133 (404)  49(149) 26 (7.9)

“The donor male (NO) was homozygous for the transgene.
""All genetic markers tested were homozygous for the B6 mouse strain at N3,
doi:10.1371/journal.pone.0004943.1001

successfully to the derivation of a conplastic strain of rats [13].
Hovwever, there have been very few similar applications published,
probably because of the limited number of oocytes produced from
any one female, which may attenuate the number of carrier
females in the subsequent generations. Owr high-speed congenic
system uses immature males as founders at each generation.
Unlike females, each male can produce a large number of germ
cells and multiple litters of offspring. This not only assures the safe
propagation of the target gene on to the next generation, but also
enables efficient selection of a male for the next round of ROSI,
thus significantly shortening the time for congenics.

In this study, the advantages of our high-speed congenic strategy
were shown in the KI strain, which started with a (B6Crx129)F]
genetic background: all 86 markers were homozygous for the B6
strain as early as 106 days (N3). Apparently, it is more
straightforward to use B6 ES cells for gene targeting if the B6
genetic background is required. Several B6 ES cells are available
for gene targeting {14,15], and the International Knockout
Consortium uses C57BL/6 LS cell lines [16]. However, B6 LS
cells usually require more intense care than other 129 or hybrid ES
cells to maintain their germline transmission ability during gene
targeting. ES cells with hybrid genetic constitutions of B6 and 129
are easy to maintain and can be used efficiently for producing
gene-targeted offspring [1,11], especially by tetraploid comple-
mentation [17]. If the gene-targeted allele is of B6 origin, it may
avoid the persistence of donor genetic segments around the
targeted allele during congenic production, which inevitably
occurs when 129 ES cells are used. Thus, the combination of
gene-targeting (B6X129)F1 ES cells and the new high-speed
congenic breeding may be an alternative fast protocol to generate
a B6 gene-targeting strain.

PLoS ONE | www.plosone.org

“The implantation sites were identified as the scars of decidualization at caesarian section,

A congenic breeding strategy has also been employed
extensively in laboratory rats because it is now possible to map
the genetic variants and mutations that underlie complex disease-
related phenotypes in this species [18,19]. ROSI is successful in
some, but not all, strains of rats [20]. As the first wave of round
spermatids appears in rat testes around 26 days after birth, we
estimate that congenic rat strains could be generated within 7 or 8
months by using these germ cells [21].

We anticipate that the congenic strategy developed in this study
might be accelerated further using male germ cells that are
younger than round spermatids. This is possible theoretically,
because the genomes of primary spermatocytes -premeiotic male
germ cells-—can support the full term development of embryos
[22]. Despite many efforts to improve the technique, however, the
efficiency of producing offspring using primary spermatocytes is
very low [22,23]. Therefore, at present the use of round
spermatids on days 2225 may be the most practical range for
efficient, rapid backcross breeding in mice. As far as we know, this
is the most rapid generational turnover by sexual reproduction in
mammals.

Technical issues associated with congenics by ROS!

As mentioned above, the high-speed congenic strategy we
developed is very promising to produce congenic strains with
desired genetic backgrounds. One of the technical issues associated
with this strategy is that ROSI needs some skill and experience.
However, ROSI is generally easier to perform than conventional
ICSI because of the high survival rate of oocytes after injection:
the diameter of injection pipettes is small and the activated oocytes
used for ROSI are more resistant to the injection stimulus than
nonactivated oocytes [24]. From our experience, training of three
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to four consecutive weeks is enough for ROSI if the operator
already has the basic technique for embryo handling. For 1CSI,
reliable protocol papers are available [25,26] and the same
protocols can be essentially applied to ROSIL. Oocytes from B6
females tend to be more sensitive to injection than those from
other strains, but this problem might be overcome by using a high
osmotic strength medium for manipulation on the microscope
stage, if necessary. In our ROSI experiments using B6 oocytes,
about 80% survived the injection whereas about 90% survived in
other strains including BGD2F1, DBA/2 and 129 (unpublished).

As shown in Table 1, we consistently obtained sufficient carrier
males for selection except for the N3 to N5 generations in the
Fasa- enus TG strain, which were affected by an accidental
decline in the quality of recipient females, for reasons unknown.
Based on the overall efficiency in our ROSI experiments presented
in Table 1, we estimated the number of cocytes to be injected with
the aim of obtaining expected number of carrier males (Table 2).
These numbers of oocytes can be handled by one or two operators
in a single session.

One can question if epigenetic modifications might have
occurred during conception using round spermatids, because
ROSI-derived preimplantation embryos have shown some
disturbances in gene expression [27,28] and aberrant DNA
methylation [29]. However, epigenetic errors imposed on
individuals are normally erased during germ cell development
and are never transmitted to the next generation by natural
mating, as shown in mouse somatic cell cloning experiments
[30,31]. Therefore, once mated naturally, congenic strains
produced by ROSI are expected to become epigenetically
indistinguishable from those produced by conventional congenic
protocols.

Conclusions

The generation turnover time in mice can be shortened to about
40 days by using the first wave round spermatids as male gametes.
We confirmed that this breeding strategy reduced the time
required for congenesis to about half a year. This should provide
the earliest opportunities for the analysis of genes of interest under
a defined genetic background and for QTL mapping, which are
becoming integral to biomedical research using the mouse as a
model.

Materials and Methods

The origin of donor strains
The B6 substrains used in this study were B6Cr (C57BL/
6CrSlc) and B6] (C57BL/6]Jcl), which were purchased from

Table 2, The numbers of superovulated females and ococytes
required for obtaining selectable numbers of carrier males, as
estimated from the data in Table 1.

Females superovulated (25-30 oocytes per
female)

4to5 6to7 7to8

Oocytes injected
Oocytes survived {80% per oocytes injected)

‘2-'cé!'4[si’trgnSfer;'e’,d (80% "per'fc')fo,y

Birth (15% per 2-cells transferred) 16 20
Males (50% perbirth) 80
Carrier males (50% per males) 3 4 5

doi:10.1371/journal.pone,0004943.t062

@ PLoS ONE | www.plosone.org
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CLEA Japan, Inc. (Kanagawa) and Japan SLC, Inc. (Shizuoka),
respectively [32]. One mature male mouse from each strain was
used as the donor of the modified gene. The TG strain we used
was Tg(Mvh-Venus)1 Rbre, which was generated by DNA nuclear
injection into zygotes derived from IVF using (B6Cr xDBA/2)F1
oocytes and B6Cr spermatozoa. The Muvh-Tenus gene clearly shows
the germline origin of living cells by green fluorescence because of
the highly specific expression of the Aok (mouse vasa homologue)
gene [33]. The strain was maintained by full-sib mating. An I7
male homozygous for the transgene was used as the donor.

The KI line we used was the Ednra™"* strain carrying the
reporter gene for enhanced green fluorescence protein (EGFP)
that had been knocked into the Ednra (endothelin receptor type A)
locus by recombinase-mediated cassette exchange based on the
Cre-lox system [I11]. The gene-targeted ES cells had the
(B6Crx 1297 77/Sy]ch 'l genotype. Chimeric embryos were pro-
duced by injection of ES cells into ICR blastocysts and they were
transferred into pseudopregnant ICR females. A chimeric male
thus obtained were used for producing N1 by conventional IVF
using B6Cr oocytes.

The ENU-induced mutant strain we used carried a point
mutation at the Ggf5 locus. This mutation causes an amino acid
substitution in a highly conserved region of the active signaling
domain of the GDF5 (growth differentiation factor 3) protein,
leading to impaired joint formation and osteoarthritis [12]. The
donor male had a mixed genetic background of B6J and DBA/2
because the strain was generated from a cross of an ENU-
mutagenized B6] male and a wild-type DBA/2 female.

Offspring that carried modified genes were genotyped at each
generation by polymerase chain reaction (PCR) amplification with
specific primers for the given TG strain [34], by specific green
fluorescence over the body for the KI strain and by PCR-based
sequencing for the ENU mutant strain {12].

Collection of oocytes

Female B6Cr or B6J strain mice (7-10 weeks old) were each
injected with 7.5 units of equine chorionic gonadotropin followed
by injection of 7.5 units of human chorionic gonadotropm (hCG)
48 h later. Mature oocytes were collected from the oviducts 15
17 h after hCG injection and were freed from cumulus cells by
treatment with 0.1% hyaluronidase in CZB medium [35]. The
oocytes were transferred to fresh CZB medium and incubated at
37°C in an atmosphere of 5% CO, in air for up to 90 min before
ROSL

Preparation of testicular cell suspensions

Spermatogenic cells were prepared mechanically as described
for hamsters [36]. Briefly, testes were removed from 18- to 25-day-
old males and placed in erythrocyte-lysing buffer {155 mM
NH,;Cl/10 mM KHCO4/2 mM EDTA, pH 7.2). For the first
series of experiments to identify the optimal age of males for
donors, we used ICR males; as far as we examined there were no
strain-dependent differences in the timing of the first wave of
spermatogenesis. The tunica albuginea was removed and the
seminiferous tubule masses were transferred into cold (4°C)
Dulbecco’s phosphate buffered saline (PBS) supplemented with
5.6 mM glucose, 5.4 mM sodium lactate and 0.1 mg/ml of
polyvinyl alcohol (polyvinylpyrrolidone, PVP, in the original
report) (GL-PBS) [36]. The seminiferous tubules were cut into
small pieces and pipetted gently to disperse spermatogenic cells
mto the GL-PBS. Then, the cell suspension was filtered through a
38-um nylon mesh and washed three times by centrifugation
(200 g for 4 min). To define the optimal male age for spermatid
collection, we first examined the proportion of round spermatids in
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cell suspensions collected from two males aged at 18, 20, 22, or 24
days. The percentages of round spermatids were analyzed using
arcsine transformation, followed by one-way ANOVA analysis
and a post-hoc procedure using Scheffe’s test for multiple
comparisons.

ROSI

ROSI was performed using a Piezo-driven micromanipulator
(Prime Tech Ltd.,, Ibaraki, Japan) as described {37,38], The cover
of a plastic dish (Falcon no. 1006; Becton Dickinson, Franklin
Lakes, NJ) was used as a microinjection chamber. Several small
drops (~4 W) of Hepes-buffered CZB with or without 10% PVP
were placed on the bottom and covered with mineral oil.
Spermatogenic cells were placed in one of the PVP droplets.
Before injection of the nuclei of round spermatids, oocytes were
activated by treatment with Ca®*-free CZB medium containing
2.5 mM SrCl, for 20 min at 37°C. Oocytes reaching telophase 11
at 40-90 min after onset of activation treatment were each
injected with a round spermatid. They were kept in Hepes-CZB at
room temperature (24°C) for ~10 min before culture in CZB at
37°C under 5% CO, in air.

Embryo culture and transfer

Embryos that reached the 2-cell stage by 24 h of culture in CZB
were transferred into the oviducts of pseudopregnant ICR strain
females (812 weeks old) on the day after mating (day 0.5). On day
19.5, recipient females were killed and their uteri were examined
for live term fetuses. These were nursed by lactating ICR foster
females. The day of birth was designated day 0.5 for newborns.

Care and use of animals
All procedures described here were reviewed and approved by
the Animal Experimental Commiittee at the RIKEN Institute.

Genotyping for MASP

Thail clips about 0.3 em long were collected for DNA extraction,
using the Wizard Genomic DNA Purification Kit (Promega,
Madison, WI) and the DNeasy 96 Blood & Tissue Kit (#69582;
QIAGEN GmbH, Hilden, Germany) according to the manufac-
turers’ instructions. Microsatellite genotyping was carried out by
PCR for simple sequence length polymorphisms (SSLP) using
microsatellite markers. The microsatellite markers were selected
out of sequence length polymorphisms between B6 and DBA/2
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Stimulation of sensory neurons improves cognitive
function by promoting the hippocampal production
of insulin-like growth factor-l in mice

NAOAKI HARADA, NORIKO NARIMATSU, HIROKI KURIHARA, NAOMI NAKAGATA,

and KENJI OKAJIMA

NAGOYA, TOKYO, AND KUMAMOTO, JAPAN

Caicitonin gene-related peptide (CGRP) increases the production of insulin-like
growth factor-1 (IGF-1) in the mouse brain. IGF-I exerts beneficial effects on the cogni-
tive funclion by increasing synaptic transmission and by inducing angiogenesis and
neurogenesis in the hippocampus. In the current study, we examined whether stimu-
lation of sensory neurons by capsaicin improved the cogpnitive function by increasing
the production of IGF-1 in the hippocampus using wild-type (WT) and CGRP-knockout
(CGRP-/-) mice.

Significant increases of the hippocampal tissue levels of CGRP, IGF-1, and IGF-|
messenger RNA (mMRNA) were observed after capsaicin administration in WT mice
(P<0.01) but not in CGRP-/- mice. Increase in the expression of ¢-fos was also ob-
served in the spinal dorsal horn, the parabrachial nuclei, and the hippocampus af-
ter capsaicin administration in WT mice but not in CGRP-/- mice. Significant
enhancement of angiogenesis and neurogenesis was observed in the dentate gy-
rus of the hippocampus after capsaicin administration in WT mice (P< 0.01) but not
in CGRP-/- mice. Although capsaicin administration improved spatial learning in
WT mice, no such effect was observed in CGRP-/- mice. Capsaicin-induced im-
provement of the spatial learning was reversed by administration of an anti-IGF-}
antibody and by that of a CGRP receptor antagonist CGRP (8-37) in WT mice. The
administration of IGF-I improved the spatial learning in both WT and CGRP-/-
mice. These observations strongly suggest that the stimulation of sensory neurons
by capsdicin might increase IGF-1 production via increasing the hippocampai tis-
sue CGRP levels, and it may thereby promote angiogenesis and neurogenesis to
produce improvement of the cognitive function in mice. (Translational Research
2009;154:90-102)

Abbrevidtions: BrdU = 5-bromo-2'-deoxyuridine; cDNA = complementary DNA; CGRP = calci-
fonin gene-related peptide: DG = dentate gyrus; GFAP = glial fibrillary acidic protein; GH =
growth hormone; IGF-| = insulin-like growth factor-I; IgG = immunoglobulin G; mRNA = messen-
ger RNA; OCT = optimal cutiing temperature; PBN = parabrachial nucleus; PBS = phosphate
buffered saline; PCR = polymerase chain reaction; VEGF = vascular endothelial growth factor:
VR-1 = vanilloid receptor-1; WT = wild type
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Insulin-like growth factor-I (IGF-I) is a basic peptide
composed of 70 amino acids with a ubiquitous distribu-
tion in various tissues and cells, which mediates the
growth-promoting actions of growth hormone (GH) and
plays an important role in posmatal and adolescent
growth.l IGF-I has been shown to improve spatial learn-
ing by enhancing excitatory synaptic transmission in the
CA, region of the hippocampus” and by inducing neuro-
genesis in the hippocampus.>* The impaired spatial learn-
ing in mice with low serum levels of IGF-1 is reversed by
exogenous administration of IGF-1.> Furthermore, a close
relation was shown between the plasma IGF-I levels and
the cognitive function in older individuals.® These obser-
vations strongly suggest that IGF-I might improve the
cognitive function by increasing the plasticity and neuro-
genesis in the hippocampus.

An angiogenic factor called vascular endothelial growth
factor (VEGF) plays an important role in coupling angio-
genesis with neurogenesis in the brain.” IGF-I promotes
angiogenesis via a VEGF-dependent mechanism in the
brain® Because vascular elements are thought to be an
essential feature of the stem-cell niche in the hippocam-
pus,” it is possible that IGF-I promotes hippocampal neu-
rogenesis by promoting angiogenesis.

Capsaicin-sensitive sensory neurons are nociceptive
neurons that can be found in many tissues within the
lining epithelia, around blood vessels, and associated
with nonvascular smooth muscle and myocardium of
the atria.'’ These sensory neurons release calcitonin
gene-related peptide (CGRP) after activation by a wide
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variety of noxious physical and chemical stimuli of the
vanilloid receptor-1 (VR-1) expressed on them, " which
thereby exerts sensory-efferent functions. CGRP, which
is a 37-amino acid neuropeptide, is produced by the
altemative splicing of the calcitonin gene.'? It is widely
distributed in the central and peripheral nervous sys-
tems'? and has been considered to possess diverse func-
tions.'* We previously reported that CGRP rapidly
increases IGF-I production via increasing in its transcrip-
tion in various tissues, including the brain in mice
administered capsaicin. '

The hippocampus has been shown to receive sensory
input from the parabrachial nuclei where the spinothala-
mic tracts terminate. '® Nonprincipal neurons in the
mouse hippocampus have been shown to be immunore-
active for CGRP."" CGRP receptors are expressed in
astrocytes, and CGRP increases the intracellular cAMP
levels in these cells.'® Because IGF-1 is synthesized in
the astrocytes in the hippocampus'® and cAMP plays
an important role in the CGRP-induced increase in
IGF-1 production,” it is possible that stimulation of sen-
sory neurons increases the IGF-I production in the astro-
cytes via increasing the CGRP level in the mouse
hippocampus.

Based on these observations, we hypothesized that the
peripheral sensory nerve stimulation by capsaicin might
increase IGF-I production in the hippocampal astrocytes
by increasing the CGRP levels in the hippocampus, and
thereby it may increase the synaptic transmission and pro-
mote angiogenesis and neurogenesis to produce improve-
ment of the cognitive function in mice. We examined this
possibility by administration of capsaicin to wild-type
(WT) mice and CGRP knockout (CGRP-/-) mice.

METHODS

Generation of «CGRP-deficient mice. The generation
of aCGRP-deficient (CGRP—/-) mice was described
previously.21 The mouse CT/aCGRP genomic DNA
was cloned from a BALB/c mouse genomic library in
EMBL3 using synthetic oligonucleotide probes derived
from the mouse CT/aCGRP complementary DNA
(cDNA) sequence. A 7.0-kb fragment containing exons
3 to 5 of the mouse CT/aCGRP gene was subcloned into
pBluescript (Stratagene, La Jolla, Calif). A targeting
vector was constructed by replacing the 1.6-kb Xbal-
Xbal fragment encompassing exon 5, which is specific
for «CGRP, with the neomycin resistance gene and
flanking the thymidine kinase gene. This plasmid was
linearized with Notl and introduced into 129/Sv-derived
SM-1 ES cells by electroporation, after which the cells
were selected in a medium that contained G418
(300 pg/mL) and ganciclovir (2 umol/L). Homologous
recombinants were identified by polymerase chain
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reaction (PCR) and Southern blot analysis. Targeted ES
cell clones were injected into C57BL/6 mouse blasto-
cysts to generate chimeric mice. Male chimeras were
then crossbred with C57BL/6 females, and germline
transmission was achieved. Littermates obtained by
breeding heterozygotes with the genetic background of
the 129/SvXC57BL/6 hybrid were used for phenotypic
analysis. Only males were used in this study.

Genotype determination of CGRP-/~ pups. Genomic
DNA was extracted from tails of mice as previously
described?' and was used for PCR analysis. PCR was
performed using the external primers of the replaced
gene fragment. The WT allele and the mutant allele
gave different band sizes. Primer sequences and PCR
conditions have been described.?!

Reagents. Human recombinant IGF-I was kindly sup-
plied by Astellas Pharma Inc. (Tokyo, Japan). Capsaicin
and 5-bromo-2’-deoxyuridine (BrdU) were purchased
from Sigma Chemical Co. (St. Louis, Mo). CGRP (8-
37), which is a CGRP receptor antagonist, was pur-
chased from Peptide Institute Inc. (Osaka, Japan). An
anti-IGF-1 antibody was purchased from Santa Cruz
Biochemistry Inc. (Santa Cruz, Calif). All other reagents
were of analytical grade.

Adminisiration of capsaicin and IGF-I. Capsaicin was
dissolved in 10% Tween 20/10% ethanol (10%) with
normal saline and was administered subcutaneously at
dosage of 1 mg/kg as described previously.”” Human
recombinant IGF-I was dissolved in sterile distilled
water and injected subcutaneously at a dosage of
0.5 mg/kg as described pr«:viously.23

Administration of CGRP (8-37) and. anti-IGF-|
antibody. CGRP (8-37) (0.1 mg/kg) was injected intra-

venously at 30 min before administration of capsaicin
as described previously.24 Anti-IGF-I antibody (50 ug/
kg) was injected subcutaneously at 30 min before
administration of capsaicin as described previously.25 26

Animails. Age-matched (10- to 12-week-old, 21- to 24-
g) male C57BL/6 WT (Nihon SLC, Hamamatsu, Japan)
and CGRP-/- mice were used in each experiment. They
were maintained under standard conditions of temperature
(23-25°C) and on a 12-h light/dark cycle. Food and water
were provided ad libitum. The care and handling of the an-
imals were in accordance with the National Institutes of
Health guidelines. All the experimental procedures de-
scribed below were approved by the Nagoya City Univer-
sity Animal Care and Use Committee. The animals were
sacrificed at the end of each treatment period. The mice
were anesthetized with intraperitoneally injection of ket-
amine (100 mg/kg) and xylazine (10 mg/kg).

Determination of hippocampus tissue levels of
CGRP. The tissue levels of CGRP were determined in

animals by modification of the methods as described previ-
ously.”” The tissues were weighed and then homogenized
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in a polytron-type homogenizer (2X for 15 s) using I mL
of 2N acetic acid. The homogenates were bathed in
90°C water for 20 min and then centrifuged at 4500 g for
10 min (4°C). CGRP was extracted from the supernatant
by using reverse-phase C18 columns (Amersham, Little
Chalfont, UK). The columns were prepared by washing
with 5 mL of methanol, followed by 10 mL of water before
use. The samples were applied onto the column, followed
by washing with 20mL of 0.1% trifluoroacetic acid.
CGRP was eluted with 3 mL of 60% acetonitrile in 0.1%
trifluoroacetic acid, and the solvent was evaporated under
a stream of nitrogen gas. The concentration of CGRP
was assayed by using a specific enzyme immunoassay kit
(SPI-BIO, Massey Cedex, France). The antiserum cross-re-
acts 100% with rodent - and B-CGRP according to the
manufactures data sheet. The results are expressed as mi-
crograms of CGRP per gram of tissue.

Determination of hippocampus 1GF-1 level. The tissue
levels of IGF-I were determined in animals by modifica-
tion of the methods as described previously.”® The
hippocampus was minced and homogenized in a poly-
tron-type homogenizer (2X for 15 s) using 1 mL of
I N acetic acid according to the manufacturer’s instruc-
tions. The homogenates was then centrifuged at 4500 g
for 10 min. The supernatants were kept in a deep freezer
at —80°C. The concentration of IGF-I was assayed by us-
ing a specific enzyme immunoassay kit (Diagnostic Sys-
tems Laboratories Inc., Webster, Tex).

Quantitative messenger RNA (mRNA) onalysis.
Quantitative mRNA analysis was performed as previ-
ously described.”® The tissue was weighed and im-
mersed in liquid nitrogen. The total RNA was
extracted from the hippocampus with TRIZOL Reagent
(Invitrogen, Carlsbad, Calif) according to the manufac-
turer’s instructions. RNA extracted was used as a tem-
plate for cDNA reverse transcription. Sample cDNAs
were amplified in the Model 7700 Sequence detector
(Perkin Elmer Japan, Chiba, Japan) with primers, dual-
labeled fluogenic probes, and a Tagman PCR Reagent
Kit (Applied Biosystems, Branchburgh, NJ). Thermal
cycler conditions occurred for 10 min at 95°C for deac-
tivation, as well as 40 cycles for 15 s at 95°C for dena-
turation and 1 min at 60°C for bath annealing and
extension. The known concentrations of serially diluted
IGF-I and B-actin cDNA generated by PCR were used as
standards for quantitation of sample cDNA. The copy
numbers of ¢cDNA for IGF-I were standardized those
for B-actin from the same sample.

Immunohistochemical staining of IGF-1 and glial fibrillary
acidic protein in hippocampi. The double labeling of the

immunofluorescent technique was used for immunohis-
tochemical staining of hippocampi with the anti-IGF-I
antibody.’® Mice were perfused with 4% paraformalde-
hyde in phosphate-buffered saline (PBS; pH 7.4). Tissue
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blocks were immersed in the same perfusate at 4°C over-
night and stored thereafter in a 20% sucrose solution. The
tissue blocks of mouse brain were frozen in a dry-ice-
cooled optimal cutting temperature (OCT) compound
(Tissue Tec; Miles, Elkhart, Ind). The frozen coronal sec-
tions (18 pm thick) obtained by use of the freezing micro-
tome were stored at —80°C before immunofluorescence.
The sections were rinsed in PBS and then incubated for
I h with PBS, 0.2% Triton X-100, and 0.5% blocking re-
agent (Roche Diagnostics, Basel, Switzerland) at room
temperature. They were incubated overnight at 4°C
with a mouse anti-IGF-I monoclonal antibody (1:200;
Upstate Biotechnology, Lake Placid, NY) and rabbit
antiglial fibrillary acidic protein (GFAP) polyclonal anti-
body (1:1000; Dako, Glostrup, Denmark). The sections
were treated with secondary antibodies Alexa Fluor
568 antirabbit immunoglobulin G (IgG) for GFAP,
Alexa Fluor 488 antimouse IgG for IGF-I (1:500; Invitro-
gen) for 1 h at room temperature. After staining, the sam-
ples were examined in a fluorescence microscope (Axio
Imager Al; Carl Zeiss SMT AG, Oberkochen, Ger-
many). The number of both IGF-1 and GFAP positive
cells was counted in the granule cell layer and in the hilus.
The number of cells was counted using one 18-um-thick
section per animal.

c-fos immunohistochemistry. Immunchistochemical
staining of ¢-fos in mice brain was performed according
to the method as previously described.! The mice were
anesthetized (5% isoflurane) and decapitated. The brains
were rapidly removed and frozen in dry-ice-cooled OCT
compound (Tissue Tec). The frozen coronal sections
(18 um thick) obtained by use of the freezing microtome
were stored at ~80°C before immunofluorescence. The
slides were removed from the freezer, allowed to air-
dry for 15 min, and fixed for 10 min in ice-cold 4% para-
formaldehyde in PBS (pH 7.4). The sections were rinsed
in PBS and then incubated for 1 h with PBS, 0.2% Triton
X-100, and 0.5% blocking reagent (Roche Diagnostics)
at room temperature. They were incubated overnight at
4°C with rabbit anti-c-fos polyclonal antibody (1:500;
Santa Cruz Biotechnology Inc.). The sections were
treated with secondary antibodies Alexa Fluor 568 anti-
rabbit IgG (1:500; Invitrogen) for | h at room tempera-
ture. After staining, the samples were examined in
a fluorescence microscope (Axio Imager A1, Carl Zeiss).
The number of ¢-fos—positive cells was counted in the
dorsal horn (lamina I-IT) of spinal cord, prabrachial nu-
clei, and granule cell layer, as well as in the hilus of
the hippocampus. The number of cells was counted us-
ing one 18 um-thick section per animals.

Double stain immunohistochemistry for CD31, GFAP, or
calbindin-D28K with BrdU. We used BrdU labeling to mon-

itor the proliferation and double immunofluorescent
labeling for BrdU and cell-specific markers to determine
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Fig 1. Effect of capsaicin administration on tissue levels of CGRP (A),
IGF1 (B), and IGF-1 mRNA (C) in the hippocampi of WT and
CGRP—/-mice. The tissue was removed 30 min after subcutaneous in-
Jection of capsaicin (1 mg/kg) or vehicle. The values are expressed the
means * standard deviation (SD) derived from 5 animal experiments.
*P < 0.01 vs vehicle; /P < 0.01 vs WT.

the phenotype of the progenitor progeny. BrdU was dis-
solved in sterile saline and injected intraperitoneally at
adosage of 50 mg/kg 30 min before administration of cap-
saicin as described previously.* Angiogenesis and neuro-
genesis in the mouse brains was monitored by BrdU
incorporation into the nuclei of dividing cells as previously
described.* The samples were treated for DNA denatur-
ation in the following manner: The tissues were incubated
in 50% formamide in 2 X SSC buffer (1 X SSC, 0.3 mol/
L NaCl, and 0.03 mo/L sodium citrate) at 65°C for 2 h,
rinsed in PBS and then incubated for 30 min with 2 N
HCI at 37°C. They were rinsed for 10 min at room
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Fig 2. Effect of capsaicin administration on immunohistochemical expression of IGF-I in the hippocampi of WT
mice. Fluorescent photomicrographs of cryostat sections showing the expression of IGF-1in the hippocampi of WT
mice were shown. Double labeling of IGF-I (green) and GFAP (red) showed the localization of IGF-I in the hip-
pocampi. Vehicle (D-F) or capsaicin (1 mg/kg) (G-I) was injected subcutaneously, and tissues were removed
30 min after capsaicin injection. The arrows indicate IGF-I positive staining. The arrowheads indicate colocaliza-
tion of IGF-I and GFAP positive staining. The fluorescent photomicrographs in A—C were negative controls in
which neither anti—-IGF-I nor anti-GFAP antibodies were used. Five animals in each group were examined, and
the typical results are shown. Scale bars = 25 um in C, F, and 1.

temperature in 0.1 mol/L boric acid (pH 8.4). The tissue
was rinsed in PBS 3 times, followed by incubation in
PBS, 0.2% Triton X-100, and 0.5% blocking reagent
(Roche Diagnostics) for 1 h and then with primary rat
anti-CD31 monoclonal antibody (1:200; BD Biosciences
PharMingen, San Diego, Calif) with mouse anti-BrdU
monoclonal antibody (1:100; Invitrogen), rabbit anti-
GFAP polyclonal antibody (1:1000; Dako), or mouse anti-
calbindin-D28 K monoclonal antibody (1:200; Abcam,
Cambridge, UK) with rat anti-BrdU monoclonal antibody
(1:400; Abcam) overnight at 4°C. The sections were
treated with secondary antibodies Alexa Fluor 594 antirat
IgG for CD31, Alexa Fluor 488 antimouse IgG for BrdU
(antimouse), Alexa Fluor 568 antirabbit 1gG for GFAP,
Alexa Fluor 488 antimouse IgG for calbindin-D28 K,
and Alexa Fluor 594 antirat IgG for BrdU (antirat)

(1:500; Invitrogen) for 1h at room temperature. After
staining, the samples were examined in a fluorescence mi-
croscope (Axio Imager Al; Carl Zeiss). BrdU-positive
cells were counted in the granule cell layer and in the hilus.
The number of cells was counted using one 18-um-thick
section per animals.

Morris water maze task. Behavioral testing was con-
ducted as described previously.”** We used a circular
pool (150 cm diameter) filled with water at 30°C, which
contained a round-shaped transparent acrylic platform
(12 ecm diameter). In the task, the platform was sub-
merged 1 cm below the surface of the water and located
in the southeast quadrant of the pool throughout the
trials. After the mouse was put into the pool, each had
amaximum of 90 s to locate and climb onto the platform
(1 trial). When a mouse located the platform, it was



Translational Research
Volume 154, Number 2

20 b= *
+
2 15
g
A
5] 10 b=
5 .
0
Vehicle Cap-
(n=5) salein
(n=5)

Fig 3. Effect of capsaicin on the number of cells showing colocaliza-
tion of IGF-I- and GFAP-positive staining in the hippocampus of WT
mice. Values are means * SD derived from 5 animal experiments,
*P <2 0.01 vs vehicle.

allowed to stay on it for 20 s. Mice that did not find the
platform in the allowed time were placed on it by the ex-
perimenter and left there for 20 s. The latency to reach
the platform was monitored. Each mouse was subjected
to 1 trial per day. The task consisted of 8 days of trials.

Statistical  analysis. Data  are  expressed as the
mean * SD. The results were compared using an analysis
of variance followed by Scheffé’s post hoc test. A P level
of =.05 was considered statistically significant.

RESULTS

Effect of capsaicin adminisiration on the tissue levels of
CGRP, IGF-I, and IGF-1 mRNA in the hippocampi of WT
and CGRP-/- mice. To examine whether capsaicin in-

creases both the tissue levels of IGF-1 and the expression
of IGF-1 in the mouse hippocampus through sensory
neuron stimulation, we determined the tissue levels of
CGRP, IGF-I, and IGF-I mRNA in the hippocampi of
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WT and CGRP-/—mice at 30 min after the subcutaneous
administration of capsaicin. The baseline tissiie levels
of CGRP, IGF-I, and IGF-I mRNA in the hippocampus
of WT mice were significantly higher than those in that of
CGRP—/- mice (P < 0.01) (Fig 1, A-C). Furthermore,
administration of capsaicin significantly increased the
hippocampal tissue levels of CGRP, IGF-1, and IGFI
mRNA in WT mice (P<0.01), whereas no such
increase of these levels was noted in the hippocampus
of CGRP-/~mice (Fig 1, A-C).

Effect . of capsdicin  administration on  the
immunohisiochemical - expression of IGF-1 in_ the
hippocampus of WImice. An increase in the immunohis-
tochemical expression of IGF-I in the dentate gyrus
(DG) was observed at 30 min after capsaicin administra-
tion (Fig 2, D and G). The IGF-T immunoreactivity was
colocalized with the immunoreactivity for the astrocyte
marker GFAP in WT mice (Fig 2, D—F), and an increase
of the IGF-I immunoreactivity colocalized with GFAP
immunoreactivity was observed following capsaicin
administration in WT mice (Fig 2 G-/, and Fig 3).

Effect of capsdicin adminisiration on the c-fos

expression in the spinal and suprdspinal nervous tissues in
WT and CGRP-/- mice. To analyze the mechanism and

pathway of the capsaicin-induced relay system that
might lead to the increase in the hippocampal IGF-I pro-
duction in WT mice, we analyzed the c-fos expression
levels in the spinal and supraspinal nervous tissues in
WT and CGRP—/~ mice after administration of capsai-
cin. In WT mice, an increase of c-fos expression was ob-
served at 120 min after capsaicin administration was
increased in the dorsal horn (lamina I-II) of the spinal
cord and, supraspinally, in the parabrachial nuclei
(PBN) and DG (Figs 4—6)‘34'3 " In contrast, no increase
of c-fos expression was observed after capsaicin admin-
istration in these tissues in CGRP—/—mice (Figs 5 and 6).

Effect of capsaicin administration on the hippocampal
angiogenesis and neurogenesis in WT and CGRP-/-
mice. The colocalization of BrdU immunoreactivity

Fig4. Schematic diagrams of spinal cord (A) or brain sections (B and C) adapted from the atlas of the mouse spinal
cord®® or the mouse brain atlas,’’ respectively, where select spinal cord or brain regions were analyzed for c-fos
expression. The location and the approximate size of the analyzed area for each region is indicated. A, Dorsal
hom of spinal cord; B, PBN, medial parabrachial nucleus of the pons; C, DG, granular cell layer of the DG.
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Fig 5. Effect of capsaicin administration on the ¢-fos expression in the spinal and supraspinal tissue levels in WT
mice and CGRP—/~ mice. All tissues were removed 120 min afier subcutaneous injection of capsaicin (1 mg/kg)
(D-F = WT mice, J-L = CGRP-/- mice) or vehicle (A-C = WT mice, G-I = CGRP-/— mice). The immunohis-
tochemial expression of ¢-fos represents the dorsal hom of the spinal cord indicated in Fig 3, A (A, D, G, and J); the
medial brachial nucleus indicated in Fig 3, B (B, E, H, and K); or granular cell layer of the DG indicated in Fig 3, C
(C.F.1,and L). Five animals in each group were examined, and the typical results are shown. Scale bars = 100 um.

with immunoreactivity for the vascular endothelial cell
marker CD31, the granule cell marker calbindin-
D28 K, and the astrocyte marker GFAP were examined
to determine the phenotype of the progenitor cell prog-
eny in the DG after capsaicin administration in WT
and CGRP-/- mice (Figs 7 and 8). The immunohisto-
chemical expression of CD31, calbindin-D28 K, and
BrdU in the hippocampus of WT mice at 30 min after

capsaicin administration was shown in Fig 7. The num-
ber of BrdU-immunoreactive cells in the DG was signif-
icantly higher in WT mice than in CGRP—/- mice
(P <0.01) (Fig 8, A). Furthermore, a significant increase
in the number of BrdU-immunoreactive cells was ob-
served in the DG at 30 min after capsaicin administration
in WT mice (P <0.01) (Figs 7 and 8), whereas no such
increase was observed in CGRP—/- mice (Fig 8, A).



