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TABLEIV. Mutation Spectra of Mouse Lymphoma Tk Mutants from the AZT-Treated Culture and Untreated Independent

Control Cultures

Clone size Intragenic Chromosome Chromosome Mosaic/

Source of mutants (No.) mutation Deletion loss Recombination duplication Complex
Mutants from AZT-treated LC (55) 14 (25%) 12 (22%) 1 (2%) 16 (29%) 6 (11%) 6 (11%)
culture® SC (95) 0 (0%) 39 (41%) 2 (2%) 32 (34%) 10 (11%) 12 (13%)
Total® (150) 13 9%) 51 (34%) 3 2%) 48 (32%) 16 (11%) 18 (12%)

Spontaneous mutants LC (36) 21 (58%) 0 (0%) 0 (0%) 9 (25%) 5(14%) 1(3%)
SC (33) 1 (3%) 9 (27%) 1(3%) 9 (27%) 7 (21%) 6 (18%)

Total® (69) 25 (36%) 8(11%) 1 (1%) 18 (26%) 12 (17%) 6 (9%)

LC: large colony; SC: small colony.

“The culture that the analyzed mutants were isolated from was treated with 1 mg/m! (3,742 uM) AZT for 24 hr.
®Total is the weighted sum of the number of LC and SC mutants considering the proportion difference of LC and SC mutants between the selected mutants
and mutants in the original culture (the proportion of SC mutants was 65 and 40% in the AZT-treated culture and untreated control, respectively).

The SC mutants contained more deletions and fewer intra-
genic mutations than did the LC mutants.

DISCUSSION

AZT, a synthetic thymidine analogue developed to treat
AIDS, has been used widely to treat and prevent HIV infec-
tion since its approval by the US FDA in 1987. Its therapeu-
tic effect is due to the inhibition of HIV reverse transcrip-
tase as well as the termination of proviral DNA synthesis.
However, AZT also can incorporate into the mammalian
cell nuclear DNA and the incorporation is closely correlated
with its genotoxicity [Vazquez-Padua et al., 1990; Sussman
et al., 1999; Meng et al., 2000b]. Molecular analysis indi-
cates that the majority of AZT-induced mutations in autoso-
mal genes are due to LOH [Meng et al, 2000a,b; Von
Tungeln et al., 2002]. LOH is an important mechanism for
the functional loss of critical genes, such as tumor suppres-
sor genes, and it is the most common mutational mechanism
in the etiology of human cancer [Lasko and Cavenee, 1991;
Wijnhoven et al., 2001; Thiagalingam et al., 2002]. Our data
are consistent with those previous findings. At a dose of 1
mg/ml (3,742 uM), 91% of AZT-induced mutants showed
LOH at the Tk locus while Tk LOH was detected in only
64% of spontaneous mutants.

AZT is a thymidine analogue; therefore, using the Tk
gene as the mutational target raises the issue that the
increase in MF might be due to selection of pre-existing
mutants rather than induction of new mutants. AZT is acti-
vated by a series of phosphorylation reactions to AZT tri-
phosphate to elicit its therapeutic effects as well as its tox-
icity. The first step of the activation (AZT — AZT mono-
phosphate) is catalyzed by thymidine kinase [Veal and
Back, 1995]. Because AZT cannot be activated without a
functional Tk, this raises the possibility that the pre-exist-
ing Tk™’~ mutants may avoid the toxicity of AZT. As a
consequence, the pre-existing mutants may gain a growth
advantage over the Tk*'~ cells and the Tk MF will be
increased by this differential cytotoxicity. In studies using
B6C3F1/Tk*'~ mice, Von Tungeln et al. {2002] and Mit-

telstaedt et al. [2004] found that the percentage of mutants
showing LOH at the Tk locus and also the LOH pattern
differed between the mutants from the AZT-treated ani-
mals and the untreated control animals. Their results indi-
cated that de novo mutation induction rather than pre-exist-
ing mutant selection played the major role in the MF ele-
vation. Our study, by further clarifying the AZT-induced
mutation spectrum in mouse lymphoma cells, confirms this
conclusion. The mutation spectrum of mutants from the
AZT-treated culture was distinct from that of the spontane-
ous mutants. If the MF increase was primarily due to mu-
tant selection, then the mutation spectra of mutants from
AZT-treated culture and untreated control should have
been the same.

Mittelstaedt et al. [2004] found a relatively high propor-
tion of discontinuous LOH patterns in the mutants from
AZT-treated B6C3F1/Tk*’~ mice. Von Tungeln et al
{2007] also found discontinuous LOH patterns in the
mutants from neonatal offspring of B6C3F1/Tk*'~ mice
transplacetally exposed to AZT. Discontinuous LOH is two
areas of LOH in a single chromosome interrupted by a sec-
tion of the chromosome without LOH. Tk mutant lympho-
cytes (20%) isolated from the AZT-treated mice contained
discontinuous LOH and no discontinuous LOH was
observed in the control [Mittelstaedt et al., 2004]. Discon-
tinuous LOH is thought to result from chromosome instabil-
ity and it is caused by multiple deletions and/or mitotic
recombination events [Turker et al., 1999]. Turker et al.
[1999] observed these novel LOH pattemns in an Aprt*'~
kidney cell line after exposure to hydrogen peroxide. They
hypothesized that the discontinuous LOH resulted from oxi-
dative damage. Later Ponomareva et al. [2002] observed
this pattemn in ionizing radiation-induced Aprt mutants from
ear and kidney tissues and they suspected that it resulted
from genomic instability following mutation. In our study,
we found only three out of 150 mutants from the AZT-
treated culture had discontinuous LOH. The reason for this
difference in discontinuous LOH generation in mouse lym-
phoma cells and the lymphocytes of Tk*/~ mice [Mittel-
staedt et al., 2004] is not clear.
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LOH is thought to result from either a deletion or a
recombination event between homologous alleles during
the repair of DNA double-strand breaks (DSBs) [Honma,
2005]. Mutation types are determined not only by the na-
ture of the DNA damage but also by the nature of the
DNA repair. Different DNA repair pathways may yield dif-
ferent types of mutation [Pastink et al., 2001]. DSBs are
usually induced by ionizing radiation, clastogens, and
endogenously generated reactive oxygen species. Their
repair is important to the maintenance of genomic integ-
rity, which is essential for cellular survival in mammals
[Khanna and Jackson, 2001]. In mammalian cells, there are
two main pathways for the repair of DNA DSBs: nonho-
mologous end-joining (NHEJ) and homologous recombina-
tion (HR), with NEHJ as the major repair pathway
[Jackson, 2002; Helleday, 2003; Honma et al., 2003].
NHEJ repairs DSBs by processing the two broken DNA
ends first, followed by joining and ligation. Since this re-
pair mechanism occurs in a nonconservative manner, it of-
ten results in deletions. Although HR is conservative and
usually error-free, it may result in recessive mutation when
the template allele has a mutation. Both NEHJ and HR
result in LOH [Rathmell and Chu, 1998]. In addition, there
is evidence indicating that illegitimate (nonhomologous)
recombination is also an important pathway for DSB repair
in mammalian cells and significantly contributes to the
generation of LOH in p53-mutant cells {Honma et al,,
1997; Sargent et al., 1997]). Because the L5178Y mouse
lymphoma cell line has two mutant p53 alleles [Storer
et al., 1997; Clark et al., 1998], this mechanism may con-
tribute to the LOH induced by AZT in these cells.

LOH has been studied in various systems, but very few
studies further investigated the nature of the LOH. Most
previous studies provided data from which the authors
speculated as to the actual mutation events [Turker et al.,
1999]. Without gene dosage analysis and cytogenetic anal-
ysis, such predictions may not be correct. Southern blot
analysis has been used to detect allele polymorphism and
gene dosage [Applegate et al.,, 1990; Clive et al., 1990;
Meng et al., 2002]. However, this method has several dis-
advantages. It is time consuming, requires a relatively
large amount of DNA, and cannot measure gene dosage
with precision [Joseph et al., 1993]. Cytogenetic analysis
of mutants is also informative [Hozier et al., 1981; Moore
et al., 1985; Blazak et al., 1989; Zhang et al., 1996]. Wijn-
hoven et al. [1998] used a dual-colored FISH-analysis to
measure the gene dosage in the Aprt locus. However,
because cytogenetic analysis is also time consuming and
technically demanding, the number of mutants that can be
reasonably analyzed is somewhat limited. For this study,
we developed a Real-Time PCR method to detect Tk gene
dosage rapidly and with satisfactory precision. We used an
unrelated gene (H-2K) that resides on chromosome 17 as
an endogenous reference [Honma et al., 2001]. In the
L5178Y/Tk*'~ 3.7.2C mouse lymphoma cell line, chromo-
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some 17 is cytogenetically stable and diploid [Sawyer
et al., 2005].

A higher proportion of deletions (34% vs. 11%) and a
lower proportion of intragenic mutations (9% vs. 36%) were
observed in the mutants from the AZT-treated culture com-
pared with the spontaneous mutants; while the proportion of
recombination events increased only slightly in the mutants
from the AZT-treated culture compared with the spontaneous
mutants (32% vs. 26%). These data indicate that AZT mainly
induces large-scale DNA damage in mouse lymphoma cells
and a large number of induced mutations are deletions. The
greatly increased frequency of deletions may result from
insufficient HR repair, NEHJ repair, or illegitimate recombi-
nation [Sargent et al., 1997; Honma et al., 2003].

The DSBs induced by AZT are a severe form of DNA
damage, and nomal cells with unrepaired DSBs usually can
not survive. DSBs lead to cell death through p53-dependent
pathways [Khanna and Jackson, 2001; Honma, 2005].
Honma et al. [2000, 2005] conducted extensive research on
the effects of pS3 status on mutation manifestation in human
lymphoblastoid cell lines and found that a higher frequency
of large deletions and chromosome changes were induced in
p53-mutant cell lines. Our data are consistent with these
findings. In the L5178Y/Tk*'~ - 3.7.2C mouse lymphoma
cell line, both p53 alleles are mutant [Storer et al., 1997,
Clark et al., 1998], and this may explain why a large number
of mutants with large deletions survived.

In summary, the genotoxicity of AZT has been charac-
terized in L5178Y/Tk*'~ moyse lymphoma cells. Taking
advantage of a Real-Time PCR technique, our study is the
first to clarify the mutation spectrum induced by AZT. A
large number of the mutants from AZT-treated culture
result from deletion.
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Abstract

A simple method for two-dimensional electrophoresis (2-DE) of rat embryonic protein was described. Rat embryos cultured for 24 h
from day 10.5 of gestation were used as protein samples. Protein samples were lysed in rehydration buffer and separated by isoelectric
focusing with immobilized pH gradient for the first dimension and by sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the
second dimension. The use of the DeStreak Reagent as an antioxidant in the lysis buffer and electrode pads in the isoelectric focusing
greatly improved the 2-DE pattern. When an embryo was used as a protein sample, about 800 protein spots were detected by silver stain-
ing in a 2-DE gel of the standard format. Eighty-one protein spots were identified by mass spectrometry for a primary 2-DE map. The
same method could be applied to yolk sac membranes from the cultured embryos. The present method was considered to be suitable for a

concomitant 2-DE analysis in in vitro developmental toxicity studies.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: Two-dimensional electrophoresis; Rat; Embryo; Yolk sac; Developmental toxicity; Proteome

1. Introduction

Recent advances in two-dimensional electrophoresis
(2-DE) made it possible to analyze the changes in protein
expression pattern caused by exogenous stimulations in
various tissues, such as the liver (Fountoulakis et al., 2000),
kidney (Xu et al.,, 2005) and blood components (Piubelli
et al,, 2005). In developmental toxicity studies, the analysis
of embryonic protein expression pattern by 2-DE is consid-
ered to be useful for the mechanism-based evaluation of
developmental toxicants.

On the other hand, it is expected that the cultured rat
embryos can be better protein samples for the analysis of

Abbreviations: 2-DE, two-dimensional electrophoresis; IEF, isoelectric
focusing; IPG, immobilized pH gradient; SDS, sodium dodecy! sulfate;
PAGE, polyacrylamide gel electrophoresis.

* Corresponding author. Tel. +81 3 3700 1141x342; fax: +81 3 3707
6950.
E-mail address: usami@nihs.go.jp (M. Usami).

0887-2333/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/.tiv.2006.11.003

protein expression pattern in developmental toxicity stud-
ies. Postimplantation rat embryo culture is now widely used
in developmental toxicity studies, by which embryos can be
exposed to test chemicals under controlled conditions with
a small number of animals and a small amount of test
chemicals (Schmid et al., 1997).

However, there have been no suitable 2-DE methods for
the analysis of embryonic protein expression pattern since
most methods are for radio-labeled proteins but not for
total proteins (Baumgartner et al,, 1994; Praxmayer et al.,
1992). The standard 2-DE methods that we tried could not
be applicable because of a high salt concentration and poor
solubility of embryonic samples. A method reported for the
proteome analysis of mouse embryos is not considered suit-
able for routine analysis in developmental toxicity studies
because of troublesome pretreatment of embryo samples,
i.e., water-wash and dry-ice freezing (Greene et al., 2002).

In the present study, we described a simple 2-DE method
for the analysis of cultured postimplantation rat embryos.
By our method about 800 protein spots were detected in a
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Fig. 1. Appearance of a rat embryo cultured for 24 h from day 10.5 of gestation: (A) At the end of culture. Em, embryo; YS, yolk sac; CP, chorio-allantoic
placenta. (B) After the separation of embryonic membranes. Left: yolk sac membrane, Right: embryo.

single gel. The protein spots were identified by mass spec-
trometry for the construction of a primary 2-DE map of
cultured postimplantation rat embryos. The same method
could be applied to the 2-DE analysis of yolk sac mem-
branes.

2. Materials and methods
2.1. Embryo culture

Rat embryos were cultured for 24h by the roller bottle
method as previously described (Usami and Ohno, 1996).
Embryos were explanted from pregnant Wistar rats (Crlj:
WI, Charles River Laboratories Japan, Inc.,, Kanagawa,
Japan) at day 10.5 of gestation (plug day=day 0.5) under
ether anesthesia. Explanted embryos were placed in a cul-
ture bottle at one embryo per 0.8-1ml of rat serum and
rotated at 35rpm for 24 h at 37-38 °C. After the culture, the
embryos and yolk sac membranes were washed three times
with ice-cold buffer (0.01M Tris—HCI, pH 7.0, 0.15M
NaCl), and placed in 1.5-ml eppendorf tubes individually
with a minimum amount of the buffer for storage at —80°C.

2.2. Preparation of embryo or yolk sac membrane samples

For 2-DE, frozen embryos or yolk sac membranes were
lysed in 300 pl of rehydration buffer consisting of 7M urea,
2M thiourea, 2% (w/v) CHAPS, 2% (w/v) SB-10, 0.5% (v/v)
IPG buffer (Amersham Biosciences, Piscataway, NJ) and
0.12% (v/v) DeStreak Reagent (Amersham Biosciences), by
pulsed sonication with a 7-mm & tip immediately after the
addition of the buffer. Care was taken to avoid heating and
forming during the sonication. Embryo or yolk sac
membrane lysates were kept at 20°C and their protein con-
centration was determinded with the 2D Quant Kit (Amer-
sham Biosciences).

2.3. Isoelectric focusing (1EF) for the first dimension
of 2-DE

IEF was carried out on 13-cm immobilized pH gradient
(IPG) strips (Immobiline DryStrip pH 3-10 NL, Amer-

sham Biosciences) with the IPGphor system (Amersham
Biosciences). IPG strips were rehydrated with the rehydra-
tion buffer containing 50 pg protein of embryo or yolk sac
membrane lysate for at least 12h at 20°C under a cover
with silicon oil. Before the start of IEF, 3-mm-wide IEF
electrode strips (Amersham Biosciences) damped were
inserted between the IPG strip and both electrodes as elec-
trode pads. Electrophoresis conditions were — Step 1: Step-
n-hold at 500V for 1h, Step 2: Gradient at 1000V for 1 h,
Step 3: Gradient 8000V for 2.5h with the current limit of
50 nA per IPG strip. When electrophoresis for the second
dimension was not carried out immediately after IEF, the
IPG strips were stored at —80 °C.

2.4. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) for the second dimension
of 2-DE

SDS-PAGE was performed according to the method of
Laemmli (Laemmli, 1970) except that no stacking gel was
used. After IEF, IPG strips were equilibrated with 5ml of
SDS equilibration buffer consisting of 0.05 M Tris-HCI, pH
8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.025%
(w/v) bromophenol blue. For the first equilibration, IPG
strips were placed in a tube containing equilibration buffer
with dithiothreitol (50 mg/5 mi) and rocked for 20 min. For
the second equilibration, IPG strips were placed in a tube
containing equilibration buffer with iodoacetamide
(125mg/5ml) and rocked for 20min. Equilibrated IPG
strips were applied onto polyacrylamide gels (12.5% T, 2.6%
C, 14x 6cm) and sealed with 0.5% agarose in electrode
buffer. Electrophoresis was carried at a constant current of

Table 1

Size and protein content of cultured rat embryos

Item Mean Standard deviation
Yolk sac diameter (mm) 437 0.10

Crown-rump length (mm) 399 0.16

Number of somite pairs 26.0 0.67

Embryo protein (pg) 2982 31.0

Yolk sac protein (jig) 153.0 20.2

Values for 10 embryos are shown.
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10mA per gel for 15min and thereafter 20mA per gel until
the dye front reached the edge of the gel.

2.5. Stain of 2-DE gel and protein identification

After SDS-PAGE, 2-DE gels were stained with the Plus
One Silver Staining Kit Protein (Amersham Biosciences)
using the Multi Processor (Amersham Biosciences) accord-
ing to the manufacturer’s instruction. Stained 2-DE gels
were scanned and analyzed with the PD Quest 2D analysis
software (Bio-Rad, Hercules, CA).

For the identification of protein spots by mass spectrom-
etry, 2-DE gels were stained with the mass-analysis compat-
ible Proteo Silver staining kit (Sigma, St. Louis, MO) and
protein spots were excised and cut into 1-mm cubes with a
scalpel. Proteins in the gel cubes were digested with trypsin
(Shevchenko et al.,, 1996), cleaned-up with Zip-Tip C18u
(Millipore, Bedford, MA) and analyzed by mass spectrome-
try using the 4700 Proteomics Analyzer (Applied Biosys-
tems, Foster City, CA). The proteins were identified by the
use of mass spectrometry data for the search of primary

.3.‘.

Molecular 31-:44
weight (k)

6.5-

sequence databases with the MS/MS jon search mode of
the Mascot search engine (Matrix Science, Boston, MA).

3. Results
3.1. Embryo culture

Fig. 1A shows a cultured rat embryo at the end of the
24-h culture period. Embryos and yolk sac membranes were
separated as samples for 2-DE analysis (Fig. 1B). The
amnion and chorio-allantoic placenta were removed and
discarded. The size and protein content of the embryos and
yolk sac membranes of the cultured rat embryos are shown
in Table 1. Protein content in the individual embryo or yolk
sac membrane was sufficient for 2-DE anaylsis.

3.2. 2-DE of embryo protein
Proteins of cultured embryos were well separated by

2-DE with the present method (Fig. 2). About 800 protein
spots were consistently detected in replicate gels each

Isoelectric point 10

STENY - . " T

Fig. 2. 2-DE pattern of embryo proteins from a cultured rat embryo equivalent to day 11.5 of gestation. Proteins (50 pg) were separated by IEF with 3—
10NL IPG strip (13 cm) and by SDS-PAGE with 12.5% gel (14 x 6 cm), and were stained with silver. Identified protein spots were numbered and listed in

Table 2.
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Table 2 .
Protein spots identified in the 2-DE of embryo protein
Spot no. Accession no. Protein name Nominal mass Calculated pl
1 gi|71620 Actin beta 42,066 529
2 £i|19705431 Albumin 70,670 6.09
3 gi[37748460 Peptidylprolyl isomerase A 18,091 8.34
4 2il11693172 Calreticulin 48,137 433
5 £i202549 Iodothyronine 5’ monodeiodinase 54,375 487
6 £i|38014578 Tubulin, beta, 2 50,225 4.79
7 2i|54792127 ATP synthase, H* transporting, mitochondrial F1 56,318 5.19
complex, beta subunit
8 2i|38649320 Enol protein 51,736 6.70
9 £i|38014840 Laminin receptor 1 32917 4.80
10 2112077 Nucleolar phosphoprotein B23.1 32,711 462
11 £i|12844989 Unnamed protein product 28,799 6.67
12 gi|51859516 Heat shock 90 kDa protein 1, beta 83,631 497
13 £2i]8394432 Peroxiredoxin 2 21,941 534
14 gi[6678437 Tumor protein, translationally-controlled 1 19,564 476
15 £i[48675371 Complement component 1, q subcomponent binding protein 31,320 4.77
16 gi|34876714 Predicted: similar to Eukaryotic translation 24,831 4.55
elongation factor 1 beta 2
17 £il7242171 Proliferating cell nuclear antigen 29,108 4.66
18 £i|27668426 Predicted: similar to hemoglobin: Subunit =zeta 16,124 6.75
19 gi|3367724 Epsilon 1 globin 16,151 790
20 £il55926145 Expressed in non-metastatic cells 2 17,386 6.92
21 2i|1628436 Profilin 15,149 846
22 £i|3367724 Epsilon 1 globin 16,151 790
23 £i40254577 Ribosomal protein S12 14,905 6.81
24 gi[37748460 Peptidylprolyl isomerase A 18,091 8.34
25 £i}509201 Cofilin 18,749 822
26 gi|7441446 Destrin 18,661 7.8
27 gi[6671746 Cofilin 2, muscle 18,812 7.66
28 £ij19924089 Expressed in non-metastatic cells 1, protein (NM23A) 17,296 596
(nucleoside diphosphate kinase) :
29 £i[38328242 Stmn1 protein 17,278 5.76
30 gi[12850597 Unnamed protein product 17,138 595
31 gi|57006 Unnamed protein product 22,320 5.55
32 81202945 Apolipoprotein A-I precursor 30,100 5.52
33 gi|3688521 Thiol-specific antioxidant protein 24,860 5.64
34 2i|8394082 Proteasome (prosome, macropain) subunit, beta type 3 23,235 6.15
35 £i[20071222 NADH dehydrogenase (ubiquinone) Fe-S protein 3 30,358 6.40
36 gi[1381643 Cysteine protease p32-beta 30,097 5.68
37 gi|30410794 Proteasome activator subunit 3 isoform 1 29,602 5.69
38 £i[21312044 Eukaryotic translation initiation factor 3, subunit 12 25,356 481
39 £i{6671696 Chromobox homolog 1 (Drosophila HP1 beta) 21,519 485
40 gi[27664664 Predicted: similar to 25 kda FK506-binding protein 25,220 9.29
41 gi[6381991 Integrin beta 4 binding protein 27,007 4.63
42 £i[202945 Apolipoprotein A-I precursor 30,100 552
43 £i[2897818 Huntingtin interacting protein-2 22,503 533
44 gi[6978499 Acidic (leucine-rich) nuclear phosphoprotein 32 family, member A 28,718 399
45 gi|47169488 TPA: proteasome subunit alpha type 3-like 28,621 5.19
46 21162664759 Predicted: prohibitin 27,757 544
47 gil297111 Phosphoglyceromutase 28,908 8.85
48 gi{16758298 Proteasome (prosome, macropain) subunit, beta type 7 30,250 8.13
49 gi|16758848 Endoplasmic retuclum protein 29 28,614 6.23
50 £i[56789700 Peroxiredoxin 1 22,323 827
51 gi[38648863 Malate dehydrogenase, mitochondrial 36,117 893
52 £i|16758182 RAN, member RAS oncogene family 24,579 7.01
53 £i{5420030 Gilutathione transferase 25,550 6.77
54 gi[25453420 Glutathione S-transferase, pi 23,652 6.89
S5 £i{56550075 Proteasome (prosome, macropain) subunit, alpha type 7 28,010 8.60
56 £i8394069 Proteasome (prosome, macropain) subunit, alpha type 4 29,764 7.59
57 gi]18543331 Guanine nucleotide binding protein, beta polypeptide 2-like 1 35,529 7.60
58 £il38051979 Vdacl protein 32,060 835
59 gi[1906812 Inducible carbonyl reductase . 30,920 7.64
60 8i[62661724 Predicted: similar to esterase D/formylglutathione hydrolase 37,322 645
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Table 2 (continued)

Spot no. Accession no. Protein name Nominal mass Calculated pI
61 gi|57527447 Ribose-phosphate pyrophosphokinase I -like 35,297 6.51
62 £i|54261548 Lactate dehydrogenase A 36,712 845
63 £il7949053 Heterogeneous nuclear ribonucleoprotein A2/B1 isoform | 36,028 8.67
64 £il62653546 Predicted: similar to glyceraldehyde-3-phosphate dehydrogenase 36,045 8.44
65 £il6978491 Aldehyde reductase 1 36,230 6.26
66 gil62653546 Predicted: similar to glyceraldehyde-3-phosphate dehydrogenase 36,045 8.44
67 £il76647405 Predicted: similar to proteasome subunit alpha type 6 27,838 6.34

(proteasome iota chain) (macropain iota chain)

68 gi|8394079 Proteasome (prosome, macropain) subunit, beta type 2 23,069 6.96
69 £i|8394063 Proteasome (prosome, macropain) subunit, alpha type 2 26,024 6.92
70 gil62655706 Predicted: similar to RIKEN cdna 1110025F24 26,482 5.90
71 gi|61889] 15 Phosphoserine aminotransferase 1 40,943 7.57
72 £i}66911068 Pcbp2_predicted protein 35,666 8.17
73 £i202837 Aldolase A 39,691 831
74 2138649310 Phosphoglycerate kinase 1 44,909 8.02
75 gi|584875 Adenylyl cyclase-associated protein 1 (CAP 1) 51,857 7.16
76 gi[74144333 Unnamed protein product 67,573 7.18
77 gi[19424312 KH-type splicing regulatory protein 74,466 6.38
78 £i[228784 Alpha fetoprotein 70,167 5.71
79 gi[228784 Alpha fetoprotein 70,167 571
80 gi[2511703 p60 protein 63,158 6.40
81 2i|2644966 hnRNP-EI protein 37,987 6.66

Proteins names with their NCBI accession numbers were shown for the protein spots in Fig. 1.

from one embryo. Selected protein spots were analyzed
by mass spectrometry and 81 protein spots were identified
as shown in Table 2. These protein spots also served as
landmarks for the matching of protein spots among the
gels.

3.3. 2-DE of yolk sac membrane protein

Proteins of yolk sac membranes were separated as well
as those of embryos by 2-DE with the present method
(Fig. 3). The 2-DE pattern of yolk sac membranes was
fairly different from that of embryos. Most protein spots
were common but were quantitatively different between the
yolk sac membranes and the embryos. In addition, there
were embryo specific and yolk sac membrane specific pro-
tein spots.

4. Discussion

The present method is simple and can be carried out
concomitantly with in vitro developmental toxicity studies
using rat embryo culture. The whole 2-DE procedures are
completed within four days. IPG strips with narrower pH
ranges would be useful for precise and convenient analysis
of specific protein spots. For screening purposes or focused
proteomics, the same procedures could be applied to the
mini-gel format with shorter IPG strip and mini SDS-
PAGE gel.

The primary 2-DE map constructed in the present study
is useful for interlaboratory comparison of 2-DE patterns.
Abundant and characteristic protein spots can be used as
landmarks for matching of the 2-DE pattern. We are plan-
ning to identify more protein spots for a more precise and

accurate 2-DE map of cultured rat embryos in future, giving
priority to protein spots of interest that are differentially
expressed due to the effects of developmental toxicants.
Identification of very faint protein spots may require a sepa-
rate 2-DE experiment with an increased amount of applied
protein samples.

It is expected that 2-DE analysis by the present method
enables informative experiments for developmental toxicity
studies. Because protein from less than one embryo is suffi-
cient for 2-DE analysis in the present method, toxic effects
observed in individual embryos may be related to the
changes in protein expression pattern. Alternatively, analy-
sis of specific parts isolated from single embryos may
improve the efficiency of differential analysis. It is also
noted that the present method is valid for 2-DE analysis of
yolk sac membranes as well as embryos. Simultaneous anal-
ysis of yolk sac membranes with embryos would be useful
to investigate the action sites of developmental toxicants.

The critical point of the present method is the use of the
DeStreak Reagent as an antioxidant and the electrode
pads. Both of which greatly improved the 2-DE pattern by
decreasing horizontal streaks in the present method. We
initially used dithiothreitol or tributylphosphine as a reduc-
ing agent to avoid the oxidation of proteins but could not
decrease the streaks sufficiently. High concentration of
redox agents such as glutathione in the embryo or yolk sac
membrane samples (Harris et al., 1995) might affect redox
status of proteins when dithiothreitol or tributylphosphine
was used.

As far as we tested, addition of protease inhibitors to the
lysis/rehydration buffer had no effects on the 2-DE pattern.
It is considered that the constituents of the lysis/rehydra-
tion buffer were effective for inactivation of proteases in the

—311—



526 M. Usami et al. | Toxicology in Vitro 21 (2007) 521-526

Molecular 31

weight (k)

i

3 Isoelectric point 10

Fig. 3. 2-DE pattern of yolk sac membrane proteins from a cultured rat embryo equivalent to day 11.5 of gestation. Proteins (50 pg) were separated by IEF
with 3-10NL IPG strip (13 cm) and by SDS-PAGE with 12.5% gel (14 x 6 cm), and were stained with silver. Proteins identified for the embryo are indi-

cated by the same number as in Fig, 2.

embryo or yolk sac membrane samples. No requirement for
protease inhibitors in the present method saves the const
and labor in the 2-DE analysis.

In conclusion, it is considered that the present method is
suitable for 2-DE analysis of embryos and yolk sac mem-
branes in developmental toxicity studies using postimlanta-
tion rat embryo culture.
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ABSTRACT

We investigated the effect of -estradiol (E2) on synaptogenesis in the hippocampus using
organotypic hippocampal slice cuitures and subregional hippocampal neuron cultures. E2
increased the expression of PSD95, a postsynaptic marker, specifically in stratum lucidum of
Cornu Ammonis 3 (CA3SL) in cultured hippocampal slices. E2 also increased the spine density
at the proximal site of CA3 apical dendrites in CA3SL and PSD95 was clustered on these spine
heads. The effects of E2 on the expression of PSD95 and the spine density disappeared when
the dentate gyrus (DG) had been excised at 1 day in vitro (DIV). FM1-43 analysis of subregional
hippocampal neuron cultures which were comprised of Ammon's horn neurons, DG neurons,

Dentate gyrus or amixture of these neurons, revealed that E2 increased the number of presynaptic sites in the
CA3 cultures that contained DG neurons. K252a, a potent inhibitor of the high affinity receptor of
Synaptogenesis brain-derived neurotrophic factor (BDNF), and function-blocking antibody to BDNF (BDNFAB)
BDNF completely inhibited the effects of E2 in hippocampal slice cultures and subregional neuron

cultures, whereas ICI182,780 (ICl), a strong antagonist of nuclear estrogen receptors (nERs), did
not. Expression of BDNF in DG neurons was markedly higher than that in Ammeon's horn

* Corresponding author. Fax: +81 3 3707 6950.

E-mail address: kasato@nihs.go.jp (K. Sato).

Abbreviations: ACM, astrocyte-conditioned medium; ANOVA, analysis of variance; AraC, cytosine p-p-arabino-furanoside; BDNF, brain-
derived neurotrophic factor; BDNFAB, function blocking antibody to BDNF; BSA, bovine serum albumin; CA1, Cornu Ammonis 1; CA3,
Cornu Ammonis 3; cAMP, 3'-5'-cyclic adenosine monophosphate; CNS, central nervous systemn; CREB, PKA/cAMP-responsive element
binding protein; DG, dentate gyrus; DIC, differential interference contrast; Dil, 1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate; DIV, day(s) in vitro; DMSO, dimethylsufoxide; E2, -estradiol; ECL, enhanced chemiluminescence; EDTA, ethylenediaminete-
traacetic acid; ELISA, enzyme linked immunosorbent assay; ER, estrogen receptor; FM1-43, (N-(3-triethylammoniumpropyl)-4-(4-
(dibutylamino)styryl)pyridinium dibromide; GABA, y(gamma)-aminobutyric acid; HBSS, Hank's balanced salt solution; HS, horse serum;
ICI, 1C1182,780; 1gG, immunoglobulin G; LDCVs, large dense-core vesicles; L-Glu, L-glutamate; LTP, long-term-potentiation; MEK, MAP
kinase kinase; MEM, minimal essential medium; mER, membrane estrogen receptor; NB, neurobasal medium; nER, nuclear estrogen
receptor; NeuN, neuronal nuclear antigen; OD, optical density; P3, postnatal day 3; P8, postnatal day 8; PB, phosphate buffer; PBS,
phosphate buffered saline; PDZ, PSD-95-Disks large-zona occludens 1/2; PFA, paraformaldehyde; PKA, cAMP-dependent protein kinase A;
PSD95, postsynaptic density protein of 95 kDa; Rp-cAMP, Rp-adenosine 3, 5'-cyclic monophosphorothioate triethylammonium salt; SDS,
sodium dodecyl sulphate; S.E.M., standard error of the mean; SL, stratum lucidum; SO, stratumn oliens; SP, stratum pyramidale; SR, stratum
radiatum; TBS, Tris-buffered saline; TrkB, the high affinity receptor for several neurotrophins; TTX, tetrodotoxin

0006-8993/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2007.02.093

—313—



BRAIN RESEARCH 1150 (2007) 108-120

109

neurons and E2 did not affect these expression levels. E2 significantly increased the BDNF
release from DG neurons. KT5720, a specific inhibitor of 3'-5’-cyclic adenosine monophos-
phate (cAMP)-dependent protein kinase A (PKA), and Rp-adenosine 3‘, 5'-cyclic
monophosphorothioate triethylammonium salt (Rp-cAMP), a non-hydrolyzable diastereo-
isomer and a potent inhibitor of PKA, completely suppressed the E2-induced increase in BDNF
release, whereas ICI and U0126, a potent inhibitor of MAP kinase kinase (MEK), did not. These
results suggest that E2 induces synaptogenesis between mossy fibers and CA3 neurons by
enhancing BDNF release from DG granule cells in a nER-independent and PKA-dependent

manner.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Estrogens have diverse effects on structure and function of the
central nervous system (CNS) (for review, McEwen et al., 2001;
Scharfman and MacLusky, 2005; Segal and Murphy, 2001).
These effects include enhancement of glutamate-mediated
transmission (Woolley, 1998), decreased afterhyperpolariza-
tion (Kramar et al., 2004), facilitation of memory (Tyler et al.,,
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2002), increased dendritic spine and spine synapse numbers
(Segal and Murphy, 2001), promotion of DG neurogenesis
(Tanapat et al, 1999), and increased seizure susceptibility
(Woolley and Schwartzkroin, 1998). Such diversity arises
because estrogens have multiple mechanisms of action.
They modulate gene transcription by interacting with 2
types of nERs, ERa and ER@. In addition, recent reports clarified
nongenomic mechanisms that act via receptors associated

CA1

CA3

Fig. 1 - Effects of E2 on the expression of PSD95 in cultured hippocampal slices. (A) PSD95 immunoreactive signals in the
control slice (left) and the slice treated with E2 (1 pM, 24 h) (middle). Bar=500 pm. (B) Magnified gray-scale images of aand b in
A. CA1SR, CA1S0, CA3SL, and CA3SO appeared as fluorescent compartments. Bar=250 pm. (C) Effects of E2 (10 nM-1 pM, 24 h)
on the expression of PSD95. E2 increased the expression level of PSD95 dose-dependently in CA3SL. *: p<0.05, **: p<0.01 vs.
the control group in each region. N=8, Tukey's test following ANOVA.
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with or integral to plasma membrane (mERs), thereby activat-
ing signaling cascades distinct from those of nERs (Beyer et al.,
2003; Kelly and Levin, 2001; Segars and Driggers, 2002). We
previously reported that pretreatment with estrogens in-
creased neuronal sensitivity to L-glutamate (t-glu) specifically
in CA3 in organotypic hippocampal slice cultures. In the same
study we found that these effects were mediated by the
mechanisms that did not involve nERs (Sato et al., 2002). These
results raised the possibility that estrogens affect synaptic
contacts in CA3. In the present study, we therefore investi-
gated the effects of E2 on synaptogenesis in the hippocampus
and explored the underlying mechanisms using 2 experi-
mental systems. Firstly, we investigated the effects of E2 on
the expression of PSD95, a postsynaptic marker, and the spine
density in cultured hippocampal slices. Secondly, we investi-
gated the effects of E2 on the number of presynaptic release
sites in subregional hippocampal neuron cultures, which were
comprised of Ammon's hom neurons, DG neurons, or a
mixture of these neurons. it has been reported that in the
hippocampus the highest concentration of BDNF occurs in DG
granule cells, especially in their axons, mossy fibers (Dieni and
Rees, 2002; Scharfman et al.,, 2003), from the prenatal period
through to adulthood (Dieni and Rees, 2002). Although BDNF is
known to promote synaptogenesis (Aguado et al., 2003; Alsina
et al., 2001; Seil and Drake-Baumann, 2000}, it has not been
elucidated whether the BDNF in DG granule cells has a role in
hippocampal synapse formation. For this reason, we also
investigated the relationship between endogenous BDNF in
DG granule cells and the effects of E2 in CA3. We here provide
evidence showing that E2 induces synaptogenesis between
mossy fibers and CA3 neurons by enhancing BDNF release
from DG granule cells in a nER-independent and PKA-
dependent manner.

2. Results

2.1 Effects of E2 on postsynaptic sites in cultured
hippocampal slices

We first examined the effect of E2 on the expression of PSD95
in cultured hippocampal slices immunohistochemically.
PSD95 is one of the PDZ (PSD-95-Disks large-zona occludens
1/2) domain-containing proteins (Craven and Bredt, 1998;
Garner et al,, 2000) and is an integral protein of the post-
synaptic density. In the control group, the fluorescent signals
for PSD95 were apparent in the major hippocampal synaptic
sites, i.e., stratum radiatum (SR), stratum oriens (SO), SL and
the dentate hilar region (Fig. 1A, left). Because in this study
slices were cultured after removing entorhinal cortex, we
quantified the expression of PSD95 in CA1SR, CA1S0, CA3SL,
and CA3SO, the synaptic sites which maintain the intact
presynaptic and postsynaptic cells. Because CA1SR, CA150,
CA3SL, and CA3SO appeared as fluorescent compartments
(Figs. 1B, a and b) in magnified gray-scale mode images, we
regarded the averaged fluorescence intensity of each com-
partment (an outlined area) as the expression level of PSD95 of
each synaptic site (see Experimental procedures). When we
compared the effects of E2 on the PSD95 expression in CAland
CA3, E2 (24 h) increased the expression of PSD95 dose-

dependently in CA3SL and the effects were significant at
100 nM and the higher concentration (Figs. 1A middle and B).
Although E2 also increased the PSD 95 expression in CA3SO at
1 pM (145+9.75% of control), the effect was weaker than that in
CA3SL (180+10.2% of control at 1 uM). The distribution pattern
of PSD9S signals (including area) in each region was not
affected by E2. We then investigated the effect of E2 on the
spine density in CA3SL using 1,1'-dioctadecyl-3,3,3/,3'-tetra-
methylindocarbocyanine perchlorate (Dil) staining. E2 (1 uM,
24 h) markedly increased the spine density at the proximal site
of CA3 apical dendrites in CA3SL (296 +24.3% of control; Figs.
2A and B). E2 also increased the spine density at the proximal
site of CA1 apical dendrites in CA1SR (132+4.49% of control),
although to a much lesser extent than that in CA3SL (Fig. 2A).
Fig. 2B shows typical images of the proximal sites of CA3 apical
dendrites in the control slice (left) and in the E2-treated slice
(right). When we immunostained the E2-treated slices with
anti-PSD95 antibody after Dil staining, most PSD95 signals in
CA3SL clustered on the spine heads (Fig. 2B, right). These
results indicate that E2 increased the number of postsynaptic
sites in CA3SL. CA3SL is the region in which mossy fibers (DG
granule cell axons) make synapses with CA3 pyramidal neu-
rons. We then investigated the effect of E2 on the expression of
PSD95 and the spine density in CA3 in DG (-) slices, i.e., the
slices of which DG had been excised at 1 DIV. As shown by
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Fig. 2 - Effects of E2 on the spine density in cultured
hippocampal slices. (A) E2 (1 pM, 24 h) markedly increased
the spine density in CA3SL. **: p<0.01 vs. the vehicle control
group in each region. N=8, Student’s ttest. (B) Typical images
of the Dil-labeled CA3 apical dendrites in the control slice
(left) and the E2-treated slice (right). Double staining with
Dil and anti-PSD95 antibody revealed that in the E2-treated
slice most PSD95 signals (green) were clustered on the
spine-heads of the CA3 apical dendrites {red). Bar=5 pm.
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Nissl staining, the viability of CA3 pyramidal neurons was not
altered by the dissection of the DG (Fig. 3A). The distribution

. pattern of the PSD95 signals was not affected, either (Fig. 3B).
E2 (1 pM, 24 h) affected neither the expression level (Fig. 3C)
nor the distribution pattern of PSD95 in DG (-) slices (data not
shown). The effect of E2 (1 pM, 24 h) on the spine density in
CA3SL was also abolished in DG (-) slices (Fig. 3D). Taken
together, these results suggest that E2 induces synaptogenesis
between mossy fibers and CA3 pyramidal neurons.

2.2. Effects of E2 on presynaptic sites in subregional
hippocampal neuron cultures

We next investigated the effect of E2 on the number of
presynaptic sites using subregional hippocampal neuron
cultures, which were comprised of Ammon's horn neurons,
DG neurons, or a mixture of these neurons, respectively. We
quantified the number of presynaptic sites by counting the
number of sites in which depolarization-induced uptake and
release of (N-(3-triethylammoniumpropyl)-4-(4-(dibutyla-
mino)styryl)pyridinium dibromide (FM1-43) (Cochilla et al.,
1999) had occurred (see Experimental procedures). Fig. 4A
shows the typical morphologies of neurons in the Ammon's
horn neuron culture (left) and in the DG neuron culture
(midd!le). Most cells in the Ammon's horn neuron culture were
large and spindle-shaped, whereas most cells in the DG
neuron culture were small and granular. As shown in Fig. 4B,
E2 (1 pM, 24 h) significantly increased the number of
presynaptic sites in the mixed neuron culture (199+9.18% of
control). E2 also increased the number of presynaptic sites in
the DG neuron culture (170+12.1% of control), but not in the
Ammon's horn neuron culture. Fig. 4C shows the typical
fluorescent images of presynaptic sites (red puncta) in the
control group (top left) and in the E2-treated group (top right)
in the mixed neuron culture. We confirmed that E2 had no
effect on the number of surviving neurons in each culture by
immunostaining with anti-NeuN antibody (data not shown).
These results indicate that E2 increased the number of
presynaptic sites in the hippocampal neuron cultures and
that DG neurons are indispensable for this effect.

2.3. The effects of E2 in hippocampal slice cultures and
subregional hippocampal neuron cultures were mediated by
the mechanism which is independent of nERs and dependent
on endogenous BDNF - o

Pharmacological éxperiments were performed to investigate

and compare the mechanisms underlying the effects of E2 in
hippocampal slice cultures and subregional hippocampal
neuron cultures (the mixed neuron culture) (Fig. 5). First, we
examined the contribution of nERs using ICI, a strong
antagonist to both of ERa (Ki: 1.5 nM) and ERp (Ki: 6.4 nM)
(Kuiper etal., 1997). ICI at a concentration of 1 uM did not alter
the effect of E2 on the expression of PSD95 expression, the
spine density, and the number of presynaptic sites (Figs. SA-
C). It has been reported that DG granule cells have the highest
concentration of BDNF in the hippocampus, especially in the
mossy fibers (Dieni and Rees, 2002; Scharfman et al., 2003).
Because BDNF is known to enhance synapse formation
(Aguado et al., 2003; Alsina et al, 2001; Seil and Drake-
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Fig. 3 - Effects of E2 on the expression of PSD95 and the
spine density in cultured hippocampal slices of which DG

" had been excised at 1 DIV. (A) The viability of CA3 pyramidal

neurons in DG (-) slices. Nissl staining revealed that their

viability was not affected by the dissection of DG. Bar=20 pm.
{B) Immunoreactive signals of PSD95 in a DG (-) slice. The

distribution pattem of the PSD95 signals was not affected by
the dissection of DG. Bar=500 pm. (C) The effect of E2 on the
expression of PSD95 in DG (-) slices. E2 (1 uM, 24 h) did not
affect the expression of PSD95 in CA3 in DG (-) slices. (D) The
effect of E2 on the spine density in CA3SL in DG (-) slices. E2
(1 #M, 24 h) did not affect the spine density in CA3SL in DG (-)

- slices.

—316—



112 BRAIN RESEARCH 1150 (2007) 108-120

A

Ammon’s Hippocampus

DG

(o8]

25 [7] controt
20 B e

15

10

No. of puncta/neuron

Ammon's DG
horn

Mixed

Control E2

#

FM1-43

DIC

DIC

Fig. 4 - Effects of E2 on the number of presynaptic sites in
subregional hippocampal neuron cultures. (A) Typical cell
morphologies in the Ammon's horn neuron culture (left)
and in the DG neuron culture (middle). Bar=20 pm. (B) E2

(1 uM, 24 h) significantly increased the number of
presynaptic sites in the mixed neuron culture and in the DG
neuron culture. **: p<0.01 vs. the control group in each
culture. N=8, Student's t test. (C) Typical images of
presynaptic sites visualized by FM1-43 (red puncta) in the
control group (top left) and in the E2-treated group (top right)
in the mixed neuron culture. DIC images of the same
microscopic views were also shown (bottom left and bottom
right). Bar=50 pm.

Baumann, 2000}, we examined the involvement of BDNF in the
effects of E2. K252a (200 nM), a potent inhibitor of the high
affinity receptor of BDNF (TrkB) (Squinto et al., 1991; Bothwell,
1995), significantly inhibited the effects of E2 on the expres-
sion of PSD95 expression, the spine density, and the number of
presynaptic sites (Figs. 5SA-C). Furthermore BDNFAB (10 pg/ml)

significantly inhibited the effects of E2 in these experiments
(Figs. 5A-C). These inhibitors alone had no effects in each case.
These results indicate that the effects of E2 in hippocampal
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Fig. 5 - Effects of ICI, K252a, and BDNFAB on the effects of E2
in hippocampal slice cultures and subregional hippocampal
neuron cultures. (A) K252a (200 nM) and BDNFAB (10 pg/ml)
significantly inhibited the effect of E2 on the expression of
PSD95 in cultured hippocampal slices, whereas ICI (1 pM) did -
not. **: p<0.01 vs. the control group, ##: p<0.01 vs. the
E2-treated group. N=8, Tukey's test following ANOVA. (B)
K252a (200 nM) and BDNFAB (10 pg/m]) significantly inhibited
the effect of E2 on the spine density in cultured hippocampal
slices, whereas ICI (1 pM) did not. **: p<0.01 vs. the control
group, ##: p<0.01 vs. the E2-treated group. N=8, Tukey's test
following ANOVA. (C) K252a (200 nM) and BDNFAB (10 pg/ml)
significantly inhibited the effect of E2 on the number of
presynaptic sites in the mixed neuron culture, whereas ICI
(1 pM) did not. *: p<0.05 vs. the control group, #: p<0.05 vs. the
E2-treated group. N=8, Tukey's test following ANOVA.
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slice cultures and subregional neuron cultures were mediated
by the common mechanism which is independent of nERs and
dependent on endogenous BDNF, suggesting the involvement
of BDNF in DG granule cells in the synaptogenic effect of E2 in
CA3SL.

2.4. E2 enhanced BDNF release from DG granule cells via
nER-independent and PKA-dependent mechanisms

We further examined the association between the effects of E2
and BDNF using subregional hippocampal neuron cultures.
The expression levels of BDNF were confirmed for both the
Ammon's horn neuron culture and the DG neuron culture by
Western blot analysis and enzyme linked immunosorbent
assay (ELISA) (Fig. 6). In Western blot analysis, BDNF immu-
noreactive bands were detected in the control lanes for both
cultures, but the OD for the DG neurons was markedly higher
than that for the Ammon's horn neurons (Fig. 6A). E2 (1 pM,
24 h) did not affect the expression levels of BNDF in Ammon's
horn neurons or DG neurons. ELISA also showed that the
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Fig. 6 — The expression of BDNF in subregional hippocampal
neuron cultures. (A) Western blot analysis of BDNF in
subregional hippocampal neuron cultures. The expression
level of BDNF of DG neurons was much higher than that of
Ammon's horn neurons. E2 (1 pM, 24 h) had no effect on the
BDNF expression level. The same results were obtained in 3
independent experiments. (B) ELISA detection of BDNF in
subregional hippocampal neuron cultures. The expression
level of BDNF in DG neurons was significantly higher than
that in Ammon's hom neurons. E2 (1 pM, 24 h) had no effect
on the BDNF expression level. **: p<0.01 vs. the control group
of Ammon's hom neurons. N=4, Tukey's test following
ANOVA. :
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Fig. 7 - Effects of E2 on the BDNF release in the DG neuron
culture. (A) Treatment for 10 h with E2 (1 pM) had no effect on
the number of presynaptic sites in the DG neuron culture.
(B) E2 (1 1M, 10 h) significantly enhanced BDNF release in the
DG neuron culture. KT5720 (200 nM) and Rp-cAMP (10 pM)
inhibited the effect of E2, whereas ICI (1 pM) and U0126

(10 pM) did not. **: p<0.01 vs. the control group, ##: p<0.01
vs. the E2-treated group. N=4, Tukey's test following
ANOVA.

‘expression level of BDNF in DG neurons was remarkably

higher than that of Ammon's horn neurons and E2 had no
effect on the expression levels in both cultures (Fig. 6B). These
results indicate that subregional neuron cultures reflect in
vivo pattern of BDNF expression in the hippocampus, in which
the highest concentration of BDNF occurs in DG granule cells
(Dieni and Rees, 2002; Scharfman et al, 2003). We next
examined the possibility that E2 enhances BDNF release
from DG granule cells without affecting BDNF expression.
The amount of BDNF released into the culture medium of the
DG neuron culture was measured by ELISA. We performed
ELISA after 10 h of treatment with E2, at the time point when
the effect of E2 on the number of presynaptic sites was not yet
apparent (Fig. 7A). E2 (1 pM, 10 h) remarkably increased the
BDNF release (267 +20.5% of control; Fig. 7B). Neither ICI (1 M)
nor U0126 (10 pM) (Ki: 72 nM for MEK1, S8 nM for MEK2) (Duncia
et al,, 1998), influenced the effect of E2. In contrast, KT5720
(200 nM) (Ki: 56 nM for PKA) (Kase et al., 1987) and Rp-cAMP
(10 pM) (Ki: 11 uM for PKA) (Rothermel and Parker Botelho,
1988), suppressed the effect of E2 to the control level. These
inhibitors alone had no effects on the basal BDNF release.
These results indicate that E2 enhanced BDNF release from DG
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granule cells via nER-independent and PKA-dependent
mechanisms, which may underlie the effects of E2 described
above.

3. Discussion

In this study, we provided evidence showing that E2 induces
synaptogenesis between mossy fibers and CA3 neurons by
enhancing BDNF release from DG granule cells in a nER-
independent and PKA-dependent manner.

We used subregional hippocampal neuron cultures to
investigate the effects of E2 in detail. That these cultures
sufficiently maintain their region-specific characters is sup-
ported by the following evidence: 1) the morphology of
neurons in the Ammon's horn neuron culture was clearly
different from that in the DG neuron culture (Fig. 4A). Most
cells in the Ammon's horn neuron culture were large and
spindle-shaped, which is typical for pyramidal neurons. Most
cells in the DG neuron culture were small and granular, which
is typical for DG granule cells. 2) DG neurons isolated and
cultured using a similar procedure maintain their in vivo
physiological properties (lkegaya et al., 2000). 3) The expres-
" sion level of BDNF of the cultured DG neurons is much higher
than that of the cultured Ammon's horn neurons, reflecting in
vivo pattern of BDNF expression in the hippocampus, in which
the highest concentration of BDNF occurs in DG granule cells
(Dieni and Rees, 2002; Scharfman et al., 2003).

In our study, we prepared hippocampal slices from both
genders of P8 rat pups and cultured for 10 days with medium
supplemented with horse serum (HS) collected from gelding
horses, in which steroid concentrations were under the
limits for detection. Because the increases in the expression
level of PSD95 and the spine density in CA3 were observed in
all slices treated with E2, we consider that the effects of E2 in
our study are gender-independent. Currently we are inves-
tigating whether or not there is gender difference in the
extents of the effects of E2. Organotypic hippocampal slice
cultures of P5-9 rat brains are well-established, stable model
for investigating hippocampal function including develop-
mental synaptogenesis because neurons maintain synapto-
genic ability in each region (CA1, CA3, and DG) (De Simoni et
al., 2003; Mizuhashi et al., 2001; Qin et al, 2001). It has been
reported that during postnatal development, the capacity of
estrogen binding protein is high enough to lower the
concentrations of serum estrogens to nonphysiological levels
(Germain et al., 1978). This suggests that the conditions for
the hippocampal slice culture in the present study more
closely represent the postnatal developmental stage.
Recently it was clarified that E2 is synthesized from
endogenous cholesterol by P45017a and P450 aromatase in
hippocampal neurons (Hojo et al., 2004) and that it plays an
essential role in the maintenance of synapses (Kretz et al,
2004). The effects of E2 shown here might be achieved by
locally synthesized E2 at the postnatal developmental stage.
Two previous studies reported the effects of E2 on spinogen-
esis in cultured hippocampal slices (Kretz et al., 2004; Pozzo-
Miller et al., 1999), but their results are conflicting, perhaps
because of the effects of various steroids included in the HS
in the culture medium.

Our findings suggest that BDNF in DG granule cells
mediates the effects of E2. It has been reported that in the
hippocampus the highest concentration of BDNF occurs in DG
granule cells, especially in their axons, mossy fibers (Dieni and
Rees, 2002; Scharfman et al., 2003), from the prenatal period
through to adulthood (Dieni and Rees, 2002). The significance
of BDNF in DG granule cells, however, had been unknown until
Scharfman et al. showed that endogenous BDNF in mossy
fibers affected the excitability of CA3 neurons in adult female
rats (Scharfman et al., 2003). On the other hand, BDNF has long
been known to promote synaptogenesis by maturation of
presynaptic sites (Aguado et al.,, 2003; Seil and Drake-
Baumann, 2000). Real-time monitoring revealed that BDNF
increases the number of presynaptic sites (Alsina et al., 2001).
Presynaptic maturation can induce postsynaptic maturation,
as shown by mossy fiber induction of postsynaptic maturation
including assembly and clustering of PSD95 on CA3 apical
dendrites (Qin et al., 2001). In the present study, BDNF released
from DG granule cells may have first increased the number of
presynaptic sites by autocrine/paracrine mechanisms,
thereby inducing the maturation of postsynaptic sites. In
addition to the communication with CA3 pyramidal neurons
through giant boutons, mossy fibers also communicate with
local circuit interneurons in CA3 through filopodial extensions
and en passant boutons (Acsady et al., 1998; Lawrence and
McBain, 2003). Although the number of these small terminals
is greater than that of giant boutons, we consider that E2
predominantly promoted the synaptogenesis between mossy
fibers and CA3 pyramidal neurons in this study because of the
following reasons: 1) E2 increased the number of giant
boutons, which were identified as mossy fiber terminals
containing Zn?* in our previous report (Sato et al., 2002), and
2) the major population of BDNF-positive mossy fiber term-
inals is those with giant boutons (Danzer and McNamara,
2004). Further experiments using interneuron-specific mar-
kers will be necessary to identify the effect of E2 on
synaptogenesis between mossy fibers and CA3 interneurons.

E2 enhanced BDNF release from DG granule cells in a
nER-independent and PKA-dependent manner. Besides the
genomic effects via nERs (ERa and ERp), recent reports have
described the nongenomic effects of estrogens mediated by
mERs (Beyer et al.,, 2003; Kelly and Levin, 2001; Segars and
Driggers, 2002). Although the membrane localization of the
E2 binding sites is widely accepted, mERs still await isolation
and gene cloning. One of the candidate mERs is membrane-
localized ERa/p that can activate signal transduction path-
ways distinct from nERe/p (Razandi et al., 2004; Thomas et
al, 2004). Although the mode of action has not been
elucidated precisely, ERa has been localized to the neuronal
plasma membrane in the hippocampus (Clarke et al., 2000).
On the other hand, several reports suggest that the proteins,
which are completely different from ERo/p, function as mERs
in hypothalamus (Cambiasso and Carrer, 2001), midbrain
(Beyer and Karolczak, 2000; Beyer et al,, 2002}, and neocortex
(Toran-Allerand et al., 2002). The effects of E2 observed in
our study may have been mediated by one or more mecha-
nisms other than nERs.

It has been reported that E2 modulates the expression of
BDNF by genomic (Schrabji et al., 1995) or nongenomic
mechanisms (Ivanova et al., 2001). Unexpectedly, in this
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study BDNF expression levels were not affected by E2 (Fig. 6).
Instead, E2 enhanced BDNF release from DG granule cells via
the activation of the PKA pathway. The PKA/cAMP-responsive
_element binding protein (CREB) pathway has been shown to
lie downstream of mERs in midbrain dopamine neurons
(Beyer and Karolczak, 2000; Beyer et al., 2002). The effects of
E2 in this study might be mediated by the same type of mERs
as those in midbrain dopamine neurons. There are 2 major
BDNF secretory pathways (for review, Lessmann et al., 2003):
one is the Ca**-independent constitutive pathway and the
other is the Ca?*-dependent regulated pathway. In the
regulated pathway, BDNF is sorted to large dense-core
vesicles (LDCVs) (Wu et al, 2004) and released in an
activity-dependent manner (Haubensak et al., 1998) following
slow kinetics typical for protein secretion (Hartmann et al,,
2001). BDNF plays an important role in long-term synaptic
plasticity (for review, McAllister et al.,, 1999). BDNF is released
selectively by electrical stimulation patterns that induce
long-term-potentiation (LTP), thereby modulating the activ-
ity-dependent neuronal plasticity (Balkowiec and Katz, 2002;
Gartner and Staiger, 2002). cAMP triggers BDNF release in
such LTP-inducing condition (Patterson et al., 2001), so E2
might affect synaptic plasticity by way of cAMP-dependent
BDNF release.

in ovariectomized adult female rats, E2 enhances the
spinogenesis of apical dendrites in CAl1 but not in CA3
(Gould et al.,, 1990). Recent studies have revealed that Akt
(protein kinase B) activation via mERs mediates the
spinogenesis in CA1 in adult rats (McEwen et al, 2001;
Znamensky et al, 2003). On the other hand, there is
evidence for another mechanism of E2-induced spinogen-
esis in embryonic hippocampal neuron cultures. In this
system E2 acts via nERs to suppress BDNF expression in
y-aminobutyric acid (GABA) ergic interneurons and to de-
crease GABAergic inhibition, thereby inducing spinogenesis
(Murphy et al, 1998a; Murphy et al., 1998b). It is possible
that these mechanisms were also active in our study
because E2 increased the spine density in CA1lSR in
cultured hippocampal slices. But clear differences were
observed between the effect in CA1SR and that in CA3SL.
The spinogenic effect in CA1SR was much weaker than that
in CA3SL (Fig. 2) and the expression of PSD95 in CA1SR was
not changed by E2 (Fig. 1). The local assembly of PSD9S is
spatially and temporally correlated with the maturation of
spine morphogenesis (Okabe et al., 2001: Jontes and Smith,
2000). PSD9S clusters are found in one-half of dendritic
filopodia, but in most mature spines (Takahashi et al.,
2003). Thus, the spines induced by E2 in CA1SR may be
more immature compared with those in CA3SL. The effects
of E2 in CA3 through BDNF derived from DG granule cells
may be stronger than that in CA1 through the mechanisms
described above. The absence of the effect of E2 in CA3 in
previous reports (Gould et al., 1990; Znamensky et al., 2003)
can be explained if the mechanism that we indicated here
is not active in adulthood or the mechanisms demon-
strated in the previous reports are active predominantly in
CAl.

Our results strongly suggest that E2 induces synaptogen-
esis between mossy fibers and CA3 neurons by the enhance-
ment of BDNF release from DG granule cells in a nER-

independent and PKA-dependent manner. These data provide
evidence that BDNF in DG granule cells has a role in
synaptogenesis, and that E2 can modulate this synaptogenic
function of BDNF.

4. Experimental procedure

4.1. Materials

Millicell-CM was from Millipore (Bedford, MA). Minimal essen-
tial medium (MEM), Neurobasal medium (NB) and B-27 supple-
ment were from Gibco Invitrogen Co. (Carlsbad, CA). Donor HS
(gelding) was from C-C Biotech Corporation (Valley Center, CA).
Paraformaldehyde (PFA), polyoxyethylene (10) octylphenyl
ether (Triton X-100), ammonium chloride, dimethylsufoxide
(DMSO0), L-glutamine, glycine, Tween 20 and sodium azide were
from Wako Pure Chemical (Osaka, Japan). K252a was from
Calbiochem (Darmstadt, Germany). Anti-BDNF antibodies
(AB1534SP and AB1513P) and Chemikine BDNF Sandwich
ELISA kit were from Chemicon (Temecula, CA). ICI was from
Tocris (Ballwin, MO). Mouse monoclonal immunoglobulin G
(IgG) to PSD95 (K28/43) was from Upstate Biotechnology (Lake
Placid, NY). Alexa Fluor 488 rabbit anti-mouse 1gG, NeuroTrace
fluorescent Nissl, Dil and FM1-43 were from Molecular Probes
(Eugene, OR). E2, poly-L-lysine, cytosine 3-p-arabino-furanoside
(AraC), ethylenediaminetetraacetic acid (EDTA), phenylmethyl-
sulphonyl! fluoride, leupeptin, antipain hydrochloride, aproti-
nin, Trizma hydrochloride, bovine serum albumin (BSA), rabbit
polyclonal IgG to p-actin, peroxidase-conjugated anti-rabbit
IgG, tetrodotoxin (TTX), KT5720, and Rp-cAMP were from Sigma
(St. Louis, MO). U0126 was from Promega (Madison, WI).
Sodium dodecyl sulphate (SDS) was from Nacalai tesque
{(Kyoto, Japan). ADVASEP-7 was from Biotium (Hayward, CA).
Enhanced chemiluminescence (ECL) plus Western blotting
detection kit was from Amersham Biosciences (Arlington
Heights, IL). Fluorescent images were obtained using a BioRad
n-Radiance laser scanning confocal system (Hercules, CA)
attached to Nikon inverted microscope (Tokyo, Japan). Image
analysis was performed using Adobe Photoshop 7.0 (Mountain
View, CA).

4.2. Organotypic hippocampal slice culture

All animal procedures were in accordance with the guide-
lines of the National Institute of Health Sciences, Japan, to
minimize pain or discomfort. Organotypic slice cultures of
both genders of P8 Wistar rat hippocampi were prepared
according to the method of Sato et al. (2002). Briefly,
horizontal medial hippocampal slices (300-um thick) were
placed on Millicell-CM transmembranes and cultured with
0.7 ml of the culture media (50% [vol/vol] MEM, 25% [vol/vol]
Hank's balanced salt solution [HBSS], and 25% [vol/vol] HS
[gelding] supplemented with 6.5 mg/m! glucose, 50 U/ml
penicillin G potassium and 100 pg/ml streptomycin sul-
phate). All experiments were performed at 10 days in vitro
(DIV) because cultured hippocampal slices recover from
damage by sectioning and complete the trisynaptic neuro-
nal circuitry (DG—CA3—CA1) at 10-14 DIV (Nakagami et al,,
1997).
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4.3. Immunohistochemistry

Immunostaining of cultured hippocampal slices was per-
formed according to the method of Qin et al. (2001) with
modifications. Slices were fixed with ice-cold 4% (wt/vol) PFA
in 0.1 M phosphate buffer (PB) for 10 min at 4 °C, washed
with phosphate buffered saline (PBS) (5 minx3), and treated
with 1% (vol/vol} Triton X-100 in PBS overnight at 4 °C. Slices
were then blocked with 50 mM ammonium chloride for
30 min at 4 °C and 20% HS in PBS for 30 min at 4 °C.
Subsequent steps were carried out using PBS containing 1%
HS. Slices were treated with mouse monoclonal igG to PSD95
(1:1000) overnight at 4 °C, washed (15 minx3), and treated
with Alexa Fluor 488 rabbit anti-mouse IgG (1:1000) overnight
at 4 °C. After washing (15 minx3), fluorescent images were
obtained by confocal microscopy (BioRad p-Radiance laser
scanning confocal system) using a 4xobjective. Black level
was set so that the averaged fluorescence intensity of 5
independent squares (20 pmx20 pm) placed at the medial
position of CA1 stratum pyramidale (SP) of the control slice
had the same value as that of the outside of the slice. Gain
level was set so that the averaged fluorescence intensity of 5
squares (20 pmx20 pm) placed at the medial position of
CA3SL of the control slice was at the half-maximum level. In
gray-scale mode under these settings, the major synaptic
sites appeared as fluorescent compartments as shown in Fig.
1B. When we outlined these compartments as indicated in
Fig. 1B and calculated the areas, the values were constant
regardless of the treatment {data not shown), so, we
measured the averaged fluorescence intensity of each
compartment (an outlined area) and subtracted the back
ground intensity to quantify the expression level of PSD95 of
each synaptic site. Because slices were cultured after re-
moving entorhinal cortex, we quantified the expression of
PSD95 in CA1SR, CA1SO, CA3SL, and CA3SO, the synaptic
sites which maintain the intact presynaptic and postsynap-
tic cells (Fig. 1B).

4.4. Dil staining

Cultured hippocampal slices were fixed with 4% PFA for
30 min at 4 °C. The fixative above the transmembrane was
removed and Dil crystals were embedded into CA1SO and
CA3S0 under the light microscope. After 3 days of incubation
at 4 °C, fluorescent images were obtained by confocal
microscopy using a 60x objective. Horizontal optical sections
were taken at 0.5 pm steps and the resultant z-series images
were summed into a flat image. Spines (both dendritic filo-
podia and mature spines) were counted at the proximal sites
of apical dendrites projecting from pyramidal cell bodies. For
double labeling with Dil and PSD95 immunostaining, slices
were immunostained after 3 days of incubation with Dil
crystals.

4.5. Fluorescent Nissl staining

Cultured hippocampal slices were fixed with 4% PFA for
60 min at 4 °C. Subsequent steps were carried out at room
temperature. After washing with PBS (15 minx3), the slices
were treated with 0.1% Triton X-100 in PBS for 60 min, washed

with PBS for 10 min, and incubated with NeuroTrace
fluorescent Nissl (1:30 in PBS) for 40 min in a dark room. The
incubation was terminated by a 10 min wash with 0.1% Triton
X-100 in PBS, followed by 2 h wash with PBS. Fluorescent
images were obtained by confocal microscopy using a
60 x objective.

4.6. Subregional hippocampal neuron culture

Subregional neuron cultures of both genders of P3 Wistar rat
hippocampi were prepared according to the method of Ikegaya
et al. (2000). Ammon's hormn and DG were isolated from
hippocampi with extreme care so as not to mix these 2 regions
(Fig. 4A, right). Dissociated cells from Ammon's horn, DG, or a
combination of these regions were suspended in a 1:1 mixture
of astrocyte-conditioned medium (ACM) and NB/B27 medium
(2% [v/v] B-27 supplement and 73 pg/ml L-glutamine in NB) and
plated onto 48-well plates coated with poly-L-lysine. After
24 h, the medium was changed to ACM-free NB/B-27 medium
containing 2 pM AraC. Cells derived from each region were
cultured for 7 days at the same cell density (2 x 10% cells/cm? for
FM1-43 analysis, 5 x 10° cells/cm? for Western blot analysis and
ELISA detection of BDNF). All surviving cells were immuno-
histochemically confirmed to be neurons using anti-NeuN
antibody (data not shown).

4.7. FM1-43 analysis

After 1 h of incubation with HBSS at 37 °C, cultured neurons
were treated with 10 yM FM1-43, a styryl pyridinium dye
(Cochilla et al., 1999) in high K*-HBSS (20 mM KCl; osmolarity
maintained by concomitant decrease in sodium concentra-
tion) for 2 min and washed gently with HBSS for 1 min. To
reduce background staining, neurons were washed with 20 uM
ADVASEP-7, a sulphobutylated- derivative of 3-cyclodextrin
(Tait et al., 1992) for 1 min. ADVASEP-7 has a higher affinity for
FM1-43 than plasma membranes and has been shown to
greatly reduce background staining in brain slices (Kay et al.,
1999). After the incubation with 10 pM TTX for 30 min, three
images ([1] stained image; {2] destained image obtained after
the treatment with high K*-HBSS; and [3] differential inter-
ference contrast [DIC] image) were obtained for each micro-
scopic field of view using confocal microscopy with a 10x
objective. The second image was subtracted from the first,
which revealed the presynaptic sites where depolarization-
specific release had occurred (Fig. 4C, top panels). The
fluorescent puncta in each microscopic field of view were
counted. The number of synapses per neuron was estimated
by dividing the total number of puncta by the number of
neurons observed in the third (DIC) image (Fig. 4C, bottom
panels).

4.8. Western blot analysis

Cultured neurons were washed twice with ice-cold PBS and
then harvested on ice with 50 mM Tris buffer (pH 7.2)
containing 1 mM EDTA, 1 mM phenylmethylsulphonyl
fluoride, 1 mM leupeptin, 1 pg/ml antipain and 1 pg/ml
aprotinin. After intense sonication (23 kHz, 1 min x 3), the cell
suspension was centrifuged at 800xg for 5 min at 4 °C. An
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aliquot of this supernatant was removed for the protein
assay. Another aliquot was diluted in SDS sample buffer.
Protein samples containing an equal amount of protein were
separated by electrophoresis on 10% polyacrylamide-SDS gels
and transferred onto polyvinyliden difluoride membranes in
49.6 mM Tris, 384 mM glycine and 0.01% (wt/vol) SDS at 30 V
overnight followed by 80 V for 1 h. The membranes were
incubated with Tris-buffered saline (TBS) containing 0.1%
(vol/vol) Tween 20, 5% (wt/vol) skim milk, 2% (wt/vol) BSA,
and 0.1% (wt/vol) sodium azide for 1 h, followed by overnight
incubation with protein A purified rabbit anti-BDNF poly-
clonal antibody (AB1534SP, Chemicon) (1:1000) or rabbit
polyclonal 1gG to p-actin (1:1000) at 4 °C. After washing
(30 min), the membranes were then incubated with perox-
idase-conjugated anti-rabbit IgG (1:1000) for 1 h at room
temperature. Immunoreactive bands were visualized using
the ECL kit. Optical densities (ODs) of immunoreactive bands
were measured based on a gray scale of 0-256 arbitrary units.
Background was subtracted from the OD and this corrected
value was normalized to the corrected value of the B-actin
band obtained from the same sample.

4.9. ELISA detection of BDNF

In comparison of BDNF contents in cultured DG neurons and
cultured Ammon's hom neurons, cells were washed twice
with ice-cold PBS and then harvested on ice with homo-
genization buffer consisting of 100 mM Trin/HC! (pH7),
containing 2% (wt/vol) BSA, 1 M NaCl, 4 mM EDTA.Na2, 2%
(vol/vol) Triton X-100, 0.1% (wt/vol) sodium azide, 5 pg/ml
aprotinin, 0.5 ug/ml antipain, 157 pg/ml benzamidine, 0.1 pg/
ml pepstatin A and 17 pg/ml phenylmethyl-sulphonyl
fluoride. After intense sonication (23 kHz, 1 minx3), the
homogenates are centrifuged at 14,000xg for 30 min. An
aliquot of this supernatant was removed for the protein
assay. Another aliquot was subjected to the calculation of
BDNF concentration by the Chemikine BDNF sandwich
ELISA kit. The plates, which were pre-coated with mono-
clonal antibodies against BDNF, were incubated with 100 pl
of supernatant in each well overnight, followed by incuba-
tion with the secondary antibody for 3 h and color
developing procedures for 1 h. Immediately after the stop
solution included in the kit was added, the ODs of 450 nm
were measured. A standard curve was run for each plate
and linearity was confirmed for all detections. Because the
lower detection limit of the kit is 7.8 pg/ml, we used data
from the experiments in which the control value was higher
than this limit. The concentration of BDNF was normalized
to the total amount of protein. In the calculation of BDNF
contents in the culture media, the culture media were
collected after 10 h of incubation with E2, centrifuged at
1500xg, and the concentration of BDNF in the supernatants
was determined by ELISA. Because in this case the values of
the control group varied from experiment to experiment by
several folds, we set ‘basal value’ in each experiment. 24 h
after medium change, BDNF concentrations in the culture
media were calculated and averaged for 4 wells in one
experiment. This value was taken as the ‘basal value' and
the data were normalized to this ‘basal value’ in each
experiment.

4.10. Drug treatment

E2 was dissolved at 100 mM in ethanol and diluted to the final
concentrations with the culture medium. For PSD95 immu-
nohistochemistry and FM1-43 analysis, cultured slices and
cells were treated with various concentrations of E2 for 24 h.
ICI (Ki: 1.5 nM for ERa, 6.4 nM for ERp3; Kuiper et al., 1997) was
dissolved at 1 mM in ethanol and co-applied at 1 uM with E2.
K252a (Squinto et al., 1991; Bothwell, 1995) was dissolved at
1 mM in DMSO and co-applied at 200 nM with E2. This
concentration completely blocks the effect of BDNF in
cultured hippocampal slices (Koyama et al.,, 2004). BDNFAB
(protein A purified sheep anti-BDNF polyclonal antibody,
AB1513SP, Chemicon) was dissolved in the culture medium at
10 pg/ml. This concentration blocks the effect of endogenous
BDNF (Rasika et al.,, 1999; Matsunaga et al., 2004). For ELISA
detection of the released BDNF, cultured cells were treated
with E2 for 10 h. KT5720 (Ki: 56 nM) (Kase et al, 1987) was
dissolved in the ethanol at 1 mM and co-applied at 200 nM
with E2. Rp-cAMP (Ki: 11 uM) (Rothermel and Parker Botelho,
1988) was dissolved in PBS at 10 mM and co-applied at 10 pM
with E2. U0126 (Ki: 72 nM for MEK1, 58 nM for MEK?2) (Duncia
et al., 1998) was dissolved in DMSO at 10 mM and co-applied
at 10 uM with E2. We also confirmed beforehand that 0.1%
ethanol or 0.1% DMSO (the maximal concentration used for
vehicle in our experiments) alone had no effects in cultured
hippocampal slices and subregional hippocampal neuron
cultures (Fig. S1).

4.11. Data analysis

All data regarding the expression level of PSD95, the spine
density, and the number of FM1-43 positive puncta, were
quantified in a blinded manner. For quantification of PSD-95
signals, the fluorescence intensities in the synaptic sites were
averaged for 4 slices in one experiment. These values were
then averaged for 8 independent experiments (separate
platings) and statistical analysis was performed using one-
way repeated-measure analysis of variance (ANOVA) and the
post hoc Tukey's test for multiple pairwise comparisons. Data
are shown as the values normalized to that of CA1SR in the
control group. The spine densities (the number of spines per
um of dendrite) averaged for 8 to 10 neurons per slice were
averaged for 4 slices in 1 experiment. These values were then
averaged for 8 independent experiments (separate platings)
and statistical analysis was performed using the Student's t
test. For FM1-43 analysis, the numbers of presynaptic sites
(per neuron) were averaged for 4 wells in 1 experiment. These
values were then averaged for 8 independent experiments
(separate platings) and statistical analysis was performed
using the Student's t test. In multiple pharmacological
treatments, data were collected according to the methods
described above, and statistical analysis was performed by
one-way repeated-measure ANOVA and the post hoc Tukey's
test for multiple pairwise comparisons. Data were shown as
the values normalized to that of the control group. For ELISA
detection of BDNF .expression, the normalized values (BDNF/
total protein) were averaged for 4 wells in one experiment.
These values were then averaged for 4 independent experi-
ments (separate platings) and statistical analysis was
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