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nopimelate decarboxylase corresponding to nucleotides
350--1345 of X17013; pheB, pheA genes corresponding to
nucleotides 2017-3334 of M24537, dapB, jojF, jojG
genes corresponding to nudeotides 1358-3197 of
1.38424; TrpE protein, TrpD protein, TrpC protein corre-
sponding to nucleotides 1883-4400 of K01391. The cor-
responding cDNAs were purchased from ATCC,
incorporated into expression vectors, amplified in E. coli
and transcribed using the MEGAscript kit (Ambion Inc,,
TX). The mRNA was purified using a MACS mRNA isola-
tion kit (Miltenyi Biotec GmbH., Germany). The concen-
trations of spike RNAs in the GSC were in threefold steps,
from 777.6 pM for AFFX-ThiX-3_at, 259.4 pM for AFFX-
LysX-3_at, 86.4 pM for AFFX-PheX-3_at, 28.8 pM for
AFFX-DapX-3_at, to 9.6 pM for AFFX-TrpnX-3_at. In gen-
eral, the ratio depends on the linear range of the measure-
ment system and the available number of spikes.

Setiing of the "spike facter" and addition of GSC to a
sample homogenate according to its DNA concentration
The GSC was added to the sample homogenates in pro-
portion to their DNA concentrations, assuming that all
cells contain a fixed amount of genomic DNA (g/cell)
across samples. The amount of GSC added to each sample
G (1) was given as

G=C*v*f (l),

where C is the DNA concentration (g/1), v(1) is the volume
of homogenate further used for RNA extraction and f (1/g)
is the “spike factor”, which is an adjustment factor to
ensure that the sample is properly spiked by the GSC (cf.
Figure 3). Spike factors have been pre-determined for var-
ious organs/tissues to reflect differences in their total
RNA/genomic DNA ratios (cf. Table 1). In this way, five
spike mRNA signals can properly cover the linear dose-
response range of the platform. In practice, for the
Affymetrix GeneChips, the spike factor is set so that the
five GSC spikes cover the range of “Present” calls given by
the Affymetrix system, which corresponds to approxi-
mately 80 to 7000 in raw readouts given by the Affymetrix
MASS5.0 software. A raw readout of 10 by the current
Affymetrix GeneChip system corresponds to approxi-
mately one copy per cell in mouse liver (spike factor =
0.2), whereas in mouse thymus (spike factor = 0.01) it
corresponds to approximately 0.05 copy per cell. For Q-
. PCR, the same spike factor corresponds to Ct values rang-
ing approximately from 17 to 27, which is well within the
linear range of Q-PCR (data not shown).

"Per cell" nermalization (Percellome normalization)
Since murine haploid genomic DNA is made of 2.5 10?
base pairs and one base pair is approximately 600 Daltons
(Da), the haploid genomic DNA weighs 1.5° 1012 Da,
corresponding to
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d=5 102 (g DNA per diploid cell).

Therefore, the cell number per liter of the sample
homogenate (N) is given as

N = C/d (cells/l)
where C is the DNA concentration (g/1).

On the other hand, the copy numbers of GSC RNAs in the
homogenate are given as follows:

if §j (molefl) (j = 1,2,3,4,5) is the mole concentration of
one of the five spike RNAs in the GSC solution and G(l) is
the amount of GSC added to each homogenate, the mole
concentrations of the spike RNAs in the homogenate
(CSj) are given as,

CSj = §j*C*f (mole/l).

The GSC RNAs in moles per cell (MSj) are given as
MSj = CSj/N

= Sj*C*{f(C/d)

= §j*f*d (mole/cell)

The copy numbers of the GSC RNAs per cell (NSj) are
given as

NSj = MSj*A
= Sj*f*d*A (copies per diploid cell)
where A is Avogadro's number.

As aresult, the GSC spikes AFFX-TrpnX-3_at, AFFX-DapX-
3_at, AFFX-PheX-3_at, AFFX-LysX-3_at and AFFX-ThrX-
3_at correspond approximately to 5.8, 17.3, 52.0, 156.0
and 468.1 copies per cell (per diploid DNA template) for
mouse liver sample homogenates, where the spike factor
= 0.2. It is our observation that the RNA/DNA ratios are
virtually constant across polyploid hepatocytes (data not
shown).

For each Q-PCR plate or GeneChip, the coefficients, o, B,
v and 3 of functions {1} or {2} are determined from the
GSC values using the least-square method. The signal val-
ues or Ct values of all the other mRNAs measured are then
converted to copy numbers per cell by {3} or {4}, i.e. the
inverses of functions {1} or {2}. '
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Table 2; Primmers for Q-PCR
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Gene Forward Reverse
AFFX-TrpnX-3_at TTCTCAGCGTAAAGCAATCCA GCAAATCCTTTAGTGACCGAATACC
AFFX-DapX-3_at TCAGCTAACGCTTCCAGACC GGCCGACAGATTCTGATGACA
AFFX-PheX-3_at GCCAATGATATGGCAGCTTCTAC TGCGGCAGCATGACCATTA
AFFX-LysX-3_at CCGCTTCATGCCACTGAATAC CCGGTTCGATCCAAATTTCC
AFFX-ThrX-3_at CCTGCATGAGGATGACGAGA GGCATCGGCATATGGAAAC
Ahr_1450695_at CAGAGACCACTGACGGATGAA AGCCTCTCCGGTAGCAAACA
Cyplal_1422217_a_at TGCTCTTGCCACCTGCTGA GGAGCACCCTGTTTGTTTCTATG
Cypla2_1450715_at CCTCACTGAATGGCTTCCAC CGATGGCCGAGTTGTTATTG
Cyplbl_1416612_at GCCTCAGGTGTGTTTGATGGA AGTACAGCCCTGGTGGGAATG
Cyp7al_1422100_at TTCTACATGCCCTTTGGATCAG GGACACTTGGTGTGGCTCTC
Hspala_1452388_at ACCATCGAGGAGGTGGATTAGA AGGACTTGATTGCAGGACAAAC

The "LBM" (“liver-brain mix") standard sample

A pair of samples having dissimilar gene expression pro-
files was chosen to evaluate the linearity of the platform.
The pairs chosen were brain and liver for mouse and rat,
two distinct cancer cell lines for humans, and adult liver
and embryo for Xenopus laevis. The sample pairs were
processed as described above induding addition of the
GSC. Two final homogenates were then blended at ratios
of 100:0, 75:25, 50:50, 25:75 and 0:100 (based on cell
numbers) to make five samples. These five samples were
measured by Q-PCR and/or GeneChips (MG-U74v2A,
MEA430A, MEA430B, MG430 2.0 (shown in Figure 1),
RAE230A, HG-U95A, HG-U133, and Xenopus array).

Quantitative-PCR

. Duplicate homogenate samples were treated with DNasel
(amplification grade, Invitrogen Corp. Carlsbad, CA,
USA) for 15 min at room temperature, followed by Super-
Script II (Invitrogen) for 50 min at 42°C for reverse tran-
scription. Quantitative real time PCR was performed with
an ABI PRISM 7900 HT sequence detection system
(Applied Biosystems, Foster City, CA, USA) using SYBR
Premix Ex Taq (TAKARA BIO Inc, Japan), with initial
denaturation at 95°C for 10 s followed by 45 cycles of 5 s
at 95°C and 60 s at 60°C, and Ct values were obtained.
Primers for the genes explored in this study were selected
from sequences close to the areas of Affymetrix GeneChip
probe sets as shown in Table 2.

Affymetrix GeneChip measurement
The sample homogenates with GSC added were processed

by the Affymetrix Standard protocol. The GeneChips used

were MG-U74v2A for the uterotrophic study and Mouse
430-2 for the TCDD study (singlet measurement). The
efficiency of in vitro transcription (IVT) was monitored by
comparing the values of 5' probe sets and 3' probe sets of
the control RNAs (AFFX- probe sets) induding the GSC
(see Quality Control below). The dose-response linearity
of the five GSC spikes was checked and samples showing
saturation and/or high background were re-measured

from either backup tissue samples, an aliquot of homoge-
nate, or a hybridization solution, depending on the
nature of the anomaly.

Quality centrol

Any external spiking method, including our Percellome
method, is valid for high-quality RNA samples. Therefore,
the quality of the sample RNA should be carefully moni-
tored. In addition to a common checkup by RNA electro-
phoresis (including capillary electrophoresis if necessary),
OD ratio, and cRNA yield, we monitor the performance of
IVT (in vitro wanslation) or amplification. The 3' and 5'
probe set data of the spiked-in RNAs and sample RNAs
(actin, GAPD and other AFFX- probe sets) that are pre-
pared in Affymetrix GeneChip are compared to monitor
the extension of RNA by the IVT process. When both the
spiked-in RNAs and the sample RNAs have similar levels
of 5' and 3' signals respectively, it is judged that the IVT
extension was normally performed. When both spiked-in
and sample RNAs have significantly lower 5' signal than 3’
signal, it is judged that the IVT extension was abnormal.
When only the sample RNAs showed significantly lower 5'
signal than 3’ signal, it is judged that the IVT extension
was normal but the sample RNAs were degraded. When
only the spiked-in RNAs showed significantly lower 5' sig-
nal than 3' signal, it is judged that the IVT extension was
normal but the spiked-in RNAs were degraded (although
we have not encountered this situation). In addition, if
the degraded sample was spiked-in by the non-degraded
spike RNAs and measured by GeneChip, the position of
spiked-in RNAs will be offset toward abnormally higher
intensity. Together, this battery of checkups considerably
increases the ability to detect abnormal events that will
affect the reliability of the Percellome method. When any
abnormality was found, each step of sample preparation
was reevaluated to regain normal data for Percellome nor-
malization.
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The web site for GeneChip data

The GeneChip data are accessible at htp://

www.nihs.go.jp/tox/TTG_Archive htm.
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Additional File 1

Excel spreadsheet file containing 15 Affymetrix Mouse 430-2 GeneChip
raw data of five LBM samples in triplicate (cf. Figure 1). The column
name LBM-100-0-X_8ignal indicates the component percentages, i.e.
1009 liver 0% brain, and X = 1,2,3 indicates the triplicates. The LBM-
100-0-X_Detection column indicates P for present, A for absent and M
Sor marginal calls by Affymetrix MAS 5.0 system.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-81.zip]

Additional File 2

Excel spreadsheet file containing Percellome data of the same LBM sam-
ples, of which raw data is listed in Additional file 1 (cf. Figure 1).
Click here for file
fhttp://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-82.2ip}

Additional File 3

Excel spreadsheet file containing 2 Affymetrix MG-U74v2 raw data of a
blank sample with the GSC (horizontal axis of Figure 2a) and blank with
the five spike RNAs at a high dosage (vertical axis of Figure 2a).

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-83.zip]

Additional File 4

Excel spreadsheet file containing 2 Affymetrix MG-U74v2 raw data of a
liver sample with GSC (horizontal axis of Figure 2b) and without GSC
(vertical axis of Figure 2b).

Click here for file
fhttp://www.biomedcentral.com/content/supplementary/ 1471-
2164-7-64-54.2ip)

Additional File 5

(first quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided because of the upload file size limitation)]: an Excel spreadsheet
file containing 2 hr data (15 GeneChip data) of the total of 60 Affymetrix
Mouse 430-2 GeneChip raw data of the TCDD study consisting of 20 dif-
ferent treatment groups in triplicate (cf. Figure 5). The column name
DoseXXX-TimeYY-Z_Signal indicates the dosage and sampling time after
TCDD administration in hours, e.g. XXX = 001 indicates 1 microgram/
kg group, YY = 02 indicates two hours after administration, andZ = 1,2,3
indicates animal triplicate. The DoseXXX-TimeYY-Z_Detection column
indicates P for present, A for absent and M for marginal calls by Affyme-
trix MAS 5.0 system.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-S5.zip)

Additional File 6

(second quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided because of the upload file size limitation)]: an Excel spreadsheet
file containing 4 hr data (15 GeneChip data) of the total of 60 Affymetrix
Mouse 430-2 GeneChip raw data of the TCDD study consisting of 20 dif-
ferent treatment groups in wriplicate (cf. Figure 5). The column name
DoseXXX-TimeYY-Z_Signal indicates the dosage and sampling time after
TCDD administration in hours, e.g. XXX = 001 indicates 1 microgram/
kg group, YY = 02 indicates two hours after administration, andZ = 1,2,3
indicates animal triplicate. The DoseXXX-TimeYY-Z_Detection column
indicates P for present, A for absent and M for marginal calls by Affyme-
trix MAS 5.0 system.

Click here for file
[http:/fwww.biomedcentral.com/content/supplementary/1471-
2164-7-64-56.zip]

Additional File 7

(third quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided because of the upload file size limitation)]: an Excel spreadsheet
file containing 8 hr data (15 GeneChip data) of the total of 60 Affymetrix
Mouse 430-2 GeneChip raw data of the TCDD study consisting of 20 dif-
ferent treatment groups in triplicate (c¢f. Figure 5). The column name
DoseXXX-TimeYY-Z_Signal indicates the dosage and sampling time after
TCDD administration in hours, e.g. XXX = 001 indicates 1 microgram/
kg group, YY = 02 indicates two hours after administration, andZ = 1,2,3
indicates animal triplicate. The DoseXXX-TimeYY-Z_Detection column
indicates P for present, A for absent and M for marginal calls by Affyme-
trix MAS 5.0 system.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-57.zip)

Additional File 8

(last quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided because of the upload file size limitation)]: an Excel spreadsheet
file containing 24 hr data (15 GeneChip data) of the total of 60 Affyme-
trix Mouse 430-2 GeneChip raw data of the TCDD study consisting of 20
different treatment groups in triplicate (cf. Figure 5). The column name
DoseXXX-TimeYY-Z_Signal indicates the dosage and sampling time after
TCDD administration in hours, e.g. XXX = 001 indicates 1 microgram/
kg group, YY = 02 indicates two hours after administration, andZ = 1,2,3
indicates animal triplicate. The DoseXXX-TimeYY-Z_Detection column
indicates P for present, A for absent and M for marginal calls by Affyme-
trix MAS 5.0 system.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-S8.zip]
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Additional File 9

(first quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided b of the upload file size limitation)]: an Excel spreadsheet
file containing 2 hr Percellome data (15 sample data) of the 60 samples
of the TCDD study (cf. Figure 5), of which corresponding raw data is
listed in Additional file 5.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-89.2ip]

Additional File 10

(second quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided t of the upload file size limitation)]: an Excel spreadsheet
file containing 4 hr Percellome data (15 sample data) of the 60 samples
of the TCDD study (cf. Figure 5), of which corresponding raw data is
listed in Additional file 6.

Click here for file
{http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-810.zip}]

Additional File 11

(third quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided because of the upload file size limitation)]: an Excel spreadsheet
file containing 8 hr Percellome data (15 sample data) of the 60 samples
of the TCDD study (cf. Figure 5), of which corresponding raw data is
listed in Additionial file 7.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-811.zip]

Additional File 12

(last quarter of a data set consisting of 2 hr, 4 hr, 8 hr, and 24 hr data,
divided b of the upload file size limitation)]: an Excel spreadsheet
file containing 24 hr Percellome data (15 sample data) of the GO samples
of the TCDD study (cf. Figure 5), of which corresponding raw data is
listed in Additional file 8.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-512.zip]

Additional File 13

Excel spreadsheet file containing 15 Affymetrix MG-U74v2 A GeneChip
raw data of the uterotrophic response study (cf. Figure 6). The column
name X-Y_Signal indicates the treatment (V = vehicle, Low = low dose,
etc) and animal triplicate (Y = 1,2,3). The X-Y_Detection column indi-
cates P for present, A for absent and M for arginal calls by Affymetrix
MAS 5.0 system.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-S13.zip]

Additional File 14

Excel spreadsheet file containing Percellome data of the same 15 samples
of the uterotrophic response study (cf. Figure 6), of which raw data is
listed in Additional file 13. ’

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-7-64-S14.zip]
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Premature ovarian failure (POF) syndrome, an early decline of
ovarian function in women, is frequently associated with X chro-
mosome abnormalities ranging from various Xq deletions to com-
plete loss of one of the X chromosomes. However, the geneticlocus
responsible for the POF remains unknown, and no candidate gene
has been identified. Using the Cre LoxP system, we have disrupted
the mouse X chromosome androgen receptor (Ar) gene. Female
AR/ mice appeared normal but developed the POF phenotype
with aberrant ovarian gene expression. Eight-week-old female
AR / wmice are fertile, but they have lower follicle numbers and
impaired mammary development, and they produce only half of
the normal number of pups per litter. Forty-week-old AR / mice
are infertile because of complete loss of follides. Genome-wide
microarvay analysis of mRNA from AR / ovaries revealed that a
number of major regulators of folliculogenesis were under tran-
scriptional control by AR. Our findings suggest that AR function is
required for normal female reproduction, particularly folliculogen-
esis, and that AR is a potential therapeutic target in POF syndrome.

male hormone huclear receptor female physiology folliculogenesis
kit ligand

Premature ovarian failure (POF) is defined as an early decline
of ovarian function after seemingly normal folliculogenesis
(1). Genetic causes of POF have been frequently associated with
X chromosome abnormalities (1, 2). Complete loss of one of the
X chromosomes, as in Turner syndrome, and various Xq dele-
tions are commonly identified as a cause of POF. However,
responsible X-linked genes and their downstream targets have
not been identified so far.

The androgen receptor (4Ar) gene, which is the only sex
hormone receptor gene on the X chromosome, is well known to
be essential not only for the male reproductive system, but also
for male physiology. In contrast, androgens are considered as
male hormones; therefore, little is known about androgens’
actions in female physiology, although AR expression in growing
follicles has been described (3). However, because excessive
androgen production in polycystic ovary syndrome causes infer-
tility with abnormal menstrual cycles (4, 5), it is possible that
AR-mediated androgen signaling also plays an important phys-
iological role in the female reproductive system. Recently, using
Cre LoxP system, we generated an AR-null mutant mouse line
(6) and demonstrated that inactivation of AR resulted in arrest
of testicular development and spermatogenesis, impaired brain
masculinization, high-turnover osteopenia, and late onset of
obesity in males (7-9). At the same time, no overt physical or
growth abnormalities were observed in female AR / mice.
Therefore, to further examine potential role of AR in female
physiology, we characterized female reproductive system in
AR ! females. Herein we show that female AR / mice develop
the POF phenotype. At 3 weeks of age, AR / females had

224-229 PNAS January 3, 2006 vol. 103 no. 1

apparently normal ovaries with numbers of follicles similar to
those in the wxld-type females. However, thereafter the number
of healthy follicles in the AR / ovary gradually declined, with
a marked increase of atretic follicles, and by 40 weeks AR /
mice became infertile, with no follicle detectable in the ovary.
Reflecting this age-dependent progression in ovarian abnormal-
ity, several genes known to be involved in the oocyte—granulosa
cell regulatory loop were identified by microarray analysis as AR
downstream target genes. These findings clearly demonstrate
that AR-mediated androgen signaling is indispensable for the
maintenance of folliculogenesis and implicate impaired andro-
gen signaling as a potential cause of the POF syndrome.

Materials and Methods

Generatlon of AR Knockout Mice. AR genomic clones were isolated
from a TT2 embryonic stem cell genomic library by using human
AR A B domain ¢cDNA as a probe (6). The targeting vector
consisted of a 7.6-kb 5 region containing exon 1, a 1.3-kb 3
homologous region, a single loxP site, and a neo cassette with two
loxP sites (10). Targeted clones (FB-18 and FC-61) were aggre-
gated with single eight-cell embryos from CD-1 mice (11, 12).
Floxed AR mice (C57BL 6) were then crossed with CMV-Cre
transgenic mice (6). The two lines exhibited the same phenotypic
abnormalities. The chromosomal sex of each pup was deter-
mined by genomic PCR amplification of the Y chromosome Sry
gene (13).

Western Blot Analysis. To detect AR protein expression, ovarian
cell lysates were separated by SDS PAGE and transferred onto
nitrocellulose membranes (14). Membranes were probed with
polyclonal AR antibodies (N-20; Santa Cruz Biotechnology),
and blots were visualized by using peroxidase-conjugated second
antibody and an ECL detection kit (Amersham Pharmacia
Biosciences).

Morphologic Classification of Growing Follicles. Sections were taken
at intervals of 30 m, and 6- m paraffin-embedded sections
were mounted on slides. Routine hematoxylin and eosin staining
was performed for histologic examination by light microscopy.
Follicle numbers in 12 sections per ovary were evaluated as
primary follicles (oocyte surrounded by a single layer of cuboidal
granulosa cells), preantral follicles (oocyte surrounded by two or
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Phenotypic characterization of AR knockout female mice. (a) Diagram of the wild-type Ar genomic locus { ), floxed AR L3 allele (L3), and AR allele (L-)

obtained after Cre-mediated excision of exon 1. K, Kpnl; E, EcoRl; H, Hindlil; B, BamHI. LoxP sites are indicated by arrowheads. The targeting vector consisted
of a 7.6-kb 5 homologous region containing exon 1, a 1.3-kb 3 homologous region, a single loxP site, and the neo cassette with two loxP sites. (b) Detection
of the Y chromosome-specific Sry gene in AR /Y mice by PCR. (c) Absence of AR protein in AR / mice ovaries by Western biot analysis using a specific C-terminal
antibody. (d) Normal weight gain in AR / females. (e) Histology of pituitary, uterus, and bone tissues in AR / and AR / females at 8 weeks of age. (f) Female
reproductive organs were macroscopically normal in AR /' mice. (g) Serum hormone levels at the proestrus stage in AR / mice were not significantly altered.
Serum 17 -estradiol, progesterone, testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) levels in AR / (n 13)and AR / (n  10)
females at 8-10 weeks of age are shown. (h) Lobuloalveolar development is impaired in AR /- mammary glands. Whole mount of inguinal mammary glands
(Left) and its higher magnification (Right) were prepared on day 3 of lactation. (i) Average number of pups per litter is markedly reduced in AR / miceat8 weeks

of age. Data are shown as mean
counterstained with eosin,

more layers of granulosa cells with no antrum), or antral follicles
(antrum within the granulosa cell layers enclosing the oocyte).
Follicles were determined to be atretic if they displayed two or
more of the following criteria within a single cross section: more
than two pyknotic nuclei, granulosa cells within the antral cavity,
granulosa cells pulling away from the basement membrane, or
uneven granulosa cell layers (15).

Immunohistochemistry. Sections were subjected to a microwave
antigen retrieval technique by boiling in 10 mM citrate buffer
(pH 6.0) in a microwave oven for 30 min (16). The cooled
sections were incubated in 1% H20: for 30 min to quench
endogenous peroxidase and then incubated with 1% Triton
X-100 in PBS for 10 min. To block nonspecific antibody binding,
sections were incubated in normal goat serum for I h at 4°C.
Sections were then incubated with anti-AR (1:100) or anti-
cleaved caspase-3 (1:100) in 3% BSA overnight at 4°C. Negative
controls were incubated in 3% BSA without primary antibody.
The ABC method was used to visualize signals according to the
manufacturer’s instructions. Sections were incubated in biotin-
ylated goat anti-rabbit IgG (1:200 dilution) for 2 h at room
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SEM and analyzed by using Student’s ¥ test. (/) AR immunocytochemistry in AR / and AR / ovaries. Sections were

temperature, washed with PBS, and incubated in avidin-biotin—
horseradish peroxidase for 1 h. After thorough washing in PBS,
sections were developed with 3,3 -diaminobendizine tetra-
hydrochloride substrate, slightly counterstained with eosin, de-
hydrated through an ethanol series and xylene, and mounted.

Estrus Cycles and Fertility Test. To determine the stage of the estrus
cycle (proestrus, estrus, and diestrus), vaginal smears were taken
every morning and stained with Giemsa solution. For evaluation
of female fertility for 15 weeks, an 8- or 24-week-old wild-type
or AR / female was mated with a wild-type fertile male,
replaced every 2 weeks with the other fertile male. Cages were
monitored daily and for an additional 23 days, and the presence
of seminal plugs and number of litters were recorded.

RNA Extraction and Quantitative Competitive RT-PCR. Total ovarian
RNA was extracted by using TRIzol (Invitrogen) (16). Oligo-
dT-primed cDNA was synthesized from | g of ovarian RNA by
using SuperScript reverse transcriptase (Gibco BRL, Gaithers-
burg, MD) in a 20- | reaction volume, 1 1 of which was then
diluted serially (2- to 128-fold) and used to PCR-amplify an
internal control gene, cycA, to allow concentration estimation.
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breeding assay was started at 24 weeks of age (n
Student’s ttest,

Primers were designed from cDNA sequences of Kitl (M57647,
nucleotides 1099-1751), Gdf9 (NM008110; nucleotides 720-
1532), Bmpl5 (NMO09757; nucleotides 146-973), Ers2
(NMO010157; nucleotides 1139-1921), Pgr (NM008829; nucleo-
tides 1587-2425), Cypllal (NMO19779; nucleotides 761-1697),
Cypl7al (M64863; nucleotides 522-932), Cyp19 (D00659; nucle-
otides 699-1049), Fshr (AF095642; nucleotides 625-1427), Lhr
(M81310; nucleotides 592-1331), Prgs2 (AF338730; nucleotides
3-605), and Ccnd2 (NMO009829; nucleotides 150-1065) and
chosen from different exons to avoid amplification from genomic
DNA.

GeneChip Analysis. Ovaries were isolated and stabilized in RNA-
later RNA Stabilization Reagent (Ambion, Austin, TX) before
RNA purification (17). Total RNA was purified by using an
RNeasy mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. First-strand cDNA was synthesized
from 5 g of RNA by using 200 units of SuperScript II reverse
transcriptase (Invitrogen, Carlsbad, CA), 100 pmol T7-(dT)24
primer [5 -GGCCAGTGAATTGTAATACGACTCAC-
TATAGGGAGGCGG-(dT)4-3 ], 1 first-strand buffer, and
0.5 mM dNTPs at 42°C for 1 h. Second-strand synthesis was
performed by incubating first-strand cDNA with 10 units of
Escherichia coli ligase (Invitrogen), 40 units of DNA polymerase
I (Invitrogen), 2 units of RNase H (Invitrogen), 1 reaction
buffer, and 0.2 mM dNTPs at 16°C for 2 h, followed by 10 units
of T4 DNA polymerase (Invitrogen) and incubation for another
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6-10 animals per genotype). For all panels, data are shown as mean

SEM and were analyzed by using

5 min at 16°C. Double-stranded cDNA was purified by using
GeneChip Sample Cleanup Module (Affymetrix, Santa Clara,
CA) according to the manufacturer’s instructions and labeled by
in vitro transcription by using a BioArray HighYield RNA
transcript labeling kit (Enzo Diagnostics, Farmingdale, NY).
Briefly, dsDNA was mixed with 1 HY reaction buffer, 1
biotin-labeled ribonucleotides (NTPs with Bio-UTP and Bio-
CTP), I DTT, 1 RNase inhibitor mix, and 1 T7 RNA
polymerase and incubated at 37°C for 4 h. Labeled cRNA was
then purified by using GeneChip Sample Cleanup Module and
fragmented in |  fragmentation buffer at 94°C for 35 min. For
hybridization to the GeneChip Mouse Expression Array 430A or
430B or Mouse Genome 430 2.0 Array (Affymetrix), 15 g of
fragmented cRNA probe was incubated with 50 pM control
oligonucleotide B2, 1  eukaryotic hybridization control, 0.1
mg ml herring sperm DNA, 0.5 mg ml acetylated BSA, and |
hybridization buffer in a 45°C rotisserie oven for 16 h. Washing
and staining were performed by using a GeneChip Fluidic
Station (Affymetrix) according to the manufacturer’s protocol.
Phycoerythrin-stained arrays were scanned as digital image files
and analyzed with GENECHIP OPERATING SOFTWARE (Af-
fymetrix) (17).

Luciferase Assay. The Kit/ promoter region ( 2866 to 1 bp) was
inserted into the pGlL3-basic vector (Promega) for assay using
the Luciferase Assay System (Promega) (14, 16). Cells at 40—
50% confluence were transfected with a reference pRI-CMV
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insulin-like growth factor 1 (igf1), cyclooxygenase 2 (Ptgs2), or progesterone receptor (Pgr) gene expression in AR / and AR ' ovaries. Results shown were
representative (using one ovary per genotype in each experiment) of five independent experiments,

plasmid (Promega) using Lipofectamine reagent (GIBCO BRL,
Grand Island, NY) to normalize transfection. Results shown are
representative of five independent experiments.

Resuits and Discussion

Subfertility of AR ' Female Mice at 8 Weeks of Age. The 4r gene
located on the X chromosome was disrupted in mice by using
the Cre Lox P system (6) (Fig. | a—c). Female AR /' mice
showed normal growth compared with the wild-type litter-
mates (Fig. 1d), with no detectable bone loss (Fig. le) or
obesity common for male AR /¥ mice (8, 9). Young (8-week-
old) AR / females appeared indistinguishable from the wild-
type littermates, displayed normal sexual behavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of their reproductive
organs, including uteri, oviducts, and ovaries, also appeared
normal (Fig. 1f). Histological analysis showed no significant
abnormality in the uterus or pituitary (Fig. le), whereas
mammary ductal branching and elongation were substantially
reduced, as revealed by whole-mount analysis (Fig. 11). Serum
levels of 17 -estradiol, progesterone, testosterone, luteinizing
hormone, and follicle-stimulating hormone were also within
normal range in 8-week-old mutant females at the proestrus
stage (Fig. 1g), suggesting that the two-cell two-gonadotrophin
system in female reproductive and endocrine organs (18) was
intact in AR / mice at 8 weeks of age. The most obvious early
sign of abnormal reproductive function in the AR / females
was that their average numbers of pups per litter were only
about half of those of the wild-type littermates, (4R / , 8.3

0.4 pups per litter; AR / , 4.5 0.5 pups per litter) (Fig. 1i).

AR ' Female Mice Developed POF Phenotypes. Histological analysis
of 8-week-old AR / ovaries clearly showed that numbers of
atretic follicles were significantly increased, with decreased
numbers of corpora lutea (Fig. 2 b and f). This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries. Indeed, AR protein expression
was readily detectable in the wild-type 8-week-old ovaries (Fig.
1)), with AR expressed at the highest levels in growing follicle
granulosa cells at all developmental stages and at relatively low
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Ievels in corpora lutea. Thus, AR appears to play a regulatory
role in granulosa cells during their maturation to the luteal
phase.

To investigate this possibility, we examined the ovarian phe-
notype of female AR / mice at different ages. At 3 weeks,
ovaries contain various stages of follicles, including primary,
secondary, and antral follicles in wild-type animals (Fig. 2a) (19).
InAR / ovaries at 3 weeks of age, the folliculogenesis appeared
to be unaltered, with normal numbers and localization of
primary and secondary follicles (Fig. 2 « and e¢). However,
degenerated folliculogenesis became evident with further aging.
Although follicles and corpora lutea at all developmental stages
were still present, corpora lutea numbers were clearly reduced in
8-week-old AR / mutants (Fig. 2 b and f), similar to that
observed in another mouse line (20). Expected apoptosis was
seen in atretic follicles by activated caspase-3 immunohistochem-
istry assays (Fig. 2/). But, by 32 weeks of age, defects in
folliculogenesis in AR / ovaries became profound, with fewer
follicles observed and increased atretic follicles (Fig. 2 ¢ and g),
and 40% (5 of 12 mice) of the AR / females were already
infertile. By 40 weeks, all AR / females became infertile, with
no follicles remaining (Fig. 2 d and h); at the same age, AR '
females were fertile and had normal follicle numbers. Consistent
with progressive deficiency in folliculogenesis, the pup number
per litter steadily decreased in aging AR / females (Fig. 2i).
These data indicate that AR plays an important physiological
role at the preluteal phase of folliculogenesis.

Alteration in Gene Expressions of Several Major Regulators Involved
in the Oocyte-Granulosa Cell Regulatory Loop. To explore the
molecular basis underlying the impaired folliculogenesis in
AR ' ovaries, we analyzed expression of several major known
regulators and markers of folliculogenesis (21-23). Surprisingly,
no significant alterations in mRNA levels of LH receptor (LAr),
FSH receptor (Fshr), p450 side chain cleavage enzyme
(Cypllal), 17- -hydroxylase (Cypl7al), aromatase (Cypl9), es-
trogen receptor- (Esr2), cyclin D2 (Cend2), or insulin-like
growth factor 1 (Igfl) of 8-week-old AR / ovaries at the
proestrus stage, and further cyclooxygenase 2 (Prgs2) or proges-
terone receptor (Pgr) at the estrus stage, were detected by
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fig. 4.

Genome-wide microarray analysis and semiquantitative RT-PCR revealed that expression of the cogyte-granulosa cell regulator loop was down-

regulated in AR / ovaries, (a) Microarray analysis of AR / compared with AR / ovaries at 3 and 8 weeks of age. Data obtained from microarray analysis as
described in Materials and Mathods were used to generate a cluster analysis. Each vertical line represents a single gene. The ratios of gene expression levels in
AR ' ovaries compared with wild type are presented. (b and ¢) Semiquantitative RT-PCR analysis of AR-regulated genes identified from the microarray study.

Results shown are representative (using one ovary per genotype in each experiment) of five independent experiments, Data are shown asmean

SEM and were

analyzed by using Student's t test. (d) Comparison of Kit/ gene expression by Northern blot analysis among placebo-, DHT-, and flutamide (FL)-treated AR /
mouse ovaries. (e) Induction of KITLG gene expression by DHT treatment in KGN cells. (f and g) Androgen responsiveness in the mouse and human kit ligand

promoters by a luciferase assay performed by using KGN cells. Data are shown as mean

semiquantitative RT-PCR analysis (Fig. 3). Genome-wide mi-
croarray analysis (17) of RNA from 8-week-0ld AR / ovaries at
the proestrus stage has been undertaken to identify AR-
regulated genes. In comparison with AR / ovaries, expressions
of 772 genes were down-regulated, whereas 351 genes were
up-regulated in AR / ovaries (Fig. 4¢; see also Tables 1 and 2,
which are published as supporting information on the PNAS web
site). Several genes known to be invelved in the oocyte-
granulosa cell regulatory loop (24) were identified as candidate
AR target genes, including KIT ligand (Kitl) (25), morphoge-
netic protein 15 (Bmpl5) (26), growth differentiation factor-9
(Gdf9) (27), and hepatocyte growth factor (Fgf) (28). Impaired
folliculogenesis had been reported in mice deficient in each of
these three regulators (26, 27, 29). To validate the microarray
data, we performed semiquantitative RT-PCR analysis of
8-week-0ld AR / ovary RNA and confirmed that expression of
these factors was down-regulated (Fig. 4b). To identify a regu-
lator downstream of the AR signaling at an earlier stage of
folliculogenesis, 3-week-old AR ' ovaries that, as pointed out
earlier, display no apparent phenotypic abnormality were exam-
ined. Fewer genes had altered expression levels (519 genes
up-regulated; 326 genes down-regulated) (Fig. 4a; see also
Tables 3 and 4, which are published as supporting information
on the PNAS web site), and, of the four regulators tested by
RT-PCR, only Kitl was found to be down-regulated at this age
(Fig. 4c). Because Kitl is a granulosa cell-derived factor and
stimulates oocyte growth and maturation (29-31), down-
regulation of the Kitl expression in 3-week-old or even younger
AR/ ovaries may trigger impairment in folliculogenesis at a
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=1

SEM and were analyzed by using Student’s ¢ test.

later age. To test for possible Kifl gene regulation by AR,
3-week-old wild-type females were treated with 5 -dihydrotes-
tosterone (DHT). At 4 h after hormone injection, a clear
induction of Kit! expression was observed in the ovaries, whereas
a known antiandrogen flutamide attenuated the induction by
DHT (Fig. 4d). The induction of endogenous human kit ligand
(KITLG) gene by DHT was also observed in human granulosa-
like tumor cells (KGN) in culture (Fig. 4e). Furthermore,
androgen-induced transactivation of mouse and human kit ligand
promoters (32) was observed by a luciferase reporter assay (33)
in KGN (Fig. 4 fand g), 293T, and HeL a (data not shown) cells.
However, no response to DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hgf genes (data not
shown). Thus, we have shown that, in a regulatory cascade
controlling folliculogenesis, Kit! represents a direct downstream
target of androgen signaling.

As an upstream regulator, AR may also be indirectly involved
in control of expression of other genes critical for folliculogen-
esis, because an age-dependent down-regulation of Bmpl5,
Gdf9, and Hgf gene expression was also observed in AR '
ovaries. Bmpl5 and Gdf9 are oocyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles (34, 35), whereas Hgf is secreted by theca cells and acts
as a granulosa cell growth factor (36). Down-regulation of these
factors, presumably due to decreased Kit! expression, may lead
to impaired bidirectional communication between oocyte and
granulosa cells (24) and, eventually, to early termination of
folliculogenesis, as in POF syndrome.

Thus, we have identified AR as a novel regulator of follicu-

Shiina et al.

6



logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiology, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an essential role of the AR not only in male, but also
in female, reproductive function.

With increasing age of the first childbirth by women in the
modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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play a key role in hereditary POF. From clinical perspective, the
present study provides evidence that AR can be a beneficial
therapeutic target in treatment of POF syndrome patients.
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Abstract

Twelve male and female rats per group were exposed to the rubber accelerator 1,3-di-o-tolylguanidine (DTG) by gavage at 0, 8, 20 or
50 mg/kg bw/day. Males were dosed for a total of 49 days beginning 14 days before mating. Females were dosed for a total of 4049 days
beginning 14 days before mating to day 3 of lactation throughout the mating and gestation period. At S50 mg/kg bw/day, deaths were observed in
two males and three females. Lowered body weight gain and food consumption were noted in males at 50 mg/kg bw/day and females at 20 and
50 mg/kg bw/day. Mydriasis, decreased locomotor activity, bradypnea, prone position, tremor and/or salivation were observed in males and females
at 20 and 50 mg/kg bw/day. No effects of DTG were found on the estrous cyclicity, precoital interval, copulation, fertility and gestational indices,
numbers of corpora lutea and implantations, or gestation length. A significant decrease in the number, body weight and viability of offspring and
increase in the incidence of fetuses with external malformations were found at 50 mg/kg bw/day. Oligodactyly, anal atresia and tail anomalies
were observed. These data suggest that DTG may be teratogenic. The NOAELSs of DTG for general and developmental toxicity in rats are 8 and

20 mg/kg bw/day, respectively.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Di-o-tolylguanidine; Rubber accelerator; Sigma ligand; Reproductive and developmental toxicity; Teratogenicity; Malformation; Rat

1. Introduction

The basic rubber accelerator 1,3-di-o-tolylguanidine (CAS
No. 97-39-2; DTG) is produced in the million pound range
annually in the United States [1,2]. DTG is known as a selec-
tive sigma ligand [3]. In this context, many pharmacological
studies of DTG were performed [3-12]. Ligands that inter-
act with sigma sites have been shown to produce hypothermia
[4-6]. Hypothermia induced by DTG was detected following
subcutaneous or intracerebroventricle injection in rats [5,6] and
intraperitoneal injection in mice [4). The intraperitoneal injec-
tion of DTG potently reduced the pain behavior in the acute
but increased pain behavior in the tonic phase in the formalin
test in mice [7]. Intraperitoneal injection of DTG produced sig-
nificant but short-lived increases in the withdrawal latencies in

Corresponding author. Tel.: +81 3 3700 9878; fax: +81 3 3707 1408.
E-mail address: ema@nihs.go.jp (M. Ema).

0890-6238/$ — see front matter © 2005 Elsevier Inc. All rights reserved.
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mice [4]. Bastianetto et al. [8] showed that unilateral intranigral
injection caused circulating behavior in rats and suggested that
sigma sites play a role in movement and posture through their
association with brainstem and forebrain motor control circuits.
Decreased locomotor activity induced by intraperitoneal injec-
tion [9,10], increased bladder capacity induced by intravenous
injection in the anaesthetized condition [11] and no change in
immobility time in open field after intraperitoneal injection [12]
were also reported in rats given DTG. Toxicological studies
on DTG have given little information on acute animal toxic-
ity [13]: intraperitoneal LD50 was 25 mg/kg bw in mice; oral
LD50 was 500 mg/kg bw in rats; lowest published lethal dose of
oral administration was 80 mg/kgbw in rabbits; and the lowest
published lethal dose was 120 mg/kg bw after oral administra-
tion in mammals, species unspecified. At the present time, no
information is available for the reproductive and developmental
toxicity of DTG. It is generally assumed that the results of ani-
mal test on chemical toxicity are relevant to human health [14].
As such, the testing for reproductive and developmental toxicity
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in animal models is an important part of the overall toxicology.
The present study was conducted to obtain information on the
effects of DTG on reproductive and developmental parameters
in rats.

2. Materials and methods

This study was performed in compliance with OECD guideline 421 Repro-
duction/Developmental Toxicity Screening Test [15] and in accordance with the
principles for Good Laboratory Practice {16,17] and “Guidance for Animal Care
and Use” of Panapharm Laboratories Co., Ltd.

2.1. Animals

International Genetic Standard (Cyj: CD (SD) IGS) rats were used throughout
this study. This strain was chosen because it is most commonly used in toxic
studies, including reproductive and developmental toxicity studies, and historical
control data are available. Males and females at 8 weeks of age were purchased
from Atsugi Breeding Center, Charles River Japan, Inc. (Yokohama, Japan).
The rats were acclimated to the laboratory for 13 days prior to the start of the
experiment. Male and female rats found to be in good health were selected for
use. Vaginal smears of each female were recorded and only females showing
a 4-day estrous cycle were used in the experiment. Male and female rats were
distributed on a random basis into four groups of 12 males and 12 females
each. Rats were housed individually, except during the acclimation, mating and
nursing periods. From day 0 of pregnancy to the day of sacrifice, individual dams
and litters were reared using wooden chips as bedding (White Flake; Charles
River Japan, Inc.).

Animals were reared on a sterilized basal diet (CRF-1; Oriental Yeast Co.,
Ltd., Tokyo, Japan) and sterilized water ad libitumn and maintained in an air-
conditioned room at 24 2 C, with a relative humidity of 55 10%, a 12-
hlight/12-h dark cycle and ventilation with 13—15 air charges per hour.

2.2. Chemicals and dosing

DTG was obtained from Sumitomo Chemical Co., Ltd. (Tokyo, Japan). DTG,
awhite powder, is slightly soluble in hot water and alcohol, soluble in chloroform
and very soluble in ether, and its melting point is 179 C, specific gravity is 1.10
and molecular weight is 239.3 [2]. The DTG (Lot No. 30J08) used in this study
was 99.6% pure, and it was kept in a dark place at room temperature. The purity
and stability of the chemical were verified by analysis before the study. Rats
were dosed once daily by gastric intubation with DTG at a dose of 0 (control),
8, 20 or 50 mg/kg bw. The dosage levels were determined based on the results
of our previous dose-finding study, the 14-day repeated dose toxicity study in
rats given DTG by gavage at 0, 10, 20, 40 or 80 mg/kg bw/day, in which deaths
were found at 80 mg/kg bw/day, decreased locomotor activity, mydriasis, tremor
and salivation were observed at 40 and 80 mg/kg bw/day, and no adverse effects
were detected at 10 and 20 mg/kg bw/day (data not shown). DTG was suspended
in'0.5% (w/v) carboxymethylcellulose-Na solution with 0.1% (w/v) Tween 80.
Males (12 rats/group) were dosed for a total of 49 days beginning 14 days
before mating. Females (12 rats/group) were dosed for a total of 40-49 days
beginning 14 days before mating to day 3 of lactation throughout the mating
and gestation period. The volume of each dose was adjusted to 10 ml/kg body
weight based on the latest body weight during the re-mating and mating period
in males and females or the body weight on day O of pregnancy in females
after copulation. Control rats were given 0.5% (w/v) carboxymethylcellulose-
Na solution with 0.1% (w/v) Tween 80. The stability of formulations has been
confirmed for up to 8 days. During use, the formulations were maintained under
such conditions for less than 7 days, and the target concentration was 96.5
to 101.4%.

2.3. Observations

All rats were observed daily for clinical signs of toxicity. The body weight
was recorded twice a week in males, and twice a week during the pre-mating
and mating periods, on days 0,7, 14 and 21 of pregnancy and on days 0 and 4 of

lactation in females. Food consumption was recorded twice weekly during the
pre-mating period in males, and twice weekly during the pre-mating period,
on days 1, 7, 14 and 21 of pregnancy and on days 1 and 4 of lactation in
females. The rats were euthanized by exsanguination under anesthesia on the
next day of the last administration in males and on day 4 of lactation in females.
The external surfaces of the rats were examined. The abdomen and thoracic
cavity were opened, and gross internal examination was performed. In males,
the testes and epididymides were weighed. In females, the numbers of corpora
lutea and implantation sites and weight of the ovaries were recorded. The testes
and epididymides were fixed with Bouin’s solution and preserved in 10% neutral
buffered formalin, and the ovaries were stored in 10% neutral buffered formalin.
Histopathological evaluations were performed on hematoxylin—eosin-stained
tissue sections of these organs.

Daily vaginal lavage samples of each female were evaluated for estrous
cyclicity throughout the pre-mating period. Each female rat was mated overnight
with a single male rat of the same dosage group until copulation occurred or the
mating period, 2 weeks, had elapsed. During the mating period, daily vaginal
smears were examined for the presence of sperm. The presence of the sperm in
the vaginal smear and/or a vaginal plug was considered evidence for successful
mating. Once insemination was confirmed, the females were checked for signs of
parturition before noon from day 20 of pregnancy. The females were allowed to
deliver spontaneously and nurse their pups until postnatal day (PND) 4. The day
on which parturition was completed by 12:00 was designated as PND 0. Litter
size and numbers of live and dead pups were recorded. Gender was determined
on live pups examined grossly and individually weighed on PNDs 0 and 4. On
PND 4, the pups were euthanized by exsanguination under anesthesia and gross
internal examinations were performed.

2.4. Data analysis

The statistical analysis of pups was carried out using the litter as the exper-
imental unit. The body weight, body weight gain, food consumption, length of
estrous cycles, precoital interval, gestation length, weight of the organs, relative
organ weight, numbers of corpora lutea, implantations and live and dead pups,
total number of pups and weight of live pups were analyzed with Bartlett’s test
for homogeneity of variance at the 5% level of significance. If homogeneous
the data were analyzed using Dunnett’s multiple comparison test to compare the
mean of the control group with that of each dosage group. If not, the DTG-treated
groups were compared with that of the control group with Steel’s multiple com-
parison test. The implantation, delivery and viability indexes, and incidence of
pups with anomalies and individual anomalies were analyzed with Wilcoxon’s
rank sum test. The mortality, copulation, fertility and gestation indexes, and sex
ratio of pups were analyzed with Fisher’s exact test. The 5% level of probability
was used as the criterion for significant.

3. Results

Table 1 shows the findings in male rats given DTG. At
50 mg/kg bw/day, one male died after six administrations and
one male died after seven administrations. These dead rats
showed mydriasis, decreased locomotor activity, bradypnea, a
prone position and tremor 1020 min after the administration
of DTG. In surviving males, mydriasis, decreased locomotor
activity, bradypnea and prone position on days 1-9 of the admin-
istration period, tremor during the whole period of administra-
tion and salivation on days 22-49 of the administration period
were also observed at 50 mg/kg bw/day. Salivation was noted
on days 28-49 of the administration period at 20 mg/kg bw/day.
A significant decrease in the body weight gain was found on
days 1-8 (81% decrease) and days 15-22 (48% decrease) of the
administration period at 50 mg/kg bw/day. At this dose, signifi-
cantly lower food consumption on days 7-8 (20% decrease) and
days 14-15 (7% decrease) of the administration period was also
observed.
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Table 1
Findings in male rats given DTG
Dose (mg/kg bw/day)
0 (control) 8 20 50

No. of male rats 12 12 12 12

No. of deaths during pre-mating period 0 0 0 2

Initial body weight (g)* 381 16 379 16 378 15 380 16

Body weight gain (g)*
Days 1-8 30 7 33 7 25 17 6 9
Days 8-15 29 5 32 5 32 7 4 17
Days 15-22 23 6 25 8 23 7 12 1"
Days 22-29 19 9 22 7 25 8 19 5
Days 29-36 22 6 22 6 23 7 18 8
Days 36-43 15 8 12 9 13 5 14 7
Days 43-50 19 8 19 7 13 4 13 11

Food consumption (g/day/rat)®
Days 7-8 25 3 26 3 26 2 20 3%
Days 14-15 29 2 30 2 29 3 27 3
Days 29-30 27 2 27 3 28 3 25 2
Days 35-36 28 2 29 2 29 2 27 2
Days 42-43 26 3 25 3 27 4 27 3
Days 49-50 28 4 29 3 28 2 28 3

8 Values are given as the mean S.D.
* Significantly different from the control group (p <0.05).
** Significantly different from the control group (p <0.01).

Table 2 presents the findings in female rats given DTG. At
50 mg/kg bw/day, two females died after the first administration
and one female died after normal delivery of her pups on day 22
of pregnancy. Mydriasis, decreased locomotor activity, bradyp-
nea, prone position, and tremor and salivation 10-20 min after
the administration of DTG were observed in females died after
the first administration. These clinical signs and salivation were

found during pregnancy and on day of parturition in a female
which died after parturition. In surviving females, mydriasis,
decreased locomotor activity, bradypnea and prone position on
day 1 of the administration petiod to day O of lactation, tremor
on day 1 of the administration period to day 5 of pregnancy
and salivation on day 4 of pregnancy to day 3 of lactation were
observed at 50 mg/kg bw/day. Mydriasis, decreased locomotor

Table 2
Findings in female rats given DTG
' Dose (mg/kg bw/day)
0 (control) 8 20 50

No. of female rats 12 12 12 12

No. of deaths during pre-mating period 0 0 0 2

No. of deaths during pregnancy 0 0 0 1

Initial body weight (g)? 381 16 379 16 378 15 380 16

Body weight gain (g)*
Days 1-8 19 8 17 7 11 6 i -1 9
Days 8-15 10 7 15 8 20 5™ 15 10
Days 0-7 of pregnancy 34 6 31 6 33 4 28 8
Days 7-14 of pregnancy 34 5 34 4 36 3 30 10
Days 14-21 of pregnancy 85 17 100 14 105 9 42 2™
Days 0-4 of lactation 20 19 14 16 22 9 16 13

Food consumption (g/day/rat)*
Days 7-8 22 3 21 2 19 2" 13 3"
Days 14-15 20 4 22 3 22 2 20 2
Days 6-7 of pregnancy 22 3 23 2 23 3 17 3"
Days 13-14 of pregnancy 23 2 24 3 25 2 22 5
Days 20-21 of pregnancy 24 4 26 3 29 3° 21 5
Days 3—4 of lactation 41 5 41 3 46 4 32 6"

2 Values are given as the mean S.D.
* Significantly different from the control group (p <0.05).
** Significantly different from the control group (p<0.01).
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Table 3
Reproductive findings in rats given DTG
Dose (mg/kg bw/day)
0 (control) 8 20 50
No. of pairs 12 12 12 10
Length of estrous cycles (day)* 40 02 4.1 03 41 03 4.1 02
Precoital interval (day)* 30 1.0 27 1.0 24 1.1 22 1.0
Copulation index (%)®
Male 100 91.7 160 100
Female 100 91.7 100 100
Fertility index (%) 100 100 91.7 100
Gestation index (%)¢ 100 100 100 90.0
Gestation length (day)® 22.6 05 223 0S5 225 05 22.6 0.5
Weight of testes (g)* 324 034 3.34 0.19 331 0.28 3.30 0.24
Relative weight of testes™® 0.60 0.05 0.62 0.07 0.63 0.07 0.68 0.07"
Weight of epididymides (g)* 1.16 0.10 1.21 0.06 1.21 0.12 1.23 0.07
Relative weight of epididymides™*® 022 0.02 022 0.02 0.23 0.03 0.25 0.02"
Weight of ovaries (mg)* 101 8 106 6 101 11 102 10
Relative weight of ovaries™® 30 2 31 2 28 3 32 2

® Values are given as the mean S.D.
b Copulation index (%)= (no. of rats copulated/no. of pais) x 100.

¢ Fertility index (%) = (no. of females pregnant/no. of females copulated) x 100.

4 Gestation index (%)= (no. of fernales with parturition/no. of females copulated) x 100.

¢ Relative weight = organ weight/100 g of body weight.
* Significantly different from the control group (p <0.05).
** Significantly different from the control group (p <0.01).

activity, bradypnea and prone position on days 2-3 of the admin-
istration period, and salivation on day 14 of pregnancy to day
3 of lactation were observed at 20 mg/kg bw/day. Body weight
gain was significantly lowered on days 1-8 of the pre-mating
period at 20mg/kg bw/day (42% decrease) and on days 1-8 of
the pre-mating period (105% decrease) and days 1421 of preg-
nancy (49% decrease) at 50 mg/kg bw/day. At 20 mg/kg bw/day,
a significantly higher body weight gain was observed on days
8-15 of the pre-mating period and days 14-21 of pregnancy.
Food consumption was significantly reduced on days 7-8 of
the pre-mating period at 20mg/kg bw/day (14% decrease) and
on days 7-8 of the pre-mating period (41% decrease) and
days 3-4 of lactation (24% decrease) at 50 mg/kg bw/day. At
20 mg/kg bw/day, a significant increase in the food consump-
tion was observed on days 20-21 of pregnancy and days 3—4 of
lactation.

The reproductive findings in rats given DTG are presented
in Table 3. No effects of DTG were observed on the length of
estrous cycles, precoital interval and gestation length. One pair
did not copulate at 8 mg/kg bw/day, one female did not become
impregnated at 20 mg/kg bw/day and one female did not deliver
any pups at 50 mg/kg bw/day; however, no significant differ-
ences were noted in the copulation, fertility or gestation index
between the control and DTG-treated groups. The weights of
the testes and epididymides, and absolute weight and relative
weight of the ovaries in the DTG-treated groups did not differ
from the control group. The relative weights of the testes (13%
increase) and epididymides (14% increase) were significantly
higher at 50 mg/kg bw/day.

The developmental findings in rats given DTG are shown
in Table 4. There was no significant difference in the num-
bers of corpora lutea, implantations and stillboms, implanta-
tion index, sex ratio of live pups, viability index on day 0
of lactation and body weight of live pups on day 4 of lacta-
tion between the control and DTG-treated groups, The num-
bers of pups delivered (45% decrease) and live pups delivered
(45% decrease) and delivery index (43% decrease) were signif-
icantly lowered at 50mg/kgbw/day. At this dose, the viability
index on day 4 of lactation (34% decrease) and body weight
of live male (16% decrease) and female (19% decrease) pups
on day O of lactation were also significantly decreased. Two
dams with totally litter loss were observed. No poor maternal
behavior or nursing was observed in dams at 50 mg/kg bw/day.
No histopathological changes were found in the testes, epi-
didymides and ovaries in the DTG-treated groups. External
anomalies in pups of rats given DTG are also presented in
Table 4. No fetuses with external malformations were observed
in the control and groups given DTG at 8 and 20 mg/kg bw/day.
At 50mg/kg bw/day, fetuses with external malformations were
found in 10 out of the 65 fetuses and in 3 out of the 9 lit-
ters. Oligodactyly was observed in four pups in two litters.
A kinked tail was found in six pups in one litter and a short
tail and anal atresia was observed in one pup in each letter.
Although there was no significant difference in the incidence of
fetuses with individual malformations between the control and
50 mg/kg bw/day groups, asignificantly higher incidence of total
number of fetuses with external malformations was noted at this
dose.
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Table 4
Developmental findings in rats given DTG
Dose (mg/kg bw/day)
0 (control) 8 20 50
No. of litters 12 11 11 9
No. of implantations® 143 26 162 1.9 159 14 142 36
Implantation index (%)° 92.2 94.7 97.6 90.9
No. of pups delivered® 13.0 24 152 20 147 14 72 41"
No. of live pups delivered® 130 24 151 1.9 147 1.4 72 417
No. of stillborns 0 0.1 03 0 o
Delivery index (%)° 91.0 93.3 o922 51.77
Sex ratio of live pups (males/females) 71/85 84/82 80/82 31/34
Viability index (%)%
Day 0 of lactation 100 99.5 100 100
Day 4 of lactation 99.4 99.4 100 65.4"*
Body weight of male pups during lactation (g)*
Day 0 74 0.7 6.9 06 73 0.6 62 1.0™
Day 4 119 13 1.1 1.0 11.7 1.0 1.0 23
Body weight of female pups during lactation (g)* o
Day 0 7.0 07 66 0.6 68 0.7 57 08"
Day 4 114 13 105 1.0 1.0 09 105 2.0
External examination of pups
No. of pups (litters) with malformations 0 0 0 10 3)*
Oligodactyly 0 0 0 4(2)
Kinky tail 0 0 0 6(1)
Short tail 0 0 0 1
Anal atresia 0 0 0 1

* Values are given as the mean S.D.
b Implantation index (%) = (no. of implantations/no. of corpora lutea) x 100.

¢ Delivery index (%) = (no. of live pups delivered/no. of implantations) x 100.

d Viability index on day O of lactation (%) = (no. of live pups delivered/total no. of pups delivered) x 100.
¢ Viability index on day 4 of lactation (%) = (no. of live pups on day 4 of lactation/no. of live pups delivered) x 100.

* Significantly different from the control group (p <0.05).
* Significantly different from the control group (p <0.01).

4. Discussion

The present study was conducted to obtain initial information
on the possible effects of DTG on reproduction and development
in rats. The data show that DTG exerts developmental toxicity
and suggest that DTG possesses teratogenic potential,

DTG was given to males during the pre-mating and mating
periods and to females during the pre-mating, mating, pregnancy
and shortly after parturition. The dosage used in the present study
was sufficiently high such that it should be expected to induce
general toxic and neurobehavioral effects. As expected, general
toxicity, such as decreases in body weight gain and food con-
sumption, was found at 50 mg/kg bw/day in males and at 20 and
50 mg/kg bw/day in females. Decreases in the body weight gain
and food consumption during the early administration period,
and thereafter, significant increases in body weight gain and food
consumption were observed in females at 20 mg/kg bw/day. One
possible explanation for increased body weight gain during late
pregnancy at 20 mg/kg bw/day may be higher number of pups
and higher net weight gain during pregnancy at this dose com-
pared with the controls. Such recovery did not occur at the high-
est dose. Neurobehavioral effects, such as mydriasis, decreased
locomotor activity, bradypnea, prone position, tremor and sali-

vation, were also observed at 20 and 50 mg/kg bw/day. DTG is a
specific sigmareceptor ligand [3] and sigmareceptor ligands can
modulate neurotransmissions, including the noradrenergic, glu-
tamatergic and dopaminergic system [10,18,19]. It was reported
that systemic injection of DTG caused neurobehavioral changes
in rats {5,6,9,10]. The present study shows that the oral admin-
istration of DTG also induces neurobehavioral changes, and it
is neurobehaviorally toxic at 20 and 50 mg/kg bw/day in rats.
Higher relative weights, but not the absolute weight, of the
testes and epididymides were observed at 50 mg/kgbw/day.
Body weights of male rats on the day of scheduled sacrifice
were 537 and 485 g in the control and 50 mg/kg bw/day groups,
respectively. It seems likely that the higher relative weights of
the testes and epididymides at the highest dose were due to sec-
ondarily lowered body weight but not due to the direct effects
of DTG on the male reproductive organs. Other male repro-
ductive parameters were not significantly changed, even at the
highest dose. These findings suggest that DTG is not repro-
ductively toxic to male rats. It seems unlikely that DTG exerts
reproductive toxicity to female rats when administered during
the pre-mating, mating, pregnancy and early lactation period,
because no adverse effects on the maternal reproductive param-
eters, including estrous cyclicity, precoital interval, copulation
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index, fertility index, gestation index, gestation length and
ovarian weight, were caused by the administration of DTG
in females.

As for the developmental indexes, decreases in the numbers
of total pups and live pups delivered, delivery index, viability on
PND 4 and body weight of live pups on PND 0 were detected at
50 mg/kg bw/day. These findings indicate that DTG is toxic to
the survival and growth of offspring and exerts developmental
toxicity at SOmg/kgbw/day in rats.

In the present study, the teratogenic effect of DTG is
strongly suggested by the external examinations of pups. At
50 mg/kg bw/day, a significant increase in the total number of
fetuses with external malformations was noted; however, inci-
dences of fetuses with individual types of external malforma-
tions at this dose were not significantly different from those
in the control group. The external malformations observed in
the present study are of the types that occur spontaneously
among control rat fetuses reported in the literature [20-23]. In
the present study, only external examination in the newborn rats
was performed, and no internal or skeletal examinations were
petformed. Even animals not ordinarily carnivorous, including
‘nonhuman primates, are likely to eat dead and moribund off-
spring, as well as those with malformations that involve skin
lesions allowing the loss of body fluids or the exposure of
viscera [24]. To accurately evaluate the prenatal developmen-
tal toxicity including teratogenicity, it is necessary to interrupt
pregnancy 12—24 h before the expected term either by hysterec-
tomy or the necropsy of maternal animals [24,25]. The present
study was performed in compliance with OECD guideline 421
Reproduction/Developmental Toxicity Screening Test [15], and
this screening test guideline does not provide complete infor-
mation on all aspects of reproduction and development due to
the relatively small numbers of animals in the dose groups and
selectivity of the endpoints. In order to further evaluate the devel-
opmental toxicity, including teratogenicity, of DTG in rats, a
prenatal developmental toxicity study is currently in progress.

In conclusion, DTG caused decreased body weight gain and
food consumption at 50 mg/kg bw/day in males and at 20 and
50 mg/kg bw/day in females, neurobehavioral changes at 20 and
50mg/kg bw/day in both sexes, and changes in developmental
parameters at 50mg/kg bw/day. DTG is suggested to be terato-
genic. The NOAELs of DTG for general and developmental
toxicity were 8 and 20 mg/kg bw/day, respectively, in rats.
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Abstract

The objective of this study was to evaluate the developmental toxicity of 1-butanol in rats. Pregnant rats were given drinking
water containing 1-butanol at 0.2%, 1.0% or 5.0% (316, 1454 or 5654 mg/kg/day) on days 0-20 of pregnancy. A significant decrease
in maternal body weight gain accompanied by reduced food and water consumption was found at 5.0%. No significant increase in
the incidence of pre- and postimplantation embryonic loss was observed in any groups treated with 1-butanol. Fetal weight was
significantly lowered at 5.0%. Although a significant increase in the incidence of fetuses with skeletal variations and decreased degree
of ossification was found at 5.0%, no increase in the incidence of fetuses with external, skeletal and internal abnormalities was
detected in any groups treated with 1-butanol. The data demonstrate that 1-butanol is developmental toxic only at maternal toxic
doses. No evidence for teratogenicity of 1-butanol was noted in rats. Based on the significant decreases in maternal body weight gain
and fetal weight, it is concluded that the no observed adverse e ect levels (’NOAELs) of 1-butano! for both dams and fetuses are

1.0% (1454 mg/kg/day) in rats.
2004 Elsevier Ltd. All rights reserved.

Keywords: 1-Butanol; Developmental toxicity; Teratogenicity; Fetal abnormality; Rat

1. Introduction

1-Butanol (CAS no. 71-36-3, n-butanol; rn-butyl alco-
hol), a flammable colorless liquid with a rancid sweet
odor, is widely used as an organic solvent and interme-
diate in the manufacture of other organic chemicals
(IPCS/WHO, 1987). Exposure of the general population
is mainly through its natural occurrence in food and
beverages and its use as a flavoring agent (IPCS/
WHO, 1987).

Abbreviations: NOAEL, no observed adverse e ect level
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Several reports on the developmental toxicity of 1-
butanol are available. Nelson et al. (198%9a) reported
the results of a developmental toxicity study in which
SD rats were exposed to l-butanol by inhalation for
7 hr/day on days 1-19 of pregnancy at 3500, 6000 and
8000 ppm (equivalent to estimated daily absorbed doses
of 350, 600 and 800 mg/kg). They observed maternal
deaths at 8000 ppm, decreases in maternal food con-
sumption and fetal weight at 6000 and 8000 ppm, and
an increased incidence of rudimentary cervical ribs at
8000 ppm, and concluded that 1-butanol was not a
selective developmental toxicant in rats. Nelson et al.
(1989b) conducted a behavioral teratology study in
which female SD rats were given 1-butanol by inhala-
tion at 3000 or 6000 ppm for 7 hr/day throughout preg-
nancy (the maternal exposure group); male rats were
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similarly exposed for 6 weeks and mated to unexposed
females (the paternal exposure group), and o spring
were behaviorally and neurochemically examined. The
data from all tests in their study were within the range
of control data in other research conducted by their lab-
oratory. Sitarek et al. (1994) reported a significant in-
crease in the incidence of fetuses with abnormalities
after administration of 1-butanol at 0.24-4.0% (300-
5000 mg/kg/day) in drinking water during the pre-mat-
ing period for 8 weeks and throughout the mating and
pregnant period. No maternal toxicity was found at
any dose of 1-butanol. The no observed adverse e ect le-
vel (NOAEL) was not derived from the results of their
study, because significant increases in the incidence of
fetuses with dilation of the subarachnoid space and dila-
tion of the lateral ventricle and/or third ventricle of the
brain were found even at the lowest dose (0.24%). They
have concluded that 1-butanol is a developmental toxi-
cant and produces anomalies in the skeleton and central
nervous system.

The present study was conducted to determine
whether or not morphological abnormalities could be
produced in fetuses of rats given l-butanol prenatally
and designed to replicate the observations of the study
by Sitarek et al. (1994).

2. Miaterials and methods

This study was performed in compliance with regula-
tory guidelines (MHW, 1997a) and accordance with the
principles for Good Laboratory Practice (MHW, 1997b)
and “Guidance for Animal Care and Use” of Ina
Research, Inc.

2.1. Animals

International Genetic Standard (Crj: CD (SD) 1GS)
rats were used throughout this study. This strain was
chosen because it is most commonly used in reproduc-
tive and developmental toxicity studies and historical
control data are available. Males at 10 weeks of age
and females at 9 weeks of age were purchased from Tsu-
kuba Breeding Center, Charles River Japan, Inc,
(Yokohama, Japan). The rats were acclimated to the
laboratory for 7 days prior to the start of the experi-
ment. Male and female rats found to be in good health
were selected for use. Animals were reared on a basal
diet (NMF; Oriental Yeast Co., Ltd., Tokyo, Japan)
and water ad libitum and maintained in an air-condi-
tioned room at 21-25 C, with a relative humidity of
40-70%, a 12-h light/dark cycle, and ventilation with
16 air charges/hour. Virgin female rats were mated over-
night with male rats. The day when sperm were detected
in the vaginal smear was considered to be day 0 of preg-
nancy. The pregnant rats, weighing 217-273 g and 10-11

weeks of age, were distributed using a computerized ran-
domization procedure (TOXsta 21 system) into 4
groups of 20 rats each and housed individually.

2.2. Chemicals and dosing

1-Butanol was purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The 1-butanol used in
this study was 99.9% puré and a special grade reagent
(Lot no. CERS5688), and it was kept in a dark place at
room temperature under airtight conditions. The purity
and stability of the chemical were verified by analysis be-
fore and after the study. Rats were given 1-butanol in
their drinking water at a concentration of 0 (control),
0.2%, 1.0% or 5.0% on day 0 through day 20 of preg-
nancy. The dosage levels were determined based on
the results of our range-finding study in which adminis-
tration of 1-butanol in the drinking water on days 0-20
of pregnancy caused decreases in maternal body weight
gain and food and water consumption and tended to re-
duce in fetal weight at 4% and 7% in rats. 1-Butanol was
dissolved in distilled water (Otsuka Pharmaceutical Fac-
tory, Inc., Naruto, Japan). The control rats were given
only water. The stability of formulations in a dark and
cool place under airtight conditions has been confirmed
for up to 3 days. During use, the formulations were
maintained under such conditions for no more than 3
days and were 95.7-103.5% of the target concentration.

2.3. Observations

The maternal body weight and water consumption
were recorded daily, and food consumption was re-
corded every 3 or 4 days. The pregnant rats were eutha-
nized by exsanguinations under ether anesthesia on day
20 of pregnancy. The peritoneal cavity was opened, and
the numbers of corpora lutea, implantation sites and live
and dead fetuses and resorptions were counted. The live
fetuses removed from the uterus were sexed, weighed,
measured among their crown-rump length, and in-
spected for external malformations and malformations
within the oral cavity. Approximately one-half of the
live fetuses in each litter were randomly selected and
fixed in alcohol, stained with alizarin red S (Dawson,
1926) and examined for skeletal anomalies. The remain-
ing live fetuses in each litter were fixed in Bouins
solution. Their heads were subjected to a free-hand
razor-blade sectioning (Wilson, 1973) and the thoracic
areas were subjected to microdissecting (Nishimura,
1974) to reveal internal abnormalities. The placental
weight was also measured.

2.4. Data analysis

The statistical analysis of fetuses was carried out
using the litter as the experimental unit. The initial body
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weight, body weight gain and food and water consump-
tion of pregnant rats, numbers of corpora lutea, implan-
tations and live fetuses per litter, fetal weight and
crown-rump length and placental weight were analyzed
with Bartlett s test (Snedecor and Cochran, 1980) for
homogeneity of variance at the 5% level of significance.
If it was homogeneous, the data were analyzed using
Dunnett s multiple comparison test (Dunnett, 1955) to
compare the mean of the control group with that of
each dosage group, and if it was not homogeneous,
the mean rank of the l-butanol-treated groups was
compared with that of the control group with the Dun-
nett type test. The Dunnett type test was used for the
incidences of pre- and postimplantation embryonic loss
and fetal anomalies and sex ratio of fetuses to compare
the mean rank of groups treated with 1-butanol and
that of the control group. The incidence of dams with
anomalous fetuses was analyzed by Chi-square test or
Fisher s exact test. The significance of di erences from
the control group was estimated at probability levels
of 1% and 5%.

3. Results

Table 1 shows the maternal findings in rats given 1-
butanol during pregnancy. No death was found in fe-
male rats of any group. All females in all groups became
pregnant. The body weight gains on days 0-7 of preg-
nancy were significantly reduced at 5.0%. The body

weight gain during the whole period of pregnancy was
also significantly decreased at 5.0%. No significant de-
crease in the body weight gain was noted at 0.2 or 1.0,
except for a transient decrease on days 0-2 of pregnancy
at 1.0%. The food consumption on days 0-7, days 7-14,
days 14-20 and days 0-20 of pregnancy was significantly
lower in the 1.0% and 5.0% groups than the control
group. The water consumption on days 0-7 at 1.0 and
5.0% and on days 7-14, days 14-20 and days 0-20 at
5.0% was significantly decreased. The mean daily intakes
of l-butanol were 316 mglkg for the 0.2% group,
1454 mg/kg for the 1.0% group and 5654 mg/kg for the
5.0% group.

Reproductive findings in rats given 1-butanol during
pregnancy are presented in Table 2. No litters totally re-
sorbed were found in any group. No e ects of the
administration of 1-butanol were observed on the num-
bers of corpora lutea, implantations, pre- or postimplan-
tation loss, resorptions or dead or live fetuses or sex
ratio of live fetuses. The body weights of male and fe-
male fetuses were significantly lower in the 5.0% group
than in the control group. There was no sigaificant dif-
ference in the crown-rump length of male and female fe-
tuses or placental weight between the control and
groups treated with 1-butanol.

A summary of morphological findings in live fetuses
of rats given l-butanol during pregnancy is shown in
Table 3. One fetus with spina bifida in the control group
and one fetus with thread-like tail and anal atresia in the
0.2% group were observed. Skeletal examination

Table 1

Maternal findings in rats given 1-butanol on days 0-20 of pregnancy

Dose (%) 0 (Control) 0.2 1.0 5.0

No. of rats 20 20 20 20

No. of pregnant rats : 20 20 20 20

No. of dead rats 0 0 0 0

Initial body weight 245+ 14 247+13 245+ 11 244+ 12
Body weight gain during pregnancy (g)*

Days 0-7 44 +7 457 40+6 20 £ 28%+*
Days 7-14 40+6 41%5 4117 42+10
Days 14-20 78+ 14 82+8 8417 75+ 11
Days 0-20 162+ 19 168+ 16 16515 146 £ 16%*
Food consumption during pregnancy (g)*

Days 0-7 179+ 12 180 + 16 164 + 12* 138 + 21%*
Days 7-14 193+ 14 194 + 17 177 + 14%* 160 £ 11%*
Days 14-20 176 £ 14 175 +15 161 £ 12%* 143 & 11%%
Days 0-20 548 + 38 548 + 46 503 £ 34%* 441 + 34%*
Water consumption during pregnancy (mi)*

Days 0-7 284 + 28 305 +£37 258 £ 29* 175 & 34%*
Days 7-14 318+135 337+£48 299 40 239 4 80**
Days 14-20 32847 342147 334+ 46 256 + 85%*
Days 0-20 930 £ 105 983 + 126 890 £ 106 669 + 182**
Mean daily intakes of 1-butanol (mg/kg)* 0 316+ 30 1454 + 186 5654 4 1402

* %% Significantly di erent from the control, *P < 0.05 and **P <0.01.
? Values are given as the mean + SD.
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