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Abstract
Females homozygous for the Purkinje cell degeneration mutation (pcd) are fertile, although

the success rate is much lower than in the wild type. We performed detailed analysis of

reproductive abnormalities of pcd females. The number of oocytes produced following

exogenous gonadotropin treatment was much lower in pcd3J-/- females than in pcd3J+/+

females. Furthermore, the estrous cyclicity of pcd3J-/- females according to the appearance

of the vagina was almost undetectable comparing to that of the wild type. Histological analy-

ses and follicle counting of 4- and 8-week-old pcd3J-/- ovaries showed an increase in the

number of secondary follicles and a decrease in the number of antral follicles, indicating

that AGTPBP1/ CCP1 plays an important role in the development of secondary follicles into

antral follicles. Consistent with a previous analysis of the pcd cerebellum, pcd3J-/- ovaries
also showed a clear increase in the level of polyglutamylation. Gene expression analysis

showed that both oocytes and cumulus cells express CCP1. However, Ccp4 and CCP6,
which can compensate the function of CCP1, were not expressed in mouse ovaries. Failure

of microtubule deglutamylation did not affect the structure and function of the meiotic spin-

dle in properly aligning chromosomes in the center of the nucleus during meiosis in pcd3J-/-

females. We also showed that the pituitary-derived growth and reproduction-related endo-

crine system functions normally in pcd3J-/- mice. The results of this study provide insight

into additional functions of CCP1, which cannot be fully explained by the side chain degluta-

mylation of microtubules alone.
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Introduction
Purkinje cell degeneration (pcd) mutation is an autosomal recessive mouse mutation[1]. The
pcdmice display multiple defects, including degeneration of cerebellar Purkinje cells [1, 2], reti-
nal photoreceptor cells [3, 4], mitral cells of the olfactory bulb [5], and certain thalamic neu-
rons [6, 7]. Moreover, the males show abnormalities in spermatogenesis and are thus sterile [1,
8]. It has been reported that the phenotypes of pcdmice are caused by mutations of the Nna1
or Agtpbp1 gene, but the cellular functions of the gene remain unclear [9]. It has been suggested
that Nna1 functions as a carboxypeptidase, and thus CCP1 was assigned as an alternate name
for the gene [10]. Until now, 19 alleles of CCP1 derived from spontaneous and induced muta-
tions have been identified (S1 Table, http://www.informatics.jax.org). Several studies have
shown that CCP1 functions as a tubulin deglutamylase [11–14], although it may also have
other unknown functions. Berezniuk et al (2013) suggested that the altered peptide levels in
adult pcd3J-/- mice could have resulted from altered proteasome function as a secondary effect
of CCP1mutation [15]. A recent report showed that CCP1 processes not only glutamates but
also C-terminal aspartates, suggesting that CCP1 might regulate protein-protein and protein-
DNA interactions [16].

Because correct localization of cellular proteins and organelles is essential for proper cell
functioning and their transport is tubulin-dependent, changes in tubulin processing could
potentially explain the majority of defects found in pcdmice, including abnormal accumulation
of polysomes [2], altered transcription and DNA repair [17, 18], endoplasmic reticulum stress
[19], formation of axonal spheroids [20], mitochondrial dysfunction [21], elevated autophagy
[22] and abnormal dendritic development [23]. However, other animal models with impaired
tubulin polyglutamylation, such as ROSA22 mice, result in mislocalization of a molecular
motor, KIF1A, and abnormality in tubulin-dependent trafficking and synaptic transmission
[24–26], showing both similarities and differences with the phenotypes of pcd3J-/- mice. With
the exception of tubulins, no other target genes of CCP1 have been demonstrated to date.

Although a number of studies have investigated the mechanisms underlying the phenotypes
of pcd3J-/- mice and the functions of CCP1, several questions remain. It has been reported that
pcd3J-/- adult females are fertile, but that they have difficulties in rearing the few litters they pro-
duce [1]. However, no detailed analyses of the reproductive abnormalities of pcd3J-/- females
have been conducted. In this study, we performed analyses on pcd3J-/- ovaries, revealing that
pcd3J-/- females show poor secondary to antral follicle development, and studied the possible
cellular mechanism underlying the defects. Our study demonstrates the functional roles of
CCP1 in female reproduction and suggests that other cellular defects, in addition to abnormal-
ity of tubulin depolyglutamylation, may be involved in pcdmutant mice.

Materials and Methods

Animal ethics
All animal experiments were approved and performed under the guidelines of the Konkuk
University Animal Care and Experimentation Community [IACUC approval number:
KU14081]. Pcd3J heterozygote (pcd3J+/-) mice were purchased from the Jackson Laboratory
(USA) and maintained under standard conditions (12-hour light/dark cycle), with food and
water provided ad libitum. The animals used for these experiments were produced by crossing
pcd3J heterozygotes. The genotypes and phenotypes of the animals were determined as previ-
ously described [27]. Animals were sacrificed in the CO2 chamber and tissues were harvested
instantly.
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Superovulation
Eight-week-old females were stimulated with 5 IU pregnant mare serum gonadotropin
(PMSG, Sigma-Aldrich, Missouri, USA) followed 48 h later by 5 IU human chorionic gonado-
tropin (hCG, Sigma-Aldrich, Missouri, USA) to induce superovulation of oocytes. The number
of oocytes was counted 14–16 h after the second injection. The statistical significance was
determined using Student’s t-test.

Estrous cycle identification
To assess the possible abnormality of the estrus cycle in pcd females, visual observation of the
vagina of 8 weeks old females was carried out according to the criteria previously described
[28]. Briefly, in proestrus, the vaginal opening of mice is swollen, moist and pink. Moreover,
the opening is wide and there are often wrinkles or striations along the dorsal and ventral
edges. As the mouse enters estrus, the vaginal opening becomes less pink, less moist, less swol-
len and the striations are more pronounced. In metestrus a vaginal opening does not open
wide, and is not swollen. Sometimes, white cellular debris may line the inner walls or partially
fill the vagina. In diestrus, the vaginal has a small opening, very moist and closed with no tissue
swelling.

Western blotting
Ovaries from pcd3J+/+ and pcd3J-/- mice were ground and homogenized in tissue lysis buffer
[0.32 M sucrose, 0.01 M Tris (PH 7.4)] with protease cocktail inhibitor (Sigma-Aldrich, Mis-
souri, USA) and 1 mM PMSF. Total proteins were extracted from the supernatant and quanti-
fied using a Bradford Assay [29]. Proteins were separated by SDS-PAGE and transferred to
nitrocellulose membranes (GE Healthcare, Buckinghamshire, United Kingdom). Membranes
were probed with a rabbit anti-polyglutamylation antibody (1:1000) [30] and a mouse anti-
actin antibody (1:2000, Santa Cruz Biotechnology, Texas, USA), and blots were visualized
using peroxidase-conjugated anti-rabbit and anti-mouse IgG antibodies (1:2000, Santa Cruz
Biotechnology, Texas, USA), respectively.

Reverse transcription polymerase chain reaction (RT-PCR)
Ovaries were punctured with a sterile blade and germinal vesicle (GV) oocytes were collected
in M2 medium supplemented with 2.5 μMmilrinone (Sigma-Aldrich, Missouri, USA) to main-
tain them at the germinal vesicle (GV) stage. After PMSG injection, we used a syringe to pene-
trate the ovary to obtain granulosa cells. Granulosa cells were washed with M2 medium and
transferred to PCR tubes. Total RNA from the mouse ovaries were prepared using a miRNeasy
Mini Kit (Qiagen, Hilden, Germany). Briefly, ovaries were ground in liquid nitrogen and
homogenized in RLT buffer (Qiagen, Hilden, Germany) supplemented with 1% β-mercap-
toethanol. The supernatant, mixed with 70% ethanol, was transferred into mini spin columns
and total RNA was collected. For the isolation of total RNAs from GV oocytes and cumulus
cells, ~100 GV oocytes and cumulus cells from three mice were prepared and the total RNA
was isolated using a miRNeasy Micro Kit (Qiagen, Hilden, Germany), in the same manner as
the miRNeasy Mini Kit. First-strand cDNA was synthesized with CycleScript RT PreMix (Bio-
neer, Seoul, Korea). Gapdh was used as an internal standard. The primers for the amplification
of CCP1 were described in Kim et al.[8] and Ccp4 (also known as Agbl1) and CCP6 (also
known as Agbl4) were described by Kalinina et al. [10].PCR products were run on 1.5% agarose
gels and visualized using UV illumination.
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Quantitative Real-time RT-PCR
Quantitative PCR were carried out in a DNA Engine Opticon system (Bio-Rad, Hercules, CA,
USA) using Rotor-Gene

1

SYBR
1

Green PCR kit (Qiagen, Venlo, Netherlands) in a 25 μl reac-
tion volume (containing 12.5 μl 2 x Rotor-Gene SYBR Green PCR Master Mix, 1 μl each
primer, 8.5 μl RNase-free water and 2 μl diluted cDNA of two-month-old ovary). The reaction
conditions were an initial denaturation step of 95°C/30 s, followed by 40 cycles of 95°C/5 s and
60°C/30 s. All PCR reactions were carried out in biological and technical triplicate. A non-tem-
plate control was also included in each run for each gene. The primers for the amplification of
mouse Amh gene were: Forward primer CCACACCTCTCTCCACTGGTA; Reverse primer
GGCACAAAGGTTCAGGGGG. Gapdh was used as an internal standard.

Oocyte immunocytochemistry
Ovulated oocytes were collected from the oviducts of the mice 14–16 h following the hCG
injection. For immunocytochemical analysis, the oocytes were briefly incubated with 0.3 mg/
mL hyaluronidase in PBS and fixed for 30 min in 4% paraformaldehyde. The oocytes were
then washed with washing buffer (PBS with 1% BSA) twice and treated with 0.5% Triton X-100
for 20 min. The oocytes were incubated with an anti-α-tubulin antibody (Santa Cruz Biotech-
nology, Texas, USA) for 2 h at room temperature. After washing twice, the oocytes were
reacted with the Alexa Fluor

1

568 goat anti-mouse IgG antibody (Life Technologies, Califor-
nia, USA) for 1 h at room temperature. The oocytes were washed three times and finally
mounted with VECTASHIELD (Vector Labs, Burlingame, CA, USA) supplemented with
DAPI.

Histological evaluation and morphological classification of follicles
Ovaries used for histological analysis were collected from female mice at 4 and 8 weeks of age,
respectively. Mice were treated with 5 IU PMSG and their ovaries were subsequently excised
9 h after the hCG injection to observe oocytes immediately before ovulation. Ovaries were
removed, cleaned of extraneous tissue, and weighed. Tissues were then fixed overnight in 4%
paraformaldehyde, dehydrated in ethanol, and embedded in paraffin. Sections were taken at a
thickness of 6 μm, at intervals of 60 μm, and paraffin-embedded sections were mounted on
slides. Hematoxylin and eosin (H&E) staining was performed for histological examination by
light microscopy. Follicles were classified as previously described [31] into primordial follicles
(an oocyte surrounded by a layer of squamous granulosa cells), primary follicles (oocyte sur-
rounded by a single layer of cuboidal granulosa cells), secondary follicles (oocyte surrounded
by two or 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 dis-
played 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, and/or uneven layers of granulosa cells.

TUNEL analysis
Sections (6 μm) taken at intervals of 60 μmwere prepared as described above and mounted on
poly-L-lysine-coated glass slides, followed by deparaffinization and hydration. TUNEL reac-
tions were performed using the In Situ Cell Death Detection Kit

1

(Roche, Switzerland),
according to the manufacturer’s protocol. Sections were counterstained with 4-6-diamidino-
2-phenylindole (DAPI).
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Results

Adult onset ovarian hypoplasia in pcd3J-/- females
To study the etiology of subfertility in pcd3J-/- females, we first analyzed temporal changes in
the size of ovaries between pcd3J+/+ and pcd3J-/- females. The size did not show a difference at
postpartum 18, which is near the starting point of neuronal degeneration, including Purkinje
cell degeneration, in the pcd3J-/- mutant cerebellum, but showed gradual hypoplasia afterwards
(Fig 1A and 1B). A considerable size difference was observed between wild-type and mutant
mice at 8 weeks of age. At 8 weeks of age, the pcd3J-/- ovary showed a 37% reduction in the
ovary-to-body-weight ratio compared to normal littermates (Fig 1B).

Decreased number of oocytes with normal appearance after
superovulation in pcd3J-/- females
The subfertility of pcd3J-/- females could either be due to decreased quantity or inferior quality of
oocyte production. To test this issue, exogenous gonadotropins were administered to 9 pcd3J+/+

and 6 pcd3J-/- female mice at the age of 8 weeks old to induce superovulation. Ovulated oocytes
were recovered from oviducts. The number of oocytes recovered was compared between the two
groups. As shown in Fig 2, the number of oocytes in pcd3J-/- females was significantly lower than
in pcd3J+/+ females (21.7 ± 3.4 versus 8.0 ± 3.0), indicating that the superficial cause of subfertility
in pcd3J-/- females is associated with the production of a reduced number of oocytes.

Abnormal estrus cyclicity in pcd3J-/- mice
To determine whether pcd3J-/- mouse has the normal estrus cycle, we evaluate the appearance
of the vagina through visual inspection for pcd3J+/+ and pcd3J-/- mice (n = 6 each) during the
weaning to 8 weeks old period. The results showed that pcd3J+/+ mice showed normal estrus
cyclicity with an average length of about 4 days. In contrast, only 2 out of 9 pcd3J-/-mice showed
active estrus cyclicity. Even for those two, we were able to observe the signs of estrus cyclicity
only once and no further vaginal opening or swelling was observed during the period of our
observation. Representative pictures from the visual observation of the pcd3J+/+ and pcd3J-/-

ovaries during six consecutive days were shown in Fig 3, showing that the signs of the estrus
cycle in pcd3J-/-mice were much weaker or almost undetectable comparing to that of the wild
type.

Reduced number of antral follicles in pcd3J-/- ovaries
The decreased number of oocytes following superovulation could be associated with either a
decrease in the total number of oocytes in the ovary or to reduced sensitivity of the oocytes to
hormonal stimuli. To determine the nature of the abnormalities occurring during oogenesis,
sections of pcd3J-/- ovaries from 4- and 8-week-old females were examined by H&E staining.
Numbers of oocytes in the serial sections of the ovaries were counted. We classified follicles
into primordial, primary, secondary, antral, and atretic follicle types. All five types of follicles
were observed in both pcd3J+/+ and pcd3J-/- ovaries (Fig 4). Wild-type and pcdmutant mice at
both 4 and 8 weeks old showed similar numbers of primordial, primary, and atretic follicles.
However, the numbers of secondary and antral follicles were consistently different between the
two groups. The numbers of secondary and antral follicles in 4-week-old mice, from an analysis
of three pcd3J+/+ and pcd3J-/- ovaries, were 47 ± 9 (12.1%) vs. 104 ± 5 (28.8%) and 82 ± 10
(21.2%) vs. 58 ± 2 (15.8%), respectively. The numbers of secondary and antral follicles in
8-week-old mice, from the analysis of three pcd3J+/+ and pcd3J-/- ovaries, were 49 ± 18 (23.3%)
vs. 58 ± 20 (33.9%) and 72 ± 12 (34.4%) vs. 24 ± 5 (14.0%), respectively. Although the increase
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in secondary follicles in 8-week-old mice was not statistically significant, the trend was consis-
tent in both the 4- and 8-week-old groups. The increase in secondary and the decrease in antral

Fig 1. Adult onset ovarian hypoplasia in pcd3J-/-mice. (A) Comparison of pcd3J+/+ and pcd3J-/- females revealed a decrease in ovary size at 8 weeks of
age. (B) Comparison of relative ovary to body weight differences of pcd3J-/- females at P18, 4 weeks old, and 8 weeks old, compared to pcd3J+/? mice. The
ratio of ovary weight to body weight is presented as the mean ± S.E. Numbers in parentheses indicate the number of mice examined. The difference was
statistically significant at 8 weeks of age (P < 0.001).

doi:10.1371/journal.pone.0139557.g001
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follicles in pcd3J-/- ovaries over pcd3J-/- mice may have resulted from the prevention of second-
ary follicles from developing into antral follicles. The similar number of primordial follicles
observed in pcd3J+/+ and pcd3J-/- mice suggests that the initial production of female germ cells
was similar in wild-type and pcdmutant mice. The number of primordial follicles (about 2300)
observed in our study was consistent to that of a previous report [32].

We also examined the number of oocytes of each follicular type by histological analysis of
H&E-stained tissue sections from ovaries of 8-week-old pcd3J+/+ and pcd3J-/- mice after induc-
tion of superovulation and immediately before ovulation. This allows the observation of follic-
ular development as a response to gonadotropins. Examination of one pcd3J+/+ and pcd3J-/-

ovary showed 14 (14.9%) and 34 (37.3%) secondary oocytes and 44 (46.8%) and 27 (29.6%)
antral follicles, respectively. This result was similar to the values observed in ovaries without
superovulation, indicating that the lower number of oocytes obtained following superovulation
was not due to a deficiency in the ovulatory mechanism itself, but to a decrease in the number
of follicles capable of responding to ovulatory signals.

We also examined the association of cell death with the decreased number of ovulated oocytes
in pcd3J-/- ovaries using a terminal deoxynucleotidyl transferase-mediated deoxyuridinetripho-
sphate nick end-labeling (TUNEL) assay. We analyzed sections of ovaries from pcd3J+/+ and
pcd3J-/-mice at 1 and 2 months of age. However, we were unable to observe a discernable differ-
ence in the level of TUNEL-positive signals between pcd3J+/+ and pcd3J-/- ovaries, in addition to

Fig 2. Comparison of the number of collected oocytes after superovulation. The number of oocytes is presented as the mean ± S.E. Numbers in
parentheses indicate the number of mice examined. The difference was statistically significant (P < 0.001).

doi:10.1371/journal.pone.0139557.g002
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the basal level of TUNEL-positive cells which is normally observed in the ovary (S1 Fig), suggest-
ing that subfertility in pcd3J-/-mice is not due to the observable level of rapid cell death, but is
probably a slowly occurring process.

The first meiotic division is normal in pcd3J-/- females
To investigate the mechanism underlying the decreased oocyte release following hormonal
stimulation in pcd3J-/- females, we examined whether the results of meiosis in pcdmutant
females are normal. We performed immunohistochemical analysis using an anti-α-tubulin
antibody combined with DAPI staining to evaluate the patterns of chromosomal distribution
in collected oocytes. Upon ovulation, the majority of oocytes from all three mouse genotypes,
pcd3J+/+, pcd3J+/- and pcd3J-/-, were at the stage of metaphase II arrest when all chromosomes are

Fig 3. Comparisons of estrous cycles through visual observation of the appearance of the vagina for
six consecutive days between pcd3J+/+ and pcd3J-/- female mice.Representative pictures of the
appearance of the vagina from pcd3J+/+ (A, estrus; B, metestrus; C, diestrus; D, proestrus; E, estrous; F,
metestrus) and pcd3J-/- females (G-L) for six consecutive days. The determination of the specific stage of the
estrus cycle was not possible for pcd3J-/- and not indicated. Each picture was taken in every 24 hours. No
clear signs of the progress in the estrus cycle were observed from pcd3J-/- females.

doi:10.1371/journal.pone.0139557.g003
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condensed, connected by spindle fibers, and evenly distributed along the center of the nucleus
for all three genotypes (Fig 5), although a few oocytes were still at the GV or GV breakdown
stages in all three genotypes. These results indicate that in pcd3J-/- females the meiotic process,
up to the metaphase II stage before ovulation, occurs normally.

Fig 4. Comparison of the population size of different follicular types between wild pcd3J+/+ and pcd3J-/- females. The average numbers of primordial,
primary, secondary, antral, and atretic follicles from a single ovary were determined using three each of 4- and 8-week-old ovaries. Ovaries were serially
sectioned, every 10th section was counted, and the total follicle numbers were determined. An increase in secondary follicles and a decrease in antral follicles
were observed in pcd3J-/- mice compared to the wild type, regardless of age. An asterisk indicates a significant difference (P < 0.05).

doi:10.1371/journal.pone.0139557.g004

Fig 5. Representative images of ovulated oocytes at the MII stage from pcd3J+/+, pcd3J+/-, and pcd3J-/-females, showing normal chromosomal
distribution and spindle formation.Oocytes were stained with anti-α-tubulin primary and Alexa Fluor

1

568 anti-mouse IgG secondary antibodies. The
nucleus was stained with DAPI. The results from 33, 35, and 30 oocytes from 4 pcd3J+/+, 3 pcd3J+/-, and 3 pcd3J-/- females, respectively, were analyzed. For
pcd3J+/+and pcd3J+/-, only a portion of the oocytes were used for immunocytochemical analysis.

doi:10.1371/journal.pone.0139557.g005
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Tubulin deglutamylation in pcdmice
CCP1 is involved in the removal of posttranslational tubulin polyglutamylation [14]. In order
to identify the underlying cause of the decreased number of superovulated oocytes, we com-
pared the level of tubulin depolyglutamylation using western blots with polyE antibody
between 8-week-old pcd3J+/+ and pcd3J-/- ovaries. Tubulin polyglutamylation was increased in
pcd3J-/- mice, as expected (Fig 6). Ccp4 and CCP6 are functional homologs of CCP1, which cata-
lyzes the shortening of glutamate side chains [14]. To explain the decreased levels of glutamyla-
tion of the tubulin side chains, we compared the expression levels of CCP1, Ccp4, and CCP6 in
the ovaries of 8-week-old adult females using semi-quantitative RT-PCR. The results showed
that Ccp4 and CCP6 were not expressed in ovaries of both pcd3J+/+ and pcd3J-/- mice (Fig 7),
which is consistent with the previous finding that the cerebellum of pcd3J-/- mice expressing
very low levels of Ccp4 and CCP6 was unable to compensate the lack of CCP1, leading to the
death of Purkinje cells in the cerebellum [14]. Therefore, the lack of CCP1 activity in pcd3J-/-

mice resulted in decreased tubulin deglutamylation in ovaries, which could be either an associ-
ated phenotype or the direct cause of the decreased number of antral follicles.

Expression of CCP1, Ccp4, and CCP6 in GV oocytes and granulosa
cells
To address the mechanism underlying the decreased number of antral follicles in pcd3J-/- ova-
ries, we compared the mRNA expression of CCP1, Ccp4, and CCP6 against specific cell types

Fig 6. The results of western blot analysis using a polyglutamylation-specific antibody comparing
pcd3J+/+ and pcd3J-/-mice. An elevated level of polyglutamylation (polyE) signal was detected from pcd3J-/-

at ~50 kDa region, which corresponds to tubulin. Actin was used as a quantitative control.

doi:10.1371/journal.pone.0139557.g006
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in the ovary, GV oocytes, and granulosa cells. We found that both GV oocytes and granulosa
cells expressed CCP1 (Fig 8). Consistent with the results shown in Fig 7, there was no expres-
sion of Ccp4 or CCP6 in GV oocytes or granulosa cells (data not shown), indicating that abnor-
malities in either GV oocytes or granulosa cells themselves could be the cause of the lower
number of antral follicles, although the effects of the lack of CCP1 on the activities of each cell
type require further study.

Fig 7. Analysis of expressions of deglutamylases (CCP1,Ccp4,CCP5, and CCP6) in testes and
ovaries of pcd3J+/+ and pcd3J-/- mice using semi-quantitative RT-PCR. The double bands for Ccp4
indicate two alternatively spliced forms of Ccp4.Gapdhwas used as a quantitative control.

doi:10.1371/journal.pone.0139557.g007

Fig 8. Analysis ofCCP1 expression in GV oocytes and granulosa cells using semi-quantitative RT-PCR.Negative controls did not produce any
products and are not shown.

doi:10.1371/journal.pone.0139557.g008
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Discussion
CCP1 is known to act as a functional cytosolic carboxypeptidase that removes Glu residues
from the C-terminus of α-tubulin and the side chains of both α- and β-tubulin. However, it is
somewhat unclear whether CCP1, in its role as a tubulin-processing enzyme, is directly respon-
sible for the broad cellular changes observed in numerous previous studies on pcdmice, espe-
cially considering that the abnormalities begin to occur around day 20, when organismal
development is largely complete [1, 33]. Other cytosolic proteins that require depolyglutamyla-
tion modification may also be involved [14, 34]. Therefore, the complete mechanism underly-
ing pcd phenotypes remains to be revealed.

In this study, we reported the results of detailed phenotypic and cellular analyses of the fac-
tors underlying the subfertility of pcd3J-/- females. We found that the lower fecundity of pcd
mutant females was caused by a decreased number of antral follicles and showed that CCP1 is
essential for follicular development, especially from secondary to antral follicles, providing
another phenotype for the CCP1mutation, which differs from previously characterized cell
death phenotypes in pcd3J-/- mice, such as degeneration in regions of the brain, eyes, and testes
[8, 33].

The antral follicle count (AFC) is considered to be a reliable and non-invasive method to
determine the ovarian reserve and is a good indicator of the size of the remaining primordial
pool in women with proven natural fertility [35]. A low AFC has been described in women dur-
ing the perimenopausal period [36, 37], and also in young infertile and subfertile women
affected by premature ovarian failure [38, 39]. Moreover, low AFC has also been noted in the
ovaries of mutant mice lacking Akt1 [40], resulting in female subfertility. Pcd3J-/- mice also
show low AFC, and our findings indicated that CCP1 plays an important role in the regulation
of the growth and maturation of ovarian follicles. As a possible reason for the low AFC, we
compared the difference in the transcript level of anti-mullerian hormone (AMH) between
wild type and pcdmutant ovaries. However, the expression level was similar between wild type
and normal mice (data not shown), suggesting that not AMH but other reasons caused the
defects in the follicular development in pcd3J-/- ovaries. In Akt1-/-, in response to exogenous
gonadotropins, the number of secondary follicles was significantly increased without an
increase in the number of antral follicles; this phenotype is similar in pcd3J-/- ovaries, as
described in our results. Furthermore, the results of IVF experiments between pcd3J+/+ and
pcd3J-/- oocytes using sperm from pcd3J+/+ showed no difference in oocyte development to blas-
tocysts after fertilization (data not shown), suggesting that CCP1 plays an important role in fol-
licular development but the developmental capacity of ovulated oocytes from pcd3J-/- is not
affected by the lack of CCP1. This explains why pcd3J-/- females sometimes produce a small
number of pups when they were mated to wild type males, which could be described as
subfertility.

The consequences of the failure of microtubule deglutamylation caused by a lack of CCP1
have not been clearly addressed, although recent studies have reported an increase in polyglu-
tamylation in the microtubules of pcdmutant mice [13, 14]. The spindle is primarily composed
of microtubules, which are polarized filaments consisting of α/β-tubulin heterodimers
arranged in a head-to-tail configuration within protofilaments [41]. The mitotic spindle of
HeLa cells is polyglutamylated, but both the mitotic and meiotic spindles of germ cells are
monoglutamylated [42]. Spindles consisting of polyglutamylated microtubules might show
adversely influenced functioning in somatic cells, but further studies are required to address
this question.

In our previous study on spermatogenesis in pcd3J-/- males [8], we were unable to examine
the process of meiotic cell division due to the experimental limitations of analyzing condensed
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male germ cells. In this study, using oocytes to analyze meiosis allowed us to analyze the integ-
rity of the meiotic spindle and showed that there was no observable abnormality in the function
of the meiotic spindle in metaphase II oocytes, as shown in Fig 5. This is consistent with other
reports that glutamylation is not essential for the assembly and function of microtubules,
although it affects the assembly and function of a subset of microtubule-based organelles [43].
Therefore, polyglutamylation of microtubules may affect cellular events other than spindle for-
mation, and thus may be an indicator for defects in CCP1.

It has been shown that CCP6 compensates for the absence of CCP1 in the cortex of pcd
mice, although it is present at levels too low to achieve complete compensation in the cerebel-
lum, resulting in tubulin hyperglutamylation and Purkinje cell death in the cerebellum [14]. If
the lack of salvage pathways is the underlying cause of the tissue specificity of the observed
defects of pcd3J-/- mice, the expression pattern of CCP1-related proteins should not overlap
with those of either Ccp4 or CCP6 in the affected tissues. Therefore, we examined the expres-
sion patterns of CCP1, Ccp4, and CCP6 in germ cell-producing organs, i.e. the ovary and testis,
of pcd3J-/- males and females. The lack of Ccp4 and CCP6 expression in ovaries was consistent
with the previous explanation for the tissue-specific death of Purkinje cells that does not affect
neurons in the neocortex. CCP5 was also expressed in both ovaries and testes (Fig 7). However,
expression of CCP6 was high in the testis (Fig 7), which does not support the hypothesis,
because this is the affected tissue in pcd3J-/- mice [1, 8, 44, 45]. This discrepancy may be because
CCP1 and CCP6 are expressed by different cells in testes, or there may be other factors, which
have yet to be identified. For example, there may be other targets of CCP1 that play an essential
role in germ cell development in the testis.

It is interesting that pcd3J-/- mice show abnormalities in the development of both male and
female germ cells. This prompted us to consider whether a defect in a germ cell-specific path-
way may be common to both males and females. In pcd3J-/- testes, apoptosis begins with pachy-
tene spermatocytes, indicating that the early periods of spermatogenesis are affected; only a
few differentiated spermatids with morphological abnormalities were present [8]. In the ova-
ries, although fewer oocytes were ovulated, they were functionally intact. The number of
oocytes after super-ovulation could be varied depending on stages of the estrous cycle because
animals are at uncertain stages of the estrous cycle. The sizes of ovaries were similar in one
month but become clearly hypoplasic in two month between wild type and mutant mice. Espe-
cially, although there showed no clear difference in numbers of primordial and primary folli-
cles both in one month and two month old ovaries, dramatic reduction in the number of antral
follicles was observed especially in two month old pcdmutant ovaries (Fig 4). Considering that
the progression of the estrus cycle is abnormal in pcdmutant mice (Fig 3) and that the variation
in the number of oocytes among multiple mice (n = 15) after superovulation is relatively lim-
ited, we think that the number of produced oocytes after superovulation in pcdmutant females
in our experiment is close to the true value. More importantly, all results on the analyses of sub-
fertility in pcdmutant mice were consistent.

In addition, the early phase of meiosis is normal, in contrast to testes, suggesting that the
causes of defects in germ cell development in male and female pcd3J-/- mice may differ. Com-
paring the underlying mechanism for adult onset neuronal death and defects in germ cell
development using pcd3J-/- mice could provide new insight into the function of CCP1.
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