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Vitamin A Deprivation Affects the Progression of the Spermatogenic
Wave and Initial Formation of the Blood-testis Barrier, Resulting in
Irreversible Testicular Degeneration in Mice
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Abstract. The blood testis-barrier (BTB) is essential for maintaining homeostasis in the seminiferous epithelium. Although
many studies have reported that vitamin A (VA) is required for the maintenance of spermatogenesis, the relationships between
the BTB, spermatogenesis and VA have not been elucidated. In this study, we analyzed BTB assembly and spermatogenesis in
the testes of mice fed the VA-deficient (VAD) diet from the prepubertal period to adulthood. During the prepubertal period, no
changes were observed in the initiation and progression of the first spermatogenic wave in mice fed the VAD diet. However,
the numbers of preleptotene/leptotene spermatocytes derived from the second spermatogenic wave onwards were decreased,
and initial BTB formation was also delayed, as evidenced by the decreased expression of mRNAs encoding BTB components
and VA signaling molecules. From 60 days postpartum, mice fed the VAD diet exhibited apoptosis of germ cells, arrest of
meiosis, disruption of the BTB, and dramatically decreased testis size. Furthermore, vacuolization and calcification were
observed in the seminiferous epithelium of adult mice fed the VAD diet. Re-initiation of spermatogenesis by VA replenishment
in adult mice fed the VAD diet rescued BTB assembly after when the second spermatogenic wave initiated from the arrested
spermatogonia reached the preleptotene/leptotene spermatocytes. These results suggested that BTB integrity was regulated by
VA metabolism with meiotic progression and that the impermeable BTB was required for persistent spermatogenesis rather
than meiotic initiation. In conclusion, consumption of the VAD diet led to critical defects in spermatogenesis progression and
altered the dynamics of BTB assembly.
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Mammalian spermatogenesis is a complex but highly or-
chestrated process that is generally divided into 3 phases:
mitotic proliferation of stem spermatogonia, meiotic differentiation
of spermatocytes, and transformation of spermatids into spermatozoa.
Primary spermatocytes undergo spermatogenesis through the following
6 stages: preleptotene, leptotene, pachytene, zygotene, diplotene,
and diakinesis; this is followed by entry into metaphase 1. The first
wave of spermatogenesis, meiosis initiation, occurs after birth and
continues cyclically throughout adulthood (Fig. 1A). In mice, the
spermatogenic cycle is divided into distinct stages (I-XII) with a
stage-specific set of germ cells in the seminiferous tubules [1]. Four
cycles of 8.62 days each (for a total of 34.48 days) are required to
progress from spermatogonia to spermatozoa [2].

Male germ cell differentiation relies largely on Sertoli cells for
structural and nutritional support. Sertoli cells maintain the integrity
of spermatogenesis by forming the blood-testis barrier (BTB) 3, 4].
In adult animals, the BTB divides the seminiferous epithelium into
adluminal and basal compartments, thereby establishing a suitable
milieu for germ cell development. In several species, the BTB is
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initially established during the prepubertal period when the majority
of germ cells derived from the first spermatogenic wave reach the
early-pachytene stage [5—7]. In rats, BTB assembly does not occur
synchronously along the length of the seminiferous tubules, despite
the emergence of pachytene spermatocytes [6]. Hence, initial assembly
of the BTB may be regulated by cooperation between the action
of pachytene spermatocytes derived from the first spermatogenic
wave and other unknown factors. After BTB assembly, preleptotene/
leptotene spermatocytes derived from the second wave onward need to
migrate across the BTB from the basal compartment to the adluminal
compartment for further development during spermatogenesis (Fig.
1A). In rodents, germ cell migration across the BTB occurs from
late-stage VIII to early-stage IX [8].

Interestingly, to accommodate such germ cell migration, the
expression and localization of tight junction (TJ) proteins that
constitute the BTB, such as occludin (OCLN), claudins (CLDNs),
and zonula occludens (ZOs), are altered in a seminiferous epithelium
cycle-dependent manner [9, 10]. Furthermore, although the expression
levels of TJ transcripts and proteins in the testis increase with age in
the prepubertal period and decrease with sexual maturation, these
proteins consistently localize to the BTB throughout the reproductive
period [9, 11-13]. Recently, some researchers have reported that
Ocln- and Cldn11-null mice are sterile [14, 15] and that irreversible
BTB disruption by adjudin inhibits differentiation from spermatogonia
to spermatocytes [16]. Altered CLDN11 expression and localization
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Fig. 1. Illustration of spermatogenic progression and BTB assembly

during the prepubertal period and VAD diet feeding schedule.
A: Time-course progression of spermatogenic waves with BTB
assembly in prepubertal mice. The degree of BTB assembly and
impermeability are indicated by the darkness of the shading at
each time point. A, type A spermatogonia; In, intermediate
spermatogonia; B, type B spermatogonia; prelL, preleptotene
spermatocytes; eL, early leptotene spermatocytes; 1L, late
leptotene spermatocytes; eP, early pachytene spermatocytes; mP,
mid pachytene spermatocytes; IP, late pachytene spermatocytes;
Z, zygotene spermatocytes; D, diplotene spermatocytes; 2m,
secondary spermatocytes; R, round spermatids; E, elongating
spermatids. Solid black arrows, gray arrows, and black dashed
arrows represent STRA8-, DMCl-, and SYCP3-positive
spermatocytes, respectively. B: VAD diet feeding schedule used
in the present study. Parental mice were fed the VAD diet from
4-12 weeks prior to mating, and male pups received the same diet
until 90 dpp. At 91 dpp, mice fed the VAD diet were injected with
RA and were then placed on a normal VAS diet.

at the BTB are also associated with the development of human
testicular intraepithelial neoplasia [17]. These reports indicate that
maintenance of BTB integrity is essential for normal spermatogenesis.

In mammals, retinoic acid (RA), the active derivative of vitamin
A, has been shown to be an essential inducer of meiosis in both
sexes [18]. Indeed, testes of rats and mice fed a vitamin A-deficient
(VAD) diet show spermatogenic arrest at spermatogonia [19, 20]. RA
administration and dietary retinoid replenishment in rodents fed the
VAD diet result in the re-initiation of spermatogenesis, starting from
the remaining spermatogonia, and synchronized spermatogenesis
[21]. RA acts through binding to nuclear RA receptors (RARs) and
retinoid X receptors (RXRs) in various testicular cell types and is
thought to exert its effects mainly via the action of RARs in Sertoli
cells and early germ cells [2].

A previous study reported that the RAR-dependent effects of RA
in Sertoli cells contribute to prepubertal testis development [22].
Moreover, as RA signaling in the testis is closely associated with the
periodic cycle functions of Sertoli cells [22, 23], it is possible that
vitamin A affects the regulation of BTB integrity by alteration of the
seminiferous epithelial cycle. Indeed, in rats, vitamin A deprivation
after weaning has been reported to induce disruption of the BTB [24,
25]. However, some reports have indicated that vitamin A deficiency

has no effect on BTB preservation [26]. To clarify the importance
of vitamin A in the maintenance of spermatogenesis during testes
development, it is essential to assess spermatogenesis progression
with changes in BTB integrity and the vitamin A pathway.

The present study assessed the impact of vitamin A deprivation
on the murine seminiferous epithelium from the prepubertal period
to adulthood, with a focus on spermatogenic progression and BTB
assembly. The results showed that feeding the VAD diet to the parental
generation (Fig. 1B) induced critical defects in spermatogenesis
progression and altered the BTB integrity in adult testes compared
with that in the prepubertal testes of the progeny. On the basis of
the results of the present study, we propose that BTB integrity is
regulated by vitamin A metabolism with control of meiosis and is
required for persistent differentiation of spermatocytes rather than
the initiation of meiosis.

Materials and Methods

Mice

Two-month-old male and female C57BL/6N mice were purchased
from Japan SLC (Hamamatsu, Japan). VAD diet feeding and RA
replacements were performed as described in a previous study [20].
Briefly, mice were fed a VAD diet (D13110GC; Research Diets,
New Brunswick, NJ, USA). After 4-12 weeks of feeding this diet,
the animals were used as breeding pairs. After weaning, male pups
received the VAD diet until 90 days postpartum (dpp). Testes of mice
fed the VAD diet and those fed a normal vitamin A-sufficient (VAS)
diet (Labo MR Standard, NOSAN, Yokohama, Japan) were weighed,
and epididymides and testes were harvested at 5-90 dpp. At 91 dpp,
when the body weight was slightly decreased, all-trans-RA (Nacalai
Tesque, Kyoto, Japan, 0.5 mg/head) was intraperitoneally injected
into mice fed the VAD diet, and the VAD diet was changed to the
VAS diet. All-trans-RA was dissolved in a mixture of 25 pl ethanol
and 75 pl sesame oil (MP Biomedicals, Santa Ana, CA, USA). Testes
were weighed and collected after 2-44 days of RA replacement (Fig.
1B). For analyses, mice were obtained by free breeding, maintained
under specific pathogen-free conditions and sacrificed according to
the Guide for the Care and Use of Laboratory Animals of Hokkaido
University, Graduate School of Veterinary Medicine (approved by
the Association for Assessment and Accreditation of Laboratory
Animal Care International).

Immunohistochemistry

For immunohistochemistry (IHC), testes were removed and
immersion-fixed in 4% (w/v) paraformaldehyde (PFA) in 0.1 M
phosphate buffer. Following fixation, testes were dehydrated in ethanol
and embedded in paraffin. Sections were then deparaffinized and
hydrated. Antigen retrieval was performed for 15 min at 105 C with
Target Retrieval Solution (DakoCytomation, Carpinteria, CA, USA)
for OCLN and CLDNI11 or with buffered citrate (pH 6.0) for the
following proteins: stimulated by retinoic acid gene 8 (STRAS), DMC1
dosage suppressor of mck1 homolog, meiosis-specific homologous
recombination (DMC1), and synaptonemal complex protein 3 (SCP3,
also known as SYCP3). Samples were treated with methanol containing
0.3% H,0, to eliminate endogenous peroxidase. After blocking with
normal serum, sections were incubated with rabbit anti-OCLN (1:100;
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Table 1. Primer pairs used in this study

Gene name (Accession) Symbol Primer sequence (5°-3") Product size (bp)
aldehyde dehydrogenase family 1, subfamily A2 F: TCTGTTGGACAAGCTTGCAG
(NM_009022) Aldhla2 g, cCAGCCTGCATAATACCTCAG 148
cytochrome P450, family 26, subfamily a, polypeptide 1 F: ATTGAGCACTCGTGGGAGAG
(NM_007811) Gp26al R CTTCTCGAACTTTCTGGAGGAC 163
occludin F: CCTACTCCTCCAATGGCAAA
(NM_ 008756) Ocln R. CTCTTGCCCTTTCCTGCTTT 208
claudin 3 F: GCACCCACCAAGATCCTCTA
(NM_009902) Cldn3 Q. TCGTCTGTCACCATCTGGAA 206
claudin 11 F: TGGTGGACATCCTCATCCTT
(NM_008770) Cldnll . GCCAGCAGAATAAGGAGCAC 190
tight junction protein 1 (:ZO1) ) F: GCACCATGCCTAAAGCTGTC
(NM_ 009386) TPl R. ACTCAACACACCACCATTGC 122
actin, beta F: ACTGCTCTGGCTCCTAGCAC

Acth 196

(NM_007393)

R: CAGCTCAGTAACAGTCCGCC

F, forward; R, reverse; ZO1, zonula occludens 1.

Life Technologies, Carlsbad, CA, USA), rabbit anti-CLDN11 (1:100;
Life Technologies), rabbit anti-STRAS (1:2000; Abcam, Cambridge,
UK), goat anti-DMC1 (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA), rabbit anti-SCP3 (1:800; Novus Biologicals, Littleton,
CO, USA), and rabbit anti-single stranded DNA (ssDNA; 1:200;
IBL, Fujioka, Japan) at 4 C overnight. Next, the sections were treated
with biotin-conjugated goat anti-rabbit IgG antibodies (SABPO kit,
Nichirei, Tokyo, Japan) or with biotin-conjugated donkey anti-goat
IgG antibodies (1:100; Santa Cruz Biotechnology) for 30 min at
room temperature, followed by treatment with streptavidin-biotin
complex (SABPO kit) for 30 min at room temperature. The sections
were incubated with 3,3’-diaminobenzidine tetrahydrochloride
(DAB) solution containing 0.006% H,O, until the stain developed
and were then counterstained with hematoxylin. For histometric
analyses, BZ-9000 (Keyence, Osaka, Japan) was used for acquisition
of digital images of each IHC section, and the immunopositive cells
were counted with the BZ-1I Analyzer software (Keyence).

Histopathology

Paraffin sections were prepared from testes and epididymides
fixed in 4% PFA fixed as described above for periodic acid-Schiff-
hematoxylin (PAS-H) or von Kossa staining. For von Kossa staining,
sections were incubated with 5% silver nitrate solution under sunlight
for 60 min. The slides were then washed in water, differentiated
with 5% sodium thiosulfate pentahydrate for 3 min, rinsed, and
counterstained for 5 min with nuclear fast red.

Reverse transcription-PCR and quantitative real-time PCR
Total RNA was extracted from whole testes harvested from mice
fed the VAD diet at 5-90 dpp and at 16-44 days after RA replacement
using TRIzol reagent (Life Technologies). Purified total RNA was
treated with Turbo DNase (Life Technologies) for DNA digestion,
and complementary DNAs (cDNAs) were synthesized via reverse
transcription (RT) reactions using ReverTra Ace (Toyobo, Osaka,
Japan) and oligo-dT primers (Life Technologies). Quantitative
real-time PCR (qPCR) analysis subsequent to RT was performed

using the prepared cDNA, gene-specific primers (Table 1), Brilliant
I Ultra Fast SYBR Green QPCR Master Mix (Agilent Technologies,
Santa Clara, CA, USA) and a real-time thermal cycler (MX 3000P;
Agilent Technologies). Levels of mRNA expression of the target
genes were normalized to those of actin, beta.

Statistical analyses

Results are expressed as the means = standard errors (SEs),
and statistical analyses were performed using PASW Statistics
for Windows, Version 18.0 (IBM SPSS, Chicago, IL, USA). The
Mann-Whitney U test was used for comparison between 2 groups.
One-way analysis of variance (ANOVA) followed by Dunnett’s test
was used to compare changes between treatment groups and cor-
responding untreated groups. P-values less than 0.05 were considered
statistically significant.

Results

Changes in the weight of the testes in mice fed the VAD diet

The changes in the weight of testes collected from mice fed the
VAD diet and control mice fed the VAS diet are shown in Fig. 2A.
From 5-50 dpp, the weight of testes of the VAD diet group increased
similarly to that of the control group, indicating that prepubertal
testis development in mice fed the VAD diet proceeded normally
until approximately 50 dpp. However, the weight of the testes
collected from mice fed the VAD diet gradually decreased from
60 dpp onwards. At 70-90 dpp, just before RA administration, the
weight of the testes collected from mice fed the VAD diet decreased
significantly compared with that of control mice.

Effects of VAD diet feeding on RA signaling in the mouse
testes

To assess the functional abnormalities of RA signaling in mice fed
the VAD diet, nRNA levels of RA signaling molecules were analyzed
in the testes of prepubertal mice (0-20 dpp) and sexually mature
mice (90 dpp). Aldehyde dehydrogenase family 1, subfamily A2
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Fig.2. Testes weight and the expression of RA signaling molecule

transcripts in the testes of mice fed the VAD diet. A: Changes
in the testes weight of mice fed the VAD diet and control mice
fed the VAS diet. Values shown are means + SEs. * Significant
difference between control mice and mice fed the VAD diet
(P<0.05, Mann-Whitney U test). B-C: qPCR analyses of Aldhla2
(B) and Cyp26al mRNAs (C) during the prepubertal period (5-20
dpp) and adulthood (90 dpp) in mice fed the VAD diet and control
mice fed the VAS diet. Values shown are means + SEs. * P<(0.05,
Mann-Whitney U test.

(Aldhla2) and cytochrome P450 family 26, subfamily a, polypeptide
1 (Cyp26al) were examined as RA signaling molecules (Fig. 2B and
C). Aldhla2 mRNA levels were lower in mice fed the VAD diet than
in control mice, and statistically significant differences were detected
at 15 and 90 dpp (Fig. 2B). Furthermore, significant decreases in
Cyp26al mRNA expression in the testes of mice fed the VAD diet
were detected at 5, 10, and 90 dpp, with the most dramatic decrease
observed at 90 dpp (Fig. 2C).

Histological abnormalities of the testes and epididymides in
mice fed the VAD diet

Although the seminiferous epithelium showed no significant
histological differences between control mice and mice fed the
VAD diet during the prepubertal period (at 10 dpp as shown in
Fig. 3A and B), the seminiferous epithelium of mice fed the VAD
diet showed severe histological abnormalities characterized by
epithelial vacuolization observed from 70 dpp (Fig. 3D, arrows).
This vacuolization was barely detectable in testes from control mice

throughout the observation period (Fig. 3C). By 80 dpp, progressive
atrophy with marked depletion of germ cells was observed in all
seminiferous tubules of mice fed the VAD diet (Fig. 3E). Moreover,
from 80 dpp onwards, von Kossa staining revealed that dystrophic
calcification occurred in the severely degenerated tubules of mice
fed the VAD diet (Fig. 3F). Intratubular calcification was observed
in 6.78% + 3.62% of seminiferous tubules of mice fed the VAD diet
(n=3) at 80 dpp, and this increased to 19.34% + 3.60% (n=4) at 90
dpp. In the epididymides of mice fed the VAD diet, no significant
histological changes were observed, and the epididymides contained
spermatozoa, as expected, until 70 dpp (Fig. 3G). However, severe
squamous metaplasia was frequently observed in the corpus epididymis
from 80 dpp onwards (Fig. 3H).

Induction of germ cell apoptosis in the testes of mice fed the
VAD diet

To elucidate whether germ cell apoptosis was induced concurrently
with testicular degeneration in mice fed the VAD diet, IHC analysis
for ssDNA, an apoptotic cell marker, was performed (Fig. 4). In
prepubertal testes (520 dpp), a number of ssDNA-positive cells were
observed in both control mice and mice fed the VAD diet (Fig. 4A).
From 50-90 dpp, testes from control mice continually showed few
ssDNA-positive cells in the seminiferous tubules (Fig. 4A and B).
In contrast, testes from mice fed the VAD diet contained numerous
ssDNA-positive cells from 50-70 dpp, especially in the luminal parts
of seminiferous tubules. These apoptotic cells seemed to be mainly
pachytene spermatocytes and round spermatids, reflecting the apoptotic
induction in germ cells (Fig. 4C). In a histometric analysis, mice
fed the VAD diet showed a higher number of ssDNA-positive cells
as compared with control mice from 5070 dpp, and a statistically
significant difference was observed at 60 dpp (Fig. 4A).

Effects of the VAD diet on the progression of meiosis

To elucidate the effects of vitamin A insufficiency on the seminifer-
ous epithelium, the progression of meiosis was examined from the
prepubertal period to adulthood (Fig. 5). For IHC analysis, STRAS,
DMC1 and SYCP3 were used as markers of preleptotene and early
leptotene spermatocytes, leptotene and zygotene spermatocytes,
and leptotene to metaphase I spermatocytes, respectively (Fig. 1A)
[27-32]. Figures SA—C show the time course of immunopositive
cell numbers in mouse testes. STRAS8-positive cells were detected
from 10 dpp in the testes of mice fed the VAD diet and control
mice (Fig. 5A). However, the number of STRAS8-positive cells
in mice fed the VAD diet tended to be lower than that in control
mice throughout the observation period (Figs. SA and D-G), and
significant differences were observed at 15, 70, 80 and 90 dpp (Fig.
5A). However, DMC1- and SYCP3-positive cells were detected at
similar levels from 15-50 dpp in the testes of mice fed the VAD diet
and control mice (Figs. 5B and C, Fig. 5H vs. 5 and Fig.5L vs. SM).
The numbers of DMC1- or SYCP3-positive cells were significantly
decreased in mice fed the VAD diet from 70 and 60 dpp onwards,
respectively (Figs. 5B and 5C, Fig. 5J vs. 5K and Fig. 5N vs. 50).
After 80 dpp, it was difficult to detect immunopositive spermatocytes
for all examined markers in the testes of mice fed the VAD diet,
reflecting spermatogenic arrest (Figs. SA—C).
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Fig. 3. Histopathological abnormalities in the seminiferous epithelium
and epididymides of mice fed the VAD diet. (A-F) Histological
features of seminiferous tubules in mice fed the control VAS
diet and those fed the VAD diet. Panels A-E and F show PAS-H
and von Kossa staining, respectively. At 10 dpp, no differences
were observed between the testes of control mice (A) and mice
fed the VAD diet (B). In testes from control mice at 90 dpp,
no histopathological abnormalities were detected (C). Some
tubules in the testes of mice fed the VAD diet showed epithelial
vacuolization at 70 dpp (D, arrows). The insert box in panel D
highlights the epithelial vacuolization at the basal regions of a
tubule (arrow). Progressive atrophy of all tubules with marked
depletion of germ cells was observed at 80 dpp in testes from
mice fed the VAD diet (E). In serial sections of panel E, von
Kossa-positive calcification was detected in severely degenerated
tubules (F). (G—H) PAS-H-stained epididymides of mice fed the
VAD diet. No significant abnormalities were detected at 70 dpp,
and spermatozoa were observed in the lumen of ducts (G). Severe
squamous metaplasia in the corpus epididymis was observed at 80
dpp (H). Bars = 100 um.

Assembly and disruption of the BTB in the testes of mice fed
the VAD diet

To assess the effects of the VAD diet on BTB assembly, the mRNA
expression of BTB component TJ genes, including Ocln, Cldn3,
Cldnll, and Tjpl (encoding ZO1), was evaluated in the testes in
the prepubertal period (5-20 dpp) and at a sexually mature age (90
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Fig. 4. Germ cell apoptosis in the testes of mice fed the VAD diet. (A)

Total numbers of ssDNA-positive cells in the testes of control mice
fed the VAS diet and mice fed the VAD diet. ssDNA-positive cells
were counted in 200-500 tubules per testis of control mice and
mice fed the VAD diet from 5-90 dpp using IHC sections. Values
shown are means + SEs. *Significant difference between control
mice and mice fed the VAD diet (P<0.05, Mann-Whitney U test).
(B—C) Appearance of ssDNA-positive cells in the seminiferous
epithelium. ssDNA-positive cells were only infrequently detected
in testes from control mice at 70 dpp (B). Testes from mice fed
the VAD diet contained numerous ssDNA-positive cells at 70 dpp
(C). The insert box in panel C highlights the ssDNA-positive cells
in the luminal area of the seminiferous tubules. Bars=100 pm.

dpp; Fig. 6). Consistent with previous reports [8, 10, 12], mRNA
expression of the above genes in control mice tended to increase
during the prepubertal period (5-20 dpp) and then decreased by
sexual maturation (90 dpp; Figs. 6A—D). In mice fed the VAD diet,
the mRNA expression of these genes tended to be lower than that in
control mice from 5-20 dpp (Figs. 6A-D). Significant differences
in the expression of Oc/n mRNA at 5 dpp, Cldn1] mRNA at 15 dpp
and Tjp! mRNA at 5 and 15 dpp were observed between mice fed
the VAD diet and control mice (Figs. 6A, C and D). At 90 dpp, the
mRNA expression levels of Ocln and Cldnll were significantly
higher in mice fed the VAD diet than in control mice (Figs. 6A
and C). No significant changes were observed in Cldn3 expression
between mice fed the VAD diet and control mice throughout the
observation period (Fig. 6B).

To evaluate BTB integrity, OCLN and CLDN11 localization
was compared between testes from control mice and mice fed the
VAD diet from the prepubertal period to adulthood (Figs. 6E-N).
Consistent with a previous study [11], OCLN was weakly and
diffusely distributed from the apical to basal regions of Sertoli
cells in control mice at 10 dpp (Fig. 6E) and began to accumulate
in the basal part of the seminiferous tubules from 15 dpp (Fig.
6F). In mice fed the VAD diet, OCLN showed a weak and diffuse
pattern in seminiferous tubules, even at 15 dpp (Fig. 6J), whereas
OCLN seemed to localize to the basal portion of the seminiferous
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in the seminiferous tubules. Cells positive for STRAS, a marker for preleptotene and early leptotene spermatocytes, were
observed at 15 (D) and 70 dpp (F) in control testes. In testes from mice fed the VAD diet, although STRAS8-positive cells
were observed at 15 dpp (E), they were barely detectable at 70 dpp (G). (H-K) The appearance of DMC1-positive cells in the
seminiferous tubules. Cells positive for DMC1, a marker for leptotene and zygotene spermatocytes, were observed at similar
levels at 15 dpp in control testes (H) and testes from mice fed the VAD diet (I). In contrast, at 70 dpp, DMC1-positive cells
were decreased in mice fed the VAD diet (K) compared with control mice (J). (L-O) The appearance of SYCP3-positive
cells in the seminiferous tubules. Cells positive for SYCP3, a marker for leptotene to metaphase I spermatocytes, were
detected in almost all tubules in both the control mice (L) and mice fed the VAD diet (M) at 15 dpp and in control mice only
at 70 dpp (N). SYCP3-positive cells were not detectable in some tubules of testes from mice fed the VAD diet at 70 dpp (O).
Bars=50 pum.

tubules by 20 dpp (data not shown). During 10-20 dpp, a similar
localization pattern to OCLN was observed in CLDN11 (data not
shown). In control mice at 60 dpp, OCLN localized to the basal side
of leptotene or zygotene spermatocytes in stage X tubules (Fig. 6G,
arrows), indicating normal migration of spermatocytes across the
BTB. However, in stage X tubules of mice fed the VAD diet, OCLN
localized to the luminal side as well as the basal side of leptotene or
zygotene spermatocytes at 60 dpp (Fig. 6K, arrowheads). In mice fed
the VAD diet, OCLN positivity disappeared with severe epithelial

vacuolization at the basal regions of tubules at 70 dpp (Fig. 6L),
indicating BTB disruption. Furthermore, in testes from mice fed
the VAD diet at 90 dpp, Sertoli cell detachment from the basement
membrane was observed in 25.58% + 3.06% tubules (n=3), and
OCLN- and CLDNI11-positive staining was diffusely observed in
abnormal tubules at 90 dpp (Fig. 6H vs. 6M, Fig. 61 vs. 6N).
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BTB integrity in the testes of mice fed the VAD diet. (A—D) mRNA levels of Ocln (A), Cldn3 (B), Cldnil (C), and Tjp!1 (D) in the testes of
control mice fed the VAS diet and mice fed the VAD diet during the prepubertal period (5-20 dpp) and adulthood (90 dpp). Values shown are
means + SEs. *Significant difference between control mice and mice fed the VAD diet (P<0.05, Mann-Whitney U test). (E-N) BTB localization
in control mice and mice fed the VAD diet. Positive reactions were detected by IHC for OCLN (E-H and J-M) and CLDN11 (I and N). In
testes from control mice, specific OCLN localization was barely detectable at 10 dpp (E), while OCLN was accumulated in the basal part of
the seminiferous tubules at 15 dpp (F). Few immunoreactions for OCLN were observed at 15 dpp in testes from mice fed the VAD diet (J). In
stage X tubules of control mice at 60 dpp, OCLN localized only to the basal side of leptotene or zygotene spermatocytes (G, arrows). In stage
X tubules of mice fed the VAD diet at 60 dpp, OCLN localized to the luminal side of leptotene or zygotene spermatocytes (K, arrowheads).
At 70 dpp in testes from mice fed the VAD diet, immunopositive OCLN signals decreased, and epithelial vacuolization was observed (L). At
90 dpp in testes from control mice, Sertoli cell nuclei were aligned along the basement membrane of tubules with OCLN (H) and CLDNI11 (I)
localization. In contrast, testes from mice fed the VAD diet showed diffuse distribution of OCLN (M) and CLDN11 (N) with detached Sertoli

cells at 90 dpp (M and N, arrows). Bars=50 pm.

Re-initiation of spermatogenesis and reassembly of the BTB
after RA replenishment in mice fed the VAD diet

As shown in Fig. 7, re-initiation of spermatogenesis was evaluated
with the assembly of the BTB after RA administration and dietary
vitamin A replenishment in adult mice fed the VAD diet (see also
Fig. 1B). From 91 dpp, day 0 after RA replenishment, weight of the
testes in mice fed the VAD diet gradually increased throughout the
observation period (Fig. 7A). After RA replenishment, the number
of seminiferous tubules containing the germ cells increased with
the increase of the diameter (Fig. 7B vs. 7C). Furthermore, at day
35 after RA replenishment, spermatogenesis progressed to step 16
spermatids, germ cells just prior to spermiation (Fig. 7C, arrows).
These observations reflected the re-initiation of spermatogenesis after
RA replenishment, which is consistent with a previous report [19].

Despite the re-initiation of spermatogenesis, intratubular calcification
was detected, even after RA replenishment, throughout the observation
period (Fig. 7B vs. 7C), and the incidence rate of von Kossa-positive
seminiferous tubules did not change significantly before or after RA
replenishment (14.33% + 1.59% at day 34-36, n=12). The levels of
mRNA expression of Ocln and Cldn11 were significantly decreased
in a time-dependent manner after RA replenishment (Figs. 7D and
F), but no significant changes were observed in the levels of Cldn3
and 7jp! mRNAs (Figs. 7E and G). In IHC analysis, although
OCLN and CLDNI11 positivity was unclear and scattered in the
seminiferous epithelium until day 9 after RA replenishment (Figs.
7 H, 1, L and M), OCLN and CLDN11 localized to the proper basal
portions of the seminiferous tubules with the emergence of pachytene
and preleptotene/leptotene spermatocytes (Figs. 7J and N, arrows
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Fig. 7. Effects of RA replenishment on the testes of mice fed the VAD diet. (A) Changes in testes weight after RA replenishment in mice fed
the VAD diet. Values shown are means + SEs. (B-C) Testes of mice fed the VAD diet after RA replenishment. Intratubular calcifications
were observed by von Kossa staining on day 0 (B) and day 35 (C). At day 35, the majority of tubules contained step 16 spermatids (C,
arrows). Bars=50 pm. (D-G) mRNA levels of Ocin (D), Cldn3 (E), Cldnll (F), and TjpI (G) in the testes of mice fed the VAD diet after
RA replenishment. Values shown are means + SEs. * Significant difference between control mice and mice fed the VAD diet (P<0.05,
one-way ANOVA followed by Dunnett’s test). (H-O) BTB organization in the testes of mice fed the VAD diet after RA replenishment.
An OCLN-positive signal was barely detectable at days 2 (H) and 9 (I) after RA replenishment but was clearly localized to the basal part
of seminiferous tubules at day 16 (J), with the presence of pachytene spermatocytes (J, arrows) and preleptotene/leptotene spermatocytes
(J, arrowheads). Similarly, s CLDN11-positive signal was diffused at day 2 (L) and day 9 (M) after RA replenishment, but was clearly
localized to the basal part of seminiferous tubules at day 16 (N), with the presence of pachytene spermatocytes (N, arrows) and preleptotene/
leptotene spermatocytes (N, arrowheads). Normal localization of OCLN and CLDN11 in the basal part of the tubules was also observed at
day 35 (K and O). Bars = 50 um.

and arrowheads, respectively) from approximately day 16 after RA Discussion

replenishment. Subsequently, stage-specific changes in OCLN and

CLDNI1 localization were typically observed in RA-replenished  Efficiency of the VAD diet feeding strategy

testes (Figs. 7K and 70). In the male mouse, meiosis is initiated after birth and continues
throughout the reproductive period. Increasing evidence has indicated
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that vitamin A is required for the maintenance of spermatogenesis [2].
During prepubertal testis development, neonates receive vitamin A
from the maternal milk. Vitamin A is stored primarily in the liver and,
to a lesser extent, in other tissues. To induce vitamin A insufficiency
in the prepubertal period itself, we fed parental mice the VAD
diet from at least 4 weeks prior to mating (Fig. 1B) as previously
described [20]. Mice fed the VAD diet showed reduced expression
of RA signaling molecule transcripts (i.e., Aldhla2 and Cyp26al)
compared with those in control mice fed the VAS diet during the
prepubertal period (5-20 dpp). Furthermore, dramatic decreases in
the expression levels of these genes were observed at adulthood
(90 dpp) in mice fed the VAD diet. RA synthesis from vitamin A
is typically controlled by tissue-specific activity of retinaldehyde
dehydrogenase (RALDH). In the testes, Aldhla2 (encoding RALDH?2)
is expressed in Sertoli and germ cells [23]. RA is then oxidized into
its inactive forms by CYP26, and Cyp26al is expressed by Sertoli
cells and transcribed by the activation of RA signaling [23]. Taken
together, these findings suggest that functional abnormality of RA
signaling is induced beginning in the prepubertal period and that
the effects of VAD were critical at 90 dpp in the present VAD diet
feeding strategy.

Seminiferous epithelial disruption with germ cell apoptosis in
testes of mice fed the VAD diet

In mice fed the VAD diet, histological changes characterized by
vacuolization of the seminiferous epithelium were observed from 70
dpp onwards. This observation corresponded to a significant reduction
in weight of the testes in mice fed the VAD diet. Vacuolization of the
seminiferous epithelium is a well-known response of Sertoli cells to
various kinds of damages, and often occurs before extensive germ
cell degeneration [33-37]. RA has been suggested to mainly exert
its effects via the action of RARs in Sertoli cells and germ cells
[2]; therefore, we speculate that the VAD condition would directly
cause vacuolization in the seminiferous epithelium. However, no
vacuolization was observed during the prepubertal period in the
testes of mice fed the VAD diet. Furthermore, massive apoptotic
induction of germ cells was observed from 60 dpp onwards, and
spermatogenesis was almost completely halted at the spermatogonial
stages by 80 dpp. This germ cell death would likely contribute to
the dramatic decrease in weight of the testes in adult mice fed the
VAD diet. Although the efficiency of VAD may cause differences
between the prepubertal period and adulthood, these results reflected
differences in the effects of RA during testicular development.

Unexpectedly, we noted calcification in severely degenerated
seminiferous tubules of mice fed the VAD diet from 80 dpp onwards.
In clinical reports in humans, testicular calcification has been detected
in association with several pathological conditions, including infertil-
ity, cryptorchidism, testicular neoplasms, Klinefelter’s syndrome,
varicocele, and torsion of the testis [38—41], and in normal testes
[42]. However, the etiology of testicular calcification remains to be
determined. Recently, intratesticular calcification has been reported
to occur in an age-dependent manner in mutant mice showing Sertoli
cell dysfunction with progressive germ cell degeneration [35, 43, 44].
In the present study, adult mice fed the VAD diet showed Sertoli cell
detachment from the basement membrane of seminiferous tubules.
Therefore, these data suggested that the VAD condition induced

abnormal polarity and dysfunction of Sertoli cells. Intratubular
calcification was detectable even after RA replenishment, indicating
that the resumption of spermatogenesis could no longer occur in
specific parts of the tubules. Indeed, in the rat testes, prolonged
deprivation of vitamin A beyond 10—11 weeks has been shown to result
in permanent failure of spermatogenesis, despite RA replenishment
[21]. Taken together, these data suggest that the onset of calcification
in the seminiferous epithelium could reflect the irreversible damage
caused by long-term vitamin A deprivation.

Delayed spermatogenesis and BTB assembly in testes from
prepubertal mice fed the VAD diet

At 10 dpp, STRAS8-positive (preleptotene or early-leptotene)
spermatocytes derived from the first wave were detected at similar
levels in testes from control mice and mice fed the VAD diet. However,
in mice fed the VAD diet, the number of STRAS8-positive cells
tended to be lower than that in control mice from 15 dpp onwards,
and a significant difference was observed at 15 dpp. Stra8 is an
RA-stimulated gene controlling the transition from the preleptotene
to leptotene spermatocyte [45]. Therefore, the functional abnormality
of RA signaling in mice fed the VAD diet might affect the STRAS
expression in some of the preleptotene or leptotene spermatocytes.
However, we confirmed that mice fed the VAD diet showed STRAS
expression in all of the preleptotene and early leptotene spermatocytes
distinguishable by the typical chromatin pattern of these cells
using immunofluorescence analysis (data not shown). As shown in
Fig. 1A, normal murine seminiferous tubules at 15 dpp contained
pachytene spermatocytes accompanying preleptotene/early-leptotene
spermatocytes derived from the first and second waves, respectively
[46, 47]. Therefore, the reduced number of STRAS8-positive cells
from 15 dpp may reflect suppressed meiosis initiation or onset of
spermatogonial differentiation from the second wave onwards.
Despite the difference in the number of STRAS8-positive cells,
mice fed the VAD diet showed no differences in the numbers of
DMCl-positive cells (leptotene and zygotene spermatocytes) or
SYCP3-positive cells (leptotene to metaphase I spermatocytes) up
to 50 dpp. Furthermore, up to 70 dpp, no abnormal changes were
observed in the epididymides of mice fed the VAD diet, and these
epididymides contained spermatozoa, as under normal conditions.
Consistent with our results, RARa-deficient mice, which exhibit
progressive breakdown of the spermatogenic process, showed a normal
number of pachytene spermatocytes at 4 weeks of age regardless of
delay in the onset of the second wave [47]. Therefore, the imbalance
between the numbers of STRAS-, DMC1-, and SYCP3-positive cells
in mice fed the VAD diet up to 50 dpp might reflect the abnormal
progression of spermatogenesis. Importantly, mRNA expression
levels of BTB components, including Ocin, Cldnll and Tjpl, were
significantly reduced in mice fed the VAD diet compared with those
in control mice at 5-15 dpp. Furthermore, although the BTB was
formed by 15 dpp in normal mice, as previously described [7, 12],
the initial assembly of the BTB, estimated by OCLN and CLDN11
positivity in the basal portion of seminiferous tubules, was barely
detectable at 15 dpp and delayed until 20 dpp in testes from mice fed
the VAD diet. Because OCLN and CLDN11 are principal components
of the BTB in mouse testes [4], loss of proper localization of these
TJ proteins indicates defective BTB fence function. These findings



534 CHIHARA et al.

suggest that the VAD condition in prepubertal mice delayed both
the appearance of STRAS-positive spermatocytes (preleptotene or
early-leptotene) from the second wave and the initial formation
of the BTB, although meiosis of the first wave and subsequent
spermatogenesis from zygotene spermatocytes proceeded until 50 dpp.

After re-initiation of spermatogenesis by RA replenishment in
spermatogenic-arrested testes of mice fed the VAD diet, it took 35
days for spermatogonia to differentiate into step 16 spermatids.
Furthermore, at day 16 after RA replenishment, almost all tubules,
except for calcified tubules, contained germ cells that had progressed
to pachytene and preleptotene/leptotene spermatocytes. Because
the differentiation from A1 spermatogonia to spermatozoa requires
approximately 35 days during normal spermatogenesis [2], sper-
matogenesis in mice fed the VAD diet proceeded normally soon
after RA replenishment. However, although Oc/n expression in the
testis was reported to be activated by RA signaling [10], RA did not
immediately rescue OCLN and CLDNI11 localization to the basal
portions of seminiferous tubules in mice fed the VAD diet until day
16 after RA replenishment. Interestingly, at day 16, almost all tubules
contained pachytene and preleptotene/leptotene spermatocytes. As
mentioned above, at 15 dpp, the majority of seminiferous tubules
contained pachytene spermatocytes from the first wave together
with preleptotene/leptotene spermatocytes from the second wave
[46, 47]. In the seminiferous epithelium, Sertoli and germ cells
coordinately establish an intimate and elaborate cellular network
for cell-cell communications and regulate each other’s functions
via bidirectional trafficking [3]. Taken together, these findings
and our results from the VAD diet study strongly suggest that the
presence of spermatocyte sets derived from both the first and second
wave, especially pachytene spermatocytes from the first wave and
preleptotene/leptotene spermatocytes from the second wave, are
required for the initial establishment of the BTB. Furthermore, RA
signals may play a crucial role in regulating these processes during
the prepubertal period.

Failure of spermatogenesis and disrupted BTB integrity in
mice fed the VAD diet

In mice fed the VAD diet, a dramatic induction of germ cell
apoptosis occurred from 60 dpp onwards, and spermatogenesis was
almost completely halted at the spermatogonial stages by 80 dpp. We
observed aberrant OCLN localization to the luminal side of leptotene
or zygotene spermatocytes in stage X tubules of mice fed the VAD
diet at 60 dpp, indicating disruption of BTB integrity. Recently,
stage-specific expression of OCLN was found to be regulated by RA
signaling, and knockdown of Oc/n was shown to induce apoptosis
in germ cells in stage IX—XII tubules [10]. On the basis of these
findings, the VAD diet was expected to induce apoptosis in germ
cells in adulthood by altering the stage-specific localization of TJ
proteins. Interestingly, zygotene or pachytene spermatocytes are
thought to mainly be affected by incomplete BTB assembly [6].
Indeed, in testes from mice fed the VAD diet, although the number
of SYCP3-positive cells (Ieptotene to metaphase I spermatocytes)
decreased from 60 dpp onwards, STRAS- (preleptotene and early-
leptotene spermatocytes) or DMC1-positive cells (leptotene and
zygotene spermatocytes) decreased from 70 dpp onwards. These
results indicated that germ cell apoptosis was primarily induced

from the pachytene spermatocyte stage onwards, consistent with the
observations in Fig. 4 and subsequently during the former stages
of spermatocytes due to BTB disruption resulting from vitamin A
deprivation.

In mice fed the VAD diet, mRNA expression levels of Oc/n and
Cldnll significantly increased at 90 dpp and gradually decreased
after re-initiation of spermatogenesis by RA replenishment. These
changes may be attributable simply to alterations in testicular
cellularity (i.e., the ratio of somatic cells to germ cells). However,
because postmeiotic germ cells, especially spermatids, have been
reported to inhibit CLDN11 expression in rat testes [48], higher
expression of TJ genes at 90 dpp in mice fed the VAD diet may also
reflect the loss of postmeiotic germ cells.

Despite the delayed and incomplete BTB formation, spermato-
genesis in mice fed the VAD diet successfully proceeded up to 50
dpp but was arrested at a later period. The delayed and incomplete
BTB formation and age-dependent testicular atrophy observed in
the present study were consistent with results reported in mice with
selective ablation of the androgen receptor in Sertoli cells [7, 44,
49]. These findings suggested that functional correlations between
RA and sex hormones and an altered balance of these functions are
critical for inducing seminiferous epithelial damage in adulthood.
It is noteworthy that, similar to our results, Oc/n-null mice showed
typical testicular development with a normal set of germ cells at
6 weeks of age and later developed testicular atrophy and became
sterile [15]. Furthermore, spermatogenesis of Cldnll-null mice
progressed to round spermatids at 28 dpp [50], after which the mice
became sterile due to BTB disruption [14]. Interestingly, in a seasonal
breeder, the mink, the onset of spermatogenesis is not dependent on
formation of the impermeable BTB [51]. Therefore, these reports
and our VAD study from the prepubertal period to adulthood indicate
that assembly of the BTB may not be essential for the initiation and
progression of germ cell differentiation in the prepubertal period but
may be required for the maintenance of spermatogenesis from the
prepubertal period to adulthood.
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