Figure 1| Bull epididymal sperm nuclei and acrosomes stained with
4',6'-diamino-2’-phenylindole (DAPI) and fluorescein isothiocyanate
(FITC-PNA). A. Phase-contrast, B. DAPI-stained, C. FITC-PNA stained,
and D. DAPI + FITC-PNA- stained images. Scale bar, 20 pm;
magnification, 1000X.

Alterations of micro-constituents in irradiated testes. Figures 3A
to 3D: 3,4,5, and 6 show phase maps indicating the concentrations of
the micro-constituents carbon (C), molybdenum (Mo), potassium
(K), and Cs, respectively. Colour imaging can rapidly and effectively
facilitate the overall analysis of the composite structure: decreasing
levels of metal distribution are indicated from red to black. In the
control image, the C imaging result was shown as intermediate (light
green) in the seminiferous tubules; however, Mo levels were low
(blue) and K was not detected in germ cells (Figure 3A: 3, 4, and
6). Interestingly, in the testis of bull 1, C imaging result indicated high
to intermediate levels (red and light green); however, it showed low
levels of Mo (dark blue; Figure 3B: 3, 4). In contrast, similar
expression patterns of C, Mo, and K were observed in the testes of
both bull 2 and the control (Figure 3C: 3, 4, and 5). A comparison of
foetal and control colour map imaging results revealed that C and Mo
levels were higher expression patterns in the foetal testis (Figure 3D:
3,4). However, Cs was not detected in any of the bull testes, including
the foetal sample (Figure 3A-D: 5).

Since testicular Cs was not detectable by EPMA, we determined Cs
concentration by ICP-MS in the control testis. We found that the
mole ratio of radioactive Cs to stable Cs was at the order of 10™°
(Table 4).

Discussion
The risk of external and internal radiation exposure to health is of
great concern worldwide. Analysis of 14 species of birds common to
Fukushima and Chernobyl revealed a negative effect of radiation on
abundance, and the relationship was more strongly negative in
Fukushima than in Chernobyl'®. The effect of radiation on farm
animals in the evacuation zone following the FNPP accident provides
information about the health risks of livestock and can also be extra-
polated to humans. Cattle are assumed to have received high doses of
irradiation in radioactively contaminated environments, because
they consume large amounts of vegetation and drinking water,
resulting in accumulation of radionuclides in their bodies as well
as external exposure from terrestrial radionuclides. This study was
designed to provide insight into the biological response of bull testes
to different doses of radiation following the FNPP accident.
Although various types of radionuclides were released into the
environment, radioactive substances of major concern now are

Figure 2 | Histological sections of the seminiferous tubules of bull testes.
A, B.Images of control bull testis. C-F. Images of bull exposed to radiation.
G, H. Images of seriniferous tubules from foetal testes. Scale bar, 100 pm.

1*Cs and **"Cs because of their relatively long half-life. The internal
dose varies in a more complex manner than the external dose
depending on a number of factors such as soil-to-plant ratio, the
distance to the nearest forest, dietary habits, water, air, and body
burden'”. These factors make it difficult to estimate chronic irra-
diation of wildlife under natural conditions'®. We recently revealed
that the levels of **Cs and '¥’Cs were the same in all the organs
examined and that concentration of radioactive Cs in each organ
was significantly correlated with that in PB in an organ-specific
manner; moreover, radionuclide deposition was strongly affected
by the environment where the cattle were caught™. We calculated
effective internal exposure from the concentration of radioactive
caesium in organs and effective external dose from that in soil
obtained in our study®®. Since the testis is a relatively radiosensitive
organ, we considered that radiation exposure would lead to changes
in the morphology or the function of this organ. Activity concentra-
tion of radioactive caesium was 13- to 18-fold higher in the testis than
in PB for liquid. Radioactivity concentration of caesium in the testis
was about more than half of that in the skeletal muscle and the level
was the same as in other organs. The ratio of external exposure to
internal exposure in the testis of bull 1 was 1.6- to 2.5-fold and in that
of bull 2 was 0.20- to 0.38-fold. This indicates that contribution of
external exposure to total exposure is not negligible compared to
internal exposure. Organ-specific concentration of radiocaesium in
the foetus, compared with bull 1 and bull 2, of this study showed that
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Figure 3 | EPMA analysis of bull testis. A. Control, B. Bull No. 1, C. Bull No. 2, D. Foetus. 1. Stereo-microscopy images of bull testis. 2. Composite
backscattered electron microscopy images. 3. Secondary electron colour map image of C (carbon) regions. 4. Corresponding distribution of Mo
(molybdenum) obtained for the same section. 5. X-ray colour-coded phase map of Cs (caesium). 6. Corresponding X-ray profiles for K (potassium). Scale
bar, 100 pm (50 pm for Figure 3D: 3-6).
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le 4] Tesfcular concentrafion of 1Cs, “Csond "Cs -
134Cs +
]34(:5 137C$ 1 33CS 137C5)/] 33Cs

mg/kg (X107 mol/kg (x107%)  mg/kg (x107%)  mol/kg (X10'2)  mg/kg (1074  mol/kg (X107}  (x1075fold)

No. 1 40.6 0.30 66.6 0.49 ND* ND#* 1.6

No. 2 134.0 1.00 206.6 1.51 ND* ND* 51

Foetus 39.0 0.29 62.5 0.46 ND=* ND* 1.5

Control ND* ND* ND* ND* 417 0.31 ND*

Concentrations of radioactive Cs were calculated from the values in Table 2 using specific activity of '2¢Cs {4.8 X 1079 Bq/mg) and of '¥7Cs (3.2 x 10-° Bg/mg], respectively.

*ND: Not determined.

radiocaesium is transferred to the foetus from its mother through the
placenta and the deposition is organ dependent.

Spermatogenesis is a complex process of male germ cell prolifera-
tion and maturation from spermatogonia to spermatozoa in the
seminiferous tubules of the testis. Spermatogonia are especially sens-
itive to irradiation; doses aslow as 0.1 Gy are known to cause damage
to these cells®. Carefully controlled small animal experiments have
indicated that effects of low-dose radiation (LDR) and high-dose
radiation (HDR) on the testis are different. Exposure to HDR has
an inhibitory effect on genomic and cytological changes. However,
exposure to LDR has a stimulatory effect on the metabolism, anti-
oxidant capacity, proliferation, and maturation of male mouse germ
cells. This phenomenon is termed hormesis'. Taki et al. analysed
alterations in gene expression profiles in mouse testes continuously
irradiated with HDR or LDR for 485 days. They reported that
expression of genes categorized as ‘DNA metabolism’, ‘response to
DNA damage’, and ‘DNA replication’ in the gene ontology are inver-
sely correlated with dose rate to the testis®. Some studies have sug-
gested that exposure to LDR leads to adaption to the subsequent
exposure to HDR, known as adaptive responses™. Male mouse foe-
tuses exposed to radiation at 5-6 weeks of pregnancy are at an
increased risk of developing testicular cancer in mice”. The present
study revealed that chronic exposure to radiation even from concep-
tion onwards did not affect foetal germ cell morphology.

EPMA is a powerful tool for detecting trace chemical elements in
both single cells and tissues by measuring the characteristic X-ray
spectra to specific elements within samples through the use of an
accelerated electron beam®. However, we could not detect Cs by
EPMA because the detection limit of EPMA is 100 ppm (0.1 g/
kg)?. Therefore, we measured stable 'Cs in the testes of non-
radio-contaminated control by inductively coupled plasma-mass
spectrometer (ICP-MS) as a representative concentration of total
Cs in the testis. The ratio of radioactive Cs to total Cs in the testis
was calculated by (***Cs + 'Cs)/***Cs of control. The ratio was at
107° order, indicating that chemical toxicity of radioactive Cs is
negligible. Considering that the bulls in this study were exposed to
various radionuclides as well as '**Cs and "*’Cs, we suggest that
spermatogenesis occurred normally following long-term exposure
to the levels of radioactive substances in the evacuation zone of the
FNPP accident.

In conclusion, no adverse radiation-induced effects were observed
in bull testes following chronic exposure to 3.6-4.6 mGy for bull 1
and 6.9-11.4 mGy for bull 2 for up to 10 months. These data improve
our understanding of the effect of radiation on bull reproductive
organs exposed to long-term radiation, and emphasize the import-
ance of assessing the effect of nuclear accidents on reproduction.
Dubrova et al. reported that the frequency of germ-line mini-satellite
mutations among children born to parents who resided in constantly
polluted areas (>>250 kBq/m?) after the Chernobyl accident is about
twice as high as in controls®. The air dose rate in the evacuation zone
was the highest on March 15,2011 and has been continuously declin-
ing mainly because the decay of '*Cs. The air dose rate now, 2 years

after the FNPP accident, is three quarters of the highest levels®.
Furthermore, marginal areas of the evacuation zone have been
decontaminated. Therefore, it is now impossible to investigate more
animals from the different annual dose field to cover the range up to
the deterministic threshold for gonads. In order to develop a system
of protection against radiation, the Jong-term impact of radiation on
large animals within the FNPP evacuation zone needs to be continu-
ously investigated. The study to compare whole genome sequences
among bulls in the evacuation zone of FNPP, foetuses obtained by
fertilization using sperm from bulls in the evacuation zone, and
control bulls is underway in our laboratory. The negative results
observed here may not represent the whole picture of radiation
effects. Further investigation on the effect of ionizing radiation on
spermatogenesis should be extended to more animals.

Methods

Ethics. This study is one of the national projects associated with the Great East Japan
Earthquake and has been entirely endorsed and supported by the Japanese
government through the Ministry of Education, Culture, Sports, Science and
Technology, Japan. The Japanese government ordered Fukushima prefecture to
euthanize cattle in the evacuation zone on 12 May 2011 to prevent radio-
contaminated beef products from entering the human food chain. We obtained
organs and testes from the euthanized bull collected by the combined unit of
veterinary doctors belonging to the Livestock Hygiene Service Centre (LHSC) of
Fukushima prefecture and those belonging to the Ministry of Agriculture, Forestry
and Fisheries, Japan. These veterinarians euthanized the bulls by using the following
method according to the Regulation for Animal Experiments and Related Activities at
Tohoku University (Regulation No 122). The ear tag of the cattle identified the owner
of each bull, and informed consent from the owner was obtained by the veterinary
doctors of Fukushima prefecture. Control testes were obtained at a castration
operation for fattening of a feeder. The procedure of euthanasia was entirely carried
out by the veterinary doctors of LHSC. The Ethics Committee of Animal
Experiments, Tohoku University approved this study.

Animals. We collected testes from 12 euthanized Japanese black beef bulls and 3
foetuses between 29 August 2011 and 24 January 2012. Those were 4 castrated and 2
calve and testes from 4 bulls were used for sperm collection. One foetus was female
and another was too small. Therefore, we could analyse the testis samples from 2
euthanized bulls and 1 male foetus. Testes from bull 1 (date of birth, 21 October 2010)
and a foetus (body length approximately 80 cm, approximately 8-month gestation)
were collected in Kawauchi village located 15 km southwest of FNPP on 27
September 2011: the air dose rate was 0.5 uSv/h, radioactivity concentration in the
soil was '**Cs 230 kBg/m” and '*Cs 240 kBq/m? and the time elapsed since the major
release of radioactive caesium was 196 days. Testes from bull 2 (more than 1 year old)
were collected in Naraha town located 17 km south of FNPP on 24 January 2012: the
air dose rate was 2 uSv/h, radioactivity concentration in the soil was ***Cs 100 kBq/m?
and '¥Cs 110 kBg/m?, and the time elapsed since the FNPP accident was 315 days.
Testes from control Japanese black beef (11 months old) were collected from a non-
radio-contaminated site in Miyagi prefecture on 7 March 2012.

Calculation method of internal and external dose rates. Dose rates of internal and
external exposure to '**Cs and '”’Cs were calculated according to the method of
dosimetry assumption described in ICRP Publication 1087,

We adopted several assumptions for the estimation of internal dose rate. Average
radioactivity concentration of the total body was calculated by the mean of radio-
activity concentrations of organs determined. Legs were excluded from the object of
evaluation. From the body length and the depth and width of the chest, we calculated
the conversion coefficient of dose rate.

External dose rate was calculated based on the concentrations of **Cs and 'Cs in
soil, assuming certain distance between soil surface and the body mentioned above.
The external exposures of ***Cs and **’Cs during certain duration were calculated as
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follows:

t T
T NTyz, 24 N2
24CA| - dt=— - -
L (2) In2 AT (2>

C; coefficient (L Gy/h/(Bg/m?)), 2.04 X 107 for "*'Cs and 7.3 X 1077 for '¥Cs.
A; radioactivity concentration in the soil (kBq/m?), 230 for ***Cs and 240 for '*’C for
bull 1, and 100 for '*'Cs and 110 for 'C for bull 2 as of March 15, 2011.

T, half-life (days), 754 for ***Cs and 11,016 for '¥'Cs.

T; period from March 15 to the day of capture (days), 196 for bull 1 and 315 for bull 2.

Measurements of radioactivity. Tissue radioactivity was determined by gamma-ray
spectrometry using 3 HPGe detectors (ORTEC, USA). The relative efficiencies of the
detectors were 30%, 20%, and 15% with a resolution at the 1.33 MeV line of 1.9 keV,
1.9 keV, and 1.8 keV, respectively. The time taken for the measurements varied from
3,600 s to 200,000 s, depending on the radioactivity of the samples. The detection
efficiency was determined by measuring mixed sources of Eu-152 and ’Cs. An
aliquot (200 pl) of the mixed source was diluted with appropriate amounts of water,
and superabsorbent polymer was added to the mixture to obtain a gel standard
source, which was used for mock samples that imitated organ tissues. Several different
gel sources were prepared to cover a weight range of 0.5-130 g. Aqueous solutions of
Eu-152 and '*Cs were used to determine the detection efficiency of liquid samples
(e.g. blood cells, serum, and whole blood).

Blood samples. Although the blood samples collected were immediately placed into
ice packs, on-site sample manipulation resulted in high variability. Most potassium is
located within cells and caesium competes with potassium for active and passive
membrane transport. In preliminary experiments using 6 bulls, the haematocrit was
fairly constant (approximately 55%); however, the blood cell-to-plasma ratio for '*’Cs
varied from 1.5 to 5.2. We found that **’C radioactivity for liquid in whole blood
reasonably reflected organ-specific radioactivity, and therefore adopted blood '¥’Cs
radioactivity for liquid as a standard in this study.

Evaluation of epididymal sperm nucleus and acrosome integrity. The nucleus and
acrosome of fresh epididymal sperm of bull were stained with 4’,6'-diamino-2’-
phenylindole (DAP; Invitrogen) and fluorescein isothiocyanate (FITC-PNA;
Sigma), according to the procedure described by Yamashiro et al*’.

Morphological assessment of testis cells. Testes were fixed in 10%
paraformaldehyde, embedded in paraffin, and stained with haematoxylin and eosin
(HE) according to standard protocols. Briefly, fixed testes were dehydrated in a series
of different concentrations of alcohol, made transparent with dimethylbenzene,
embedded in paraffin, and cut into 5-pm-thick sections, before staining.

Electron probe X-ray microanalysis (EPMA). Chemical trace analysis of Cs
(caesium), C (carbon), K (potassium), and Mo (molybdenum) in testicular structures
was performed by JOEL (Tokyo, Japan) using a JXA-8230 SuperProbe Electron Probe
Microanalyzer (JOEL) equipped for X-ray spectrometry and specially adapted for the
examination of ultrathin sections. Specimens were loaded using a silicon wafer and
focused by an electronic beam of 0.3 pm diameter. For analysis, the voltage of the
electron microscope was set to 15 kV and the rate of the electron beam was 1 pA. The
sections were viewed as secondary electron images, and mapping was performed
using the chemical elemental mode.

Measurement of tissue **>Cs level. Tissue sample was digested with 2 ml of HNO3
(Wako) at 105°C for 6-18 h and dried. The processed samples were dissolved
completely with 2% HNOj to a final volume of 20 ml. An inductively coupled
plasma-mass spectrometer (ICP-MS, ELAN DRC-¢; PerkinElmer SCIEX, Concord,
ON, Canada) was used for measurement of Cs.
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Abstract

Objective: Mild hypothermia (32-33°C) shows protective
effects in patients with brain damage and cardiac arrest.
Although cold-inducible RNA-binding protein (CIRP) con-
tributes to the protective effects of hypothermia through
extracellular signal-regulated kinase activation in fibro-
blasts, the effects of hypothermia in the liver remain un-
clear. Methods: We analysed the effects of cold tempera-
ture on fulminant hepatitis, a potentially fatal disease, us-
ing the D-galactosamine (GalN)/lipopolysaccharide (LPS)
and concanavalin (con) A-induced hepatitis models in
mice. After GalN/LPS administration and anaesthesia, mice
in the hypothermia group were kept at 25°C and those in
control group were kept at 35°C. After concanavalin A (con
. A) administration, the mice in the hypothermia group were
placed in a chamber with an ambient temperature of 6°C

for 1.5 h. Results: Hypothermia attenuated liver injury and
prolonged survival. Activation of c-Jun N-terminal kinase
and Akt, which are involved in reactive oxygen species
(ROS) accumulation, was suppressed by low temperature.
Hypothermia significantly decreased oxidized protein lev-
els, and treatment with N-acetyl-L-cysteine, an antioxidant,
attenuated GalN/LPS-induced liver injury. In con A-induced
hepatitis, CIRP expression was upregulated and Bid expres-
sion was downregulated, resulting in decreased apoptosis
of hepatocytes in the hypothermia group. Conclusions:
These data suggest that hypothermia directly protects he-
patocytes from cell death via reduction of ROS production
in fulminant hepatitis. ©2013 5. Karger AG, Basel

Introduction

Mild hypothermia has been reported to protect central
neurons from ischemic damage [1-3)]. Although clinical
application of mild hypothermia (32-35°C) for patients
with brain injury and cardiac arrest has been conducted
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Fig. 1. Low temperature (32°C) reduced ROS production and cell
death in TNF-a-treated cells. HeLa cells were cultured at 37 (con-
trol) or 32°C (hypothermia) in media containing TNF-a (50 ng/
ml) and/or CHX (10 pg/ml). a, b The cell survival rates and relative
ROS levels were examined at the indicated times after initiation of
TNF-a treatment. The number of viable cells was estimated by the
Trypan blue assay. ROS accumulation was assessed using 5-[and-

with promising results [4], the molecular mechanisms
underlying the protective effects of hypothermia are un-
known. In endothelial cells kept under hypothermic con-
ditions, significant upregulation of the anti-apoptotic
protein Bcl-2 has been reported. Hypothermia decreased
the levels of inflammatory chemokines such as IL-8,
MCP-1 and COX-2, which could lead to reduced leuko-
cyte recruitment [5]. Low temperature protects mamma-
lian cells from apoptosis initiated by various stimuli in
vitro [6]. Cold-inducible RN A-binding protein (CIRP), a
protein induced by mild hypothermia, protects against
tumour necrosis factor (TNF)-a-induced apoptosis via
activation of extracellular signal-regulated kinase (ERK)
[7].

Fulminant hepatitis, resulting from the acute hepatitis
caused by viral infection, alcohol or drugs, is associated
with high mortality, and development of a new therapy is
necessary. This pathophysiological disturbance is caused
by excessive hepatocyte death, in which TNF-a plays an
important role [8]. Reactive oxygen species (ROS) are an-
other major mediator of inflammation and reduction of
ROS levels leads to attenuation of hepatic injury [9]. Akt
activation increases intracellular ROS levels [10]. ROS
accumulation inhibits mitogen-activated protein kinase
(MAPK) phosphatases, resulting in prolonged c-Jun N-
terminal kinase (JNK) activation, which contributes to
ROS accumulation and hepatocyte death [11]. Here, we
analysed the effects of hypothermia on fulminant hepati-
tis using murine hepatitis models.

Hypothermia Protects against Fulminant
Hepatitis in Mice

6]-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate (CM-
H,DCFDA). The values are shown relative to non-treated cells;
results are the mean + SEM. * p < 0.05 versus culture at 37°C (con-
trol). ¢ After treatment with TNF-a or TNF-a plus CHX, cell ly-
sates were prepared and analysed by Western blotting using the
indicated antibodies.

Materials and Methods

Cell Culture

Human Hela cells were maintained in Dulbecco’s modified
Eagle medium supplemented with 10% foctal bovine serum at 32
or 37°C in a humidified atmosphere of 5% CO, in air. For induc-
tion of cell death, confluent cultures of cells were incubated with
TNF-a (50 ng/ml) in the presence of cycloheximide (CHX; 10 pg/
ml). The number of viable cells was estimated by Trypan blue as-
say. To assess intracellular ROS levels, TNF-a-treated cells were
resuspended in PBS containing 10 pM 5-[and-6]-chloromethyl-
2',7'-dichlorodihydrofluorescein diacetate (CM-H,DCFDA; Invi-
trogen, Carlsbad, Calif., USA), maintained at 37°C in the dark for
30 min, and analysed by flow cytometry.

Western Blot Analysis

Western blot analysis was performed as previously described
[12]. The antibodies used were as follows: anti-phospho Akt, anti-
Akt, anti-phospho-JNK, anti-JNK, anti-phospho-ERK, anti-ERK
(Cell Signaling Technology, Danvers, Mass., USA), anti-Bcl-2,
anti-Bad, anti-Bid (BD Transduction Laboratory, Lexington, Ky.,
USA), anti-B-actin (Sigma, St. Louis, Mo., USA), anti-Bcl-xL and
anti-HNEF-3y (Santa Cruz Biotechnology, Santa Cruz, Calif., USA).
Rabbit polyclonal antibody recognizing C terminus of mouse
CIRP was prepared as described [13]. To quantify ROS accumula-
tion, an OxyBLOT™ Protein Oxidation Detection Kit (Millipore,
Billerica, Mass., USA) was used.

Fulminant Hepatitis Model

C57BL/6 mice, 4-12 weeks old, were purchased from Japan
SLC (Shizuoka, Japan) and were kept at 25°C and 55% relative hu-
midity in a 12-hour day/night cycle with free access to food and
water. To induce hepatitis, D-galactosamine (GalN; 1,000 mg/kg,
Sigma) and lipopolysaccharide (LPS; 0.1 or 35 pg/kg, Sigma) were
injected i.p. Thereafter, mice were anesthetized with urethane or
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Fig. 2. Hypothermia ameliorates GalN/LPS-induced hepatitis.
a Rectal temperatures of mice in the control (n = 10) and hypo-
thermia (n = 10) groups were monitored after injection of GalN
(1,000 mg/kg) and LPS (0.1 pg/kg); results are the mean. b Mice
were injected with GalN (1,000 mg/kg) and LPS (0.1 pg/kg), and
8 h after the injection serum ALT levels were examined; results are

pentobarbital and divided into 2 groups: mice placed in a chamber
with an ambient temperature of 25°C (hypothermia group) and
those placed on a plate of 35°C (control group). To investigate the
protective effects of N-acetyl-L-cysteine (NAC; Sigma), which isan
antioxidant, mice were administered with NAC (150 mg/kg, i.p.)
30 min before GaIN/LPS administration (1,000 mg/0.1 pg/kg, i.p.).
NAC dissolved in PBS was neutralized before injection. The vol-
ume of insensible perspiration was 15 ml/kg/day and increased by
15% per 1°C upshift of body temperature [14]. The volume of PBS
as calculated was injected i.p. into mice in the control group to re-
duce the effect of dehydration.

Concanavalin A (con A; Sigma) was dissolved in sterile saline
and injected into the tail vein at a final volume of 200 pl. To exam-
ine the effect of hypothermia on their survival, the mice were treat-
ed with con A at a lethal dose of 35 mg/kg body weight and divid-
ed into 2 groups. One hour after con A injection, the mice in the
hypothermia group were placed in a chamber with an ambient
temperature of 6°C for 1.5 h. Then, all mice were observed at 22°C.
For histological and gene expression analyses, mice were treated
with 25 mg/kg of con A, divided into 2 groups, and euthanised at
24 h after con A injection.

This work was conducted under the Japanese Law Concerning
the Care and Control of Animals and was approved by the Animal
Research Committee of the Faculty of Medicine of Kinki and Kyo-
to University.

Histopathological Examination

The liver was removed and fixed in 10% formalin, embedded
in paraffin and sliced into 5-pm sections for light microscopy. Im-
munohistochemistry was performed using InmPRESS™ reagents
(Vector Laboratory, Burlingame, Calif., USA) according to the
manufacturer’s recommendations. The number of proliferating
cells was estimated by staining the sections with a mouse mono-
clonal anti-proliferating cell nuclear antigen (PCNA) antibody
(Cell Signaling Technology). TUNEL staining was performed us-
ing tissue sections with an in situ Apoptosis Detection Kit (Takara,
Tokyo, Japan).
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the mean * SEM. * p < 0.05 versus the control. ¢ After injection
with GalN (1,000 mg/kg) and LPS (35 pg/kg), the survival rates of
mice in the control group (n = 10) and those in the hypothermia
group (n = 10) were examined. The difference in the survival rate
was analysed by the Kaplan-Meier method and log-rank test. * p <
0.05 versus the control.

Statistical Analysis

Data are presented as the mean + SEM. Statistical differences
between sample means were calculated by analysis of variance, fol-
lowed by unpaired Student’s t test. To compare the survival rates
between groups of mice, the log-rank test was used. p < 0.05 was
considered significant.

Results

Low Temperature (32°C) Reduced ROS Production

and Cell Death in TNF-a-Treated Cells

Treatment with TNF-a and CHX induced death of
HeLa cells cultured at 37°C within 6 h (fig. 1a). The num-
ber of surviving cells was significantly higher when cells
were cultured at 32°C (hypothermia) than when they
were cultured at 37°C (control). Similar results were ob-
tained with the human hepatoma cell line HuH-7 [7].
Decreased H,O, accumulation in cells cultured at 32°C
was detected using the ROS indicator 5-[and-6]-
chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA; fig. 1b). Akt activation promotes ROS
production [10]. At 60 min after treatment with TNF-qa,
the protein level of phospho-Akt was lower in HeLa cells
cultured at 32°C than in cells cultured at 37°C (fig. 1¢).

Hypothermia Ameliorates GalN/LPS-Induced Hepatitis

The mean rectal temperature was kept at approximate-
ly 30°C in the hypothermia group and at 37°C in the con-
trol group (fig. 2a). As shown in fig. 2b and ¢, hypothermic
treatment significantly reduced hepatic injury and im-
proved the survival rate in GalN/LPS-induced hepatitis.
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kg), and 24 h after the GalN/LPS injection, tissue lysates were ex-
tracted. a ROS accumulation was assessed using the OxyBLOT™
Protein Oxidation Detection Kit; the results are the mean + SEM.
* p < 0.05 versus the control. b Tissue lysates were analysed by
Western blotting using the indicated antibodies. ¢ Mice in the con-

trol group (n = 8) and hypothermia group (n = 8) were injected
with GalN (1,000 mg/kg) and LPS (0.1 pug/kg). Mice received NAC
(150 mg/kg, i.p.) in the control group (Cont+Nac; n = 8) and the
hypothermia group (Hypo+Nac; n = 8) 30 min before GalN/LPS
administration (1,000 mg/0.1 pg/kg, i.p.). Eight hours after the
GalN/LPS injection, the mice were euthanised and serum ALT lev-
els were examined; results are the mean + SEM. * p < 0.05 versus
the control.

—~ 36

&

< i

§ 32 4

©

g i

£ 284

2 o

©

E 24 4 © Control

-4 _ w Hypothermia
20 TTTTT T T T T T TT T T TrrirIrrirrrTi

0 3 9 12 24
Time (h)

100 -~ Control
— Hypothermia
30 yp
£ 60 ;
2 i
>
S 404 :
v '
20 T
0 T T T T i
0 12 24 36 48
b Time (h)

Fig. 4. Hypothermia improves the survival rate in con A-induced
hepatitis. a Rectal temperatures of mice in the control (n = 14) and
hypothermia (n = 11) groups were monitored after injection of con
A (35 mg/kg); results are the mean. b After injection with con A

Hypothermia Reduces ROS Accumulation in

GalN/LPS-Treated Livers

Mice in the hypothermia group were found to have
lower levels of oxidized protein than those in the con-
trol group (fig 3a). ROS accumulation inhibits MAPK
phosphatases, resulting in prolonged JNK activation,
which contributes to hepatocyte death [11]. Accord-
ingly, Akt and JNK activity were decreased in hypo-

Hypothermia Protects against Fulminant
Hepeatitis in Mice

(35 mg/kg), the survival rates of mice in the control group (n = 14)
and those in the hypothermia group (n = 11) were examined. The
difference in the survival rate was analysed by the Kaplan-Meier
method and log-rank test.

thermia-treated livers (fig. 3b). To evaluate the contri-
bution of oxidative stress to GalN/LPS-induced liver
damage, we injected the antioxidant NAC. NAC-treat-
ed mice showed a significant reduction in GalN/LPS-
induced liver injury (fig. 3c). Thus, hypothermia re-
duces GalN/LPS-induced hepatocyte death through
mechanisms that may depend on attenuated ROS ac-
cumulation.
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a~f Liver histology. Mice were injected with 25 mg/kg body weight
of con A. One hour later, the ambient temperature was changed to
25°C(a, ¢, e) or 6°C (b, d, f) for 1.5 h, and then returned to room
temperature. Twenty-four hours after the injection, the mice were
euthanised and liver sections were obtained after fixation. Haema-
toxylin and eosin staining (a, b); TUNEL staining (¢, d); immuno-
histochemical staining with mouse anti-PCNA antibody and

Hypothermia Upregulates CIRP Expression and

Improves the Survival Rate in con A-Induced

Hepatitis

TNEF-a has been suggested to be a crucial factor in ful-
minant hepatitis [8]. In con A-induced hepatitis, a mouse
model of fulminant hepatitis, the intrahepatic levels of
cytokines, including TNF-a, maximally increase 1 h after
con A administration [15]. As shown in figure 4, hypo-
thermic treatment improved the survival rate, but the im-
provement was not significant (p = 0.096).

Histological examinations revealed that con A induced
severe morphological changes in the liver (fig. 5a). Dilata-
tion of veins and bile ducts was prominent. Massive de-
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horseradish peroxidase-conjugated anti-mouse antibody (e, f).
Arrows indicate PCNA-positive cells. Scale bar = 50 ym. g~i Gene
expression. Groups of mice were treated as above, and the expres-
sion of CIRP and HNF-3y (g), Bcl-2 family members (h) and ERK
(i) in the livers of control mice and hypothermic mice (Hypo) was
analysed by Western blotting using the indicated antibodies. Re-
sults with representative samples are shown.

generative lesions consisting of dead parenchymal cells
were observed in the midlobular area. The liver of mice
in the hypothermia group showed smaller areas of the
lesion than the liver of the mice in the control group
{fig. 5b). Cells positive for TUNEL staining were localized
in the parenchymal cells in the midlobular area and adja-
cent to the degenerative lesions, and the areas with TU-
NEL-positive cells were smaller in the hypothermia group
(fig. 5¢, d). Cold exposure slightly reduced the number of
PCNA-positive cells in mice without con A challenge (4.5
+ 1.2 vs. 3.4 + 0.8 per 1,000 cells). As shown in figure 5e¢
and f, PCNA immunoreactivity was decreased after con
A administration in the control and hypothermia groups
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to equivalent levels (1.4 + 0.5 vs. 1.8 + 0.6 per 1,000 cells).
These results suggest that in con A-induced hepatitis, hy-
pothermia improves the survival of mice not by enhanc-
ing hepatocyte regeneration but rather by suppressing
apoptosis.

The stress response protein CIRP protects cells by ac-
tivating the ERK pathway [7]. HNF-3y shows a hepato-
protective effect in acute liver injury [16]. Hypothermia
induced the expression of CIRP, but not HNF-3y, in the
livers of con A-treated mice (fig. 5g). As shown in figure
5h, Bid was downregulated in livers in the hypothermia
group. There was no difference in the protein levels of
XIAP/ILP and other Bcl-2 family members, including
Bcl-2, Bcl-xL, Bad and Mcl-1 (fig. 5h and data not
shown). The level of phosphorylated ERK was increased
in 2 out of 3 examined mice in the hypothermia group
(fig. 51).

Discussion

Fulminant hepatitis is a devastating liver disease with
a progressive course and a high mortality rate [17]. Al-
though several studies have shown that mild hypother-
mia has a protective effect against the encephalopathy
resulting from severe liver injury [18], the direct effect of
hypothermia on the liver has not been determined. In the
present study, we found that hypothermia inhibited
apoptosis in the liver and increased the survival rate in
mice with con A-induced hepatitis and GalN/LPS-in-
duced hepatitis, which are considered to be relevant to
human fulminant hepatitis [19]. Apoptosis is essential
for the homeostasis of organs such as the liver [20]. In
both human fulminant hepatitis and its animal models,
apoptosis of hepatocytes is mediated by death receptors
such as Fas (CD95) and the TNF-a receptor [20, 21]. In
the death receptor pathway, the pro-apoptotic protein
Bid is processed, and its translocation to the mitochon-
dria activates the mitochondrial apoptotic pathway [22].
Bid is required, at least in some cells, for death receptor
activation to initiate the apoptosis cascade. Here, we
showed that in the livers of mice treated with con A, the
Bid protein level was lower in the hypothermia group
than in the control group (fig. 5). These results suggest
that the protective effect of hypothermia in mice is medi-
ated, at least partly, by the decrease in the Bid protein
level in the liver. CIRP blunts TNF-a-mediated apoptosis
via ERK activation [7] and inhibits H,0,-induced apop-
tosis through upregulation of thioredoxin expression
[23]. CIRP, which was upregulated by hypothermia in

Hypothermia Protects against Fulminant
Hepatitis in Mice

this study, may contribute to the anti-apoptotic effects of
hypothermia by regulating ERK activity and ROS accu-
mulation in the liver.

Several mechanisms have been proposed to explain the
increased resistance of humans and animals to tissue
damage as body temperature is reduced. Hypothermia
suppresses the production of superoxide anions, nitric
oxide and TNF-a in ischemic cells {24]. The hepatic in-
flammatory response after ischemia is suppressed by hy-
pothermia through selective inhibition of JNK and acti-
vator protein-1[25]. ROS promote TNF-a-induced death
and sustained JNK activation by inhibiting MAP kinase
phosphatases [11, 26]. Akt activation increases intracel-
lular ROS levels through increased oxygen consumption
and by inhibition of the expression of ROS scavengers
downstream of FoxO, particularly sestrin 3 [10]. In the
present study, we demonstrated that hypothermia sup-
pressed liver injury and the Akt and JNK pathways in the
livers of GalN/LPS-treated mice (fig. 3). Furthermore,
mice treated with an antioxidant showed a significant re-
duction in the severity of liver injury. These data suggest
that the attenuation of ROS accumulation is involved in
the cyto-protective effect of hypothermia. Further eluci-
dation of the underlying mechanisms of these protective
effects will lead to the future development of novel thera-
peutic modalities.
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The Arf GAP SMAP2 is necessary for organized
vesicle budding from the trans-Golgi network
and subsequent acrosome formation in
spermiogenesis
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ABSTRACT The trans-Golgi network (TGN) functions as a hub organelle in the exocytosis of
clathrin-coated membrane vesicles, and SMAP2 is an Arf GTPase-activating protein that binds
to both clathrin and the clathrin assembly protein (CALM). In the present study, SMAP2 is
detected on the TGN in the pachytene spermatocyte to the round spermatid stages of sper-
matogenesis. Gene targeting reveals that SMAP2-deficient male mice are healthy and survive
to adulthood but are infertile and exhibit globozoospermia. In SMAP2-deficient spermatids,
the diameter of proacrosomal vesicles budding from TGN increases, TGN structures are dis-
torted, acrosome formation is severely impaired, and reorganization of the nucleus does not
proceed properly. CALM functions to regulate vesicle sizes, and this study shows that CALM
is not recruited to the TGN in the absence of SMAP2. Furthermore, syntaxin2, a component
of the soluble N-ethylmaleimide—sensitive factor attachment protein receptor (SNARE) com-
plex, is not properly concentrated at the site of acrosome formation. Thus this study reveals
a link between SMAP2 and CALM/syntaxin2 in clathrin-coated vesicle formation from the
TGN and subsequent acrosome formation. SMAP2-deficient mice provide a model for globo-
zoospermia in humans.
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INTRODUCTION

The cells of all eukaryotic organisms possess a trafficking system of
membrane vesicles that is vital to maintaining cellular homeostasis.
It was suggested that the dysregulation of this trafficking is involved
in the genesis of tumors as well as in neurodegenerative diseases
in humans (McMahon and Boucrot, 2011). As a caveat, in most
cases, this hypothesis merely reflects the fact that the gene discov-
ered in one study as responsible for disease onset or progression is
known from another study to be involved in vesicle trafficking.
Therefore it is not always clear how the possible dysregulation of
vesicle trafficking inside the cells might lead to the pathologies
seen in particular diseases. One of the reasons for this lack of
knowledge is the relatively scant number of studies targeting genes
involved in vesicle trafficking.

Clathrin-coated vesicles represent one type of membrane vesicle
and are used in a broad range of trafficking pathways, including endo-
cytosis and exocytosis of membrane proteins. The formation of clath-
rin-coated vesicles is regulated in a coordinated manner by many
molecules and Arf proteins, which belong to a family of small GTPases
and play key roles in the process (D'Souza-Schorey and Chavrier,
2006,; Gillingham and Munro, 2007; Kahn, 2009; Donaldson and Jack-
son, 2011). The GTPase activity of Arfis activated by an Arf GTPase-
activating protein (Arf GAP). Of interest, Arf GAP not only functions as
a GAP for Arf but also possesses an Arf-independent function that
contributes to the formation of clathrin-coated vesicles (Randazzo and
Hirsch, 2004; Spang et al., 2010; Kahn, 2011; Kon et al., 2011).

There are 31 Arf GAP family proteins, and SMAP1 and SMAP2
constitute a small subgroup. SMAPs harbor a clathrin-binding motif
and a domain capable of binding to the clathrin assembly protein
(CALM; Tanabe et al., 2005, 2006; Natsume et al., 2006). Because of
these characteristics, SMAP may exert unique functions in the for-
mation of clathrin-coated vesicles that are not seen in the other Arf
GAPs. For example, SMAP1 functions as an Arf6-specific GAP in the
endocytosis of the transferrin receptor and is also involved in sorting
of endocytosed c-Kit from multivesicular bodies to lysosomes
(Tanabe et al., 2005; Kon et al., 2008, 2013). SMAP2 exhibits a simi-
lar extent of GAP activity for both Arf1 and Arf6 in vitro. SMAP2
most likely behaves as an Arfl-preferring GAP in cells, however,
since the introduction of a GAP-negative mutant of SMAP2 renders
cells resistant to brefeldin A, an inhibitor of Arf1 guanine nucleotide
exchanging factor (GEF) but not Arfé GEF (Natsume et al., 2006).
Moreover, SMAP2 is localized on early endosomes and the trans-
Golgi network (TGN) and appears to function in the early endo-
some-to-TGN transport of TGN46/38 and in the TGN-to—plasma
membrane transport of the vesicular stomatitis virus G protein
(Natsume et al., 2006; Funaki et al., 2011). Furthermore, SMAP2 can
compensate for the lack of SMAP1 in endocytosis of the transferrin
receptor (Kon et al., 2013). Therefore SMAP2 may play multiple
roles in various intracellular trafficking pathways.

All of the foregoing findings regarding SMAP1 and SMAP2 were
obtained using cell cultures in vitro (Tanabe et al., 2005; Natsume
et al., 2006; Kon et al., 2008; Funaki et al., 2011). Recently we re-
ported that SMAP1-targeted cells have defects in the trafficking of
the transferrin receptor as well as c-Kit, and targeted mice are pre-
disposed to develop myelodysplastic syndrome and, eventually,
acute myeloid leukemia (Kon et al., 2013). These results demon-
strate a possible link between the dysregulated endocytosis in cells
and oncogenesis. The TGN functions as a hub organelle in exocyto-
sis by sorting either secreted molecules to the cell membrane or
hydrolytic enzymes to lysosomes (Bonifacino and Rojas, 2006). How
the functions of tissues/organs would be impaired if the TGN ma-
chinery is disrupted is unclear. In this study, to examine the physio-
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logical roles of SMAP2 in vivo with respect to TGN transport, we
targeted SMAP2 and found that SMAP2-deficient male mice were
infertile and exhibited globozoospermia. Vesicle budding from the
TGN, as well as acrosome formation, was disorganized in SMAP2-
deficient spermatogenesis.

RESULTS

Generation of SMAP2-deficient mice

We generated SMAP2-deficient mice using a gene-targeting
method. A SMAP2-targeting construct was designed to replace the
Met"*-containing exon 1 of SMAP2 with LacZ and neomycin-resis-
tance (neo’) gene sequences (Figure 1A). Homologous recombina-
tion should give rise to a protein consisting of the amino-terminal 12
amino acids of SMAP2 fused in-frame with LacZ. We obtained two
independent founder mice possessing the germline-transmitted,
targeted SMAP2 allele. Because essentially similar results were ob-
tained for both lines of mice, representative results from one of the
lines are described here. To generate SMAP2(~/-) mice, SMAP2(+/-)
F1 mice were mated, and the F2 offspring were genotyped by
Southern blot and PCR analysis (Figure 1B). SMAP2(+/~) and (~/-)
mice were present in the expected Mendelian ratios.

SMAP2 expression was examined in tissues of wild-type mice by
Northern blot analyses (Figure 1C). Two transcripts, 2.9 and 1.3 kb,
which contain the same open reading frame but differ in their 3"-un-
translated regions, were detected in the tissues examined (Figure
1C, top). Because the major phenotype of SMAP2(-/~-) mice was
defective spermatogenesis, as described later, SMAP2 expression
at various stages of spermatogenesis was examined using wild-type
testicular cells. SMAPZ transcripts were detected in pachytene sper-
matocytes to the round spermatid stages (Figure 1C, bottom). Im-
munoblot analyses using lysates from brain and testis detected
SMAP2 at 47 kDa in the wild-type tissue but not in the SMAP2(~/-)
tissue (Figure 1D). This result verified the SMAP2 deficiency in the
SMAPZ-targeted mice.

Infertility and globozoospermia seen in SMAP2-targeted
male mice

SMAP2(—/-) mice grew to adulthood and were apparently healthy,
but mating outcomes were not normal. When we conducted cross-
breeding experiments using SMAP2(-/-) mice (Table 1), we found
that female SMAP2(-/-) mice were fertile when mated to SMAP2(+/-)
male mice. Male SMAP2(—/-) mice, however, were infertile regard-
less of the SMAP2 genotype of the female. Thus male infertility was
detected as a phenotype of SMAP2-targeted mice.

Epididymides of SMAP2(—/~) male mice were examined, and the
numbers of sperm present in the epididymides were similar in
SMAP2(+/-) and (~/-) mice (Table 2). When epididymal sperm were
observed by differential interference contrast (DIC) microscopy
(Figure 2A), however, a normal hook-shaped head was observed for
the SMAP2(+/+) sperm, whereas a cylindrical or round head was
observed for the SMAP2(—/-) sperm. The percentages of sperm
possessing hook-shaped and round heads were quantified (Table 2).
A majority of SMAP2(+/-) sperm possessed the hook-shaped head
(94%), whereas most SMAP2(-/-) sperm were round headed (79%).
Thus the morphology of SMAP2(—/-) sperm is typical of globozoo-
spermia (Dam et al., 2007).

Testes were sectioned, stained with hematoxylin—eosin, and ex-
amined by light microscopy (Figure 2B). In the seminiferous tubules
of SMAP2(+/+) testes, many elongated spermatids possessing
hook-shaped heads were detected. By contrast, most spermatids in
the seminiferous tubules from SMAP2(~/-) testes possessed round
heads. Similar observations were obtained for epididymal sperm

Molecular Biology of the Cell

- 211 -



with MitoRed (Figure 2D). In wild-type
sperm, mitochondria were aligned along
the axoneme, whereas in SMAP2-deficient
sperm, some mitochondria had not moved

Wild-type N
to the axoneme but remained near the nu-

aliele

cleus. Moreover, localization of sp56, a
marker for acrosome formation, was very ir-
regular or absent in SMAP2(-/-) sperm
(Figure 2D). Thus the morphology of

Targeting vector:

SMAP2(-/-) sperm indeed corresponds to
globozoospermia in humans.

In mouse sperm, energy necessary for
sperm motility is supplied from mitochon-

5.1 kb

B

SMAP2

() () )

5.1

Anti-
SMAP2

Anti-
pactin

FIGURE 1: Targeting and expression of SMAP2. (A) Schematic diagram of the SMAP2 gene. The
3'-terminal half of exon 1 in the wild-type allele was replaced by the LacZ gene in the targeted
allele. Neo represents the neomycin-resistance gene used as a positive selection marker, and
DT-A represents the diphtheria toxin A subunit gene. The probe for Southern blot analysis and
the PCR primers used for genotyping are indicated by the rectangle and arrows, respectively.

(B) Southern blot (top) and PCR (bottom) analyses of genomic DNAs that were prepared from
SMAP2(+/+), (+/-), and (~/-) mouse tail snips. For the Southern blot, DNA was digested by
EcoRl and hybridized by the probe shown in A. For PCR, 290- and 490-base pair bands were
amplified from the targeted and wild-type alleles, respectively. (C) Northern blot analysis of RNA
prepared from the indicated tissues of wild-type mice (top). Bottom, germ cells from the testes

Brain

drial respiration according to some reports
(Narisawa et al., 2002; Ford, 2006) or from
anaerobic glycolysis according to others
(Miki et al., 2004; Mukai and Okuno, 2004;
Mukai and Travis, 2012). Structural changes
in the mid piece, which contains the mito-
chondria, are closely associated with sperm
motility (Wilton et al., 1992; Mundy et al.,
1995; Piomboni et al., 2012). In addition to
proper motility, the acrosome reaction is
also required for successful fertilization. With
this background in mind, we examined the
motility andfertilizing capacity of SMAP2(-/-)
sperm in vitro. Measurements of various
motility parameters revealed that the motil-
ity of SMAP2(~/-) sperm was significantly
{(p < 0.05) reduced compared with that of
SMAP2(+/-) sperm (Supplemental Table $1).
The decreases included percentage of mo-
tile sperm, average path velocity, straight-
line velocity, curvilinear velocity, amplitude
of lateral head displacement, and beat fre-
quency. In vitro fertilization by SMAP2(-/-)
sperm was evaluated using wild-type oo-
cytes (Supplemental Table S2). The percent-
age of two-cell embryos derived from
SMAP2(~/-) sperm was 3.9%, whereas the
fertilization rate by SMAP2(+/-) sperm was
38%. When intracytoplasmic sperm injec-
tion experiments were performed (Supple-
mental Table S3), however, pups were pro-
duced at similar levels by the SMAP2(~/-)
and (+/-) sperm (59 and 58%, respectively).
Taken together, these results indicate that
SMAP2(—/-) sperm possess a developmen-
tally competent haploid genome but are
defective in motility and ability to penetrate
the oocyte.

Targeted
allele

Testis
SMAP2 (+1+) (--) (+/+) (-]-)

were fractionated into the indicated stages and their RNA processed for Northern blot analysis.

The 2.9- and 1.3-kb bands represent SMAP2 transcripts. (D) Immunoblot analysis of SMAP2.
Protein lysates were prepared from brain and testis of SMAP2(+/+) and (~/-) mice and
immunoblotted with an anti-SMAP2 antibody. -Actin was used as a loading control.

(Figure 2C). Therefore the globozoospermia seen in epididymal
sperm was most likely due to defects in spermatogenesis.

In humans, globozoospermia is characterized by abnormal align-
ment of mitochondria along the axoneme and malformation and/or
lack of an acrosome (Suzuki-Toyota et al., 2004). The distribution
pattern of mitochondria in sperm was examined by staining cells
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Globozoospermia is intrinsic

to SMAP2-targeted germ cells

SMAP2 transcripts were detected by North-
ern blot analyses in testes of 5I/5/d mice de-
void of germ cells (data not shown). Because interactions between
germ cells and somatic supporting cells are necessary for proper
spermatogenesis, the impaired head formation in SMAP2(~/-)
sperm could be caused by defects in the supporting cells. To exam-
ine this possibility, we conducted spermatogonial stem cell trans-
plantations. Germ stem cells were prepared from SMAP2(-/-) testes
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SMAP2 genotype  Numberof  Average number of
Male ~ Female = matingtrial  litters per mating
(/=) ~/-) 4 0

(~/-) (+/+) 11 0

(+/-) (/) 4 4

(+/4) (+/4) 4 4

TABLE 1: SMAP2 genotype and fertility.

and injected into the seminiferous tubules of testes of W/W" mice
that lack germ cells. Three months later, differentiated spermatids
were readily detected, but most exhibited the same defective round
heads (Supplemental Figure S1, left). In a reciprocal transplantation
experiment, germ stem cells were prepared from the testes of
pCXN-EGFP transgenic mice and implanted into the seminiferous
tubules of busulfan-treated SMAP2(-/-) animals whose testes lack
germ cells. Spermatids from these transplantations possessed hook-
shaped heads and appeared properly differentiated (Supplemental
Figure S1, right). These results suggest that the defects causing
globozoospermia are likely intrinsic to the SMAP2-targeted germ
cells and not the supporting cells.

Stage-dependent expression and localization of SMAP2

at the TGN during spermatogenesis

SMAP2 expression during spermatogenesis was examined by im-
munofluorescence using a testicular cell suspension that was spun
down onto microscope slides (Figure 3A). 4’,6-Diamidino-2-phe-
nylindole (DAPI) staining showed the nuclear morphology, as well as
chromatin condensation, whereas YH2AX staining detected sites of
DNA double-strand breaks. Combined use of DAPI and yH2AX al-
lowed the identification of the stages of spermatogenesis (Xu, 2003;
Figure 3A). SMAP2 expression was not detected in spermatogonia
or in leptotene spermatocytes but could first be detected in the
cytoplasm of zygotene spermatocytes as multiple punctae. In
pachytene spermatocytes and round spermatids, SMAP2 fluores-
cence appeared not only as multiple punctae but also in a single,
large focus. SMAP2 fluorescence was absent in elongated sperma-
tids and sperm. Thus SMAP2 expression was stage dependent. Im-
munofluorescence localization of SMAP2 is consistent with the de-
tection by Northern blot (Figure 1C).

We previously reported that SMAP2 was distributed on early en-
dosomes (as multiple punctae) and on the TGN (as a single large
focus) in tissue culture cells (Natsume et al., 2006; Funaki et al., 2011).
Therefore we examined whether SMAP2 is similarly localized in sper-
matogenesis. Double-labeling immunofluorescence was performed
on pachytene spermatocytes and round spermatids (Figure 3B). In
the single large focus of SMAP2 staining, fluorescence from SMAP2
overlapped with that from TGN38, syntaxiné, and clathrin. Pearson’s
r was significant (r > 0.5) for each combination. In tissue culture
cells, clathrin is located on various organelles but is particularly
concentrated on the TGN (Huang et al., 2007; Burgess et al., 2011);

3.27 £0.68

TGN38 and syntaxiné are TGN markers (Humphrey et al., 1993; Bock
et al., 1997; Roqueta-Rivera et al., 2011). Therefore the single, large,
focus-like structure seen in germ cells most likely represents the
TGN, and SMAP2 appears to be densely localized there. By contrast,
GM130 is a marker of the cis-Golgi (Nakamura et al., 1995), and fluo-
rescence from SMAP2 and GM130 did not colocalize (r < 0.5).
Furthermore, GM130 was located relatively far from the nucleus,
whereas SMAP2 was relatively nearer to the nucleus, and this relative
localization of SMAP2/TGN and GM130/cis-Golgi is in good accord
with the known spatial orientation of the Golgi apparatus during
spermiogenesis. Namely, rotation of the Golgi relocates the cis-Golgi
and TGN so that they are oriented toward the cell surface and
nucleus, respectively (Hermo et al., 1980).

Aberrant acrosome formation in SMAP2-targeted
spermiogenesis

We examined the relationship between SMAPZ residing on the
TGN and acrosome formation. Acrosome formation occurs in the
round and elongated spermatid stages and is divided into the fol-
lowing four phases: a Golgi phase, a cap phase, an acrosome phase,
and a maturation phase (Figure 4A). Each phase is characterized by
distinct staining patterns of the acrosomal component sp56 (Kim
et al., 2001). SMAP2 fluorescence at the TGN was detected in the
Golgi and cap phases, and sp56 fluorescence was detected near
the nucleus, whereas SMAP2 fluorescence was relatively distant
from the nucleus. SMAP2 and sp56 fluorescence did not overlap.
This relative localization is consistent with the known spatial orienta-
tion of the TGN and the acrosome. SMAP2 fluorescence was not
detected in the acrosome and maturation phases. Therefore TGN-
associated SMAP2 was detected in the early phases of acrosome
formation when acrosomal components are synthesized. The disap-
pearance of SMAP2 probably reflects the shedding of the TGN and
other organelles during spermiogenesis (Susi et al., 1971).

Many SMAP2(—/-) sperm exhibited globozoospermia, which is
closely associated with aberrant acrosome formation (Holstein et al.,
1973; ho et al., 2004; Lin et al,, 2007; Roqueta-Rivera et al., 2011).
Therefore we examined acrosome formation during SMAP2(-/-)
spermiogenesis using sp56 as a marker (Figure 4B). Various mor-
phological abnormalities were evident in round and elongated sper-
matids. In Figure 4B, 1, sp56 was not concentrated or fused into one
focus but was distributed as multiple discrete spots along the nu-
cleus; sp56 did not form a distinct cap over the nucleus and ap-
peared to consist of a thick aggregate of multiple punctae (Figure
4B, 1l}. The acrosome did not form the typical crescent but was ir-
regular in shape (Figure 4B, I}}) and often remained separated into
discrete foci (Figure 4B, V). Therefore the SMAPZ2 deficiency clearly
perturbs acrosome formation. At the light microscopic level, the ma-
jor perturbation appears to be abnormal fusion of the vesicles carry-
ing the acrosomal components.

To correlate the abnormalities in the acrosome to the phases of
acrosome formation, we frozen sectioned testis tissues and stained
them with peanut agglutinin (PNA), a lectin that reacts with polysac-
charides in the acrosome. Supplemental Figure S2A shows the Golgi

4 3.27 £0.57 6+6.8
p — - 1E-05
TABLE 2: Number of sperm and their morphology.
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present between the TGN and nuclear
membrane. By contrast, in SMAP2-targeted
spermatids (Figure 5A, ll), proacrosomal
vesicles were present but were not uniform
in size and appeared to be larger than those
in wild-type cells. In other SMAP2-targeted
spermatids (Figure 5A, lll), the lamellar
structure of the TGN formed loose whorls.
These observations suggest that there are
abnormalities in the budding of vesicles
from the TGN in SMAP2-targeted cells.

To evaluate the foregoing observations
more quantitatively, we measured the diam-
eter of proacrosomal vesicles on the TEM
sections. Approximately 20 vesicles per cell
and a total of 15 cells were measured for
each genotype. Figure 5B (also see Supple-
mental Figure S3) shows the range of
proacrosomal vesicle sizes and confirms that
the SMAP2-targeted cells tended to pro-
duce larger-diameter vesicles than do wild-
type cells. Therefore abnormal acrosome
formation in SMAPZ2-targeted cells appears
to involve budding of proacrosomal vesicles
from the TGN.

Formation of the acrosome from
proacrosomal vesicles is disrupted

in SMAP2-targeted spermiogenesis
The later phases of acrosome formation

D SMAP2(+/+) (--)

SMAP2

Sps6/DAPIMitored

FIGURE 2: Morphology of sperm and spermatids in the epididymis and testis. (A) Sperm were
collected from the epididymis of SMAP2(+/+) and (-/-) mice and observed using DIC
microscopy. (B, C) Testis and epididymis specimens from SMAP2(+/+) and (—/-) mice were
sectioned, stained with hematoxylin-eosin, and viewed using a light microscope. (D) Sperm from
SMAP2(+/+) and (—/-) mice were stained with anti-sp56, DAPI, and MitoRed. Bars, 5 pm (A, D),

50 pm (B, C).

through the maturation phase in SMAP2(+/+) and (/) seminiferous
tubules, and confirms the aberrant acrosome formation in
SMAP2(—/-) cells. Periodic acid-Schiff stain (PAS) staining also re-
vealed the presence of normal-shaped acrosomes in the elongated
spermatids from the wild-type but not SMAP2(-/-) seminiferous tu-
bules (Supplemental Figure S2B).

Formation of proacrosomal vesicles from the TGN

is disrupted in SMAP2-targeted spermiogenesis

Acrosome formation is initiated by the budding of proacrosomal
vesicles from the TGN. To examine possible abnormalities in this
step, we processed testes sections for analysis by transmission elec-
tron microscopy (TEM; Figure 5A). In the Golgi phase of acrosome
formation, wild-type spermatids (Figure 5A, 1) possess an umbrella-
shaped TGN, and multiple proacrosomal vesicles of uniform size are
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were examined by TEM (Figure 6). in the
cap phase in wild-type cells (Figure 6, 1),
proacrosomal vesicles that had budded from
the TGN fused with each other and formed a
large acrosome (Ac) located at the acroplax-
ome (Apx), a unique substructure composed
of keratin and actin that serves as a site for
anchoring the acrosome to the nuclear mem-
brane (Kierszenbaum et al., 2003). By con-
trast, in a cap-phase SMAP2-targeted cell
(Figure 6, lI), acrosomes of intermediate size
were formed but never fused to form one
large acrosome and remained as multiple
pseudoacrosomes (indicated by the arrows).
These pseudoacrosomes attached to multi-
ple sites on the nuclear envelope. In another
SMAP2-targeted cell (Figure 6, Ill), one
acrosome appeared to be formed but was greatly enlarged in size
(the TGN was also disorganized and partly distended; arrows). These
observations indicate that acrosome formation from proacrosomal
vesicles in SMAPZ-deficient cells is disrupted, even though the
acroplaxome structures are well organized on the nuclear lamina.
Therefore it is unlikely that a defect in the acroplaxome caused the
aberrant acrosome formation.

Secondary abnormalities in spermiogenesis in
SMAP2-deficient cells

In the acrosome phase in wild-type cells (Figure 6, IV), the acrosome
was detected as a long and continuous layer along the nuclear
membrane. In the enlargement of marginal rings (arrowhead), ecto-
plasmic specializations (two white arrows) derived from Sertoli cells
cover the surface of the acrosome. A manchette structure is also
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FIGURE 3: Expression and subcellular location of SMAP2 during spermatogenesis as detected
by immunofluorescence staining. Single-cell suspensions were prepared from seminiferous
tubules of wild-type testes, centrifuged onto glass slides, and fixed. (A) The cells were stained
with anti-SMAP2, anti-yH2AX, and DAPI. Based on the staining pattern of the nuclear YH2AX
and DAPI, differentiation stages were assigned as indicated. (B) The cells were stained as
indicated. Pachytene spermatocytes and round spermatids are shown. Clathrin is the vesicle
marker, TGN38 and syntaxiné are TGN markers, and GM130 is a cis-Golgi marker. Bar; 5 pm.
Values of r (average £SD) represent the Pearson’s coefficients quantifying the degree of
colocalization between SMAP2 and the various marker proteins. For r > 0.5, colocalization is

significant.

observed (asterisk). In a SMAP2(-/-) cell {Figure 6, V), however, the
ectoplasmic specializations were interrupted (arrow), and the
acrosome appeared swollen near the marginal ring (arrowhead). In
another SMAP2(-/-) cell (Figure 6, VI), a space between the
acrosome and nucleus appeared to be filled with a Sertoli cell pro-
trusion (Sc; arrow).

Finally, in the maturation phase in wild-type cells (Figure 6, VII),
the ectoplasmic specialization (two white arrows) and the manchette
(asterisk) were observed, but in a SMAP2(—/-) cell (Figure 6, VIlI), the
nucleus appeared fragmented, the acrosome was dispersed (ar-
rows}, and the manchette was located ectopically (asterisk). An in-
vagination of the manchette into the nucleus was observed in an-
other SMAP2(-/-} cell (Figure 6, IX). Finally, in SMAP2(-/-} sperm
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from the epididymis, the shedding of cyto-
plasmic content appeared to be incomplete,
since many mitochondria were detected
near the nucleus (Figure 6, Xl). These altera-
tions in the acrosome and maturation phases
in SMAP2-deficient sperm may be second-
ary events that result from the defects in
proacrosomal vesicle budding and acrosome
formation.

Molecules involved in the formation

of proacrosomal vesicles

The proacrosomal vesicles budding from
the TGN in SMAP2(-/-) spermatids had
larger diameters than those in the wild-type
cells (Figure 5). CALM is a protein that af-
fects the size of clathrin-coated vesicles,
since vesicles become enlarged in cells lack-
ing CALM/AP180 (Zhang et al., 1998; Nonet
et al., 1999; Meyerholz et al., 2005). In addi-
tion, we previously reported a physical as-
sociation between SMAP2 and CALM
(Natsume et al., 2006). Therefore, to explore
a possible link between SMAP2 and the
vesicle size, we performed double immuno-
fluorescence of SMAP2 and CALM using a
germ cell suspension (Figure 7A). In wild-
type spermatocytes and round spermatids,
SMAP2 was concentrated at the TGN, as
described earlier, whereas CALM fluores-
cence was detected diffusely in the cyto-
plasm but also colocalized with SMAP2. In
the SMAP2(-/-) cells, CALM was no longer
localized to the TGN (the overall amount of
CALM was not affected by SMAP2 defi-
ciency; data not shown). When the wild-type
and SMAP2(-/-) germ cells were mixed at a
1:1 ratio, CALM was colocalized with SMAP2
at the TGN in the wild-type cells but ho-
mogenously distributed in the SMAP2(-/-)
cells. Thus mobilization of CALM to the TGN
appears to be dependent on SMAP2.

We also used coimmunoprecipitation to
confirm a physical association between
SMAP2 and CALM (Figure 7B). Lysates were
prepared from wild-type testes and immu-
noprecipitated with an anti-CALM antibody.
Immunoblotting of the precipitate with an
anti-SMAP2 antibody revealed the presence
of SMAP2, indicating an association between CALM and SMAP2.

An important implication of the observations of acrosome forma-
tion (Figure 6) is that some process in the fusion of proacrosomal
vesicles was impaired in the SMAP2(—/-) cells. Syntaxin2 is a compo-
nent of the soluble N-ethylmaleimide—sensitive factor attachment
protein receptor (SNARE) complex, which serves as the fusion ma-
chinery for proacrosomal vesicles (Rizo and Sudhof, 2002; Roqueta-
Rivera et al., 2011). In Figure 7C, cells were double stained for syn-
taxin2 and sp56. In wild-type spermatocytes, syntaxin2 was
concentrated at foci in the cytoplasm. In round spermatids, syn-
taxin2 was detected adjacent to the sp56 fluorescence. In contrast,
in the SMAP2(—/-) cells, although syntaxin2 was concentrated at foci
during the spermatocyte stage, during the round spermatid stage

Merged

1=0,848:£0.068

r=0.827:0.079
Merged
N

r=0.368::0.068
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FIGURE 4: Acrosome formation and SMAP2. (A) Germ cells were
prepared from wild-type testes as in Figure 3 and processed for
immunofluorescence staining as indicated. Each row represents a
stage of acrosome formation (Golgi, cap, acrosome, and maturation
phases). The marker for the acrosomal components is sp56. (B) Germ
cells were prepared from SMAP2(—/-) testes and processed for sp56
staining. See the text for details of observed abnormalities. Bars, 5 pm.

syntaxin2 was irregularly distributed in the cytoplasm and had no
discernible correlation with sp56 fluorescence. This result suggests
that the SNARE complex may not be properly engaged in the fusion
events in SMAP2-deficient germ cells. Syntaxin2 was not detected
in CALM immunoprecipitates of wild-type cells (Figure 7B).

Finally, the relative orientation of syntaxin2 to TGN38 was exam-
ined by double labeling (Figure 7D). In wild-type spermatocytes, fo-
cal fluorescence of syntaxin2 partly overlapped with that of TGN38.
In wild-type round spermatids, syntaxin2 localization was distinct
from TGN38. Of note, syntaxin2 was located closer to the nucleus,
whereas TGN38 was detected further from the nucleus. The observa-
tions are consistent with the scenario that syntaxin2 originates from
the TGN and then moves to the site of proacrosomal vesicle fusion.
Such features were never observed in SMAP2(-/-) spermatids.
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FIGURE 5: Electron microscopic observations of proacrosomal vesicle
formation at the Golgi phase. (A) Germ cells from SMAP2(+/+) and
(—/-) mice were processed for electron microscopic observations.

C, cis-Golgi network; G, Golgi apparatus; T, trans-Golgi network. Bars,
1 pm. (B) Size distribution of proacrosomal vesicles observed in
SMAP2(+/+) (closed bars) and (~/-) (open bars) germ cells at the Golgi
phase. Using the images shown in A, we measured diameters for each
proacrosomal vesicle. The areas of the vesicles were calculated using
image-processing software and divided by the square of the
magpnification. The diameters are presented in relative units. Vesicle
sizes are binned as indicated. See Supplemental Figure S3 for the
detailed size distribution of vesicles.

DISCUSSION
In this study we showed that SMAP2-deficient male mice are infer-
tile. Sperm in the testes and epididymides in these mice exhibit
morphological abnormalities indicative of globozoospermia, a phe-
notype seen also in infertile men. Formation of the acrosome is dis-
rupted in SMAP2-deficient sperm, and several reports suggested
that defects in acrosome formation cause globozoospermia (Holstein
et al., 1973; Ito et al., 2004; Lin et al., 2007; Roqueta-Rivera et al.,
2011). Therefore the globozoospermia seen in the SMAP2 defi-
ciency is likely due to defects in acrosome formation.

During spermiogenesis, a large number of proacrosomal vesicles
bud from the TGN, fuse with each other, anchor to the nuclear
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FIGURE 6: Electron microscopic observations of acrosome formation and subsequent events in wild-type and SMAP2-
targeted germ cells. Cells at the cap, acrosome, and maturation phases of acrosome formation are shown. Sections of
epididymides are also shown. See the text for the description of structural abnormalities. A, axoneme; Ac, acrosome;
Apx, acroplaxome; G, Golgi apparatus; M, mitochondria; N, nucleus; Sc, Sertoli cell. Arrowheads in IV and V are
marginal rings. Asterisks in IV and VII-IX are manchettes. Double white arrows in IV and VIi are ectoplasmic
specializations derived from Sertoli cells. White arrows indicate pseudoacrosomes (ll), a disorganized TGN structure
(1), interrupted ectoplasmic specializations (V), invagination of a Sertoli cell into the germ cell (V1), and fragmented

acrosomes (VIII). Bars, 1 pm (I-IX), 2 pm (X, XI).

membrane, and eventually form a large organelle known as the
acrosome (Abou-Haila and Tulsiani, 2000; Moreno and Alvarado,
2006). We reported previously that SMAP2 is located on the TGN and
functions in vesicle transport from the TGN in tissue culture cells such
as Hela and Cos7 cells (Funaki et al., 2011). These results suggested
that SMAP2 might be directly involved in the budding of proacrosomal
vesicles from the TGN in spermatogenesis. This hypothesis is sup-
ported by the following observations. 1) SMAP2 protein is detected in
wild-type germ cells and in the pachytene spermatocyte to the round
spermatid stages. Acrosomal proteins are actively synthesized at the
pachytene stage (Anakwe and Gerton, 1990), and enormous amounts

2640 | T Funakietal

of proacrosomal vesicles are supplied from the TGN until the round
spermatid stage. Thus the observed pattern of SMAP2 expression
coincides with the period of acrosome formation. 2) In wild-type sper-
matogenic cells, SMAP2 is located exclusively on the TGN. 3) In
SMAP2-deficient germ cells, the TGN tend to lose structural integrity,
appearing as loose whorls, and the diameters of proacrosomal vesi-
cles become significantly larger than in wild-type cells.

The primary alteration in spermiogenesis in SMAP2-deficient
mice was the enlargement of the proacrosomal vesicles, suggest-
ing that this change may ultimately cause the globozoospermic
morphology. In other words, SMAP2 may function to standardize
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FIGURE 7: Subcellular localization of CALM and syntaxin2 as revealed by immunofluorescence staining.

(A, C, D) SMAP2(+/+) and (-/-) germ cells were prepared as in Figure 3 and stained with anti-SMAP2, anti-CALM,
anti-syntaxin2, anti-sp56, anti-TGN38, and DAPI, as indicated. The 1:1 mix is a mixed sample of SMAP2(+/+) and (~/-)
cells. Pachytene spermatocytes and round spermatids are shown. Bar, 5 pm. (B) Immunoprecipitation of CALM. Lysates
prepared from wild-type testes were immunoprecipitated with an anti-CALM antibody, and the precipitates were

blotted with anti-CALM, anti-SMAP2, or anti-syntaxin2, as indicated.

the size of TGN-derived vesicles. Thus a principal issue is how
SMAP2 might function to regulate vesicle size during vesicle
formation. CALM and its homologue, AP180, control the size of
clathrin-coated vesicles. When CALM/AP180 is abolished, vesi-
cles become enlarged (Zhang et al., 1998; Nonet et al., 1999;
Meyerholz et al., 2005), similar to the effects of SMAP2 deficiency.
We reported previously that SMAP2 binds to CALM directly
(Natsume et al., 2006). One possible scenario for SMAP2 defi-
ciency is that CALM is not recruited to the site of vesicle forma-
tion, thus causing the vesicle size to be unregulated. Consistent
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with this hypothesis, CALM is detected at the TGN in wild-type
but not in SMAP2(—/-) cells.

In addition to the morphological abnormalities, SMAP2(-/-)
proacrosomal vesicles may have other functional defects. Vesicle-
associated membrane proteins (VAMPs) are components of the
SNARE complex, and CALM can function to recruit some VAMPs to
clathrin-coated vesicles through physical association with the VAMPs
(Harel et al., 2008; Koo et al., 2011; Miller et al., 2011). Therefore
recruitment of SNARE complex components may be defective in
SMAP2-deficient proacrosomal vesicles, since CALM was not
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