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Abstract

Humans are occasionally exposed to extreme environmental heat for a prolonged

period of time. Here, we investigated testicular responses to whole‐body heat ex-

posure by placing mice in a warm chamber. Among the examined tissues, the testis

was found to be most susceptible to heat stress. Heat stress induces direct re-

sponses within germ cells, such as eukaryotic initiation factor 2α phosphorylation

and stress granule (SG) formation. Prolonged heat stress (42°C for 6 hr) also

disturbed tissue organization, such as through blood‐testis barrier (BTB) leakage.

Germ cell apoptosis was induced by heat stress for 6 hr in a cell type‐ and devel-

opmental stage‐specific manner. We previously showed that spermatocytes in the

early tubular stages (I–VI) form SGs for protection against heat stress. In the mid‐
tubular stages (VII–VIII), BTB leakage synergistically enhances the adverse effects of

heat stress on pachytene spermatocyte apoptosis. In the late tubular stages (IX–XII),

SGs are not formed and severe leakage of the BTB does not occur, resulting in mild

apoptosis of late‐pachytene spermatocytes near meiosis. Our results revealed that

multiple stress responses are involved in germ cell damage resulting from prolonged

heat stress (42°C for 6 hr).
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1 | INTRODUCTION

Testes in many mammalian species are extruded outside the body to

maintain a temperature 2–3°C below body temperature for optimal

spermatogenesis. In other mammals, tested are located within the

abdomen but appear to be cooled by special blood vessels, at least in

dolphins and seals (Kim, Park, & Rhee, 2013; Pabst, Rommel,

McLellan, Williams, & Rowles, 1995). In fact, mouse male germ cells

perceive core body temperature as stress (Kim, Cooke, & Rhee, 2012;

Zhao et al., 2010). Abnormalities, such as cryptorchidism and var-

icocele, result in exposure of the testes to raised temperatures and

compromised sperm quality, which may lead to a loss of male fertility

(Durairajanayagam, Agarwal, & Ong, 2015).

Numerous studies have indicated that high temperatures are

deleterious to mammalian spermatogenesis, but the exact mechan-

isms remain elusive (Hansen, 2009; Houston et al., 2018). Reduced

translation activity is one of the initial responses in male germ cells

under heat stress. Heat exposure reduces polysome formation and

amino acid incorporation into proteins in male germ cells (Cataldo,

Mastrangelo, & Kleene, 1997). In fact, the translation initiation

complex fails to form, partly because eukaryotic initiation factor 2ɑ

(eIF2α) is phosphorylated in male germ cells (Kim et al., 2012;
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Nakamura & Hall, 1980). Heat stress eventually induces apoptotic

responses involving nitric oxide synthase and p38 mitogen‐activated
protein kinase (DeFoor, Kuan, Pinkerton, Sheldon, & Lewis, 2004;

Ishikawa, Kondo, Goda, & Fujisawa, 2005).

Protective mechanisms also function to overcome the adverse

effects of heat stress on male germ cells. Heat shock proteins (HSPs)

are known to play a protective role in preventing heat stress‐induced
nonspecific aggregation and thermal denaturation of cellular pro-

teins. Heat‐inducible HSPs are activated by heat shock transcription

factors (HSFs). Heat stress induces the translocation of monomeric

HSF1 from the cytoplasm to the nucleus (Baler, Dahl, & Voellmy,

1993), where HSF1 forms trimers for activation and binds to heat

shock elements to activate transcription of HSP genes in heat‐
stressed spermatocytes (Dayalan Naidu & Dinkova‐Kostova, 2017;
Vydra et al., 2006). Another protective mechanism is stress granule

(SG) formation. SGs are non‐membranous cytoplasmic particles in

which translationally inert messenger ribonucleoproteins accumulate

in response to stress (Anderson & Kedersha, 2008). We previously

reported that SGs are immediately assembled in male germ cells

upon acute heat stress (Kim et al., 2012). The suppression of SG

formation resulted in the augmentation of apoptosis in male germ

cells (Yoon, Park, Hwang, & Rhee, 2017).

The mammalian testis is a complex organ containing both germ

cells and somatic cells. Mammalian male germ cells develop within

seminiferous tubules in the testis. In mice, the complete spermato-

genesis process takes 35 days. Male germ cells develop rhythmically,

and consequently, germ cells show a characteristic association in

particular stages of spermatogenesis within a given cross‐section of a

seminiferous tubule. In mice, the seminiferous tubule cycle has been

divided into 12 stages, each with a characteristic set of spermato-

genic cells in association with one another (Ventela, Ohta, Parvinen,

& Nishimune, 2002). Therefore, it is possible to assign a specific stage

to the seminiferous tubule cycle and, therefore, to more precisely

determine the stage of the cells present (Hogarth & Griswold, 2010).

Sertoli cells are somatic cells in the seminiferous tubules that nourish

developing male germ cells with signaling molecules and nutrients

(Morrow, Mruk, Cheng, & Hess, 2010). Sertoli cells keep the blood‐
testis barrier (BTB) intact by properly organizing tight junctions,

which divide the basal and adluminal compartments within a single

seminiferous tubule (Mruk & Cheng, 2015). When the BTB is dis-

rupted, defects in spermatogenesis occur (Alam & Kurohmaru, 2014;

Session et al., 2001).

Humans are occasionally exposed to environmental heat for a pro-

longed period in the workplace or due to an extensive heat wave (Hifumi,

Kondo, Shimizu, & Miyake, 2018; Li et al., 2014; Reitman, 2018). In this

study, we determined the heat stress‐induced responses of the testes

after exposing mice to high temperatures (37–42°C) for a prolonged

period (6 hr). We hypothesize that tissue organization of the testis may

be damaged by prolonged heat exposure (42°C for 6 hr). Male germ cells

in disorganized testes may be more vulnerable to heat‐induced damage

signals, resulting in germ cell apoptosis.

2 | RESULTS

2.1 | Effects of whole‐body heat stress on the testis

Our bodies are occasionally exposed to an extreme heat en-

vironment. To mimic environmental heat exposure, we placed

mice in heat chambers maintained at 25 (control), 32, 37, or 42°C

for extended periods up to 6 hr. Next, to assess the organ‐specific
response to prolonged whole‐body heat stress, we examined

testis‐specific histology compared with other organs with known

thermosensitivity (Bazille et al., 2005; Liu et al., 2011; Roberts

et al., 2008; Wang et al., 2015). Hematoxylin and eosin (H&E)

staining analysis revealed few changes in the histology of the

lung, small intestine, and brain tissues after mice were main-

tained at 42°C for 6 hr (Figure 1a). However, we observed sig-

nificantly altered overall organization of the testis tissue

(Figure 1a). Upon closer examination, apoptotic germ cells with

pycnotic nuclei were observed even at 37°C for 6 hr (Figure 1b).

Severe heat stress at 42°C was deleterious to testis morphology,

resulting in multinucleated giant cells that had been observed

under other damaging conditions (Figure 1b; Luo et al., 2013).

Since H&E staining showed temperature‐ and heat exposure

time‐dependent histological alterations to seminiferous tubules,

we decided to investigate more advanced molecular responses to

reveal testicular alterations with respect to different exposure

times and temperatures.

2.2 | Stress granule formation as transient heat
protection

It was previously reported that heat stress induces the specific

phosphorylation of eIF2α in male germ cells (Kim et al., 2012;

Yoon et al., 2017). We determined eIF2α phosphorylation levels

in the testes after prolonged heat stress (37–42°C for 6 hr) and

found that eIF2α was immediately phosphorylated after exposing

mice to mild heat at 32°C (Figure 2a,b). The eIF2α phosphoryla-

tion levels consistently increased thereafter (Figure 2a,b). Poly

ADP ribose polymerase (PARP) levels were simultaneeously de-

termined to estimate apoptosis. The cellular PARP levels were

not significantly changed by heat stress, while a cleaved PARP

band appeared at 2 hr at 37°C and was most prominent at 6 hr at

42°C (Figures 2a,c).

It was previously reported that heat stress induces SG formation

in deleted in azoospermia‐like (Dazl)‐positive spermatocytes (Kim

et al., 2012). We used Dazl and T cell intracellular antigen‐1 (TIA‐1)
antibodies to examine SGs in the testes. The results showed im-

mediate SG formation upon exposing mice to severe heat at 42°C,

but they quickly dissolved within 2 hr (Figure 2d–f). These results

suggest that SG formation is a transient protection mechanism

against heat stress.
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2.3 | Tubular stage specificity of male germ cell
apoptosis under heat stress

We performed terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) assays to determine germ cell apoptosis after heat

stress. The results showed that the number of apoptotic germ cells

increased after prolonged heat stress (37–42°C for 6 hr; Figure 3a,b).

These results are consistent with previous immunoblot results, which

displayed a cleaved PARP band after prolonged heat treatments

(37–42°C for 6 hr; Figures 2a,c). Furthermore, germ cell apoptosis

appeared to be specific to the seminiferous tubule stage. Stages of

seminiferous tubules were determined using 4′,6‐diamidino‐2‐
phenylindole (DAPI) staining (Meistrich & Hess, 2013). It was found

that prolonged heat stress (42°C) for 6 hr increased germ cell

F IGURE 1 Histological analyses of selected mouse tissues under prolonged heat stress. (a) Mice were subjected to prolonged heat stress at

42°C for 6 hr. H&E staining was conducted with the lung, small intestine, brain, and testis tissues. Scale bar = 50 μm. (b) H&E staining of the
testes from control and heat‐stressed (32, 37, and 42°C) mice are presented. Heat‐treated groups were exposed to each temperature setting at
given time points (0.5, 2, and 6 hr). Black arrows, germ cells undergoing apoptosis (pycnotic cells). Yellow asterisks, multinucleated giant cells.
Scale bar = 50 μm. H&E, hematoxylin & eosin
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F IGURE 2 Transient formation of SGs in spermatocytes under prolonged heat stress. (a) Mice were subjected to heat stress at 32, 37, and
42°C for the indicated time periods (control, 0.5, 2, and 6 hr). Testes were analyzed by immunoblot using antibodies specific to phospho‐eIF2α,
eIF2α, PARP, and α‐tubulin. Asterisks indicate cleaved PARP (89 kDa). The intensities of phospho‐eIF2α (b) and cleaved PARP (c) were
determined. (d) SGs were immunostained with Dazl (green), TIA‐1 (red), and DAPI (blue). Scale bar = 50 μm. (e) Testes were immunostained with
Dazl (green) and TIA‐1 (red) antibodies. DNA was stained with DAPI (blue). Scale bar = 50 μm. (f) The proportion of SG‐positive spermatocytes

was determined. Over 500 spermatocytes per group were analyzed in three mice and were statistically analyzed using one‐way ANOVA. The
values are the means and SEM. ANOVA, analysis of variance; DAPI, 4′,6‐diamidino‐2‐phenylindole; Dazl, deleted in azoospermia‐like; eIF2α,
eukaryotic initiation factor 2ɑ; PARP, poly ADP ribose polymerase; SEM, standard error of mean; SG, stress granule; TIA‐1, T cell intracellular

antigen‐1. *p < .05; **p < .01; ****p < .0001
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apoptosis most abundantly in the mid‐testicular stages (VII–VIII) and
less extensively in late testicular‐stage spermatocytes (IX–XII;

Figure 3b). Germ cell apoptosis in the early testicular stages (I–VI)

was minimal (Figure 3b). These results suggest that male germ cells at

specific tubular stages (VII–VIII) are more susceptible to heat stress

than those at other stages.

2.4 | BTB leakage in tubular stages VII–VIII

To examine why spermatocytes in tubular stages VII–VIII are most

vulnerable to apoptosis upon heat stress, we focused on the fact that

BTB is reorganized in the mid‐stage of the seminiferous tubules (Siu,

Mruk, Porto, & Cheng, 2009). Since preleptotene spermatocytes in

the basal compartment need to migrate into the adluminal com-

partment during development, the BTB must be transiently re-

organized during testicular stages VII–VIII (Wen et al., 2018). To

determine BTB integrity, we performed biotin‐tracer assays, in which

a fluorescently labeled small molecule, such as biotin penetrates

through the BTB from the basal compartment to the adluminal space

(Meng, Holdcraft, Shima, Griswold, & Braun, 2005). Cadmium chlor-

ide (CdCl2) was used as a positive control for BTB disturbance (Su,

Mruk, & Cheng, 2011). The results showed that prolonged severe

heat stress (42°C for 6 hr) increased biotin penetration in tubules at

all stages, but most significantly in tubules at mid‐testicular stages

VII–VIII (Figure 4a,b). We further performed immunostaining ana-

lyses to determine BTB integrity in seminiferous tubules at stages

VII–VIII by examining Sertoli cell morphology upon prolonged heat

F IGURE 3 Tubular stage specificity of

germ cell apoptosis upon prolonged heat
stress. (a) Testis sections from the
heat‐stressed mice were subjected to TUNEL

assays (red). DNA was stained with DAPI
(blue). Seminiferous tubules were grouped
into early (I–VI), mid (VII–VIII), and late

(IX–XII) stages. Dashed lines indicate the basal
membrane of the seminiferous tubules. Scale
bar = 50 μm. (b) The proportion of the
seminiferous tubules with apoptotic germ cells

was determined. Over 180 tubules per group
were analyzed in three mice and were
statistically analyzed with two‐way ANOVA.

The values are means and SEM. ANOVA,
analysis of varaince; DAPI, 4′,6‐diamidino‐2‐
phenylindole; SEM, standard error of mean;

TUNEL, terminal deoxynucleotidyl transferase
dUTP nick end labeling. *p < .05; **p < .01;
****p < .0001
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stress (42°C for 6 hr). Sertoli cells, which were immunostained with

vimentin and cyclin‐dependent kinase 5 (Cdk5), were fully stretched

out and tightly linked at the periphery of mid‐stage seminiferous

tubules, suggesting that the tight junctions were properly organized

among these cells (Figure 4c). However, the vimentin and Cdk5 sig-

nals between sertoli cells were disrupted in the heat‐stressed testes.

The cytoskeletal structures of Sertoli cells were further disturbed

under severe heat stress at 42°C, forming abnormal multinucleated

giant cells (Figure 4c). Claudin‐11, a tight junction protein, was also

abnormally diffused into the adluminal compartment from the basal

compartment of mid‐stage (VII–VIII) seminiferous tubules after

prolonged heat exposure (37–42°C for 6 hr; Figure 4d). These results

indicate that prolonged heat stress (42°C for 6 hr) disturbs BTB in-

tegrity, especially in seminiferous tubules at stages VII–VIII.

2.5 | Effects of BTB leakage on germ cell apoptosis
upon heat stress

Since we observed BTB leakage upon heat stress, we next examined

whether this leakage was attributed to germ cell apoptosis after

prolonged heat stress (42°C for 6 hr). First, we determined the ef-

fects of CdCl2 on germ cell apoptosis. As expected, cadmium‐induced
BTB leakage did not cause significant damage to the overall testis

morphology (Figure 5a,b). We also observed that prolonged heat

stress (42°C for 6 hr) induced BTB leakage, but not as much as

cadmium did (Figure 5b,c). However, the combined treatment of

cadmium and heat stress was extremely deleterious, and the germ

cell layers were markedly disorganized overall; detachment of sper-

matogonia and spermatocytes from the basal membrane and deep

clefts were also observed (Figure 5a). Germ cell apoptosis was ob-

served with cadmium treatment; however, spermatocyte apoptosis

particularly increased with cadmium treatment upon prolonged heat

stress (42°C for 6 hr; Figure 5d,e). These results indicate that the

testis tissue disturbed by BTB leakage contributes to germ cell

apoptosis synergistically with prolonged heat stress (42°C for 6 hr).

3 | DISCUSSION

In this study, we analyzed the effects of whole‐body heat exposure

on the mouse testis. We observed that heat‐induced stress responses

directly within germ cells, such as eIF2α phosphorylation and SG

formation. Further, tissue organization in the testis was disturbed by

our heat treatment schemes, and the BTB was critically disturbed

after prolonged heat exposure (42°C for 6 hr). Collectively, our re-

sults suggest that heat‐induced tissue disorganization may synergis-

tically escalate the incidence of male germ cell death (Figure 6).

Interestingly, male germ cells respond differently to heat stress

in a developmental stage‐specific manner. Among male germ cells,

spermatocytes are the most sensitive to heat stress (Kim et al., 2012;

Yoon et al., 2017), and those near meiosis are particularly susceptible

(Dunkel, Hirvonen, & Erkkila, 1997; Kim et al., 2012; Lue et al., 1999).

We also observed that a significant proportion of the spermatocytes

at tubular stages IX–XII underwent apoptosis following whole‐body
heat exposure, as shown in Figure 3. In contrast, the spermatocytes

at early tubular stages (I–VI) were relatively resistant to heat stress.

This may be due to the presence of a protective mechanism against

heat stress in early tubular‐stage spermatocytes (Kim et al., 2012;

Yoon et al., 2017); in fact, Dazl, an important factor for SG formation,

is specifically expressed in such spermatocytes (Kim et al., 2012).

Finally, apoptosis was most frequently detected in spermatocytes in

the mid‐stage (VII–VIII) seminiferous tubules (Figure 3).

Notably, SGs dissolved in 2 hr under severe heat treatment. It is

known that eIF2α phosphorylation is linked to SG formation during

heat stress (Yoon et al., 2017). However, there may not be a linear

correlation between phospho‐eIF2α levels in testicular lysates and

SG formation rates. The elevation of eIF2α phosphorylation following

heat stress at 37°C may initiate other well‐known stress responses,

such as endoplasmic reticulum stress responses, rather than re-

cruiting SGs for heat protection (Bettaieb & Averill‐Bates, 2015).
Even if they are transient, SGs should still play a role in protecting

germ cells against apoptosis (Figure 2).

We doubt that spermatocytes in mid‐stage tubules are more

sensitive to heat stress than those in other stages. In fact, it has been

proposed that testosterone protects germ cells in tubular stages

VII–VIII against heat‐induced apoptosis (Lue et al., 1999). The pro-

portions of apoptotic spermatocytes at tubular stages VII–VIII are

comparable to those at tubular stages IX–XII under diverse stress

treatments, including GnRH antagonist and heat (Spriggs, Bushell, &

Willis, 2010). Rather, we suspect that prolonged heat stress (42°C for

6 hr) might affect testicular tissue organization at tubular stages

VII–VIII; in fact, during these stages, the BTB is reorganized to allow

preleptotene spermatocytes to pass through the barrier for further

F IGURE 4 Leakage of the blood‐testis barrier (BTB) upon prolonged heat stress. (a) Mice were treated with CdCl2 (3mg/kg for 24 hr) or
prolonged heat (42°C for 6 hr), and their testes were subjected to biotin‐tracer assay (green). Seminiferous tubules were grouped into early

(I–VI), mid (VII–VIII), and late (IX–XII) stages based on DAPI staining (blue). Scale bar = 50 μm. (b) The biotin‐penetrated seminiferous tubules
were counted. Over 180 tubules were analyzed in three mice and were statistically analyzed with two‐way ANOVA. The values are means and
SEM. ***p < .001; ****p < .0001. (c) Testis sections from the heat‐stressed mice were immunostained with antibodies specific to vimentin (green)

and Cdk5 (red). A multinucleated giant cell is surrounded by a white dashed line. Scale bar = 50 μm. (d) BTB integrity was specifically examined in
stages VII–VIII after prolonged heat shock. Claudin‐11 (red) was stained to mark a tight junction component of the BTB. DNA was stained
with DAPI (blue). Green and yellow square brackets indicate the basal and adluminal compartments, respectively. Dashed lines indicate
the basal membrane of the seminiferous tubules. Scale bars = 50 μm. ANOVA, analysis of variance; Cdk5, cyclin‐dependent kinase 5;

DAPI, 4′,6‐diamidino‐2‐phenylindole; SEM, standard error of mean
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F IGURE 5 The synergistic effect of cadmium and prolonged heat stress on germ cell apoptosis. (a) Mice were simultaneously treated with
CdCl2 (3mg/kg for 24 hr) and prolonged heat (42°C for 6 hr), and their testes were subjected to H&E staining. Black arrows indicate the deep

clefts of the seminiferous tubules. Scale bar = 50 μm. (b) Biotin‐tracer assays were performed in VII–VIII seminiferous tubules (green). DNA was
stained with DAPI (blue). Broken circles and square brackets indicate seminiferous tubule outlines and the distance penetrated by biotin,
respectively. (c) The relative distances traveled by biotin in the seminiferous tubules (Dbiotin/Dradius) were determined. Over 180 tubules were
analyzed in three mice and were statistically analyzed using one‐way ANOVA. (d) TUNEL assays were performed in VII–VIII seminiferous

tubules (red). DNA was stained with DAPI (blue). (e) Seminiferous tubules with apoptotic germ cells were counted. Over 40 tubules per group
were analyzed in three mice and statistically analyzed using one‐way ANOVA. The values are the means and SEM. ANOVA, analysis of variance;
DAPI, 4′,6‐diamidino‐2‐phenylindole; H&E, hematoxylin & eosin; SEM, standard error of mean; TUNEL, terminal deoxynucleotidyl transferase

dUTP nick end labeling. ****p < .0001
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development into pachytene spermatocytes (Wan, Mruk, Wong, &

Cheng, 2013). Collectively, prolonged heat exposure (42°C for 6 hr)

might affect the BTB reorganization process and may significantly

disrupt the overall testis morphology, thus generating abnormal cell

types, such as multinucleated giant germ cells. These multinucleated

giant germ cells showed spermatogenic stage‐specific formation,

which differed from the non‐stage‐specific formation due to sper-

matogenic arrest in cryptorchid mouse testes with chronic heat ex-

posure (Bianchi, Boekelheide, Sigman, Hall, & Hwang, 2017).

Sertoli cell integrity is essential for germ cell development, as

disruption of these cells results in defects in germ cell morphology

and survival (Elkin, Piner, & Sharpe, 2010; ErLin et al., 2015; Murphy

& Richburg, 2014; Siu et al., 2009; Wen et al., 2018). Repetitive heat

exposure did not affect sertoli cell survival (Valles, Aveldano, &

Furland, 2014). While such changes are temporary and potentially

reversible, heat stress induces structural and metabolic alterations in

the secretion and cytoskeletal organization of sertoli cells (Valles

et al., 2014). Disruption of BTB integrity is one possible outcome in

sertoli cells after heat stress (Cai et al., 2011).

Even if disruption of the BTB causes damage in testis tissues, this

disruption may not be the whole reason for germ cell apoptosis upon

heat stress. Accordingly, we observed that BTB disruption alone did not

induce spermatocyte apoptosis as effectively as prolonged heat stress

(42°C for 6 hr). However, we observed deleterious outcomes in germ

cell apoptosis when mice were exposed to heat in the presence of a BTB

disruptor (Figure 5). Based on these observations, we propose that BTB

disruption enforces the adverse effects of prolonged heat stress (42°C

for 6 hr) on mid‐tubular‐stage spermatocytes. Once the testicular tissue

microenvironment is damaged, spermatocytes become more vulnerable

to heat stress and easily undergo apoptosis (Figure 6).

We concluded that the synergistic effects of BTB disruption on

germ cell apoptosis were detected only when testes were exposed to

heat (42°C) for a prolonged time period (6 hr). In fact, we and others

previously observed stress responses in male germ cells only after

short‐term heat treatment. Detailed mechanisms of the spatio-

temporal dynamics of germ cells against thermal stress remain to be

elucidated. Furthermore, it is also important to determine how the

damaged microenvironment of the testis is recovered.

4 | MATERIALS AND METHODS

4.1 | Animals

All animal treatments were performed in accordance with the relevant

guidelines and regulations approved by the Institutional Animal Care

and Use Committee at Seoul National University, Korea (Permit Num-

ber SNU‐180219‐3). All animals used in this experiment were housed

with a 12‐hr light and dark cycle at proper temperature, and sufficient

food and sterilized water were provided. C57BL/6 adult male mice

(12 weeks old) were used for all heat treatment experiments.

4.2 | Heat treatment

For whole‐body heat treatment, C57BL/6 adult male mice were

placed in a large warming/induction chamber (Animal Identification

F IGURE 6 Model. Heat stress induces multiple stress responses in
mouse male germ cells. Of germ cells, spermatocytes are the most
vulnerable to heat stress. However, the adverse effects of heat stress on

spermatocytes are not identical throughout their developmental stages.
Spermatocytes in the early tubular stages (I–VI) form SGs for protection
against heat stress. In the mid‐tubular stages (VII–VIII), BTB leakage

synergistically enhances the adverse effects of heat stress on
spermatocyte apoptosis. In the late tubular stages (IX–XII), SGs are not
formed, nor does severe BTB leakage occur, resulting in mild apoptosis

of spermatocytes near meiosis. The arrow indicates biotin penetration.
A, spermatogonia; BTB, blood‐testis barrier; EP, early pachytene
spermatocyte; E‐Spd, elongated spermatid; In, intermediate
spermatogonia; L, leptotene spermatocyte; LP, late pachytene

spermatocyte; P, pachytene spermatocyte; PL, preleptotene
spermatocyte; R‐Spd, round spermatid; SG, stress granule
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and Marking Systems, Inc., Hornell, NY) in the presence of water and

food. Each heat‐stressed mouse group (n = 3) was maintained at a

different temperature (32, 37, or 42°C) for a short‐term period (0.5

and 2 hr) or an extended period (6 hr). Sham control mice were also

caged in the same warming chamber at room temperature (25 ± 2°C)

for 6 hr. After the treatments, the mice from both heat‐stressed and

control groups were killed in a CO2 chamber. To delineate the po-

tential effect of stress due to the new environment, mice were ac-

climatized to the warming chamber for 12 hr at room temperature

before the actual examination.

4.3 | Spermatogenic cycle determination

The morphologies and sizes of germ cell nuclei stained with DAPI and

hematoxylin were used to isolate specific phases of spermatogenesis.

According to the shapes of spermatid nuclei, 12 seminiferous stages

can be divided into early (I–IV; Step 13–15 spermatids), mid (VII–VIII;

Step 16 spermatid), and late (IX–XII; Step 9–12 spermatids) phases

(Figure S1; Hess & Renato de Franca, 2008). After adapting the

method of Bazille et al. (2005), we observed that stages I–VI, VII–VII,

and IX–XII contained round spermatids, preleptotene spermatocytes,

and meiotic spermatocytes, respectively (Bazille et al., 2005).

4.4 | CdCl2 treatment

CdCl2 was purchased from Sigma‐Aldrich (#439800; St. Louis, MO),

diluted in 0.9% NaCl solution, and administered to mice (n = 6) with a

single dose of 3 mg/kg via intraperitoneal injection. Vehicle mice

(n = 3) were treated with 0.9% NaCl solution only. After 24 hr, the

mice (n = 3) were placed in warming chambers for 6 hr at 25 or 42°C

and then killed.

4.5 | Immunoblot analysis

Mouse testicular samples were homogenized with radioimmun-

oprecipitation assay buffer (150mM NaCl, 50mM Tris pH 8.0, 1mM

ethylenediaminetetraacetic acid, 1mM ethylene glycol‐bis(β‐aminoethyl

ether)‐N,N,N′,N′‐tetraacetic acid, 1.0% NP‐40, 0.5% sodium deoxycholate,

0.1% sodium dodecyl sulfate (SDS), 10mM NaF, 1mM NaV, and a pro-

tease inhibitor cocktail) and were centrifuged to remove debris. The su-

pernatant lysates were mixed with 2X SDS‐polyacrylamide gel

electrophoresis sample buffer, loaded on 9–10% SDS‐polyacrylamide

gels, and resolved by electrophoresis. The separated proteins were

transferred to nitrocellulose membranes. The blots were blocked in 5%

bovine serum albumin (BSA) or 5% skimmed milk in 0.1% Tris‐buffered
saline with Tween‐20 (TBST; 20mM Tris pH 7.3, 150mMNaCl, and 0.1%

Tween‐20) and then incubated with the indicated antibodies with proper

titers overnight at 4°C. The next day, the blot was washed three times

with TBST and then incubated with peroxidase‐conjugated secondary

antibodies for 30min at room temperature. The blot was again washed

with TBST and then exposed to ECL reagents to visualize the protein

bands. The titers of the primary antibodies were as follows: p‐eIF2α
(1:150; #ab32157; Abcam, Cambridge, UK), eIF2α (1:150, #sc‐11386;
Santa Cruz Biotechnology, Santa Cruz, CA), and PARP (1:1,000, #9542;

Cell Signaling Technology, Danvers, MA).

4.6 | Immunofluorescence staining

Control and whole‐body heat‐treated mice were killed, and the testes

were fixed in Bouin's solution (Sigma‐Aldrich) overnight at 4°C. Fixed
testes were embedded in paraffin and sectioned at 5‐μm thickness.

The testis sections were boiled for antigen retrieval (30min). Slides

were blocked with 0.1% phosphate‐buffered saline with 0.1% Triton

X‐100 (PBST) containing 3% BSA for 30min and then incubated with

primary antibodies overnight at 4°C. The antibodies used for im-

munohistochemistry were as follows: vimentin (1:100, #ab9247; Ab-

cam), Cdk5 (1:100, #sc‐6247; Santa Cruz Biotechnology), Claudin‐11
(1:20, #36–4500; Invitrogen, Carlsbad, CA), TIA‐1 (1:25, #sc‐
1751; Santa Cruz Biotechnology), and Dazl (1:10; manufactured in

Rhee's lab; Kim et al., 2012). After the testis sections were washed

with PBST, they were incubated with either fluorophore‐conjugated
(Invitrogen) or biotinylated secondary antibodies (Vector Labora-

tories, Burlingame, CA) for 30min at room temperature. Then, the

samples were incubated with DAPI for 30 s before being mounted

(ProLong Gold, Thermo Fisher Scientific, Waltham, MA).

4.7 | H&E staining

Control and whole‐body heat‐treated mice were killed, and the testis,

lung, jejunum, and brain tissues were excised for staining. All tissues

were fixed in Bouin's solution (Sigma‐Aldrich) overnight at 4°C be-

fore paraffin processing. All sections were 5‐μm thick, and H&E

staining was conducted using an automatic staining machine (Leica

ST5010 Autostainer XL, Leica, Wetzlar, Germany).

4.8 | TUNEL assay

TUNEL assay was performed to detect germ cell apoptosis. The

FragEL DNA Fragmentation Detection Kit (cat. no. Q1A39; Calbio-

chem, San Diego, CA) was used, and the manufacturer's instructions

were strictly followed. In brief, the rehydrated testicular sections

were permeabilized with proteinase K and treated with 1X terminal

deoxynucleotidyl transferase equilibrium buffer to tag the exposed

3′‐OH ends of DNA fragments.

4.9 | Biotin‐tracer assay

Control mice and mice exposed to prolonged heat stress (42°C for

6 hr) were anesthetized, and the testes were exposed. Fresh 50 μl
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EZ‐Link Sulfo‐NHS‐LC‐Biotin (10 mg/ml in PBS containing 1mM

CaCl2; #21335; Thermo Fisher Scientific) was injected into the testis

interstitium. After 30min of incubation, the mice were killed by

CO2 asphyxiation. Extracted testes were fixed in Bouin's solution

overnight and embedded in a paraffin block. Testicular tissue was

sectioned at 5‐μm thickness. After deparaffinization, the slides were

blocked with 5% BSA diluted in PBST. Finally, the sections were

incubated with Alexa Fluor 568‐conjugated streptavidin (1:200,

#S32354; Invitrogen) for 40min at room temperature to visualize the

biotin signals through fluorescence microscopy after mounting. BTB

permeability was assessed by tracing the biotin signal; the distance

that the biotin signal traveled from the testicular basal membrane to

the adluminal direction (Dbiotin) was divided by the average radius of

each corresponding seminiferous tubule (Dradius).

4.10 | Imaging

Immunofluorescence images were obtained using a fluorescence

microscope (Olympus IX51 equipped with QImaging QICAM Fast

1394 Olympus, Tokyo, Japan), and H&E staining results were ac-

quired using a light microscope (Olympus BX51). The acquired ima-

ges were processed with ImagePro 5.0 (Media Cybernetics, Rockville,

MD), ProgRes CapturePro V2.8.8 (JENOPTIK, Jena, Germany), Im-

ageJ 1.52 (National Institutes of Health, Bethesda, MD), and Photo-

shop CS6 (Adobe, San Jose, CA). The best representative image was

selected from at least three independent experiments.

4.11 | Statistical analysis

Quantitative data are presented as the mean ± standard error of

mean. Statistical significance was analyzed using one‐way analysis of

variance (ANOVA) or two‐way ANOVA. A p < .05 shows statistical

significance.
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