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SUMMARY

Insect growth is greatly influenced by ambient temperature. Abnormal high temperatlﬁes- induce
growth arrest in insects but the causes are obscure. These stress temperature is not harmful to
homoeothermic animals, indicating that the temperature sensitivity of insect growth is caused by
special mechanisms for insects. However, it is difficult to examine the temperature effects on insect
growth because of complexity of temperature reaction. To resolve this problem and study the
temperature stress on insect cells, I used insect cell line that provides uniform experimental
conditions and simplifies temperature reactions.

The influence of temperature on the BmN cell line which is derived from the silkworm, Bombyx
mori, was investigated. These cells proliferated at an accelerated pace as the temperature increases
from 22-30°C, but the growth rate slowed down at 34°C, and proliferation stopped at 38°C. At high
temperatures, abnormal cellular morphology was observed. - Cells treated at 38°C had cytoplasmic
bi-lateral protrusions and they gradually aggregated and floated in the medium. BmN cells without
proliferation at 38°C were viable but have reduced DNA synthesis. Laser scanning cytdmetry
vanaiysis revealed that at high temperatures, the cell cycle of BmN cells halted at the G, phase.

Next, the mechanisms of heat-induced G, arrest were examined. I focused the factors involved in

transition from G, to M phase and analyzed the expression profile of cell cycle regulating genes by



real-time PCR. No significant difference was observed in their expression levels between 26 and
38°C, suggesting that the G, arrest is regulated in protein level. Because proceeding to M phase
needs dephosphorylation of Cdc2 by Cdc25 phosphatase, the phosphorylation level of Cdc2 was
examined by Western Blotting using phospho-Cdc2 specific antibody. The higher phosphorylation
level which shows inactive state .of Cdc2 was detected in the cells cultured at 38°C. The involvement
of p38 MAPK activation by high temperature stress in the cell cycle arrest was confirmed using p38
specific inhibitor, SB202190.

The close relationship between high temperature stress and oxidative stress has b'een showed in |
many reports, In fact, 2°,7’-dichlorofluorescin diacetate, which is an oxidation-sensitive fluorescent
probe, showed the generation of reactive oxygen species (ROS) in BmN cells incubated at high
temperaturé. From this result, I speculated that the oxidative stress occurred in heat-treated celis
caused the cell cycle inhibition. This was verified by the recovery effect of antioxidant on the
heat-induced cell cycle arrest. Treatment with ascorbic acid delayed p38 MAPK phosphorylation and
suppressed G, arrest under high temperature. These results show that the generation of ROS by high
temperature induces cell injury such as DNA damage and activates G»/M checkpoint pathway in
insect cells.

To confirm whether the inhibitory effects of high temperature observed in insect cell lines are

occurred in silkworm cells, I investigated the influence of high temperature on the proliferation and
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division of larval hemocytes. Although the total number of hemocytes in the larval body increased
enormously over time at 26 °C, no increase of the cells was observed at 38 °C. The number of
mitotic hemocytes in circulation increased between days 1 and 2 of the fourth larval stage at 26 °C,
whereas fewer mitoses were observed at 38 °C. Laser scanning cytometry revealed that the DNA
content of hemocytes collected from fourth-stadium larvae was predominantly 2C, 4C, and 8C, and
the proportion of each type of hemocyte changed dynamically with development during the fourth
instar. The proportion of hemocytes with a higher DNA content increased gradually during the
feeding phase, then decreased during the molting phase at 26 °C, while no decrease of DNA content
was observed at 38 °C. The heat-induced accumulation of 8C hemocytes was mainly detected in
granulocytes and plasmatocytes. Furthermore, the level of phosphorylated Cde2 increased in
hemocyteé-ﬁ'om silkworms reared at high temperature. These data suggest that high temperature
stress also induced G, arrest in larval hemocytes.

* This study showed that abnormal high temperature for insects induced generation of ROS in
insect cells and the oxidative damages cause G»/M checkpoint pathway mediated by p38 activation. I
conclude that the heat-induced cell cycle arrest is a major reason why insect growth is inhibited by

high temperature stress.
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GENERAL INTRODUCTION

-GENERAL INTRODUCTION

- Temperature has profound influence on living organisms and its change has marked effects on
many physiological processes (Schmidi-Nielsen, 1997). Although température increase accelerates
most process, living organisms have the range of temperatures they can tolerate. Exceeding the
temperature range causes various damages to organisms and finally death. Insects are poikilothermic
animal and therefore highly influenced by ambient temperature. Many researchers have been
attracted to temperature reactions of insects and studied the reactions in various insect species
(Chapman, 1998).

Influences of temperature are various and observed in whole insect life cycle and many
phenomené. Diapause is a characteristic event of insect and it is in;eresting as a temperature reaction.
To break diapause, diapausing insects must spend a certain period of time in a special condition such
as low temperature, which is necessary for the termination of diapause (Andrewartha, 1952).
Molting and metamorphosis are also attractive phenomena in insects and controlled by endocrine
balance. Temperature affects on this endocrine balance. Wigglesworth (1972) found that low
temperature upset the hormone balance slightly in favor of the juvenile hormone whereas high
temperature slightly favors ecdysone. The emergence of species is timed so that the life history is

synchronized with suitable environmental conditions and the meeting of the two sexes is facilitated.
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GENERAL INTRODUCTION B

Synchronization of biological event to the environment results from the common reaction of the
members of a species to the environment. Temperature is particularly important in this point sinceto
a large extent it governs the rate of development and the activity of the insect.

There is no good evidence that insects possess specialized temperature receptors. However, in
grasshoppers the sensitivity to temperature is considered to be widely distributed over the body,
although the antennae and tarsi are more sensitive than other parts (Chapman, 1998). Enzyme
activity of insects increases with temperature. The greatest enzyme activity occurs at 45-50°C, but
the activity is maintained only for short periods. Enzymes are denatured at high temperatures, and
long periods over 40°C result in inactivation of this enzyme. Temperature reactions of insects are
slightly different among the same species in their geographical distribution. Many strains of
silkworm, -..Bombyx mori are maintained in Japan and other countries. Differences in the
characteristic among the strains result from acclimatization to environment including temperature.
All of the above-mentioned phenomena show that insects are closely related to temperature and
indicate that insect life, especially the growth, is regulated by temperature. Temperature increase
usually promotes insect growth but abnormal high temperature rather inhibits it.

Temperature effects on insects are complex and obscure. For example, when insects are reared at
high temperature, the growth might be inhibited as a resuit of high temperature effects on the

locomotion, feeding, digestion and so on. Endocrine and nervous system are also affected by high
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GENERAL INTROBUCTION

temperature. It seems to be impossible to grasp ali of these complex reactions caused by temperature.
To resolve this problem, I focused on insect cultured cells. Many insect cell lines are established
(Hink, 1970; Lynn, 1995; Imanishi et al., 2003; Eguchi and Iwabuchi, 2006) and especially utilized
in protein expression system (Murhammer, 1991; Altmann et al., 1999). These cell lines maintain the
properties of derived insect cells and are expected to have temperature reaction as well as the insect.
Using insect cultured cells unifies the experimental conditions and simplifies the temperature
reactions, and then the effects of temperature on insects would be understood in cellular level.
Although many literatures about influences of temperature on insects exist, there is a little
knowledge of temperature influences on insect cell lines.

- In CHAPTER 1 of this thesis, I investigated the effects of temperature on BmN cell derived from
silkworm, ‘Bombyx mori. In Japan, Bombyx has been well studied because of flourish in sericultural
industry and vast literatures have been accumulated. Furthermore, whole genome shotgun sequence
was performed and silkworm genome database was enriched recently (Mita et al., 2004). From these
advantages, BmN cell was selected from many insect cell lines. BmN cells were usually cultured at
25-28°C, such as adequate temperatures to rear silkworms. I predicted that culture of BmN célls at
various temperatures shows the direct effects of temperatures on insect cells. In fact, the arrest of cell
cycle in G, phase was observed in stress temperatures (high and low temperatures).

In CHAPTER 2, I pursued the mechanism of cell cycle arrest under high temperature. Cell cycle
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GENERAL INTRopUCTION [

arrest in G, phase is often observed in cells expdsed to stress conditions, such as ionizing radiation
and osmotic shock (Dmitrieva et al., 2001; de Vries et al., 2005; Clotet et al., 2006). The G, arrest is
controlled by cell cycle checkpoint pathway (Pearce and Humphrey; 2001). Extreme high
temperature (and extreme low: temperature) is also considered to be one of stress conditions for
insects. I therefore speculated that the checkpoint mechanism involved in heat-induced cell cycle
arrest. I also examined whether the high temperature induced oxidative stress and the stress caused
cell cycle arrest in insect cells, because it is argued that high temperature related to oxidative stress
in many species (Harari e? al., 1989; Kim et al., 2006).

Finally in CHAPTER 3, I verified the possibility that the heat-induced cell cycle arrest occurred
in the silkworm. Hemocytes were used in this study since the cells are easy to isolate from
silkworms and cell cycle analysis needs many separated cells. But there are two points to be
considered in analysis in the silkworm. It is known that cell division in insects are regulated by
molting hormone and fluctuates through the molting cycle (Gardiner and Strand, 2000; Koyama e al.
2004; Truman et al. 2006). In Addition, insects have many polyploid cells (Smith and Orr-Weaver,
1991; Edgar and Orr-Weaver, 2001). These are serious problems for cell cycle analysis. To
understand proliferation pattern and DNA content of silkkworm hemocyte is important for
examination of high temperature effects on hemocyte cell cycle. I first cleared the proliferation

pattern of hemocyte in the fourth larval stage and then the effects of high temperature on the
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hemocytes were assessed. From all results, I -conclude that stressful high temperature fot insects

induces oxidatiVe,SIIéss in the cells and activate G»/M checkpoint pathway.
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CHAPTER 1

High Temperature Causes Arrest of Cell Cycle in G, Phase in BmN

Cells Derived from the Silkworm, Bombyx mori

INTRODUCTION

The close relationship between insects and temperature has been studied extensively, with, most
studies observing of insect behavior at low and high temperatures, or insect resistance to heat and
coldr(Chapman,' 1998). The occurrence of diapause and physiological adaptations in insects exposed
to low temperatures have also been examined in detail (Cymborowski, 2000; Denlinger, 2002). Heat
shock protein is discovered in Drosophila melanogaster while investigating tolerance mechanisms
against high temperature (Ashbﬁmer and Bonner, 1979), and the heat shock responses of different
thermotolerant races of the mulberry silkworm, Bombyx mori have been also reported (Joy and
Gopinathan, 1995). The developmental period of insects is known to shorten in response to increased
temperatures, and this relationship has been examined in a number of insect species, and equations
relating environmental temperature to developmental time have been constructed (Wigglesworth,
1972). The relationship between the rearing temperature and growth of Bombyx mori has been

investigated by Takamiya and Nakajima (1970). Sudo et al. (1999) formulated equations
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B CHAPTER 1/INTRODUCTION _

representing the relationship befween rearing temperature and growth of silkworm larvae, and
calculated the low temperature limit for growth. These studies show that insect growth is regulated
strictly by temperature but the molecular mechanism of regulation has not been elucidated.
~ Attaining control of experimental conditions is- difficult when investigating the effects of
temperature on insects because factors other than temperature also affect insect growth. In particular,
humidity and food deterioration are critical factors. Accordingly, to investigate the relationship
between temperature and insect growth, cultured cells were used instead of whole insects to provide
a stable experimental condition. The use of cultured cells can simplify the experimental system and
understanding of insect cell reactions to temperature at the cellular level and can help to-elucidate the.
relationship between temperature and insect growth at the molecular level.
BmN cells, an established cell line derived from Bombyx mori, were cultured at various
temperatures, and the cell proliferation, viability, and DNA synthesis were compared. Cell -cycle

analysis using a laser scanning cytometer (LSC) showed G, arrest of the cells at high temperature. |
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CHAPTER 1/ MATERIALS AND METHODS

MATERIALS AND METHODS
Silkworm and cell line
The silkworm, Bombyx mori Shoon, was used in this study. Larvae were reared on an artificial

diet (Nihonnosankogyo Co., Japan) in a LD 12: 12 h photocycle at 25 + 2°C. Groups of larvae at day
0 of the fourth larval stage (10 males and 10 females) were reared in plastic cases (20.5 x 15.0 % 5.2
cm) at various temperatures between 10-38°C without light. Fluctuations of the temperature and
humidity in the incubators were controlled within 0.5°C and 60-70%, respgctivcly. The diets were
exchanged every day to avoid deterioration, and individual larval weights were measured until
ecdysis to the fifth instar. For observation of hatching, the eggs treated with artificial hatching were
incubated for 30 days at 10-38°C without light. For observation of adult emergence, newly ecdysed
pupae weré transferred to the incubators set at 10-38°C and maintained for 30 days without light.

-The BmN (BmN4) cell line derived from Bombyx mori (Maeda, 1989) was maintained in
TC-100 medium (Sigma Chemical Co., St. Louis, MO, USA) supplemented with 10% fetal bovine

serum (FBS; Sigma) and 1% antibiotic antimycotic (Sigma-Aldrich Co. Ltd., Irvine, UK) at 25°C.

Analysis of cell growth
Cell density was estimated by counting the cells from a sample of the suspension in

hemocytometer under a microscope. The culture was initiated by seeding a 96-well plastic plate with
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CHAPTER 1/ MATERIALS AND METHODS

1 x 10* cells /well, and the plate was sealed to prevent desiccation. The cells were maintained at
25°C for 2 days to promote cellular attachment to the well. After this preculture, the cells were
moved into incubators set at 10-38°C. Temperature fluctuations were controlled to within 0.5°C.
Cultured cells were fixed with 5% formaldehyde every 24 h for 5 days. The cells were centrifuged at
200 x g for 10 min to attach the cells to the bottom of the well, and the medium was removed. For
staining, 50 pi of 0.1% crystal violet (Wako Pure Chemical Industries, Ltd., Osaka, Japan) solution
were added to each well and incubated for 10 min at room temperature. Stained cells were washed
twice with distilled water and vortexed in 100 pl of 10% SDS solution. The a§sorbance of each well
at 550 nm was measured using a Microplate Imaging System (Bio-Rad, Laboratories, CA, USA).
Absorbance increased linearly in proportion to cell density (regression coefficient = 0.997). Cell
density was estimated by comparison with a standard curve made by serial dilution of BmN cells

counted with a hemocytometer. .

Cellular morphology and viability

The cellular morphology was observed in an inverted light microscope and was photographed |
using a microscope digital camera (DP12; Olympus, Tokyo, Japan). Cell viability was determined
using the trypan blue dye exclusion method (Altman et al., 1993). A trypan blue solution (0.4%

wt/vol, Gibco Co., Grand Island, NY, USA) was mixed with an equal volume of cell suspension and
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CHAPTER 1/ MATERIALS AND METHODS |

maintained at room temperature for 3 min. The suspension was loaded on a hemocytometer, and

stained cells were scored as nonviable.

DNA synthesis assay
- De novo DNA synthesis was measured by the incorporation of 5-bromo-2-deoxyuridine (BrdU)
using the Cell Proliferation Biotrak ELISA System, version 2 (Amersham Biosciences UK Ltd.,

Little Chalfont Buckinghamshire, UK). The final concentration of BrdU in each well was 10 pM.

Cell cycle analysis

BmN cells cultured at various temperatures between 10-38°C in 6-well plates were suspended
gently, and. 100 pl of the suspension was placed on slides coated with poly-Lysine (POLY-PREP™
SLIDES; Sigma-Aldrich). Cells were fixed with Carnoy fixative (ethanol: chloroform: acetic acid,
2:1:1) for 10 min, and the fixative was removed by pipette. The cells were treated again with 100 pl
of Carnoy fixative and dried. The fixed cells were washed twice using 100 pl of PBS
(phosphate-buffered saline; 10 mM Na,HPO;, 138 mM NaCl, 2.7 mM KCl, pH 7.4), 100 pl of the
solution containing 50 pg/ml RNase (Ribonuclease; Roche Diagnotics Co., Indianapolis, IN, USA)
and incubated with 5 pg /ml PI (propidium iodide; Sigma) for 1 h at 37°C. These cells were mounted

with a cover glass using Vectashield (Vector Laboratories, Burlingame, CA, USA) and the
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| CHAPTER 1/ MATERIALS AND METHODS §

fluorescence was measured using a laser scanning cytometer (ESC) (Olympus; Darzynkiewicz ef al.,
1999; Luther and Kamentsky, 1996). PI fluorescence (610-620 nin) was excited using an argon laser
at 488 nm. An average of 5000 cells on a-slide was scanned automatically using a 20x objective lens.
At the initiation of scanning for each slide, the sensitivity of the threshold photomultiplier tube
(PMT) was adjusted so that maximum detection of the stained areas was achieved with minimum

detection of background staining.
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CHAPTER 1/ RESULTS

RESULTS
The relationship between temperature and the growth rate of silkworm

~ Body weights were recorded of fourth-instar larvae of the silkworm reared at 10-38°C until they
ecdysed to the fifth instar (Fig. 1-1). The growth rate during the feeding phase increased with
temperature between 10 and 26°C and then reached a plateau. The growth rate unchanged largely at
26-34°C but at 38°C the weight gain was lower than at these temperatures. When the weight of
silkworm reached about 0.5 g, the larvae stopped feeding and entered the molting phase. Ecdysis to
the fifth-instar larvae occurred normally at temperatures between 22 and 30°C, but in silkworms
reared at 34°C, they failed to enter the molting phase and grew beyond the limits of the weight in
normal fourth-instar larvae. ,Afte; rearing at 38°C for 4 days, silkworms weakened gradually and
died without enfering the molting phase. Molting was not observed for 5days at temperature between
10 and 18°C, but long term incubation at 18°C induced larval molting.

Effects of temperature on the silkworm development were examined (Fig. 1-2). Artificial
hatching-treated eggs hatched 11 days after the treatment at 26°C. The embryo developmental rate
was accelerated by temperature increase but no larvae hatched for 30 days at below 14°C and af)ove
34°C. Newly ecdysed pupae were incubated at the various temperatures and the adult emergence
was observed. Although the days needed for emergence were shortened by temperature increase, no

pupae emerged for 30 days at above 34°C. No emergence was also observed at below 14°C. Pupal
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CHAPTER 1/RESULTS

development to adults was observed at 34°C but not at 38°C.

Effect of high temperature on BmN cell growth and morphology-

The BmN cell line was cultured at various temperatures, and the cell numbers were counted. In
temperatures ranging from 10-26°C, the growth rate increased constantly as temperature increased
(Fig. 1-3). Growth rates calculated from cell numbers between.day 0 and day 3 were 0.26, 0.36, 0.73,
1.27, 1.89, 1.88x 10° cells/ml/day at 10, 14, 18, 22, 26, and 30°C, respectively. At 26 and 30°C, cell
density reached a maximum level of about 1.5 x 10° cells/ml after incubation for 5 days. Cells that
were cultured at 34°C proliferated initially at day 2, but the growth rate declined at day 3, and the
proliferation . was suppressed thereafter. Cell proliferation was inhibited entirely by incubation at
38°C. The ﬂumber of the cells did not increase at 42°C (date not shown).

BmN cells cultured at 18-30°C were spherical and showed normal morphology (Fig. 1-4A).
After incubation for 12 h at 38°C the cells elongated like fibroblasts in appearance, with cytoplasmic
protrusions. positioned in a bi-lateral (Fig. 1-4B). Elongated. cells returned to a normal state .and
began to proliferate when the temperature was lowered to 26°C. The number of elongated cells
increased steadily at 34°C. Cells incubated at 34 or 38°C for 4 days aggregated gradually and
contained many granules (Fig. 1-4C). The cells detached from the bottom of the wells and floated in

the medium after such prolonged incubation at these high temperatures. Although the shapes of cells
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CHAPTER 1/ RESULTS

remained unchanged, the cell membrane denatured after incubation for 12 hat 42°C (Fig. 1-4D) and
did not revert to normal when cells were moved to 26°C. Long term culture at 10 or 14°C caused the

cells elongation similar to that observed at high temperature (data not shown).

BmN cell viability and DNA synthesis at high temperature

Cell viability was examined using the trypan blue exclusion method (Fig. 1-5). All cells
incubated at 42°C showed an abnormal cell membrane, but only 20% of the cells were stained at day
1. The number of nonviable cells increased with incubation time, and almost all cells were stained
after 4 days. Although the cells showed morphological abnormalities, the number of stained cells
remained under 10% after 4 days at 34 and 38°C, but reached 20% at day ‘5. Between 22 and 30°C,
the number ‘bf stained cells reméined below 5%. The number of nonviable cells exceeded 90% in 1
day when cells were incubated at 46°C (data not shown).

The amount of BrdU incorporated into newly synthesized DNA. at. various temperatures was
examined fo gauge DNA synthesis in the process of cell division (Fig. 1-6). BmN cells were cultured
at 25°C for 2 days on a 96-well plate, and the BrdU solution was added to each well. After the cells
were incubated at different temperatures (22-38°C) for 24 h, the incorporated BrdU was measured
immunochemically. No significant difference was observed between 22 and 34°C, but BrdU

incorporation at 38°C was reduced to approximately 30% of levels at other temperatures (Fig. 1-6A).
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When BmN cells were cultured at 30-38°C for 100 h before the addition of BrdU, a 70% decrease

was observed at 34°C, and the cells did not incorporate BrdU at 38°C (Fig. 1-6B).

Cell cycle G, phase arrest at high temperature

The results described above suggested that cellular proliferation ceased at high temperatures in
response to an arrest of the cell cycle and not because of cell death. Therefore, I analyzed the cell
cycle with an LSC to define the point of arrést of cell division (Fig. 1-7). When plotted as
scattergrams with the abscissa representing the integrated fluorescence, which indicates DNA
content, and the ordinate representing maximum pixel fluorescence, the height representing the
number of cells, the fraction of the cell population in Gy, S, G, and M phases of the cell cycle could
be identiﬁeci visually. The largest percentage of the cell population, c. 50%, was observed in the G,
phase, and 30% was in the G, phase at 26°C. These proportions were maintained over the entire
culture period at 26°C. In contrast, ceils in the G; phase accumulated after 24 h of incubation at
38°C (Gy: 25%, G,: 50%), and the population of G, cells increased when incubation was prolonged.
The fraction of G; cells returned to the usual distribution when the temperature was lowered from 38
to 26°C. Regardless of the temperature, the S phase and M phase were almost constant at about 20%

and 5%, respectively.
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Cell cycle at various temperatures

Furthermore, the cell cycle analysis was performed in BmN cells incubated for 72 h at various
temperatures. As shown in Figure 1-8, the percentages of the cell population in Gy, S, and G,/M
phases of the cell cycle were maintained after cultivation for 72 h at 26°C (Gy: 51%, S: 17%, G,/M:
32%). The percentage of cells in G, increased gradually toward both low and high temperature. A
high proportion of the cells cultured at 38°C remained in G, phase (about 70%), while only a small
proportion of ‘the cells. remained in G; (about 9%). Cells in G, phase were observed in 54% of
incubated cells at 10°C, resulting that G; block of the cell cycle was also caused by low temperature

stress.
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DISCUSSION
Similarity of temperature reaction between silkworm and the cell line

Established insect cell lines are generally thought to retain some properties of the original insects.
The concept probably applies to the reaction of cells to temperature because the temperatures of
expression for heat shock proteins differ in various insect cell lines (Gerbal ef al., 2000). The present
results suggest that the response of BmN cells to temperature is related closely to that of silkworm
larvae. In both the larval weight gain and proliferation of BmN cells, increases of growth rate with
temperature between 10 and 26°C were observed (Figs. 1-1 and 1-3). This result shows that the
optimal temperature for silkworm and the cell line growth is approximately 26°C. Disturbance of the
hatching, molting, and emergence occurred in Bombyx reared at below 14°C and above 34°C (Figs.
1-1 and 1-2). Celi cycle arrest was also induced by cultivation at these low or high temperatures (Fig.

1-8).

Heat-induced cell cycle arrest in insect cell line

The growth of BmN cells stopped at 38°C (Fig. 1-3), and the BrdU incorporation assay indicz;ted
that DNA replication was reduced in these cells (Fig. 1-6). The cell viability test with trypan blue,
however, showed that the non-proliferating cells did not completely lose their viability (Fig. 1-5).

Moreover, with cells at 38°C for short periods, the morphology returned to a normal state and
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CHAPTER 1/ DISCUSSION |}

proliferation re-started after they were transferred to 26°C. These results suggest that ‘the cells are
hindered by high temperature and cell division stops at a particular cell cycle phase before death. It
was found that the cells arrest in the Gy phase of the cell cycle (Fig. 1-7). LSC analysis showed that
the highesi fraction of cells was at the G, phase after incubation at 26°C, but G, cells were abundant
at 38°C. When the temperature was lowered to 26°C, the number of cells at the G, phase increased
again.

Therefore, the arrest of the cell cycle at the G, phase in response to inadequate conditions is a
possible mechanism used by insect cells to stop cellular development. Fertig ef al. (1990) reported
that the resting phase of insect cells was characterized by 4c-DNA content, whereas the Gy phase of
mammalian cells was characterized by 2¢c-DNA content. Doverskog ef al. (2000) showed that
synchronizatfon of the cell population in the Go/M phase of the cell cycle occurred initially during
the lag phase and toward the end of the population growth phase in a serum-free batch culture of
Spodoptera frugiperda (S09) cells. Arrest of BmN cells at G,/M phase happens in Bombyx mori
pucleopolyhedrovirus infection (Baluchamy and Gopinathan, 2005). The accumulation of BmN cells
in the G, phase was also observed in a confluent state (unpublished data). Furthermore, ~low
temperature stress also caused an increase in the population of cells in G phase (Fig.1-8). Although
each of the signal pathways that induce cell cycle arrest is variable, the downstream mechanisms,

such as G, arrest, may be identical in insect cells.
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The application of 20-hydroxyecdysone induces a sharp decrease in the level of cyclin A and B
expression and arrest the cell cycle of lepidopteran IAL-PID2 cells in the G, phase (Mottier ef al.,
2004). Tt can be speculatgd that the expression of cell cycle regulation genes fluctuates also during
the Gy arrest at high temperatures. The analysis of gene expression is expected to reveal the
mechanism of cell cycle arrest caused by high temperatures.

High temperature could induce excessive consumption of nourishment or:accumulation of waste
products in the culture and stop the cell cycle indirectly. However, the recovery from cell cycle arrest

in the absence of medium exchange refutes this possibility.

Heat-induced damages to insect cultured cells

At least -two reactions to high temperature occur in cuitured cells: one is the arrest of cell
proliferation, and the other is cell death. The differences in cell morphology that occurs between 38
and 42°C indicate the occurrence of these two reactions (Fig. 1-4). When the temperature was
reduced to 26°C, cells that had been elongated at 38°C reverted to a native morphology, while cells
with abnormal cell membranes at 42°C could not revert to a normal morphology. Component
proteins of the cell membrane are probably destroyed at 42°C. The percentage of nonviable cells
increased rapidly with time at 42°C, and almost all cells died within 1 day at 46°C. Although

damages to the proliferation, morphology, and cell cycle were not observed initially in BmN cells
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cultured at 34°C, longer exposure gave the cells serious damages. The principle that the more the
temperature increases, the more rapidly the effects of unfavorable temperatures for organisms arise
(Schmidt-Nielsen, 1997), is applicable to the cultured insect cells. When BmN cells that had ceased
proliferating were transferred to 26°C and incubated again, cells that had been incubated for shqrter
times at 38°C returned to the normal cell cycle (Fig. 1-7). An extended incubation time at 38°C
induced serious morphological changes and reduced cell number followed by an increment in the
numbers of nonviable cells. Perhaps the cells were gradually degraded by necrosis or apoptosis,
because much cell debris was observed in the medium after long term incubation at 38°C. The

reduction in cell viability at 38°C may be caused by long-term arrest of the cell cycle.
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Figure 1-1
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The effects of rearing temperature on the weight gain in fourth-instar larvae of the silkworm. (A)

The range of low temperatures. (B) The range of high temperatures. Fourth-instar larvae were

weighed on an electronic balance to the nearest 1 mg. Data points are averages + SD, n = 20, E:

Ecdysis, D: Dead.
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Figure 1-2

The -effects of temperature on the silkworm development. (A) Diapause eggs treated with
artificial hatching were incubated at indicated températures for 30 days without light. Hatching day
was ‘determined when more than 50% of larvae hatched (n > 20). Embryo developmental rate was
represented by the reciprocal number of hatching day. (B) Newly ecdysed pupae were incubated at
indicated temperatures for 30 days without light. Emergence day was determined when more than
50% of pupae emerged (n = 10). Pupal developmental rate was represented by the reciprocal number

of emergence day.
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Figure 1-4

BmN cell morphology at normal and high temperatures. (A) 26°C, (B) 12 h at 38°C, (C) 96 h at

38°C and (D) 12 h at 42°C. Scale bar =20 pm.
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Figure 1-5
Effect of temperature on BmN cell viability. The percentage of nonviable cells was determined

using the trypan blué dye exclusion test. Data points are averages = SD,n=3.
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Figure 1-6

Arrest of -DNA synthesis in BmN cells at high temperature. (A) BrdU was added. to the culture
medium, and the cells were incubated for 24 h at various temperatures. (B) Celis were cultured for
100 h.at indicated temperatures without BrdU, and then for 24 h with BrdU added. Each value is the
average + SD of six different cultured wells; the values are corrected by cell counts. The relative

level of BrdU-uptake compared with that at the normal temperature (26 or 30°C) was defined as 1.',
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Figure 1-7

Cell cycle analysis of BmN cells after incubation at 26 and 38°C. The 3D histograms were drawn

using LSC software. Abscissa: DNA content, ordinate: degree of chromatin condensation, height:

number of cells. White arrows indicate phases of the cell cycle.
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Figure 1-3
o ADist_ri_butibn of cell cycle at various temperatures. BmN cells were incubated for 72 h at indicated

temperatures and then laser scanning cytometry analysis was performed.
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CHAPTER 2

High Temperature Induces Accumulation of ROS and G; Cell Cycle

Arrest through Activation of p38 MAPK in Insect Cell Line

INTRODUCTION

The insect is a representative poikilothermic animal and reacts acutely to ambient temperature.
Although insect growth is accelerated by temperature increase, the growth is inhibited by abnormal
high temperatures for insects. These abnormal temperatures are rather adequate to homoeothermic
animals such as mammals and birds. This difference of favorable temperature shows that insects are
more sensitivé to temperature stress than mammals but the reasons are obscure. In general, it is
speculated that harinful effects- of high temperature are probably caused by enzymatic inactivity,
behavior disorder, and water loss, etc. The detailed mechanisms, however, are unknown.

Many insect cell lines are established (for examples, see Hink, 1970; Lynn, 1995; Imanishi ef al.,
2003; Eguchi and Iwabuchi, 2006). The growth rates of BmN cell derived from the ovary of
silkworm, Bombyx mori, were affected by temperature as well as that of silkworms (CHAPTER 1).
Our challenge using insect cell lines to elucidate the effects of temperature on insects in cellular

level suggested that insect cells had G/M checkpoint mechanism of cell cycle against high
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temperature stress. However, mediators of this signal cascades are still unclear.

The p38 stress kinase respond to various environmental stimuli, including ultraviolet (UV)
radiation, oxidative stress, protein synthesis inhibitors, heat shock, cytokines and osmotic shock
(Ono and Han, 2000; Kyriakis and Avruch, 2001). Following théir activation through |
phosphorylation of highly conserved neighboring tyrosine and threonine residues, p38 Kinases can
localize to the nucleus, where they phosphorylate and activate their target transcription factors
(Pearce and Humphrey, 2001). In fission yeast, osmotic stress, treatment with hydrogen peroxide
(H;0;), heat shock, and UV radiation activate the Spc1/Sty1 stress kinase pathway (Millar, 1999).
Spcl/Styl is a homolog of human p38 and budding yeast Hogl MAPK (mitogen-activated protein
kinase). In fruit fly, p38 have been cloned, and its tyrosine 186 is rapidly phosphorylated in response
to osmotic stress, heat shock, serum starvation, and H,0, in Drosophila ](2)mbn- and Schneider cell
lines (Han et al., 1998). Furthermore, flies lacking p38 are susceptible to some environment stresses
including heat shock, oxidative stress and starvation (Craig ef al., 2004). On the other hand, roles for
stress kinases in cell cycle control are reported. Exposure of yeast to osmotic stress leads to
activation of the Hogl SAPK (stress-activated protein kinase) and G, arrest (Clotet et al., 2006).
Vanadium induces generation of H,O, and superoxide radical, and then stimulates MAPK family
members to arrest cell cycle at the G,/M phase in the human lung alveolar epithelial cancer cell line

A549 (Zhang et al., 2003). Bulavin ef al. (2001) reported that p38 kinase had critical role in the
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initiation of a G, delay after UV radiation. These reports suggest that activation of p38 MAPK by
environmental stress including heat shock has close relationship to Go/M checkpoint pathway.

Heat stress induces generation of reactive oxygen species (ROS) such as the H;0,, superoxide
anion and hydroxyl radical (Harari et al., 1989; Kim et al., 2006) and the ROS damage to protein,
lipid membranes, and DNA. Oxidative stress increases heat shock proteins, while over-expression of
antjoxidant enzymes caused an increase in thermotolerance (Davidson e al., 1996). These reports
suggest that there are close relationship between heat stress and oxidative stress. In the case of
insects including Bombyx, exposure to high temperature activates some antioxidant enzymes in
transcriptional and translational level (Lee ef al., 2005; Kim et al., 2007).

In the present study, I propose that heat stress induces Go/M checkpoint in insect cells through
activation of p38 and following inactivation of Cdc2. In addition, I elucidate that the activation of

p38 is resulted from unexpected accumulation of ROS in insect cells at high temperature.
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MATERIALS AND METHODS
Cell line

The BmN (BmN4) cell line derived from Bombyx mori (Maeda, 1989) was maintained in IPL-41
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (Wako Pure
Chemical Industries, Ltd., Osaka, Japan) and 1% antibiotic-antimycotic (Sigma-Aldrich Co., Ltd.,
Irvine, UK) at 25°C. The cell number was counted in a defined area (eight random areas, 3.03 X 10
cm’ each) under an inverted microscope (IX70, Olympus, Tokyo, Japan) and the total number of the

cells in a well was calculated,

Reverse transcription (RT) and real-time quantitative polymerase chain reaction (PCR)

" Total RNA from BmN cells was isolated using ISOGEN (Wako Pure Chemical Industries). The
RNA was measured to confirm its purity and stabilify with a GeneQuant pro (Amersham Pharmacia
Biotech, Uppsala, Sweden). Five pg of total RNA in 20 pl volume were converted to cDNA by use
of ReverScript IV (Wako Pure Chemical Industries) and an Oligo(dT) 12-18 primer (Invitrogen),
according to the manufacture’s protocol. After incubation at 37°C for 30 min with Ipl of
Ribonuclease H (TaKaRa Biotechnology Co., Ltd., Shiga, Japan), the cDNA was purified by ethanol
precipitation and dissolved in 200 pl of double distilled water (DDW). One pl of RT product was

amplified by real-time PCR using the SYBR Premix ExTaq Perfect Real-Time PCR Kit (TaKaRa),
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according to the manufacture’s protocol. The primers used are shown in Table 2-1.

‘Western blotting

Cells were rinsed with cold phosphate-buffered saline (PBS; 10 mM Na,HPOQ;, 138 mM NaCl,
and 2.7 mM KCl, pH 7.4), then lysed with SDS-sample buffer (50 mM Tris-HCI: pH 6.8, 2% sodium
dodecyl sulfate, 0.86 M 2-mercaptoethanol, 10% glycerol). After the samples denatured by boiling,
the protein amount was measured by using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Hercules, CA, USA). SDS-PAGE was conducted by the method of Laemmli (Laemmli, 1970).
Twenty five pg of proteins were analyzed in 10% polyacrylamide gel and electrophoretically
transferred to PYDF membranes (Millipore, Bedford, MA, USA) using transfer buffer (25 mM Tris,
192 mM glycl;ne, and 20% methanol). The membranes were blocked for 1 h at room temperature in
TBS/T buffer (0.1% Tween-20, 25 mM Tris, and 150 mM NaCl, pH 7.6) containing 2% ECL
Advance blocking agent. The blotted membranes were washed three times for 5 min each with
TBS/T buffer and then incubated overnight at 4°C with each primary antibody. Used antibodies were
rabbit anti-phospho-Cdc2 (Sigma, St Louis, MO, USA), anti-Cdc2 (PSTAIRE, Upstéte
Biotechnology, Lake Placid, N'Y, USA), anti-phospho-p38 (Cell Signaling Technology, Inc., Beverly,
MA, USA), anti-phospho-ERK (Cell Signaling Technology), anti-phospho-INK/SAPK (Cell

Signaling Technology) and mouse anti-o-tubulin (Sigma). They were diluted at 1:2000 in TBS/T
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containing 5% bovine serum albumin. After incubation with the primary antibodies, the membranes
were washed five times with TBS/T. Secondary antibodies, horse radish peroxidase-conjugated
anti-rabbit or anti-mouse IgG (Cell Signaling Technology) diluted at 1:4000 in TBS/T buffer
containing 2% ECL Advance blocking agent, were then added and further incubated for 1 h at room
temperature. The membranes were then washed five times in TBS/T. Immunoreactivity was
visualized using an ECL Advance Western Blotting Detection Kit (Amersham Biotech, Little
Chalfont Buckinghamshire, UK) and LAS-1000 Luminescence Image Analyzer (Fuji Photo Film Co.,
Ltd., Tokyo, Japan). Densitometric analyses were conducted through use of a PC softwafe, Scion

Images for Windows (Scien Co., Frederick, MD, USA).

Cell cycle analysis

BmN cells cultured on cover slip in 6-well plates were rinsed gently with PBS, and fixed with
Carnoy fixative (ethanol: chloroform: acetic acid, 2:1:1) for 10 min. After the cells were washed
three times using PBS, 100 pl of the solution containing 50 pg/ml RNase (Ribonuclease; Roche
Diagnotics Co., Indianapolis, IN, USA) and 5 pg/ml PI (propidium iodide; Sigma) was placed on fhe
cells and incubated for 1 h at 37°C. The cells were washed three times, and then mounted in
Vectashield (Vector Laboratories, Burlingame, CA, USA). The fluorescence was measured using a

lasér scanning cytometer (L.SC; Olympus; Luther and Kamentsky, 1996; Darzynkiewicz et al., 1999).
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PI fluorescence (610-620 nm) was excited using an argon laser at 488 nm. An average of 5000 cells
on a slide was scanned automatically using a 20x objective lens. At the initiation of scanning for
each slide, the sensitivity of the threshold photomultiplier tube (PMT) was adjusted so that
maximum detection of the stained areas was achieved with minimum detection of background

staining.

Detection of intracellular reactive oxygen species (ROS)

Fluorescence microscope (BX51; Olympus) and CCD camera (DP50; Olympus) were used to
measure the generation of ROS by detecting 2°,7’-dichlorofluorescin diacetate (DCFH-DA; Sigma),
an oxidation-sensitive fluorescent probe. The principle of this assay is that DCFH-DA diffuses into
the cell throﬁgh the membrane and is enzymatically hydrolyzed by intracellular esterase to
nonfluorescent dichlorofluorescin. In the presence of ROS (mainly H,O,), this compound is rapidly
oxidized to highly fluorescent dichlorofluorescein (Bass ef al., 1983; LeBel ef al., 1992; Zhang et al.,
2003). BmN cells were cultured in 35 mm dish and received temperature treatments. The incubated
medium was exchanged to new one preincubated at 26°C, and then DCFH-DA was added to fhe
cells to a final concentration at 50 pM. After incubation for 30 min at 26°C, the cells were washed
with insect PBS (4.5 mM Na,HPO,, 137 mM NaCl, pH 6.5) three times and immediately analyzed

with a fluorescence microscope. To examine the direct effects of H,0,, the cells were preincubated
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with 50 #M DCFH-DA for 1 h at 26°C and then treated with 100 uM H,0, for 30 min. After the

incubation, the cells were washed and analyzed with a fluorescence microscope.

Chemicals

SB202190 (p38 inhibitor) was purchased from Sigma and dissolved in dimethy! sulfoxide
(DMSO0). L(+)-ascorbic acid (vitamin C; Wako Pure Chemical Industries) and hydroxyurea (Sigma)
were dissolved in DDW. Colcemid (demecolcine) was purchased from Wako Pure Chemical

Industries and dissolved in DMSO.

Statistics analysis
The results are presented as representative experiments or as means + SD (n = 3). The statistical
significanice of differences was determined by one-way ANOVA, followed by Scheffe's F-test.

Values of P < 0.05 were considered statistically significant.
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RESULTS
Expression profiling of cell cycle genes

T attempted initially to check the expression level of cell cycle genes related particularly to Gy/M
phase by real-time PCR, because a.silkworm cell line, BmN cell, was arrested at G, phase of cell
cycle by high temperature stress (CHAPTER 1). There was no significant difference between 26°C
(normal temperature for insects) and 38°C (stress condition) in the expression level of cell cycle
genes participating in G»/M phase (cdc2, cyclin A, cyclin B, and cdc25; Fig. 2-1). The expression
level of G; cyclin (cyclin D) and housekeeping gene (ribosomal protein 49; rp49) also unchanged
extremely under high temperature. Heat shock protein 70 (hsp70) was four times increased by heat

treatment.

The effect of high temperature on Cde2 phosphorylation

Cdc2 is a key regulator of cell cycle. To proceed from G; to M phase, activation of Cdc2 by
dephosphorylation on Thr14/Tyrl5 is needed (Morgan, 1995). In this reason, the phosphorylation
level of Cdc2 under high temperature stress was examined by Western blotting. Specificity of anti
phospho-Tyr15-Cdc2 antibody. to Bombyx Cdc2 was confirmed using cell cycle inhibitors,
hydroxyurea and colcemid. Hydroxyurea is an inhibitor of ribonucleotide reductase to deplete

dNTPs and stops the cell cycle in G; before DNA replication. Replication stress also -inhibits
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dephosphorylation of Cdc2 (de Vries et al., 2005). In the case of BmN cells, hydroxyurea treatment
induced accumulation of G, cells and phosphorylated Cdc2 (Fig. 2-2A and B). The antibody
effectively detected the state of phosphorylation of Bombyx Cdc2. Furthermore, M phase arrest was
archived by treatment of colcemid which was an inhibitor of microtubule polymerization (Fig. 2-2A).
The colcemid treated cells underwent the chromatin condensation which showed M phase and active
dephosphorylation of Cdc2 in M phase cells was confirmed (Fig. 2-2B). The expression level of total
Cdc2 was unchanged by each inhibitor treatment.

The phosphorylation state of Cdc2 under high temperature stress condition was examined using
the anti-phospho-Cdc2 antibody. Both of total and phosphorylated Cdc2 levels were constant at
26°C, while only the phosphorylation level was increased by incubation for 24 or 48 h at 38°C (Fig.

2-3).

Activation of p38 MAPK induced by high temperature

- Western blotting with a specific antibody of phospho-p38 was performed for observation of high
temperature effect on phosphorylation of p38. No phospho-p38 was detected in keeping w1th
cultivation temperature at 26°C (Fig. 2-4A). On the other hand, shift in temperature to 38°C
activated p38 phosphorylation after 2 h and sustained the level for 24 h. The phosphorylation at

38°C returned to the non-phosphorylated state by succeeding incubation at 26°C (Fig. 2-4B), Other
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MAPK family proteins, ERK (extracellular signal-related kinase) and JNK/SAPK (c-Jun N-terminal
kinase/stress-activated protein kinase) were also examined the phosphorylation state at high
temperature. ERK was phosphorylated by heat stress, as in the case of p38, but INK was not (data

not shown).

The effect of p38 inhibitor on cell cycle arrest by high temperature

BmN cells were exposed to a p38 inhibitor, SB202190 for 1 h at 26°C, and then subjected to
high temperature. Although no proliferation of BmN cells was usually observed at 38°C, addition of
$B202190 induced a little increase of cell number in the stress condition (Fig. 2-5A). Furthermore,
cell cycle analysis using LSC showed that pretreatment of the cells with SB202190 inhibited
heat-induced cell cycle arrest, decreasing the percentage of the cells in Go/M phase from 46% to
41% at 5 pM and 42% at 10 uM (Fig. 2-5B). The high phosphorylation level of Cdc2 at 38°C was
also suppressed by SB202190 treatment (Fig. 2-5C). There were no effect on the proliferation, cell

cycle, and phosphorylated Cdc2 level of BmN cells pretreated with 5 or 10 pM SB202190 at 26°C.

Gengration of intracellular ROS at high temperature
- To examine the involvement of high temperature stress in generation of reactive oxygen species

(ROS), observation with DCFH-DA, which is a specific dye for H,O;, was conducted. High
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temperature treatment caused an increase in fluorescence which showed generation of ROS only for
2 h (Fig. 2-6A). More intense green fluorescence was detected in the cells incubated for 4 h under

high temperature than moderate temperature. ROS continue to be generated by heat treatment for 24

To confirm the specificity of this detection, antioxidant which catalyzed degradation of ROS was'
used. Although pretreatment with ascorbic acid decreased the intensity of the green color at 38°C,
the effect of the antioxidant was disappeared only for 4 h and intense green fluorescence was

detectable thereafter (Fig. 2-6B).

Involvement of ROS accumulation in cell cycle arrest

The addition of ascorbic acid delayed the accumulation of ROS. The effects of ascorbic acid
treatment on activation of p38 and cell cycle arrest in G, phase under heat shock were investigated.
Phosphorylation of p38 in the heat-treated cells was delayed about for 2 h by preincubation with
ascorbic acid (Fig. 2-7A). Growth arrest by high temperature was a little recovered in ascorbic acid
treated-cells (Fig. 2-7B). Analysis of cell cycle clarified that ratio of the cells in Gy/M phase at 38°C
was reduced from 55% to 45% by addition of ascorbic acid (Fig. 2-7C). The cells at 26°C showed no
response to ascorbic acid in the cell proliferation and cell cycle.

Direct effect of H,O, on cell cycle was examined by addition of H>O, to the medium. Exposure
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to H,05 for 30 min induced intense oxidative stress in the cells (Fig. 2-8A). The intense fluorescence
was greatly reduced by pretreatment with ascorbic acid. Laser scanning analysis revealed that the
oxidative stress arrested cell cycle in G; phase (Fig. 2-8B). The fraction of G; cells returned to the

usual level by removal of H;0; from the medium by changing the medium to the fresh one.
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DISCUSSION
The mechanism of heat-induced cell cycle arrest

ngh temperature changes the expressions of many genes (Serensen et al., 2005; Zhou ef al.,
2007). The reduction of cyclin B expression causes cell cycle arrest in G, phése in lepidopteran cgll
line, IAL-PID cells, treated with 20-hydroxyecdysone (Mottier ef al., 2004). In the case of BmN
cells at high temperature, it was possible that the reduced expression of cell cycle genes involved in
G,/M fransition induced the arrest of cell cycle. However, there was little difference in the
expression levels of cdc2, cyclin A, cyclin B, and cdc25 between 26 and 38°C (Fig. 2-1). No
difference was also observed in ribosomal protein 49, which is a housekeeping gene, and cyclin D,
which is known as G; cyclin. These results suggest that the heat treatment for 24 h at 38°C
unchanged the expression levels of most genes in BmN cells and the arrest of cell cycle under high
temperature is not controlled by transcriptional level. On the other hand, the expression of heat
shock protein 70 increased greatly by heat treatment in agreement with the case of fruit fly (Palter ez
al., 1986).

Phosphorylation of Thr14 and Thy15 is particularly important in the control of Cdc2 activation at
mitosis. To transit from G, to M phase, Thrl4 and Thyl5 are both dephosphorylated by a
dual-specificity phosphatase termed Cdc25 (Morgan, 1995). Namely, cell cycle arrest in G, phase

usually results from holding Cdc2 in an inactive phosphorylation state to leave Cdc25 from CDK
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complex (Cyclin B-Cdc2). Therefore, 1 examined phosphorylation state of Cdc2 in the cells cultured
at high temperature.

First, the cross-reactivity of anti human phospho-Tyr15-Cdc2 and Cdc2 (PSTAIRE) antibody to
Bombyx proteins was checked using inhibitors of cell cycle. It was expected that anti human Cdc2
antibodies cross-reacted with Bombyx Cdc2, because the phosphorylation site of Cdc2 and the
PSTAIRE sequence were nearly identical in amino acid sequences between human and silkworm.
Treatment with hydroxyurea was used as a good positive control in high phosphorylated state of
Cdc2. Hydroxyurea which inhibits DNA replication and arrest of cell cycle in G is effective on
insect cell lines (Siaussat et al., 2004). In addition, hydroxyurea induces accumulation of inhibitory
phosphorylated Cdc2 in Drosophila Schneider’s cells (de Vries et al., 2005). BmN cells treated with
hydroxyurea also stopped the cell cycle at G; and accumulated phosphorylated Cdc2 (Fig. 2-2A and
B). Furthermore, treatment with colcemid, which is an inhibitor of microtubule polymerization, was
used as a good control in low phosphorylated state of Cdc2. Because of arresting the cell cycle in M
phase, almost all Cdc2 is converted to active dephosphorylated form by colcemid treatment. In fact,
colcemid was effective on BmN cells; nuclear aggregation which characterized M phase was
observed in most cells and the level of phosphorylation decreased clearly. No effect of both cell
cycle inhibitors on protein expression level of total Cdc2 was confirmed using anti human Cdc2

(PSTAIRE) antibody. These resuits show that phosphorylation state on Bombyx Cdc2 was- detectable
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by Western blotting using anti human Cdc2 antibodies.

The phosphorylation level of Cdc2 increased in BmN cells incubated at high temperature (Fig.
2-3). This result suggests that the inactivation of Cdc2 is important process for heat-induced cell
cycle arrest in G, phase. Stress-activated p38 MAPK phosphorylates Cdc25 and activates Go/M
checkpoint pathway in response to various environmental insults, including UV radiation and
hyperosmotic stress (Bulavin et al., 2001; Smith et al., 2002; Lopez-Aviles ef al., 2005; Clotet et al.,
2006). Besides these stresses, heat shock and oxidative stress also activate p38 MAPK in
mammalian ceils, fission yeast, fruit fly, and the cell lines (Degols e al., 1996; Han et al., 1998;
Adachi-Yamada et al., 1999; Zhou ef al., 2005; Aggeli ef al., 2006; Zhuang e? al., 2006; Kani et al.,
2007). These reports suggest that Go/M arrest by high temperature is related to signal pathway
mediated by p38 activation and following Cdc2 inactivation.

In fact, High temperature activated p38 in BmN cells as the case of Drosophila cell lines (Fig.
2-4A). Heat-induced phosphorylation returned to non-phosphorylated state by decrease of
temperature from 38 to 26°C (Fig. 2-4B). This result corresponds to reversibility of G,/M arrest at
high temperature (CHAPTER 1). The arrest of cell cycle and proliferation under heat stress
condition were a little rescued by addition of p38 inhibitor, SB202190, into the medium (Fig: 2-5A
and B). Furthermore, the accumulation of phospherylated Cdc2 at high temperature was also

declined by SB202190 treatment (Fig. 2-5C), indicating that high temperature stress arrested the cell
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cycle in G, phase by inactivation of Cdc2 mediated by p38 activation. However, treatment with
SB202190 was not able to recover completely the arrest. The following three possibilities are under
consideration for this incomplete recovery; specificity of the inhibitor, relationship of another
pathway, and the necessity of p38.

Four isoforms are known as human p38 MAPK (p38a, B, v, and 8). SB202190 preferentially
targets the p38a and p38p, but does not p38y and p385 (Nebreda and Porras, 2000). Bombyx p38 are
more similar to p38a and p38f than p38y or p383; and SB202190 is expected to have inhibitory
effect on Bombyx p38 for this reason. However, there remains a possibility that the specificity of
SB202190 is insufficient for Bombyx p38. Knockdown of p38 using RNA interference would be a
useful tool to clarify this possibility.

It is likely that the some signal pathways coordinate in G,/M arrest by heat stress. Miyakoda et al.
(2002) observed that heat shock induces ataxia-telangiectasia mutated (ATM) activation in
mammalian cell lines. DNA damage checkpoint caused by UV radiation, ionizing radiation and
others are well stud?ed as the mechanism of G/M arrest involved in conirol of Cdc2 phosphorylation
state (Sanchez ef al., 1997; de Vries et al., 2005). Damaged DNA is sensed by ATM and ATR (ATM
and Rad3-related) kinase families. These kinases transmit the signal to two downstream kinases,
Chk1 and Chk2. Cdc25 phosphatase is phosphorylated by Chk1 and Chk2, and then bind to 14-3-3

proteins which are nuclear export factors. Separation of Cdc25 from CDK complex in nucleus
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inhibits Cdc2 activation and arrests the cell cycle in G, phase (Lopez-Girona et al., 1999). The
participations of ATM/ATR and the downstream proteins Chk1/Chk2 in the G,/M arrest at high
temperature are considerabl;a;. Inhibition of p38 MAPK only may be insufficient to recover
completely G»/M arrest at high temperature. Although, high temperature stress also phosphorylated
another MAPK protein. ERK, U0126 which is an inhibitor of ERK phosphorylation could not
recover the arrest of cell cycle and proliferation in BmN cells under high temperature (unpublished
data). From this result, I infer that ERK phosphorylation is independent of the G,/M arrest by heat
stress.

The last possibility is that the p38 activation is needed for heat folerance of BmN cells.
Drosophila lacking p38 are susceptible fo some environmental stress, including heat shock;
oxidative stress and starvation (Craig et al., 2004). There are some reports that induction of heat
shock proteins is involved in p38 activation in mammalian cell (Uehara ef al., 1999; Rafiee ef al,,
2006). These results suggest the possibility that more serious damages than G,/M arrest occurred in

the cells by the inhibition of p38 MAPK at high temperature.

Heat-induced ROS generation and the involvement in the cell cycle arrest
What occurs in the heat-treated cells? Our study discovered the accamulation of reactive oxygen

species (ROS) in the cells incubated at high temperature (Fig. 2-6). There are close relationship
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between high temperature stress and oxidative stress. The expressions of heat shock proteins are also
induced when the cells are exposed by oxidative stress (Courgeon ef al., 1988, 1990; Jornot et al.,
1991.). On the other hand, overexpression of antioxidative genes in yeast provides heat resistance
(Davidson et al., 1996). High temperature induces ROS accumulation in many species (Kim ef al.,
2006; Volkov et al., 2006). In the silkworm, the expression of an antioxidant enzymes, thioredoxin
peroxidase, is induced in transcriptional and translational level by heat shock (Lee ef al., 2005; Kim
et al., 2007), suggesting that ROS is accumulated under high temperature in the silkworms.
Generation of ROS probably damages proteins, lipids, and particularly DNA in BmN cells. These
damages cause activation of p38, and then the signal is transmitted to G/M checkpoint pathway.
Recently, two reports show the evidence that heat shock induces double-strand breaks in mammalian
cells (Takahas;hi et al., 2004; Kaneko et al., 2005). If the double-strand breaks occurred in BmN cells
at 38°C, involvement of pathways mediated by ATM and ATR remain controversial.

To prevent ROS accumulation by heat stress, ascorbic acid which is one of antioxidants was
added in the medium. Addition of ascorbic acid decreased generation of ROS in the normal state and
delayed induction of the heat stress state (Fig. 2-6). Together with the retardation of ROS
accumulation, the phosphorylation of p38 by high temperature was delayed and weakened (Fig.
2-7A). Furthermore, pretreatment with ascorbic acid recovered slightly the cell growth and cell cycle

arrest at high temperature (Fig. 2-7B and C). On the other hand, BmN cells directly treated with
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H,0, '(one of the ROS) showed ;trong oxidaﬁbn and a series Qf Gy/M arrest similar to. the
observation ﬁndervhea‘t stress condition (Fig. 2-8A and B). From these results, I propose that
abnormal high iemperanlre for insects induces oxidative ‘damage to the cells and consequently
activates Go/M checkpoint pathway. quever, my study is not capable for denying the possibility
that high temperature damages to the cells directly. Treatment with ascorbic acid is insufficient to
prevent BmN cells from accumulating ROS. Tf ROS generation was completely suppressed by
treatment with other antioxidants or overexpression of antioxidant enzymes, the question would be

solved.
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FIGURES AND TABLES

Name Sequence (5' to 3
B.mori cdc2 F GACGCTTACATCAGAGTGAC
B.mori cdc2 R GGAACCCAACTGAGTTGTAC
B.mori cyclin A F TGCACAGACCGACAGAGA
BmoricycinAR ~ CTGTTCCGACAAGTTGAAGC
B.mori cyclin B F GCCGGAGACAACAACAGC
B.mori cyclin B R GGGTCTCGCAAGACAGAA

* B.mori cdc25 F AACTGATCCGAGGAGCTTAC
B.mori ¢dc25 R CGTTCCAATGAGAATTCGCAG
B.mori cyclin D F AGTGGATGCTAGAGGTATG
BmoricyclinDR  CAACAGTAGACAGGCTGTG
B.mori ip49 F TCGGATCGCTATGACAAAC
B.mori ipd9 R ACTAGGACCTTACGGAATC
B.mori hsp70 F GGCAACCGTATCACACCATC
B.mori hsp70 R TTCTTCTGGCGCAAATCGTT

Tabig 2-1

Oligonucleotide primers used in the real-time quantitative PCR.
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a L 26°C

FEREREER

cdc2 cyclinA cyclinB cdc25 cyclinD rp49 hsp70

Relative expression

Figure 2-1

Expression pattern of cell cycle genes. BmN cells were incubated for 24 h at 26 or 38°C and then

total RNA were isolated. The RNA was converted to cDNA and amplified by real-time quantitative

PCR. The level of each cell cycle gene is means of three assays, which is calculated relative to that

of the expression recorded for the level at 26°C. Error bars, SD.

61



CHAPTER 2 / FIGURES AND TABLES

>

@ Control HU @ Col
-g 480 G1 480 430 4
5 20 03 M
E 260 G2/IM 240 2103
g i ot 2
Z8, 8 &
o o
40 40 4D
DNA content

1.6

P-Cdc2 | Cdc2

0.5

., B
| I s
P-cdcz.. :

Control HU Col

Figure 2-2

The effect of cell cycle inhibitors on BmN cells. (A) BmN cells treated with 1 mM hydroxyurea

(HU) or 0.25 pg/ml colcemid (Col) were incubated for 48 h at 26°C and then fixed. After the DNA

stained with propidium iodide, content and intensity of fluorescence was measured by LSC. The

histograms were drawn using LSC software. The phase of cell cycle is indicated with each peak. G2

and M phase were discriminated by fluorescence intensity which reflected chromatin condensation.

(B) Phospho-Cdc2 or total-Cdc2 levels of BmN cells treated with hydroxyurea or colcemid for 48 h

were detected by Western blotting using antibodies against phospho-Tyr15-Cdc2 or Cdc2

(PSTAIRE). The blot presented is representative of three separate experiments. Blots were analyzed

by Scion Images. The relative densitometric readings (control = 1) of P-Cdc2/Cdc2 from three
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separate experiments are presented in the upper panel as means + SD. Bars with different letters

indicate statistical difference at P <.0.01.
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Figure 2-3

The effect of high temperature on Cdc2 phosphorylation. BmN cells were cultured for indicated

time at 26 or 38°C. The cells were then dissolved in sample buffer and analyzed by Western blotting

using antibodies against phospho-Tyr15-Cdc2 or Cdc2 (PSTAIRE). The blot presented is

representative of three separate experiments. Blots were analyzed by Scion Images. The relative

densitometric readings (control = 1) of P-Cdc2/Cdc2 from three separate experiments are presented

in the upper panel as means + SD. Bars with different letters indicate statistical difference at P <

0.05.
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Figure 2-4

The effect of high temperature on p38 phosphorylation. (A) BmN cells were cultured for

indicated time at 26 or 38°C. The cells were then dissolved in sample buffer and analyzed by

Western blotting using antibody against phospho-p38. Tubulin blotting shows equal loading. (B)

BmN cells incubated for 24 h at 38°C were shifted in temperature to 26°C and subsequently

incubated for indicated time.

65



CHAPTER 2 / FIGURES AND TABLES

26°C 38°C
A 15 T we G
1 173 g
3 3 5
E b T E 1L T
= = L?
3 3 *
Q Q
Q @
> >
E 0.5 F s 05 p
& &
PCAc? | S —
0
L0510 LT Cacz | S ——
SB (uM) SB (uM)
0o 10 0 10
SB (uM) SB (kM)
— 50 __ 50 38°C
2 ®
» 40 ©» 40
3 g
s 30 w 30 HG1
g, @ DS
8 20 E’ 20 EBG2/M
= =
8 10 8 10
e &,
0 5 10
SB (uM)
Figure 2-5

The effects of p38 inhibitor on heat-induced cell cycle arrest. (A) BmN cells were pretreated

with SB202190 (SB) for 1 h and then cultured at 26 or 38°C for 24 h. The cell numbers were then

counted under an inverted microscope. The relative cell numbers (no inhibitor in DMSO = 1) from

three independent wells were indicated as means & SD. (B) The cells pretreated with SB202190 were

incubated for 24 h at 26 or 38°C, and then fixed. Fixative cells were stained with DNA dye

(propidium iodide) and analyzed the cell cycle using LSC. Data represent the means + SD of three

independent experiments and different letters indicate statistical difference at P < 0.05. (C) The cells

pretreated with SB202190 cultured for 24 h at 26 or 38°C. The cells were then dissolved in sample
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buffer arid analyzed by Westem blotting using fanﬁ;:odies against phOSpho-'IyrISCch and Cdc2
(PSTAIRE)The blotpreseuted 1srepxesentanveofthreeseparate experitients. Blotswereanalyzed
by Scion Images. The relative densifometric teadings. (no mhxb:tor in DMSO at 26°C = 1 of
PCdc2/Cdc2ﬁromthreeseparateexpenments are presented in the upper panel as meansism Bars

with.different letters indicate statistical différence at P <0:05.
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Figure Z-t; |

Generation of ROS by high temperature stress. (A) BmN cells were cultured for indicated times
at 26 or 38°C, and then treated with 50 uM 2°,7’-dichlorofluorescin diacetate (DCFH-DA; Specific
dye for H,0,). After incubated with DCFH-DA for 30 min at 26°C, the cells were washed three
times with insect PBS and immediately analyzed using fluorescent microscopy. BF: Blight field,
DCFH: Green channel. (B) BmN cells were preincubated with 500 uM ascorbic acid (AA) for 24 h

at 26°C. Ascorbic acid-treated cells were shifted in temperature to 38°C and cultured for indicated

time.
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The effects of ascorbic acid on the cell cycle arrest mediated by heat activated p38. (A) BmN

cells were incubated with or without 500 puM ascorbic acid (AA) for 24 h at 26°C. Then, the cells

were shifted in temperature to 38°C. The cells were dissolved in sample buffer at indicated time and

analyzed by Western blotting using antibody against phospho-p38. (B) BmN cells pretreated with

ascorbic acid were cultured for 24 h at 26 or 38°C and then counted under an inverted microscope.

The relative cell numbers (no antioxidant in DDW = 1) from three independent wells were indicated

as means % SD. (C) The cells pretreated with ascorbic acid were cultivated for 24 h at 26 or 38°C

and then laser scanning cytometry was performed. Data represent the means £ SD of three
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independent experiments and-different letters indicate statistical difference at-P <0.05.
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The effects of H,0, on BmN cells. (A) BmN cells were incubated with DCFH-DA (final 50 uM)

for 1 h, and subsequently treated with 100 uM H,0, for 30 min at 26°C. After the treatment, the cells

were washed three times with insect PBS and immediately analyzed using fluorescent microscopy.

To examine the effects of antioxidant, BmN cells were preincubated with ascorbic acid (AA) for 24

h at 26°C. BF: Blight field, DCFH: Green channel. (B) Cell cycle analysis using LSC were

attempted in the cells incubated with 100 pM H,O, for 24 h at 26°C. The recovery from the arrest of

cell cycle was examined when H,0, were removed from the medium by washing. The washed cells

were subsequently incubated for 24 h and then laser scanning cytometry was performed. The
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histograms were drawn using LSC software. The percentages of cell cycle in G and Go/M phase are

indicated above each peak.
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CHAPTER 3

Effects of High Temperature on the Hemocyte Cell Cycle in Silkworm

Larvae

INTRODUCTION

A close relationship exists between insect development and temperature. In a number of insect
species, the growth rate is increased and the developmental period is shortened as the temperature
increases (Wigglesworth, 1972). However, each species has its own range of optimal temperatures
for growth, and extremely high temperatures inhibit rather than promote growth by inducing growth
delays and dévelopmental failures, such as larval ecdysis and adult emergence (Chapman, 1998).
The mechanisms underlying these effects are unknown. In this chapter, I sought to understand the
effects of high temperature on insect growth at the cellular level.

1 investigated the effects of high temperatures on cultured cells derived from the silkworm,
Bombyx mori (CHAPTER 1). At 38°C, which is an unusually high temperature for silkworms, the
cells did not die but were arrested in G,. From this result, I speculated that the induction of a cell
cycle arrest by high temperatures is closely related to the suppression of insect growth and

development. To confirm this speculation, I investigated whether the cell cycle arrest observed in
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cultured cells in response to high temperatures also occurs in silkworms.

Cell division in insects depends on the developmental stage of the individual and is strongly
regulated by the hemolymph concentration of such hormones as 20-hydroxyecdysone (20E) and
juvenile hormone (JH). Gardiner and Strand (2000) showed that lepidopteran hemocyte growth
tended to be higher at the feeding stage (i.e., the vmi'ddle of each instar) than at the molting stage.
Koyama et al. (2004) demonstrated the control exerted by 20E on the cell cycle in Bombyx wing
discs in detail, while Truman et al. (2006) showed that JH suppresses the growth and development of
imaginal tissues in starved Manduca larvae after ecdysis. These results suggest that cell cycle varies
over the course of development in response to endocrine signals. For these reasons, the status of the
cell cycle during each growth phase must be understood in order to analyze the effects of high
temperatures on insect cells.

It is difficult to monitor the progression of insect cells through the cell cycle based on DNA
~ content, because endoreplication (i.e., the replication of DNA during S phase without the subsequent
completion of mitosis) is a widespread phenomenon in arthropods, meaning that many insect cells
are polyploid (Smith and Orr-Weaver, 1991; Edgar and Orr-Weaver, 2001). This poses a very serious
problem for cell cycle analysis, since the DNA content of a diploid cell at G is equal to that of
tetraploid cell at G.

In this chapter, cell proliferation and division were studied using Bombyx hemocytes, which are
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easily isolated. Silkworm hemocytes are classified into five morphotypes: granulocytes,
plasmatocytes, prohemocytes, spherulocytes, and oenocytoids (Nittono, 1960; Akai and Sato, 1973;
Wago, 1991). Larval hemocytes are produced in the hematopoietic organ (Akai and Sato, 1971), and
proliferate by mitosis in the hemolymph (Amold and Hinks, 1976, 1982; Beaulaton, 1979; Feir,
1979; Gardiner and Strand, 2000). Mitosis has been observed in prohemocytes, granulocytes, and,
rarely, in spherulocytes (Nittono, 1960). The number of hemobytes and their components fluctuates
during growth (Gardiner and Strand, 2000).

Here, I investigated hemocyte proliferation and division in Bombyx mori through the larval
molting cycle, and I assessed the effects of high temperatures on these events. To understand the
effects of temperature on the hemocyte cell cycle, I began by characterizing hemocyte proliferation
and division at each stage of larval development under normal conditions. I then analyzed the DNA

content of each type of hemocyte and its progression through the cell cycle.

75



CHAPTER 3/ MATERIALS AND METHODS

MATERIALS AND METHODS
Silkworms

Shoon Bombyx mori silkworms were used in this study. The larvae were reared on an artificial
diet (Nihonnosankogyo Co., Japan) under e; continuous cycle of 12 h light and 12 h darkness at 25 %
2°C until the third instar. Twenty newly ecdysed larvae in the fourth instar were then transferred to a
plastic case (20.5 cm *x 15.0 em % 5.2 c¢cm) and reared at 26 or 38°C without light. Fluctuations in
temperature in the incubators were controlled within 0.5°C and the humidity was maintained at
60-70%. Fresh food was administered each day to avoid deterioration, and the weight of each larva

(three males and three females) was measured until ecdysis to the fifth instar.

Hemocyte guantitation

Hemolymph was collected onto Parafilm™ from incisions made in the caudal horn of each larva,
and 5 pl of the fluid were placed immediately into a single well of a 96-well microplate with 100 ul
of phosphate-buffered saline (PBS; 10 mM Na,HPO,, 138 mM NaCl, and 2.7 mM KCl, pH 7.4)
containing 10% formalin and 0.001% 1-phenyl-2-thiourea to prevent melanization of the
hemolymph. The hemocytes, which were fixed at the bottom of the well, were then counted (five
random areas, 6.35 x 10~ cm” each) under an inverted microscope, and the density of the hemocytes

was calculated. Our preliminary results showed that almost all of the hemocytes were fixed at the
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bottom. The amount of hemolymph contained in a fourth-instar larva is estimated at 30% of the total
body weight (Nagata et al., 1980). Thus, the total number of hemocytes per larva was estimated by

multiplying the hemocyte density by the estimated hemolymph volume.

Detection of mitotic hemocytes

The number of hemocytes undergoing mitosis was assessed immunohistochemically as described
by Champlin and Truman (1998) and Koyama er al. (2004) with minor modifications. Hemolymph
was collected from the larvae (three males and three females) by the above-mentioned method and
mixed by gently: pipetting on Parafilm™. A 50-100 pl aliquot of the mixture was then placed on the
1 x 1-cm? area of a slide coated with poly-Lysine (POLY-PREP™ SLIDES; Sigma-Aldrich Co., Ltd.,
Dorset, UK) and 0.001% 1-phenyl-2-thiourea was added. The hemocytes were allowed to attach to
the slides at room temperature for 10 min; subsequently, they were fixed for 10 min in PBS
containing 3.7% paraformaldehyde. After three washes in Tris-buffered saline (TBS; 25 mM Tris,
137 mM NaCl, and 2.7 mM KCl, pH 7.4) for 5 min each, the hemocytes were permeabilized in TBS
containing 0.1% Triton X-100 for 5 min, rinsed in TBS, and blocked for 15 min in 1% bovine serum
albumin-solubilized TBS. The hemocytes were then rinsed in TBS for 5 min and immunostained
with a 1:200 dilution of anti-phospho-histone-H3 (Ser10) antibody (Upstate Biotechnology, Lake

Placid, NY, USA) for 24 h at 4°C. After being washed three times in TBS for 5 min each, the
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hemocytes were incubated with a 1:400 dilution of FITC-conjugated anti-rabbit IgG secondary
antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) for 1 h at room
temperature. After immunostaining, 100 pl of a solution containing 50 pg/ml RNase (Ribonuclease;
Roche Diagnostics Co., Indianapolis, IN, USA) and 5 pg/ml propidium iodide (PI; Sigma, St. Louis,
MO, USA) were added to the hemocytes and incubated for 1 h at 37°C., Finally, the hemocytes were
washed three times in TBS for 5 min each and mounted in Vectashield (Vector Laboratories,
Burlingame, CA, USA). The immunostained hemocytes were observed by fluorescence microscopy

using a UV excitation filter (BX51, Olympus, Tokyo, Japan) and photographed with a CCD camera

(DP70, Olympus).

Cell cycle an'alysis and classification of the hemocytes

Fixed hemocytes were washed three times with 100 pl of PBS; 100 pl of RNase-PI (50 pg/ml
RNase and 5 pg/ml PI) were then added, and the cells were incubated for 24 h at 37°C. Finally, the
hemocytes were mounted in Vectashield, and cellular fluorescence was measured with a laser
scanning cytometer (LSC; Olympus; Luther and Kamentsky, 1996; Darzynkiewicz et al., 1999). P1
fluorescence (610-620 nm) was detected using an argon laser at 488 nm. An average of 10,000
hemocytes per slide was scanned automatically using a 40 objective lens. At the start of scanning

for each slide, the threshold of photomultiplier tube (PMT) sensitivity was adjusted such that
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maximum detection of the stained areas was achieved with minimal detection of background
staining. The silkworm hemocytes were classified into five types based on the criteria of Nittono

(1960) and Akai and Sato (1971, 1973).

‘Western blotting

Hemolymph were collected into a 1.5 ml tube on ice and centrifuged at 4,000 rpm for 10 min at
4°C. Precipitated hemocytes were rinsed with cold PBS, then lysed with 30 ul of SDS-sample buffer
(50 mM Tris-HCI: pH 6.8, 2% sodium dodecyl sulfate, 0.86 M 2-mercaptoethanol, 10% glycerol).
After the samples denatured by boiling, the protein amount was measured by using a Bio-Rad
Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA). SDS-PAGE was conducted by the
method of Laemmli (Laemmli, 1970). Twenty five pg of proteins were analyzed in 10%
polyacrylamide gel and electrophoretically transferred to PVDF membranes (Millipore, Bedford,
MA, USA) using transfer buffer (25 mM Tris, 192 mM glycine, and 20% methanol). The membranes
were blocked for 1 h at room temperature in TBS/T buffer (0.1% Tween-20, 25 mM Tris, and 150
mM NaCl, pH 7.6) containing 2% ECL Advance blocking agent. The blotted membranes were
washed three times for 5 min each with TBS/T buffer and then incubated overnight at 4°C with each
primary antibody. Used antibodies were rabbit anti-phospho-Cdc2 (Sigma) and anti-Cdc2 (PSTAIRE,

Upstate Biotechnology). They were diluted at 1:2000 in TBS/T containing 5% bovine serum
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albumin. After incubation with the primary antibodies, the membranes were washed five times with
TBS/T. Secondary antibodies, horse radish peroxidase-conjugated anti-rabbit IgG (Cell Signaling
Technology Inc., Beverly, MA, USA) diluted at 1:4000 in TBS/T buffer containing 2% ECL
Advance blocking agent, were then added and further incubated for 1 h at room temperature. The
membranes were then washed five times in TBS/T. Immunoreactivity was visualized using an ECL
Advance Western Blotting Detection Kit (Amersham Biotech, Little Chalfont Buckinghamshire,
UK) and LAS-1000 Luminescence Image Analyzer (Fuji Photo Film Co., Ltd., Tokyo, Japan).
Densitometric analyses were conducted through use of a PC software, Scion Images for Windows

{Scion Co., Frederick, MD, USA).
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RESULTS
Effect of high temperature on hemocyte proliferation

To estimate the number of circulating hemocytes in fourth-instar larvae reared at 26 or 38°C,
larval body weight and hemocyte density in the hemolymph were examined. At 26°C, body weight
increased constantly from day 0 to day 3 (Fig. 3-1A). When the weight of the larvae reached about
0.8 g, the larvae stopped feeding and entered the molting phase. Head capsule slippage, which
signals the beginning of the molting process, was observed between day 3 and day 4, and ecdysis to
fifth-instar larvae occurred between day 4 and day 5. In contrast, at 38°C, little weight gain was
observed up to day 4. The silkworms did not feed as often, and they gradually weakened and died
without entering the molting phase. Hemocyte density ranged from approximately 3 x 10°t0 5 x 10°
cells/ml during the fourth larval stadium at 26°C; however, at 38°C, the density decreased to 1 x 108
cells/ml over 24 h and remained unchanged during the next 3 days (Fig. 3-1B). The number of
circulating hemocytes in the larvae, calculated by multiplying the hemocyte density by the estimated
hemocyte volume, is shown in Figure 3-1C. At 26°C, the total number of hemocytes in the larvae
increased steadily from approximately 1 x 10° on day 0 to 10 x 10° cells on day 3, and then stopped
at the molting phase. In contrast, during the same 4-day period, the hemocytes of the larvae kept at

38°C did not proliferate.
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Effect of a temperature shift on hemocyte proliferation

Beginning at the fourth larval stadium, the rearing temperature was shifted from 26 to 38°C or
from 38 to 26°C every day, and the number of hemocytes in each individual was counted. A shift in
temperature from low to high on day 1 and day 2 resulted in a decrease in the weight gain compared
to no shift in temperature (Fig. 3-2A). Body weight was also reduced by a high temperature shift on
day 3 because the silkworms entered the molting phase. The higher temperature inhibited hemocyte
proliferation, and the number of hemocytes subsequently decreased (Fig. 3-2B). When larvae reared
at 38°C were transferred to 26°C, little recovery in body weight was observed; however, hemocyte

prbliferation quickly recovered to the level seen in larvae reared at 26°C for 1 day (Fig. 3-2C).

Effect of high temperature on hemocyte division

Immunostaining with an antibody against phospho-histone-H3 (an M phase marker) was used to
examine the proportion of mitotic hemocytes. The ratio of mitotic hemocytes is illustrated in Figure
3-3A and B. Fourth-instar larvae just after ecdysis had few mitotic hemocytes in their hemolymph.
Mitotic hemocytes were observed more frequently between days 1 and 2 than during any other
period at 26°C. On days 3 and 4, when the silkworms stopped feeding and entered the molting phase,
the number of hemocytes undergoing mitosis decreased again. A few hemocytes in metaphase were

observed on days 1 and 2, but only rarely during the other stages. At 38°C, there were scarcely any
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mitotic hemocytes in the fourth larval stadium, regardless of the day. Almost all of the mitotic
hemocytes were granulocytes; mitotic prohemocytes and spherulocytes were infrequently observed,

and no mitotic plasmatocytes or oenocytoids were found.

Effect of high temperature on the hemocyte cell cycle

The cell cycle progression of hemocytes isolated from silkworms was analyzed (Fig. 3-4 and
Table 3-1). The hemocytes exhibited three main peaks of DNA content: 2C, 4C, and 8C. DNA
content was defined in relation to that of a spermatogonium (1C). Although hemocytes with a DNA
content greater than 16C existed, they were rare. Hemocytes with 2C (45.2%) and 4C (38.1%) nuclei
were predominant, while those with 8C (16.7%) were in the minority at the beginning of the fourth
larval stadium. The percentage of 2C hemocytes decreased gradually to 31.3% at IV3 (i.e., day 3 of
the fourth larval stage) at 26°C, whereas the percentages of 4C and 8C hemocytes increased to 42.6
and 26.1%, respectively. After the silkworms entered the molting phase (i.e., at IV4), the percentage
of 8C hemocytes dropped to 14.4% (2C: 42.8%, 4C: 42.8%) and the distribution of DNA content
was similar to that at IV0. No significant difference was observed between IV0 (2C: 48.4%, 4AC:
38.2%, and 8C: 13.4%) and IV1 (2C: 45.5%, 4C: 34.5%, and 8C: 20.0%) at 38°C. Among the
silkworms reared at 38°C, the number of hemocytes with a higher DNA content increased steadily.

At IV3, the percentages of 2C, 4C, and 8C hemocytes were 17.7%, 36.0%, and 46.3%, respectively.
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A down-shift in DNA content at IV3 was not observed at 38°C.

Cell cycle analysis
To determine the types of hemocytes with each DNA content, I investigated the cell cycle status
of each individual hemocyte type. After completing my analysis of the entire cell cycle, the
hemocytes on each slide glass were classified into five morphotypes as per the criteria described in
the MATERIALS AND METHODS. Representative photographs of each type of Bombyx hemocyte
are shown in Figure 3-5A, and the proportion of hemocytes with 2C-8C in fourth-instar larvae is
displayed in Figure 3-5B. Most of the cells were granulocytes at all stadia (over 50%) at 26°C;
however, at 38°C, the number of granulocytes gradually decreased to 40%. The ratio of
plasmatocytes increased to 32% on day 3 and then decreased during the molting phase (day 4) at
26°C; at 38°C, the ratio increased to 48% by day 3. The number of spherulocytes at the early phase
in fourth-instar larvae was larger than at the late stage at both 26 and 38°C. The number of
prohemocytes and oenocytoids remained extremely small at both 26 and 38°C.
' Among the larvae grown at 26°C, the percentage of granulocytes with 2C nuclei decreased at [V1
and increased at IV4 (Fig. 3-5C); conversely, the percentage of 4C and 8C granulocytes increased at
IV1 and decreased at V4. At 38°C, the percentage of 8C granulocytes increased from 7 to 28%

within 3 days, while the percentage of 2C granulocytes dropped from 58 to 35%. In the case of the

84



CHAPTER 3/ RESULTS

plasmatocytes, the percentages of 2C, 4C, and 8C cells were roughly equal in fourth-instar larvae
before feeding (Fig. 3-5D); however, the DNA content of the plasmatocytes increased toward IV3 at
26 and 38°C. The percentage of 8C plasmatocytes decreased at IV4 after ecdysis. Almost all of the
spherulocytes had a 2C DNA content, and they remained largely unchanged in fourth-instar larvae at
26 and 38°C (Fig. 3-5E). The status of the prohemocytes and oenocytoids was not determined

because so few of each cell type were present.

Phosphorylation level of Cdec2

For proceeding from G, to M phase, Thr14 and TyrlSr on Cdc2 are both dephosphorylated by a
dual-specificity phosphatase termed Cdc25 (Morgan, 1995). To examine the phosphorylation state of
Cdc2 in the hemocytes of silkworm reared at high temperature, Western blotting using anti
phospho-Tyr15-Cdc2 antibody was performed. Total amount of Cdc2 fluctuated through
fourth-instar larvae at 26°C (Fig. 3-6A). Expression level of hemocyte Cdc2 was low at day 0 of the
foﬁx’sh larval stage. The expression level increased greatly on day 1 and reached the maximum on
daj 2. After that, Cdc2 decreased gradually between days 3 and 4. The fluctuation pattemA of
phosphorylated Cdc2 was similar to that of total-Cdc2 (Fig. 3-6B), namely the phosphorylation level
of Cdc2 was largely invariable through the fourth larval stage (Fig. 3-6C). At 38°C, a little increase

of Cdc2 was observed up to day 3. Because the increase of phospho-Cdc2 was higher than that of
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total-Cdc2; the phosphorylation level of Cdc2 in the larvag at 38°C was 1.5 times as high as.at 26°C.
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DISCUSSION
Timing of hemocyte proliferation

Few hemocytes underwent mitosis until feeding (Fig. 3-3). When the silkworms stopped feeding
and entered the molting phase, hemocyte proliferation was suppressed again. Our results are
consistent with the pattern of hemocyte DNA synthesis in Pseudoplusia includens and Spodoptera
frugiperda (Gardiner and Strand, 2000). In these lepidopterans, hemocyte growth is higher during
feeding than molting. This pattern is similar to previously reported mitotic indices (Crossely, 1975;
Pathak, 1986), suggesting that lepidopteran hemocyte proliferation fluctuates with the molting cycle.
I confirmed the same pattern of cell division in Bombyx hemocytes.

In Manduca, cell division associated with the development of the eyes, leg primordia, and wing
imaginal discs was suppressed by JH at the onset of the last larval stage (Truman ef al., 2006).. The
formation and growth of these primordia was also inhibited when larvae were starved, but was
enhanced when the larvae began to feed. Koyama et al. (2004) reported that the cell cycle in wing
discs of Bombyx was controlled by 20E. Our resuits show that hemocyte division is dependent on the
larval developmental stage, suggesting that the Bombyx hemocyte cell cycle may also be under

hormonal control.
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Shifts in the hemocyte cell cycle
The DNA content of the hemocytes increased gradually toward the molting phase, and 8C
hemocytes were observed. This suggests that endoreplication occurs in Bombyx hemocytes. By
immunochemistry, I detected mitosis in circulating hemocytes. Nittono (1960) observed mitosis in
prohemocytes, granulocytes, and, rarely, in spherulocytes. Most of the circulating hemocytes in the
larvae were granulocytes (Fig. 3-5B), suggesting that the shift in DNA content of the hemocytes was
largely due to that of the granulocytes. The percentage of 8C granulocytes decreased rapidly once
the larvae entered the molting phase (Fig. 3-5C). The reason for this is probably that the mature 8C
granulocytes finished their life span and were degraded by apoptosis or autophagocytosis (Okazaki
et al., 2006). Many lysosomes were detected in granulocytes at the molting phase using a
lysosome-specific probe (data not shown), and several granulocytes with extremely numerous
granules and active adhesions at the molting phase (Fig. 3-5A) were subsequently degraded. The
proportion of those granulocytes was decreased in the newly ecdysed larvae. These granulocytes
might be at the end of their life cycle. Dynamic changes in the DNA content of the granulocytes
were observed only when the larvae entered the feeding and molting phases, which probably reflects
the beginning and ending of DNA synthesis and cell division.
- 1 was unable to document the prohemocyte cell cycle because so few prohemocytes were present

in the hemolymph (Fig. 3-5B). Prohemocytes are predominantly located in the hematopoietic organ,

38



CHAPTER 3/ DISCUSSION

and they are believed to differentiate into granulocytes and plasmatocytes after entering the
hemolymph (Yamashita and Iwabuchi, 2001; Ling ef ai., 2005). The number of hemocytes in the
hematopoietic organ and the volume of the organ increase gradually throughout the feeding period
(Akai and Sato, 1971; Nakahara et al., 2003), indicating that prohemocytes actively proliferate in the
hematopoietic organ.

Those plasmatocytes with a 2C DNA content gradually shifted to become 4C and 8C (Fig. 3-5D).
Few mitotic plasmatocytes were observed in hemolymph in previous studies and in my experiments;
however, Gardiner and Strand (2000) reported that all types of hemocytes with the exception of
oenocytoids synthesized DNA in larval Pseudoplusia includens énd Spodoptera frugiperda. These
data suggest that the increase in DNA content of the plasmatocytes is the result of DNA synthesis
without mitosis. The drop in the number of mature 8C plasmatocytes at I[V4 suggests that hemocyte

renewal occurs during molting, as in the case of granulocytes.

Cell cycle arrest of hemocytes at a high temperature

Few mitotic hemocytes were observed and proliferation was inhibited at a high temperature (Figs.
3-1C and 3-3). The drop in proliferation was not much related to a nutritional deficiency because the
larvae at 38°C continued to feed and increased their body weight (Fig. 3-1A). In addition, I observed

no increase of DNA content in the hemocytes when larvae starved (Fig. S-13), whereas hemocytes in
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the larvae reared at 38°C continued to synthesize DNA. These results suggest that the nutrition is
sufficient for proceeding cell cycle. The rapid decrease in hemocyte growth following a shift in
temperature from 26 to 38°C in the middle of the stadium also sustain the possibility that cell cycle
was stopped by high temperature (Fig. 3-2B). More experiments, however, would be needed for
denying effects of nutrition at high temperature.

The gradual accumulation of cells with a high DNA content occurred in the hemocytes of larvae
reared at 38°C (Fig. 3-4). This indicates that at a high temperature, hemocytes carry out DNA
synthesis but not mitosis. I previously found that division in BmN cells, which are derived from
Bombyx mori, was arrested at a high temperature and that the arrest occurred during G, (CHAPTER
1). Hemocyte proliferation reverted to the normal state following a reduction in temperature from 38
to 26°C. This reflects the situation in BmN cells (cell cycle progression was recovered by a
temperature shift from 38 to 26°C). Furthermore, high phosphorylation level of Cdc2 was observed
in both hemocytes and BmN cells (Fig. 3-6). These in vivo and in vitro data indicate that a
heat-induced cell cycle arrest occurs in Bombyx cells, resulting in developmental inhibition.

In Lepidoptera and other insects, fluctuations in hemocyte number are influenced by the release
of hemocytes from the hematopoietic organ and attachment of the cells to tissues (Tu ef al., 2002;
Okazaki et al., 2006). The number of hemocytes in circulation can change rapidly in response to

stress, wounding, or infection (Ratcliffe et al., 1985; Lackie, 1988). As high temperatures are a
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source of stress for insects, it is possible that the number of hemocytes was directly altered by the
change in temperature. In fact, a two- to three-fold increase in hemocyte density was observed after
momentarily immersing a silkworm in water heated to 50-55°C (Nittono, 1960). However, I
observed a decrease in hemocyte density following exposure of silkworm larvae to 38°C for 24 h. |
also confirmed that short-term exposﬁre to 38°C (for 2 h) did not induce a significant change in
hemocyte density (data not shown). The decrease in hemocyte density at 38°C may be due to a cell
cycle arrest accompanied »by an increase in hemolymph volume cgused by feeding instead of being
due to attachment of the cells to tissues. Nakahara et al. (2003) suggested that hemocytes are
supplied from the hematopoietic organ immediately before ecdysis and throughout the feeding
period. The hemocytes in the hematopoietic organ may stop proliferating at 38°C, and the number of
cells released from the organ may also decline. The distribution of hemocyte types changed
dynamically when the larvae were reared at 38°C; the percentages of granulocytes and spherulocytes
decreased, while the percentage of plasmatocytes increased (Fig. 3-5B). The higher turnover of

granulocytes and spherulocytes may result in this distribution change.
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Figure 3-1

Effects of high temperature on the total number of hemocytes in fourth-instar silkworm larvae.
(A) Larval body weight at 26 or 38°C (means = SD, n = 6). The timing of head capsule slippage
(HCS) and ecdysis (Ecd) are indicated by closed and open arrowheads, respectively. (B) Hemocyte
density in the larval hemolymph at 26 or 38°C. (C) The total hemocyte number per larva estimated
by multiplying the cell density in the hemolymph by the estimated hemolymph volume

(approximately 30% of the larval body weight).
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Figure 3-2

Effect of a temperature shift on body weight and the number of hemocytes in fourth-instar
silkworm larvae. (A) Change in larval weight following the temperature shift (means = SD, n = 6).
(B, C) Change in the total hemocyte number following the temperature shift. The number of

hemocytes was estimated from the larval weight and hemocyte density.
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Figure 3-3

Detection of circulating mitotic hemocytes. (A) Silkworm larvae in the fourth instar were reared

at 26 (upper row) or 38°C (lower row). Hemocytes were collected each day and immunostained with

an anti-phospho-histone-H3 (Ser10) antibody. The green signals in immunostaining indicate

individual cells and bright green signals with arrowheads indicate cells in M phase. (B) The

proportion of mitotic hemocytes (n = 500).
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Figure 3-4

Changes in hemocyte DNA content in the fourth instar. Hemocytes were isolated from
fourtﬁ-instar silkworm larvae (three males and three females) reared at 26 (upper row) or 38°C
(lower row). The DNA content of approximately 10,000 hemocytes was analyzed by LSC;
histograms were produced using LSC software. Abscissa, DNA content; ordinate, cell counts. The

DNA content indicated above each peak is based on that of a spermatogonium (1C).
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, 26T , gc
Day o 1 2 3 a 0 1 2 3
2C(%) 452343 343331 31.9%£44 3L3IL2E  428=46  484%13 455257 295209 17735
4C(%) 384305 448314 434221 426219  428%38 38208 345221 356224 360209
8C(%) 16739 209226 247524 261228 14459 134221 200237 34519 463244

The values listed are the means * SD (n= 3).

Table 3-1-

The percentages of hemocytes with a 2C-8C DNA content in fourth-instar silkworms.
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Changes in hemocyte type in the fourth instar. (A) Representative images of the five types of

hemocytes found circulating in fourth-instar silkworm larvae. GR-F, granulocyte in the feeding

phase; GR-M, granulocyte in the molting phase; PL, plasmatocyte; PR, prohemocyte; SP,

spherulocyte; OE: oenocytoid. Scale bar = 10 um. (B) Hemocyte composition

in the fourth larval

stage at 26 or 38°C. The hemocytes were counted after LSC (Fig. 3-4) (n = 300). DNA content in the

granulocytes (C), plasmatocytes (D), and spherulocytes (E) (means + SD, n

hemocytes with each DNA content from Figure 3-4 were classified.
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Effect of temperature on phosphorylation level of Cdc2 in the silkworm hemocyte. Hemocytes

were isolated from fourth-instar larvae reared at 26 or 38°C. The hemocytes were then dissolved in

sample buffer and analyzed by Western blotting using antibodies against (A) total-Cdc2 (PSTAIRE)

or (B) phospho-Tyr15-Cdc2. The blot presented is representative of three separate experiments.

Blots were analyzed by Scion Images. The relative densitometric readings (IV2 = 1) are presented in

the upper panel. (C) Phosphorylation level of Cdc2 was represented by dividing the densitometric

reading of phospho-Cdc2 into the total-Cdc2.
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I focused on high temperature stress on insect cell cycle. Temperature, however, has many effects
on insect development. In this chapter, I present other resuits concerning temperature effects on the

silkworm physiology and discuss about several aspects of heat effects on insects,

Effects of high temperature on endocrine and nervous system

In this study, effects of temperature on endocrine and nervous system were excluded by using of
insect cell line and the direct effects on insect cells were observed. However, effects on these
systems are not negligible in discussion of the cell division in the silkworms.

When larvae at day 0 of the fourth larval stage were reared at 34-36°C, the larvae failed to enter
the molting phase and contintied to feed and grow beyond the weight limit of the fourth larval
stadium (Figs. 1-1 and S-12). Furthermore, newly ecdysed larvae in the fourth-instar which were
reared for 48 h at 38°C and then maintained at 26°C also lost the fourth molting and almost all the
larvae changed to tri-molter (a silkworm molting three times during a larval period before
metamorphosis; Figs. S-1, S-2 and 8-3). No tri-molter emerged when larvae in the first, second, or-
third instar are reared for 48 h at 38°C (Table S-1). Moreover, when the heat-treated larvae, which

showed prolonged fourth-instar larval period, were injected with 20-hydroxyecdysone, the larvae
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immediately entered the molting phase and showed head capsule slippage (Fig. $-4). These suggest
that the secretion of ecdysteroid from prothoracic gland is stopped by heat exposure only at the
fourth imstar. Tri-molter adults had smaller body size (Fig. S-2) but shorter larval period than
tetra-molter. The stop of ecdysteroid secretion by high temperature accelerates the growth to adult
and the reproductive behavior. Normal mating and oviposition were observed in tri-molter and there
was no serious trouble in next life cycle.

Thermal receptor of insects is present on antennae and probably whole-body vibrissae (Chapman
1998). Many transient receptor potential (TRP) ion channel family proteins which have variable
numbers of ankyrin repeats in the N terminal and exhibit a putative 6-transmembrane structure are
identified through the animal kingdom (Littleton and Ganetzky, 2000; Montell, 2003). It is proposed
that TRP family proteins function as crucial sensors of temperature. I screened Bombyx
whole-genome database for the homologous proteins to ‘Drosophila TRP family proteins and
identified some genes. RT-PCR cleared that these genes expressed strongly in head and the antennae
(data not shown). Although more precise experiments are needed, it is possible that the sense of high
temperature on antennae or brain suppressed ecdysteroid secretion or synthesis. In vitro cultures of
prothoracic gland and transplant experiments of brain would reveal the mechanisms.

In this way, it is obvious that endocrine and nervous system are affected by temperature. Cell

division in insects is controlled by ecdysteroid and juvenile hormone (Koyama et al. 2004; Truman
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et al. 2006). It is possible that high temperature changes hormonal regulation in silkworm larvae and
then inhibits cell division of the hemocytes. However, amrest of cell cycle in G, phase and high
phosphorylation level of Cdc2 were observed in hemocytes of heat-treated silkworm (CHAPTER 3),
in agreement with the effects of high temperature on the cell line (CHAPTER 1 and CHAPTER 2).
These results suggest that heat-activated Go/M checkpoint pathway is most significant causes for

arrest of cell division in hemocytes.

Effects of high temperature on enzyme activity

This study proposes that the heat-induced cell cycle arrest should be one of the crucial causes for
the growth arrest of insects under high temperature stress. However, other troubles caused by high
temperature might inhibit silkworm growth together with cell cycle arrest. Enzyme activity of living
organism is greatly influenced by temperature (Schmidt-Nielsen, 1997). Denaturation of enzymes in
the silkworm is most likely to prevent the growth. From this reason, stabilities of activities against
temperature were examined in three Bombyx enzymes, amylase, phosphatase, and trehalase (Fig.
S-5). Phosphatase and trehalase activity increased with temperature but amylase activity had the
highest point at 26-30°C, namely optical temperature of amylase was correlated with adequate
temperature for silkworm growth. These results suggest that two types of enzyme are existence in

insects: Type 1 is an enzyme whose activity increased with temperature and is not related to the
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insect activity. Type 2 is an enzyme whose activity is correlated with growth temperature of insects.
Because of a few examined enzymes, it is not clear which type of enzyme is the majority in insects.
However, the existence of type 2 may induce growth arrest of insects. Both types of enzyme retained
their activity for at least 1 h at 38°C (Fig. S-6) but the total activity decreased in silkworms reared at
high temperature (Fig. S-7). Enzyme activity also decreased in starved silkworms at high
temperature (Fig. S-8). Since enzymes are markedly consumed under high temperature condition,
silkworms might be deficient in enzymes, become frailty, and finally die. The growth arrest of
heat-treated silkworms is possibly caused by various factors involved in cell cycle arrest, enzyme

inactivity, and so on.

Cell cycle arrest in insect cell caused by various stresses

Cell cycle arrest in G, phase was also observed when BmN cells cultured at low temperatures
(CHAPTER 1). Moreover, low temperature induced phosphorylation of p38 and accumulation of
phosphorylated Cdc2 (Fig. S-10). Although the effects are weaker than those of high temperature,
these results show that the same mechanisms as heat-treated cell cycle arrest are activated by low
temperature stress. Lee et al. (2005) showed that silkworm thioredoxin peroxidase, which was an
antioxidant enzyme, was induced by low or high temperature stimulus. Detection of reactive oxygen

species (ROS) using DCFH-DA would disclose whether oxidative stress causes cell cycle arrest at
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low temperature.

Continuation of insect cell culture to confluent also induced cell cycle arrest in G, phase (data
not shown). The strong fluorescence was detected in condensed cells by treatment with DCFH-DA,
resulting that ROS generated in those cells. Cell cycle arrest in confluent cultures as well as
heat-exposure cultures is presumably caused by oxidative stress.

Infection of insect cell lines with Autographa californica multiple nucleopolyhedrovirus resulted in
increased levels of lipid hydroperoxides and protein carbonyls which were the evidence of oxidative
stress (Wang et al., 2001). On the other hand, cell cycle arrest of BmN cells at Go/M phase occurs in
Bombyx mori nucleopolyhedrovirus (BmNPV) infection (Baluchamy and Gopinathan, 2005).
Furthermore, Katsuma ef al. (2007) showed phosphoxylatioh of p38 was observed in BmN cells
infected with BmNPV. In these points, there is close relationship between generation of oxidative
stress and G, arrest in viral infection of insect cells.

Additionally, I found that deficiency of calcium induced G; arrest in BmN cells (Fig. $-9).
Although relationship between calcium deficiency and oxidative stress are unknown, detection of
ROS using DCFH-DA and ‘p38 phosphorylation using Western Blotting would elucidate the
mechanism.

Fujiwara et al. reported. that temperature—dependent. activation of ERK and p38 occurred in

embryonic diapause initiation and termination in Bombyx (2006). Slow accumulation of
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phosphorylated p38 was observed in BmN cells by low temperature stress at 10°C (Fig. S-10). In
initiation or termination of diapause may be regulated by reactivity of MAPKSs to temperature shitt.
Interestingly, most cells of diapause-destined embryos are arrested during the G, cell cycle stage
(Nakagaki et al., 1991). It is possible that same mechanism act in G, arrest caused by both high

temperature stress and diapause.

Differences in tolerance to temperature among Bombyx strains

Many silkworm races and strains are present and maintained. A Chinese strain, Shoon, was used
in this study and the hemocyte proliferation at high temperature was examined. The same
experiment was also performed using a subtropical strain, N4;' resulting that there was a little
difference between these strains. At 36°C, larval body weights of both strains were increased (Fig.
S-12A). On the other hand, the number of hemocytes was increased in N4 but suppressed in Shoon
(Fig. S-12B). Additionally, N4 showed late head capsule slippage while Shoon continued to feeding
without entering molting phase. These results suggest that cells in N4 are more resistant to high
temperature stress than in Shoon. Synthesis of antioxidant enzyme occurs in silkworm at stress
temperatures (Lee et al., 2005), namely silkworms have resistant mechanisms to high temperature.
Considering that high temperéuue induced oxidative stress and cell cycle arrest in Bombyx cells, it is

speculated that N4 is more tolerant to heat-induced oxidative stress than Shoon. Interesting results
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would be obtained to compare the expressions of antioxidant enzymes between both strains. Taking

advantage of abundant strains, the properties of thermal tolerant strains are expected to be cleared.

Influence of cell cycle arrest on insect growth

In this study, the effects of temperature on proﬁferation of insect cell line were investigated to
understand the effects of temperature on insect growth. Although use of BmN cells simplifies the
temperature reactions in silkworms, there is a question whether the reactions reflect that of in vivo
cells. Heat-induced cell cycle arrest was observed in silkworm hemocytes as well as BmN cells
(CHAPTER 3). Cell cycle arrest of hemocyte is possibly caused by the same mechanism as BmN
cells. The silkworm fed artificial diet containing cell cycie inhibitor, hydroxyurea, halted both
hemocyte pfbliferation and the body weight gain (Fig. S-11). This result represents close relationship
between cell cycle arrest and growth arrest of silkworms. However, increase in larval body weight
was observed at impaired temperature for hemocyte proliferation (Fig. S-12). Since the expression
levels of antioxidant enzymes differ in silkworm tissues (Lee et al., 2005; Yamamoto ef al., 2005),
the sensitivity to high temperature presumably differ in cell types. It is important to confirm the
heat-induced arrest of cell division in various tissues using M phase marker, anti-phospho-
histone-H3 (Ser10) antibody. This verification would provide evidence that the cell cycle arrest by

high temperature is common phenomenon in silkworm cells and clear correlation between cell
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division and silkworin-growth. -
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Figure S-1

Precocious metamorphosis in the silkworms by high temperature. Bombyx mori silkworm larvae

Shoon were reared on an artificial diet under 12 h light and 12 h darkness (12L-12D) photoperiod at

25°C until the third instar. Twenty newly ecdysed larvae in the fourth instar were then transferred to

a plastic case (20.5 cm x 15.0 cm x 5.2 cm) and reared at 26 or 38°C without light for 48 h. Then,

the larvae were maintained at 26°C. Heat treated larvae continued feeding for 8 days and then

metamorphosed to pupae (tri-molter: a silkworm molting three times during a larval period before

metamorphosis), while control larvae entered the larval molting phase and showed head capsule

slippage after 2 days (tetra-molter). (A) Photographs of larvae in the fourth molting phase (left) and
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larvae just before precocious metamorphosis (right). Upper lane; male, lower lane: female. Scale bar

= 1.cm. (B) Maximum body weight of the fourth larval stage (means+ SD, n'=16).

108



SUPPLEMENTAL FIGURES AND TABLES

A

Adult ()

Adult (2)

Tetra-molter Tn-molter 500
":'.... ? 400
pes 0°C | ?

“$ @ ® : 300 |
rh... ® |0.5cu| 200 |
Dl- £, ; ! 100

Tetra-molter Tri-molter

Number of eggs

Figure S-2

Characteristics of tri-molter caused by high temperature. (A) Photographs of adult, pupa, and

cocoon. Upper lane: tetra-molter, lower lane: tri-molter. Scale bar = 1 cm. (B) Sizes of eggs laid by

tri-molter (right) or tetra-molter (left). Scale bar = 0.5 cm. (C) Number of eggs laid by tri-molter or

tetra-molter (means = SD, n=29).
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Figure S-3

Occurrence of tri-molter by high temperature. Twenty newly ecdysed larvae in the fourth instar

were transferred to a plastic case (20.5 cm x 15.0 cm x 5.2 cm) and reared at 38°C without light for

indicated times. After heat treatment, larvae were maintained at 26°C. Effect of heat exposure time

on (A) occurrence of tri-molter, (B) tri-molter pupation, and (C) the emergence to adult. (D)

Abnormal pupation of tri-molter by heat treatment for 72 h. Scale bar = 0.5 cm.
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Stage n Tetra-molter (%) Tri-molter (%) Dead (%)

I 80 100 0 0

I 80 100 0 0
111 80 100 | 0 0
IV(a) 40 7 89 4
IV(Q) 40 3 92 5

Larvae at day 0 of the each larval stage were reared for 48 h at 38°C.

Table S-1

Effect of heat treatment on each stage of larvae. Larvae at day 0 of the each larval stage were

reared at 38°C for 48 h without light and then transferred to 26°C.
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Figure S-4

Effect of molting hormone on heat-induced tri-molter larvae. Newly ecdysed larvae in the fourth
instar were reared at 38°C for 48 h. These heat-treated larvae were mostly destined to undergo
metamorphosis without the fourth molting (Table S-1). After transferred to 26°C, the larvae were
injected with 20-hydroxyecdysone (20E) at the indicated time. Head capsule slippage (HCS) is a

signal of the beginning of larval molting process. Spinning is a signal of the beginning of pupation.
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Optimal temperature for several enzyme activities in the silkworm. Silkworms were reared on an
artificial diet under a 12L-12D at 25°C until day 1 of the fifth larval instar. The hemolymph (five
males and five females) was collected from incisions made in the abdominal legs and centrifuged at
4.000 rpm for 10 min at 4°C to remove hemocytes and debris. The supernatant was used as enzyme
solution for amylase and phosphatase. For analysis of trehalase activity, midguts were dissected (five
males and five females), washed with cold DDW, and collected in a 1.5 ml tube on ice. The midguts
were added with an equal volume of DDW, homogenized on ice and centrifuged at 3,000 rpm for 5

min at 4°C. The supernatant diluted two-fold with DDW was used as enzyme solution. (A) Amylase

113



SUPPLEMENTAL FIGURES AND TABLES

activity in hemolymph was measured by using an amylase assay kit obeyed Iodo-Starch method
(Wako Pure Chemical Industries). Five pl of enzyme solution was added to 100 pl substrate solution
preincubated for 10 min at various measurement temperatures and then mixed well. The mixture was
incubated for 15 min at various temperatures in a water bath and then added with color development
solution. The reacted solution was placed immediately into a well of a 96-well microplate. The
absorbance at 655 nm was measured using a Microplate Imaging System (Bio-Rad, Laboratories).
Amylase activity is calculated by the Caraway method (Caraway, 1959; means = SD, n = 3). (B)
Phosphatase activity in hemolymph was measured by the following method. Twenty pl of 0.05 M
p-nitrophenylphosphate disodium salt solution was mixed with 40 pl of acetate-sodium acetate
buffer solution (pH 4.7) and the substrate mixture was preincubated at measurement temperatures for
10 min. After the substrate solution was preincubated for 10 min, S pl of enzyme solution was added
to the solution and mixed well. The mixture was incubated for 15 min at various temperatures in a
water bath and then added with 1 ml of 0.1 M Na,COj3 sclution to stop the enzyme reaction. The
reacted solution was placed immediately into a well of a 96-well microplate, and then the absorbance
at 415 nm was measured. Phosphatase activity is represented by the absorbance at 415 nm which
shows p-nitrophenol amounts produced by phosphatase (means + SD, n = 3). (C) Trehalase activity
in midguts was measured by the following method. Twenty pl of acetate-sodium acetate buffer

solution (pH5.6) was mixed with equal volume of 0.05 M trehalose solution. After the substrate

114



SUPPLEMENTAL FIGURES AND TABLES

solution was preincubated for 10 min, 20 pl of enzyme solution was added to the solution and mixed
well. The mixture was incubated for 15 min at various temperatures and then boiled for 5 min to stop
the reaction. The reaction mixture was ice-chilled and centrifuged at 15,000 rpm for 5 min at 4°C.
The amount of gluéose prqduced by trehalase was measurgd by using Glucose C2 kit obeyed
Mutarotase-GOD method (Wako Pure Chemical Industries). The 10 ul of supernatant was added to
the 500 pl of color reagent preincubated for 10 min at 37°C and mixed. After incubation for 5 min at
37°C, the reacted mixture was placed immediately into a well of a 96-well microplate and
absorbance at 490 nm was measured. Trehalase activity is represented by the absorbance at 490 nm

which shows glucose amounts produced by trehalase (means + SD, n=3).
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Figure S-6

Stability of silkworm enzymes against temperature. Enzyme solution was incubated for 1 h at

various temperatures and then enzyme activities were measured. Each enzyme assay was followed

by the methods described in figure S-5. All enzyme reactions were performed at 26°C. (A) Amylase

activity, (B) Phosphatase activity, and (C) Trehalase activity (means + SD, n=3).
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Figure S-7

Enzyme activities in silkworm larvae reared at various temperatures. Silkworms at day 1 of the
final larval stage were reared on an artificial diet for 24 h at indicated temperatures without light and
then enzyme solutions were prepared (three males and three females). Each enzyme assay wés
followed by the methods described in figure S-5. All enzyme reactions were performed at 26°C. (A)

Amylase activity, (B) Phosphatase activity, and (C) Trehalase activity (means = SD, n = 3).
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Figure S-8

Enzyme activities in silkworm larvae starved at various temperatures. Silkworms at day 1 of the

final larval stage were incubated without artificial diet for 24 h at indicated temperatures and then

enzyme solutions were prepared (three males and three females). Each enzyme assay was followed

by the methods described in figure S-5. All enzyme reactions were performed at 26°C. (A) Amylase

activity, (B) Phosphatase activity, and (C) Trehalase activity (means £ SD, n=3).
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Figure S-9

Calcium deprivation effect on cell cycle of BmN cells. BmN cells wéx;e maintained in IPL-4]
medium (J R Scientific, Inc., Woodland, CA, USA) supplemented with 10% fetal bovine serum and
1% antibiotic-antimycotic at 25°C. The medium was exchanged to IPL-41 medium without CaCl,
(-Ca), FBS (-Serum) or both (-Ca, -Serum). For calcium chelation, o, o-bis(2-aminoethyl)
ethyleneglycol-N, N, N’, N’-tetraacetic acid (EGTA; Wako Pure Chemical Industries) was added to
the medium to a final concentration at 10 mM (+EGTA). After incubation for 72 h at 26°C, cell cycle
analysis was performed (see CHAPTER 1, MATERIALS AND METHODS). The percentages of

cell cycle in G, and G,/M phase are indicated above each peak (a: apoptotic cells or cell debris).
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Figure S-10

The effect of low temperature on p38 and Cdc2 phosphorylation. BmN cells were cultured for

indicated time at 10°C. The cells were then dissolved in sample buffer and analyzed by Western

blotting using antibody against (A) phospho-p38 or (B) phospho-Tyr15-Cdc2 (see CHAPTER 2,

MATERIALS AND METHODS).
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Effect of high temperature and hydroxyurea on hemocyte proliferation. (A) Newly ecdysed
silkworm larvae in the fourth instar were reared on an artificial diet at 26 or 38°C without light.
Hydroxyurea was supplied by dropping the I mM solution on an artificial diet. Fresh food was fed
each day to avoid deterioration of hydroxyurea and the larvae were reared at 26°C. The weight of
each larva (three males and three females) was measured every day (means + SD). The timing of
head capsule slippage (HCS) is indicated by closed arrowhead. No larvae fed with the
hydroxyurea-mixed diet or reared at 38°C entered the molting phase for 4 days. (B) The total

hemocyte number per larva estimated by multiplying the cell density in the hemolymph by the
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estimated hemolymph volume (approximately 30% of the larval body weight; see CHAPTER 3,

MATERIALS AND METHODS).
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Comparison of hemocyte proliferation between Bombyx strains. (A) Shoon and N4 were reared

on an artificial diet until the third instar. Twenty newly ecdysed larvae in the fourth instar were then

transferred to a plastic case (20.5 cm x 15.0 cm x 5.2 cm) and reared at 36°C without light and

individual larval weights were measured (means = SD, n = 6). Head capsule slippage was not

observed in both of strains for 4 days. Although N4 shows late head capsule slippage at day 5, they

failed to ecdyse and died with body color changing from yellow to orange. (B) The total hemocyte

number per larva estimated by multiplying the cell density in the hemolymph by the estimated

hemolymph volume (approximately 30% of the larval body weight; see CHAPTER 3, MATERIALS

AND METHODS).
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Figure S-13

Changes in hemocyte DNA content in the starved larvae. Hemocytes were isolated from newly
ecdysed larvae in the fourth instar (IV0-0 h) or the larvae starved for 24 h at 26°C (IV0-24 h). The
DNA content of approximately 10,000 hemocytes was analyzed by LSC (see CHAPTER 3,

MATERIALS AND METHODS).
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CONCLUSIONS

In this study, effects of high tempei"ature stress on insect cell were investigated. Using insect
cultured cell system, the cell cycle arrest in G, phase caused by high temperature was observed. The
arrest mechanism is indicated on Figure C-1. High temperature stress induced reactive oxygen
species generation in BmN cells. The oxidative stress caused damage to protein, lipid membranes,
and especially DNA. These oxidative stresses activated G/M checkpoint pathway mediated by p38
MAPK. Phosphorylated p38 probably inactivated Cdc25 phosphatase, resulting that phosphorylated
Cdc2 accumulated in BmN cells. The accumulation of inactive Cdc2 inhibited transition from G, to
M phase. The same or a similar mechanism probably occurred in hemocytes of Bombyx larvae reared
under heat stress condition. I conclude that the cell cycle arrest in G, phase by high temperature

stress is a main reason for growth arrest of insects under high temperature condition.
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Figure C-1

Checkpoint pathway activated by high temperature stress in insect cells. The pathway concluded

in this study is enclosed by dotted line. ROS: reactive oxygen species, IR: ionizing radiation, UV:

ultraviolet radiation.
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