Analysis of immobilization and whole body suspension
induced changes in the distribution of

white blood cells in rats

Shirato Ken



PREFACE

The studies presented in this thesis have been carried out under the direction of Professor
Kazuhiko Imaizumi at the Laboratory of Physiological Sciences, Faculty of Human Sciences,
Waseda University during 2005-2008. The thesis consists of two parts of a study: (1) the ef-
fects of immobilization and whole body suspension on the number of white blood cells in rats
and (2) B.-agonist clenbuterol induced changes in the distribution of white blood cells in rats.

| wish to express my grateful gratitude to Professor and Dr. Kazuhiko Imaizumi (Faculty
of Human Sciences, Waseda University, Tokorozawa). His kind guidance, precious com-
ments, continuous encouragement and valuable discussion are deeply appreciated.

I also wish to express my sincere thanks to Professor and Dr. Kaoru Tachiyashiki (Joetsu
University of Education, Joetsu) for her pertinent guidance, many suggestions and valuable
stimulating discussion.

| further wish to express my sincere thanks to Dr. Takashi Ichinose (Faculty of Human
Sciences, Waseda University, Tokorozawa) and Dr. Sachiko Nomura (Consolidated Research
Institute for Advanced Science and Medical Care, Waseda University, Tokyo) for their warm-
hearted encouragements. My thanks are also due to Mr. Norio Motohashi (Postgraduate
School of Human Sciences, Waseda University, Tokorozawa) and Mr. Jun Tanihata (Post-
graduate School of Human Sciences, Waseda University, Tokorozawa) for their helpful assis-
tances and kind supports.

Finally, I thank my family for their affectionate encouragements throughout this study.

Ken Shirato
Tokorozawa

January, 2008



CONTENTS

General introduction

References

Part 1. Effects of immobilization and whole body suspension

on the number of white blood cells in rats

1. Abstract

2. Introduction

3. Methods and Materials

3. 1. Experimental procedures

3. 2. Animal cares

3.3.  Immobilization (1st experiment)

3.4. Whole body suspension (2nd experiment)

3.5. Blood samplings

3.6. Count analyses of white blood cells

3. 7. Isolation and weighing of stress-responsive visceral organs

3. 8. Statistical analyses

4. Results

4.1. Body weight and the weights of stress-responsive visceral organs

4.2. Hematocrit value

4. 3. The number of total white blood cells

4.4. The number of lymphocytes

1-10

6-10

11-45

11

12-14

14-23

14-15

15

15-17

16-18

18-19

19-22

22

22-23

23-29

23-24

24-25

25

25



4.5. The number of monocyte 25-27

4.6. The number of neutrophil 27
4.7. The number of eosinophil 27-29
4.8. The number of basophil 29
5. Discussion 29-38

5.1. Effects of immobilization and whole body suspension on the weights of

stress-responsive organs 31-32

5. 2. Effects of immobilization and whole body suspension on the number of

white blood cells 32-38

6. References 38-45

Part 2. p,-agonist clenbuterol induced changes in the distribution

of white blood cells in rats 46-69
1. Abstract 46
2. Introduction 47-48
3. Methods and Materials 49-52
3.1. Experimental procedures 49
3.2. Animal cares 49-50
3. 3. Administration of clenbuterol 50-51
3.4. Blood samplings 51
3.5. Count analyses of white blood cells 51
3.6. Analyses of red blood cell parameters 51

3. 7. Statistical analyses 52



-iv-

4. Results 52-57
4.1. Body weight and the weights of stress-responsive visceral organs ... 52-53
4.2. The parameters of red blood cell 53-55
4.3. The number of total white blood cells 55
4. 4. The number of lymphocytes 55-56
4.5. The number of monocyte 56
4.6. The number of neutrophil 56
4.7. The number of eosinophil 57
4.8. The number of basophil 57
5. Discussion 58-64

5.1. Effects of clenbuterol-administration on the weights of

stress-responsive organs 59-60

5. 2. Effects of clenbuterol-administration on the number of

white blood cells 60-64
6. References 64-69
Concluding remarks 70-72
Publication list 73

Oral presentation list 74




General introduction

Physical exercises such as brisk walking, jogging, cycling, swimming, aerobic dancing/
gymnastics, rowing and skiing for approximately 30-45 min/day three times per week are effi-
cient to maintain and promote good health”. These habitual physical exercises are known to
be beneficial to chronic diseases such as coronary heart disease, hypertension, hyperlipidemia,
obesity, diabetes type I, impaired glucose tolerance, osteoporosis, psychologic impairment,
colon cancer, stroke and back injury"”. Physical exercise affects host defense mechanisms in-
cluding the number of granulocytes, the number, functions and cytotoxicity of lymphocytes,
cytokine production, and secretory immunoglobulin levels, although these changes are small in
magnitude and brief in duration, and the physiological significance of these changes is contro-
versial".

According to the World Health Organization (WHO) reports in 2002, despite its multiple
benefits, at least 60% of the world population fails to achieve the minimum recommendation
of 30 minutes of daily moderate-intensity physical activity. For example, approximately
250,000 persons per year in the United States are premature deaths due to physical inactivity?.
In fact, epidemiological data showed that physical inactivity increases the incidence of at least
17 unhealthy conditions, almost all of which are chronic diseases or considered risk factors for
chronic diseases”. Thus, the chronic diseases or lifestyle-related diseases are categorized as
the civilization diseases worldwide.

On the other hand, skeletal muscle atrophy and reduced physical work capacity are char-

acteristics of the prolonged hypokinesia (i.e., reduction in limb movement) and/or hypodynam-



ia (i.e., reduction in muscle loading) resulted from restricted movement, bed rest, life in a

4-8)

wheel chair, limited muscular function, immobilization, and microgravity environment In

addition, the prolonged hypokinesia and/or hypodynamia are well known to change the activi-

ties of physiological defense systems such as the autonomic nervous system and the endocrine

system, resulting in modulation of the immune system*'?.

It is generally accepted that various stressful stimuli increase the activities of the neuro-

endocrine systems. The hypothalamo-hypophyseal-adrenocortical axis plays a key role in the

14-16)

hormonal stress responses Corticotropin-releasing hormone (CRH) is secreted from the

paraventricular nucleus of hypothalamus into the hypophyseal portal blood supply, and then

stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary

4'+10

glan ACTH is transported through the circulating blood to the adrenal gland, and then

14-16)

induces the release of glucocorticoids from the adrenal cortex Glucocorticoids are

known to feed back negatively to suppress activity of the hypothalamo-hypophyseal-adreno-

14-16)

cortical axis at both the hypothalamo and hypophyseal levels The sympatho-adreno-

medullary axis also has a crucial role in the neuroendocrine responses by various stressful

14-16)

stimuli Noradrenaline, a neurotransmitter from the sympathetic nervous terminals, stim-

ulates CRH neurons in the paraventricular nucleus of hypothalamus, and induces the expres-
sion of CRH mRNA'"?".  Thus, the sympatho-adrenomedullary axis and the hypothalamo-
hypophyseal-adrenocortical axis are known to respond to various stressors in a coordinated
manner’”.  Glucocorticoids such as corticosterone and cotisol, and catecholamines such as
noradrenaline and adrenaline are main hormones and neurotransmitters of the hypothalamo-

hypophyseal-adrenocortical axis and the sympatho-adrenomedullary axis, respectively®”.



These hormonal factors are well known to regulate the function and distribution of immune
cells. In particular, glucocorticoids, which are released systemically from the adrenal cortex
through the circulating blood, regulate cytokine, adhesion molecule and chemoattractant ex-
pressions, maturation and differentiation, trafficking and migration, and inflammatory media-

tor and other inflammatory factor productions of immune cells'”.

Because glucocorticoids
have potent antiinflammatory actions on immune cells, their chemosynthetic derivatives are
usually used as antiinflammatory drugs.

Straub et al.*” reported that acute minor stressful stimuli leading to a short-lived eleva-
tion of glucocorticoid and catecholamine levels tend to cause immunostimulation, while chron-
ic stressful circumstances leading to a marked elevation of plasma glucocorticoid and catechol-
amine levels over days and weeks tend to cause immunosuppression. Thus, activity and reac-
tivity of the immune system are strongly changed by not only antigen invasion or tumorigen-
esis but also various stressful stimuli or circumstances, suggesting that daily stress-induced
immunomodulations increase the incidence of autoimmune diseases, infectious diseases and
tumors>".

Although the functional changes of immune cells are involved in susceptibility to infec-
tion or tumorigenesis, the distribution of immune cells among various body compartments is
also essential for the efficacy of immune responses, because the continuous migration of im-
mune cells ensures the detection of antigens and neoplasms, and promotes cellular interactions
that enable the immune system to execute rapid and effective responses®”. Many reports

showed that the distribution of immune cells particularly such as white blood cells (Table 1) in

the circulating blood is changed by various stressful stimuli or circumstances such as body-



Table 1 Summary of morphology, size, main functions, fractional percentage, and origin of
lymphocytes, monocyte, neutrophil, eosinophil and basophil.

Morphology (Human) ) ) Fraction (%) o
Cells Size Main functions Origin
Shape Neucleus Granules (um) Human Rat
vy
1. Cytokine production
: Round vt P B
Lymphocytes . (Mononuclear) Non 6-9 2. Antibody production 25 70 marrow
-) . 3. Cytotoxicity
} 1. Phagocytosis
| Horseshoe Few : - Bone
Monocyte . 12-18 2. Antigen presentation 3-8 8 marrow
(Mononuclear) (Azurophilic) 3. Cytokine production
“ Segmented 1. Phagocytosis
Neutrophil ' (Polymorpho- (Ne:tllriz%\lilic) 10-12 2. Reactive oxygen 40-60 20 m%?,':]gw
Q nuclear) production
————————————— —-\_‘;;r——----------------—--————————————————————-——----------------—
Segmented -
. . Many 1. Degranulation Bone
Eosinophil ~ (Polymorpho- o hilicy 10-15 5 Allergy reaction 0.5-13 2 marrow
. nuclear)
Segmented ;
. Many 1. Degranulation Bone
Basophil (POI!I):Jle ;’:';o' (Basophilic) 10-15 5 Allergy reaction 05 01 marrow

Granulocytes consist of neutrophil, eosinophil and basophil, which have many granules in-
cluding various inflammatory mediators.

) 27-29) )

restraint condition®, simulated microgravity®®, exhaustive exercise and social stress®”.

Furthermore, the distribution changes in white blood cells of the circulating blood have been
also well shown to be regulated by glucocorticoids and catecholamines®* > %29,

However, it is unclear how the distribution of various white blood cells such as lympho-
cytes, monocyte, neutrophil, eosinophil and basophil changes among various body compart-
ments during the prolonged hypokinesia and/or hypodynamia conditions resulted from pro-
longed bed rest, life in a wheel chair, restricted movement, limited muscular function and

. . . 30
microgravity environment ),

The complete elucidation of the in vivo physiological effects of
various prolonged physical inactivity conditions on the distribution changes in white blood

cells of the circulating blood resulted from the altered responses of other physiological defense

systems such as the autonomic nervous system and the endocrine system is crucial from point
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Fig.1 Schematic diagram of possible mechanisms and physiological significances of
neutrophil mobilized during the immobilization (IMM) and whole body sus-
pension (WBS).

The IMM and WBS may induce catecholamine secretions into the circulating blood"™, resulting

in increased blood pressure, causing the mobilization of neutrophil in the marginal pool of blood

vessel to circulating blood poolzg). On the other hand, the IMM and WBS may induce gluco-
corticoid secretions into the circulating blood*™, resulting in granulocyte colony-stimulating fac-
tor (G-CSF) release from endothelial cells, causing the differentiation of hematopoietic stem cell
to neutrophil and the mobilization of immature neutrophil in the bone marrow pool to circulating
blood pool®™.  Further, glucocorticoids have survival promotive and migration inhibiting effects
on neutrophil, causing the additional increased number of neutrohil in the circulating blood
poolzg). Possible physiological significance of inhibited migration of neutrophil is the prevention
of unnecessary inflammatory reactions during the IMM and WBS conditions, and that of increased
ciculating number of neutrophil is pooling neutrophil in the systemic circulation in order to re-
spond and eliminate the antigens intruding living body which undergoes immunosuppression by

. . 30,31
glucocorticoids and catecholamines™ ",

of the view of health sciences and preventive medicine, and essential to overcome aging-
advanced society in Japan.
In the present study, two types of physical inactivity model in rats were used in order to

clarify the physiological significances of physical activity and mechanical loading for hind-



limb. The models are shown as follows: (1) immobilization (IMM): model for extremely re-
stricted physical activity but hindlimb-loading and (2) whole body suspension (WBS): model
for reduced physical activity and hindlimb-unloading®”. Further, in order to compare the re-
sponse characteristics of white blood cells between physical inactivity conditions and /-
adrenoceptor stimulation, which increases cardiac rate and output and blood volume, resulting
in increased share stress against wall of blood vessel, the effects of a f,-agonist, clenbuterol
[CLE: 4-amino-a(#-butyl-amino)methyl-3,5-dichloro-benzyl alcohol] on the number of total
white blood cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil were studied in
rats’”.  Since the mechanism of stress-induced change in the distribution of neutrophil was
well documented, possible mechanisms and physiological significances of the distribution
changes in neutrophil during the IMM and WBS are summarized as shown in Figure 1. In
part 1, the effects of immobilization and whole body suspension on the number of white blood

cells in rats are described. In part 2, f,-agonist clenbuterol induced changes in the distribu-

tion of white blood cells in rats are shown. Concluding remarks are presented.
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Part 1. Effects of immobilization and whole body suspension on the

number of white blood cells in rats

1. Abstract

Various physical inactivity conditions such as body-restraint, bed rest, and microgravity
environment are shown to induce changes in responses of physiological defense systems such
as the hypothalamo-hypophyseal-adrenocortical and sympatho-adrenomedullary axes, and im-
muno-responsive systems in human and rodent models. To elucidate the response charac-
teristics of immune cells in the circulating blood during prolonged inactivity conditions, the in
vivo effects of two types of inactivity (immobilization: IMM and whole body suspension:
WBS) on the number of white blood cells were studied in rats. Rats were divided into the
IMM and WBS groups, and each control group to compare the number of total white blood
cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil during the experimental pe-
riods. The IMM and WBS were maintained for 11 days. The IMM increased significantly
the number of total white blood cells, monocyte, neutrophil and eosinophil on the 1sz to 10tk
day. The WBS also increased clearly these parameters, although the effects were character-
ized by the presence of a lag phase followed by the significant increased actions. Both IMM
and WBS did not change the number of lymphocytes. The IMM did not change the number
of basophil, although the WBS increased drastically this parameter on the 1s¢ to 8th day to 2.8
to 4.8 times, compared with the values of the control. These results suggest that the response
characteristics of lymphocytes, monocyte, neutrophil and eosinophil are generally similar be-

tween both prolonged inactivity conditions, however, those of basophil are clearly different.
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2. Introduction

Physical exercises such as brisk walking, jogging, cycling, swimming, aerobic dancing/
gymnastics, rowing and skiing for approximately 30-45 min/day three times per week are effi-
cient to maintain and promote good health”. These habitual physical exercises are known to
be beneficial to chronic diseases such as coronary heart disease, hypertension, hyperlipidemia,
obesity, diabetes type I, impaired glucose tolerance, osteoporosis, psychologic impairment,
colon cancer, stroke and back injury"”. Physical exercise affects host defense mechanisms in-
cluding the number of granulocytes, the number, functions and cytotoxicity of lymphocytes,
cytokine production, and secretory immunoglobulin levels, although these changes are small in
magnitude and brief in duration, and the physiological significance of these changes is contro-
versial".

According to the World Health Organization (WHO) reports in 2002, despite its multiple
benefits, at least 60% of the world population fails to achieve the minimum recommendation
of 30 minutes of daily moderate-intensity physical activity. For example, approximately
250,000 persons per year in the United States are premature deaths due to physical inactivity?.
In fact, epidemiological data showed that physical inactivity increases the incidence of at least
17 unhealthy conditions, almost all of which are chronic diseases or considered risk factors for
chronic diseases”. Thus, the chronic diseases or lifestyle-related diseases are categorized as
the civilization diseases worldwide.

On the other hand, skeletal muscle atrophy and reduced physical work capacity are char-

acteristics of the prolonged hypokinesia (i.e., reduction in limb movement) and/or hypodynam-

12



ia (i.e., reduction in muscle loading) resulted from restricted movement, bed rest, life in a

. In

wheel chair, limited muscular function, immobilization, and microgravity environment
addition, the prolonged hypokinesia and/or hypodynamia are well known to change the activi-
ties of neuroendocrine systems such as the hypothalamo-hypophyseal-adrenocortical axis and
the sympatho-adrenomedullary axis, resulting in increases of plasma catecholamine such as
noradrenaline and adrenaline levels and plasma glucocorticoid such as cortisol and corti-

#13)_ " These hormonal

costerone levels, causing modulation of the immuno-responsive systems
factors are well known to regulate the function and distribution of immune cells.

The distribution of immune cells among various body compartments is essential for the
efficacy of immune responses, because the continuous migration of immune cells ensures the
detection of antigens and neoplasms, and promotes cellular interactions that enable the im-
muno-responsive systems to execute rapid and effective responses'?. Many reports showed

that the distribution of immune cells particularly such as white blood cells in the circulating

blood is changed by various stressful stimuli or circumstances such as body-restraint condition

15) 17-19) )

, simulated microgravity'®, exhaustive exercise and social stress'?. Furthermore, the

distribution changes in white blood cells of the circulating blood have been also well shown to

14151819 However, it is unclear how the

be regulated by glucocorticoids and catecholamines
distribution of various white blood cells such as lymphocytes, monocyte, neutrophil, eosino-
phil and basophil changes among various body compartments during the prolonged hypokine-
sia and/or hypodynamia conditions resulted from prolonged bed rest, life in a wheel chair, re-

stricted movement, limited muscular function and microgravity environment’”. The com-

plete elucidation of the in vivo physiological effects of various prolonged physical inactivity

13



conditions on the distribution changes in white blood cells of the circulating blood resulted
from the altered responses of other physiological defense systems such as the autonomic nerv-
ous system and the endocrine system is crucial from point of the view of health sciences and
preventive medicine, and essential to overcome aging-advanced society in Japan.

In the present study, in order to clarify the physiological significances of physical activi-
ty and mechanical loading for hindlimb, the effects of two types of inactivity such as immo-
bilization (model for extremely restricted physical activity but hindlimb-loading) and whole
body suspension (model for reduced physical activity and hindlimb-unloading) on the number

of white blood cells and the weights of stress-responsive visceral organs were studied in rats”.

3. Materials and Methods

3.1. Experimental procedures
Two parts of an experiment, (1) the effects of immobilization (IMM: lst experiment),

and (2) the effects of whole body suspension (WBS: 2nd experiment) on the number of white

Immobilization

Whole body suspension Analyses _>

<— Prefeeding —><—

i 1 1 1 1 i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1

-5 0 5 10 15 (days)
T S SRR SN S

Grouping Count analyses Isolation and weighing
of visceral organs

Fig. 1 Experimental protocol®.

Count analyses: Flow-cytometrical analyses of hematocrit value, and the number of
total white blood cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil.

14



blood cells such as lymphocytes, monocyte, neutrophil, eosinophil and basophil, and the
weights of stress-responsive visceral organs such as thymus, spleen and adrenals were carried

out in rats. The experimental protocol is shown in Figure 1.

3.2. Animal cares

Male 7-week-old Sprague-Dawley rats (n = 32, CLEA Japan, Tokyo, Japan) were pur-
chased. The rats were prefed for 5 days to allow adaptation to their new environment (Fig. 1).
The rats were housed in cages at a temperature of 23-25°C and a relative humidity of 50-60%.
Lighting was automatically provided within 7:00-19:00. Animal chow (CE-2, CLEA Japan)

and once-boiled tap water were given to the rats ad libitum®".

After the adaptation period,
the rats were divided into two groups in each experiment (Fig. 1). The present experiments
were performed with least possible pain or discomfort to the rats.

The present study was carried out according to the “Guiding Principle for the Care and
Use of Animals in the Field of Physiological Sciences” of the Physiological Society of Japan®?.

The experimental protocols also were approved by the Animal Ethics Committee, Faculty of

Human Sciences, Waseda University.

3.3. Immobilization (1sz experiment)

After 5 days of prefeeding, the rats were divided into the immobilization (IMM: n = §,
initial body weight = 237 £ 3 g, mean + SEM) group and the cage control (CON: n = 8, initial
body weight = 237 £+ 3 g, mean = SEM) group. The IMM group was consecutively immobi-
lized for 11 days, whereas the CON group was consecutively maintained in unrestricted cage

activities for the same period. Animal immobilization was performed by using my self-made

15



Fig. 2 Photograph of self-made immobilization apparatus®.

apparatus. The outline of the immobilization apparatus is shown in Figure 2. Figure 3
shows the diagram (A) and developmental drawings (B) of the apparatus. This experiment
was carried out under diet-restricted feeding (chow intake/rat = 20 g/day) conditions. Once-
boiled tap water was given to the rats ad libitum. During the experimental period, the number

of white blood cells was analyzed according to the protocol (Fig. 1).

3.4. Whole body suspension (2nd experiment)
The rats were divided into the whole body suspension (WBS: n = 8§, initial body weight
=213 £ 1 g) group and the cage control (CON: r = 8, initial body weight = 213 = 2 g) group.

The WBS group was consecutively held in suspension harnesses for 11 days, whereas the CON

16
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Fig. 3 Diagram (A) and developmental drawings (B) of immobilization apparatus®.

A: a, rat immobilization cage; b, feeding stand; ¢, water bottle stand; d, wooden board (14 mm
thick) and e, metal hook for fitting water bottle. Unit of length: mm. B: I, top-surface view; Il
back surface view; Ill, side view; IV, frontal view and V, base view. Unit of length: mm. |a,
iron metallic mesh for covering cage; kb, metals and screws for securing cover iron metallic mesh
to wall woods; 11-a, iron metallic mesh for preventing rat from backing and this open space is ca-
pable to put tail out; Il-b, double-crossing nails for securing iron metallic mesh to wall woods; -
a, cover walls made of lauan woods; IV-a, cover iron metallic mesh preventing rats from ad-
vancing; 1V-b, double-crossing nails for securing iron metallic mesh to wall woods; 1V-c, position
for eating food; V-a, metallic mesh cut for attaching feeding stand and ensuring removal of urine
and feces; and V-b, double-crossing nails for securing iron metallic mesh to wall woods.
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group was consecutively maintained in unrestricted cage activities for the same period. The
suspension apparatus used in this study (Fig. 4) was a modified version of a type developed by

17®. The rats were

Musacchia er al.*, Morey-Holten and Wronski*?, and Imaizumi et a
checked daily for signs of leg, nose and eye lesions, unusual breathing patterns, or undue dis-

comfort. Feeding conditions were in the same manner as the 1st experiment. The number

of white blood cells was analyzed at the same intervals with the 1s¢ experiment (Fig. 1).

\ 1 h 145 200

Fig. 4 Diagram (A) and developmental drawing (B) of whole body suspension harness
7,8)

A: a, rat whole body suspension harness; b, feeding box stand; ¢, water bottle and d, feeding box.

B: a, hook-and-loop fastening tape; b, opening for forelimbs; ¢, opening for hindlimbs; d, opening

for excretions and e, plywood veneer. Unit length: mm. The denim cloth was used. The fit of
the suspension harness was adjusted to the shape of each rat.

3.5. Blood samplings
Whole blood samples (60~70 ul) were collected with microcapillary tubes coated with
an anticoagulant, 0.3 M EDTA-2K (ethylenediamine tetraacetic acid, dipotassium salt, Wako,

Osaka, Japan) from the tail vein according to the protocol (Fig. 1). 50 ul of blood samples
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were immediately diluted by 20% with the cellpack (whole blood diluent for use in hematolo-
gy analyzers, Sysmex, Hyogo, Japan). These samples were used for count analyses of white

blood cells.

3. 6. Count analyses of white blood cells

Count analyses of white blood cells were carried out by the hematology analyzer (Model
SF-3000, Sysmex) based on a flow-cytometrical technique with light-emitting diode. The
SF-3000 type analyzer is known to be a fully automated hematology analyzer’>. When white
blood cells in blood samples are flown in the flow cell, a laser beam emitted from diode irradi-
ates these cells, and then forward-scattered lights are generated (Fig. 5). These lights are
collected by photodiodes and transformed to electric pulses. As a result, the number of white
blood cells is analyzed. On the other hand, forward-scattered lights are divided into low-
angle and high-angle forward-scattered lights, representing white blood cell sizes and nucleus
forms, respectively (Fig. 6). These scattered angles are different among each white blood cell.
From these scattered light angles, white blood cells are fractionated into lymphocytes, mono-
cyte, neutrophil, eosinophil and basophil. Typical fractional patterns of white blood cells are
shown in Figure 7. As shown in Table 1, the estimates (x 10> uL™) of the number of total
white blood cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil in male adult
rats are approximately 192-224, 134-150, 15-21, 39-66, 4.3-6.6 and 0.23-0.43, respectively.
The relative ratio of lymphocytes, monocyte, neutrophil, eosinophil and basophil to total white

blood cells was approximately 61-70%, 7-9%, 20-28%, 1.9-2.9% and 0.11-0.18%, respective-

ly.
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Fig. 5 Flow cytometry with light-emitting diode.

White blood cells are singly flown from bottom up in flow cell. Laser beam emitted
from diode irradiate them and then scattered lights are generated. These are collected
by photodiodes and transformed to electric pulses. As a result, the number of white

blood cells is analyzed.

Fig. 6 Low-angle (A) and high-angle (B) scattered lights.

A: low-angle forward-scattered (1-6 degrees) light represents white blood cell size; and
B: high-angle forward-scattered (8-20 degrees) light represents nucleus size in white
blood cell. These degrees differ among lymphocytes, monocyte, neutrophil, eosinophil

and basophil.
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Fig. 7 Typical fractional patterns of white blood cells in rats.

A: White blood cells are fractionated into lymphocytes and eosinophil, however, neutro-
phil, monocyte and basophil are fractionated into the same population. B: Basophil is
fractionated from other white blood cells, and the number of neurophil and monocyte is
calculated.
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Table1 Summary of the estimates of the number of total white blood cells, lymphocytes,
monocyte, neutrophil, eosinophil and basophil in adult male rats.

White blood cells Experiment

(x 0% uL ™) 1st 2nd 3rd

Total white blood cells ~ 236.2 + 13.3 (5.6) 1923 £3.5 (1.8) 2241 +£12.7 (5.7)
Lymphocytes 1444 +£72 (5.0) 134.0 £3.7 (2.8) 149.8 £8.0 (5.3)
Monocyte 209 £3.0 (14.4) 150 £1.0 (6.7) 162 +23 (14.2)
Neutrophil 66.0 £6.9 (10.5) 388 +32 (8.3) 514+72 (14.0)
Eosinophil 45+0.7 (15.6) 43+05 (11.6) 6.6+0.9 (13.6)
Basophil 0.43 +0.07 (16.3) 0.23 +0.05 (21.7) 0.24 +0.04 (24.4)

Values are mean = SEM (n =8). Values in parentheses are shown as variation coefficients (%).

3. 7. Isolation and weighing of stress-responsive visceral organs
As shown in Figure 1, the stress-responsive organs (thymus, spleen and adrenals) were
immediately isolated and weighed (Shimadzu LIBROR Model EB-330D) on the final days of

the experiments.

3.8. Statistical analyses

Experimental data were presented as mean + standard error of the mean (SEM). The
effects of IMM and WBS on the body weight and the weights of stress-responsive visceral or-
gans were tested by a one-way analysis of variance (ANOVA). The effects of IMM and WBS
on the hematocrit value and the number of white blood cells were evaluated by a two-way
ANOVA for repeated measures. Subsequent post hoc analyses to determine significant differ-
ences between two groups and from the 0tk day in each group were performed by Fisher’s

protected least significant difference (PLSD) test and Dunnett’s test, respectively. The differ-
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ences were considered significant when P was < 0.05.

4. Results

4.1. Body weight and the weights of stress-responsive visceral organs

We investigated the effects of two types of inactivity such as immobilization (IMM) and
whole body suspension (WBS) on the body weight and the weights of stress-responsive visce-
ral organs in rats. As shown in Table 2, the body weights in the IMM and WBS groups were
0.85 (P < 0.001) and 0.79 times (P < 0.001) clearly lower than those in the corresponding
CON groups, respectively. The relative weights of thymus and spleen per body weight in the
WBS group were 0.65 (P < 0.001) and 0.74 times (P < 0.001) lower than those in the CON
group, respectively (Table 2). On the other hand, the relative weight of adrenals per body

weight in the WBS group was 1.33 times (P < 0.001) higher than that in the CON group (Table

Table 2 Effects of immobilization (IMM) and whole body suspension (WBS) on the body weight and

the weights of stress-responsive visceral organs®”.

Visceral organs 1st experiment 2nd experiment
CON IMM CON WBS

Body weight (BW) (g) 268 £3 229 £ 5%¥*¥*  (0.85) 254 £4 200 £ 5***  (0.79)
Thymus (mg) 352 +£22 251 £23*%*%  (0.71) 426 £27 214 £ 12%¥**  (0.50)
Thymus (mg/g BW) 1.31 £0.07 1.09+0.09 (0.83) 1.67 £0.09  1.07 £ 0.05*** (0.65)
Spleen (mg) 642 + 44 509 + 32% (0.79) 627 £12 368 £ 19%**  (0.59)
Spleen (mg/g BW) 240 £0.16 222 +£0.13 (0.93) 248 £0.06 1.84 £0.07*** (0.74)
Adrenals (mg) 45 £ 1 44 +3 (0.97) 50 £2 52 +£2 (1.04)
Adrenals (mg/g BW) 0.17 £0.01  0.19 £0.01 (1.13) 0.20 £0.01  0.26 £ 0.01*** (1.33)

Values are mean + SEM. Values in parentheses are shown as the relative ratio of the IMM group and WBS
group to each CON group. Statistics: *P < 0.05, **P <0.01 and ***P < 0.001 (vs. CON group, by one-way
ANOVA).
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2). Similar phenomena were observed between the IMM and CON groups, although the dif-

ferences between both groups were not significant (Table 2).

4.2. Hematocrit value

Figure 8 shows the changes in the hematocrit value during the experimental periods.
As shown in Figure 8A, the hematocrit value in the IMM group was 0.95 (P < 0.05) and 0.92
times (P < 0.01) lower than that in the CON group on the 8t/ and 10t/ days of the experiment,
respectively. On the other hand, hematocrit value in the WBS group was 0.95 (P < 0.05),
0.93 (P < 0.001), 091 (P < 0.001) and 0.91 times (P < 0.001) lower than that in the CON
group on the 3rd, 6th, 8th and 10th days of the experiment, respectively (Fig. 8B). These

results suggest that extracellular fluid volumes in both IMM and WBS groups are significantly
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Fig. 8 Effects of immobilization (IMM) (A) and whole body suspension (WBS) (B)
on the hematocrit value®®

A, ®: IMM group and O: CON group. B, ®: WBS group and ©: CON group. Statistics:
*P <0.05, **P <0.01 and ***P < 0.001 (vs. CON group, by two-way ANOVA and Fisher’s
PLSD test), and “P < 0.05 and P < 0.01 (vs. Oth day, by Dunnett’s test).
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higher than each control group, and the number of white blood cells is apparently diluted in the
IMM and WBS groups as compared with the corresponding CON groups. In the present
study, therefore, the number of white blood cells was corrected by the corresponding hema-

tocrit value®.

4.3. The number of total white blood cells

Next we studied the effects of IMM and WBS on the number of total white blood cells,
lymphocytes, monocyte, neutrophil, eosinophil and basophil during the experimental periods.
As shown in Figure 9A, the number of total white blood cells in the IMM group was 1.52 (P <
0.001), 1.34 (P < 0.05), 1.55 (P < 0.05), 1.55 (P < 0.05) and 1.89 times (P < 0.01) higher than
that in the CON group on the 1st, 3rd, 6th, 8th and 10th days of the experiment, respectively.
On the other hand, the number of total white blood cells in the WBS group was 1.82 (P <
0.001), 1.48 (P < 0.01) and 1.66 times (P < 0.001) higher than that in the CON group on the
6th, 8th and 10th days of the experiment, respectively (Fig. 9B). The WBS was independent

of the number of total white blood cells within the 1s¢ to 3rd day.

4. 4. The number of lymphocytes
No differences in the number of lymphocytes between the IMM and CON groups were
observed during the experimental period (Fig. 9A). Similar phenomena were also observed

between the WBS and CON groups (Fig. 9B).

4.5. The number of monocyte

However, the number of monocyte showed increased actions during the experimental pe-
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Fig. 9 Effects of immobilization (IMM) (A) and whole body suspension (WBS)

(B) on the number of total white blood cells, lymphocytes and monocyte?”.

A, ®: IMM group and ©: CON group. B, ®: WBS group and 0: CON group. Statistics:
*P <0.05, **P < 0.01 and ***P < 0.001 (vs. CON group, by two-way ANOVA and Fisher’s
PLSD test), and “P < 0.05 and ”P < 0.01 (vs. Oth day, by Dunnett’s test).
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riods in both IMM and WBS conditions (Fig. 9). As shown in Figure 9A, the number of
monocyte in the IMM group was 2.15 (P < 0.05), 2.85 (P < 0.01), 2.88 (P < 0.05), 3.13 (P <
0.05) and 2.80 times (P < 0.01) higher than that in the CON group on the 1st¢, 3rd, 6th, 8th and
10tk days of the experiment, respectively. Although the WBS was independent of the number
of monocyte on the 1st day, the number of monocyte in the WBS group was 1.80 (P < 0.01),
3.75 (P <0.01), 3.27 (P < 0.01) and 2.24 (P < 0.05) times higher than that in the CON group

on the 3rd, 6th, 8th and 10th days of the experiment, respectively (Fig. 9B).

4.6. The number of neutrophil

As shown in Figure 10A, the number of neutrophil in the IMM group was 2.49 (P <
0.001), 2.21 (P < 0.05), 2.38 (P < 0.05) and 3.79 times (P < 0.01) higher than that in the CON
group on the lst, 3rd, 8th and 10¢h days of the experiment, respectively. Although the WBS
was independent of the number of neutrophil within the 1sz to 3rd day, the number of neutro-
phil in the WBS group was 2.57 (P < 0.01), 1.90 (P < 0.01) and 2.89 times (P < 0.01) higher
than that in the CON group on the 64, 8¢h and 10th days of the experiment, respectively (Fig.

10B).

4.7. The number of eosinophil

The number of eosinophil in both IMM and WBS groups during the experimental peri-
ods was also significantly higher than that in the corresponding CON groups (Fig. 10). As
shown in Figure 10A, the number of eosinophil in the IMM group was 1.62 (P < 0.05), 1.59 (P
<0.05), 1.79 (P < 0.05), 2.46 (P < 0.01) and 2.38 times (P < 0.01) higher than that in the CON

group on the 1st, 3rd, 6th, 8th and 10th days of the experiment, respectively. The number of

27



(><10% - pL-)

Neutrophil

(><10% - pL-)

Eosinophil

=9 10}
£3
2
— |
m\x/o.5§"
0 ) ¥ ) 1 )
0 5 10 O 5 10

Experimental days

Fig. 10 Effects of immobilization (IMM) (A) and whole body suspension (WBS)
(B) on the number of neutrophil, eosinophil and basophil®.

A, ®: IMM group and ©: CON group. B, ®: WBS group and 0: CON group. Statistics:

*P <0.05, **P <0.01 and ***P < 0.001 (vs. CON group, by two-way ANOVA and Fisher’s

PLSD test), and “P < 0.05 and P < 0.01 (vs. Oth day, by Dunnett’s test).
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eosinophil in the WBS group was also 2.12 (P < 0.01), 1.66 (P < 0.001) and 1.56 times (P <
0.05) higher than that in the CON group on the 6¢4, 8¢th and 10th days of the experiment, res-
pectively, whereas the WBS was independent of the number of eosinophil within the 1s¢ to 3rd

day (Fig. 10B).

4.8. The number of basophil

The different response characteristics of the number of basophil were clearly observed
between the IMM and WBS conditions (Fig. 10). There were no significant changes in the
number of basophil between the IMM and CON groups (Fig. 10A). However, the number of
basophil in the WBS group was 2.82 (P < 0.01), 4.83 (P < 0.01), 4.01 (P < 0.01) and 3.19
times (P < 0.01) distinctly higher than that in the CON group on the 1st, 3rd, 6¢th and 8th days

of the experiment, respectively (Fig. 10B).

5. Discussion

The purpose of the present study was to elucidate the effects of two types of inactivity
(immobilization: IMM and whole body suspension: WBS) on the number of total white blood
cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil in rats.

The main findings of the present study are summarized as follows (Table 3): (1) The
IMM increased significantly the number of total white blood cells, monocyte, neutrophil and
eosinophil within the 1st to 10th day (Figs. 9 and 10). However, the increase in the number
of total white blood cells, monocyte, neutrophil and eosinophil during the experiment of WBS

were characterized by the presence of a lag phase followed by the significant increased actions
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Table 3 Summary of the effects of immobilization (IMM) and whole body suspension

(WBS) on the number of white blood cells.

Types of inactivity

White blood cells Figure
IMM WBS
. Higher (1.3-1.9 times) Higher (1.5-1.8 times)
Total white blood cells 9
within the 1sz to 10th day within the 6th to 10th day
Lymphocytes No effect No effect 9
Higher (2.2-3.1 times) Higher (1.8-3.8 times)
Monocyte 9
within the 1st to 10th day within the 3rd to 10th day
) Higher (2.2-3.8 times) Higher (1.9-2.9 times)
Neutrophil 10
within the 1st to 10th day within the 6¢4 to 10th day
. . Higher (1.6-2.5 times) Higher (1.6-2.1 times)
Eosinophil 10
within the 1st to 10th day within the 6¢h to 10th day
] Higher (2.8-4.8 times)
Basophil No effect 10

within the 1s¢ to 8th day

Values in parentheses are shown as the relative ratio of the IMM group or WBS group to each

CON group.

(Figs. 9 and 10).

the experimental periods (Fig. 9).
ing the experimental period (Fig. 10A).

of basophil within the 1st to 8th day to 2.8-4.8 times, compared with the values of the control

(Fig. 10B).

cytes, monocyte, neutrophil and eosinophil are generally similar between both prolonged in-

activity conditions, however, those of basophil are clearly different (Table 3).
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(2) Both IMM and WBS did not change the number of lymphocytes during
(3) The IMM did not change the number of basophil dur-

However, the WBS increased markedly the number

These results suggest that the response characteristics of the number of lympho-



5.1. Effects of immobilization and whole body suspoension on the weights of stress-
responsive organs
The present study showed that the WBS decreased significantly the relative weights of
thymus and spleen per body weight on the 11#k day of the experiment (Table 2). These
stress-responsive organs are also known to be lymphatic tissues. In particular, thymus dif-
ferentiates immature T lymphocytes (CD4"/CD8" T lymphocytes) to mature T lymphocytes
(CD47/CD8 and CD4/CDS8" T lymphocytes), and spleen stores mature T and B lymphocytes,

and natural killer (NK) cells. Therefore, the WBS induces clearly immunosuppressive effects

WBS HPA axis t
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Fig. 11 Possible schematic flow of the effects of immobilization (IMM) and whole bod-
y suspension (WBS) on the weights of stress-responsive visceral organs.

HPA axis: Hypothalamo-hypophyseal-adrenocortical axis, CRH: Corticotropin-releasing factor,
and ACTH: Adrenocorticotropic hormone.
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in rats. On the other hand, the WBS increased significantly the relative weight of adrenals
per body weight (Table 2), indicating that the WBS increased activity of the cells in adrenal
cortex and medulla via the activation of stress-responsive neuroendocrine systems such as the
hypothalamo-hypophyseal-adrenocortical and sympatho-adrenomedullary axes, followed by
the increases of plasma stress hormone such as glucocorticoid and catecholamine levels (Fig.
11). This suggestion accords with those of Steffen and Musacchia”, Hayase and Yokogoshi®®,
Imaizumi and Tachiyashiki”, and Imaizumi ef a.¥. The IMM induced similar effects on the
weights of these stress-responsive organs as the WBS, although these effects were not signifi-
cant (Table 2), suggesting that the WBS condition induces stress responses more extensively
than the IMM condition (Fig. 11).

Steffen and Musacchia® reported that plasma corticosterone concentration was transient-
ly increased during the experiment of WBS in rats. It is well known that glucocorticoids

10.27.28  From these obser-

induce apoptotic cell death in immature and mature T lymphocytes
vations, the involution of thymus and spleen by the WBS would be caused by the glucocorti-
coid actions (Fig. 11). Further, it is conceivable that the involution of spleen by the WBS is
caused by the decrease in the production of mature T lymphocytes in thymus (Fig. 11). The

possible schematic flow of the effects of IMM and WBS on the weights of stress-responsive

organs is shown in Figure 11.

5. 2. Effects of immobilization and whole body suspension on the number of total white
blood cells

The present study demonstrated that the IMM and WBS increased significantly the num-

32



ber of total white blood cells during the experimental periods (Fig. 9). These results indi-
cate that both prolonged inactivity conditions mobilize white blood cells from the margin of
blood vessel and/or bone mallow to the circulating blood, and extend the half-life of white
blood cells via altered responses of stress-responsive neuroendocrine systems, resulting in the
increase of total circulating number of white blood cells. Further, the significant increased
actions of white blood cells were initiated from the 1st day in the IMM condition, whereas
those were initiated from the 674 day in the WBS condition (Fig. 9). These results suggest
that the IMM condition activate stress-responsive neuroendocrine systems such as the hypo-
thalamo-hypophyseal-adrenocortical and sympatho-adrenomedullary axes more rapidly than
the WBS condition.

Both prolonged inactivity conditions IMM and WBS increased significantly the number
of neutrophil and monocyte well known as phagocytes (Figs. 9 and 10). These findings are
clearly important. Neutrophil is most essential for host defense from antigens, and blood
neutrophil has a short life span of 6-12 / in the circulation, unlike inflammatory neutrophil that

lives for 24-48 & in infectious tissues®”. Neutrophilia are also known to be induced by ex-

. . . 17, 18
haustive exercises in human'” '®

, which are physically opposed stimuli of prolonged
hypokine- sia (i.e., reduction in limb movement) and/or hypodynamia (i.e., reduction in muscle
loading) conditions. These results suggest that neutrophilia is one of the general-adaptation
reactions during stresses, and must play physiologically fundamental roles in the defense
systems of living body.

18)

Suzuki ef al.'® and Yamada et al.*" showed that exhaustive exercise-induced increases

of interleukin (IL)-6 and granulocyte colony-stimulating factor (G-CSF) levels mediate bone
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marrow release of neutrophil. In the present study, although it was not investigated whether
syntheses of such hematopoietic cytokines are induced by prolonged inactivity conditions, at
least stress hormones such as glucocorticoids and catecholamines are likely involved in the
neutrophilia due to stress-responsive changes in the weights of visceral organs and previous

)

studies*™. Glucocorticoids are known to induce mobilization of neutrophil from the bone

marrow to the circulating blood®", and inhibit apoptosis of the circulating neutrophil*> and mi-

31,33)

gration of neutrophil into the tissues Further, catecholamines are also known to induce

mobilization of neutrophil from the margin of blood vessel to the circulating blood by the arte-
rial shearing force through S-adrenergic enhancements of heart functions'®*%*%.
Miller et al.*® showed that the WBS did not alter rat neutrophil functions such as the

oxidative burst in peripheral blood. Suzuki et al.'®

showed that post-exercise plasma neutro-
phil was not functionally activated despite increased plasma levels of cytokines acting as re-
cruiting and priming them. These findings suggest that neutrophil, stimuli-nonspecifically
mobilized from the margin of blood vessel and bone marrow, would be regulated not to be ac-
tivated in the circulating blood, indicating the role of significant prevention against useless
injury of living body. It is also meaningful to stock neutrophil sleeping in the circulating
blood, circulate systemically and send them into the tissues injured by stresses during these
physical conditions.

On the other hand, monocyte is continuously released into the peripheral blood, circu-
lates for about a day, and then migrates into almost all organs to differentiate into specialized
organ macrophages such as Kupffer cells in liver, alveolar macrophage in lung and osteoclasts

)

in bone’®.  van Furth and Suliter’” reported on monocyte distribution in mice that the circu-
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lating monocyte accounts for 40% and the marginated monocyte accounts for 60% of the pe-
ripheral blood monocyte. These results suggest that the number of monocyte in the circu-
lating blood is capable to be increased up to 2.5 times when all of the marginated monocyte is
mobilized into the circulating blood. In the present study, because the number of monocyte in
the circulating blood was increased to 3.13 and 3.75 times compared with the control values,
respectively, at the peak days of the IMM and WBS (Fig. 9), the differentiation of hemato-
poietic stem cells into monocyte may be accelerated in bone marrow, and released into the cir-
culating blood.

Dhabhar er al.'® showed clearly that acute restraint-stress-induced increase of plasma
corticosterone level causes migration of monocyte from the circulating blood. These results
suggest that the IMM and WBS promote the releases of hematopoietic factors, which induce
the differentiation of hematopoietic stem cells into monocyte, and overcome the decrease of
the number of monocyte in the circulating blood resulted from corticosterone action.

The IMM and WBS increased significantly the number of eosinophil during the experi-
mental periods (Fig. 10). Glucocorticoids are reported to enhance eosinophil apoptosis but
inhibit neutrophil apoptosis in rats®, indicating that physiological significances of eosinophil
during the prolonged physical inactivity are differed from those of other granulocyte neutro-
phil. Further, although the survival of peripheral eosinophil is well shown to be promoted by
cytokines such as IL-3*", IL-5*" granulocyte-macrophage colony-stimulating factor (GM-
CSF)*"* and interferon-y (IFN-y)***¥ it is also reported that promotive effects of these cyto-
kines on eosinophil survival are inhibited by glucocorticoids*”. However, Gaspar et al.*®

showed that glucocorticoids induced eosinopoietic cytokines in bone marrow, resulting in
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eosinopoiesis.

The main findings of the present study are that the IMM did not change the number of
basophil throughout the experimental period (Fig. 10A), although the WBS increased drastical-
ly this parameter during the experiment period (Fig. 10B). Basophil is the least common
white blood cell in the circulating blood, because basophil accounts for only approximately
0.5% of all white blood cells*>**).  The number of basophil is known to increase in various al-
lergic inflammatory conditions such as intestinal parasite Nippostrongylus brasiliensis infec-
tion*”, allergic pulmonary inflammation”, and chronic skin allergic inflammation’".

On the other hand, Rivera et al.’® showed that hindlimb unloading increased the con-
centration of portal vein endotoxin (lipopolysaccharide), known to be a polymer in the outer
membrane of gram-negative bacteria, due to the significant intestinal permeability, resulting in
the activation of Kupffer cells and inflammation-induced injury and malfunction of the liver.
Further, Meddings and Swain™® showed that the environmental stress induced gastrointestinal
permeability by endogenous glucocorticoids in rats. From these observations, it is conceiva-
ble that the inflammatory reactions mainly in the liver induce the production of basophil-asso-
ciated hematopoietic cytokines, particularly IL-5, followed by basophil proliferation and its
mobilization to the circulating blood in the WBS condition, whereas these phenomena were
not induced in the IMM condition. In fact, in the present study, the optical and physical insta-
bility of liver was observed in the WBS group rats, but it was not observed in the IMM group
rats, although data were not shown. This suggestion accords with the different effects be-

tween IMM and WBS on the weights of stress-responsive organs (Table 2), mainly caused by

different magnitudes of endogenous glucocorticoid actions between these two types of inac-
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tivity. However, the WBS induced the significant increased actions of basophil from the 1s¢
day of the experiment (Fig. 10B). Therefore, it should be clarified that the WBS condition in-
duces the endotoxemia in such early phase of the experiment in the future study.

Yoshimura et al.*¥ showed that glucocorticoids induced apoptotic cell death in basophil
as well as eosinophil. This result suggests that glucocorticoids play an important role to in-
hibit stress-induced side-effective inflammatory responses.

As shown in the present study, drastic changes in the number of lymphocytes were not
observed in prolonged inactivity conditions IMM and WBS (Fig. 9). In particular, the WBS
did not affect the number of lymphocytes (Fig. 9B), although the WBS induced clearly the in-
volution of lymphoid organs such as thymus and spleen (Table 2). Further, many previous
studies demonstrated that hindlimb unloading inhibited the proliferation and cytokine produc-

335D These results indi-

tion of lymphocytes in response to mitogenic stimuli in rats and mice
cate that the number of lymphocytes in the circulating blood is maintained, even though mito-
genic stimuli-induced proliferation of lymphocytes in the circulating blood or lymphoid tissues
such as thymus and spleen is suppressed. However, it is necessary to investigate lymphocyte
subsets such as B and T lymphocytes, and NK cells in the next study in order to clarify the
specific effects of IMM and WBS on individual lymphocyte subsets.

Ronsen et al.”®

reported that the number of lymphocytes was increased with single or
repeated bouts of strenuous endurance exercise, and then normalized as soon as in rest period
post-exercise, indicating that distribution changes in lymphocytes during stresses represent

stimulus-specificity, or drastic changes of the number of circulating lymphocytes are induced

in more early phase of the experimental periods of IMM and WBS.
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Dhabher ef al.'> showed that restraint-stress for 2 4 decreased significantly the number
of helper T (CD4"/CDS8") lymphocyte, cytotoxic T (CD4/CD8") lymphocyte and B lympho-
cytes in the circulating blood to 0.62, 0.41 and 0.35 times, respectively, compared to the base-
line values before the onset of restraint-stress, and the decreased number of these cells was
returned to the base-line values during the recovery period for 5 4 after the cessation of
restraint-stress. In addition, the administration of corticosterone decreased the number of
lymphocytes, and adrenalectomy inhibited restraint-induced decreased actions of lymphocytes
'3 From these observations, it is necessary to clarify the time course changes in plasma

corticosterone levels and lymphocyte corticosterone receptor expression levels during the ex-

perimental periods of IMM and WBS.

6. References

1) Astrand PO: Why exercise? Med Sci Sports Exerc, 24: 153-162 (1992).

2) Booth FW, Gordon SE, Carlson CJ and Hamilton MT: Waging war on modern chronic
diseases: primary prevention through exercise biology. J Appl Physiol, 88: 774-787
(2000).

3) Hoffman C, Rice D and Sung HY: Persons with chronic conditions. J Am Med Assoc, 276:
1473-1479 (1996).

4) Steffen JM and Musacchia XJ: Thymic involution in the suspended rat model for weight-
lessness: decreased glucocorticoid receptor concentration. Physiologist, 27 (Suppl): S39-

S40 (1984).

38



5)

6)

7)

8)

9)

10)

11)

12)

13)

Steffen JM and Musacchia XJ: Disuse atrophy, plasma corticosterone, and muscle gluco-
corticoid receptor levels. Aviat Space Environ Med, 58: 996-1000 (1987).

Kanda K, Omori S, Yamamoto C, Miyamoto N, Kawano S, Murata Y, Matsui N and Seo
H: Urinary excretion of stress hormones of rats in tail-suspension. Environ Med, 37: 39-41
(1993).

Imaizumi K and Tachiyashiki K: Analysis of the growth of rat hindlimb skeletal muscles
on the basis of DNA, RNA and protein levels. Adv Exerc Sports Physiol, 1: 25-32 (1994).
Imaizumi K, Tachiyashiki K and Jikihara K: Responses of visceral organ size and skeletal
muscle mass during whole body suspension and recovery in rats. Adv Exerc Sports
Physiol, 2: 19-29 (1996).

Aviles H, Belay T, Fountain K, Vance M and Sonnenfeld G: Increased susceptibility to
Pseudomonas aeruginosa infection under hindlimb-unloading conditions. J App! Physiol,
95:73-80 (2003).

Wei LX, Zhou JN, Roberts Al and Shi YF: Lymphocyte reduction induced by hindlimb
unloading: distinct mechanisms in the spleen and thymus. Cell Res, 13: 465-471 (2003).
Fuse A and Sato T: Effect of microgravity changes on virus infection in mice. J Gravit
Physiol, 11: P65-P66 (2004).

Aviles H, Belay T, Vance M and Sonnenfeld G: Effects of space flight conditions on the
function of the immune system and catecholamine production simulated in a rodent model
of hindlimb unloading. Neuroimmunomodulation, 12: 173-181 (2005).

Lee EH, Ding W, Kulkarni AD and Granstein RD: Tumor growth and immune function in

mice during hind-limb unloading. Aviat Space Environ Med, 76: 536-540 (2005).

39



14) Engler H, Dawils L, Hoves S, Kurth S, Stevenson JR, Schauenstein K and Stefanski V:
Effects of social stress on blood leukocyte distribution: the role of a- and f-adrenergic
mechanisms. J Neuroimmunol, 156: 153-162 (2004).

15) Dhabhar FS, Miller AH, McEwen BS and Spencer RL: Effects of stress on immune cell
distribution. Dynamics and hormonal mechanisms. J Immunol, 154: 5511-5527 (1995).

16) Sonnenfeld G, Mandel AD, Konstantinova IV, Berry WD, Taylor GR, Lesnyak AT, Fuchs
BB and Rakhmilevich AL: Spaceflight alters immune cell function and distribution. J
App! Physiol, 73 (Suppl): S191-S195 (1992).

17) Nieman DC, Berk LS, Simpson-Westerberg M, Arabatzis K, Youngberg S, Tan SA, Lee
JW and Eby WC: Effects of long-endurance running on immune system parameters and
lymphocyte function in experienced marathoners. Int J Sports Med, 10: 317-323 (1989).

18) Suzuki K, Nakaji S, Yamada M, Liu Q, Kurakake S, Okamura N, Kumae T, Umeda T and
Sugawara K: Impact of a competitive marathon race on systemic cytokine and neutrophil
responses. Med Sci Sports Exerc, 35: 348-355 (2003).

19) Okutsu M, Ishii K, Niu KJ and Nagatomi R: Cortisol-induced CXCR4 augmentation
mobilizes T lymphocytes after acute physical stress. Am J Physiol Regul Integr Comp
Physiol, 288: R591-R599 (2005).

20) Shirato K, Motohashi N, Tanihata J, Tachiyashiki K, Tomoda A and Imaizumi K: Effects
of two types of inactivity on the number of white blood cells in rats. Eur J App! Physiol,
98: 590-600 (2006).

21) Harada S, Tachiyashiki K and Imaizumi K: Effects of sex hormones on rat liver cytosolic

alcohol dehydrogenase activity. J Nutr Sci Vitaminol, 44: 625-639 (1998).

40



22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

The Physiological Society of Japan: Guiding Principle for the Care and Use of Animals in
the Field of Physiological Sciences. Jpn J Physiol, 54: 98 (2004).

Musacchia XJ, Deavers DR, Meininger GA and Davis TP: A model for hypokinesia: ef-
fects on muscle atrophy in the rat. J Appl Physiol, 48: 479-486 (1980).

Morey-Holten E and Wronski TJ: Animal models for stimulating weightlessness.
Physiologist, 24 (Suppl): S45-S48 (1981).

Zahorec R: Ratio of neutrophil to lymphocyte counts-rapid and simple parameter of sys-
temic inflammation and stress in critically ill. Bratis! Lek Listy, 102: 5-14 (2001).

Hayase K and Yokogoshi H: Effect of suspension hypokinesia/hypodynamia on tissue pro-
tein turnover in rats. Jpn J Physiol, 41: 473-482 (1991).

Migliorati G, Nicoletti I, Nocentini G, Pagliacci MC and Riccardi C: Dexamethasone and
interleukins modulate apoptosis of murine thymocytes and peripheral T-lymphocytes.
Pharmacol Res, 30: 43-52 (1994).

Tarcic N, Ovadia H, Weiss DW and Weidenfeld J: Restraint stress-induced thymic involu-
tion and cell apoptosis are dependent on endogenous glucocorticoids. J Neuroimmunol,
82: 40-46 (1998).

Chang L.C, Madsen SA, Toelboell T, Weber PS and Burton JL: Effects of glucocorticoids
on Fas gene expression in bovine blood neutrophils. J Endocrinol, 183: 569-583 (2004).
Yamada M, Suzuki K, Kudo S, Totsuka M, Nakaji S and Sugawara K: Raised plasma
G-CSF and IL-6 after exercise may play a role in neutrophil mobilization into the circula-
tion. J App! Physiol, 92: 1789-1794 (2002).

Bishop CR, Athens JW, Boggs DR, Warner HR, Cartwright GE and Wintrobe MM:

41



32)

33)

34)

35)

36)

37)

38)

39)

Leukokinetic studies, 13: a non-steady-state kinetic evaluation of the mechanism of
cortisone-induced granulocytosis. J Clin Invest, 47: 249-260 (1968).

Cox G: Glucocorticoid treatment inhibits apoptosis in human neutrophils. J Immunol, 154:
4719-4725 (1995).

Dale DC, Fauci AS and Wolff SM: Alternative-day prednisone: leukocyte kinetics and
susceptibility to infections. N Engl J Med, 291: 1154-1158 (1974).

Suzuki K, Sato H, Kikuchi T, Abe T, Nakaji S, Sugawara K, Totsuka M, Sato K and
Yamaya K: Capacity of circulating neutrophils to produce reactive oxygen species after
exhaustive exercise. J Appl Physiol, 81: 1213-1222 (1996).

Miller ES, Koebel DA, Davis SA, Klein JB, McLeish KR, Goldwater D and Sonnenfeld
G: Influence of suspension on the oxidative burst by rat neutrophils. J Appl Physiol, 76:
387-390 (1994).

van Furth R and Cohn ZA: The origin and kinetics of mononuclear phagocytes. J Exp
Med, 128: 415-435 (1968).

van Furth R and Sluiter W: Distribution of blood monocytes between a marginating and a
circulating pool. J Exp Med, 163: 474-479 (1986).

Nittoh T, Fujimori H, Kozumi Y, Ishihara K, Mue S and Ohuchi K: Effects of glucocorti-
coids on apoptosis of infiltrated eosinophils and neutrophils in rats. Eur J Phamacol, 351:
73-81 (1998).

Rothenberg ME, Owen Jr WE, Silberstein DS, Woods J, Sobermann RJ, Austen KF and
Stevens RL: Human eosinophils have prolonged survival, enhanced functional properties,

and become hypodense when exposed to human interleukin-3. J Clin Invest, 81: 1986-

42



40)

41)

42)

43)

44)

45)

1992 (1988).

Rothenberg ME, Petersen J, Stevens RL, Silberstein DS, Mckenzie DT, Austen KF and
Owen Jr WF: IL-5-dependent conversion of normodense human eosinophils to the hypo-
dense phenotype uses 3T3 fibroblasts for enhanced viability, accelerated hypodensity, and
sustained antibody-dependent cytotoxicity. J Immunol, 143: 2311-2316 (1989).

Lopez AF, Williamson DJ, Gamble JR, Begley CG, Harlan JM, Klebanoff SJ,
Waltersdorph A, Wong G, Clark SC and Vadas MA: Recombinant human granulocyte-
macrophage colony-stimulating factor stimulates in vitro mature human neutrophil and
eosinophil function, surface receptor expression, and survival. J Clin Invest, 78: 1220-
1228 (1986).

Owen Jr WF, Rothenberg ME, Silberstein DS, Gasson JC, Stevens RL, Austen KF and
Soberman RJ: Regulation of human eosinophil viability, density, and function by granulo-
cyte/macrophage colony-stimulating factor in the presence of 3T3 fibroblasts. J Exp Med,
166: 129-141 (1987).

Valerius T, Repp R, Kalden JR and Platzer E: Effects of IFN on human eosinophils in
comparison with other cytokines: a novel class of eosinophil activators with delayed onset
of action. J Immunol, 145: 2950-2958 (1990).

Colotta F, Re F, Polentarutti N, Sozzani S and Mantovani A: Modulation of granulocyte
survival and programmed cell death by cytokines and bacterial products. Blood, 80: 2012-
2020 (1992).

Wallen N, Kita H, Weiler D and Gleich GJ: Glucocorticoids inhibit cytokine-mediated

eosinophil survival. J Immunol, 147: 3490-3495 (1991).

43



46)

47)

48)

49)

50)

51)

52)

53)

Gaspar Elsas MI, Maximiano ES, Joseph D, Alves L, Topilko A, Vargaftig BB and
Xavier Elsas P: Upregulation by glucocorticoids of responses to eosinopoietic cytokines
in bone-marrow from normal and allergic mice. Br J Pharmacol, 129: 1543-1552 (2000).
Obata K, Mukai K, Tsujimura Y, Ishiwata K, Kawano Y, Minegishi Y, Watanabe N and
Karasuyama H: Basophils are essential initiators of a novel type of chronic allergic in-
flammation. Blood, 110: 913-920 (2007).

Oh K, Shen T, Le Gros G and Min B: Induction of Th2 type immunity in a mouse system
reveals a novel immunoregulatory role of basophils. Blood, 109: 2921-2927 (2007).

Min B, Prout M, Hu-Li J, Zhu J, Jankovic D, Morgan ES, Urban JF Jr, Dvorak AM,
Finkelman FD, LeGros G and Paul WE: Basophils produce IL-4 and accumulate in tissues
after infection with a Th2-inducing parasite. J Exp Med, 200: 507-517 (2004).

Luccioli S, Brody DT, Hasan S, Keane-Myers A, Prussin C and Metcalfe DD: IgE(+),
Kit(-), I-A/I-E(-) myeloid cells are the initial source of 11-4 after antigen challenge in a
mouse model of allergic pulmonary inflammation. J Allergy Clin Immunol, 110: 117-124
(2002).

Mukai K, Matsuoka K, Taya C, Suzuki H, Yokozeki H, Nishioka K, Hirokawa K, Etori M,
Yamashita M, Kubota T, Minegishi Y, Yonekawa H and Karasuyama H: Basophils play a
critical role in the development of IgE-mediated chronic allergic inflammation independ-
ently of T cells and mast cells. Immunity, 23: 191-202 (2005).

Rivera CA, Tcharmtchi MH, Mendoza L and Smith CW: Endotoxemia and hepatic injury
in a rodent model of hindlimb unloading. J App! Physiol, 95: 1656-1663 (2003).

Meddings JB and Swain MG: Environmental stress-induced gastrointestinal permeability

44



is mediated by endogenous glucocorticoids in the rat. Gastroenterology, 119: 1019-1028
(2000).

54) Yoshimura C, Miyamasu M, Nagase H, likura M, Yamaguchi M, Kawanami O, Morita Y,
Iwata T, Yamamoto K and Hirai K: Glucocorticoids induce basophil apoptosis. J Allergy
Clin Immunol, 108: 215-220 (2001).

55) Nash PV, Bour BA and Mastro AM: Effect of hindlimb suspension simulation of micro-
gravity on in vitro immunological responses. Exp Cell Res, 195: 353-360 (1991).

56) Nash PV, Konstantinova IV, Fuchs BB, Rakhmilevich AL, Lesnyak AT and Mastro AM:
Effect of spaceflight on lymphocyte proliferation and interleukin-2 production. J App!
Physiol, 73 (Suppl): S186-S190 (1992).

57) Armstrong JW, Nelson KA, Simske SJ, Luttges MW, landolo JJ and Chapes SK: Skeletal
unloading causes organ-specific changes in immune cell responses. J App! Physiol, 75:
2734-2739 (1993).

58) Ronsen O, Pedersen BK, Oritsland TR, Bahr R and Kjeldsen-Kragh J: Leukocyte counts
and lymphocyte responsiveness associated with repeated bouts of strenuous endurance

exercise. J Appl Physiol, 91: 425-434 (2001).

45



Part 2. f,-agonist clenbuterol induced changes in the distribution of

white blood cells in rats

1. Abstract

Clenbuterol [CLE: 4-amino-a(z-butyl-amino)methyl-3,5-dichlorobenzyl alcohol] is well
known as a potent f,-adrenergic agonist and non-steroidal anabolic drug, and thus it is gener-
ally used for the sports doping and asthma therapy. The functions of immune cells such as
white blood cells have shown to be modulated through f,-adrenoceptor-mediated signal trans-
duction, and the stress-induced distribution changes in white blood cells were mediated by the
altered activity of autonomic nervous system as well as endocrine system. To elucidate a
manner of distribution changes in white blood cells in the circulating blood during daily effect
of CLE, the in vivo effects of CLE-administration on the number of white blood cells were
studied in rats. Rats were divided into the CLE-administered group and control group to
compare the number of total white blood cells, lymphocytes, monocyte, neutrophil, eosinophil
and basophil. The administration (dose = 1.0 mg - kg’ body weight - day™, sc) of CLE was
maintained for 30 days. The CLE did not change the number of total white blood cells and
basophil throughout the experimental period. However, the CLE increased clearly the num-
ber of monocyte and neutrophil, while the CLE decreased distinctly the number of lympho-
cytes and eosinophil during the experimental period. These results suggest that the adminis-
tration of CLE induces drastic redistribution of lymphocytes, monocyte, neutrophil and eosino-
phil in the circulating blood without changing the number of total white blood cells, and these

responses of white blood cells during the administration of CLE are sustained for 30 days.
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2. Introduction

Doping drugs have been categorized into seven types: stimulants, analgesics, anabolic
agents, diuretics, masking agents, peptide hormones and their homologues, and anti-estrogen
agents”. Many types of drugs have been used by athletes to improve athletic performance?.
Furthermore, many of steroids, f,-agonists, growth hormones, erythropoietin, fibroblast
growth factor 1, 2, 4, 6 and 9, mechano-growth factors, and insulin-like growth factor-1 have
been used as doping drugs for the improvement of athletic performances such as muscle
strength, muscle power, anabolic power, and endurance”.

It has been known for a long time that the anabolic androgenic steroids (i.e., methan-
dienone, nandrolone, 19-norandrogen, stanozolol and 19-norandrostenedione) and the f,-
agonists (i.e., clenbuterol, salbutamol, metaproterenol, fenoterol and clorprenaline) heighten
muscle power and muscle strength"*®. It is generally accepted that the anabolic drugs in-
crease total muscle protein synthesis by the promotion of protein synthesis or decrease of

3,10-12)

proteolysis, or both these actions These findings indicate that muscle mass and muscle

power may be partly regulated at least at the gene level of muscle protein synthesis in response

to anabolic drugs, although the mechanism of the actions are still unknown™ '".

fo-agonists are mainly used as bronchodilators having relaxing actions on bronchial
smooth muscles'”. In addition to the bronchodilatation, f,-agonists have many physiologi-
cal actions such as anabolic effects, lipolytic actions, glycogenolysis, vasodilatory effects, and
5.8,13)

cardiac actions

On the other hand, it is generally accepted that complex bidirectional interactions be-
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tween the cells of the immune system and the nervous system contribute to additional regu-
latory mechanisms that influence the function of cellular activities associated with both sys-
tems'?.  Furthermore, both the autonomic nervous system and the endocrine system play crit-
ical roles in the regulation of leukocyte trafficking via several humoral factors particularly
such as neurotransmitters catecholeamines and adrenocortical steroids glucocorticoids'> .
Thus, these factors are responsible for a mechanism of stress-induced distribution and function
changes in immune cells.

It is also well known that f,-adrenoceptors are expressed on immune cells such as neut-
rophil, monocyte, T-lymphocytes, eosinophil and mast cell'”. In particular, ,-agonists have

19)

been shown to regulate the migration of neutrophil'® and monocyte Salmeterol, a long-

acting f,-agonist, inhibited the lipopolysaccaride-induced recruitment of neutrophil to the lung
and attenuates lung inflammation®”. However, the effects of daily anabolic dosage of f3,-
agonist on the distribution changes in various white blood cells such as lymphocytes, mono-
cyte, neutrophil, eosinophil and basophil have not been physiologically elucidated. Further, it
is crucial to examine the stress-responsive neurotransmitter-like agents-induced distribution
changes of white blood cells from the point of view of the elucidation of a mechanism of
stress-induced distribution changes of white blood cells. In the present study, therefore, the
effects of f,-agonist clenbuterol [CLE: 4-amino-a(z-butyl-amino)methyl-3,5-dichlorobenzyl

alcohol] on the number of total white blood cells, lymphocytes, monocyte, neutrophil, eosino-

phil and basophil, and the weights of stress-responsive visceral organs were studied in rats.
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3. Methods and Materials

3.1. Experimental procedures

The experimental protocol used in the present study is shown in Figure 1. During the
experimental period, the number of total white blood cells, lymphocytes, monocyte, neutrophil,
eosinophil and basophil was analyzed according to the protocol (Fig. 1). The number of red
blood cells, hemoglobin concentration and hematocrit value were also analyzed, and mean cor-
puscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemo-
globin concentration (MCHC) were calculated. Thymus, spleen, adrenals and heart were iso-
lated and weighed on the next day after the final day of the experiment to clarify the effects of

[-agonist on visceral organs (Fig. 1).

Prefeeding CLE administration Analyses
| l | . | . | . | . |
-10 0 10 20 30 40 (days)
Mt ¢ t t4
Grouping Count analyses Isolation and weighing

of visceral organs

Fig. 1 Experimental protocol®.

Count analyses: Flow-cytometrical analyses of hematocrit value, the number of total white
blood cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil.
3.2. Animal cares
Male 7-week-old Sprague-Dawley rats (n = 16, CLEA Japan, Tokyo, Japan) were prefed
for 5 days to allow adaptation to their new environment (Fig. 1). The rats were normally

housed in cages at a controlled temperature (23-25 ) and a relative humidity (50-60%), with
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fixed light-dark cycles [7:00-19:00 (light) and 19:00-7:00 (dark)]. Animal chow (CE-2,
CLEA Japan) and once-boiled tap water were given to the rats ad libitum®”. All rats were
weighed daily during the adaptation and experimental periods. After the adaptation period,
the rats were divided into two groups (n = 8/group), CLE-administered (the initial body weight
=231+ 1 g, mean £ SEM) group, and the control (CON) (the initial body weight =231+ 1 g,
mean £ SEM) group.

All experimental and animal care procedures were approved by the Committee on Ani-
mal Care and Use at Waseda University, and followed the Guiding Principle for the Care and
Use of Animals in the Field of Physiological Sciences established by the Physiological Society

of Japan and the American Physiological Society Animal Care Guidelines. We performed

with least possible pain or discomfort to the rats.

3.3.  Administration of clenbuterol

Clenbuterol hydrochloride (Sigma, St. Louis, MO, USA) was dissolved in 0.9% NaCl as
a vehicle to obtain 0.1% CLE. In the CLE-administered group rats, CLE of 1.0 mg - kg™’ bod-
y weight - day” was administered from cervical portion of the back via a subcutaneous (sc) in-
jection (7:30-8:00) for 30 days”. In the CON group rats, an equivalent volume of 0.9% NaCl
solution was administered to the rats instead of CLE solution in the same manner. We have
studied the time course changes of plasma glucose and insulin concentrations by the adminis-
tration of CLE in rats, and have shown that plasma glucose and insulin concentrations were
significantly increased at 0.5 % to 4 h from the administration of CLE (dose = 1.0 mg - kg’

body weight - day’)*. From these results, at 2 / (9:30-10:00) after the administration, blood
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samples were collected from the tail vein, and the number of white blood cells and the
parameters of red blood cell were analyzed on the Oth, 5th, 10th, 20th and 30th day of the
experiment (Fig. 1). This experiment was carried out under diet-restricted feeding (food in-

take/rat = 20 g - day™) conditions.

3.4. Blood samplings
Blood samplings were carried out in the same manner with the study in Part 1 according

to the protocol (Fig. 1).

3.5. Count analyses of white blood cells
Count analyses of white blood cells were performed by a fully automated hematology
analyzer (Model SF-3000, Sysmex, Hyogo) based on a flow-cytometrical technique with light-

emitting diode as described in Part 1.

3. 6. Analyses of red blood cell parameters

The analyses of the number of red blood cells (RBCs), hemoglobin concentration ([Hb])
and hematocrit (Ht) value were also performed using the hematology analyzer. The mean
corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular he-
moglobin concentration were calculated by the following equations®.
MCV (fL) =Ht (%) x 10*/ the number of RBCs (10° - uL™)

MCH (pg) =[Hb] (g dL") x 10*/ the number of RBCs (10° - uL™)

MCHC (%) = [Hb] (g - dL™") x 10>/ Ht (%)
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3. 7. Statistical analyses

Experimental data were presented as mean + standard error of the mean (SEM). The
effects of CLE on the body weight and the weights of visceral organs were tested by a one-way
analysis of variance (ANOVA). The effects of CLE on the parameters of red blood cell and
the number of white blood cells were evaluated by a two-way ANOVA for repeated measures.
Subsequent post hoc analyses to determine significant differences between two groups and
from the 0t/ day in each group were performed by Fisher’s protected least significant differ-
ence (PLSD) test and Dunnett’s test, respectively. The differences were considered signifi-

cant when P was < 0.05.

4. Results

4.1. Body weight and the weights of stress-responsive visceral organs

We investigated the effects of CLE on the body weight and the weights of stress-respon-
sive visceral organs in rats. As shown in Table 1, the body weight and the weight of spleen in
the CLE-administered group were comparable with those in the CON group. The weight of
thymus in the CLE-administered group was 0.78 times lower than that in the CON group
(Table 1). The weight of adrenals in the CLE-administered group was 1.09 times relatively
higher than that in the CON group (Table 1). However, these differences between both
groups were not significant (Table 1). On the other hand, the weight of heart in the CLE-ad-

ministered group was 1.10 times (P < 0.05) higher than that in the CON group (Table 1).
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Table 1 Effects of CLE-administration on the body weight and the weights of

stress-responsive visceral organs45).

. Grou
Visceral organs CON P CLE CLE/CON
Body weight (BW) (g) 404 +£7 402 £7 (1.00)
Thymus (mg) 500 + 44 390 £33 (0.78)
Spleen (mg) 882 + 36 908 + 52 (1.03)
Adrenals (mg) 65+5 70 £3 (1.09)
Heart (g) 1.19 £ 0.02 1.30 +0.03* (1.10)

The values are mean = SEM. The values in parentheses are shown as the relative ratio
of CLE-administered group to CON group. Statistics: ¥*P < 0.05 (vs. CON group, by
one-way ANOVA).

4.2. The parameters of red blood cell

Figure 2 shows the changes in the parameters of red blood cell such as the number of red
blood cells, hemoglobin concentration, hematocrit value, mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration
(MCHC) during the experimental period. As shown in Figure 2, the number of red blood
cells in the CLE-administered group was 0.83 (P < 0.001), 0.88 (P < 0.001), 0.89 (P < 0.001)
and 0.89 times (P < 0.001) lower than that in the CON group on the 5tA, 10th, 20th and 30th
days of the experiment, respectively. Similar patterns were clearly observed in the hemo-
globin concentration and hematocrit value (Fig. 2).

On the other hand, no differences in the MCV, MCH and MCHC between both groups
were observed during the experimental period (Fig. 2). The plasma fluid volume has been
shown to be increased by the administration of CLE*?.  Also, it has not been reported that f,-

agonists affect erythropoiesis. These results suggest that the administration of CLE to rats in-
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Fig. 2 Effects of CLE on the number of red blood cells (RBCs), hemoglobin concen-
tration ([Hb]), hematocrit value (Ht), mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concen-
tration (MCHC)*.

®: CLE-administered group and O: CON group. Statistics: ***P < 0.001 (vs. CON group, by

two-way ANOVA and Fisher’s PLSD test), and P < 0.05 and P < 0.01 (vs. Oth day, by

Dunnett’s test).
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duces the expansion of the extracellular fluid volume without affecting red blood cell parame-
ters. Therefore, in the present study, the number of white blood cells was corrected by the

corresponding hematocrit value™.

4.3. The number of total white blood cells

Next we studied the effect of CLE on the number of total white blood cells, lymphocytes,
monocyte, neutrophil, eosinophil and basophil during the experimental period. As shown in
Figure 3, no differences in the number of total white blood cells between both groups were ob-

served during the experimental period.

4.4. The number of lymohocytes
As shown in Figure 3, the number of lymphocytes in the CLE-administered group was

0.57 (P < 0.001), 0.54 (P < 0.001), 0.53 (P < 0.001) and 0.55 times (P < 0.001) drastically

Total white blood
cells (<104 - uL)
N

]'?
Lymphocytes
(><10% - pL-)

[S=Y

1

Hokk
L R *atv)c)* 5 *,g)* *;c)*
0 | | ] 0 | | ]
0 10 20 30 0 10 20 30

Experimental days

Fig. 3 Effects of CLE on the number of total white blood cells and lymphocytes*.

®: CLE-administered group and O: CON group. Statistics: ***P < (0.001 (vs. CON group, by
two-way ANOVA and Fisher’s PLSD test), and P < 0.01 (vs. Oth day, by Dunnett’s test).
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lower than that in the CON group on the 5th, 10th, 20th and 30tk days of the experiment, re-

spectively.

4.5. The number of monocyte
The number of monocyte in the CLE-administered group was 1.63 (P < 0.01), 1.80 (P <
0.001) and 1.89 times (P < 0.05) higher than that in the CON group on the 5¢tA, 20th and 30th

days of the experiment, respectively (Fig. 4).

4.6. The number of neutrophil
The number of neutrophil in the CLE-administered group was also 1.62 (P < 0.05), 1.50
(P < 0.05) and 1.81 times (P < 0.05) higher than that in the CON group on the 5¢4, 10th and

20th days of the experiment, respectively (Fig. 4).

6 2 r b
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Experimental days

Fig. 4 Effects of CLE on the number of monocyte and neutrophil®.

®: CLE-administered group and 0: CON group. Statistics: *P < 0.05, **P < 0.01 and ***P <
0.001 (vs. CON group, by two-way ANOVA and Fisher’s PLSD test), and *P < 0.05 and "'P <
0.01 (vs. Oth day, by Dunnett’s test).
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4.7. The number of eosinophil

The number of eosinophil on the 104 and 30th day in the CON group was 2.12 (P <
0.05) and 2.38 times (P < 0.01) higher than that on the 0tk day (Fig. 5). However, since the
number of eosinophil in the CLE-administered group was constant during the experimental pe-
riod, the number of eosinophil in the CLE-administered group was 0.53 (P < 0.01), 0.62 (P <
0.05) and 0.50 times (P < 0.05) lower than that in the CON group on the 10¢k, 20tk and 30th

days of the experiment, respectively (Fig. 5).

4.8. The number of basophil
Although the number of basophil in the CLE-administered group was relatively lower
than that in the CON group during the experimental period, no significant changes were ob-

served between both groups (Fig. 5).
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Fig.5 Effects of CLE on the number of eosinophil and basophil*.

®: CLE-administered group and 0: CON group. Statistics: *P < 0.05 and **P < 0.01 (vs. CON
group, by two-way ANOVA and Fisher’s PLSD test), and ?P < 0.05 and ®P < 0.01 (vs. Oth day,
by Dunnett’s test).
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5. Discussion

The purpose of the present study was to elucidate the effects of f,-agonist, clenbuterol
(CLE) administration (dose = 1.0 mg - kg™’ body weight - day™) for 30 days on the number of
total white blood cells, lymphocytes, monocyte, neutrophil, eosinophil and basophil in rats.
The main findings of the present study are summarized as follows (Table 2): (1) The admin-
istration of CLE did not affect significantly the number of total white blood cells and basophil
during the experimental period (Fig. 3 and 5). (2) However, the administration of CLE in-
creased clearly the number of monocyte and neutrophil (Fig. 4). (3) On the contrary, the ad-

ministration of CLE decreased drastically the number of lymphocytes and eosinophil (Fig. 3

Table2 Summary of the effects of CLE-administration on the num-
ber of white blood cells.

White blood cells CLE-administration Figure

Total white blood cells No effect 3

Lower (0.5-0.6 times)
Lymphocytes 3
within the 5t to 30th day

Higher (1.6-1.9 times)
Monocyte o 4
within the 5t to 30th day

) Higher (1.5-1.8 times)
Neutrophil o 4
within the 5t to 20th day

. . Lower (0.5-0.6 times)
Eosinophil 5
within the 10t to 30th day

Basophil No effect 5

Values in parentheses are shown as the relative ratio of the CLE-adminis-
tered group to the CON group.
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and 5). These results suggest that the administration of CLE induces drastic redistribution of
white blood cells in the circulating blood without changing the number of total white blood
cells, and these responses of white blood cells during the administration period of CLE are at

least sustained for 30 days.

5.1. Effects of clenbuterol-administration on the weights of stress-responsive organs
The present study showed that the administration of CLE for 30 days decreased relative-
ly the weight of thymus, one of the central lymphoid organs. On the contrary, the administra-
tion of CLE increased relatively the weight of adrenals and increased markedly the weight of
heart. However, no differences of the weight of spleen, one of the peripheral lymphoid or-
gans, were observed in both groups. These results suggest that the administration of CLE
induced mild stress responses and enhances heart functions during the experimental period.

Blanco et al.*”

reported that anabolic dosage of CLE induced apoptotic cell death in
thymocytes in pigs. According to McConkey et al.”>, agents which elevate intracellular
cyclic adenosine monophosphate (cAMP) concentration stimulated DNA fragmentation or
apoptotic cell death in thymocytes. Since CLE specifically binds to f,-adrenergic receptor, a
G protein-coupled receptor, and then activates the heterotrimeric G protein-adenylate cyclase-
cAMP productive pathway, CLE would induce directly apoptotic cell death in thymocytes,
which would cause the reduction of thymus mass, although there was no significant difference

between both groups in the present study. Further, Illera ef al.*®

showed that anabolic dosage
of CLE caused the hypertrophy of adrenal gland and increased secretions of glucocorticoids

such as corticosterone and cortisol in rats. Thus, CLE administration-induced reduction of
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thymus mass would be partially caused by glucocorticoid-induced apoptotic cell death in
thymocytes. It is well known that glucocorticoids are adrenal steroid hormones with anti-
inflammatory actions, and induce immature T lymphocyte and thymus cell apoptosis™ *”.
On the contrary, the reactivity of peripheral lymphocytes in spleen against CLE may be rela-
tively lower than that of thymocytes. As already described, CLE administration-induced ad-
renal and heart hypertrophy would be caused by stress-induced activation of hypothalamo-
hypophyseal-adrenocortical axis stimulated by f,-adrenergic signal transduction cascade®® *”.

Therefore, physiological defense system via endocrine system may be at least in parts acti-

vated by the administration of CLE.

5.2. Effects of clenbuterol-administration on the number of white blood cells

It is well known that f,-adrenoceptors are expressed on immune cells such as neutrophil,
monocyte, T-lymphocytes, eosinophil and mast cell, implicated in the pathophysiology of re-
spiratory diseases'”’. However, the distribution changes of white blood cells such as lympho-
cytes, monocyte, neutrophil, eosinophil and basophil in the circulating blood by f,-gonists
have been not reported. It is crucial to examine the stress-responsive neurotransmitter-like
molecules-induced distribution changes of white blood cells from the point of view of the elu-
cidation of a mechanism of stress-induced distribution changes of white blood cells.

The present study demonstrated clearly that the administration of CLE did not change
the number of total white blood cells during the experimental period (Fig. 3). However, pro-

longed inactivity conditions [hypokinesia (i.e., decreased motor activity)/hypodynamia (i.e.,

decreased mechanical loading)] such as immobilization (IMM) and whole body suspension
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(WBS) increased markedly the number of total white blood cells. Therefore, the response
characteristics of white blood cells are clearly different between the administration of CLE and
prolonged inactivity conditions. These results suggest that the CLE has the distribution
changing actions of white blood cells in the circulating blood rather than the increasing actions
of these cells.

The present study also demonstrated that the administration of CLE decreased drastically
the number of lymphocytes to about 0.5 times compared with the control values during the
experimental period (Fig. 3). Cioca et al.>” reported that peripheral lymphocytes were led to
apoptotic cell death by catecholamines such as dopamine and dobutamine, and these apoptotic
effects were completely and partially blocked by fS-receptor antagonist propranolol, respective-
ly, indicating that pharmacological dosage of f,-agonist would induce large magnitude of
apoptotic cell death of lymphocytes in the circulating blood, followed by drastic reduction of
their number in the present study. However, since the decreasing rate of the number of
lymphocytes kept almost constant (43-47%) during the experimental period (Fig. 3), lympho-
cytopenia induced by the administration of CLE is reversible phenomenon. It is conceivable
that the CLE induces transient migration of lymphocytes from the circulating blood to tissues
possibly via the expression of chamokine-related molecules on lymphocytes and/or lymphoid

tissues. Further, Illera et al.*®

showed that the CLE induced the hyperstimulation of adrenal
gland via f-adrenoceptors, resulting in the secretion and increasing plasma level of corti-
costerone and cortisol in rats. Because glucocoticoids have strong chamotaxis-inducing ac-

15, 31)

tions on lymphocytes , it is also conceivable that the CLE induces indirectly the migra-

tion of lymphocytes.
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On the other hand, the administration of CLE increased clearly the number of phago-
cytes such as monocyte and neutrophil (Fig. 4). These neutrophilia and monocytosis cancel
the decrease in the total number of white blood cells accompanied by lymphocytopenia.
Neutrophilia and monocytosis are also known to be induced by exhaustive exercises in hu-

man32’ 33).

We also demonstrated that prolonged inactivity conditions IMM and WBS in-
creased markedly the number of neutrophil and monocyte. These results indicate that neutro-
philia and monocytosis are one of the general adaptation reactions against various exogenous
stimuli, and are likely to play fundamental roles in the physiological defense system in living
body.

Glucocorticoids and/or hematopoietic cytokine interleukin-6 are known to induce the
mobilization of neutrophil from the bone marrow to the circulating blood****, and glucocorti-
coids inhibit apoptosis of the circulating neutrophil®® and migration of neutrophil into the tis-

34, 37)

sues Another hematopoietic cytokines such as granulocyte colony-stimulating factor

(G-CSF) and macrophage colony-stimulating factor (M-CSF) have been known for a long time

to induce the differentiation of hematopoietic cells to neutrophil and monocyte®**?.

However,
catecholamines are also known to induce the mobilization of neutrophil from the margin of
vessel into the circulating blood by the arterial shearing force through S-adrenergic enhance-
ment of heart functions*”, which would be cause of neutrophilia and monocytosis during the
administration of CLE, because the CLE is potent f,-agonist.

van Furth and Cohen® reported on the distribution of monocytes in mice that the circu-

lating monocytes account for 40% and the marginated monocytes account for 60% of the pe-

ripheral blood monocytes. These findings suggest that the circulating number of monocyte is
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capable to be increased up to 2.5 times when all of the marginated monocyte is mobilized into
the circulating blood. In the present study, the circulating number of monocyte was increased
to 1.56 to 1.89 times during the experimental period (Fig. 4), suggesting that CLE-induced
monocytosis might be mediated mainly by the mobilization from margin of vessel.

Our data showed clearly that the administration of CLE inhibited the mobilization of
eosinophil into the circulating blood, although it is unclear why the number of eosinophil in
the CON group on the 10t4 and 30tk days was significantly increased from the value on the 0tk
day (Fig. 5). There were no significant changes in the number of basophil between both
groups during the experimental period (Fig. 5). However, prolonged inactivity conditions
IMM and WBS, particularly WBS, increased the number of both eosinophil and basophil, indi-
cating that a mechanism of redistribution of eosinophil and basophil is different among these
experimental conditions, and the f,-adrenergic actions were not involved directly in the distri-
bution changes in eosinophil and basphil during prolonged inactivity conditions. Further-
more, the response characteristics of these cells were clearly differed from those of monocyte
and neutrophil, suggesting that physiological significances of eosinophil and basophil during
stressful conditions are different from those of monocyte and neutrophil. For example, gluco-
corticoids are reported to enhance eosinophil apoptotic cell death but inhibit neutrophil

43, 44) Although the administration of CLE induces f-adrenergic

apoptotic cell death in rats
promotion of arterial shearing force, the number of eosinophil clearly decreased. It is well
accepted that adrenergic reactions are essential physiological reactions for “fight or flight,”

when living beings are challenged by emergencies. Therefore, it is conceivable that f-adre-

nergic stimulation induces the migration of lymphocytes and eosinohil helping the immune
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reactions, whereas the mobilization of monocyte and neutrophil executing the immune re-

Sponses.
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Concluding remarks

The purpose of the present study was to elucidate the response characteristics of the
number of white blood cells during various prolonged inactivity conditions, and examine a
mechanism of the distribution changes in white blood cells in such conditions. Therefore, the
in vivo effects of immobilization (IMM: model for extremely restricted physical activity but
hind- limb-loading) and whole body suspension (WBS: model for reduced physical activity
and hindlimb-unloading), and f,-agonist clenbuterol (CLE) on the number of white blood cells
and the weights of stress-responsive visceral organs were studied in rats. The results are
summarized as follow. The effects of IMM, WBS and CLE-administration on the number of

white blood cells are shown in Table 1.

Table 1 Summary of the effects of immobilization (IMM), whole body suspension (WBS) and
clenbuterol (CLE) administration on the number of white blood cells in rats.

) . Effects of cell number
Cells Morphology Main functions Physiological significances
IMM WBS CLE

1. Cytokine production

2. Antibody production No effect Noeffect Lower ?
3. Cytotoxicity
1. Phagocytosis . .
: . . . . Prevented inflammation ?
Monocyte 2. Antigen presentation Higher  Higher  Higher o o rculation 2
- 3. Cytokine production
R 1. Phagocytosis . .
. . . . . Prevented inflammation ?
Neutrophil L 2. Reactive oxygen Higher  Higher  Higher o ot o lation 2
production
1. Degranulation Prevented inflammation ?
Eosinophil 2. Allergy reaction Higher ~ Higher ~ Lower  Pooled in circulation ?
Readied in tissues ?
Basophil 1. Degranulation No effect Higher Noeffect Allergy reaction in WBS ?

2. Allergy reaction

Higher and Lower show that the number of white blood cells in the IMM, WBS and CLE-ad-
ministered groups is significantly higher and lower, respectively, than the corresponding con-
trol value.
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1. The weights of stress-responsive organs: The WBS decreased the weights of thymus and
spleen, but increased the weight of adrenals. Similar effects were observed in the IMM-
induced changes of stress-responsive organs, although the changes were not significant, sug-
gesting that the WBS induces stress responses more extensively than the IMM. The CLE-
administration increased the weight of heart, suggesting that the CLE promotes cardiac func-
tions.

2. Total white blood cells: The IMM and WBS increased the number of total white blood
cells, although there was a lag phase followed by the significant increased actions by the
WBS. The CLE-administration did not affect the number of total white blood cells.

3. Lymphocytes: The IMM and WBS did not change the number of lymphocytes. However,
the CLE-administration decreased the number of lymphocytes.

4. Monocyte: The IMM and WBS increased the number of monocyte, although there was a
lag phase followed by the significant increased actions by the WBS. The CLE-administra-
tion also increased the number of monocyte.

5. Neutrophil: The IMM and WBS increased the number of neutrophil, although there was a
lag phase followed by the significant increased actions by the WBS. The CLE-administra-
tion also increased the number of neutrophil.

6. Eosinophil: The IMM and WBS increased the number of eosinophil. However, the CLE-
administration decreased the number of eosinophil.

7. Basophil: The IMM did not affect the number of basophil, although the WBS increased the
number of basophil. The CLE-administration did not change the number of basophil.

These results suggest that the response characteristics of the number of lymphocytes,
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monocyte, neutrophil and eosinophil are generally similar between the IMM and WBS, al-
though those of basophil are clearly different (Table 1). Since the IMM increased the number
of total white blood cells, monocyte, neutrophil and eosinophil more rapidly than the IMM, the
IMM increased the activity of neuroendocrine systems such as the hypothalamo-hypophyseal-
adrenocortical and/or sympatho-adrenomedullary axes more immediately than the WBS. On
the other hand, the magnitude of such altered neuroendocrine responses during the WBS was
significantly greater than those during the IMM from the results of significant effects of WBS
on the stress-responsive visceral organs. The IMM- and WBS-induced changes of the num-
ber of monocyte, neutrophil and eosinophil may be regulated by several hormones probably by
glucocorticoids and catecholamines (f,-agonist), although these speculations were not demon-
strated by using receptor antagonists for these hormonal factors. However, because the WBS
increased specifically the number of basophil, mechanical loading for hindlimbs is independ-
ent of or indirectly caused by such hormonal factors, for example, the induction of inflamma-

tion in body compartments by immnosuppression-induced infection.
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