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Abstract

The present study was undertaken to determine the effect of simulated microgravity on the testis
of the rats and to evaluate the possibility of spermatogenesis failure in space environment.  Fifty-four
adult male albino rats were used in this study.  They were divided equally into intact control, stress
control and experimental groups.  The rats of the intact control group (Group Ia) were kept without
intervention.  The rats of both the stress control and experimental groups were subjected to inguinal
canal ligation and tail-suspension. In the stress control group (Group Ib) the hindlimbs were not elevated
above the floor of the housing units whereas in the experimental groups the hindlimbs were elevated for
one week (Group II) and six weeks (Group III), respectively.  In a third experimental group (Group IV)
the rats were hindlimb-suspended for six weeks followed by another six weeks without suspension to
allow recovery.  Prior to sacrifice, the animals were weighed and anesthetized, and the testes were
excised and weighed.  Testicular specimens were processed for histological, histochemical and
morphometric studies.

The results of the present study revealed that only after six weeks of hindlimb-suspension, the rats
showed a significant decline in testicular weight compared with the control groups.  Histologically, few
abnormalities were observed in some seminiferous tubules in one-week hindlimb-suspended group.
Spermatogenesis was significantly reduced by six-week of hindlimb-suspension marked by atrophy of
the testes and loss of all germ cells, except a few spermatogonia.  Spermatogenesis was partially restored
in the recovery group.  In all groups the appearance of Sertoli cells remained the same.  Proliferation of
Leydig cells was observed in the experimental groups.

It is concluded that spermatogenesis is severely inhibited by six weeks of hindlimb-suspension and
that it is partially restored following six weeks of recovery.  This study provides further insights
regarding the serious effects of long-term exposure to microgravity on the testes of mammals, including
human beings.

Key Words: simulated microgravity, tail-suspension model, seminiferous tubules, spermatogenic cells,
Sertoli and Leydig cells

Introduction

As mankind enters the era of space invasion and
assembly of international space stations with the
eventual goal of space colonization, there is a growing
scientific interest in how altered gravitational states
influence normal life cycle.  Extended spaceflight
missions and habitation in space require prolonged
exposure to decreased gravity (microgravity).  The

National Aeronautics and Space Administration
(NASA) has expressed the need to determine the
effects of space environment on the physiological and
structural status of the body (26).  If space is to be
successfully colonized, then a more comprehensive
understanding of the effects of microgravity on
mammalian reproduction is needed.  In addition, an
understanding of the effects of altered gravity on
reproduction is imperative for the development of
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countermeasures.  However, limited spaceflight
opportunities have led to the development of ground-
based models for the examination of the effects of
microgravity on biological systems, including
reproductive system.

The use of tail-suspended rodents as a simulated
microgravity model has been well-documented and
widely used in examining the effects of near-zero gravity
on the structural and functional properties of animals
(11, 12, 19, 22, 26).  This model involves hindlimb-
suspension of rodents in a special harness to induce
thoracic pooling of blood fluids and remove the support
function of the hindlimb.  Studies utilizing this model
have produced reproductive results similar to those
obtained from spaceflight and are contributing new
information on biological responses across the gravity
continuum, thereby confirming the appropriateness
of this model for studying reproductive responses to
altered gravity (28).  Thus this tool is yielding new
insights into the gravitational physiology of reproduction
in mammals.  As a result, this model has been widely
used in different fields of research dealing with the
effects of simulated microgravity on the various systems
of the body including the cardiovascular system (24),
musculoskeletal system (29, 31) and reproductive system
(33).

The effects of space environment on reproduction
should be evaluated from diverse points of view including
the effects of vacuum on embryogenesis, the effects
of temperature and humidity on embryonic development
and spermatogenesis, the possibility that space radiation
or magnetic fields may cause embryonic or genetic
disorders, and the effects of stress on embryonic
development and hormone balance (11).  However,
the effects of microgravity on the testes are expected
to be one of the major themes in research because the
testes have the dual function of spermatogenesis and
steroidogenesis.  Numerous data are available describing
the effects of microgravity on spermatogenesis-related
hormones, such as testosterone and luteinizing hormone
(3, 11, 17, 19, 20, 25, 26, 28).  Testosterone level is
markedly reduced and luteinizing hormone is increased
in the tail-suspended rats and mice compared with the
control groups (3, 17, 25, 28).  However, the proportion
of motile sperms is slightly but not significantly reduced
in the tail-suspended mice (11) and rats (26).  On the
other hand, only few morphometric and morphological
studies are available describing the effect of microgravity
on the testes.  Examination of the testes taken from
rats flown on COSMOS-1887 revealed 6.4% reduction
in the mean weights when compared with the controls.
Counts of spermatogonia are 4% less in the testes of
flight rats compared with control (21).  Moreover, the
numbers of germ cells per tubule cross section are
lower in flight rats on COSMOS-2044 than in the control
animals (3).

Accordingly, the tail-suspension model was used
in this work to investigate and demonstrate in
histological and histochemical sections the effects of
exposure to simulated microgravity on the testicular
structure of the rats, and whether any untoward
consequences are reversible or not.

Materials and Methods

Animals

Fifty-four adult male albino rats of proven fertility
were used in this study.  They were obtained from
Experimental Animal Facility of King Faisal University.
All the animals were weighed before the beginning of
the experiment.  Male rats with body weight between
225 and 250 g were pooled together.  From this pool,
the animals were randomly assigned to 5 different
groups: 2 controls and 3 experimental.  This was done
to ensure that there was no difference in body weight
at baseline.  Group Ia (18 rats) were kept without any
intervention and served as the intact control.  The
animals of Group Ib (18 rats) were subjected to inguinal
canal ligation and were tail-suspended but the hindlimbs
were not elevated above the floor of the housing units
and were roaming free for 1 (6 rats), 6 (6 rats) and 12
(6 rats) weeks.  The animals of this group were subjected
to the stress of both the surgical and experimental
procedures, and served as the stress control group.
This stress control group was important to discriminate
effects of hindlimb-suspension from ligation and tail-
suspension.  The experimental rats were divided equally
into 3 groups: II, III, and IV; with 6 rats in each group.
They were subjected to inguinal canal ligation and
tail- and hindlimb-suspension at a degree at which the
hindlimbs did not touch the floor of the housing units.
In Group II, the animals were suspended for 1 week
and in Group III for 6 weeks.  In Group IV, the hindlimbs
were suspended for 6 weeks as in Group III, followed
by another 6 weeks without suspension to allow for
recovery.  The rats from each intact and stress control
groups were used as controls for each of the three
experimental groups.

To avoid differences in food consumption, the
intact and stress control groups were fed the mean of
food consumption of the corresponding experimental
group so that all groups had the same caloric intake.
The rats were housed in individual housing units with
water provided ad libitum.  They were maintained on
a 12/12 hour light/dark cycle and at 24°C.

Surgical Procedure

Bilateral ligation of the inguinal canal was
performed under ketamin anesthesia to prevent the
movement of the testes into the abdominal cavity.
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Ligation was performed by placing a loose ligature of
non-absorbable suture around the inguinal canal to
avoid occlusion of the spermatic cord and to allow
testicular growth (31).

Tail-Suspension Device

The suspension device and tail-suspended rat
model used in the present study to stimulate microgravity
were similar to those described by previous investigators
(10, 11, 15).  Briefly, each rat was suspended with
adhesive tape around the whole length of the tail and
the tape was connected to a pulley linked to a metal
arm attached to the center of the top of the housing
unit.  In the experimental groups, the hindlimbs were
elevated above the housing unit floor at an angle of
30°.  This allowed the animal to support its weight
and move freely on the forelimbs while preventing
the hindlimbs from touching the floor or walls of the
housing unit.  The suspension device allowed freedom
for complete 360° rotation of movement.  This allowed
the animal easy access to food and water.

Tissue Collection and Processing

At the end of each experimental period and prior
to sacrifice, the rats were anesthetized and weighed to
the nearest gram.  The testes from each rat were dissected
carefully and weighed to the nearest milligram.  Each
testis was divided into three portions.  The first portion
was fixed in Bouin’s fluid and routinely processed
and paraffin embedded.  The paraffin sections (7 µm)
were stained with haematoxylin and eosin (H & E)
and periodic acid-Schiff (PAS) (4).  The second portion
of testicular blocks was dipped in 2.5% glutaraldehyde,
cut into small pieces, fixed in the glutaraldehyde for
24 h, and in 1% osmium tetroxide for 1 h.  After
dehydration in ethanol and propylene oxide, the

specimens were embedded in araldite resin.  Semithin
sections were cut on the ultramicrotome (Leica Ultracut
UCT, Heidelberger, Germany) and stained with toluidine
blue (TB).  The third portion of testicular blocks was
washed in cold phosphate buffer, rapidly frozen by
cryospray and sectioned in the cryostat (Leica Co.
Heidelberger, Germany).  The cryostat sections (15
µm) were used to demonstrate succinic dehydrogenase
activity (SDH).  The theory and practice of enzyme
histochemistry has been described in detail (4).  Standard
dehydrogenase technique with nitroblue tetrazolium
solution was used to demonstrate activity of succinic
dehydrogenase which appeared as bluish-purple
formazan deposits.  To account for any variability in
reactions, sections from all the control and experimental
animals were stained repeatedly for the localization
of the enzyme activity.

Quantitative Analysis

Mean and standard error of the mean (SEM) of
the whole body weight, testicular weight, and diameter
of seminiferous tubules in all groups were calculated.
The tubular diameter was measured by a micrometer
eyepiece from randomly chosen H & E-stained cross
sections of the seminiferous tubules for a total of 50
samples per testis.  One way ANOVA comparing multiple
groups was used.  The Tukey test was applied to assess
the significance of differences between means, and P
< 0.05 was considered as statistically significant.

Results

Morphometric Results

Comparisons of relative testicular weight
(testicular weight/whole body weight), and tubular
diameters in the intact control, stress control and

Table 1.  The relative testicular weight and tubular diameter in the control and experimental groups.

Number Relative Testicular Tubular Diameter
                              Group

of Rats Weight (gm) (µm)

Intact control (Group Ia) 6  0.408 ± 0.030a 294 ± 2.302
Stress control, Tail-suspension only (Group Ib) 6 0.405 ± 0.005 284 ± 2.293
One-week tail- and hindlimb-suspension (Group II) 6 0.381 ± 0.090 242 ± 4.572

Intact control (Group Ia) 6 0.407 ± 0.009 293 ± 2.062
Stress control, Tail-suspension only (Group Ib) 6 0.402 ± 0.020 283 ± 2.300
Six-week tail- and hindlimb-suspension (Group III) 6 0.240 ± 0.001 220 ± 3.782

Intact control (Group Ia) 6 0.406 ± 0.003 293 ± 2.109
Stress control, Tail-suspension only (Group Ib) 6 0.401 ± 0.007 278 ± 2.780
Recovery group (Group IV) 6 0.352 ± 0.012 268 ± 2.163
a Mean ± SEM
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experimental groups are shown in Table 1.  The stress
control groups (Group Ib) showed no significant
difference in both the relative testicular weight and
tubular diameter from the intact controls (Group Ia);
P = 0.08.  In 1-week hindlimb-suspended rats (Group
II), there was no significant difference in the relative
testicular weight compared to intact control (P =
0.08).  After six weeks of hindlimb-suspension (Group
III), the rats showed a significant decline in relative
testicular weight compared with the control groups
(intact and stress) and rats suspended for one week (P
= 0.003).  The recovery animals (Group IV) showed a
significant increase in the testicular weight as
compared to 6-week suspended group (P = 0.003).
The tubular diameter was significantly reduced in rats
suspended for one and six weeks compared to the
control groups (intact and stress).  The recovery group
showed a significant increase in tubular diameter
compared with both one- and six-week suspended
groups (P < 0.001).  These data showed that: (i) the
variation in results was due to hindlimb-suspension
and not due to stress, (ii) the tubular diameter of rats
suspended for one week was initially decreased before
the changes in testicular weight; (iii) the decrease in
the tubular diameter in the six-week suspended group
accompanied the decline in testicular weight; and (iv)

the decline in both the tubular diameter and testicular
weight was partially reversible after recovery.

Morphological Results

In the present study, the testicular sections of all
the stress controls (Group Ib) appeared very similar to
those of the intact control groups (Group Ia).  Therefore,
major results of these two control groups are displayed
together in Figs. 1A-5A.   Histological examination
of the testes of the intact and stress control groups
revealed regularly configured seminiferous tubules.
The tubules were rounded or oval in cross-sections,
apparently of the same diameter.  The tubules were
lined with a complex stratified epithelium composed
of two cell types: spermatogenic and Sertoli cells.
The spermatogenic cell-populations were intact and
of average thickness, and appeared in various stages
of maturation (Fig. 1A).  They were typically arranged
from the basal lamina to the tubular lumen in succession
as spermatogonia, spermatocytes, spermatids and
spermatozoa (Fig. 2A).  The spermatogonia were small
cells located in the basal compartment immediately
above the basal lamina.  The remaining spermatogenic
cells were located in the adluminal compartment.  The
primary spermatocytes were identified as the largest

Fig. 1. Light micrographs showing the testicular tissues of the control and experimental groups (H&E; ×100).  1A: From intact (Ia) and
stress (Ib) control groups, showing the regular architecture of the seminiferous tubules (T) and the average thickness of the
spermatogenic cells as well as the interstitial tissue (IT) between the tubules.  1B: From 1-week tail-suspended animals (Group
II), showing disorganized germ cells in the seminiferous tubules (T).  Some tubular lumina contain sloughed cells.  The interstitial
tissue (IT) is abundant.  1C: From 6-week tail- and hindlimb-suspended animals (Group III), showing distortion of the
seminiferous tubules (T) and fragmentation of the spermatogenic cells.  1D: From recovery animals (Group IV), showing
recovered seminiferous tubules (RT) in addition to few degenerated tubules (DT).
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cells with large nuclei and rounded outlines (Figs. 2A
and 3A).  The secondary spermatocytes were not
frequently seen.  The spermatids were observed as
small cells close to the tubular lamina that contained
the tails of the spermatozoa.  Eearly spermatids had
central round nuclei while late spermatids had elongated
and condensed nuclei (Fig. 3A).  The Sertoli cells
were detected at intervals between the spermatogenic
cells.  They were identified by a basally located, clear
nucleus with a prominent centrally positioned nucleolus
(Fig. 3A).  The Leydig cells were found in the interstitial
stroma between and around the seminiferous tubules.
They were found individually and in small groups
closely related to blood capillaries (Fig. 2A).

Following one-week of tail- and hindlimb-
suspension (Group II), mild degenerative changes were
observed in  some tubules .   These  inc luded
disorganization and a slight reduction in the thickness
of the spermatogenic cells (Fig. 1B).  In addition,
sloughing of cells in the lumen, separation of germ
cells from the basal laminae and vacuolation of the
germinal epithelium were observed (Figs. 1B and 2B).
Round spermatids and residual bodies were also

observed in the tubular lamina. Some germ cells
showed margination of heterochromatin against the
nuclear membrane while other cells showed crescent
shaped heterochromatin (Fig. 3B).  The interstitial
tissue displayed inflammatory exudates (Fig.  1B) and
macrophages were occasionally seen.  The Leydig cells
were apparently increased in number (Fig. 3B).

Following 6 weeks of tail- and hindlimb-
suspension (Group III), testicular destructive changes
were more pronounced.  More seminiferous tubules
were shrunken, obviously distorted and showing severe
diminution of the spermatogenic cell-masses (Fig.
1C).  The testicular degeneration was so severe to the
extent that some tubules appeared almost devoid of
spermatogenic cells except for a few spermatogonia
(Fig. 2C).  The tubular degeneration was not homogenous
in distribution as some tubules were more adversely
affected than other tubules.  Moreover, within the
same tubule the degenerative changes were focal;
some patches of germ cells were more affected than
others.  In some tubules, the germ cells showed nuclear
fragmentation with shrinkage of their cytoplasm resulting
in enlargement of the intercellular spaces (Fig. 3C).

Fig. 2. Photomicrographs showing the testicular tissue of the control and experimental groups (H&E; ×200).  2A: From intact (Ia) and
stress (Ib) control groups, showing parts of healthy seminiferous tubules that contain spermatogonia (SG), primary spermato-
cytes (PS), round spermatids (RS) and elongated spermatids (ES).  The Sertoli cells (SC) are present between the germ cells and
characterized by a clear nucleus with a large prominent nucleolus.  2B: From 1-week tail-suspended animals (Group II), showing
vacuolation (V) of the germinal epithelium in one tubular profile and fragmentation of the spermatogenic cell-masses in another
tubular profile.  2C: From 6-week tail- and hindlimb-suspended animals (Group III), showing a marked reduction of the
spermatogenic cell population. Few spermatogonia (SG) and primary spermatocytes (PS) appear entangled by the processes of
the Sertoli cells (SC).  The interstitial tissue contains vacuolated fluid exudates (E), and the Leydig cells (LC) are numerous.  2D:
From recovery animals (Group IV), showing a recovered seminiferous tubule with full complement of spermatogenic cells
including primary spermatocytes (PS), round spermatids (RS) and elongated spermatids (ES).  Degenerated tubules with
vacuoles are also present.
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In other tubules the round spermatids with vacuolated
cytoplasm were observed with the disappearance of
late spermatids and spermatozoa.  The Sertoli cells
were apparently unaffected and retained their normal
features with clear observation of their processes despite
disintegration of the adjacent germinal epithelium (Figs.
2C and 3C).  A marked proliferation of the interstitial
Leydig cells was apparent (Fig. 2C).

In the recovery group (Group IV), a rather
incomplete recovery of the rat testes was observed.
Many tubules contained the full complement of the
spermatogenic cells, although few tubules were still
degenerated (Figs. 1D-2D).  In addition to reduction
of cellular debris in the tubular lamina, diminution of
inclusion vacuoles in the germ cells and narrowing of
the interstitial areas between the tubules were observed.

Histochemical Results

PAS technique.  The results obtained by PAS
technique are summarized in Table 2.  In the control
groups (Ia and Ib), the seminiferous tubules were
surrounded by a well-defined PAS-positive concentric

basal lamina.  In addition, a strong PAS-positive
reaction was observed in the acrosomal caps of the
spermatids (Fig. 4A).  In 1-week tail- and hindlimb-
suspended rats (Group II), the acrosomal caps were
either scarce or absent in many tubular profiles
(Fig. 4B).  In 6-week tail- and hindlimb-suspended
rats (Group III), the tubules showed PAS-positive
corrugated basal lamina, but the interstitial spaces
showed an increased amount of PAS-positive material
(Fig. 4C).  Following recovery (Group IV), a strong
PAS-positive reaction was evident in the acrosomal
caps of the spermatids in the recovered tubules and in
the interstitial spaces (Fig. 3D).

Succinic dehydrogenase activity.  The results
obtained by SDH technique are summarized in Table
3.  The germinal epithelium of the seminiferous tubules
of the control groups (Ia and Ib) showed a variable
succinic dehydrogenase enzymatic activity ranged
from moderate to marked activity (Fig. 5A).  In Group
II, there was an apparent decrease in succinic
dehydrogenase activity in the germinal epithelium.
However, there was a marked activity in the interstitial
Leydig cells (Fig. 5B).  In Group III, the enzymatic

Fig. 3. Photomicrographs from resin-embedded semithin sections showing the testicular tissue of the control and experimental groups
(Toluidine blue; ×1000).  3A: From intact (Ia) and stress (Ib) control groups, showing parts of healthy seminiferous tubules that
contain spermatogonia (SG), primary spermatocytes (PS), round spermatids (RS) and elongated spermatids (ES).  The Sertoli
cells (SC) are present between the germ cells and characterized by a clear nucleus with a large prominent nucleolus.  The Leydig
cells (LC) are disposed between the tubular profiles.  3B: From 1-week tail-suspended animals (Group II), showing germ cells
with margination of heterochromatin (MH) and other cells with crescent-shaped clumps of heterochromatin (CH).  Sertoli cells
(SC) are characterized by a clear nucleus with a large prominent nucleolus.  The interstitial tissue contains Leydig cells (LC) and
blood capillaries (C).  3C: From 6-week tail- and hindlimb-suspended animals (Group III), showing germinal cells (G) with
nuclear fragmentation and shrinkage of their cytoplasm resulting in enlargement of the intercellular spaces (I).  Sertoli cells (SC)
appear unaffected.  3D: From recovery animals (Group IV), showing a recovered seminiferous tubule with full complement of
spermatogenic cells including primary spermatocytes (PS), round spermatids (RS) and elongated spermatids (ES).
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activity was confined to the basal germ cells in severely
damaged tubules, while a marked activity was apparent
in the interstitial Leydig cells (Fig. 5C).  In the recovery
group (IV), a moderate enzymatic activity was present
in the germinal epithelium and interstitial Leydig cells
(Fig. 5D).

Discussion

As mankind moves closer to the reality of space
habitation, there is a growing scientific interest to
clarify how the different gravitational states influence

reproduction in mammals.  It is of great interest to
study the effects of microgravity on the testicular
structure and function particularly under long-term
conditions similar to that experienced in the
international space stations or planned for long-term
spaceflights such as the manned mission to Mars.

In the present investigation, a simulated
microgravity model in the form of tail-suspended rat
with inguinal canal ligation was used.  It has been
reported that the male rats differ from male humans in
that the inguinal canal of the rat never closes during
development into an adult and remains to be connecting

Table 2.  PAS activity in the testicular tissues of the control and experimental groups.

PAS activity in PAS activity in PAS activity
                              Group acrosomal caps of the basal lamina of in the Leydig

spermatids seminiferous tubules cells

Intact control (Group Ia) +++ +++ ++
Stress control, Tail-suspension only (Group Ib) +++ +++ ++
One-week tail-and hindlimb-suspension Group II) –/+ +++ +++
Six-weeks tail-and hindlimb-suspension (Group III) – +++ +++
Recovery group (Group IV) ++ +++ ++

Key to table symbols: Strong reaction (+++); Moderate reaction (++); Weak reaction (+); No reaction (-).

Fig. 4. Light micrographs showing the testicular tissue of the control and experimental groups (PAS; ×200).  4A: From intact (Ia) and
stress (Ib) control groups, showing a well-defined PAS-positive concentric basal lamina (BL) and acrosomes (A).  Higher
magnification of the acrosomal caps of spermatids is shown in the inset.  4B: From 1-week tail-suspended animals (Group II),
showing PAS-positive basal lamina (BL) and scarcity or absence of PAS-positive acrosomal caps.  PAS-positive reaction is also
observed in the interstitial tissue (IT).  4C: From 6-week tail- and hindlimb-suspended animals (Group III), showing PAS-positive
corrugated basal lamina (BL) and an increased amount of PAS-positive material in the interstitial tissue (IT).  4D: From recovery
animals (Group IV), Showing recovered tubules with strong PAS-positive reaction in the acrosomal caps of the spermatids
(inset).  PAS-positive reactions are present in the basal lamina (BL) and interstitial tissue (IT).
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the scrotum and the abdominal cavity (8).  In view of
this anatomic feature of the male rat, it is possible that
the testes of the rat could periodically move into the
abdominal cavity during spaceflight or when subjected
to tail-suspension.  This could be avoided by applying
a new model in which the rats are subjected, before
tail-suspension, to inguinal canal ligation to prevent
sliding of testes into the abdominal cavity (32).
However, in some previous tail-suspended studies,

the experimental design did not account for the anatomy
of the rat that allows the testes to enter the abdominal
cavity through the inguinal canal when the hindlimbs
are elevated (20, 30).  In such studies, it is likely that
changes in testicular function can be attributed to
changes resulting from hyperthermic cryptorchid
testes.  Failure to ligate the inguinal canal in tail-
suspended rats clearly allows the testes to become
abdominal and causes marked and rapid reduction in

Fig. 5. Light micrographs showing the succinic dehydrogenase activity in testicular tissues of the control and experimental groups
(SDH; ×200).  5A: From intact (Ia) and stress (Ib) control groups, showing moderate to marked succinic dehydrogenase activity
in the germinal epithelium (G) and a strong activity in the spermatozoa (SZ).  5B: From 1-week tail-suspended animals (Group
II), showing an apparent decrease in succinic dehydrogenase activity in the germinal epithelium (G).  A marked activity is
detected in the interstitial Leydig cells (LC).  5C: From 6-week tail- and hindlimb-suspended animals (Group III), showing
succinic dehydrogenase activity in the basal germ cells only (BG).  A marked activity is observed in the interstitial Leydig cells
(LC).  5D: From recovery animals (Group IV), showing recovered seminiferous tubules with moderate succinic dehydrogenase
activity in the germinal epithelium (G) and the Leydig cells (LC).

Table 3.  SDH activity in the testicular tissues of the control and experimental groups.

SDH activity in
SDH activity in the

                              Group the germinal
Leydig cells

epithelium

Intact control (Group Ia) +++ ++
Stress control, Tail-suspension only (Group Ib) +++ ++
One-week tail-and hindlimb-suspension (Group II) + +++
Six-week tail-and hindlimb-suspension (Group III) –/+ +++

Limited to the basal germ cells
Recovery group (Group IV) ++ ++

Key to table symbols: Strong reaction (+++); Moderate reaction (++); Weak reaction (+); No reaction (-).
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the population of spermatogenic cells (6).
In the present study, the rats of the stress control

were subjected to both the partial ligation of the inguinal
canal to prevent cryptorchidism and to tail-suspension
but without hindlimb-elevation.  Spermatogenesis can
be inhibited in animals under stress (2).  Therefore,
this stress control was important to discriminate the
effects of hindlimb-elevation from stress due to ligation
and tail-suspension procedure.

The results of the present study revealed that the
relative testicular weight, calculated as testicular weight
per whole body weight (18), and the diameter of the
seminiferous tubules of the stress control were similar
to those of the intact group.  Moreover, the histological
features and histochemical activities of testicular sections
of the stress control were very similar to those of the
intact control.  Thus stress was ruled out as a contributing
factor to blocking spermatogenesis.  Nutrition as a
possible factor in the loss of spermatogenesis was also
ruled out because the intact and stress control groups
were pair fed to the experimental groups.

In the present work, exposure to microgravity
has led to variable degrees of degenerative changes in
the seminiferous tubules as evidenced by the disturbed
tubular architecture and reduction in the number of
spermatogenic cells.  These structural alterations
increase in intensity with the increase in the duration
of hindlimb-suspension.

The current study revealed that the testes of tail-
and hindlimb-suspended rats for one week showed
some histological changes in the form of disorganized
germ cells.  Some germ cells showed margination of
their heterochromatin while other cells showed crescent
shape clumps of heterochromatin.  This configuration
of heterochromatin was similar to the morphological
changes of apoptosis reported previously (9, 33).  The
reduction in blood flow of testes induces death among
germ cells by apoptosis rather than by necrosis (5).

After six weeks of hindlimb-suspension, the
spermatogenesis was severely affected, such that no
late elongated spermatids and spermatozoa were
present in the testis.  This was confirmed by the scarcity
and disappearance of acrosomal phase of spermatids
in PAS-stained testicular sections.  This loss in
spermatogenesis was accompanied by a significant
decrease in the relative testicular weight and tubular
diameter. Similar findings have been reported in earlier
studies (3, 11, 26).  A reduction in blood supply of the
testes may contribute to blocking spermatogenesis.  A
decline in blood flow rate of 30% causes a significant
increase in the number of spermatogenic cells showing
apoptotic reduction (5).  It is unlikely that the reduction
in blood flow is due to inguinal suture because the
sutured, stress control groups produced results more
similar to the intact control groups than to hindlimb-
suspended experimental groups.  Thus it may be

inferred that the decrease in the blood supply of the
testes may be due to the cranial shift of body fluids
when the animals are suspended (7).  The finding that
the tubular degeneration was not homogenous in
distribution, as some tubules were more adversely
affected than others, may be attributed to localized
changes in microcirculation.

The potential for testicular hyperthermia as an
underlying cause for the inhibition of spermatogenesis
in hindlimb-suspension is a possibility that warrants
serious consideration.  Extensive evidence is available
indicating that abdominal temperature is detrimental
to spermatogenesis in scrotal mammals (23).  Elevated
testicular temperature has been proposed as an
underlying cause for inhibition of spermatogenesis in
tail-suspension and microgravity conditions (14).  In
the hindlimb-suspended rats, even though  the testes
are prevented from sliding into the abdomen by partial
ligation of the inguinal canal, the testes may spend the
bulk of time resting against the body.  This could
elevate testicular temperature, which under long-term
conditions could severely impact spermatogenesis
(14).

The present study showed that the overall
histological appearance of the Sertoli cells appeared
to be unaffected in hindlimb-suspended experimental
groups. Similar findings have been reported previously
(26).  The finding that the lumina of the seminiferous
tubules were not collapsed following hindlimb-
suspension suggests that the Sertoli cells were still
functioning with regard to their secretory processes
despite the degeneration of the germ cell population.

Microscopy with H & E and TB demonstrated
proliferation of Leydig cells following hindlimb-
elevation.  This result is in accordance with a previous
biochemical study that showed a marked increase in
the level of circulating testosterone after 3 and 8 weeks
of hindlimb-suspension (20).  Several investigators
have reported that the shifting of blood flow from the
testes provides a metabolic stimulus for the Leydig
cells to proliferate and function more vigorously (1,
27).  An increase in luteinizing hormone secretion has
also been proposed as an underlying cause for
proliferation of Leydig cells (3).  In the current work,
macrophages were occasionally observed in the
interstitial tissue in close association with the Leydig
cells.  It has been reported that the macrophages
secrete a number of cytokines, some of which stimulate
mitosis in Leydig cells (13).  In the experimental
groups, the proliferation of Leydig cells observed in
H & E sections was correlated with the histochemical
examinations of the testes.  The Leydig cells have an
elaborate and abundant smooth endoplasmic reticulum
that accounted for the eosinophilia of their cytoplasm.
A marked succinic dehydrogenase activity was
observed in the Leydig cells due to the presence of
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numerous mitochondria, indicating a high metabolic
activity.  These structural characteristics are typical
of steroid-secreting cells.  Moreover, the increased
PAS-positive reaction observed in the testicular
interstitial tissue in the experimental group is also
consistent with a proliferation of Leydig cells.  This
result was in accordance with a previous report that
the PAS reaction of the testicular interstitium correlate
to steroid metabolism, biosynthesis and secretion, at
the Leydig cells level (16).

The current work revealed variable succinic
dehydrogenase reaction in the germinal epithelium in
the variable groups.  This variability in the enzymatic
activity may be attributed to the different metabolic
activity of the spermatogenic cells.  In the control groups
a marked reaction was observed in the spermatozoa,
and this may be related to their high content of
mitochondria in their flagellar middle piece.  In the
one-week and six-week tail- and hindlimb-suspended
groups the succinic dehydrogenase activity was
apparently decreased.  This may be attributed to the
mitochondrial damage resulting from degeneration of
the seminiferous tubules.

Following return to normal gravitational condition
for six weeks after being suspended for six weeks, an
incomplete recovery of the rat testes was observed.
Testicular recovery was histologically assessed by the
restoration of the control thickness of the spermatogenic
cell-population, diminution of the vacuoles inside the
germinal epithelium, and reduction of cellular debris
in the tubular lumina.  The germinal epithelium of
the recovery group appeared almost similar to the
control groups in many tubular profiles.  The succinic
dehydrogenase activity was regained, and this may be
attributed to the formation of cytoplasmic organelles,
including mitochondria, accompanying the tubular
regeneration.  Thus it may be inferred that returning
of rats to normal gravitational condition resulted in an
improvement in the blood supply of the testes.

In summary, the present study again substantiates
that long-term exposure to simulated microgravity
significantly affects the structure and function of the
rat testis.  If this finding holds true in actual microgravity
condition, it implies that male astronauts may become
infertile after long-term exposure to microgravity.
However, the reversibility of blocking spermatogenesis
reported in the present study gives the hope that
sterility may not result.  Therefore, a more complete
understanding of the effects of microgravity on the
male reproductive system during simulated or actual
spaceflights requires further investigations.
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