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Abstract: N-ethyl-N-nitrosourea (ENU), a well known alkylating agent, is a powerful mutagen in mouse spermatogo-
nia that is frequently used to generate mutant mice for the study of gene function. The present study was performed
to investigate the toxic effects of a suggested ENU treatment protocol (100 mg/kg ENU once a week for three con-
secutive weeks) on the C57BL/6J mouse testis using light and transmission electron microscopy, with reference to
testis weight and sperm count. Time-dependent changes in the weight of the testes, sperm counts and testicular
morphology were observed, following an injury and recovery pattern; the most severe damage was observed in week
four after the first injection of ENU, and then the testis gradually recovered. By the end of the experiment (week 12),
the testis weights and sperm counts of the ENU-treated mice had restored to around 80% of the respective values in
the control group. Histopathological alterations in the testis were identified by light and electron microscopy, which
revealed that ENU led to a temporary depletion in the number of spermatogenic cells via direct and indirect toxic
effects, including apoptosis and growth arrest in spermatogonia, Sertoli cell damage and peritubular cell injury.
The results of this study complement the existing basic information on the toxicity of ENU in the testis, and provide
scientific information for selecting the appropriate mating time for ENU-treated male mice.
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Introduction mutagenesis is considered to be a relatively
promising method for the study of gene func-
tion, as mutant mice can be obtained by ENU

treatment, and then the mutated genes can be

The Human Genome Project has revealed that
the genetic information required for human life

is coded within 30 billion bases. As the next
step, an important task of life science research-
ers is to investigate the functions of all known
and unknown genes, especially genes involved
in human diseases [1]. The mouse is the major
model system used to study the genetics and
pathogenesis of human disease, due to the
similarity between the mouse and human
genomes, biochemical pathways, and patho-
logical mechanisms [2].

ENU (N-ethyl-N-nitrosourea), a laboratory-syn-
thesized compound, is the most effective
chemical mutagen in mice, with a mutation rate
of 0.0015 per locus per gamete in the com-
monly used treatment regimes. ENU primarily
introduces random, single base pair mutations
into the male germ line [3]. Therefore, ENU

cloned and investigated. Worldwide, several
large-scale ENU projects are in the develop-
ment stages, all of which focus on different
biologically-or clinically-relevant phenotypes
[4-7].

To establish mutant mouse models using ENU,
the first step is to intraperitoneally inject male
mice with ENU to induce random mutations,
mainly in the spermatogonia. ENU-treated mice
usually suffer a period of sterility due to a tem-
porary depletion of spermatogenic cells; how-
ever, several weeks after treatment, the surviv-
ing spermatogonia repopulate the testis, under-
go mitosis and meiosis in the seminiferous
tubules and eventually give rise to clones of
mutant sperm which can be passed on to future
generations. Additionally, at the doses used,
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ENU can induce different types of cancer as a
bioalkylating agent, which may shorten the life
span of the treated mice. The carcinogenicity
and duration of sterility induced by ENU are the
two major factors which limit its efficiency of
mutation. It has been demonstrated that
untimely mating results in an increase in mor-
tality of the treated mice; yet, on the other
hand, delayed mating may miss the reproduc-
tive peak of the treated mice. Therefore, it is
obvious that one of the main barriers to ENU
mutagenesis is the identification of the ideal
mating opportunity, in order to achieve the opti-
mal balance between a high frequency of muta-
tion, the re-establishment of fertility and ani-
mal mortality due to cancer [8].

ENU has a variety of effects on different mouse
strains, and the inbred strain C57BL/6J has
been used successfully in mutagenesis experi-
ments due to its high mutation rate and high
toleration for ENU [9]. In order to optimize
experimental efficiency, mating should be per-
formed as soon as the treated males regain
fertility. In practicality, mating times have large-
ly been decided on the basis of experience, and
vary from 5 to 15 weeks after the last injection
of ENU [10-12]. The weight, sperm count and
morphology of the testis can indicate altera-
tions in fertility, which is helpful for determining
suitable mating times. Several studies have
reported obvious changes in the testis during
the sterile period in ENU-treated mice [13, 14];
however, there is a lack of detailed data, and
notably, the ultrastructure of ENU-induced tes-
ticular alterations has not been clearly
described. Therefore, the aim of the present
study was to investigate the effects of ENU on
the histopathology of the C57BL/6J male
mouse testis using light and transmission elec-
tron microscopy, with reference to testis
weights and sperm counts. This work is an
attempt to complement the preliminary infor-
mation on ENU toxicity in the mouse testis, and
provide a scientific basis for researchers to
select the appropriate mating time for ENU-
treated mice.

Materials and methods
Ethics statement
This study was conducted in strict accordance

with the recommendations given in the Guide
for the Care and Use of Laboratory Animals of

1831

the National Research Council. The animal care
and use committee of Yangzhou University
approved all experiments and procedures con-
ducted on the animals (approval ID: SYXK (Su)
2007-0005).

Animals and treatment

C57BL/6J mice were obtained from the
Shanghai Laboratory Animal Center (Shanghai,
China). 96 adult male C57BL/6J mice with their
weight ranged from 25 to 30 g were used. The
animals were randomly divided into two groups:
the treatment group (48 mice) and control
group (48 mice). The animals in the treatment
group were intraperitoneally injected with 100
mg/kg ENU once a week for three consecutive
weeks. ENU powder (Sigma) was diluted with
phosphate buffer (pH 6.0) to 2 mg/ml, and
used immediately after dilution. The animals in
the control group were simultaneously injected
with PBS alone. Four mice from each group
were euthanized each week from week one to
week 12 after the first injection, and the testis
and cauda epididymis were dissected out for
further analysis.

Body and testis weights

The testes and bodies were weighed and the
testis/body weight ratio (relative weight of tes-
tis) was calculated for each animal.

Sperm counts

To measure the sperm counts, the cauda epi-
didymis were minced and homogenized on ice
in 1.0 ml of physiological saline solution with
iris scissors until no obvious piece of tissue
was visible by eye. The homogenate was fil-
tered, and then 10 ul of sample was diluted
1:10 in saline solution containing 4% trypan
blue and counted under a phase contrast
microscope at 200x magnification using a hae-
mocytometer [15].

Histopathological and ultrastructural examina-
tions

For light microscopy, the testes of the experi-
mental mice were fixed in 4% paraformalde-
hyde solution for 24 h, subjected to routine pro-
cessing for paraffin-embedded tissue samples,
sectioned at 3-5 ym and stained with hema-
toxylin and eosin [16].
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Figure 1. Relative weights of testes of control and ENU-treated mice.

*P<0.05 and #P<0.01 vs. control group.
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Figure 2. Sperm counts in the cauda epididymis of control and ENU-treat-

ed mice. *P<0.05 and #P<0.01 vs. control group.

For electron microscopy, the testes of the
experimental mice were fixed in freshly pre-
pared primary fixative containing 2% parafor-
maldehyde and 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.42) containing
0.1% magnesium chloride and 0.05% calcium
chloride at 20°C for 10 min, and then trans-
ferred to an ice bath for 2 h. The samples were
washed three times for 10 min in sodium caco-
dylate buffer with added chlorides on ice, then
subjected to the following steps at room tem-
perature: the testes were subjected secondary
fixation for 1 h in 1% osmium tetroxide in sodi-
um cacodylate buffer, washed three times in
cacodylate buffer for 30 min, mordanted with
1% tannic acid for 30 min, rinsed with 1% sodi-
um sulphate for 10 min, dehydrated through an
ethanol series [20%, 30% (and stained en bloc
with 2% uranyl acetate at this stage), 50%,
70%, 90% and 95% ethanol for 20 min each,
then 100% ethanol for 20 min three times]. The
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Sperm counts

ethanol was exchanged with pro-
pylene oxide (PO) for 15 min
twice, followed by 1:1 PO: Epon
resin mixture for at least 1 h, and
neat Epon (containing a few
drops of PO) overnight. The tes-
tes were embedded in fresh
resin in a flat moulded tray, cured
in an oven at 65°C for 24 h, 40
nm sections were cut using a
Leica UCT ultramicrotome, con-
trasted with uranyl acetate and
lead citrate, and imaged on a
Tecnai 12 TEM (Philips Co.,
Netherlands) using a Gatan CCD
camera (Gatan Inc., USA) [17].

Statistical analysis

The testis weights and sperm
counts are presented as the
mean + standard deviation (SD)
values for each group. Student’s
t-test was used to analyze the
significance between groups. St-
atistical significance was deter-
mined at P<0.05 and P<0.01
level.

Results
Body and testis weights

The body weights of the treat-
ment group and control group

were not significantly different throughout the
experiment (data not shown); however, signifi-
cant changes were observed in the testis
weights (relative weights of the testes) in the
ENU-treated mice (Figure 1). In the experimen-
tal group, there was a sharp reduction in the
testis weights within the first week after the
first ENU treatment, and the testis weights con-
tinued to gradually decrease until week five
post-injection, when the average testis weight
in the experimental group was approximately a
quarter of the testis weight in the control group.
After week five, the testis weights of the experi-
mental group began to increase, and reached
nearly 80% of the testis weight of the control
group at the end of the experiment (week 12).

The sperm count of the control mice did not
obviously change throughout the experiment;
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Figure 3. Light micrographs of the testes of control mice. A, B. Note the germinal epithelium formed of regularly
arranged rows of spermatogonia, primary spermatocytes and rounded, elongated spermatids, with Sertoli cells ob-
served between the cells. Note the interstitium contains clusters of Leydig cells. G = spermatogonia, S = Sertoli cell,
P = primary spermatocyte, L = Leydig cell, D = spermatid, Z = spermatozoa (200x%, H&E).

however, significant changes were observed in
the sperm count of the ENU-treated mice
(Figure 2). There was no significant difference
in the sperm count of the control and experi-
mental groups within the first two weeks after
the first injection of ENU; however, the sperm
count of the experimental group reduced sig-
nificantly from week three to week eight post
the first injection; the sperm count of the exper-
imental group was close to zero at week eight.
The sperm count of the experimental group
increased continually from week nine until
week 12, and was about 85% of the control
group at the end of the experiment (week 12).

Light microscopic examination

Evaluation of hematoxylin and eosin-stained
testicular sections from the mice in the control
group revealed densely packed seminiferous
tubules, with little interstitium, and uniformly
sized and shaped tubules. Additionally, the ger-
minal epithelium was formed into regularly
arranged rows of spermatogonia, primary sper-
matocytes, and rounded and elongated sper-
matids. Sertoli cells could be observed between
the cells in the germinal epithelium. The tubules
were surrounded by a layer of flat peritubular
cells, and the lumina of the tubules contained
mature spermatozoa. The interstitium con-
tained clusters of Leydig cells and blood ves-
sels (Figure 3).

Light microscopic examination revealed that
the histological changes in the testes of the
ENU-treated group could be separated into
three orderly periods from week one to week

1833

12 after the first injection: the acute period,
convalescent period and nearly normal period.
The acute period lasted from week one to week
four (Figure 4). The photomicrographs indicat-
ed that the major deleterious effects of ENU on
the seminiferous tubules are mainly focused on
the spermatogonia. In week one, the normal
histoarchitecture of the testis was easily recog-
nized, with the spermatogenic cells layered in
an orderly arrangement with the different stag-
es of spermatogenesis observed, and large
numbers of mature sperm in the lumina. In
week two, though the tubular lumina were filled
with mature spermatozoa, the thickness of the
seminiferous tubules decreased slightly and
fewer cell layers were observed, mainly due to a
reduction in the number of spermatogenic
cells, compared with the control group. In week
three, an obvious reduction in the diameter of
the seminiferous tubules was detected, and
only Sertoli cells and a small number of sper-
matogonia were observed near the basement
membrane of the germinal epithelium; sperma-
tids and even primary spermatocytes were
barely detectable in the shrunken tubules; how-
ever, large numbers of mature spermatozoa
with their heads pointed toward the base of the
lumina and their tails pointed toward the lumi-
na were observed, and spermatocytes detach-
ing from the germinal epithelium were frequent-
ly noted. In week four, the histoarchitecture of
the testes of the mice in the experimental group
was more severely damaged than at any earlier
time point, with an apparent decrease in the
number of Leydig cells, and only Sertoli cells
remaining in the thin walled seminiferous
tubules which had a relatively wide lumina and
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Figure 4. Light micrographs of the testes of ENU-treated mice during the acute period. A. Testicular section at week
one after the first injection of ENU. Note the normal histoarchitecture of the testis. B. Testicular section at week two
after the first injection of ENU. Note the decreased thickness of the seminiferous tubules and reduced number of
cell layers. C. Testicular section at week three after the first injection of ENU. Note large numbers of spermatozoa
with their heads pointed toward the base of the lumina and tails pointed toward the lumina, and spermatocytes
(thick arrow) detaching from the germinal epithelium. D. Testicular section at week four after the first injection of
ENU. Note Sertoli cells are only present in thin walled seminiferous tubules with relatively wide lumina, which lack
mature spermatozoa and contains vacuoles of variable sizes. G = spermatogonia, S = Sertoli cell, P = primary sper-

matocyte, L = Leydig cell, D = spermatid, Z = spermatozoa (200%, H&E).

did not contain any mature spermatozoa but
only vacuoles of variable sizes.

The acute period was followed by the convales-
cent period, which lasted from week five to
week eight (Figure 5). In week five, further atro-
phy of the seminiferous tubules was observed,;
however, two features indicated that the testes
of the ENU-treated group were entering a recov-
ery phase. Firstly, the interstitial space became
wider and filled with Leydig cells; secondly, clus-
ters of spermatogonia which were propagated
from division of the surviving spermatogonia
were observed near the basement membrane
of the seminiferous tubules. In week six, the
interstitial space was still filled with Leydig
cells, and the diameter of the seminiferous
tubules was still smaller than that of the control
group. Several layers of spermatogenic cells
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were located in the brim of the seminiferous
tubules and dividing nuclei were frequently
detected. Quite a few intercellular vacuolations
were observed in the germinal epithelium, how-
ever, spermatids and mature spermatozoa had
not yet appeared in the lumina. In week seven,
the number of Leydig cells in the interstitial
space was still higher than the control group,
though the diameter of the seminiferous
tubules had returned to almost normal, and
spermatogonia, primary spermatocytes, sper-
matids and small numbers of mature sperma-
tozoa could be observed in an orderly arrange-
ment in the tubules. In week eight, the epithe-
lial height, an indicator of normal spermatogen-
esis, had increased further compared with
week seven, and the number of Leydig cells
had almost returned to similar numbers as con-
trol mice.

Int J Clin Exp Pathol 2015;8(2):1830-1843
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Figure 5. Light micrographs of the testes of ENU-treated mice during the convalescent period. A. Testicular section
at week five after the first injection of ENU. Note the widened interstitial space filled with Leydig cells, and the clus-
ters of spermatogonia propagated from division of the surviving spermatogonia. Also note the frequent dividing nu-
clei (thin arrow). B. Testicular section at week six after the first injection of ENU. Note the interstitial space overgrown
with Leydig cells and several layers of spermatogenic cells located in the brim of the seminiferous tubules. Note
frequent dividing nuclei (thin arrow) and the lumina lacking spermatids or mature spermatozoa. C. Testicular section
at week seven after the first injection of ENU. Note the spermatogonia, primary spermatocytes, spermatids and even
a small number of mature spermatozoa arranged in an orderly manner in the tubules. D. Testicular section at week
eight after the first injection of ENU. Note the increased epithelial height and almost all types of spermatogenic cells
arranged in an orderly manner within the tubules. G = spermatogonia, S = Sertoli cell, P = primary spermatocyte, L
= Leydig cell, D = spermatid, Z = spermatozoa (200x, H&E).

The third stage, the nearly normal period, last-
ed from week nine to week 12. During this peri-
od, the photomicrographs revealed that the
testes of the ENU-treated group had nearly
regained a normal architecture. The seminifer-
ous tubules were packed together and defined
by regular outlines, and the narrow interstitium
contained normal Leydig cells. Most of the sem-
iniferous tubules had restored to the normal
epithelial stratification with layers of spermato-
genic cells at different developmental stages,
and the major structural feature of this period
was the appearance of a moderate number of
mature spermatozoa in the lumina (figures not
shown).

Electron microscopy

Electron microscopic examination revealed the
normal ultrastructure of the testes of the mice
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in the control group (Figure 6). The seminifer-
ous tubules were bounded by elongated peritu-
bular cells and encircled by a regular, continu-
ous basement membrane. Sertoli cells were
identified by their large indented nuclei, and
their cytoplasm contained numerous mitochon-
dria, smooth endoplasmic reticulum, a few lyso-
somes and lipid droplets. Specialized junctional
complexes between adjacent Sertoli cells were
observed, and the basal compartment and
adluminal compartment were easily distin-
guished. Spermatogonia with rounded nuclei
and some mitochondria were detected close to
the basement membrane. Primary spermato-
cytes appeared above the spermatogonia as
larger rounded cells with a thin rim of cytoplasm
and large rounded nuclei containing synaptone-
mal complexes. Spermatids at different stages
of differentiation were noted. Early spermatids
appeared rounded in shape and smaller than

Int J Clin Exp Pathol 2015;8(2):1830-1843
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Figure 6. Electron micrographs of the testes of control mice. A. Part of a seminiferous tubule with type B sper-
matogonia in the basal compartment between adjacent Sertoli cells attached by tight junctions (thin arrows). The
Sertoli cells rest on the basement membrane. Note zygotene spermatocytes, diplotene spermatocytes, pachytene
spermatocytes with a synaptonemal complex (thick arrow) and mitochondria. B. Part of a seminiferous tubule with
an intercellular bridge (thick arrow) observed between two round spermatids. Early differentiating spermatid with
an acrosomal granule and an acrosomal vesicle spreading over a rounded nucleus, and elongating spermatids with
strongly elongated condensed nuclei covered anteriorly by the acrosome cap. C. Sections of the tail of spermatids.
Note the longitudinal sections of the middle pieces of the tail of the spermatids with mitochondrial sheaths, and the
cross sections of the principal and end pieces. D. Part of the interstitium between seminiferous tubules. Note Leydig
cells with cytoplasm containing a few lipid droplets and mitochondria around the blood vessels. SgB = spermatogo-
nia type B, S = Sertoli cell, Bm = basement membrane, Z = zygotene spermatocyte, Di = diplotene spermatocyte,
P = pachytene spermatocyte, m = mitochondria, Rs = round spermatid, gr = acrosomal granule, Es = elongating
spermatid, Mp = middle piece of the spermatids’ tail, Pp = principal piece of the spermatids’ tail, Ep = end piece of
the spermatids’ tail, Lc = Leydig cell, Ld = lipid droplet, Bv = blood vessels.

primary spermatocytes. The nuclei of early
spermatids were suffused with evenly distrib-
uted chromatin. Intercellular bridges could be
observed connecting adjacent spermatids. The
cytoplasm of spermatids contained numerous
well developed Golgi apparatus and mitochon-
dria. Differentiating spermatids contained
developing acrosomes that appeared as acro-
somal granules and acrosomal vesicles
adhered to the pole of the rounded nuclei.
Acrosomal caps, resulting from spreading of
the acrosomal vesicle, appeared covering one
hemisphere of the nuclei of differentiating sper-
matids. Elongation of the nuclei of the sperma-
tids during the process of spermiogenesis was
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observed. The heads of late elongating sper-
matids contained strongly elongated, electron-
dense nuclei covered anteriorly by acrosome
caps. Longitudinal or cross-sections through
the tails of developing spermatozoa revealed
that the tails were surrounded by the remnants
of the cytoplasm of spermatids or Sertoli cells.
Transverse sections of different spermatozoa
showed that the mid, principal and end pieces
had a central axoneme formed from nine dou-
blets of microtubules with two central singlets.
In the mid-piece of the spermatozoa, the axo-
neme was surrounded by nine dense bundles
of fibrous and mitochondrial sheaths. In the
principal piece of the spermatozoa, the axo-
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Figure 7. Electron micrographs of the testes of ENU-treated mice during the acute period. A. Part of a seminiferous
tubule at week one after the first injection of ENU. Note the infolded basement membrane and large vacuoles in the
disintegrated cytoplasm of type B spermatogonia. B. Part of a seminiferous tubule at week two after the first injec-
tion of ENU. Note the primary spermatocytes and round spermatids aberrantly close to the basement membrane. C.
Part of a seminiferous tubule at week three after the first injection of ENU. Note the elongating spermatids with dis-
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rupted and irregular nuclear membrane and involuted acrosome located near the ruptured basement membrane,
and large lipid droplets and vacuoles in the cytoplasm of Sertoli cells. D-H. Parts of seminiferous tubules at week
four after the first injection of ENU. Note Sertoli cells resting on the basement membrane with their cytoplasmic
extensions nearly forming a continuous single cell layer (G, H). Lipid droplets, large vacuoles containing membra-
nous material, and swollen mitochondria with widened cristae are observed within the cytoplasm of Sertoli cells (D,
G and H). Note specialized junctional complexes (thin arrows) between adjacent Sertoli cells (D, H), and atrophic
spermatogonia with reduced numbers of organelles, vacuolated cytoplasm and shrunken pyknotic nuclei (F). Appar-
ently normal spermatogonia with oval nuclei and diffused chromatin can be observed between Sertoli cells (E). SgA
= type A spermatogonia, SgB = type B spermatogonia, Sg = spermatogonia, S = Sertoli cell, Bm = basement mem-
brane, P = primary spermatocyte, m = mitochondria, Rs = round spermatid, gr = acrosomal granule, Es = elongating
spermatid, Ld= lipid droplet, v = vacuole.

Figure 8. Electron micrographs of the testes of ENU-treated mice during the convalescent period. A, B. Parts of
seminiferous tubules at week five after the first injection of ENU. Note spermatogonia with round euchromatic nuclei
and tubular mitochondria appearing in the basal compartment of the seminiferous tubules. C. Part of a seminifer-
ous tubule at week six after the first injection of ENU. Note dividing spermatogonia with chromosomes (thick arrow)
arranged on the equatorial plate. D, E. Parts of seminiferous tubules at week seven after the first injection of ENU.
Note all types of spermatogenic cells, including spermatogonia, spermatocytes, spermatids and even a few elongat-
ing spermatids with a normal ultrastructure in the seminiferous tubules; however, the tubules are only formed by
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three or four layers of spermatogenic cells. F. Part of a seminiferous tubule at week eight after the first injection of
ENU. Note the nearly normal ultrastructure of the germinal epithelium. SgA = type A spermatogonia, SgB = type B
spermatogonia, Sg = spermatogonia, S = Sertoli cell, Bm = basement membrane, P = primary spermatocyte, m =
mitochondria, Rs = round spermatid, Es = elongating spermatid, Ld = lipid droplet, v = vacuole.

neme was only surrounded by the fibrous
sheath. Leydig cells contained irregular nuclei
with a thin rim of peripheral heterochromatin,
and their cytoplasm contained a few lipid drop-
lets and mitochondria with tubular cristae.

The histopathological effects of ENU on the tes-
tis were confirmed at the ultrastructural level.
Electron photomicrographs of testicular sec-
tions from the experimental group revealed
severe and extensive histological abnormalities
which increased over time during the acute
period (Figure 7). In week one after the first
injection of ENU, there were no significant
abnormalities in the ultrastructure of the semi-
niferous tubules, except for an irregular, infold-
ed basement membrane and enlarged vacu-
oles within the disintegrated cytoplasm of the
spermatogonia. In week two, aberrant primary
spermatocytes were detected close to the
basement membrane, and rounded and elon-
gated spermatids were observed at an inappro-
priate depth within the epithelium; however,
these cells possessed an approximately nor-
mal ultrastructure. In week three, in addition to
the inappropriate location of spermatids, which
were even located near to the ruptured base-
ment membranes, there was an obvious reduc-
tion in the number of spermatocytes. Further-
more, undifferentiated spermatogonia were
rarely detected and intercellular spaces and
intracellular vacuoles were observed in the
tubules, while large lipid droplets appeared in
the cytoplasm of Sertoli cells. Elongating sper-
matids with disrupted, irregular nuclear mem-
branes and involuted acrosomes were sur-
rounded by Sertoli cell cytoplasm. In week four,
the most notable morphological alteration was
that the seminiferous tubules were comprised
almost entirely of Sertoli cells resting on the
basement membrane, with the cytoplasmic
extensions of the Sertoli cells nearly forming a
continuous single layer of cells. Electron-dense
material, lipid droplets of variable sizes, large
vacuoles containing membranous material,
and swollen mitochondria with widened cristae
were observed within the cytoplasm of Sertoli
cells; meanwhile, the specialized junctional
complexes between adjacent Sertoli cells
appeared to be intact. Atrophic spermatogonia
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with an overall reduced number of organelles,
vacuolated cytoplasm and shrunken pyknotic
nuclei were recognized by their location, and
occasionally, apparently normal spermatogonia
with diffused chromatin were apparent between
Sertoli cells. Moreover, other abnormities were
observed at week four, including: (1) irregular
basement membrane of seminiferous tubules
with relatively thick or thin patches, (2) shrunk-
en testicular peritubular cells which had lost
their characteristic long, narrow “spindle”
shape, with nuclei containing dark patches,
some of which detached from the interstitial
tissue, (3) a complete loss of spermatocytes,
spermatids and mature spermatozoa, and (4)
abnormal cellular debris in the tubular lumina.

In week five, the first week of the convalescent
period, the obvious histological characteristic
compared to week four was the multiplication
of spermatogonia. Compared to the abnormal
ultrastructure of the acute period, two or three
spermatogonia with round euchromatic nuclei
and tubular mitochondria appeared in the
basal compartment of the seminiferous
tubules. In week six, additional spermatogonia
were observed, accompanied by dividing sper-
matogonia with chromosomes arranged on the
equatorial plate, strongly suggestive of cell pro-
liferation. Moreover, Leydig cells with large
numbers of lipid droplets and variable-size
electron-dense granules appeared to interdigi-
tate with the neighboring Leydig cells. In week
seven, all types of spermatogenic cells includ-
ing spermatogonia, spermatocytes, round sper-
matids and even a few elongating spermatids
with a normal ultrastructure were observed to
be correctly arranged within the epithelium of
the seminiferous tubules; however, the tubules
were only formed by three or four layers of sper-
matogenic cells, so the number of cells was sig-
nificantly lower than that in the testes of control
mice. Intercellular separations and intracellular
vacuoles could still be observed in Sertoli and
spermatogenic cells, while the basement mem-
brane became smooth and regular. In week
eight, the number of spermatogenic cells
increased further, and compared to the ultra-
structure at week seven, organelles such as
the mitochondria and endoplasmic reticulum
became more abundant and typical (Figure 8).
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Electron photomicrographs of sections pre-
pared from experimental mice during week
nine to week 12 revealed the overall normal-
like ultrastructure of the testes during the near-
ly normal period (figures not shown).

Discussion

Given the high degree of similarity between the
mouse and human genomes, biochemical
pathways and pathological mechanisms, the
mouse is the major model system used for
obtaining insight into the functions of human
genes, primarily through the use of mutant
mouse models [2]. Currently, the majority of
mutant mice strains are knockout animals;
however, these valuable models are only likely
to represent a small proportion of the total
number of human genes. This gap is being par-
tially filled by the establishment of new muta-
genesis programs using potent mutagens such
as ENU. ENU, an alkylating agent, has been
found to be a powerful mutagen in mouse sper-
matogonia [3]. In this study, we demonstrated
that ENU exerts time-dependent effects on
mouse testis weights and sperm counts, which
correlated with the severity of the histopatho-
logical and ultrastructural changes in the
testes.

A reduction in the testis weight may be attrib-
uted to decreased sperm production [18], and
an appropriate sperm count is one of the key
factors for mating success. In our research, the
testis weights and sperm counts of the ENU-
treated mice drastically reduced at first several
weeks and then had restored to around 80% of
the respective values in the control group by
the end of the experiment. In the mouse, dif-
ferentiating spermatogonia undergo a precisely
timed sequence of mitotic divisions and differ-
entiation towards the formation of spermato-
zoa, and then the spermatozoa are released
from the seminiferous tubules into the epididy-
mis for further maturation. The evolution of
stem-cell spermatogonia into mature sperm
takes approximately 43 days (about six weeks).
In the present study, light microscopic examina-
tion revealed that a small number of sperm
reappeared in the seminiferous tubules around
five to six weeks after the last the injection of
ENU (weeks seven/eight after the first injec-
tion), which was about six weeks for the surviv-
ing spermatogonia to differentiate into mature
sperm.
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Notably, within our 12-week experiment, none
of the ENU-treated animals recovered the nor-
mal testis weights or sperm counts observed in
the control animals. Thus, we conclude that the
testis has the ability to regain a generally nor-
mal architecture after the removal of ENU, but
that the recovery of spermatogenesis was
incomplete within 12 weeks of the first injec-
tion. We deduce that large numbers of sper-
matogonial stem cells are Killed during the toxin
insult, otherwise spermatogenesis would re-
cover more rapidly and completely.

Histological examination demonstrated vari-
able adverse effects in the testes of the ENU-
treated mice. Under light microscopic examina-
tion, the seminiferous tubules were observed
to undergo time-dependent morphological
changes, with distinct injury and recovery phas-
es. The abnormalities observed during the
acute period were in agreement with the litera-
ture reports that ENU predominantly affects
premeiotic spermatogonia which have higher
mitotic rate, not spermatogenic cells undergo-
ing or that have undergone meiosis [19]. In this
study, there were large numbers of sperm with
a complete absence of spermatids and sper-
matocytes in the shrunken tubules at week
three, and in week four, there were only Sertoli
cells without any spermatogenic cells. These
observations might be explained by the fact
that ENU-induced damage to premeiotic sper-
matogonia hinders subsequent spermatogene-
sis, while spermatogenic cells undergoing or
which had undergone meiosis were depleted,
which contributed to the temporary sterile peri-
od. The most severe damage was detected four
weeks after the first injection of ENU, in the
form of thinning of the epithelial wall, widening
of the lumen contained large vacuoles, and
shrinking of the peritubular cells; the most
notable abnormality was the presence of only
Sertoli cells in the seminiferous tubules. The
histological changes during the convalescent
period were characterized by reconstruction of
the seminiferous tubules, and overgrowth of
Leydig cells which regulate spermatogenesis by
synthesizing and secreting testosterone [20].

Moreover, electron microscopy confirmed the
time-dependent toxic effects of ENU at an ultra-
structural level. The ultrastructural abnormali-
ties observed during the acute period were
severe and extensive; the most serious altera-
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tions appeared at week four, mainly including:
(1) Sertoli cells nearly forming a continuous
single cell layer, with electron-dense material,
swollen mitochondria and large vacuoles in the
cytoplasm, (2) atrophic spermatogonia with
reduced numbers of organelles, a vacuolated
cytoplasm and shrunken pyknotic nuclei locat-
ed near the irregular basement membrane, (3)
shrunken testicular peritubular cells detaching
from the interstitial tissue, and (4) a total
absence of primary spermatocytes, spermatids
and sperm. However, the specialized junctional
complexes between adjacent Sertoli cells
appeared to remain intact at all times during
the entire experiment, which indicates that
Sertoli cells were not totally destroyed by ENU
and had the ability to recover normal function
relatively quickly. At week four, a small number
of apparently normal spermatogonia containing
diffused chromatin were noticed between
Sertoli cells; these spermatogonia might be
mutant spermatogonia which survived ENU
treatment and retained the ability to differenti-
ate into mutant sperm that can be passed on to
future generations.

Apoptosis is a physiological process of cell
death that contributes to the maintenance of
cell number and helps to remove damaged
cells; however, excessive apoptosis in the testis
can reduce male reproductive function [21]. We
observed apoptotic spermatogonia with char-
acteristic shrunken pyknotic nuclei, concentrat-
ed cell plasma and aggregated organelles, in
accordance with Katayam’ et al [22], who
reported that the monofunctional alkylating
agent ENU induced apoptosis and growth arrest
in rat tissues. ENU is highly mutagenic, and
induces apoptosis after S-phase accumulation
in a p53-dependent manner in response to
DNA-damage [23]. In this research, apoptosis
was apparent in the spermatogonia, but was
not detected in other cell types such as Sertoli
cells or spermatocytes. This result could be
explained by the previous literature, in which
differentiating spermatogonia were regarded to
be most sensitive testicular cells to ENU dam-
age, because of their higher mitotic rate com-
pared to other spermatogenic cells and non-
proliferating Sertoli cells [19]. The apoptosis of
the spermatogonia might be a possible reason
for the incomplete recovery of spermatogene-
sis observed in ENU-treated mice in this study.
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In the present study, depletion of germ cells
and cytoplasmic vacuolations in Sertoli cells
were extremely striking abnormalities in week
four. Depletion of germ cells could be attributed
to the apoptosis and growth arrest of sper-
matogonia, and cytoplasmic vacuolations in
Sertoli cells were previously hypothesized to be
derived from dilatation and vesiculation of the
smooth endoplasmic reticulum [24]. This dilata-
tion might be due to the ingress of water into
the cell as a part of hydropic degeneration, a
change that might occur in Sertoli cells in
response to ENU. In addition, Creasy [25]
revealed that vacuolations of Sertoli cells were
an early and common morphological response
to injury. Sertoli cells play a very important role
in spermatogenesis by regulating the immedi-
ate environment of the developing germ cells,
by providing physical support, junctional com-
plexes or barriers, and/or biochemical stimula-
tion in the form of growth actors or nutrients.
Thus, the Sertoli cell damage observed in the
present study may lead to an insufficient supply
of nutrients to spermatogenic cells, which may
explain the separation of spermatocytes from
Sertoli cells and structural alterations observed
in spermatogenic cells. Additionally, any injury
affecting Sertoli cells [26] will also exert a rapid
secondary effect on the production of a host of
proteins that regulate and/or respond to pitu-
itary hormone release, which could subse-
quently inhibit spermatogenesis, and lead to
abnormalities and the death of spermatogenic
cells.

Additionally, the cytoplasmic vacuolations in
Sertoli cells and spermatogenic cell abnormali-
ties observed in response to ENU in the current
study may be a result of peritubular cell injury.
Electron microscopy demonstrated that the
shrunken peritubular cells with abnormal dark,
patched nuclei totally lost their characteristic
long, narrow “spindle” shape. Testicular peritu-
bular cells are myofibroblast-like cells that sur-
round the seminiferous tubules and are respon-
sible for tubular contractility and sperm trans-
port. Recently, several reports have augmented
this simplified view, by showing that peritubular
cells are not only structural cells but also
actively produce paracrine mediators. Studies
have suggested that these paracrine mediators
influence the homeostasis of the testicular
environment, and modulate testicular morphol-
ogy and Sertoli cell function [27]. Thus, the
changes observed in peritubular cells in the
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present study adds further information to the
mechanisms by which ENU induces damage to
the architecture of the seminiferous tubules.

In summary, treatment with 100 mg/kg ENU
weekly for three weeks altered spermatogene-
sis, which in turn affected the fertility of male
C57BL/6J mice. The time-dependent changes
in the testis weights, sperm counts and testicu-
lar morphology followed a pattern of injury and
recovery. The most severe damage was a tem-
porary depletion of spermatogenic cells, which
was identified by both light and electron micros-
copy, and can be directly or indirectly attributed
to the toxic effects of ENU. Based on the sperm
counts and analysis of testicular morphology,
we conclude that the optimal mating time
should be scheduled at least six after weeks
after the last injection of ENU. Our conclusive
results complement the existing basic informa-
tion on the mechanisms of ENU toxicity in the
mouse testis, and provide scientific information
for researchers to select the appropriate mat-
ing times for ENU-treated mice.
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