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Abstract
There is growing interest in using wild animals to monitor the real-life cocktail effect of envi-

ronmental chemicals on male reproduction. However, practical difficulties, such as long dis-

tances to the laboratory, generally prolong the time between euthanisation and specimen

handling. For instance, tissue fixation is often performed on frozen material or on material

where deterioration has started, which may affect tissue morphology. This study examined

the effect of pre-fixation delay and freezing on mink testicular endpoints in order to determine

robust endpoints in suboptimally handled specimens. Sexually mature farmed mink (n=30)

selected at culling were divided into six groups and subjected to different time intervals be-

tween euthanisation and fixation or freezing: 0 hours (fixed immediately post mortem), 6

hours, 18 hours, 30 hours, 42 hours, or frozen 6 hours post mortem and thawed overnight.

Unaffected endpoints when pre-fixation storage was extended to 30 hours included: area

and diameter of the seminiferous tubules, length and weight of the testes, and acrosomes

marked with Gata-4. Epithelial height, Sertoli cells marked with Gata-4 and cell morphology

were affected endpoints after 6 hours of storage. Freezing the tissue prior to fixation severely

altered cell morphology and reduced testicular weight, tubular diameter and area. Morpho-

logical changes seen after 6 hours included shredded germ cells and excess cytoplasm in

seminiferous tubular lumen, chromatin rearrangements and increased germ cell death. Ex-

tended delay before fixation and freezing affected many endpoints in the mink testicular tis-

sue. Some of these endpoints may mimic chemically induced effects, which is important to

consider when evaluating specimens from wild animals for environmental toxicity.
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Introduction
There is growing concern that male reproduction is affected by chemicals in the environ-
ment. Chemical cocktails are more likely to cause this damage than single compounds. One
way to determine such changes is to use wild mink as a monitor species and evaluate testicu-
lar toxicity using the most sensitive method, histopathology [1,2]. Since prolonged time prior
to fixation may be a problem when using wild animals [3], it is of great importance to evalu-
ate how this affects the validity of histopathology of the testis. This was the main aim of the
present study.

A number of studies have linked adverse male reproduction in humans [4,5], mammals,
birds and fish [3,6–8] to environmental pollutants. A large number of these pollutants mimic
the action of reproductive hormones [9,10] and are therefore referred to as endocrine-dis-
rupting chemicals (EDCs). To detect adverse effects on male reproduction, histopathology of
testicular tissue is considered the most sensitive tool [1]. During spermatogenesis, stem cells
(spermatogonia) constantly divide in a dynamic organised process, resulting in motile hap-
loid spermatozoa. It is known that various steps in spermatogenesis are affected by EDCs
[11], but the complexity of testicular tissue makes histopathological evaluation difficult and
time-consuming [1,2,12,13]. Image analysis has been discussed recently as a future necessary
tool in quantitative evaluation of histopathology to overcome the subjectivity of manual eval-
uation and accelerate the process [14].

In laboratory studies, the effect of a single chemical on male reproduction is commonly in-
vestigated. However, during recent years there has been increasing interest in the effect of in-
teractions between chemicals found in the environment, which has been named the “cocktail
effect”. New chemicals are continually being produced and the effect of the resulting chemical
cocktail is unclear and will vary depending on the environment. The recent report from the
World Health Organisation on endocrine disruption underlined this issue and urged future
investigations to take it into consideration when studying reproductive disturbances in hu-
mans and wildlife [15]. One way of confirming the effect is by collecting samples from wildlife
and analysing them for signs of disturbed reproduction. This provides a good picture of how
the complex mixture of chemicals can affect humans and wildlife. Using wild animals, in par-
ticular top predators, to study the effect of EDCs on male reproductive disorders has been
suggested [15].

Mink has been suggested as a suitable sentinel species in environmental monitoring
[16,17]. Mink is a semi-aquatic top predator that can accumulate certain chemicals and is
sensitive to their toxic effects [16,18]. The animals can easily be housed in the laboratory if a
controlled experimental setting is needed. Tissues for histopathological studies should ideally
be placed in fixative directly post mortem. When working with wild animals this is almost
impossible to achieve, as capture is usually both time-consuming and difficult, and transport
to the laboratory may take several hours or days post mortem. For practical reasons the ani-
mals are sometimes even frozen [17]. This results in a variety of post-mortem changes before
the animals can be investigated and the tissue placed in fixative. Problems with delayed fixa-
tion have been discussed in previous environmental studies [3,19]. It is highly important that
methods to separate post mortem histological changes caused by delayed fixation from pre-
mortem pathological changes are devised. The aim of this study was therefore to establish the
effect of pre-fixation delay and freezing on mink testicular endpoints such as gross morphol-
ogy (body weight, testicular weight and length) and histopathology (morphology and mor-
phometric measurements), in order to determine robust endpoints in suboptimally fixed
testicular tissue.
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Materials and Methods

2.1 Animals and gross morphology
Thirty healthy, 10-month-old, sexually mature mink (Neovison vison) from a commercial fur
farm (Skyberga lantbruksprodukter AB, Kumla) in Sweden were collected at culling. One mink
at a time was euthanised at the fur farm using carbon dioxide (95 vol.%) in a specially con-
structed euthanisation box until cardiac arrest, followed by pelt ablation. This euthanisation
process conforms with EU legislation and Swedish Board of Agriculture standards [20]. The
farmer euthanized all reproductive active male mink at the time of sample collection for the
present study. He was blinded to the treatment groups and decided the order of animals to be
euthanized. Post mortem, the mink were divided into six treatment groups, depending on time
and treatment between euthanisation and fixation/ measurements. The first five mink eutha-
nised were placed in treatment group 0 h, the next five in treatment group 6 h and so on.

Treatment group 0 h (n = 5): Directly after the pelt was removed, body weight, left testis
weight and length were measured, one animal at a time, followed by fixation of left testis tissue
(within 10 minutes post mortem).

Treatment groups 6, 18, 30, 42 h and 6 h + frozen (n = 5 per group): After euthanisation
and pelt ablation, the animals were transported intact to the laboratory and left at room tem-
perature (21°C) for 6, 18, 30 or 42 h. Measurements of body weight, left testis weight and length
and fixation of left testis tissue were performed after 6, 18, 30 and 42 h. The five animals in the
last group (6 h + frozen) were frozen (-20°C) 6 h post mortem and then thawed at room tem-
perature (21°C) for 30 h prior to measurements of body weight, left testis weight and length
and fixation of left testis tissue.

Absolute testicular weight was used instead of relative weight, because the testes are less
influenced by body weight than most other tissues [2,21]. No ethical approval was required due
to the use of offal from routinely culled mink from a commercial fur farm. No animals were
killed for the purposes of this study only and the commercial fur farm approved the use of the
mink for the study.

2.2 Histopathological sample preparation and staining
Testicular tissue is known to be difficult to fix and traditional formalin is discouraged due to its
poor preservation of morphological details [1,2]. Bouin’s fluid has been a standard fixative for
testicular tissue, but it has health and safety hazards [22]. Modified Davidson’s fluid, which
consists of 30% 37–40% formaldehyde, 15% ethanol, 5% glacial acid and 50% distilled water,
has been suggested as a superior substitute to Bouin’s [22] and is recommended by the Society
of Toxicologic Pathology [2].

Two transverse tissue slices (approximately 2 mm thick) were cut in serial fashion from the
left testis and fixed in modified Davidson’s fluid for 24 h at 4°C. They were then rinsed and
stored in phosphate buffer until all 30 mink had been fixed. The testis slices were then trimmed
to appropriate size with a razor blade to fit in the embedding cassettes, followed by dehydration
in increasing concentrations of ethanol. Testis slices fixed in modified Davidson’s fluid were
used for both resin and paraffin embedding.

For morphological evaluations, one testis slice from each mink, was embedded in a water-
soluble resin (Leica Historesin, Heidelberg, Germany) and sectioned with glass knives into
2 μm thin sections using a microtome (Leica RM 2165, Leica Instruments, Germany). All sec-
tions were stained with haematoxylin, eosin (HE) and toluidine.

For immunohistochemistry and semi-automatic image analysis, one testis slice from each
animal was embedded in paraffin wax and cut into 4 μm thin sections using a sledge
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microtome (Leitz Wetzlar, 1400, Germany). One testis section from each mink was mounted
on Superfrost Plus Gold slides (Menzel-Glaser, Braunschweig, Germany) for immunohis-
tochemistry and one section was placed on Superfrost slides (Menzel-Glaser, Braunschweig,
Germany) for image analysis. For the image analysis, the sections were stained with a variant of
periodic acid-Shiff staining to obtain maximum colour differences between the seminiferous
epithelium and the interstitial tissue.

2.2.1 Variant of periodic acid-Shiff stain. The sections were deparaffinised in xylene
(twice for 5 minutes each) and rehydrated (100% (twice), 95% and 70% ethanol for 5 minutes
each, followed by distilled water), incubated for 5 minutes at room temperature (21°C) in peri-
odic acid (0.5%), rinsed in distilled water several times, incubated in Shiff’s reagent (40 min-
utes) and washed in running water for 25 minutes. To counterstain, the slides were submerged
in Weigert for 10 seconds, followed by 7 seconds in a mix of 95% ethanol and 1% HCl, and
then rinsed in running water for 30 minutes. Sections were dehydrated through rising ethanol
concentrations (70%, 95%, twice at 100%, 5 minutes at each concentration), transferred into
xylene (three times, 10 minutes in total) and mounted with Pertex.

2.2.2 Immunohistochemistry. Immunohistochemical localisation of Gata-4 antibody
was evaluated as a marker to distinguish between different cell types in the seminiferous epi-
thelium of the testis. The slides were deparaffinised in xylene (three times, 5 minutes each)
and rehydrated (100% (twice), 95% and 70% ethanol for 2 minutes at each concentration, fol-
lowed by distilled water (twice) for 5 min each). Antigen were retrieved by submerging the
slides in 0.01 M sodium citric buffer (pH 6.0), followed by pressure-heating for 20 minutes in
a pressure boiler at 120°C (21100 Retriever, Histolab Products AB, Gothenburg, Sweden).
After cooling, the slides were rinsed in phosphate-buffered saline (PBS). The PBS used for the
entire immunoprotocol had pH 7.4 and contained 0.8% NaCl, 0.02% KCl, 0.106% Na2HPO4

and 0.02% KH2PO4. The endogenous peroxidase activity was blocked using 0.3% hydrogen
peroxide diluted in methanol. Immunolocalisation of GATA-4 antibody was identified using
the ImmunoCruz goat ABC Staining System (sc-2023, Santa Cruz Biotechnology, Santa Cruz,
CA). In brief, tissue sections were treated with blocking serum goat (sc-2023, Santa Cruz Bio-
technology, Santa Cruz, CA) for 30 minutes and excess serum was blotted from the slides.
GATA-4 (C20) (sc-1237, Santa Cruz Biotechnology, Santa Cruz, CA) antibody was diluted in
PBS 1:50 and the sections were incubated in the dark for 20 h at 4°C. The sections were rinsed
with PBS between each of the subsequent steps. Secondary antibody (donkey anti-goat) (sc-
2023, Santa Cruz Biotechnology, Santa Cruz, CA) was applied to each section and incubated
for 30 minutes, followed by AB enzyme reagent for 30 minutes. Immunoreactivity was visual-
ised using 3.3´-diaminobenzine tetrahydrochloride (DAB Safe, Saveen Biotech, Malmö, Swe-
den), to which H2O2 was added to visualise the bound enzyme activity as brown colour.
Sections were finally rinsed in H2O, dehydrated and mounted with Pertex. Negative controls
were run by excluding the primary antibody on one slide and by replacing the primary anti-
body with non-immune serum from goat (Goat Ig G, Sc-2028) on one slide. The slides were
counterstained with haematoxylin for 10 seconds.

2.3 Morphological evaluation
2.3.1 HE Sections. One person (E. Sporndly-Nees) performed the morphological evalua-

tion of the cells in the seminiferous tubules. The evaluation was based on both visual compari-
son of unblinded slides under the microscope and comparison of digital images (taken with a
Nikon Microphot-FXA microscope using 10x, 20x, 40x and 60x objective lenses). A total num-
ber of 649 images were taken (0 h: 73 images; 6 h: 106 images; 18 h: 132 images; 30 h: 137 im-
ages; 42 h: 115 images; and 6 h + frozen: 86 images). Factors compared between the treatment

PLOSONE | DOI:10.1371/journal.pone.0125139 May 1, 2015 4 / 17



groups were overall organisation of seminiferous epithelium and tubular lumen at 10x and 20x
magnification. To compare cellular details (size, shape and nuclear pattern), 40x and 60x mag-
nifications were used. The specific cell types studied in the seminiferous epithelium were: Ser-
toli cells, spermatogonia, primary spermatocytes (zygotene, leptotene and pachytene), round
spermatocytes, elongated spermatids and Leydig cells. One cell type at a time was studied with-
in each group (0, 6, 18, 30 and 42 h and 6 h + frozen) and described. When all cell types within
each group had been described, a comparison was made between the groups to describe how
the cell morphology changed over time and by freezing. Staging of the seminiferous tubules
were carried out, when possible, in all sections.

2.3.2 Immunohistochemical sections. One person (E. Sporndly-Nees) performed the
morphological evaluation of the immunohistochemical sections. The evaluation was based on
visual comparison of unblinded slides under the microscope using 10x, 20x, 40x and 60x objec-
tive lenses. Gata-4 stained Sertoli cells and acrosomes were identified when possible.

2.4 Morphometric measurements
Digital images of paraffin sections were taken with a Nikon Microphot-FXA microscope using
a 10x objective lens. A series of images from each animal were taken in a grid-like pattern to
make sure that no tubular overlap occurred. A total of 1022 round-shaped, straight-cut semi-
niferous tubules were evaluated. Mean (range) number of seminiferous tubules measured in
each group was: 0 h: 61.4(37–93); 6 h: 31.6(20–46); 18 h: 30.4(21–38); 30 h: 29.4(14–50); 42 h:
29.8(13–38); and 6 h + frozen: 21.8(13–26). Morphometric measurements of area, diameter
and epithelial height of seminiferous tubules were analysed by semi-automatic image analysis
using a method designed specifically for testicular tissue (below). The measurements were per-
formed by one investigator (A. Fakhrzadeh) and all images were coded.

2.4.1 Semi-automatic image analysis. A semi-automatic image analysis technique was de-
veloped to measure area, epithelial height and diameter of the seminiferous tubules. A semi-au-
tomated programme that includes user input to produce a correct delineation was used to find
the boundaries of the seminiferous tubules. The programme determines various measures for
each pixel belonging to an edge. The gradient image has information about edges and was com-
puted using the vector gradient approach [23]. From the gradient image, the gradient magni-
tude and gradient direction were calculated. The Laplacian zero crossing [24] and Canny edge
detector [25], both implemented in the Matlab edge detector function, were also used. These
four measures were combined by a weighted average into a single cost function:

cðp; qÞ ¼ 4fzðqÞ þ 4fcðqÞ þ fgðqÞ þ fDðp; qÞ

Where fzðqÞ, fcðqÞ, fGðqÞ and fDðqÞ were the magnitudes obtained by the zero crossing, Canny
edge detector, gradient magnitude and gradient direction, respectively.

This cost function was plugged into the livewire algorithm [26,27] implemented in Matlab
[28]. The user added a seed point on the boundary of a tubule and the algorithm calculated the
cost of the optimal boundary between this seed point and all other pixels in the image. By mov-
ing the mouse over the image, the user could then instantly see the optimal boundary between
that seed point and the mouse position. By clicking, that portion of the boundary became fixed,
and the newly selected pixel became the seed point, repeating the whole process. In this man-
ner, the user could, interactively and with only a few clicks, very precisely delineate the whole
tubule boundary.

After delineating a tubule, its area was given by the number of the pixels inside the drawn
boundary, and its radius was computed as the average distance from all pixels on the drawn
boundary to the tubule’s centre of mass. For the tubules with visible lumen, the lumen was
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segmented using the same procedure as described above. The epithelium height was then com-
puted as the average distance between the border of the lumen and the border of the tubule.

2.6 Statistical analysis
The experimental unit was mink. The gross morphology (body weight (kg), left testis weight
(g) and length (mm) was based on one measurement per mink and therefore analysed by one-
way ANOVA. The morphometric measurements (area (mm2), diameter (μm) and epithelial
height (μm) of seminiferous tubules) were based on several measurements per mink and a hier-
archical ANOVA was therefore used. Two models were used, one including the fixed effect of
time (0, 6, 18, 30 and 42 h) and the other the effect of freezing (0 and 6 h, 6 h + frozen). The
analyses were carried out with SAS software (SAS Institute Inc., Cary, NC, USA, version 9.3)
using the MIXED procedure. Residuals were analysed and were considered normally distribut-
ed with equal variances. Significance levels for pair-wise comparisons were corrected for multi-
ple testing using Tukey’s method. All values presented in diagrams represent mean±S.E. and
results were considered significant at p<0.05.

Results

3.1 Gross morphology
Body weight and testicular length were not affected by prolonged storage time before fixation
(6, 18, 30 or 42 h) or by freezing prior to measurements (6 h + frozen group) (Tables 1 and 2).
Testicular weight was reduced by freezing compared with the samples measured immediately
(0 h) (p = 0.049) and 6 h post mortem (p = 0.029). Testicular weight was not affected by de-
layed fixation (Table 2).

3.2 Histopathology
3.2.1 Morphometric measurements. The area of seminiferous tubules decreased over

time and after freezing (Tables 1 and 2). Tubular area was constant for up to 30 h of delayed
fixation, but at 42 h the area decreased compared with the tissue fixed 6 h post mortem
(p = 0.048). Freezing the tissue decreased the tubular area compared with the tissue fixed im-
mediately (0 h) (p = 0.020) and the tissue fixed 6 h post mortem (p = 0.006). Tubular diameter
also decreased when the testicular tissue had been frozen prior to fixation, compared with that

Table 1. Effect of freezing post mortem onmeasurements of body weight, testicular length, testicular weight, tubular area, tubular diameter and
epithelial height in mink.

0 h (n = 5) 6 h (n = 5) 6 h + frozen (n = 5) Num DF Den DF F- value P-value

Body weight (kg) 1.34±0.06a 1.41±0.06a 1.40±0.06a 2 12 0.37 0.697

Testicular length (cm) 2.11±0.09a 2.27±0.09a 2.05±0.09a 2 12 1.79 0.209

Testicular weight (g) 3.28±0.19a 3.36±0.19a 2.57±0.19b 2 12 5.39 0.021

Tubular area (mm2) 0.237±0.011a 0.251±0.011a 0.186±0.012b 2 12.4* 8.44 0.005

Tubular diameter (μm) 549.8±13.3a 565.0±14.0a 486.9±14.7b 2 12.5* 8.26 0.005

Epithelial height (μm) 169.0±4.13a 282.5±6.7b 243.5±7.1c 1 8.04* 16.10 0.004

One-way ANOVA was used to analyse body weight, testicular length and weight. Hierarchical ANOVA was used to analyse epithelial height, tubular area

and diameter.

*Decimals due to Kenward-Roger adjustment.

Within each row, values with the same letter in superscript (a, b or c) do not differ significantly (P>0.05). Values expressed as mean ± standard error of

mean. Num = Numernator. Den = Denominator. DF = Degree of freedom.

doi:10.1371/journal.pone.0125139.t001
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in the tissue fixed immediately post mortem (0 h) (p = 0.020) and the tissue fixed 6 h post mor-
tem (p = 0.006). Tubular diameter decreased over time (Table 2) and showed a tendency to de-
crease (p = 0.055) between the tissue fixed 6 h and 42 h post mortem. Epithelial height was
affected by time (Table 2) and showed a significant increase in all groups (6, 18, 30 and 42 h, 6
h + frozen) compared with 0 h. To distinguish between the effects of time and freezing on epi-
thelial height, a comparison of the 6 h and 6 h + frozen groups was performed, since the epithe-
lial height increased significantly already after 6 h of delayed fixation. A hierarchical ANOVA
was used. This comparison revealed significantly lower epithelial height in the 6 h + frozen
group compared with the non-frozen 6 h group (Table 1).

3.2.2 Morphology in HE sections. At 0 h post mortem, the tissue was well-organised,
with an intact epithelium and a well-defined lumen in the seminiferous tubules. Germ cells
were well connected and attached to the basement membrane (Fig 1a). Germ cells presented
good nuclear morphology and different cell types were easy to identify. Sertoli cells had angular
nuclei with heterochromatin and a dense nucleolus, with the nucleus in close proximity to the
basement membrane. The interstitial tissue was well-organised and Leydig cells and capillary
and lymphatic vessels were easy to identify (Fig 2a). Staging of the seminiferous epithelium was
performed according to Pelletier [29].

At 6 h post mortem, many of the seminiferous tubular lumen were occupied, mostly by ex-
cess cytoplasm but also by round and elongated spermatids, and only a few empty lumen were
seen. The epithelium was well-organised and germ cells were attached to the basement mem-
brane (Fig 1b). Overall, spermatogonia had similar morphology as at 0 h, but a few cells showed
a partly condensed chromatin nuclear pattern. Primary spermatocytes generally had normal
morphology, but initial signs of autolysis had appeared, with chromatin condensation and
pyknosis (early primary spermatocytes: zygotene and leptotene) or enlarged nuclei with chro-
matin clumping (pachytene primary spermatocytes). Round spermatids and Leydig cells
showed similar morphology as at 0 h, but some cells had clearing in nuclei and chromatin mar-
gination. Elongated spermatids were well preserved. Sertoli cell presented a lighter nucleus and
partially condensed chromatin pattern with a rounder, slightly enlarged shape (Fig 2b). Staging
of the seminiferous epithelium was possible.

At 18 h post mortem, the seminiferous tubular epithelium showed increased disorganisa-
tion, but the peritubular cells were still attached to the seminiferous epithelium. All lumen of
the seminiferous tubules was occupied by cytoplasm as a blurred haze, sometimes mixed with

Table 2. Effect of different time intervals post mortem onmeasurements of body weight, testicular length, testicular weight, tubular area, tubular
diameter and epithelial height in mink.

0 h (n = 5) 6 h (n = 5) 18 h (n = 5) 30 h (n = 5) 42 h (n = 5) Num DF Den DF F- value P-value

Body weight (kg) 1.34±0.06a 1.41±0.06a 1.48±0.06a 1.51±0.06a 1.58±0.06a 4 20 2.53 0.073

Testicular length (cm) 2.11±0.09a 2.27±0.09a 2.07±0.09a 2.18±0.09a 2.12±0.09a 4 20 0.69 0.609

Testicular weight (g) 3.28±0.21a 3.36±0.21a 2.92±0.21a 3.00±0.21a 2.82±0.21a 4 20 1.25 0.321

Tubular area (mm2) 0.237±0.013ab 0.251±0.020a 0.206±0.014ab 0.246±0.014ab 0.192±0.014b 4 19.9* 3.53 0.025

Tubular diameter (μm) 550.0±17.5a 564.8±18.0a 513.5±18.0a 560.0±18.2a 489.8±18.1a 4 20 3.26 0.033

Epithelial height (μm) 161.8±11.6a 282.4±11.9b 256.8±11.9b 280.0±12.0b 245±11.9b 4 20.4* 17.70 <0.001

One-way ANOVA was used to analyse body weight, testicular length and weight. Hierarchical ANOVA was used to analyse epithelial height, tubular area

and diameter.

*Decimals due to Kenward-Roger adjustment.

Within each row, values with the same letter in superscript (a, b or ab) do not differ significantly (P>0.05). Values expressed as mean ± standard error of

mean. Num = Numernator. Den = Denominator. DF = Degree of freedom.

doi:10.1371/journal.pone.0125139.t002
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Fig 1. Time and freezing effects onmorphological organisation in mink seminiferous tubules. Cross-sections of mink testis tissue with 0, 6, 18, 30 and
42 h delay before fixation, or frozen after 6 h and thawed prior to fixation. (a) Mink testis fixed immediately (0 h) post mortem. An organised tissue with an
intact epithelium and a well-defined lumen in the seminiferous tubules. Germ cells are well connected and attached to the basement membrane. (b) Mink
testis with a 6 h delay before fixation. The epithelium is well-organised and germ cells attached to the basement membrane. Lumen (Lu) of the seminiferous
tubule is filled up with excess cytoplasm. Chromatin changes in round spermatids and Leydig cells can be seen (arrowheads). (c) Mink testis with an 18 h
delay before fixation. The seminiferous tubular epithelium shows increased disorganisation, but the peritubular cells are attached to the seminiferous
epithelium. Lumen (Lu) of the seminiferous tubule is occupied by cytoplasm, mixed with round and elongated spermatids. Chromatin changes such as
pyknosis (arrow: spermatocyte) and chromatin margination and nuclear clearing (arrowhead: round spermatid and Leydig cell) can be seen. (d) Mink testis
with a 30 h delay before fixation. The seminiferous epithelium is further disorganised, with germ cells located in abnormal positions. The peritubular cells are
mostly attached to the seminiferous epithelium, but detached cells are visible. Chromatin changes such as pyknosis (arrow) can be seen, which makes
identification of some cells difficult. (e) Mink testis with a 42 h delay before fixation. It is difficult to distinguish between the different cell types in the
seminiferous epithelium due to pyknotic nuclei (arrow). There is a loss of intercellular connections, which contributes to distance and disorganisation between
the germ cells. The peritubular cells are detached from the seminiferous epithelium. (f) Mink testis frozen after 6 h and thawed prior to fixation. A complete
loss of organisation in the seminiferous tubular epithelium can be seen. The seminiferous epithelium resembles a dense mass. All cell nuclei show
condensed chromatin and appear pyknotic (arrow). All testis samples were fixed in modified Davidson’s fluid and stained with HE. Bar = 50 μm.

doi:10.1371/journal.pone.0125139.g001
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Fig 2. Time and freezing effects on detailed cell morphology in mink seminiferous tubules.Morphological alteration of nuclei in mink testis tissue
samples with 0, 6, 18, 30, 42 h delay prior to fixation or frozen 6 h post mortem and thawed prior to fixation. (a) Mink testis fixed 0 h post mortem show normal
morphology and different germ cells are easy to distinguish. Sertoli cells (S) show angular nuclei with heterochromatin and a dense nucleolus, with the nucleus
in close proximity to the basement membrane. The interstitial tissue shows Leydig cells (L) and capillary and lymphatic vessels are easy to recognise. (b) Mink
testis with a 6 h delay before fixation. Round spermatids (R) and Leydig cells (L) (arrowhead) express chromatin margination and nuclear clearing. Sertoli cells
(S) show a lighter, rounder, slightly enlarged nucleus with partially condensed chromatin pattern. Pachytene spermatocytes (PP) with chromatin clumping and
slightly enlarged nuclei. (c) Mink testis with an 18 h delay before fixation. Round spermatids (R) and Leydig cells (L) show nuclei clearing and chromatin
margination (arrowhead). Sertoli cells (S) with rounder, further enlarged nuclei with fragmented chromatin pattern. (d) Mink testis with a 30 h delay before
fixation. Primary spermatocytes (P) show chromatin rearrangement to a greater extent with chromatin condensation in early primary spermatocytes (PE) (arrow)
or chromatin clumping and clearing of the cytoplasm in pachytene spermatocytes (PP). The chromatin of the round spermatids (R) shows a similar pattern as at
18 h, with nuclear clearing and chromatin margination (arrowhead), but most of the Leydig cells (L) show pyknotic nuclei (arrow). Sertoli cells are frequently
separated from the basement membrane, with enlarged and vacuolated nuclei. (e) Mink testis with a 42 h delay before fixation. It is difficult to distinguish
between the different cell types. A few pachytene primary spermatocytes (PP) are identifiable with lighter nucleus. Early primary spermatocytes are difficult to
distinguish from spermatogonia, as their nuclei are pyknotic (arrow). The chromatin of the round spermatids (R) shows chromatin rearrangement in a dense,
half-moon shape. In the interstitium, all cells have a pyknotic appearance (arrow) and it is not possible to identify different cell types. (f) Mink testis frozen after 6
h and thawed prior to fixation. It is not possible to identify different cell types, while all cell nuclei show condensed chromatin with pyknotic appearance (arrow).
The exception is the elongated spermatids that can be identified. Bar = 20 μm. S = Sertoli cell, R = round spermatid, L = Leydig cell, PE = Early primary
spermatocyte (leptotene and zygotene), PP = Pachytene spermatocyte. All testis samples were fixed in modified Davidson’s fluid and stained with HE.

doi:10.1371/journal.pone.0125139.g002
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round and elongated spermatids (Fig 1c). Spermatogonia showed overall normal morphology,
but some cells were pyknotic. Primary spermatocytes and elongated spermatids showed similar
patterns as at 6 h. Most round spermatids showed nucleus clearing and chromatin margin-
ation. Leydig cells showed the same pattern as at 6 h, but appeared slightly enlarged. The Sertoli
cells resembled the 6 h samples but appeared further enlarged, with fragmented chromatin pat-
tern and a tendency for rounder nuclei (Fig 2c). Staging of the seminiferous epithelium was
possible, but stage 1–4 and stage 5–7 were difficult to separate.

At 30 h post mortem, the seminiferous epithelium was further disorganised, with germ cells
located at abnormal positions (Fig 1d). The peritubular cells were mostly attached to the semi-
niferous epithelium, but detached cells were seen. Most spermatogonia were difficult to identify
and those seen had condensed chromatin. Primary spermatocytes were mostly identifiable, but
the chromatin had rearranged to a greater extent, with either chromatin condensation (early
primary spermatocytes) or chromatin clumping and lightening of the cytoplasm (pachytene
primary spermatocytes). The chromatin of the round spermatid showed a similar pattern as at
18 h, with nuclear clearing and chromatin margination. Elongated spermatids had normal
morphology. In the interstitial tissue, Leydig cell nuclei were mostly pyknotic. Sertoli cells were
frequently separated from the basement membrane, with enlarged and vacuolated nuclei, and
occasionally the nucleolus was dissolved (Fig 2d). In some seminiferous tubules it was not pos-
sible to identify any Sertoli cells. Staging was difficult and only possible in larger
stage categories.

At 42 h post mortem, the longest interval studied, it was difficult to distinguish between the
different cell types in the seminiferous epithelium. There was a loss of intercellular connections,
which contributes to distance and disorganisation between the germ cells. The peritubular cells
were detached from the seminiferous epithelium in many tubules (Fig 1e). Only a few sper-
matogonia with condensed chromatin pattern were identifiable. A few primary spermatocytes
were recognisable and they had either a lighter nucleus with partly condensed chromatin or
condensed pyknotic nuclei. The chromatin of the round spermatids was now rearranged into a
dense, half-moon shape. Elongated spermatids were possible to distinguish, but the location
was disorganised. In the interstitium, all cells had a pyknotic appearance and it was not possible
to identify cell types, but vessels were identifiable (Fig 2e). Sertoli cells were only occasionally
identifiable. Staging was not possible.

Testicular tissue frozen 6 h post mortem and thawed before fixation showed a complete loss
of organisation in the seminiferous tubular epithelium. The seminiferous tubules were still
identifiable, but resembled a dense mass in which peritubular cells were visible but detached
from the epithelium. All cell nuclei had condensed chromatin and appeared pyknotic (Fig 1f).
The exception was elongated spermatids, which could be identified on some occasions. In the
interstitial tissue some vessels were identifiable, but the Leydig cells were not distinguishable as
all cell nuclei had condensed chromatin (Fig 2f). Staging was not possible.

3.2.3 Morphology in Gata-4 stained sections. The tissue fixed directly post mortem (0 h)
showed distinct staining for Gata-4 of Sertoli cell nuclei in the seminiferous epithelium
(Fig 3a). In addition, a dark and distinct acrosome stain of round and elongated spermatids
was seen, which enabled distinction between spermatids in Golgi, cap, acrosome and matura-
tion phase. In the interstitial tissue, the nuclei of Leydig cells were stained with moderate inten-
sity, while fibroblasts and endothelial cells remained unstained.

In all treatments (6, 18, 30, 42 h post mortem delay and 6 h + frozen), there was no staining
of Sertoli cells. The acrosomes remained marked all through the different time periods and
freezing (Fig 3b–3d). There was a change in distinctiveness of the acrosome stain over time,
with increased difficulty in distinguishing which stained acrosome belonged to which nucleus.
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The nonspecific background stain and disorganisation of the seminiferous epithelium were
amplified as the time between euthanisation and fixation increased.

Discussion

4.1 Morphological changes may be misinterpreted as toxic damage if
fixation is delayed
Testicular histopathology is the most sensitive and reliable method for detecting testicular tox-
icity [1,2]. In the present study we examined some endpoints frequently used in testicular his-
topathology to detect reproductive toxicity and how they are affected by prolonged storage
before fixation. However, freezing the tissue prior to fixation altered the morphology so severe-
ly that no histopathological endpoints could be used and the tissue was not possible to evaluate.
The morphology of frozen tissue is therefore not discussed further below.

Fig 3. Time and freezing effects on immunohistochemical localisation of Gata-4 in mink testicular tissue. Immunohistochemical localisation of Gata-4
in mink seminiferous tubules with a delay of 0, 6 and 42 h post mortem before fixation, or frozen 6 h post mortem and thawed prior to fixation. (a) Mink testis
fixed immediately post mortem. Sertoli cells (arrowhead) stain light brown for Gata-4. Acrosomes (arrow) are stained dark brown. (b) Mink testis fixed after 6 h
of storage post mortem. Sertoli cells show no staining but acrosomes (arrow)s are stained dark brown. The seminiferous epithelium is well organised. (c)
Mink testis fixed after 42 h of storage post mortem. Note the increased disorganisation of the seminiferous epithelium. The acrosomes are still stained dark
brown (arrow), but background stain has increased. (d) Mink testis frozen after 6 h and thawed prior to fixation. The acrosomes are stained dark brown.
Bar = 50 μm. All testes samples were fixed in modified Davidson’s fluid and weak haematoxylin counterstain.

doi:10.1371/journal.pone.0125139.g003
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One of the first signs of autolysis observed in histological examination of testicular tissue in
the present study was shredded cytoplasm and germ cells occupying the seminiferous tubular
lumen, which was apparent after only 6 h of storage between euthanisation and fixation. Shred-
ding of epithelial content to the lumen of the seminiferous tubules can be a sign of tissue dam-
age. A review by Creasy [30] noted that if any cell in the testicular tissue is affected, it generally
results in exfoliation of the dead germ cell into the tubular lumen, regardless of the mechanism
of toxicity. Lanning et al. [2] therefore recommend that a search for exfoliation of germ cells
into the lumen of seminiferous tubules be performed in routine testicular histopathology. This
is supported by several studies in which animals were exposed to toxicants such as cadmium,
nickel and di (n-butyl) phthalate, reporting germ cells sloughing into the tubular lumen as a
sign of toxic damage [31–33]. The results from the present study indicated that signs of exfoli-
ated germ cells and cytoplasm in tubular lumen should be used with caution as endpoints if the
delay prior to fixation is prolonged, while it may be misinterpreted as toxic damage. In a study
examining time-dependent post mortem histopathology in rat testes, Bryant and Boekelheide
[34] observed no sloughing of the apical seminiferous tubular epithelium, even after 48 h.

In a review paper, Mathur and D'Cruz [35] state that EDCs induce DNA fragmentation and
chromatin damage, resulting in impaired testicular function. In the present study, chromatin
rearrangement and pyknotic nuclei were frequently observed. Round spermatids and Leydig
cells showed initially nuclear lightening and chromatin margination. At 30 h post mortem, the
chromatin of round spermatid rearranged in a dense, collapsed half-moon shape. Leydig cell
nuclei appeared enlarged at 18 h, followed by condensed chromatin and pyknosis at 30 h post
mortem. Some spermatogonia and primary spermatocytes were pyknotic already at 6 h. Toxi-
cologically induced dying spermatocytes show nuclear pyknosis, while round spermatids ex-
press chromatin margination [2]. These descriptions are consistent with what we found in the
present study, and could be misinterpreted as toxic damage if fixation has been delayed. Fur-
thermore, according to Lanning et al. [2], the most sensitive marker for decreased testosterone
levels in the testis is an increased number of degenerated pachytene spermatocytes and round
spermatids at stage VII. An increase in pyknotic spermatocytes was observed in the present
study already after 6 h of storage prior to fixation, and this endpoint must therefore be used
carefully if pre-fixation time is delayed. Rats show a higher incidence of apoptotic (TUNEL-
positive) spermatogenic cells after exposure to a moderate level of di (n-butyl) phthalate A and
complete germ cell loss at a higher dose [31]. In a study of time-dependent morphological
changes in rats, pyknosis was seen in spermatogonia type A after 36 h and in Leydig cells after
24 h post mortem [34]. Those authors commented that Leydig cell death is rather unusual for
most toxicological studies. However, the morphological appearance of the Leydig cell is not
considered a sensitive indicator of its function [2]. In the present study pyknosis of Leydig cells
was also observed after 30 h, which corresponds well with Bryant and Boekelheide [34], but
spermatogonia pyknosis appeared as early as 6 h post mortem.

Toxic damage can lead to germ cell death, but the dead germ cells are phagocytised by Ser-
toli cell within 24 h, resulting in generalised germ cell depletion [2]. Total germ cell depletion
was not seen in the present study. However, chromatin rearrangement in germ cells was ob-
served already after 6 h of storage and this can make it difficult to distinguish and count cells.
The reduction in germ cells per testis or in Sertoli cells and Sertoli cell only tubules was used as
the endpoint in a previous study evaluating how sewage sludge chemicals affected sheep ex-
posed in utero and post natum and the results supported the use of this endpoint [7]. No spe-
cific germ cell loss or stage-related effects are expected in chronic exposure to a testicular
toxicant owing to the duration and effect of maturation [2]. Wild animals can have been ex-
posed in both the long and short term to various EDCs, which complicates the evaluation.
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It is recommended that numbers of vacuoles within the tubular epithelium be examined [2].
No vacuolisation of the seminiferous tubular epithelium was seen in the present study with up
to 42 h of storage before fixation. This confirms findings by Bryant and Boekelheide [34] in a
study of prolonged storage of rat testes, which further supports use of the endpoint. Sitka
black-tailed deer in Alaska display focal vacuolisation in the testicular tissue, an effect that
could be attributable to environmental endocrine disruption [36].

4.2 Gross morphology was not altered by 42 h pre-fixation delay
This study showed that testicular weight was not affected by storage of mink carcasses for up to
42 h, but that it was significantly reduced by freezing the animals. Testicular weight is a known
measure of reproductive health, with a decrease generally indicating germ cell loss or impaired
spermatogenesis associated with decreased fluid production by the Sertoli cell [1,2]. Testicular
weight is therefore a frequently used endpoint in controlled laboratory studies of the impact of
EDCs on reproduction. According to Ryokkynen et al. [37], oestrogenic substances such as
phytoestrogens increase testicular weight in male mink kits exposed during gestation and lacta-
tion. In male rats exposed to environmental oestrogens in utero and during neonatal develop-
ment, testicular weight decreases as they reach adult age [38]. The results obtained in the
present study support the use of testicular weight as a parameter even if the animal has been
stored for up to 42 h between euthanisation and weighing of the testes. However, data from an-
imals frozen before weight recording should be used with caution, as freezing affected the re-
sults in our study. Bryant and Boekelheide [34] investigated the influence of prolonged storage
of testicular tissue in rats and reported a decrease in testicular weight over time, but did not
evaluate the difference statistically.

Testicular length and body weight are both commonly used endpoints in toxicological stud-
ies. In the present study these endpoints remained constant even though the tissue had been ex-
posed to prolonged storage for up to 42 h prior to measurements or to freezing, which
confirms their applicability as endpoints. According to Sonne et al. [3], there is an inverse rela-
tionship between testis length in polar bears in East Greenland and organohalogen pollutants
in their environment, which supports the use of this endpoint.

4.3 Diameter and area are more reliable endpoints than epithelial height
Epithelial height and diameter of the seminiferous tubules are frequently used parameters to
evaluate male reproduction, as known environmental chemicals, such as cadmium, nickel and
di (n-butyl) phthalate, affect these parameters [31–33]. In the present study we found that the
area and diameter of the seminiferous tubules were constant up to 30 h of storage, but at 42 h
they decreased compared with values measured in tissue fixed within 6 h post mortem. The ep-
ithelial height changed significantly between the tissue fixed immediately (0 h) and all other
groups. The diameter of the seminiferous tubules did not change, but epithelial height in-
creased significantly and all observed seminiferous lumen disappeared when fixation was de-
layed by 6 h or more. The most likely explanation for the disappearance of lumen is loss of cell-
to-cell contact, resulting in the lumen being occupied by germ cells. Another explanation could
be shrunken tubules, but that would result in decreased tubular diameter. The findings in the
present study suggest that seminiferous tubule diameter and area are predictable measures up
to 30 h of tissue storage, but that epithelial height should not be used when fixation has been
delayed. None of these parameters is suitable for use if the animals have been frozen prior to
fixation. Tissues samples should be examined for signs of dilation or contraction of the semi-
niferous tubules when evaluating testicular toxicity, as this is considered to be one of the most
sensitive parameters of testicular damage [2,30]. Sonne et al. [3] used seminiferous tubular
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diameter as an endpoint to investigate the relationship between testicular damage and organo-
halogen pollutants in East Greenland polar bears, but had to exclude animals due to suboptimal
fixation. However, the results from the present study suggest that the use of these endpoints
may be valid after certain types of suboptimal fixation.

A recent editorial published in Nature Methods [14] notes that microscopy is undergoing a
crucial evolution into a more quantitative and powerful technique with the help of bioinfor-
matics, including image analysis. Different approaches for assessing testicular histopathology
are described in the literature. The Society of Toxicologic Pathology therefore recommends
spermatogenic cycle evaluation, adding that quantitative procedures are inappropriate for
screening studies but can be valuable in follow-up studies with a specific objective in mind [1].
Quantitative evaluation of a certain type of damaged germ cell in the seminiferous epithelium
involves difficulties, because these cells are constantly dividing, resulting in renewal of the epi-
thelium. There is also a relatively large variation between individuals in some endpoints, which
results in a need for many animals per treatment group in order to detect a difference between
treatments [39]. In the present study, epithelial height, tubular diameter and tubular area were
quantified using image analysis. In contrast to many other quantitative endpoints, the varia-
tions in tubular diameter or volume between individuals and species are relatively small [40],
which makes these more reliable endpoints. The main advantage of using image analysis in
quantification is the objectivity and the greater speed of analysis.

4.4 Gata-4 is an unpredictable Sertoli cell marker
In the present study, the polyclonar antibody Gata-4 stained Sertoli cell nuclei in mink testicu-
lar tissue fixed immediately post mortem. Gata-4 also stains Sertoli cells in bulls, mice, rats,
dogs and boars [41–45], making it a suitable marker for easy detection of these cells. However,
when the time post mortem and prior to fixation was prolonged to 6 h or more, no Gata-4
marked Sertoli cells were observed in the present study, which makes the marker unsuitable
under difficult field conditions. Scudamore et al. [46] reviewed the effects of post mortem delay
on immunohistochemical labelling and highlighted the importance of both the post mortem
delay before fixation and the antibody used, as different antibodies react differently. Surprising-
ly, Gata-4 also distinctively marked the acrosomes in both round and elongated spermatids in
the present study. The stain of acrosomes seems to differ between species. Polyclonal Gata-4
stains the acrosomes of round spermatids in rats and has been suggested for use to facilitate
staging of the seminiferous epithelium [45]. This possible use of Gata-4, especially in environ-
mental research, seems promising, since the marking of acrosomes was constant with an inter-
val of up to 42 h between euthanisation and fixation in the present study. Staging was not
possible up to 42 h because the nuclear morphology was too poor, but the Gata-4 stain extend-
ed the possibility of staging.

4.5 Species differences and study limitation
Before generalising the present findings to other animal species, the size of the animal, type of
fur/ feathers and where the testes are situated should be considered, as these may affect autoly-
sis. As an example, autolysis of human liver is slower than autolysis of rat liver at 18°C [47].
The appearance of autolysis can also change depending on the organ investigated [48], an effect
which should be taken into consideration.

In the present study the group 6 h + frozen was chosen to show how freezing effected end-
points. Why we chose to leave the animals 6 h post mortem and prior freezing was to mimic
the situation in the field where it can take the hunter several hours to get back with the animals
before it can be frozen. Prolonged time prior to fixation affected epithelial height severely
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between 0 h and 6 h resulting in difficulties to separate the freeze and time effect, and a 0 h
+ frozen would have been desirable. To adjust for this limitation the 6 h + frozen was compared
with 6 h and thereby the freeze effect was isolated.

Conclusions
Knowledge of the interval between death of the animal and fixation of testicular tissue is im-
portant when interpreting the results of morphometric and histopathological analyses. Even
when fixation is delayed for up to 30 h post mortem, certain endpoints are not affected, such as
area and diameter of the seminiferous tubules, length and weight of the testis and acrosomes
marked with Gata-4. Endpoints that proved to be affected already with a 6 h delay in post mor-
tem storage were epithelial height, Sertoli cells marked with Gata-4 and morphology of the
cells. In addition, some morphological changes due to delayed fixation may be misinterpreted
as toxic damage. Freezing tissues prior to fixation severely affected most endpoints evaluated.

Perspectives
Due to the finding that the interval between death of the animal and fixation may be crucial for
obtaining valid results, future research should investigate other testicular endpoints and meth-
ods to validate their use if the pre-fixation time is delayed.
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