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Abstract
Mutations in Foxn1 and Prkdc genes lead to nude and severe combined immunodeficiency (scid) phenotypes, respectively.
Besides being immunodeficient, previous reports have shown that nude mice have lower gonadotropins and testosterone levels,
while scidmice present increased pachytene spermatocyte (PS) apoptosis. Therefore, these specific featuresmake them important
experimental models for understanding Foxn1 and Prkdc roles in reproduction. Hence, we conducted an investigation of the
testicular function in nude and scid BALB/c adult male mice and significant differences were observed, especially in Leydig cell
(LC) parameters. Although the differences were more pronounced in nude mice, both immunodeficient strains presented a larger
number of LC, whereas its cellular volume was smaller in comparison to the wild type. Besides these alterations in LC, we also
observed differences in androgen receptor and steroidogenic enzyme expression in nude and scid mice, suggesting the impor-
tance of Foxn1 and Prkdc genes in androgen synthesis. Specifically in scid mice, we found a smaller meiotic index, which
represents the number of round spermatids per PS, indicating a greater cell loss during meiosis, as previously described in the
literature. In addition and for the first time, Foxn1 was identified in the testis, being expressed in LC, whereas DNA-PKc (the
protein produced by Prkdc) was observed in LC and Sertoli cells. Taken together, our results show that the changes in LC
composition added to the higher expression of steroidogenesis-related genes in nude mice and imply that Foxn1 transcription
factor may be associated to androgen production regulation, while Prkdc expression is also important for the meiotic process.
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Introduction

A recessive autosomal mutation in the Foxn1 gene (Foxn1−/−)
leads to the nude mouse phenotype, characterized by a lack of
skin fur development and agenesis of the thymus
(Mecklenburg et al. 2005). The Foxn1 gene encodes a tran-
scription factor (Foxn1) from the winged helix/forkhead fam-
ily (Byrd 1993; Nehls et al. 1994) that consists of over 100
proteins, several of which are reported to regulate reproduc-
tion (Uhlenhaut and Treier 2011) and gonadotropin (follicle-
stimulating hormone (FSH) and luteinizing hormone (LH))

gene expression (Thackray 2014). Foxl2, for instance, has a
central role in female sex determination and is required for
normal Fshb expression (Justice et al. 2011). Moreover,
Foxo1 is important for spermatogonial stem cell self-renewal
and modulates gonadotropin beta-subunit gene expression
(Goertz et al. 2011; Skarra et al. 2013), while Foxp3 is rele-
vant for spermatogenesis and male fertility (Jasurda et al.
2014). Even though the studies regarding testis function in
nude mice are scarce, it is known that they have lower serum
levels of testosterone and gonadotropins in comparison to the
wild type (Rebar et al. 1982). Therefore, as other proteins of
the family, Foxn1 might have a potential role in hormonal
regulation and reproduction.

Mutations in the Prkdc gene lead to the severe combined
immunodeficiency (scid) phenotype. The DNA-dependent
protein kinase (DNA-PK) is an enzyme important for
repairing DNA double-strand breaks. This enzyme comprises
two subunits: one is the catalytic (DNA-PKc), encoded by the
Prkdc gene, while the other is the heterodimer Ku70/80,
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responsible for DNA recognition (Lees-Miller and Meek
2003). Despite being considered fertile, Hamer et al. (2003)
observed that scid male mice have an increase of pachytene
spermatocyte apoptosis at stage IVof the seminiferous epithe-
lium cycle (SEC), when there is a meiotic checkpoint.
Therefore, the susceptibility of this cell type to apoptosis is
related to a failure in repairing DNA double-strand breaks that
occur during genetic recombination (Hamer et al. 2003; De
Rooij and De Boer 2003).

Due to their peculiar reproductive aspects, both nude and
scid mice are potential experimental models for the under-
standing of Foxn1 and Prkdc gene roles in reproduction.
Therefore, the aim of the present study is to perform a detailed
investigation of testicular function in nude and scid mice,
seeking to provide further insights into the importance of these
genes in the regulation of spermatogenesis.

Material and methods

Animals, testis sample collection and processing

The nude mice used in this study were purchased from
Taconic, Germantown, USA and the scid mice from Fiocruz,
Bahia, Brazil. Sixteen sexually mature (70 days) male mice,
from each of the investigated strains (BALB/c wild type,
BALB/c nude and BALB/c scid), were used in the following
distribution for each group: nine animals were used for light
microscopy and histomorphometry, four were used for immu-
nohistochemistry and three had their testis collected for qPCR
gene expression analyses. The wild-type mice were housed in
a standard animal facility and the immunodeficient mice were
housed in filtered microisolator cages, with a ventilated rack
system (Alesco®), under a controlled photoperiod (12 h light,
12 h dark), with access to autoclaved water and rodent food ad
libitum.

In accordance with the animal experimentation guidelines,
in the present study, we sought to use the minimum necessary
number of animals to obtain a biological response. Therefore,
by determining the sample size based on the most instable
variable that was established as the Leydig cell number per
gram of testis (Auharek et al. 2011), the experimental number
of animals needed was obtained from a calculation made ac-
cording to Sampaio (2002). Hence, our histomorphometric
analysis was statistically validated using nine animals per
group.

The mice used for histomorphometry (n = 9 per group) and
immunohistochemistry (n = 4 per group) were weighed, anes-
thetized with an intraperitoneal injection of pentobarbital
(150 mg/kg, Thiopentax®; Cristalia, Brazil) and perfusion-
fixed with glutaraldehyde 4% in 0.05 M phosphate buffer
(for histomorphometric analysis) or Bouin’s solution (for
immunohistochemistry), following the procedure described

by Sprando et al. (1990). After fixation, testes were weighed
and sectioned in smaller fragments with a razor blade. The
testis fragments were dehydrated in increasing alcohol con-
centrations and embedded in glycol methacrylate (Leica
Biosystems, Germany) for histomorphometric analysis or
P a r a p l a s t ® ( S i g m a - A l d r i c h , G e r m a n y ) f o r
immunohistochemistry.

For the gene expression analysis, the mice (n = 3 per group)
were weighed, euthanized and orchiectomized; had their testis
frozen in liquid nitrogen; and were stored at − 80 °C. The
messenger RNA (mRNA) relative levels of androgen receptor,
3-beta-hydroxysteroid dehydrogenase (3BHSD) and aroma-
tase were analyzed. Beta-actin expression was used as an in-
ternal control.

Histomorphometric analysis

Seminiferous tubular diameter and height of the seminiferous
epitheliumwere measured from 20 tubules per animal at 400x
magnification using an ocular micrometer calibrated with a
stage micrometer. The volume densities of testis tissue com-
ponents were determined from 15 randomly chosen fields per
animal using a 441-point intersection grid placed in the eye-
piece of a light microscope (6615 points) at 400x magnifica-
tion. Points were classified as one of the following: seminif-
erous tubules (comprising tunica propria, seminiferous epithe-
lium and lumen), Leydig cells, connective tissue, blood and
lymphatic vessels. The volume of each testis component was
determined as the product of its volume density and testis
volume (the testis capsule was excluded from the testis
weight). The total length of the seminiferous tubule was ob-
tained by dividing the seminiferous tubule volume by the
square radius of the tubule times π (Attal and Courot 1963;
Dorst and Sajonski 1974).

For the cell counts, spermatogonia, pre-leptotene/leptotene
spermatocytes, pachytene spermatocytes, round spermatids
and Sertoli cell (SC) nucleoli present at stage VII of the sem-
iniferous epithelium cycle were counted in 10 round or nearly
round seminiferous tubule cross-sections, chosen at random,
for each animal. These counts were corrected for section
thickness (4 μm) and nuclear or nucleolar diameter according
to Abercrombie (1946), as modified by Amann and Almquist
(1962). For this purpose, the diameters of 10 nuclei or nucleoli
were measured per animal for each cell type analyzed. Cell
ratios were obtained from the corrected counts obtained at
stage VII. The total number of SC was determined from the
corrected counts of SC nucleoli per seminiferous tubule cross-
section and the total length of seminiferous tubules according
to Hochereau-de Reviers and Lincoln (1978). Daily sperm
production (spermatogenic efficiency) was determined ac-
cording to the formula developed by Franca (1992), as fol-
lows: DSP = total number of SC per testis × ratio of round
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spermatids to SC at stage VII × stage VII relative frequency
(%) / stage VII duration (days).

Regarding Leydig cells (LC), as their nucleus in mice is
round or nearly round, the nuclear volume was easily deter-
mined from its mean nuclear diameter. For this purpose, 30
nuclei showing an evident nucleolus were measured for each
animal. LC nuclear volume was obtained by the formula 4 /
3πr3, where r is nuclear diameter / 2. To calculate the propor-
tion between nucleus and cytoplasm and the cytoplasmic vol-
ume, a 441-point intersection grid was placed over the sec-
tioned material at × 1000 magnification and one thousand
points over LC per testis were counted for each animal. The
volume of each individual LC was obtained as the sum of its
nuclear and cytoplasmic volumes. The number of LC per tes-
tis was estimated from the LC individual volume and the
volume density occupied by LC in the testis parenchyma.

Quantitative qPCR gene expression

The primers sequences chosen for the testicular mRNA rela-
tive level analysis (Table 1) were obtained from validated
sequences at the PrimerBank (http://pga.mgh.harvard.edu/
primerbank) and synthetized by Integrated DNA
Technologies (IDT®). Total RNA was extracted using
TRIzol® (Thermo Fisher Scientific, USA) according to the
manufacturer’s instructions and its concentration was
determined by spectrophotometry in NanoDrop 2000
(NanoDrop Inc., Wilmington, DE, USA). After that, the
volume corresponding to 2 μg of RNA was subjected to
reverse transcription followed by a polymerase chain
reaction. Using the cDNA generated, the qPCR was
performed using SYBR Green Supermix 240 (Bio-Rad,
Marnes la Coquette, France) and each assay was replicated
with the same parameters. Data were normalized to beta
actin, as a reference gene, which showed a constant
expression pattern under the conditions analyzed. All
procedures were carried out as described by Morais et al.
(2017).

Immunohistochemistry

For the immunohistochemistry analyses, the procedures were
as follows: testis sections were mounted on coated slides,
dewaxed and rehydrated in decreasing alcohol concentrations.
Then, antigen retrieval was performed in citrate buffer
(pH 6.0) for 5 min after boiling in a microwave oven. Slides
were incubated in 30% hydrogen peroxide (Sigma-Aldrich) to
block endogenous peroxidase activity. Nonspecific binding
sites were blocked with 10% normal serum for 30 min, before
the addition of primary antibodies and incubation overnight at
4 °C. After this procedure, the slides were exposed to the
appropriate secondary antibodies for 60 min at room temper-
ature. Detection of the signal was performed by incubating the
sections in streptavidin (TS-125-HR, Thermo Scientific) for
30 min, followed by a reaction with peroxidase substrate 3,3-
d i aminobenz id ine (DAB) (S igma-Ald r i ch ) and
counterstaining with hematoxylin (Merck).

We used primary antibodies against androgen receptor
(1:150, cat no. SC-815; Santa Cruz Biotechnology, USA),
the steroidogenic enzyme aromatase (1:300, cat no. PA5-
19633; Thermo Fisher Scientific, UK) and 3BHSD (1:750,
cat no. SC-30820; Santa Cruz Biotechnology, USA), as well
as antibodies anti-Foxn1 (1:400, cat no. SC-30195; Santa
Cruz Biotechnology, USA) and anti-DNA-PKc (1:250, cat
no. SC-9051; Santa Cruz Biotechnology, USA). The slides
were qualitatively analyzed in order to evaluate which cell
types were labeled as well as their location in the testicular
parenchyma.

In order to better evaluate the expression of the androgen
receptor, aromatase and 3BHSD, we decided to perform a
second method of analysis. Thus, in addition to mRNA quan-
tification by qPCR, we also performed a semiquantitative
analysis of the intensity of labeling obtained for those proteins
assessed through immunohistochemistry, as previously de-
scribed elsewhere (Dornas et al. 2007, 2008; Oliveira et al.
2013). For this analysis, six random images were captured
from the testicular parenchyma of each animal using an
Olympus BX60 microscope with a coupled camera. The im-
ages were treated to convert to gray scale in Photoshop CS3
v10.0 and the pixel intensity was measured from 30 to 60
labeled cells per animal using ImageJ 1.47t, normalized by
the pixel intensity obtained in the background of the image
(lumen of seminiferous tubules or blood vessels).

Statistical analysis

Values are expressed as mean ± standard error of the mean
(SEM) and were tested for normality and homoscedasticity of
the variances. Data were analyzed accordingly using ANOVA
and the means were compared using the Student-Newman-
Keuls test. Pearson’s correlation was used to evaluate the re-
lationship between two variables. All analyses were

Table 1 Primers used for gene expression

Primer Sequence

Androgen receptor forward 5′-CTGGGAAGGGTCTACCCAC-3′

Androgen receptor reverse 5′-GGTGCTATGTTAGCGGCCTC-3′

Aromatase forward 5′-ATGTTCTTGGAAATGCTGAA
CCC-3′

Aromatase reverse 5′-AGGACCTGGTATTGAAGACGAG-3′

3-Beta-HSD forward 5′-TGGACAAAGTATTCCGACCAGA-3′

3-Beta-HSD reverse 5′-GGCACACTTGCTTGAACACAG-3′

Beta-actin forward 5′-GGCTGTATTCCCCTCCATCG-3′

Beta-actin reverse 5′-CCAGTTGGTAACAATGCCATGT-3′
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performed using GraphPad Prism 6 (GraphPad Software, Inc.)
and the significance level considered was p < 0.05.

Results

Biometric data

The body and testicular weights and gonadosomatic index are
shown in Table 2. No difference was observed in the body
weight among the three groups. On the other hand, in com-
parison to the wild type, the testis weight and gonadosomatic
index (ratio between total testis mass and body mass) were
significantly smaller in the nude mice.

Histomorphometric analysis

As observed in Table 2, although the tubular diameter and
seminiferous epithelium height were higher in the nude mice
in comparison to the other groups, the total length of seminif-
erous tubules per testis was significantly smaller in this strain.

The volume density (%) and absolute volume (μl) of each
testicular component are summarized in Table 3. The
intertubular compartment and LC volume densities were dif-
ferent among the three groups and higher values were ob-
served in the immunodeficient strains, particularly for the scid
mice. Because the higher values were found for the scid mice
intertubular compartment and LC, this pattern was also
followed for absolute volumes. Therefore, a positive and sig-
nificant correlation between intertubular compartment and LC
occupancy was found for nude (r = 0.82) and scid (r = 0.91)
mice. Additionally, significant differences were observed for
blood vessels, lymphatic space and connective tissue occu-
pancies. The absolute volume and the percentage of blood
vessels were significantly reduced, while connective tissue
volume density and the absolute volume were significantly
increased in scid mice, when compared to the other groups.
The lymphatic space volume density, as well as the absolute
volume, were smaller in nude mice and showed an

intermediate value in scid mice when compared to the wild
type. On the other hand, as expected, the tubular compartment
volume density and the absolute volume showed an opposite
pattern when compared to the intertubular space, and the
smallest values were found for the immunodeficient strains.
In the tubular compartment, significant differences were ob-
served for lumen and tunica propria absolute volumes and the
volume densities. Hence, when compared to the wild type, the
smallest lumen occupancy was observed for scid mice, while
nude mice presented an intermediate value. An opposite pat-
tern was found for tunica propria, once the highest value was
found for scid mice.

Cell counts

The cell counts and ratios obtained at stage VII of the semi-
niferous epithelium cycle are shown in Table 4. The lowest SC
efficiency was observed in scid mice, with approximately 8
round spermatids supported by each SC. The meiotic index,
which expresses the number of round spermatids produced
per pachytene spermatocyte and represents the cell loss during
meiosis, was lower for scid, in comparison with nude and
wild-type mice.

Still focusing on SC, its numbers per testis and per gram of
testis were significantly higher in the scid mice than in the
other two strains. Furthermore, as shown in Table 4, daily
sperm production per testis was significantly smaller in nude
mice, whereas this parameter per gram of testis was higher in
the scid mice. Therefore, as expected, daily sperm production
per testis showed a positive and significant correlation with
the SC number per testis in wild-type, nude and scid strains
(r = 0.84, r = 0.86 and r = 0.73, respectively).

Substantial differences were observed in the LC parameters
(Table 5). In this regard, the nuclear, cytoplasmic and individ-
ual volumes of LC in nude mice were the lowest volumes
found in this study. Interestingly, the number of LC per testis
and per gram of testis were also significantly different among
the strains investigated, showing an opposite trend when com-
pared to the cellular volume. In this regard, LC number was

Table 2 Biometric and morphometric data in BALB/c wild-type, nude and scid mice (mean ± SEM)

Wild type Nude scid

Body weight (g) 26 ± 0.5 28 ± 0.8 25 ± 1

Testis weight (mg) 102 ± 2a 83 ± 5b 89 ± 6ab

Gonadosomatic index (%) 0.8 ± 0.02a 0.6 ± 0.03b 0.7 ± 0.03a

Tubular diameter (μm) 224 ± 2a 243 ± 3b 212 ± 3c

Seminiferous epithelium height (μm) 77 ± 1a 84 ± 2b 76 ± 1a

TLST/testis (m) 2.3 ± 0.07a 1.5 ± 0.09b 2.1 ± 0.15a

TLST/testis g (m) 23 ± 0.4a 19 ± 0.4b 25 ± 0.6c

Different letters in the same line indicate significant differences (p < 0.05) among groups

TLST total length of seminiferous tubules
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highly increased in nude mice in comparison with the other
two groups.

Immunohistochemistry and qPCR gene expression

The protein localization, pixel intensity quantification and
relative gene expression levels of the androgen receptor,
3BHSD and aromatase are shown in Figs. 1, 2, and 3,
respectively. In general, the results from qPCR and pixel
intensity measurement followed a similar pattern. As ex-
pected, androgen receptor expression was restricted to the
nuclear compartment of the peritubular myoid cell, endo-
thelial cell, SC and LC (Fig. 1). The pixel intensity analysis
showed stronger labeling intensity of this receptor in the
LC of immunodeficient mice (nude and scid) when com-
pared to the wild type (p < 0.05). The evaluation of mRNA
indicated that, when compared to the baseline (wild type),
the androgen receptor levels were 25-fold higher for both
immunodeficient mice strains.

The LC cytoplasmic localization of the steroidogenic en-
zymes 3BHSD (Fig. 2) and aromatase (Fig. 3) was conserved
among strains. However, the labeling levels of 3BHSD, as
demonstrated by the evaluation of pixel intensity, were higher
in nude mice whereas aromatase was equally expressed
among strains. A similar pattern was observed from qPCR
analyses. 3BHSD mRNA levels were about 25-fold and 50-
fold higher in scid and nude mice, respectively. In addition, an
increase of approximately 15-fold in aromatase mRNA levels
was observed in nude testis when compared to the wild type.
On the other hand, the aromatase mRNA levels were similar
between scid and wild-type mice.

Foxn1 expression was observed specifically in LC regard-
less of mice strains (Fig. 4). However, the intracellular distri-
bution of this protein was found to be different, depending on
the strain; hence, in wild-type and scid mice, Foxn1 presented
both cytoplasmic and nuclear localization, whereas in nude
mice, the nuclear labeling was rarely observed. Regarding

Table 3 Volume density (%) and absolute volumes (μl) of testis components in BALB/C wild type, nude and scid mice (mean ± SEM)

Wild type Nude scid
Volume density % (μl)

Seminiferous tubules 92 ± 0.004a (91 ± 2)a 90 ± 0.01b (72 ± 5)b 88 ± 0.01c (76 ± 6)b

Seminiferous epithelium 80 ± 0.01 (79 ± 2)a 78 ± 0.005 (62 ± 4)b 78 ± 0.01 (67 ± 6)ab

Lumen 9.4 ± 0.01a (9.3 ± 0.8)a 7.5 ± 0.005b (6 ± 0.6)b 4.1 ± 0.001c (3.5 ± 0.3)c

Tunica propria 3 ± 0.001a (2.9 ± 0.1)a 4.5 ± 0.002b (3.5 ± 0.2)a 6.2 ± 0.004c (5.3 ± 0.6)b

Intertubular compartment 8 ± 0.004a (7.8 ± 0.4)a 10 ± 0.01b (7.9 ± 0.5)a 12 ± 0.01c (10.2 ± 0.5)b

Leydig cells 4 ± 0.004a (3.9 ± 0.4)a 7 ± 0.006b (5.6 ± 0.6)b 9 ± 0.01c (7.3 ± 0.3)c

Blood vessels 2.6 ± 0.003a (2.5 ± 0.3)a 2.6 ± 0.004a (2 ± 0.3)a 1.5 ± 0.002b (1.2 ± 0.2)b

Lymphatic space 0.93 ± 0.001a (0.9 ± 0.1)a 0.13 ± 0.0004b (0.1 ± 0.03)b 0.45 ± 0.001c (0.4 ± 0.1)c

Connective tissue 0.5 ± 0.0003a (0.5 ± 0.04)a 0.3 ± 0.001a (0.2 ± 0.08)a 1.5 ± 0.002b (1.3 ± 0.2)b

Different letters in the same line represent significant statistical difference (p < 0.05)

Table 4 Cell counts and ratios per seminiferous tubule cross-section at stage VII of the seminiferous epithelium cycle in BALB/c wild type, nude and
scid mice (mean ± SEM)

Wild type Nude scid

Sertoli cell (SC) nucleoli 6 ± 0.2a 7.2 ± 0.3b 8.1 ± 0.4b

Type A spermatogonia 1.4 ± 0.1a 1.2 ± 0.1b 1.9 ± 0.1c

Pre-leptotene/leptotene spermatocytes 30 ± 1a 25 ± 1b 30 ± 1a

Pachytene spermatocytes (P) 27 ± 1 28 ± 1 30 ± 1

Round spermatids (R) 63 ± 2 69 ± 4 62 ± 2

Sertoli cell efficiency (R/SC) 10.5 ± 0.2a 9.8 ± 0.5a 7.9 ± 0.5b

Meiotic index (R/P) 2.3 ± 0.004a 2.5 ± 0.1a 2.1 ± 0.04b

Sertoli cell per testis (× 106) 3.5 ± 0.1a 2.8 ± 0.2a 4.3 ± 0.3b

Sertoli cell per g of testis (× 106) 35 ± 1a 35 ± 2a 51 ± 3b

Daily sperm production per testis (× 106) 4.1 ± 0.2a 3.1 ± 0.3b 3.8 ± 0.3ab

Daily sperm production per g of testis (× 106) 41 ± 1ab 38 ± 2a 44 ± 2b

Different letters in the same line represent significant statistical difference (p < 0.05)
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DNA-PKc, its expression followed a cytoplasmic distribution
in both LC and SC, in wild-type, nude and scid mice (Fig. 4).

Discussion

Although nude and scid mice are important experimental
models, there are few reports in the literature regarding their
reproductive biology. Therefore, analysis of their testicular
structure and function is highly relevant. We comparatively
evaluated several important testis morphofunctional parame-
ters in sexually mature nude, scid and wild-type mice. Our
main findings strongly suggest that the Foxn1 gene may be

involved in testis endocrine regulation, since substantial dif-
ferences were observed in nude mice regarding LC, such as
number and size, as well as the expression of steroidogenic
enzymes. As related to scid mice, the results indicate a rele-
vant role for the Prkdc gene in SC and germ cells, as signifi-
cant increases were observed on SC number and daily sperm
production.

It is noteworthy that bothmutated genotypes did not induce
alterations in testicular cytoarchitecture, since the basic struc-
ture of the seminiferous epithelium was preserved. Despite
that, differences were observed in several histomorphometric
parameters. Interestingly, even though they do not have an
increase in Sertoli and germ cell numbers, nude mice

Table 5 Leydig cell parameters in BALB/c wild-type, nude and scid mice (mean ± SEM)

Wild type Nude scid

Nuclear diameter (μm) 7.6 ± 0.1a 6.6 ± 0.1b 7.3 ± 0.1a

Leydig cell individual volume (μm3) 1444 ± 99a 619 ± 63b 967 ± 43c

Nuclear volume (μm3) 228 ± 5a 155 ± 8b 207 ± 10ab

Cytoplasmic volume (μm3) 1216 ± 95a 465 ± 57b 760 ± 35c

Leydig cell number per testis (× 106) 2.8 ± 0.4a 9.5 ± 1.1b 7.6 ± 0.2c

Leydig cell number per g of testis (× 106) 28.7 ± 4a 121.9 ± 14b 92.3 ± 7c

Different letters in the same line represent significant statistical difference (p < 0.05)

Fig. 1 Androgen receptor
expression. Immunolabeling in
the Leydig, peritubular myoid and
Sertoli cell nucleus in BALB/c
wild-type (a), nude (b) and scid
(c) mice. Inserts show the nega-
tive control. d Pixel intensity
quantification. e Gene expression
by qPCR. The dashed line in e
represents the value of 1, deter-
mined for the wild type, and the
columns refer to the relative
amount of mRNA in the two
groups evaluated. LC Leydig cell;
PTM peritubular myoid cell; SC
Sertoli cell. Different letters and
asterisks represent significant sta-
tistical difference (p < 0.05).
Bar = 14 μm
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showed a higher tubular diameter and a taller seminiferous
epithelium height. Although these are related parameters, a
decrease in the amount of cells does not necessarily result in
a lower epithelium height. This is a very complex and intricate
issue that surely deserves further investigation using other
methodologies. For instance, Gholami et al. (2015) considered
that in some particular conditions, disordered arrangements in
the cells or structural adjustments may compensate the epithe-
lium height by increasing the distance between cells.

Furthermore, some differences were also observed in
the absolute volume and volume density of several param-
eters. In the immunodeficient strains, the volume of sem-
iniferous tubules was lower than that in the wild type,
while the proportion of the intertubular compartment
was increased, mainly due to the higher LC occupancy.
In fact, many interesting results were observed for those
cells, especially in nude mice. So, since LCs have a small-
er individual volume, it seems that their increased total
number may be a compensatory mechanism to ensure
normal androgen levels and therefore maintain homeosta-
sis. Corroborating these data, a similar LC pattern was
also observed in iNOS-deficient mice (Auharek et al.
2011). In this regard, it was important to evaluate the
function of these steroidogenic cells, especially because

it is already known that testosterone levels are reduced
in adult nude mice (Rebar et al. 1982).

Nevertheless, in the present study, we found that, in com-
parison to the wild type, LC from both immunodeficient
strains presented stronger labeling and higher mRNA levels
of androgen receptor. It is already documented in the literature
that castrated rats have increased androgen receptor mRNA
levels as a response to lower levels of circulating testosterone
(Tan et al. 1988). Therefore, the same type of receptor upreg-
ulation could be happening as a compensatory mechanism,
once nude mice have a lower level of circulating androgens,
leading to a higher expression of its receptor. Furthermore,
some studies already showed that LH is essential for the ex-
pression of the P450c17 steroidogenic enzyme but not for
3BHSD (Keeney et al. 1988). Since Foxn1 mutant mice have
lower gonadotropin levels (Rebar et al. 1982), the higher ex-
pression of 3BHSD may indicate an attempt to compensate
lower levels of LH, in order to better use the available sub-
strate (pregnenolone), once its synthesis could be downregu-
lated. Another important steroidogenic enzyme is aromatase,
which converts androgen into estrogen (Genissel et al. 2001).
Once there are less androgens in nude mice (Rebar et al.
1982), the increase in aromatase mRNA levels in this strain
also suggests a compensatory mechanism to ensure suitable

Fig. 2 3β-HSD expression.
Immunolabeling in the Leydig
cell cytoplasm in BALB/c wild-
type (a), nude (b) and scid (c)
mice. Inserts show the negative
control. d Pixel intensity
quantification. e Gene expression
by qPCR. The dashed line in e
represents the value of 1,
determined for the wild type and
the columns refer to the relative
amount of mRNA in the two
groups evaluated. LC Leydig cell.
Different letters and asterisks
represent significant statistical
difference (p < 0.05). Bar =
14 μm
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estrogen levels, in order to maintain testicular physiological
function.

Thus, the evaluation of localization and grade of protein
expression in Leydig cell was enabled, once immunohisto-
chemistry preserves the tissue cytoarchitecture. Therefore,
the measurement of pixel intensity, observed for many authors
(Dornas et al. 2007, 2008; Oliveira et al. 2013) as a suitable
methodology for evaluating protein occurrence, was consid-
ered in the present study as a qPCR complementary tool that
provided some important information regarding differential
expression of steroidogenic enzymes and androgen receptor
across the strains.

Spermatogenesis requires a balance between proliferation
and apoptosis, which regulates the number of germ cells sup-
ported by each SC, ensuring the homeostasis of sperm pro-
duction. The highest germ cell loss inmeiosis was found in the
scid mice and it is consistent with previous reports describing
more apoptosis in pachytene spermatocytes at stage IVinmice
carrying the Prkdc gene mutation (Hamer et al. 2003; De
Rooij and De Boer 2003). Consequently, an important param-
eter that ultimately defines daily sperm production, the SC
efficiency, was found to be reduced in scid mice (7.9 round
spermatids per SC), a value comparable to the less efficient

species already investigated, such as dog and marmoset (Lara
et al. 2018).

In rodents, SC proliferation occurs during fetal and postna-
tal periods and is mainly regulated not only by FSH and an-
drogens but also by the insulin family of growth factors,
activin and cytokines (Desjardins and Ewing 1993;
Meachem et al. 2005; Scott et al. 2008; Lucas et al. 2014;
Meroni et al. 2019). Interestingly, in the Sertoli cell–
selective androgen receptor knockout (SCARKO) mouse,
the final number of Sertoli cells is unaltered, while the andro-
gen receptor knockout (ARKO) mouse exhibits a progressive
reduction in SC number/testis (Tan et al. 2005). This happens
because androgens do not modulate SC proliferation via direct
action on SC, since SC starts expressing androgen receptor
when they become mature and stop proliferating. Therefore,
androgen receptor expression in other testicular cell types (es-
pecially peritubular myoid cells (PTMCs)) is considered an
important mediator for the stimulatory effect of testosterone
on Sertoli cell proliferation (Buzzard et al. 2003; Tan et al.
2005).

The higher SC number observed in scid mice may suggest
a higher proliferative activity or an extension of its prolifera-
tive period. Although there are no reports concerning the hor-
monal profile of scid mice during postnatal development, our

Fig. 3 Aromatase expression.
Immunolabeling in the Leydig
cell cytoplasm in BALB/c wild-
type (a), nude (b) and scid (c)
mice. Inserts show the negative
control. d Pixel intensity
quantification. e Gene expression
by qPCR. The dashed line in e
represents the value of 1,
determined for the wild type and
the columns refer to the relative
amount of mRNA in the two
groups evaluated. LC Leydig cell.
Different letters and asterisks
represent significant statistical
difference (p < 0.05). Bar =
14 μm
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indirect evaluation of androgen action by androgen receptor
and 3BHSD analyses indicated a higher expression of these
proteins in the testis of adult scid mice. Therefore, it is reason-
able to hypothesize that androgens’ indirect effect, possibly
exerted through the secretion of paracrine factors (such as
activin A, produced by PTMC), stimulates SC proliferation
in scid mice. Due to the observed increase in SC number, total
seminiferous tubule length and daily sperm production, which
are highly correlated parameters, the scid mice showed the
highest spermatogenic efficiency (daily sperm production
per gram of testis) among the three groups investigated, de-
spite its lowest SC efficiency.

The transcription factor Foxn1 is translocated to the cell
nucleus after phosphorylation, where it regulates the expres-
sion of several genes (Mecklenburg et al. 2005). In the present

study, we observed that Foxn1 was equally expressed in the
LC cytoplasmic compartment across the strains, whereas its
nuclear expression was rarely observed in nude mice. The
difference regarding intracellular distribution of Foxn1 protein
is probably explained by the fact that nude mice mutation
generates a premature stop codon, producing an unstable in-
active protein that lacks the DNA binding domain (Nehls et al.
1994; Brissette et al. 1996). Therefore, although still produc-
ing the protein, as observed by its presence in the LC cyto-
plasm, Foxn1 expression was rarely seen in the nucleus, being
inactive in nude mice. In this context, the cytoplasmatic/
nuclear distribution of the Foxn1 transcription factor in the
wild-type LC strongly suggests its participation in the genetic
regulation of the function of these cells, possibly in the ste-
roidogenic pathway. This type of steroidogenic regulation is

Fig. 4 Distribution of Foxn1 and
DNA-PKc in the testis.
Expression of the transcription
factor Foxn1 in the testis of
BALB/c wild type (a), nude (b)
and scid (c) mice. a, c The
expression of the protein in the
cytoplasm and nucleus of the
Leydig cells. b The nuclear
labeling is absent in the Leydig
cells. Distribution of the protein
DNA-PKc in the testis of BALB/c
wild-type (d), nude (e) and scid
(f) mice. Note the cytoplasmic
labeling in the Leydig and Sertoli
cells. LC Leydig cell; SC Sertoli
cell. Bar = 14 μm
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already observed for another protein of the forkhead family,
Foxl2, which is a transcription factor involved in the modula-
tion of the expression of steroidogenic acute regulatory pro-
tein (StAR) and aromatase (CYP19A1) genes (Pisarska et al.
2004; Pannetier et al. 2006).

Regarding the DNA-PK enzyme, its presence was already
described in the germ cell nucleus and in the cytoplasm of SC
and LC (Hamer et al. 2003). Therefore, once this protein was
observed in the cytoplasm of SC and LC in the present study,
our results indicate the involvement of these somatic cells in
the synthesis of the catalytic subunit of DNA-PK repair en-
zyme. The Prkdc gene mutation also leads to a premature stop
codon, synthesizing an unstable protein that accumulates in
the cytoplasm (Blunt et al. 1996), which explains the expres-
sion of this protein also in scid mice testis.

It is important to mention that even though nude and scid
mice strains share an immunodeficient phenotype, our results
indicate that testicular alterations in these mice are probably
more related to their genotypes than to the immunodeficiency
itself. Corroborating that, we observed that many parameters
differed between nude and scid mice, which indicates that
several and different mechanisms led to the distinct observed
testicular alterations. Moreover, suggesting a particular role
for these proteins in testis function, we identified the expres-
sion of DNA-PKc and Foxn1 in the testis.

Taken together, our present findings provide a better under-
standing of nude and scid mice adult testis function. For the
first time, we showed that Foxn1 and DNA-PKc proteins
might play a role in maintaining testis physiology.
Considering these quite relevant results and, in order to better
understand the involvement of Foxn1 in testis function, we are
currently investigating the role of this transcription factor dur-
ing postnatal testis development, particularly focusing on LC.
In summary, the immunodeficient nude and scid mice have
unique testicular characteristics that make them adequate
models to investigate the testis regulatory mechanisms, in par-
ticular the pathways involved in the control of SC and LC
proliferation and function in mammals.
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