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Abstract

Background Surfactant proteins A (SP-A) is integral components of the host defense system, known for their significant
antimicrobial properties and diverse immunomodulatory functions, particularly within the lung alveolus. Although SP-A
is expressed in the testis, its specific roles in testicular cells, especially in relation to spermatogenesis, remain inadequately
characterized.

Objective This study addresses the gap by investigating the localization and expression of SP-A in rat testis tissue at 5, 20,
50, and 70 days of postnatal development. Additionally, it examines the localization of SP-A in developing spermatid to
spermatozoa within seminiferous tubules.

Materials and Methods Wistar albino rats were divided into four groups (N =6 per group) based on distinct postnatal
developmental days (PNDs): 5, 20, 50, and 70. The expression level of SP-A was estimated using Western blotting, and
immunohistochemistry analysis was conducted.

Results At PND 50, SP-A immunoreactivity was present in elongating spermatids (steps 9-15) and increased at PND 70.
Notably, SP-A signals in elongated spermatids (steps 16—19) at PND 50 intensified and peaked at step 16 in early-stage I-1I
at PND 70 and began to decrease in steps 17-19 in stages IV-XIV at PND 70. Western blot analysis of testis tissue extracts
also confirmed the gradual increase in SP-A expression corresponding to postnatal development days.

Conclusion These findings suggest that SP-A may serve similar functions in rat testicular tissue as in lung alveoli, includ-
ing roles in innate immunity, host defense, modulation of the immune response, regulation of inflammation, and protection
against infections also may play a role in spermatogenesis and steroidogenesis.
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1 Introduction

The mammalian testis is an immune privileged tissue coor-
dinated by endocrine and paracrine systems. It is maintained
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of 28-36 kDa, playing a variety of roles within the lung
alveolus [3]. As a member of the C-type lectin (collectin)
family, SP-A consists of collagenous carbohydrate-binding
proteins that function as opsonins against pathogens through
the carbohydrate recognition domain (CRD) [4]. SP-A plays
a pivotal role in innate host defense by binding to pathogens
via the CRD, resulting in the aggregation of bacteria and
neutralization of viruses [5—12]. Additionally, SP-A facili-
tates the clearance of apoptotic and necrotic cells, reduces
allergic responses, and promotes the resolution of inflam-
mation [13].

Moreover, SP-A is an important pattern recognition pro-
tein in innate immunity and the regulation of inflammatory
processes, enhancing phagocytosis by alveolar macrophages
within the alveolar space [14, 15]. Studies using SP-A trans-
genic mouse models to determine the role of SP-A in host
defense have demonstrated that SP-A knockout mice exhibit
increased susceptibility to bacterial and viral infections
[16, 17]. SP-A has an integral role in regulating innate host
defense within lung.

SP-A protein is primarily present on the mucosal surface
of the lung alveolus; however, it is also found in several
extrapulmonary organs, including those of the male geni-
tal tract, prostate, spermatozoic secretions, spermatogonia,
spermatocytes, Sertoli cells, and Leydig cells of healthy
human testis [18]. It has been previously demonstrated that
SP-A protein, as well as other collectin family members such
as SP-D and Mannan Binding Lectin-A (MBL-A), increase
in murine testis at puberty. This increase is regulated by
testosterone and modulated by lipopolysaccharide (LPS),
indicating a role for these proteins in infection and inflam-
mation in the testis. [19].

It has been previously reported that SP-A is present in the
midpiece, the tail, and sometimes at the equatorial region of
human spermatozoa (Kankavi et al. 2008) [20]. The presence
of SP-A in the male reproductive tract of humans, rodents,
and stallions has been reported [18, 20, 21]. In contrast to
Kankavi et al. [20], Beileke et al. [18] did not detect SP-A
at the protein level in human spermatozoa. However, the
primary findings of Kankavi et al. [20] supported those of
Rokade and Madan [22], who showed that SP-A and SP-D
proteins were localized on murine sperm head and tail.

Lamellar bodies (LBs) are subcellular structures that can
be demonstrated by electron microscopy. Originally, LBs
were believed to be present only in the lungs. These LBs are
located in type II cells of the lung alveoli, forming an inte-
gral part of the lung surfactant system. However, their pres-
ence is not restricted to the lungs [23]. The extrapulmonary
presence of SP-A protein, as well as annulated lamellae (AL)
in Leydig cells [24], raises questions about their functional
roles in these cells, which remain unanswered.

As supported by large number of studies, the expression
of SP-A has been shown in the testis of rat, mice, human and
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stallion. However, there is no data concerning the investiga-
tion of SP-A in postnatal morphogenesis in rat testis and
exact cellular immunolocalization in the testis remains
unclear. Specific localization and the presence of SP-A in
the different steps and stages of postnatal developments,
which suggests a possible role of SP-A in testicular steroi-
dogenesis and germ cell proliferation in the rat testis and as
well as in the Leydig cell.

In the present study, our objective was to establish a
concrete expression pattern of SP-A in the rat testis, with
particular interest in spermatids and their transition to sper-
matozoa during postnatal development. The localization of
SP-A in the rat testis tissue was determined using immuno-
histochemistry, while changes in SP-A protein levels were
examined through Western blotting at different PNDs. The
results may provide insights into how SP-A is involved in
the development and function of the testis.

2 Material and Methods
2.1 Developmental Time Periods

The rats were categorized into four developmental time
periods, designated by postnatal days (PNDs), which are
established for male rats and are used to characterize micro-
scopic changes. These periods are defined as neonatal (PND
5), infantile (PND 20), postpubertal (PND 50), and mature
(PND 70) for Wistar albino rats, as previously described by
Ojeda et al. (1980) [25].

2.2 Methods

Wistar albino rats were housed under 12-h light—dark cycles
with food and water provided ad libitum. The study pro-
tocols were approved by the Experimental Animal Ethics
Committee at Burdur Mehmet Akif Ersoy University, Tur-
key (Approval No. 2024-02-14/1270). Rats were divided
into four groups based on distinct developmental days as
PND 5, PND 20, PND 50, and PND 70. Each group com-
prised six animals. After euthanasia, tissue specimens were
obtained for immunohistochemical examination and Western
blotting. For internal control, bronchoalveolar lavage (BAL)
fluid was obtained and processed as described previously
[26]. Samples for western blotting were preserved at -80 °C,
while those for immunohistochemistry were fixed in Bouin’s
solution at ambient temperature. Following fixation, the
tissues were rinsed overnight in 70% alcohol, then under-
went a sequence of washes in graded alcohols (80%, 96%,
and 100%). The materials were further cleared in benzene
and methyl benzoate solutions prior to being embedded in
paraplast.



Bratislava Medical Journal (2025) 126:427-435

429

2.3 Western Blotting

20-30 pg of pooled testis tissue protein homogenate and
BAL samples were mixed with Laemmli sample buffer.
SDS-PAGE and Western blotting of BAL and testis tis-
sues were performed as previously described [27]. Anti-
rat SP-A polyclonal IgG (rabbit IgG) (5.76 mg/ml) was
used at a 1:500 dilution, along with a secondary antibody
(anti-rabbit horseradish peroxidase-conjugated; A-0545,
Dako Japan, Kyoto, Japan) and GAPDH antibody (PA1-
987, Invitrogen). Blots were imaged using the GeneGnome
XRQ system (Syngene, Seoul, Korea).

2.4 Immunohistochemistry

The immunohistochemical staining was conducted using
the protocol established by Ozbek et al. [28]. A rotary
microtome (RM2125RT; Leica) was employed to section
paraffin-embedded tissues into 5 pm-thick slices. Dewax-
ing was performed with xylene, followed by dehydration
via a sequence of graded alcohol solutions. The slides
were washed with phosphate-buffered saline (PBS) and
subsequently treated with a 3% hydrogen peroxide (H,0,)
solution in distilled water for 20 min. Following rinsing
with PBS, the sections underwent antigen retrieval with
citrate buffer (10 mM, pH 6.0), while the slides were
heated in a microwave for 20 min. Following the encircle-
ment of the sections with DakoPen, a 10% solution of nor-
mal goat serum blocking agent (Ultra V Block®; Thermo
Fisher Scientific) was administered for 10 min after a wash
with PBS. The slides were subsequently treated overnight
with primary antibody anti-rat SP-A polyclonal IgG (rab-
bit IgG) (5.76 mg/ml). Following a rinse with PBS, the
sections were incubated with a secondary antibody (bioti-
nylated goat anti-rabbit IgG; Thermo Fisher Scientific) for
30 min at ambient temperature. After an additional wash
in PBS, the slides were treated with enzyme-conjugated
streptavidin (streptavidin—horseradish peroxidase; Thermo
Fisher Scientific) for 30 min. 3-Amino-9-Ethylcarbazole
(AEC) served as the chromogen for immunostaining visu-
alization, while the slides were counterstained with Gill's
hematoxylin. Immunohistochemical staining was assessed
utilizing an Olympus BX51 light microscope fitted with
a digital camera (DP74; Olympus). Images were obtained
with a digital camera in conjunction with CellSens soft-
ware. All immunostaining processes were performed
within a humidity chamber. Positive and negative controls
were incorporated to validate the specificity of the immu-
nohistochemical reaction. In the negative control, the pri-
mary antibody was substituted with PBS, and nonspecific
rabbit serum (sc-2027; Santa Cruz Biotechnology) served
as the isotype control.

2.5 Semi-quantitative Assessment
of Inmunoexpression

In the PNDs of 50 and 70 days, a total of 14 distinct stages
were identified within the seminiferous tubules, assessed
according to the various cell types present at these stages
[29, 30]. Transverse sections of testicular tissue from each
rat were first analyzed at low magnification (X 10) to evalu-
ate the quality of immunolabeling, changes in histomorphol-
ogy, and the patterns of cellular labeling during the postna-
tal development. Due to the lack of standardized protocols
or optimized scoring algorithms for immunohistochemical
markers, this study utilized a semiquantitative approach to
assess the staining intensity based on a density score (IS),
which reflects the strength of the immunoreaction. Immu-
nostaining in testicular tissue was classified by intensity
levels as follows: negative indicates the absence of visible
staining, even under high magnification (40 X); weak denotes
staining that is discernible only at high magnification (40 X);
moderate signifies staining that is clearly visible at low
magnification (10 X); and strong indicates staining that is
prominently apparent at low magnification (10 X), consistent
with prior methodologies. The evaluation of staining inten-
sity was carried out by two independent researchers (M.O.,
0.K.), and the average values from both assessments were
calculated. Immunohistochemical reactions were analyzed
separately across distinct postnatal days (PND 5, PND 20,
PND 50, and PND 70).

2.6 Statistical Analysis

GraphPad Prism (Version 8.0.2, GraphPad Software, San
Diego, CA, USA) was used for statistical analysis. Dif-
ferences between groups were evaluated using one-way
ANOVA followed by Tukey's multiple comparisons test. A
p-value of < 0.05 was considered the threshold for statistical
significance.

3 Results
3.1 Western Blot

The expression SP-A in the testis during different postna-
tal development periods was further confirmed at protein
level by Western blot. The rabbit anti-rat polyclonal SP-A
antibody was used for the detection of SP-A in testicular
tissue extracts and BAL samples as positive control. The
specific immunoreactive band of molecular weight ~34 kDa
was detected by chemiluminescence using ECL reagents
(Amersham). The target protein of the groups was divided
by housekeeping protein (GAPDH) and the protein amounts
were measured using Image Studio to determine the protein
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amount (Fig. 1.a). At PND 5, there were no/ or undetect-
able positive immunoreactive band that corresponded to
the known molecular weight of SP-A. SP-A protein lev-
els were first detectable in rat testis tissue extracts at PND
20, albeit at the lowest expression level. Expression levels
increased significantly at PND 50 and peaked at PND 70
(Fig. 1.a). The same results were observed by three inde-
pendent blotting as well. Visual inspection of the Western
blots shows increased band intensity at PND 50 and PND
70, likely reflecting an increase in SP-A protein depending
on the PNDs. These results are further summarized in the
associated quantitative analysis and visual representations
(Fig. 1.b), providing a clear correlation between the postna-
tal days and SP-A expression levels.

3.2 Immunohistochemical Studies

3.2.1 Localization of SP-A protein in the Testes of Rats
at Various Postnatal Days

In rat testicular tissue sections, moderate immunoreactive
signals of SP-A was observed in the Leydig cells of the
seminiferous intertubular area and the connective tissue as
early as at PND 5 (Fig. 2.a). At PND 20, moderate SP-A
immunoreactivity was apparent exclusively in the Leydig
cells of the intertubular area but not in the connective tis-
sue and seminiferous tubules (Fig. 2.b). The positive SP-A
immunostaining of Leydig cells also present at PND 50
(Fig. 2.c, d, f, g) and 70 (Fig. 1.h, 1, j, k) as well. Mor-
phologically, the seminiferous tubules were categorized as
described previously: early-stage (stages I-VI), mid-stage
(stages VII-VIII), and late-stage (stages IX-XIV) in rats
[29, 30]. The distribution of brown or dark brown immu-
nohistochemical staining for SP-A varied across different

stages (Fig. 2). Immunohistochemistry revealed that SP-A
was more prominent in step 16 elongated spermatids within
seminiferous tubules, particularly during the early-stage at
PND 70 (Fig. 2.h). The SP-A expression was lower in sub-
sequent stages within the seminiferous tubules at PND 70
(Figs. 2.g and 2.1). At PND 70, spermatogenetic cell types
that correspond to physiological spermatogonial stages of
rats and significant changes became more evident. Positive
SP-A immunoreactive signals were observed in elongat-
ing spermatids, the intertubular matrix, and Leydig cells
at PNDs 50 and 70 (Fig. 2.c-g). The immunoreactivity of
SP-A was less intense in elongating spermatids at PND 50
(steps 9—15) compared to elongated spermatids at PND 70.
Additionally, the immunoreactivity of SP-A in elongated
spermatids at PND 70 (step 16) was more intense than in
elongating spermatids at PND 50. Notably, at PND 70 and
step 16 spermatids within the seminiferous tubules exhib-
ited strong positive staining with the SP-A antibody and
decreased slightly in the subsequent steps, reaching the final
step of 19. (Fig. 2.1).

4 Discussion

This study demonstrated the expression and localization of
surfactant protein A (SP-A) within rat testis tissue and high-
lights the PND-dependent variations in its expression. We
observed moderate immunopositivity for SP-A in Leydig
cells at all examined postnatal days (PNDs). Our findings
suggest that SP-A protein is involved in the development
of rat testis tissue at different PNDs, particularly from PND
50 to PND 70. Immunoblot analysis revealed a significant
increase in SP-A expression at PND 50 and PND 70, while
the lowest expression was first observed at PND 20. At
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Fig.1 a Western blot analysis of SP-A in BAL and rat testis tissue
extracts at PNDs 5, 20, 50 and 70. Western blotting of GAPDH as
a loading control. Western blot of BAL. 2. Rat testis tissue homoge-
nates probed with an antibody against SP-A. An exposure time of
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1 min and enhanced chemiluminescence were utilized. The target
protein of the groups was divided GAPDH and the protein amounts
were measured using Image Studio to determine the protein amount.
P <0.05 was accepted as the statistical significance limit (Fig. 2.b)
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PND 5 (neonatal stage), no tubular stages were apparent,
therefore no positive immunostaining signal was observed
in the seminiferous tubules. By PND 20 (late infantile stage,
corresponding to 1-23 months in humans), tubular stages
began to appear, and the development of tubular lumina
continued, slowly reaching sufficient maturity for SP-A pro-
tein expression. Consistent with our findings, Rokade and
Madan (2019) reported the lack of SP-A immunoreactivity
in testis tissue of 9- and 15-day-old mice. Interestingly, at
PND 50 (peripubertal/adolescent stage, corresponding to
12-16 years in humans), spermiogenesis occurred, elongat-
ing spermatids appeared in the seminiferous tubules, and
by approximately PND 52, spermatozoa were present in
the epididymis. SP-A immunoreactivity was detected in the
elongating spermatids of the seminiferous tubules starting
at PND 50. Finally, at PND 70 (late puberty/adolescence),
SP-A expression became evident. This study elucidates the
changes in SP-A protein expression patterns in postnatal
rat testis, with a marked increase observed from PND 50
onwards. This upregulation in SP-A protein expression may
result from an increase in tissue expression and/or a rise in
the number of germ cells, possibly due to their proliferative
capacity before the first wave of spermatogenesis.

SP-A plays key roles in modulating both the innate and
adaptive immune systems within the lung (31). This innate
immune molecule is also expressed throughout the body,
including the human [18, 20], mice [31], and rat [32] repro-
ductive tract. The antimicrobial effects of SP-A and SP-D
against bacteria [33, 34], fungi [35], and viruses [12] are
well documented.

Spermatogenesis occurs within the seminiferous tubules,
while steroidogenesis is accomplished by Leydig cells
located in the interstitial spaces. It has also been suggested
that Leydig cells play a role in regulating immune responses
by affecting the numbers of testicular macrophages and
lymphocytes [36]. In addition to these immunomodulatory
effects, the expression of SP-A by Leydig cells may start as
early as PND 5, contributing to the maintenance of testicular
immune privilege. At the end of spermiation, spermatozoa
within the lumen of seminiferous tubules showed moderate
immunopositivity, indicating the completion of spermia-
tion (Fig. 2.f). It has been shown that elongated spermatids
undergo progressive changes in nuclear and cytoplasmic
morphology from mid-stage VII -VIII in adult Sprague Daw-
ley rats [37]. We observed that the degree of SP-A immu-
nostaining was reduced in spermatozoa within the lumen
compared to elongated spermatids at step 16. This reduction
is likely related to the loss of cytoplasm with SP-A protein in
maturing spermatozoa. Surfactant proteins, including SP-A,
have been detected at the protein level in the testes, pros-
tate, and seminal fluid [17]. Following their production by
the testes, spermatozoa are stored in the epididymis. Upon
ejaculation, these spermatozoa are mixed with secretions

from the accessory sex glands to form the ejaculate. The
secretions of the seminal vesicles, the bulbourethral (Cow-
per's) glands, and the prostate, collectively known as semi-
nal plasma, contain proteins and peptides responsible for
sperm protection. SP-A, identified in seminal plasma, is
likely pivotal role in protecting spermatozoa from a vari-
ety of microbial pathogens and modulating the immune
response within the female reproductive tract during later
stages. Well-documented interactions of SP-A with innate
immune system cells, including neutrophils, monocytes, and
macrophages in lung alveoli [38, 39], suggest that similar
mechanisms may operate in seminal plasma. The increase in
SP-A protein observed at specific PNDs (50-70) in our study
was reported by Rokade and Madan (2019). They demon-
strated that SP-A transcript levels were significantly upregu-
lated in the testis of post-pubertal (PNDs 30, 60, 90) mice
compared to the pre-pubertal (PNDs 9, 15) group. These
findings suggest that SP-A may play a critical role in the
formation of spermatids and spermatozoa. Our findings also
partly support those of Beileke et al. [18] who previously
showed the presence of surfactant proteins A, B, C, and D
in human testis, prostate and seminal fluid. They concluded
that cells in the seminiferous tubule cytoplasm, spermato-
gonia, Sertoli, and Leydig cells, spermatocytes 1 (primary)
and 2 (secondary) were positive for SP-A and SP-D, except
for spermatozoa. However, we have observed immunopo-
sitive spermatozoa within lumen of seminiferous tubules
in step 19 in stage VI-VII spermatids at PND 70 (Fig. 2.1).
These findings are also supported by Kankavi et al. [20],
who reported the presence of SP-A in the midpiece, tail, and
equatorial region of mature human spermatozoa. Although
Beileke et al. [18] did not detect SP-A at the protein level in
spermatozoa. The novel findings of Kankavi et al. [20] are
further supported by Rokade and Madan [20], who reported
SP-A localization on the murine sperm head and tail. The
localization of SP-A in testicular tissue could be relevant in
regulating the activity of testis innate and adaptive immu-
nity. Therefore, the presence of SP-A on spermatozoa within
the seminiferous tubules could be facilitates the clearance
of apoptotic and necrotic cells, reduces allergic responses,
and promotes the resolution of inflammation within the testis
tissue as reported in lung alveolus [13]. Phagocytic removal
of the apoptotic germ cells and residual bodies is critical in
maintaining testicular homeostasis and normal spermato-
genesis. Decrease in SP-A expression particularly in steps
17-19 could indicate the role of SP-A in apoptosis within the
seminiferous tubules. The extrapulmonary presence of SP-A
protein, potentially correlated with lamellar bodies (LBs) in
cells like those on mucosal surfaces, including Leydig cells,
raises questions about their functional roles, which remain
unanswered. The presence of lamellar cristae in Leydig cells
was first reported by Reinke [40], who noted their presence
in the Leydig cells of sexually active men and their absence
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before puberty and in aged men. Fouquet et al. observed
an increase in Leydig cells in testis tissue from birth to the
infant stage [41]. Continuous research has confirmed the
association of lamellar structures with human Leydig cells
[42, 43]. Positive SP-A immunostaining in Leydig cells at
all PNDs particularly as early as PND 5 may indicates their
potential roles as candidate molecules in the early innate
immunity and may source of SP-A expression of the testis.
However, it has been suggested that the presence of SP-A
transcript in germ cells indicates that germ cells are an
important source of SP-A in murine testis [19]. Leydig cells
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and macrophages primarily constitute the first line of tes-
ticular defense against bloodstream pathogens [44—46]. Both
SP-A and SP-D are collectin family members also known as
innate immune molecules with important roles in the lung
[8]. It is likely that SP-A may act synergistically with SP-D
in testis tissue as described in lung alveolus. A pioneering
study by Rokade et al. [47] demonstrated that another mem-
ber of the surfactant and collectin family, SP-D, plays an
important role in maintaining testicular immune privilege
and indirectly contributes to male fertility. They also showed
that SP-D knockout (SP-D -/-) male mice have significantly
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«Fig. 2 Immunolocalization of SP-A in paraffin-embedded rat tes-
ticular tissue sections during different stages of postnatal develop-
ment. a At postnatal day (PND) 5, SP-A immunopositive signal was
observed in Leydig cells. b At PND 20, Leydig cells were displayed
SP-A immunopositive signals. ¢ At PND 50, elongating spermatids
in early-stage tubules (stages I-II) exhibited moderate SP-A immu-
nopositive signals, while elongating spermatids at step 15 in stages
II-1IT showed stronger SP-A immunopositive signals. d At PND 50,
tubules at stages II-1II, elongating spermatids at step 16, SP-A immu-
nopositive signal was present in elongated spermatids. e At PND 50,
in stages V-VI, elongating spermatids at step 18 show strong cyto-
plasmic SP-A immunoreactivity. f At PND 50, in stages VI-VIII,
elongated spermatocytes at step 19 showed moderate SP-A immuno-
reactivity g In stages IX-XIV, step 13 elongated spermatids showed
moderate SP-A immunoreactivity. h At PND 70, tubules at stages
I-1I, elongated spermatocytes at step 16 showed the strongest SP-A
positivity. At PND 70, in stages IV-V, elongated spermatocytes at step
19 show strong SP-A immunopositivity however, staining intensity
lower than stages I-II (i). As shown in Fig. 1.i SP-A was specifically
expressed in spermatozoa within the lumen of seminiferous tubules
at stage VI-VIL. At PND 70, seminiferous tubules in late-stages
(X-XIII), elongated spermatocytes at steps 11-13 showed moderate
SP-A immunoreactivity (j) at PND 70, in late-stage (XIV) at step 14,
showed faint SP-A immunostaining, and Leydig cells showed SP-A
immunopositivity (k). Testicular tissue where the primary antibody
was omitted served as a negative control (I). Schematic summary of
localization of SP-A protein during spermiogenesis (g) (partly modi-
fied from Wu et al.) (42). Streptavidin-ABC technique with AEC as
the chromogen was used for the immunohistochemical localization
of SP-A in rat testes tissues. Black asterisks indicate the intertubular
area matrix. L: Leydig cell, S: Sertoli cell, G: Gonocyte, V: Vessel
wall, PND: Postnatal day, T: Testis. Roman numerals in Fig. 1 (c-k)
represent stages of the seminiferous epithelial cycles. Bar: 20 um (a,
e, i, and k), 50 um (b, c, d, f, g, h, i, and 1). Insets in the figures show
SP-A antibody reaction for this protein

reduced weights of the testis and epididymis, highlighting
the importance of SP-D in the immune regulation of the
testis and sperm functions.

The presence of SP-A in testicular tissue suggests their
possible involvement in the acquisition of roles for this pro-
tein. To our knowledge, this study provides the first evidence
of the presence of SP-A in the developing rat testis and their
localization during the testis development.

The mechanism underlying the peak secretion of SP-A in
the early stages of spermatogenesis likely reflects the role
of SP-A in providing innate immune protection within the
seminiferous tubules. During the later stages, spermatids
undergo spermiation and are released from the seminiferous
tubules, marking the end of protection by the blood-testis
barrier. SP-A emerges as a candidate molecule providing
crucial protection for spermatozoa at these later stages.

This is the first report documenting the expression and
localization pattern of SP-A in the rat testis at various semi-
niferous developmental stages. SP-A may play roles in innate
immunity, contribute to host defense mechanisms, modu-
late immune responses and inflammation, regulate allergic
reactions, and protect against infections, similar to its func-
tions in the lung. Additionally, SP-A may play a role in the

spermatogenic process and steroidogenesis. Nevertheless,
the current study provides first evidence for the involvement
of SP-A in testicular development.

5 The Study Limitations

Overall, the potential importance of SP-A in male reproduc-
tive physiology needs to be clarified with further studies. A
detailed understanding of the roles of SP-A in male fertility
will needs future studies, ideally involving the use of SP-A
knock-out animal model, histology of testis, testosterone and
estradiol measurements fertility trials, sperm motility assay,
and in vitro fertilization assays.

Acknowledgements We would like to express our heartfelt gratitude
to Prof. Hitomi Sano from the Department of Biochemistry, Sapporo
Medical University School of Medicine, Sapporo, Japan, for their gen-
erosity in providing the SP-A primary antibodies, which were critical
to the progression of this study.

Author contributions Orhan KANKAVI: Writing — review & editing,
Investigation, Methodology, Visualization, Validation, Data curation.
Mehmet OZBEK: Writing — original draft, Methodology, Validation,
Investigation, Data curation. Ayhan ATA: Visualization, Valida-
tion. Harun KARACA: Validation, Data curation. Mustafa OZTOP:
Writing—original draft, Visualization. Emel ERGUN: Visualization,
Methodology.

Funding Open access funding provided by the Scientific and Tech-
nological Research Council of Tiirkiye (TUBITAK). This study was
conducted without specific financial support from any public, com-
mercial, or non-profit funding agencies.

Data availability The data underlying this study's findings can be
obtained from the corresponding author upon a justified request. No
datasets were generated or analysed during the current study.

Declarations
Conflict of interest The authors declare no competing interests.

Ethical approval The study protocols received approval from the
Department of the Experimental Animal Ethics Committee at Burdur
Mehmet Akif Ersoy University, Tiirkiye (Approval No: #2024-02-
14/1270.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

434

Bratislava Medical Journal (2025) 126:427-435

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zhao S, Zhu W, Xue S, Han D. Testicular defense systems:
immune privilege and innate immunity. Cell Mol Immunol.
2014;11(5):428-37. https://doi.org/10.1038/cmi.2014.38.
Johansson J, Curstedt T, Robertson B. The proteins of the sur-
factant system. Eur Respir J. 1994;7:372-91.

Sueishi K, Benson BJ. Isolation of a major apolipoprotein of
canine and murine pulmonary surfactant. Biochemical and
immunochemical characteristics. Biochim Biophys Acta.
1981;665(3):442-53.

Pikaar JC, Voorhout WF, Van Golde LMG, et al. Opsonic
activities of surfactant proteins A and D in phagocytosis of
gram-negative bacteria by alveolar macrophages. J Infect Dis.
1995;172:481-9.

Van Iwaarden JF, van Strijp JA, Visser H, et al. Binding of sur-
factant protein A (SP-A) to herpes simplex virus type 1-infected
cells is mediated by the carbohydrate moiety of SP-A. J Biol
Chem. 1992;267:25039-43.

Van Iwaarden JF, Pikaar JC, Storm J, et al. Binding of surfactant
protein A to the lipid A moiety of bacterial lipopolysaccharides.
Biochem J. 1994;303:407-11. https://doi.org/10.1042/bj3030407.
Crouch EC. Collectins and pulmonary host defense. Am J Respir
Cell Mol Biol. 1998;19:177-201.

Wright JR. Immunomodulatory functions of surfactant. Physiol
Rev. 1997;77:931-2. https://doi.org/10.1152/PHYSREV.1997.
77.4.931.

Crouch E, Wright JR. Surfactant proteins a and d and pulmonary
host defense. Annu Rev Physiol. 2001;63:521-54.

Kishore U, Greenhough TJ, Waters P, et al. Surfactant proteins
SP-A and SP-D: structure, function and receptors. Mol Immunol.
2006;43:1293-315.

Douda DN, Jackson R, Grasemann H, et al. Innate immune col-
lectin surfactant protein D simultaneously binds both neutrophil
extracellular traps and carbohydrate ligands and promotes bacte-
rial trapping. J Immunol. 2011;187:1856-65.

Watson A, Phipps MIJS, Clark HW, et al. Surfactant Proteins A
and D: Trimerized Innate Immunity Proteins with an Affinity for
Viral Fusion Proteins. J Innate Immun. 2019;11:13-28. https://
doi.org/10.1159/000492974.

Kishore U, Bernal AL, Kamran MF, et al. Surfactant proteins
SP-A and SP-D in human health and disease. Arch Immunol Ther
Exp (Warsz). 2005;53(5):399-417.

Manz-Keinke H, Plattner HH, Schlepper-Schifer J. Lung sur-
factant protein A (SP-A) enhances serum-independent phago-
cytosis of bacteria by alveolar macrophages. Eur J Cell Biol.
1992;57(1):95-100.

Floros J, Thorenoor N, Tsotakos N, et al. Human surfactant pro-
tein SPA1 and SP-A2 variants differentially affect the alveolar
microenvironment, surfactant structure, regulation and function
of the alveolar macrophage, and animal and human survival under
various conditions. Front Immunol. 2021;12:2889.

Casals C, Campanero-Rhodes MA, Garcia-Fojeda B, et al. The
role of collectins and galectins in lung innate immune defense.
Front Immunol. 2018. https://doi.org/10.3389/fimmu.2018.01998.
Wright JR. Immunoregulatory functions of surfactant proteins.
Nat Rev Immunol. 2005;5(1):58-68.

Beileke S, Claassen H, Wagner W, et al. Expression and locali-
zation of lung surfactant proteins in human testis. PLoS ONE.
2015;10: e0143058.

Rokade S, Madan T. Testicular expression of SP-A, SP-D and
MBL-A is positively regulated by testosterone and modulated by
lipopolysaccharide. Immunobiology. 2016;221(9):975-85. https://
doi.org/10.1016/j.imbi0.2016.05.005.

Springer

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kankavi O, Ata A, Celik-Ozenci C, et al. Presence and subcellular
localizations of surfactant proteins A and D in human spermato-
zoa. Fertil Steril. 2008;90:1904-9. https://doi.org/10.1016/j.fertn
stert.2007.09.064.

Madsen J, Tornge I, Nielsen O, et al. Expression and localiza-
tion of lung surfactant protein a in human tissues. Am J Respir
Cell Mol Biol. 2003;29:591-7. https://doi.org/10.1165/rcmb.
2002-02740C.

Kankavi O, Ata A, Ciftcioglu MA. Surfactant protein A and D in
the reproductive tract of stallion. Theriogenology. 2006;66:1057—
64. https://doi.org/10.1016/j.theriogenology.2006.02.047.

Wirtz H, Schmidt M. Ventilation and secretion of pulmonary
surfactant. Clin Investig. 1992;70:3-13. https://doi.org/10.1007/
BF00422930.

Livni N, Palti Z, Segal S, et al. Fine structure of Sertoli and Ley-
dig cells in azoospermic human testis. Arch Pathol Lab Med.
1997;101:442-5.

Ojeda SR, Advis JP, Andrews WW. Neuroendocrine control of
the onset of puberty in the rat. Fed Proc. 1980;39:2365-71.
Liau DF, Ryan SF. Purification of surfactant protein a from dog
lung by reconstitution with surfactant lipids. Chem Phys Lipids.
1991;59:29-38.

Kankavi O, Ata A, Gungor O. Surfactant proteins A and D in
the genital tract of mares. Anim Reprod Sci. 2007;98:259-70.
Ozbek M, Beyaz F, Ergiin E, et al. Identification of some cal-
cium binding proteins and neural cell markers in rat testis and
epididymis during postnatal development. Andrologia. 2022;54:
e14633.

Creasy DM. Histopathology of the male reproductive system I:
techniques. Curr Protoc Toxicol. 2002;12(1):13-6.

La HM, Makela JA, Chan AL, et al. Identification of
dynamic undifferentiated cell states within the male ger-
mline. Nat Commun. 2018;9(1):2819. https://doi.org/10.1038/
$41467-018-04827-z.

Watson A, Madsen J, Clark HW. SP-A and SP-D: Dual Func-
tioning Immune Molecules with Antiviral and Immunomodula-
tory Properties. Front Immunol. 2021;11:622598.

Oberley RE, Goss KL, Quintar AA, et al. Regulation of sur-
factant protein D in the rodent prostate. Reprod Biol Endo-
crinol. 2007;5:42.

LeVine AM, Whitsett JA, Gwozdz JA, et al. Distinct effects of
surfactant protein A or D deficiency during bacterial infection
on the lung. J Immunol. 2000;165:3934-40.

Nayak A, Dodagatta-Marri E, Tsolaki AG, et al. An Insight
into the Diverse Roles of Surfactant Proteins, SP-A and SP-D
in Innate and Adaptive Immunity. Front Immunol. 2012;3:131.
https://doi.org/10.3389/FIMMU.2012.00131.

Carreto-Binaghi LE, Aliouat EM, Taylor ML. Surfactant pro-
teins, SP-A and SP-D, in respiratory fungal infections: their role
in the inflammatory response. Respir Res. 2016;17:66.
Raburn DJ, Coquelin A, Reinhart AJ, et al. Regulation of the
macrophage population in postnatal rat testis. J Reprod Immu-
nol. 1993;24:139-51.

de Kretser DM, Kerr JB. The cytology of the testis. In: Kno-
bil E, Neill JD, editors. The Physiology of Reproduction. New
York: Raven Press Ltd.; 1988. p. 837-932.

Schagat TL, Wofford JA, Wright JR. Surfactant Protein A
Enhances Alveolar Macrophage Phagocytosis of Apoptotic
Neutrophils!. J Immunol. 2001;166(4):2727-33.

Janssen WIJ, McPhillips KA, Dickinson MG, et al. Surfactant
Proteins A and D Suppress Alveolar Macrophage Phagocyto-
sis via Interaction with SIRPa. Am J Respir Crit Care Med.
2008;178:158-67.

Reinke F. Beitrdge zur Histologie des Menschen: Hierzu Tafel
V. Arch Mikrosk Anat. 1896;47:34—-44.


https://doi.org/10.1038/cmi.2014.38
https://doi.org/10.1042/bj3030407
https://doi.org/10.1152/PHYSREV.1997.77.4.931
https://doi.org/10.1152/PHYSREV.1997.77.4.931
https://doi.org/10.1159/000492974
https://doi.org/10.1159/000492974
https://doi.org/10.3389/fimmu.2018.01998
https://doi.org/10.1016/j.imbio.2016.05.005
https://doi.org/10.1016/j.imbio.2016.05.005
https://doi.org/10.1016/j.fertnstert.2007.09.064
https://doi.org/10.1016/j.fertnstert.2007.09.064
https://doi.org/10.1165/rcmb.2002-0274OC
https://doi.org/10.1165/rcmb.2002-0274OC
https://doi.org/10.1016/j.theriogenology.2006.02.047
https://doi.org/10.1007/BF00422930
https://doi.org/10.1007/BF00422930
https://doi.org/10.1038/s41467-018-04827-z
https://doi.org/10.1038/s41467-018-04827-z
https://doi.org/10.3389/FIMMU.2012.00131

Bratislava Medical Journal (2025) 126:427-435

435

41.

42.

43.

44.

45.

Fouquet JP, Meusy-Desolle N, Dang DC. Relationships between
Leydig cell morphometry and plasma testosterone during post-
natal development of the monkey. Macaca fascicularis Reprod
Nutr Dev. 1984;24:281-96.

Prince FP. Lamellar and tubular associations of the mitochon-
drial cristae: unique forms of the cristae present in steroid-pro-
ducing cells. Mitochondrion. 2002;1:381-9.

Prince FP, Buttle KF. Mitochondrial Structure in Steroid-Pro-
ducing Cells: Three-Dimensional Reconstruction of Human
Leydig Cell Mitochondria by Electron Microscopic Tomogra-
phy. Anat Rec A Discov Mol Cell Evol Biol. 2004;278:454-61.
Bryniarski K, Szczepanik M, Maresz K, Ptak M, Ptak W. Sub-
populations of mouse testicular macrophages and their immu-
noregulatory function. Am J Reprod Immunol. 2004;52:27-35.
Diemer T, Hales DB, Weidner W. Immune-endocrine interac-
tions and Leydig cell function: the role of cytokines. Androlo-
gia. 2003;35:55-63.

46.

47.

48.

Hedger MP. Macrophages and the immune responsiveness of the
testis. J Reprod Immunol. 2002;57:19-34.

Rokade S, Uday Kishore U, Madan T. Surfactant Protein D regu-
lates murine testicular immune milieu and sperm functions. Am
J Reprod Immunol. 2017;77(3): €12629.

Wu S, Wang LC, Cheng Y. Cellular Architecture and Function of
the Testis. In: Lipshultz LI, Howards SS, Niederberger CS, Lamb
DJ, editors. Infertility in the Male. Cambridge University Press;
2023. p. 17-38.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	A Study on SP-A Expression in Rat Testis during Postnatal Development
	Abstract
	Background 
	Objective 
	Materials and Methods 
	Results 
	Conclusion 

	1 Introduction
	2 Material and Methods
	2.1 Developmental Time Periods
	2.2 Methods
	2.3 Western Blotting
	2.4 Immunohistochemistry
	2.5 Semi-quantitative Assessment of Immunoexpression
	2.6 Statistical Analysis

	3 Results
	3.1 Western Blot
	3.2 Immunohistochemical Studies
	3.2.1 Localization of SP-A protein in the Testes of Rats at Various Postnatal Days


	4 Discussion
	5 The Study Limitations
	Acknowledgements 
	References




