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ABSTRACT: Spermatogenesis takesplace in the epitheliumof the seminiferous tubules of the testes, producingmillions of
spermatozoaperday inanadultmale in rodents andhumans.Thus,multiple cellular events that are regulatedbyanarray
of signaling molecules and pathways are tightly coordinated to support spermatogenesis. Here, we report findings of
a local regulatory axis between the basement membrane (BM), the blood-testis barrier (BTB), and the apical ectoplasmic
specialization (apical ES; a testis-specific, actin-rich adherens junction at theSertoli cell–spermatid interface) to coordinate
cellular events across the seminiferous epithelium during the epithelial cycle. In short, a biologically active fragment,
noncollagenous 1 (NC1) domain that is derived from collagen chains in the BM, was found to modulate cell junction
dynamicsat theBTBandapicalES.NC1domain fromthecollagena3(IV) chainwas cloned intoamammalianexpression
vector, pCI-neo, with and without a collagen signal peptide. We also prepared a specific Ab against the purified
recombinant NC1 domain peptide. These reagents were used to examine whether overexpression of NC1 domain with
high transfection efficacy would perturb spermatogenesis, in particular, spermatid adhesion (i.e., inducing apical ES
degeneration) andBTBfunction (i.e.,basalESand tight junctiondisruption,making thebarrier leaky), in the testis invivo.
We report our findings that NC1 domain derived from collagen a3(IV) chain—a major structural component of the
BM—was capable of inducing BTB remodeling, making the BTB leaky in studies in vivo. Furthermore, NC1 domain
peptidewas transportedacross the epitheliumvia amicrotubule-dependentmechanismand is capable of inducingapical
ESdegeneration,whichleadstogermcellexfoliationfromtheseminiferousepithelium.Ofmoreimportance,weshowthat
NC1domainpeptideexerteditsregulatoryeffectbydisorganizingactinmicrofilamentsandmicrotubulesinSertolicellsso
that they failed to support cell adhesion and transport of germ cells and organelles (e.g., residual bodies, phagosomes)
across the seminiferous epithelium. This local regulatory axis between the BM, BTB, and the apical ES thus coordinates
cellular events that take place across the seminiferous epitheliumduring the epithelial cycle of spermatogenesis.—Chen,
H.,Mruk,D.D., Lee,W.M., Cheng, C. Y. Regulation of spermatogenesis by a local functional axis in the testis: role of the
basement membrane–derived noncollagenous 1 domain peptide. FASEB J. 31, 3587–3607 (2017). www.fasebj.org
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In the mammalian testis, basement membrane (BM),
a modified form of the extracellular matrix and a product
of Sertoli and peritubular myoid cells (1, 2), is mostly

constituted by type IV collagen, laminins (e.g., laminin a1,
a2, b1,b2, g1), heparin sulfate proteoglycan, and nidogen
(formerly called entactin) (3–5). As BM is in direct contact
with Sertoli cells in the seminiferous epithelium, it is likely
that there are crosstalks between Sertoli cells and the BM
by which BM modulates Sertoli cell function. Indeed,
studies in vitro have shown that BMmodulates Sertoli cell
differentiation, Sertoli cell barrier function, and germ cell
development (6–8). Studies in rats have also shown that
a disruption of the BM function—for instance, by passive
transfer of Abs raised against seminiferous tubule BM—
leads to focal sloughing of the seminiferous epithelium (9,
10), which illustrates that the BM is necessary to support
spermatogenesis. Furthermore, exposure of Sertoli cells
cultured in vitrowith an established functional tight junc-
tion (TJ)-permeability barrier to an Ab against type IV
collagen (collagen IV) was found to perturb the TJ barrier
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function (11), which illustrates the role of collagen at the
BM in Sertoli cell function.

Type IV collagen is a triple helical structure that consists
of 3 a chains of a1(IV) to a6(IV) in rodent testes, with
collagen a3(IV) being the most predominant chain in the
testis in which 3 collagen a3(IV) chains constitute
a monomer, the building block of the collagen network in
the BM (12–15). Each collagen chain is composed of an
N-terminal noncollagenous 7Sdomain of;15 aa residues,
a middle collagenous domain of;1400 residues of G-X-Y
repeats, andaC-terminal noncollagenous 1 (NC1) domain
of ;230 aa (4). Collagens are scaffolding proteins that
provide structural support to epithelial cells and endo-
thelial cells, but emerging evidence has shown that NC1
fragments of collagen chains generated by limited pro-
teolysis via the action of matrix metalloproteinases
(MMPs), such as MMP-9, are physiologically active pep-
tides (16). In fact, studies have shown that collagen IV and
XVIII chains in the BM of endothelia and epithelia are
capable of releasing different biologically active fragments
from the NC1 domain: tumstatin, endostatin, arresten,
canstatin, hexastatin, and tetrastatin, which are generated
endogenously via the action of MMPs and are shown to
inhibit angiogenesis and tumor growth as well as
modulate cell adhesion, proliferation, and apoptosis via
interactionswith cell-surface integrin receptors (16–29).
An earlier report that used Sertoli cells cultured in vitro
coupled with immunohistochemistry using cross-
sections of rat testes showed that TNF-a, which is also
produced endogenously in the testis (30), was found to
stimulate the production of activated MMP-9, which
was likely used to generate NC1 fragment from colla-
gen a3(IV) to modulate the Sertoli cell TJ barrier func-
tion (11). Despite these earlier findings, it remains to be
investigated whether the NC1 domain of collagen a3(IV)
[Cola3(IV) NC1] can modulate Sertoli and/or germ cell
function in the testis during the epithelial cycle of sper-
matogenesis. Although an earlier study that used
recombinant Cola3(IV) NC1 protein showed that in-
clusion of this recombinant protein in Sertoli cells cul-
tured in vitro with an established TJ barrier indeed
perturbs the permeability function dose dependently, its
effects in the testis in vivo and the likely mechanism of
action remain unexplored. Here, we sought to perform
a detailed in vitro and in vivo study to examine the
function and likely mechanism of action of this Cola3(IV)
NC1 protein inmodulating spermatogenesis in the testis.
These results demonstrate unequivocally the pres-
ence of a functional axis between the BM, the basal ecto-
plasmic specialization (ES)/blood-testis barrier (BTB), and
the apical ES across the seminiferous epithelium that
is modulated by the Cola3(IV) NC1 domain serving as
an autocrine factor.

MATERIALS AND METHODS

Animals

Sprague-Dawley male pups and adults were obtained from
Charles River Laboratories (Kingston, NY, USA). Animals were

housed at the Rockefeller University Comparative Bioscience
Center (New York, NY, USA) with ad libitum access to stan-
dard rat chow and water, and were maintained according to
the Guide for the Care and Use of Laboratory Animals [National
Institutes of Health (NIH), Bethesda, MD, USA]. Rats were
euthanized by CO2 asphyxiation using slow (20–30%/min)
displacement of chamber air with compressed CO2 in a
euthanasia chamber with built-in regulator approved by the
Rockefeller University Laboratory Safety and Environmental
Health. All experiments that involved the use of animals were
approved by Rockefeller University Institutional Animal Care
and Use Committee (protocols 12-506 and 15-780-H). Use of
recombinant DNA for experiments reported herein was also
approved by the Rockefeller University Institutional Biosafety
Committee (Approval No. 2-15-04-007).

Abs

Abs used for experiments reported herein were obtained com-
mercially unless otherwise specified (Table 1). The working
dilutions for different applications, such as immunofluorescence
(IF) analysis by fluorescencemicroscopy or confocalmicroscopy,
immunohistochemistry (IHC), and immunoblotting (IB), are lis-
ted in Table 1.

Primary Sertoli cell cultures

Sertoli cells were isolated from 20-d-old rat testes as described
(31). Cells were plated on Matrigel-coated (diluted at 1:5 or 1:7;
BDBiosciences, San Jose,CA,USA)6-or 12-wellplates,bicameral
units, or round cover glasses (18mm in diameter) at different cell
densities optimized for specific experiments on the basis of pilot
experiments. For preparation of cell lysates for IB, endocy-
tosis assay, and actin bundling assay, Sertoli cells were
plated at 0.33 106 cells/cm2 on 6-well plates that contained
5 ml F12/DMEM that was supplemented with growth fac-
tors (insulin, transferrin, epidermal growth factor) and
gentamicin (referred to as culture medium). For transepithelial
electrical resistance (TER) measurements to monitor the Sertoli
cell TJ permeability barrier function, Sertoli cells were plated at
1.23 106 cells/cm2 onMillicell HA cell culture inserts (diameter,
12 mm; 0.45-mm pore size; effective surface area, ;0.6 cm2;
Millipore, Billerica, MA, USA). Bicameral inserts were placed
in 24-well plates with each insert containing 0.5 ml media in the
apical and basal chambers. For IF or dual-labeled IF analysis,
Sertoli cellswere cultured at 0.043 106 cells/cm2 onmicroscopic
round cover glasses, which were then placed on 12-well plates
with each well containing 2 ml culture medium. For confocal
microscopy, Sertoli cells were cultured at 0.83 106 cells/cm2 on
Matrigel-coated transwell permeable supports (Costar polyester
membrane inserts, 24-mm in diameter, 0.4-mm pore size;
Corning, Corning, NY, USA), which were then placed on
6-well dishes with 2 ml F12/DMEM in the apical and basal
compartments.

Assessment of Sertoli cell TJ permeability
barrier function

TJ permeability barrier function was monitored by quantifying
TER across the Sertoli cell epithelium every 24 h as previously
described (31, 32). In brief, Sertoli cells were seeded onMatrigel-
coated bicameral units at 1.2 3 106 cells/cm2. Bicameral units
were thenpaced in 24-wellplateswith 0.5mlF12/DMEMeach in
the apical and basal compartments. The experiment was re-
peated at least 3 times using different batches of Sertoli cells
which yielded similar results.

3588 Vol. 31 August 2017 CHEN ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org


Treatment of adult rats with paclitaxel

Adult male rats (;300 g body weight) were treated with pacli-
taxel (PTX; Taxol) via intratesticular injection as described (33). In
short, a stock solution of PTX (Mr 853.9; Sigma-Aldrich, St. Louis,
MO, USA) was prepared by dissolving 5 mg PTX in 33.3 ml
DMSO. For each rat (n=6per timepoint), the right testis received
50 ml PBS (vehicle control), whereas the left testis received
;42.7 mg PTX (dissolved in DMSO) diluted in 50 ml PBS via
intratesticular injection using a 28-gauge needle with a 0.5-ml
insulin syringe. The final concentration of PTX in each testis was
30mM(assuming thevolumeofanadult testisof;1.6ml),which is
the dose that has been previously shown to be effective to disrupt
microtubule (MT) function (33).At 24 and 36h after treatment, rats
were euthanized by CO2 asphyxiation. Pilot experiments have
shown that treatment of testes with PTX for 36 h had a phenotype
indifferent from24h.Thus, ratswerehumanelykilled24hafterPTX
treatment. Testes from3 ratswere isolated and snap-frozen in liquid
nitrogen immediately. Cross-sections with thicknesses of ;7 mm
were obtained in a cryostat at222°C for tracking localization of
NC1 domain and F-actin. Testes from the other 6 rats were
prefixedwith 4% paraformaldehyde (PFA) in PBS (w/v) at 4°C
for 7dandwere then snap-frozen in liquidnitrogen fora-tubulin
staining to monitor the organization of MTs.

Transfection of plasmid DNA

Studies in vitro

Rat collagen a3(IV) chainNC1 domainwas cloned as previously
described (34), which also served as the template to clone pCI-
neo/NC1 that contained the putative signal peptide (SP) of rat
collagen a3(IV) chain, namely pCI-neo/rat SP (rSP)-NC1. Four
sequential overlappingPCRswereperformed toadd theputative
SP (Supplemental Fig. S1) to the 59 end of NC1 domain clone,
including theXhoI site with the sense primer and theNotI site in

the antisense primer at the 39 end (Table 2). This rSP-NC1 cDNA
construct was then cloned into the pCI-neo mammalian expres-
sion vector (Promega, Madison, WI, USA) at the Xhol and Notl
cloning sites. pCI-neo/rSP-NC1 was confirmed by direct nucle-
otide sequencing at Genewiz (South Plainfield, NJ, USA). For IB
and actin bundling assay, primary Sertoli cells were transfected
with plasmidDNA at 0.8mg/13 106 cells using K2 Transfection
Reagent (K2 Transfection System; Biontex, Munich, Germany)
on d 2 of culture for 14 h. Thereafter, cells were rinsed with F12/
DMEMtwiceandcultured in freshmediumforanadditional 36h
(i.e., d 4) to allow recovery. The same transfection regimen was
used for TER measurements, except that TER reading was
obtained daily from each bicameral unit until d 7, and each
treatment group has quadruple bicameral units for each experi-
ment. For IF, Sertoli cells were transfected with plasmid DNA
ond 3 for 24 h. An additional 48 hwas needed to allow recovery.
To confirm successful transfection in overexpressing experi-
ments, plasmid DNA was labeled with Cy3 using a Mirus
LabelIT Tracker Intracellular Nucleic Acid Localization kit
(MirusBio,Madison,WI,USA) so thatpositively transfected cells
were labeled with red fluorescence.

Studies in vivo

In vivo transfection in testes was performed as previously
described (35). In brief, 15 mg plasmid DNA, together with
1.8 ml in vivo-jetPEI reagent (PolyPlus-transfection, Illkirch-
Graffenstaden, France), were suspended in sterile 5% glucose
(wt/vol) at room temperature to a final transfectionmix volume
of 70 ml for each testis. The right rat testis received 70 ml of
transfection mix that contained empty pCI-neo vector via intra-
testicular injection, whereas the left testis received the same
volume of transfection mix that contained pCI-neo/NC1 plas-
mid DNA. The day of transfection was arbitrarily set as d 0.
Transfection efficiency was assessed by using pCI-neo/DsRed2
plasmid DNA as described in Wan et al. (36). In short, the right

TABLE 1. Primary Abs used for different experiments in this report

Ab (RRID) Host species Vendor Catalog no. Application (dilution)

Actin (AB_630836) Goat Santa Cruz Biotechnology sc-1616 IB (1:200)
Arp3 (AB_476749) Mouse Sigma-Aldrich A5979 IB (1:3000), IF-tissue (1:200), IF-cell

(1:50)
a-Tubulin (AB_2241126) Mouse Abcam ab7291 IF (1:500), IHC (1:300)
b1-Integrin (AB_2128200) Goat Santa Cruz Biotechnology sc-6622 IF (1:100)
b-Catenin (AB_138792) Mouse Thermo Fisher Scientific 138400 IB (1:300), IF (1:100)
CAR (AB_2087557) Rabbit Santa Cruz Biotechnology sc-15405 IB (1:200)
CAR (AB_2261263) Goat Santa Cruz Biotechnology sc-10313 IF (1:100)
Claudin 11 (AB_2533259) Rabbit Thermo Fisher Scientific 36-4500 IB (1:200), IF (1:100)
Col a1(IV) (AB_305584)a Rabbit Abcam ab6586 IF (1:200)
Col a3(IV) NC1 Rabbit C.Y.C. Laboratory (34) IB (1:300), IF (1:100)
Col a3(IV) (AB_2082655) Goat Santa Cruz Biotechnology sc-18178 IF (1:100)
Eps8 (AB_397544) Mouse BD Biosciences 610143 IB (1:5000), IF-tissue (1:100), IF-cell

(1:50)
Laminin-g3 Rabbit C.Y.C. Laboratory (62) IF (1:300)
N-Cadherin (AB_2313779) Mouse Thermo Fisher Scientific 33-3900 IB (1:200), IF (1:100)
Nectin-2 (AB_2174166) Goat Santa Cruz Biotechnology sc-14802 IF (1:100)
Nectin-3 (AB_2174276) Goat Santa Cruz Biotechnology sc-14806 IF (1:100)
Occludin (AB_2533977) Rabbit Thermo Fisher Scientific 711500 IB (1:250)
ZO-1 (AB_2533938) Rabbit Thermo Fisher Scientific 61-7300 IB (1:250), IF (1:100)

CAR, coxsachievirus and adenovirus receptor; RRID, Research Resource Identifier. aThis Ab prepared against the entire collagen a1(IV) chain
(1–1669 aa from the N terminus, which was used as the source of antigen) also cross-reacted with collagen a2, a3, a4, a5, and a6 chains [i.e.,
including collagen a3(IV) chain], but had negligible cross-reactivity with type I, II, III, V, and VI collagens, as noted by the manufacturer, which was
also supported by sequence homology comparison between different type IV collagen chains at both the amino acid and nucleotide sequence levels
as shown in Supplemental Fig. S1C. In addition, studies have shown that collagen a1(IV) and a2(IV) chains are found in nongonadal BM (15), and
collagen a3(IV) and a4(IV) chains are the predominant collagen chains in the BM of rodent testes (13). Thus, this Ab likely recognized mostly
collagen a3(IV) and a4(IV) in the rat testis shown herein (Supplemental Fig. S1B and Fig. 1C, top).
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testis of a rat was transfected with pCI-neo empty vector,
whereas the left testis received pCI-neo/DsRed2 plasmid DNA.
Transfection efficacywas estimatedbyusing 2 approaches. First,
after treatment, testes removed from rats that were euthanized
by CO2 asphyxiation 24 h later were rinsed with ice-cold PBS
(10 mM sodium phosphate, 0.15 M NaCl, pH 7.4, at 22°C) and
fixed in 4%PFA (w/v in PBS) for 7 d before being snap-frozen in
liquid nitrogen. Sections (;7 mm)were obtained in a cryostat at
222°C and examined by fluorescencemicroscopy. Tubuleswith
visible red fluorescence were scored. A randomly selected
tubule—at least 100 tubules were scored—with at least 10
aggregates of red fluorescencewas considered to be successfully
transfected and a total of 3 rat testes were scored (i.e., ;300
tubules). Second, in addition to scoring tubules with DsRed2
to confirm successful transfection, the protein level of NC1
domain in lysates of seminiferous tubules after over-
expression was also quantified by IB by using an anti-Col
a3(IV) NC1 domain Ab. Seminiferous tubules were obtained
from testes as previously described by our laboratory
(37, 38), except that these tubules were not subjected to ad-
ditional culture but were harvested to prepare tubule lysates
in a manner similar to the procedure for obtaining testis
lysates 24 h after transfection.

BTB integrity assay

BTB integrity was assessed by an in vivo–based assay to monitor
the ability of an intact BTB to exclude the passage of biotin across
the immunologic barrier aspreviouslydescribed (39),withminor
modifications from earlier reports (40, 41). In short, adult male
rats (n = 3 adult rats for each group, 270;300 g body weight)
received either pCI-neo empty vector or pCI-neo/NC1 for
transfection on d 0 as described above and terminated on d 3, 7,
and 50, respectively. For positive control, rats received CdCl2
(3mg/kgbodyweight, i.p.),which isknownto induce irreversible
BTB disruption (42, 43). Before termination at each time point,
rats were anesthetized by ketamineHCl (60mg/kg bodyweight,
i.m.) with xylazine as an analgesic (10 mg/kg body weight, i.m.;
Sigma-Aldrich). Testes were exposed by making a small incision
of;1 cm in the scrotum, and 100 ml of 10 mg/ml EZ-Link Sulfo-
NHS-LC-Biotin (freshly prepared in PBS that contained 1 mM
CaCl2; Thermo Fisher Scientific, Waltham, MA, USA), a mem-
brane-impermeable biotinylation reagent with an Mr of 556.59,
was gently loaded under the tunica albuginea via a 28-gauge
needle. After 30 min, rats were euthanized by CO2 asphyxia-
tion. Testes were removed immediately and snap-frozen in
liquid nitrogen. Frozen cross-sections (10 mm thick) of testes
obtained in a cryostat at222°C were fixed at room temperature

in 4%PFA (inPBS,w/v) for 10min and stainedwithAlexaFluor
555-streptavidin (1:250; Thermo Fisher Scientific) for 30 min.
Semiquantitative data were obtained from the BTB integrity
assay by calculating the ratio between the distance traveled by
biotin (DBiotin) from the BM of the seminiferous tubule vs. the
radius of that tubule (DRadius) for comparisons between the 2
control groups and the treatment group. For sections of oval-
shaped tubules, the radius was the average of the shortest and
longest distances.

IF and dual-labeled IF analysis

IF was performed by using corresponding primary Abs
(Table 1) as described (35, 39). For F-actin staining, rhodamine-
or FITC-conjugated phalloidin (Thermo Fisher Scientific)
were used as previously described (35, 39). Nuclei were vi-
sualized with DAPI. Cells or tissue sections were examined
by using an Olympus BX61 fluorescence microscope with
a built-in Olympus DP-71 digital camera, and images were
acquired using the Olympus MicroSuite Five software
package (v.1224; Olympus, Tokyo, Japan). Images were
processed by using Adobe Photoshop for image resizing/
cropping and overlay (Adobe, San Jose, CA, USA).

Confocal microscopy

For confocal microscopy, images were obtained by using an
inverted Zeiss Laser Scanning Microscope (LSM) LSM 880 with
nonlinear optics laser (Zeiss, Jena, Germany) that was
equipped with the Zeiss Zen software package at the Bio-
imaging Resource Center (Rockefeller University). Optical
sections of ;0.8 mm were collected at 0.25-mm intervals
along the z axis to obtain image series (i.e., z stack). Fiji
(ImageJ; NIH; https://fiji.sc/) was used to analyze confocal
images and to measure distance.

Endocytosis assay

Endocytosis assay was performed essentially as previously de-
scribed (44, 45). Inbrief, Sertoli cells culturedat 0.33106 cells/cm2

on Matrigel-coated 6-well plates for 2 d were transfected with
either empty vector or pCI-neo/NC1 plasmid DNA for 14 h,
and cells were then rinsed twice with F12/DMEM to remove
transfection reagents and were cultured for 2 additional days.
Thereafter, cells were washed twice with ice-cold PBS that
contained 1mMCaCl2 and 0.7mMMgCl2 (PBS/CM) andwere

TABLE 2. Primers used for constructing a signal peptide in the collagen a(IV) NC1 domain (pCI-neo/rSP-NC1)

Primer orientation/primer number Primer, 59–39

Sense 1 GTGGTTAGCACAAGAATGAGAGGCTTCATCTTCAC
Sense 2 GCTCCTGGCTGCCCCGCCTGTGGTTAGCACAAGAAT
Sense 3 TTCTTGGCGCTCCTGCTGCCTATCCTGTTGCTGCTCCTGGCTGCCCCGC
Sense 4 CACTCGAGATGCACTCAGAGACTGCTCCAAGGTTCTTGGCGCTCCTGCT
Antisense CAGCGGCCGCTTAGTGTCTTTTCTTCATGCACACCTG

The nucleotide sequence for the SP of rat collagen a3(IV) chain is: 5’- ATGCACTCAGAGACTGCTCCAAGGTTCTTGGCGCTCCTGCTGCC-
TATCCTGTTGCTGCTCCTGGCTGCCCCGCCTGTGGTTAGC-3’, which was constructed using the 4 sense primers and the antisense primer. Four
overlapping PCRs were performed by using sense primer 1 and antisense primer in the first PCR (PCR-i), with Cola3(IV) NC1 cDNA (34) serving
as the template, to be followed by sense primer 2 and antisense primer in the second PCR (PCR-ii) using PCR product from PCR-i as the template.
Thereafter, sense primer 3 and antisense primer in the third PCR (PCR-iii) used PCR product from PCR-ii as the template. Finally, sense
primer 4 and antisense primer in the fourth PCR (PCR-iv) using PCR product from PCR-iii as the template to clone the SP into Cola3(IV)
NC1. The restriction sites are XhoI (italicized/dotted underlined in sense primer 4) at the 5ʹ end and NotI (italicized/dotted underlined
in antisense primer) at the 3ʹ end. The start and stop codons of ATG and TTA, respectively, are double underlined. Nucleotide sequence
was confirmed by direct nucleotide sequencing at Genewiz.

..................

........... ---------------------------------

......................

...............

....................
-----------------------------
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incubated with 0.5 mg/ml Sulfo-NHS-SS-Biotin (Thermo
Fisher Scientific) in PBS/CM at 4°C for 30 min to allow bio-
tinylation of cell-surface proteins. Excess Sulfo-NHS-SS-Biotin
was quenched by 50 mMNH4Cl in PBS/CM at 4°C for 15 min.
Sertoli cellswere thenwashed twicewith ice-cold PBS/CMand
incubated with fresh culture media at 35°C for various time
points in a humidified atmosphere with 95% air and 5% CO2
(v/v) to allow internalization of cell surface biotinylated pro-
teins as endocytosis does not occur at 4°C. At specified time
points (0, 5, 10, 20, and 120 min), cells were washed in ice-cold
PBS/CM, incubated with a biotin stripping buffer [50 mM so-
dium2-mercaptoethanesulfonate in 100mMTris/HCl (pH8.6)
that contained 100 mM NaCl and 2.5 mM CaCl2] at 4°C for
30 min to remove any remaining biotin or nonendocytosed
biotin on the cell surface, and subsequently quenched with
a quenching buffer (5 mg/ml iodoacetamide in PBS/CM) at
4°C for 15 min. Cells were then washed twice with ice-cold
PBS/CMand lysed inRIPAbuffer [50mMTris, pH7.4, at 22°C,
that contained0.15MNaCl, 2mMEGTA, 1%NP-40 (v/v), 0.1%
SDS (w/v) freshly supplemented with protease and phospha-
tase inhibitors]. Equal amounts of cell lysates (;400mgprotein)
from samples within an experimental set (except for control
groups in which only 1/5 of the amount was used to avoid
protein overloading for positive control) were incubated with
NeutrAvidin beads (Thermo Fisher Scientific) to pull down
biotinylated proteins. Beads were washed 4 times in RIPA
buffer that was freshly supplemented with protease and
phosphatase inhibitors. Biotinylated proteinswere extracted in
SDS sample buffer [0.125MTris, pH 6.8, at 22°C, that contained
1% SDS (w/v), 1.6% 2-mercaptoethanol (v/v), and 20% glyc-
erol (v/v)] for SDS-PAGE, and IB analysis was performed by
using corresponding specific Abs (Table 1). Total biotinylated
proteins that were obtained in cell lysates without being sub-
jected to treatment with stripping buffer served as positive
control. Lysates from cells that were incubated with PBS/CM
instead of Sulfo-NHS-SS-Biotin served as negative control.
Duplicate wells were used for each time point.

Actin bundling assay

Actin bundling assay was performed essentially as previously
described (46, 47). In brief, cell lysateswere obtained from Sertoli
cells that were transfected with pCI-neo/NC1 plasmid DNA vs.
pCI-neo (vector alone, control) DNA by using 100 ml lysis buffer
[20mMTris, 20mMNaCl and0.5%TritonX-100 (v/v), pH7.5, at
22°C, freshly supplemented with protease and phosphatase
inhibitors]. A 21-mM F-actin stock solution was prepared by
converting G-actin to actin microfilaments for 1 h by using a kit
from Cytoskeleton (Denver, CO, USA) according to the manu-
facturer’s instructions. Thereafter, equal amounts of protein from
control and treatment groups and 10 ml Tris lysis buffer (serving
as negative control) were added to 40 ml of freshly prepared
F-actin–containing solution, respectively. These mixtures were
incubated for 30 min at room temperature to allow actin bun-
dling, and actin filament bundleswere subsequently obtained by
centrifugation at 12,000 g at 24°C for 5 min. Bundled F-actin was
concentrated in the pellet, whereas unbundled actin microfila-
ments remained in the supernatant. Whole pellet (dissolved in
30 ml MilliQ water) and an aliquot (5 ml) of supernatant from
each sample were analyzed by IB using an anti-actin Ab.

Histologic analysis to assess the status of
spermatogenesis after NC1 overexpression
in adult rat testes

Histologic analysis by using either frozen cross-sections or
paraffin-embedded sections were stained by DAPI or hematox-
ylin and eosin, respectively, was performed as previously

described (48). The following parameters were used to charac-
terize seminiferous tubules with defects in the status of sper-
matogenesis in the testis after overexpression of NC1 domain vs.
control testes: 1) germ cell loss in which .15 spermatids/
spermatocytes were found within a tubule lumen; 2) gross
changes in the seminiferous epithelium layout, such as a signifi-
cant reduction in the number of a germcell type (e.g., elongating/
elongated spermatids) in stage VI or VII tubules; 3) retention of
germ cells deep inside the seminiferous epithelium after sper-
miation had occurred; and 4) defects in spermatid polarity in
which the head of .15 elongating/elongated spermatids no
longer pointed toward the BM but deviated by at least 90° from
the intended orientation.

Statistical analysis

Each data point was expressed as a mean 6 SD of at least 3 in-
dependent experiments or n = 3 rats. Statistical significance was
evaluated with Student’s t test for paired comparisons.

RESULTS

Collagen a3(IV) NC1 is expressed at the apical
ES in stage VII–VIII tubules

The predominant collagen in the BM of seminiferous
tubules is type IV, a3 chain [collagen a3(IV)] (15). Each
functional collagen monomer is composed of trimeric
collagen a3(IV) chains (Fig. 1A), which serve as the
building blocks to assemble the collagen network in the
BM. Each collagen chain is composed of an N-terminal
noncollagenous 7S domain (;15 aa residues), a middle
collagenous domain (;1400 residues of G-X-Y repeats),
and a C-terminal noncollagenous (NC1) domain (;230
aa),with an apparentMr of;170–180 kDa (4).We used an
Ab specific to the NC1 domain of collagen a3(IV) chain,
which was prepared by using purified recombinant NC1
domain protein as an antigen as previously described (34),
with its specificity illustrated by IB using lysates of Sertoli
cells (Supplemental Fig. S1A). It was noted that under re-
ducing conditions, this anti-NC1 domain Ab recognized
both the NC1 domain peptide (28 kDa) and the collagen
a3(IV) chain of ;170–180 kDa (Supplemental Fig. S1A),
which demonstrates that the NC1 domain protein is an
entity of collagen chain in the testis. Using this anti-NC1
domain Ab, the NC1 domain peptide was detected at the
apical ES in the seminiferous epithelium, but only in stage
VII and VIII tubules, not the BM, in cross-sections of adult
rat testes (Fig. 1B).Using anAbcam(Cambridge,MA,USA)
Ab that is specific to human type IV collagen a1 chain
(Supplemental Fig. S1B and Table 1) [note that human col-
lagen type IVa1 chain shared extensive sequence similarity
with the corresponding rat protein at both the nucleotide
andaminoacid sequence level and thus cross-reactedwith
rat a3(IV) chain as noted by the manufacturer; see Sup-
plemental Fig. S1C], collagen a3(IV) [and possibly a4(IV);
note that collagen a3(IV) and a4(IV) are the predominant
type IV collagen chains found in rodent testes (13)] was
detected only near the base of the epithelium, which was
consistent with its localization at the BM of the tunica
propria (Fig. 1C, upper); however, the anti-NC1 Ab failed
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Figure 1. The collagen a3(IV) NC1 domain generated at the BM in the seminiferous epithelium is transported to the apical ES
stage specifically. A) Schematic that depicts the various functional domains of the collagen a3(IV) chain. Each collagen
monomer is a triple-helical structure composed of 3 a chains. The collagen scaffolding function is conferred by a long stretch of
Gly-X-X repeats, flanked by an N-terminal 7S domain (behind the signal peptide, which is cleaved before its export from the
Sertoli cell), and a C-terminal NC1 domain. B) IF analysis using an Ab prepared against the purified recombinant NC1 domain
protein [(34); also see Table 1] showed that NC1 was localized near the tip of elongated spermatid heads, consistent with its
localization at the apical ES, but restricted to stage VII and VIII tubules. C) IF analysis using a rabbit anti-human collagen (IV) Ab
from Abcam (Table 1), which also cross-reacted with the rat type IV collagen, including a1 to a6 chains (Supplemental Fig. S1C)
but not type I, II, III, V, or VI collagens as indicated by the manufacturer. In short, collagen a3(IV) [and also collagen a4(IV);
collagen a3(IV) and a4(IV) are the 2 known collagen chains found in the rat testis basement membrane (13)] was localized

(continued on next page)
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to stain the native collagen a3(IV) chain in BM but only
stained the apical ES in VII–VIII tubules (Fig. 1C, bottom),
perhapsasa result of intrinsic foldingof theNC1domain in
the native protein found in the BM vs. the NC1 domain
peptide at the apical ES as this Ab was prepared by using
a recombinant NC1 domain peptide as earlier reported
(34). The observation that the localization of the NC1 do-
main protein at the apical ESwas indeedNC1 specific (Fig.
1B, C) was further confirmed by using a commercially
available anti-collagen a3(IV) Ab (Santa Cruz Bio-
technology, SantaCruz,CA,USA),whichwas prepared
against the first 51 aa residues of the NC1 domain of
human collagena3(IV) from theN terminus (Table 1and
Supplemental Fig. S1D), which shared extensive identity
with rat protein (Supplemental Fig. S1C). Using this spe-
cific anti-collagen a3(IV) NC1 domain Ab (Table 1 and
Supplemental Fig. S1D), collagen a3(IV) was indeed
detected at the basal region, which was consistent with its
localization at the BM as well as the apical ES, most
prominently at the apical ES in VII–VIII tubules (Supple-
mental Fig. S1E), which was consistent with findings
shown in Fig. 1C (bottom). Collectively, these findings
demonstrate unequivocally that the NC1 domain of colla-
gen a3(IV) is a component of the basement membrane,
which could be transported across the epithelium from the
BM to the apical ESduring the epithelial cycle so that itwas
associated with apical ES in VII–VIII tubules. To further
confirm that collagen a3(IV) NC1 domain is a component
of the apical ES, dual-labeled IF analysis was performed
(Fig. 1D). TheNC1 domain protein was localized at the tip
of spermatidheadsandpartially colocalizedwithF-actin at
the apical ES, but not actin regulatory proteins, Arp3 [an
actin barbed-end polymerization protein that causes
branching of actinmicrofilaments (49)] or Eps8 [epidermal
growth factor receptor pathway substrate 8; an actin bun-
dling and barbed-end capping protein (50); Fig. 1D];
however, the NC1 domain peptide colocalized almost
superimposably with apical ES proteins, b1-integrin [spe-
cific to Sertoli cells (51)], nectin 3 [specific to spermatids
(52)], and nectin 2 [found in both Sertoli cells and sper-
matids (52); Fig. 1D].

Collagen a3(IV) NC1 domain at the apical ES in
stage VII–VIII tubules is transported from the
BM via an MT-dependent transport mechanism

PTX is a toxicant that is known to blockMT-dependent
cellular events by stabilizing MTs in mammalian cells,

including the testis (33), thereby causing MT disrup-
tion. Treatment of the testes with ;30 mM PTX [42.7 mg
PTX in 50 ml PBS was administered to the left testis vs.
PBS alone to the right testis, which served as a control
with n = 6 rats as described in Russell et al. (33)] was
found to considerably disrupt the accumulation of
NC1 protein at the apical ES in stage VII–VIII tubules
vs. control testes treatedwith vehicle (PBS) alone (Fig.
2A and Supplemental Fig. S2). These findings thus
imply that the considerable reduction of the NC1
domain at the apical ES in PTX-treated testes was
a result of a failure ofMT-mediated transport. Indeed,
there was a gross reduction in the track-like struc-
tures conferred by a-tubulin (the building block of
MTs; Fig. 2B). For instance, the track-like structures
conferred by MTs was grossly disrupted when visu-
alized by a-tubulin staining in testes that were treated
with PTX for 24 h (Fig. 2C). This loss of MT function
induced by PTX thus diminished the robust expres-
sion of the NC1 domain protein at the apical ES at the
Sertoli cell-step 19 spermatid interface (Fig. 2D);
however, the F-actin–based cytoskeleton was not af-
fected by PTX (Supplemental Fig. S2), which con-
firmed the notion that only the MT-based transport
mechanism was perturbed after PTX treatment.

Overexpression of collagen a3(IV) NC1 in
Sertoli cell epithelium perturbs Sertoli cell TJ
permeability via changes in the localization of
TJ and basal ES proteins as the result of an
increase in the kinetics of protein endocytosis

We next examined the biologic effects of the NC1 domain
on Sertoli cells and the likely underlying signaling mech-
anisms. In brief, 2 constructs of the NC1 domain with or
without the SP of rat collagen a3(IV) chain (rSP) were
prepared (Fig. 3A,B) byusingprimerpairs forPCRshown
in Table 2 and the NC1 domain cDNA construct pre-
viously described (34). Studies have shown that bi-
ologically active collagen fragments, such as the NC1
domain, exert their effects via integrin receptors, either
throughoutside-in or inside-out signaling (for reviews, see
refs. 53–55). Collagen a3(IV) NC1 was cloned into the
Mammalian Expression Vector pCI-neo (Promega) as de-
scribed (34). Furthermore, a signaling peptide of collagen
a3(IV) chain shown in Fig. 3B was also cloned into the
pCI-neo vector by using specific primer pairs shown in
Table 2. Overexpression of the collagen a3(IV) NC1 with

restrictively to the base of the seminiferous epithelium, consistent with its localization at the BM (upper); however, NC1 domain
stained by an Ab specific to the NC1 domain [prepared in-house using purified recombinant rat collagen a3(IV) NC1 domain
(Table 1) as previously characterized (34)] as noted in panel B was found at the apical ES in stage VII–VIII tubules but not in the
BM (lower). These findings are consistent with IF data obtained by using a goat anti-collagen a3(IV) Ab from Santa Cruz
Biotechnology (Table 1) but against only a stretch of sequence at 1440–1490 aa of collagen a3(IV) at the NC1 domain, which
stained almost exclusively to the BM but also the apical ES at stage VII–VIII (with some weak staining at the apical ES at step 9
spermatid-Sertoli cell interface in IX tubules but not other stages; Supplemental Fig. S1). D) Colocalization of NC1 (green
fluorescence) with: 1) F-actin (red fluorescence), 2) actin-regulatory proteins Arp3 (red fluorescence, a branched actin
polymerization protein that mediates actin barbed-end nucleation), 3) Eps8 (red fluorescence, an actin barbed-end capping and
bundling protein), as well as apical ES-specific adhesion proteins 4) b1-integrin (red fluorescence), 5) nectin 2 (red
fluorescence), and 6) nectin 3 (red fluorescence) at the apical ES. Cell nuclei were visualized by DAPI (blue fluorescence). Scale
bars: 150 mm (A), 20 mm (C, D).
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Figure 2. The NC1 domain peptide at the apical ES is transported from the BM via a MT-dependent mechanism. A) To assess
whether NC1 detected at the apical ES is originated from the BM via the MT-dependent track-like ultrastructure, testes were
treated with PTX (Taxol) as described in Materials and Methods. In control testes, the NC1 domain peptide (red fluorescence)
was prominently detected at the apical ES in stage VII–VIII tubules; however, after treatment of testes with PTX for 24 h, NC1
domain peptide was considerably diminished in stage VII–VIII tubules. Scale bars, 80 and 150 mm (inset). B) It was noted that
treatment of the testes with PTX perturbed MTs to organize into track-like structures to support cellular transports, such as

(continued on next page)
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(pCI-neo/rSP-NC1) and without the rSP (pCI-neo/NC1)
vs. vector alone (pCI-neo) was performed on d 2 of Sertoli
cell cultureswith an established TJ permeability barrier on
the basis of analysis of the TJ barrier function and the
presence of ultrastructures of TJ, basal ES, and gap
junction when visualized by electron microscopy as
previously reported (56, 57). Lysates were obtained
from these cultures on d 4 for IB. It was noted that
overexpression of NC1 was confirmed, wherein an
increase of;50% of the NC1 protein was quantified by
IB without affecting steady-state levels of other BTB-
associated proteins, including TJ proteins [e.g., cox-
sackievirus and adenovirus receptor (CAR) and zonula
occludens-1 (ZO-1)] andbasalESproteins (e.g.,N-cadherin,
b-catenin), using b-actin as a protein loading control (Fig.
3A, C). Of interest, overexpression of either pCI-neo/NC1
and pCI-neo/rSP-NC1 perturbed the Sertoli cell TJ per-
meability barrier function (Fig. 3D), which demonstrated
that NC1 exerted its inhibitory effects either by inside-out
or outside-in signaling. In short, the presence of signal
peptide rSP is not necessary forNC1domain to elicit its
full biological effect to perturb the Sertoli cell TJ-barrier
function based on the findings shown in Fig. 3D. Thus,
subsequent studies were performed by using pCI-
neo/NC1 without the signal peptide. NC1was found to
mediate its TJ barrier disruptive effects via changes in the
localization of TJ proteins CAR or ZO-1, as well as
basal ES proteins N-cadherin or b-catenin when ex-
amined by confocal microscopy, whereas these pro-
teins no longer localized closely to the cell-cell
interface but diffusely localized at the site (Fig. 3E).
These findings suggest that an overexpression of the
NC1 domain in Sertoli cells would enhance protein
endocytosis. A study that used a protein endocytosis
assay with CAR as the marker indeed confirmed this
notion of an increase in the kinetics of protein endo-
cytosis (Fig. 3F, G).

Collagen a3(IV) NC1 domain perturbs the
Sertoli cell TJ barrier via changes in actin
microfilament organization by altering
spatial expression of actin regulatory proteins
Arp3 and Eps8

We next examined the likely mechanism by which over-
expression of the NC1 peptide in Sertoli cell epithelium
perturbed the TJ permeability function as shown in Fig.
3D. Theorganizationof actinmicrofilamentsacross the cell
cytosol was grossly affected after overexpression of the
NC1 domain in Sertoli cells (Fig. 4A). For instance, actin

microfilaments were truncated and they no longer
stretched across the Sertoli cell cytosol as found in control
cells, but found mostly at the cell cortical zone (Fig.
4A). These changes seemed to be mediated via an
alteration of the spatial expression of actin barbed-
end nucleation protein Arp3 and actin barbed-end
capping and bundling protein Eps8 (Fig. 4A). Thus,
Arp3 and Eps8 effectively caused actin filaments to
assume a branched/unbundled and bundled configura-
tion, respectively. However, Arp3 and Eps8 no longer
concentrated at the Sertoli cell-cell interface to confer
plasticity to the actin microfilament bundles at the
Sertoli cell BTB, supporting their remodeling in re-
sponse to changes in the epithelial cycle. Their dis-
ruptive spatial expression thus impeded the proper
organization of actin filaments in Sertoli cells (Fig. 4A)
to support the Sertoli cell TJ barrier function. These
findings were noted and confirmed in other experi-
ments when more cells were visualized after NC1
domain overexpression in Sertoli cells (Supplemental
Fig. S3). These morphologic findings were further cor-
roborated by biochemical data that were based on
a biochemical assay inwhich the ability of the Sertoli cell
lysate to induce actin filament bundling was assessed
after overexpression of the NC1 domain was compared
with controls (vector alone) vs. negative control (buffer
alone; Fig. 4B). Indeed, a considerable and statistically
significant reduction in actin bundling activity was
detected in Sertoli cells after overexpression of NC1 do-
main (Fig. 4B).

Overexpression of the collagen a3(IV) NC1
domain in the testis in vivo
perturbs spermatogenesis

To further confirm the physiologic relevancy of the
observations in vitro, we next examined changes in the
status of spermatogenesis after overexpression of theNC1
domain in the testis in vivo using PolyPlus in vivo-jetPEI
transfection medium, which was recently shown to be
suitable for in vivo expression of cDNA or RNAi with
a high transfection efficiency (39, 58). The efficacy of
transfection was estimated by transfecting testes with
DsRed2, aDiscosoma sp. red fluorescence protein, cloned
into pCI-neo (pCI-neo/DsRed2) (right testis) vs. empty
vector (pCI-neo/Ctrl) (left testis) as shown in Supple-
mental Fig. S4Awith n = 3 rats as previously described
(36) on d 0 using PolyPlus in vivo-jetPEI transfection
medium. Testes were obtained from these rats on d 5
for examination using cross-sections. Fluorescence

endocytic vesicles and elongating/elongated spermatids, as virtually no track-like structures were detected in PTX-treated testes.
However, the F-actin–based tracks were not perturbed by PTX treatment (Supplemental Fig. S2). Scale bars, 100 and 200 mm
(inset). C) Magnified micrographs of cross-sections of tubules after PTX treatment vs. control testes in stage VII and VIII tubules.
The track-like structures (annotated by white arrowheads) conferred by a-tubulin (the building blocks of MTs) were noticeably
disrupted after PTX treatment, thereby impeding cellular transport, such as NC1 domain peptide through endocytic vesicles
from the BM (annotated by the dashed line). Scale bar, 20 mm. D) NC1 (red fluorescence) was seen to localize to the tip of
elongated spermatid heads, consistent with its localization at the apical ES in stage VII and VIII tubules in control (normal) testes
treated with PBS. Treatment of testes with PTX, however, considerably diminished the amount of NC1 domain at the apical ES,
likely the result of a disruption of the MT tracks that support organelle (e.g., NC domain peptide) transport across the
seminiferous epithelium. Scale bar, 15 mm.
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Figure 3. Overexpression of NC1 perturbs Sertoli cell TJ permeability barrier via changes in the localization of BTB-associated
proteins at the cell-cell interface mediated by a disruption of protein endocytosis kinetics. Sertoli cells were cultured for 2 d to
allow the assembly of a functional TJ permeability barrier. Thereafter, cells were transfected with plasmid DNA that contained the
construct of either NC1 or NC1 with the SP (rSP-NC1) vs. pCI-neo vector alone that served as a control (Ctrl) for 14 h, and lysates
were obtained 2 d after transfection (i.e., d 5). A) Overexpression of NC1 and NC1 with SP in Sertoli cells (0.3 3 106 cells/cm2)

(continued on next page)
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aggregates of pCI-neo/DsRed2 in;100 tubules from rat
testis of n = 3 rats (i.e., 300 tubules total) on d 5 were
randomly selected and scored (Supplemental Fig. S4A).
Successful transfection referred to the cross-section of
a tubule that had at least 10 aggregates of red fluores-
cence (Supplemental Fig. S4A). By using this approach, it
was estimated that ;60% of scored tubules were posi-
tively transfected using PolyPlus in vivo-jetPEI trans-
fection medium. Furthermore, the steady-state level of
the NC1 domain peptide in testes of rats that were
transfected with pCI-neo/NC1 was up-regulated by
;60%when examined by IB analysis on d 2 using lysates
obtained from seminiferous tubules that were isolated
from these rats (Supplemental Fig. S4B). These analyses
thus confirmed that overexpression of the NC1 domain
peptide in the testis was successful. Overexpression of
the NC1 domain (pCI-neo/NC1) in adult rat testes vs.
control (empty vector, pCI-neo alone; n = 6 rats per time
point) was found to induce extensive germ cell exfolia-
tion, in particular elongating/elongated spermatids,
which was detected on d 5 when transfection was per-
formed at time 0 for 24 h;.60% of tubules were affected,
whereas virtually no spermatids were found in the
seminiferous epithelium (Fig. 5). Of interest, by d 45,
elongating/elongated spermatids were found to have
begun to repopulate the epithelium, which demon-
strated that the NC1 peptide-induced aspermatogenesis
was reversible (Fig. 5). It was also noted that on d 3, 5,
and 7, some elongating/elongated spermatids were
detected in the seminiferous epithelium near the BM,
which indicated that some spermatids were persistently
trapped deep inside the epithelium of tubules wherein
spermiation had occurred. Perhaps this is a result of
defects in MT-based tracks that have been recently
shown to be crucial to support spermatid transport (59,
60). Interestingly, spermatids residing near the tubule
lumen were emptied into the tubule lumen such that
virtually no elongating/elongated spermatids were
found in the epithelium by d 7 in .80% of the staged
V–VIII tubules (Fig. 5). These findings also support the
notion that overexpression of the NC1 peptide disrupts
F-actin organization at the apical ES, which leads to

a breakdown of adhesion function at the Sertoli cell-
elongating/elongated spermatid interface.

Overexpression of the collagen a3(IV) NC1
domain in the testis in vivo perturbs
BTB integrity

As the basal ES that contributes to BTB integrity is
structurally similar to the apical ES, we next examined
whether the BTB in rat testes that were overexpressed
with collagen a3(IV) NC1 domain was leaky by using
an in vivo–based semiquantitative assay. In brief,
a membrane-impermeable protein biotinylation reagent
Sulfo-NHS-LC-Biotin was loaded (41) under the tunica
albuginea, which rapidly diffused into all seminiferous
tubules to biotinylate the cell surface proteins as this re-
agent is water soluble. An intact BTB thus blocked the
passage of biotin into the adluminal compartment, but
biotin could penetrate a disrupted (i.e., leaky) BTB and
labeled proteins in the adluminal (apical) compartment.
Thereafter, the presence of biotin was visualized by
Alexa Fluor 555-streptavidin (red fluorescence) to assess
the integrity of BTB (Fig. 6). As noted in the positive
control, wherein rats were treated with CdCl2 at 3 mg/
kg body weight, i.p.—previously shown to induce irre-
versible disruption of the BTB (42, 43)—biotin was vir-
tually freely permeable across the BTB to label proteins
behind the immunologic barrier, which was in sharp
contrast to control (normal) testes in which biotin
tracerswere blocked from bypassing the BTB (Fig. 6A).
After overexpression of the NC1 domain in the testis in
vivo, by d 3, the BTB remained relatively intact; how-
ever, it was badly damaged and grossly leaky by d 7,
but resealed by d 50 (Fig. 6A). These findings were
supported by semiquantitative data depicted in Fig. 6B
when the distance traveled by the biotin trace vs. the
radius of each tubule (a total of 30 tubules were scored
per rat tests with n = 3 rats, including the 2 control
groups; ;90 tubules were randomly scored; Fig. 6B).
These analyses thus support the notion that the BTB
was reversibly disrupted after overexpression of the
NC1 domain in the testis in vivo.

was confirmed by IB in which the steady-state level of NC1 was found to be induced; however, the levels of other BTB constituent
proteins remained unaffected. B) Amino acid sequence of the SP of rat collagen a3(IV) chain. Amino acid sequence of collagen
a3(IV) chain with the SP and the sequences of the primer pairs used to clone the collagen a3(IV) NC1 domain with the SP are
shown in Supplemental Fig. S1 and Table 2, respectively. C) Bar graph showing the efficiency of transfection in Sertoli cells, in
which transfection of Sertoli cells with the NC1 vs. rSP-NC1 cDNA clone led to a;50% increase in the steady-state level of NC1 in
Sertoli cell lysates. Each bar is a mean 6 SD of n = 3 independent experiments. **P , 0.01, Student’s t test. D) Overexpression of
NC1 or rSP-NC1 vs. pCI-neo DNA (empty vector, Ctrl) was found to perturb the Sertoli cell TJ permeability barrier wherein
Sertoli cells (1.23 106 cells/cm2) were cultured on Matrigel-coated bicameral units. Each data point represents a mean 6 SD of 4
replicates from a representative experiment, and similar results were obtained from n = 3 independent experiments. E) Confocal
microscopy showing that overexpression of the NC1 domain perturbed the localization of TJ (CAR and ZO-1; green
fluorescence) and basal ES (N-cadherin and b-catenin; green fluorescence) proteins at the Sertoli cell-cell interface. These
proteins no longer tightly localized at the Sertoli cell BTB, but diffusely localized at the site (i.e., x-y plane parallel to the plane of
cell attachment). These findings were further confirmed by examining the x-z plane (annotated by the dashed line; i.e.,
perpendicular to the plane of cell attachment; see the third row in each panel). Nuclei were visualized with DAPI (blue
fluorescence). Scale bars,10 mm. Bar graphs in the right panel summarized the analysis of 50 randomly selected cell pairs for each
experiment with n = 3 experiments that yielded similar results. F) Results of a representative endocytosis assay from n = 3
independent experiments illustrating overexpression of the NC1 domain peptide in Sertoli cells enhanced the kinetics of
endocytosis. The line graph in the right panel confirmed an increase in the rate of endocytosis, which supports the data shown in
panel E. *P , 0.05, **P , 0.01 (Student’s t test compared with corresponding control).
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Overexpression of the collagen a3(IV) NC1
domain perturbs the organization of actin
microfilaments and MTs in the testis

We next examined the mechanism(s) by which over-
expression of the NC1 domain peptide induced
elongating/elongated spermatid exfoliation and BTB
disruption in the testis. First, we sought to investigate
whether the actin-based cytoskeleton was impeded,
which, in turn, led to spermatid loss and BTB dis-
ruption as ES-specific adhesion proteins utilized
F-actin for attachment. Indeed, the overall organiza-
tion of F-actin in the seminiferous epithelium was

grossly disrupted by d 5 and 7 after overexpression of
the NC1 peptide in the testis in vivo vs. control (nor-
mal) testes, whereas testes on d 3 remained relatively
normal and the actin organization was capable of be-
ing re-established by d 45, making the F-actin network
similar to control testes (Fig. 7). Furthermore, the
track-like structures conferred by F-actin that were
readily detectable in normal (control) testes—and also
by d 45 after overexpression of the NC1 domain
peptide—were virtually nondetectable in .80% of
tubules examined on d 5 and 7; however, the track-like
structures conferred by F-actin by d 3 were only
mildly perturbed (Fig. 7), which supported the notion

Figure 4. Overexpression of the colla-
gen a3(IV) NC1 domain perturbs
the organization of actin filaments
via changes in spatial expression of actin
regulatory proteins Arp3 and Eps8. A)
F-actin organization was visualized
by using FITC-conjugated phalloidin
(green fluorescence) in Sertoli cells
on d 5 after transfection of corre-
sponding plasmid DNA. Overexpres-
sion of the collagen a3(IV) NC1
domain peptide in Sertoli cells led to
reorganization of F-actin in which
considerably reduced actin microfila-
ments were found to stretch across the
cell cytosol, thereby destabilizing cell
adhesion protein complexes that use
F-actin for attachment as noted in Fig.
3E to support the Sertoli cell TJ barrier
function (Fig. 3D). As noted herein,
these disruptive changes in actin orga-
nization were mediated via changes in
the spatial expression of Arp3 (green
fluorescence; a branched actin poly-
merization protein by inducing a lin-
ear actin microfilament to undergo
extensive branching) and Eps8 (green
fluorescence; an actin barbed-end cap-
ping and bundling protein that confers
actin filaments to a bundled configura-
tion), whereas Arp3 and Eps8 was no
longer highly expressed at the cell-cell
interface, but internalized into the cell
cytosol. These changes thus contributed
to changes in F-actin organization as
noted in the top panel. Plasmid DNA
was labeled with Cy3 to confirm success-
ful transfection in Sertoli cells. Scale bar,
20 mm. These data were confirmed in
other experiments wherein more cells
were visualized (Supplemental Fig. S3).
B) A biochemical assay that monitored
the overall actin bundling activity in
lysates of Sertoli cells after overexpres-
sion of NC1 vs. control plasmid DNA. A
bar graph on the right panel illustrates
the results shown in the left panel in
which each bar is a mean 6 SD of n = 3
experiments, and each experiment had
duplicate culture dishes. **P , 0.01,
Student’s t test.
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Figure 5. Overexpression of the collagen a3(IV) NC1 domain in the testis in vivo reversibly perturbs spermatogenesis.
Overexpression of plasmid DNA that contains NC1 domain vs. empty vector (ctrl) was performed at time 0, and testes were
obtained from rats (n = 3 rats for each time point) on d 3, 5, 7, and 45 for histologic analysis after hematoxylin and eosin staining
using paraffin-embedded cross-sections of testes. Colored boxes (red or blue) are magnified images to highlight the progressive
changes in the premature release of spermatids into the tubule lumen. Asterisks indicate tubules that had obvious defects in
spermatogenesis. Premature spermatid loss was detected as earlier as d 3. By d 7, spermatids were no longer found in the majority
of tubules; however, some spermatids remained trapped deep inside the seminiferous epithelium in many tubules even though
the majority of elongating/elongated spermatids resided near the tubule lumen had undergone spermiation prematurely. Of
interest, the status of spermatogenesis was largely restored by d 45, as noted in many of the tubules examined in the testis,
illustrating that the disruptive effects of the NC1 domain after its overexpression were reversible. Images shown herein were
representative findings of n = 3 rats for each time point. Scale bars in first, second, and third and fourth column, 350, 80, and
35 mm, respectively. Transfection efficiency that supported phenotypes shown herein were the result of overexpression of the
collagen a3(IV) NC1 domain (conformed by IB) was shown in Supplemental Fig. S4.
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Figure 6. Overexpression of the collagen a3(IV) NC1 domain in the testis in vivo disrupts BTB integrity reversibly. A) BTB
integrity assay was performed to assess the ability of BTB to block the diffusion of biotin (EZ-Link Sulfo-NHS-LC-Biotin, Mr
556.59, a membrane-impermeable reagent) across the immunologic barrier to enter the adluminal compartment. In testes that
were transfected with pCI-neo alone (control, Ctrl), intact BTB blocked biotin (red fluorescence) from entering the adluminal
compartment such that red fluorescence was only detected in the basal region of the epithelium and interstitial space. In testes
from rats that were treated with CdCl2 (positive control) or after transfection with pCI-neo/NC1 on d 7 (but not d 3), biotin
penetrated the BTB and entered the adluminal compartment, illustrating that the BTB was compromised. However, the BTB was
resealed by d 50 when the functional BTB blocked the entry of biotin into the adluminal compartment. Distance traveled by
biotin beyond the BM/tunica propria (annotated by a dashed white line) is depicted by a yellow bracket. Images of ;3–4 tubules
(lower magnification) for each group are shown in the insets and the magnified image of 2 typical tubules is shown in the
micrograph. Scale bars, 30 and 250 mm (insets). B) Semiquantitative analysis of the findings shown in panel A by comparing the
distance traveled by biotin (DBiotin) from the BM of the tubule vs. the radius of the same tubule (DRadius). These data were
summarized in the bar graph with each bar a mean 6 SD of ;30 tubules that were randomly selected from testes of 3 rats (from
a total of ;90 tubules). For oval-shaped tubules, DRadius is the mean of the longest and shortest distance of the tubule. N.d., not
significantly different. *P , 0.05, **P , 0.01 by Student’s t test.
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Figure 7. Overexpression of the collagen a3(IV) NC1 domain in the testis in vivo alters F-actin and MT organization in the
seminiferous epithelium. Rat testes were transfected with pCI-neo/NC1 vs. pCI-neo (control) at time 0, and testes were collected
at specified time points with n = 3 rats for each time point. Frozen sections of testes were used to visualize the organization of F-
actin by FITC-phalloidin (green fluorescence). Cell nuclei were visualized by DAPI (blue fluorescence). Overexpression of NC1
led to extensive germ cell exfoliation by d 5 and 7, and F-actin network across the seminiferous epithelium was grossly disrupted
at these time points. The typical track-like structures conferred by F-actin (annotated by white arrowheads) at late stage VIII of
the epithelial cycle in control testes and also by d 3 were no longer detected in tubules after overexpression of NC1 by d 5 and 7.
However, those tracks were restored by d 45 (white arrowhead at the bottom) and germ cells of different classes repopulated the
entire epithelium, consistent with data shown in Fig. 6. Green-colored boxes are magnified images to highlight the progressive

(continued on next page)
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that F-actin organization was reversibly disrupted by
NC1 domain overexpression. These data are also in
agreement with findings, shown in Fig. 5, that by d 3,
some of the tubules displayed signs of defects in sper-
matogenesis as elongated spermatid adhesion was
perturbed. In addition, MT-based cytoskeletons were
grossly affected by d 5 and 7 after NC1 domain over-
expression in the testis, but not in controls and d 45,
whereas by d 3, MT organization was mildly perturbed
(Fig. 7, right; by immunohistochemistry). These find-
ings are also consistent with disruption of the F-actin
network after NC1 domain overexpression in the testis.

Overexpression of the collagen a3(IV) NC1
domain disrupts the apical ES function in the
testis in vivo

As adhesion protein complexes, such as b1-integrin-
laminin-g3 (61, 62), all utilize F-actin for their attachment
at the apical ES, and actin organization at the site is sup-
ported by the restrictive spatial expression of Arp3 and
Eps8, we examined changes in their expression and/or lo-
calization in the testis after overexpression of the NC1 do-
main peptide. As shown in Fig. 8, the organization of F-actin
byd5was grossly affected, notablyperturbedbyd3, and its
expression was considerably down-regulated by d 7. For
instance, by d 5, F-actin was no longer restricted to the
concave (ventral) side of spermatid heads as noted in
control testes, and b1-integrin was no longer restrictively
expressed at the convex (dorsal) side of spermatid heads
(Fig. 8). Themildly affectedF-actin organizationbyd3was
also reflected by mild changes in localization of Arp3,
Eps8, and b1-integrin and laminin-g3 (Fig. 8). By d 7, ex-
pression of b1-integrin and laminin-g3 was considerably
diminished, which was likely a result of the considerable
down-regulation of the spatial expression of Arp3 and
Eps8 so that F-actin no longer organized to support the
adhesionprotein complexes at the site. Furthermore,many
elongating/elongated spermatids lost their polarity, with
their heads no longer pointed toward the BM almost per-
pendicularly, butdeviatedbyat least 90° fromthe intended
orientation found in control testes (Fig. 8).

Overexpression of the collagen a3(IV) NC1
domain disrupts the basal ES/BTB function in
the testis in vivo

Similar to the apical ES, the basal ES at the BTB is also an
actin-rich ultrastructure, except that it has 2 arrays of actin
microfilament bundles, one on each side of the 2 adjacent
Sertoli cells vs. just a single array of actin bundles on the
Sertoli cell side at the Sertoli-spermatid interface (63, 64).

We next examined whether overexpression of the NC1
domain peptide in the testis would impede F-actin orga-
nizationat thebasalES. Indeed, overexpressionof theNC1
domain peptide in the testis in vivo led to changes in the
organization of F-actin at the basal ES (Fig. 9A, B), which,
together with actin-based TJ and gap junction, are known
to constitute the BTB (63, 65, 66). For instance, F-actin no
longer tightly localization at the basal ES as found in
control rat testis, butwasdiffusely localizedat the site (Fig.
9) and this disruptive change was notably detected on d 5
and 7, but not on d 3. These data are also consistent with
findings shown in Fig. 6 on the basis of the BTB integrity
assay. As TJ- (e.g., occludin-ZO-1, claudin 11-ZO-1) and
basal ES- (e.g., N-cadherin-b-catenin) associated protein
complexes utilize F-actin for their attachment, changes in
the organization of F-actin at the basal ES thus impeded
the localization of these TJ- and basal ES-associated pro-
teins,whereas theywere alsodiffusely localizedat theBTB
(Fig. 9A, B). These changes thus impeded BTB integrity,
thereby leadingtoa failureof theBTBtoblock thediffusion
of biotin across the immunologic barrier after over-
expression of the NC1 domain peptide (Fig. 9 vs. Fig. 6).

DISCUSSION

Spermatogenesis is composedofa seriesofhighly complex
cellular events that include 1) self-renewal of undifferen-
tiated spermatogonia via mitosis, 2) meiosis I/II, 3) post-
meiotic spermatid development via spermiogenesis, and
4) the release of spermatids at spermiation (67, 68). These
changes are under precise regulation of the hypothalamic-
pituitary-testicular axis and some yet-to-be defined local
regulatory mechanisms and/or regulatory molecules
(69, 70). It hasbeen reported thatat the timeof spermiation,
biologically active fragments are generated (71), possibly
via the action of MMP-2, which cleaves laminin-g3 chains
(61) andcanserveas autocrine-based factors to induceBTB
restructuring (71, 72). Recent studies have identified
a peptide, designated F5-peptide, that is generated from
the laminin-g3 chain (73) at the apical ES. This F5-peptide
is capable of potentiating apical ES breakdown via an
autocrine-based mechanism to facilitate the release of
sperm at spermiation (39). In addition, this F5-peptide is
also capable of inducing BTB remodeling via integrin-
based inside-out and/or outside-in signaling at the basal
ES (72), which is mediated by a disruption on the organi-
zation of actinmicrofilaments andMTs at the basal aswell
asapicalES (39). These effects thus coordinate the events of
spermiation and BTB remodeling that take place simulta-
neously at the opposite ends of the seminiferous epithe-
lium at stage VIII of the epithelial cycle in the rat testis (64,
73). Studies in the literature have shown that collagen-

changes in the organization of F-actin. MT network in the cross-sections of testes was also visualized by IHC using a tubulin Ag
(Table 1), and it was also shown to be disrupted following overexpression of NC1 domain peptide. For instance, the track-like
structures conferred by MTs (black arrowheads) noted in Ctrl testes were mildly disrupted by d 3, but grossly affected by d 5 and
7, since they no longer laid perpendicular (yellow arrowheads) to the basement membrane (BM is annotated by the black
arrowhead in d 7 testis section). Elongated spermatids (blue arrowheads) were consistently found in tubules embedded deep
inside the epithelium by d 7. Interestingly, the MT conferred track-like structures were restored by d 45 (black arrowheads),
indistinguishable from control testes. Scale bars: 80 mm; 200 mm (insets); 30 mm (green boxes and right column).
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derived peptides, such as NC1 domain, are also bi-
ologically active peptides that are capable of modulating
cell adhesion function, cell apoptosis, angiogenesis, and
tissue regeneration (4, 74–76). These findings thus
promptedus to examinewhether theNC1domain found
in collagen a3(IV) chain—one of themajor building blocks
of the BM in the testis—could have biologic effects similar
to the other collagen chains in other epithelia and/or en-
dothelia. If so, this will support the concept that there is
a local regulatory axis between the BTB/basal ES, the
apical ES, and the BM to coordinate cellular events during
the epithelial cycle of spermatogenesis. This notion was

also supported by the previous finding that a disruption
of BM function by actively immunizing rodentswith anti-
BM Abs induced gross disruption of the seminiferous
epithelium, which in turn compromised spermatogenesis
(10, 77).

On the basis of the known sequence of rat collagen
a3(IV), the NC1 domain was cloned into a mammalian
expression vector pCI-neo (34), with or without a puta-
tive SP of collagen a3(IV) to assess whether its bio-
logic effects are potentiated in the presence of an SP and to
assess whether its effects are mediated via inside-out vs.
outside-in signaling. These 2 NC1 domain clones were

Figure 8. Overexpression of the collagen a3(IV) NC1 domain in the testis in vivo perturbs F-actin organization at the apical
ES via changes in the spatial expression of actin regulatory proteins, which, in turn, alters apical ES protein distribution.
Frozen sections of testes after transfection of pCI-neo/NC1 vs. pCI-neo (control) were stained for F-actin (green
fluorescence), Arp3 (green fluorescence), and Eps8 (green fluorescence), as well as Sertoli cell–specific apical ES protein
b1-integrin (green fluorescence) and spermatid-specific apical ES protein laminin-g3 chain (red fluorescence). Cell nuclei
were visualized by DAPI (blue fluorescence). F-actin was found mostly and tightly localized to the concave (ventral) side of
elongated spermatid heads in stage VII tubules as bulb-like structures. By d 3 after NC1 overexpression, F-actin began to
move away from the concave side of spermatid heads and became grossly mislocalized by d 5 and considerably diminished
by d 7. Both Arp3 and Eps8 that tightly localized to the concave side of spermatid heads appeared as bulb-like structures in
control testes. By d 3, Arp3 began to move away from the concave site, and by d 5, Arp3 staining was also detected on the
convex (dorsal) side of spermatid heads (almost none in the control and found in a few spermatids by d 3). Eps8 staining
seemed to diffuse away from the concave side of spermatid heads to cover the tip of spermatid heads by d 5. By d 7,
localization of these 2 actin regulatory proteins was considerably diminished. These changes thus impeded the localization
of 2 apical ES proteins b1-integrin as well as laminin-g3 chain on d 5 after NC1 overexpression, and their expression was also
considerably diminished by d 7. Many spermatids were found to lose their polarity. Instead of pointing toward the BM
almost perpendicularly, their heads were deviated by at least 90° (yellow arrowheads) from the intended orientation. Scale
bar, 20 mm.
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Figure 9. Overexpression of the collagen a3(IV) NC1 domain in the testis in vivo perturbs the organization of F-actin at the BTB,
leading to mislocalization of TJ and basal ES proteins. A) Frozen sections of testes following transfection of pCI-neo/NC1 vs. pCI-
neo (control) were stained for F-actin (green fluorescence), TJ proteins occludin (green), claudin 11 (red), and ZO-1 (red), as
well as basal ES proteins N-cadherin (red) and b-catenin (green). Cell nuclei were visualized by DAPI (blue fluorescence) with
the BM annotated by a white dashed line. After overexpression of the NC1 domain at time 0, although no obvious changes were
noted by d 3, the organization of F-actin was grossly affected such that F-actin was no longer tightly packed at the BTB, but diffusely
localized at the site (white brackets). As the TJ and basal ES proteins all utilized F-actin for attachment, the disruptive organization of
F-actin thus impeded their localization such that they were diffused away from the BTB (annotated by the white brackets vs. control
testes). Scale bar, 20 mm. B) Bar graph summarizes results shown in panel A from;50 randomly selected tubules for examination, with
each bar a mean 6 SD of n = 3 rats (a total of ;150 tubules). N.s., not significant. **P , 0.01, Student’s t test.
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then overexpressed separately in Sertoli cells, with their
overexpression confirmed by IB as reported herein. It was
shown that when the collagen a3(IV) NC1 domain was
overexpressed in Sertoli cell epithelium with an estab-
lished functional TJ barrier, earlier shown to mimic the
Sertoli cell BTB in vivo, it perturbed Sertoli cell TJ perme-
ability barrier function regardless of the presence of an SP,
which demonstrated that it can mediate its effects via
inside-out signaling or outside-in signaling, consistent
with earlier studies that used recombinant NC1 protein
(34). Of interest, the effect bywhich overexpression of this
NC1 domain peptide in Sertoli cells perturbed TJ perme-
ability barrier disruption was shown to be mediated via
changes in the localization of BTB-associated TJ and basal
ES proteins. As these adhesion protein complexes all uti-
lized F-actin for attachment, we next examined any
changes in the organization of F-actin. As expected, over-
expression of this NC1 domain was found to disrupt
F-actin organization in Sertoli cells, wherein actin micro-
filaments no longer stretched across the entire Sertoli cell
cytosol. Instead, they were either truncated or localized in
the cellular domain close to the cell cortical zone and
appeared as a branched/defragmented network. These
changes apparently were the result of an alteration of the
spatial expression of actin-regulatory proteins Arp3 and
Eps8 in Sertoli cells. In this context, it is noted that Arp3 is
known to induce barbed-end polymerization of a linear
actin microfilament, thereby effectively making bundled
actin filaments become a branched configuration (78).
Conversely, Eps8 is an actin barbed-end capping and
bundling protein that induces actin microfilaments to as-
sumeabundled configuration (79). The combinedeffects of
these 2 proteins thus confer F-actin its plasticity to support
actin dynamics to promote cell adhesion and cell (e.g.,
spermatid) and organelle (e.g., residual body, phagosome)
transportduring theepithelial cycle.Of importance, similar
disruptive changes on the organization of F-actin in the
seminiferous epithelium were noted when the NC1 do-
main was overexpressed in the adult rat testis in vivo. In
addition, MT organization was also considerably per-
turbed after NC1 domain overexpression in the testis,
whereas the distinctive track-like structures conferred by
MTs were no longer detected. As recent studies have
shown that these track-like structures are important for
supporting spermatid transport across the epithelium (59,
60), it is not surprising to find that many elongated sper-
matids remained trapped deep inside the epithelium even
in tubules that had undergone NC1 domain–induced
spermiation.

In short, within 3 to 5 d after overexpression of NC1 in
the testis, elongated spermatids began to undergo pre-
mature spermiation in the testis in non–stage VIII tubules,
such as stagesVI andVII tubules.A careful examinationof
the distribution and/or organization of F-actin and the
distribution of the apical ES proteins in the seminiferous
epithelium indeed support the notion that the apical ES in
the tubules undergoing premature spermiation has been
compromised. This is also the result of changes in the
tightly regulated spatiotemporal expression of actin reg-
ulatory proteins Arp3 and Eps8. These findings illustrate
that thedisruptive effects ofNC1on spermatogenesis after

its overexpression either in Sertoli cells cultured in vitro or
in the testis in vivo are mediated by changes in the orga-
nization of F-actin– and MT-based cytoskeletons. These
findings also support the concept that the NC1 domain
peptide that is transported from the BM to the apical ES at
stages VIII–IX is used to induce apical ES degeneration to
facilitate the release of sperm at spermiation. In addition,
the NC1 domain peptide is also used to induce BTB
remodeling at these stages when preleptotene spermato-
cytes are transported across the immunologic barrier to
develop into zygotene and pachytene spermatocytes to
prepare for meiosis at stage XIV of the epithelial cycle. As
such, the collagena3(IV)NC1 domain peptide apparently
servesasanautocrine factor tocoordinate these events that
take place at the opposite ends of the epithelium. As the
seminiferous epithelium is composed of a Sertoli cell
monolayer in which each Sertoli cell is responsible for
the intricate development of ;30–50 germ cells (80) at
different stages of development, it is envisioned that the
best mechanism with which to connect cellular events
across the epithelium is via changes in the underlying
cytoskeletal network. This concept is also supported by
recent studies wherein biologically active fragments
generated from laminin-g3 chains (e.g., F5-peptide) at the
apical ES also utilize a similar mechanism to coordinate
the remodeling of the basal ES/BTB and degeneration of
the apical ES at stage VIII of the epithelial cycle (39).

The underlying mechanism by which the NC1 do-
main is cleaved from the collagen a3(IV) chain in the BM
remains to be investigated. An earlier study has shown
that this is likely mediated by TNF-a, which induces
a surge inMMP9 expression (11, 61).MMP9 thenmediates
cleavage of collagen a3(IV) to generate the biologically
active NC1 domain peptide, which is transported to the
apical ES at stages VIII–IX of the epithelial cycle. This
possibilitymust be carefully investigated in future studies.
Nonetheless, we have unequivocally demonstrated the
presence of a local apical ES-BTB/basal ES-BM axis that
coordinates the events of spermiation andBTB remodeling
mediated by the NC1 domain derived from the colla-
gen a3(IV) chain in the BM. This functional axis is
physiologically significant as it provides a new concept
for the regulation of BTB during spermatogenesis.
While the hypothalamic-pituitary-testis axis is im-
portant to provide the hormonal basis to support
spermatogenesis, these locally produced autocrine fac-
tors are crucial to coordinate cellular events across the
seminiferous epithelium during the epithelial cycle of
spermatogenesis.
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