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Abstract
Throughout spermatogenesis, leptotene spermatocytes traverse the blood-testis barrier (BTB) to enter
the adluminal compartment of the seminiferous epithelium for continued development. At the same
time, the integrity of the BTB, which is constituted by co-existing tight junctions (TJ), basal
ectoplasmic specializations (basal ES) and desmosome-like junctions, must be maintained since a
breach in barrier function can result in spermatogenic arrest and infertility. There is evidence to
suggest that drug transporters may function at the BTB, but little is known about how they contribute
to spermatogenesis. In this study, we investigate the role of P-glycoprotein (P-gp), a drug efflux
pump, in BTB dynamics. A survey by RT-PCR revealed several transport proteins to be expressed
by the testis, including Mdr1 (gene symbol for P-gp), Mrp1, Abcc5 and Slc15a1. It was also
demonstrated that P-gp localizes to the BTB in all stages of the epithelial cycle in the adult rat testis,
as well as to the Sertoli cell elongated spermatid interface in stages VII–VIII. We continued our study
by examining the levels of several transporters in the testis following oral administration of Adjudin,
a compound known to affect Sertoli-germ cell adhesion. In this experiment, the steady-state levels
of P-gp, MRP1, ABCG1 and SLC15A1 were all found to increase by several-fold within hours of
Adjudin treatment during junction restructuring. More importantly, an increase in P-gp association
with TJ proteins (e.g., occludin, claudin-11 and JAM-A) was noted when testis lysates from Adjudin-
treated rats were used for co-immunoprecipitation experiments, suggesting that P-gp may enhance
BTB function during Sertoli-germ cell junction restructuring.
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Introduction
Spermatogenesis is a complex process that requires the integrity of the blood-testis barrier
(BTB) to be maintained since a compromise in BTB function can result in exposure of unique
haploid germ cell antigens to the host’s immune system and infertility (Hedger and Hales,
2006). Several different types of junctions are known to contribute to BTB integrity, including
tight junctions (TJ), basal ectoplasmic specializations (basal ES) and desmosome-like
junctions, and except for the last type of junction, we have a relatively good understanding of
their molecular architecture and regulation in the testis (Mruk and Cheng, 2004b, Mruk and
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Cheng, 2004a, Mruk et al., 2008). In this study, we aim to expand our knowledge of BTB
dynamics by looking beyond conventional TJ and basal ES proteins present at the BTB. Instead,
we were interested in determining whether drug transporters, such as P-glycoprotein (P-gp),
function at the BTB possibly to maintain the integrity of the seminiferous epithelium.

P-gp [product of Abcb1 gene, also known as multidrug resistance 1 (Mdr1) gene] is the best-
studied ATP-binding cassette (ABC) transporter of the MDR/transporter associated with
antigen processing (TAP) subfamily and the focus of this study. First described as a protein
that was over-expressed in tumor cells displaying resistance to anticancer drugs, P-gp was
subsequently reported to be an ATP-powered efflux pump whose role is to protect organisms
from toxic substances by transporting compounds out of cells against steep concentration
gradients (Loscher and Potschka, 2005, Mizuno et al., 2003, Leslie et al., 2005, Miller et al.,
2008). P-gp substrates generally include lipophilic and amphiphatic compounds ranging from
~300–4000 Da. P-gp is also known to transport Ca2+ channel blockers, HIV protease inhibitors,
immunosuppressants, antibiotics, statins and steroids. In addition, P-gp expression is wide-
spread and not restricted to tumor cells; expression has also been reported in organs with
excretory roles (e.g., liver, kidney and small intestine) and at blood-tissue barriers (e.g., blood-
brain, blood-testis and blood-placenta) where it functions to restrict entry of a drug or to
facilitate the rapid elimination of a drug from sensitive tissues (Fojo et al., 1987, Thiebaut et
al., 1987). Indeed, a study using transgenic knockout mice illustrated that P-gp is critical for
blood-tissue barrier function because animals had a disrupted blood-brain barrier, as well as
sensitivity to ivermectin (a broad-spectrum anti-parasitic drug) and vinblastine [an anti-mitotic
drug used to treat certain types of cancers] (Schinkel et al., 1994). While these animals were
viable and fertile, knockdown of Mdr1 affected drug pharmacokinetics and elimination, and
in the case of ivermectin, even resulted in death. In another study, inhibition of P-gp by
LY-335979 (presently undergoing Phase III Clinical Trials for the treatment of leukemia and
myelodysplastic syndromes) increased the concentration of nelfinavir, an HIV protease
inhibitor, in the brain and testis by several-fold (Choo et al., 2000), revealing that P-gp has a
protective role at blood-tissue barriers.

In this study, we report that P-gp is an integrated component of the BTB in the adult rat. Equally
important, when the seminiferous epithelium was under assault by Adjudin [a compound that
is known to specifically affect Sertoli-germ cell adhesion (Cheng et al., 2001, Grima et al.,
2001, Mruk et al., 2006, Cheng et al., 2005)], P-gp associated more with TJ proteins, suggesting
that P-gp may enhance BTB function during Sertoli-germ cell restructuring. The results of this
study illustrate P-gp’s participation in cell junction dynamics.

Materials and Methods
Animals

Male Sprague Dawley rats at 20 and 90 days of age were purchased (Charles River
Laboratories, Kingston, NY) and allowed to acclimatize for 24–48 hr before experimental use.
Rats had free access to water and standard rat chow, and they were exposed to 12 hr light:dark
cycles. Rats were sacrificed by CO2 asphyxiation as directed (Beaver et al., 2001). The use of
animals was approved by The Rockefeller University Animal Care and Use Committee with
protocol numbers 06018 and 09016.

Isolation of Sertoli cells
Sertoli cells were isolated from 20-day old rats and plated on Matrigel™- coated coverslips at
0.05 × 106 cells/cm2 in F12/DMEM supplemented with growth factors as described (Mruk et
al., 2003, Cheng et al., 1986). Contaminating germ cells were removed 48 hr after plating by
treatment with a hypotonic buffer (Galdieri et al., 1981) to yield Sertoli cells with a purity of
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~98%. Cells were incubated at 35 °C in a humidified atmosphere of 5% CO2/95% air [v/v] for
an additional 48 hr. These cells were then used for immunofluorescent microscopy
experiments.

Treatment of animals with Adjudin
A single dose of Adjudin (50 mg/kg b.w., suspended in 0.5% methyl-cellulose [w/v]) was
orally administered to adult rats (~300 gm b.w., n = 7/time point) to induce germ cell loss from
the seminiferous epithelium (Cheng et al., 2001, Grima et al., 2001). Rats were killed at
different time points ranging from a few hours to several days after treatment. Testes were
removed, frozen in liquid nitrogen and stored at −80 °C until used for lysate preparation or for
immunofluorescent microscopy. Control rats (n = 7) received 0.5% methyl-cellulose [w/v]
only.

RT-PCR
Total RNA was extracted from the testis, kidney, liver and brain of adult male rats by RNA
STAT-60 (Tel-test “B” Inc., Friendswood, TX). Two μg RNA was then used for the reverse
transcriptase reaction, followed by PCR as described (Mruk et al., 1997, Mruk et al., 1998)
(Table 1). Contamination of samples by genomic DNA was assessed by omitting reverse
transcriptase during cDNA synthesis. Primers were designed to anneal specifically to
transcripts as deposited in GenBank® (Table 1), and S-16 was used as an internal control to
ensure equal sample processing. After electrophoresis, gels were stained with ethidium
bromide, and images were captured with a Syngene Bio Imaging system (Cambridge,
England). Nucleotide sequencing was performed to verify the authenticity of transcripts
detected in the testis.

Immunoblotting
Tissue lysates were prepared in lysis buffer (10 mM Tris, pH 7.4 at 22 °C containing 0.15 M
NaCl, 10% glycerol [v/v], 1% NP-40 [v/v], protease and phosphatase inhibitors) by using a
tissue:buffer ratio of 1:5. Approximately 75–100 μg lysate was resolved onto SDS
polyacrylamide gels (SDS-PAGE) under reducing conditions as described (Lau and Mruk,
2003). Gels were transferred onto nitrocellulose, blocked with 5% milk [w/v] in PBS-Tris, pH
7.4 containing 0.1% Tween-20 [v/v] for 1 hr and probed with different antibodies at R.T.
overnight (Table 2). The following day, blots were incubated with HRP-conjugated secondary
antibodies (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA), and chemiluminescence was
used to detect immunoreactive proteins. Images were captured with a LAS-4000 luminescent
image analyzer (FujiFilm, Valhalla, NY).

Enzyme immunohistochemistry
To localize P-gp in the adult rat testis, enzyme immunohistochemistry was performed using
the HistoMouse™-MAX kit (Zymed/Invitrogen) which was compatible with mouse, rabbit and
guinea pig primary antibodies. In brief, animals were killed, testes removed and frozen
immediately in liquid nitrogen. Thereafter, testes were embedded in Tissue-Tek Optimal
Cutting Temperature (O.C.T) compound (Sakura Finetek USA, Inc., Torrance, CA), 7 μm-
thick sections obtained, mounted onto poly-L-lysine-coated glass slides and dried briefly.
Sections were then saturated with Bouin’s fixative, washed with PBS, pH 7.4 and endogenous
peroxidase activity quenched with 3% H2O2 [v/v] in methanol. Sections were blocked with
10% normal goat serum (NGS, [v/v]) for 1 hr and incubated with P-gp IgG (1:50; stock
concentration, 200 μg/ml, Table 2) in PBS containing 1% NGS [v/v] at R.T. overnight. The
next day, sections were saturated with a broad spectrum horseradish peroxidase (HRP)-
conjugated secondary antibody, followed by color development with 3-amino-9-
ethylcarbazole (AEC). Nuclei were visualized by hematoxylin. Mouse IgG (1:50; stock
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concentration, 200 μg/ml) was used as the control. Images were acquired with MicroSuite
FIVE software (Version 1.224, Olympus Soft Imaging Solutions Corp, Lakewood, CO) and
an Olympus DP70 12.5 MPa digital camera attached to an Olympus BX61 motorized
microscope. Images were adjusted for brightness and contrast only with Adobe Photoshop
software (Version 10.0).

Immunofluorescent microscopy
Immunofluorescent microscopy was performed using adult rat testes and primary Sertoli cells
(0.05 × 106 cells/cm2, day 4 after plating). Sertoli cells were fixed in 4% paraformaldehyde
[w/v], permeabilized with 0.1% Triton X-100 [v/v] and blocked with 10% NGS [v/v].
Thereafter, cells were incubated with a mixture of antibodies from two different species
(e.g., P-gp IgG + occludin IgG) in PBS containing 1% NGS [v/v] at R.T. overnight (Table 2).
Cells were then washed and incubated with Alexa Fluor 488 and 555 (1:100) secondary
antibodies in PBS containing 10% NGS [v/v]. ProLong Gold antifade reagent with DAPI was
used for mounting, and images were acquired as described above. Immunofluorescent
microscopy using adult rat testes was performed by a similar protocol (Sarkar et al.,
2008,Sarkar et al., 2006).

Co-immunoprecipitation
Approximately 500 μg lysate from control or Adjudin-treated rat testes was used for co-
immunoprecipitation (Co-IP) as described (Lau and Mruk, 2003, Sarkar et al., 2006). Lysates
were first pre-cleared with rabbit IgG, and interacting proteins were precipitated with protein
A/G PLUS agarose (Santa Cruz Biotechnology). Thereafter, supernatants were incubated with
either occludin, claudin-11, junctional adhesion molecule-A (JAM-A) or rabbit IgG (~2–5
μg, Table 2) overnight, and protein A/G PLUS agarose was used to pull-down interacting
proteins. Agarose beads were washed 4 times with gentle rotation for a total of 1.5 hr with lysis
buffer containing protease and phosphatase inhibitors. SDS sample buffer (0.125 M Tris, pH
6.8 at 22 °C containing 20% glycerol [v/v], 1% SDS [w/v] and 1.6% 2-mercaptoethanol [v/v])
was then added to agarose beads, and this was heated at 60 °C as instructed on the P-gp antibody
specification sheet provided by the vendor. After centrifugation, samples were subjected to
SDS-PAGE, followed by immunoblotting with a P-gp antibody (Table 2).

General methods
Protein estimation was performed by using the Bio-Rad DC Protein Assay (Bio-Rad, Hercules,
CA). Scion Image (Version 1.1, NIH, Bethesda, MD) and GB-STAT (Version 7.0, Dynamic
Microsystems, Silver Spring, MD) software packages were used to digitize gel images and
determine statistical significance, respectively. In some cases, the UN-SCAN-IT gel software
package (Version 6.1, Silk Scientific, Orem, Utah) was used to verify the accuracy of scanning
results obtained by Scion Image. Within UN-SCAN-IT gel software, background correction
and saturation checking were applied to gel images, and saturated images were not
densitometrically scanned. Multiple comparisons were done by ANOVA with Dunnett’s test.
P<0.05 was taken as statistically significant. All RT-PCR, immunoblotting and co-
immunoprecipitation experiments were repeated 4–7 times; all enzyme immunohistochemistry
and immunofluorescent experiments were repeated 3 times each using different testes or
batches of isolated Sertoli cells.

Results
Efflux and influx pumps are expressed by the testis

There are few reports investigating the role of drug transporters in the testis (Melaine et al.,
2002, Melaine et al., 2006, Morales et al., 2008, Dalton et al., 2005, Ono et al., 2007), and most
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studies have focused on understanding how drug resistance can be overcome in cancer cells
in vitro and in vivo (Loscher and Potschka, 2005, Mizuno et al., 2003, Doyle and Ross, 2003,
Robey et al., 2009). One of the aims of this study was to determine whether efflux and influx
pumps are expressed by the testis. In this initial experiment, we did not restrict our survey to
drug/xenobiotic transporters; we also included transport proteins that are known to transport a
wide variety of substrates such as lipids, steroids and ions (Leslie et al., 2005, Borst et al.,
2000, van Meer et al., 2006, Seeger and van Veen, 2008, Kusuhara and Sugiyama, 2007,
Meredith, 2009). By RT-PCR (Table 1), we report that several transporters are expressed by
the testis, including efflux pumps: Mdr1, Mrp1, Abcb8, Abcc5, Abce1, Atp7a, Slc16a1 and
Slc33a1 (Figure 1A), and influx pumps: Slc15a1, Slc22a3, Slc22a15, Slco4a1, Slco6b1 and
Slco6c1 (Figure 1B). Many of these genes are also expressed by the kidney, liver and brain.
Of the transport proteins investigated here, Slco6c1 expression was restricted to the testis
(Figure 1B), consistent with a previous report (Suzuki et al., 2003). Immunoblotting confirmed
the presence of P-gp, MRP1 and SLC15A1 in these organs (Figure 1A, B; Table 2). We did
not include immunoblots for all of the other genes presented in this figure because in most
cases antibodies were not commercially available.

P-gp localizes to the BTB and elongated spermatids in the seminiferous epithelium
Enzyme immunohistochemistry revealed that P-gp localizes to the site of the BTB at all stages
of the seminiferous epithelial cycle in adult rats, as well as to the lumenal edge surrounding
elongated spermatids at stages VII–VIII at the site of the apical ectoplasmic specialization
[apical ES] (Figure 2A). A significantly weaker signal was also observed with round and
elongating spermatids. Outside of the seminiferous epithelium, strong P-gp immunoreactivity
was detected in the tunica propria (i.e., peritubular myoid cells), interstitium (i.e., Leydig cells)
and blood vessel endothelium. Incubating sections with mouse IgG at the same dilution that
was used for P-gp IgG yielded no observable staining (Figure 2A). P-gp antibody
monospecificity was assessed by immunoblotting, and a single 170 kDa protein band was
observed in Sertoli cell and testis lysates (Figure 2B), illustrating that this antibody is suitable
for enzyme immunohistochemistry and immunofluorescent microscopy experiments (Table
2).

P-gp co-localizes with TJ and basal ES proteins
Figure 2A showed that P-gp was present at the site of the BTB in adult rats. To further expand
this observation, we performed immunofluorescent microscopy to assess whether P-gp co-
localizes with BTB constituent proteins. Consistent with enzyme immunohistochemistry
results (Figure 2A), P-gp staining was noted at the BTB (Figure 3A). When corresponding
images were merged, P-gp was found to co-localize with occludin, claudin-11, JAM-A, zonula
occludens-1 (ZO-1), N-cadherin and β-catenin (Figure 3A). By immunofluorescent
microscopy, P-gp staining was also observed at the site of elongated spermatids, as well as in
the tunica propria (i.e., peritubular myoid cells) and endothelium of blood vessels (Figure 3A).
When primary Sertoli cells were cultured for 4 days in order to establish a Sertoli cell barrier
and used for immunofluorescent microscopy, P-gp co-localized with occludin, JAM-A, ZO-1,
N-cadherin and β-catenin at the Sertoli-Sertoli cell surface (Figure 3B). We were also able to
detect P-gp within the cytoplasm, albeit the immunoreactive signal was weaker.

Up-regulation of steady-state levels of efflux/influx pumps and changes in protein-protein
interactions following administration of Adjudin

The steady-state level of different efflux and influx pumps following administration of Adjudin
was investigated in the testis by immunoblotting. The density of both P-gp and MRP1 was
shown to increase by several-fold (Figure 4A), coinciding with the time that [3H]-Adjudin
peaked in the testis at 3–16 hr (Cheng et al., 2005). ABCG1 and SLC15A1 were also induced
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significantly after Adjudin treatment, but these changes were delayed when compared to P-gp
and MRP1 (Figure 4A). Before investigating whether there were any changes in protein-protein
interactions, the steady-state levels of occludin, claudin-11 and JAM-A were examined by
immunoblotting. Except for occludin which was up-regulated on day 1 after Adjudin treatment,
no changes were observed for claudin-11 and JAM-A (Figure 4B). When testis lysates from
control and Adjudin-treated rats were used for co-immunoprecipitation, P-gp was shown to
associate more with occludin, claudin-11 and JAM-A from ~6 hr-1 day post-treatment (Figure
4C). Substituting occludin, claudin 11 and JAM-A IgG with rabbit IgG (negative control) in
co-immunoprecipitation reactions did not pull-down interacting proteins (Figure 4C). To verify
results shown in Figure 4A–C, we co-localized P-gp with occludin in control and Adjudin-
treated rat testes by immunofluorescent microscopy (Figure 4D). Following treatment at 9 hr,
there was an increase in P-gp at the site of the BTB, as well as with peritubular myoid cells
and blood vessel endothelia. By day 1, the intensity of the P-gp immunofluorescent signal was
indistinguishable from the control. Changes in occludin localization were not noted at 9 hr and
1 day post-treatment. When corresponding images were merged, co-localization of P-gp with
occludin was evident after Adjudin treatment (Figure 4D).

Discussion
P-gp is an integrated component of the BTB

The primary aim of this study was to determine whether P-gp has a role in BTB dynamics. A
survey by RT-PCR revealed that several efflux and influx transport pumps are expressed by
the testis, including Mdr1, Mrp1, Slc15a1 and Slco6c1. Of the several transport pumps
investigated in this study, MDR1 (i.e., P-gp) has been studied the most extensively in the
context of overcoming chemo- resistance. Interestingly, P-gp was also postulated to function
as a ‘gatekeeper’ at different blood-tissue barriers (Fromm, 2004), but its precise role within
these structures has not yet been defined. Indeed, an enzyme immunohistochemistry
experiment illustrated that P-gp localized to the site of the BTB in a ring-like pattern in all
stages of the seminiferous epithelial cycle. However, this is in contrast to a previously published
study by Melaine and colleagues which failed to detect P-gp at the BTB in testes from several
species, including the rat (Melaine et al., 2002). This inconsistency in data between Melanie’s
and our study is likely to be due to differences in the antibodies used and/or tissue processing
(i.e., Melanie et al., used paraffin-embedded sections). This immunohistochemistry experiment
was further expanded by immunofluorescent microscopy to show that P-gp co-localized with
several BTB component proteins (e.g., occludin, claudin-11, JAM-A, ZO-1, N-cadherin and
β-catenin). Similar results were obtained when primary Sertoli cells having an established
Sertoli cell barrier were used for immunofluorescent microscopy; P-gp co-localized with TJ
and basal ES proteins at the Sertoli-Sertoli cell surface. In Sertoli cells, we were also able to
detect P-gp within the cytoplasm. Although localization at the plasma membrane is required
for P-gp to function as an efflux pump, P-gp can also transit between the plasma membrane
and endosomes in MCF-7 (human breast carcinoma) and S1-B1 (human intestinal carcinoma)
cells (Kim et al., 1997, Fu and Roufogalis, 2007), suggesting that P-gp may have additional
functions. Taken collectively, these results reveal that P-gp is an integrated component of the
BTB.

What is the possible role of P-gp at the BTB?
Following administration of Adjudin to adult rats, the steady-state levels of P-gp, MRP1,
ABCG1 and SLC15A1 increased several hours after treatment. Generally speaking, up-
regulation of transport proteins such as P-gp in other organs is known to result in drug efflux
and to contribute to therapeutic resistance which is often seen in individuals diagnosed with
cancer or HIV/AIDS (Mizuno et al., 2003). Interestingly, the steady-state levels of P-gp and
MRP1 increased several hours after Adjudin was administered orally, coinciding with the time
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that [3H]-Adjudin peaked in the testis at 3–16 hr (Cheng et al., 2005). By the time [3H]-Adjudin
was cleared from the testis at ~24 hr (Cheng et al., 2005), both P-gp and MRP1 had returned
to their basal levels, suggesting that these two transport pumps may be functioning in the
elimination of Adjudin from the testis. It is also worth noting that P-gp localized to peritubular
myoid cells and that an increase in myoid cell-associated P-gp immunoreactivity was observed
following Adjudin administration. This is interesting because in rodents peritubular myoid
cells are known to contribute, at least to some extent, to BTB function (Fawcett et al., 1970,
Dym and Fawcett, 1970). As such, it is possible that myoid cells also function in the protection
of the seminiferous epithelium from unwanted agents and drugs.

When testis lysates from control and Adjudin-treated rats were used for co-
immunoprecipitation, P-gp increased its association with occludin, claudin-11 and JAM-A.
Except for P-gp and occludin, which were both up-regulated after Adjudin treatment, changes
in protein-protein interactions (i.e., P-gp/claudin-11 and P-gp/JAM-A) are not likely to be the
result of inherent increases in steady-state protein levels. Given its role in the elimination of
drugs/xenobiotics from tissues, why would P-gp interact with more occludin, claudin-11 and
JAM-A in the testis following Adjudin treatment? We hypothesize that P-gp interacts with
these proteins to enhance BTB function (Figure 5), in turn blocking further entry of Adjudin
into the seminiferous epithelium which may otherwise result in permanent infertility. In a
separate but closely-related study, we have taken it upon ourselves to investigate TJ function
in Adjudin-treated Sertoli cells, a different system from the in vivo one used in this study
because no germ cells are present. To our surprise, the steady-state levels of several TJ proteins
(e.g., claudin-11, ZO-1 and CAR) surged dose-dependently following Adjudin treatment. This
coincided with an increase in the tightness of the Sertoli cell barrier when its function was
assessed by transepithelial electrical resistance measurements (Su, Cheng and Mruk,
unpublished observations). These findings seemingly suggest that a unique mechanism is in
place to protect BTB integrity during extensive restructuring of Sertoli-germ cell junctions.

The emerging role of P-gp in junction dynamics is supported by a few other studies in the
literature. For example, P-gp was shown to co-localize and co-immunoprecipitate with actin,
as well as with ezrin, radixin and moesin (ERM) (Luciani et al., 2002), a small family of adaptor
proteins involved in linking transmembrane proteins to actin filaments (Bretscher, 1999). When
antisense oligonucleotides were used to inhibit ERM function, P-gp–actin interactions were
lost and P-gp-mediated drug transport was adversely affected (Luciani et al., 2002), illustrating
that P-gp–actin and P-gp–ERM binding are critical for drug efflux. Furthermore, actin-
perturbing compounds have been shown to directly affect P-gp function. Cytochalasin D down-
regulated P-gp expression in hepatocytes (Lee et al., 1995) and enhanced drug accumulation
in another cell type, leukemia cells (Tsuruno and Iida, 1986). At this point, we question whether
P-gp is absolutely essential for barrier function. We are particularly interested in determining
whether specific knockdown of P-gp by RNAi in Sertoli cells can transiently ‘open’ the
permeability barrier and whether this can affect Adjudin entry. We anticipate that future studies
will provide new and important insights on the dual role of P-gp in therapeutic resistance and
cell junction dynamics.
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basal ES basal ectoplasmic specialization

BTB blood-testis barrier

Co-IP co-immunoprecipitation

ERM ezrin, radixin and moesin

HRP horseradish peroxidase

JAM-A junctional adhesion molecule-A

MDR1 multidrug resistance 1

MRP1 multiple drug resistance protein 1

NGS normal goat serum

P-gp P-glycoprotein

RT-PCR reverse transcription-polymerase chain reaction

SLC solute carrier

TJ tight junction

ZO-1 zonula occludens-1
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Figure 1. Efflux and influx pumps in different adult rat organs
A survey of efflux (A) and influx (B) pumps in testis (T), kidney (K), liver (L) and brain (B)
was performed by RT-PCR and immunoblotting. The presence of an mRNA transcript within
a specific tissue was noted by a “+” underneath each DNA gel image, whereas lack of an mRNA
transcript was noted by a “−”. The authenticity of mRNA transcripts detected in the testis was
confirmed by nucleotide sequencing. S-16 (385 bp) and actin (42 kDa) were used as internal
controls during RT-PCR and immunoblotting experiments, respectively. Amplicon sizes for
each target gene are noted to the right of each gel image and in Table 1. Lanes in all immunoblots
shown correspond to the same tissues used for RT-PCR experiments (i.e., lane 1, T; lane 2, K;
lane 3, L and lane 4, B). Details on primer design and antibodies are presented in Tables 1 and
2, respectively. M, marker; bp, base pairs; IB, immunoblotting.
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Figure 2. Localization of P-gp in the adult rat testis
(A) Immunohistochemistry was performed as described in Materials and Methods and Table
2. (a–k) Cross-sections of testis incubated with mouse (a, negative control) or P-gp (b–k) IgG.
Arrowheads (c) point to the presence of immunoreactive P-gp (brownish precipitate) at the
BTB at different stages of the seminiferous epithelial cycle (designated by roman numerals,
c–k), whereas asterisks (i) point to the presence of P-gp at the apical ES at stage VIII. Nuclei
were stained with hematoxylin. bv, blood vessel. Bars (a, b) = 160 μm; (c) = 100 μm; (d–k) =
50 μm. (B) Monospecificity of the P-gp antibody (Table 2; Santa Cruz Biotechnology, catalog
#sc-55510, lot #B1108) when Sertoli cell (SC) and testis (T) lysates were used for SDS-PAGE
and immunoblotting. A single protein of 170 kDa was observed. M, marker.
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Figure 3. Co-localization of P-gp with constituent proteins of the BTB/Sertoli cell barrier in vivo
and in vitro
Immunofluorescent microscopy was performed as detailed in Materials and Methods and Table
2. (A) Co-localization of either occludin (a, green), claudin-11 (e), JAM-A (i), ZO-1 (m), N-
cadherin (q) or β-catenin (u) with P-gp (b, f, j, n, r and v, red) in the adult rat testis, respectively.
Corresponding merged images (red + green and red + green + blue [DAPI]) are shown in (c,
d, g, h, k, l, o, p, s, t, w and x). Arrowheads (c, g, k, o, s and w) point to areas of co-localization
(orange-yellow). Asterisks (f) point to the presence of P-gp at the apical ES. Bar (A, a, also
corresponds to b–x) = 50 μm. (B) Co-localization of either occludin (a, green), JAM-A (e),
ZO-1 (i), N-cadherin (m) or β-catenin (q) with P-gp (b, f, j, n and r, red) in Sertoli cells (~0.05
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× 106 cells/cm2) having a functional barrier 4 days after plating on Matrigel™-coated
coverslips. Corresponding merged images are shown in (c, d, g, h, k, l, o, p, s and t).
Arrowheads (c, g, k, o and s) point to areas of co-localization. Bar (B, a; also corresponds to
b–t) = 23 μm. In vivo and in vitro experiments were repeated 3 times using different testes or
batches of isolated Sertoli cells, respectively.
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Figure 4. Changes in the steady-state levels of efflux/influx pumps, TJ proteins and protein-protein
interactions in the testis following oral administration of Adjudin (50 mg/kg b.w.) to adult rats
(A, a) Immunoblots showing changes in P-gp, MRP1, ABCG1 and SLC15A1 in the testis after
Adjudin treatment. Immunoblotting was performed as described in Materials and Methods and
Table 2. (A, b) Histogram summarizing results shown in (A, a). (B, a) Immunoblots
investigating the levels of occludin, claudin-11 and JAM-A in the testis after Adjudin treatment.
(B, b) Histogram summarizing results shown in (B, a). Actin (A, a and B, a) was used to ensure
equal sample processing. (C, a) Immunoblots corresponding to co-immunoprecipitation
experiments using testis lysates from control (0 hr) and Adjudin-treated rats (6 and 9 hr [h],
and 1 day [D]). The bottom row labeled as “P-gp” represents the use of adult testis lysate
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(control, 500 μg) for co-immunoprecipitation (IP) and immunoblotting (IB); in this case, P-gp
IgG (Table 2) was used for both IP and IB (positive control). The first lane labeled as “IgG”
represents the use rabbit IgG instead of occludin, claudin-11 or JAM-A IgG for co-
immunoprecipitation (negative control). The last lane labeled as “T” represents adult testis
lysate (100 μg) without co-immunoprecipitation. Antibodies that were used for co-
immunoprecipitation are listed under “IP” and in Table 2. (C, b) Histogram summarizing
results of co-immunoprecipitation results shown in (C, a). Each bar in (A, b; B, b and C, b)
represents mean ±SD of data from 4–7 separate experiments using testis lysate from different
animals. *, p<0.05; **, p<0.01 (one-way ANOVA followed by Dunnett’s test). (D) Co-
localization of P-gp (a, e and i, red) with occludin (b, f and j, green) in control (a–d) and
Adjudin-treated rat testes (e–l). Corresponding merged images are shown in (c, d, g, h, k, and
l). Brackets (a, e and i) show an increase in P-gp staining. Arrowheads (c, g and k) point to
areas of co-localization. Bar (D, a, also corresponds to b–l) = 100 μm.
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Figure 5. Model of P-gp function at the BTB
(A) Cross-section of the seminiferous epithelium in the adult rat testis. Pictured are two Sertoli
cells situated atop the tunica propria which is composed of: (i) the basement membrane, (ii) a
layer of type I collagen, (iii) peritubular myoid cells (depicted as the orange layer), (iv) lymph
and (v) the lymphatic endothelium. The BTB (depicted as red-colored open circles) physically
divides the seminiferous epithelium into basal and adluminal compartments. Also shown are
different types of differentiating germ cells (depicted as blue-colored circles/oval). (B) A
magnified view depicting some of the molecular components of the BTB in the adult rat testis
(control). The key TJ proteins that are represented in this panel are those that were included in
co-immunoprecipitation experiments (Figure 4); basal ES proteins such as N-cadherin and β-
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catenin, which are also present at the BTB, are not shown. P-gp localized to the BTB, the Sertoli
cell-elongated spermatid interface, peritubular myoid cells and blood vessel (bv) endothelia.
(C) A magnified view depicting changes in protein-protein interactions at the BTB following
oral administration of Adjudin (+ Adjudin). During assault of the seminiferous epithelium by
Adjudin (i.e., Sertoli-germ cell junction restructuring), P-gp associated more with occludin,
claudin-11 and JAM-A (Figure 4), possibly to enhance BTB function. A ‘tighter’ barrier may
block further entry of Adjudin into the seminiferous epithelium. Following Adjudin treatment,
more P-gp was also found to associate with peritubular myoid cells (note: in rodents, these
cells are known to contribute to BTB integrity) and blood vessel endothelia. For simplicity,
germ cells were not included in (B) and (C). The legend corresponds to panels (B) and (C).

Su et al. Page 18

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Su et al. Page 19
Ta

bl
e 

1

Pr
im

er
s u

se
d 

fo
r R

T-
PC

R
 e

xp
er

im
en

ts
 in

 th
is

 st
ud

y.
Fu

nc
tio

n
G

en
e

Pr
im

er
 se

qu
en

ce
O

ri
en

ta
tio

n
Po

si
tio

n
L

en
gt

h 
(b

p)
A

nn
ea

lin
g 

T
em

p.
 (°

C
)

C
yc

le
 N

o.
G

en
B

an
k ®

 A
cc

es
si

on
 N

o.
Ef

flu
x 

pu
m

ps
M

dr
1a

1
5′

-A
TG

A
C

A
C

C
C

C
TG

A
A

A
TC

C
A

-3
′

se
ns

e
22

01
–2

21
9

21
5

54
28

A
F2

57
74

6
5′

-C
G

C
TC

C
TG

TG
G

TG
TT

TT
TA

-3
′

an
ti-

se
ns

e
23

97
–2

41
5

M
rp

1
5′

-C
C

TA
C

TA
C

C
C

C
A

G
C

A
TT

G
T-

3′
se

ns
e

35
66

–3
58

4
23

8
54

24
A

Y
17

09
16

5′
-T

A
TT

C
C

TT
C

A
G

TC
TC

TC
C

A
C

-3
′

an
ti-

se
ns

e
37

84
–3

80
3

Ab
cb

8
5′

-T
TT

C
G

TG
TC

TG
A

G
TC

C
C

G
TA

-3
′

se
ns

e
50

4–
52

3
22

0
52

27
D

Q
23

36
44

5′
-C

A
C

A
TC

A
G

TA
G

TC
A

A
G

C
G

G
-3
′

an
ti-

se
ns

e
70

5–
72

3

Ab
cb

11
5′

-T
C

TA
C

G
C

A
G

G
A

G
TC

G
G

C
A

T-
3′

se
ns

e
43

1–
44

9
21

7
53

35
N

M
_0

31
76

0
5′

-T
G

G
TC

G
G

C
A

A
TG

G
C

G
TC

A
-3
′

an
ti-

se
ns

e
63

0–
64

7

Ab
cc

5
5′

-G
G

C
A

G
A

G
G

A
TG

TT
TG

A
A

G
C

-3
′

se
ns

e
85

1–
86

9
19

8
53

27
N

M
_0

53
92

4
5′

-C
G

G
C

TA
C

A
C

A
C

TT
TC

TC
C

T-
3′

an
ti-

se
ns

e
10

30
–1

04
8

Ab
ce

1
5′

-A
A

A
A

G
TT

G
C

C
C

C
G

TA
G

TC
C

-3
′

se
ns

e
79

–9
7

18
0

53
25

N
M

_0
01

10
84

46
5′

-G
C

G
A

TG
TG

TT
G

TT
TC

TT
TT

TC
C

-3
′

an
ti-

se
ns

e
23

7–
25

8

At
p7

a
5′

-T
G

C
TG

A
A

G
A

TG
A

G
A

G
TG

G
A

A
-3
′

se
ns

e
51

5–
53

4
20

1
52

32
N

M
_0

52
80

3
5′

-T
TA

TG
A

A
G

G
C

TG
G

A
A

A
A

C
C

C
-3
′

an
ti-

se
ns

e
69

6–
71

5

Sl
c1

6a
13

5′
-T

TA
C

TT
C

TC
TC

A
G

C
G

A
C

G
A

T-
3′

se
ns

e
39

3–
41

2
20

3
53

27
N

M
_0

01
00

55
30

5′
-C

A
G

TG
TC

TT
C

A
G

TC
A

G
G

G
-3
′

an
ti-

se
ns

e
57

8–
59

5

Sl
c3

3a
1

5′
-C

A
G

A
G

A
A

G
C

G
TC

A
G

TA
G

TA
A

A
-3
′

se
ns

e
84

6–
86

6
17

9
53

25
B

C
07

88
32

5′
-G

C
A

C
TC

C
C

TC
TT

C
TA

C
C

A
-3

an
ti-

se
ns

e
10

07
–1

02
4

In
flu

x 
pu

m
ps

Sl
c1

5a
1

5′
-C

TC
TG

C
TA

C
C

TG
A

C
TC

C
A

A
-3
′

se
ns

e
18

4–
20

2
22

3
53

35
N

M
_0

57
12

1
5′

-T
A

C
C

A
A

G
G

G
C

TA
TC

A
G

G
G

-3
′

an
ti-

se
ns

e
38

9–
40

6

Sl
c2

2a
3

5′
-C

A
C

C
TT

C
G

C
C

TT
C

C
TC

TT
C

-3
′

se
ns

e
90

–1
08

19
9

55
37

N
M

_0
19

23
0

5′
-T

TC
C

A
G

C
A

G
G

TA
G

C
G

G
TG

A
-3
′

an
ti-

se
ns

e
27

0–
28

8

Sl
c2

2a
15

5′
-C

TC
A

C
A

G
G

TT
TT

G
C

TC
TT

G
-3
′

se
ns

e
42

7–
44

5
19

5
52

29
N

M
_0

01
10

77
07

5′
-A

A
A

G
A

A
G

A
G

A
C

C
G

C
C

A
A

TC
-3
′

an
ti-

se
ns

e
60

3–
62

1

Sl
co

4a
1

5′
-T

G
TT

TG
A

G
C

C
C

C
A

G
G

TT
G

A
-3
′

se
ns

e
17

0–
18

8
19

5
53

28
N

M
_1

33
60

8
5′

-A
G

C
C

G
TT

C
A

C
TG

TC
A

TA
C

C
-3
′

an
ti-

se
ns

e
34

6–
36

4

Sl
co

6b
1

5′
-C

A
TC

A
G

A
G

TA
TT

C
C

C
TT

A
TC

A
-3
′

se
ns

e
24

9–
26

9
20

1
52

27
N

M
_1

33
41

2
5′

-C
A

G
A

A
C

G
A

G
A

TA
A

G
A

A
A

G
A

A
G

-3
′

an
ti-

se
ns

e
42

9–
44

9

Sl
co

6c
1

5′
-T

TT
C

TT
C

A
TC

A
TT

G
G

G
C

A
G

TG
T-

3′
se

ns
e

64
2–

66
3

25
5

54
25

N
M

_1
73

33
8

5′
-T

TC
C

A
C

C
A

C
C

C
A

A
A

C
TG

C
-3
′

an
ti-

se
ns

e
87

9–
89

6
1 In

 ro
de

nt
s, 

M
dr

1 
is

 e
nc

od
ed

 b
y 

tw
o 

ge
ne

s, 
M

dr
1a

 a
nd

 M
dr

1b
, w

hi
ch

 sh
ar

e 
an

 o
ve

ra
ll 

nu
cl

eo
tid

e 
ho

m
ol

og
y 

of
 ~

88
%

. S
en

se
 a

nd
 a

nt
i-s

en
se

 p
rim

er
s w

er
e 

de
si

gn
ed

 to
 a

nn
ea

l t
o 

tw
o 

sh
or

t s
tre

tc
he

s o
f

se
qu

en
ce

 c
or

re
sp

on
di

ng
 to

 M
dr

1a
 (l

is
te

d 
ab

ov
e)

 w
hi

ch
 sh

ar
ed

 ~
75

%
 a

nd
 ~

84
%

 h
om

ol
og

y 
w

ith
 M

dr
1b

, r
es

pe
ct

iv
el

y.
 A

lth
ou

gh
 n

uc
le

ot
id

e 
se

qu
en

ci
ng

 re
ve

al
ed

 th
e 

m
R

N
A

 tr
an

sc
rip

t i
n 

th
e 

te
st

is
 to

 b
e

M
dr

1a
 (F

ig
ur

e 
1A

) a
nd

 M
dr

1a
 (b

ut
 n

ot
 M

dr
1b

) i
s e

xp
re

ss
ed

 p
re

do
m

in
an

tly
 in

 th
e 

te
st

is
, t

he
re

 is
 th

e 
re

m
ot

e 
po

ss
ib

ili
ty

 th
at

 w
e 

am
pl

ifi
ed

 M
dr

1b
 in

st
ea

d 
of

 M
dr

1a
. A

s s
uc

h,
 w

e 
ha

ve
 c

au
tio

us
ly

 la
be

le
d

th
is

 P
C

R
 p

ro
du

ct
 a

s M
dr

1 
in

 F
ig

ur
e 

1A
.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Su et al. Page 20
Ta

bl
e 

2

Su
m

m
ar

y 
of

 p
rim

ar
y 

an
tib

od
ie

s u
se

d 
in

 th
is

 st
ud

y.
A

nt
ig

en
C

at
al

og
 #

L
ot

 #
Im

m
un

og
en

H
os

t
V

en
do

r
W

or
ki

ng
 d

ilu
tio

n
IB

IH
C

IF
IP

P-
gp

sc
-5

55
10

B
11

08
A

m
in

o 
ac

id
 re

si
du

es
 1

04
0–

12
40

 o
f h

um
an

 M
D

R
1

M
ou

se
Sa

nt
a 

C
ru

z 
B

io
te

ch
no

lo
gy

1:
20

0
1:

50
1:

50
ab

33
64

1
41

84
01

SD
S-

so
lu

bi
liz

ed
 p

la
sm

a 
m

em
br

an
es

 fr
om

 m
ul

tid
ru

g 
re

si
st

an
t c

el
l l

in
es

M
ou

se
A

bc
am

1:
50

0
51

73
10

1
D

00
02

25
23

SD
S-

so
lu

bi
liz

ed
 p

la
sm

a 
m

em
br

an
es

 fr
om

 m
ul

tid
ru

g 
re

si
st

an
t c

el
l l

in
es

M
ou

se
C

al
bi

oc
he

m
1:

25
0

M
R

P1
sc

-1
39

60
I1

90
6

A
m

in
o 

ac
id

 re
si

du
es

 1
–7

0 
of

 h
um

an
 M

R
P1

R
ab

bi
tS

an
ta

 C
ru

z 
B

io
te

ch
no

lo
gy

1:
20

0
A

B
C

G
1

ab
52

61
7

46
70

40
Sy

nt
he

tic
 p

ep
tid

e 
co

rr
es

po
nd

in
g 

to
 h

um
an

 A
B

C
G

1
R

ab
bi

tA
bc

am
1:

20
00

SL
C

15
A

1
LS

-C
18

85
51

24
77

Sy
nt

he
tic

 p
ep

tid
e 

co
rr

es
po

nd
in

g 
to

 h
um

an
 S

LC
15

A
1

R
ab

bi
tL

ife
sp

an
 b

io
sc

ie
nc

es
1:

10
00

O
cc

lu
di

n
71

–1
50

0
00

25
02

07
Fu

si
on

 p
ro

te
in

 c
or

re
sp

on
di

ng
 to

 C
-te

rm
in

us
 o

f h
um

an
 o

cc
lu

di
n

R
ab

bi
tZ

ym
ed

/In
vi

tro
ge

n
1:

40
0

1:
50

1:
40

JA
M

-A
36

–1
70

0
37

09
23

A
Sy

nt
he

tic
 p

ep
tid

e 
de

riv
ed

 fr
om

 th
e 

C
-te

rm
in

us
 o

f h
um

an
 JA

M
-A

R
ab

bi
tZ

ym
ed

/In
vi

tro
ge

n
1:

25
0

1:
50

1:
40

C
la

ud
in

-1
1

36
–4

50
0

38
76

13
A

Sy
nt

he
tic

 p
ep

tid
e 

de
riv

ed
 fr

om
 th

e 
C

-te
rm

in
us

 o
f h

um
an

 c
la

ud
in

-1
1

R
ab

bi
tZ

ym
ed

/In
vi

tro
ge

n
1:

12
5

1:
50

1:
40

Z
O

-1
61

–7
30

0
38

94
52

A
Fu

si
on

 p
ro

te
in

 c
or

re
sp

on
di

ng
 to

 a
m

in
o 

ac
id

 re
si

du
es

 4
63

–1
10

9 
of

 h
um

an
 Z

O
-1

R
ab

bi
tZ

ym
ed

/In
vi

tro
ge

n
1:

25
0

1:
50

N
-C

ad
he

ri
ns

c-
79

39
H

09
07

A
m

in
o 

ac
id

 re
si

du
es

 4
50

–5
12

 o
f h

um
an

 N
-c

ad
he

rin
R

ab
bi

tS
an

ta
 C

ru
z 

B
io

te
ch

no
lo

gy
1:

50
β-

C
at

en
in

71
–2

70
0

60
80

68
48

C
2S

yn
th

et
ic

 p
ep

tid
e 

de
riv

ed
 fr

om
 th

e 
C

-te
rm

in
us

 o
f h

um
an

/m
ou

se
/ra

t β
-c

at
en

in
R

ab
bi

tZ
ym

ed
/In

vi
tro

ge
n

1:
50

A
ct

in
sc

-1
61

6
F2

00
7

Pe
pt

id
e 

m
ap

pi
ng

 o
f C

-te
rm

in
us

 o
f h

um
an

 a
ct

in
G

oa
t

Sa
nt

a 
C

ru
z 

B
io

te
ch

no
lo

gy
1:

20
0

IB
, i

m
m

un
ob

lo
tti

ng
; I

H
C

, i
m

m
un

oh
is

to
ch

em
is

try
; I

F,
 im

m
un

of
lu

or
es

ce
nc

e;
 IP

, i
m

m
un

op
re

ci
pi

ta
tio

n.

1 Th
es

e 
an

tib
od

ie
s w

er
e 

on
ly

 u
se

d 
to

 v
er

ify
 im

m
un

ob
lo

tti
ng

 re
su

lts
.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 December 1.


