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Abstract: Throughout the mammalian spermatogenic pathway, differentiating spermatogenic
cells remain in close contact with somatic Sertoli cells, and this has been considered to be
essential for the proliferation, differentiation, and survival of spermatogenic cells. It is thought
that Sertoli cells form tight junctions to protect developing spermatogenic cells against harmful
agents and provide several nutrients for spermatogenesis from the blood stream. Accordingly,
Sertoli cells should regulate the movement of various nutritious and xenobiotic compounds by
selective membrane transporters. However, the information on membrane transporters in Sertoli
cells is limited. In the present study, we characterized the transport systems of organic cations
in Sertoli cells. Uptake of [1“C]tetraethylammonium (TEA) was measured by primary-cultured
rat Sertoli cells. Initial uptake of TEA was concentration dependent, and an Eadie—Hofstee plot
indicated the involvement of two saturable transport systems. The apparent Ky, values of high-
and low-affinity components were comparable to those of previously known organic cation
transporter (OCT) or organic cation/carnitine transporter (OCTN). In addition, OCT1, OCT3,
OCTN1, and OCTN2 were expressed in Sertoli cells. In conclusion, multiple organic cation
transporters, OCTs and OCTNs are expressed in Sertoli cells and the cells regulate transport
of cationic compounds to protect and/or maintain the spermatogenesis in testis as the blood—
testis barrier.
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Introduction harmful agents and provide nutrients for spermatogenesis
Spermatogenesis takes place within the seminiferousfrom bloo'd.1’5’5The tight junction is importa}ntfor polarization
tubules of testis. These tubules are composed of peritubula/®f Sertoli cells and forms the bloedestis barrier (BTB)
cells, somatic Sertoli cells, and various stages of germ cells. P&fween circulating blood and testicular lumen. So, it is
Throughout the mammalian spermatogenic pathway, dif- thought that Sertoli cells are major components of the BTB.
ferentiating spermatogenic cells remain in close contact with SiNce the tight junctions in Sertoli cells minimize the
Sertoli cells, and this has been considered to be essentia['ONSPeCific permeation, membrane transporters are essential
for the proliferation, differentiation, and survival of sper- (© regulate the apparent permeation of various compounds
matogenic celld-# Sertoli cells are attached to each other aC¢r0ss the BTB. Accordingly, Sertoli cells should be

by tight junctions to protect developing germ cells against €duiPped with those transporters. Previously reported trans-
porters in Sertoli cells include multidrug resistance associated
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protein (Mrp) 17 P-glycoproteirf gonad-specific transporter Organic cation transporters consist of organic cation
(GST) 1 and 2, hexose transporter GLUT1, 2, and%3} transporters (OCTs), organic cation/carnitine transporters
and urea transporter UT-A andBWe have also reported (OCTNSs), and recently found multidrug and toxin extrusion
molecular and functional involvement of organic cation/ (MATE) transporters. OCTs are a family of polyspecific
carnitine transporter OCTN2and nucleobase transportéts.  organic cation transporters responsible for the transport of
These transporters include both nutrient and drug transport-organic cations, including xenobiotics and endogenous
ers, and an accumulation of drugs by such transporters incompounds. Among the SLC22A transporter family, cation
testis may lead to the toxicity of drugs; therefore, it is transporters are OCT1, OCT2, and OCT3! and are
important to clarify the transporters present at the BTB.  distantly related to OCTN2and OCTNZ2:2 In rats, OCTN2

Previously, propranolol and imipramine were reported to and OCT3 are expressed in whole testis and Sertoli €8>
be accumulated in testt& Furthermore, cimetidine, a sub- MATE is a recently found organic cation transporter family
strate of OCTSs, induces testicular toxicly8 Since these ~ and is important for the renal excretion of cationic com-
drugs are cationic at physiological pH, they may not be able pounds across the apical membrane of renal tubular epithelial

to cross the BTB without contribution of membrane trans- Cells?® The human MATE family currently consists of four

porters. members, MATE1, MATE2, MATE2B, and MATE2K' At

present the expression of those transporters in testis is not
well-known, while mouse MATE2 has been found in tegtis.

(7) Bart, J.; Groen, H. J.; van der Graaf, W. T.; Hollema, H.; Although there are reports of the expressions of these
Hendrikse, N. H.; Vaalburg, W.; Sleijfer, D. T.; de Vries, E. G. yrangporters in the mRNA level, currently, there is no direct
An oncological view on the blood-testis barriérancet Oncal evidence of functional expression of OCTs, OCTNs, and
2002 3, 357363. . . .

(8) Melaine, N.: Lienard, M. O.: Dorval, I.; Goascogne, C. Le; MATEs at the BTB. 'I_'herefore, in th|§ study we examined
Lejeune, H., Jegou, B. Multidrug resistance genes and p- the transport c_)f organic cations especially focu;mg on OCTs
glycoprotein in the testis of the rat, mouse, gunia pig, and human. and OCTNs in Sertoli cells. For the evaluation of those
Biol. Reprod 2002 67, 1699-1707. transporters, we used a primary culture of rat Sertoli cells

(9) Suzuki, T.; Onogawa, T.; Asano, N.; Mizutamari, H.; Mikkaichi, and examined the transport of tetraethylammonium (TEA)
T.; Tanemoto, M.; Abe, M.; Satoh, F.; Unno, M.; Nunoki, K;
Suzuki, M.; Hishinuma, T.; Goto, J.; Shimosegawa, T.; Matsuno, (19) Grundemann, D.; Gorboulev, V.; Gambaryan, S.; Veyhl, M.;

S.; Ito, S.; Abe, T. Identification and characterization of novel Koepsell, H. Drug excretion mediated by a new prototype of
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Endocrinol.2003 17, 1203-1215. (20) Okuda, M.; Saito, H.; Urakami, Y.; Takano, M.; Inui, K. cDNA

(10) Riera, M. F.; Meroni, S. B.; Schteingart, H. F.; Pellizzari, E. H.; cloning and functional expression of a novel rat kidney organic
Cigorraga, S. B. Regulation of lactate production and glucose cation transporter; OCTBiochem. Biophys. Res. Comm896
transport as well as of glucose transporter 1 and lactate dehydro- 224, 500-507.
genase A mRNA levels by basic fibroblast growth factor in rat (21) Kekuda, R.; Prasad, P. D.; Wu, X.; Wang, H.; Fei, Y, J.; Leibach,
Sertoli cells.J. Endocrinol.2002 173 335-343. F. H.; Ganapathy, V. Cloning and functional characterization of

(11) Kokk, K.; Verajankorva, E.; Wu, X. K.; Tapfer, H.; Poldoja, E.; a potential-sensitive, polyspecific organic cation transporter
Pollanen, P. Immunohistochemical detection of glucose transport- (OCT3) most abundantly expressed in placedtaBiol. Chem
ers class | subfamily in the mouse, rat and human tédgslicina 1998 273 15971-15979.

2004 40, 156—-160. (22) Tamai, I.; Yabuuchi, H.; Nezu, J.; Sai, Y.; Oku, A.; Shimane,
(12) Fenton, R. A.; Cooper, G. J.; Morris, I. D.; Smith, C. P. M.; Tsuiji, A. Cloning and characterization of a novel human pH-
Coordinated expression of UT-A and UT-B urea transporter in dependent organic cation transporter, OCTREBS Lett.1997,

rat testisAm. J. Physiol.: Cell PhysioR002 282 C1492-C1501. 419 107-111.

(13) Kobayashi, D.; Goto, A.; Maeda, T.; Nezu, J.; Tsuji, A.; Tamai, (23) Tamai, |.; Ohashi, R.; Nezu, J.; Yabuuchi, H.; Oku, A.; Shimane,
I. OCTN2-mediated transport of carnitine in isolated Sertoli cells. M.; Sai, Y.; Tsuji, A. Molecular and function identification of
Reproductior2005 129, 729-736. sodium ion-dependent, high affinity human carnitine transporter

(14) Kato, R.; Maeda, T.; Akaike, T.; Tamai, |. Nucleoside transport OCTN2.J. Biol. Chem.1998 273 20378-20382.
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cells.J. Pharmacol. Exp. The2005 312 601-608. Sugiyama, Y.; Kanai, Y.; Endou, H. Molecular cloning and

(15) Yata, N.; Toyoda, T.; Murakami, T.; Nishiura, A.; Higashi, Y. characterization of high-affinity carnitine transporter from rat
Phosphatidylserine as a Determinant for the Tissue Distribution intestine.Biochem. Biophys. Res. Comm@898 251, 586-591.
of Weakly Basic Drugs in Rat?harm. Res199Q 7, 1019~ (25) Augustine, L. M.; Markelewicz, R. J.; Boekelheide, K.; Cher-
1025. rington, N. Xenobiotic and endobiotic transporter mRNA expres-

(16) Franca, L. R.; Leal, M. C.; Sasso-Cerri, E.; Vasconcelos, A. L.; sion in the blood-testis barrieDrug Metab. Dispos2005 33,
Debeljuk, L.; Russel, L. D. Cimetidine (Tagamet) is a reproductive 182-189.
toxicant in male rats affecting peritubular ceBol. Reprod 2000 (26) Otsuka, M.; Matsumoto, T.; Morimoto, R.; Arioka, S.; Omote,
63, 1403-1412. H.; Moriyama, Y. A human transporter protein that mediates the

(17) Sasso-Cerri, E.; Giovanoni, M.; Hayashi, H.; Miraglia, S. M. final excretion step for toxic organic catiorBroc. Natl. Acad.
Morphological alterations and intratubular lipid inclusions as Sci. U.S.A2005 102, 17923-17928.
indicative of spermatogenic damage in cimetidine treated Rats. (27) Masuda, S.; Terada, T.; Yonezawa, A.; Tanihara, Y.; Kishimoto,
Arch. Androl 2001, 46, 5—13. K.; Katsura, T.; Ogawa, O.; Inui, K. Identification and function

(18) Sasso-Cerri, E.; Miraglia, S. M. In situ demonstration of both characterization of a new human kidney-specifiedrganic cation
TUNEL-labeled germ cell and Sertoli cell in the cimetidine-treated antiporter, kideney-specific multidrug and toxin extrusionJ2.
rats. Histol. Histopathol 2002 17, 411—-417. Am. Soc. NephroR006 17, 2127-2135.
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to evaluate organic cation transport at the BTB. When mL streptomycin, and 10% fetal bovine serum (FBS,
required, we used the rat Sertoli cells primary cultured on Invitrogen, Carlsbad, CA). Trypsin treatment was terminated
the Matrigel invasion chambers to obtain the polarized cell by adding 5 mL of FBS and 10 mL of F12-L15 medium

monolayerg? containing 10% FBS. The resultant cell suspension was
filtered twice through four sheets of gauze to remove cell
Experimental Section aggregates and tissue debris, after which the cells were

Materials. [1C]Tetraethylammonium {C]TEA) (55.6 collected by centrifugation (3@Q 10 min). The cells were

mCi/mmol) was purchased from American Radiolabeled Isélésspencéed inh3(c)j gﬂ‘ of F#Z-L1.5 medi&g] cpnta'i:ningl;l 10%
Chemicals, Inc. (St. Louis, MO). Collagenase and trypsin and washe ycent'n ugation (b ) min). inatly,
were obtained from Sigma Chemicals (St. Louis) and the cells were suspended in F12-L15 medium containing 10%

Beckton Dickinson Microbiology Systems (Sparks, MD), EBS _and pas;egf ogciﬂrro#ﬁh_nyllon dmesh ’(‘Tm BI?I 1
respectively. All other reagents, unless otherwise noted, were losciences, bedlord, ). The isolated testicular cells (

purchased from Sigma Chemicals or Wako Pure Chemical 10 cells/well) were seeded on the culture dishes (100
Industries Ltd. (Osaka, Japan) mm diameter, #353003, Beckton Dickinson Biosciences) and

Preparation and Primary Culture of Rat Sertoli Cells. were grown In .F12'L15. r_n_edpm, containing Ag/mL
: norepinephrine, in a humidified incubator at 32 for 3
Twenty-day-old Donryu rats were purchased from Saitama days and at 37C for 3 days. Sertoli cells were isolated after
Experimental Animal Supply Co. Ltd. (Saitama, Japan). Rats Y yS.

. —removal of the germ cells floating on the surface of the
were housed three per cage with free access to commercia) __.. .
2 ; esticular cells. About 90% of the cells adhering to the culture
chow and tap water, maintained on a 12 h dark/light cycle

(8:00 a.m. to 8:00 p.m. light) in an air-controlled room dish were Sertoli cells as judged from staining by Nile red
(témper.atﬁre 24.& 1 ‘.’C: humidity, 55 5%). All animal (Molecular Probes Inc., Eugene, OR), which is a marker for

. X . Sertoli cells®® By about the sixth day of culture after seeding,
care and experimentation were conducted according to the
S . . . - the cells reached confluence and were used for the measure-
guidelines of the Tokyo University of Science. Sertoli cells

. .~ ments of transport activity and RT-PCR analysis. For the
were isolated from twenty-day-old Donryu rats according uptake experiment across the basolateral membrane of rat
to the method described previousty* that was based on P P

. o ! primary cultured rat Sertoli cells, the cells were cultivated
the reports by Nagao and Sh|ra_1t§uch| etdkBriefly, testes on 24-well Matrigel invasion chambers (BD Biosciences)
were decapsulated, and seminiferous tubules were gentl

\7 ° 8-30
isolated and then incubated in 35 mL of 0.25% collagenase at 32.5°C for 3 days and at 37C for 3 days:

in phosphate-buffered saline (PBS) for 20 min at@7ith Transport E>_<periments. Fpr the transport experim_ents
occasional stirring. The seminiferous tubules were washedUSing suspensions of the primary-cultured rat Sertoli cells,
with serum-free F12-L15 medium and then incubated with C€lIS were harvested with a cell scraper and suspended in
occasional gentle pipetting in 35 mL of 0.25% trypsin in transport medium containing 137 mM NacCl, 5 mM KClI, 0.39
PBS for 20 min at 37C. F12-L15 medium was composed MM NaHCQ;, 0.44 mM KRPQ;, 0.95 mM Cadj, 0.8 mM

of a 1:1 mixture of Ham's F12 medium (ICN Biomedicals ™M9SC: 25 mMb-glucose, and 10 mM HEPES, adjusted to
Inc., Irvine, CA) and L-15 medium (ICN Biomedicals Inc.), pH 7.4. The cell suspension was preincubated atG7or

containing 15 mM HEPES, 10 units/mL penicillin, 0.1 mg/ 1° Min in the transport medium and then centrifuged, and
the resultant cell pellets were suspended again in256f

_ — transport medium containingC]TEA. After the designated
(28) Onoda, M-3f5“arezl_'Q“'ﬁ‘”’ Ci A DJ?k'er‘]’Vv D.; Dym, I'V'-r?hara' time, the cell suspension was diluted with 1 mL of ice-cold
terization of Sertoli cells cultured in the bicameral chamber transport medium and centrifuged immediately (760D

system: relationship between formation of permeability barrier . . .
and polarized secretion of transferriiol. Reprod 1990 43, min) to terminate the uptake reaction. Then, the cells were

672—683. suspended in ice-cold transport medium and obtained as the
(29) Okanlawon, A.; Dym, M. Effect of chloroquine on the formation ~ Pellet after centrifugation. The resultant cell pellets were

of tight junction in cultured immature rat Sertoli cells.Androl solubilized n 1 M NaOH, and the cell-associated radioactiv-

1996 17, 249-255. ity was measured with a liquid scintillation counter (Aloka,

(30) Nakagawa, A.; Nagaosa, K.; Hirose, T.; Tsuda, K.; Hasegawa, Tokyo, Japan) using Cleasol-1 (Nacalai tesque, Kyoto, Japan)
K.; Shiratsuchi, A.; Nakanishi, Y. Expression and function of class as a liquid scintillation fluid. N&-free transport medium was

B scavenger receptor type | on both apical and basolateral sides .
of the plasma membrane of polarized testicular Sertoli cells of prepared by replacing 137 mM NaCl and 0.39 mM NaHCO

the rat.Dev., Growth Differ 2004 46, 283—298. in the standard transport medium with 137 niNMmethyl-

(31) Nagao, Y. Viability of meiotic prophase spermatocytes of rats is D-glucamine (NMG) Cl or 137 mM KCI and 0.39 mM
facilitated in primary culture of dispersed testicular cells on KHCO;3, respectively, and was used to assess the uptake in
collagen gel by supplementing epinephrine or norephinephrine: the absence of Na
evidence that meiotic prophase spermatocytes complete meiotic
divisions in vivo.In Vitro Cell. Dev. Biol. 1989 25, 1088-1098.

(32) Shiratsuchi, A.; Umeda, M.; Ohba, Y.; Nakanishi, Y. Recognition (33) Mather, J. P.; Attie, K. M.; Woodruff, T. K.; Rice, G. C.; Phillips,

of phosphatidylserine on the surface of apoptotic spermatogenic D. M. Activin stimulates spermatogonial proliferation in germ-
cells and subsequent phagocytosis by Sertoli cells of thelrat. Sertoli cell cocultures from immature rat testisndocrinology
Biol. Chem 1997, 272, 2354-2358. 199Q 127, 3206-3214.
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For the experiments by basolateral- and apical-membraneexpressed as cell-to-medium ratjgL(mg protein), which

uptakes using Matrigel invasion chambers (BD Biosciences),

was obtained by dividing the uptake amount by the concen-

the medium in each membrane side was replaced withtration of test compound in the transport medium. The

transport medium containingC]TEA after preincubation
in the transport medium for 15 min. The medium in the

apparent kinetic parametekr§, (Michaelis constant) andmax
(maximal transport rate) of TEA uptake by Sertoli cells, were

opposite side was also replaced with transport medium. At calculated by nonlinear least-squares regression analysis
the designated time, the cells on the invasion chamber wereusing MULT1 prograr®® according to the following

rapidly washed twice with ice-cold transport medium,
solubilized h 1 M NaOH, and the cell-associated radioactiv-
ity was measured by means of a liquid scintillation counter.
[MC]TEA uptake was corrected for nonspecific uptake by
subtraction of *C]TEA (20 uM) uptake at 4°C.

RNA Isolation and RT-PCR. Total RNA was extracted
from cultured cells with the Isogen RNA extraction solution
(Wako Pure Chemical Industries) according to the manu-
facturer’s protocol. cDNA was prepared from the extracted
RNA by means of reverse transcription with Improm-II

Michaelis—Menten type equations, wheteand [s] are the
velocity of substrate uptake and substrate concentration,
respectively.

v = Vg [SI(Ky, + [8])
v= Vmaxl[s]/(Kml + [S]) + Vmaxis]/(KmZ + [S])

@)
)

The data were fitted to eq 2 with two saturable transport
components, where the indices 1 and 2 indicate the high-

reverse transcriptase (Promega, Madison, WI) and oligo (dT)@nd low-affinity components, respectively.

primers according to the manufacturer’s instructions. The
cDNA was used for PCR amplification under the following
conditions. Different sets of primers were designed and

All data were expressed as meah$SEM, and statistical
analysis was performed with Student'test. The criterion
of significance was taken to ke < 0.05.

synthesized for PCR analysis of each gene. The primer pair

used for amplifying rOCT1 was'8&2TCTGGCTACAG-
GAGAACGAC-3 and 3-CCTGGTACAGCACAGCACAA-

3, which generated a 403-bp OCT1 PCR product. For
rOCT2, B-CATCGAGGATGCCGAGAA-3 and 3-ACA-
GACCGTGCAAGCTAC-3 generated a 246-bp OCT2 PCR
product. For rOCT3, 5STCAGAGTTGTACCCAACGA-
CATT-3 and 3-TCTGCCACACTGATGCAACT-3 gener-
ated a 266-bp rOCT3 PCR product. For OCTNLEAE-
CTCAGTGGGTTACTTTGCTC-3and 3-CTCCGCTGTG-
AAGACGTACA-3' generated a 297-bp OCTN1 PCR product.
For OCTN2, 5TTTCGTGGGTGTGCTGATAGTCGC-3
and 3-GTGGAAGGCGCAACAATCCCATT-3 generated

Results

Expression of Organic Cation Transporters in Primary-
Cultured Rat Sertoli Cells and Whole Testis.To clarify
which transporter proteins for organic cation are expressed
in the Sertoli cells, we examined the expression of previously
known organic cation transporters, OCT1, OCT2, OCT3,
OCTN1, OCTNZ2, and MATEL1, in rat whole testis and in
primary-cultured Sertoli cells by means of RT-PCR analysis.
As shown in Figure 1A, OCT1, OCT3, OCTN1, and OCTN2
were expressed in both rat testis and primary-cultured Setoli
cells, while OCT2 and MATEL1 were not detected in Sertoli

a 487-bp OCTN2 PCR product. Reactions were carried out C€!IS: The copy number of OCTN2 mRNA was higher than

under the following conditions: denaturing at 9@ for 30
s, annealing at 58C for 30 s, and extension at 7€ for 30
s. Thirty-five cycles of reaction were performed. PCR

OCT1, OCT3, and OCTN1, while that of OCT1 mRNA was
lower than other three genes (Figure 1B).
Time Course of TEA Uptake by Primary-Cultured Rat

products were ana|yzed by agarose ge| e|ectrophoresis ar]@erton Cells. To examine the transport mechanism of OrganiC

visualized by staining with ethidium bromide.

Real-time PCR was performed using Full Velocity SYBR
Green QPCR Master Mix (Stratagene, Cedar Creek, TX).
The amplification mixture included cDNA as templatex?2
Reaction Buffer (Applied Biosystems), and @Bl primers
(OCT3 forward primer, 5GCAGCCATATGGCTAGAACT-
GC-3; reverse primer,'SCGATGCCCTTAGTTTCAGGC-

3'; OCTN2, forward primer, BAGAAGCCTCAGTCG-
CACCA-3; reverse primer, STGTCCCCATGCAAGTT-
AGGAG-3; forward primer as GAPDH, 'sGGCTGC-
TTTTAACTCTGG-3; reverse primer, SCGGTGCCAT-
GGAATTTGCC-3), and primers for OCTN1 and OCT1
used quantiTect Primer Assay (Qiagen, Mainz, Germany).
Amplification and detection were performed using Mx3000p
Real-Time PCR system (Stratagene) with the following
profile: 1 cycle at 95°C for 10 min, 50 cycles each at 95
°C for 15 s and 60C for 1 min.

Analytical Method. Cellular protein content was deter-
mined according to the method of Lowry et4lvith bovine

serum albumin as the standard. Cellular uptake was usually

cations in primary-cultured rat Sertoli cells, uptake '6€|-
TEA was measured as the model substrate of organic cation
transporters. The time course of TEA (concentratiopRr)
uptake by the Sertoli cells is shown in Figure 2. The uptakes
of [*C]TEA increased linearly up to 10 min in Sertoli cells.
Thus, uptake at 5 min was routinely used for the measure-
ment of the initial uptake rate in the subsequent studies. In
addition, uptake of f'C]TEA by Sertoli cells at 4C was
significantly lower than that at 37C (0.47+ 0.02 and 1.15
+ 0.05uL/mg, respectively), suggesting an involvement of
a carrier-mediated transport mechanism.

Concentration Dependence of TEA Uptake by Primary-
Cultured Rat Sertoli Cells. To characterize the observed

(34) Lowy, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. Protein
measurement with folin phenol reagehtBiol. Chem1951, 193
265-267.

(35) Yamaoka, K.; Tanigawa, Y.; Nakagawa, T.; Uno, T. A pharma-
cokinetic analysis programa (multi) for microcomputérPhar-
macobiodynl981, 4, 879-885.
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Figure 1. Expression of organic cation transporters in primary-cultured rat Sertoli cells and testis evaluated by RT-PCR analysis.
(A) The specific primers described under Experimental Section were used for determining expression of organic cation transporters
in rat testis tissues and primary-cultured rat Sertoli cells at 6 days of culture. (B) Expression levels of organic cation transporters
were quantitated by real-time PCR assay (n = 2). Controls of OCT1, OCTN1, and OCTN2 are liver cDNA, while the controls of
OCT2 and MATEL1 are kidney cDNA.

= 2.5 was not changed, while replacement with Kaused some
g 2.0 decrease of the TEA uptake (Figure 4).
245 Inhibitory Effect of Various Organic Cations on
% 10 Uptake of TEA by Primary-Cultured Rat Sertoli Cells.
; ’ To characterize the substrate specificity of the transport
o 05 o system, the inhibitory effects of various organic compounds
0 on [*“C]TEA uptake by Sertoli cells were examined (Table
0 5 10 15 20 25 30 o .
Time (min) 1). Specific uptake rates were evaluated after correction of
) ) _ the uptake obtained at*€. Carnitine (10 mM), a substrate
Figure 2. Time course for uptake of [*/C]TEA by primary- of OCTN, decreased the uptake to 19% of the control.

cultured rat Sertoli cells. Primary-cultured Sertoli cells in
suspension were incubated with [**C]TEA (20 uM) for different
periods of time at 37 °C (closed circles) or 4 °C (open circles)
in the transport medium (pH 7.4). Each point represents the
mean + SEM (n = 3—4).

Guanidine and norephinephrine, which are an inhibitor and
a substrate of OCT, respectively, decreased uptake by about
30 to 40% of the control uptake at 10 mM. Other cationic
compounds, including other inhibitors of OC¥salso
exhibited significant inihibitory effects, including amantadine,

carrier-mediated transport of TEA in Sertoli cells, the Cimetidine, imipramineN-methylnicotinamide, pramipexol,

concentration dependence of TEA uptake was investigated@nd serotonin. In addition, the selective OCT inhibitor,
(Figure 3). Uptake of TEA was saturable and an Eadie corticosterone, showed significant inhibitory effect.

Hofstee plot for the uptake rates after correction for non- _ basolateral and Apical Uptake of TEA by Rat Sertoli
saturable uptake (0.58_/mg protein/5 min, estimated from Cells Prl_mary-CuItured_ on Invasion Chamber. Sertoli _
the first-order rate constant obtained by nonlinear least- cells cultivated on Matrigel were used to_evaluate the apical
squares regression analysis) indicated the involvement of two2nd Pasolateral uptakes separately, since the culture on

saturable transport systems (Figure 3). The kinetic parameterévlatrigel facilitates the formation 9f polarized ce%FsL_thake
were as follows: high-affinity transport systeii,(= 27.0 rates of [*C]JTEA (20 M) from apical (face to seminiferous

+ 13.84M, Vimwa = 8.53+ 3.3 pmol/mg protein/5 min), tgbular lumen in vivo) and basolaterall(face to blood side)

- _ sides of Sertoli cells were decreased in the presence of 20
and low-affinity transport systenkf, = 7881+ 414uM, 1" 1apeled TEA (Figure 5), while 200M unlabeled
Vinaxe = 4352+ 147 pmol/mg protein/5 min). 9 '

. TEA reduced only basolateral uptake but not apical uptake.
Effect of pH and Extracellular Cations on Uptake of We examined the uptake of TEA at both apical and

TEA by Primary-Cultured Rat Sertoli Cells. Next, we  pagplateral transport systems in Sertoli cells based on the
examined the effect of pH and extracellular cations on the (agits of Figure 5. As a resuk,, of the apical membrane
uptake of [*CITEA (20uM) in the absence and presence of ransport should be over 200M. Since 200uM unlabeled
unlabeled 20 mM TEA. Apparent uptake 6f¢]TEAwas  TEA completely inhibited basolateral uptake SGITEA
increased at acidic pH both in the presence and in the absencgy Sertoli cells, it was expected that tg of the basolateral

of unlabeled TEA. However, the saturable uptake rates transport System should be below ZQM In additiorL to
evaluated by the difference in uptake between the presence

and absencg of exqess unlabeled TEA were -al-most Compa-(se) Ishiguro, N.; Saito, A.; Yokoyama, K.; Morikawa, M.; lgarashi,
rable, showing pH-mdependept transport aCt'V'ty_ (data not T.; Tamai, |. Transport of the dopamine D2 agonist pramipexole
shown). When extracellular Nan the transport medium was by rat organic cation transporter OCT1 and OCT2 in kidiizyg

replaced with NMG at equimolar concentration, the uptake Metab. Dispos2005 33, 495-499.
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Figure 3. Concentration dependence for uptake of TEA by primary-cultured rat Sertoli cells. (A) Cultured cells were incubated
at 37 °C for 5 min. The uptake of TEA by Sertoli cells was measured within the concentration range between 5 uM and 10 mM.
(B) Eadie—Hofstee plots of the uptake of TEA by primary-cultured Sertoli cells. (C) Eadie—Hofstee plots of the uptake of TEA
at low concentration in Figure 3B. These results were obtained by subtraction of [1C]TEA (20 M) uptake at 4 °C as the nonspecific
uptake from the apparent uptake. Each point represents the mean + SEM (n = 3—4).

L Table 1. Inhibitory Effect of Several Compounds for
E’ 10} . Uptake of [“C]TEA by Rat Primary Cultured Sertoli Cells2
g_ 08}t * concentration [HC]TEA
:‘é" 06l T inhibitor mM % of control
= 0.
E 04t contrc.)l 100.0 + 3.6
= carnitine 10 18.7 + 4.3
G 02r guanidine 10 68.9 + 9.0
0 norepinephrine 10 61.2 + 16.4
Na* NMG K+ amantadine 5 23+7.0
Figure 4. Effect of extracellular cations on uptake of [*4C]- choline 5 2234126
TEA by primary-cultured rat Sertoli cells. Uptake of [“C]TEA cimetidine 5 99+53
(20 uM) by primary-cultured rat Sertoli cells was measured imipramine S 31444
for 5 min at pH 7.4. Na* (open column) was replaced with NMN_ 5 39.7+12.1
N-methylglucamine (NMG™) (closed column) or K* (gray pramlp(ﬂjxol 5 SLi£11
column). These results were obtained by subtraction of [14C]- Serqtomne 5 624458
corticosterone 0.5 7.8+8.8

TEA (20 uM) uptake at 4 °C in the presence of Na*t as the

nonspecific uptake. Each point represents the mean + SEM 2 The uptake of [**C]TEA (16.7 uM) by primary cultured rat Sertoli

(n = 3—4), and (*) indicates a significant difference from the cells in suspension was measured for 5 min at 37 °C in transport
’< buffer (pH 7.4) containing each compound. The data were obtained

control (p < 0.05). by the subtraction of the [WCJTEA uptake at 4 °C. Each value

. . . . represents the mean + SEM.
estimate the contribution of OCT1 and OCTN2 in basolateral

uptake of TEA by Sertoli cells, we demonstrated the is known to form the tight junction between Sertoli c#lis
inhibitory effect of procainamide and carnitine on TEA and to cause the differentiation of spermatogenic cells in
uptake by Sertoli cells. As a result, procainamide decreasedyjirg 31 |n addition, we previously characterized the transport
the uptake by about 30% of the control uptake at 460 mechanisms of carnitine, nucleobase, and nucleoside at the
while 1 mM carnitine did not affect the uptake of TEA. BTB using this cultured modéf43’ BTB may have

] ) relevance for their pharmacological effect and/or male
Discussion reproductive toxicity. To characterize the transport of organic

Normal physiological function of male reproductive tissues cations at the BTB, we evaluated the uptake of TEA, which
is maintained by the selective transfer of physiological and is a model organic cation, by the primary-cultured rat Sertoli
xenobiotic compounds across the BTB, and a part of suchcells. First, we investigated the expression of previously
transfer is ascribed to membrane transporters. Informationknown organic cation transporter molecules (Figure 1). From
on the expression and function of BTB transporters, however,
is still limited. In the present study, we examined the (37) kato, R.; Maeda, T.; Akaike, T.; Tamai, I. Characterization of
transport of organic cations at the BTB using cultured Sertoli novel Na-dependent nucleobase transport systems at the blood-
cells obtained from 20-day-old rats. This cell culture model testis barrierAm. J. Physiol2006 290, E968-E975.
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Figure 5. Inhibitory effect of nonlabeled TEA on basolateral and apical uptake of [**C]TEA by rat Sertoli cells primary cultured
on Matrigel invasion chamber. Basolateral and apical uptake of [*C]TEA (20 uM) by primary-cultured rat Sertoli cells was measured
for 60 min at pH 7.4 in the absence (open column) and presence (closed column) of nonlabeled TEA, 100 M procainamide, or
1 mM carnitine. Each point represents the mean + SEM (n = 3—4), and (*) indicates a significant difference from the control (p
< 0.05).

RT-PCR analysis, rOCT1, rOCT3, rOCTN1, and rOCTN2 (38 uM)%° and rOCTN2 (63«M).%° On the other hand, the
were detected in the primary cultured Sertoli cells and whole K, or ICs value of the low-affinity component was closer
testis tissues of rats. The results are consistent with ourto those of rOCT3 (2.5 mMj and rOCTN1 (0.96 mMj!
previous finding of the expression of rOCTN2 protein and Additionally, the various OCT and OCTN inhibitors signifi-
activity in the primary cultured Sertoli celld Recently, the cantly reduced the uptake of*C]TEA (Table 1). Accord-
expression profile of transporters in rat Sertoli cells by the ingly, apparent uptake of TEA by the primary-cultured rat
branched DNA signal amplification method was reported by Sertoli cells is likely mediated by multiple transporters.
Augustine et af® In that report, they detected rOCT2 as well Uptake of [“C]TEA by the cells revealed Nandependence
as several transporters such as rOCT1, rOCT3, rOCTN1, andand membrane-potential dependence according to the study
rOCTN2, while the amount of mMRNA of rOCT2 was very of replacement of Naion with NMG" and Kt, respectively.
low.?> These results are consistent with the present observaFurthermore, saturable uptake was not essentially pH de-
tion. In addition, we examined the expression of MATE1 in pendent. The observation suggests that OCT1, OCTS3,
whole testis tissue, which includes spermatogenic cells, OCTN1, and/or OCTNZ2 are possibly involved in the uptake
Sertoli cells, and Leydig cells, and primary cultured Sertoli of cationic compounds at the BTB.
cells. As a result, the expression of MATE1 was observed  To estimate whether organic cation transport systems are
in whole testis, but not in cultured Sertoli cells. It was functional at the basolateral or apical membranes, we
reported that MATE1 is expressed in Leydig céfisAc- cultivated rat Sertoli cells on a Matrigel-coated invasion
cordingly, it is possible that other member of MATE1 such chamber according to the previous report by Nakagawa et
as MATEZ2 and MATEZ2K might be expressed in Sertoli cells gl 3° For the confirmation of the formation of polarity of the
to provide vectorial flux of cationic compounds. cultured cells, we evaluated the permeability of inulin and
There are no previous studies on the functional activities transepithelial electrical resistance of the cells, which can
of organic cation transporter in rat Sertoli cells. In the present pe used for the evaluation of a paracellular permeabttity.
study, uptake of C]TEA by primary cultured rat Sertoli
cells exhibited time dependent increase and the initial uptake
at 5 min exhibited significant temperature dependence. The

(39) Urakami, Y.; Okuda, M.; Masuda, S.; Saito, H.; Inui, K. Functional
characteristics and membrane localization of rat multispecific

uptake at #C was comparable with the uptake obtained by organic cation transporters, OCT1 and OCT2, mediating tubular
extrapolating the uptake at 3T to time zero. So, the initial secretion of cationic drugs. Pharmacol. Exp. Thetl998 287,
uptake at £C was considered to be nonspecific adsorption. 800-805.

Kinetic analysis of TEA uptake by the cells exhibited the (40) Wu, X.; Huang, W.; Prasad, P. D.; Seth, P.; Rajan, D. P.; Leibach,
presence of two saturable components, with high 428 F. H.; Chen, J.; Conway, S. J.; Ganapathy, V. Function charac-

teristics and tissue distribution pattern organic cation transporter

and low (7881uM) affinities. The K, value of the high- U o
affinity component was similar to those reported for rOCT1 2 (OCTN2), an organic cation/carnitine transporfeiPharmacol.
Exp. Ther.1999 290, 1482-1492.
(41) Wu, X.; George, R. L.; Huang, W.; Wang, H.; Conway, S. J.;

(38) Hiasa, M.; Matsumoto, T.; Komatsu, T.; Moriyama, Y. Wide Leibach, F. H.; Ganapathy, V. Structure and function character-
variety of locations for rodent MATEL, a transporter protein that istics and tissue distribution pattern of rat OCTN1, an organic
mediates the final excretion step for toxic organic cati@s. J. cation transporter, cloned from placeraochim. Biophys. Acta
Physiol 2007, 291, C678-C686. 200Q 1466 315-327.
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We observed the reduction of the permeability of inulinand  On the other hand, carnitine inhibited the TEA uptake by
the increase in transepithelial electrical resistance by cultiva- the cells in suspension, which represents both the basolateral
tion of the cells on the Matrigel-coated invasion chamber. and apical membrane uptakes. It was possible that the
In addition, since Nakagawa et al. reported that Sertoli cells inhibitory effect of carnitine on TEA uptake observed in the
formed tight junctions in this cultur€,our cells cultured on  present study might be accounted for by OCTN1 rather than
Matrigel also formed the tight junction, suggesting a OCTNZ2. The testis-to-plasma concentration ratio of TEA was
polarization of the cells. Uptake offC]TEA (20 uM) from comparable between wild-type and juvenile visceral steatosis
the basolateral side was reduced by 200 and 20 mM mice, which show the phenotype of systemic carnitine
concentration of unlabeled TEA, while the uptake from the deficiency*? suggesting that the contribution of OCTN2 to
apical side was reduced only by 20 mM unlabeled TEA. the plood to testis flux of TEA may not be extensive.
Accordingly, it is considered that the low- and high-affinity  Therefore, it is considered that the present result shows good
organic cation transporters are expressed at the apical anggincidence with that observed in TEA disposition in jvs
basolateral membranes, respectively. Consideringkihe  mjce. In this study, we especially focused on the basolateral
values of TEA uptake by rOCTs and rOCTNSs, it was niake of cationic compounds. Further studies will be

suggested that thg high-affinity transporters rOCT1 and/or required to identify the mechanisms of apical membrane
rOCTN2 are functional at the basolateral membrane of rat yansnort from seminiferous tubules into Sertoli cells for

Sertoli cell. On the other hand, the Iow-_afflmty transpor';ers organic cations to fully understand the transport of cationic
rOCT3 and/or rOCTN1 may be functional at the apical
. . compounds at the BTB.
membrane. Previously, we reported that rOCTN2 mediates o o
In conclusion, it was demonstrated for the first time that

the transport of carnitine from blood to seminiferous tubule . : '
at the basolateral membrane of rat Sertoli E&Hlowever multiple organic cation transporters are expressed at the BTB

in this study, procainamide decreased the uptake by aboutand differential transport proteins may be expressed at the
30% of the control uptake at 1M, while 1 mM carnitine apical and basolateral membranes of the Sertoli cells.

did not affect the uptake of TEA. Urakami et al. reported

that the appareri; value of proca_li_namide for TEA uptake Abbreviations Used

of rat OCT1 was 47%M.*? In addition, Wu et al. reported _ _ _

that procainamide decreased rat OCTN2-mediated TEA BTB, blood testis barrier; FBS, fetal bovine serum; OCT,
uptake to about 25% of the control uptake at 2.5 /M. organic cation transporter; OCTN, organic cation/carnitine
Accordingly, it is possible that the transport of TEA is mainly transporter; PBS, phosphate-buffered saline; RT-PCR, re-
accounted for by OCT1 at the basolateral side in Sertoli verse transcription polymerase chain reaction

cells. MP070023L

(42) Urakami, Y.; Okuda, M.; Masuda, S.; Saito, H.; Inui, K. Functional
characteristics and membrane localization of rat multispecific (43) Ohashi, R.; Tamai, |.; Nezu, J.; Nikaido, H.; Hashimoto, N.; Oku,

organic cation transporters, OCT1 and OCT2, mediating tubular A.; Sai, Y.; Shimane, M.; Tsuji, A. Molecular and physiological
secretion of cationic drugs. Pharmacol. Exp. Thefl998 287, evidence for multifunctional of carnitine/organic cation transporter
800-805. OCTN2. Mol. Pharmacol 2001, 59, 358—-366.
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