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The organic anion transporters OAT1 (SLC22A6, originally
identified by us as NKT) and OAT3 (SLC22A8) are critical for
handling many toxins, metabolites, and drugs, including anti-
virals (Truong, D. M., Kaler, G., Khandelwal, A., Swaan, P. W.,
and Nigam, S. K. (2008) J. Biol. Chem. 283, 8654–8663). Al-
though microinjected Xenopus oocytes and/or transfected cells
indicate overlapping specificities, the individual contributions
of these transporters in the three-dimensional context of the
tissues in which they normally function remain unclear. Here,
handling of HIV antivirals (stavudine, tenofovir, lamivudine,
acyclovir, and zidovudine) was analyzed with three-dimen-
sional ex vivo functional assays using knock-out tissue. To in-
vestigate the contribution of OAT1 and OAT3 in various
nephron segments, the OAT-selective fluorescent tracer sub-
strates 5-carboxyfluorescein and 6-carboxyfluorescein were
used. Although OAT1 function (uptake in oat3�/� tissue) was
confined to portions of the cortex, consistent with a proximal
tubular localization, OAT3 function (uptake in oat1�/� tissue)
was apparent throughout the cortex, indicating localization in
the distal as well as proximal nephron. This functional local-
ization indicates a complex three-dimensional context, which
needs to be considered for metabolites, toxins, and drugs (e.g.
antivirals) handled by both transporters. These results also
raise the possibility of functional differences in the relative
importance of OAT1 and OAT3 in antiviral handling in devel-
oping and mature tissue. Because the HIV antivirals are used
in pregnant women, the results may also help in understanding
how these drugs are handled by developing organs.

Organic anion transporters (OATs)2 are widely distributed
across epithelia of multiple organs and are responsible for the
handling and excretion of a diverse array of xenobiotics as
well as endogenous metabolites. Among the former are com-

monly used drugs such as penicillins, nonsteroidal anti-in-
flammatory drugs, diuretics, and various antivirals (1–3).
oat1, initially identified by us as nkt (novel kidney transporter)
(1–4), and oat3, initially identified as roct (5, 6), are two major
transporters belonging to the SLC22 family of solute carriers,
and along with other SLC transporter families (e.g. organic
anion-transporting polypeptides and SLC21) as well as mem-
bers of the ATP-binding cassette (ABC) transporter family,
they are implicated in the renal secretion of drugs. However,
it is OAT1 and OAT3, which are both located on the basolat-
eral membrane of the proximal renal tubule, that are primar-
ily responsible for renal uptake and are therefore likely to play
rate-limiting roles in regulating the distribution of drugs, tox-
ins, and metabolites between blood and urine. However, most
studies have been performed using simple in vitro systems,
and many unanswered questions remain about the function at
the level of the whole organ. Moreover, it has been suggested
that “remote sensing and signaling” occur between oat ho-
mologs in multiple tissues/organs and fluid compartments
(e.g. blood and urine) via organic anion metabolites and/or
signaling molecules (1, 7, 8).
OAT-mediated tubular accumulation of some drugs, in-

cluding certain antivirals, can result in nephrotoxicity (9).
Detailed functional information concerning kidney transport-
ers present at the blood-urine barrier is crucial for under-
standing the nephrotoxicity of these antivirals and would help
advance the development of new therapeutics. Data on com-
partmentalization of antivirals between blood and urine could
also help provide a systemic view of antiviral distribution,
elimination, and toxicity. This type of analysis has not been
attempted due to a paucity of techniques to address the role
of specific genes in three-dimensional contexts.
Previous studies on antivirals have concluded that OAT1

and, to a lesser extent, OAT3 play a major role in transport of
antiviral drugs such as adefovir, cidofovir, and tenofovir. For
example, OAT1 has been shown to be the major transporter
for adefovir (10, 11), whereas an equal contribution to the
transport of tenofovir by OAT1 and OAT3 was reported by
another group (12). The interaction of OAT1 and OAT3 with
a larger set of antivirals has also been investigated in vitro
(3, 13).
Analyses of specific OATs in the three-dimensional context

of the adult and developing kidneys are critical for under-
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standing the distribution of antivirals between blood and
urine. We therefore studied the interaction of the OATs with
stavudine, tenofovir, lamivudine, acyclovir, and zidovudine in
three-dimensional systems for adult and embryonic kidneys
from oat1 and oat3 knock-outs (13–15). This enabled us to
isolate the contribution of each transporter. Moreover, a
novel visualization approach for fluorescent organic anion
uptake in adult renal slices provided information on the func-
tional localization of the OATs that functionally establishes
the likely contributions of particular nephron segments to
drug and toxin transport. The results also raise the possibility
of different OATs being important in antiviral handling at
different developmental stages.

EXPERIMENTAL PROCEDURES

Materials—Water-soluble probenecid was purchased from
Molecular Probes. The fluorescent tracers 5-carboxyfluores-
cein (5CF) and 6-carboxyfluorescein (6CF) and tetramethyl-
rhodamine isothiocyanate (TRITC)-conjugated lectins (Doli-
chos biflorus lectin and Lotus lectin) were obtained from
Sigma. Antivirals (stavudine, lamivudine, tenofovir, zidovu-
dine, and acyclovir) were purchased from either Moravek Bio-
chemicals (Brea, CA) or Sigma.
Adult Renal Slice Uptake Assay and Imaging—Kidneys

from adult wild type and oat1 and oat3 knock-outs were dis-
sected and maintained in 4 °C L-15 medium until coronal
0.2-mm slices were cut with a Stadie-Riggs microtome (14).
Slices were maintained in PBS at 4 °C, and symmetrical pieces
were then selected and placed in 24-well plates containing
minimal saline with either 1 �M 5CF or 1 �M 6CF along with
either TRITC-conjugated D. biflorus or Lotus lectin and in the
presence of either PBS or an inhibitor (probenecid (2 mM),
stavudine (1 mM), acyclovir (200 �M), tenofovir (100 �M),
zidovudine (100 �M), or lamivudine (200 �M)). Slices were
incubated at 25 °C for 1 h and then washed three times with
PBS before being placed on a slide with Fluoromount and im-
aged with a Nikon D-Eclipse C1 confocal microscope (A. G.
Heinze, Lake Forest, CA).
Organ Culture Uptake Assay and Imaging—Embryonic kid-

neys from embryonic day 13.5 oat1 and oat3 knock-outs were
cultured for 4 days at 37 °C in DMEM/F-12 with 10% FBS and
1% penicillin/streptomycin as described previously (3).On day
4 of culture, the cultures (n � 3) were washed once with PBS
containing CaCl2 (0.1 mM) and MgCl2 (1 mM) at room tem-
perature. 1 �M 6CF was added to each well, and cultures were
incubated (in the dark) with or without probenecid (2 mM),
stavudine (1 mM), acyclovir (200 �M), tenofovir (100 �M),
zidovudine (100 �M), and lamivudine (200 �M). Cultured kid-
neys were washed four to five times with PBS (containing
CaCl2 and MgCl2) and imaged. Images were obtained by con-
focal microscopy. Knock-outs and wild types were generated
as described previously (14, 15). Knock-outs were back-
crossed to C57BL/6J for seven generations for oat1 (Deltagen,
Inc., Redwood City, CA) and for four generations for oat3.
Embryonic day 13.5 (oat1 and oat3 knock-out (KO)) tissue

was used for embryonic kidney culture, followed by the assays
described below (13). Experiments on adult renal slices were
performed on tissue from age-matched adult non-pregnant

female oat1 and oat3 knock-outs between 12 and 20 weeks of
age.
Quantitative Image Analysis—Images were taken at �4

magnification. The kidney was outlined, and pixel intensities
were measured with NIH Image J software as described previ-
ously (3).
Microarray Data: Expression of Transporters in oat3

Knock-outs—As described previously (16), gene expression
profiling in oat3 KO kidney was carried out using Affymetrix
mouse GeneChip 230 according to the manufacturer’s
specification.

RESULTS

To begin to understand the relative contribution of OAT1
and OAT3 to antiviral handling in different tissues regulating
the blood-urine interface, we employed three-dimensional
assays utilizing wild-type and knock-out kidneys. Two kinds
of three-dimensional ex vivo kidney assays were used: adult
kidney slices and cultured whole embryonic kidney (which is
allowed to differentiate in vitro). The latter has the consider-
able advantage of being a “live” assay in that the tissue contin-
ues to grow for �2–3 weeks.
Functional Localization of OAT1 (in oat3 KOs) and OAT3

(in oat1 KOs) in Adult Kidney Using Fluorescent Tracers—A
“classic” assay for analyzing transport in the adult kidney is
the use of renal tissue slices, but this assay is not well vali-
dated for the determination of OAT1- and OAT3-specific
transport. In fact, current data are contradictory. Although
some studies suggest that this process occurs primarily in the
proximal tubule, other immunolocalization data suggest that
oat expression beyond this part of the nephron includes even
the collecting ducts, a notion that does not have much physio-
logical support (17). The functional consequence of the local-
ization of OAT1 and OAT3 transport has not been previously
established. This is obviously important for designing combi-
nation therapies, like those employing multiple antivirals as in
HIV therapy, where competition at the transport step may be
an important consideration. In addition, the increasing prob-
lem of drug-induced nephrotoxicity further illustrates the
importance of understanding the molecular interaction be-
tween the transporters in the kidney and antivirals.
To functionally define the relative contribution of OAT1

(in oat3 KOs) and OAT3 (in oat1 KOs) transporters to antivi-
ral handling, as well as which nephron segments are involved,
we determined the uptake patterns of the fluorescent OAT
substrates 6CF and 5CF (3) in adult kidney slices from the
wild type and oat1 and oat3 KOs. The use of these fluorescent
substrates to study OAT1 and OAT3 uptake is well estab-
lished (3, 8). This method allows for the direct visualization of
transport and the anatomical localization of OAT function.
Initially, we assessed CF uptake in fresh renal slices (coro-

nal sections) fromWT adults. These assays revealed discrete
fluorescence throughout the cortex of the kidney (Fig. 1, A
and B), with only background fluorescence in the outer med-
ullary stripe for both 5CF and 6CF. Co-staining with D. biflo-
rus lectin, a lectin that binds to collecting ducts (18, 19), dem-
onstrated, importantly, a lack of CF uptake in collecting duct
rays of the inner medulla as well those of the cortical collect-
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ing ducts. Inhibition of CF uptake by 2 mM probenecid con-
firmed OAT-mediated transport (Fig. 1, C and D). Interest-
ingly, the cortical fluorescence patterns of 5CF and 6CF
uptake were distinct. 5CF showed uptake throughout the cor-
tical tubule, whereas 6CF manifested discrete areas of uptake
in the juxtamedullary portion of the cortex, consistent with
proximal tubule localization (Fig. 1, A and B). Given the dif-
ferences in the kinetics of these tracers with respect to OAT1
and OAT3 (3), the different fluorescence patterns observed
are likely to reflect true differences in the functional transport
by OAT1 and OAT3.
To directly determine the intrarenal location of OAT3

function, we used renal slices from oat1 knock-outs. As we
show below, these knock-outs do not exhibit significant gene
expression changes in ABC and SLC transporters other than
the oat knock-outs studied here. Because we are studying pro-
benecid-inhibitable uptake, it is unlikely that the effects were
OAT-independent. Two types of slices were generated: first, a
coronal cut to delineate the uptake differences between the

cortex, outer medulla, inner medulla, and pelvis; and second,
a shallow coronal cut through just the cortex to determine the
intracortical location of CF accumulation. As expected, loss of
OAT1 eliminated the differences between 5CF and 6CF up-
take (data not shown), indicating that either could be used to
assess OAT3-mediated transport. The results of 5CF uptake
in oat1 KOs (function of OAT3) are summarized in Fig. 2 (A,
C, and E). No probenecid-sensitive uptake was seen in either
the inner or outer medulla or renal pelvis; furthermore, D. bi-
florus lectin co-staining (Fig. 2A) showed that cortical collect-
ing ducts also did not accumulate CF. However, as revealed by
co-staining with Lotus lectin (Fig. 2, C and E), which preferen-
tially binds to the mesenchymally derived nephron, proximal
and distal tubules throughout the cortex accumulated signifi-
cant cellular levels of CF, which was competed by probenecid.
Circular gaps in the uptake pattern in the cortex resembled
glomeruli in shape and location. These results suggest that
OAT3 function is present in distal as well as proximal tubules
(but not in glomeruli or collecting ducts).

FIGURE 1. Fluorescent organic anion tracer uptake in adult WT kidney
slices. A–D, photomicrographs of coronal sections of WT adult kidney
stained with D. biflorus lectin (red). Shown are the results from the examina-
tion of the OAT-mediated uptake of the fluorescent tracers (green) 5CF
(1 �M) (A and C) and 6CF (1 �M) (B and D) in the absence (A and B) and pres-
ence (C and D) of 2 mM probenecid. cCD, cortical collecting duct; N,
nephron. Scale bar � 200 �m.

FIGURE 2. Localization of fluorescent tracer 5CF in oat1 knock-out and
fluorescent tracer 6CF in oat3 knock-out as a function of OAT3 and
OAT1, respectively. Photomicrographs show coronal sections of adult kid-
ney from oat1 KOs (A, C, and E) and OAT3 KOs (B, D, and F). A, C, and E, exam-
ination of 5CF uptake (green) in adult oat1 KOs co-stained with either D. bi-
florus lectin (red) (A) or Lotus lectin (red) (C and E). B, D, and F, examination of
6CF uptake (green) in adult oat3 KOs co-stained with either D. biflorus lectin
(red) (B) or Lotus lectin (red) (D and F). cCD, cortical collecting duct; G, glo-
merulus; OM, outer medulla; IM, inner medulla. The asterisks indicate occlu-
sions in the pattern of tracer uptake. mOat, mouse OAT. Scale bars � 200
�m in A–D and 60 �m in E and F.
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Similarly, the location of OAT1 function was determined
using renal slices from the oat3 knock-outs. As in oat1 KOs,
both 5CF and 6CF exhibited similar patterns. Both coronal
and shallow cortex sections were exposed to 6CF (the pre-
ferred OAT1 substrate (3)) (Fig. 2, B, D, and F). No probene-
cid-sensitive accumulation was seen in the medulla, renal pel-
vis, cortical collecting ducts, or presumptive glomeruli.
Notably, probenecid-inhibitable uptake was seen in distinct
patches in the cortex, similar to the pattern seen in wild-type
slices incubated with 6CF (Fig. 2D).
In the shallow coronal slice, uptake was seen in a grid-like

pattern (Fig. 2D), with rectangular regions (“occlusions”) lack-
ing uptake. Higher magnification revealed distinct tubules
with or without OAT function (Fig. 2F). These results suggest
that OAT1 is functionally sequestered into a distinct tubule
type, consistent with proximal tubule localization. Impor-
tantly, this implies that OAT1- and OAT3-mediated trans-
port is anatomically and functionally distinct. These results
appear to be the first demonstration of the distribution of
transport within the context of the whole organ and have
broad implications for understanding system-wide drug,
toxin, and metabolite handling. These considerations are par-
ticularly important for the design of combination antiviral
therapies because in vitro oocyte transport data show that
antivirals can be transported by OAT1, OAT3, or both (3).
Interaction of Antivirals with OAT3 (in oat1 KOs) and

OAT1 (in oat3 KOs) in Adult Kidney Slices—Having estab-
lished 5CF and 6CF uptake in renal slices as a novel ex vivo
method of examining OAT-mediated transport, we developed
the method further by utilizing a competitive assay between
antivirals and 6CF. The reductions in signal were normalized
against CF uptake alone and probenecid inhibition. As de-
scribed above, tissues from the oat KO animals were used to
distinguish OAT1- and OAT3-mediated transport. OAT3-
specific (in oat1 KOs) and OAT1-specific (in oat3 KOs) up-
take of 6CF (1 �M) was tested in adult renal slices (Figs. 3
and 4).
Binding was demonstrated in oat1 knock-out kidneys

(function of the OAT3 transporter) in the presence of zidovu-
dine (100 �M) (Fig. 3, C and H), acyclovir (200 �M) (Fig. 3, D
and H), tenofovir (100 �M) (Fig. 3, E and H), lamivudine (200
�M) (Fig. 3, F and H), and stavudine (1 mM) (Fig. 3, G and H).
Similarly, blocking of fluorescence uptake in oat3 knock-out
slices (function of the OAT1 transporter) (Fig. 4, C–H) was
tested and compared in the presence of the antivirals at the
same concentrations as for oat1 knock-out slices (function of
the OAT3 transporter). The antivirals were tested in adult
and embryonic kidneys at concentrations similar to IC50 val-
ues gathered from the Xenopus oocyte data (Table 1 (3, 20–
26) and Table 2 (3, 16, 21–25)).
Inhibition of 6CF tracer uptake by the antivirals was similar

in oat1 and oat3 KO renal slices (Figs. 3 and 4). Except for
tenofovir (Fig. 3E), which inhibited uptake by �90% in oat1
KO slices (function of the OAT3 transporter) (Fig. 3), all of
the antivirals in oat1 (function of OAT3) and oat3 (function
of OAT1) knock-out slices (Figs. 3 and 4, respectively) mani-
fested moderate inhibition of 6CF tracer uptake in the 30–
70% range.

Interaction of Antivirals with OAT1 and OAT3 in Organ
Culture—We previously established organ culture of whole
embryonic kidney as a novel model for the analysis of organic
anion transporter function (3, 13). These cultures, which alter

FIGURE 3. Inhibition of 6CF uptake by antivirals in oat1 knock-out adult
kidney slices (function of the OAT3 transporter). Fluorescent photomi-
crographs show 6CF (1 �M) uptake (green) in adult oat1 KO kidney slices in
the presence of a vehicle control (A), 2 mM probenecid (B), 100 �M zidovu-
dine (C), 200 �M acyclovir (D), 100 �M tenofovir (E), 200 �M lamivudine (F),
and 1 mM stavudine (G). Images are representative of triplicate slices from
the same experiment. The bar graph (H) shows relative fluorescent signal
strength derived from quantitative image analysis of 6CF in adult oat1 KO
kidney slices. Scale bar � 0.2 mm.
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with period of differentiation, express both OAT1 and OAT3
and manifest significant uptake of OAT substrates, including
the fluorescent organic anions 5CF and 6CF, with this uptake

being inhibitable by the classic OAT inhibitor probenecid.
Moreover, the individual contribution of either OAT (OAT1
or OAT3) in isolation has also been studied by performing
experiments in kidney organ cultures derived from mice null
for the other OAT (transport of OAT substrates in oat1
knock-out tissue should be largely due to OAT3 and vice
versa) (3). In this study, we used the oat knock-out kidney
organ culture assay to analyze antiviral interactions with
OAT1 and OAT3. When tested in oat1 KO-derived tissues
(function of OAT3), the uptake of 1 �M 6CF (Fig. 5A) was
blocked by 2 mM probenecid (Fig. 5, B and H) and, to a vary-
ing degree, by the five antivirals: zidovudine (100 �M) (Fig. 5,
C and H), acyclovir (200 �M) (Fig. 5, D and H), 100 �M tenofo-

FIGURE 4. Inhibition of 6CF uptake by antivirals in oat3 knock-out adult
kidney slices (function of the OAT1 transporter). Fluorescent photomi-
crographs show 6CF (1 �M) uptake (green) in adult oat3 KO kidney slices in
the presence of a vehicle control (A), 2 mM probenecid (B), 100 �M zidovu-
dine (C), 200 �M acyclovir (D), 100 �M tenofovir (E), 200 �M lamivudine (F),
and 1 mM stavudine (G). The bar graph (H) shows relative fluorescent signal
strength derived from quantitative image analysis of 6CF absorption in
adult oat3 KO kidney slices. Scale bar � 0.2 mm. *, p � 0.05.

TABLE 1
Kinetics (�M) of antiviral drugs for OAT1 (literature-based
compilation of data)
Kinetic parameters (Km, Ki, and IC50) for antiviral drugs in mouse (m), rat (r), and
human (h) OAT1 were analyzed in different in vitro assay systems. The individual
structures of antiviral drugs are also shown. I, inhibition; S, substrate; S2, cell line
from the second segment of the proximal tubule; LLC-PK1, pig renal epithelial
cell; CHO, Chinese hamster ovary cells; HEK293, human embryonic kidney cell
line; X. laevis, Xenopus laevis oocytes. See references below for details.

Table 1a 
Kinetics (µM) of antivirals for Oat1 

Drugs Oat1 Binding Assay 
System Km Ki IC50 Structure 

Acyclovir 

hOAT1 S/I S2 342.37b   
N

N

N
HN

O
O

OH

NH2

 

mOat1 I X. laevis   209c 

rOat1 I LLC-PK1  981d  
S/I X. laevis 242e   

Lamivudine 
mOat1 I X. laevis   104c 

N
N

O

O

S

HO
NH2

 rOat1 S X. laevis  e  

Stavudine 
mOat1 I X. laevis   628c 

HN
N

O

O
O OH

 rOat1 S/I X. laevis e 

Tenofovir hOAT1 S CHO 33.8f   
O

N

N
N

N

H2N

P
O

OHHO  
S HEK293 g 

mOat1 I X. laevis   81c 

Zidovudine 

hOAT1 I S2 45.9b   

NH
N

O

O
OHO

NN+
-N

 

S HEK293 h 
mOat1 I X. laevis   78c 

rOat1 S LLC-PK1 41.5d   
S/I X. laevis 68e   

aadapted from ref. 19; bref. 23; cref. 3; dref. 21; eref. 25; fref. 20; gref. 24; href. 22. 

TABLE 2
Kinetics (�M) of antiviral drugs for OAT3 (literature-based
compilation of data)
Kinetic parameters (Km, Ki, and IC50) for antiviral drugs in mouse (m), rat (r), and
human (h) OAT3 were analyzed in different in vitro assay systems. The individual
structures of antiviral drugs are also shown. I, inhibition; S, substrate; S2, cell line
from the second segment of the proximal tubule; LLC-PK1, pig renal epithelial
cell; CHO, Chinese hamster ovary cells; HEK293, human embryonic kidney cell
line; X. laevis, X. laevis oocytes. See references below for details.

Table: 2a

Kinetics (µM) of antivirals for Oat3 
Drugs Oat3 Binding Assay System Km Ki IC50 Structure 

Acyclovir 

hOAT3 
I S2 b

N
N

O

O

S

HO
NH2

I X. laevis g

S HEK293 f

mOat3 I Knockout h

I X. laevis   729c

rOat3 I LLC-PK1  1460d

Lamivudine mOat3 
I Knockout h

N
N

O

O

S

HO
NH2I X. laevis   140c

Stavudine mOat3 
I Knockout h

HN
N

O

O
O OHI X. laevis   2113c

Tenofovir 
hOAT3 S HEK293 e

O
N

N
N

N

H2N

P
O

OHHOmOat3 I Knockout h

I X. laevis   384c

Zidovudine 

hOAT3 S/I S2 145.1b   
NH

N

O

O
OHO

NN+
-NmOat3 I Knockout h

I X. laevis   38c

rOat3 I LLC-PK1  143d

aadapted from ref. 19; bref. 23; cref. 3; dref. 21; eref. 24; fref. 22; gref. 26; href. 27.
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vir (100 �M) (Fig. 5, E and H), lamivudine (200 �M) (Fig. 5, F
and H), and stavudine (1 mM) (Fig. 5, G and H). Similarly,
tracer uptake by cultured kidneys derived from oat3 knock-

outs (function of OAT1) was also inhibited by the antivirals
(Fig. 6, A–H). Thus, our results suggest that these antivirals
interact with OAT1 and OAT3 transporters in the cultured
embryonic kidneys from the knock-out tissues.

FIGURE 5. Inhibition of 6CF uptake by antivirals in cultured oat1 knock-
out embryonic kidneys in organ culture (function of OAT3). Fluorescent
photomicrographs show 6CF (1 �M) uptake in cultured oat1 knock-out em-
bryonic kidneys in the presence of a vehicle control (A), 2 mM probenecid
(B), 100 �M zidovudine (C), 200 �M acyclovir (D), 100 �M tenofovir (E), 200
�M lamivudine (F), and 1 mM stavudine (G). Images are representative of
triplicate embryonic kidney cultures. The bar graph (H) shows relative fluo-
rescent signal strength of 6CF in cultured embryonic kidneys derived from
quantitative image analysis. WEK, whole embryonic kidney. Scale bar � 0.2
mm. *, p � 0.05.

FIGURE 6. Inhibition of 6CF uptake by antivirals in cultured oat3
knock-out embryonic kidneys in organ culture (function of OAT1).
Fluorescent photomicrographs show 6CF (1 �M) uptake in cultured oat3
knock-out embryonic kidneys in the presence of a vehicle control (A), 2
mM probenecid (B), 100 �M zidovudine (C), 200 �M acyclovir (D), 100 �M

tenofovir (E), 200 �M lamivudine (F), and 1 mM stavudine (G). The bar
graph (H) shows relative fluorescent signal strength of 6CF absorption in
cultured embryonic kidneys derived from quantitative image analysis.
WEK, whole embryonic kidney. Scale bar � 0.2 mm. *, p � 0.05.
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However, the degree of antiviral inhibition was much
greater for 6CF tracer uptake in oat3 KO (function of the
OAT1 transporter) kidney organ cultures (Fig. 6) than for that
in oat1 KO kidney organ cultures (Fig. 5), representing
OAT3-mediated interaction. Although all five antivirals could
inhibit OAT3-mediated 6CF interaction (oat1 KO cultures)
by �50%, tenofovir, lamivudine, and zidovudine inhibited
OAT1-mediated transport (oat3 KO kidney organ cultures)
by �90% (Fig. 5, E, F, and C, respectively), whereas acyclovir
inhibited it by �80% (Fig. 5D). Stavudine was the only com-
pound for which inhibition of transport was comparable in
oat1 and oat3 KO kidney organ cultures (Figs. 5G and 6G).
These findings suggest a greater affinity of antivirals for
OAT1 than for OAT3 in the embryonic kidney. Additionally,
it is clear that there are significant differences between the
adult and embryonic kidney three-dimensional assays. These
differences, which may be clinically important, could be due
to variations in post-translational modifications and might
also represent tissue- and/or developmental stage-specific
modulation of OAT function.
Although the fluorescent substrate 5CF could also be han-

dled by other transporters (including ABCC2 (MRP2),
ABCC4 (MRP4), MRP5, ABCG2, and ABCB1 (P-glycopro-
tein)), these proteins are expressed, however, on the luminal
(apical) surface of renal tubular cells. Although they could
possibly have an effect on the overall handling of the drug,
they would not be expected to be probenecid-sensitive, and
furthermore, we have supported our findings in knock-out
tissue. The basolateral import transporters (OAT1 and
OAT3) seem to determine the rate-limiting step in the clear-
ance of organic anionic drugs from the blood, across the tu-
bule, and into the urine. Additionally, we previously published
a study reporting the expression profiles of abcc2 (mrp2) and
abcc4 (mrp4) in oat1 and oat3 knock-out mice in comparison
with wild-type mice (16). The expression of these transporters
was not significantly altered by the deletion of either oat1 or
oat3. We have extended these results to include abcb1 and
abcg2 in oat3 knock-outs (Fig. 7). The renal expression of
these transporters was also not significantly altered in oat3
knock-outs in the same microarray analysis. However, it is
evident from the expression data reported (16) that the ex-
pression of oat1 was reduced by 40% in the oat3 knock-out,
and conversely, oat3 expression was reduced by 40% in the
oat1 knock-out. This is perhaps a consequence of the oat1
and oat3 genes being located adjacent to each other. It is im-
portant to note that, despite the observed change in transcrip-
tion, the renal transport of OAT1 substrate in the oat3 knock-
out and the renal transport of OAT3 substrate in the oat1
knock-out were unaffected. Therefore, the change in RNA
levels did not appear to be reflected in a functional difference
in transport in the intact animal.

DISCUSSION

OAT1 (initially identified by us as NKT (4)) is the prototyp-
ical organic anion transporter and, along with OAT3, is con-
sidered a primary component of the classic renal excretion
pathway. OAT1 was initially proposed to be either an organic
anion transporter or an organic cation transporter (4), and it

is now clear that OAT1 and OAT3 can be both, although or-
ganic anions remain the preferred substrates. Both of these
major transporters are located on the basolateral membrane
of the renal epithelial tubule and account for the rate-limiting
step in the excretion of many drugs from the blood into urine.
Together, these two OATs initiate the vectorial movement of
organic anions across the proximal tubular cell by taking
them up from the blood. Meanwhile, MRP, ABCG2, and other
transporters, located on the luminal (apical) side of the cell,
are responsible for excretion. Thus, the overall distribution of
substrates between blood and urine is the result of the coordi-
nated activities of both apical and basolateral localized trans-
porters. However, it is generally accepted that uptake via
OAT1 and OAT3 is the rate-limiting step for most organic
anion drugs transversing this pathway (1).
Most of the current data come from in vitro transport ex-

periments in microinjected frog oocytes. How drugs, toxins,
and metabolites distribute into different body compartments
and the rate-limiting pathways involved are a major biochem-
ical, physiological, and pharmacological problem. Moreover,
little is known about the interplay between multiple fluid
compartments, such as blood and urine, and the role of OAT
isoforms, given overlapping substrate specificities, in the dis-
tribution and elimination of drugs, toxic compounds, and me-
tabolites (7). Indeed, it has been proposed that OATs and
other drug transporters are part of a systemic remote sensing
and signaling network (1, 7, 8).
Here, we have used novel approaches employing oat1 and

oat3 knock-out tissues (to assess OAT3 and OAT1 function,
respectively) (14, 15) to analyze, in a three-dimensional con-

FIGURE 7. Expression data in oat3 knock-out mice showing renal ex-
pression of ABCB1 and ABCG2. Gene expression profiling in oat3 knock-
out kidney using Affymetrix mouse GeneChip 230 was performed (16), and
the expression levels of ABCB1 (A) and ABCG2 (B) were determined.
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text, the rate-limiting pathways involved in the handling of
antivirals used in cases of HIV infection and proposed for use
for small pox prophylaxis. As discussed below, the results not
only define the transporter (OAT1 or OAT3) preferences in a
three-dimensional context, they provide the first functional
evidence that although OAT1 and OAT3 overlap in the proxi-
mal tubule, there is major OAT3 activity distally. These path-
ways govern the distribution of antivirals between blood and
urine. The issue is important not only from the perspective of
treatment but also toxicity. For example, drug-induced neph-
rotoxicity is a significant problem in hospitalized patients. In
the case of HIV patients, low-level antiviral drug-induced
nephrotoxicity is increasingly reported (27). Most of the nu-
cleoside reverse transcriptase inhibitor antivirals have neph-
rotoxic side effects, which can be potentiated in patient
groups (such as HIV patients) who are treated with a combi-
nation of these antiviral therapies.
Because renal excretion plays a major role in the elimina-

tion of these drugs, the kidney is routinely exposed to high
concentrations of these antivirals and their metabolites. Accu-
mulation and toxicity of drugs and metabolites are influenced
by specific transport pathways that lead to site-specific toxic-
ity in the nephron. Thus, the identification of the key trans-
porters for individual antivirals could be crucial to under-
standing the pathophysiology of the nephrotoxicity due to
these compounds when used alone or in combination. Fur-
thermore, the use of fluorescent tracers as described here al-
lows for spatial/anatomical demarcation of the domains of
OAT function (as proximal for OAT1 and both proximal and
distal for OAT3), enabling one to examine patterns of organic
anion transport in the context of the native intrarenal envi-
ronment. This functional knowledge is crucial for devising
combination therapies so that they do not compete for OAT-
mediated transport during renal elimination or for avoiding
further toxicity to the same segment of the renal tubule.
Previous immunolocalization studies have been somewhat

discrepant. For example, it was shown that human OAT1 and
OAT3 expression is concentrated in the proximal tubules of
the adult kidney (28). On the other hand, although localiza-
tion of rat OAT1 has been reported in a manner consistent
with proximal tubules (4), rat OAT3 has also been localized to
connecting tubules and cortical and medullary collecting
ducts (17). However, the differential expression pattern of the
two oat isoforms, not to mention differential functional ex-
pression, has been far from clear. This study provides the first
clear functional evidence. We determined uptake of the fluo-
rescent OAT substrates 6CF and 5CF in adult kidneys from
the wild type and oat1 (function of OAT3 transport) and oat3
(function of OAT1 transport) KOs as a novel method for the
direct visualization of the anatomical domains of OAT func-
tion. D. biflorus and Lotus lectins were used to differentiate
the collecting duct system (D. biflorus lectin-positive) from
the tubular structures (Lotus lectin-positive) to identify the
functional localization of OAT1 (in oat3 KOs) and OAT3 (in
oat1 KOs). The results indicate that although localization of
both OATs was specific to the tubular portions of the
nephron, the patterns of OAT1 function appeared distinct
from those of OAT3 function. The latter (OAT3) was local-

ized in both proximal and distal tubules, whereas the former
(OAT1) was more proximal tubule-specific. No uptake of 6CF
or 5CF was detected in the glomeruli or the collecting duct
system, indicating that, in contrast to what was suggested by
certain immunolocalization studies (17), functional localiza-
tion is restricted to the tubular portions of the nephron. Al-
though the generation of an oat1/oat3 double knock-out
would be useful in further evaluating the function of trans-
porters, this has so far been difficult because these two genes
are separated by only 8 kb on chromosome 19.
It is well established that oat expression dramatically in-

creases during late renal development and then again after
birth (13), and although oat1 and oat3 are expressed primarily
in the kidney, they are also expressed in other barrier epithe-
lial tissues. Because the perinatal period represents a critical
environmental transition, the marked up-regulation of renal
oat genes after birth seems consistent with the need to adjust
the homeostasis. Perhaps this reflects shifting transport and
elimination, which were handled prenatally by the placenta, to
the kidney, postnatally. In addition, the immature organs of
the premature infant are often exposed to drugs in intensive
care units and other settings.
Because antiviral therapy in pregnancy (e.g.maternal HIV)

is also a potential issue (29), we investigated the interaction of
the aforementioned antivirals with OATs in embryonic kid-
ney organ cultures from oat1 and oat3 knock-outs. An inter-
esting finding is that the developing and adult kidneys may
utilize different OATs for antiviral handling: the data suggest
a predominant role for OAT1 (as compared with OAT3) in
interaction with antivirals (with the exception of stavudine) in
the developing kidney, but this difference may not be present
in the adult kidney. This possibly reflects developmental
stage-specific regulation of oat-mediated transport (4, 13).
These data also suggest that use of oat-transported antivirals
should be further evaluated in pregnant women because of
the theoretical possibility of fetal nephrotoxicity.
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